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Abstract 
 

Water quality is a very important factor in management of cooling systems within 

power plants and it is related to effective electricity generation. A significant amount 

of water is needed in powerplants for cooling operation. In order to meet the increasing 

electricity demand, a new 335MW Combined Cycle Power Plant is being establised 

at Siddhirganj, a key industrial hub of Bangladesh located 20 km aways from the 

Capital. The proposed power plant is designed to include a closed-loop recirculating 

cooling system (CRCS) for cooling operations. The CRCS utilizes the same cooling 

water several times and only takes up a relatively small amount of makeup water to 

compensate the water loss through evaporation. Due to evaporation loss the cooling 

water is operated at several cycles of concentration (CoC) in the cooling system. The 

proposed power plant at Siddhirganj will use Sitalakhya River Water (SRW) at 2.5 

CoC. SRW is polluted near Siddhirganj area due to very high pollution load coming 

from the industries located on both sides of the river. The degraded water quality of 

SRW may pose a threat for its efficient use in the cooling system at 2.5 CoC in the 

proposed power plant. This study focused on feasibility of using SRW as a makeup 

water in Siddhirganj Power plant Cooling system in terms of corrosion and scaling 

management. A synthetic recipe of SRW has been formulated in the laboratory to 

imitate the water quality of actual SRW at 2.5 Cycle of concentration (CoC). Two 

index values (Langelier Saturation Index & Ryznar Stability Index) was calculated to 

determine the corrosion and scaling potential of the water. A bench scale reciculating 

system was desinged and constructed to study the scaling of SRW and corrosion of 

different metal alloys (Mild steel, Copper and Cupronickel) immersed in SRW at 2.5 

CoC. Corrosion rates were measured by Weight Loss method using 2.5 CoC synthetic 

water without and with addition of a nitrite based inhibitor. Exposure of metal alloys 

to synthetic SRW at 2.5 CoC resulted in very high corrosion rate according to the 

corrosion criteria set for power plant cooling system. A chemical regimen program 

using sodium nitrite corrosion inhibitor reduced the corrosion rate of different metal 

alloys (mild steel, copper, and cupronickel) by more than 90% and within acceptable 

limits. Surface analysis of metal alloy (mild steel and copper) specimens immersed in 
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cooling water indicated no presence of any scale on the surface of the metal alloy 

specimens. Elemental percentage of oxygen on the metal alloy surface was 

significantly reduced on the surface of the metal alloy specimens while using sodium 

nitrite corrosion inhibitor. This indicate a reduction in the formation of corrosion 

products on the surface of metal alloys while using corrosion inhibitors. Hence dosing 

of sodium nitrite can be employed to manage corrosion related issues in the cooling 

systems while using SRW at 2.5 CoC.  
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Chapter 1 

Introduction 
1.1 Background: 
Electricity demand in Bangladesh is rising day by day due to the increasing 

development of industrialization, urbanization and irrigation demand for food 

production (Power Division, 2000). Coal, natural gas and nuclear based power plant 

are the sources to produce electricity and new Power System Master Plan (PSMP) has 

proposed, use these sources to meet this huge demand of electricity (PSMP, 2010). The 

Ministry of Power, Energy and Mineral Resources of Govt. of Bangladesh (GoB) 

planned to establish a new combined cycle natural gas based power plant unit with a 

335 MW electricity generation capacity at Siddhirganj (20km from the capital, Dhaka) 

to increase the production of electricity (BUET EIA Report, 2012).   

In Power plants cooling system, a massive amount of water is needed for electricity 

generation (Metcalf & Eddy, 2003, Miller, W.G., 2006). Growth of population and 

global warming decreases the availability of water in U.S (Hinrichsen et al., 1997). 

Freshwater shortages occurs frequently in U.S which leads 36 states facing this 

shortages under normal condition and 46 states under drought conditions (USGAO, 

2003). Different states like, Washington, Idaho, Texas, Alabama, Georgia, Louisiana, 

Florida and especially southwestern regions of the U.S. are prone shortage of fresh 

water supply (Roy et al., 2003). Increasing demand of water for Irrigation (81%), 

domestic (6%), thermoelectric power generation (3%), industrial (3%), livestock (3%) 

and other uses are responsible to these shortages of water (USGS, 1998). 

Thermoelectric power generation cooling system was needed 3.3 BGD freshwater in 

1995 (USGS, 1998). In thermoelectric power plant, water needs for cooling operation, 

operation of pollution control devices, such as fuel gas desulfurization (FGD), ash 

handling and waste water treatment. So, the amount of water needed at a rate 1.5% 

per year (USEIA, 20008) and 5.2-6.0 BGD (Shuster et. al., 2007) for electric power 

generation and freshwater consumption respectively in 2013.  

Once-through cooling system and closed-loop recirculating cooling system (CRCS) 

are generally use in power plant cooling system (Veil, 2007, SIU, 2006, NALCO, 

1993). Recirculating cooling water system is more popular because it needs lower 
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amount of water for cooling purpose (Eriksson R., et al. 2007) and it operates several 

cycle of concentration (CoC) which is the concentration factor for the water in 

evaporative cooling system (EPRI, 2003). Sitalakhya River water (SRW) will be the 

source of makeup water for cooling purpose in the proposed Siddhirganj 335 MW 

combined cycle power plant (BUET EIA Report, 2012). It should include a CRCS and 

the cooling water will operate at 2.5 CoC (BUET EIA Report, 2012). Industrial waste 

degrades the water quality of Sitalakhya River (Alam et al., 2012) which may create a 

serious risk for the efficiency of the cooling system in the proposed Siddhirganj 335 

MW combined-cycle power plant. Higher cycle of concentration and degraded water 

quality accelerates the problems related to corrosion and scaling (EPRI, 2003, Hsieh 

et al., 2010, Breistein and Tucker, 1986, Selby and Helm, 1996, Goldstein et al., 1981, 

Williams, 1982, Weinberger et al., 1966). The assessment of SRW is required because 

it should be used as a makeup water in the proposed 335 MW Siddhirganj power plant 

cooling system.         

This study focused on the evaluation of corrosion when SRW is using as a makeup 

water in the proposed Siddhirganj 335 MW combined-cycle power plant cooling 

system. The primary objective of this research work is to measure and compare the 

average corrosion rates of selected metal alloys (Mild Steel, Copper, Cupro-Nickel) in 

contact with SRW (with and without the presence of sodium nitrite corrosion inhibitor) 

through bench-scale experiments. Investigation on the morphology of corrosion 

products on the metal surfaces by X-Ray Diffraction (XRD) and Scanning Electron 

Microscope (SEM) / Energy-dispersive X-ray spectroscopy (EDS) analysis. 

1.2 Research Objectives 

This study focused on the following specific objectives: 

1. Investigate the quality of Sitalakhya river water (SRW) to be used as makeup 

water at Siddhirganj 335 MW combined-cycle power plant.  

2. Prepare a recipe for synthetic SRW at 2.5 cycles of concentration (CoC) to 

imitate pH, alkalinity and hardness of actual 2.5 CoC SRW. 

3. Perform bench-scale study (corrosion of mild steel, copper and cupro-nickel 

alloys) in a bench-scale recirculating system using synthetic SRW at 2.5 CoC. 
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4. Assess efficiency of a chemical treatment scheme to overcome corrosion or 

scaling related issues involved with using SRW as makeup water. 

5. Surface analysis of different metal alloys to determine the morphology, 

constituent and composition of corrosion products or scaling on the surface of 

the metal alloys.  

1.3 Organization of the Thesis 

The thesis comprises of five chapters. The content of the chapters summarizes below: 

Chapter 1: The introductory chapter describes the background and objective of this 

study. 

Chapter 2: This chapter implies the general principle of different types of cooling water 

system in power plant. There is a brief description of different types of problems and 

their solutions related to power plant cooling system. Indices like Ryznar Stability 

Index (RSI) and Langelier Saturation Index (LSI), demonstrating corrosion or scaling 

potential for a particular water chemistry, are discussed in this chapter. The chapter 

also includes a brief description of gravimetric weight loss method used for 

determining corrosion rate of metal alloys. Different techniques to perform surface 

analysis of metal alloys are also discussed briefly in this chapter.  

Chapter 3: The third chapter presents a brief description of 335MW Siddhirganj power 

plant (Study area). A detail procedure to prepare a synthetic recipe for SRW at 2.5 CoC 

by MINEQL+. Description of bench-scale recirculating system constructed to perform 

bench-scale experiments are also discussed in this chapter. The chapter also provides 

a brief description of the batch reactor experiments carried out to perform surface 

analysis on metal alloy specimens. 

Chapter 4: This chapter contains water quality analysis data of SRW at 1 CoC and 2.5 

CoC. Corrosion analysis results of different metal alloys in bench-scale recirculating 

system (with and without inhibitor) are also discussed in this chapter. The chapter also 

includes surface analysis by XRD, SEM/EDS results done on metal alloy specimens. 

Chapter 5: The final chapter presents the conclusion of the study and appropriate 

recommendations for further research.
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Chapter 2  

Literature Review 
Water is an unique molecule which is safe, easy to handle, widely available and 

inexpensive in the most industrialized regions of the world. It’s basic properties makes 

it ideal for cooling operations and more efficient medium for heat transformation. It is 

often called an universal solvent which may causes unwanted side effects like 

corrosion in cooling systems (Noor, 2008). In cooling system, water is concentrated 

several times which increases the dissolved ion concentrations and forms scale of some 

minerals (Breistein and Tucker, 1986; Selby and Helm, 1996; Goldstein, 1981; 

Williams, 1982; Weinberger, 1966). The bacterial growth was encouraged due to the 

life giving properties of water (EPRI, 2003). These problems require proper treatment, 

control and monitoring because it is an integral part in many industries (Noor, 2008).  

2.1 Water availability in Bangladesh 

Groundwater extracted through deep tube wells is the main media for water supply 

system in Siddhirganj power plant. Sitalakhya river water (SRW) will be used as a 

makeup water for cooling purpose in the proposed Siddhirganj power plant. It is a 

closed loop cooling system, so the requirement of water is very low. The required 

amount of water during construction and operation phase come from the existing water 

supply system. The water is required during operation phase due to loss of evaporation 

and blow down. The water requirement for various operations is summarized in Table 

2.1.  

Table 2.1 Water requirement for various plant operations**. All units are in m3/h 

(BUET, EIA Report, 2012) 

Plant operation Water requirement 

Cooling Tower (make up, evaporation 

and purge) 
425  

Raw water, firefighting system, demi 

water, potable water 
255 

Total minimum water requirement 680 

** These values are based on the documents provided by the Environmental Protection 

Council (EPC) contractor. Combined cycle power plant required 538.68 m3/h of water 
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at full load and 604.5 m3/h in summer season which is the maximum water 

consumption throughout the year.  

Table 2.2 represents some water quality characteristics of Sitalakhya River. 

Table 2.2: Water quality characteristics of Sitalakhya River water (SRW) (in 2008-
2009) (Alam et al., 2012) 

Water quality 

Parameter 
Units Mean  Maximum Minimum 

Ammonia as N mg/l 6.49 8.36 3.60 

BOD5 mg/l 14.9 24.8 3.6 

COD mg/l 34.4 58 10.8 

Nitrate mg/l 0.86 1.70 0.20 

Organic N mg/l 0.91 1.40 0.47 

DO mg/l 0.76 1.99 0.12 

Orthophosphate mg/l 1.00 1.68 0.47 

Organic P mg/l 1.28 2.17 0.42 

Chlorophyll-a μg/l  21.6 43.3 11.4 

TSS mg/l 23 32 14 

Secchi depth m 0.34 0.74 0.20 

Temperature 0 C 28.94 32.80 23.70 

 

2.2 Review on Power Plant cooling systems 

2.2.1 Principle of cooling water system 

Heat transfers from one substance from another substance is referred as cooling 

process. Coolant substance receives heat from colled substance. Water is most widely 

used as a coolant in cooling systems.  
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Figure 2.1: Heat Transfer Principle 

2.2.2 Importance of cooling water system 

Efficient and proper operation of any kind of industry needs cooling water for their 

cooling processes. Cooling water systems control temperatures and pressures by 

transferring heat from hot process fluids into the cooling water, which carries the heat 

away. Then, heated cooling water must be cooled before it can be used again or 

replaced with a fresh makeup water. Efficient control of pressure and temperature of 

cooling system ensure the sustainable production process in any industry. The design, 

effectiveness and efficiency of a cooling system depends on such factors like, type of 

cooling process, characteristics of makeup water in cooling process and environmental 

considerations. 

Several factors make water an excellent coolant: 

 It is normally plentiful, readily available, and inexpensive. 

 It is easily handled and safe to use. 

 It can carry large amounts of heat per unit volume, especially compared to air. 

 It does not expand or compress significantly within normally encountered 

temperature ranges. 

 It does not decompose. 

2.2.3 Sources of cooling water system 

Fresh water – This is the primary source of makeup for cooling water systems. Fresh 

water can be surface water (rivers, streams, reservoirs) or ground water (shallow or 

deep well waters). In general, ground water supplies are more consistent in 

composition, temperature, and contain less suspended matter. It also contains soluble 
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iron or manganese which can cause fouling in cooling systems. On the other hand, 

surface water supplies directly affected by rainfall, erosion, and other environmental 

conditions. 

Salt water and wastewater – Salt water and waste water treatment plant effluents are 

now using as a makeup water in power plants due to the shortage, availability of fresh 

water, cost and environmental considerations. This source of cooling water poses a 

threat for performance and log life of a power plant system.  

