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The HVAC&R industry is looking to transition from copper-aluminum heat 

exchangers to all-aluminum microchannel technology. The want for the transition 

stemmed from seeing the performance improvement of all-aluminum microchannel 

radiators in the automotive industry. Applications differ between the two industries; 

therefore, applying this technology for HVAC&R use must be validated. Research 

towards operating modes of an all-aluminum heat exchanger in a defined corrosive 

environment will provide the industry with a better understanding of heat exchanger 

design and heat exchanger material selection. The worth in this is preventing overdesign 

and producing more efficient heat exchangers. Furthermore, ASHRAE members and the 

corrosion community will find value in a defined corrosion system and corrosion test 

procedure. The information gained through past research has progressed assessment of 

material performance; however, the methods improperly simulate and expedite natural 

weathering. The most common method being used is the ASTM (American Society of 

Testing Materials) Sea Water Acetic Acid Test. The research discussed in this paper was 

focused on improving a standard corrosion system by implementing system modifications 

to simulate heat exchanger operation while performing a modified wet-dry cyclic test (e.g. 

ASTM G85 Annex 5). The goal is to produce results that are more representative of 

natural corrosion behavior and its forms. Current results were gathered from five of ten 

samples that underwent initial testing. Finally, possible improvements towards the 

chamber system and the test method, including the salt solution, are discussed.
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CHAPTER 1 

INTRODUCTION 

1.1 Microchannel versus Round Tube Plate Fin Heat Exchangers (HEXs) 

Round Tube Plate Fin (RTPF) are traditional Cu/Al coils that have been in use for 

a century (Figure 1). Majority of the HVAC&R equipment designs are based on this 

basic design. The concept has been enhanced to achieve higher heat transfer 

performance but in recent years there has not been major improvements in increasing 

heat transfer performance of the RTPF HEXs. One of the inherent problems associated 

with RTPF is the presence of dissimilar alloys (Copper and Aluminum alloys) causing 

galvanic corrosion. All-Aluminum Microchannel HEXs are designed to have better heat 

transfer performance and higher corrosion resistance and are very popular (Figure 2). 

Figure 1: Round Tube Plate Fin Design [1] 
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Figure 2: All Aluminum Microchannel Heat Exchanger Design [1] 

Manufacturing of reliable heat exchanger systems with higher efficiency levels has been 

a constant challenge air conditioning industry facing. Corrosion of heat exchangers due 

to environmental factors in both all-Aluminum microchannel (MCHX) and round tube 

and plate fin (RTPF) designs have presented itself as a major challenge in achieving the 

goals of heat exchanger manufacturers. Corrosion in heat exchangers may manifest 

itself in highly localized attack (pitting) or uniform oxidation due to exposure to corrosive 

atmospheres (atmospheric corrosion).  Corrosion of condenser coils causes heat 

exchanger performance degradation, poor aesthetics, and possible equipment failure. 

Atmospheric and pitting mechanisms of corrosion are dominant in heat exchangers and 

are the focus of this investigation.  
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1.1 Statement of the Problem 

In the Heating, Ventilating, and Air Condition (HVAC) industry there are multiple 

variations of corrosion test methods used on all-aluminum Microchannel Heat 

Exchangers (MCHX), and each are criticized by the scientific community because they 

lack correlation between the test environment and field conditions.  

1.2 Purpose of the Study 

American Society of Heating, Refrigerating, and Air-Conditioning Engineers 

(ASHRAE) has requested research to seek the development of at least one new 

corrosion test or modified methodology that replicates field corrosion failure modes and 

allows comparison or ranking between brazed all-aluminum MCHX. The method should 

encompass three realms state by ASHRAE, and schematically shown in Figure 3: 

i. “the atmosphere, including any pollutants, where the HEX is in use by an end-
customer in a given geographic location,

ii. the heat exchanger material system, defined as the chemical composition and
inherent thermo-mechanical history of the separate aluminum components
(tube, fin, header, flux, etc.) and the assembled heat exchanger itself,

iii. the mode of operation of the heat exchanger.”

Figure 3: Interrelationships between three realms 

Alloy Composition and 
Thermo-Mechanical History 

(Materials Selection)

Mode of Heat Exchanger 
Operation

(Performance)

Environmental Factors 
(Pollutants, hunidity, pH, 

Temperature) 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction 

ASHRAE’s mission statement states that its members focus on advancing 

human well-being through building systems, energy efficiency, refrigeration and 

sustainability by performing research, standard writings, publishing and continued 

education.1 One topic of study they have turned their attention to is the corrosion testing 

of brazed all-aluminum microchannel heat exchangers (MCHX). This design is making 

its way into the HVAC&R industry from the automotive industry because the 

microchannel technology and material selection has become state-of-the-art for the 

automotive industry. Traditional heat exchanger technology for HVAC&R applications is 

the copper tube and aluminum fin coil. These coils are slowly being replaced by the all-

aluminum MCHX due to cost hikes in copper, galvanic corrosion issues between copper 

and aluminum connections, and the progressing heat exchanger performance gains 

achieved by the all-aluminum MCHX. 

 HVAC&R products experience environments differently due to their applications 

that differ from the automotive applications. Therefore, to determine if the technology is 

right for the HVAC&R industry, they decided to adopt the American Society for Testing 

and Materials G85 Annex 3 test, more commonly known as the Sea Water Acetic Acid 

Test (SWAAT), for corrosion testing of brazed all-aluminum MCHX. The standard has 

been used since the late 1900's, and has five variations to better simulate natural 

phenomena. SWAAT's predecessors were first the neutral salt spray test (ASTM B117), 

1 ASHRAE’s mission statement (https://www.ashrae.org/about-ashrae): viewed on April 7, 2016 
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which specifies the standard apparatus, procedure and conditions to create and 

maintain a continuous salt water solution spray. The test was deemed unnatural, yet it is 

still used today to assess product reliability. Then, the ASTM G43 test was published 

introducing a more sophisticated test method and a more aggressive salt solution. 

SWAAT replaced ASTM G43 in 1985, and is still used as the most common test 

method.  

 2.2 SWAAT Applicability 

SWAAT is categorized as a “Cyclic Type A Condition” [2] corrosion test, meaning 

it is performed with various test parameters, but with a constant temperature. Some 

consider it a constant test instead of cyclic since it lacks a dedicated drying period. The 

samples are subject to constant corrosive exposure, which simulates an environment 

unlike any seen in nature (Table 1).  

Table 1: Comparison of Example Factors between ASTM G85 SWAAT and General Atmospheres 

SWAAT is performed in a fog chamber that consists of atomizing nozzles, equipment to 

control the temperature inside the chamber, and a supply of electrolyte and compressed 

air. There is no standard fog chamber; however, the chamber must have a setup that 

meets the conditions of ASTM B117 [3] practice. SWAAT procedure involves a 30-

minute wetting period and a 90-minute soak at above 98% relative humidity. During the 

SWAAT Atmosphere
Chloride Y Y and N
Acetic Acid Y Y and N
SOx N Y and N
NOx N Y
Biological Fouling N Y
Ammonia N Y and N
Time of Wetness Constant Cyclic
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wetting the samples are sprayed with a salt solution that's made in accordance to 

Practice D1141 or B117 with the addition of 10 mL of glacial acetic acid per liter of 

solution. The solution's pH is also adjusted to be between 2.8 and 3.0. The temperature 

used is determined by the type of material; however, G85 only mentions aluminum 

series 2000, 5000 and 7000. Once the wetting period is done the soaking period begins. 

The spray is ceased, but the temperature and humidity remain constant. Through the 

entirety of the test the drain remains closed to keep the sprayed solution active during 

the soaking period. The unused solution in the bottom of the chamber is combined with 

at least a 1” layer of DI water in order to keep the humidity above 98%. Through 

experience, SWAAT results are not likely to be representative of all field conditions and 

failure modes for aluminum HEX systems due to the single environment SWAAT 

produces. Therefore, other corrosion tests are needed (Appendix A) to simulate 

different environments. This produces more results with more variation. A.C. Scott et al. 

