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ABSTRACT 
Aqueous solutions of organic or inorganic salts are used as secondary refrigerants in 
indirect refrigeration systems to transport and transfer heat. Water is known for its 
corrosive character and secondary refrigerants based on aqueous solutions have the 
same tendency. The least corrosive from the aqueous solutions are glycols and 
alcohols. Salt solutions, such as chlorides and potassium salts, are much more 
corrosive. 
Nevertheless, it is possible to minimize corrosion risks at the beginning stage while 
designing system. Proper design can significantly help in improving system 
performance against corrosion. There are several aspects which need to be taken 
into account while working with secondary refrigerants: design of system, selection 
of secondary refrigerant, proper corrosion inhibitors, compatible materials used to 
build the installation and proper preparation of system to operation. While choosing 
proper materials it is advised to avoid the formation of a galvanic couple to reduce 
the risk of the most dangerous type of corrosion. Oxygen present in installation is 
another important factor increasing the rate of corrosion. Even small amounts of 
oxygen can significantly affect the system lifetime. The methods of cleaning, 
charging the system with refrigerant, and deaeration procedures are extremely 
important. 
The purpose of this thesis work is to present the problems of corrosion occurring in 
the indirect systems with secondary refrigerants. The thesis describes the 
mechanism of corrosion and its different types, most commonly used materials in 
installation, different corrosion inhibitors used to protect system. This thesis also lists 
the available secondary refrigerants on the market and briefly describes them. 
Further, it describes the important aspects related with designing, preparing and 
maintaining of indirect systems. This thesis is giving some clues and shows what 
should be done in order to reduce risks of corrosion. 

Key words: corrosion, secondary refrigerants, corrosion inhibitors, corrosion factors, 
indirect system, material compatibility, design, galvanic couple, 
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NOMENCLATURE 
CFCs   Chlorofluorocarbons 
HFCs   Hydrofluorocarbons 
atm   unit of pressure (1 atm = 101,325 Pa)  
DO   Dissolved oxygen 
SCC   Stress Corrosion Cracking 
HCl   Hydrochloric acid 
SA /SC   Anodic / cathodic surface  
Å   Ångström (1×10−10 m) 
Ecorr   Corrosion potential of metal 
icorr   Rate of corrosion 
REMS   Rare Earth Metal Salt 
BTA   Benzotriazole 
TT   Tolyltriazole 
MBT   2-Mercaptobenzothiazole 
U   Urea  
TU   Thiourea  
TA   Thioacetamide 
TSC   Thiosemicarbazide    
HPA    Hydroxyl-phosphoacetic acid  
DEHA   Diethylhydroxylamine 
ABS   Acrylonitrile Butadiene Styrene 
MDPE   Medium Density Polyethylene 
LDPE/HDPE  Low/high density polyethylene  
PP   Polypropylene  
PS   Polystyrene  
PTFE   Polytetrafluoroethylene  
PVC   Polyvinyl chloride  
PC   Polycarbonate  
NBR   Nitrile butadiene rubber  
EPDM   Ethylene-propylene rubber 
MVQ   Silicone rubber 
FPM   Fluorocarbon rubber  
PPS   Polyphenylene sulfide 
PVDF   Polyvinyl difluoride 
PA   Polyamide  
NR   Natural rubber 
PU   Polyurethanes 
IIR   Butyl rubber 
VPE   Vulcanized polyethylene  
EP   Epoxy resins  
CBR   Polychloro butadiene rubber  
UP   Unsaturated polyester resins 
H-NBR   Hydrogenated nitrile rubber 
PB   Polybutene 
CPE   Cross-linked polyethylene 
FEM   Fluorinated ethylene-propylene 
SBR   Styrene butadiene rubber  
POM   Polyacetal  
ICCP   Impressed current cathodic protection system 



 

INTRODUCTION 
 

Since the discovery of the negative effect of CFC refrigerants on the ozone layer in 
1980s, the refrigeration industry has been searching for new alternatives. During the 
last 10 years the threat of global warming and ozone layer depletion have affected 
the refrigeration, air-conditioning and heat pump industry and raised the demand for 
strict control of the emissions of HFCs, which are strong greenhouse gases (Kruse, 
2000).  
 
The scientific communities, as well as environmentalists, have suggested that 
natural refrigerants, i.e. compounds which are naturally occurring in the environment 
should be used as substitutes for the compounds nowadays being used. While 
evaluating the refrigeration systems from the environmental point of view, the direct 
effects due to refrigerant leakages must be considered. Thus, a low-charge system 
must be almost as energy efficient as a traditionally designed system in order to be 
competitive from the environmental point of view. One method of significant 
reduction of the charge of refrigerant in many types of systems is to convert them 
into indirect systems, i.e. systems where secondary circuits are used. These 
secondary circuits normally contain aqueous solutions or other types of fluids for 
operation at low temperatures (Palm, 2006). 
 
Secondary refrigerants (secondary working fluids) have been used for long time in 
various indirect refrigeration systems and heat pumps. The terms secondary 
refrigerant, secondary working fluid heat transfer fluid, antifreeze, brine, secondary 
coolant, are sometimes used interchangeably. Various fluids can be used, including 
water, aqueous solutions of salts, alcohols, glycols and ammonia. Carbon dioxide, 
hydrocarbons, ethers, and various halogen derivatives are at times used (Aittomäki, 
2003). They can be applied for: cooling purposes in supermarkets; ice rinks; heat 
recovery systems; heat pumps and other refrigeration systems (Melinder, 2007). 
 
The benefits of indirect refrigeration systems are: low refrigerant charge; small risk of 
leakage; all elements of system being in contact with refrigerant are in machine 
room; easy and accurate control; low pressure in secondary loop; no oil recovery 
problems; wide variety of fluids which can be used; easy maintenance; no technical 
limitations regarding the distance between cooled spaces and the machine room; 
plastic pipes can be used; and longer intervals between defrosting periods of air 
cooling due to the more uniform formation of frost. Unfortunately, none of the 
secondary refrigerants is perfect. The indirect systems with a secondary refrigerants 
have many advantages but also some disadvantages in comparison to direct 
systems. The drawbacks of indirect systems are: need of additional temperature 
difference; high fluid mass flow rates; fluid pumps; all pipes require insulation; and 
higher capital costs of investment (Aittomäki, 2003).  
 
If a secondary refrigeration system is not designed properly, it can lead to higher 
total energy consumption in comparison with direct one. Therefore, it is crucial to 
choose the correct fluid in order to provide an economical and energy efficient 
system (Ure, 2003).  
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Very important aspect is material compatibility at the pressures and temperatures 
encountered for maximum component reliability and operating time in order to avoid 
the corrosion problems. Some of the secondary refrigerants have high tendency to 
cause corrosion of metals used for different parts of refrigeration system. Decisions 
concerning the proper materials, the corrosion inhibitors, working parameters and 
the type of secondary refrigerant become crucial in order to avoid corrosion 
problems.  

Objectives 
 

The objective of this thesis work is to summarize the information about 
corrosion problems occurring in indirect refrigeration systems with secondary 
refrigerants. This work is connected to an ongoing Effsys 2 project involving Energy 
Technology at KTH and a number of companies and other experts.  Some of these 
companies were involved in the “Secondary Refrigerants Team”, which was a non-
profit association of companies related to secondary refrigerants. The aim of the 
present work is similar to this association: to work for greater understanding of 
secondary refrigeration systems, to promote environmentally friendly refrigerants and 
to give information related to designing, installing, charging, starting up and running 
of those systems. 
  The task was to briefly describe different secondary refrigerants and provide 
information about their corrosion character to various materials, corrosion inhibitors 
used. It presents also available secondary refrigerants on market. This thesis gives 
also a background and fundamentals about the corrosion mechanisms, types of 
corrosion and factors responsible for increased corrosion rate. It presents different 
materials compatible with secondary refrigerants and commonly used corrosion 
inhibitors.  
This thesis sum up all important factors which need to be taken into account while 
designing the indirect system to avoid corrosion problems and creates a kind of 
guideline for designing and maintaining the indirect systems with secondary 
refrigerants. Finally, it proposes new solutions how to avoid the corrosion problem in 
indirect systems in future. 
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1. SECONDARY REFRIGERANTS USED IN INDIRECT SYSTEMS 

1.1 General characteristic of an ideal secondary refrigerant 
A secondary working fluid is a medium used for transferring heat between two 
bodies due to temperature difference. One of the most common heat transfer fluids 
is water, which can be used on warm side of the refrigeration system. However, 
water cannot be used when the operating temperature level is below +3°C due to its 
high freezing temperature (Aittomäki, 2003). The main problem is then to find 
suitable refrigerants for application below 0°C. Various inorganic and organic fluids 
can be used as secondary refrigerants. In order to achieve efficient and economic 
heat transfer, the secondary refrigerant should fulfill following requirements 
(Aittomäki, 2003; Melinder 2007): 
 

• low freezing point, 
• low viscosity, 
• good thermal conductivity, 
• high volumetric heat capacity, 
• low surface tension and low foaming tendency, 
• low diffusion tendency, 
• non-corrosive, 
• compatible with most of materials commonly used, 
• low separation tendency, 
• chemically stable, 
• non-flammable and non-explosive, 
• non- toxic and easy to handle, 
• environmentally friendly and easy biodegradable, 
• not requiring high concentrations, 
• giving small pressure drop in the system, 
• inexpensive. 

There is no perfect secondary refrigerant, which could fulfill all above mentioned 
requirements. Thus, it is important to choose the most suitable secondary refrigerant 
for each particular case. While selecting, we should pay attention to thermophysical 
properties of different secondary refrigerants at operating temperatures (Melinder, 
2007). The secondary refrigerant should posses a freezing point lower than the 
lowest operating temperature to avoid freezing. It should also have low vapour 
pressure or a high boiling point to avoid system pressurization at elevated 
temperatures. Additionally, high flashpoint and auto-ignition temperature are 
important, thus fluid is less susceptible to ignition. Good thermophysical properties 
are required in order to obtain high heat transfer coefficients and low pumping power 
needed for the fluid to circulate through a pipe with a particular flow rate.  
Therefore, high heat capacity and thermal conductivity is also desirable. Moreover, 
secondary refrigerant should exhibit sufficient stability toward oxidative degradation. 
In the presence of air, most organic fluids oxidize at high temperatures and can form 
acidic and polymerization products in the system, which can initiate corrosion and 
fouling. This can severely affect the heat transfer efficiency. Corrosion can also be 
caused if not suitable inhibitors are used (Mohapatra, 2000).  
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1.2 Types of secondary refrigerants  

1.2.1 Water 

Water as refrigerant has very good thermophysical properties. It freezes at 0°C, 
which limits the range of application. When operating close to the freezing point, 
antifreeze needs to be used. Water is a very strong solvent, referred to as “the 
universal solvent”, dissolving many types of substances, including alcohols, glycols, 
glycerol, ammonia and salts. These inorganic and organic fluids can be used as 
antifreezes. Water has the second highest specific heat capacity of any known 
chemical compound, after ammonia, as well as a high heat of vaporization. Water 
has strong corrosive character due to presence of dissolved oxygen and hydrogen 
ions (Braun, 1993).  

1.2.2 Inorganic aqueous solutions 

1.2.2.1 Chlorides 

The salts of hydrochloric acid (HCl) and metal ion are called chlorides. Chlorides are 
known as highly reactive species. Aqueous solutions based on chloride are strongly 
corrosive and require buffering and at least two strong inhibitors, which have bad 
impact on the environment. For chloride based solutions, it should be sufficient to 
use same construction materials as for seawater. In past, chromates were often 
used as corrosion inhibitors but now they are viewed as hazardous (Melinder, 2007). 
Chemicals used as antifreezes are mostly found to be sodium chloride or calcium 
chloride. Both are similar and effective. Adding salt lowers the freezing point of the 
water, which allows the liquid to be stable at lower temperatures and cause ice to 
melt (Feldman, 2004). 

1.2.2.1.1 Sodium chloride 

Sodium chloride is also known as common salt, table salt, or halite. Sodium chloride 
is well soluble in water, nonflammable and has low toxicity (Feldman, 2004). Sodium 
chloride can be used in applications involving contact with food and in open systems. 
A high heat transfer coefficient can be obtained with aqueous solutions of sodium 
chloride due to its good thermophysical properties (Mohapatra, 2000). However, it 
has two main drawbacks: relatively high freezing point, which limits its use to 
approximately -21°C (22% NaCl solution) and high corrosivity, requiring corrosion 
inhibitors (Melinder, 2007; Mohapatra, 2000). 

1.2.2.1.2 Calcium chloride 

Calcium chloride is non-toxic, non-flammable and is highly soluble in water. Calcium 
chloride can serve as a source of calcium ions in solution and while precipitating 
creates insoluble calcium compounds, which can cause additional scaling problems 
(Arbor, 1990). In more severe cases, scale can clog heat exchange surfaces and 
thereby form a thermal insulating barrier which inhibits heat transfer efficiency, as 
well as impeding fluid flow in the system.  
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Aqueous solutions of calcium chloride have good thermal properties and low 
viscosity at low temperatures but are highly corrosive to ferrous materials when 
oxygen is present (Melinder, 2007). Calcium chloride solution has a lower freezing 
point and can be used at temperatures down to -50°C (30% CaCl2 solution) 
(Melinder, 2007).  
The main disadvantages are: high corrosivity, reduced heat transfer coefficient below 
-20°C and its incompatibility in direct contact with food (Mohapatra, 2000). Calcium 
chloride is not compatible with elastomers made from 100 % soft rubber. It can be 
used at much lower temperatures than sodium chloride (Hägg, 2002). 
The scale-forming ability of calcium chloride depends principally on three factors: the 
hydrogen ion concentration (pH value), the total calcium content and the total 
alkalinity (AZOM, 2007). Calcium chloride usually contains sufficient alkali to render 
the freshly prepared refrigerant slightly alkaline, but when exposed to air, it gradually 
absorbs carbon dioxide and oxygen, which makes the solution slightly acidic 
(ASHRAE, 2006).  

1.2.2.1.3 Magnesium chloride 

Magnesium chloride is highly soluble in water and can cause scaling problems like 
calcium chloride. Magnesium chloride is much less toxic to environment and is less 
corrosive to steel and other iron alloys than sodium chloride (Arbor 1990). 
Magnesium chloride can be used down to -34°C as 22% solution (Melinder, 2007).  

1.2.2.1.4 Lithium chloride  

Lithium chloride is highly soluble in water and a highly polar compound. It is more 
soluble in polar organic solvents such as methanol and acetone than sodium 
chloride or potassium chloride. Lithium chloride can act as a source of chloride ion 
and as soluble ionic chloride. Lithium chloride has highly corrosive character. 
Ingestion of this compound can result in poisoning or effect on the central nervous 
system due to its lithium content (Arbor, 1990). Aqueous solutions of lithium chloride 
have very good thermophysical properties down to very low temperatures (-55°C as 
22% solution of LiCl) (Melinder, 2007).  
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1.2.2.2 Ammonia  

Ammonia is a colorless fluid with a characteristic pungent smell. As a gas it is lighter 
than air and more flammable. It is easily liquefied due to the strong hydrogen 
bonding between molecules. Ammonia is well soluble in water. Comparison of the 
physical properties of ammonia with water shows that ammonia has lower melting 
point, boiling point, density, viscosity due to the weaker hydrogen bonding in 
molecule. Ammonia is highly toxic to organisms. The aqueous solution of ammonia 
has basic character (Wikipedia, 2007a). Ammonia causes strong irritation to eyes, 
skin and respiratory tract.  Ammonia is highly corrosive and not compatible with 
elastomers made from 100% soft rubber, isoprene, natural rubber, polyurethane, 
silicon rubbers and copper (Hägg, 2002).  
Ammonia continues to be used as a refrigerant in large industrial processes such as 
bulk ice-making and industrial food processing. Since the implication of haloalkanes 
as being major contributors to ozone depletion, ammonia is again being attractive as 
a refrigerant (Wikipedia, 2007a). Aqueous solutions of ammonia have very good 
thermophysical properties down to -55°C (25% NH3 solution) (Melinder, 2007). 
 

1.2.2.3 Potassium carbonate 

Potassium carbonate is a white salt soluble in water, which forms a strongly alkaline 
solution. As well as potassium formate, potassium carbonate has a high pH, about 
11.5 - 12.5 and is irritating to skin, mucous membrane of eyes and upper respiratory 
tract. Aqueous solutions of potassium carbonate have good thermal properties and 
rather low viscosity at low temperatures. At high pH of 12 this salt becomes very 
corrosive to zinc, soft solder and aluminum. Potassium carbonate can be used down 
to -38°C (40% K2CO3 solution) (Melinder, 2007). 
The risk of corrosion is also dependent on the possibilities for precipitation of 
potassium carbonate. Carbonates, together with corrosion products that may be 
formed, can produce a protective scale on the metal surface. At pH values higher 
than the so-called saturation pH (pHs) the potassium carbonate can be deposited 
(Klenowicz, 2005).  
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1.2.3 Organic aqueous solutions 

1.2.3.1 Glycols 

Ethylene and propylene glycol water based solutions are popular secondary 
refrigerants due to their low corrosivity character and low fire hazards. There is a 
problem with ethylene glycol solutions due to their potential toxicity both to the 
environment, animals and food products. Also the decrease in thermal conductivity 
of water solutions as the glycol concentration increases is problematic (Aittomäki, 
2003). Glycols seem to be less corrosive to carbon steel than alcohols and chloride 
salts. In case of glycol solutions the corrosion potential is comparatively the same as 
for the water with which the glycol has been mixed. This means that almost the same 
construction material can be used for glycol-based solutions as for fresh water 
systems (this comprises also alcohol-based solutions). After longer time use, glycols 
start to be slightly acid because of oxidation or decomposition, which implies an 
increase of the corrosion potential (Hägg, 2002). Glycol solutions need to be properly 
inhibited. Without inhibitors, glycols can be oxidized into acidic products. The rate of 
oxidation is influenced by temperature, degree of aeration, and other factors to which 
glycol solution is exposed (ASHRAE, 2001). Thus, the oxidizing agents and 
chromates should be avoided while working with glycol solution (Melinder, 2007). 
The combination of stabilizers and corrosion inhibitors offer the best corrosion 
resistance for the system (ASHRAE, 2001).  

1.2.3.1.1 Ethylene glycol 

Ethylene glycol is colourless, practically odourless and miscible with water. When 
properly inhibited, it has relatively low corrosivity - an advantage when compared to 
salt-based refrigerants. Ethylene glycol solution can be used as secondary 
refrigerants at rather low temperatures down to -51°C as 40% solution (Melinder, 
2007). Ethylene glycol is toxic, so it is not suitable for open systems, food and 
pharmaceutical applications (Mohapatra, 2000). Ethylene glycol is slightly flammable 
and harmful to environment. Short-term exposure can result in irritation of eyes, skin 
and respiratory system; long-term exposure can have effects on the central nervous 
system and eyes (Hägg, 2002).  

1.2.3.1.2 Propylene glycol  

Propylene glycol has similar properties as ethylene glycol. Propylene glycol is slightly 
water polluting and practically non-toxic to humans. The industrial norm recommends 
replacing ethylene glycol by propylene glycol. Propylene glycol has low fire hazard 
when exposed to heat or flame. Propylene glycol can have quite low pH that might 
affect the corrosion potential (Hägg, 2002). Propylene glycol in its inhibited form has 
the same low corrosivity as ethylene glycol. 
Additionally, propylene glycol can be used in food applications. Except low toxicity, it 
has no advantages over ethylene glycol (Mohapatra, 2000). Due to its high viscosity 
at low temperatures, propylene glycol is used down to -50°C as 60% solution 
(Melinder, 2007). 
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1.2.3.2 Glycerol  
Glycerol is a colorless, odorless and viscous liquid. Glycerol has three hydrophilic 
hydroxyl groups that are responsible for its solubility in water and its hygroscopic 
nature. Glycerol has very high viscosity at low temperatures. Glycerol is 
environmentally friendly and non-toxic. Glycerol can be used down to   -35°C (60% 
glycerol solution). Glycerol can be mixed with ethyl alcohol without any other additive 
and create a new product (Melinder, 2007).  

1.2.3.3 Alcohols 
Alcohol is any organic compound in which a hydroxyl group (-OH) is bound to a 
carbon atom of an alkyl or substituted alkyl group. The hydroxyl group generally 
makes the alcohol molecule polar. Because of hydrogen bonding, alcohols tend to 
have higher boiling points than comparable hydrocarbons and ethers. Alcohols, like 
water, can show either acidic or basic properties. They are generally slightly weaker 
acids than water.  

1.2.3.3.1 Methyl alcohol 

Methanol is an antifreeze solution used in industrial refrigeration systems and ground 
source heat pumps. Similar to glycols, this solution can be inhibited to stop 
corrosion. It can be used at temperatures as low as -40°C owing to its relatively good 
heat transfer in this temperature range (Mohapatra, 2000). The main disadvantage is 
its toxicological effects. It is considered more harmful than ethylene glycol and 
consequently is used only for process applications located outdoors. Additionally, 
methanol is flammable and creates a potential fire hazard where it is stored, handled 
or used. Methyl alcohol is not compatible with elastomers, soft rubber and 
polyurethane (Hägg, 2002). 

1.2.3.3.2 Ethyl alcohol 

Ethanol is a flammable, colorless, non-toxic chemical organic compound. Vapors 
may form explosive mixtures with air. Most vapors are heavier than air. 
Ethanol has very low surface tension, which may result in leakage in sealing devices 
and cause foaming. As a flammable liquid, it requires certain handling and storage 
precautions (Hägg, 2002). Ethanol due to its hydroxyl group is behaving like weak 
acid. Ethanol has high viscosity at low temperatures and is used down to -45°C at 
concentration 60% (Melinder, 2007). 

 1.2.3.4 Betaine  
Betaine (trimethyl glycine) is a by-product of the sugar industry obtained from sugar 
beet. Betaine is completely non-toxic and environmentally friendly secondary 
refrigerant. This solution was found to have good freezing protection and good heat 
transfer properties. Betaine is claimed to have natural protection behavior against 
corrosion. The heat capacity of betaine is slightly lower than glycol solutions. The 
viscosity of betaine is very similar to ethylene glycol. Tests showed that betaine even 
without any inhibitor is less corrosive than water. However, betaine needs some 
additives used for corrosion protection, pH stability, anti-foaming, coloring and 
flavoring (Jokinen, 2004).  
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1.2.3.5 Potassium organic salts 
Potassium organic salts are known as environmentally friendly secondary 
refrigerants that lately have been popular on market. They are alkaline solutions of 
high pH value. They are harmful to galvanized surfaces and zinc materials (Hägg, 
2002).  

1.2.3.5.1 Potassium acetate   

Potassium acetate has low hazard potential. Inhalation may cause mild irritation. 
Aqueous solutions of potassium acetate has in comparison with potassium formate 
and potassium carbonate, lower pH, about 7.5 - 8.5 (Hägg, 2002). Potassium 
acetate can be used as antifreezes instead of chloride salts. It offers the advantage 
of being less corrosive, however it is more expensive. Potassium acetate is not 
compatible with elastomers made from 100 % polyurethanes (Hägg, 2002). 
Potassium acetate has quite good thermal properties also at low temperatures. 
Potassium acetate as a 44% solution can be used down to -53°C (Melinder, 2007). 

1.2.3.5.2 Potassium formate  

Potassium formate is very soluble in water. It does not cause any skin, eye or 
respiratory irritation and is environmentally friendly. Aqueous solutions of potassium 
formate has high pH, about 10.6-11.4, which makes it corrosive to zinc, soft solder 
and aluminum (not as strongly as potassium carbonate). Potassium formate in 
aqueous solutions becomes slightly alkaline and therefore corrosion retarding. The 
most important advantages compared to the traditional aqueous solutions of alcohols 
and glycols are good thermophysical properties, low toxicity and non-flammability. 
One of advantages of potassium formate is a reduced change of a laminar flow. 
Volumetric heat is lower, which brings about a higher rate of mass flow, if the 
temperature change of the fluid is maintained constant. However, because of the 
clearly lower values of viscosity, the pumping power demand is at same level. Good 
thermal conductivity promotes good heat transfer. The compatible elastomers are 
e.g.; nitrile butadiene rubber, chlorobutadiene rubber, polyvinylchloride, polyamides, 
polyethylene and aramides (OUP, 2003; Aittomäki, 1997). Potassium formate can be 
used down to -52°C at concentration of 49% (Melinder, 2007).  

1.2.4 Non-aqueous fluids 

The commercially available non-aqueous secondary refrigerants like: diethyl 
benzene mixtures, polydimethylsiloxan (silicon oil) and hydrofluoroether due to poor 
heat transfer ability and “transport capability”; low flash-point and other 
disadvantages (Melinder, 2007) are not taken into account in this analysis. 
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1.4.3 Carbon dioxide 

Carbon dioxide (R-744) was widely used as refrigerant in the early 20th century but it 
disappeared after replacement with CFC refrigerants. Thus, professor Gustav 
Lorentzen at NTNU/SINTEF in late 1980s proposed to reconsider the use of carbon 
dioxide as refrigerant especially due to its environmentally friendly character 
(Sawalha, 2000).  
Carbon dioxide has no liquid state at pressures below 5.1 atm, but is solidifies at 
temperatures below -78°C. The density of carbon dioxide is around 1.98 kg/m³ (at 
standard conditions), which is about 1.5 times more that density of air (Wikipedia, 
2007c).  
In some applications the unique thermophysical properties of carbon dioxide are very 
close to the ideal working fluid. Carbon dioxide is unique due to its safety, 
inflammability, relative non-toxicity, low costs and compatibility with most materials 
(Sawalha, 2000). Carbon dioxide has very good properties in case of heat transfer 
and compression. The problems arise while designing and manufacturing of basic 
components due to high operational pressure (Cecchinato, 2005).  
The pressure in the system with carbon dioxide is 5 times higher or even more than 
in case of i.e. ammonia. Thus, it requires pipes of smaller diameter but with thicker 
walls (Groll, 2000). The high density of carbon dioxide helps to find effective 
solutions, since components with small dimensions can be used. Moreover, it is 
advised to avoid plastic pipes due to high pressure requirements (Cecchinato, 2005). 
In the plants where ammonia is being used, when leakage occurs in the heat 
exchanger the mixing of ammonia and carbon dioxide creates ammonium carbonate 
(“baking powder”), which is not harmful substance and can be washed with water. 
Any leakage problem can cause the accumulation of ammonium carbonate salt 
inside the evaporator, which can result in clogging the evaporator, and subsequently 
damaging the compressor. 
Additionally, it is important to note that in the system with carbon dioxide no lubricant 
exists. The valves and pumps need to satisfy the requirements of handling an oil free 
working fluid. The two major problems which need to be carefully considered during 
the design are defrosting and downtime (Sawalha, 2000). 
Carbon dioxide is compatible with stainless steel, bronze, cooper and titanium. 
Compatible elastomers with carbon dioxide are: polyacetal (POM), nitrile butadiene 
rubber (NBR), acrylonitrile butadiene styrene (ABS), polypropylene (PP), 
polyethylene (PE), natural rubber (NR), polyamides (PA), polyphenylene ether resins 
(PPE), polytetrafluoroethylene (PTFE), polyvinyl chloride (PVC), silicone rubber 
(MVQ), polyvinyldifluoride (PVDF) and polyphenylene sulfide (PPS) materials. 
Carbon dioxide is not compatible with aluminum, zinc, galvanized steels and carbon 
steel (LFW Data Tools, 2007). 
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2. CORROSION MECHANISM 

2.1 Definition of corrosion 
Corrosion is a chemical (often electrochemical) process that destroys the structural 
materials. Typically it refers to corrosion of metals, but other materials (e.g., plastic 
or semiconductor) will also corrode. The simplest example of metallic corrosion is 
rusting of iron in air (Figure 1). Iron is spontaneously oxidized by the oxygen in air to 
iron oxides (while oxygen is being reduced).  

 
Figure 1: Rusting of iron (HyperPhysics, 2005).  

 
 
The metal immersed in the corrosive solution essentially acts as a short-circuited 
galvanic cell. Different areas of the metal surface can act as anode and cathode. At 
the anodic areas the metal is oxidized to an oxide, while at the cathodic areas the 
dissolved oxygen is being reduced. The spontaneous oxidation/reduction processes 
of "rusting" are spatially separated while an electrical current is flowing "internally" 
from one part of the corroding metal to another. The corrosion products are typically 
oxides (Roberge, 2000). 
Often corrosion of metal occurs via reactions at the interface between the metal and 
an electrolyte solution. The first one is the anodic reaction, in which a metal is 
oxidized, releasing electrons into the metal.  The other is the cathodic reaction, in 
which a solution species (often O2 or H

+
) are reduced, removing electrons from the 

metal. The two reactions can take place on one metal or on two dissimilar metals (or 
metal sites) that are electrically connected. Most metals corrode due to contact with 
water, acids, bases, salts, oils and other solid and liquid chemicals (Klenowicz, 
2005). 
All metals exhibit a tendency to be oxidized, some more easily than others. A 
comparison of the relative strength of this tendency is called the galvanic series. 
Knowledge of a metal's location in the series is an important piece of information in 
making decisions about its application (Roberge, 2000). 
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2.2 Corrosion factors 
A variety of natural and system operation factors can have significant effects on the 
corrosion rate of materials used in indirect systems. The variables include: type of 
secondary refrigerant and its corrosion behavior, fluid velocity, pH, concentration of 
solution, temperature, dissolved oxygen, scaling properties and the type of materials 
used (Aittomäki, 2003). Let us now analyze in more details all those factors. 
 
2.2.1 Corrosion behavior of secondary refrigerants 
Chlorides are well known as highly reactive species. Aqueous solutions based on 
chlorides are strongly corrosive and require buffering and at least two strong 
inhibitors, which have negative impact on the environment (Melinder, 2007). The flow 
rate of secondary refrigerants containing chlorides through carbon steel pipe system 
is restricted to avoid removing the ferric chloride coating on the pipe surface which 
protects against erosion corrosion. Zinc can be used, but for low temperature 
application special steels are required to avoid embitterment. Titanium is unsuitable 
for chloride containing secondary refrigerants and should be avoided (HSE, 2006). 
Ammonia, as well as chlorides, is highly corrosive and not compatible with 
elastomers made from 100% soft rubber, isoprene, natural rubber, polyurethane, 
silicon rubbers and copper (Hägg, 2002). Construction materials for ammonia fluids 
are dependent on the operating temperature. Impurities in liquid ammonia solution 
such as air can cause stress corrosion cracking (SCC) of mild steel. Ammonia is also 
highly corrosive towards copper and zinc elements.  
Potassium salts are alkaline solutions of high pH value. They are harmful to 
galvanized surfaces and zinc elements, but they are defined as having moderate 
corrosion character. Potassium acetate is not compatible with elastomers made from 
100% polyurethane (Hägg, 2002). The compatible elastomers with potassium 
formate are e.g.; nitrile rubber, chlorobutadiene rubber, polyvinylchloride, polyamide, 
polyethylene and aramides (Aittomäki, 1997). Potassium carbonate at high pH 
becomes very corrosive to zinc, soft solder and aluminum (Melinder, 2007).   
Ethylene and propylene glycol are popular secondary refrigerants due to their low 
corrosivity and low fire hazard (Aittomäki, 2003). Glycols seem to give less corrosion 
on carbon steel than alcohols and chloride salts. In case of glycol solutions the 
corrosion potential is comparatively the same as for the water. This means that 
almost the same construction material can be used for glycol-based solutions as for 
fresh water systems.  
Methyl and ethyl alcohol, like water, can show either acidic or basic properties and 
they are generally defined as low corrosive refrigerants (Hägg, 2002). 
Betaine has natural protection properties against corrosion and is less corrosive than 
water (Jokinen, 2004).  
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2.2.2 Fluid flow 
In the indirect systems, the secondary refrigerant flow rate for a given heat load is 
based on the desired temperature range and required coefficient of the heat transfer 
(ASHRAE, 2006). The large flow rate will reduce the temperature differences but will 
have a negative impact on the pumping power. Additionally, increasing the 
refrigerant flow rate will reduce the heat transfer resistance between secondary 
refrigerant and the surface in the evaporator and heat exchanger (Granryd, 2007). At 
the same time increasing fluid velocity enhances the rate of corrosion due to erosive 
effects (Klenowicz, 2005). Figures below present the relation between the fluid 
velocity and corrosion rate and the effect of flow type: 
 

 
Figure 2 Relation between flow rate and corrosion rate (Klenowicz, 2005). 