2.2.4 Types of cooling water system 

There are only three basic design of cooling water system 

 Once through system 

 Open recirculating system 

Once through system: 

In once-through systems (Figure 2.3), the cooling water passes through heat exchange 

equipment only once. It needs extremely large amount of water to operate this system. 

The mineral content of the cooling water remains practically unchanged as it passes 

through the system.  

Because large volumes of cooling water are used, these systems are used less often 

than recirculating systems. Seasonal temperature variation of the incoming water can 

create operational problems. Temperature pollution of lakes and rivers by system 

discharge is an environmental concern. 

In a once-through system, protection can be obtained with relatively few parts per 

million of treatment, because the water does not change significantly in composition 

while passing through equipment. Treatment can be challenging because a large 

quantity of chemical may require due to large volume of water used.  
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        Figure 2.2: Once through system 
Open recirculating systems:  

Open recirculating systems are the most widely used industrial cooling design. These 

systems consist of pumps, heat exchangers, and a cooling tower (Figure 2.2).  
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Figure 2.3: Open recirculating systems 

It needs moderate amount of water to operate this system. The pumps keep the water 

recirculating through heat exchangers. It picks up heat and moves it to the cooling 

tower where the heat is released from the water through evaporation. The dissolved 

and suspended solids in the water become more concentrated. 

In an open recirculating system, more chemical must be present because the water 

composition changes significantly through evaporation. Corrosive and scaling 

constituents are concentrated. Treatment chemicals may concentrate through 

evaporation; moderate dosage of chemicals will maintain the maximum efficiency in 

this system. 

The cycle of concentration (also referred to as concentration ratio) is defined as the 

ratio of the concentration of a specific dissolved constituent in the recirculated cooling 

water to the concentration of the same constituent in the makeup water.  
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The concentration ratio (C) is determined by the following equation: 

C = [E / (B + D)] + 1…………. (1) 

Where, E = Evaporation rate; B = Blowdown; D = Drift 

Ignoring insignificant drift loss (D), the equation can be simply put as: 

C = M / B…………….. (2) 

Where, M = Make up water equal to E + B. 

The equation (2) tells us that as long as the amount of blow down water is proportional 

to the amount of water entering the system, the concentration ratio will remain constant 

irrespective of variations in the inflow water chemistry. 

Evaporative loss from a cooling tower system leads to an increased concentration of 

dissolved or suspended solids within the system water as compared to the make-up 

water. Over concentration of these impurities may lead to scale and corrosion 

formation, hence, fouling of the system. Therefore, concentration of impurities must 

be controlled by removing system water (bleed-off) and replacing with make-up water. 

In order to control the total dissolved solids (TDS), bleed-off volume can be 

determined by the following formula: 

B = [E-{(C-1) x D}] / (C-1) ……………………… (3) 

Where, B = Blowdown rate (L/s); E = Design evaporative rate (L/s); C = Cycle of 

concentration; D = Design drift loss rate (L/s) 

The equation (3) tells us that it is practically impossible to ever achieve a concentration 

ratio of 1, because it would require an infinite amount of water. It also shows that as 

the concentration ratio increases the blow down requirement decreases.  

About 43% of thermoelectric generators in the United States use once-through cooling, 

56% recirculating, and 1% dry-cooling (2008 data). In 2008, some 30% of electricity 

generation involved once-through cooling, 45% recirculating cooling, and 2% dry-

cooling. In some cases, those same power plants also produced electricity using non-

steam systems, such as combustion turbines (UCS, 2012). 
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Table 2.3: Water withdrawn and consumed for power plant cooling, in gallons of 

water required per megawatt-hour of electricity produced (Macknick et.al. 2012) 

Type of Power 

Plants Based on 

Fuel 

Once Through Recirculating 

Withdrawl 

(gal/MWhr) 

Consumption 

(gal/MWhr) 

Withdrawl 

(gal/MWhr) 

Consumption 

(gal/MWhr) 

Coal 

(Conventional) 
20000-50000 100-317 500-1200 400-1100 

Natural gas 

combined cycle 
7500-20000 20-100 150-283 130-300 

Nuclear 25000-60000 100-400 800-2600 600-800 

Solar thermal 

(trough) 
N/A N/A 725-1109 725-1109 

 

2.3 Effect of water quality on cooling water performance 

These key water chemistry properties have a direct impact on the three main problems 

of cooling water systems; corrosion, scale, and microbial fouling. These properties also 

affect the treatment programs designed to control the problems. 

Conductivity – Cooling water treatment programs will function within specific ranges 

of conductivity. The range will be dependent upon the particular cooling water 

system’s design, characteristics, and the type of chemical program. 

pH – Control of pH is critical for the majority of cooling water treatment programs. In 

general, metal corrosion rate increases when pH is below recommended ranges. Scale 

formation may begin or increase when pH is above recommended ranges. The 

effectiveness of many biocides depends on pH; therefore, high or low pH may allow 

the growth and development of microbial problems. When pH is in acidic range, the 

chances of corrosion formation increases and when it is in basic range, the chances of 

scaling formation increases (Bhatia, 2009). 

Alkalinity – Alkalinity and pH are related because increases in pH indicate increases 

in alkalinity and vice versa. As with pH, alkalinity below recommended ranges 

increases the chances for corrosion; alkalinity above recommended ranges increases 

the chances for scale formation. When corrosion and scale problems exist, fouling will 
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also be a problem. At pH values less than 8.3, most of the alkalinity in the water is in 

the bicarbonate form, and scale formation is normally not a problem. However, when 

the pH rises above 8.3, the alkalinity converts from the bicarbonate to the carbonate 

and the scale will start to form (Bhatia, 2009). 

Hardness – Hardness levels are usually associated with the tendency of cooling water 

to be scale forming. Chemical programs designed to prevent scale can function only 

when the hardness level stays within the specified range. Some corrosion control 

programs require a certain hardness level to function correctly as corrosion inhibitors, 

so it is important to make sure hardness levels are not too low in these programs. 

Hardness particularly the temporary hardness is the most common and is responsible 

for the deposition of calcium carbonate scale in pipes and equipment. Technically, any 

bivalent metal ion such as iron, manganese or tin would constitute hardness, but 

calcium and magnesium are the two most prevalent forms (Bhatia, 2009). 

2.4 Indices to assess the Corrosion / Scaling potential of Water 

2.4.1 Langelier Saturation Index (LSI) 

The Langelier Saturation index (LSI) is an equilibrium model derived from the 

theoretical concept of saturation and provides an indicator of the degree of saturation 

of water with respect to calcium carbonate. It can be shown that the Langelier 

saturation index (LSI) approximates the base 10 logarithm of the calcite saturation 

level. The Langelier saturation level approaches the concept of saturation using pH as 

a main variable. The LSI can be interpreted as the pH change required bringing water 

to equilibrium. 

Water with a Langelier saturation index of 1.0 is one pH unit above saturation. 

Reducing the pH by 1 unit will bring the water into equilibrium. This occurs because 

the portion of total alkalinity present as CO3
2- decreases as the pH decreases, according 

to the equilibrium describing the dissociation of carbonic acid: 

    If LSI is negative: No potential to scale, the water will dissolve CaCO3 

    If LSI is positive: Scale can form and CaCO3 precipitation may occur 

    If LSI is close to zero: Borderline scale potential. Water quality or changes in 

temperature, or evaporation could change the index. 
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The LSI is probably the most widely used indicator of cooling water scale / corrosion 

potential. It simply indicates the driving force for scale / corrosion formation and 

growth in terms of pH as a master variable. It provides no indication of how much 

scale/corrosion or calcium carbonate will actually precipitate to bring water to 

equilibrium. In order to calculate the LSI, it is necessary to know the alkalinity (mg/l 

as CaCO3), the calcium hardness (mg/l Ca2+ as CaCO3), the total dissolved solids (mg/l 

TDS), the actual pH, and the temperature of the water (oC). If TDS is unknown, it can 

be evaluated from the conductivity (when the conductivity is known).  

Input parameters, 

pH= 8.61 

Conductivity in TDS = 494 mS/cm 

Ca2+ = 0.001325 mol/L (2.5CoC) 

HCO3
- = 0.00000107 mol/L (2.5CoC) 

Water Temperature = 400C.  

Gaseous carbon dioxide CO2, aqueous carbon dioxide (CO2)aq, carbonic acid H2CO3, 

bicarbonate HCO3
-, carbonate CO3

2- and solids containing carbonate like calcium 

carbonate CaCO3 or magnesium carbonate MgCO3 are required for carbonate 

equilibrium. These are all equilibrium reactions for carbonate equilibrium symbolized 

by double arrows. 

(CO2)g ↔ (CO2)aq 

(CO2)aq + H2O ↔ (H2CO3) 

(H2CO3) ↔ (H+)aq + (HCO3
-)aq 

(HCO3
-)aq ↔ (H+)aq + (CO3

2-)aq         (A) 

(CO3
2-)aq + (Ca2+)aq  ↔ (CaCO3)s      (B) 
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The above equation expresses the gaseous CO2 is converted to calcium carbonate 

CaCO3. If water contains bicarbonate ions HCO3
-, equilibrium equation (A) may occur 

without the earlier equilibrium reactions with carbon dioxide.  

The formula to calculate the Langelier Saturation Index is: LSI = pH - pHs 

Where, LSI = Langelier Saturation Index; pHs = Saturation pH; pH = pH value 

The pH of a solution is usually known. Equations (C), (D) and (E) are used to compute 

the saturation pH (pHs). Equation (E) is a result of the combination of equations (C) 

and (D). 

(HCO3
-)aq ↔ (H+)aq + (CO3

2-)aq                                    (C) 

(Ca2+)aq + (CO3
2-)aq ↔ (CaCO3)s                                    (D) 

(Ca2+)aq + (HCO3
-)aq ↔ (H+)aq + (CaCO3)s                 (E) 

The equilibrium constant Ka of equation (A) can be calculated with the following 

formula:  

𝐾𝑎 =  
𝛾𝐻+ . [𝐻+] . 𝛾𝐶𝑂3

2−  .  [CO3
2−]

𝛾𝐻𝐶𝑂3
−  . [𝐻𝐶𝑂3

−]
 

Where,  𝛾𝐻+ = activity coefficient for hydrogen ion; 𝛾𝐶𝑂3
2−= activity coefficient for 

carbonate; 𝛾𝐻𝐶𝑂3
−= activity coefficient for bicarbonate; [𝐻+]= concentration of 

hydrogen ion; [𝐶𝑂3
2−] = concentration of carbonate; [𝐻𝐶𝑂3

−] = concentration of 

bicarbonate 

The equilibrium constant Ksp of equation (D) can be calculated with the following 

formula: 

𝐾𝑠𝑝 =  𝛾𝐶𝑎2+ . [𝐶𝑎2+] . 𝛾𝐶𝑂3
2− .  [CO3

2−] 

Where, 𝐾𝑠𝑝= solubility product constant. 
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The equilibrium constant K of equation (E) can be calculated with the following 

formula:  

𝐾 =  
𝐾𝑠𝑝

𝐾𝑎
 

From this point until the formula of pHs you only have to use mathematics. 

𝐾 =  
𝐾𝑠𝑝

𝐾𝑎
=  𝛾𝐶𝑎2+ . [𝐶𝑎2+] . 𝛾𝐶𝑂3

2− .  [CO3
2−] .

 𝛾𝐻𝐶𝑂3
−  . [𝐻𝐶𝑂3

−]

𝛾𝐻+ . [𝐻+] . 𝛾𝐶𝑂3
2−  .  [CO3

2−]
 

Simplify, 

𝐾 =  
𝛾𝐶𝑎2+ . [𝐶𝑎2+] .  𝛾𝐻𝐶𝑂3

−  . [𝐻𝐶𝑂3
−] 

𝛾𝐻+ . [𝐻+]
 

If X=Y then log(X) = log(Y) So: 

log(𝐾) = log(
𝛾𝐶𝑎2+ . [𝐶𝑎2+] .  𝛾𝐻𝐶𝑂3

−  . [𝐻𝐶𝑂3
−] 

𝛾𝐻+ . [𝐻+]
) 

log (X * Y) = log(X) + log(Y) and log(X/Y) = log (X)-log(Y) so, 

log(𝐾) = log(𝛾𝐶𝑎2+ . [𝐶𝑎2+] .  𝛾𝐻𝐶𝑂3
−  . [𝐻𝐶𝑂3

−]) − log( 𝛾𝐻+ . [𝐻+]) 

 log(𝐾) = log(𝛾𝐶𝑎2+ . [𝐶𝑎2+] .  𝛾𝐻𝐶𝑂3
−  . [𝐻𝐶𝑂3

−]) − log( 𝛾𝐻+) − log([𝐻+])  

log(𝐻+) = log(𝛾𝐶𝑎2+ . [𝐶𝑎2+] .  𝛾𝐻𝐶𝑂3
−  . [𝐻𝐶𝑂3

−]) − log(𝛾𝐻+ . 𝐾)  

− log(𝐻+) =  − log  
(𝛾𝐶𝑎2+ . [𝐶𝑎2+] .  𝛾𝐻𝐶𝑂3

−  . [𝐻𝐶𝑂3
−])

(𝛾𝐻+ . 𝐾)
 

The formula for pHs is then,  

𝑝𝐻𝑠 =  − log
𝐾𝑎 . 𝛾𝐶𝑎2+ . [𝐶𝑎2+] . 𝛾𝐻𝐶𝑂3

−  . [𝐻𝐶𝑂3
−]   

𝛾𝐻+  . 𝐾𝑠𝑝 
 

The activity coefficient can be calculated by the following formula:  
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log(𝛾) =  − 
0.5 . (𝑍𝑖)

2 . √𝐼

1 +  √𝐼
 

Where, 𝛾= activity coefficient; 𝐼= ionic strengh of the solution here water; 𝑍𝑖= charge 

on ith ionic species 

𝛾 =  10
− 

0.5 .(𝑍𝑖)2 .√𝐼

1+ √𝐼  

The ionic strength can be calculated with the following formula:  

𝐼 = 2.5 . 10−5 . 𝑇𝐷𝑆 

Where, TDS= Total Dissolved Solids in mg/L or g/m3 

All the parameters are now known and the Langelier Saturation Index can be 

calculated: 

𝐿𝑆𝐼 =  𝑝𝐻 + log
𝐾𝑎 . 𝛾𝐶𝑎2+ . [𝐶𝑎2+] . 𝛾𝐻𝐶𝑂3

−  . [𝐻𝐶𝑂3
−]   

𝛾𝐻+  . 𝐾𝑠𝑝 
 

The equilibrium constants Ka and Ksp change with temperature (Metcalf & Eddy, 

2003).  