[4] mentions the important parameters needed to simulate a natural atmosphere are 

wet/dry cycles, exposure to UV radiation, temperature, relative humidity levels, and 

various pollutants. In regards to the selection of an accelerated corrosion test they 

suggested a number of accelerated corrosion test criteria as follows: 

i. The mode of attack-corrosion morphology matches the corrosion observed in 
samples returned from field. 
 

ii. The accelerated test environment is a plausible analog of the field environment. 
 

iii. The test specimen is an appropriate model of the material as used in the field. 
 

iv. The test performance criterion is an appropriate measure of corrosion resistance 
in the field. 
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v. The test gives objective, quantifiable results.

vi. Test duration is reasonably short.

vii. The test is an industry standard, and could be readily put into use by other
aluminum producers, radiators manufactures, etc.

with the first criterion being the most important. A good simulation test should exactly 

duplicate corrosion mechanism. Mechanisms for aluminum HEX systems are typically 

intergranular corrosion (IGC), pitting corrosion, and uniform corrosion [4]. In their study 

they exposed Al 3003/3005 and K319 alloy radiator sections to SWAAT. The sample 

ends were covered to prevent corrosive solution from entering the tubes because only 

the exterior of the tubes was designed to resist a corrosive atmosphere. Their results 

showed correct corrosion mechanisms as seen in Figures 4 (a-b); however, the results 

pertaining to important factors like time-to-perforation and wet/dry cycling are 

meaningless.  

Figures 4 (a-b): Cross section of 3005 radiator tube. a) field retrieval b) seven day SWAAT exposure. [4] 

Scott states that perforation is but a small percentage of the corrosion damage found in 

real world applications. The same material systems placed in SWAAT perforate the 

tubes in a matter of a few days. Robust systems, like the K319 tube used in Scott’s 

study, lasted a month before perforation; however, the fins were so badly corroded that 

b a
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the radiator would be deemed inoperable in a real world application. A sheet sample or 

coupon sample perforate quickly in SWAAT, but “radiator sections or tube-fin 

brazements show excellent perforation resistance.” Furthermore, they concluded that 

SWAAT produces nonlinear corrosion rate as a function of time. Since SWAAT is 

constantly exposing the samples to a corrosive atmosphere, corrosion product builds up 

and begins to block fresh solution. “A sample exposed for 40 days will not be twice as 

corroded as one exposed for 20 days.” Heat exchangers experience a true wet/dry 

cycle; therefore, the material and coatings act accordingly.  

Corrosion rates determine the corrosivity of the environment. ISO 9223 [5] ranked 

corrosivity into six categories based off of one year of exposure (Table 2).  

Table 2: The categories of corrosivity according to the ISO 9223 Standard for aluminum, based on 
corrosion rates. [5] 

In SWAAT the same material and coatings show different performance. Detailed proof 

of this fact was established by Lyon et al (Figure 5) [6]. Corrosion rate increases upon 

initial wetting, but drastically falls due to the electrolyte layer becoming dilute. They 

prove that cycling between wetting and drying actually increases corrosion rate over 

time (Figure 6).  

Corrosivity Category
Corrosion Rate 
of Aluminum 

(g/m^2*a)
Very Low C1 Negligible
Low C2 < 0.6
Medium C3 0.6 - 2.0 
High C4 2.0 - 5.0
Very High C5 5.0 - 10.0
Extreme CX > 10
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Figure 5: Corrosion rate as a function of time for SWAAT. [6] 

 

Figure 6: Corrosion rate as a function of time for cyclic test. [6] 

During drying periods, corrosion rate is at its highest due to the presence of salt, 

particles, and gases deposit onto the surface. Upon initial wetting, the deposits are 

dissolved, which increases corrosion and "dissolution of metal ions in solution." As 

wetting continues, the corrosion rate drops.  

Tests began in the most harmful period of the environment and ended once the year 

had passed. In co-ordinance with this standard is ISO 9224 [7], which provides specific 

calculation models to measure long term corrosion behavior. If corrosion rate is difficult 

to determine, then an estimate of corrosivity can be calculated from a variety of 

environmental information. Environmental corrosion rates for aluminum are calculated 
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by Eq. 1, which represents “exposure to open air as a function of SO2 dry deposition, 

chloride dry deposition, temperature and relative humidity.” [5] 

Eq. 1 

 𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 0.0042 ∗ 𝑃𝑃𝑑𝑑0.73 exp(0.025 ∗ 𝑅𝑅𝑅𝑅 + 𝑓𝑓𝐴𝐴𝐴𝐴) + 0.0018 ∗ 𝑆𝑆𝑑𝑑0.60exp (0.020 ∗ 𝑅𝑅𝑅𝑅 + 0.094 ∗ 𝑇𝑇) 

Typical environments in which aluminum HEX systems will be exposed to are rural, 

marine, and industrial [5]. The corrosion rates for these environments were recorded by 

E. Mattsson [8] and Lashermes et al. [9], presented by Graedel [10] (Table 3). The 

information from the table and from ISO 9223 state that an urban/industrial environment 

is the most harmful; however, corrosion rates for aluminum in such conditions are 

almost negligible. Question is, is SWAAT's solution too harmful? It was proven that a 

dilute solution can create an excessive amount of corrosion product given a sufficient 

number of test cycles [11]. Therefore, it is inappropriate to simulate a highly 

concentrated environment like the one used in SWAAT. Thus, a more realistic 

accelerated test is necessary. 

Table 3: Corrosion rates for common environments [10] 

 

2.3 Meaningful Test Methods 

 A meaningful test for companies is one that creates an atmosphere suitable for a 

product's material and its application. The environment is too complex and 

unpredictable to construct a corrosion system capable of simulating all end-use 

environments. Nor can one corrosion system be appropriate for all materials. The 

priority is to get as close to a realistic atmosphere.   

Environment µm/year
Rural 0.0-0.1 
Urban ≥1.0
Marine 0.4-0.6
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Five promising tests are introduced as follows: 

i. ASTM G85-Annex5
ii. ASTM D5894 Cyclic Salt Fog/UV
iii. General Motors 9540P Method B
iv. ISO Draft Industrial Standard: Acid Rain CCT (Cyclic Corrosion Test)
v. Road Environment Pollution Test (REP)

Grossman introduces the first four tests in an article he wrote [12]. The first, is ASTM 

G85 Annex 5 or Prohesion. This test method follows the legacy SWAAT method, yet 

consists of a more dilute solution (Table 4) and drying period. Sulfate is added to the 

solution to simulate an industrial or common city environment. The cycle alternates 

between a 1-hour wetting phase at room temperature, and a 1-hour drying phase at 

35oC that pulls in fresh air to heat and dry the samples. 

Table 4: Electrolyte constituents and their concentrations for ASTM G85 Annex 5 test. [12] 

Next, Grossman introduces ASTM D5894. The method has much longer wetting and 

drying periods than other CCTs, plus the addition of UV. The cycle alternates between 

one week undergoing Prohesion and the next week ASTM G 53, which is the Practice 

for Operation Light and Water Exposure. The total test time is estimated at six to twelve 

weeks. When transitioning to the next exposure the samples must be removed from the 

chamber and placed in the other. Several studies claim this method is a “much better 

reproduction of atmospheric corrosion than continuous salt fog, or even Prohesion 

alone.” Figure 7 illustrates the test method better. 

Electrolyte Solution 0.05% Sodium Chloride
0.35% Ammonium Sulfate

Solution pH 5.0 to 5.4
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Figure 7: ASTM D5894 test cycle. [12] 

Next, a test SAE considered the top cyclic test, General Motors 9540P Method B. The 

method caters to automotive applications instead of HVAC though. The method consists 

of short salt mist periods, room temperature dry-off, hot humid periods, and hot dry-off. 

