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In this study, high-fidelity conjugate heat transfer simulations are used to model a 

micro-channel heat exchanger (MCHE) in a crossflow to study its thermal-hydraulic 

performance. This study considers three different microchannels (internal flow) geometries 

(circular, triangular, and square) with louver-shaped fins. The local flow field showed a strong 

coupling between the microchannel flow, solid domain, and crossflow. The flow separation 

and wake regions formed near MCHE resulted in a large variation in the velocity field and 

temperature in the crossflow. The wake region had a significant spanwise variation due to its 

interaction with fins, which also causes variations in the thermal boundary layer. The heat 

conduction in the solid structure provided a non-uniform temperature field with a higher 

temperature near the microchannel and a slightly lower temperature near the surface exposed 

to the crossflow. The microchannel flow analysis showed that the internal geometry affects the 

pressure drop, which is highest for the triangular MCHE and lowest for the circular MCHE. 

However, the microchannel flow temperature change was relatively similar for all 

microchannels. Results showed that for the same volume of the microchannel, the circular 

shape microchannel has a higher performance index value than the triangular and square 

shapes. This study also considers three different fin (external flow/crossflow) geometries 

(louver, step, and saw) with the same tube and circular shape microchannel and identifies the 

corrosion hot spot. Crossflow shows higher temperatures near the boundary layer of the tube, 

which results in higher corrosion rates. A predicted flow field also identifies crevices between 

fins and tube surfaces as critical corrosion hot spots often associated with low-velocity regions. 

Electrochemical impedance spectroscopy (EIS) analysis was done on AA3102 (Alloy used in 

the circular channel and louver fin) alloy in corrosive environments containing low and high 



concentrations of the combination of sodium chloride and ammonium sulfate. Electrolytes used 

in this research have pH values ranging from 4.0 to 5.8, closer to nearly neutral environments 

encountered in many atmospheres. EIS results are presented, including Rsol, Rpore, and Rct 

of AA3102 with very thin arc evaporated porous Zinc film on AA 3102 along with their 

equivalent circuit. 
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CHAPTER 1 

INTRODUCTION 

Micro-channel heat exchangers have attracted much attention during the late twentieth 

century. The main reason is the possibility of reducing the heat exchangers' size, weight, and 

cost compared to the round copper tube and plate-fin (RTPF) heat exchangers. Also, new 

applications where objects of small size need to be cooled, such as electronics or micro-

mechanical devices, require heat exchangers with miniature channels. Microchannel heat sinks 

were developed in 1980 to solve the problem of high heat dissipation in semiconductor chips 

that limited high-performance computing. Later, microchannel heat exchangers (MCHEs) 

began to get more and more attention from scholars and researchers in various industries, for 

example, automobile, aerospace, power generation, and chemical processing. For decades, 

round copper tube and plate-fin (RTPF) heat exchangers have been widely used in automobiles 

and HVAC systems. This heat exchanger has a header plate, copper tubes, and aluminum fins. 

The header plates on two ends of the heat exchanger are galvanized steel attached to copper 

tubes stacked on the aluminum fins. According to a survey from SAPA, the price range of 

copper in USD/ton from 1998 to 2008 is shown to have increased significantly, almost thrice 

as much as aluminum. The need for more efficient heat exchangers, with lighter weight and 

lower cost, has been the primary concern in automotive and HVAC&R. In automobile 

industries, lightweight heat exchangers are desired. 

1.1 Microchannels 

Microchannels can be fabricated using various tools and processes, including surface 

micromachining, bulk micromachining, molding, embossing, laser techniques, and 

conventional machining micro-cutters. Silicon or aluminum-based microchannels of different 

cross-sections in microsystems such as micro-heat sinks, micro-biochips, micro-reactors, and 

micro-nozzles. Many studies have focused on transport phenomena in microchannels, e.g., [1–
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5]. Microchannels are also used as gas delivery systems and heat exchangers in fuel cell 

technologies. Microchannels offer high surface area per volume ratios, high heat transfer 

coefficients, and low thermal resistance [6]. 

Typically, microchannels can be defined as channels whose dimensions are less than 

1mm and greater than 1μm. Above 1mm, the flow exhibits the same behavior as macroscopic 

flow. Below 1μm, the flow is characterized as nanoscopic. Nowadays, most microchannels fall 

into the range of 40μm to 400μm. 

1.2 All Aluminum Heat Exchanger 

All aluminum heat exchangers have been used in the HVAC and automobile industry 

for balanced, comprehensive weldability, lightweight, mechanical properties, formability, low 

refrigerant charge, competitive raw material costs, and general corrosion resistance; 3000 series 

aluminum alloys are the structural materials of choice. All aluminum heat exchanger materials 

were used intentionally to resolve galvanic corrosion in conventional round tube-fin heat 

exchangers using dissimilar metals. It is worth mentioning that respective diversities of 

designated 3000 series aluminum alloys for the combination of multiple ports extruded (MPE) 

tubes, high frequency (HF) welded headers, and louvered fins are expected to follow the 

desired sequence of chemical reactivity for each component, thereby optimizing corrosion 

resistance. In addition, the brazed assembly technique is used to manufacture microchannel 

heat exchangers where the contact between the tubes and fins of a traditional fined tube heat 

exchanger is mechanical. 

In contrast, the microchannel heat exchanger's manufacture involves brazing, which 

provides the metallurgical bond between tubes and fins, eliminates contact resistance, and 

ensures higher heat transfer. Micro heat exchangers that benefit from their high surface area to 

volume ratios will play an essential role in many fields where thermal issues are becoming a 

more critical problem to deal with than in the past. The primary benefit of using MCHEs in 
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HVAC is efficiency. Many smaller tubes provide more surface area for refrigerant-to-wall 

contact than larger tubes in the same space. A larger surface area improves heat transfer 

efficiency, with some manufacturers asserting an improvement of 20 to 40% over the 

traditional fin and tube heat exchangers. 

In Figure 1.1, controlled atmosphere brazing (CAB) technology is used to blaze the 

tube and fin at the aluminum heat exchangers. For aluminum MCHE brazing, the oxide film 

on all aluminum surfaces must be primarily demolished to permit the free flow of molten clad 

in brazing. The CAB method is completed for controlled surroundings by accumulating flux 

on an aluminum surface to be joined [7]. 

 
Figure 1.1: CAB brazed joint between fin and tube (a) Fin and tube before brazing; (b) and (c) 
after brazing [8] 

 
The advantages of using all-aluminum microchannels in heat exchanger systems 

include increased equipment efficiency, decreased weight and size, and lower system end-cost. 

The most intensive heat transfer between refrigerants and tubes happens along the tube walls, 

with less heat transfer in the refrigerant flow center. In single-phase heat transfer, the critical 

role is played by tube diameter: the smaller the diameter, the greater the heat transfer 

coefficient. On the other hand, the refrigerant flow regime produces the most significant heat 

transfer ratio effect in two-phase heat transfer. Microchannel heat exchanger's heat transfer 

performance is excessive in single-phase heat transfer and two-phase heat transfer, considering 

that microchannel tubes have a smaller diameter than the finned tube heat exchanger's copper 

tubes, and the surface tension results in stratified flow in the microchannel. 
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The louvered plate's fins are periodically folded and bonded to the flat microchannel 

tube's surface. The geometry of louvered fins guarantees a heat transfer coefficient 50% higher 

than the rectangular fins required to construct finned tube heat exchangers. Louvered fins also 

reduce airflow turbulence and minimize air shadows. Louvered fins produce lower airside 

pressure drops when merged with flat, streamlined microchannel tubes with low-pressure drag. 

This study studies the effect of the channels' shape on their performance for different channel 

cross-sections, such as circular, rectangular, and triangular.  

1.3 Conjugate Heat Transfer 

The Conjugate Heat Transfer analysis type allows heat transfer model between fluid 

and solid domains by exchanging thermal energy at the boundaries between them. Heat transfer 

in heat exchangers mainly occurs along the walls via conduction, and the center of the fluid 

takes longer to release the heat via convection. As a result, convection plays less of a role in 

transporting the heat. A more significant percentage of the refrigerant is in contact with the 

sides to transfer heat, and the same degree of heat transfer consumes less refrigerant [9]. 

In a conventional heat exchanger, the solid thickness is small compared to the hydraulic 

diameter; therefore, a one-dimensional assumption may be a good approximation. This means 

the heat exchanger's performance primarily depends on the flow in the ducts, such as fluid 

properties and mass flow rate. However, the solid thickness of the microchannel heat exchanger 

is larger than the hydraulic diameter. Therefore, the conduction in the solid is essential, and a 

one-dimensional assumption will not be satisfied for a practical microchannel heat exchanger. 

In that exchanger, the axial conduction may play an important role. 

Furthermore, the microchannel heat exchanger's effectiveness may decrease because of 

axial conduction, which increases the solid's thermal conductivity. This requires the solution 

of the three-dimensional equations in both solid and fluid [9]. Despite the thermal performance 

enhancement of MCHEs, corrosion of both tune and fin materials made of Aluminum 3xxx 
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series has remained a concern. The following section addresses the corrosion mechanism of 

Aluminum alloys used in MCHEs.  

1.4 Corrosion Mechanisms of Aluminum Alloys 

The oxide film on aluminum alloys has defects in real life because the underlying 

microstructure is diverse. These defects occupy places close to the grain boundaries and 

intermetallic particles. The oxide film can disintegrate in those weak areas, making it easier for 

localized corrosion to develop. The most common localized corrosion types on aluminum alloy 

surfaces are intergranular, exfoliation, pitting, and crevice [10-11]. 

Generally, localized corrosion consists of these steps in chronology: i) Reactive species 

adsorb onto the aluminum oxide film, ii) the adsorbed species participate in a chemical reaction 

with precipitated aluminum hydroxide, Al(OH)3 or aluminum ions, iii) dissolution resulting in 

a thinner oxide film and penetration of reactive species into the oxide film, and iv) pitting 

propagation which consists of reactive species directly attacking the aluminum. In the second 

step, also called the competitive process, aggressive species like chloride ions compete with 

water molecules or hydroxyl ions to adsorb onto the aluminum surface. The surface would 

become less active if the aggressive species lost the adsorption competition [12]. Pitting 

corrosion occurs when holes from localized corrosion attack. This takes place when the passive 

oxide layer disintegrates. The first step of pitting corrosion is passivity breakdown (pitting 

initiation), which includes three mechanisms: i) adsorption and mechanisms which are 

adsorption-induced in which corrosive species, such as chloride ions, actively try to settle on 

the positions of the hydroxyl groups on the surface, ii) ions move across the metal-oxide 

interface, iii) the aggressive species break down the film and replace the preexisting ions, 

resulting in a new film containing the aggressive ions [10-11] [13-15]. After pitting initiation, 

propagation occurs, which means the pit grows autocatalytically. Cavities are formed on the 

metal surface from the autocatalytic reaction. [16] The pitting potential, Epit is a measure of the 
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propensity for pitting to occur, and from Figure 1.2, having a lesser amount of chloride ions 

results in increasing Epit. This means more resistance against pitting corrosion. The higher the 

difference between the corrosion potential, Ecor, and Epit, the higher the pitting corrosion 

resistance [10][17]. 

 
Figure 1.2: Examples of an anodic polarization curve and how the concentration of Cl- affects 
Epit.[10]. 

 
The reactions occurring at the anodic and cathodic sites are shown below [8]. 
(1) 𝐴𝐴𝐴𝐴 → 𝐴𝐴𝐴𝐴3+ + 3𝑒𝑒- 

(2) 2𝐻𝐻2𝑂𝑂 + 𝑂𝑂2(aq) + 4𝑒𝑒- → 4𝑂𝑂𝐻𝐻- 

(3) 2𝐻𝐻++ 2𝑒𝑒- → 𝐻𝐻2 

(4) 𝐴𝐴𝐴𝐴3+ + 3𝐶𝐶𝐴𝐴- + 3𝐻𝐻2𝑂𝑂 → 𝐴𝐴𝐴𝐴(𝑂𝑂𝐻𝐻)3 + 3𝐻𝐻𝐶𝐶𝐴𝐴 

At the pit, reaction 4 shows that hydrochloric acid, HCl, is formed due to Al3+ reacting 

with H2O, which makes the solution acidic. [10] Precipitation of Al(OH)3 takes place, and the 

reduction of hydrogen cations makes microbubbles that will bring the Al(OH)3 to the top of 

the pit. This will result in deposits that can be seen as white bumps. The corrosion products 

will accumulate at the pit's opening and prevent chloride ions from moving into the pits, thus 

reducing the pitting rate and even stopping it completely [18]. 
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Crevice corrosion occurs in crevices, the confined parts of metal that consist of an 

electrolyte, like a gap. Another type of localized corrosion occurs due to similar chemical 

reactions, and this is called pitting corrosion [18]. Pitting corrosion is one of the most 

challenging forms of corrosion to manage reliably. Chloride is the most encountered aggressive 

agent, as it causes the pitting of many metals [19-20]. A significant engineering design feature 

of many structures and components is the resistance to pitting corrosion. Despite this and the 

wealth of knowledge in this area, chloride-induced pitting remains a primary form of failure. 