 
 

 
Figure 3 The effect of flow type on the metal surface (Klenowicz 2005). 
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Moreover, more turbulence and mixing of the fluid results in better heat transfer and 
higher pressure drop (ASHRAE, 2006) but at the same time it increases the 
corrosion risk. Very important question appearing is: “what is the optimum flow rate 
for secondary refrigerants?” ASHRAE Handbook refers to available dimensioning 
methods but does not give precise advice or rule of thumb. Usually, it is advised to 
dimension the flow rate basing on the design of the system for a temperature change 
at secondary refrigerant side (cold side) by 3K (Granryd, 2007).  
However, some of secondary refrigerants show much better heat transfer e.g. 
potassium formate at greater temperature difference. The optimum flow rate varies 
depending on the thermophysical properties of each secondary refrigerant especially 
viscosity, which determines the type of flow taking place in the heat exchanger. The 
important aspects which need to be taken into consideration are: high pumping 
power (not beneficial from economic point of view); large flow rates give higher 
pressure drop; and large flow rate creates corrosion problems (Bredberg).  
It is hard to give a simple answer to this question, it is determined upon many 
factors. We need to use optimum flow velocity to obtain desired condition and at the 
same time to fulfill design requirements (especially in case of pipes). It is 
recommended to check the manufacturer advises while choosing the dimensions to 
minimize corrosion risks. 
From corrosion prevention point of view it is desirable to reduce the fluid velocity and 
promote laminar flow; increase pipe diameters to avoid corrosion. Rough surfaces 
are generally undesirable for the indirect systems. While the designing the indirect 
system we should avoid to create turbulence, flow restrictions and obstructions. 
Abrupt changes in flow direction should be avoided. Tank inlet pipes should be 
directed away from the tank walls, towards the center. Welded and flanged pipe 
sections should always be carefully aligned (HyperPhysics, 2005). 
 

2.2.3 Dissolved oxygen 
The indirect systems can be divided into two groups: open and closed. A closed 
system is the system where the heat exchanger, piping and evaporator of the 
refrigeration installation create a closed loop. In this situation no oxygen can get into 
the system. Closed systems are most common ones. In the open system ice is 
formed on the heat transfer surfaces of the evaporator. Here, the ice is used as a 
buffer during the cooling load peaks. 
Air in the indirect system causes the largest problem related with break down of 
stability of the solution, making fluid more aggressive, unstable and corrosive to 
metals. Oxygen present in air is responsible for corrosion (Aittomäki, 2003).  
Dissolved oxygen (DO) refers to the volume of oxygen that is dissolved in water. The 
amount of oxygen that can be held by the water depends on the water temperature, 
salinity, and pressure. The oxygen solubility increases with decreasing temperature 
(colder water holds more oxygen) like presented on diagram below:  
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Figure 4 Oxygen solubility in water (The Engineering Toolboox, 2005). 

 
 
The same data can be presented in form of table: 
 

Temperature – oxygen solubility relationship 

Temperature (0C) Oxygen solubility (mg/L) 

0 14.6 

5 12.8 

10 11.3 

15 10.2 

20 9.2 

25 8.6 

100 0 

 
Table 1 Oxygen solubility as a function of temperature (Bruckner, 2008). 
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Oxygen solubility increases with decreasing salinity (freshwater holds more oxygen 
than does saltwater). Finally, oxygen solubility decreases as a pressure decreases 
(HyperPhysics, 2005).  
An oxygen corrosion cell can develop at any point, where the oxygen is not allowed 
to diffuse uniformly into the solution, thus creating a difference in oxygen 
concentration between two points. Typical location of oxygen concentration cells is 
under either metallic or nonmetallic deposits (dirt) on the metal surface and under 
faying surfaces such as riveted lap joints. Corrosion will occur at the area of low 
oxygen concentration (anode). A cathode is the location with higher oxygen content. 
The risk of corrosion due to these conditions can be minimized by sealing, 
maintaining surfaces clean, and avoiding the use of material that permits air into 
system (Klenowicz, 2005).  
Reduction of the oxygen concentration usually leads to a reduction of corrosion rate, 
but at the same time it prevents the formation of a protective layer on the surface of 
some metals (Aittomäki, 2003). Some normally active metals and alloys, under 
particular environmental conditions, lose their chemical reactivity and become 
extremely inert. This phenomenon, termed “passivity”, is displayed by chromium, 
iron, nickel, aluminum, titanium and their alloys. This passive behavior results from 
the formation of a highly adherent and very thin oxide film on the metal surface, 
which serves as a protective barrier to further corrosion. Stainless steels are highly 
resistant to corrosion as a result of passivation (contain at least 11% chromium). 
When this protective layer is damaged, it normally reforms very rapidly. However, a 
change in the character of the environment (e.g., alteration in the concentration of 
the active corrosive species like oxygen) may cause that the passivated material 
return to an active state. Subsequent damage to a preexisting passive film could 
result in a substantial increase in corrosion rate even 100,000 times (Klenowicz, 
2005).  
Deaeration aims primarily the removal of oxygen, which is dissolved in the water in 
order to reduce the corrosivity. One can distinguish: thermal deaeration whereby 
secondary refrigerant is heated up due to the fact that the solubility of oxygen 
decreases with increased temperature, chemical deaeration in which the oxygen 
dissolved in water is removed by reaction with “oxygen scavengers” e.g. sodium 
sulphite or hydrazine; or physical method by creating low pressure where oxygen 
solubility decreases (Klenowicz, 2005).  
 

2.2.4 Temperature 
The rates of most chemical reactions rise with the increasing temperature. The 
increase of temperature will result in the increase in corrosion rate. At the same time 
increase in temperature reduces the solubility of oxygen in water, thus decreasing 
the corrosion rate (Aittomäki, 2003). The general rule of chemistry says that with the 
increase of temperature, the rate of all electrochemical reactions (e.g. corrosion 
reactions) increases. But in many cases the corrosion rate reaches a maximum at 
about +80°C. Further temperature increase results in most cases in the drop of 
corrosion rate due to the decrease of oxygen solubility (Klenowicz, 2005). 
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Diagram below presents the relationship between oxygen concentration and rate of 
corrosion: 

Figure 5 Temperature, oxygen solubility and corrosion rate relationship  
(The Engineering Toolboox, 2005). 

 
Moreover, the rate of corrosion increases with the increase of surface temperature, 
but at a temperature where the refrigerant starts to evaporate, the corrosion rate falls 
rapidly (Chatterjee, 2001). Additionally, temperature can cause thermogalvanic 
corrosion. This type of corrosion results from an electrochemical cell caused by a 
thermal gradient. The two elements made of the same metal but differing in 
temperature are immersed in a common electrolytic environment. Such situation 
occurs in e.g. heat exchangers. Identification of the anode and cathode is often a 
problem because it depends on the amount of oxygen dissolved in water, water flux, 
and corrosive species (e.g. chlorides). Usually the electrode of higher temperature is 
an anode and undergoes accelerated corrosion. When a metal is subjected to a 
thermal gradient by uneven heating or dissipation of heat, it has a similar effect on 
the metal as galvanic corrosion. The metal is differentially polarized, thus anodic and 
cathodic areas are formed, causing preferential attack to develop. Methods to 
prevent the temperature cells formation are: 

• avoid uneven heating, cooling and formation of hot spots, 
• design layout to prevent adverse effect of one component on another,  
• provide the continuity of insulation or lining, (Klenowicz, 2005) 
 

Additionally, scales and/or corrosion products lead to higher temperatures in the 
underlying metal and can lead to other modes of failure. Thus, if local hot spots are 
developed in a tube wall, thermal stresses will be generated and these can result in 
material deformation. (HyperPhysics, 2005)  
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2.2.5 pH  
In closed systems the corrosion rate is reduced when the pH is adjusted to 8.5. pH 
drop below 7 leads, in case of most metals, to higher probability of corrosion and a 
strong increase in the corrosion rate (increase of the concentration of the corrosive 
species e.g., H+ ions). It is recommended to increase the pH above 7 in order to 
prevent gas formation, but increased pH results in corrosion of copper, aluminum 
and zinc (Aittomäki 2003). The most optimum pH is in range 7.5-8.0 (sometimes in 
literature down to pH 8.5). The diagram below presents an example of corrosion 
behavior of zinc at different pH values: 

Figure 6 Corrosion rate of zinc at different pH (AGA).  
 

2.2.6 Concentration of secondary refrigerant in water 
Concentration is an amount of the dissolved salt/substance content in water. With 
the increase of temperature, the concentration of salts will increase. At the same 
time the oxygen solubility will decrease (Aittomäki, 2003).  

Figure 7 Relation between salt concentration and corrosion rate (Valdez). 
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Figure above presents the dependency of relative corrosion rate to the salt 
concentration. With the increase of concentration first we observe increase of 
corrosion rate, but later the corrosion rate will start to decrease with further increase 
of salt concentration.  
Water is known as highly corrosive fluid and by changing its chemical composition 
we affect the amount of dissolved oxygen in water. The corrosion rate of aqueous 
salt solution first increases to maximum at the concentration of sea water (3.5%) and 
then decreases near to zero at the saturation concentration (25%) (Valdez). 
Solubility of oxygen simply decreases with increase in concentration of salt. At the 
same time the higher concentration of salts causing scaling can result in the 
formation of corrosion cells. It is important to take this fact into consideration as well. 

 

2.2.7 Scale formation 
The scale deposits are formed due to precipitation and crystal growth on a metal 
surface in contact with water. Precipitation process occurs when the solubility degree 
is exceeded, either in the solution or at the surface. The most common scale-forming 
salts that deposit on the heat transfer surfaces are those which solubility is affected 
by temperature. Despite the fact, that they may be completely soluble in the lower 
temperature solutions, these “scaling compounds” (e.g., calcium carbonate, calcium 
phosphate, and magnesium silicate) supersaturate in the higher temperature 
solutions and precipitate on the surface. 
The metallic surfaces are ideal places for crystal nucleation because of their rough 
surfaces and low flow velocities close to the surface. The corrosion cells formed on 
the metal surface produce areas of high pH value, which promote the precipitation of 
salts. Once scale deposit is formed, it initiates additional nucleation, and crystal 
growth proceeds at an accelerated rate. The scale control can be obtained through 
operation of the inditect system at the subsaturated conditions or through the use of 
chemical additives (GE Water & Process Technologies). 
 

2.2.8 Material compatibility 
The indirect systems can be assembled from different materials. Depending on the 
type of secondary refrigerant being used (ammonia, water based salt solutions) the 
designed system may require some corrosion resistant materials. The most 
important parameters of material which need to be considered are thermal behavior, 
weldability and corrosion resistance (Aittomäki, 2003). It is very important to 
construct a system from similar materials in order to avoid the galvanic corrosion.  
 
The material properties and its compatibility with different secondary refrigerant will 
be presented in details in chapter 3. 
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2.3 Types of corrosion 
 

There are several types of corrosion which can occur in indirect systems with 
secondary refrigerants:  
 

• General corrosion 
• Localized corrosion: 

♦ erosion corrosion, 
♦ stress corrosion cracking (SCC), 
♦ pitting corrosion, 
♦ crevice corrosion, 
♦ cavitation corrosion, 
♦ galvanic corrosion, 
♦ selective corrosion, 

 
This chapter will present different types of corrosion occurring in indirect systems. 
 

2.3.1 General corrosion 
General corrosion is the most common type of corrosion occurring in indirect 
systems with secondary refrigerants (Aittomäki, 2003). General (or uniform) 
corrosion refers to the relatively uniform reduction of thickness over the surface of a 
corroding material. It is relatively easy to measure, predict and prevent this type of 
corrosion damage. General corrosion is usually controlled by selecting suitable 
materials, protective coatings, cathodic protection and corrosion inhibitors. 
Unexpected rapid general corrosion failures can occur if the material surface 
changes from the passive (low corrosion rate) to the active (high corrosion rate) 
state. The resulting increase in uniform corrosion rate is typically several orders of 
magnitude. This undesirable transition can occur if the passive surface film is 
disrupted by mechanical effects, flow rate changes, a chemical change in the 
environment (Graver, 1985). Additionally, rate of general corrosion can increase in 
contact with more noble metal - galvanic corrosion (Chatterjee, 2001). Macroscopic 
studies showed that general corrosion is not completely uniform, since the surface is 
divided into anodic and cathodic zones, and only the anodic locations are corroded. 
Moreover, the locations of the anodic and cathodic zones change constantly, thus 
corrosion appears to be uniform. General corrosion is mainly found in metals which 
do not form a passive protective layer e.g.; carbon steel. General corrosion is caused 
mainly by oxidant, usually dissolved oxygen in water. Applying corrosion inhibitors 
prevents the formation of general corrosion (Aittomäk, 2003).   
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2.3.2 Localized corrosion 
Localized corrosion is a second type of corrosion occurring in the indirect systems 
with secondary refrigerants and it is classified according to different mechanisms and 
factors affecting the corrosion rate. 
 

2.3.2.1 Erosion corrosion 
Erosion corrosion in indirect systems appears in the areas where the flow of fluid is 
disturbed. It can occur in poorly manufactured tube connections and over-sharp tube 
bends, in which the local flow velocity can be too high (Aittomäki, 2003). 
Erosion corrosion is acceleration in the rate of corrosion attack in metal due to the 
relative motion of a corrosive fluid along a metal surface. The increased turbulence 
can result in rapidly increasing erosion rates and eventually a leak. Erosion corrosion 
can also be induced by faulty workmanship. Material selection plays an important 
role in minimizing the erosion corrosion damage. It is advised to predict erosion 
corrosion behavior on the basis of hardness. Erosion corrosion is most prevalent in 
soft alloys (i.e. copper, aluminum and lead alloys). High hardness in a material does 
not necessarily guarantee a high degree of resistance to erosion corrosion. Design 
features are also important. Figure below presents the scheme of erosion corrosion: 
 

 
Figure 8 The scheme of erosion corrosion (HyperPhysics 2005). 

 
It is recommended to reduce the fluid velocity and promote laminar flow and increase 
the pipe diameters. Rough surfaces, turbulences, flow restrictions and obstructions 
should be avoided. Surfaces, which have undergone erosion corrosion, are generally 
fairly clean, unlike the surfaces from many other forms of corrosion. Erosion 
corrosion is often found in piping, especially at bends, elbows and abrupt changes in 
pipe diameter, positions where the fluid changes direction or flow suddenly becomes 
turbulent. Propellers, valves, and pumps are also susceptible to this form of 
corrosion. The best way to reduce erosion corrosion is to change the design to 
eliminate the fluid turbulence and impingement effects (HyperPhysics, 2005).   
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2.3.2.2 Stress Corrosion Cracking (SCC) 
Stress corrosion cracking (SCC) is the cracking induced from the combined influence 
of tensile stress and a corrosive environment. The impact of SCC on a material 
usually falls between dry cracking and the fatigue threshold of that material. The 
required tensile stresses may be in the form of directly applied stresses or in the 
form of residual stresses. The problem itself can be quite complex. Stresses might 
be a combination of applied and internal stresses or internal stresses alone 
(HyperPhysics, 2005). Cracking can be either intergranular or transgranular (across 
grains) or both. SCC is caused when the following conditions are fulfilled: wrong 
environment (chlorides are the worst), temperature is above +60°C and stresses are 
present (Klenowicz, 2005). Figure 5 presents the mechanism of SCC: 

 
Figure 9  Stress corrosion cracking mechanism (HyperPhysics, 2005).  

 
By choosing a material that is not susceptible to SCC in the particular environment, 
by proper processing and fabricating, subsequent SCC problems can be avoided. 
Moreover, since mechanical stresses are one of the factors responsible for stress 
corrosion cracking, it is advised to eliminate that stresses, or at least reduce it below 
the threshold stress for SCC. This may be possible where the stress causing 
cracking is a residual stress introduced during welding or forming. If the active 
species are present in an environment over which we have some control, then it may 
be feasible to remove the active species (HyperPhysics 2005). This type of corrosion 
occurs very rarely in the indirect systems (Aittomäki, 2003). 
 

2.3.2.3 Intergranular corrosion 
The intergranular corrosion occurs preferentially along grain boundaries for some 
alloys and in specific environments. This type of corrosion can occur in corrosion 
resistant alloys, when the grain boundaries are depleted from the corrosion inhibiting 
compound by some mechanism (nickel alloys and stainless steels containing 
chromium). Intergranular corrosion can be caused by impurities at the grain 
boundaries, enrichment of one of the alloying elements or depletion of one of these 
elements in the grain-boundary areas (Klenowicz, 2005). The theory of intergranular 
corrosion is based on depletion of chromium in the grain boundary areas. The 
addition of chromium to ordinary steel increases its corrosion resistance in many 
environments. Moreover, more than 11% chromium is needed to make stainless 
steel. Depletion of chromium in the grain boundary regions results in the 
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intergranular corrosion of stainless steels (AZOM, 2007). When heated to 
temperatures between +500 and +800°C for sufficiently long time periods, these alloys 
become sensitized to intergranular attack (e.g. welding procedures). The 
temperature range indicated permits the formation of small precipitate particles of 
chromium carbide (Cr23C6) by reaction between the chromium and carbon along the 
grain boundaries. Both chromium and carbon must diffuse to the grain boundaries to 
form the precipitates. The chromium depleted zone adjacent to the grain boundary 
becomes then highly susceptible to corrosion. Chromium carbide is insoluble and 
precipitates out of solid solution if carbon content is about 0.02% or higher 
(HyperPhysics, 2005). Figure below presents the mechanism of intergranular 
corrosion: 
 

 

 
Figure 10 Mechanism of intergranular corrosion (AZOM, 2007). 

 
 
The chromium carbide in the grain boundary is not attacked. The chromium depleted 
zone near the grain boundary is corroded because it does not contain sufficient 
corrosion resistance to resist attack in many corrosive environments (AZOM, 2007). 
Stainless steels can be stabilized against this behavior by addition of titanium, 
niobium, or tantalum, which form titanium carbide, niobium carbide and tantalum 
carbide preferentially to chromium carbide or by lowering the content of carbon in the 
steel. Another possibility is to keep the welded thin parts enough to not hold elevated 
temperature for time sufficiently long to cause chromium carbide precipitation 
(Klenowicz, 2005). 
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2.3.2.4 Pitting corrosion 
Pitting is typical form of corrosion occurring in indirect refrigeration systems. It occurs 
on the surface of metals having ability to create protecting passive layer on their 
surface e.g.; stainless steel, aluminum and titanium (Aittomäki, 2003). 
Pitting corrosion is a localized form of corrosion by which cavities or "holes" are 
produced in the metal. Pitting is considered to be more dangerous than general 
corrosion damage because it is more difficult to detect, predict and prevent. 
Corrosion products often cover the pits. A small, narrow pit with minimal overall 
metal loss can lead to the failure of an entire installation. Pitting can initiate all types 
of localized corrosion attacks (Klenowicz, 2005). Figure below presents the pit 
formation: 
 

Figure 11 Formation of pit (HyperPhysics, 2005). 
 

itting is initiated by:  

cal or mechanical damage of the protective oxide film, 

nt, e.g. 

I  c n with only very little material loss 

 

P

• localized chemi
• localized damage or poor application of a protective coating,  

compone• presence of non-uniformities in the metal structure of the 
nonmetallic inclusions (Klenowicz, 2005). 

 
t uses equipment to fail because of perforatioa
until failure occurs. It is often difficult to detect pits because of their small size and the 
fact that they are often covered with corrosion products. From a practical point of 
view most pitting failures are caused by chlorides (HyperPhysics, 2005). Chloride 
salt solutions used as secondary refrigerants in indirect systems cause the biggest 
problem and are responsible for pitting corrosion (Aittomäki, 2003).  
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2.3.2.5 Crevice corrosion 
Crevice corrosion is occurring very often in indirect systems using chloride salts as 
secondary refrigerant (Aittomäki, 2003). Crevice corrosion is a localized form of 
corrosion usually associated with a stagnant solution on the micro level. Such 
stagnant micro-environments tend to occur in crevices (shielded areas) such as 
those formed under gaskets, insulation material, surface deposits, disbanded 
coatings, threads, lap joints and clamps. Crevice corrosion is initiated by changes in 
local chemistry within the crevice:  

• depletion of inhibitor in the crevice,  
• depletion of oxygen in the crevice,  
• a shift to acid conditions in the crevice, 
• formation of aggressive ion species (e.g. chlorides) in the crevice, (Klenowicz, 

2005) 
 

As oxygen diffusion into the crevice is restricted, a differential aeration cell tends to 
be set up between crevice (micro-environment) and the external surface (bulk 
environment). The cathodic oxygen reduction reaction cannot be sustained in the 
crevice area, giving it an anodic character in the concentration cell. This anodic 
imbalance can lead to the creation of highly corrosive micro-environmental 
conditions in the crevice leading to further metal dissolution. This results in the 
formation of an acidic micro-environment, together with a high chloride ion 
concentration. The most common form is oxygen differential cell corrosion. The 
lower oxygen content in the crevice forms an anode at the metal surface 
(HyperPhysics 2005). Figure below presents the three steps of crevice formation: 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 12 Crevice formation (HyperPhysics 2005).  

 
 
Examples of deposits that may produce crevice corrosion (or deposit attack) are dirt, 
corrosion products, and other solids. The deposit acts as a shield. The deposit could 
also be a permeable corrosion product. Solids in suspension or solution tend to 
deposit on a heating surface. Contact between metal and nonmetallic surfaces can 
cause crevice corrosion as in the case of a gasket. Plastics, rubber and fabrics are 
examples of materials that can cause this type of corrosion. Stainless steels are 
particularly susceptible to crevice attack. Metals or alloys that depend on the oxide 
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films or passive layers formation to resist corrosion are particularly susceptible to 
crevice corrosion. These films are destroyed by high concentrations of chlorides and 
the dissolution rate significantly increases. Many alloys that passivates are 
susceptible to crevice corrosion because the protective films are often destroyed by 
the H+ and Cl- ions. Aluminum is also susceptible to crevice corrosion (Klenowicz, 
2005). 
 

2.3.2.6 Cavitation corrosion 
Cavitation is mostly observed in warm fluid pumps where the temperature and 
pressure are close to evaporation conditions (Aittomäki, 2003). Cavitation results 
from small bubbles in a liquid striking a surface. Such bubbles form when the 
pressure of a fluid drops below the vapor pressures (the pressure at which a liquid 
becomes a gas). When these bubbles strike the surface they collapse or implode. A 
small damage is made by each bubble. The repeated impact of this explosions form 
pits.  
Bubbles of gas are formed during the corrosion of steel as the iron is oxidized and 
hydrogen ions are reduced resulting in groove formation. If there is a sufficient 
quantity of bubbles, grooving will result stimulated by the motion of bubbles. After a 
path has been established a steady stream follows the same path gradually making 
it deeper and deeper, effecting high local corrosion rates (Klenowicz 2005). Figure 8 
presents the cavitation corrosion mechanism: 

 
 

 
Figure 13 Cavitation mechanism (Klenowicz, 2005). 
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2.3.2.7 Galvanic corrosion 
Galvanic cells are created when two or more metals come into contact in the 
presence of an electrolyte. In such case metal of more negative potential (less noble) 
acts as anode and corrodes in an accelerated manner (Klenowicz, 2005). Such 
macro-cell should be avoided but it is quite abundant in the refrigeration practice 
(e.g. heat exchangers, inside which copper pipes remain in contact with cast iron 
elements.) It is recommended to make whole construction of the same material or of 
materials having similar electrode potentials (Aittomäki, 2003).  
In some cases the cell is designed intentionally e.g. in case of sacrificial anodic 
protection application. The sacrificial anode made of zinc, magnesium or aluminum 
is connected with the construction under protection. The rate of corrosion in galvanic 
cell is strongly dependent on the difference in stationary potentials between anode 
and cathode. The bigger difference between the stationary potentials of the metals 
remaining in contact, the higher corrosion rate will be obtained (Klenowicz, 2005). 
 

2.3.2.8 Selective corrosion 
Selective corrosion in indirect systems occurs when one element of alloy or a part of 
a microstructure is corroded more rapidly than the others (Aittomäki, 2003). 
Dezincification is an example of "de-alloying" in which one of the constituents of an 
alloy is preferentially removed.  
Another example of selective corrosion is graphitization of cast iron. Cast iron has a 
structure generally based on two components - graphite and ferrite. Corrosion 
causes progressive dissolution of the ferrite (iron) constituent leaving the graphite 
behind. Dezincified brass, like graphitized cast iron, retains the original shape and 
dimensions of the metal component before corrosion but in both cases, the residue 
is porous and has very little strength. The particular form of dezincification is 
associated with water solutions having a high chloride content, high pH usually 
above 8.0, high level of dissolved oxygen, stagnant or small flow rate of fluid. Two 
factors that can increase the probability and dezincification rate are elevated 
temperature and coupling to a more noble metal (Klenowicz, 2005).   
In order o reduce the negative effects of selective corrosion it is recommended to 
use low zinc content alloys (below Zn 15-20%) or use some additives like arsenic, 
antimony or phosphorous (Aittomäki, 2003). 

 

 

 27



 

3. MATERIALS USED IN INDIRECT SYSTEMS 
 
The indirect systems are made of different materials. In general, the manufacturing 
of indirect systems involves the use of large iron castings with stainless steel 
components and aluminum tubing. The castings, used in the pump and motor, will 
often have small amounts of nickel, molybdenum, and magnesium to improve the 
mechanical and corrosion resisting characteristics of the casting. In smaller systems, 
some components require the use of alloy steel to reduce weight.  
Depending on the type of working fluid being used (ammonia, glycols, alcohols, salt 
solutions) the piping in the system may require corrosion resistant material. In 
systems, where the thermophysical properties of secondary refrigerant are more 
crucial, copper tubing may improve the overall efficiency. Casting of most 
components is made of mild carbon steel sheets. The rest of the piping, fittings, 
valves, and couplings are fabricated from stainless steel. When selecting a structure, 
its properties must be known in all possible operating conditions that might occur in 
indirect system. The most important material parameters which need to be 
considered are: thermal behavior, weldability and corrosion resistance (Aittomäki, 
2003). It is important to make a system from similar materials to avoid the galvanic 
corrosion. This chapter is giving the basic information about different materials used 
in indirect systems and its compatibility. 

3.1 Ferrous alloys 
Ferrous alloys (steels and cast irons) are those alloys in which iron is the prime 
constituent. Most steels contain less than 1% carbon, and in addition, other alloying 
elements, which make them susceptible to heat treatment, enhance their mechanical 
properties and/or make them more corrosion resistant. Carbon steels and stainless 
steels are the most common types of steel used in indirect systems (Aittomäki, 
2003).  

3.1.1 Cast irons 
Cast irons are iron based alloys containing more than 2% carbon, 1-3% silicon and 
down to 1% manganese. Cast irons are relatively inexpensive, very easily cast into 
complex shapes and readily machined. They are important engineering and 
structural materials (Klenowicz, 2005). Cast iron is applied for pipe systems, valves, 
vessels, and castings of elements (Aittomäki, 2003). Nowadays, cast iron pipes 
become less popular since the plastic ones were developed.  
The benefits of cast irons are: low melting point (low casting characteristic), good 
dumping, durability and low price. The main disadvantages of cast irons are: poor 
weldability, high density (heavy), medium strength and toughness. Cast iron should 
be avoided in the system and replaced by more corrosion resistant materials like 
carbon steel, bronze and stainless steel (Aittomäki, 2003). Cast iron corrodes in 
certain environment. However, an insoluble graphitic layer of corrosion products is 
created in the process of corrosion. These corrosion products are very dense, 
adherent, have considerable strength and can form a barrier against further 
corrosion. Internal corrosion of cast iron pipe and fittings can be caused by strong 
acids or other aggressive reagents with a pH of 4.3 or lower, if allowed to remain in 
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contact with cast iron pipe for an extended period of time without sufficient dilution to 
raise the pH. However, by avoiding low pH one can limit or eliminate internal 
corrosion problems (CISPI). Alloying elements can play a dominant role in the 
susceptibility of cast irons to corrosion attack. Silicon is the most important alloying 
element used to improve the corrosion resistance of cast irons. Silicon levels 
between 3 -14% offer some increase in corrosion resistance to the alloy, but above 
about 14%Si the corrosion resistance of the cast iron increases dramatically 
(HyperPhysics, 2005).  
 

3.1.2 Steels 
There are thousands of different steel compositions currently available around the 
world. Steel is the common name for a large family of iron alloys which are easily 
malleable after the molten stage. Steels are composed of iron, carbon, manganese, 
sulfur, phosphorus, and silicon (Klenowicz, 2005).  
Properties of steel depend on the alloying element used. Steels are often used as 
pressure valves and piping material. It is recommended that below 0°C compressed 
steels must be used as a tube material (Aittomäki, 2003). The corrosion inhibitors 
often used to protect steel are: nitrites, chromates, benzoates, phosphates, 
hydroxides and nitrates (Roberge, 2000). 
 

3.1.2.1 Stainless steels 
Stainless steel is a low carbon steel, which contains chromium at 10% or more by 
weight. Chromium gives the steel its corrosion resistant properties. The chromium 
content of the steel allows the formation of an invisible chromium oxide film on its 
surface. If oxygen is present, even in small quantities, this film self-repairs if 
damaged mechanically or chemically. Corrosion resistance of stainless steel is 
enhanced by increased chromium content and the addition of other elements such 
as molybdenum, nickel, and nitrogen (Klenowicz, 2005).  
Nevertheless, stainless steels can suffer from certain types of corrosion. Under 
certain conditions, particularly involving high concentrations of chlorides (such as 
sodium chloride), moderately high temperatures and low pH, very localized corrosion 
can occur leading to perforation of pipes and fittings etc.   
The most common types of corrosion related with stainless steels are: pitting, crevice 
and galvanic corrosion. Additionally, corrosion occurs where small particles of 
foreign matter, in particular carbon steel, are left on a stainless steel surface. The 
attack starts as a galvanic cell (the particle of foreign matter is anodic and thus likely 
to be quickly corroded), but in severe cases a pit may also be formed in the stainless 
steel. For this reason some fabricators have banned the contact of tools made of 
carbon steel while processing stainless steel (AZOM, 2007). Stainless steels are 
commonly used as pipe material, fittings and elements in heat exchangers 
(Aittomäki, 2003).    
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3.1.2.2 Carbon steels 
Carbon steel is the most widely used engineering material (approximately 85%) 
worldwide. Despite its relatively limited corrosion resistance it is widely used in 
pipelines. Carbon steel pipes and vessels are often under exposure of varying 
temperature, flow rate, pH, and other factors. The relative acidity of the solution is 
probably the most important factor to be considered (pitting corrosion). At low pH the 
evolution of hydrogen tends to eliminate the possibility of protective film formation 
resulting in steel corrosion. In alkaline solutions the formation of protective films 
greatly reduces the corrosion rate. The greater alkalinity, the slower the rate of attack 
becomes. Moreover, factor such as dissolved oxygen in fluid plays important role 
(KTS). It is not recommended to use carbon steel materials in the indirect systems 
with chlorides as secondary refrigerant (Aittomäki, 2003).  