The electrolyte is made up of typical road salt (Figure 8), and it leaves out UV. Figure 9 

illustrates the cycle phases.  

Figure 8: GM 9540P Method B electrolyte composition. [12] 

Figure 9: Gm 9540P Method B exposure cycle. [12] 

Next, ISO 29664: Acid Rain CCT, which is still being established as a standard test. The 

method is a modification of the Japanese M609 method [13]. The test uses a more 



13 
  

sophisticated electrolyte seen in Figure 10. The phase of one cycle consist of 2 hours of 

spray at 35oC, 4 hours of drying at 60oC, and 2 hours of soaking at 50oC. A layer of 

water must be present at the bottom of the chamber during the soaking period. 

 Lastly, the REP method consists of many stages for one cycle using many 

pollutants for the electrolyte. Figure 10 illustrates the stages and the electrolyte 

composition. 

 
Figure 10: Schedule of REP + sulfide corrosion test used in reference [14]. 

2.3.1 Proposed Test for Project 

 Adding a UV station does present more realism; however, the project lab lacks 

additional room for the equipment. The test created by General Motors has a very long 

cycle time. An appropriate test method to follow for the initial stages of this type of 

project is Lyon et al's [6]. The spray test conducted follows ASTM G85 Annex 5 [15]. 

ASTM G85 – A5 is a simplistic method that is able to be modified rather without 

drastically changing parameters. This standard method has a cycle lasting for two hours 

with one hour of wetting and one hour of drying. The salt solution is sprayed during the 

wetting phase to create fine mist fog. The solution consists of 0.05% sodium chloride 

and 0.35% ammonium sulfate at a pH range between 5.0 and 5.4. During this period the 

chamber is left at room temperature, but when the drying period begins the chamber 
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temperature is raised to 35+/- 1.5oC. They were able to create an industrial and marine 

environment with this method (Table 5). 

Table 5: Composition of mixed salts [6] 
 

 
 
 

 

They exposed Al-Mg-Si wire samples to each environment for 24 weeks. Their results 

show the presence of hydrated aluminas containing chlorides and amorphous material. 

They compared their corrosion products with data from Barton [16] and another study 

done by Lyon et al [17]. Barton’s study determined the corrosion products for aluminum 

in a natural environment to be AlO(OH), Al(OH)3, and amorphous material. In Lyon et 

al’s other study [6] they found aluminum to have the same hydrates as in a natural 

environment with the addition of AlCl3, 4Al(OH)3·4H2O when exposed to the high sulfate 

environment. The high chloride environment produced the same products as in a 

natural with the addition of AlCl3·4Al(OH)3·7.5H2O.  

2.5 HEX Operation Factors that Effect Corrosion Rate 

 In the previous section it was explained that there are many parameters that 

effect atmospheric corrosion. This type of corrosion is but one of five types of failure 

mechanisms. Heat exchangers also fail by fouling, erosion, fatigue, and vibration [18]. 

Fouling occurs within the tubes of the HEX when solid particles are deposited leading to 

chemical reactions with unprotected metal and reduction in heat transfer properties. 

Erosion is a mechanical mechanism that removes material due to mechanical abrasion. 

Vibration can cause erosion corrosion, but it can also put excess stress that leads to 

Environment Atmosphere Chemical Species 
Present 

Concentration 
(mg/dm3) 

pH 

Industrial High Sulfate 
 

(NH4)2 SO4 

NaCl 
3500 
500 

5.2 

Marine High Chloride (NH4)2 SO4 

NaCl 
500 
3500 

5.6 
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protective film removal and crack formation. Lastly, fatigue is caused by repeated 

thermal and mechanical stresses that lead to protective film degradation and crack 

propagation. In this project, we tried to create a real world application by exposing HEX 

all-aluminum MCHX to a cyclic environment while passing water through HEX samples. 

The changes in temperature, and the flowing water create stresses similar to those in 

real world applications. Much of the study over heat exchanger corrosion focuses on 

internal piping fouling and specific industrial applications. Temperatures and fluid 

speeds are much different in large applications than the small applications dealt with in 

this project; however, the most significant factor that causes several types of failure 

mechanisms to occur is internal fouling [19]. Keeping the inside of the HEX tubes and 

working fluid clean is crucial to decrease the chance of fouling.  

It was mentioned earlier that heat is one parameter that governs corrosion rate. 

The external and internal surfaces of a heat exchanger are attacked by deposits that 

are effected by heat. If heat were removed from the surface, then corrosion rate would 

decrease. The faster heat is removed the more corrosion rate is mitigated. In this type 

of project, reducing external surface heat brings the temperature to the dew point 

resulting in a wetter surface, which dilutes the electrolyte layer more. Heat is removed 

from the surface of the heat exchanger by cooler than atmospheric temperature fluid 

flowing through the heat exchanger. Fluids can range from sea water to crafted 

coolants. Whichever the type, the velocity of the fluid holds as much importance to 

mitigating corrosion as HEX design [20]. Experimental work was performed by Dazhang 

Yang et al [21]. Their experiment was to monitor seawater fouling on the surface of 
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stainless steel and copper rods. Fouling is quantified in this study by the resistance to 

transfer heat. The sea water's composition is shown in Table 6.  

Table 6: Seawater composition [21] 

The sea water was passed over the metal, which was heated. Their results of the 

effect of surface temperature on fouling behavior are shown in Figure 11. They found 

that salt crystallization was increased as surface temperature increased. 

Figure 11: the effect of surface temperature on fouling resistance. [21] 

Next they determined the effects of flow velocity on fouling thermal resistance (Rf). 

Figure 12 illustrates two flow velocities used to find fouling resistance. The results show 

that a higher flow velocity (0.37 m/s) produces a lower fouling resistance meaning heat 

transfer was greater. A lower Rf reduces surface temperature, and therefore reduces 

fouling rate.  
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Figure 12: Effect of seawater velocity on seawater fouling resistance. (Surface temperature = 80oC, inlet 

temperature = 32oC) [21] 
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CHAPTER 3 

EXPERIMENTAL DETAILS 

3.1 Introduction 

Literature search provided limited guidance to building a chamber system that 

has heat exchanger in operation during testing. Therefore, to achieve the project goal 

we personally designed and built a corrosion system capable of performing a variety of 

standard tests while implementing HEX operation. The chamber is a Ascott CC2000ip 

model that was further modified in the laboratory. Physical reconstruction of the 

chamber was avoided when implementing the modifications. Since the scope of this 

project was to construct a corrosion system with a focus on heat exchanger operation, 

acknowledged atmospheric parameters were chosen for the design of experiments. The 

test parameters were chosen from the basis of ISO 9223 and Lyon et al's research. The 

HEX samples used were functional end-user products instead of coupons or cut out 

sections of an end-user heat exchangers. Based on using Eq. 2, F.N. Afshar et al. [22] 

determined the appropriate number of samples per test to be 10. The population mean 

is represented by µ; y is the sample mean; s is the standard deviation; t is the constant 

depending on the number of observations and confidence level; and n is the number of 

observations.  

Eq. 2 

𝜇𝜇 = 𝑦𝑦 𝑡𝑡𝑡𝑡−
+ √1/𝑛𝑛 

When n is equal to 10, t is equal to 3.172, and the confidence level is 99%, the portion of 

the equation "𝑡𝑡 ∗ √1/𝑛𝑛" is equal to 1. This means that “any calculated population 

                                            
2 Determined using T-table 
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mean, with 99% confidence, is within the [ y – s, y + s] range. The minimum value 

in this interval (y – s) is suggested to be considered as the basis for any 

comparison in the test results.” 