Many variables are involved in this phenomenon; almost every metal or environment system 

feature affects pitting. For example, the phenomenon of the chloride-induced pitting of many 

metals is well known, and it is naturally a function of the chloride concentration and the 

temperature. It is distinct from the metal's identity, composition, and microstructural 

characteristics. However, in addition to the chloride concentration, the presence of most other 

components of the environment also affects the pitting characteristics. Even ions with no 

noticeable chemical effect in the system can have a marked impact on pitting [21-23]. One 

consequence of the sensitivity to the many variables is the difficulty in classifying a metal’s 

actual susceptibility or resistance to pitting. Moreover, to define the pitting characteristics, one 

needs to specify every possible component and feature of the system; if this is not done, it 

stands to reason that it will not be reproducible. In chloride solutions, pitting is often 

characterized by its so-called pitting potential and sometimes by its related passivation or 

protection potential. A wealth of literature on these characteristic potentials is essential to 

pitting knowledge. However, in terms of chloride solution, the pits can and do nucleate and 

even grow at potentials below the conventional pitting potential [24-31]. The pitting potential, 

which is often used to characterize the pitting of metals and alloys, does not mark the boundary 

between pitting and a lack of pitting. Aluminum alloys are susceptible to localized corrosion; 

as such, these alloys are typically protected with a coating system to provide them with barrier 
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protection from aggressive environments. However, aluminum alloys are susceptible to 

localized corrosion in crevices mainly because of their intermetallic particles that may have 

vastly different electrochemical behaviors than the aluminum matrix [32-35]. Coatings can be 

employed on the surface to protect the metal from the harsh environment. However, these 

coatings do not increase mechanical strength; rather, they isolate the material from the 

corrosive electrolyte [36]. These coatings are usually categorized into metallic, organic, and 

inorganic coatings. Chromate conversion coatings (CCC) are also used in aluminum alloys for 

protection. Utilizing coatings is a relatively simple application with a low cost that provides 

benefits to corrosion resistance, so it is used for various applications [37-40]. The formation of 

CCC and the mechanisms by which they protect aluminum alloys contribute significantly to 

their overall effectiveness as a surface pretreatment. This pretreatment is typically employed 

in an acid and chromium (VI) ion bath. The subsequent protective coating has two distinct 

layers; an outer layer that is thick and porous and a barrier layer that lies between the coating 

and the underlying metal surface [37]. Campestrini et al.,[40] recommended a three-stage 

formation process. Initially, there is the passive layer. Here, the aluminum surface is activated 

by thinning the original aluminum oxide, allowing the dissolution of aluminum to appear across 

the interface. Following the activation of the aluminum surface, chromium reduction begins to 

occur. This leads to the saturation of the solution with trivalent chromium. As supersaturation 

occurs, chromium oxide begins to deposit on the surface. The ultimate step consists of covering 

the entire surface with chromium (III) hydroxide and the layer growing. At this point, the 

surface becomes covered with spherical particles of chromium oxide; however, the porosity of 

the layer lets the subsequent processes continue, which results in the thickening of the chromate 

layer. Metallic coatings can be used as a substrate in numerous ways, such as hot dipping, 

electroplating, spraying, cementation, and diffusion [40]. The type of coating process one 

chooses depends on several factors, including the essential corrosion resistance and the 
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anticipated lifetime of the coating. On substrates made of alternative materials, coatings 

employed are often nickel, zinc, lead, tin, aluminum, cadmium, and chromium [41]. Paints, 

lacquers, resins, and plastic linings are all organic coatings [42]. They usually have a high 

impermeability and they have an inhibitive function to the corrosion process; moreover, they 

can also contain catholically protective pigments. Each coating can be used in heat exchangers 

to protect the heat transfer surface from corrosive conditions [43-45]. 

Furthermore, coatings can also play a different role in protecting from corrosion. Wang 

et al. tested hydrophilic coatings being used to increase condensation draining in fin-and-tube 

heat exchangers [46]. With better draining, this could reduce the pressure drop by up to 40%. 

In addition, in dehumidifying heat exchangers, hydrophilic coatings have effectively been 

utilized [47]. Intergranular corrosion occurs around the grain boundary of a metal and its alloys; 

it arises when the crystal and its grain do not experience evident destruction. This dramatically 

weakens the mechanical properties of a metal and its alloy [48]. In electrochemistry, the 

difference in the microstructure grain boundary between aluminum and its alloys will result in 

potential electrochemical formation and electron exchange [49]. Intergranular corrosion starts 

as a result of pitting corrosion, and it spreads fast along the grain boundary. When the grain 

boundary of the metal and its alloy become active, intergranular corrosion may occur. The 

condition includes increasing or decreasing the elements of the metal alloys near their grain 

boundaries. In turn, the grain boundary needs an electronegative area. The electronegative area 

will corrode first [50]. An example of intergranular corrosion is putting a high-purity aluminum 

alloy in a strongly acidic environment or a high-temperature water, including Al-Mg, Al-Cu, 

and Al-Zn-Mg. 

Figure 1.3 illustrates intergranular cracks of aluminum tubes [51]. Beginning in the 

mid-20th century, intergranular corrosion drew more attention from researchers. Three major 

theories of intergranular corrosion were devised. 
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1) The electrochemical potential formation between the alloy crystalline lattice and 
the anodic grain boundary results in galvanic corrosion, leading to further 
intergranular corrosion [52]. 

2) The difference in breakdown potential between the grain boundary and the solute 
atom depletion zones (SDZ) may cause intergranular corrosion [53]. 

3) When the precipitated phase is dissolved at the grain boundary, it forms an occluded 
environment, which results in intergranular corrosion [54-55]. 

 
Figure 1.3: Intergranular corrosion of an aluminum tube.[51] 

 
Since this time, most of the research about intergranular corrosion has been based on 

one or more of the above theories. To investigate the grain boundary precipitation phase, one 

must use the galvanic coupling method. This forms a galvanic couple between pure aluminum 

and the grain boundary precipitation compositions [54-55]. Subsequently, it determines the 

polarization curves and compares the current corrosion magnitude. Investigating the 

breakdown potential between the SDZ and lattice allows researchers to determine the corrosion 

mode at different potentials using polarization curves [53]. 

In 1970, Hedrick found that aluminum alloys are more likely to experience 

microbiologically induced corrosion under the bacteria environment [56]. In [57], Giacobone 

investigated the corrosion behavior of aluminum 6061 alloys under the Bacillus cereus RE 10 

environments. He stated that pitting corrosion was detected on the Al 6061 alloy. In contrast, 

pure aluminum does not corrode. The researcher concluded that the alloy surface's biological 
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membrane formation provides the environment for pitting corrosion [57]. In the literature, most 

studies proved that the existence of microorganisms (bacteria and fungi) accelerated the 

corrosion of aluminum alloys, especially local corrosion, which includes pitting and galvanic 

corrosion. [58-60].  

1.5 The Objective of This Study 

Many authors have investigated circular and non-circular microchannels, such as 

rectangular, trapezoidal, elliptical, and triangular, to identify the heat transfer characteristics. 

They used different methods to obtain these microchannel’s hydrodynamics and heat transfer 

characteristics. All these works aim to get the best applicable microchannel geometry, which 

means a high heat transfer rate and a low-pressure drop. 

However, there is nearly negligible numerical research concerning the environmental 

air domain. On the other hand, the available results concern that the exchanger's flow and heat 

transfer characteristics are not evident. Therefore, the 3D model with air and water fluid flow 

along with heat transfer domains has been used, as it provides more precise results than models 

that assume constant temperatures or heat fluxes on the tube walls. Furthermore, the developed 

model comprised the heat exchanger's full air and water flow. Therefore, this work is aimed to 

investigate the below main points: 

(a) Obtain a numerical model for internal hydrodynamics and heat transfer in circular, 

triangular, and rectangular microchannel heat exchangers by solving the continuity, 

momentum, and energy equations and finding the optimum result considering the 

environmental air or crossflow domain. 

(b) This study considers three different fin geometries (louver, step, and saw) with the 

same tube and circular shape microchannel and identifies the corrosion hot spot and thermal 

effectiveness. 
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(c) Analysis of fin tube geometry impact on the potential localized form of corrosion 

(pitting and crevice). Electrochemical testing (AC impedance and Potentiodynamic) on AA 

3102 in simulated industrial and marine atmosphere. 

1.6 Dissertation Layout 

The remaining dissertation is organized as follows. Chapter 2 presents a literature 

review of MCHE for numerical simulation and an EIS test. Chapter 3 presents the experimental 

methods for the electrochemical testing method. Chapter 4 exhibits the initial setup for the 

numerical simulation. Chapter 5 presents the experimental results of the EIS experiment. 

Chapter 6 contains thermal and hydraulic performance evaluation simulation results for 

different microchannel geometry and fin geometry. Finally, a summary and future outlook will 

be presented in Chapter 7. 
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CHAPTER 2 

LITERATURE REVIEW 

In recent years, the research in the field of thermal-hydraulic at the micro-scale level 

has been increased constantly due to the rapid growth of technology applications required to 

transfer high heat rates in relatively small spaces and volumes—the present work studying the 

problem of impact on thermal efficiency in MCHE. As a result, many researchers in the 

literature studied parameters affecting the performance of MCHE, including thermal 

efficiency. Below is a review of most related papers. 

Jiang et al. [61] experimentally studied the fluid flow and forced convection heat 

transfer in the rectangular MCHE for two different channel heights. They exhibited that the 

pressure drop in the MCHE with deep channels (large height) for the same flow rate is much 

lower than in the exchanger with shallow channels (small height). Also, they concluded that 

the MCHE with deep channels has the best overall thermal-hydraulic performance. Al-bakhit 

and Fakheri [62] determined that the complete numerical solution of the microchannel heat 

exchangers is computationally unaffordable because the flow and temperature fields must be 

simultaneously resolved in the two fluids and the solid. The researchers proposed a hybrid 

approach in which the nonlinear momentum equations for one or two channels are solved by 

using a commercially available CFD (computational fluid dynamics) code. The velocity field 

is used in a user-developed code for solving the linear energy equations for the entire heat 

exchanger. Al-bakhit and Fakheri [63] investigated the parallel flow MCHEs performances 

with rectangular ducts. They found that the overall heat transfer coefficient is rapidly changed 

for the entrance region of the duct where Graetz number is less than 0.03; therefore, the constant 

overall heat transfer coefficient assumption is not always valid. Brandner et al. [64] studied 

various microstructure crossflow heat exchangers and compared their thermal performances. 

They found that heat transfer in the micro heat exchanger can be improved by decreasing the 
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hydraulic diameter of microchannels. They also fabricated heat exchangers with two distinct 

layouts of microcolumn arrays (aligned and staggered). They showed that the array of 

microcolumns can maximize heat transfer while minimizing the pressure drop across the heat 

exchanger. Hasan et al. [65] numerically investigated the hydrodynamics and thermal 

behaviors of the laminar, 3-D, fully-developed flow for different geometrical shapes of MCHE. 

They showed that at a lower Reynolds number (Re), a circular-shaped channel is the most 

effective. In turn, at a higher Re, triangular channels are the most effective, followed by 

trapezoidal and then circular. This occurs because of the entrance region, which is longer in a 

triangle and trapezoid than it is in a circular channel. A relationship has been shown between 

the effect of an increased entrance region and an increase in the Reynolds numbers. Usually, 

the effectiveness decreases when the Re decreases due to an increase in flow velocity and, at 

the same time, a decrease in the residence time inside the microchannel. Glazar et al. [66] 

showed that the thermodynamical and hydrodynamical investigation of compact heat 

exchangers with different microchannel shapes had been achieved concerning the heat transfer 

effectiveness and pressure drop. Results exposed that heat transfer effectiveness decreases with 

the rise of inlet air velocity. The best achievements about the same parameters were 

accomplished with microchannels of diamond and hexagonal shapes. Although higher heat 

transfer effectiveness of mentioned shapes, the best performance is achieved by rectangular 

shape according to water side pressure drop. Glazar et al., [67] showed multivariate 

optimization of the air-water heat exchanger with a microchannel coil. Optimization included 

four geometry parameters that were used to develop several new objective functions. Fin pitch, 

microchannel flat-tube transversal row pitch, number of small channels, and partition wall 

thickness were set as variable geometry parameters. Numerical simulations were performed 

using fluid flow and heat transfer solver FLUENT. The SIMPLE algorithm was used for 

pressure-velocity coupling to ensure mass conservation and obtain a pressure field. By using 
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optimal geometry values, the performance of MCHX can be improved. Though aluminum 

alloys are passive and use all the aluminum to resist galvanic corrosion, there are reports of 

MCHE systems corrosion [68-75]. Most heat exchanger failures occur because of the hostile 

atmospheres in which the heat exchangers operate. For example, crevice corrosion occurs due 

to salt discharge and fouling [68]. Yoshino et al. [76] examined intergranular corrosion (IGS) 

because of the contact of the fin with the microstructure and chemical composition. The area 

prone to crevice corrosion accumulates deposits; in turn, dust holds wetness for extended 

periods, leading to increased wetness. The area between the fin and tube is most vulnerable to 

crevice corrosion due to a lack of fluid flow or very low fluid velocities. Stagnant areas contain 

corrosive salts and other contaminants that form pits of various sizes and, ultimately, perforated 

tubes. A localized form of corrosion in heat exchangers was observed by Faes et al., [75]. 