The relation between the constant solubility product Ksp of calcium carbonate and 

temperature is as follows: 

𝐾𝑠𝑝 = 9.237 . 𝑒−0.0277 .𝑇 

Table 2.4: Values of Ka and Ksp change with temperature 

Temperature oC Ka . 1011 Ksp . 109 

5 2754 8128 

10 3236 7080 

15 3715 6020 

20 4,169 5248 

25 4477 4571 
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Temperature oC Ka . 1011 Ksp . 109 

40 6026 3090 

Table 2.5: The indications for the LSI (Metcalf and Eddy, 2003 and Rafferty, 1999) 

LSI Indication 

LSI<0 

Water is under saturated with respect to calcium carbonate. Under 

saturated water has a tendency to remove existing calcium carbonate 

protective coatings in pipelines and equipment. 

LSI=0 
Water is considered to be neutral. Neither scale-forming nor scale 

removing. 

LSI>0 
Water is supersaturated with respect to calcium carbonate (CaCO3) and 

scale forming may occur. 

Table 2.6: The indications for the improved LSI by Carrier are based on the 

following values (Metcalf and Eddy, 2003 and Rafferty, 1999).  

LSI (Carrier) Indication 

-2.0<LSI<-0.5 Serious corrosion 

-0.5<LSI<0 Slightly corrosion but non-scale forming 

LSI = 0.0 Balanced but pitting corrosion possible 

0.0<LSI<0.5 Slightly scale forming and corrosive 

0.5<LSI<2 Scale forming but non corrosive 

This equation is found by adding an exponential trend line in the graph of the solubility 

product constant as a function of the temperature in degree Celsius. 

The relation between the equilibrium constant Ka of carbonate / bicarbonate (CO3
2-

/HCO3
-) and temperature is as follows: 

𝐾𝑎 = 9.2 . 10−13 . 𝑇 + 2.3 . 10−11 

2.4.2 Ryznar Stability Index (RSI) 

The Ryznar stability index (RSI) develops a relationship between an empirical 

databases of scale thickness observed in municipal water systems and water chemistry. 

Like the LSI, the RSI has its basis in the concept of saturation level. Ryznar attempted 
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to quantify the relationship between calcium carbonate saturation state and scale 

formation. The Ryznar index takes the form: 

RSI = 2 (pHs) - pH 

Where, pH is the measured water pH; pHs is the pH at saturation in calcite or calcium 

carbonate. 

The empirical correlation of the Ryznar stability index can be summarized as follows: 

    RSI << 6 the scale tendency increases as the index decreases. 

    RSI >> 7 the calcium carbonate formation probably does not lead to a protective 

corrosion inhibitor film. 

    RSI >> 8 mild steel corrosion becomes an increasing problem. 

Table 2.7: The indications for the RSI (Metcalf and Eddy, 2003 and Rafferty, 1999). 

RSI Indication (Ryznar 1942) 

RSI <5.5 Heavy scale will form 

5.5 < RSI < 6.2 Scale will form 

6.2 < RSI < 6.8 No difficulties 

6.8 < RSI < 8.5 Water is aggressive 

RSI > 8.5 Water is very aggressive 

Input parameters,  

pH=8.61 

Conductivity in TDS= 494 mS/cm 

Ca2+ = 0.001325 mol/L (2.5CoC) 

HCO3
- = 0.00000107 mol/L (2.5CoC) 

Water Temperature = 400C 

The criteria used to give an indication are as shown in table 2.6 and 2.7. 

Ryznar gives only an indication about the aggressiveness of the water but carrier gives 

an indication about the scale and corrosion potential of the water. 
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Table 2.8: The indications for the improved LSI by Carrier are based on the 

following values (Metcalf and Eddy, 2003 and Rafferty, 1999). 

RI Indication (Carrier 1965) 

4.0 – 5.0 Heavy scale 

5.0 – 6.0 Light scale 

6.0 – 7.0 Little scale or corrosion 

7.0 – 7.5 Corrosion significant 

7.5 – 9.0 Heavy corrosion 

>9.0 Corrosion intolerable 

 

2.5 Cooling water problems and solutions 
The following four problems are normally associated with cooling water systems. 

2.5.1 Corrosion 
Mild steel is commonly used as a metal in cooling system which removes oxygen from 

the natural rock or minerals. Cooling water system is an ideal environment to 

deteriorate the original oxide state. This reversion process is called corrosion. 

Definition 

A metal return to its natural oxide state by an electrochemical process named as 

corrosion. Rusting process occur on iron or steel when it is exposed to the atmospheric 

oxygen in the presence of water. Ferric rust (red-brown compound) was formulated 

which is a signal of electrochemical oxidation of the metal. 

4Fe + 3O2 + 2H2O → 4FeO.OH……. (1) 

All metals (except gold and platinum) will corrode in an oxidizing environment 

forming oxides, hydroxides and sulphides. The oxide of a metal has much lower energy 

than the metal itself, that’s why degradation of metals by corrosion takes place. There 

is a strong driving force for the oxidation of metals (e.g. Aluminum). This oxidation 

process is an exothermic reaction which produces -1680KJ energy per mole of oxygen. 

This driving force produces very high temperature which is sufficient to melt steel. 

Corrosive attack on a metal can only degrade the surface quality of a metal. So, any 

modification of the surface or the environment can change the rate of reaction.  
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4Al + 3O2 → 2Al2O3……… (2) 

The chemistry of corrosion reactions 

Corrosion reactions are electrochemical in nature which involve the transformation of 

charges on the metal surfaces. This transformation occurs between a metal and an 

electrolyte solution in which it is immersed. There are two types of electrolytic reaction 

takes place on the metal surfaces: cathodic and anodic. Anodic reaction involves 

oxidation where electrons are releases from the metals. For example, metallic iron can 

produces ferrous ions by the anodic reaction:  

Fe → Fe2+ + 2e- ……….. (3) 

In a solution with higher pH, the anodic reaction produces a surface film of ferric oxide 

according to reaction (4). 

2Fe + 3H2O → Fe2O3 + 6H+ + 6e- ……… (4) 

Cathodic reactions involve electrochemical reduction where electrons absorbs from 

the metal surfaces. In corrosion processes the most common cathodic reaction is the 

electrochemical reduction of dissolved oxygen according to the equation: 

O2 + 2H2O + 4e- → 4OH-………….. (5) 

Hence the reduction of oxygen at an electrode will cause a rise in pH due to hydroxide 

ion production. 

Corrosion Problems  

Reduction in heat transfer and water flow are the common problems due to corrosion. 

This problems are results from a partial or blockage of pipes, valves & strainers. Hence, 

thermal and energy performance of heat exchange may degrade due to corrosion. 

Many factors affect the corrosion rates in a given cooling water system. Few important 

factors are: 

 Dissolved Oxygen - Oxygen dissolved in water is essential for the cathodic 

reaction. 

 Alkalinity & Acidity - Low alkalinity waters have little pH buffering capability.  
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 Total Dissolved Solids - Water containing a high concentration of total 

dissolved solids has a high conductivity, which provides a considerable 

potential for galvanic attack.  

 Microbial Growth – Microbial growth accelerates the formation of corrosion 

cells. It also produces some byproducts from organism; such as hydrogen 

sulphide from anaerobic corrosive bacteria are corrosive.  

 Water Velocity - High velocity water increases corrosion by transporting 

oxygen to the metal and carrying away the products of corrosion at a faster rate.  

 Temperature - Every 25-30°F increase in temperature causes corrosion rates to 

double. Above 160°F, additional temperature increases have relatively little 

effect on corrosion rates in cooling water system. 

Some contaminants, such as hydrogen sulfide and ammonia, can produce corrosive 

waters even when total hardness and alkalinity are relatively high. 

Different types of corrosive attack 

Many different types of corrosion exist, but the most common are characterized as 

general, localized or pitting, and galvanic.  

 General attack exists when the corrosion is uniformly distributed over the 

metal surface. The considerable amount of iron oxide produced by generalized 

attack contributes to fouling problems and reduces system efficiency. 

 Localized (or pitting) attack exists when only small areas of the metal corrode. 

Pitting is the most serious form of corrosion because the action is concentrated 

in a small area. Pitting may perforate the metal in a short time. 

 Galvanic attack can occur when two different metals are in contact. The more 

active metal corrodes rapidly. Common examples in water systems are steel 

and brass, aluminum and steel, and zinc and steel. If galvanic attack occurs, the 

metal named first will corrode. 
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Figure 2.4: General corrosion 

 

Figure 2.5: Localized corrosion (pitting) 

 

Figure 2.6: Severe galvanic attack on steel  

Corrosion rate of metal alloys are compared to the average corrosion criteria for 

commonly used metal alloys in cooling system (Table 2.9). 
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Table 2.9—Corrosion criteria for commonly used metal alloys in cooling tower 

systems. Units of average corrosion rate are in mm/yr. (Hsieh, et al., 2010)  

Metal Average Corrosion rate Classification 

Mild steel piping 

<0.0254 Excellent 

0.0254 to 0.0762 Good 

0.0762 to 0.127 Fair 

0.127 to 0.254 Poor 

>0.254 Unacceptable 

Mild steel heat 

exchanger tubing 

 

<0.0051 Excellent 

0.0051 to 0.0127 Good 

0.0127 to 0.0254 Fair 

0.0254 to 0.0381 Poor 

>0.0381 Unacceptable 

Copper and copper 

alloys 

 

<0.0025 Excellent 

0.0025 to 0.0051 Good 

0.0051 to 0.0076 Fair 

0.0076 to 0.0127 Poor 

>0.0127 Unacceptable 

 

2.5.2 Scale 

Some minerals such as calcium carbonate, calcium phosphate and magnesium silicate 

are relatively insoluble in water and can precipitate out of water. This minerals are 

leads to form scale deposits on the metal surfaces in considerable environment which 

is a common phenomenon in cooling water systems.   

Definition 

Scale is a hard deposits of inorganic materials caused by the precipitation of mineral 

particles in water. Pure vapor is lost by an evaporative condenser and the dissolves 

solids concentrated in the remaining water. Higher cycle of concentration is accelerates 

the solubility of various solids. These solids settle in the pipelines or heat exchange 

surfaces and solidify a relatively soft, amorphous scale. 
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Scale Problems 

Scale may cause physical blockage of piping, equipment’s and the cooling tower which 

reduces heat transfer and increases the energy use. For example, the thermal 

conductivity BTU/ [hr (ft2) (F/in)] of copper is 2674, while the common cooling water 

scale calcium carbonate has a thermal conductivity of 6.4 BTU/ [hr (ft2) (F/in)]. A 

calcium carbonate scale of just 1.5 mm thickness is estimated to decrease thermal 

efficiency by 12.5 % (Bhatia, 2009). 

The principle factors responsible for scale formation are: 

 As alkalinity increases, calcium carbonate- the most common scale constituent 

in cooling systems - decreases in solubility and deposits. 

 The most significant mechanism for scale formation is the in-situ 

crystallization of sparingly soluble salts as the result of elevated temperatures 

and/or low flow velocity. Most salts become more soluble as temperature 

increases, however, some salts, such as calcium carbonate, become less soluble 

as temperature increases. Therefore they often cause deposits at higher 

temperatures. 

 High TDS water will have greater potential for scale formation. 

Different Types of scale 

Typical scales that occur in cooling water systems are: 

 Calcium carbonate scale - Results primarily from localized heating of water 

containing calcium bicarbonate. Calcium carbonate scale formation can be 

controlled by pH adjustment and using inhibition chemicals is more efficient 

to retard the continuous scale formation.  

 Calcium sulfate scale - Usually forms as gypsum is more than 100 times as 

soluble as calcium carbonate at normal cooling water temperatures. It can 

usually be avoided by appropriate blow down rates or chemical treatment. 

 Calcium and magnesium silicate scale - Both can form in cooling water 

systems. This scale formation can normally be avoided by limiting calcium, 

magnesium, and silica concentrations through chemical treatment or blow 

down. 
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 Calcium phosphate scale – Reaction of calcium salts and orthophosphate is the 

common cause to the formation of calcium phosphate scale. This constituents 

are results of using treated wastewater or the presence of polyphosphate 

inhibitors in the recycled water into the system.  

Carbonates and bicarbonates of calcium and magnesium, as well as iron salts in water 

form the most common type of scaling. Calcium dominates in fresh water while 

magnesium dominates in seawater. 

2.5.3 Biological Fouling 

The deposition of suspended material in heat exchange equipment is called fouling. 