3.2 Copper and copper alloys 

3.2.1 Copper 
A wide application of pure, unalloyed copper is based on its high electrical and 
thermal conductivity, as well as good corrosion resistance. The copper tube's internal 
corrosion resistance results in superior flow capacity. While taking into account the 
flow capacities other plumbing materials require additional protection against 
corrosion, scaling and smaller internal diameter when compared size-to-size with 
copper. Copper tube bores remain smooth and internal diameters stay constant. 
Copper conducts heat up to 8 times better than other metals. In any application 
involving heat transfer, e.g. heat pump systems, copper's high thermal conductivity 
provides an advantage. Comparing copper, aluminum and steel, copper is the best 
conductor of heat. In some systems, copper's superior thermal conductivity means 
that thinner copper sheet can collect the same heat as a much thicker-gauge sheet 
of aluminum or steel. As a result, copper tubes can be more often used. Copper 
adds to system integrity while lowering the installation costs. Tubes and fitting are 
easily joined metallurgically by soldering or brazing. Additionally, copper is so ductile, 
that it can be formed to fit most design configurations. Thus, it is often possible to 
eliminate elbows and joints (CDA).  
Copper resists many inorganic salt solutions (e.g. chlorides), alkaline solutions, and 
organic chemicals. However, copper is susceptible to more rapid attack of oxidizing 
acids, oxidizing heavy metal salts, ammonia, and some sulfur compounds. Very 
often copper undergoes erosion corrosion (AZOM, 2007). Copper is used in pipe 
system, vessels, valves and tubes in heat exchangers. Moreover, it is important to 
consider the application area of the indirect system. In some cases, especially in 
case of food industry, it is not recommended to use cooper materials due to the 
nitrites present in food products, which can speed up the corrosion rate (Aittomäki, 
2003).  
Finally, it is recommended by manufacturers of copper elements to avoid the flow 
velocity above 2 m/s in case of ammonia solution due to erosion corrosion risk 
(CDA). Copper corrosion can also be effectively inhibited in neutral solution by 
organic compounds of low molecular weight, such as benzotriazole and 2-
mercaptobenzothiazole (Roberge, 2000). 
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3.2.2 Brasses 
Brasses are the most widely used copper alloys which contain zinc as a principal 
alloying element with or without other alloying elements such as iron, aluminum, 
nickel and silicon. Brasses are stronger than copper and are used in structural 
applications (Klenowicz, 2005). Additionally, the increase in strength decreases both 
electrical and thermal conductivity. In general, brasses have good strength and 
corrosion resistance, although their structure and properties are a function of zinc 
content. The strength and ductility of these alloys increases with increasing zinc 
content. Brasses have excellent castability, good combination of strength and 
corrosion resistance. 
The cast brasses are used as plumbing fixtures, fittings and low pressure valves, 
gears, bearings (CDA). The resistance of brasses to corrosion by aqueous solutions 
does not change markedly as long as the zinc content does not exceed 15%. Above 
15% of zinc content, dezincification may occur. The susceptibility to stress corrosion 
cracking of brass is significantly affected by the zinc content. Alloys containing more 
zinc are more susceptible to corrosion. Resistance increases substantially as zinc 
content decreases to zero. Elements such as lead, tellurium, beryllium, chromium, 
phosphorus, and manganese have little or no effect on the corrosion resistance of 
copper and copper-zinc alloys (AZOM, 2007). Brass is used as material for valves 
and pumps elements (Aittomäki, 2003).  
 

3.2.3 Bronzes 
Bronzes are copper alloys in which the major alloying element is tin, silicon and 
aluminum. They have high corrosion resistance and excellent mechanical properties 
(AZOM, 2007). Addition of tin and phosphorus to copper produces good resistance 
in case of saline solutions and most non-oxidizing acids except hydrochloric acid 
(HCl). Alloys containing 8-10% of tin have high resistance to impingement attack. 
Phosphor bronzes are much less susceptible to stress corrosion cracking than 
brasses. In tube or sheet form, the alloys are used in pressure vessels and heat 
exchangers. The strongest and most corrosion resistant aluminum bronzes contain 
up to about 6% of nickel. Aluminum bronzes exhibit excellent weldability. Manganese 
bronzes are actually brasses that additionally contain up to 5% manganese, as well 
as iron and aluminum. They are widely used for impellers, pump and valve 
components and similar industrial products (CDA).  
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3.3 Zinc  
Zinc metal has a number of characteristics, which make it well-suited for use as a 
coating for protecting iron and steel products. It has excellent corrosion resistance in 
most environments and is used as a protective coating on a variety of products and 
in many exposure conditions. The excellent field performance of zinc coatings results 
from their ability to form dense, adherent corrosion product films and a rate of 
corrosion considerably below that of ferrous materials, some 10-100 times slower, 
depending upon the environment (Klenowicz, 2005). While a fresh zinc surface is 
quite reactive when exposed to the fluid, a thin film of corrosion products develops 
rapidly, greatly reducing the rate of further corrosion.  
Zinc is not used in contact with acid and strong alkaline solutions, because it 
corrodes rapidly in such media. Alkaline solutions of moderate strength are much 
less corrosive than acid, but are still corrosive enough to impair the usefulness of 
zinc. Many organic liquids that are nearly neutral in pH and substantially free from 
water do not attack zinc. Therefore, zinc and zinc-coated products are commonly 
used with e.g. glycerol. The presence of free water may cause local corrosion 
because of the lack of access to oxygen. Some organic compounds that contain 
acidic impurities, such as low-grade glycerol, attack zinc. Solutions containing salts 
of calcium, magnesium and sodium chlorides are not compatible with zinc materials 
(AZOM, 2007).  
Zink elements are avoided in indirect systems due to low corrosion resistance. 
Usually it is used as coating and protective layer for steel elements used in this 
systems (Aittomäki, 2003). However, inhibition of zinc corrosion is observed in the 
presence of anions such as chromates and borates, which are also good inhibitors 
for the corrosion of iron. Anions such as sulfates, chlorides and ammonia are 
aggressive toward zinc materials and prevent creation of protection by inhibitive 
anions. The presence of dissolved oxygen in the solution is essential for protection 
by inhibitive anions (Roberge, 2000). 

3.4 Galvanized steel 
Zinc metal used in the galvanizing process provides a barrier between the steel 
substrate and corrosive elements in the atmosphere. It does not allow moisture, 
corrosive chlorides and sulfides to attack the steel.   Zinc has more anodic character 
comparing to steel, thus it will corrode before the steel, until the zinc is entirely 
consumed.  Zinc coatings provide the most effective and economical way of 
protecting steel against corrosion (Klenowicz, 2005). Zinc is less noble metal and will 
sacrifice itself (corrode) to protect most metals. Thus, it is recommended to insulate 
galvanized steel so that it does not come in direct contact with other metals. Rubber 
or plastic, both non-conductive, are often used to provide this insulation. Zinc-coated 
steel is used in handling secondary refrigerants that may contain calcium chloride 
and ammonia. In this case, the corrosion rate is kept under control by adding 
sufficient alkaline solutions to increase pH up to mildly alkaline range and by the 
addition of corrosion inhibitors. Certain salts, such as the dichromates, borates and 
silicates act as inhibitors for zinc elements (AZOM, 2007).  
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3.5 Aluminum and aluminum alloys 
Aluminum has good corrosion resistance and it forms protective oxide film that is 
bonded strongly to its surface and if damaged, re-forms immediately in most 
environments (Klenowicz, 2005). Corrosion of aluminum is usually observed by 
random formation of pits. In case of aluminum, pitting corrosion is often produced by 
chloride ions. It is not recommended to use this material with secondary refrigerants 
containing chloride salts. Usually aluminum alloys contain copper, magnesium, or 
zinc.  In a closed system, it can be quite difficult to prevent corrosion of aluminum 
and its alloys. The pH of the solution must be maintained below 9.0. Aluminum is 
amphoteric, thus it dissolves in both acid and base, and its corrosion rate 
accelerates at pH levels higher than 9.0. The galvanic couple that is most difficult to 
cope with is made of copper and aluminum, for which chromate concentrations even 
higher than 5000 ppm may not be adequate. 
Additionally, different types of corrosion can occur in aluminum alloys like e.g. stress 
corrosion cracking (SCC). Very often aluminum is the victim of galvanic corrosion 
where conversely a large area of noble metal is in contact with a small area of less 
noble (AZOM, 2007). For example, it is common practice to fasten aluminum sheets 
with stainless steel screws, but aluminum screws in a large area of stainless steel 
are likely to rapidly corrode (Klenowicz, 2005).  
Aluminum is sometimes used in indirect systems as tube and pipeline material. 
Nevertheless, it should be avoided in case of aggressive species like chlorides 
(Aittomäki, 2003). The corrosion of aluminum is generally inhibited by e.g., 
chromates, benzoates, phosphates and nitrates (Roberge, 2000). 

3.6 Titanium and titanium alloys 
The excellent mechanical properties and corrosion resistance makes titanium the 
best material choice for many critical applications. The high cost of titanium alloy 
components may limit their use to applications for which lower-cost alloys, such as 
aluminum and stainless steels can not be used.  
Titanium has the following advantages: good strength; resistance to erosion 
corrosion; very thin, conductive oxide surface film; hard and smooth surface that 
limits adhesion of foreign materials.  
Commercially pure titanium with minor alloy content of palladium improves the 
corrosion resistance. Alloys containing tin, molybdenum and nickel have corrosion 
resistance not as good as the titanium-palladium alloys, which can be used for hot 
chlorine salts solutions.   
Welding has the greatest influence on the material properties. In all types of welds, 
contamination by interstitial impurities such as oxygen and nitrogen must be 
minimized to maintain useful ductility in the weldment. Alloy composition, welding 
procedure, and subsequent heat treatment are highly important in determining the 
final properties of welded joints (AZOM, 2007). Titanium elements are found 
especially in heat exchanger parts (Aittomäki, 2003).  
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3.7 Tin alloys (solders) 
Tin is widely used material as a protective coating for steel plates and mild solders 
(Lasek, 2005). Tin, lead and their alloys, due to their low melting temperatures and 
availability, are the most commonly used solder materials (AZOM, 2007). In addition, 
new types of lead-free solders have been developed and recommended for replacing 
Sn-Pb solders mainly for health and ecological requirements (Lasek, 2005). Coating 
of steel with lead-tin alloys produce a material called plate. It is easily formed and 
easily soldered and is used often as pipe material.  
Tin is an important constituent in solders because it wets and adheres to many 
common base metals at temperatures considerably below their melting points. Tin is 
alloyed with lead to produce solders with melting points lower than those of either tin 
or lead. Small amounts of various metals, notably antimony and silver, are added to 
tin-lead solders to increase their strength. These solders can be used for joints 
subjected to high or even subzero service temperatures (AZOM, 2007). Sn-Pb alloys 
are susceptible to pitting corrosion in chloride containing environments. The addition 
of silver enhances the corrosion resistance of the Sn-Zn solder alloys due to the 
passivation behavior (Tao-Chih Chang, 2004). Tin as material should be avoided in 
indirect systems due to corrosion problems (Aittomäki, 2003). 
 

3.8 Magnesium and magnesium alloys 
Magnesium alloys are utilized in engineering design mainly because of their high 
strength-weight ratio, excellent machinability, and relatively low cost on a piece 
basis. The specific gravity of magnesium makes it the lightest structural metal.  
These materials are found to be especially useful in pipes as well as for parts, which 
are subject to frequent and rapid changes in position. The important physical 
properties of magnesium are relatively high coefficient of thermal expansion, thermal 
conductivity, specific heat, and relatively low electrical conductivity. Magnesium is 
often used in the cathodic protection as sacrificial anode of other metals against 
corrosion (AZOM, 2007). 
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3.9 Polymers 
Polymers display properties that are unique when compared to other materials. 
Polymers properly applied, will perform functions at a cost that other materials 
cannot match. They have many advantages like: design flexibility, high strength and 
toughness, corrosion resistance, low costs, waterproof, ductility, low weight and 
good thermal insulation (Klenowicz, 2005).  
The most common plastic materials used in refrigeration systems are: acrylonitrile 
butadiene styrene (ABS), low, medium or high-density polyethylene (PE), 
polypropylene (PP) and polyvinyl chloride (PVC). Plastic materials used in indirect 
refrigeration systems can be divided based on the method of connection. PVC and 
ABS elements are joined by gluing, while PP and PE can be welded. The strength of 
glued and welded joints is almost the same. Those plastic materials are used very 
often as pipe material. In special application rubbers and polytetrafluoroethylene 
(PTFE) can be used as sealing materials (Aittomäki, 2003).  
Polymeric materials can also experience deterioration by means of environmental 
interactions. However, an undesirable interaction is specified as “degradation” rather 
than corrosion because the processes are basically dissimilar. The polymeric 
degradation is physicochemical process. Furthermore, a wide variety of reactions and 
adverse consequences are possible for polymer degradation. Polymers may 
deteriorate by swelling and dissolution due to heat energy and/or chemical reactions, 
e.g.: polyethylene (PE) exposed to high temperatures in an oxygen environment 
suffers an impairment of its mechanical properties by becoming brittle. The utility of 
polyvinyl chloride (PVC) may be limited because this material may become colored 
when exposed to high temperatures, although such environments do not affect its 
mechanical characteristics.  
When polymers are exposed to liquids, the main forms of degradation are swelling and 
dissolution. While plastic material is swelling, the refrigerant diffuses into and is 
absorbed within the polymer. The small secondary refrigerant’s molecules fit into and 
occupy positions among the polymer molecules. This pushes the macromolecules 
apart so the specimen expands or swells. As a consequence the material becomes 
softer and more ductile. Swelling may be avoided only by having limited solubility of 
the polymer in the solvent. As a rule of thumb, the greater the similarity of chemical 
structures between the solvent and polymer the greater the likelihood of swelling 
and/or dissolution (Klenowicz, 2005).  
Polymers are becoming more popular as a pipe materials used in indirect systems 
with all secondary refrigerants. The most important aspect is the operational 
temperature and materials should be chosen according to their recommendations 
(Aittomäki, 2003). 
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4. CORROSION INHIBITORS 

4.1 General definition of corrosion inhibitor 

In an indirect system made from different materials, there is a need of providing 
corrosion inhibitors so that each metal is afforded with good protection. A corrosion 
inhibitor is a substance which reduces the rate of corrosion when added to the 
corrosive environment in a suitable concentration, without changing significantly the 
chemical composition of fluid. An inhibitor is, as a rule, effective when present in 
small concentrations. 
The action of an inhibitor is usually to produce a protective film on the metal surface. 
This can take the form of a very thin (monomolecular) layer of adsorbed inhibitor. 
Another alternative is formation of the protective film is by chemical reaction between 
the metal and the inhibitor, possibly with corrosion products being involved. A further 
possibility is that a thick coating (>1000 Å) of the inhibitor forms on the metal surface. 
In such cases one speaks of film-forming inhibitors. Inhibitors can be transported to 
the surface from: 

• a secondary refrigerant (inhibitor present in dissolved or dispersed form), 
• inside metal to be protected (inhibitor included as alloying constituent), 

(Klenowicz, 2005) 
 

The protective layer formed on the metals should be able to resist high water 
velocities and be equally protective under stagnant fluid conditions (Davies, 1988). 
Corrosion inhibitors are divided into anodic, cathodic and mixed type according to 
which reaction is impeded in the corrosion process (Klenowicz, 2005). In other cases 
the chemistry of the environment may be modified to make it less corrosive e.g. by 
scavenging dissolved oxygen; chemically neutralizing dissolved acidic gases; 
adjusting pH to promote stable (inherent) passivation (Harrop, 1988). The efficiency 
of an inhibitor can be expressed by a measure of decrease of corrosion rate of 
material: 

 
Inhibitor efficiency (%) = 100*(CRunihib - CRin)/ CRunihib 

 
where:   

CRuninhib – corrosion rate of uninhibited system 
CRinhib     – corrosion rate of inhibited system 

 
In general, the efficiency of an inhibitor increases with an increase in inhibitor 
concentration (e.g. typically good inhibitor could give 95% inhibition at a 
concentration of 0.008% and 90% at a concentration of 0.004%).  
There is a possibility of synergism or cooperation between different corrosion 
inhibitors and the environment being controlled, thus mixtures are commonly used to 
protect the system (Roberge, 2000). Inhibition efficiency depends on several factors 
such as: the number of adsorption sites and their charge density, molecular size, 
heat of hydrogenation, mode of interaction with metal surface and the formation of 
metallic complexes (Jeyaprabha, 2005). 
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4.1.1 Anodic inhibitors 
Anodic inhibitors (passivating inhibitors) build a very thin layer and generally the 
protective layer starts to form at the anode and spread all over the metal (Davies 
1988). These chiefly influence the anode reaction and the anodic polarization curve.  
Figure below present the polarization curve of an anodic inhibitor action: 

 
 

Figure 14 Polarization diagram of anodic inhibitor (Klenowicz, 2005). 
 
The polarization diagram shows that the anodic inhibitor is causing the shift of the 
potential of the corroding metal (Ecorr) toward passive region and as a result lowers 
down the rate of corrosion (icorr). Thus, the anodic inhibitors are oxidizing agents and 
the degree of this effect will be dependent on the inhibitor’s concentration (Harrop 
1988). However, if the inhibitor concentration is too low, pores and defects can arise 
in the oxide layer, where accelerated corrosion can take place (Klenowicz, 2005). 
These inhibitors are therefore called “dangerous inhibitors” since they can promote 
localized corrosion (Davies, 1988).  
Certain anodic inhibitors, e.g. chromates, nitrites, phosphates and molybdate 
function by causing the formation of a protective oxide layer on the metal surface in 
the presence of air. They are the best corrosion inhibitors because they can be used 
in small concentrations, and their protective films tend to be rapidly repaired if 
damaged (Klenowicz, 2005). In general, anodic protection is used to smaller degree 
than the other corrosion control techniques as a result of the limitation. In addition, it 
is possible to accelerate corrosion of the equipment if proper controlling methods of 
concentration are not implemented (Roberge, 2000). 
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4.1.2 Cathodic inhibitors 
The cathodic inhibitors (precipitating) are generally less effective than the anodic 
ones. They form a protective film along the cathodic surface (Davies, 1988). This type 
of inhibitor chiefly influences the cathode reaction and the cathodic polarization curve.  
Examples of cathodic inhibitors for steel are: zinc salts, polyphosphates (Klenowicz, 
2005). Figure 12 presents the polarization diagram of cathodic inhibitor action: 

 

 
 

Figure 15 Polarization diagram of cathodic inhibitor action (Klenowicz 2005). 
 
 
 

The polarization diagram shows that the cathodic inhibitor is causing the shift of the 
potential of the corroding metal (Ecorr) toward passive region and as a result it lowers 
down the rate of corrosion (icorr).  
Even with a low concentration of inhibitor, cathodic inhibitors provide some inhibition 
of the cathode reaction, and this counteracts the anode reaction.  
Therefore, they are not 'dangerous' at concentrations which are too low for complete 
inhibition in contrast to the situation found with low concentrations of anodic inhibitors 
(Klenowicz, 2005).  
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4.1.3 Mixed inhibitors 
Mixed inhibitors influence both the anodic and cathodic reactions to a larger or smaller 
extent. Many organic inhibitors are defined as the mixed inhibitors i.e.: benzotriazole 
which is widely used especially for copper and copper alloys protection. The character 
of many inhibitors is dependent on environmental factors, e.g. pH value and redox 
potential, thus they can be anodic under certain conditions and cathodic under others 
(Klenowicz, 2005). 
Often the mixed inhibitors protect the metal surface by adsorption process. 
Adsorption process results from the polar or charged nature of the organic molecule/ 
ionic specie first establishing a surface film (due to van der Waals forces) which may 
further stabilize.  
Adsorption is the primary step in achieving inhibition in acid solutions. It is a result of 
the metal surface inhibition under oxygen-free conditions allowing the inhibitor to 
retard the cathodic and/or anodic reactions. Once the inhibitor was adsorbed on the 
metal surface, it can then affect the corrosion reactions in many ways: 

• by offering a physical barrier to the diffusion of ions or molecules to/from the 
metal surface;  

• direct blocking of anodic and/or cathodic reactions sites;  
• interactions with adsorbed corrosion reactions intermediate products; 
• change the structure of the electrical double layer which develops at the 

metal-fluid interface (Harrop, 1988). 
 

 
Figure 16 Polarization diagram of mixed inhibitor action (Klenowicz, 2005). 
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4.2 Corrosion inhibitors used in indirect systems 
The corrosion inhibitors still pay a major role in the cost effective protection of the 
indirect systems. The type of inhibitor depends strongly on the kind of materials 
used. Various combinations of inhibitors have been added to secondary refrigerants 
to prevent corrosion and reduce damage of metallic surfaces. There are several 
problems related with selection of an effective inhibitor combination for a given 
system. Generally, each type of metal requires a separate corrosion inhibitor e.g. a 
given inhibitor may be effective to reduce corrosion of ferrous metals, but does not 
provide effective protection against corrosion of non-ferrous metal components in the 
system. Further, many conventional corrosion inhibitors are often ineffective in 
protecting cast iron and aluminum, or protect cast iron against corrosion but do not 
protect aluminum and its alloys. Moreover, some inhibitors may even cause 
increased corrosion rate of aluminum and its alloys. Also certain corrosion inhibitors 
may be effective only at high concentrations. This section briefly describes different 
corrosion inhibitors used with secondary refrigerants. All corrosion inhibitors can be 
classified according to their inhibiting character. This classification is presented in 
table below: 

Type of inhibitor Name of compound Chemical character 

ANODIC 

Chromates 

Nitrates 

Nitrites 

Oxidizing passivator 

Borates 

Molybdates 

Orthophosphates 

Silicates 

Non-oxidizing passivator 

CATHODIC 

Polyphosphates 

Phosphonates 

Zinc salts 

Film-forming 

Precipitation 

MIXED 

Amides 

Amines 

Azoles 

Benzoates 

Carboxylates 

Film-forming 

(adsorption) 

OTHERS 

Sodium hydroxide 

Sulphites 

DEHA 

Hydrazine 

Tannins 

pH control agent 

Oxygen scavengers 

Table 2 Classification of corrosion inhibitors. 
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4.2.1 Anodic inhibitors used in indirect systems 

4.2.1.1 Chromates and dichromates 
Conventionally, a chemical inhibitor in case of chloride salts and ammonia is added 
to the working fluid to inhibit the working fluid from reacting with steel, carbon steels, 
zinc and copper (Roberge, 2000). Chromates and dichromates are classified as 
anodic inhibitors and do not require oxygen, thus they can be the most effective ones 
(Masfeld, 2003).  
Generally, sodium dichromate is the most effective and economic in case of 
chlorides.  The granular dichromate readily dissolves in warm water. Due to the 
temperature of secondary refrigerant it dissolves very slowly, thus already prepared 
solution of dichromates should be added to fluid (ASHRAE, 2006).  
The standard chromate treatment program is the most effective in case of chlorides 
as a secondary refrigerant. Calcium chloride solutions require a minimum of 
1800ppm of sodium chromate and pH of 6.5-8.5. In case of sodium chloride 
solutions, the minimum required amount of sodium chromate is 3600ppm and pH 
range of 6.5-8.5. To obtain the same protection with a use of sodium nitrate, 3000-
4000ppm (at 7-8.5 pH) of inhibitor is needed for calcium chloride as a secondary 
refrigerant (ASHRAE, 2001).  
Additionally, in chromate-inhibited systems, the rates of magnetite scale formation 
and chromate breakdown increase with increasing the temperature.  
Further, the addition of chromate inhibitors causes significant disadvantages due to 
the fact that chromium is highly toxic. Chromates have been identified as a human 
carcinogen by the International Agency for Research on Cancer. In addition, 
chromium pollutants present substantial environmental hazards. As a result, their 
use is being phased out in many countries (Masfeld, 2003).   
Nevertheless, due to the oxidizing nature of chromates, their concentration in the 
medium must be regularly checked in order to avoid undesirable corrosion problems. 
When concentrations are lower than a critical value, the pitting process can be 
induced.  Even if the chromate concentration is at optimum level, the presence of 
reducing agents in solution can cause their concentration to fall below the critical 
range. Additionally, the upper concentration limit must not be exceeded also in order 
to maintain their inhibiting properties (Bethencourt, 1998).  
It is not recommended to apply sodium chromate with glycol solutions due to risk of 
oxidation of medium (ASHRAE, 2001). Moreover, chromates should not be used in 
refrigeration systems that have mechanical seals unless the chromate residual in the 
system is below 250ppm. Chromate is a very abrasive material and at high levels, it 
can cause erosion of most seals (Guardian).  
Chromates may be used with alcohol refrigerants, but the pH of the circulating 
refrigerant should be maintained above 7.0 to prevent chromate reduction. Because 
glycol antifreezes are not compatible with chromate-based treatments, non-chromate 
inhibitors should be used (Hartwick, 2001).  
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4.2.1.2 Orthophosphates  
Orthophosphates are a good example of precipitating inhibitor which exhibits a dual 
mechanism, acting as both an anodic passivator and a cathodic precipitator 
(Masfeld, 2003). The orthophosphates can act as anodic corrosion inhibitors in the 
presence of dissolved oxygen (Innophos).  
Orthophosphates represent group of mono-, di- or tri- sodium salts and are produced 
from the progressive neutralization of phosphoric acid (H3PO4) with a sodium based 
alkali. The orthophosphates of sodium are soluble in water. They form salts with 
metals such as iron, lead and calcium which exhibits very low solubility in water.  
Orthophosphates create a thin film which is very insoluble and resistant to 
dissolution. It is a form of conversion coating. Orthophosphate inhibitors are used in 
indirect systems for corrosion, pH and lead control. It effectively inhibits corrosion of 
carbon steel, lead and copper. It is often used as corrosion inhibitor in indirect 
systems with chloride salts. Orthophosphates are often used to reduce lead solubility 
by the formation of a lead orthophosphate film (HyperPhysics, 2007).  
Phosphates should be used with care especially with aluminum heat exchangers as 
they can induce pitting attack under high heat flux conditions (Davies, 1988).  
Orthophosphates can be used to control pH between 9 and 10.5. At high levels they 
provide excellent buffering capacity. This buffering ability is especially desired in 
case of glycols as secondary refrigerants. Orthophosphates can neutralize glycol 
degradation products for longer time. Glycol manufactures widely use 
orthophosphates as corrosion inhibitor and pH control agent at he same time.  
Phosphates are cheaper alternative to borates as pH buffer. At the concentration 
1000-5000 ppm orthophosphates protect against corrosion of ferrous and non-
ferrous alloys. The primary mode of action is precipitation at the anode side to form 
insoluble metal phosphates.  
Due to low solubility of phosphate salts it is recommended to use good quality (soft 
or distilled/deionized) water. This constant competition between non-productive and 
useful reactions is the major problem related with orthophosphates. When 
concentration falls below critical level of 200-300 ppm, rapid corrosion attack can 
occur (Hartwick, 2001).  
Moreover, since the solubility of orthophosphates varies with the temperature, care 
must be taken not to exceed the solubility of orthophosphates present under the 
operating conditions. When the solubility level is exceeded, orthophosphates can 
precipitate onto metal surface and cause pump scale failures (Innophos).  
 
 
 
 

 42



 

4.2.1.3 Nitrites  
Nitrites as corrosion inhibitors do not require oxygen, thus can be the most effective 
inhibitor in the closed indirect systems. They are oxidizers and promote passivation 
by increase of the electrical potential of the iron like chromates. While the amount of 
nitrates in solution deplete, its concentration needs to be maintained as constant 
level (Hartwick, 2001).  
Alkali and alkaline earth metal nitrites are well known as corrosion inhibitors used for 
protection of steel elements. Sodium nitrite has been used for long time to control 
corrosion of ferrous metal in closed systems. Nitrite-based inhibitors are subjected to 
attack by nitrifying bacteria which oxidize them to nitrates, speed up microbiological 
growth and loss of efficiency in respect to ferrous materials.  
Nitrites, like many other traditional corrosion inhibitors, are now considered as not 
environmentally friendly. Due to this fact a rare earth metal salt (REMS) are 
nowadays added to the indirect system to inhibit corrosion of the steel and cast iron 
surfaces. The rare earth metal salt can be: cerium chloride, cerium nitrate, yttrium 
salts (particularly yttrium sulfate), and other rare earth metal chlorides, nitrates and 
sulfates. These inhibitors give a dual protection by pre-treating the steel surface with 
a cerium oxide/hydroxide layer to prevent corrosion and act as a corrosion inhibitor. 
Moreover, “cerated coating” prevents the electrochemical reactions, which can result 
in generation of non-condensable gases in system. The application of REMS 
provides a degree of corrosion inhibition similar to chromates without any negative 
health and environmental effects. Additionally, cerium salts are inexpensive. The 
cracks formed in the cerated surface can be sealed by immersing steel in a boiling 
REMS solution (e.g., a cerium nitrate or other cerium salt solution) or by cathodic 
polarization at a constant current density in a REMS solution. It has been observed 
that the cracks become sealed after few days’ immersion in refrigerant including 
REMS e.g. cerium salt (Masfeld, 2003). Additionally, cerium salts protect steel 
surfaces from pitting corrosion caused by chloride salts (Bethencourt, 1998).  
In general, when nitrites are used alone or in conjunction with some pH control 
agent, relatively high concentrations are needed to establish a protective film (700-
1200 ppm) to prevent completely pitting corrosion of steel. While the protective layer 
is established, the nitrites concentration can be reduced slightly to 700-1000 ppm. It 
is claimed that required nitrate level is affected by the stability of the magnetite layer. 
While concentration of nitrate falls down to 500ppm, severe pitting corrosion is 
observed (Hartwick, 2001).  
Systems containing steel and copper couples require levels of 5000-7000 ppm. If 
aluminum is also present, then level of 10,000 ppm may be required. In all cases, the 
pH of the circulating solution should be maintained in the alkaline pH, but below 9.0 
when aluminum is present (GE Water&Process Technologies). Sodium nitrate at the 
minimum 3000ppm in calcium chloride or 4000ppm in sodium chloride should be 
provided to ensure adequate protection (ASHRAE, 2003). 
Nitrate by-products can speed up the corrosion process. Loss of nitrate can occur 
due to electrochemical or biological process. As a result of reduction to ammonia or 
nitrogen by bacteria can occur. Additionally, sometimes it is difficult to control the 
biological activity in the system loop because of oxidative properties of biocides to 
transform nitrates to nitrates. Still we are facing difficulties related with preventing the 
biological degradation of nitrites (Hartwick, 2001).  
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4.2.1.4 Nitrates 
Nitrates are good corrosion inhibitors for aluminum, copper alloys and ferrous 
metals. As well as nitrites, they are anodic inhibitors (Davies, 1988). Nitrates are well 
soluble in water. The elevated levels of nitrates are not known to be problematic (no 
real drawbacks). The biggest advantage is the fact that the concentration of nitrates 
with age of secondary refrigerant increases due to oxidation processes.  
Nitrate is effective toward specific metals, thus it is always used in combination with 
borates, phosphates and nitrites. The mixture of water-soluble nitrate and water-
soluble metasilicate provides excellent pitting, crevice and general corrosion 
resistance for aluminum exposed to aqueous environments. Moreover, mixtures of 
nitrates and nitrites are often used for steel, aluminum and copper alloys protection 
(The Gusher, 2005).  
When applying nitrates and/or nitrites it is important to avoid presence of oxygen due 
to the risk of denitrification reactions (Hansen, 1988). Nitrates and nitrites as 
corrosion inhibitors should be avoided in food industry. Moreover, the risk of 
biological degradation caused by bacteria can result in ammonia or even nitrogen 
gas formation in system (Hartwick, 2001). 