Aluminum alloys form a protective film that is typically vulnerable to pitting [77]. Pits start 

because there is surface damage to the protective layers. These pits become more prominent 

over time and perforate the heat exchanger tube. This pitting is initiated due to the presence of 

corrosion products in the atmosphere. For example, chloride content, excessive temperatures, 

and lower pH values can lead to pitting corrosion.  

During the construction phase of MCHE, the metal protective film is sometimes 

damaged locally, and this initiate pitting [78]. Crevice corrosion is also localized corrosion 

caused by a local environment different from the bulk environment. For example, oxygen 

exhaustion can occur in crevices or shielded areas where stagnation occurs. This variance in 

concentration of oxygen influences the induction of crevice corrosion.  

Despite many studies of MCHE systems in the past, most investigations focused on the 

thermal performance of MCHEs but ignored corrosion aspects based on the local flow pattern. 

This study shows that the corroded crevice area or corrosion hot spot due to zero velocity 

conditions exists near the fin and solid junction. Furthermore, this study consists of three fin 
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geometries (louver, step, and saw) with circular MCHE. A predicted flow field is also used to 

identify corrosion hot spots, often associated with low-velocity regions where materials 

degradation due to crevice corrosion is likely to cause pitting, followed by perforation and 

eventual leaking of MCHEs. 

Several tests and standards have been created for the corrosion testing of metals. 

Cabinet tests are one of the oldest techniques used since the 1900s to evaluate coatings against 

corrosion. They were also used as means for performing accelerated corrosion testing. As the 

name suggests, these tests are performed in a chamber or cabinet, where a corrosive 

environment is simulated. Typical corrosive environments produced in a test chamber are salt 

fog, humidity, hot and cold temperatures, ultraviolet exposure, and corrosive gases. These 

environments may be used independently or in combination with each other. With technology, 

these tests have evolved from homemade cabinets that operated at fixed temperatures and 

humidity to complex computer-controlled tests with varying service conditions. There have 

also been advancements in the size of the cabinets to accommodate various samples. They have 

evolved from bench-top cabinets to walk-in and drive-in chambers [79-80]. 

Salt-Spray (FOG) Tests are the most common type of cabinet test. This procedure 

exposes the samples to a fog produced by air-atomizing sodium chloride solution while 

controlling the cabinet temperature. Salt-spray tests have widespread use in many industries, 

including but not limited to automotive, aerospace, paints, and coatings. These tests can be 

performed as standalone tests or in conjunction with others. The duration of these tests can be 

up to 5000 hours, during which the chamber must be closed, except for events when samples 

need to be rotated or visually inspected. 

The results of the FOG tests are usually interpreted based on visual inspection of the 

failure of the coatings or the total mass loss of the sample. Not infrequently, such tests have 

been misapplied and misused. Sometimes there is no clear correlation between salt-spray tests 
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and failures in the natural environment. Strictly, these tests cannot be used as quantitative 

indicators of corrosion but can help control the quality of a coating process. After a sample is 

prepared, it is exposed to a FOG chamber, and if the sample does not survive a certain number 

of hours in the chamber, it can indicate that the coating process of the sample might not have 

been appropriately done [81-82].  

The standard FOG tests have other variations designed for different materials. For 

example, certain aluminum alloys develop surface blisters when exposed to marine 

atmospheres, followed by metal delamination: exfoliation. Cyclic acidified salt-fog tests are 

used for exfoliation testing. In these experiments, 5% sodium chloride solutions are utilized, 

adjusted to pH values between 2.8 and 3.0 with acetic acid. Another variation of this test is the 

acidified synthetic-seawater (FOG) test. Instead of a 5% sodium chloride solution, a synthetic 

seawater solution with pH adjusted to values between 2.8 and 3 is used. Many other variations 

of the FOG tests exist, often applicable to materials other than aluminum [79]. 

Humidity tests are categorized into controlled humidity tests that target a specific 

relative humidity or high humidity tests conducted at high humidity ranges, typically over 95%. 

In the humidity range of 70% to 95%, filiform corrosion, identified by thread-like strands, is 

formed under finishes such as clear-coated aluminum powder. Therefore, testing for filiform 

corrosion is initiated with salt spray exposure for six hours, followed by 70-90% humidity 

exposure. Visual observations are used to evaluate all the tests above [79]. 

All aluminum microchannel heat exchangers take advantage of cathodic protection 

using a sacrificial anode to protect them. Aluminum tubes and fins are protected by using a 

thin zinc-based coating as a sacrificial layer to protect the aluminum substrates [83]. Zinc is 

anodic to aluminum on the galvanic series; as a result, zinc becomes the anode that scarifies 

itself. In turn, the aluminum substrate becomes the cathode that is protected [84-85]. Long-

term atmosphere exposures and accelerated corrosion tests are widely used to assess different 
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zinc coatings' corrosion resistance [86-88]. However, compared with accelerated corrosion 

tests, performing long-term atmosphere exposures is time-consuming and region dependent. 

As such, this method is unfavorable for applying and promoting new coatings. 

In contrast, electrochemical methods, particularly the electrochemical impedance 

spectroscopy (EIS) technique, is an efficient and convincing tool used for analyzing the 

corrosion behavior of metals.  [89-90]. Aqueous corrosion is an electrochemical process that 

can be tracked using electronic devices (potentiostat); it applies an electrical signal to measure 

and control the electrical charge transfer. When the evaluation is fulfilled, the reaction kinetics 

and the mechanism of the corrosion procedure take place at the metal interface. The 

electrochemistry impedance is the correlation between a potential energy distinction and the 

flow of electrons constructed by a wave signal applied in an aqueous media. EIS was used to 

assess the properties of thin oxide films developed on metals, monitoring superficial 

degradation of coatings due to the swelling process. Surface changes caused by ion adsorption 

at the interface can also be recognized by knowing the kinetics reaction on metals under the 

corrosion process. In addition, electrochemical techniques can provide facts on the reactions 

and mechanisms of electrochemical deterioration. 

This chapter reviewed analytical, experimental, and numerical studies in the 

microchannels field. These studies showed that the main advantage of microchannels is their 

high heat transfer rate because of their small hydraulic diameters. On the other hand, the studies 

indicated that pressure drop is high in these channels for the same reason. Therefore, many 

researchers investigate the flow and heat transfer characteristics in different microchannels 

geometries to obtain the best applicable geometry (high heat transfer rate and low-pressure 

drop). One of the numerical analyses shortcomings of the aforementioned studies is that none 

considered the effect of environmental airflow. Glazar et al., [67] numerically analyzed the 

optimization of an MCHE considering the environmental airflow. Optimization included four 
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geometry parameters: fin pitch, microchannel flat-tube transversal row pitch, number of 

microchannels, and partition wall thickness. Results showed the geometry with optimal values 

improves the performance of MCHE. Although the environmental airflow was considered by 

Glazer et al., the focus of the study was laid more on optimization. Hence fin shapes were 

simplified. In this study, high-fidelity conjugate heat transfer simulations are used to study the 

thermal-hydraulic performance of a MCHE with louver-shaped fins in a crossflow. This study 

considers three MHCEs with different microchannel geometries (circular, triangular, and 

square). This study shows that the corroded crevice area or corrosion hot spot due to zero 

velocity conditions exists near the fin and solid junction. Furthermore, this study consists of 

three fin geometries (louver, step, and saw) with circular MCHE. A predicted flow field is also 

used to identify corrosion hot spots, often associated with low-velocity regions where materials 

degradation due to crevice corrosion is likely to cause pitting, followed by perforation and 

eventual leaking of MCHEs. The developed numerical model for the microchannel heat 

exchanger is presented in chapter five for different geometries. Furthermore, this work aimed 

to study the corrosion resistance of the Al-3102 MCHE tube. The result of the experimental 

work for the EIS test is presented in chapter four for MCHE tubes in different chloride and 

sulfate concentrate electrolyte. 
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CHAPTER 3 

EXPERIMENTAL METHOD 

EIS involves the application of a small, sinusoidal, alternating current (AC) or voltage 

to the sample undergoing investigation. The AC perturbation (either voltage or current) is 

applied over a range of frequencies, and the electrical response of the system is measured and 

studied over this range of frequencies [91]; an EIS setup consists of a working electrode (WE), 

a counter electrode (CE), and a reference electrode (RE). The working electrode, generally the 

material under investigation, is where the corrosion reaction(s) occurs in an electrochemical 

system. The counter or auxiliary electrode in the cell provides the primary current source, and 

the reference electrode serves as an experimental voltage reference point. 

3.1 Concept and Representations of EIS 

In an electrochemical cell, the interactions between electrodes and redox species 

include the concentration of electroactive species, charge transfer, and mass transfer from the 

bulk solution to the electrode surface. Each feature is characterized by an electrical circuit 

consisting of resistances, capacitors, or constant phase elements connected in parallel or series 

to form an equivalent circuit. Thus, the EIS could explore mass transfer, charge transfer, and 

diffusion processes. Accordingly, the EIS can study intrinsic material properties or specific 

processes that could influence an electrochemical system's conductance, resistance, or 

capacitance. Electrochemical impedance spectroscopy (EIS) is a small signal electrochemical 

method that makes the response pseudo-linear. The applied electrochemical perturbation is 

small, around 10 mV. So, due to the measurement, the damage is insignificant. As a result, the 

electrochemical cell response is pseudo-linear, acquiring a phase shift, while the current 

response to a sinusoidal potential is a sinusoid at the applied frequency. Thus, the excitation 

signal is displayed as a function of time, as shown in Equation (3.1): 

𝐸𝐸𝑡𝑡 = 𝐸𝐸0 sin(𝜔𝜔𝜔𝜔) (3.1) 
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where 𝐸𝐸0 is the amplitude of the signal, 𝐸𝐸𝑡𝑡 is the potential at time t, and 𝜔𝜔 is the radial 

frequency. The correlation between the radial frequency (𝜔𝜔) and the applied frequency (f) is 

calculated by Equation (3.2): 

𝜔𝜔 = 2𝜋𝜋𝜋𝜋  (3.2) 

In a linear system, the signal is shifted in phase (𝜑𝜑) and has a different amplitude than 

𝐼𝐼0 (Equation (3.3). 

𝐼𝐼𝑡𝑡 = 𝐼𝐼0sin (𝜔𝜔𝜔𝜔 + 𝜑𝜑) (3.3) 

Thus, the impedance of the complete system can be obtained from Equation (3.4): 

𝑍𝑍 = 𝐸𝐸
𝐼𝐼

= 𝑍𝑍0(cos(𝜑𝜑) + 𝑗𝑗 sin (𝜑𝜑)) (3.4) 

where E, Z, I, 𝜔𝜔 and 𝜑𝜑,  are potential, impedance, current, frequency, and phase shift among E 

and I, respectively. The impedance is conveyed in terms of a magnitude, 𝑍𝑍0, and a phase shift, 

𝜑𝜑. If the operated sinusoidal signal is plotted on the X-axis and the sinusoidal response signal 

on the Y-axis, the result is a “Lissajous Plot”. 

 
Figure 3.1: The Lissajous plot (I) and the Nyquist plot with impedance vector (II). Source: Figure 
modified from [92], electrochemical impedance spectroscopy (EIS) applications to sensors and 
diagnostics. [93] 

 
The impedance expression is split into a real part and an imaginary part. When the real 

part (𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) is plotted on the X-coordinate and the imaginary part is plotted on the Y-coordinate 

to form the “Nyquist Plot” showed in Figure 3.1(II). Each point on the Nyquist plot is an 
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impedance evaluate at a frequency point, while the 𝑍𝑍𝑖𝑖𝑖𝑖𝑖𝑖 is negative. On the real axis or X axis, 

the impedance is accompanied by low frequency, whereas the higher frequencies are applied 

on the left. In Figure 3-1, the angle between the arrow and the X-coordinate is called the “phase 

angle”. Another way to convey the impedance results is to use a Bode plot, where the Bode 

plot contains two separate logarithmic plots: magnitude vs. frequency and phase vs. frequency 

(Figure 3.2). 