Foul ants can come from external sources such as dust around a cooling tower or 

internal sources such as by-products of corrosion. Cooling water systems provide an 

ideal environment to the growth and multiplication of microbial organism which 

causes deposits in the heat exchange equipment.  

Dissolved organic matter deteriorates the iron corrosion rate in drinking water 

distribution system (Broo et al., 1999) and it influences both copper corrosion by 

product release (Edwards and Sprague, 2001, Broo et al., 1998) and copper corrosion 

rate (Edwards and Sprague, 2001, Rehring and Edwards, 1996). Organic matter 

accelerates the chances of mineral precipitation on the metal surface by forming a bio 

film on the metal surface (Li et al., 2011) which degrades the corrosion potential of 

metal alloys. The presence of organic matter has no influence on the overall corrosion 

performance of mild steel and it reduces the corrosion of copper alloy which was 

verified by potentiodynamic studies (Choudhury et al., 2012). The influence of organic 

matter on increasing the metal alloy corrosion has been assumed to be insignificant for 

the present study. Corrosion studies using synthetic water (i.e. not considering organic 

matter) have been done in a very unadventurous environment, which is not suitable for 

the growth of biofilm on the metal surfaces.    

2.6 Approaches to control corrosion, scaling, bio fouling in cooling systems 

2.6.1 Corrosion control techniques 

Corrosion can be prevented or minimized by one or more of the following methods: 
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 When designing a new system, choose corrosion-resistant materials to 

minimize the effect of an aggressive environment. 

 Apply protective coatings such as paints, metal plating, tar, or plastics. 

 Protect cathodically, using sacrificial anodes or other methods such as 

impressed current. 

 Add protective film-forming chemical corrosion inhibitors that the water can 

distribute to all wetted parts of the system. 

Types of Corrosion inhibitor 

In general, there are four types of inhibitors: 1) Anodic, 2) Cathodic, 3) Mixed and 4) 

Adsorption, commonly adopted in cooling water treatment. In addition passivation 

technique is used for galvanized components. Working principles of common 

corrosion inhibitors is described below. 

Anodic inhibitor 

A protective oxide / inhibitor film was developed to cover the anodic corrosion points 

by applying anodic inhibitor in the cooling water circulation system. These method is 

effective where all points are filmed and isolated from corrosion forming constituents. 

Severe localized corrosion may occur at the points without effective protection by 

protective film. Therefore, sufficient safety margin shall be applied and these shall 

generally be applied at high dosage levels (hundreds of mg/l). Common anodic 

inhibitors are chromates, nitrites, orthophosphates and silicates. 

Cathodic inhibitor 

Cathodic inhibitor is effective by the formation of protective inhibitor film at cathodic 

corrosion sites so as to prevent oxygen reduction. It is more effective than anodic 

inhibitor and lower dosage level is required which is commonly used in cooling water 

treatment. Common cathodic inhibitors are bicarbonates, metal cations and 

polyphosphates. 

Mixed inhibitor 

Mixed inhibitor composes of two or three types of inhibitor. Chemicals with different 

characteristics increase their deficiency with each other, which increases the efficiency 
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of mixed inhibitor. Operational cost and environmental impacts can be significantly 

reduced due to lower dosage of chemical concentration. 

Adsorption 

Adsorption inhibitor formed a protective adsorbed film on the metal surfaces. The film 

helps to protect electrochemical reactions between metal and aqueous ions. Some of 

the organic compounds are suitable to act as adsorption inhibitors. 

Passivation 

In order to prevent corrosion on galvanized steel cooling towers and associated pipes, 

formation of a non-porous surface layer of zinc carbonate is one of the effective 

methods. The formation of zinc carbonate layer is called passivation, which is 

accomplished by controlling pH during initial operation of the cooling tower. Control 

of the cooling water pH in the range of 7 to 8 for 45 to 60 days usually allows to occur 

passivation on the galvanized surfaces. In addition to pH control, operation and 

moderate hardness levels of 100 to 300ppm as CaCO3 and alkalinity levels of 100 to 

300ppm as CaCO3 will promote passivation. 

Common Chemicals 

The following list of some common chemicals, which give some idea about corrosion 

inhibitors: 

 Chromate - Excellent steel corrosion inhibitor, the standard against which all 

others are compared, banned by the USEPA for environmental reasons. 

 Zinc - Good supplemental inhibitor at 0.5 to 2 mg/l level, some environmental 

restrictions, can cause scale if improperly applied. 

 Molybdate - Non-toxic chromate replacement, often used as tracer, controls 

pitting corrosion control at 4 to 8 mg/l, primary inhibitor for steel at 8 to 12 

mg/l, higher levels, 35 to 250 mg/l in closed loop and severe environments, 

very costly material. 

 Polysilicate - Excellent steel and aluminum inhibitor at 6 to 12 mg/l, not 

commonly used due to formulation difficulty. 

 Azoles - Three specific azole compounds, MBT, BZT, and TTZ, which are 

excellent yellow metal inhibitor compounds at the 2 to 8 mg/l level. 
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 Polydiol - A proprietary organic steel corrosion inhibitor at 2 to 4 mg/l, also a 

dispersant. 

 Nitrate - Specific corrosion inhibitor for aluminum in closed loop treatments at 

10 to 20 mg/l. 

 Ortho-phosphate - Good steel inhibitor at 4 to 12 mg/l, needs a minimum of 50 

mg/l calcium present with a pH above 7.5 to be effective. 

 Polyphosphate - Good steel and yellow metal inhibitor at 4 to 12 mg/l, needs a 

minimum of 50 mg/l calcium present with a pH above 7.5 to be effective. 

 Phosphonates - Includes Adenosine monophosphate (AMP) and 1-

hydroxyethane 1,1-diphosphonic acid (HEDP), which are commonly used as 

scale control compounds. Fair steel corrosion inhibitors when operated with 

pH values above 7.5 and more than 50 mg/l calcium present. 

 Nitrite - Excellent steel corrosion inhibitor at 500 to 700 mg/l, commonly used 

only in closed loops due to high level needed, attack by micro-organisms, and 

reaction with oxygen. 

In general, high phosphate blends are the most economical, low phosphate blends are 

the next highest in cost, and no phosphate treatment is the most expensive. For facilities 

where the cooling water system is constructed of several materials, which would 

include almost all industrial facilities, a program using a blended corrosion inhibitor 

product is required to obtain satisfactory corrosion protection. 

Treatment Methods 

Most corrosion control strategies involve coating the metal with thin films to prevent 

free oxygen and water from coming into close contact with the metal surface. This 

breaks the reaction cell, and reduces the corrosion rates. Several major chemical 

treatment methods can be used to minimize corrosion problems and to assure efficient, 

reliable operation of cooling water systems. 

Cathodic Protection 

Cathodic protection (CP) is a method used to protect metal structures, pipes and 

equipment from corrosion. The cathodic protection can be obtained by connecting a 

noble metal to a less noble. In practice steel is protected by supply of electrons from 
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less noble metal like Zinc, Aluminum and Magnesium alloys, is commonly known as 

sacrificial anode materials. The anode is sacrificed and eventually used, but the steel 

is protected. 

In this method, a sufficient amount of electric direct current (DC) is continuously that 

corrodes a sacrificial anode. There are two methods for supplying DC to cathodically 

protect a structure. They are: 

1. Galvanic Anode Cathodic Protection 

2. Impressed Current Cathodic Protection 

The galvanic anode cathodic protection system generates DC from the natural 

electrical potential difference (electrochemical reaction) between the metal to be 

protected (cathode) and another metal to be sacrificed (anode). The sacrificing metals 

have a lower more negative electrical potential. The amount of DC produced by this 

reaction is very small, and, in most cases, is less than 50 mill amperes. The current 

output of this system is affected by following factors: 

• Driving voltage difference between the anode and the cathode. 

• Resistivity of the Electrolyte (environment). 

• pH factor. 

• Natural or man-made environmental chemistry and/or contaminates. 

The impressed current CP system generates DC by using a CP rectifier. The CP 

rectifier can be powered by external power sources, such as alternating current (AC), 

solar power and thermoelectric generators. The CP rectifier converts the input power 

source into DC. DC is discharged from impressed current anodes. Steel, high silicon 

cast iron, graphite, platinum and titanium mixed metal oxides are the common 

materials to develop impressed current anode.  

The potential current output of an impressed current CP system is limited by factors 

such as available AC power, rectifier size, anode material, anode size and anode 

backfill material. The current output of an impressed current cathodic protection 

system is far greater than the current output of a galvanic anode cathodic protection 

system. This type of system is primarily used on: 
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• Very large cross-country pipelines 

• Bare or partially coated steel structures and pipelines. 

2.6.2 Scale Control Techniques 

Scale can be controlled or eliminated by application of one or more proven techniques: 

 Water softening equipment – Water softener, dealkalizer, ion exchange to 

remove scale forming minerals from make-up water. 

 Adjusting pH to lower values - Scale forming potential is minimized in acidic 

environment i.e. lower pH. 

 Controlling cycles of concentration - Limit the concentration of scale forming 

minerals by controlling cycles of concentration. This is achieved by 

intermittent or continuous blow down process, where a part of water is 

purposely drained off to prevent minerals built up. 

 Chemical dosage - Apply scale inhibitors and conditioners in circulating water. 

 Physical water treatment methods – Filtration, magnetic and de-scaling 

devices. 

Water Softening 

A water softener, a dealkalizer, or an ion exchange unit can adjust the quality of the 

makeup water. In areas where only hardness reduction is required, a water softener is 

used and where only alkalinity reduction is required, a dealkalizer is used. In areas 

where combined treatment is required, an ion exchange unit is used. 

Water softeners switch the unwanted magnesium and calcium ions with sodium ions. 

Sodium ions have no negative effects of hard water. A small plastic beads containing 

sodium ions was constructed to do this replacement of ions. Hard water is flowing 

through this beads the replacement take place. After this replacement, the beads 

containing the ineffective ions of magnesium and calcium. To do this periodically, a 

brine solution of sodium chloride is flushed through the system, which is called 

regeneration. In this process, all calcium and magnesium is replaced by sodium ions. 

The residual calcium, magnesium and brine solution is drained into the waste water 

system. It is also called single bed ion-exchange unit.  

pH Adjustment 
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Control of scale with pH adjustment by acid addition is a simple and cost effective way 

to reduce the scaling potential. It converts the scale forming materials to more soluble 

forms - calcium carbonate is converted to calcium sulfate (using sulfuric acid), a 

material several times more soluble. 

Sulfuric acid (H2SO4) and hydrochloric acid (HCl) are the most common additives 

used for controlling the formation of calcium carbonate scale.  

The reaction of the acid with calcium bicarbonate is: 

H2SO4 + Ca (HCO3)2 = CaSO4 + 2H2O + 2CO2 

2HCl + Ca (HCO3)2 = CaCl2 + 2H2O + 2CO2 

The Langelier Saturation Index (LSI) and the Ryznar Stability Index (RSI) indexes are 

merely a reflection of the integrated parameters of calcium, alkalinity, pH, dissolved 

solids, and temperature to a single value, which indicates the tendency of water to form 

a calcium scale or promote corrosion.  

Chemicals 

Common chemicals are used to control scaling on the metal surfaces are given below: 

 Polymers (Polyacrylate, etc) - Disperse sludge and distort crystal structure of 

calcium deposits. Prevent fouling due to corrosion products. Commonly used, 

cost effective for calcium scale at 5 to 15 mg/l. 

 Polymethacrylate - Less common for calcium scale at 5 to 15 mg/l. 

 Polymaleic - Very effective for calcium scales at 10 to 25 mg/l, higher cost. 

 Phosphonates - Phosphonates are excellent calcium scale inhibitors at levels 

from 2 to 20 mg/l. 

 Sodium Phosphates (NaH2PO4, Na2HPO4, Na3PO4, NaPO3) - Precipitates 

calcium as hydroxyapatite (Ca10(OH)2(PO4)6). Stream pH must be kept high 

for this reaction to occur. 

 Sodium Aluminates (NaAl2O4) - Precipitates calcium and magnesium. 

 Chelants (2,2,2,2-(Ethane-1,2-diyldinitrilo) tetra-acetic acid (EDTA), 

Nitrilotriacetic aci (NTA)) - Control scaling by forming heat-stable soluble 

complexes with calcium and magnesium. 
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 Coploymers - These products commonly incorporate two active groups, such 

as a sulfonate and acrylate, to provide superior performance to a single group 

compound at use levels at 5 to 20 mg/l, higher cost. 

 Terpolymers - Like the co-polymers, only incorporate three active groups to 

give better performance under severe conditions at use levels of 5 to 20 mg/l. 

 Polyphosphates - Fairly good calcium scale control under mild conditions. 

Caution - Polyphosphates are of some value for scale control but must be 

applied cautiously, because hydrolysis of the polyphosphate results in the 

formation of orthophosphate ions. If this process is not properly controlled, 

calcium phosphate deposits may result. 

 Tannins, starches, glucose, and lignin derivatives - Prevent feed line deposits 

by coating scale crystals to produce sludge that will not readily adhere to heat 

exchanger surfaces. 

As a general rule, common chemical scale inhibitors such as polyacrylate and 

phosphonate can be utilized if the Langelier Saturation Index (LSI) value of the cycled 

cooling water does not exceed 2.0. Cycled cooling water LSI values up to 3.5 can be 

obtained by use of terpolymers combined with surfactants.  

Physical Water Treatment Methods 

A supplemental method limiting the concentration of water borne contaminants is 

through mechanical means such as in-line or side-stream filtration. 