3.2 Sample Specifications 

Of the three realms the material system of the heat exchanger also effects 

corrosion. Although it is important, the purpose of this work is focused on the corrosive 

atmosphere and heat exchanger operation, which are the least understood. It is 

unnecessary to have heat exchanger material system standardization. For this project, 

an appropriate HEX material system was chosen and 100 units were purchased at once 

from one supplier; therefore, we assume that the metallurgy and manufacturing 

processes of all samples are exactly similar. The samples are all-aluminum 

microchannel heat exchangers (Appendix B). They have AA3102 multi-port extrusion 

(MPE) tubes (Figure 13) coated with pure zinc applied by arc spray, and Nocolok flux. 

The thickness of one tube is 0.060" that varies to 0.585", and the width of one tube is 

1.250" (+0.002/-0.004"). 

 
Figure 13: MPE tubes for project HEX sample 

The fins are constructed with Al3003 cladded with Al4343 on both sides at 10% 

of the core fin thickness. The total thickness measures 0.004". The fins are oriented 

perpendicular with the tubes (Figure 14). The tube sheets that connect the tubes to the 

headers are constructed with Al3003 cladded with 4045 on both sides at 5% of the core 
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sheet thickness, which is 0.125". The headers are constructed with Al6063. The 

endcaps are made of Al3003, and the pipe connections are made of Al6061 welded into 

an Al3003 base connection using 718 alloy rod. More details are found in Appendix B.  

Figure 14: Image of MPE tube with fin after being cut. 

3.3 Corrosion System 

3.3.1 Chamber and Sample Configuration 

The designed modifications made it possible to place MCHX samples in a 

particular orientation; effectively move water to and from the chamber and samples 

during different modes of operation; perform efficient and ergonomic leak tests; and 

reduce span from multiple miscellaneous processes. Details of the chamber setup are 

explained below along with a schematic (Figure 17). 

The design of the Ascott chamber is meant to hold samples facing front to back; 

however, in order to secure ten heat exchangers inside the chamber and allow for easy 

parallel connection for HEX operational purposes the heat exchangers were placed in 

one row and ten columns facing left to right (Figure 15). This orientation positions the 

fins facing front to back creating passage ways in between the fins for the solution to 

move from the spray side to the shadow side. A custom platform was designed to 

secure the heat exchangers while also providing room to work around the heat 
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exchangers. The entire platform is constructed out of 1” thick common lumber, and 

consists of four 2”x1” border beams, one 6”x1”x8’ base cross beam and a 2”x1”x8’ 

sample place holder cross beam. Two of the four border beams were cut to the length 

of the 8’ ledge inside the chamber in which the stock Ascott sample racks are placed 

on, and were placed on their side face on top of the ledge. The other two border boards 

were cut to the width of the inside of the chamber, and placed on top of the length edge 

boards. A 1”x1” square notch was cut on both ends of each board to join the boards 

together without the use of fasteners, and to create a flush top. A 6”x1” notch was cut 

out in the middle of both width edge boards for the base board to fit lie flush with the 

other boards across the length of the chamber. Butted against it is the sample holder 

board. The board is placed on its side with a notch cut out on both sides to fit securely 

on the platform. Along the top edge of the board are ten 2” slots that are angled at 15o 

with respect to vertical direction. When a heat exchanger is placed on the platform and 

into the slot, only two inches of the heat exchanger header is covered. This allows all of 

the tubes and fins to be exposed corrosive solution. 

 
Figure 15: HEX samples arranged from left to right: 1 being the most left and 10 being the most right. 
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To route water to the chamber we tapped into the water outlet in the research 

laboratory's fume hood station. This allowed us to easily open and close city water to 

the chamber. However, the fume hood station was oriented away from the chamber, so 

we used cross-linked polyethylene (PEX) pipe to plumb from the fume hood station to 

the chamber. The PEX pipe was routed upward into the room's ceiling, across the 

ceiling, and down a support beam near the chamber. Here the pipe was bifurcated to 

perform different processes. One branch connects to a DI water tank that purifies the 

incoming city water that's used for refilling the electrolyte solution tank, and refilling or 

cleaning miscellaneous containers used in other processes. The other branch is an 

open line mainly used to replenish a portable 1.5 HP water chiller. This branch is also 

used for miscellaneous tasks, and is fitted with an open/close PVC ball valve.  

The portable water chiller has a 1” supply and return port fitted with a 1” diameter 

gate valve. Connected to the gate valves are a 2’x1” black steel pipe followed by a 1”x 

½” steel reducer fitted with a ½” hose barb. On the return line there are two additional 1” 

diameter gate valves connected. One is a discharge port for releasing the compressed 

air inside the system after a leak test. The other is the water chiller's refilling port. 

Connected to the barb fittings is ½” rubber hose that links the water chiller to two ½” 

schedule 40 PVC manifolds inside the chamber. The manifolds are used to connect the 

MCHXs in parallel, and are oriented in Z-type fashion (Figure 16) to create uniform flow 

throughout the entire system. The supply manifold is located on the top of the back wall 

of the chamber, and a discharge manifold is located on the bed of the chamber 

reservoir. At each diversion on both manifolds there is a ½" sch. 40 PVC ball valve. 

Following the valve is a segment of flexible ½" sch. 40 PVC that links the manifold to a 
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½" sch. 40 PVC union fitting. One head of the union fitting fits the flexible PVC, and the 

other head of the fitting is connected to the heat exchanger. The use of union fittings 

allows for easy insertion and removal of the heat exchangers.  

 
Figure 16: Z-type manifold [23] 

Due to a lack of ports for outside entry, the plumbing from the chiller to the heat 

exchangers was routed through the chamber's 4” exhaust port. A 4" PVC T-fitting was 

connected to the exhaust outlet to allow the plumbing to pass into the chamber from 

one direction, and route exhaust air out the other direction. The exhaust was routed up 

the lab’s support beam into the ceiling and across to an industrial exhaust fan. The port 

on the T-fitting for the plumbing is covered by a rubber cap to block exhaust air from 

entering the room. The rubber cap had two circular holes cut out to allow the plumbing 

access into the chamber. For secondary exhaust leak protection, the area on the inside 

wall of the rubber cap was filled with expanding foam.  

A dual programmable 12V timer relay was used to control the power of a 1.5 HP 

water chiller. The chiller was used to pump temperature controlled water through the ten 

samples. The timer was manually synced with the time set on the chamber's stock 

programmable logic controller (PLC). The chiller would have power during one phase of 

the test, which would supply water to the ten samples. Upon transitioning to the next 
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phase, the timer would switch to the second mode de-energizing the water chiller and 

ceasing water flow through the system. 

The lab also lacked a floor drain. During testing, excess solution that collects at 

the bottom of the chamber is drained to an outside plastic container. To make sure the 

container never overflowed, a sump pump was used to transfer the water from the 

container to the lab's sink. The pump was activated and deactivated by a Hi-Lo pump 

controller. The purpose of the controller is to allow the pump ample time to stay on to 

drain the water. The plumbing for the pump was routed up the lab’s support beam into 

the ceiling, across the ceiling, and down into the sink. 

Figure 17: Schematic of modified corrosion chamber setup 

3.3.2 Test Method and Design of Experiments 

The determined appropriate test method for this project was chosen to be the 

ASTM G85-A5, however some modification was done to decrease test duration. The 

test consisted of two timed phases: wetting and drying. The start of one cycle began 
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with the wetting phase. In G85-A5 the wetting phase is to last for one hour. For this 

project, trial runs showed the samples became completely wet after 30 minutes. During 

the wetting phase, the chamber was heated to 50oC, and the samples were exposed to 

a dilute corrosive solution made up of deionized water, sodium chloride and ammonium 

sulfate. The concentrations of each corrosive element are given in Table 7. 

Concentrations along with pH, temperature, and cycle time make up the variables to 

create different environments (Table 8). The design of experiments (Table 9) was 

created by putting together all the possible variable combinations.  

Table 7: Key process input variables to be used in modified ASTM Annex 5 test. S = Sulfate; Cl = 
Chloride. 