 
Figure 3.2: Bode plot of the impedance magnitude of an electrochemical interface [94]. 

 
When the frequency is plotted against the phase angle, a Bode plot is configured, which 

helps find the capacitance of the electrochemical systems. 

3.2 Equivalent Circuit Modelling 

One of the convenient analytic tools for interpreting EIS data is equivalent circuit 

modeling (ECM) [95]. The equivalent circuit is designed to identify and assess the 

characteristic elements of the EIS system. ECM can be combined with a physical model of the 

system; mechanistic interpretation is possible [96]. However, inappropriate models, each 

passive element of the EC provides facts on processes in the system. For example, processes 

occurring on coated metals that can be characterized include corrosion at coating defects [97], 
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adhesion [98], and undercoating corrosion [99].  

The reactance of electrochemical systems is primarily capacitive. This response 

presents as depressed arcs in the complex plane or phase angles that approach but to not reach 

-90º. Therefore, a constant phase element (CPE) is exploited to improve fitting [95]. A CPE is 

a mathematical construction that accounts for dispersion in the value of the interfacial 

capacitance over the sample area connected with inhomogeneity on the surface of the electrode. 

The impedance of a CPE can be expressed as below: 

𝑍𝑍𝐶𝐶𝐶𝐶𝐸𝐸 = 1
𝑌𝑌0(𝑗𝑗𝑗𝑗)𝑛𝑛

 (3.5) 

where ω is the angular frequency, n is the CPE power number defined as 𝑛𝑛 = 𝛼𝛼𝛼𝛼
2

, α is the 

constant phase angle of the CPE and 𝑌𝑌0 
is the CPE constant [101]. The CPE behaves as an ideal 

capacitor if the power number n equals 1. If it equals 0, the CPE behaves as an ideal resistor; 

if it equals -1, it behaves as an ideal inductance. Westing et al. used CPE to model the non-

ideal behavior of epoxy coatings with different thicknesses and solvent concentrations applied 

to steel substrates. By analyzing the response of n, the authors could characterize the curing 

process [100].  

It is common practice to present capacitance values instead of CPE parameters such as 

Y
0 
or n [101]. There are at least two empirical methods to extract the accurate capacitance from 

the CPE parameters, the maximum frequency method introduced by Hsu and Mansfeld [101] 

and the parallel resistance method introduced by Brug et al. [102].  

3.3 Potentiodynamic Polarization 

The relationship between the current and potential of the electrochemical cell in the 

presence of two kinetically controlled reactions is given by Eq. (3.6), where 𝐼𝐼𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟 is the 

corrosion current, 𝐸𝐸0 is the potential at OCP, also called the corrosion potential, the β 

coefficients are the Tafel constants for the anodic and cathodic reaction, respectively. 
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Derivation for the potential, simplification, and rearrangement of (Eq. 3.6) results in (Eq. 3.7), 

which includes Rp, the polarization resistance. High polarization resistance implies a high 

corrosion resistance [103]. 

𝐼𝐼 = 𝐼𝐼𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟(𝑒𝑒
2.3(𝐸𝐸−𝐸𝐸0)

𝛽𝛽𝑎𝑎 − 𝑒𝑒
−2.3(𝐸𝐸−𝐸𝐸0)

𝛽𝛽𝑐𝑐
) (3.6) 

𝐼𝐼𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟 = 𝛽𝛽𝑎𝑎𝛽𝛽𝑐𝑐
2.3(𝛽𝛽𝑎𝑎+𝛽𝛽𝑐𝑐)

∗ 1
𝑅𝑅𝑝𝑝

 (3.7) 

In a potentiodynamic polarization experiment, one measures the current at different 

applied potentials, above and below the  𝐸𝐸0. From these measurements, one can determine the 

𝐸𝐸0, 𝐼𝐼𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟 And the Tafel constants, as illustrated in Figure 3.3, 𝐸𝐸0 is the potential at which the 

extrapolation of the linear part of the anodic and cathodic branches intersect, and the 𝐼𝐼𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟 is 

the current at this point. A drawback with this method is that it affects the sample since you 

drive the electrochemical reactions with the applied potential [104]. I used this method as a 

complement to the EIS measurements. 

 
Figure 3.3: Typical data from a potentiodynamic polarization experiment with anodic and 
cathodic branches (curves). The slopes of the linear part of these branches are called Tafel slopes. 
[104] 
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3.4 Cyclic Polarization 

Cyclic polarization is applied to investigate the corrosion behavior and pitting tendency 

of a corrosive material in an electrolyte. Figure 3.4 exhibits the electrochemical cell with its 

parts. In cyclic polarization, the potential begins in a potential below Ecorr. Next, it is moved in 

the positive direction until it goes to the preselected potential or current. Then it is switched to 

more negative values to the beginning value of the potential. Higher breakdown potentials (Ebr) 

suggestive of higher pitting resistance of Aluminum alloy is highly desirable. Therefore, cyclic 

polarization is an electrochemical test that can determine Aluminum alloys' tendencies toward 

pitting. For all heat exchangers, pitting results from atmospheric corrosion in environments 

containing pitting agents such as chloride. The electrolytes of these tests are selected in a way 

to simulate the effects of pollutants that exist in the environment. These contaminants include 

Sulfur, Chloride, and Nitrogen. Parameters measured in these tests are Passive potential (Ep), 

pitting potential (EPIT) and pitting loop, which is the area under the potential-current loop. The 

pitting loop measures the pitting movements of Aluminum alloys [105]. 

 
Figure 3.4: Experimental setup for EIS  

 

3.5 Experimental Setup 

This work uses Gamry 600 plus potentiostat with three-electrode system 
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electrochemical cells. A potentiostat controls the voltage dissimilarity between a working 

electrode and a reference electrode. The potentiostat implements this control by introducing 

current into the cell via an Auxiliary, or Counter, electrode.  

3.6 X-ray Photoelectron Spectroscopy (XPS) of AA 3102 

X-ray photoelectron spectroscopy (XPS-PHI 5000 Versaprobe) was performed to 

confirm the presence of a thin sacrificial Zn layer on AA 3102 alloy. The binding energies were 

adjusted based on the C1s peak value at 284.6 eV. AA 3102 alloy, as received, was cleaned 

using Alcohol and Acetone and analyzed for Aluminum and Zinc peaks. 
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CHAPTER 4 

NUMERICAL ANALYSIS 

To analyze the effect of microchannel geometry accurately and efficiently, heat transfer 

between refrigerant flow and airflow in segmental MCHE was modeled using Computational 

Fluid Dynamics (CFD) simulation. 

4.1 Modeling of Microchannel Heat Exchanger 

To minimize the computational cost, the CFD computational model has consisted of a 

small section of an MCHE tube with five louvered shape fins attached to it, as shown in Figure 

4.1. Only half of the fins' height on each side of the tube is considered due to the symmetric 

conditions of MCHE. The overall dimensions of the considered section of MCHE is 

(0.4 × 0.07 × 0.05)(𝐴𝐴 × 𝑤𝑤 × ℎ) inch3. Three microchannel geometries are considered for the 

tube, including circular, triangular and rectangular microchannels. All microchannels have a 

similar volume (4.882 × 10−5 inch3) but different hydraulic diameters, as listed in Table 4.1.  

In simulations, the coordinate system is selected in such a way that the Z axis is along with the 

axis of the microchannel.  

 
Figure 4.1: Characteristic part of MCHX. 
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The Y axis is parallel to the fin surfaces and along with the flat tube height. X axis is 

along with the flat tube width.  

Table 4.1: Geometry specification of MCHE 

Microchannel shape Circular 
Parameter Value 
Tube length l (inch) 0.4 
Tube height h (inch) 0.05 
Tube width w (inch) 0.07 

Hydraulic diameter (inch) 
0.0125 (Circular) 
0.00972 (Triangular) 
0.01108 (Rectangular) 

Microchannel volume (inch3) 4.8819 x 10-5 

Fin type Louver 
Fin thickness (inch) 0.0003937 
Fin height (inch) 0.14295 
Fin pitch (inch) 0.08 

 

4.2 Mathematical Model 

The segmental MCHE was simulated using ANSYS Fluent. Governing equations for 

the mass, momentum, and energy are solved using the finite volume method are below: 

𝜕𝜕𝜕𝜕
𝜕𝜕𝑡𝑡

+ ∇��⃗ . (𝜌𝜌�⃗�𝑣) = 0 (4.1) 

For steady state and incompressible flow, mass conservation equation 4.1 can be 

expressed as below: 

∇. �⃗�𝑣 = 0 (4.2) 

Equation 4.3 and 4.4, show the momentum and energy equation for steady state and 

incompressible flow. 

𝜌𝜌 𝜕𝜕
𝛿𝛿𝑡𝑡

(�⃗�𝑣) + ∇. (ρ�⃗�𝑣�⃗�𝑣) = −∇p + μ∇2�⃗�𝑣 + 𝐹𝐹 (4.3) 

𝜌𝜌𝐶𝐶𝑝𝑝
𝜕𝜕𝜕𝜕
𝜕𝜕𝑡𝑡

+ 𝜌𝜌𝐶𝐶𝑝𝑝�⃗�𝑣.∇T = ∇. (k∇T) + ∅ (4.4) 

where the static pressure p, molecular viscosity 𝜇𝜇,  velocity field �⃗�𝑣, temperature T, specific 

heat at constant pressure 𝐶𝐶𝑝𝑝 , body force F, and dissipation function ∅ represent the work done 

against viscous forces. 
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For the solid side, the following heat conduction equation is solved: 

𝜌𝜌𝐶𝐶𝑝𝑝
𝜕𝜕𝜕𝜕
𝜕𝜕𝑡𝑡

= ∇. (k∇T) + ∅ (4.5) 

4.3 Computational Domain, Boundary Conditions, and Grids  

The computational domain contains three major regions: cross flow, microchannel 

flow, and solid regions. Figure 4.2 represents the schematic view of the computational domain. 

The crossflow domain is divided into the inlet region, the region between fins, and the outlet 

region.  

 
Figure 4.2: Computational domain for MCHE. 

 
The crossflow domain is extended from X~-7 w (0.5 inch) to X~18 w (1.25 inch), where 

w is the width tube. The width and height of the crossflow domain are the same as the width 

and height of the section of MCHE considered in the simulation. The microchannel flow 

domain has a length of L=0.4 inch with the diameter of 0.0125 inch for cylindrical geometry 

and hydraulic diameter of 0.00972 inch and 0.01108 inch for triangular and square 

microchannels, respectively. The solid domain has two regions, a tube and a louver-shaped fin. 

The simulation includes the solid domain to model heat conduction in solid domains and 

predict the effect of non-uniform temperature distribution in the solid domain on heat transfer. 
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For the crossflow domain, unstructured quadrilateral/hexahedral grids are used. The 

number of grids in the crossflow domain is ~4.5M, as listed in Table 4.2. For the solid domain 

(fins and tube), the structural hexahedral mash is used, as shown in Figure 4.2. The surface grid 

for each fin's inner and outer surface has 65 along the fin's width and 248 along the fins’ length. 

The surface grids are used to generate the structured hexahedral grids for fins. The number of 

grids in fins is 0.8M. The tube has also 3.3 M structured hexahedral grids. For the 

microchannel, prism and hexahedral grids are used. The microchannel has 216, 205, and 225 

grids in the streamwise direction and 15600, 14988, 15920 along the perimeter for the circular, 

triangular, and square geometry, respectively.  

 
(a) (b) 

Figure 4.3: Details of triangular prism and hexahedral mesh of circular MCHE (a) cross-sectional 
view of solid domain and (b) enlarge view of Red marked area. 

 

Table 4.2: Grid sizes 

Domain Grid 
Crossflow domain 4463186 

Microchannel 
43992 (Circular) 
42877 (Triangular) 
44154 (Square) 

Fin 823857 
Rectangular tube 3339600 

All domains 
8670635 (Circular) 
8669520 (Triangular) 
8670797 (Square) 
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The number of grids in all microchannels is nearly 43k. The total number of grids for each case 

is about 8.7M, decomposed into 32 cores for parallel processing. 

The crossflow domain's velocity is set to 16 m/s and the inlet temperature is 26.85 °C. 