Filtration System 

Filtration is a mechanical process to remove suspended matter such as mud, silt and 

microbial matter from water by collecting the solids on a porous medium. Removing 

suspended matter helps the overall water management program's success by 

eliminating deposit-causing substances, as well as chemical treatment products to work 

more effectively. There are two methods of filtration: 

 In-Line Filtration – In-line filtration allows all system circulating water to pass 

through a strainer or filter in order to remove impurities and suspended solids. 

 Side-stream filtration – Side-stream filtration means placing a filter in a bypass 

stream to filter a portion of the total cooling water circulation rate (at least 5%).  
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Both in-line filtration and side-stream filtration processes help in reducing suspended 

solids to an acceptable level. 

2.6.3 Bacterial Fouling control 

Fouling can be controlled mechanically or by the use of chemical treatments. The best 

method of control depends upon the type of fouling. Control of fouling in the cooling 

system involves three major tactics: 

1. Prevention – The best approach is to prevent foulants from entering the cooling 

system. This may include mechanical changes or addition of chemicals to 

clarify makeup water. 

2. Reduction – Take steps to remove or reduce the volume of foulants that 

unavoidably enter the system. This may involve side stream filtering or 

periodic tower basin cleaning. 

3. Ongoing Control – Take regular action to minimize deposition of the foulants 

in the system. This can include adding chemical dispersants and air rumbling 

or back flushing exchangers. 

Chemical Inhibitors to Control Bio-fouling 

Charge reinforcement (Anionic polymers) and wetting agent (Surfactants) 

dispersants act to keep foulants in suspension, preventing them from settling on metal 

surfaces, or helping to remove fouling deposits that have already formed. The charge 

reinforcement dispersants cause the foulants to repel one another by increasing the 

electrical charges they carry. The wetting agents make the water wetter (reduce surface 

tension), inhibiting new deposit formation and possibly removing existing deposits. 

This action keeps the particles in the bulk water flow, where they are more likely to be 

removed from the system, either through blowdown or filtration. 
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Table 2.10: Possible types of micro-organisms that exist in cooling water 

Micro-organisms Impact on cooling tower system 

Algae 

• Provide a nutrient source for 

bacterial growth 

• Deposit on surface contributes to 

localized corrosion process 

• Loosened deposits can block and 

foul pipe work and other heat 

exchange surfaces 

Fungi 
• Proliferate to high number and 

foul heat exchanger surfaces 

Bacteria 

• Some types of pathogenic bacteria 

such as Legionella may cause 

health hazards 

• Sulphate reducing bacteria can 

reduce sulphate to corrosive 

hydrogen sulphide 

• Cathodic depolarization by 

removal of hydrogen from the 

cathodic portion of corrosion cell 

• Acid producing bacteria produce 

organic acids, which cause 

localized corrosion of deposit 

laden distribution piping and also 

provide the potential for severe 

pitting corrosion of heat exchanger 

surface. 

In order to effectively control the growth of micro-organisms in cooling water, 

chemical and physical water treatment methods shall be adopted. 

Treatment Methods 
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Chemical biocides are the most common products to control the growth of micro-

organisms. Three general classes of chemicals are used in microbial control 1) 

Oxidizing biocides, 2) Non-oxidizing biocides and 3) Bio-dispersants. 

 Oxidizing Biocide 

Oxidizing biocides are powerful chemical oxidants, which kill virtually all micro-

organisms, including bacteria, algae, fungi and yeasts. Common oxidizers are chlorine, 

chlorine dioxide, and bromine, ozone, and organo-chlorine slow release compounds.   

 Non-Oxidizing Biocide 

Non-oxidizing biocides are organic compounds, which kill micro-organism by 

targeting specific element of the cell structure or its metabolic or reproductive process. 

Non-oxidizing biocides are not consumed as fast as the oxidizing types and remain in 

the system for a significant period of time until they pass out with the blow down.  

 Bio-dispersants 

Bio-dispersants do not kill organisms; they loosen microbial deposits, which can then 

be flushed away. They also expose new layers of microbial slime or algae to the attack 

of biocides. Bio-dispersants are an effective preventive measure because they make it 

difficult for micro-organisms to attach to equipment and / or pipe work surfaces to 

form deposits.  

2.7 Monitoring Techniques in Power plant cooling systems for corrosion and 

scaling 

To be successful, a cooling water treatment program must be able to: 

• Determine and measure the key parameters related to system stress. 

• Detect troubled conditions and take an appropriate, automatic, and corrective 

action to compensate. 

The necessary control tests must be consistently run and is the foundation of every 

successful treatment program. 

2.7.1 Methods for performance monitoring in cooling systems 

Corrosion 
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Weight loss method: The conventional gravimetric weight loss method is the least 

expensive and simplest method for corrosion monitoring. The operational procedures 

for conducting the weight loss method are well established (ASTM, 2005a, 2005b). 

This method simply measures the weight change of an alloy specimen during the 

exposed period into the corrosive environment. The weight loss measured is converted 

to an average corrosion rate over the exposure period. Although this method is simple 

to perform, it only gives average corrosion rate. In many cases, instantaneous corrosion 

rate is of greater interest to enable a real-time response to a sudden increase of 

corrosion rate. 

Table 2.11: Value of K  

Corrosion rate unit desired Constant (K) in corrosion rate equation 

Miles per year (mpy) 3.45 x 106 

Inches per year (ipy) 3.45 x 103 

Inches per month (ipm) 2.87 x 102 

Millimeters per year (mm/y) 8.76 x 104 

Micrometer per year (µm/y) 8.76 x 107 

Pico meters per second (pm/s) 2.78 x 106 

Grams per square meter per hour 

(g/m2.h) 
1.00 x 104 x D 

Milligrams per square decimeter per day 

(mdd) 
2.40 x 106 x D 

Micrograms per square meter per second 

(µg/m2.s) 
2.78 x 106 x D 

Source: ASTM D2688-05.       

The weight loss of metal alloys is the mass difference between pre-exposure and post-

exposure condition of metal alloy surfaces. Then, corrosion rate was evaluated from 

the following equation (6).  

Corrosion rate = (K x W)/(A x T x D).............. (6) 

Where, K =  a constant (See table 2.11); T = time exposures in hours; A = area in cm2; 

W = mass loss in grams and D = density in g/cm3 (See table 2.12) 
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Table 2.12: Densities for a variety of metals and alloys. Units are gram/cm3 

Alloy Density 

Stainless steel 7.94 

Copper 8.94 

Copper nickel 8.94 

Source: ASTM D2688-05. 

Electrochemical Method: The electrochemical Tafel extrapolation method is 

commonly used for corrosion mechanism studies and instantaneous corrosion rate 

determination (Jones, 1996). This method requires a high anodic / cathodic polarizing 

voltage and thus might change the surface properties of an electrode. It is only suitable 

for one-time measurement and not for continuous monitoring. The often poor linearity 

of anodic polarization curves also limits the application of this method for corrosion 

rate determination. If only the cathodic polarization curve is determined, the 

cathode/anode area ratio influences the accuracy of the results. 

Scaling 

Mass gain analysis: The conventional mass gain method is least expensive and 

simplest method for scale monitoring. This method simply measures the weight gain 

of metal alloy specimen during the immersion period into the scaling environment. 

The weight gain measures is converted to a uniform scaling rate over the exposure 

period. Although this method is simple to perform, it only gives average mass gain 

rate. 

2.8 Surface analysis 

Surface analysis defines the study of morphology, physical structure and components 

of metals specially using microscopy, it is also termed as a metallography 

(Metallography and Microstructures, 2005).  

Many different microscopy techniques are used in metallographic analysis. Prepared 

specimens should be examined with the unaided eye. Microscopical examination 

should be employed where a deviation from the norm was found on the metal surfaces. 

Light optical microscopy (LOM) examination should always be performed prior to any 
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electron metallographic (EM) technique, as these are more time-consuming to perform 

and the instruments are much more expensive. 

Further, certain features can be best observed with the LOM, e.g., the natural color of 

a constituent can be seen with the LOM but not with EM systems. Also, image contrast 

of microstructures at relatively low magnifications, e.g., <500X, is far better with the 

LOM than with the scanning electron microscope (SEM), while transmission electron 

microscopes (TEM) generally cannot be utilized at magnifications below about 2000 

to 3000X. LOM examination is fast and can cover a large area.  

2.8.1. Scanning-electron microscopes (SEM)  

If a specimen must be observed at higher magnification, it can be examined with a 

scanning electron microscope (SEM), or a transmission electron microscope (TEM). 

When equipped with an energy dispersive spectrometer (EDS), the chemical 

composition of the microstructural features can be determined. The ability to detect 

low-atomic number elements, such as carbon, oxygen, and nitrogen, depends upon the 

nature of the detector used. But, quantification of these elements by EDS is difficult 

and their minimum detectable limits are higher than when a wavelength-dispersive 

spectrometer (WDS) is used. But quantification of composition by EDS has improved 

greatly over time. Historically, EDS was used with the SEM while WDS was used with 

the electron microprobe analyzer (EMPA). Today, EDS and WDS is used with both 

the SEM and the EMPA.  

The scanning electron microscope (SEM) uses a focused beam of high-energy 

electrons to generate a variety of signals at the surface of solid specimens. The signals 

reveal information about the sample including external morphology (texture), 

chemical composition, and crystalline structure and orientation of materials making up 

the sample. In most applications, data are collected over a selected area of the surface 

of the sample. A two-dimensional image is generated that displays spatial variations 

in these properties. Areas ranging from approximately 1 cm to 5 microns in width can 

be imaged in a scanning mode using conventional SEM techniques (magnification 

ranging from 20X to approximately 30,000X, spatial resolution of 50 to 100 nm). To 

determine the chemical composition (using EDS), SEM is also capable to perform 

analysis of selected points.  
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Components of Scanning Electron Microscope (SEM) 

Essential components of all SEMs include the following: 

• Electron Source ("Gun") 

• Electron Lenses 

• Sample Stage 

• Detectors for all signals of interest 

• Display / Data output devices 

• Infrastructure Requirements: 

o Power Supply 

o Vacuum System 

o Cooling system 

o Vibration-free floor 

o Room free of ambient magnetic and electric fields 

SEMs always have at least one detector (usually a secondary electron detector), and 

most have additional detectors. The specific capabilities of a particular instrument are 

critically dependent on which detectors it accommodates. 

Application 

The SEM is routinely used to generate high-resolution images of shapes of objects 

(SEI) and to show spatial variations in chemical compositions: 1) acquiring elemental 

maps or spot chemical analyses using EDS, 2) discrimination of phases based on mean 

atomic number (commonly related to relative density) using BSE, and 3) 

compositional maps based on differences in trace element "activators" (typically 

transition metal and Rare Earth elements) using CL.  

 

Limitations 

Samples must be solid and they must fit into the microscope chamber. Maximum size 

in horizontal dimensions is usually on the order of 10 cm, vertical dimensions are 

generally much more limited and rarely exceed 40 mm. For most instruments samples 

must be stable in a vacuum on the order of 10-5 - 10-6 torr. Samples likely to outgas at 
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low pressures (rocks saturated with hydrocarbons, "wet" samples such as coal, organic 

materials or swelling clays, and samples likely to decrepitate at low pressure) are 

unsuitable for examination in conventional SEM's.  

2.8.2 Energy-Dispersive X-Ray Spectroscopy (EDS) 

Interaction of an electron beam with a sample target produces a variety of emissions, 

including x-rays. An energy-dispersive (EDS) detector is used to separate the 

characteristic x-rays of different elements into an energy spectrum. EDS system 

software is used to analyze the energy spectrum to determine the abundance of specific 

elements. EDS can be used to find the chemical composition of materials of a spot size 

of a few microns, and to create element composition maps over a much broader raster 

area. Together, these capabilities provide fundamental compositional information for 

a wide variety of materials. 

Limitations 

• There are energy peak overlaps among different elements, particularly those 

corresponding to x-rays generated by emission from different energy-level 

shells (K, L and M) in different elements. For example, there are close overlaps 

of Mn-Kα and Cr-Kβ, or Ti-Kα and various L lines in Ba. Particularly at higher 

energies, individual peaks may correspond to several different elements; in this 

case, the user can apply DE convolution methods to try peak separation, or 

simply consider which elements make "most sense" given the known context 

of the sample. 

• Because the wavelength-dispersive (WDS) method is more precise and capable 

of detecting lower elemental abundances, EDS is less commonly used for 

actual chemical analysis although improvements in detector resolution make 

EDS a reliable and precise alternative. 

• EDS cannot detect the lightest elements, typically below the atomic number of 

Na for detectors equipped with a window. Polymer-based thin windows allow 

for detection of light elements, depending on the instrument and operating 

conditions. 
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Figure 2.7: Field Emission Scanning Electron Microscope (SEM) 

2.8.3 X-ray diffraction (XRD)  

X-ray diffraction (XRD) is a rapid analytical technique primarily used for phase 

identification of a crystalline material and can provide information on unit cell 

dimensions. The analyzed material is finely ground, homogenized, and average bulk 

composition is determined. 
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Figure 2.8: X-ray diffraction (XRD) machine 

Application 

X-ray diffraction is most widely used for the identification of unknown crystalline 

materials (e.g. minerals, inorganic compounds). Determination of unknown solids is 

critical to studies in geology, environmental science, material science, engineering and 

biology. 

Other applications include:  

• Characterization of crystalline materials. 

• Identification of fine-grained minerals such as clays and mixed layer clays that 

are difficult to determine optically. 

• Determination of unit cell dimensions. 
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• Measurement of sample purity. 