 

Table 8: Chemistry of mixtures to be sued in modified ASTM Annex 5 test. 

 
Chemicals Present Concentration (g/L) pH 

High Sulfate 

 
(NH4)2SO4 

NaCl 
 

3.5 
0.5 5.2 

High Chloride 

 
NaCl 

(NH4)2SO4 

 

0.5 
3.5 5.6 

 

Factor Name Factor 
Letter

Low 
Setting

High 
Setting

Mixture 
Chemistry A High Cl High S

Temperature B High Low
Mode of 

Operation C High 
Cycle

Low 
Cycle
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Table 9: List of experiments for modified ASTM G85 Annex 5 test. 

 

The mixed solution was prepared in a polyethylene tank prior to beginning the 

test, and amounted to 100L. The solution was pumped from the mixing tank to the 

sprayers inside the chamber at a flow rate of 600 mL/h. Unlike ASTM G85-A3, the drain 

port was open throughout the entirety of the test to drain excess solution. Compressed 

air at 17psi was also routed to the sprayers to cause the solution to spray as a fine mist. 

The purpose of the mist is to avoid a showering effect, which could directly impinge on 

the samples. Likewise, the sprayers are positioned to spray away from the samples to 

avoid direct impingement. However, sprayer position is determined by calibrating the 

sprayers in accordance with ASTM B117. In order to calibrate the sprayers, multiple 

pre-tests are necessary to find mist accumulation uniformity throughout the chamber. 

Accumulation measurements are gained by placing several graduated cylinders of 

equal size topped with funnels in strategic locations on the platform used to hold the 

samples. The calibration test must last at least 16 hours, and it is acceptable to use tap 

water. Figures 18a and 18b illustrates the number of cylinders and their placement 

when calibrating the Ascott chamber for this project.  

Test Electolyte 
Chemistry Temperature Mode of 

Operation AxB AxC BxC AxBxC

1 High Cl High High Cylce 1 1 1 -1
2 High Cl High Low Cycle 1 -1 -1 1
3 High Cl Low High Cycle -1 1 -1 1
4 High Cl Low Low Cylce -1 -1 1 -1
5 High S High High Cylce -1 -1 1 1
6 High S High Low Cylce -1 1 -1 -1
7 High S Low High Cylce 1 -1 -1 -1
8 High S Low Low Cylce 1 1 1 1
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Figure 18a: Graduated cylinder placement for sprayer calibration for this project. 

Figure 18b: Schematic of cylinder placement for this project. 

In coordination with spraying, the water chiller mentioned previously, pumped room 

temperature controlled water through the HEX samples. Flow rate was unmeasured, but 

trial tests were performed to validate that each heat exchanger was receiving water at 

similar rates and flow volumes. This was done by connecting only the supply manifold to 

each sample and having the chiller pump water through the samples. Naked eye 

observations were used to gauge similar volume flow rate. 

Upon phase completion, the chamber's PLC shuts off the solution pump and air 

supply; turns on the internal heating elements; and pulls in ambient air to begin the 

drying phase. In coordination, power to the chiller is ceased leaving the water within the 

system. The drying phase lasts until the samples are completely dry. The temperature is 

set according to the desired atmosphere. Once the drying phase is complete, the test is 
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repeated. ASTM G85-A5 has a drying of one hour. Trial runs for this project showed 

samples to become completely dry in one hour with the temperature set to 50oC.  

3.5 Pressure Decay Leak Test 

A leak test for this type of research is traditionally performed outside the chamber 

using one of the following types of tests: pressure decay test, water immersion bubble 

test, or differential flow test. The leak test used for this research was the pressure decay 

test. With the modified chamber setup, the test was able to perform without removing 

any of the heat exchangers from the chamber, and is able to be performed without 

having to stop the test.  

Attached in parallel to the water line that connects the heat exchangers is a 

compressed air supply line. To perform a leak test the corrosion test can be stopped, or 

the leak test can be performed during the drying phase. The leak test is always 

performed when the water in the system is stagnant. To begin a leak test, first the gate 

valves located at the water chiller ports are closed manually to isolate the system from 

the water chiller. Then a PVC ball valve ceasing the compressed air into the system is 

opened manually. A fitted pressure gauge in line with the compressed air ball valve 

monitors the pressure in the system. Once the pressure has reached 100psi the ball 

valve is closed manually, isolating the system from the air supply. The pressure is held 

for a period of time∗, and at the end of that time the pressure is recorded. If a leak was 

present, then it is assumed one or more heat exchangers has failed. At this time the 

corrosion test is stopped if running, and the chamber is opened. The leak test is 

restarted, but this time 9 of the 10 ball valves on the supply manifold are closed along 

∗ Leak test only lasts for 50 minutes if executed during the drying phase of the corrosion test. 
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with the 10 ball valves on the discharge manifold. This now isolates one heat exchanger 

instead of the entire system. This can be done nine more times with the other samples 

to increase the accuracy of the location of the leak. If more leak location precision is 

required, the known failed heat exchanger is taken to a water immersion station where a 

water immersion bubble test is performed. Before beginning the test, the heat 

exchanger must be drained and cleaned in accordance with ASTM B117. A separate 

compressed air line is connected to the inlet port of the heat exchanger, and a pressure 

gauge is connected to the discharge port. The heat exchanger is then pressurized with 

100psi and immersed. The only data gained from this test is leak location. Further 

analysis is needed to gain qualitative and quantitative data. 
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CHAPTER 4 

RESULTS 

4.1 Initial Corrosion Test Results: Part 1 

The initial test was separated into two parts to analyze the HEX samples at 

different exposures times. In Part 1, analysis of HEX samples 1, 3, 5, 7 and 9 was 

conducted after 1500 hours. Results from the other five samples were for Part 2, and 

were gathered after 2500 hours of operation. A time of wetness for Part 1 samples was 

estimated at 495 hours. Observational and corrosion formation analysis was conducted 

with the naked eye, optical microscope, and scanning electron microscope. Corrosion 

product analysis was conducted with FTIR.  

To begin Part 1 analysis, Part 1 samples were removed and visually observed 

with the naked eye. Samples 1, 7 and 9 showed the greatest difference in appearance 

and corrosion features; therefore, results for Part 1 came from these samples. Serious 

damage on the fins and tubes was unnoticeable when observing with the naked eye. 

Salt deposit accumulated more on the sample 1, 3, and 5 than on 7 and 9. Furthermore, 

the deposits were mainly present on the spray side nearest to the solution sprayers as 

seen in Figure 19.  

 
Figure 19: Spray side of HEX sample 3 
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After observing the samples with the naked eye, the samples were washed and cleaned 

using the guidelines from ASTM B117 practice. They were reconnected inside the 

chamber after drying to undergo an air decay leak test. The test ran for 1 hour at 

100psi. The outcome was all of the samples were still operate and leak free. Next, the 

samples were further analyzed using an optical microscope. Since there were areas 

that differed in the amount of corrosion product, and since the having the entire sample 

under a microscope would be cumbersome, nine sections of each sample were 

analyzed. The sections were roughly cut into 1”x1” squares using a vertical band saw. 

Each square section was identified (Table 10) by the location on the sample it was 

taken from: top most left, top middle, top most right, middle most left, middle center, 

middle most right, bottom most left, bottom middle, and bottom most right. The square 

sections were transferred to a dividable storage container, and were labeled on the 

container. The grid in Table 8 illustrates the section identifier and its location from the 

HEX sample. For example, section 1.TL.P1 represents the Top Left section from 

Microchannel Heat Exchanger sample 1 from Part 1 of the corrosion test. Note the inlet 

side of the HEX sample was oriented near the back wall of the cabinet and the outlet 

side near the front wall with the atomizers located on the back wall.  