The crossflow outlet is a pressure outlet. The symmetric boundary condition is used for all 

sides of the domain. Air is used as a working fluid for the crossflow domain. For this 

simulation, properties of air, such as density 𝜌𝜌𝑟𝑟𝑖𝑖𝑟𝑟  is set as 1.225 kg/m3 and specific heat is 

assigned as 𝑐𝑐𝑝𝑝,𝑟𝑟𝑖𝑖𝑟𝑟 = 1006.43 𝐽𝐽
𝐾𝐾𝑖𝑖.𝐾𝐾

 . For the microchannel domain, the velocity is set to 0.2 m/s 

at the inlet, zero velocity gradient boundary condition is used at the exit, and a non-slip 

boundary is employed at wall. For microchannel, water is used with viscosity 𝜇𝜇 =

0.001003  𝑘𝑘𝑖𝑖
𝑖𝑖𝑚𝑚

,  specific heat, 𝐶𝐶𝑝𝑝 = 4182 𝐽𝐽𝑘𝑘𝑖𝑖
𝑘𝑘

, and density  𝜌𝜌 = 998.2 𝑘𝑘𝑖𝑖
𝑖𝑖3. For the solid 

domain, the surface of the fins and the exterior surface of the tube are thermally coupled with 

the crossflow domain, while the interior surface of the tube is thermally coupled with the 

microchannel flow domain. The tube section has an inlet temperature of 26.85 °C. Symmetric 

boundary conditions are used at the upper and lower boundaries of fins i.e., 𝜕𝜕𝜕𝜕𝑓𝑓𝑓𝑓𝑛𝑛
𝜕𝜕𝜕𝜕

= 0. Details 

of the boundary condition are given in Table 4.3.  

Table 4.3: Boundary conditions  

Microchannel 

Inlet (water inlet, z-
direction) 

Velocity inlet: Uw = 0.2 m/s 
Inlet temperature of the water, Tw,in = 50 °C 

Outlet Pressure outlet  

Wall Via system coupling with solid for temperature; No-slip 
boundary condition for velocity 

Solid 
(aluminum) 

Inlet Inlet temperature TS = 26.85 °C 
Outlet Heat flux=0 

Wall Via system coupling with air for temperature; No-slip 
boundary condition for velocity 

Fin (aluminum) Top fin and bottom 
fin boundaries Symmetric 

Crossflow 

Inlet (air inlet, x-
direction) 

Velocity inlet: Ua = 16 m/s  
(Inlet temperature of the air, Ta = 26.85 °C) 

Outlet Pressure outlet 
Side boundaries Symmetric   
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4.4 Finite Volume Method 

The mathematical model is entirely determined by partial differential equations and 

given boundary conditions. The application of differential Equations in problem-solving in 

engineering practice is extensive because they best describe mathematically the processes that 

occur in nature. However, solving partial differential equations relied on search before 

computer time analytical solutions that required considerable effort. Some solutions, especially 

in the case of highly complex geometry, could not even be found. By applying numerical 

methods mathematically, the model is explained into systems of algebraic equations. Today, 

computers are numerically used to solve partial differential equations, which is the fastest way 

to develop their solutions. Some methods for finding partial differential solutions in the 

equations are the finite difference method, finite element method, and finite method volume. 

The basis of solving partial differential equations by the control volume method is the division 

of the domain and the period in which we observe the process to the final number of volumes 

and time steps. Finite volume methods have become widespread in Computational Fluid 

Dynamics CFD because they first ensure that the discretization is conservative. Also, it does 

not necessitate a coordinate transformation to be applied for irregular meshes. This increased 

flexibility can be used for excessive compensations in generation grids about arbitrary 

geometries [106]. 

Moreover, the finite volume method combines the simplicity of the finite difference’s 

method with the local accuracy of the finite element method; also, at the same dimension of 

the discretized problem, the accuracy is higher than with finite differences and nearly the same 

as with finite elements [107]. The finite volume method has been used to discretize the 

governing equations and boundary conditions. Fluids were assumed incompressible with 

constant physical properties, and the flows were assumed to be laminar. The couple algorithm 

for pressure-velocity coupling was used, which solves the momentum and continuity equations 
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together, unlike the predictor-corrector segregated methods. The convection-diffusion terms 

have been discretized using the second-order Upwind scheme. 

4.5 Couple Algorithm 

The coupled solver simultaneously solves the governing equations of continuity, 

momentum, and (where appropriate) energy (i.e., coupled). Since the governing equations are 

non-linear (and coupled), numerous iterations of the solution loop must be performed before a 

converged solution is found. The coupled scheme acquires a robust and efficient single-phase 

operation for steady-state flows, with higher performance than the segregated solution 

schemes. This pressure-based coupled algorithm offers an substitute to the density-based and 

pressure-based segregated algorithm with SIMPLE-type pressure-velocity coupling. The 

coupled algorithm solves the momentum and pressure-based continuity equations together. 

One of the limitations of the pressure-based coupled algorithm is not well-suited with the non-

iterative time advancement solver [108].  

 
Figure 4.4: Overview of the Coupled Solution Method. 

 
Each iteration consists of the steps shown in Figure 4.4 and outlined below: 

1. Fluid properties are updated based on the existing solution. (If the calculation has 
just been initiated, the properties of the fluid will be updated based on the initialized 
solution.) 
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2. The continuity, momentum, and energy equations are solved simultaneously for 
steady-state conditions. 

3. Where appropriate, equations for scalars such as convection (conjugate heat 
transfer) are solved using the beforehand updated values of the other variables. 

4. These steps are continued until the convergence criteria are happened. 

4.6 Grid Uncertainty 

In numerical simulation, being efficient in computational time and having accurate 

results are equally important. However, if we want very high accuracy or high grid size, that 

will have high computational time. Therefore, to get accurate results with minimum 

computational time, we need to conduct grid independence or grid uncertainty tests. Grid 

verification study was conducted for the microchannel flow using 20 thousand grids for coarse 

mesh, 40 thousand for medium, and 80 thousand grid sizes for fine mesh. The predicted 

centerline velocity changes 0.27% from coarse to medium and 0.25% from medium to fine 

grid, suggesting the results are fairly insensitive to the grid size. Hence, the medium grid is 

used for all simulations. 

 
Figure 4.5: Verification analysis for flow through circular microchannel. 
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To validate the results, Figure 4.5 shows the analytical velocity profile compared to the 

predicted one. The results show that the predicted profile agrees well with the theory. The 

maximum error is for the velocity at the centerline which is 3.25% for the coarse grid dropping 

to 2.56% and 1.93% for the medium and fine grids, respectively. 

At 50℃,   𝑅𝑅𝑒𝑒𝐷𝐷 =  
𝜌𝜌𝑢𝑢𝑖𝑖𝐷𝐷
𝜇𝜇

=   
998.2 𝑘𝑘𝑘𝑘𝑚𝑚3 × 0.2𝑚𝑚𝑠𝑠 × 0.000375 𝑚𝑚

0.0005  𝑘𝑘𝑘𝑘𝑚𝑚𝑠𝑠

= 149.73 

𝑅𝑅𝑒𝑒𝐷𝐷 < 2300; 𝐴𝐴𝑙𝑙𝑚𝑚𝑙𝑙𝑛𝑛𝑙𝑙𝑙𝑙 𝜋𝜋𝐴𝐴𝑜𝑜𝑤𝑤 

At 50℃,   ℎ𝑦𝑦𝑦𝑦𝑙𝑙𝑜𝑜𝑦𝑦𝑦𝑦𝑛𝑛𝑙𝑙𝑚𝑚𝑙𝑙𝑐𝑐 𝑒𝑒𝑛𝑛𝜔𝜔𝑙𝑙𝑦𝑦 𝐴𝐴𝑒𝑒𝑛𝑛𝑘𝑘𝜔𝜔ℎ, 

𝑥𝑥𝑓𝑓𝑓𝑓,ℎ ≈ 0.05 × 𝑅𝑅𝑒𝑒𝐷𝐷 × 𝐷𝐷 = 0.11 𝑙𝑙𝑛𝑛𝑐𝑐ℎ 
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CHAPTER 5 

EXPERIMENTAL RESULT 

This investigation aims to assess the corrosion tendency of AA 3102 in general and its 

pitting vulnerability in aqueous corrosive environments containing low and high concentrations 

of the combination of sodium chloride and ammonium sulfate. Pitting potential, passive 

potential, and corrosion rates are measured using cyclic polarization tests. In addition, 

electrochemical impedance spectroscopy (EIS) analysis was done on the alloy in the same 

corrosive electrolytes. Results indicate AA3102 alloy is most vulnerable to electrolytes used 

sea water acetic acid test (SWAAT) is ASTM G-85 standard test compared to other less 

aggressive electrolytes used in this research. However, the electrolyte used in the SWAAT test 

is highly acidic (pH=2.9) and makes it non-representative of natural atmospheres, creating 

doubts about the validity of ASTM G-85 test results. On the other hand, electrolytes used in 

this research have pH values ranging from 4.0 to 5.8, which is closer to nearly neutral 

environments encountered in many atmospheres.  

Many standard tests have been developed to promote degradation faster than in-service 

conditions. Reputable manufacturers of HVAC-R industries have developed their corrosion 

testing methods while standard testing protocols such as salt fog test (ASTM B-117), sea water 

acetic acid test (SWAAT, ASTM G-85), and copper-accelerated acid-salt (Fog) spray test 

(CASS, ASTM B368) [109-110]. Nasrazadani at el. [111] has published a comprehensive 

review of cabinet-based accelerated corrosion testing used in the HVAC-R industry folks.  

These methods are ASTM B117 continuous salt spray fog, ASTM G154 weathering chamber, 

and ASTM G85- Prehension [112]. Salt-spray (FOG) Tests are the most common type of 

cabinet test. Unfortunately, most of these testing methods take too long to complete and 

produce results that are non-representative of actual field conditions and produce results that 

lack reproducibility and unreliable data that makes results mostly inconclusive. The duration 
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of these tests can be up to 5000 hours. 

Long-term atmosphere exposures or accelerated corrosion tests are widely used to 

assess zinc coatings' corrosion resistance [113-115]. However, compared with accelerated 

corrosion tests, long-term atmosphere exposures are time-consuming and region-dependent, 

unfavorable for applying and promoting new coatings. On the other hand, electrochemical 

methods, particularly the electrochemical impedance spectroscopy (EIS) technique, are an 

efficient and convincing tool for analyzing the corrosion behavior of metals [116-117]. 

Aqueous corrosion is an electrochemical process that can be tracked utilizing electronic devices 

that applies an electrical signal to measure and control the electrical charge transfer; in 

pursuance of assessing the reaction kinetics and mechanism of the corrosion progression that 

takes place at the metal interface. The electrochemistry impedance is the relationship between 

a potential energy difference and the flow of electrons generated by a wave signal employed in 

an aqueous media. EIS was used to evaluate the properties of thin oxide films formed on metals, 

supervising superficial degradation of coatings because of the swelling process. Surface 

variations due to ion adsorption at the interface can also be detected, knowing the kinetics 

reaction on metals under the corrosion process. In addition, electrochemical methods can 

deliver information on the reactions and mechanisms of electrochemical deterioration. 

This work aimed to study the corrosion resistance of the Al-3102 microchannel heat 

exchanger tube in different chloride and sulfate concentrate electrolyte. First, the corrosion 

resistance of the Al-3102 microchannel heat exchanger tube was monitored by 

potentiodynamic polarization test and electrochemical impedance spectroscopy. Furthermore, 

the surface and cross-section morphological characteristics of zinc-based coatings after 

immersion tests were investigated by scanning electron microscopy (SEM). Finally, EIS 

results, including Rsol, Rpore, and Rct of AA3102 with very thin arc evaporated porous Zinc film 

on AA 3102 along with their equivalent circuit, is presented. 
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5.1 Electrochemical Testing 

A heat exchanger manufacturer provided AA3102 (Fe 0.70%, Si 0.40%, Zn 0.30%, Cu 

0.10%, Ti 0.10%, Mn 0.40%, balance Al) tube sheets with 100 μm thick arc evaporated zinc 

film was cut to 1 in2, polished using 3, 0.5, and 0.05 μm alumina particles to remove all debris 

and greases from the surface followed by rinsing in acetone, alcohol, and distilled water. A flat 

cell with 1 cm2 exposed sample surface area, along with a three-electrode system, was utilized 

in this research. Cyclic polarization is used to investigate and study material's corrosion 

behavior and pitting tendency in corrosive electrolytes. Cyclic voltammetry was performed 

using the Applied Princeton Research EG&G PARSTAT 2273 system for a potential range of 

-2.0 to +0.2 V at a scan rate of 0.5 mV/s with 1 mV steps. A saturated Calomel Electrode (SCE) 

was used as a reference electrode in all measurements in this investigation. Parameters that are 

measured in these tests are Passive potential (Ep), pitting potential (EPIT), breakdown potential 

(Ebr), and pitting loop, which is the area under the potential-current loop. The pitting loop 

measures the pitting tendencies of Aluminum alloys. EIS analysis was done using the 

frequency range from 100,000 Hz down to 0.1 Hz with an amplitude of 5 mV for the 

experiments reported here.  