4.2.1.5 Molybdates  
Molybdate is an expensive corrosion inhibitor. However, it can be a very effective 
inhibitor for steel protection, especially when combined with other inhibitors. 
Molybdates promote passivation by increasing the electrical potential of the iron. 
Molybdate salts are chemically similar to chromate salts and act as anodic corrosion 
inhibitors in almost the same way.  
Due to their low toxicity, they are easier to handle and more environmentally 
acceptable. Molybdates are being used as alternatives to zinc salts, chromium and 
nitrite inhibitors (Crucil, 1991). Molybdates are the most effective where dissolved 
oxygen levels are substantial (Davies, 1988). 
Molybdates are non-oxidizing ions unlike chromates. The most common salt used in 
refrigeration systems is sodium molybdate (Guardian). In the presence of oxygen or 
other oxidizer, molybdate will be converted into hematite (Fe2O3 or red rust) to 
magnetite (Fe3O4 or magnetic black rust).  
The recommended concentration is 200-300ppm molybdate as MoO4

2¯. The 
molybdate efficiency as inhibitor is related to its ability to accumulate within the 
anodic part of a pit and block the corrosion process. To achieve similar inhibition with 
chromate, higher treatment concentrations are required. 
Use of molybdate will reduce the risk of pitting corrosion but will not offer good 
protection toward general corrosion. By applying molybdates alone at amount less 
then 20ppm, the risk of pitting corrosion will be reduced but will not offer effective 
protection against general corrosion (Hartwick, 2001).  
Molybdates are thermally stable and can provide excellent corrosion protection in 
both soft and hard water. pH is normally controlled in range 7-9. Molybdate inhibitors 
should not be used in systems using calcium chloride as secondary refrigerant due 
to risk of precipitation of insoluble calcium molybdate (ASHRAE, 2003). Some 
sources even recommend that molybdate should not be used with brine-type 
refrigerants at all (GE Water&Process Technologies). 
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4.2.1.6 Borates 
Borates are used as corrosion inhibitors for cast irons to prevent galvanic and pitting 
corrosion caused by chlorides. The alkalinity and strong buffering character of boron 
compounds makes it useful as corrosion inhibitor of ferrous metals (Yamaguchi, 
1995).  
Borates suitable for use may be in any available form e.g. orthoborates, 
metaborates, pyroborates or hydrates. Moreover, they allow obtaining a little bit 
higher pH than phosphates. Thus, smaller amount of inhibitor is needed to obtain the 
same results (Hartwick, 2001).  
Borates are absorbed on iron surface to create a passive film. Borate salts are good 
pH buffers, but at the same time are corrosive to aluminum parts. The corrosive 
effect of borates can be neutralized by addition of both silicates and nitrates. Borates 
are more expensive to use than phosphates. Commonly used boron compound is 
sodium tetraborate dehydrate (often called ‘borax’). The pH of borax is about 9.5, 
thus it produces a basic solution in water. Borax is a buffering agent and may be 
added to the aqueous glycol solution as a corrosion inhibitor for mild or carbon steel. 
Borax is slightly soluble in cold water, but very soluble in hot water. It is highly 
soluble in ethylene glycol used as secondary refrigerants.  
Nowadays, borate esters are being investigated as ferrous corrosion inhibitors in a 
wide variety of water based fluids. The borate esters could give the possibility of 
having at the same time boron content and amine corrosion inhibitor to suit 
requirements (Universal Borates, 2005). 

4.2.1.7 Silicates 
Silicates for many years have been used to protect steel, galvanized steel, copper, 
brass, copper-nickel alloys and aluminum. Silicates are slowly acting inhibitors, thus 
in some cases 2-3 weeks are required to establish full protection. Silicates have 
limited solubility in water and can precipitate in hard water. They are often used with 
polyphosphates. The effectiveness of silicates as anodic inhibitor is less than 
polyphosphates (Davies, 1988).  
Manufacturers recommend a start-up with higher dosage of silicates for 30-60 days 
followed by gradual decrease to a maintenance dosage. A high starting dosage can 
be critical to gain control over the corrosion and fast establishment of the protective 
layer.  
Sodium silicate solution consists of monomeric and polymeric species.  When a 
solution of soluble silicate is neutralized to pH below about 10.7, the silicate ions 
decompose to silicic acid which later polymerizes to silica. As a result it can 
precipitate forming thermal insulating films on e.g. heat exchanger. Silicates are only 
stable at high alkaline pH (Thompson, 1997; Davies, 1988). 
Silicates can be used in food industry installations; however, they are usually used in 
conjunction with other inhibitors to obtain best results. This type of corrosion inhibitor 
is compatible with ethylene and propylene glycols. The stability of silicates in water 
based solution can be improved by adding special silica stabilizers, thus it adds 
investment costs. They are chemicals that eliminate possibility of silicates to “drop-
out” at recommended to slightly elevated silicates concentration (Thompson, 1997).  
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4.2.2 Cathodic inhibitors used in indirect systems 

4.2.2.1 Polyphosphates 
Polyphosphates represents a group of the cathodic corrosion inhibitors (Innophos). 
Polyphosphates or condensed phosphates contain more than one phosphorus atom 
in the molecule (Davies, 1988). There may be few or an infinite number of chains 
(polyphosphates). They may be linear or cyclic (metaphosphates).  
The most common used polyphosphates are: sodium polyphosphate, sodium acid 
pyrophosphate, tetra sodium pyrophosphate and sodium tripolyphosphate. In water 
they tend to re-hydrate slowly, converting to orthophosphates. Polyphosphate 
inhibitors are used in the indirect systems for softening, corrosion control, lead 
control and descaling. Divalent cations e.g. calcium (Ca+2) at levels of at least 10ppm 
are needed along with them to be effective. Positively charged colloidal complexes 
are formed which result in formation of an amorphous polymeric film (Innophos). The 
pH should be at the level of 6.5 to 7.0 since as the pH drops, the rate of conversion 
of the polyphosphate into orthophosphate increases (Davies, 1988).  
In general, polyphosphates are acting both as a reservoir of potential 
orthophosphate and as a cathodic corrosion inhibitor. More soluble and less likely to 
be precipitated in its polymeric form, polyphosphates can stay longer in the system 
than orthophosphates. They may react with elements such as calcium, lead and iron, 
in order to form protective conversion coatings. They are used for steel protection 
(Innophos). 
 

4.2.2.2 Ortho/Polyphosphate blends  
The properties of both orthophosphates and the polyphosphates are enhanced when 
blends of them are used. Due to the fact, that orthophosphates are very reactive in 
solution and form insoluble salts with calcium, iron and lead, it may be in some cases 
difficult to keep a sufficient concentration of orthophosphate in the solution to 
maintain its effectiveness. In order to improve the effectiveness, the dose of 
orthophosphate must be increased, which can lead to additional costs and the risk of 
excessive depositions in the indirect system. Additionally, polyphosphates are 
unlikely to be precipitated unless they undergo conversion.  
Since orthophosphates are anodic corrosion inhibitors and polyphosphates are 
cathodic inhibitors, by formulating blends of these two phosphate forms, we can 
achieve both anodic and cathodic corrosion inhibition. Moreover, we ensure the 
orthophosphate ion availability over a longer period of time and control calcium, iron 
and lead deposition at the same time. Additionally, blends are effective in reducing 
copper corrosion, which neither type does very well by itself. Blends are generally 
effective in the pH range of 6.0 - 8.5 (Innophos).  
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4.2.2.3 Phosphonates 
Phosphonates are related to orthophosphates and polyphosphates (Hartwick, 2001). 
Phosphonates or phosphonic acids are organic compounds containing phosphonic 
acids and water soluble salts. Phosphonates are effective cathodic inhibitors. 
Phosphonates have three main properties:  

• are effective chelating agents,  
• inhibit crystal growth and scale formation,  
• are quite stable under severe chemical conditions.  
 

The stability of the metal complexes increases with increasing the number of 
phosphonic acid groups. Phosphonates are highly water-soluble while the 
phosphonic acids are only partly soluble. Phosphonates are not volatile and poorly 
soluble in organic solvents (Crucil, 1991).  
Phosphonates, which in the presence of bivalent metal ions and preferably in 
combination with a zinc salt, are effective as inhibitors (Innophos). Often those zinc 
salts are: chlorides, sulfates, acetates, which during dissolution in aqueous systems 
provide a zinc cation for the system (Crucil, 1991). Phosphonates are used as 
carbon steel corrosion inhibitors (Lanxess). 
One example of phosphonates can be a hydroxyl-phosphoacetic acid (HPA). HPA 
can be applied in cases where product of low environmental impact is required. 
Acceptable corrosion rates for carbon steel can be obtained at 50-200 ppm. The 
same result would be obtained at 25-150 ppm in case of using orthophosphates 
(Hartwick, 2001). 

 

4.2.2.4 Zinc salts 
Zinc is widely used as a corrosion inhibitor, particularly in alkaline systems. In mildly 
to strongly alkaline aerated water, zinc hydroxide precipitates at the cathode of the 
corrosion cell, forming a physical barrier that blocks the reaction and prevents 
corrosion. Zinc is an excellent cathodic inhibitor that allows operation at lower 
calcium and alkalinity levels than other inhibitors. 
Zinc salts are often used in combination with anodic inhibitors to prevent both anodic 
and cathodic corrosion reactions. One of the most effective methods relies on a 
combination of zinc and organic phosphate (phosphonate) for corrosion inhibition 
(Innophos). Often those zinc salts are: chlorides, sulfates, acetates, which during 
dissolution in aqueous systems provide a zinc cation for the system (Crucil, 1991).  
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4.2.3 Mixed inhibitors used in indirect systems 

4.2.3.1 Azoles  
The water soluble azoles include: thiazoles, triazole salts and any mixture of two or 
more. Azoles like benzotriazole, mercaptobenzothiazole, benzimidazole, and 
imidazole are well-known corrosion inhibitors. They can be added in the acid form, 
thus salts are being formed by addition of base. Azoles are the most effective 
corrosion inhibitors for copper and its alloys. These compounds bond directly with 
cuprous oxide at the metal surface, forming a "chemisorbed" film (Dick, 2006). Azole 
compounds contain nitrogen atoms, which coordinate with Cu(0), Cu(I) or Cu(II) 
through lone pair electrons to form complexes. In general, these complexes are 
believed to have polymeric nature and form an adherent protective film on the 
copper surface, which acts as a barrier to aggressive ions e.g. chlorides (Sherif, 
2006). Additionally, precipitation prevents the process of transport of copper ions to 
ferrous surfaces, where galvanic reactions lead to pitting corrosion of the ferrous 
metal (WIPO, 1999).  
Phosphonates, carboxylic acids and azoles are used in combination to provide 
corrosion and scale inhibition program (Baker, 1988). Functionally these compounds 
are having anionic character in solution and therefore generally quite compatible. 
Selected azoles exhibit good solubility in the formate salt based secondary 
refrigerants (Dick, 2006).  
The most common azoles used in industrial refrigeration systems are benzotriazole 
and tolyltriazole. Tolyltriazole (TT) is generally preferred due to its low cost. It is 
preferred to use tolyltriazole in the salt form as sodium tolyltriazole. The most 
important disadvantage is observed, when azoles are used in combination with 
oxidizing halogens such as: elemental chlorine, bromine, their acids, or their alkaline 
solutions. When copper or iron alloys that have previously been protected with 
azoles are exposed to an oxidizing halogen, protective layer is destroyed. After 
damage, it is difficult to form a new protective film. Very high amounts of tolyltriazole 
are often applied to improve performance, but with limited effects (WIPO, 1999).  
Benzotriazole (BTA) is known as one of the most important inhibitors for copper and 
copper alloy corrosion in neutral, acidic and alkaline solutions. The effectiveness of 
benzotriazole has been related to the formation of a [Cu+BTA-]n film at low pH. The 
film is considered as being insoluble and having polymeric structure. The use of 
chloride media as secondary refrigerant relates to the application of brass as the 
tubing material for condensers and heat exchangers in indirect systems. At the same 
time dezincification of brass may occur due to presence of chlorides. This can be 
minimized by addition of benzotriazole. 
Additionally, 2-mercaptobenzothiazole (MBT) can be used as corrosion inhibitor for 
copper and brass elements to prevent corrosion caused by glycol solutions. This 
compound also forms a long-lasting protective film on metallic surfaces. 
Nevertheless, there is risk that MBT will decompose into sulphites (Ravichandran, 
2005).  
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4.2.3.2 Amines 
Amines are adsorption inhibitors which have polar properties in order to be 
adsorbed. Often, these molecules have dual function. Amines are organic derivatives 
of ammonia in which one or more of the ammonia hydrogen is replaced by alkyl or 
aromatic groups. Amines are weak bases like ammonia. They react with water to 
produce hydroxide ions (OH-) and increase pH of solution. They contain a hydrophilic 
group, which adsorbs onto the metal surface and an hydrophobic group, which 
prevents further wetting of the metal. Amines are used as corrosion inhibitor for steel 
and cast irons protection. The corrosion due to ethylene glycol refrigeration systems 
can be controlled by the use of ethanolamine as a corrosion inhibitor (Roberge, 
2000). Examples of amines used as inhibitors are methylamine, ethylamine, 
polyamines (e.g. ethylenediamine). Alkanol amines or other organics having both 
hydroxyl and an amino group such as ethanolamine and propanolamine are also 
used (WIPO, 1999).  
Moreover, it was found that the corrosion of metals in an aqueous system can be 
inhibited by exposing the metal to a calcium insensitive water-soluble 
phosphonomethyl amine.  The “calcium sensitivity’ refers to the tendency of a 
compound to precipitate with calcium ions in solution. Calcium insensitivity is 
considered as an important feature of the corrosion inhibitor, because it can be used 
effectively in water of relatively high hardness. The calcium insensitive 
phosphonomethyl amine is considered as effective inhibitor preventing the deposit of 
scale in the cooling systems e.g.: calcium carbonate, calcium sulfate, calcium 
phosphate, calcium silicate, magnesium carbonate, magnesium silicate, magnesium 
phosphate, and/or iron oxide (Hwa, 1991).  
Amines give more benefits than inorganic buffers. Depending on desired pH, one 
can select available amine from a list to fix pH of the fluid. Moreover, the amount 
required in medium is low (200-300 ppm). The combined benefits of low intrinsic 
conductivity and low required concentration mean that amines are preferred in 
conductive sensitive cooling systems. Nowadays, amines are treated as not 
environmentally friendly compounds due to possibility of formation nitrosamines 
being known carcinogens (Hartwick, 2001). 

4.2.3.3 Amides  
Although, amine salts can be used alone as corrosion inhibitors, they are preferably 
used in combination with a carboxylic acid.  The salt formed from carboxylic acid and 
amine is simple called amide. The resulting corrosion inhibitor consists thus of an 
acid-base couple. Amides, compared to amines, are weak bases. They are 
significantly less water soluble than amines and carboxylic acids. The inhibition 
mechanism and the individual role of these combined acid and base parts are not yet 
well understood.  
The adsorption on depassivated metal areas and blocking of active dissolution sites 
have been key factors of the carboxylic acids’ protective properties. The amine base 
is thought to be important for secondary properties such as pH adjustment in 
solution. The protection ability is based on strong interaction between the carboxylic 
acid and the iron surface. Both, amines and amides are used as corrosion inhibitors 
for ferrous metals. Moreover, amides can protect aluminum elements against 
corrosion (Kern, 2001).  
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Some amides and derivatives like e.g. urea (U), thiourea (TU), thioacetamide (TA) 
and thiosemicarbazide (TSC) have been found to be good inhibitors for mild steel in 
acidic solutions. Relationship between molecular structures of these amides and 
their inhibition effectiveness has been studied. It was found that when the oxygen 
atom in a urea molecule was replaced by a sulfur atom (to form a thiourea), the 
corrosion inhibition efficiency increased dramatically. Urea is the weakest corrosion 
inhibitor (Fang, 2002).  

 

4.2.3.4 Benzoates 
Benzoate compounds also offer good protection for ferrous materials against general 
corrosion. Additionally, their most important advantages are safety and high solubility 
in water. The mechanism of the action of benzoates involves the adsorption onto the 
active sites of the metallic surface which provides an effective coverage, thus the 
corrosion rate decreases (Blustein, 2005).  
The inhibition properties of benzoates are well known for long time. Sodium 
benzoate and benzoic acid were used as corrosion inhibitors not only for ferrous 
elements but also for other metals (Blustein, 2007). 
Moreover, sodium benzoate in chloride solutions can induce pitting of carbon steel. 
Adding calcium gluconate (ecologically accepted compound), eliminates the 
susceptibility to pitting formation. Thus, the blends of gluconate and benzoate or 
blends of benzoate and acetate give good corrosion inhibition of carbon steel 
(Lahodny-Šarc, 2000). Sodium benzoate and p-substituted benzoic acid derivatives 
can be used as the corrosion inhibitors also for aluminum elements in acidic media 
(Blustein, 2005).  
 

4.2.3.5 Carboxylic acid and their salts 
The ability of carboxylic acids to inhibit corrosion of aluminum and ferrous metals in 
cooling systems is well known. Aromatic carboxylic acids, such as benzoic acid and 
its derivatives are used for long time in Europe as corrosion inhibitors. While the 
natural C-8 to C-12 dibasic acids like e.g.: sebacic acid and azelaic acid, are useful 
as corrosion inhibitors, but when mixed with hard water, they can form a very heavy 
precipitate which could plug parts of cooling systems.  
It was found that certain carboxylic acids and their water-soluble salts are excellent 
corrosion inhibitors when used in systems with aqueous solutions of glycols, alcohols 
and organic salts used often as secondary refrigerant (Gershun, 1997). 
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4.3 Other chemical agents used for corrosion control  

4.3.1 Sodium hydroxide 
Often corrosion inhibitors are separated from the buffering (pH control) agents, but 
sometimes they are used interchangeable. Metals like mild steel and copper alloys 
require pH range of 8.5-10.5, while aluminum prefers neutral pH for optimum 
protection against corrosion (Hartwick, 2001).  
In case of indirect systems with chloride salts the pH of refrigerant solution can be 
increased to slightly alkaline by adding caustic soda (NaOH) dissolved in water. A 
secondary refrigerant of chloride salt is safer for installation at pH of 7.5. The pH 
needs to be controlled all the time in this type of systems. Sometimes sodium 
hydroxide is called ‘alkalinity builder’ (ASHRAE, 2006).  
The concentration of sodium hydroxide solution is important since in too big 
concentrations it can be corrosive to zinc, aluminum and magnesium elements 
(FMC).    
 

4.3.2 Oxygen scavengers  
The presence of certain dissolved gases (even in small amounts) is undesirable in 
refrigeration systems due to corrosion risks. De-aeration is widely used method for 
removing of oxygen from oxygen containing aqueous medium. It can be a thermal, 
physical or chemical process. Thermal de-aeration is performed by injecting the 
secondary refrigerant at normal temperature to the system. This method is based on 
fact that the solubility of oxygen in aqueous solution decreases with the increase of 
temperature. Moreover, the circulation of secondary refrigerant in system at higher 
temperature allows creating the protective film layer due to small amount of oxygen 
present in medium. 
Physical method of removing oxygen is based on fact that at low pressure the 
solubility of gases decrease. Thus, it is common method combine both methods and 
to fill secondary refrigerant at high temperature and low pressure. 
Chemical method is based on adding to the fluid a substance called ‘oxygen 
scavengers’. They remove oxygen from solutions, thus reducing the risks of 
corrosion of the system. Oxygen scavengers can be divided into two groups: organic 
and inorganic. The difference is that inorganic products add dissolved solids to the 
medium. Additionally, inorganic oxygen scavengers tend to be temperature 
dependent, thus more chemical is required at the lower fluid temperature. 
Examples of inorganic oxygen scavengers are sulphites, whereas organic ones are 
hydrazine, tannin and DEHA. Those reducing agents are not used commonly due to 
their limitations (Hartwick, 2001). 
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4.3.2.1 Sulphites 
Sulphites are inorganic type of oxygen scavenger. The most popular is sodium 
sulphite. Sulfite absorbs the oxygen from the water. In its reaction sodium sulfite 
produces sodium sulfate, which contributes solids to the circulating fluid (Hartwick, 
2001).  
The dispersant that is usually blended with an oxygen scavenger will act as a 
cleaning agent and keep the solids from the water in suspension. As a result the 
system stays clean and free of corrosion.  
Additionally, sulphite will react with iron and copper in the system to form black iron 
magnetite and cupric oxide respectively. Sulphites have low environmental impact, 
low toxicity and are inexpensive to apply when there is little air in the system (Yuzwa, 
1990). 
Sodium sulfite should be maintained at levels 30-500 ppm in the closed loop system 
to obtain the best results. It is important to keep sulphite concentration at constant 
level all the time. Lack of regular tests can lead to corrosion problems.  
Although, sodium sulfite is effective as an oxygen scavenger, it has some limitations 
due to increased amount of dissolved solids from the sulfite/oxygen reaction product. 
Increasing concentration of sulphites can increase the electrical conductivity of fluid, 
its corrosivity and possibility of sulphite reducing bacteria growth (Hartwick, 2001).  
 

 

4.3.2.2 Hydrazine 
Hydrazine is organic compound derived from ammonia, but its physical properties 
are more similar to those of water. Hydrazine has basic chemical character but is 
less strong than ammonia. The products of the hydrazine/oxygen reaction are water 
and nitrogen, thus no solids are added to fluid (Hartwick, 2001). It also induces the 
formation of the protective magnetite film on the metal surface, and converts red iron 
dust (hematite) to magnetite. Thus, an excess of scavenger to oxygen is required 
while changing a system form a non-passivating scavenger to one which passivates. 
Nevertheless, hydrazine as an oxygen scavenger has some limitations. A major 
problem is related to its toxicity. Additionally, the hydrazine/oxygen reaction is very 
slow at low temperatures and the decomposition products of hydrazine are ammonia 
and nitrogen. Ammonia can be aggressive to copper or copper alloys that are found 
in indirect systems (Goliaszewski, 1995). The decomposition processes catalyzed by 
copper and health concerns (carcinogenic substance) have largely limited its use. 
The dissolved copper (obtained by ammonia attack on the oxide layer) can be 
transported and placed on steel surface causing galvanic corrosion (Hartwick, 2001). 

 

 52



 

4.3.2.3 Tannins 
Tannins are wide group of water-soluble complex organic compounds. Tannins have 
been used for long time both to remove oxygen and to form an iron-tannin film on 
steel surfaces. Tannins are low cost, easy to formulate and easily available oxygen 
scavengers.  
Despite those benefits, tannins are used rarely nowadays. The biggest disadvantage 
of tannins is its tendency to form organic deposits on the heat exchange surfaces in 
the system. Those deposits require additional chemical cleaning processes to 
remove them. Moreover, the rate of reaction of tannins/oxygen is not rapid. It is more 
reasonable to use other oxygen scavenger or even fight with corrosion problems 
caused by oxygen by applying corrosion inhibitors rather than create additional 
problem with deposits (Hartwick, 2001).   
 

4.3.2.4 Diethylhydroxylamine, DEHA 
The introduction of diethylhydroxylamine (DEHA) into the system at sufficient 
concentration causes that iron deposits to release from the surface of the system. 
DEHA is injected into a system after the oxygen and other oxidizing agents have 
been scavenged. The delay between these two steps can depends on the conditions 
inside the indirect system. When a system is being run at low temperature, then the 
oxygen scavengers should have sufficient time to fully reduce all of the oxidizing 
agents present in the system before the introducing DEHA. 
DEHA has advantages compared to the above-mentioned oxygen

 
scavengers. It is 

more volatile and has better metal passivating characteristics than sulfite and 
hydrazine. Moreover, it is less harmful to environment than hydrazine. In general, the 
thermal and oxidative degradation products from DEHA generate dialkylamines; 
acetaldehyde; acetaldoxime and acetic acid (can promote low pH corrosion in the 
system and add deposits as sodium or calcium acetates). 
Additionally, catalyzed and uncatalyzed DEHA shows excellent reactivity with 
oxygen (Goliaszewski, 1995).   
 

 53



 

4.4 Mechanisms of action  

 4.4.1 Mechanism of precipitation corrosion inhibitors  
In general, corrosion inhibitors are added to secondary refrigerant to form a uniform 
mechanical protective layer on the metal surface (in form of precipitated metal salts). 
Scheme below presents the method of mechanical protective layer formation: 

Figure 17 Formation of mechanical protective layer on metal (Temper 

Technology). 
 
This is a common method of protection against corrosion, although it has some 
drawbacks:  

• the protective layer affects negatively the heat transfer, 

• protective layer can be easily damaged by mechanical stresses, 

• depletion of corrosion inhibitor concentration requires refilling to required level 
which result in creation of new layer over existing one (reduces  more the heat 
transfer), 

• method requires regular control of layer to minimize the risks of localized 
corrosion (time consuming, costly and to some extend hard to perform 
method), (Temper Technology AB) 
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4.4.2 Mechanism of adsorption corrosion inhibitors  
Adsorption is a process that occurs when a liquid solute (i.e. corrosion inhibitor) 
accumulates on the surface of a solid material (adsorbent) forming a film of 
molecules or atoms (adsorbate). It is completely different process from absorption, in 
which a substance diffuses into a liquid or solid to form a solution. Adsorption is 
caused by a Van der Waals force which exists between molecules. All compounds 
are adsorbable to some extent (mainly organic compounds).  
In general, the adsorption ability of a compound increases with: 

• increasing molecular weight, 
• a higher number of functional groups (double bonds or halogen compounds), 
• increasing polarization ability of molecule (electron clouds of molecule), 

 
 
The driving force of adsorption process is the ratio of the concentration to solubility of 
the compound. Some organic compounds are only partly soluble in water. Those 
molecules have specific structure. They consist of hydrophilic part (called 
“hydrophilic head”) and lipophilic part (called “lipophilic tail”). Hydrophilic part is very 
stable in aqueous environment but lipophilic one is water insoluble.  

 

Figure 18 Structure of absorption type of corrosion inhibitor.  
 
 
This type of corrosion inhibitors in water try to protect their molecular structure and 
try to move the lipophilic parts away from water. Metal surface is like “an opportunity 
to hide from water”. As a result, the inhibitor molecules align themselves at the 
surface of metal in a way that the hydrophilic end is oriented toward the water and 
the hydrophobic part is squeezed away from the water. Hydrophilic parts create a 
strong protective layer for lipophilic parts and push water away from metal. Thus, the 
lipophilic parts create “organic coating” over the metal surface and prevent the 
contact of water, corrosive species and oxygen with metal.  
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The picture below present the way protective layer is formed: 

Figure 19 Formation of protective layer by absorption inhibitor. 
 

In order to obtain uniform protective layer it is important to have a properly cleaned 
system. All surfaces should be free of grease, oil and dirt particles. When system is 
not cleaned, these dirt particles “compete” with metal surface in creating sides where 
adsorption inhibitor can attach to the surface. Adsorption type of inhibitor sees dirt 
particle/oil drop as “attractive place” and can easily create bond with them. Thus, the 
effectiveness of formed protective layer on metal surface can be reduced.  
Also dirt particles suspended in fluid are affecting the concentration of corrosion 
inhibitor (on filters the particles are trapped and removed with attached on their 
surface corrosion inhibitors). It is extremely important to keep system clean to avoid 
corrosion and extra costs related with keeping concentration of inhibitor at constant 
level. This situation is presented on picture below: 

Dirt particle 

 
Figure 20 Inhibitor attaching to dirt particle (HowStuffWorks, 2006). 
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Another situation related with not properly system cleaning is represented below. 
The oil droplet on metal surface blocks the access of corrosion inhibitor to metal. In 
this situation the corrosion inhibitor attaches to oil droplet and “hot spot” is created 
where metal surface is not protected (risk of localized corrosion).   
 

 
Figure 21 Corrosion inhibitor attaching oil droplet.  

 
 
Summing up, the quality of metal surface is very important from corrosion point of 
view. It affects the way of the protective film is formed and the concentration of 
corrosion inhibitor in fluid. All important aspects related with cleaning of indirect 
systems are described in chapter 6. 
Moreover, the layer created by adsorption corrosion inhibitors is not affecting in so 
big extend the heat transfer process like in case of standard precipitating inhibitors. 
This protective film is not physical barrier but it is based on molecular interactions. 
This organic type of protection of the system seems like perfect one. The thickness 
of this protective film is defined by the structure of lipophilic tail (the length and 
complexity of chain). Nevertheless, the structure of film can be easily disturbed by 
the presence of the dirt particles, oil droplets, etc on metal surface. Special care 
needs to be taken during cleaning procedures.   
Nowadays, the adsorption type of corrosion inhibitors is commonly used in the 
indirect systems. It is believed that they can protect more effectively the metal 
surfaces. There is research undertaken to improve the mechanism of film formation 
and stability of those inhibitors. Especially azoles, benzoates and carboxylates are 
preferred by producers. 

Oil drop 

Inhibitor 

Metal 

Hot spot 
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4.5 Important aspects related with selection of corrosion inhibitor 
 
The most important step related with proper choice of corrosion inhibitors should be 
matching the appropriate inhibitor chemistry and its behavior with potential corrosion 
conditions in the system. Additionally, the selection of appropriate physical properties 
of inhibitor is important. Corrosion inhibitors are selected using information about the 
type of secondary refrigerant and the materials applied in the indirect system.  
Inhibitor selection begins with the choice of its physical properties. We need to 
answer few questions regarding potential inhibitor: 

• Should the inhibitor be in a solid or liquid form?  
• Are melting and freezing points of big importance?  
• Is the degradation process of inhibitor with time and temperature critical? 
• Is it compatible with other additives used with specific fluid?  
• Is there any specific solubility requirement to obey?  
• If corrosion inhibitor is toxic to human and environment? 

 
This list can define easily the group of possible inhibitors which can be applied in our 
system. This should be the first step of evaluation of the inhibitor for any new 
system. Inhibitors must be chosen after taking into account the type of metals 
present in the system; the nature of the corrosive environment and the operating 
conditions (flow, temperature, dissolved oxygen etc). 
Application of corrosion inhibitors requires that the inhibitive agents should have 
easy access to the metal surface. Ideally, metal surfaces should be clean and not 
contaminated by oil, grease, corrosion products, scales, dirt etc. Thus, it is 
recommended to clean carefully the system before charging new secondary 
refrigerant. It is required when we deal with new system as well as during change the 
type of fluid in the already existing system. Furthermore, care should be taken during 
cleaning to avoid the presence of solid particles which can later deposit. It is 
necessary to ensure that corrosion inhibitor will reach whole surface of the metal part 
which need to be protected.  
Corrosion inhibitor concentration should be checked on a regular basis and losses 
should be refilled either by adding appropriate amount of inhibitor or by complete 
replacement of the whole fluid (if recommended by manufacturer). If possible, some 
forms of continuous monitoring should be employed, although it must be 
remembered that the results from monitoring devices, probes, coupons, etc., refer 
only to the behavior at that particular points of the system.  Few measurements 
cannot be used to define situation in whole system. It is advised to have as many as 
possible measuring points. 
The table presented below summarizes all available corrosion inhibitors used with 
secondary refrigerants: 
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Name of inhibitor Protected 
metal 

Compatibility with 
refrigerants Remarks 

Chromates 
steel, carbon 
steels, zinc, 
copper 

chlorides, alcohols, 
potassium formate, 
potassium acetate, 
ammonia 

not used with 
glycols due to risk 
of oxidation of 
medium; known as 
carcinogenic 

Orthophosphates 
cast iron, 
carbon steel, 
lead, copper 

chlorides, potassium 
acetate, potassium 
formate, propylene 
glycol, ethylene 
glycol 

pH agent used with 
glycols and can 
neutralize their 
degradation 
products; not env. 
friendly 

Nitrites steel, cast 
iron, copper 

chlorides, glycols, 
potassium acetate, 
alcohols, ammonia, 
propylene glycol, 
ethylene glycol 

high concentration 
are required and 
pH agent; 
carcinogenic: 
substituted by 
REMS  

Nitrates 
aluminum, 
copper alloys, 
steels  

chlorides, ammonia, 
potassium acetate, 
potassium formate, 
alcohols, propylene 
glycol, ethylene 
glycol 

used in 
combination with 
borates, 
phosphates and 
nitrites to avoid 
pitting corrosion; 
not env. friendly 

Molybdates 
aluminum, 
ferrous 
metals, 

ammonia, potassium 
acetate, potassium 
carbonate, alcohols, 
propylene glycol, 
ethylene glycol 

should not be used 
with chlorides due 
to formation of 
insoluble salts 

Silicates 

steel, 
galvanized 
steel, copper, 
brass, 
copper-nickel 
alloys, 
aluminum 

ammonia, potassium 
carbonate,potassium 
acetate, potassium 
formate, propylene 
glycol, ethylene 
glycol, alcohols, 
glycerol 

can be stable at 
high alkaline pH 
(above 10.7) 

Borates cast iron 

chlorides, ammonia, 
potassium acetate, 
potassium formate, 
alcohol, propylene 
glycol, ethylene 
glycol 

corrosive to 
aluminum, thus 
can be neutralized 
by addition of both 
silicates and 
nitrates; strong 
buffering character 

Polyphosphates aluminum, 
steels 

chlorides, potassium 
acetate, potassium 
formate, propylene 
glycol 

blends with 
orthophosphate 
give both cathodic 
and anodic 
protection 
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Phosphonates carbon steel 

potassium formate, 
alcohols, propylene 
glycol, ethylene 
glycol, ammonia 

used in combination 
with zinc salts 

Zinc salts steels 

potassium 
carbonate,potassium 
formate, alcohols, 
propylene glycol, 
ethylene glycol, 
ammonia, glycerol 

not recommended 
for calcium chloride 
solution due to its 
sensitivity to Ca2+ 
concentration 

Benzotriazole copper , 
brass, bronze 

chlorides, potassium 
carbonate,potassium 
acetate, potassium 
formate, alcohols, 
propylene glycol, 
ethylene glycol, 
glycerol, betaine 

phosphonates, 
carboxylic acids and 
azoles used in 
combination  

Tolyltriazole copper , 
brass, bronze 

alcohols, propylene 
glycol, ethylene 
glycol, potassium 
formate, betaine 

not used in 
combination with 
chlorides, most 
preferred as 
corrosion inhibitor in 
case of alcohols 

Mercaptobenzothiazole 
(MBT) 

copper , 
brass, bronze 

potassium acetate, 
potassium formate, 
alcohols, propylene 
glycol, ethylene 
glycol, glycerol, 
betaine, potassium 
carbonate 

MBT can 
decomposed into 
sulphites 

Amines steel, cast iron 

potassium acetate, 
potassium formate, 
propylene glycol, 
ethylene glycol, 
potassium carbonate 

considered to be 
not env. friendly 

Amides 
ferrous 
metals, 
aluminum 

potassium acetate, 
alcohols, potassium 
formate, propylene 
glycol, ethylene glycol 

significantly less 
water soluble than 
amines and 
carboxylic acids 

Benzoates 
ferrous 
metals, soft 
solders 

alcohols, propylene 
glycol, ethylene 
glycol, glycerol, 
betaine 

require calcium 
gluconate as 
additive in case of 
chlorides 

Carboxylates 
aluminum, 
ferrous metals 

ammonia, potassium 
acetate, potassium 
formate, alcohols,  
glycols, glycol, 
glycerol, betaine, 
potassium carbonate 

when mixed with 
hard water, they 
can form a very 
heavy precipitate  

Table 3 Summary of all information about corrosion inhibitors. 
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5. COMMERCIALLY AVAILABLE SECONDARY REFRIGERANTS 
This chapter will briefly present different secondary refrigerants nowadays used in 
indirect systems. Information will include material compatibility and corrosion 
inhibitors used. In case of some confidential policies of companies it was not 
possible to find any information concerning corrosion inhibitors used or additives 
needed. Usually manufacturers provide solutions already with inhibitors or offer their 
own inhibitors mixtures. In order to present which types of inhibitors should be used 
with certain secondary refrigerant, in some cases I used knowledge and gathered 
information which I presented in previous section (chapter 4).  
 