Table 10: MCHX Section Identification Grid: (MCHX#.Location.Corrosion Test Part) 

The square sections were further cleaned before observing by placing them in a 10% 

(by volume) HNO3 pickling electrolyte to dissolve the salt residue and corrosion 
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products. Ultrasonic cleaner was then used to further clean samples followed by air-

drying then lastly, baked in an oven for 15 minutes at 110oC to evaporate any remaining 

moisture. Figure 20 illustrates naked eye observation of a cut section from HEX sample 

7 (7TLP1).  

 
Figure 20: Naked eye image of HEX sample section 7TLP1 

4.1.1 Optical Microscopy 

D. A.  Jones [24] provides a comparison of different methods for measuring pit 

depths and indicated metallographic method (that involves sectioning and polishing) as 

time consuming with large uncertainty in selecting deepest pits and sectioning at 

maximum depth. He suggested using optical microscopic technique that involves 

calibration of fine focus to determine depth difference between surface and pit bottom.  

A Buehler microscope was calibrated with a graduated glass slide for pit diameter and 

pit surface measurement. For pit depth measurements, the optical microscope was 

calibrated with an indentation made by a 1/16” ball tip designed for Rockwell hardness 

B scale. An impression was made on low carbon steel and measured the impression 

diameter using a recently calibrated scanning electron microscope (Figure 21). The 

calibration procedures followed gives us confidence on accuracy of the measured pit 

depths, pit diameters, and pit surface areas.  
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Figure 21: SEM micrograph of Rockwell B indenter impression on a carbon steel sample. 

 
By finding the difference between the focus distance of the tube surface and the focus 

distance of the pit we were able to determine the maximum pit depth. Figure 22 (a-d) 

shows a typical optical microscope image showing focus on top of a pit (Figure 22a) 

where corresponding objective lens position is marked (Figure 22b). Root of the pit is 

focused next (Figure 22c) and corresponding lens position is noted (Figure 22d). The 

software used is capable of measuring pit diameter for round pits as well as pit area for 

round or irregular pits as shown in Figure 23a and 23b.  

Pits were counted on both sides of each section for each HEX sample, and were 

used to get an aggregate number of pits along each of the three rows and columns per 

HEX sample. Those numbers were combined and averaged to get a grand average of 

pits for all three samples based on the sections analyzed.  Furthermore, the depth and 

area of each pit was determined and recorded. Those numbers were used to calculate 

the average pit depth and pit area for each section, row and column on each HEX 

sample and for all three samples combined. From the three samples, heat exchanger 7 

presented more pits that were larger than ones found on the other samples. Tables 11-

13 present numerical data illustrated in Figures 24-26. 
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Figure 22(a-d): Optical micrograph of a typical pit focused on pit top (a) and corresponding lens position 

(b) along with the image of the focus at pit root (c) with corresponding lens position. 
 

  
Figure 23: Pit areas using optical microscope measuring software. a) area of pit on the tube nose 

spray side on section 1TLP1 at 100x magnification b) area of pit found on the top face of the shadow side 
on section 2MLP2 at 100x magnification. 

 

b a 

c d 

b a 
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Figure 24: Average pit depth amongst top, middle, and bottom rows for HEX samples 1, 7 and 9. 

 

 
Figure 25: Average pit area along the top, middle and bottom rows of each HEX samples 1, 7, and 9. 
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Figure 26: Average pit depth amongst inlet, center, and middle columns for HEX samples 1, 7, and 9 

Table 11: Pit statistics for top, middle and bottom rows for HEX sample 1, 7, and 9. 

HEX 
Sample Location 

Average Pit 
Depth per Row 

per HEX Sample 
(µm) 

Maximum Pit 
Depth per 
Row (µm) 

Average Pit Area per 
Row per HEX Sample 

(µm^2) 

Total Pit Count 
per Row per 
HEX Sample 

Top 24 28 8329.58 9 
1 Middle 25 32 5681.75 19 

Bottom 0 0 0.00 0 

Top 35 74 13137.88 14 
7 Middle 38 60 15038.89 6 

Bottom 15 15 4138.18 10 

Top 29 44 3205.23 16 
9 Middle 29 34 4179.38 7 

Bottom 0 0 0.00 0 
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Table 12: Pit statistics for inlet, center and outlet columns for HEX Samples 1. 7. And 9. 

HEX 
Sample Location 

Average Pit 
Depth per 

Column per HEX 
Sample (µm) 

Maximum Pit 
Depth per 

Column (µm) 

Average Pit Area per 
Column per HEX 
Sample (µm^2) 

Total Pit Count 
per Column 

per HEX 
Sample 

Inlet 23 28 8350.14 9 
1 Center 30 32 5537.95 19 

Outlet 0 0 4578.46 0 

Inlet 40 74 17522.69 14 
7 Center 74 60 23792.09 6 

Outlet 19 28 3095.71 10 

Inlet 27 44 3398.06 16 
9 Center 34 34 6746.19 7 

Outlet 0 0 0.00 0 

Table 13: Grand averages for all sections. 

HEX 
Sample 

Average 
Pit Depth 
per HEX 
Sample 

(µm) 

Average Pit 
Depth for 

Samples 1, 7, 9 
(µm) 

Average 
Pit Area 
per HEX 
Sample 
(µm^2) 

Average Pit Area 
for Samples 1, 7, 9 

(µm^2) 
Pit Count per 
HEX Sample 

Average 
Pit Count 

for 
Samples 
1, 7, 9 

1 25 6532.83 28 

7 38 10518.18 30 

9 29 3584.06 23 
31 6878.36 27 
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4.1.2 Scanning Electron Microscopy  

Sections with the most significant corrosion features were further analyzed using 

scanning electron microscopy (SEM). Figure 27 (a-f) shows SEM micrographs of HEX 

section 1BLP1 after 1500 hours of exposure to the most aggressive corrosive 

environment (3.5% NaCl+0.5% (NH4)2SO4 with pH of 5.6) under highest duty cycle with 

water circulating through the heat exchangers during wetting part of the cycle. Corrosion 

product accumulation is shown between the fin and tube sheet. Fin separation from the 

tube is shown in Figure 26 (b-d). Shallow pits appear in Figure 27 (e-f).  Overall, the 

type of damage appears more uniform than localized pitting.  

 

  

a b 

c d 
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Figure 27 (a-f): SEM micrographs of HEX sample section 1BLP1 showing deposit accumulation and 

damaged sites at fin joints to tubes sheet. 
 

Corrosion products of similar morphology also formed on 1BRP1 as shown in Figure 

28a and 28b. To observe the flat area of the tube, we removed the fins using needle 

nose pliers. The parallel lines in Figure 28c are the tube and fin interfaces. When taking 

a closer look (Figure 28d), we noticed uniform corrosion about most of the area. Figure 

29a shows ports of top left section and Figure 29b shows top right section of HEX 1 

showing uniform corrosion.   

  

e f 

a b 
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Figure 28 (a-d): SEM micrograph of both sides of HEX sample section 1BRP1 show crystalline corrosion 

product (a, b), and removed fin (c) with small pit formation (d). 

 

  
Figure 29 (a-b): SEM micrograph of a) section 1TLP1 and b) section 1TRP1. 

Figure 30 (a-f) are SEM images of the cross section of the ports for HEX sample section 

7TLP1 showing tubes condition after 1500 hours of the testing. The images show 

uniform corrosion along the nose and edges of the tube. Tube thickness was measured 

with SEM to be roughly 1mm. Therefore, the tube thickness loss was determined to be 

roughly 0.5mm from the original tube thickness.  

c d 

a b 
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Figure 30 (a-f): SEM micrograph of section 7TLP1 showing undamaged tubes (a-e) with uniform corrosion 

on tube sheet (f). 