5.2 Surface Characterization of AA 3102 Samples 

5.2.1 XPS Analysis  

Elements detected on the surface of AA 3102 samples include Al, Zn, O, and C. Carbon 

is an impurity coming from the instrument. However, Al, Zn, and O are present as a thin layer 

of Zn (~ 100 μm) as sacrificial anode protecting aluminum. Oxygen as a minor constituent 

indicates the presence of alumina (Al2O3). Peaks used to identify Zn are located at binding 

energy for Zn2p1 and Zn2p2. Figure 5.1 illustrates the XPS Spectrum of AA3102 sample. 
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Figure 5.1: XPS Spectrum of AA3102 sample. 

 

5.2.2 DC Electrochemical Analysis 

Cyclic polarization curves on AA 3102 in corrosive solutions containing high sodium 

chloride (3.5%) and low ammonium sulfate (0.5%) are shown in Figures 5.3 to 5.5.  Corrosive 

solutions were chosen to study the impact of pollutants such as salt in marine environments 

and sulfur in industrial atmospheres on the corrosion of AA 3102 alloy. Upon the completion 

of each test, several measured parameters of interest, including corrosion potential (Ecorr), 

primary passive potential (Epp), protection potential (EPR), and transpassive potential 

(Etranspassive) were identified. Cyclic polarization plots are commonly used to assess the pitting 

tendency of engineering alloys in corrosive environments, most of which contain chloride ions. 

If the reverse path results in higher currents than the forward path for any given potential, then 

a hysteresis loop is generated in the potential-current plot. The generated loop's size indicates 
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the alloy's pitting tendency in each corrosive electrolyte. A larger loop area indicates a higher 

pitting tendency of the alloy in the corrosive electrolyte. If the reverse path results in lower 

currents than its forward counter path, the alloy is not vulnerable to pitting in that corrosive 

electrolyte. In addition, when protection potential is more positive than passive potential, the 

alloy is not expected to undergo pitting in that electrolyte.    

Typical cyclic polarization curve for AA 3003 is shown in Figure 5.2. Figures 5.3 to 

5.6 show the Cyclic Polarization plot of AA 3102 in 3.5% Sodium Chloride and 0.5% 

Ammonium Sulfate solution but employing different techniques for sample preparation. A 

higher concentration of sodium chloride is expected to increase the probability of pitting 

corrosion in AA 3102. 

 
Figure 5.2: Cyclic polarization curve of EN AW-3003 alloy (Si 0.15%*, Fe 0.48%, Cu 0.12%, Mn 
1.1%, Mg 0.03%, Zn <0.01%) in 10 mM NaCl solution [118]. 

 

 
Figure 5.3: Cyclic Polarization plot of AA 3102 in 3.5% Sodium Chloride and 0.5% Ammonium 
Sulfate solution. (Sample polished) 
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Figure 5.4: Cyclic Polarization plot of AA 3102 in 3.5% Sodium Chloride and 0.5% Ammonium 
Sulfate solution. (Sample rinsed with DI water) 
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Figure 5.5: Cyclic Polarization plot of AA 3102 in 3.5% Sodium Chloride and 0.5% Ammonium 
Sulfate solution. (Sample cleaned with acetone and alcohol) 
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Figure 5.6: Cyclic Polarization plot of AA 3102 in 3.5% Sodium Chloride and 0.5% Ammonium 
Sulfate solution. (Sample sanded or remove the Zn coating) 
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Besides pitting potential and other related parameters measured, corrosion rate of AA 

3102 alloy was measured in the corrosive electrolytes used in this investigation. Table 5.1 show 

parameters used to calculate corrosion rates including corrosion current (Icorr) and thickness 

loss (mpy) of the alloy in these electrolytes. 

Table 5.1: Average corrosion rates of Ally 3102 alloy in various corrosive electrolytes. 

No Solution pH Ecorr 

(mV) 
Icorr 

(µA) 
βc 
(mV) 

βa 
(mV) 

Corrosion 
rate (mpy) 

1 3.5% NaCl + 0.5% (NH4)2SO4  4 -1176 104 97 186.5 44.2 
2 3.5% NaCl + 0.5% (NH4)2SO4 5.6 -1173 43.6 64.5 182.5 18.6 
3 0.5% NaCl + 3.5% (NH4)2SO4 5.6 -1133 31.31 75 57.5 13.35 

4 4.2% NaCl + 1%Glacial Acetic 
Acid (SWAAT) 2.9 -1036 202.9 226 58.5 86 

 

5.2.3 Scanning Electron Microscopy (SEM)  

SEM micrographs of AA 3102 alloy presented in Figure 5.7 to 5.9 shows severe pitting 

in all electrolytes, with the most extensive pitting in SWAAT electrolyte, which is most acidic 

followed by high chloride and high chloride and high sulfate electrolytes that have higher pH 

acidity. As expected, pit formation is initiated at the weakest part of the surface where grain 

boundaries are located.  

 
Figure 5.7: SEM image of AA3102 surface after cyclic polarization test in 0.5% Sodium Chloride 
and 3.5% Ammonium Sulfate solution. 



43 

 
Figure 5.8: SEM image of AA3102 surface after cyclic polarization test in 3.5% Sodium Chloride 
and 0.5% Ammonium Sulfate solution. 

 

 

Figure 5.9: SEM image of AA3102 surface after cyclic polarization test in SWAAT electrolyte 

 
Figure 5.9 illustrates an SEM micrograph of AA 3102 surface after cyclic polarization 

showed severe grain boundary attack and regions with deep anodic dissolution of the alloy. 
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5.3 Electrochemical Impedance Spectroscopy (EIS)  

This work aimed to study the corrosion resistance of the Al-3102 microchannel heat 

exchanger tube in different chloride and sulfate concentrate electrolyte. EIS is a technique that 

measures the impedance of an electrochemical system, and by inference, it can measure how 

well the coating protects the substrate. An excellent protective barrier will have a capacitive 

Bode plot, while a breached coating will have resistive traits at the low-frequency end of the 

EIS spectrum.  

In one of the interpretations of this model, an assumption is made that the coating has 

been partially delaminated from the metal substrate, and the delaminated area is filled with 

solution. The interface between this pocket of solution and the bare metal is modeled as a 

double layer capacitance, 𝐶𝐶𝐶𝐶𝐸𝐸𝑐𝑐𝑡𝑡, in parallel with a kinetically controlled charge transfer 

reaction element represented by the charge transfer resistance 𝑅𝑅𝑐𝑐𝑡𝑡. It is sometimes also 

represented as a polarization resistance 𝑅𝑅𝑝𝑝𝑐𝑐𝑟𝑟𝑟𝑟, a component representing the resistive corrosion 

product layer on the metal plate. The equivalent circuit model diagram is shown in Figure 

5.10(b). In Figure 5.10(a), in the Nyquist plot, a second semicircle starts to appear. The first 

semicircle intercepts the real axis near the origin at the 𝑅𝑅𝑚𝑚 value and ends at a value of 𝑅𝑅𝑝𝑝𝑐𝑐𝑟𝑟𝑟𝑟 +

𝑅𝑅𝑚𝑚, where the second semicircle starts. The second semicircle ends at a value of 𝑅𝑅𝑝𝑝𝑐𝑐𝑟𝑟𝑟𝑟 + 𝑅𝑅𝑚𝑚 +

𝑅𝑅𝑐𝑐𝑡𝑡. 𝑅𝑅𝑐𝑐𝑡𝑡 is inversely proportional to the corrosion rate. For 3500 mg NaCl + 500 mg (𝑁𝑁𝐻𝐻4)2𝑆𝑆𝑂𝑂4 

(pH=4.0) the solution, the value of 𝑅𝑅𝑚𝑚𝑐𝑐𝑟𝑟 = 56.11 Ω, 𝑅𝑅𝑝𝑝𝑐𝑐𝑟𝑟𝑟𝑟 = 907.6 Ω, 𝑅𝑅𝑐𝑐𝑡𝑡 = 127.3 Ω. For 

3500 mg NaCl + 500 mg (𝑁𝑁𝐻𝐻4)2𝑆𝑆𝑂𝑂4 (pH=5.6) the solution, and 500 mg NaCl + 3500 mg 

(𝑁𝑁𝐻𝐻4)2𝑆𝑆𝑂𝑂4 (pH=5.6) the 𝑅𝑅𝑚𝑚𝑐𝑐𝑟𝑟 = 44.34 Ω and 78.23 Ω , 𝑅𝑅𝑝𝑝𝑐𝑐𝑟𝑟𝑟𝑟 = 382.96 Ω and 220.3 Ω, 

𝑅𝑅𝑐𝑐𝑡𝑡 = 629.4 Ω and 321 Ω. As shown in the schematic diagram in Figure 6(b), the charge 

transfer resistance 𝑅𝑅𝑐𝑐𝑡𝑡 is obtained from the addition of 𝑅𝑅𝑝𝑝𝑐𝑐𝑟𝑟𝑟𝑟 and 𝑅𝑅𝑖𝑖𝑖𝑖𝑓𝑓. For 4.2% NaCl + 

1%Glacial Acetic Acid (SWAAT) (pH=2.9), the value of 𝑅𝑅𝑚𝑚𝑐𝑐𝑟𝑟 = 5.8 Ω, 𝑅𝑅𝑝𝑝𝑐𝑐𝑟𝑟𝑟𝑟 = 8.52 Ω, 

𝑅𝑅𝑖𝑖𝑖𝑖𝑓𝑓 = 0.1 Ω 
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These equivalent electrical circuits (EEC) models describe the impedance spectra for 

oxide products formed by corrosion reactions on the metal surface, anodizing coatings, or Zn-

coated metals after exposure to corrosive electrolytes. Where 𝐶𝐶𝐶𝐶𝐸𝐸𝑝𝑝𝑐𝑐𝑟𝑟𝑟𝑟 is the capacitance of 

oxide film connected in parallel to 𝑅𝑅𝑝𝑝𝑐𝑐𝑟𝑟𝑟𝑟 that is, the oxide resistance, both connected in series 

to Randles circuit (RC) parallel, which contributes to the electrical response of the double layer 

interface. From Figure 5.10(a), the diameter of the second semicircle is increasing in EIS 2 

compared with EIS 1. This is because EIS 1 and EIS 2 have the same high chloride 

concentration, and EIS 2 has a higher pH value. 

 
(a) 

 
(b) 

Figure 5.10: (a) Nyquist plot for high chloride at different pH levels, high sulfate solution, and (b) 
Equivalent circuit model used to analyze the experimental data.  
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In Figure 5.10(b), the equivalent circuit is designed to identify and assess the 

characteristic elements of the EIS system. For example, the diffusion of molecules or redox 

species can initiate an added resistance known as the Warburg impedance (W), which is 

frequency dependent. Warburg impedance (W) is small at high frequencies but at low 

frequencies, W increases due to the redox molecules having the force to diffuse at low 

frequencies. Warburg resistance is added due to the effect of a diffusion process at the 

electrode-electrolyte interface. Also, a constant phase element (CPE) is added to the equivalent 

circuit to show the non-ideal capacitance activities. Rp is the polarization resistance of the Al-

3102 sample containing the Zn inhibitor. Table 5.2 describes the EIS experiment is used in this 

study.  The polarization resistance is linked with corrosion happening on the metal surface. 

Therefore, a higher Rp value denotes higher corrosion resistance. The fitted EIS parameters are 

shown in Table 5.3. 

Table 5.2: EIS study of Al 3102  

Experiment Solution pH  
EIS 1 3500 mg NaCl + 500 mg (NH4)2SO4  4.0 
EIS 2 3500 mg NaCl + 500 mg (NH4)2SO4 5.6 
EIS 3 500 mg NaCl + 3500 mg (NH4)2SO4 5.6 
EIS 4 4.2% NaCl + 1%Glacial Acetic Acid (SWAAT) 2.9 

 

 
(a) 
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(b) 

Figure 5.11: a) Nyquist plot for SWAAT solution and b) Equivalent circuit model used to analyze 
the experimental data. 

 
Figure 5.11 (a) illustrates the inductive loop at the low-frequency region for the 

SWAAT solution. Interpreting the inductive loop is one of the most challenging problems in 

applying EIS for corrosion systems from an experimental and theoretical viewpoint. Most 

experimental impedance spectra containing an inductive loop in the low-frequency region have 

been determined at Ecorr in acid media in the presence of inhibitors. 

 
Figure 5.12: Bode plot for high chloride at different pH levels high sulphate and SWAAT solution.  