Character of refrigerant Product name Company 

Calcium chloride 
AQUEX 50 
Brineguard 
Chlorisol 

Swedbrine 25 

Brunner Mond 
Univar AB 

Pro KÜHLSOLE GmbH 
Swed Handling 

Ammonia R717 ------- 

Potassium carbonate Potash ------- 

Potassium acetate TYFOXIT Tyforop Chemie GmbH 

Potassium formate 

ANTIFROGEN KF 
FREEZIUM 
HYCOOL 

TYFOXIT F 
ZITREC S 

Clariant GmbH 
ARTECO  

ADDCON Nordic AS 
Tyforop Chemie GmbH 

ARTECO  
Formate / acetate blends PEKASOL 2000 

TEMPER 
pro Kühlsole 

Temper Technology AB 

Ethyl alcohol 
E-THERM KBS BIO 

KB-etanol 
Svedol KBS,BIO+ 

Swed Handling 
Kemetyl 

Univar AB 

Propylene glycol 

ANTIFROGEN L 
DOWCAL N 
DOWCAL 20 

GLYTHERM20 
GLYTHERMIN P44 

ZITREC FC 
ZITREC LC 

Clariant GmbH 
DOW Chemical 
DOW Chemical 

Swed Handling AB 
BASF 

ARTECO  
ARTECO  

Ethylene glycol 
ANTIFROGEN N 

DOWCAL 10 
GLYTHERM 10 

ZITREC MC 

Clariant GmbH 
DOW Chemical 

Swed Handling AB 
ARTECO  

Glycerol VegoCool Kylma AB 
Betaine Thermera Fortum 

Table 4 Commercial products. 
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5.1 Inorganic solutions 

5.1.1 Calcium chloride  
Chloride salts used as secondary refrigerants are mostly found to be sodium chloride 
or calcium chloride. On Swedish market there are several companies providing 
aqueous solutions of calcium chloride as secondary refrigerant e.g.: 

• Brineguard (company: Univar AB) 
• Swedbrine 25 (company:  Swed Handling) 
• AQUEX 50  (company: Brunner Mond) 
• Chlorisol (Pro KÜHLSOLE GmbH) 

Details about this type of secondary refrigerant are presented in the APPENDIX 
using the example of AQUEX50.  

 Calcium chloride 

 
Compatible metals 

titanium, 
copper, 
brass, 
bronzes, 
cast iron, 

 
 
 

Compatible elastomers 

polyethylene (LDPE/HDPE), 
acrylonitrile-butadiene styrene (ABS) 
polypropylene (PP), 
polystyrene (PS), 
polytetrafluoroethylene (PTFE) 
polyvinyldifluoride (PVDF), 
polyvinylchloride (PVC), 
polycarbonate (PC), 
nitrile-butadiene rubber (NBR), 
ethylene-propylene rubber (EPDM) 
silicone rubber (MVQ), 
fluorocarbon rubber (FPM), 

 
Non-compatible metals 

carbon steel, 
stainless steel, 
aluminum, 
galvanized steel, 
zinc, 
solders, 

Non-compatible elastomers soft rubbers 

Corrosion inhibitors 

chromates 
nitrites 
nitrite/nitrate blends 
orthophosphates 
borates 
sodium hydroxide 
polyphosphates 
polyphosphate/orthophosphate blends 
benzotriazole 
sodium benzoate 

Table 5 Calcium chloride. 
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5.1.2 Ammonia  
Ammonia (R717) is used for large-scale refrigeration system in pharmaceutical 
industry for freeze drying and cooling process, food industry and ice rinks 
(Stegmann, 2005). Details about this type of secondary refrigerant are available in 
APPENDIX. 

 Ammonia 

Compatible metals 
stainless steel, 
cast iron, 
nickel-chromium-molybdenum alloys, 

 
Compatible elastomers 

polyphenylene sulfide (PPS), 
polytetrafluoroethylene (PTFE), 
polyvinyl difluoride (PVDF), 
polyvinyl chloride (PVC), 
low density polyethylene (LDPE), 
polypropylene (PP), 
polyamides (PA), 

 
Non-compatible metals 

copper, 
brass, 
bronzes, 
titanium, 
solders, 
zinc, 
galvanized steel, 

 
 

Non-compatible elastomers 

acrylonitrile butadiene styrene (ABS), 
silicone rubber (MVQ), 
natural rubber (NR), 
polycarbonate (PC), 
isoprene, 
polyurethanes (PU), 
synthetic rubber, 
nitrile butadiene rubber (NBR), 

 
 

Corrosion inhibitors 

cerium and yttrium salts (sulphites, nitrites, 
chlorides), 
lead acetate, 
copper salt of an organic mono or polycarboxylic, 
silicate solution (10% sodium metasilicate), 
chromates and dichromates,  
nitrites, 
nitrites/nitrates blends, 
sodium, potassium and lithium molybdates, 
borates  
sodium molybdate,  
lithium molybdate,  
potassium molybdate,  
cesium molybdate,  
sodium acetate,  
lithium acetate,  
potassium acetate,  
cesium acetate,  

Table 6 Ammonia. 
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5.1.3 Potassium carbonate 
Potassium carbonate was used as a secondary refrigerant in past. Due to its 
aggressive character and risks of leakages potassium carbonate is not used so often 
nowadays. I have not found any information about a commercial product based on 
potassium carbonate. Thus, I will present only a general characteristic of this type of 
secondary refrigerant. 
 

 Potassium carbonate 

Compatible metals 

copper, 
brass, 
bronze, 
carbon steel, 
stainless steel, 
cast iron, 
nickel alloys, 
titanium, 

Compatible elastomers 

natural rubber (NR), 
low density polyethylene (LDPE), 
epoxy resins (EP), 
polypropylene (PP), 
acrylonitrile butadiene rubber (ABS), 
nitrile butadiene rubber (NBR), 
polyphenylene sulfide (PPS), 
polyamides (PA), 
polyphenylen ether resins (PPE), 
perflouroelastomers, 
chlorinated polyvinyl chloride (CPVC), 
ethylene-propylene rubber (EPDM) 
epoxy resins (ER), 
polychloroprene (CR), 

Non-compatible metals 
galvanized steel, 
zinc, 
soft solders, 
aluminum, 

Non-compatible 
elastomers 

polyacetal (POM), 
polyesters, 
polyurethanes (PU), 

Corrosion inhibitors 

molybdates, 
silicates, 
azoles, 
amides, 
zinc salts, 
citric acid,  
sulfamic acid,  
carboxylates, 
sugars (D-glucose, fructose, mannose, galactose), 

Table 7 Potassium carbonate. 
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5.2 Organic salt solutions 
Potassium organic salts are known as environmentally friendly secondary 
refrigerants and become more popular nowadays. Commercial products consist of 
potassium acetate, potassium formate and blends of both. 

5.2.1 Potassium acetate 
Research lead to discovery of new possibilities of organic salts solutions as a 
substitution for glycols and inorganic salts in indirect systems. Potassium acetate 
was the first introduced organic salt as a secondary refrigerant. It can be used as 
secondary refrigerant instead of chloride salts. It offers the advantage of being less 
corrosive, however it is more expensive (Tyforop, 1997a; Hillerns, 2001). There is 
not so much potassium acetate based secondary refrigerants. Usually potassium 
acetate is used with potassium formate as a mixture. TYFOXIT (company: Tyforop 
Chemie GmbH) is secondary refrigerant based on potassium acetate (presented in 
APPENDIX). 
 

 Potassium acetate 

Compatible metals 
copper, 
brass, 
carbon steel, 
stainless steel 

Compatible elastomers 

butyl rubber (IIR), 
low/high density polyethylene (LDPE/HDPE), 
ethylene-propylene rubber (EPDM), 
vulcanized polyethylene (VPE), 
epoxy resins (EP), 
polypropylene (PP), 
fluorocarbon elastomers (FPM), 
polytetrafluoroethylene (PTFE), 
nitrile butadiene rubber (NBR), 
soft/hard polyvinyl chloride (PVC), 
polyamide (PA), 
styrene-butadiene rubber (SBR), 
polychloro butadiene rubber (CR), 
unsaturated polyester resins (UP), 

Non-compatible metals 

cast iron, 
galvanized steel, 
zinc, 
soft solders, 
aluminum, 

Non-compatible elastomers aminoplastics, 
silicone rubber (MVQ), 

Corrosion inhibitors 

molybdates, 
borates (borax), 
1,2,4-triazoles, 
imidazoles,  
benzotriazoles (1,2,4-benzotriazole,1H-benzotriazole), 
2-mercaptobenzothiazole, 
silicates, 
amides, 
sodium hydroxide (buffering agent), 
potassium carbonate, 
Table 8 Potassium acetate. 
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5.2.2 Potassium formate 
Formate salts offer many advantages over glycol based secondary refrigerants. The 
most important advantages compared to other organic secondary refrigerants are: 
good thermodynamic properties, low toxicity and non-flammability. Potassium 
formate dissolved in aqueous solutions become slightly alkaline and therefore 
corrosion retarding (Aittomäki, 1997). The commercially available secondary 
refrigerants based on potassium formate are: 

• FREEZIUM (company: ARTECO), 
• ZITREC S (company: ARTECO), 
• HYCOOL (company: ADDCON Nordic AS), 
• TYFOXIT F (company: Tyforop Chemie GmbH), 
• ANTIFROGEN KF (company: Clariant), 
 

They are described in APPENDIX. 

 Potassium formate 

Compatible metals 

copper, 
brass, 
bronze, 
carbon steel, 
stainless steel, 
cast iron, 

 
 

Compatible elastomers 

low/high density polyethylene (LDPE/HDPE), 
acrylonitrile butadiene styrene (ABS), 
polypropylene (PP), 
polystyrene (PS), 
polytetrafluoroethylene (PTFE), 
polyvinyldifluoride (PVDF), 
polyvinyl chloride (PVC) 
polyamide (PA), 
polycarbonate (PC), 
nitrile butadiene rubber (NBR), 
ethylene-propylene rubber (EPDM), 
silicone rubber (MVQ), 
acrylic plastics, 
aramides, 
polychlorobutadiene rubber (CBR), 

Non-compatible metals 
aluminum, 
zinc, 
galvanized steel, 

Non-compatible elastomers fluorocarbon rubber (FPM), 
aminoplastics  

 
Corrosion inhibitors 

benzotriazole (preferred in combination),  
2-mercaptothiadiazole, 
water-soluble aryl sulfonates, 
citric acid or sulfamic acid,  
C5-C8 monocarboxylic acid or salts, 
C2-C8 dicarboxylic acid or salts, 
borates (borax), 
1,2,4-tiazole,  

Table 9 Potassium formate. 
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Some important information related with different products: 
• hydrogenated nitrile rubber (H-NBR) can be used with ZIRTEC S, 
• tin solders are not recommended with ZIRTEC S and HYCOOL, 
• aluminum, magnesium, silver solder can be used with HYCOOL, 
• aluminum and soft solders can be used with TYFOXIT F, 
• silicon rubber should not be used with TYFOXIT F, 

 

5.2.3 Potassium formate/ acetate blends 
The secondary refrigerants based on mixture of potassium formate and potassium 
acetate are: 

• TEMPER  (company: Temper Technology AB), 
• PEKASOL 2000 (company: pro Kühlsole), 

It is well known that potassium formate has better thermal properties than potassium 
acetate, but at the same time is more corrosive. The mixture of both can benefit in 
improvement of thermophysical properties and reduce the corrosive character of 
refrigerant (Temper, 2002). TEMPER and PEKASOL 2000 are presented in 
APPENDIX. 

 
 Potassium formate/acetate blends 

Compatible metals 

copper, 
brass, 
carbon steel, 
stainless steel, 
cast iron, 

 
 

Compatible elastomers 

epoxy resins (EP), 
ethylene-propylene rubber (EPDM), 
isoprene rubber, 
butyl rubber (IIR), 
natural rubber (NR), 
low/high density polyethylene (LDPE/HDPE), 
fluorinated ethylene-propylene (FEM), 
acrylonitrile butadiene rubber (ABS), 
chloroprene rubber (CR), 
polyvinyl chloride (PVC), 
nitrile butadiene rubber (NBR), 
perfluorinated elastomers, 

Non-compatible metals 
aluminum, 
zinc, 
galvanized steel, 
soft solders, 

Non-compatible elastomers soft rubber,   
silicone rubber (MVQ), 

 
Corrosion inhibitors 

benzotriazole,  
2-mercaptothiadiazole, 
water-soluble aryl sulfonates, 
citric acid or sulfamic acid,  
mixtures of C5-C8 monocarboxylic acid or salts, 
C2-C8 dicarboxylic acid or salts,  
borates (borax), 
1,2,4-tiazole,  

Table 10 Potassium formate/acetate blend. 
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Important information: 
• polyamides (PA), fluorocarbon rubber (FPM), unsaturated polyester resins 

(UP) can be used with PEKASOL 2000 

5.3 Alcohols 
Methanol as secondary refrigerant is not so popular due to toxicity. There are few 
ethanol based secondary refrigerants (described in APPENDIX): 

• Svedol KBS,BIO+ (company: Univar AB),  
• KB-Etanol (company: Kemetyl), 
• E-THERM KBS BIO (company: Swed Handling), 

 
 Ethyl alcohol 

Compatible metals 

copper, 
brass, 
carbon steel, 
stainless steel, 
cast iron, 

 
 

Compatible elastomers 

low/high density polyethylene (LDPE/HDPE), 
polypropylene (PP), 
polystyrene (PS), 
polytetrafluoroethylene (PTFE), 
polyvinyl difluoride (PVDF), 
fluorinated ethylene propylene (FEP), 
polyvinyl chloride (PVC), 
acrylonitrile butadiene rubber (ABS), 
polyamide (PA), 
epoxy resins (EP), 
polycarbonate (PC), 
polyacetal (POM), 
butyl rubber (IIR), 
nitrile butadiene rubber (NBR), 
natural rubber (NR), 
chloroprene rubber (CR), 
styrene butadiene rubber (SBR), 

Non-compatible metals 
aluminum, 
zinc, 
galvanized steel, 

Non-compatible elastomers soft rubber   

 
Corrosion inhibitors 

benzotriazole,  
2-mercaptobenzothiazole 
tolyltriazole,  
salts of carboxylic acids,  
dicarboxylic acids, 
borates,  
silicates,  
benzoates,  
nitrates,  
molybdates, 
alkali metal salts, 

Table 11 Ethyl alcohol. 
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5.4 Glycols 

5.4.1 Propylene glycol 
Propylene glycol has similar properties as ethylene glycol. Propylene glycol is 
practically non-toxic to humans. Industrial norm recommends replacing ethylene 
glycol by propylene one (Hägg, 2002). Despite low toxicity, it has no advantages 
over ethylene glycol (Mohapatra, 2000). There is big variety of secondary 
refrigerants based on propylene glycol (presented in APPENDIX): 

• ZITREC FC  and ZIRTEC LC (company: ARTECO), 
• ANTIFROGEN L (company: Clariant GmbH),  
• GLYTHERMIN P44 (company: BASF), 
• GLYTHERM 20 (company: Swed Handling AB), 
• DOWCAL N and DOWCAL 20 (company: DOW Chemical Company), 
 

 Propylene glycol 

Compatible metals 

stainless steel, 
carbon steel, 
cast iron, 
copper, 
brass, 

 
 

Compatible elastomers 

low/high density polyethylene (LDPE/HDPE), 
polypropylene (PP), 
polytetrafluoroethylene (PTFE), 
unplasticized polyvinyl chloride (UPVC), 
acrylonitrile butadiene rubber (ABS), 
polyamide (PA), 
polybutene (PB), 
polyacetal (POM), 
butyl rubber (IIR), 
fluorocarbon rubber (FPM), 
nitrile butadiene rubber (NBR), 
natural rubber (NR), 
chloroprene rubber (CR), 
styrene butadiene rubber (SBR), 
silicone rubber (MVQ), 
unsaturated polyester resins (UP), 

Non-compatible metals 
aluminum, 
zinc, 
galvanized steel, 
soft solders, 

Non-compatible elastomers 
plasticized PVC, 
phenol formaldehyde resins, 
polyurethane elastomers 

 
Corrosion inhibitors 

orthophosphates (both pH buffer and inhibitor), 
borates (borax), 
sodium nitrite,  
benzoates, 
azoles, 
silicates, 
dicarboxylic acid or their salts, 
amines, 
molybdates, 

Table 12 Propylene glycol. 

 69



 

Important information: 
• cross-linked polyethylene (CPE) can be used with ANTIFROGEN L, 
• cast aluminum can be used with GLYTHERMIN P44, DOWCAL N and  

DOWCAL 20 
 

5.4.2 Ethylene glycol 
Ethylene glycol is toxic, so it is not suitable for open systems, food and 
pharmaceutical applications (Mohapatra, 2000). Ethylene glycol is slightly flammable 
and harmful to environment (Hägg, 2002). There is a variety of secondary 
refrigerants based on ethylene glycol (presented in APPENDIX): 

• ZITREC MC (company: ARTECO), 
• ANTIFROGEN N (company: Clariant GmbH), 
• DOWCAL 10 (company: Dow Chemical Company), 
• GLYTHERM 20 (company: Swed Handling AB), 

 
 Ethylene glycol 

Compatible metals 

stainless steel, 
carbon steel, 
cast iron, 
copper, 
brass, 

 
 

Compatible elastomers 

low/high density polyethylene (LDPE/HDPE), 
polypropylene (PP), 
polytetrafluoroethylene (PTFE), 
unplasticized polyvinyl chloride (UPVC), 
acrylonitrile butadiene rubber (ABS), 
polyamide (PA), 
polybutene (PB), 
polyacetal (POM), 
butyl rubber (IIR), 
fluorocarbon rubber (FPM), 
nitrile butadiene rubber (NBR), 
natural rubber (NR), 
chloroprene rubber (CR), 
styrene butadiene rubber (SBR), 
silicone rubber (MVQ), 
unsaturated polyester resins (UP), 
ethylene propylene rubber (EPDM), 

Non-compatible metals 
zinc, 
galvanized steel,  
soft solders, 
aluminum, 

Non-compatible elastomers ----------------------------------------- 

 
Corrosion inhibitors 

borates (borax),  
benzoates, 
azoles, 
silicates, 
dicarboxylic acid or their salts, 
molybdates, 

Table 13 Ethylene glycol. 
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5.5. Glycerol 
Glycerol has very high viscosity at low temperatures. Glycerol is environmentally 
friendly and non-toxic secondary refrigerant. Glycerol can be mixed with ethyl alcohol 
without any additive and create new product (Melinder, 2007). There is one product 
based on glycerol solution available on market: 

• VegoCool (company: Kylma AB), 
 
Detailed information about this product can be found in APPENDIX. 
 
 

 Glycerol 

Compatible metals 

stainless steel, 
carbon steel, 
cast iron, 
copper, 
brass, 

 
 

Compatible elastomers 

low/high density polyethylene (LDPE/HDPE), 
polypropylene (PP), 
polyvinyl chloride (PVC), 
butyl rubber (IIR), 
polyamide (PA), 
polytetrafluoroethylene (PTFE), 
nitrile rubber (NBR), 
polychlorobutadiene rubber (CR), 
ethylene-propylene rubber (EPDM), 
polyamide (PA), 

Non-compatible metals 
galvanized steel, 
zinc, 
aluminum, 
solders, 

Non-compatible elastomers ----------------------------------------- 

 
Corrosion inhibitors 

benzotriazole,  
2-mercaptobenzothiazole,  
silicates (particularly alkali metal silicates), 
certain silicones and silicate-silicone copolymers, 
salts of carboxylic acids,  
benzoates, 
borates,  
alkali metal salts 

Table 14 Glycerol. 
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5.6 Betaine 
Betaine (trimethyl glycine) is a by-product of the sugar industry obtained from sugar 
beet. Betaine as organic compound is completely non-toxic, non-flammable and 
environmentally friendly. Betaine can be alternative for glycol based secondary 
refrigerants (Jokinen, 2004).  
 
There is one secondary refrigerant based on betaine:  

• Thermera (company: Fortum Company), 
 
This product is presented in APPENDIX. 
 
 
 

 Betaine 

Compatible metals 

copper, 
carbon steel, 
brass,  
cast iron,  
stainless steel,  

 
 

Compatible elastomers 

butyl rubber (IIR), 
fluorocarbon rubber (FPM), 
natural rubber (NR), 
nitrile-butadiene rubber (NBR), 
ethylene propylene rubber (EPDM), 
polyacetal (POM), 
polyamide (PA), 
polybutene (PB), 
chloroprene rubber (CR), 
unsaturated polyester resins (UP), 
cross-linked polyethylene (CPE), 
low/high density polyethylene (LDPE/HDPE), 
polypropylene (PP), 
polytetrafluoroethylene (PTFE), 
unplasticized polyvinyl chloride (UPVC), 
styrene butadiene rubber (SBR), 
silicone rubber (MVQ), 

Non-compatible metals 
zinc, 
galvanized steel, 
aluminum, 
solders, 

Non-compatible elastomers ----------------------------------------- 

Corrosion inhibitors 
carboxylic acids and their salts, 
azoles, 
benzoates, 

Table 15 Betaine. 
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6. MAINTENANCE OF INDIRECT SYSTEM  
This chapter is a guideline to avoid or minimize corrosion problems in the indirect 
systems using secondary refrigerants. It presents the most important aspects which 
can ensure proper functioning of the system. Effective corrosion inhibitors added to 
secondary refrigerant, compatible materials and proper operation of indirect system 
can have crucial influence on its life-time. Moreover, this chapter will give information 
how to deal with problem of air present in the system, since oxygen causes the 
biggest problem. In a very short time it can affect the stability of the fluid becoming 
more aggressive, unstable and corrosive to metal elements. Additionally, it can be 
aggressive to pump shaft seals thus; we can face a problem of refrigerant leakage. 

6.1 Choosing the type of secondary refrigerant 
The thermophysical properties of fluid and application area are important features 
while deciding about the type of secondary refrigerant. Moreover, it is important to 
take into consideration the corrosive character of fluid, available corrosion inhibitors 
provided by producer, material compatibility and the environmental aspects. 
When using water-based secondary refrigerants, it is recommended to use already 
prepared solution with inhibitor package provided by producer. This will ensure that 
our fluid was prepared in proper way. Also some of the secondary refrigerant 
requires other additives e.g.: anti-foaming agents, biocides, stabilizers, anti-coloring 
agents, dyes etc. thus, it is better to use already available products. 
If it is not possible to obtain already prepared fluid, it can made by mixing 
concentrates with high quality water, but not tap water! It is recommended to use de-
ionized water which is free from chlorides, calcium and magnesium ions which can 
affect the properties and effectives of solution. For further information, contact with 
supplier is advised. Never charge concentrate and water separately to the system to 
prepare solution! 
Additionally, mixing of different types of secondary refrigerants is not allowed in the 
same system. This can lead to serious operation problems or even instability or 
degradation of fluid.  
There is also a need to choose suitable corrosion inhibitor package. There is no 
universal corrosion inhibitor available on market. Thus it is important to have good 
knowledge about the character of fluid used as a secondary refrigerant and the list of 
potential inhibitors compatible with this fluid. It is also recommended to take into 
consideration the type of materials and elastomers used in indirect system to avoid 
problems during maintenance of system. Materials, corrosion inhibitors and the type 
of refrigerant are strictly interconnected with each other. As well as in the case of 
preparation of refrigerant, it is recommended to contact manufacturer to receive 
detailed information about the product. 
Finally, motor radiator glycols must not be used in this type of systems due to the 
fact that corrosion inhibitors are not suitable and can cause pump damages.  
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6.2 Design consideration 
The operational lifetime and reliability of a refrigeration system depends heavily on 
the way a system is designed, installed and operated. In order to design the system 
that works properly there should be taken into account: type of refrigerant, 
application of materials recommended by manufacturer, way of removing oxygen 
present in the system by installing high point air purges (manual or automatic), and 
the system should be deaerated regularly. While designing it is important to keep in 
mind that the system should be easily charged, air purged and serviced. The picture 
below presents the general scheme of the indirect system with its components: 
 

 
Figure 22 Scheme of indirect system (SRT). 

 

6.2.1 System type 
Indirect systems can be divided into two groups: open and closed. Closed systems 
are the most common ones. In case of closed system no oxygen can get into the 
system. In open system ice is formed on the heat transfer surfaces of the evaporator 
and is used as a buffer during cooling load peaks. 
Air can cause the largest problems related with break down of stability of the 
solution, thus becoming aggressive, unstable and corrosive to metals (Aittomäki, 
2003). Closed systems are preferable to open ones, as it is easier to remove air and 
the system pressure can be easily adapted to the system’s functional requirements. 
Closed systems are also less susceptible to biological fouling than open ones (GE 
Water & Process Technologies).  
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6.2.2 Materials selection 
The indirect systems can be assembled from different materials but need to be 
compatible with the secondary refrigerant which we decide to use. It is 
recommended to use materials listed by the manufacturer to reduce the risks of 
corrosion. The most important parameters of material to be considered are: thermal 
behavior, weldability and corrosion resistance (Aittomäki, 2003). Additionally, we 
need to remember that some elastomers have their limits of application related to 
operating temperature. It is very important to construct a system from similar 
materials in order to avoid the galvanic corrosion. It is advised to choose high quality 
steels and metals due to their longer resistance to corrosion.  
Dissimilar metals should be electrically isolated from each other even though they 
are mechanically connected by e.g. insulation made from rubber (Roberge, 2000) 
like presented below: 

 Figure 23 Method of protecting different metals (Roberge, 2000).  
 
 

Insulation is a physical barrier to prevent corrosion. It can be applied on metal surfaces 
in the form of films and coatings. A large diversity of metallic and nonmetallic coatings 
is available. It is essential that the coating maintain a high degree of surface 
adhesion, which undoubtedly requires some pre-application surface treatment 
(careful cleaning of surfaces). In most cases, the coating must be non-reactive in 
the corrosive environment and resistant to mechanical damage that exposes the 
bare metal to the corrosive environment (Klenowicz, 2005).  
Insulation extends the lifetime of metal part and enables oxygen to enter system. It is 
important to ensure proper thickness of insulation to suit the surrounding ambient 
temperature and relative humidity conditions. Insulation should be applied in 
complete length and should not be divided and glued if possible. Moreover, all open 
ends of insulation should be closed and sealed off. Additionally, in case of 
refrigeration systems the insulation should always have vapor barrier. All the pipe 
system elements (valves, vessels, pumps) need to be insulated (Aittomäki, 2003). 
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6.2.2.1 Method of avoiding creation of the galvanic couple 
As we already know, galvanic cells are created when one metal of more negative 
potential (less noble potential) acts as anode and corrodes. It should be avoided but 
it is quite abundant in the engineering practice (e.g. heat exchangers, inside which 
copper pipes remain in contact with cast iron elements.) Thus, it is better to make 
whole construction of the same material or of materials having similar electrode 
potentials – the gap should not exceed 0.05V (Klenowicz, 2005).  

The rate of corrosion in a galvanic cell is strongly dependent on the difference in 
potentials between anode and cathode. The bigger difference between the potentials 
of the metals remaining in contact, the higher corrosion rate will be. Let us analyze 
an example of galvanic couple to see simple method of avoiding engineering sins 
while designing indirect system.  

 

Example:  Stainless steel – zinc couple 

 

How to identify the anode and cathode on the basis of potential? 
 
First, we need to check the potential of both metals in order to define the anode and 
cathode. In order to perform it we use special tables or a diagram prepared on the 
basis of experiments made for all available metallic elements.  
On the top of this diagram we have the less noble metal (anodic behavior) and on 
the bottom the most noble metals (highly corrosion resistance). We are taking 
approximated values of potentials (sign +/- is very important and needs to be as well 
taken with reading).  
 
Diagram below presents the potentials of different metals: 
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Figure 24 Potentials of different metals and its alloys (AZOM, 2007). 

 
 
Alloy 20 stainless steel:  +0,05V  ⇒  CATHODE  
Zn:  -0,18V      ⇒  ANODE (less noble) 
 
 
So half-cell reactions are: 
 
Zn → Zn2+ + 2e ⇒  Zn is reducing agent and Zn2+ is oxidizing agent 

Fe2+ + 2e → Fe ⇒  Fe2+ is oxidizing agent and Fe is reducing agent 
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And overall reaction is: 
 

Zn + Fe2+ → Zn2+ + Fe 
 
In our case the difference between stationary potentials of cathode and anode is 
equal to:  

0.05V+ 0,18V = 0,23V 
 
Thus, the difference is more than 0.05V and the rate of corrosion is high.  
 
Another important factor is the relation between the surface area of cathode Sc 
(stainless steel element) and anode SA (zinc element).  

 
If the surface area of both elements is the same Sc=SA (Sc/ SA=1) then the rate of 
corrosion will be lower than in case where the area of anode is smaller Sc>SA (Sc/ 
SA>1). The higher ratio Sc/ SA the more intense corrosion of anode occurs. 
This fact can be also very important while applying sacrificial anode as additional 
method of corrosion protection. By deciding about the sizes of cathode and anode 
we will have influence on corrosion rate and the lifetime of sacrificial anode. 