Limitations 

• Homogeneous and single phase material is best for identification of an 

unknown. 

• Must have access to a standard reference file of inorganic compounds (d-

spacing’s). 

• Requires tenths of a gram of material which must be ground into a powder. 

• For mixed materials, detection limit is ~ 2% of sample. 

• For unit cell determinations, indexing of patterns for non-isometric crystal 

systems is complicated. 

• Peak overlay may occur and worsens for high angle 'reflections'. 
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Chapter 3  

Methodology 
3.1 Study Area 

The present study evaluated use of Sitalakhya River Water as makeup water in the 

cooling system of the proposed 335 MW Siddhirganj power plant. The proposed power 

plant is located on the western bank of Sitalakhya River. Longitude and latitude of this 

area is 23°41/14// to 23°40/45// North and 90°30/50// to 90°31/47// East respectively. This 

complex covers an area of 88 acre which is owned by the Power Development Board 

(PDB). The location of the proposed 335MW Combined Cycle Power Plant (CCPP) is 

shown in Figure 3.1 (BUET, EIA Report, 2012).  

Closed system combined cycle power plants do not generate any kind of thermal 

effluents. The cooling operation is usually done with the help of cooling tower and 

condensers. The generated fuel is spread throughout the ambient air and there is no 

risk for the deterioration of water quality of Sitalakhya River due to operation of the 

335 MW CCPP. The assessment of SRW quality is needed due to the presence of steam 

turbine power plant which may deteriorate the quality of water by discharging their 

thermal waste.  

The thermal discharges from 210 MW steam turbine power plant did not exceed the 

guidelines of Environmental Conservation Rule (ECR) 1997 and World Bank 

Guideline limit during dry season. The plume temperature decreases due to higher 

dilution and mixing and only a trivial increment of temperature can be predicted at the 

intake location of the proposed 335 MW power plant.   

The first stage of electricity production is gas turbine which collects air from the 

environment via a filter (1. on Figure 3.2). To elevate the air pressure, it is compressed 

in the compressor (2. on Figure 3.2) and sent into the combustion chamber.  Fuel is fed 

into this chamber and produces hot gases which lead to virtually ambient pressure.  

The gas spreads out and the energy that it releases is converted into a mechanical 

rotation. This mechanical rotation powers the compressor and the generator which 

convert this energy into electricity. Exhaust gas emits from the turbine at a temperature 

around 600°C and it transferred to the water in the heat recovery steam generator.  
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Figure 3.1. Google image showing location of the Siddhirganj 335 MW closed-cycle 

power plant within the PDB power generation complex (BUET EIA Report, 2012). 

Water / Steam cycle was the second stage of electricity generation where the 

pressurized water is heated and vaporized.  

The heat recovery steam generator (3. on Figure 3.2) has three different pressure level: 

one high, one medium and one low; which is possible to attach an impressive amount 

of energy contained in the exhaust gas. The boiler is roughly 45 meters high and 17 

meters wide. The pressure level of steam turbine (4. on Figure 3.2) acts like heat 

recovery steam generator and it supplies steam towards the turbine. The turbine 

converts this steam energy into a mechanical rotation and transferred to the generator 

in terms of electricity.  

The condenser (5. on Figure 3.2) is the most prominent component of the power plant. 

The steam exits from the turbine under vacuum and flow through the pipe into the 

condenser where it is cooled by air. The steam is cooled with the help of a large 

ventilators until it becomes condensed again.  
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Figure 3.2: Schematic diagram of Combined Cycle Power Plant (CCPP) (BUET EIA 

Report, 2012).  

Figure 3.2 shows a schematic representation of the above process. Figures 3.3 (a-f) 

provide the images of typical units in a CCPP. 

  

a) b) 



 
 

47 
 

  

  

Figure 3.3: Typical units in a CCPP (a) A typical gas turbine, (b) A typical end 

ending generator, (c) A typical heat recovery steam generator, (d) A typical gas 

turbine compressor, (e) A typical rotor of high pressure steam turbine, (f) Typical 

ventilator of condenser (BUET EIA Report, 2012). 

 

Figure 3.4: Process diagram of the 335 MW Combined Cycle Power Plant 

(BUET EIA Report, 2012). 

 

 

c) d) 

e) 
f) 
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3.2 Water quality analysis of Sitalakhya river water (SRW) 

Water is one of most essential natural resources and contamination of water has 

become a major challenge to environmentalist in the rapid developing countries. 

Depending on the desired uses of water, the characterization of water quality is 

different for reporting and comparing results of water quality analysis (Khodapanah L 

et al., 2009).    

Actual SRW was chosen for this study. The most degraded water quality of SRW was 

found in dry season (Alam et al., 2012).  Due to the variation of water characteristics 

with time and location (Alam et al., 2012), water samples were collected at two 

different times (12th January and 20th March, 2014) to prepare a representative 

configuration of SRW. Water samples were collected from a depth of 2m from the 

water surface near the intake location (Figure 3.5) of the makeup water for the 

proposed power plant. Samples were collected in a 3L polyethylene container and then 

transferred to glass sampling containers. All parameters were tested in Environmental 

Engineering Laboratory (BUET), using appropriate standard test procedures (APHA-

AWWA-WEF, 1998). 

  

Figure 3.5: Location of sample collection 

3.3 Simulation of 2.5 CoC Synthetic SRW 

Synthetic recipe was formulated based on the estimated average composition of SRW 

to reproduce the actual SRW using as a makeup water in Siddhirganj Power plant at 

2.5 Cycle of Concentration (CoC) (BUET, EIA Report, 2012) by MINEQL+. CoC is 

the intensity factor for the water in recirculating cooling systems. 2.5 CoC denotes that 

the recirculating cooling water in the evaporative cooling systems has two and half 

Intake water for cooling water 
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times the total dissolved solids constituents compared to the makeup water. It was 

chosen to be concentrated because recirculating water was concentrated several times 

due to evaporation (John et. al., 2013).    

Table 3.1: Chemical recipes of Synthetic Sitalakhya River Water at two and half 

cycle of concentration. 

Available Ion 
Concentration 

(mM) 

Concentration 

(mg/l) 

Na+ 5.53 127.40 

K+ 0.46 18.23 

Ca 2+ 1.32 53.00 

Mg 2+ 1.85 44.40 

NH4
+ 0.55 10.02 

Cl- 3.80 135.15 

PO4 3- 0.05 4.82 

SO4 2- 1.30 125.50 

NO3
- 0.01 0.75 

HCO3
- 1.16 70.76 

A representative portion of SRW was concentrated on a hot plate by heating at 400C 

with a continuous stirring at 25 rpm. The heated sample reached 2.5 CoC after 60% of 

its volume reduction by evaporation. Synthetic recipe was made by using distilled 

water with the addition of selected chemical constituent (Table 3.2), which was found 

from the results of MINEQL+.   

pH, Alkalinity and Hardness was determined from this formulated synthetic recipe and 

verified against actual 2.5 CoC SRW.  

3.4 Corrosion or scaling potential of SRW in cooling water system 

Corrosion or scaling potential mainly depends on two indices such as Langelier 

Saturation Index (LSI) and Ryznar Stability Index (RSI). The potentiality of corrosion 

and scaling was found from this two indices. 
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3.4.1 Langelier Saturation Index 

Langelier index was calculated from Langelier saturation index calculator by Metcalf 

and Eddy (2003). Results of Langelier saturation index calculator were given below: 

The formula to calculate the Langelier Saturation Index is: LSI = pH - pHs 

Where: LSI = Langelier Saturation Index; pHs = saturation pH; pH = pH value 

3.4.2 Ryznar Stability Index 

The Ryznar index takes the form: 

RSI = 2(pHs) - pH 

Where, pH is the measured water pH; pHs is the pH at saturation in calcite or calcium 

carbonate 

Ryznar index was calculated from Ryznar index calculator by Metcalf and Eddy 

(2003). 

3.5 Bench-scale recirculating water system configuration  

A bench-scale recirculating system (Figure 3.6) was constructed to replicate the actual 

cooling water system in terms of temperature, velocity and water quality of SRW at 

2.5 CoC.  The bench-scale recirculating system was developed by using PVC pipes 

with a nominal diameter of 1.91 cm (0.75 inch) to hold the metal alloys specimens for 

gravimetric weight loss analysis. A centrifugal pump (0.5HP) was incorporated to 

recirculate the water from a water bath on a hot plate (to control the temperature of 

water) at a rate 0.189 L/s (3gpm) for 7 days.    

The pipe consisted of four PVC T-sections into which alloy specimen holders were 

mounted (details showed in Figure 3.6 (b)). Each specimen holders was made of an 

end cap which containing a threaded stainless steel rod with alloy specimen attached. 

For gravimetric analysis, each specimen was removed from the pipe rack after testing 

period. Testing period was one week for each specimen and specimen was removed 

from the pipe rack in a semi-continuous method (1st, 3rd, 5th, 7th day). 
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Figure 3.6: (a) Bench-scale recirculating system used for gravimetric weight loss 

analysis in the present study (b) Schematics of bench-scale recirculating system 

with details of metal alloy specimen mounting rack. 

3.6 Corrosion Inhibitors 

In this study, sodium nitrite (anodic inhibitor) has been used as a corrosion inhibitor 

in bench scale system which is commonly used in cooling systems using steel and 

copper metal alloys (Hayyan et al., 2012). It is based on a blend of organic and 

inorganic corrosion inhibitors intended to protect steel, copper and other non-ferrous 

metals. It is an ideal treatment for closed chilled water and low pressure heating 

systems. When compared with more traditional nitrite-borate based corrosion 

inhibitors sodium nitrite offers the benefit of a lower dosage rate and will raise the 

system Total Dissolved Solids (TDS) to a much lesser degree. 

Sodium nitrite should be dosed at 1000 - 2000 ml/m3 in order to give an active reserve 

of 260 ppm of sodium nitrite. In systems requiring significant passivation higher initial 

dosages may be required to yield the required nitrite residual. 

Using inhibitors are most convenient and economical method for controlling corrosion 

of steel in cooling water system (Ali et al., 2008, Sakashita et al., 1977, Vokasovich et 

al., 1977).  
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Formation of Lower oxide 

𝑁𝑂2
− + 8𝐻+ + 6𝑒−  → 𝑁𝐻4

+ + 2𝐻2𝑂 

9 𝐹𝑒(𝑂𝐻)2  ↔ 3 𝐹𝑒3𝑂4 + 6 𝐻2𝑂 + 6𝐻+ + 6𝑒− 

2𝐻2𝑂 ↔ 2𝐻+ + 2𝑂𝐻− 

  

9 𝐹𝑒(𝑂𝐻)2 +  𝑁𝑂2
−  ↔  3 𝐹𝑒3𝑂4 + 𝑁𝐻4

+ +  2𝑂𝐻− +  6 𝐻2𝑂   

Formation of Higher oxide 

𝑁𝑂2
− + 8𝐻+ + 6𝑒−  → 𝑁𝐻4

+ + 2𝐻2𝑂 

6 𝐹𝑒(𝑂𝐻)2  ↔ 2 𝐹𝑒3𝑂4 + 4 𝐻2𝑂 + 4𝐻+ + 4𝑒− 

2 𝐹𝑒3𝑂4 +  𝐻2𝑂 ↔ 3(𝛾 − 𝐹𝑒2𝑂3) +  2𝐻+ + 2𝑒− 

2𝐻2𝑂 ↔ 2𝐻+ + 2𝑂𝐻− 

  

6 𝐹𝑒(𝑂𝐻)2 + 𝑁𝑂2
−  ↔  3(𝛾 − 𝐹𝑒2𝑂3) + 𝑁𝐻4

+ +  2𝑂𝐻− +  3 𝐻2𝑂   

Nitrite based inhibitor formulates a ferric oxide or magnetite (γ-Fe2 O3) barrier on the 

surface of the steel (Cohen, 1976, Marshall, 1983). Many literature has been reported 

the synergic inhibition action of nitrite with chromate, molybdate, ascorbic acid, 

benzoate, orthophosphate (Ramasubramanian et al., 2001, Mustafa et al., 1996, 

Afolabi et al., 2007, Mustafa et al., 1997). Nitrite is used as a passive inhibitor to abate 

and influence the rate of corrosion in an acceptable ranges (Rozenfeld, 1981; Dean et 

al., 1981; Stansbury and Buchanan, 2000; Sastri, 1998).   

Passivation refers to create a protective layer on the metal surfaces which is less 

affected by the environmental factors such as air and water. In terms of chemistry, it 

creates a light coat of a metal oxide to create a cover against corrosion. Environment 

is a key factor to reduce the corrosion rate of metal alloys; the shell inhibits deeper 

corrosion which is a vital part of the chemistry of passivation. This shell is named as 

“native oxide layer” with a thickness of a monolayer (1-3Å) for a noble metal like 

platinum, about 15 Å for silicon and nearer to 50Å for aluminum after several years 
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(Bockris, 1977; Fehlner et al. 1986). An inhibitor transfer water from the metal surface 

with a collaboration with anodic and cathodic reaction. Simultaneously, it also prevent 

the transportation of water and corrosion active species on the metal surface by 

hindering the oxidation reaction.    

3.7 Metal alloy pre-exposure and post-exposure treatment 

3.7.1 Method for preparing Specimens for test 

Cylindrical shaped Mild Steel, Copper and Cupronickel specimen were used for 

present study. Mild steel and Copper are commonly used in cooling water system 

(Herro and Port, 1993). These metal specimens were cylindrical shaped with a nominal 

diameter and length of 0.914 cm (0.375 inch) and 1.27 cm (0.5 inch) respectively. 