 
In Figure 5.12, the frequency is plotted against the impedance, which helps find the 

capacitance of the electrochemical systems. Figure 5.12 is also known as the Bode plot. 
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The goodness of fit should be decreased by adding a new circuit element to the 

equivalent circuit model. For example, adding Warburg impedance (W) on experiment EIS (1-

3) decreased the goodness of fit value by around tenfold. Therefore, the lower value of the 

goodness of fit in Table 5.3 justifies the equivalent circuit model. 

Table 5.3: Equivalent circuit parameters. 

Parameter Units 
EIS 1 EIS 2 EIS 3 
Value ±Error Value ±Error Value ±Error 

Rs ohm 56.11 0 44.34 4.12E-03 78.23 8.07E-01 
CPEpore S*s^a 4.63E-05 1.51E-06 6.18E-05 6.42E-06 1.86E-04 1.37E-05 
npore   8.17E-01 5.41E-03 8.18E-01 1.48E-02 6.25E-01 1.22E-02 
Rpore ohm 907.6 0 382.96 0 220.3 0 
Rct ohm 127.3 0 629.4 0 321.1 0 
CPEct S*s^a 2.02E-03 3.79E-04 2.16E-03 6.69E-04 2.35E-03 6.28E-04 
nct   1 1.39E-01 6.72E-01 1.07E-01 8.69E-01 1.16E-01 
W-Yo10 S*s^(1/2) 4.66E-03 1.35E-03 -3.70E-03 2.30E-02 2.58E-02 2.53E-01 
W-B sec^(1/2) 3.4 0 5.69E-01 2.22 -6.20E-01 5.38 
Goodness of 
Fit   1.61E-03 3.74E-04 8.82E-04 
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CHAPTER 6 

SIMULATION RESULT  

This chapter presents high-fidelity conjugate heat transfer simulations that are used to 

model a micro-channel heat exchanger (MCHE) in a crossflow to study its thermal-hydraulic 

performance. The first part of this study considers three different microchannel geometries 

(circular, triangular, and square) with louver shape fin. Then discuss the temperature and 

velocity distribution of the computational domain's major regions, which includes cross-flow, 

solid and microchannel regions. This study aims to identify the suitable microchannel geometry 

in terms of heat exchanger effectiveness ε and performance index η. This work's second or final 

part considers three fin geometries (louver, step, and saw) with the same circular shape 

microchannel and identifies the corrosion hot spot and thermal effectiveness. This section is 

divided into two parts. 

1. Identification of thermally effective microchannel. 

2. Identification of corrosion hot spots for different fin geometries 

6.1 Identification of Thermally Effective Microchannel 

Figures 4-25 and 4-26 in Chapter 4 depict the schematic diagram and computational 

domain. The main parameters that characterize the flow are dimensionless velocity and 

pressure drop Δp along the length of the micro heat exchanger. The main parameters that 

characterize heat transfer are the dimensionless temperature for the hot (water) and cold (air) 

fluid, dimensionless temperature for solid, heat transfer rate, microchannel heat exchanger 

effectiveness ε and performance index will be discussed. 

6.1.1 Crossflow Analysis 

Figure 6-1 shows the velocity contour in the crossflow at several x locations, marked 

in Figure 6-2. It should be noted that MCHE is located between x=0 and x=0.07 inches. As the 

flow travels over MCHE, a separated flow region forms on the tube (see Fig. 6-1(a-c)). The 
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thickness of the separated region fluctuates in the spanwise direction such that a larger 

separated region is formed in region A, trapped by each fin, than in region B located in the gap 

between two consecutive fins. The spanwise variation of the wake field is due to the interaction 

of fins with the flow field, proving lower velocity in region A than B. The velocity far from the 

solid surfaces shows higher velocity compared to the inlet velocity. The velocity increases due 

to the simultaneous effect of blockage and the formed boundary layer on the solid surfaces.  

As the airflow travels downstream the MCHE, a large wake region is observed, as 

shown in Figures 6.1(d-f). In this larger wake region, the Kelvin–Helmholtz instability of finite 

amplitude is observed. 

 
Figure 6.1: Velocity contour of crossflow for circular MCHE at different X locations 

 
Figure 6.2 shows the crossflow at the midplane. Before MCHE, the flow velocity is 

uniform and similar to the inlet velocity. However, as the flow encounters the MCHE, the flow 

separation occurs at the contact point between the crossflow and solid tube such that the solid 
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tube becomes immersed in the separated flow region. In addition, the crossflow velocity 

increases around the MCHE due to both the blockage effect and the formation of the separated 

region near the MCHE. The crossflow velocity is largest at x=2.5w, where the wake thickness 

is the largest.  

 
Figure 6.2: Velocity contour of crossflow for circular MCHE at the center plane.  

 
Figure 6-3 shows the temperature contour in the crossflow. Around the MCHE (Figure 

6-3(a-c)), the crossflow temperature increases near the solid surface due to hot water passing 

through the microchannel. The thermal boundary layer increases as the flow travels over the 

tube as the separated region's thickness increases (refer to Figure 6-2). The thermal boundary 

layer thickness fluctuates in the spanwise direction such that the thickness is larger in region A 

than B, following similar trends observed for the velocity field. The temperature of the 

crossflow drops as the flow travels downstream, reaching the inlet air temperature, 𝑇𝑇𝑟𝑟 = 26.85 

°C.   

Figure 6-4 illustrates streamwise velocity at four lines (P1 to P4) at different y locations. 

Details of the P location is shown in a schematic diagram of Figure 6.4, where the height (y 

value) of P1=0.18 inch, P2=0.12 inch, P3=0.08 inch, and P4=0.06-inch. In Figure 6-4(a), those 
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lines are parallel to the x-axis (the direction of the crossflow), while Figure 6-4(b) shows the 

streamwise velocity distribution along lines in the direction of the z-axis (spanwise direction). 

 
Figure 6.3: Temperature contour of crossflow for circular MCHE at different X location. 

 

 
Figure 6.4: Velocity flow distribution of crossflow for circular MCHE at P1, P2, P3 and P4 
locations along (a) streamwise direction, and (b) spanwise direction 
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In Figure 6-4 (a), it is clear that the velocities along all those lines are close to the inlet 

velocity at upstream. As the flow travels within the fins, the velocity increases to about 1.6 

times larger than the inlet velocity and then drops significantly for P3 and P4 and reduces 

slightly for P1 and P2 as the flow travels downstream. The profound velocity drop for P3 and 

P4 reveals those two lines are located inside the wake region at downstream of the heat 

exchanger. Figure 6.4(b) shows the streamwise velocity on the line passing P1 is largest at the 

point away from the fin surface and decreases dramatically to zero on the fin’s surfaces. The 

velocity pattern is symmetric with respect to the fin’s surface, i.e., the velocity profile is similar 

on both sides of the fin. A similar pattern is observed along the line passing P2. The velocity 

on the line passing P3 shows different distributions on different sides of the fin and the velocity 

is lower where the boundary layer is thicker (see region A in Figure 6.1). Velocity at P4 also 

reveals an asymmetric velocity profile with low velocity in the thick boundary layer formed in 

region A.     

Figure 6.5 illustrates the temperature at four lines (P1 to P4) at different y locations. In 

Figure 6.5(a), those lines are parallel to the x-axis (the direction of the crossflow), while Figure 

6.5(b) shows the temperature distribution along lines in the direction of the z-axis (spanwise 

direction).  In Figure 6.5(a), it is clear that the temperature along those lines is initially close to 

the inlet temperature at upstream. As the flow travels within the fins, the temperature increases 

by about 7.8% at P4 and 2.1% at P3 locations. However, it stays relatively constant along the 

lines passing points P1 and P2 since they are located far from the heat exchanger. Figure 6.5(b) 

shows that the temperature on the line passing P4 is the largest since it is the closest point to 

the solid. The temperature on line P4 near the fin surface is 16% more than the inlet temperature 

and drops on both sides of the fin asymmetrically to a temperature about 7-8% more than the 

inlet temperature. As one moves from P4 to other lines, the crossflow temperature on the fin 

surface is relatively similar for all lines (16% more than the inlet temperature) but the 
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temperature far from the fin surface drops quickly to the inlet temperature at those lines as they 

are located far from the tube.   

 
(a) 

 

 
 (b) 

Figure 6.5: Temperature profile of crossflow for circular MCHE at P1, P2, P3 and P4 locations 
along (a) streamwise direction, (b) spanwise direction 

 
Figure 6.6 illustrates the crossflow temperature distribution from upstream to 

downstream along lines close to the solid surface (P3 and P4) for three different microchannel 

geometries. In Figure 6.6(a), it is clear that the temperature values of all lines are close to the 
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inlet temperature at upstream. At the P3 location, as the flow travels within the fins, the 

temperature increases about 3% for triangular MCHEs, while the increase is about 4% for the 

rectangular MCHE and 2% for circular microchannel.   

 
a) P3 location  

 

 
b) P4 location 

Figure 6.6: Temperature profile of crossflow along streamwise direction for different MCHE 
geometries at (a) P3 location, and (b) P4 location 

 
At location P4, shown in Figure 6-6 (b), temperature increases to 1.15 times more than 

the inlet temperature for triangular while the increase is about 8% for circular and 6% for 

rectangular MCHEs.  
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Figure 6-7 shows the temperature at P3 and P4 along lines in the spanwise direction. 

They show the temperature is highest near the fin surface, which is 16% more than the inlet 

temperature. At P4, the temperature at points far from the fin surface is similar for all three 

geometries while P3 shows slight changes in the temperature at points far from the fin surface 

among different geometries.      

 
a) P3 location 

 

 
b) P4 location 

Figure 6.7: Temperature profile of crossflow along spanwise direction for different MCHE 
geometries at (a) P3 location, and (b) P4 location 
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6.1.2 Solid Domain Analysis   

Figure 6-8 illustrates two lines, one located at the backside surface of the tube and 

another located on the top surface of the tube. The temperature profile on the backside line in 

Figure 6-8(a) shows the tube temperature increases from the initial temperature as the water 

flows in the microchannel. The increase in the tube temperature is about 18%for all MCHEs.  

Figure 6-8(b) reveals the temperature is relatively uniform at the mid-section of the tube, with 

a slightly higher temperature predicted for rectangular MCHE and a slightly lower temperature 

for triangular MCHE. 

 
 

 
(a) 
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(b) 

Figure 6.8: Temperature profile of tube at (a) backside middle, and (b) topside middle. 

 
Figures 6.9 and 6.10 illustrate the temperature contour on the tube, fins, as well as 

microchannel surfaces for all considered MCHEs. The temperature of the tube and 

microchannel surfaces is nearly 26.8°C (the inlet temperature) and increases as the solid 

domain gets exposed to the hot flow in the microchannel.  
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Figure 6.9: Temperature contour on different MCHE 

 

 
Figure 6.10: Temperature contour of the surface microchannel tube. 

 
The fins also have the same temperature as the tube, due to the very high conductivity 

of aluminum, suggesting a similar thermal performance of all geometries.   

6.1.3 Microchannel Analysis  

Figure 6-11 shows the velocity, temperature, and pressure profile of the three 

microchannel geometries along their centerline. For circular microchannel, Fig. 6-11(a) reveals 

the centerline velocity increases and reaches to a fully developed condition with a constant 

velocity about twice the inlet velocity as expected after the flow travels about 10% of the pipe 

length. Other microchannels reach the developed condition at the same location. However, the 

central velocity is higher for triangular and smaller for rectangular microchannel compared to 

the circular microchannel.  
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(a)Velocity profile 

 

 
(b)Temperature profile 

 

 
(c)Pressure profile 

Figure 6.11: Velocity, temperature, and pressure distribution along centerline in the 
microchannel with different geometries. 
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It should be noted that all microchannels have the same cross-sectional area and the 

velocity change is purely due to the geometrical effects. Figure 6.11(b) reveals the temperature 

of the microchannel fluid drops by about 21-24% for all microchannels. The flow in the circular 

microchannel has a slightly higher temperature than other microchannels since it has a smaller 

surrounding surface. The pressure plotted in Figure 6.11(c) shows the highest drop for the 

triangular microchannel and the lowest for the circular microchannel, as expected. 

Figure 6.12 shows the radial velocity, temperature, and pressure profile distribution for 

the three geometries. The temperature and velocity profile at the center of the midplane has the 

highest value and will decrease as moving from the center. However, the pressure profile 

remains the same, i.e., the pressure is uniform at each section of the microchannel. 

 
(a)Velocity Profile 

 

 
(b)Temperature Profile  
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(c)Pressure Profile 

Figure 6.12: Radial distribution of velocity, temperature, and pressure in microchannels with 
different geometries. 