6.2.3 Welding, soldering and brazing of elements 
The way of joining elements is important from corrosion point of view. Welding is a 
fabrication process of joining materials (metals and elastomers) by coalescence. 
Often it is performed by melting the element and adding a filler material to form a 
pool of molten material that later cools to become a strong joint. Welding can 
significantly affect the material structure at welding point and make it more 
susceptible to intergranular corrosion. These thermal stresses can reduce the 
strength of the material and lead to catastrophic failure by cold cracking. Cold 
cracking process occurs in steels and is associated with formation of martensite 
while the weld cools down. In order to reduce the amount of distortions and stresses, 
the amount of heat input should be limited. Also the welding sequence should not be 
from one end to the other, but rather in segments. Moreover, the quality of a weld is 
dependent on the combination of materials and the filler (TWI).  
It is advised to minimize the amount of welding during design stage of the indirect 
system in order to reduce the number of possible local corrosion areas. Whenever it 
is possible, try to use elements made according to assumed sizes to avoid additional 
joints.  
Moreover, there are two alternative methods of joining elements: soldering and 
brazing. They involve melting a material of lower melting point between the 
workpieces to form a bond between them without melting the workpieces. If possible, 
all pipes connections should be soldered or flange type (DEM).  
Solder joints should be made from copper or silver solder, soft solders must never be 
used (Bredberg B.). 
When a gasket is required it is important to keep in mind material and temperature 
compatibility with the secondary refrigerant. Screw couplings are not recommended 
due to the temperature difference of fluid during defrosting and cooling stages due to 
the possibility of moisture trap in the treads and risk of cracks (DEM).  
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6.2.4 Valves 
The indirect system must be constructed to facilitate drainage and filling process. 
The drain valves should be mounted at low points to allow filling at the system’s 
lowest point. Air in the indirect system needs to be removed with a help of air purges, 
which are localized at points where static pressure of the system is low, e.g. vacuum 
air purges are an excellent method (DEM).  
Common types of air purges used in indirect system are: 

• manual high point air purges, 
• automatic high point air purges, 
• active air purges (micro-bubble separator), 
• degassing unit (depressurizing), 

 
 

 
 

Figure 25 Location of air purges in the system (SRT). 
 

 
The vacuum suction can be performed to the whole system or just to a part. It is 
suitable where deaeration might be too difficult to carry out e.g. in complex systems. 
Although, the vacuum suction can not replace other air purges (Bredberg).    
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6.2.4.1 Manual high point air purge 
In manual air purge the rising gas in the system is removed by opening the valve 
manually. This method requires an effort and there is big risk of non-complete 
deaeration due to the human factor (concerns: when is the proper time to open it and 
how many times it should be done) (Bredberg).  

Figure 26  Manual high point air purge (SRT). 

 

6.2.4.2 Automatic high point air purge 
The automatic high point air purge works in the same way as the manual one. The 
main difference is that it opens automatically. This method is requiring less effort but 
there is a problem that purge is not air-tight resulting in leakages or air suction. This 
problem can be solved by providing them with a stop valve to make possible the 
shutting off from system when necessary (Bredberg; DEM).  

 
 

Figure 27  Automatic high point air purge (SRT). 
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6.2.4.3 Active air purge (micro-bubble separator) 
Active air purge is installed in main return line or in the local connection return line 
(mounted where the temperature is the highest and pressure is the lowest). The 
micro bubbles are simply circulating with secondary refrigerant. They are trapped by 
the active air purge and removed by a float valve at the top. It should be equipped 
with drainage to collect any potential spillage. The stop valve between the active air 
purge and the float valve should be open during system operation. The indirect 
system should always be equipped with active air purge (Bredberg).    

Figure 28 Active air purge (micro-bubble separator) (SRT). 

 

6.2.4.4 Degassing unit (depressurizing) 
The degassing unit should be installed in the return pipe by two stop valves. A part of 
currently circulating secondary refrigerant is passing through the degasser where the 
fluid undergoes pressure drop, the dissolved air is released and removed. Then the 
treated refrigerant is pumped back to the system and process repeats again. This 
unit is applied to remove the dissolved air, but if it is the only method, it will take long 
time to completely remove dissolved air (Bredberg).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 29 Degassing unit (SRT). 
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6.2.5 Pipe dimensions  
High and local pressure drops may induce cavitation. Cavitation is a phenomenon at 
which the saturation pressure of the fluid is reached. A sharp pressure decrease (i.e. 
under-pressure) can cause the fluid to evaporate locally and form small vapor 
bubbles. These bubbles implode and can destroy the material locally. To minimize 
the negative effect of cavitation it is recommended to select right pipe dimensions 
(Klenowicz, 2005). From corrosion prevention point of view it is desirable to reduce 
the fluid velocity, promote laminar flow and increase the pipe diameters. Rough 
surfaces are generally undesirable.  
 
6.2.6 Pumps 
It is recommended to use a circulation pumps with continuously variable speed 
control. It can improve technical, economical and operational aspects of the indirect 
system. Since capacity of the pump is matched with the needs of the installation 
continuously, operation becomes safer and simpler. Even if the speed-control pump 
is more costly, the operational savings are high (valve arrangement can be reduced). 
It is advised to install pump at low level in order to obtain the highest possible static 
pressure and more reliable air purging.  
Moreover, the circulation across the evaporator should be constant, thus the 
charging pump should be placed before the refrigeration unit as presented below:  
 

 
Figure 30 Charging and distributing circuits (SRT).  

 
One possible way is to install the pump at the rinsing pipe to avoid formation of air 
bubbles around the shaft seal of the pump and possible failure of seal. 
Dry-running motor pumps (fan-cooled) should be chosen for indirect systems. In 
case of large installations wet-running pumps (canned-motor) are not recommended 
due to the reduction of the heat transfer efficiency (SRT; DEM). 
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6.2.7 Expansion vessel and filters 
Expansion devices ensure that the excess pressure is always maintained in the 
system. It is important to install an expansion vessel on the suction side of the 
system and a filter on the delivery side. Also expansion vessels need to be equipped 
with safety valves by which the exhaust pipes lead back to the filling vessel 
(Aittomäki, 2003). 
In case of plate heat exchangers used in system, it is required to place a second 
filter before the heat exchanger (SRT; DEM). The scheme below presents the 
placement of expansion vessel and filter: 
 

 
Figure 31 Expansion vessel and filter (SRT). 

 

6.2.8 Design complicity 
While designing the indirect system it is important to remember that simple set up 
and spatial organization of pipe system will reduce the corrosion problems. Too big 
amount of turnings in pipes (in elbows, gaskets etc.) can result in higher stresses 
caused by the fluid. Places where there is change of direction undergoes high 
mechanical stresses and can result in erosion corrosion. It is also recommended not 
to have U-shaped design in the pipe system. Long pipes should be installed with 
small slope (not completely horizontally) to simplify the charging process and reduce 
the risk of air pockets formation (DEM; SRT; Kemira, 2003). It is advised to avoid 
creation of turbulence, flow restrictions and obstructions. Tank inlet pipes should be 
directed away from the tank walls, towards the center. Welded and flanged pipe 
sections should always be carefully aligned (HyperPhysics, 2005). 
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6.3 Cleaning of system 
Before first filling, new installations or already existing ones should be cleaned 
thoroughly, preferably section by section to avoid contaminants.  All impurities like: 
sand, dirt and welding slag, must be removed from the system. Not fully clean 
indirect systems are likely to experience blocked valves, leaking pumps or corrosion 
problems. Moreover, those impurities can negatively affect the heat transfer process. 
Flush the system, if necessary (Aittomäki, 2003).  
It is important to place filters at the delivery side of the pump. If there is a plate heat 
exchanger installed, a filter with porosity 0.6 – 0.8 mm should be placed before the 
plate heat exchanger to capture those corrosion products that might be formed at 
some sides of the installation. Additionally, depletion of the inhibitors is prevented by 
removing those corrosion products. At the beginning of running system it is advised 
to clean filters more often to remove all impurities which after cleaning remained in 
the system (Kemira, 2003).  
In case of the heat exchangers models which can be opened, it is recommended to 
perform disassembling for cleaning procedures. Although, the welded heat 
exchangers should be cleaned by counter flow flushing. While designing it is 
important to install stop valves on each side of heat exchanger to isolate cleaned 
part from the rest of the system (Aittomäki, 2003).  
The most common method of cleaning the pipe system is pickling. Metallic surfaces 
are treated with a solution called “pickle liquor” in order to remove impurities, stains, 
rust or scale. The acid commonly used can be e.g. citric acid, amine citrates and/or 
other sequestering agents. Despite the fact that these cleaners are effective in 
removing impurities, they can damage the galvanized protective coatings. The 
galvanized layer of the metal surface can just strip from the metal surface after one 
or more cleanings. There are some corrosion inhibitors used to protect galvanized 
surfaces, but they normally function under operating conditions, not under the severe 
conditions during chemical cleaning. 
It is recommended to avoid galvanized elements in indirect system in order to 
minimize the risk of metal failure due to cleaning procedures. There is a need to 
develop a corrosion inhibitor working at low pH for zinc and galvanized steel, which 
can be used during the cleaning process without disrupting it (Libutti, 2002) or to 
increase the pH of pickle liquor.  
Sometimes, complete emptying of the system can be difficult, thus it is better to 
clean system section by section during the assemble stage to avoid flushing of whole 
system afterwards. There is also a risk of flushing dirt into the coils (Bredberg).  
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6.4 Charging of system 
After cleaning, the installation can be filled starting from the lowest point and all air is 
carefully vented off. It is recommended that the indirect system should be equipped 
with a charging connection with a stop valve for the filling stage. The system should 
be under-pressurized by a vacuum pump. In this way charging can be done very 
quickly and without the risk of refrigerant foaming (Aittomäki, 2003). When system is 
charged from the bottom to top, the charging connection must be placed at the 
lowest point of the system. In this way it is possible to remove air and push it to the 
top of the system, where air purges are localized. It is recommended to fill in 
refrigerant slowly in order not to create air pockets in the system and avoid foaming 
(DEM; Aittomäki, 2003).   
The correct and incorrect way of charging the system is presented below: 
 

 
Figure 32 Correct and incorrect way of charging  

(A- proper charging; B- air pocket is formed) (SRT). 
 
While filling it is important to ensure that the whole system is open. Then open 
manually any control (regulating) valve and check if all high points are open. After 
the system is charged with secondary refrigerant and pressurized, it is required to 
start the circulation pump for a short period of time in order to remove air pockets. 
Later it is important to stop the circulation pump and allow air to flow to the high 
points and be removed. Thus, the pressure will drop and the pump is started again to 
repeat the process. Later the active air purges are used to remove micro bubbles 
form circulating fluid. Afterwards, the stop valves of the active air purges are closed 
and the refrigerant is circulated at high temperature to remove remained dissolved 
oxygen. Later the temperature of the refrigerant is lowered down to the operating 
temperature. It is required that the system is completely air purged before starting 
operation (Bredberg).  
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6.4.1 Refilling  
The time between draining and refilling of refrigerant should be as short as possible 
since the oxygen from the air will cause surface corrosion of metal elements. Cast 
iron is very sensitive to this type of corrosion. Whenever it is possible, it is 
recommended to close of the system after drainage and before refilling. When 
changing refrigerant from one to another, the system should be thoroughly cleaned 
to remove all traces of the previous refrigerant. Additionally, it is important that all 
corrosion deposits are removed (Kemira, 2003). 

6.5 Deaeration of system 
It is always important to remove completely air from any piping system. Poorly 
deaerated indirect system can lead to reduced pump capacity (as a result flow 
velocity is reduced), reduced heat transfer, regulation problems, leakages and 
corrosion problems. Moreover, presence of oxygen can increase the risk of 
decomposition of some corrosion inhibitors which can also lead to higher risk of 
corrosion (Kemira, 2003).  
Parts like pump and heat exchanger need to be deaerated completely after charging 
of secondary refrigerant. Usually those devices are equipped with deaeration ports to 
remove air (Aittomäki, 2003). 
Oxygen can be present in the system in two forms: as free oxygen (air pockets and 
bubbles) or dissolved in aqueous solution. The ratio between the dissolved and free 
oxygen depends on the temperature and pressure. There are three methods of 
removing air from the system: 

• thermal, 
• physical, 
• chemical,  

 
6.5.1 Thermal method 
As we know, with the decrease of temperature of refrigerant the solubility of oxygen 
in solution will increase. Thus, it is recommended to charge system with secondary 
refrigerant at elevated temperature (above +30-35ºC) in order to let inside less 
dissolved air (only small amount of air is needed to create protective passivation 
layers on a metal surfaces). Later the temperature of secondary refrigerant is 
reduced to operating one (DEM; Kemira, 2003). This method combined with physical 
method gives the best results without affecting the chemical composition of fluid. 

6.5.2 Physical method 
Physical method is based on the fact that the solubility of gases in liquids decreases 
with decreasing pressure. It is based on Henry’s Law: 
“At a constant temperature, the amount of a given gas dissolved in a given type and 
volume of liquid is directly proportional to the partial pressure of that gas in 
equilibrium with that liquid” (Wikipedia, 2007b). 
Thus, as a result with reduction of pressure the dissolved air enters a free gas zone 
and can be removed from the indirect system. 
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6.5.3 Chemical method 
The chemical method requires special substances called ‘oxygen scavengers’ which 
react with dissolved oxygen (e.g. hydrazine, sulphites, tannins, DEHA). It is 
important to note that some of those oxygen scavengers form insoluble compounds 
and need to be removed from the indirect system by filters. Additionally, not all 
secondary refrigerants can be compatible with oxygen scavengers. Further 
information can be found in section 4.3.  

6.5.4 Summary  
Important facts which need to be remembered while deaeration:  

• always fill the system slowly from the bottom to up,  
• induce a vacuum in the system before filling,  
• install manual and/or automatic air purges at the highest points in the indirect 

system,  
• when using automatic air purges install a valve between the air purge and the 

system to have a possibility of shutting it off after deaeration is completed, 
• long horizontal runs should be installed at a slight gradient to help fluid to fill 

whole space and avoid air pockets,  
• avoid low points i.e. U-configurations where air can be trapped,  
• always follow the manufacturer’s specific recommendation for filling, mixing 

etc. as secondary fluids differ in their composition, 
• let the secondary refrigerant to circulate at elevated temperature and low 

pressure before lowering to working temperature, 
 

 

6.6 Corrosion control  
After starting the system the concentration of corrosion inhibitors in solution should 
be checked regularly in order to keep their amount at constant level. Too small 
amount can speed up the corrosion rate and result in local corrosion.  
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7. ALTERNATIVE METHODS OF CORROSION PROTECTION 
This chapter will present additional methods of corrosion protection of indirect 
systems with secondary refrigerant. These methods are based on the fact that we 
control the corrosion and intentionally add materials with small corrosion resistance. 
In this way we set a target for corrosion and protect other valuable elements of 
installation. There are two possible methods of protection: cathodic protection and 
anodic protection.  

7.1 Cathodic Protection 
Cathodic protection is a reduction of the corrosion rate by making the potential of the 
protected metal to be more negative. Cathodic protection is a reliable, effective and 
economic method for protection of a variety of pipelines, heat exchangers, tanks and 
other elements. Reduction of corrosion by forcing the metal to be cathode can be 
obtained by attachment to sacrificial anode or via impressed current cathodic 
protection system (ICCP). Thus, the whole structure becomes cathode with no 
anodic areas (Klenowicz, 2005). 
 
7.1.1 Sacrificial anodes 
This method involves the development of sacrificial anodes for cathodic protection. 
The noble metal is protected while the less noble one is consumed. This cathodic 
protection technique employs a galvanic couple. The metal to be protected is 
electrically connected to another metal that is more reactive in the particular 
environment. The oxidized metal is called a sacrificial anode. It is important that 
passive ability of the sacrificial anodes is as low as possible. Zinc, aluminum and 
magnesium are commonly used as such because they lie at the anodic end of the 
galvanic series (Zn, Mg, Al/Zn/Mg-activating alloy elements preventing formation of 
surface film). Several aluminum alloys have been developed to disrupt the physical 
integrity of the protective film (Klenowicz, 2005).  It can be even a part of pipe, some 
valve which will be sacrificed to protect different components of the system. 
Advantages of sacrificial anodes are: 

• operate independently of electric supply, 
• relatively simple to install, 
• no electrical hazard, 
• no control to be exercised, 
• incorrect fitting problem can be eliminated, 
• minimum installation and maintenance costs, 

 
The limitations of sacrificial anodes are: 

• periodic replacement is essential (life of anodes is limited), 
• current output can not be regulated according to the demand,  
• not economically viable for protecting large and poorly protected pipes, 
• necessity of large number of anodes results in increase of frictional drag and 

weight, (Gurrappa, 2004) 
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7.1.1.1 Magnesium alloy anodes 
Magnesium alloy anodes have a highly negative free corrosion potential and dissolve 
too spontaneously in solutions containing chlorides. Thus, magnesium alloy anodes 
are restricted to protection where the resistivity is high enough to limit the 
effectiveness of zinc or aluminum alloy anodes. These anodes are helpful in 
protecting storage tanks, pipes and heat exchanger.  
The properties of magnesium alloy anodes are: 

• current efficiency is about 50% only, 
• anodes have high driving voltage, 
• areas in the vicinity of anodes get overprotected, 
• lifetime range is 6-20 months depending on the system design, (Klenowicz, 

2005; Gurrappa, 2004) 

7.1.1.2 Zinc alloy anodes 
Zinc alloy anodes are another way of pipelines protection. The driving voltage of zinc 
alloy anodes diminishes with increasing temperature so that they are virtually 
ineffective at temperatures above +60°C. Thus, zinc alloy anodes have limited 
application and can be used for protection of structures where the temperature is 
low. The properties of zinc alloy anodes are: 

• efficiency is about 95%, 
• anodes are too heavy and the structure gets appreciably loaded with dead 

weight,  
• high purity zinc is essential for reliable performance, (Gurrappa, 2004) 

 

7.1.1.3 Aluminum alloy anodes 
Aluminum alloy anodes are popular because of their superiority over magnesium and 
zinc alloy anodes due to: 

• low cost, 
• long life, 
• high energy capability,  
• light weight, 

 
These anodes are most ideal for the protection of weight limited structures. The 
compositions used in commercial scale generally contain 2–5% of zinc and one of 
the elements: mercury, tin or indium as an activator. Since mercury is an 
environmentally controversial element, it is preferred not to use anodes containing 
mercury. Based on the activating elements, aluminum alloy anodes can be 
subdivided into three types: 

• tin-activated aluminum alloy anodes (70% efficiency), 
• bismuth-activated aluminum alloy anodes (65 - 71% efficiency), 
• indium-activated aluminum alloy anodes (efficiency is improved to 90% by 

addition of 2% magnesium), (Gurrappa, 2004) 
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7.1.2 Impressed current cathodic protection system (ICCP) 
It is believed that this is the most ideal method of protection against corrosion. The 
protection current is drawn through the power supply and is impressed on the 
element under protection which acts as cathode by inert anodes. The ICCP system 
consists of three essential components: inert anodes, reference electrodes and auto-
control/rectifier unit. 

7.1.2.1 Inert anodes 
Numerous materials can be used as inert anodes, but only few satisfy all parameters 
required for practical application (limitations related with electrochemical dissolution 
rate). The anodes which can be used are made of: mild steel, ferrosilicon, graphite, 
lead alloys, magnetite and platinized titanium. 
Desirable properties of inert anodes are: 

• good electrical properties, 
• low rate of consumption, 
• low-anode polarization, 
• good mechanical properties, 
• capable of forming different shapes , 
• low cost, 

Despite, no single material can easily meet all the requirements. Among the anodes 
mentioned above, platinized titanium anodes are popular due to their long time 
resistance, however they are expensive. Great care has to be taken in design and 
installation of these anodes so that the working potential should not exceed 8V, 
which is the breakdown potential of titanium in chloride containing environments (it 
can be solved by using niobium, tantalum or ruthenium when potential exceeds 8V).  
It is possible to use ceramic coated anodes. They are prepared by depositing mixed 
metal oxide films of ruthenium oxide or iridium oxide combined with titanium oxide on 
titanium substrate. Different shapes can be prepared using this method: flat-disc and 
rod-type (Gurrappa, 2004). 
 

7.1.2.2 Reference electrodes 
The aim of the reference electrodes is to measure and monitor condition of the 
protected element (pipes, tank, etc.) through auto-control/rectifier unit. Often 
copper/copper sulphate electrode is generally used. Silver/silver chloride electrode is 
an ideal non-polarizing reference electrode for environment containing chlorides. 
Additionally, as an alternative high purity zinc electrode can be used. The amount of 
reference electrodes is decided based on the exposed conditions, type of coating 
applied, etc. The number and position of reference electrodes and inert anodes is 
important in designing an efficient ICCP system (Gurrappa, 2004). 
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7.1.2.3 Auto-control/rectifier unit 
This unit is useful to provide the required DC current depending on the voltage signal 
of the reference electrode. The capacity of the auto-control unit is another important 
parameter for designing an ideal system for a particular type of structure and 
different diameters of pipelines. 
Advantages of ICCP system are: 

• large driving potential, 
• higher current output, 
• flexibility of current output control, 
• applicable for poorly coated pipelines, 
• protects larger and more expensive pipes, 

 
Disadvantages of ICCP system are: 

• higher installation and maintenance costs, 
• require constant supervision to ensure the system is operational (Gurrappa, 

2004), 
 
 
 
Picture below presents the compressor protected by ICCP: 
 
 

 Figure 33 ICCP protection of condenser unit (Huck, 2002). 
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7.2 Anodic protection 
sivation mechanism on the metal surface by applying an 

urce and a 

ctrodes” 

ent is usually equal to 

ings or the cathodic protection 

 

Figure 34 Anodic protection of tank (HyperPhysics, 2005). 

This method is using the pas
external anodic current. The anodic current induces positive polarization (increase 
the potential of metal). The anodic current exceeds the passivation potential. This 
type of protection can be applied to stainless steel, where iron is alloyed with chromium 
having pronounced passivation characteristics. Anodic protection can be applied also 
for titanium and carbon steel in specific situations (Klenowicz, 2005). 
The anodic current can be provided with the use of an external current so

he applied curr

reference electrode in a manner similar to that used for cathodic protection. 
However, the raising of the potential and the consequent passivation often are 
influenced by the oxidizing agent like e.g. chromates and dissolved oxygen.  
The efficiency of method can be increased by application of so-called “microele
on the metal surface. These microelectrodes are simply small particles of a metal 
(platinum, palladium and copper) on which the oxygen can be reduced at low 
“overpotential”. The obtained increase in cathodic current will be sufficient in order to 
move the potential into the passivation region. 
Anodic protection has a unique advantage. T
the corrosion rate of the protected system, thus this method not only protects but 
also offers a direct method of monitoring the corrosion rate. Other advantages of 
anodic protection are: possibility of application in extremely corrosive environments 
and low current requirements (HyperPhysics, 2005).  
Anodic protection is normally used in case when coat
methods do not provide adequate corrosion protection (Klenowicz, 2005). The plate 
heat exchangers and tanks can be protected in this way. Picture below presents the 
method of tank protection: 

Reference Anode 
electrode

DC 
power
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In case of plate heat exchanger the metal plates is designed in such way that the 
region through which flows “hot fluid” has at least one metal cathode and one 
reference one. Thus, at least half the metal plate has an electric contact with the 
anode of variable electric voltage source. A metal cathode is placed in the first 
distribution passage and/or in the first collecting passage, where it is in direct contact 
with the “hot medium”. In the case of large plate surfaces, it may pass a metal 
cathode through a plurality of hot chambers, which metal cathode is sealed and 
electrically insulated.  
The anodically protected metal plates can have even 2- 5 electric contacts per plate 
in order to provide uniform protection against corrosion in all regions. Also the 
housing can have one or more electric contacts in order to achieve the anodic 
protection. By applying anodic protection, a metal oxide layer is produced 
(Anadtasijevic, 2007).  
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CONCLUSIONS 
Summing up, the corrosion problems occurring in indirect systems are the result of 
tight relationships between many factors. The process of minimization of possible 
problems starts at the design stage. It is very important to analyze all the aspects 
while constructing the installation. The actions related with reducing the risk of 
corrosion can be grouped into few categories: 

• Selection of the best secondary refrigerant suitable for application, 

• Proper preparation of secondary refrigerant, 

• Change to a more suitable materials (design stage), 

• Avoiding the formation of galvanic couples, 

• Proper joining of parts (construction stage), 

• Modifications to the environment (e.g. pH buffers, inhibitors, additives), 

• Use of corrosion inhibitors and protective coatings, 

• Design modifications of the system or its component, 

• Proper preparation of the system before running (cleaning, charging, 
deaeration), 

• Proper maintenance of the system (frequent controls and cleaning of filters), 

• The application of cathodic or anodic protection, 

• New generation coatings and corrosion inhibitors (development of new 
technology), 

 
The thermophysical properties of fluid and application area are important aspects 
while deciding about the type of secondary refrigerant. Moreover, it is important to 
take into consideration the corrosive character of the fluid, available corrosion 
inhibitors provided by producer, the material compatibility and environmental 
aspects.  
When using water-based secondary refrigerants the best solution is to use ready-to-
use prepared solution with inhibitor package supplied by producer. It will ensure that 
our refrigerant solution was prepared in proper way. Also some of the secondary 
refrigerants require additives e.g.: anti-foaming agents, biocides, stabilizers, anti-
coloring agents, dyes etc. thus, it is better to use already available products. It is not 
allowed to mix different types of secondary refrigerant solutions in the same system. 
This can lead to serious operation problems or even instability or degradation of the 
secondary refrigerant. We need to remember that there is no universal corrosion 
inhibitor. Thus it is important to have good knowledge about the character of fluid 
used as a secondary refrigerant and the list of potential inhibitors compatible with the 
fluid. It is also recommended to take into consideration the type of materials and 
elastomers used in indirect system to avoid problems during maintenance of indirect 
system. 
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We need to keep in mind that the variety of factors can have significant effects on 
the corrosion rate in the indirect systems. These variables include: type of secondary 
refrigerant and its corrosion behavior, fluid velocity, pH, concentration of solution, 
temperature, dissolved oxygen and scaling behavior. 
The indirect systems can be assembled from different materials. Depending on the 
type of secondary refrigerant being used the designed installation may require some 
corrosion resistant materials. The most important material parameters which need to 
be considered are: thermal behavior, weldability and corrosion resistance. It is very 
important to construct a system from similar materials in order to avoid galvanic 
corrosion. If it is not possible to avoid galvanic couple it is highly recommended to 
use coatings of insulation to create a physical barrier between those elements. 
While designing the indirect system it is important to remember that simple set up 
and spatial organization will reduce the corrosion problems. Too big amount of 
turnings in pipes (in elbows, gaskets etc.) can result in high mechanical stresses 
(erosion corrosion). It is also recommended not to have U-shaped elements. Long 
pipes should be installed with small slope (not completely horizontal) to simplify the 
charging process and reduce the risk of formation of air pockets. 
Also proper functioning of the system can give positive results. Effective corrosion 
inhibitors added to secondary refrigerant need to be combined with proper operation 
of indirect system to extend the lifetime of system. Air present in the indirect system 
is one of the biggest problems after not proper material selection. In a very short time 
oxygen can affect the stability of the fluid making it more aggressive, unstable, and 
corrosive to metal elements. It can even result in refrigerant leakage and 
environmental problems. Closed systems are preferred more then open ones, as it is 
easier to remove air and the system pressure can be easily adapted to the system’s 
requirements.  
Before first charging, new installations or already existing one should be cleaned 
thoroughly, preferably section by section to avoid contaminants.  All impurities like: 
sand, dirt and welding slag, must be removed from the system. Not fully cleaned 
indirect systems can experience blocked valves, leaking pumps or corrosion 
problems. Moreover, those impurities can affect negatively the heat transfer process. 
Additionally, depletion of the corrosion inhibitors is prevented by removing those 
impurities. At the beginning of running the system it is advised to clean filter more 
often to remove all impurities which after cleaning remained in installation. It is better 
to clean system section by section during the assemble stage to avoid flushing of 
whole system afterwards. Later deaeration should be performed first with a help of 
air purges and filling secondary refrigerant at higher temperature and low pressure to 
remove dissolved oxygen. 
After starting the system corrosion inhibitors concentration in solution should be 
checked regularly in order to keep their amount at constant level or acceptable level. 
Too small or too high amount can speed up the corrosion rate and result in localized 
corrosion.  
Moreover, cathodic or anodic protection of some parts of system can also 
significantly reduce the corrosion risks. It is possible to protect pipes, tank or heat 
exchanger by means of them. These methods are based on the fact that the 
corrosion is controlled and intentionally materials with small resistance are placed in 
the system. In this way we set a target for corrosion and protect other valuable 
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elements of the installation. This type of protection should be coupled with traditional 
methods (use of corrosion inhibitor) to improve safety of the system.  
New technological solutions mentioned before rely on the development of new 
coatings. There are experiments undertaken to create new generation of coatings so 
called “sol-gels”. Sol–gel is a hybrid film having combined properties of the organic 
polymeric materials and properties of the ceramics. The inorganic components 
contribute to the increase of mechanical resistance, durability and adhesion to the 
metallic substrate. The organic components increase density and flexibility. An 
advantage of these organically modified composites is the formation of coatings, 
which are thick and homogeneous. During the synthesis process of sol-gel, the ZrO2 

nanoparticles are formed. These nanoparticles are amorphous and they can improve 
the corrosion protection of the sol–gel coatings. Tests are made with protective 
paints but it can be as well as new possible method of pretreatment of metal 
surfaces. Work is still made to fully understand this phenomenon (Zheludkevich, 
2004).  
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APPENDIX 1. CALCIUM CHLORIDE 

1.1 AQUEX 50  

AQUEX 50 is a product of Brunner Mond Company. 

Application 
Calcium chloride as a secondary refrigerant is commonly used in industrial and 
marine refrigeration systems. Calcium chloride is incompatible for applications in 
direct contact with food in contrast to sodium chloride (Brunner Mond, 2007). 

Temperature range 

Calcium chloride solution has low freezing point and can be used at temperatures 
down to -55°C in case of 29.9% CaCl2 (Hillerns, 2001; Melinder, 2007). Due to the 
fact that heat transfer coefficient is reduced below -20°C, the minimum operating 
temperatures do not exceed -25°C (Bunner Mond, 2004; Swed Handling). 

Material compatibility 
For chloride based solutions it should be important to use the same construction 
materials as for seawater installetions (Aittomäki, 2003).  

Compatible metals: 
• titanium, 
• copper, 
• brass, 
• bronzes, 
• cast iron, 
 
Compatible elastomers: 
• low/high density polyethylene (LDPE/HDPE), 
• acrylonitrile butadiene styrene (ABS), 
• polypropylene (PP), 
• polystyrene (PS), 
• polytetrafluoroethylene (PTFE), 
• polyvinyldifluoride (PVDF), 
• polyvinylchloride (PVC), 
• polycarbonate (PC), 
• nitrile butadiene rubber (NBR), 
• ethylene-propylene rubber (EPDM), 
• silicone rubber (MVQ), 
• fluorocarbon rubber (FPM), 
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Non-compatible metals: 
• stainless steel, 
• carbon steel, 
• aluminum, 
• galvanized steel, 
• tin, 
• zinc, 
• solders, 
 
Non-compatible elastomers: 
• soft rubbers, 

Brunner Mond Company gives some advices in case of selecting materials for the 
indirect systems to avoid galvanic corrosion. Thus, it is not recommended to have 
e.g.: large copper coils, brass valves in contact with mild steel. Although, small 
elements made of copper can be placed in the surrounding area of more vulnerable 
metal without much effect. When dissimilar metal contact is unavoidable, it is 
possible to minimize damage by implementing physical barriers. Moreover, it is 
important to use calcium chloride solution containing corrosion inhibitors (Brunner 
Mond, 2007). 
 