 

Figure 31 (a-f) are images of HEX sample section 9TLP1 that show appreciable 

amounts of corrosion products on the tube and fin interface. Tube damage appears to 

be more extensive at the fin-tube joint with no pitting was observed on this section.  

a b 

c 

e 
 

f 

d 
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Figure 31 (a-f): SEM micrograph of section 9TLP1 showing more damage at fin-tube sheet sites and the 

absence of pitting. 

 

4.1.3 FTIR Results  

 Figure 32 (a-e) shows FTIR spectra of samples 1, 3, 5, 7, and 9. The spectra are 

most similar to those presented by Z. Dan [25]. Comparing the results from Part 1 with 

Dan’s results, we determined that all Part 1 samples show Alx(OH)ySO4nH2O with 

sample 1 showing a spectrum with stronger bands.  

a b 

c d 

e f 
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Figure 32: FTIR spectra of product formed from sample material and corrosion product of samples 1(a), 3(b), 5(c), 
7(d), and 9(e). 

4.2 Initial Corrosion Test Results: Part 2 

4.2.1  Naked Eye Observations 

Part 2 continued to 2500 hours with 825 of those hours. Test 1 was stopped for 

the final time to analyze Part 2 samples. Observing the samples with naked eye, we 

noticed again that samples more towards the left side of the chamber had the most 

a b 

c d 

e 

Alx(OH)ySO4nH2

 
Alx(OH)ySO4nH2

 

Alx(OH)ySO4nH2

 
Alx(OH)ySO4nH2

 

Alx(OH)ySO4nH2
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visible salt deposit (Figure 33). The areas covered with more deposit were on the spray 

side nearest the solution sprayers. The shadow side mirrored the spray in regards to 

salt deposit location; however, there was much less deposit on the shadow side (Figure 

34). Minor degradation and a few visible pits were noticed on the tube nose upon closer 

inspection, but serious damage was still unnoticeable.  

Figure 33: Spray side of Part 2 samples immediately after stopping Test 1 

Figure 34: Shadow side of Part 2 samples immediately after stopping Test 1 

From the set of Part 2 samples, sample 2 was chosen for further analysis. 

Procedures leading up to cutting were done exactly as they were in Part 1. For Part 2, 

we decided to shift the cuts that produce the 1"X1" sections on the left and right hand 

side of the sample towards the headers. This prevented cutting the tube area 

manufactured without fins (Figure 35a)∗. It was noticed that uniform corrosion occurred 

∗ These tube areas were purposely manufactured without fins. 
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more on the top face of the tube towards the spray side. On the shadow side there were 

several large pits instead of uniform corrosion. Compared to the tube face, the tube 

nose was much less degraded. Figure 35b illustrates the top face of the tube on the 

sections along the center of the sample. After inspecting the tube area without fins, the 

fins were removed to inspect the entire tube of the cut section. Uniform degradation 

continued along the spray side, but was discontinuous along the shadow side. It was 

also noticed that the tube faces on the bottom side revealed hardly any pits. The attack 

mode was mainly uniform (Figure 35c). Figure 35d illustrates a comparison between 

Part 2 tube face with untouched, manufactured tube face. Similar corrosion patterns 

were seen for all sections for sample 2.  

   

  
Figure 35: Part 2 results. a) view of manufactured tube area without fins. b) top tube face on section 

2TCP2. c) bottom of tube face on section 2MRP2. d) comparison of section 2TLP2 and newly 
manufactured tube. 

 

b 

d c 

a 
a 
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The cut shift also required us to cut the header. This allowed us to view the inside of the 

header and the tube areas extruded inside the header (Figure 36). Upon inspection it 

was noticed that there was salt deposit, corrosion product, blistering, and other gunk. 

The red splotches are from food coloring dye used to detect leaks in earlier stages of 

Test 1. The tube faces inside the header were just as badly degraded as the external 

tubes.  

 
Figure 36: Contaminants on the MPE tube inside the header.  

Furthermore, it was noticed that there was a somewhat symmetrical pattern on the 

inside wall of the inlet header for (Figure 37). It is unknown if these markings represent 

non-uniform water flow or something different. Contamination was noticed throughout 

the entire header. Further analysis on headers is needed to get a better understanding 

of this pattern.  

 
Figure 37: Unknown pattern inside of inlet header for HEX sample 2 



47 

4.2.2  Optical Microscopy 

Inspecting the nine sections from sample 2 revealed less pitting damage than 

seen in Part 1 samples. However, areas of the tube nose that more than likely once had 

singular pits, were beginning to degrade by uniform corrosion (Figure 38).  

Figure 38: Uniform corrosion of tube nose on spray side of HEX section 2MCP2. 

4.2.3  SEM 

Figure 39 shows thinning of fins. More analysis is needed to determine if thinning 

occurred along the length of the fin. Uniform degradation was present as in Part 1, yet 

there was little change in tube thickness.  

Figure 39: Start of fin deterioration. View is of spray side of section 2MLP2. 
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4.2.4  FTIR 

Figure 40 shows FTIR spectrum of sample 2 product retrieve from the surface of 

the tubes and fins. The spectrum is similar to the results from Part 1. Additional bands 

were unfound leading to unchanged corrosion product. 

 
Figure 40: FTIR spectrum of HEX sample 2 
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CHAPTER 5 

DISCUSSION 

5.1 Observational Results 

 In Parts 1 and 2, salt deposition was present more on the samples nearest the 

left sprayer. It seemed the samples nearest the right sprayer received more solution 

throughout the test causing the surface electrolyte to be too dilute. Calibration results 

revealed the right most cylinders had two to three times the amount of solution than the 

others. Dissimilar solution accumulation in both Parts was a result of improper sprayer 

calibration. More calibration tests were run after Test 1 to attain uniform mist 

accumulation throughout the chamber. Changing sprayer pumping speeds, and 

directing the sprayers accordingly were ways to create uniformity in the post Test 1 

calibration tests.  

 Furthermore, salt deposition on every sample was present more on the side 

nearest the sprayers towards the top. The same conclusion as before is illogical for this 

relation because the result was consistent for each sample. A logical conclusion is that 

the amount of mist was greatest at the top of the back wall where the sprayers are 

pointed, and diminished as the mist moved towards the bottom of the front wall. More 

corrosive tests are needed to get a better understanding of solution dispersion.  

 In Part 2, internal contamination occurred because inlet and outlets were 

improperly sealed after sample was disconnected from the manifolds. Also, the water 

supply container was improperly sealed. Having contaminants inside the heat 

exchanger could produce internal corrosion creating incorrect perforation. With this, the 
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food color dye will clog the tubes over time causing a build of pressure, increase stress 

on the internal tube wall, and chemical reactions with the aluminum. 

5.2 Effects of HEX Operation  

 Test 1 results are similar across all samples, and to those presented in other 

studies. However, there were slight differences in corrosion rate between project results 

and Lyon’s results. In Lyon’s study, they found that pit depth was around 100µm deep 

after 8 weeks of exposure. In this project, pit depths averaged around 30µm after 8 

weeks. During Test 1 there were several changes in the fluid flow. In the beginning we 

were using a water chiller that was not powerful enough to pump water to all of the 

samples evenly. Towards the end of Test 1, we had a 1.5 HP chiller flowing water 

through the system with a balanced volume flow rate. This is a calculated estimate 

based off the chiller horsepower and pressure reading given by the chiller. The pressure 

at the inlets and outlets, and temperature at the HEX surface was unmeasured 

throughout the test. There were also leaks in the plumbing for several of the samples in 

the early stages of Test 1 causing differences in pressure and flow velocity. With these 

discrepancies came many unscheduled pauses in the test. It is difficult to really 

conclude that the difference in corrosion rate is primarily due to HEX operation.   