 

6.1.4 Effectiveness and Performance Index 

Based on crossflow, solid domain, and microchannel analyses, the effectiveness and 

performance index for all geometries are computed using the below equations and results are 

listed in Table 6.1 computed from 

 𝜀𝜀𝑐𝑐𝑖𝑖𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟 𝑐𝑐ℎ𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟 = 𝑞𝑞
𝑞𝑞𝑚𝑚𝑎𝑎𝑚𝑚

= 𝐶𝐶ℎ(𝜕𝜕𝑤𝑤,𝑓𝑓𝑛𝑛−𝜕𝜕𝑤𝑤,𝑜𝑜𝑜𝑜𝑜𝑜)
𝐶𝐶𝑚𝑚𝑓𝑓𝑛𝑛(𝜕𝜕𝑤𝑤,𝑓𝑓𝑛𝑛−𝜕𝜕𝑎𝑎,𝑓𝑓𝑛𝑛)

  (6.1) 

𝜂𝜂 = 𝜀𝜀
∆𝐶𝐶

 (6.2) 

Table 6.1: Effectiveness and performance index of MCHE for different channel geometries 

Microchannel Geometry Effectiveness (𝜀𝜀) Performance Index (𝜂𝜂), (𝑖𝑖
2

𝑁𝑁
) 

Circular 0.467 6.91 × 10−4 

Triangular 0.497 5. 79 × 10−4 

Rectangular 0.51 6.81 × 10−4 
 

Results show that the rectangular microchannel has the highest effectiveness and the 

circular microchannel has the lowest. On the other hand, the highest performance index value 

is observed for circular microchannel, while triangular microchannel has the lowest one. 
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6.2 Identification of Corrosion Hot Spots for Different Fin Geometries 

This study considers three fin geometries (louver, step, and saw) with the same tube 

and circular shaped microchannel, identifies the corrosion hot spot, and thermal effectiveness. 

A predicted flow field also identifies crevices between fins and tube surfaces as critical 

corrosion hot spots often associated with low-velocity regions. The crevice volumes for the 

louver, step, and saw fin shapes are calculated. 

Figure 6-13 illustrates the velocity contour of the whole computational domain. The 

flow separation occurs at the contact point between the crossflow (airflow) and the solid tube, 

so the solid tube is immersed in the separated flow region. Outside that region, the crossflow 

velocity increases by increasing the wake thickness until X=0.91 inch, then reducing the 

crossflow velocity. Figures 6.14 to 6.16 illustrates the velocity contour around the circular 

MCHE. At X=0.035 inch, zero or low velocity was observed in the boundary layer formed near 

the solid side tube. The boundary layer thickness varies along fin pitch such that a more 

extensive boundary layer is grew in region A trapped by each fin than in region B located in 

the gap between two consecutive fins. Due to the no-slip boundary condition, the solid and fin 

surface velocity is zero.    

 
Figure 6.13: Velocity contour of the whole computational domain. 
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Figure 6.14: Temperature contour of the step shaped fin with circular microchannel. 

 
Figure 6.15: Velocity contour of crossflow of the step shaped fin with circular MCHE at different 
X location (X=0.035 inch, X=0.4 inch and X=0.7 inch). 
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Figure 6.16: Stagnation region identification for step-shaped fin geometry at X=0.035 inch  

 
As the crossflow travels far from the tube and fin, the velocity increases between the 

fin up to 28.4 m/s for Figure 6.15 and 6.17, and 28 m/s for Figure 6.18, which is around 70% 

higher than the inlet velocity. Table 6.3 describes the details of the boundary conditions. These 

low-velocity regions, A and B, is the hot spot for pitting and crevice corrosion. 

Figure 6.14 shows the temperature contour of the step shaped fin with circular 

microchannel in the crossflow. Around the MCHE, the crossflow temperature increases near 

the solid surface due to hot water passing through the microchannel. Figure 6.15 shows the 

velocity contour in the crossflow at several x locations. As the flow travels over MCHE, a 

separated flow region forms on the tube. 

Figure 6.17 and 6.18 illustrate the corrosion phenomena of the MCHE. Pitting and 

crevice corrosion are localized attacks that result in relatively rapid penetration at small discrete 

areas. The attack can often be controlled by ensuring that velocities are adequate to prevent 

stagnation or the accumulation of solids. Pitting corrosion is most likely to occur during 

shutdown periods when there is no flow, and the environment is most suitable for the buildup 

of concentration cells. From Figure 6.19, we observed that pitting corrosion occurs in the area 

near the fin and solid surface. Figure 6.19 shows the experimental work conducted in our lab, 
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which shows that crevice corrosion occurs at the junction between fin and solid surfaces. 

Scanning electron microscopy (SEM) was used to measure damaged areas in the corroded 

MCHE samples. After more than 104 days of exposure to a corrosive atmosphere within the 

corrosion chamber, MCHE samples were collected [119]. Figure 6.19 shows a corroded crevice 

area near the fin and solid junction. This condition contrasts with other types of failure like a 

vibration failure in which the metal is sharply cut without pits. Relatively zero velocity 

conditions must exist for crevice corrosion to occur. The attack can often be restrained by 

ensuring that velocities are sufficient to prevent stagnation. 

Figure 6.16 to 6.18 highlights the fin pitch distance with a red box. Inside the red box, 

low velocity is observed at the contact point of the fin and solid tube surface. This low-velocity 

region is shown in the contour plot (Figure 6.14) as a blue color. The corrosion hot spot area 

can be determined by determining the area of this blue region for only fin pitch area within the 

red box in Figure 6.16. Our result shows that saw shaped fin has more hot spot volume on top 

surface of the solid which is 3.508 × 10−3𝑙𝑙𝑛𝑛𝑐𝑐ℎ3. The hot spot volume for the louver and step 

shape fin are 2.719 × 10−5𝑙𝑙𝑛𝑛𝑐𝑐ℎ3 𝑙𝑙𝑛𝑛𝑦𝑦 3.297 × 10−5𝑙𝑙𝑛𝑛𝑐𝑐ℎ3. 

 
Figure 6.17: Stagnation region identification for louver shaped fin geometry at X=0.035 inch  
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Figure 6.18: Stagnation region identification for Saw shaped fin geometry at X=0.035 inch. 

 

 
Figure 6.19: Velocity contour of crossflow of the saw shaped fin with circular MCHE at different 
X location (X=0.035 inch, X=0.4 inch and X=0.7 inch). 

 
Figure 6.19 shows the velocity contour in the crossflow at several x locations for a saw 

shaped fin. 

Figure 6.20 shows the velocity, Temperature, and pressure profile of fluid domain 

through the centerline of circular MCHE for different fin geometries. For a louver-shaped fin, 
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the microchannel has the highest temperature drop, about 7.8 ˚C, while all geometries have 

almost the same pressure drop, about 670 to 675 Pa, from upstream to downstream. The highest 

velocity value observed in step and saw fin geometries is 0.385 m/s. The value of the Reynolds 

number is around 78.9, and the hydrodynamic entry length is 0.049 inches. From the velocity 

profile of Figure 6-18, it is observed that after 0.049 inches, the flow is fully developed. 

 
Figure 6.20: SEM micrographs of MCHE sample after around 104 days of exposure to corrosive 
electrolyte [119] 

 
A circular microchannel is used in this work for three different fin geometries. Hot 

water is flowing through the microchannel. The density of the water is 998.2 kg/𝑚𝑚3 and 

specific heat 𝐶𝐶𝑝𝑝 = 4182 𝐽𝐽
𝑘𝑘𝑖𝑖 𝑘𝑘

 is used in simulation.  

Heat exchanger effectiveness is the proportion of actual heat transfer to the maximum 

possible heat that can be transferred. The value of 𝑇𝑇ℎ,𝑐𝑐𝑐𝑐𝑡𝑡 can be calculated from Figure 6.21 

(b). 

  𝜀𝜀𝑐𝑐𝑖𝑖𝑟𝑟𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟 𝑐𝑐ℎ𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟 = 𝑞𝑞
𝑞𝑞𝑚𝑚𝑎𝑎𝑚𝑚
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= 𝐶𝐶ℎ(𝜕𝜕𝑤𝑤,𝑓𝑓𝑛𝑛−𝜕𝜕𝑤𝑤,𝑜𝑜𝑜𝑜𝑜𝑜)
𝐶𝐶𝑚𝑚𝑓𝑓𝑛𝑛(𝜕𝜕𝑤𝑤,𝑓𝑓𝑛𝑛−𝜕𝜕𝑎𝑎,𝑓𝑓𝑛𝑛)

     (6.3) 

 

 
(a) Velocity Profile 

 

 
b) Temperature Profile 

 

 
c) Pressure Profile 

Figure 6.21: Velocity, Temperature, and pressure profile of fluid domain through the centerline 
of circular MCHE for different fin geometries. 
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Table 6.2 presents the thermal performance of tubes with fins of louver, step, and saw 

geometries indicating louver find with the highest and step geometry with the lowest thermal 

effectiveness. 

Table 6.2: Effectiveness of MCHE for different fin geometries 

Fin Geometry Effectiveness (𝜀𝜀) 

Louver 0.337 
Step 0.20737 
Saw 0.2895 
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CHAPTER 7 

CONCLUSION AND FUTURE WORK 

7.1 Conclusion 

The present work mainly aimed to compare the compact heat exchangers with three 

different microchannel shapes (Circular, Triangular, and Square). A comparison of heat 

transfer effectiveness and pressure drops in single-phase heat transfer has been made. Unlike 

previous studies in the literature, the temperature or heat flux on the pipe wall is not assumed 

to be constant. The solid domain, microchannel flow, and crossflow field were tightly coupled 

to predict the temperature on the solid surfaces and the variation of the crossflow around the 

solid. Local flow field studies showed a significant variation of velocity and temperature in the 

crossflow. The temperature in the solid domain was non-uniform in the spanwise direction due 

to the change in the hot flow temperature in the microchannel. However, it was relatively 

uniform in each section due to the high conductivity of aluminum. The results showed that the 

circular MCHE achieves the best performance based on microchannel pressure drop, while a 

higher heat transfer effectiveness is shown for rectangular MCHE. A numerical investigation 

of the effects of corrosion to fin-and-tube All Aluminum MCHE with different fin geometries 

was performed in this study. This study considers the outside airflow to predict the corrosion 

hot spot and shows the pitting and crevice corrosion area. This study will help design a better 

fin shape in terms of corrosion aspect and thermal effectiveness. All three different fin 

geometries use the same boundary condition and the same internal microchannel geometry. 

This model also predicted the heat exchanger microchannel side pressure drop and the 

temperature and velocity profile. The result shows that a louver shape is the best option for a 

circular microchannel with less corrosion hot spots and higher thermal effectiveness. Crossflow 

shows higher temperatures near the boundary layer of the tube, which results in higher 

corrosion rates. A predicted flow field also identifies crevices between fins and tube surfaces 



72 

as critical corrosion hot spots often associated with low-velocity regions. The crevice volumes 

for the louver, step, and saw fin shapes are calculated as 2.719 × 10−5 𝑙𝑙𝑛𝑛3, 3.297 ×

10−5 𝑙𝑙𝑛𝑛3 and 3.508 × 10−4 𝑙𝑙𝑛𝑛3 respectively. 

Since EIS is a non-destructive test, there were no significant visual signs of corrosion 

on the tested sample. However, EIS measurements indicated significant physical changes 

within the Zn coating. Overall, the results are consistent with the idea that Zn coating systems 

protect aluminum alloys since Zn is anodic to aluminum on the galvanic series. In addition, the 

highest Rp value is observed on high chloride concentrations with lower pH. An inductive loop 

was observed at the low-frequency region for the SWAAT solution. 

7.2 Future Work 

The present study has produced results considering steady state, compressible flow, and 

certain boundary conditions. In the future, researchers can extend this work to the following 

cases: 

• This work can be formed for turbulent, compressible flow and considering the effect 

of gravity. The numerical investigation for the turbulent model can be considered using 

Reynolds Stress Turbulence Model or other suitable models. 

• The present work can be conducted for unsteady flow. 

• Multiphase flow can be developed instead of single-phase flow through the 

microchannel. 

• Add polymer-coated AA 3102 and do EIS testing to show that electrochemical 

testing can produce fast and reliable results/guide for future heat exchanger and coating system 

design. However, the balance between the protective coating and the alloy's thermal 

performance needs to be considered. 

• Flat tubes are crucial in various technical applications like automotive radiators and 

HVAC systems. Flat tube heat exchangers are expected to have smaller air-side pressure drop 
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and improved air-side heat transfer coefficients than round tube heat exchangers. So, the 

optimum spacing with the maximum overall heat transfer rate and minimum pressure drop 

needs more focus and research in the future. In addition, more work is needed to develop the 

thermos-fluid correlations in tubes of this shape. 
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