These metal specimens were wet polished with a SiC paper to a 600 grit surface finish, 

dried and weighted to 0.1mg before exposed (Figure 3.7) with synthetic water in 

bench-scale experiments. These metal specimens were then degreased with acetone 

and rinsed in distilled water and then mounted in the bench scale experiment.  

 
Figure 3.7: Pre and Post exposure (after 7 day) metal surface (Mild Steel) 

 

 

Metal alloy specimens were semi-continuously monitored and withdrawn at 1st, 3rd, 

5th, and 7th day to evaluate the change of weight due to exposed with synthetic water. 
See Appendix A1 & A2 for Pre and Post exposure condition of copper and cupronickel. 

Pre Exposure Post Exposure 

0.1 inch 
0.1 inch 
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3.8 Corrosion analysis in Bench-scale recirculating system 

In bench-scale recirculating water system, each experiment has been conducted for 7 

days with and without the addition of sodium nitrite as a corrosion inhibitor. Four 

specimens of each metal alloys has been used in each experiments. The corrosion rate 

was measured semi continuously after the 1st, 3rd, 5th and 7th day exposure. The average 

corrosion rate was evaluated by gravimetric weight loss method with respect to the 

immersion time of metal alloys in bench-scale experiment.  

3.8.1 Corrosion analysis at 2.5 CoC 

Corrosion analysis has been done with and without the addition of sodium nitrite in 

bench-scale recirculating water system. Sodium nitrite develops a oxide layer on the 

surface of metal alloys which retards the corrosion rate with time. Sodium nitrite acts 

as a defective inhibtor at low concentration (75ppm) (Hayyan et al., 2012).  

 

Figure 3.8: Pre & Post treatment by Sodium nitrite of metal alloys (Mild Steel).  

Figure 3.8  shows the efffect of sodium nitrite as a corrosion inhibitor on the metal 

alloy surfaces at 2.5 CoC simulated water in bench scale system. See Appendix A3 & 

A4 for the effect of inhibitor on copper and cupronickel. 

Without Inhibitor With Inhibitor 

0.1 inch 

0.1 inch 
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3.8.2 Methods for cleaning after testing 

Corrosion products removal procedures can be divided into three general categories: 

mechanical, chemical and electrolytic. Chemical procedure involves immersion of the 

corrosion test specimen in a specific solution that is designed to remove the corrosion 

products with minimal dissolution of any base metal. Several procedure are listed in 

Table 3.2.  
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Table 3.2: Chemical cleaning procedures for removal of corrosion products 

Material Solution Time Temperature Remarks 

Copper and 

copper alloys 

500ml 

hydrochloric 

acid (HCL, sp 

gr 1.19) 

Reagent water 

to make 

1000ml 

1 to 3 min 200 to 250 C 

Deaeration of 

solution with 

purified 

nitrogen will 

minimize base 

metal removal. 

Iron and steel 

1000ml 

Hydrochloric 

acid (HCL, sp 

gr 1.19) 

20gm antimony 

trioxide 

(Sb2O3) 

50gm stannous 

chloride 

(SnCl2) 

 

1 to 25 min 200 to 250 C 

Solution 

should be 

vigorously 

stirred or 

specimen 

should be 

brushed. 

Longer times 

may require in 

certain 

instances. 

Nickel and 

Nickel alloys 

150ml 

Hydrochloric 

acid (HCL, sp 

gr 1.19) 

Reagent water 

to make 

1000ml 

1 to 3 min 200 to 250 C  

Metal alloy specimens were cleaned by following ASTM G1-03 standard procedure 

(ASTM, 2005a) after removed from the bench-scale experiments. For post exposure 

treatment, different chemical solution has been prepared for Mild Steel, Copper & 

Cupronickel alloys according to the standard procedure (ASTM, 2005a). All corrosion 

product has been removed by immersed these metal alloys in cleaning solution with a 
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constant stirring. The metal alloys was dried and reweighted to 0.1 mg to evaluate the 

weight loss from the weight difference from the pre-exposure and post-exposure 

weight measurements. To determine the average corrosion rate, these difference of 

weight was divided by the exposed surface area, time and density of metal alloy 

specimen (ASTM D2688-05).      

3.9 Surface analysis 

Metal alloy specimen was immersed into 2.5 CoC synthetic water for 7 days with and 

without the addition of sodium nitrite as a corrosion inhibitor. Surface analysis has 

been conducted after removing these metal alloys from this batch reactor system. The 

composition and intensity of different metals on the metal surfaces is determined by 

X-Ray diffraction (XRD) analysis. The morphology and composition of element on 

the metal surfaces is evaluated from Scanning Electron Microscope (SEM) and Energy 

Dispersive X-ray Spectroscopy (EDS) analysis respectively. X-Ray diffraction (XRD) 

analysis has been done in Bangladesh council of Scientific and Industrial Research 

(BCSIR) laboratory. Scanning Electron Microscope (SEM) and Energy Dispersive X-

ray Spectroscopy (EDS) analysis has been done in the Glass and ceramic Engineering 

Department laboratory.  

 

 

 

 

 

 

Chapter 4  

Results and Discussions 
4.1 General 
Water quality of Sitalakhya river water at 2.5 CoC has been characterized and the 

synthetic recipe of SRW at 2.5 CoC was formulated to render the cooling scenario in 

Siddhirganj power plant. Synthetic water was justified according to the three main 
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water quality characteristics of SRW at 2.5 CoC. Bench scale experiment has been 

carried out on metal alloy specimens using this synthetic water. All metal specimens 

were exposed to the synthetic water in a batch reactor system for surface analysis. 

4.2 Water quality assessment of Sitalakhya River Water (SRW) 

Actual wastewater of SRW was chosen for bench scale recirculating cooling water 

system experiments. Water quality characteristics of SRW were tested in 

Environmental Engineering Laboratory, BUET, according to the standard test 

procedure (Table 4.1) (APHA-AWWA-WEF, 1998). Part of the samples was 

concentrated in the laboratory and determined the same water characteristics at 2.5 

Cycle of concentration (CoC) (Table 4.2).  Charge balance was done according to the 

concentration of cations and anions and the value of the ratio between cation and anion 

was found to be 1.14, which is close to the ideal value of 1.00.  

Table 4.1: General water characteristics of Sitalakhya River water (SRW) at Single 

Cycle Concentration. a Sampled during 12th January and 20th March, 2014. b Value of 

pH is unit less. “Standard Methods” were used in analyzing the parameters. (n=2, 

where n=number of samples) 

Parameter Concentration a  (mM) Unit 

As 3.89±0.1 ppb 

COD 55±2 mg/l 

pH b 7.41  ±0.03  -- 

Temperature 25 ⁰C 

Colour 105±2 Pt Co Unit 

Turbidity 26±1 NTU 

Cl- 54.06±0.5 mg/l 

Hardness 138±1 mg/l as CaCO₃ 

Alkalinity 208±1.5 mg/l as CaCO₃ 

CO₂ 11.5±0.5 mg/l 

CO₃ (calculated) 0.321±0.03 mg/l 

HCO₃ (calculated) 253.09±2 mg/l 

DO 0.41±0.02 mg/l 

EC 670 (16.8⁰C) ±2 µs/cm 
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Parameter Concentration a  (mM) Unit 

Ammonia as -N 6.9±0.1 mg/l 

Mn 0.139±0.01 mg/l 

PO₄ 1.927±0.01 mg/l 

F 0.33±0.01 mg/l 

SO₄ 50.2±0.02 mg/l 

Na 50.960±01 mg/l 

K 7.31±0.02 mg/l 

NO3-N 0.3±0.02 mg/l 

TDS 358±1.5 mg/l 

TS 394±2 mg/l 

TSS 36±0.5 mg/l 

Fe 0.2±0.02 mg/l 

Ca 21.2±0.2 mg/l as CaCO₃ 

Mg 17.76±0.2 mg/l as CaCO₃ 

BOD 12±0.02 mg/l 

Pb 0.001±0.0001 mg/l 

Cd 0.002±0.0001 mg/l 

Cr 0±0 mg/l 

Cu 0.041±0.001 mg/l 

Zn 0.03±0.001 mg/l 

Co 0±0 ppb 

Hg 0.19±0.001 ppb 

 

Table 4.2: General water characteristics of Sitalakhya River water (SRW) at Single 

Cycle Concentration. a Sampled during 12th January and 20th March, 2014. b Value of 

pH is unit less. “Standard Methods” were used in analyzing the parameters. (n=2, 

where n=number of samples)  

Parameter Concentration a (mg/l) 

pH b 8.59 

Hardness  67 
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Parameter Concentration a (mg/l) 

Alkalinity  309 

4.3 Preparation of Synthetic Sitalakhya River Water (SRW) at 2.5 CoC  

A synthetic recipe was framed to reproduce the actual water condition in Siddhirganj 

Power Plant cooling system. A simulation has been done to determine the 

concentration of different major parameters by a software name “MINEQL+”.  

Synthetic recipe was prepared by using distilled water with desired chemical 

constituent (different kinds of salts).  

4.2.1 MINEQL+ Simulation 

Different water quality parameter of SRW was determined to prepare synthetic SRW. 

All parameters were determined and their concentration was converted into molar (M) 

by equation (1) to match the input unit in MINEQL+. Some major parameters was 

selected like H+, CO3
2-, Na+, K+, Ca2+, Mg2+, NH4

+, Cl-, PO4 3-, SO4 2-, NO3
- for input 

in MINEQL+ software (Table 4.3). This simulation was done by fixing pH at 8.61 to 

replicate the pH of SRW at 2.5 CoC. The required concentration of HCO3
- was the 

output result of this simulation.  

Molar Concentration (M) = (Concentration (mg/l)) / (Atomic weight ×1000)….. (1) 

Table 4.3: Chemical recipes of Synthetic Sitalakhya River Water at 2.5 cycles of 

concentration. 

Available Ion 
Concentration  

(mM) 

Concentration 

(mg/l) 

Na+ 5.53 127.40 

K+ 0.46 18.23 

Ca 2+ 1.32 53.00 

Mg 2+ 1.85 44.40 

NH4
+ 0.55 10.02 

Cl- 3.80 135.15 

PO4 3- 0.05 4.82 

SO4 2- 1.30 125.50 

NO3
- 0.01 0.75 
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Available Ion 
Concentration  

(mM) 

Concentration 

(mg/l) 

HCO3
- 1.16 70.76 

 

4.2.2 Determination of Salt Concentration    

MINEQL+ simulation gives the concentration of anion and cation. A different types 

of salts was found from the combination of this cations and anions with their respective 

concentration. Amount of salts required (mg) to prepare a 100ml 0.1M solution with 

distilled water was determined by equation 2. A stock solution (1000ml 0.1M) was 

prepared by combining these salts. Equation 3 shows the formula to evaluate the 

volume of each salt is required to prepare a stock solution. All these results are shown 

in Table 4.4.      

Amount of salts required (mg) = (Atomic unit ×0.1 ×100) / 1000................... (2) 

Amount of Solution required (ml) = (Concentration of salt (M) × 1000) / 0.1…. (3) 

Table 4.4:  Composition of Stock solution 

Salt 
Name 

Salt 
Concentration  

Salt 
Concentration  

Salt required 
to prepare 

100ml 0.1M 
Solution 

Volume of 
stock 

solutions 
added to 
prepare 
1000ml 

synthetic 
SRW solution 

Units mM mg/l gm ml 

MgSO4 0.44 53.28 1.2 4.5 

Na2SO4 0.86 122.59 1.42 9 

KCl 0.47 34.87 0.75 5 

CaCl2 0.53 58.83 1.11 5.5 

MgCl2 0.44 26.45 0.60 4.5 

NaCl 1.39 81.41 0.59 14 

NH4HCO3 0.56 43.96 0.79 6 

NaNO3 0.01 0.84 0.85 0.5 

NaHCO3 0.51 43.14 0.84 5.5 
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Salt 
Name 

Salt 
Concentration  

Salt 
Concentration  

Salt required 
to prepare 

100ml 0.1M 
Solution 

Volume of 
stock 

solutions 
added to 
prepare 
1000ml 

synthetic 
SRW solution 

Units mM mg/l gm ml 

NaCl 3.62 212.00 0.59 36.5 

Na3PO4 0.05 8.36 1.64 0.5 

 

4.3 Relationship between actual water and synthetic water at 2.5 CoC 

Actual water at 2.5 CoC was prepared by heating on a hot plate at 400C with stirring 

at 25 rpm by a magnetic stirrer. Some major water quality characteristics (pH, 

Alkalinity & Hardness) of synthetic water at 2.5 CoC were evaluated and justified by 

comparing this with actual SRW at 2.5 CoC (Table 4.5).  This table shows, the 

selected water quality parameters are almost same in actual water and synthetic water 

at 2.5 CoC. On the basis of these water quality parameters, we can say that synthetic 

water explits the same water quality characteristics of actual water at 2.5 CoC. The 

ratio of Alkalinity at 2.5 CoC and 1 CoC is 1.5 whereas the ratio of hardness at 2.5 

CoC and 1 CoC is 0.5. This ratio indicates, alkalinity is increased and hardness is 

decreased in concentrated water. So, during the preparation of actual water at 2.5 CoC, 

some solids were precipitated on the bottom surface of beaker which was not identified 

by nacked eyes.   

 

Table 4.5: Water quality characteristics of actual water and synthetic water at two 

and half cycle of concentration. All units are mg/l as CaCO3 except pH. 