Additives and corrosion inhibitors 

Aqueous solutions based on chloride are strongly corrosive and require buffering 
and at least two strong inhibitors, which sometimes have bad impact on the 
environment. There was no information about corrosion inhibitors used with product, 
thus the most probable could be: 

• chromates, 
• nitrites, 
• nitrite/ nitrate blends (not allowed in food industry), 
• orthophosphates (require acrylate-based copolymers), 
• borates (also as buffering agent), 
• sodium hydroxide (buffering agent),  
• polyphosphates, 
• polyphosphates/ orthophosphates blends, 
• benzotriazole, 
• sodium benzoate (require calcium gluconate as additive), 

Calcium chloride solutions require a minimum of 1800ppm of sodium chromate and 
pH of 6.5-8.5. To obtain the same protection with a use of sodium nitrate, 3000-
4000ppm (at 7-8.5 pH) of inhibitor is needed for calcium chloride as a refrigerant to 
prevent pitting attack (ASHRAE, 2001). Systems containing steel and copper 
couples require treatment levels in the 5000-7000 ppm range. If aluminum is also 
present, then level of 10,000 ppm may be required.  
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In all cases, the pH of the circulating fluid should be maintained in the alkaline pH 
range (e.g. sodium hydroxide as buffer agent), but below 9.0 when aluminum is 
present (GE Water & Process Technologies). 
Nitrates are always used in combination with borates, phosphates and nitrites. The 
mixture of water-soluble nitrate and water-soluble metasilicate provides excellent 
pitting, crevice and general corrosion resistance for aluminum exposed to aqueous 
environments (The Gusher, 2005). 
Orthophosphates effectively inhibits corrosion of carbon steel, lead and copper and 
buffer pH at the same time. In case of calcium chloride solutions, they are not so 
much recommended. High concentration of calcium ion can result in scaling 
problem. In order to avoid these problems acrylate-based copolymers eliminating 
calcium phosphate deposits is required (HyperPhysics, 2007; Hartwick, 2001).  
Molybdate inhibitors should not be used in systems using calcium chloride as 
refrigerant due to risk of precipitation of insoluble calcium molybdate (AHRAE, 2003).  
Borates are used as corrosion inhibitors for cast irons to prevent galvanic and pitting 
corrosion caused by chlorides (Yamaguchi, 1995). Borates are good pH buffers, but 
at the same time it is corrosive to aluminum parts, thus can be neutralized by 
addition of both silicates and nitrates (Universal Borates, 2005).  
Polyphosphates may react with elements such as calcium in order to form protective 
conversion coatings. They are used for steel protection. The properties of both 
orthophosphates and the polyphosphates are enhanced when blends are used 
(Innophos).  
Zinc salts are not recommended for calcium chloride due to its sensitivity to calcium 
concentration (it should be kept as low as possible). 
Tolyltriazole TT is not used in combination with oxidizing halogens such as: 
elemental chlorine, their acids, or their alkaline solutions. Nevertheless, 
benzotriazole (BTA) is known as one of the most important inhibitors for copper and 
copper alloy corrosion in chloride media (Ravichandran, 2005).  
Sodium benzoate in chloride solutions can induce pitting of carbon steel. Adding 
calcium gluconate, an ecologically acceptable compound, eliminates the 
susceptibility to pitting formation. Thus, blends of gluconate and benzoate or blends 
of benzoate and acetate give good corrosion inhibition of carbon steel, but still is not 
often used in case of chloride salts (Lahodny-Šarc, 2000). 

Additional information 

Calcium chloride can serve as a source of calcium ions in solution and when 
precipitating creates insoluble calcium compounds, which can cause additional 
scaling problems (Arbor 1990).  
In more severe cases, scale can clog heat exchange surfaces and thereby form a 
thermal insulating barrier which inhibits heat transfer efficiency, as well as impeding 
fluid flow in the system (AZOM, 2007).  
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APPENDIX 2. AMMONIA (R-717) 
Since the haloalkanes are major contributors to ozone depletion, ammonia is again 
becoming popular as a secondary refrigerant.  
 
Application 
Ammonia (R717) is used for large-scale refrigeration system where compressor 
durability, economy of operation and plant safety are important. Moreover, ammonia 
refrigerant is found in industrial food processing, gas processing plants, refineries 
and chemical plants. It can be used in the pharmaceutical industry for freeze drying 
and cooling process, food industry and ice rinks (Stegmann, 2005). 

 
Temperature range 
Often ammonia is found in the food refrigeration industries at the temperatures 
above -1oC; frozen storage and blast freezing down to -46oC (Stegmann, 2005). 

 
Material compatibility 
Ammonia is highly corrosive medium. 

Compatible metals: 
• stainless steel, 
• cast iron, 
• nickel-chromium-molybdenum alloys, 

 
Compatible elastomers: 
• polyphenylene sulfide (PPS), 
• polytetrafluoroethylene (PTFE), 
• polyvinyl difluoride (PVDF), 
• polyvinyl chloride (PVC), 
• low density polyethylene (LDPE), 
• polypropylene (PP), 
• polyamides (PA), 

 
 
Non-compatible metals: 
• copper, 
• brass, 
• bronzes, 
• titanium, 
• solders, 
• zinc, 
• galvanized steel, 
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Non-compatible elastomers: 
• acrylonitrile butadiene styrene (ABS), 
• silicone rubber (MVQ), 
• natural rubber (NR), 
• polycarbonate (PC), 
• isoprene, 
• polyurethanes (PU), 
• synthetic rubber, 
• nitrile butadiene rubber (NBR), 

 
 
Additives and corrosion inhibitors 
It is recommended that ammonia solutions should contain at least 0.2% of water to 
prevent stress corrosion cracking (Stegmann, 2005). 

The corrosion inhibitors recommended for ammonia systems are: 

• REMS - cerium and yttrium salts (sulphites, nitrites, chlorides), 
• lead acetate, 
• copper salt of an organic mono or polycarboxylic, 
• silicate solution (10% sodium metasilicate), 
• chromates and dichromates,  
• nitrites, 
• nitrites/nitrates blends, 
• molybdates, 
• borates (Mansfeld, 2003; Phillips, 1998). 
 

 
Traditionally, inhibitors based on chromates have been used in ammonia-water 
absorption systems. However, due to the fact that chromates are highly toxic and 
environmentally harmful, their use is being phased out.  
Additionally, chromates are known to react with ammonia at temperatures greater 
than about +170ºC, resulting in the loss of refrigerant, generation of non-
condensable nitrogen gas and the loss of inhibitor.  
Rare Earth Metal Salts (REMS) have been proved to be effective corrosion inhibitors 
for aluminum alloys, thus can be used as substitute for chromate based inhibitors 
(Mansfeld, 2003). 
Moreover, the base or mixture of bases may be in any suitable added to water, e.g.: 
amorphous solid, crystalline solid, in solution, or as hydrate. Alternatively, the base 
may be the product of a reaction in the fluid e.g., sodium hydroxide could be 
introduced into the working fluid by adding sodium nitrite or sodium peroxide to the 
water. Sodium nitrite or peroxide will react in the ammonia/water working fluid to 
form sodium hydroxide.   
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Additionally, the medium can contain a buffer that is a non-reactive salt of a weak 
acid and a strong base. The buffer agent should be soluble in the aqueous ammonia 
solution and non-toxic e.g.:  

• sodium borate (borax),  
• lithium borate,  
• potassium borate,  
• cesium borate,  
• sodium molybdate,  
• lithium molybdate,  
• potassium molybdate,  
• cesium molybdate,  
• sodium acetate,  
• lithium acetate,  
• potassium acetate,  
• cesium acetate,  
• or combinations thereof.  
 

It is highly recommended to maintain the buffer concentration as low as feasible to 
avoid the possibility that buffer may precipitate at the higher ammonia concentrations 
(Phillips, 1998). 
 
 
Additional information 

Ammonia is flammable and toxic substance.  Special care need to be taken while 
working with ammonia. Ammonia is highly toxic to aquatic organisms. Ammonia is 
hazardous at high concentration levels. It can cause strong irritation to eyes, skin 
and respiratory tract of human (Hägg, 2002).   
Additionally, when primary cooling is carried out with liquid ammonia, leaks can 
cause serious attack on copper and copper-based alloys, if present (Stegmann, 
2005). 
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APPENDIX 3.  POTASSIUM CARBONATE 
I have not found any information about a commercial product based on potassium 
carbonate. Thus, I will present only a general characteristic of this type of secondary 
refrigerant. 

Application 
Potassium carbonate is a strongly alkaline solution. Aqueous solutions of potassium 
carbonate have good thermal properties and rather low viscosity at low 
temperatures. It can be applied in food industry, air conditioning systems and 
industrial cooling systems (Melinder, 2007). 

Temperature range 
Potassium carbonate can be used down to -38°C (40% K2CO3 solution) (Melinder, 
2007). 

Material compatibility 
At high pH of around 12 makes potassium carbonate very corrosive to metals.  

Compatible metals: 
• copper, 
• brass, 
• bronze, 
• carbon steel, 
• stainless steel, 
• cast iron, 
• nickel alloys, 
• titanium, 

 
Compatible elastomers: 
• natural rubber (NR), 
• low density polyethylene (LDPE), 
• epoxy resins (EP), 
• polypropylene (PP), 
• acrylonitrile butadiene rubber (ABS), 
• nitrile butadiene rubber (NBR), 
• polyphenylene sulfide (PPS), 
• polyamides (PA), 
• polyphenylene ether resins (PPE), 
• perflouroelastomers, 
• chlorinated polyvinyl chloride (CPVC), 
• ethylene-propylene rubber (EPDM) 
• epoxy resins (ER), 
• polychloroprene (CR), 
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Non-compatible metals: 
• galvanized steel, 
• zinc, 
• soft solders, 
• aluminum, 
 
Non-compatible elastomers: 
• polyacetal (POM), 
• polyesters, 
• polyurethanes (PU), 
 

 
Additives and corrosion inhibitors 
 
Highly corrosive behavior of potassium carbonate requires special corrosion 
inhibitors and pH agents to decrease the pH of solution to less alkali.  
The corrosion inhibitors which can be used are: 

• molybdates, 
• silicates, 
• azoles, 
• amides, 
• zinc salts, 
• citric acid,  
• sulfamic acid,  
• carboxylates, 
• sugars (D-glucose, fructose, mannose, galactose), (Kobayashi, 1990; 

Melinder 1985) 
 
 
The risk of corrosion is also dependent on the possibilities for precipitation of 
potassium carbonate. Carbonates, together with corrosion products that may be 
formed, can produce a protective scale on the metal surface. At pH values higher 
than the saturation pH (pHs) potassium carbonate can be deposited. This can affect 
the performance of system and heat transfer (Klenowicz, 2005). 
 

Additional information  
Potassium carbonate was used as a secondary refrigerant in past. Due to its 
aggressive character, health effects and leakage risks potassium carbonate is not 
used so often nowadays.  
Potassium carbonate has a high pH value and is irritating to skin, mucous membrane 
of eyes and upper respiratory track. 
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APPENDIX 4.  POTASSIUM ACETATE 

4.1 TYFOXIT  
Tyfoxit is a product of Tyforop Chemie GmbH. 

Application 
Potassium acetate as a secondary refrigerant is used for different cooling purposes. 
It is know as non-toxic and non-corrosive medium comparing to traditional brines and 
glycols. Depending on its concentration of potassium acetate water mixture it is used 
down to -55ºC. TYFOXIT is recommended to be used in closed systems due to risk 
of decreasing concentration of corrosion inhibitors when oxygen is present (Tyforop, 
1997a). 

Temperature range 
TYFOXIT is suitable in the temperature range of -55ºC to +80ºC. The applications 
above 80ºC can be limited by the material resistance used in system and 
concentration of potassium acetate solution. The upper temperature limit of 
TYFOXIT is limited by the properties of material used in system. For systems made 
of stainless steel, +80ºC is the limit of short-term overshooting, whereas in mixed 
installations +50ºC should not be exceeded. In case of permanent application of 
TYFOXIT at elevated temperatures (not recommended) is set to +20 ºC (Tyforop, 
1997a). 

Material compatibility 
 Compatible metals: 

• copper, 
• brass, 
• carbon steel, 
• stainless steel, 
 
Compatible elastomers: 
• butyl rubber (IIR), 
• low/high density polyethylene (LDPE/HDPE), 
• ethylene-propylene rubber (EPDM), 
• vulcanized polyethylene (VPE), 
• epoxy resins (EP), 
• polypropylene (PP), 
• polyethylene (PE), 
• fluorocarbon elastomers (FPM), 
• polytetrafluoroethylene (PTFE), 
• nitrile butadiene rubber (NBR), 
• soft/hard polyvinyl chloride (PVC), 
• polyamide (PA), 
• styrene-butadiene rubber (SBR), 
• polychloro butadiene rubber (CR), 
• unsaturated polyester resins (UP), 
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Non-compatible metals: 
• cast iron, 
• galvanized steel, 
• zinc, 
• soft solders, 
• aluminum, 

 
Non-compatible elastomers: 
• aminoplastics, 
• silicone rubber (MVQ), (Tyforop, 1997a), 

 
Additives and corrosion inhibitors 
Secondary refrigerant based on potassium acetate requires stabilizers, corrosion 
inhibitors and buffering agents (Tyforop, 1997). The information collected about 
TYFOXIT did not include the data about corrosion inhibitors. The only information 
was producer’s guarantee that nitrite, amine and orthophosphate are not used 
(Tyforop). Thus, based on collected information I will try to present the possible 
corrosion inhibitors: 

• molybdates, 
• borates (borax), 
• 1,2,4-triazoles, 
• imidazoles,  
• benzotriazoles (preferably 1,2,4-benzotriazole, 1H-benzotriazole), 
• 2-mercaptobenzothiazole, 
• silicates, 
• amides, 
• sodium hydroxide (buffering agent), 
• potassium carbonate, 
• carboxylic acids, 

Calcium and magnesium salts as a corrosion inhibitors are less preferred due to their 
bivalent nature and potential risk of scaling (Minks, 2000; Dick, 2006; Hillerns, 2001). 
It is important to remember that borates are good pH buffers, but at the same time 
they are corrosive to aluminum parts. This corrosive effect of borates can be 
neutralized by addition of both silicates and nitrates (Universal Borates, 2005). 
Moreover, potassium acetate can undergo biodegradation to carbon dioxide. Thus, 
many producers include in mixture of inhibitors also biocides (Tyforop, 1997a). 
Biocide prevents the microorganism activity in fluid. Desirably the biocide is present 
at a concentration of less than 0.5 weight % (even less than 0.3 weight %). Suitable 
copper salts include: copper acetate, copper sulfate and copper citrate. Moreover, 
copper salts can improve the thermal conductivity of the heat transfer solution and 
assist in preventing certain types of corrosion. Glutaraldehyde can also be added to 
the fluid as a biocide (Dick, 2006).  

Additional information 
Potassium acetate is non-flammable, non-toxic and biodegradable substance. There 
are no potential risks (Dick, 2006). 
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APPENDIX 5. POTASSIUM FORMATE 

5.1 ANTIFROGEN KF 

ANTIFROGEN KF is product of Clariant GmbH. 

Application 
It is based on solution of potassium formate. ANTIFROGEN KF is developed 
specially for low-temperature applications below -20°C in the food sector (e.g. super 
markets, dairies, ice-cream factories, cold stores, fish processing factories, etc.). it is 
recommended to apply ANTIFROGEN KF for closed system due to risk related with 
depletion of corrosion inhibitors in presence of air (Clariant). 
 
Temperature range 
ANTIFROGEN KF can be used at low temperatures down to -50°C.  It is 
permanently use as refrigerant from temperature range of -50 to +20 °C (defrosting: 
+80 °C) (Clariant). 
 

Material compatibility 
Compatible metals: 
• stainless steel, 
• carbon steel, 
• cast iron, 
• copper, 
• brass, 
• aluminum, 
• brazing rods, 

Compatible elastomers: 
• fluorocarbon rubber (FPM), 
• natural rubber (NR), 
• ethylene-propylene rubber (EPDM), 
• polybutene (PB), 
• cross-linked polyethylene (CPE), 
• low/high density polyethylene (LDPE/HDPE), 
• polypropylene (PP), 
• polytetrafluoroethylene (PTFE), 
• styrene butadiene rubber (SBR), 
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Non-compatible metals: 
• galvanized steel, 
• zinc, 
• soft solders, 
• Cu-Al galvanic pair, 
 
Non-compatible elastomers: 
There is no information provided by producer about non-compatible elastomers 
(Clariant). 
 

Additives and corrosion inhibitor 
This product is also an excellent corrosion inhibitor. Its excellent corrosion inhibiting 
effect on many materials, such as iron, non-ferrous metals and aluminum, is retained 
even down to a frost resistance of -20°C (approximately 50% v/v) and at higher 
temperatures of down to +80°C. To prevent scaling problems it is recommended to 
use deionized water for dilution.  
It is said in product data that ANTIFROGEN KF is nitrite, amine, phosphate, silicate 
and heavy metals free (Clariant).  
There was no information about the inhibitors used with ANTIFROGEN KF 
refrigerant, thus I am presenting the list of possible corrosion inhibitors compatible 
with potassium formate.  
Corrosion inhibitors compatible with potassium formate solutions can be: 

• benzotriazole (preferred in combination),  
• 2-mercaptothiadiazole (preferred in combination), 
• water-soluble aryl sulfonates, 
• citric acid, 
• sulfamic acid,  
• mixtures of C5-C8 monocarboxylic acid or its alkali-, or ammonium-salts, 
• C2-C8 dicarboxylic acid or alkali-,or ammonium-salts of acid, 
• borax, 
• 1,2,4-tiazole, (Dick, 2006; Malone, 2004; Hillerns, 2001) 

 
 
Additional information 
ANTIFROGEN KF is non-flammable and non-toxic secondary refrigerant. It is 
environmentally friendly refrigerant and easily biodegradable. In addition, 
ANTIFROGEN KF does not develop unacceptably high viscosities at the low 
temperatures required and so enables circulating pumps and pipelines to be 
economic in design (Clariant). 
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5.2 FREEZIUM 

FREEZIUM is a commercial product made by ARTECO. 

Application 
FREEZIUM is an example of a secondary refrigerant based on potassium formate. 
FREEZIUM is widely used in ice rinks, food processing plants, chemical production 
and cold storage applications. The dilution degree is determined by system 
requirements (mainly freezing requirements) (ARTECO, 2006).   
 
Temperature range  
FREEZIUM can be used for low temperature cooling down to -60ºC (ARTECO, 
2006a).   

Material compatibility 
FREEZIUM is compatible with variety of different materials.  
 

Compatible metals: 
• copper, 
• brass, 
• bronze, 
• carbon steel, 
• stainless steel, 
• cast iron, 
 
Compatible elastomers: 
• low/high density polyethylene (LDPE/HDPE), 
• acrylonitrile butadiene styrene (ABS), 
• polypropylene (PP), 
• polystyrene (PS), 
• polytetrafluoroethylene (PTFE), 
• polyvinyldifluoride (PVDF), 
• polyvinyl chloride (PVC) 
• polyamide (PA), 
• polycarbonate (PC), 
• nitrile butadiene rubber (NBR), 
• ethylene-propylene rubber (EPDM), 
• silicone rubber (MVQ), 
• acrylic plastics, 
• polyethylene (PE), 
• aramides, 
• polychlorobutadiene rubber (CBR), (ARTECO,2006a; Aittomäki, 2003) 

 
Non-compatible metals: 
• aluminum, 
• zinc, 
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• galvanized steel, 
 
Non-compatible elastomers: 

 
There is no information about elastomers which are not recommended to use in 
indirect systems with FREEZIUM (ARTECO, 2006a). 
 
Additives and corrosion inhibitors 
FREEZIUM contains an inhibitor package to ensure corrosion protection (ARTECO, 
2006a). Due to the lack of data concerning the inhibitors blend I used information 
from different sources about possible corrosion inhibitors compatible with potassium 
formate. 
 
Corrosion inhibitors added to potassium formate solutions can be: 

• benzotriazole (preferred in combination),  
• benzimidazole (2-mercaptothiadiazole - preferred in combination), 
• water-soluble aryl sulfonates, 
• citric acid, 
• sulfamic acid,  
• mixtures of C5 to C8 monocarboxylic acid or alkali-, ammonium- salts, 
• C2-C8 dicarboxylic acid or alkali-, or ammonium- salts of acid, 
• borates (borax), 
• 1,2,4-tiazole, (ARTECO,2006a; Malone, 2004) 

 
Nowadays, due to possible health risks related to application of nitrites and amines 
as corrosion inhibitors, its use starts to be limited (ARTECO, 2006b).  
Moreover, like in case of potassium acetate based refrigerants, biocides are also 
required as additives. It is related with the ability of potassium formate to degradate 
in the presence of microorganisms. Recommended biocides are various copper salts 
e.g.: copper acetate, copper sulfate, and copper citrate. Additionally, copper salts 
may improve the thermal conductivity of the heat transfer solution and assist in 
preventing certain types of corrosion. Another biocide which can be applied is 
glutaraldehyde. Both corrosion inhibitors and the biocide are highly soluble, thus the 
entire secondary refrigerant can be prepared as a concentrate. One can also include 
metal ion scavengers (chelating agents) such as ethylenediaminetetraacetic acid or 
its salt (EDTA) (Dick, 2006). 
 
 
Additional information 
Potassium formate as a substance is not harmful to environment and non-
flammable. Moreover it is easy biodegradable by microorganisms which is a big 
advantage of this type of secondary refrigerants (ARTECO, 2006a). 
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5.3 HYCOOL 
HYCOOL is a secondary refrigerant offered by ADDCON Nordic AS. 

Application 
HYCOOL is a potassium formate 30-50% water solution with corrosion inhibitors. pH 
of potassium formate solution is between 10.6 and 11.4. HYCOOL products are 
environmentally friendly and non-flammable. They can be applied in food industry, 
heat pumps and air conditioning systems (ADDCON Nordic).   

Temperature range 
HYCOOL products can be used for temperature range between -50°C and +20°C 
(ADDCON Nordic). 

Material compatibility 

Compatible metals  

• copper, 
• brass, 
• carbon steel, 
• stainless steel, 
• cast iron, 
• aluminum, 
• magnesium, 
• bronzes, 
• silver solder, 
 
Compatible elastomers:  

• low/high density polyethylene (LDPE/HDPE), 
• polypropylene (PP), 
• polytetrafluoroethylene (PTFE), 
• polyamide (compatible below 40°C) (PA), 
• polyvinylchloride (PVC), 
• polyphenylene oxide (PPO), 
• polymethyl-methacrylate (PMMA), 
• polyether sulphone (PES), 
• aramid - aromatic polyamide, 
• acrylonitrile butadiene styrene (ABS), 
• epoxy resins (EP), 
• unsaturated polyester resins (UP), 
• acrylic plastic, 
• chloroprene rubber (CR), 
• nitrile butadiene rubber (NBR), 
• ethylene-propylene rubber (EPDM ), 
• styrene butadiene rubber (SBR), 
• silicone rubber (MVQ), 
• butyl rubber (IIR), 
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Non-compatible metals: 
• galvanized  steel, 
• zinc, 
• tin solder (soft solder), 
 
Non-compatible elastomers: 
• fluorocarbon rubber (FPM), (ADDCON Nordic) 

 
 
Additives and corrosion inhibitors 
HYCOOL products contain an inhibitor package to ensure good corrosion protection 
(ADDCON Nordic). There was no information about the inhibitors used with 
HYCOOL refrigerants, thus I am presenting the list of possible corrosion inhibitors 
compatible with potassium formate. Corrosion inhibitors compatible with potassium 
formate solutions can be: 

• benzotriazole (preferred in combination),  
• 2-mercaptothiadiazole (preferred in combination), 
• water-soluble aryl sulfonates, 
• citric acid, 
• sulfamic acid,  
• mixtures of C5-C8 monocarboxylic acid or its alkali-, ammonium- or amino- 

salts, 
• C2-C8 dicarboxylic acid or alkali-, ammonium- or amino-salts of acid, 
• borax, 
• 1,2,4-tiazole (Dick, 2006; Malone, 2004) 

 
Moreover, it is recommended to add biocides as additives to prevent biodegradation 
of potassium formate by microorganisms. Recommended biocides are various 
copper salts e.g.: acetates, sulfates and citrates. Additionally, copper salts can 
improve the thermal conductivity of the fluid and prevent certain types of corrosion. 
Another biocide which can be added to formate based refrigerant is glutaraldehyde 
(Dick, 2006). 
 
Additional information 
HYCOOL is a glycol-free solution based on potassium salts and de-ionized water. It 
is a non-toxic, non-flammable, odorless liquid containing specific corrosion inhibitors. 
HYCOOL is biodegradable and chemically stable refrigerant (ADDCON Nordic). 
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5.4 TYFOXIT F 

TYFOXIT F is a product of Tyforop Chemie GmbH. 

Application 
TYFOXIT F is potassium formate based secondary refrigerant. TYFOXIT F is 
available in five ready-to-use formulations F20 to F60. TYFOXIT F is non-toxic, non 
flammable almost odorless and food-safe secondary refrigerant, which can be used 
in all types of refrigeration systems. TYFOXIT F contains specific corrosion 
inhibitors, stabilizers and buffering agents. It is recommended to use TYFOXIT F in 
closed systems (Tyforop, 1997b).   
 
Temperature range 
TYFOXIT F is suitable to use in system operating between -60ºC and +80ºC. The 
upper temperature limit of TYFOXIT F is limited by the properties of material used in 
system. For systems made of stainless steel, +80ºC is the limit of short-term 
overshooting, whereas in mixed installations +50ºC should not be exceeded. In case 
of permanent application of TYFOXIT F at elevated temperatures (not 
recommended) is set to +20ºC (Tyforop, 1997b).   
 
Material capability 

Compatible metals: 
• cooper, 
• brass, 
• bronzes, 
• carbon steel, 
• stainless steel, 
• cast iron, 
• aluminum, 
• soft solder, 
 
Compatible elastomers: 
• butyl rubber (IIR), 
• chloroprene rubber (CR), 
• ethylene-propylene rubber (EPDM), 
• epoxy resins (EP), 
• fluorocarbon rubber (FPM), 
• nitrile butadiene rubber (NBR), 
• polyamide (PA), 
• polyethylene (PE), 
• vulcanized polyethylene (VPE), 
• polypropylene (PP), 
• polytetrafluoroethylene (PTFE), 
• polyvinyl chloride (PVC), 
• acrylonitrile butadiene rubber (ABS), 
• styrene butadiene rubber (SBR), 
• unsaturated polyester resins (UP),  
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Non-compatible metals: 
• zinc, 
• galvanized steel, 
 
Non-compatible elastomers: 
• aminoplastics, 
• silicone rubbers (MVQ), (Tyforop, 1997b).   

 

Additives and corrosion inhibitors 
TYFOXIT F contains inhibitors to ensure good corrosion protection (Tyforop, 1997b). 
There was no information about the inhibitors used with TYFOXIT F refrigerants, 
thus I am presenting the list of possible corrosion inhibitors compatible with 
potassium formate. Corrosion inhibitors compatible with potassium formate solutions 
can be: 

• benzotriazole (preferred in combination),  
• 2-mercaptothiadiazole (preferred in combination), 
• water-soluble aryl sulfonates, 
• citric acid, 
• sulfamic acid,  
• mixtures of C5-C8 monocarboxylic acid or its alkali-, ammonium- or amino- 

salts, 
• C2-C8 dicarboxylic acid or alkali-, ammonium- or amino-salts of acid, 
• borax, 
• 1,2,4-tiazole, (Dick, 2006; Malone, 2004; Hillerns, 2001) 

 
Additionally, it is recommended to add biocides as additives to prevent 
biodegradation of potassium formate by microorganisms. Recommended biocides 
can be various copper salts e.g.: acetates, sulfates and citrates. Moreover, copper 
salts can improve the thermal conductivity of the fluid and prevent certain types of 
corrosion. Another biocide which can be added to formate based refrigerant is 
glutaraldehyde (Dick, 2006). 
 

Additional information 
TYFOXIT F is completely biodegradable. It should not be mixed under any 
circumstances with chloride or glycol-based secondary refrigerant due to risk of 
precipitation of solids or chemical reactions (Tyforop, 1997b).  
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5.5 ZITREC S 
 
ZITREC S is ARTECO product. 

Application 
ZITREC S is a multipurpose secondary refrigerant based on a matrix of potassium 
formate and sodium propionate.  ZITREC S has excellent physical properties and 
suitable for use at very low temperatures. ZITREC S has been developed specifically 
for the closed indirect refrigeration systems. It can be applied in food industry, ice 
rinks, heat pumps, air conditioning systems, heat recovering systems (ARTECO, 
2006a).  

Temperature range 
ZITREC S can be used down to -55°C (ARTECO, 2006a). 

Material compatibility 
Compatible metals: 
• copper, 
• brass, 
• bronze, 
• carbon steel, 
• stainless steel, 
• cast iron (ARTECO, 2006a), 
 
Compatible elastomers: 
• nitrile rubber (NBR), 
• hydrogenated nitrile rubber (H-NBR), 
• acrylate rubber (ACM), 
• silicone rubber (MVQ), 
• fluorocarbon rubber (FPM), 
• ethylene –propylene rubber (EPDM), 
• butyl rubber (IIR), 
• natural rubber (NR), 
• styrene butadiene rubber (SBR), 
• polychloroprene rubber (CR), 
• polytetrafluoroethylene (PTFE), 
• low/high density polyethylene (LDPE/HDPE), 
• polypropylene (PP), 
• polyvinylchloride (PVC), 
• polyamide (PA), 
• polyester resins (UP) (ARTECO, 2003), 
 

 115



 

Non-compatible metals: 
• aluminum, 
• zinc, 
• galvanized steel, 
• solders (ARTECO, 2006a), 
 
Non-compatible elastomers: 

There is no information about non-compatible elastomers.  
 
Additives and corrosion inhibitors 
Group of ZITREC products (M, L, S, A) offers excellent corrosion protection based 
on organic acid technology (ARTECO, 2006b). ZITREC S contains an optimized 
inhibitor package to ensure maximum and long lasting corrosion protection for 
indirect system.  The inhibitors are based on carboxylates technology, which 
guarantees for indirect system a longer lifetime than in case of the traditional 
products (ARTECO, 2006a). Sodium propionate added to ZITREC S product is an 
effective inhibitor of the growth of certain moulds and some bacteria. It has 
advantages over other fungicides due to low toxicity and of relatively low costs 
(Kemira, 2005).  
 
Additional information  
ZITREC S product is environmentally friendly and non-toxic. Even corrosion 
inhibitors used in these products are environmentally friendly.  
The only important aspect is the need of having additive in form of biocide 
(potassium propionate) to reduce the risk of biodegradation of potassium formate 
solution (ARTECO, 2006a). 
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APPENDIX 6. POTASSIUM FORMATE/ACETATE BLENDS 

6.1 PEKASOL 2000  
PEKASOL 2000 is a product of Pro KÜHLSOLE GmbH Company. PEKASOL 2000 
is an aqueous solution of potassium acetate and potassium ester of formic acid (Pro 
KÜHLSOLE GmbH).  

Application 
PEKASOL 2000 is an aqueous solution of non-inflammable and ecologically 
harmless formates and acetates. It can be used in only in closed refrigeration 
systems (Pro KÜHLSOLE GmbH). 

Temperature range 
PEKASOL 2000 can be used for temperature range between -60° C and +20°C. 
During system defrosting process it may be temporarily heated up to +50 C (Pro 
KÜHLSOLE GmbH). 