Furthermore, we tested ten samples under the same conditions without 

comparing them to anything that was exposed to a similar test nor undergoing non-HEX 

operation. For the next test, testing ten samples under the same conditions with only 

five of those ten samples undergoing HEX operation may give comparative results that 

justify HEX operation effecting corrosion rate.  
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5.3 Summary and Conclusions 

ASHRAE’s goal is to assist the HVAC&R industry by determining an appropriate 

accelerated corrosion test that involves interaction between the three realms that affect 

heat exchanger corrosion. The test will provide results showing that all-aluminum heat 

exchanger products are worthy of HVAC&R applications, and also help with design and 

warranty issues. The test should follow seven criteria that will help confirm its suitability, 

applicability, and reproducibility. The most important criteria they described were for the 

test to reproduce corrosion morphology. In this regard, almost all researchers in the 

past have focused only on mode of attack of HEX materials that is intergranular 

corrosion (IGC) mode leading to pitting corrosion. Limiting attention to attack 

morphology only and not paying attention to phase formation and transformation during 

corrosion process makes analysis incomplete and potential differences in corrosion 

mechanism observed in field and laboratory simulations. Corrosion rates of alloys are 

partially dependent on the corrosion products and choosing not to consider phase 

characterization can create inconsistencies between field and laboratory simulation 

analyses. Accelerated corrosion tests that disobey the seven criteria can show 

reasonable results, but unrealistic conditions lead to variation. Research has shown 

both results; however, the modern results like the set from this research are confirming 

that realism in tests ensure proper corrosion mechanisms, proper corrosion rates, and 

the least amount of variation.  

SWAAT is the most popular accelerated corrosion test; however, it has received 

severe criticism about the lack of correlation between the test and actual field 

conditions. SWAAT is not true representative of actual field conditions HEX experience. 

Specifically, wet/dry cycling that is observed in natural environments and is known to 
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increase corrosion rates of engineering alloys is not simulated in SWAAT. SWAAT 

continuously wets the samples being investigated using spray system. It is 

recommended to modify SWAAT to add provisions for implementing wet/dry cycling, 

and develop a testing protocol that includes testing of an actual operating HEX such as 

automotive radiator while the corrosion test is being conducted. Such a test was created 

in this project.  

 After analyzing Test 1 results and finishing final modifications, we evaluated our 

corrosion system based on A.C. Scott's 7 criteria. The corrosion formed during the test 

was as expected. It mimicked other study results and natural phenomena. Natural 

weathering is deemed as cyclic in the most common environments. Our test method 

was also cyclic with a dilute electrolyte with appropriate constituents to represent the 

atmosphere. The sample system used was a suitable all-aluminum heat exchanger 

manufactured by a reputable company. Next, the test parameters were based off 

environmental data, which appropriately produced accurate corrosion rates. Next, the 

test gave quantifiable results with the help of corrosion analysis methods in a short 

period of time. Finally, the corrosion system follows a standard test method with 

modifications designed to be easily implemented by companies and researchers. The 

corrosion system met almost all of the criterion established by Scott in its current form.  

5.4 Future Improvements 

Progression of this research is to still focus on modifying the corrosion chamber 

to best simulate real-world HEX operation. The modifications put in place during this 

project will need improvement, and new modifications will need to be implanted. A 

precedent improvement is replacing the PVC plumbing connected to the heat 
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exchangers. The replacement piping must have a larger diameter to support the volume 

flow rate of the internal fluid; withstand the temperatures of the test; and have it 

constructed from a chemically friendlier material. Plastics, like PVC, may cause 

corrosion by being in direct contact (contact corrosion) or giving off corrosive vapors in a 

heated enclosed area (vapor corrosion). PVC is one of the hazardous plastics [26] 

because it emits acidic and alkaline vapors. The PVC used for this project was in a 

heated, enclosed chamber; the two factors that cause vapor emission. Plus, the 

samples were in direct contact with PVC fittings. A possible alternative would be 

polyethylene pipe, or high-density polyethylene (HDPE). Furthermore, the wood 

platform must also be replaced with the same plastic that’s replacing the PVC piping. 

The wood was unsealed common lumber purchased at a local hardware store. By the 

end of the first test it was beginning to rot, warp and produce a brown substance. 

According to the book, “Corrosion: Corrosion Control,” [27] wood is capable of contact 

and vapor corrosion as well. The book lists a variety of woods and their respective pH 

value. The woods with a pH of 4.0 and lower are deemed as hazardous, and the rest 

are relatively safe. In order for any of those woods to be harmful though, the humidity 

must be above 75%. The wood used in this project was cedar and not listed in the book; 

however, it is exposed to a humid environment, consistently dampened, and similar to 

oak which is the “most corrosive” wood. Polyethylene containers would also make a 

more durable replacement for the drain container and immersion tank. 

Next, priority of maintenance must be higher. Following maintenance guidelines 

for the chamber and surrounding equipment saves time and decreases the chance of 

skewed results. Another process that could ruin results is cutting the heat exchanger. 
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The method used in this project was perceived as somewhat destructive. Since the 

cutting area to remove sections of the HEX are very small, a thin cutting tool is needed. 

A saw blade works well; however, the course teeth sometimes removed the fins from 

the tube. A horizontal band saw with blade coolant was used for a few of the final cut 

sections in Part 2. This method was quicker, less destructive, and produced less heat. 

Next, a filter must be put in place on the water from chiller line before water 

reaches the heat exchangers. This will prevent contaminants from entering the heat 

exchangers. Additionally, a flow regulator should be place on the supply line.  

Finally, measuring devices along with a digital monitoring system are needed to 

measure temperature, flow rate, and pressure. Constant monitoring will show time-to-

perforation and unwanted changes in test conditions.  
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APPENDIX A 

ADDITIONAL INFORMATION FROM LITERATURE REVIEW
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Various brazed radiator corrosion morphology in various test environments [4] 

 

Relative severity of corrosion test environments: time to perforation [4] 

 

Different surface conditions during atmospheric exposure [6]  

 

 

Corrosion rate of aluminum and Al alloy as a function of time in various salt spray tests and conditions [6] 

Environmental Condition Surface Condition Effect on Corrosion

Precipitation
wet; liquid 
present

corrosion rate 
constant

Evaporation
wet; 
concentrating

corrosion rate 
increasing

Dry; variations in 
humidity, absorption of 
species, and deposition 
of particles

dry; absorbed 
water, aggressive 
species are 
accumulating

some corrosion 
occuring 
dependent on 
humidity 

Rewetting
wet; initially 
concentrated

higher corrosion 
rate

Rewetting
wet; diluting

corrosion rate 
slowing
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Time of wetness in different exposure conditions [5] 

 

Outdoor concentration of some of the most important pollutants in different types of environments [5] 

 

 

 

 

Table continued 
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APPENDIX B 

HEAT EXCHANGER SPECIFICATIONS
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APPENDIX C 

CORROSION CHAMBER SYSTEM
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Ascott CC 2000ip Corrosion Chamber 

 

Backside view of chamber: water chiller connections, and supply and discharge lines leading to 
manifolds.  
The red hose on the left of the image is the compressed air line for the chamber.  
The red hose draped over the water lines is the miscellaneous water line to replenish the chiller. 

 

Exhaust port view: supply and discharge lines, compressed air line for leak testing, and DI tank 

 

Interior view of chamber: supply manifold and HEX sample platform 
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Second interior view: drains, heating elements, sample place holder beam, and return manifold 
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APPENDIX D 

ADDITIONAL PART 1 OBSERVATIONAL RESULTS
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Section 1TLP1 with a depth of 54µm: 100x magnification 

Section 1TRP1 with a depth of 16µm: 100x magnification 

Section 7TLP1 with a depth of 35µm: 100x magnification 
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APPENDIX E 

ADDITIONAL PART 2 OBSERVATIONAL RESULTS
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Spray side of HEX sample 2: Inlet side presented on the right of the image 

 

Shadow side of HEX sample 2: Inlet side presented on the left of the image 

 

Top view of top, middle, and bottom sections of inlet side for sample 2 
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Sample 4 

Sample 6 

Sample 8 



 

69 
  

Sample 10 
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