Material compatibility 

Compatible metals: 
• stainless steel, 
• carbon steel, 
• cast iron, 
• copper, 
• brass, 

 
Compatible elastomers: 
• polyethylene (PE), 
• polypropylene (PP), 
• polytetrafluoroethylene (PTFE), 
• polyvinyl chloride (PVC), 
• acrylonitrile butadiene rubber (ABS), 
• polyamide (PA), 
• epoxy resins (EP), 
• butyl rubber (IIR), 
• nitrile butadiene rubber (NBR), 
• ethylene-propylene rubber (EPDM), 
• chloroprene rubber (CR), 
• styrene butadiene rubber (SBR), 
• fluorocarbon rubber (FPM), 
• unsaturated polyester resins (UP), 
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Non-compatible metals: 
• galvanized steel, 
• zinc, 
• aluminum, 
 
Non-compatible elastomers: 
• soft rubber, 
• silicone containing elastomers, (Aittomäki 2003;Pro KÜHLSOLE GmbH). 

 
Additives and corrosion inhibitors 
It is said that non-toxic inhibitors are used to protect the system from corrosion and 
deposits. Thus, this product does not contain: amines, phosphates, benzoates or 
nitrites as corrosion inhibitors. PEKASOL 2000 has been developed for application 
in refrigeration cycles. The minimal concentration applied is 48% by weight, 
corresponding to 41% by volume. Refrigerant mixtures below this concentration are 
not sufficiently inhibited against corrosion (Pro KÜHLSOLE GmbH). 
It is possible that corrosion inhibitors used for this type of refrigerant are: borates, 
azoles and carboxylates. Azoles are the most effective corrosion inhibitors for copper 
and its alloys. Selected azoles exhibit good solubility in the formate salt based 
secondary refrigerants (Dick, 2006).  
 
Corrosion inhibitors compatible with potassium formate and acetate solutions can be: 

• benzotriazole (preferred in combination),  
• 2-mercaptothiadiazole (preferred in combination), 
• water-soluble aryl sulfonates, 
• citric acid, 
• sulfamic acid,  
• mixtures of C5-C8 monocarboxylic acid or its alkali-, or ammonium-salts, 
• C2-C8 dicarboxylic acid or alkali-,or ammonium-salts of acid, 
• borates (borax), 
• 1,2,4-tiazole, (Dick, 2006; Malone, 2004; Hillerns, 2001) 

 
 
Additional information 
PEKASOL 2000 can be mixed with PEKASOL 50 at any ratio. It is important to 
remember that PEKASOL 2000 should be applied in closed indirect systems (Pro 
KÜHLSOLE GmbH). 
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6.2 TEMPER 
TEMPER was developed by Temper Technology AB in the Aspen group.  

Application 
Temper is a synthetic and homogenized solution based on salts. TEMPER is 
supplied ready for use and must not be diluted. Temper product is a mixture of 
potassium acetate and formate. 
TEMPER is non-toxic, biodegradable and ecologically friendly secondary refrigerant. 
Temper has higher specific heat capacity, thermal conductivity compared with 
propylene glycol. Temper has pH in range of 8-9. Temper can be used at low 
temperatures in food industry, supermarkets, ice rinks, pharmaceutical industry, 
ships and energy plants (Temper, 2002).  

Temperature range 
TEMPER can be used down to -55°C (Temper Technology AB).  
 
Material compatibility 

Compatible metals: 
• stainless steel, 
• carbon steel, 
• cast iron, 
• copper, 
• brass, 

 
Compatible elastomers: 
• epoxy resins (EP), 
• ethylene-propylene rubber (EPDM), 
• isoprene rubber, 
• butyl rubber (IIR), 
• natural rubber (NR), 
• low/high density polyethylene (LDPE/HDPE), 
• fluorinated ethylene-propylene (FEM), 
• acrylonitrile butadiene rubber (ABS), 
• chloroprene rubber (CR), 
• polyvinyl chloride (PVC), 
• nitrile butadiene rubber (NBR), 
• perfluorinated elastomers, 

 
Non-compatible metals: 
• galvanized steel, 
• zinc, 
• soft solders, 
• aluminum, 
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Non-compatible elastomers 
There is no information provided by producer about non-compatible elastomers 
(Temper Technology AB; Aittomäki, 2003). 

 
 
Additives and corrosion inhibitors 
TEMPER contains additives, which gives anticorrosion and lubricating properties. It 
is said that this product does not contain amines, phosphates, benzoates or nitrites 
as corrosion inhibitors. Special corrosion inhibitor added does not form a mechanical 
protective film, but acts only where potential difference arises. Inhibitor’s molecules 
accumulate at the corrosion cell and form an extremely thin local layer. This type of 
inhibitor acts locally. The protective layer eliminates the risk of corrosion and does 
not affect the heat transfer process. It is said that this corrosion inhibitor is not 
consumed. When the potential difference is equalized, the inhibitor molecules are 
released and are able to accumulate at any other site where there is a potential 
displacement. If the number of free inhibitor molecules falls below a given value, the 
optimal corrosion protection can be restored by adding pure inhibitor to secondary 
refrigerant (Temper Technology AB).  
 
Additional information 
Special additives added to TEMPER provide optimal corrosion protection and 
lubricating properties. Due to relatively low viscosity in comparison to glycols, pumps 
and pipe work can be smaller for the same performance. This can reduce the cost of 
purchasing, installing and running of the system. TEMPER is an environmentally 
friendly heat transfer fluid. This product is biodegradable, not toxic, not reactive and 
not flammable (Temper Technology AB). 
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APPENDIX 7. ETHYL ALCOHOL 

7.1 E-THERM KBS BIO 
E-THERM KBS BIO is a product of Swed Handling Company. It is a mixture of 
ethanol, isopropanol and n-butanol. Ethanol is a flammable, colorless, non-toxic 
organic compound. 

Application 
Ethanol is used in: breweries, chemical plants, food industry and ground source heat 
pumps. As it is a flammable liquid, it requires certain handling and storage 
precautions (Mohapatra, 2000).  

Temperature range 
Use of ethanol produces significant advantages over previously proposed secondary 
refrigerant. Ethanol as a secondary refrigerant was found to be the most economical 
at low temperatures around -35°C (Kosaku, 1999).  

Material compatibility 
Compatible metals: 
• stainless steel, 
• carbon steel, 
• cast iron, 
• copper, 
• brass, 
(in case of cast iron and carbon steel a high water content can induce corrosion) 

 
Compatible elastomers: 
• low/high density polyethylene (LDPE/HDPE), 
• polypropylene (PP), 
• polystyrene (PS), 
• polytetrafluoroethylene (PTFE), 
• polyvinyl difluoride (PVDF), 
• fluorinated ethylene propylene (FEP), 
• polyvinyl chloride (PVC), 
• acrylonitrile butadiene rubber (ABS), 
• polyamide (PA), 
• epoxy resins (EP), 
• polycarbonate (PC), 
• polyacetal (POM), 
• butyl rubber (IIR), 
• nitrile butadiene rubber (NBR), 
• natural rubber (NR), 
• chloroprene rubber (CR), 
• styrene butadiene rubber (SBR), 
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Non-compatible metals: 
• galvanized steel, 
• zinc, 
• aluminum, 
 
Non-compatible elastomers: 
• soft rubber, (Aittomäki, 2003)  
 

 
Additives and corrosion inhibitors 
Ethanol due to its hydroxyl group is behaving like weak acid. There is no information 
about corrosion inhibitors used, thus I will try to present corrosion inhibitors used for 
alcohol based secondary refrigerants. Typical corrosion inhibitors can be:  

• azoles (benzotriazole, 2-mercaptobenzothiazole or tolyltriazole),  
• salts of carboxylic acids,  
• dicarboxylic acids, 
• borates,  
• silicates,  
• benzoates,  
• nitrates,  
• molybdates, 
• alkali metal salts, 

 
Chromates, nitrates, phosphates and amines could be used but they are avoided 
due to environmental concerns. Tolyltriazole are most preferred as corrosion inhibitor 
in case of alcohols (Gershun, 1998). 
 
Additional information 
Ethanol is not-toxic but flammable liquid. Its detectable smell gives a warning of any 
leakages. Ethanol has a very low surface tension, which may result in leakage from 
sealing devices and cause foaming. Due to the fact that it is flammable liquid, it 
requires certain handling and storage precautions (Hägg, 2002). 
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APPENDIX 8. PROPYLENE GLYCOL 

8.1 ANTIFROGEN L 

ANTIFROGEN L is a product of Clariant GmbH Company. 

Application 
ANTIFROGEN L is based on 1,2-propylene glycol solution. ANTIFROGEN L is used 
as a secondary refrigerant in heat pump systems and in the food industry, e.g.: in 
breweries, diaries, ice-cream factories, cold stores and fish processing factories 
(Clariant, 2005a).  

Temperature range 
The temperature range of ANTIFROGEN L is from -25°C to +150°C (Clariant, 
2005a). 
 
Material compatibility 

Compatible metals: 
• stainless steel, 
• carbon steel, 
• cast iron, 
• copper, 
• brass, 
• soft solders, 

Compatible elastomers: 
• low/high density polyethylene (LDPE/HDPE), 
• polypropylene (PP), 
• polytetrafluoroethylene (PTFE), 
• unplasticized polyvinyl chloride (UPVC), 
• acrylonitrile butadiene rubber (ABS), 
• polyamide (PA), 
• polybutene (PB), 
• polyacetal (POM), 
• butyl rubber (IIR), 
• fluorocarbon rubber (FPM), 
• nitrile butadiene rubber (NBR), 
• natural rubber (NR), 
• styrene butadiene rubber (SBR), 
• silicone rubber (MVQ), 
• cross-linked polyethylene (CPE), 
• polyester resins (UP), 
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Non-compatible metals: 
• galvanized steel, 
• zinc, 
• aluminum, 
 
Non-compatible elastomers: 
• plasticized PVC, 
• phenol formaldehyde resins, 
• polyurethane elastomers (Clariant, 2005a; Aittomäki, 2003), 

 
 
Additives and corrosion inhibitors 
1,2-propylene glycol/water mixtures cannot be used without inhibitors because they 
are more corrosive than water alone. The product is inhibited without the use of 
nitrites, amines and phosphates (Clariant, 2005a). 
There is no information about corrosion inhibitors used, thus I will present possible 
corrosion inhibitors compatible with propylene glycol.  
Corrosion inhibitors used with propylene glycol: 

• borates (borax),  
• benzoate, 
• azoles, 
• silicates, 
• dicarboxylic acid or their salts, 
• molybdates (Hartwick, 2001).   

 

Additional information 
There is a risk that after longer time propylene glycols can become slightly acid due 
to oxidation or decompose. This can result corrosion problems. Thus, glycol 
solutions need to be properly inhibited. Without inhibitors, glycols can be oxidized 
into acidic products (ASHRAE, 2001). The oxidizing agents and chromates should 
be avoided while working with glycol solutions (Melinder, 2007).  

 124



 

8.2 DOWCAL N and DOWCAL 20 

DOWCAL N and DOWCAL 20 are two commercial products of Dow Chemical 
Company. 

Application 
Low toxicity of propylene glycol makes DOWCAL N refrigerant particularly suitable 
for indirect food, beverage chilling and freezing applications. DOWCAL 20 is an 
excellent heat transfer fluid for heating; ventilating and air conditioning (HVAC) 
systems, sprinkler equipment, refrigeration warehouse floor heating, ice rinks and 
many other heat exchange systems, as well as solar panels (DOW, 2003). 

Temperature range 

DOWCAL N refrigerant is designed for a temperature range of -45°C to +120°C and 
DOWCAL 20 for range of -45°C to 160°C (DOW, 2003).   
 
Material compatibility 

Compatible metals: 
• stainless steel, 
• carbon steel, 
• cast iron, 
• copper, 
• brass, 
• soft solders, 
• aluminum, 
 

 
Compatible elastomers: 
• low/high density polyethylene (LDPE/HDPE), 
• cross-linked polyethylene (CPE), 
• polypropylene (PP), 
• unsaturated polyester resins (UP), 
• polyvinyl chloride (PVC), 
• butyl rubber (IIR), 
• polyamide (PA), 
• polytetrafluoroethylene (PTFE), 
• nitrile rubber (NBR), 
• polychloro butadiene rubber (CR), 
• ethylene - propylene rubber (EPDM), 
• fluorocarbon elastomers (FPM), 
• natural rubber (NR), 
• polyamide (PA), 
• styrene butadiene rubber (SBR), 
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Non-compatible metals: 
• galvanized steel, 
• zinc, 

 
Non-compatible elastomers: 
There is no information provided by the manufacturer about non-compatible 
elastomers (DOW, 2003). 

 
Additives and corrosion inhibitors 
DOWCAL 20 and DOWCAL N do not contain any nitrites or amines. Propylene 
glycol solutions can not be used without inhibitors because they are more corrosive 
than water (DOW, 2003).  
There is no information about corrosion inhibitors used by manufacturer, thus I will 
present possible corrosion inhibitors compatible with propylene glycol: 

• borates (borax),  
• phosphates (used less due to environmental concerns), 
• benzoate, 
• azoles, 
• silicates, 
• dicarboxylic acid or their salts, 
• molybdates, (Hartwick, 2001).   

 
DOWCAL fluid/water mixture has excellent anticorrosion performance when it is 
diluted up to 30%. Further dilution is not recommended (DOW, 2003). 
 
 
Additional information 
DOWCAL N and DOWCAL 20 show no acute harmful effects on animals and 
bacteria in concentrations up to 1000 mg/l. DOWCAL N fluids contain no amines and 
nitrites, so harmful products such as nitrosamines are not formed (DOW, 2003). 
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8.3 GLYTHERMIN P44 
GLYTHERMIN P44 is a product of BASF Company. 

Application 
GLYTHERMIN P44 is a water based solution of propylene glycol. GLYTHERMIN 
P44 is a non-toxic secondary refrigerant. It is based on polypropylene glycol, which 
poses no hazard to health and which may be used in food processing and water 
purification applications (BASF, 1996). 

Temperature range 

GLYTHERMIN P44 can be used down to -50°C depending on its concentration 
(BASF, 1996).  

Material compatibility 

Compatible metals: 
• stainless steel, 
• carbon steel, 
• cast iron, 
• copper, 
• brass, 
• soft solders, 
• cast aluminum, 

 
Compatible elastomers: 
• butyl rubber (IIR), 
• chloroprene (CR), 
• ethylene - propylene rubber (EPDM), 
• fluorocarbon elastomers (FPM), 
• natural rubber (NR), 
• nitrile rubber (NBR), 
• polyacetal (POM), 
• polyamide (PA) 
• polybutene (PB), 
• low/high density polyethylene (LDPE/HDPE), 
• cross-linked polyethylene (CPE), 
• polypropylene (PP), 
• polytetrafluoroethylene (PTFE), 
• polyvinyl chloride (PVC), 
• silicone rubber (MQV), 
• styrene butadiene rubber (SBR), 
• unsaturated polyester resins (UP), 
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An important information given by manufacturer is that the performance of 
elastomers (e.g.: EPDM) is determined by the nature and amount of the constituent 
additives and the vulcanization conditions, as well as the properties of the rubber 
itself. Thus, it is recommended to test the resistance of these elastomers to mixtures 
of GLYTHERMIN P44 and water before they are put into service for the first time. 

 
Non-compatible metals: 
• galvanized steel, 
• zinc, 

 
Non-compatible elastomers: 
• plasticized PVC, 
• phenolic and aminoplast resins, 
• polyurethane elastomers, (BASF, 1996), 

 

Additives and corrosion inhibitors 
GLYTHERMIN P44 does not contain nitrites, phosphates or amines. Propylene 
glycol solutions cannot be used without inhibitors because they are more corrosive 
than water alone.  
There is no information about corrosion inhibitors used by manufacturer, thus I will 
present possible corrosion inhibitors compatible with propylene glycol: 

• borates (borax),  
• benzoate, 
• azoles, 
• silicates, 
• dicarboxylic acid or their salts, 
• molybdates, (Hartwick, 2001).   
 

Additional information 
GLYTHERMIN P44 begins to undergo irreversible chemical changes at 
temperatures higher than 200 °C. Additionally, there is a risk that after longer time 
propylene glycol refrigerant can become slightly acid due to oxidation processes. 
This can result corrosion problems, thus glycol solutions needed to be properly 
inhibited (BASF, 1996).  
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8.4 ZITREC FC/LC 
ZIRTEC FC/LC  are commercial products of ARDECO. 
Application 
ZITREC FC and ZITREC LC are secondary refrigerants based on propylene glycol. 
ZITREC FC and LC can be used as a heat transfer fluid where there is the possibility 
of incidental food contact.  ZITREC FC can be applied for cooling in the beverage 
industries, fish and meat industry (ARTECO, 2006a). 

Temperature range 
ZITREC FC can be used down to - 50ºC and ZITREC LC down to -55 ºC (ARTECO, 
2006a). 

Material compatibility 
Compatible metals: 
• stainless steel, 
• carbon steel, 
• cast iron, 
• copper, 
• brass, 
• soft solders, 
• aluminum, 
 
Compatible elastomers: 
• low/high density polyethylene (LDPE/HDPE), 
• polypropylene (PP), 
• polytetrafluoroethylene (PTFE), 
• unplasticized polyvinyl chloride (UPVC), 
• acrylonitrile butadiene rubber (ABS), 
• polyamide (PA), 
• polybutene (PB), 
• polyacetal (POM), 
• butyl rubber (IIR), 
• fluorocarbon rubber (FPM), 
• nitrile butadiene rubber (NBR), 
• natural rubber (NR), 
• chloroprene rubber (CR), 
• styrene butadiene rubber (SBR), 
• silicone rubber (MVQ), 
• unsaturated polyester resins (UP), 

 
Non-compatible metals: 
• galvanized steel, 
• zinc, 
• Cu-Al galvanic pair, 
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Non-compatible elastomers: 
There is no information about non-compatible elastomers provided by 
manufacturer (ARTECO, 2006a; ARTECO, 2003; Aittomäki, 2003).  

Additives and corrosion inhibitors 
After longer time propylene glycols can become slightly acidic because of oxidation 
and as a result cause corrosion problems. Thus, glycol solutions need to be properly 
inhibited (ASHRAE, 2001).  
There is no information about corrosion inhibitors used, thus I will present possible 
corrosion inhibitors compatible with propylene glycol.  
Corrosion inhibitors used with propylene glycol: 

• orthophosphates (both pH buffer and inhibitor), 
• borates (borax), 
• sodium nitrite,  
• benzoate, 
• azoles, 
• silicates, 
• dicarboxylic acid or their salts, 
• amines, 
• molybdates, 

 
Some glycol manufactures widely use orthophosphates as corrosion inhibitor and pH 
control agent at the same time. Phosphates are cheaper alternative to borates as pH 
buffer agent. At the concentration 1000-5000 ppm orthophosphates protect against 
corrosion of ferrous and non-ferrous alloys (Hartwick, 2001).   
Nowadays, due to environmental concerns application of nitrites, phosphates and 
amines is avoided. 

Additional information 
Most concentrated inhibited glycols have a pH in the range between 9.0 and 9.5. 
When pH falls below 8.0, than a significant portion of the inhibitor has been depleted 
and more inhibitor needs to be added. 
When the pH falls below 7.0, most manufacturers recommend replacing the 
secondary refrigerant with new one. A pH value less than 7.0 indicates that oxidation 
of the glycol has occurred. Additionally, the indirect system should then be drained 
and flushed before severe damage occurs (ARTECO, 2006a). 
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APPENDIX 9. ETHYLENE GLYCOL 

9.1 ANTIFROGEN N  

ANTIFROGEN N is ethylene glycol based heat transfer fluid produced by Clariant 
GmbH Company. 

Application 
ANTIFROGEN N is used as a heat transfer fluid in solar heating, hot water heating 
systems, heat pumps and as a secondary refrigerant in industrial refrigeration 
equipment. ANTIFROGEN N is not suitable for the use in food or pharmaceutical 
applications (alternatively ANTIFROGEN L is recommended) (Clariant, 2005b).  

Temperature range 
The temperature range of ANTIFROGEN L is between -35°C and +150°C (Clariant, 
2005b). 
 
Material compatibility 

Compatible metals: 
• stainless steel, 
• carbon steel, 
• cast iron, 
• copper, 
• brass, 

 
Compatible elastomers: 
• low/high density polyethylene (LDPE/HDPE), 
• polypropylene (PP), 
• polytetrafluoroethylene (PTFE), 
• unplasticized polyvinyl chloride (UPVC), 
• acrylonitrile butadiene rubber (ABS), 
• polyamide (PA), 
• polybutene (PB), 
• polyacetal (POM), 
• butyl rubber (IIR), 
• fluorocarbon rubber (FPM), 
• nitrile butadiene rubber (NBR), 
• natural rubber (NR), 
• styrene butadiene rubber (SBR), 
• silicone rubber (MVQ), 
• cross-linked polyethylene (CPE), 
• polyester resins (UP), 
• chloroprene rubber (CR), 
• polyurethane elastomers 
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Non-compatible metals: 
• galvanized steel, 
• zinc, 
• soft solders, 
• aluminum, 
 
Non-compatible elastomers: 
There is no information provided by manufacturer about non-compatible with 

ANTIFROGEN N elastomers c 
 

Additives and corrosion inhibitors 
Ethylene glycol/water mixtures cannot be used without inhibitors because they are 
more corrosive than water alone. The product is inhibited without the use of nitrites, 
amines and phosphates (Clariant, 2005b). 
There is no information about corrosion inhibitors used, thus I will present possible 
corrosion inhibitors compatible with ethylene glycol.  
Corrosion inhibitors used with ethylene glycol: 

• borates (borax),  
• benzoate, 
• azoles, 
• silicates, 
• dicarboxylic acid or their salts, 
• molybdates, 

 
Additional information 
There is always a risk that after longer period of time ethylene glycol can undergo 
oxidation (become slightly acidic). This can result in corrosion problems. Thus, glycol 
solutions need to be properly inhibited (ASHRAE, 2001). Moreover, the oxidizing 
agents and chromates should be avoided while working with glycol solutions 
(Melinder, 2007).  
ANTIFROGEN N is harmful to environment. It should not be used in food industry 
and pharmaceutics. It is dangerous to humans and animals (Clariant, 2005b). 
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9.2 DOWCAL 10 
DOWCAL 10 is a product of DOW Chemicals Company and is only available in 
Western Europe. 

Application 
DOWCAL 10 is an excellent ethylene glycol-based heat transfer fluid for heating, 
ventilating, and air conditioning (HVAC) systems, solar panels, heat pumps, and 
many, cooling systems and other heat exchange systems (DOW, 2007). 

Temperature range 
DOWCAL 10 can be used in temperature range of -50°C to +170°C (DOW, 2007). 

Material compatibility 

Compatible metals: 
• stainless steel, 
• carbon steel, 
• cast iron, 
• copper, 
• brass, 
• soft solders, 
• aluminum, 

 
Compatible elastomers: 
• low/high density polyethylene (LDPE/HDPE), 
• polypropylene (PP), 
• unsaturated polyester resins (UP), 
• polyvinyl chloride (PVC), 
• butyl rubber (IIR), 
• polyamide (PA), 
• polytetrafluoroethylene (PTFE), 
• nitrile rubber (NBR), 
• polychlorobutadiene rubber (CR), 
• ethylene - propylene rubber (EPDM), 
• fluorocarbon elastomers (FPM), 
• natural rubber (NR), 
• styrene butadiene rubber (SBR), 

 
Non-compatible metals: 
• galvanized steel, 
• zinc, 
 
Non-compatible elastomers: 
There is no information provided by the manufacturer about non-compatible 
elastomers (DOW, 2003). 
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Additives and corrosion inhibitors 
DOWCAL 10 does not contain any nitrites or amines. Ethylene glycol solutions 
require corrosion inhibitors, because they are more corrosive than water (DOW, 
2003).  
There is no information about corrosion inhibitors used, thus I will present possible 
corrosion inhibitors compatible with ethylene glycol.  
Corrosion inhibitors used with ethylene glycol: 

• borates (borax),  
• benzoate, 
• azoles, 
• silicates, 
• dicarboxylic acid or their salts, 
• molybdates, 

 

Additional information 
DOWCAL 10 fluids contain no amines and nitrites, thus harmful products such as 
nitrosamines are not formed.  
Moreover, there is a risk that after longer time ethylene glycol can undergo oxidation, 
become slightly acid and result in corrosion problems. Thus, glycol solutions need to 
be properly inhibited (ASHRAE, 2001).  
DOWCAL 10 based on ethylene glycol is harmful to environment. It should not be 
used in food industry and pharmaceutics.  
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9.3 ZITREC MC 
ZITREC MC is a secondary refrigerant based on monoethylene glycol manufactured 
by ARTECO. 

Application 
Ethylene glycol due to its toxicity is not allowed to use in food industry. It is not 
suitable for open systems, food and pharmaceutical applications (ARTECO, 2006a). 

Temperature range 
ZITREC MC can be used down to temperature of -55°C (ARTECO, 2006a). 

Material compatibility 
Compatible metals: 
• stainless steel, 
• carbon steel, 
• cast iron, 
• copper, 
• brass, 
• soft solders, 
• aluminum, 
 
Compatible elastomers: 
• low/high density polyethylene (LDPE/HDPE), 
• polypropylene (PP), 
• polytetrafluoroethylene (PTFE), 
• unplasticized polyvinyl chloride (UPVC), 
• acrylonitrile butadiene rubber (ABS), 
• polyamide (PA), 
• polybutene (PB), 
• polyacetal (POM), 
• butyl rubber (IIR), 
• fluorocarbon rubber (FPM), 
• nitrile butadiene rubber (NBR), 
• natural rubber (NR), 
• chloroprene rubber (CR), 
• styrene butadiene rubber (SBR), 
• silicone rubber (MVQ), 
• unsaturated polyester resins (UP), 
• cross-linked polyethylene (CPE), 
• ethylene propylene rubber (EPDM), 
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Non-compatible metals: 
• galvanized steel, 
• zinc, 
• Cu-Al galvanic pair, 
 
Non-compatible elastomers: 
There is no information about non-compatible elastomers provided by 
manufacturer (ARTECO, 2006a; ARTECO, 2003; Aittomäki, 2003).  

 

Additives and corrosion inhibitors 
ZITREC MC contains an optimized inhibitor package to ensure maximum and long 
lasting corrosion protection at low temperatures.  The inhibitors are based on 
carboxylates technology, which guarantees a longer lifetime than with traditional 
products. Nowadays, due to environmental concerns application of nitrites, 
phosphates and amines is avoided (ARTECO, 2006a). 

Additional information 
Like propylene glycol, when pH falls below 8.0, than a significant portion of the 
inhibitor has been depleted and more inhibitor needs to be added. When the pH falls 
below 7.0, most manufacturers recommend replacing the secondary refrigerant with 
new one. A pH value less than 7.0 indicates that oxidation of the glycol has occurred. 
Additionally, the indirect system should then be drained and flushed before severe 
damage occurs (ARTECO, 2006a). 
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APPENDIX 10. GLYCEROL 

10.1 VegoCool 

VegoCool is a product of Kylma AB Company. 

Application 

VegoCool can be used as a refrigerant in heat pumps, recovery systems, air 
conditioning systems, solar panels and cooling systems. 

Temperature range 
VegoCool –15 is a secondary refrigerant suitable for temperatures from -15°C to 
+160°C.   
 
Material compatibility 

Compatible metals: 
• stainless steel, 
• carbon steel, 
• cast iron, 
• copper, 
• brass, 
• aluminum, 

 
Compatible elastomers: 
• low/high density polyethylene (LDPE/HDPE), 
• polypropylene (PP), 
• polyvinyl chloride (PVC), 
• butyl rubber (IIR), 
• polyamide (PA), 
• polytetrafluoroethylene (PTFE), 
• nitrile rubber (NBR), 
• polychlorobutadiene rubber (CR), 
• ethylene-propylene rubber (EPDM), 
• polyamide (PA), 

 
Non-compatible metals: 
• galvanized steel, 
• zinc, 
• solders, 
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Non-compatible elastomers: 
There is no information provided by the manufacturer about non-compatible 
elastomers (Kylma, 2000). 

 
Additives and corrosion inhibitors 
There is no information about additives and corrosion inhibitors compatible with 
glycerol solutions. Due to lack of data I will present possible corrosion inhibitors. 
Nitrites, phosphates and amines are avoided due to environmental concerns. 
Typical corrosion inhibitors can be:  

• azoles (benzotriazole, 2-mercaptobenzothiazole),  
• silicates (particularly alkali metal silicates), 
• certain silicones and silicate-silicone copolymers, 
• salts of carboxylic acids,  
• benzoates, 
• borates,  
• alkali metal salts (Hirozawa, 1980). 

 
Additional information 
VegoCool -15 is an example of secondary refrigerant on the market that shows the 
highest degree of environmental concern, at the same time as it has excellent heat 
transmission qualities. VegoCool -15 is completely non-toxic and easy biodegradable 
fluid. The potential risks related to leakages can be minimized by application of 
VegoCool -15 (Kylma, 2000). 
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APPENDIX 11. BETAINE 
11.1 Thermera  

Thermera is a product of Fortum Company. 

Application 
Betaine (trimethyl glycine) is a by-product of the sugar industry obtained from sugar 
beet. Betaine as organic compound is completely non-toxic, non-flammable and 
environmentally friendly. Betaine can be alternative for glycol based secondary 
refrigerants (Jokinen, 2004). 
In general, it is intended mainly for closed refrigeration systems. In case of open 
system, the risk of evaporation of part of water may appear resulting in change in the 
concentration of the fluid. Moreover, in an open system, oxygen can dissolve in the 
solution and induce corrosion. Thermera is excellent for buildings’ HVAC systems as 
well. It can be used for cooling in air conditioning systems and for heat recovery in 
office buildings, shopping centres and industrial buildings (Fortum). 

Temperature range  
The highest operating temperature recommended is +110°C. Above this temperature 
betaine is no longer completely stable (degradation may occur). Thermera is 
designed for use in closed circuits operating within the fluid temperature range of –
45 °C to +110 °C. The lowest operating temperature for Thermera is -20°C (below 
this temperature fluid starts to crystallize and viscosity starts to increase to a great 
extent) (Fortum). 

Material compatibility  
Thermera is believed to be low corrosive to metals and that all metals are suitable. It 
is not presenting any non-compatible metals. 

Compatible metals: 
• copper, 
• carbon steel, 
• brass,  
• cast iron,  
• stainless steel,  

 
Compatible elastomers: 
• butyl rubber (IIR), 
• fluorocarbon rubber (FPM), 
• natural rubber (NR), 
• nitrile-butadiene rubber (NBR), 
• ethylene propylene rubber (EPDM), 
• polyacetal (POM), 
• polyamide (PA), 
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• polybutene (PB), 
• chloroprene rubber (CR), 
• unsaturated polyester resins (UP), 
• cross-linked polyethylene (CPE), 
• low/high density polyethylene (LDPE/HDPE), 
• polypropylene (PP), 
• polytetrafluoroethylene (PTFE), 
• unplasticized polyvinyl chloride (UPVC), 
• styrene butadiene rubber (SBR), 
• silicone rubber (MVQ), 

 
Non-compatible metals: 
• galvanized steel 
• aluminum materials  

 
Non-compatible elastomers: 
There is no information about non-compatible elastomers which are not 
recommended by producer (Fortum). 

 

Additives and corrosion inhibitors  
Thermera products require: 

• pH control agents, 
• anti-foaming agents, 
• anti-coloring agents, 
• organic corrosion inhibitors, 

 
There is no detailed information about the required corrosion inhibitors compatible 
with Thermera product, thus I will present the possible ones: 

• carboxylic acids and their salts, 
• azoles, 
• benzoates, 

 
Additional information 
If Thermera product is kept for a longer time in a temperature which is much lower 
than its lowest operating temperature (e.g. Thermera -10 is used in the temperature 
of -20°C), the fluid crystallizes heavily. Nevertheless, extremely cold conditions, i.e. 
continuous operation under –25°C are not the best operating areas for Thermera 
(Fortum). 
The potential formation of trimethylamine, an intermediate product of anaerobic 
betaine degradation is regarded as critical due to its unpleasant odor even at very 
low concentrations. Additionally, betaine has the potential to create complex metal 
ions and thus may mobilize toxic metals in groundwater. Therefore, it is not 
recommended to use betaine in borehole heat exchanger fluids (Klotzbücher, 2007). 
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