Water 

Characteristics 
Actual Water  Synthetic Water 

pH 8.61 8.61 

Alkalinity 309 313 

Hardness 67 72 
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4.4 Significance of Langelier Saturation and Ryznar Stability Index values 

After analyzing (Table 2.5 & 2.7) both of these index values, we can reach a decision 

about the effect of synthetic solution on the metal surface alloys. The corrosion 

potential was expressed in terms of Langelier Saturation Index (LSI) and Ryznar 

Stability Index (RSI). A negative LSI indicates the water is under saturated with 

respect to calcium carbonate and it degrades the actual calcium carbonate coating from 

pipelines and other equipment’s, while a positive LSI super saturation of calcium 

carbonate and forming scale. LSI value of actual water was -4.1 which implies the 

negative calcium carbonate corrosion potential. On the other hand, RSI value of actual 

water was 26 which creates an intolerable corrosion in pipelines. The detail calculation 

procedure for LSI & RSI given by (Metcalf & Eddy, 2003; Rafferty, 1999) was 

employed. 

4.5 Corrosion Analysis 

A bench-scale system has been designed and constructed to determine the average 

corrosion rate of metal alloy surfaces by gravimetric weight loss method. This 

experiment was done by using Synthetic SRW at 2.5 CoC with and without the 

presence of sodium nitrite corrosion inhibitor in a bench-scale recirculating water 

system. 

4.5.2 Corrosion analysis in a bench scale recirculation system 

A bench scale system has to be constructed to determine the corrosion rate by weight 

loss (WL) method. Mass loss was determined in semi-continuous method (1st, 3rd, 5th, 

7th days). Details calculation of one metal (copper) is given below: 

K = 3.45 x 106; Initial Weight, Wi = 6.7605 gm; Final weight, Wf = 6.7568 gm (after 

1 day) 

Mass loss, W = (6.7605 - 6.7568) = 0.0037 gm.   

Area, A = 2πRh+ πR2 – πr2; where R = outer radius; r = inner radius; h = height of 

specimen. 

 = 2*3.1416*0.457*1.27 + 3.1416*0.4572 – 3.1416*0.1752 = 4.21 cm2.  

Time, T = 24 hour; Density, D = 8.94 gm/cm3; 
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Corrosion rate = (K x W)/(A x T x D) 

= (3.45 x 106 x 0.0037) / (4.21 x 24 x 8.94) = 14.14 mpy. 

Inhibition efficiency = (uninhibited-inhibited) * 100 / Uninhibited 

 

Figure 4.1: Corrosion Rate (mm/yr) of Copper metal with time  

Figure 4.1, 4.2 & 4.3 reveals the corrosion rate (mm/yr) of copper, cupronickel and 

mild steel with and without the action of inhibitor using synthetic water in bench scale 

system at 2.5 CoC over 168 hours. Corrosion rate was decreased to almost one third 

both in copper and cupronickel, corrosion rate of mild steel was slightly steady without 

the action of inhibitor. Corrosion rate of all metal specimens (Mild Steel, Copper and 

Cupronickel) was steady after 72 hours. The situation is slightly different for all metals 

with the action of inhibitor. Corrosion rate of all metal specimens were decreasing day 

by day for copper and Cupronickel but corrosion rate of mild steel was almost steady 

over 168 hours. In reaction series, iron is higher reactor than copper and cupronickel. 

That’s why, iron reacts with inhibitor so quickly and formed a thin oxide layer on its 

surface than any other metals.      

Higher reactive metal, mild steel shows higher corrosion rates compare to other metal 

alloys. In hierarchy (figure 4.4), we can see that a higher reactive metal like mild steel 

reacts with oxygen more quickly rather than lower reactive metals like copper and 

cupronickel. 
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Figure 4.2: Corrosion Rate (mm/yr) of Cupronickel metal with time  

 

Figure 4.3: Corrosion Rate (mm/yr) of Mild steel metal with time  
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Figure 4.4: Series of reactivity 

Inhibitor action on the metal surfaces was also determined in a bench scale system. 

Inhibition efficiency of metal surfaces was also determined over the time period. 

Corrosion rate was maintained a decreasing trend and the inhibition efficiency (Table 

4.6) of each metal specimen was maintained a decreasing tend over the time period 

due to the formation of a protective oxide layer on the metal surfaces. Inhibition 

efficiency of Mild steel was highest among other metal specimens.  
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Table 4.6: Average corrosion rates of metal and metal alloy samples, and corrosion 

inhibition efficiencies without and with the action of inhibitor with Synthetic water. 

All Concentration units are mg/l, time in days and Corrosion rates are in mm/yr. 

Metal 

Specimen 
Test Condition 

Sodium Nitrite 

concentration 
Time Corrosion Rate 

Mild Steel 

2.5 CoC 

Synthetic water 
0 7 

1.93 

(Unacceptable)a 

2.5 CoC 

Synthetic water + 

Sodium Nitrite 

Inhibitor 

260 (258±2) 7 
0.068 (96.48%) 

(Good)a 

Copper 

2.5 CoC 

Synthetic water 
0 7 

0.037 

(Unacceptable)a 

2.5 CoC 

Synthetic water + 

Sodium Nitrite 

Inhibitor 

260 (259±1) 7 

0.0028 

(92.31%) 

(Good)a 

 

Cupronickel 

2.5 CoC 

Synthetic water 
0 7 

0.13 

(Unacceptable)a 

2.5 CoC 

Synthetic water + 

Sodium Nitrite 

Inhibitor 

260 (258±1.5) 7 
0.006 (92.31%) 

(Fair)a 

Note: a Corrosion rate category is based on corrosion criteria given in Hsieh, 2010. 

4.6 Surface analysis 

Surface analysis has been done after pouring metal alloys into the synthetic SRW with 

and without the presence sodium nitrite corrosion inhibitor in a batch reactor system 

for 7 days. X-Ray diffraction (XRD), Scanning-electron Microscope (SEM) and 

Energy-dispersive X-ray spectroscopy (EDS) analysis has been done to evaluate the 

constituent species, morphology and elemental composition of corrosion products. 

The morphology, structure and constituent of corrosion product strongly influence the 

corrosion of any kind of metal alloys.  
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4.6.1 X-Ray Diffraction (XRD): 

X-ray diffraction (XRD) gives the results in terms of maximum intensity, diffracted 

position (angle) and peak shape of a metal alloy specimens. The following figures 

represent the analysis results of XRD on different metal alloys. 

Copper 

 

Figure 4.5: Phase diagram of Copper 

Figure 4.5  presents the phase diagram of copper after preparing 7 days poured in 

synthetic water at 2.5 CoC (with and without sodium nitrite). We can see that, peak 

was found in standard position on three plane surfaces on metal specimen which 

reflects a good orientation of molecules on the metal surfaces. Lattice pattern in copper 

was found at 430, 510 and 740 due to a peak was formed on that position. 
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Mild Steel 

 

Figure 4.6: Phase diagram of Mild steel 

Figure 4.6 presents the phase diagram of mild steel after preparing 7 days poured in 

synthetic water at 2.5 CoC (with and without sodium nitrite). We can see that, peak 

was found in standard position in two plane surfaces on metal specimen and the 

intensity (number of molecules) was more at 2.5 CoC synthetic water. Peak intensity 

was found at 450 and 650 which implies that, a lattice pattern was found in the samples.    

4.6.2 Scanning-Electron Microscopy (SEM) / Energy-dispersive X-ray 

spectroscopy (EDS) 

SEM analysis provides the morphology and scanning image of a metal surface under 

the action of a corrosive environment. The chemical information of the corrosive 
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products on the metal surfaces was found from EDS analysis. Relative amount of Iron, 

Oxygen and Copper was found from EDS analysis. 

The following figure represents the images of SEM analysis of a position in both mild 

steel and copper. These images were taken in one position in different zooming (1000X 

and 5000X) on the top surface of metal alloys. The metal specimen was poured into 

2.5 CoC Synthetic water (with and without the action of sodium nitrite corrosion 

inhibitor) about 7 days in a batch reactor system before the surface analysis has been 

done.  

 
Without Inhibitor 

 
With inhibitor 

Figure 4.7: The action of sodium nitrite as a corrosion inhibitor on the 

morphology of metal surfaces (Copper) at 1000X zooming position. 

Figure 4.7 & 4.8 shows the morphology of the metal surfaces (Copper) at 2.5 CoC 

synthetic water in a bench scale recirculating cooling water system.  In figure 4.7, 

top surfaces were so rough due to corrosive action on metal surfaces rather than 

surface of morphology with the action of inhibitor at 1000X (Figure 4.7) and 

5000X (Figure 4.8) zooming positions.  
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Without Inhibitor 

 
With Inhibitor 

Figure 4.8: The action of sodium nitrite as a corrosion inhibitor on the 

morphology of metal surfaces (Copper) at 5000X zooming position. 

 
Without Inhibitor 

 
With Inhibitor 

Figure 4.9: The action of sodium nitrite as a corrosion inhibitor on the morphology 

of metal surfaces (Mild Steel) at 1000X zooming position. 

Figure 4.9 & 4.10 shows the morphology of the metal surfaces (Mild steel) at 2.5 

CoC (with and without inhibitor) synthetic water in a bench scale recirculating 

cooling water system.  In figure 4.9, top surfaces were so rough due to corrosive 

action on the metal surfaces rather than surface of morphology with the action of 

inhibitor at 1000X (Figure 4.9) and 5000X (Figure 4.10) zooming positions.  

An EDS spectrum is represented as a plot of x-ray counts vs. energy (in keV). Energy 

peaks correspond to the various elements in the sample. Generally they are narrow 

and readily resolved, but many elements yield multiple peaks. For example, iron 

commonly shows strong Kα and Kβ peaks.  
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Without Inhibitor 

 
With Inhibitor 

Figure 4.10: The action of sodium nitrite as a corrosion inhibitor on the 

morphology of metal surfaces (Mild Steel) at 5000X zooming position. 

Figure 4.13 shows the average mass percentages of Copper/Mild Steel and oxygen by 

Energy Dispersive Energy-dispersive X-ray spectroscopy (EDS) analysis at 2.5 CoC 

with and without the action of corrosion inhibitor. Sodium nitrite inhibitor reduces the 

percentage of oxygen on the metal surface both in Mild Steel and copper. 

 

Figure 4.11: SEM image and the elemental composition of the Iron and Oxygen 

which was immersed in the Synthetic water operated at 2.5 CoC (a) Without (b) with 

the action of Sodium Nitrite Inhibitor). EDS scan was performed on the area outlined 

by the square box on the SEM image. 

 

(b) 
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Figure 4.12: SEM image and the elemental composition of the Copper and Oxygen 

which was immersed in the Synthetic water operated at 2.5 CoC (a) Without (b) with 

the action of Sodium Nitrite Inhibitor). EDS scan was performed on the area outlined 

by the square box on the SEM image. 

 

 

Figure 4.13: Average Mass percentage and standard deviation of Iron, Copper and 

oxygen without and with the addition of sodium nitrite (Corrosion inhibitor) at 2.5 

CoC Synthetic water. 

Figure 4.11 and 4.12 shows the morphology and composition of metal species on the 

metal surfaces (Mild steel & Copper respectively) at 2.5 CoC synthetic water (with 

and without the action of sodium nitrite as a corrosion inhibitor) in a bench scale 

recirculating cooling water system. The action of inhibitor shows the reduced number 

of counts of oxygen on the metal surfaces. 
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Chapter 5  

Conclusion and Recommendation 
5.1 General 
In power plant cooling system, freshwater is one of sources using as a makeup water 

which leads a shortage of freshwater. To overcome this shortages of freshwater, we 

should have to take necessary steps to abate the use of fresh water as a makeup water 

in power plant cooling system. Due to the variation of standard values at national and 

international levels, water quality parameters may not be a perfect indicator of water 

chemical balances. In that case, corrosion or scaling indices are confiscate indicator 

which suggests Sitalakhya River water (SRW) is highly corrosive for metal  alloys. 

5.2 Conclusion  
This research was focused on evaluating corrosion and corrosion control strategies 

when using synthetic SRW as makeup water in power plant cooling systems. The 

specific objectives of the study were to 1) Investigate the water quality of SRW and 

prepare a synthetic recipe at 2.5 CoC 2) determine the corrosion or scaling potential 

indices (LSI & RSI) of SRW at 2.5 CoC 3) Evaluate the average corrosion rate of mild 

steel, copper and cupronickel in a bench-scale recirculating system 4) determine 

sodium nitrite (as an anodic corrosion inhibitor) corrosion inhibition efficiency of 

metal alloys in the bench-scale recirculating system 5) analyze the structure, 

constituent and properties of corrosion product by surface (XRD, SEM and EDS) 

analysis.  

The original contributions of this research are 1) Sitalakhya river water accelerates 

corrosion rate of metal alloys when used as makeup water in Power Plant Cooling 

System 2) corrosion rates can be adequately controlled while using SRW with the 

addition of sodium nitrite as a corrosion inhibitor, and 3) the efficiency of  corrosion 

inhibitor was confirmed by determining the constituent, morphology and structure of 

corrosion products by X-Ray diffraction (XRD), Scanning-Electron Microscope 

(SEM) and Energy Dispersive X-ray Spectroscopy (EDS) analysis. 

5.3 Limitations 
There are some limitations during this study, we could not measure the characteristics 

of discharge water quality and its impacts on the aquatic system in the Sitalakhya 
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River. Water balance is a factor in cooling operation system which is not monitored in 

this study. 

5.4 Recommendations 
The present study provided some scope for future research related to this topic. 

At first, electrochemical method can be used in addition to the weight loss method for 

corrosion measurement in bench scale recirculating cooling water system.   

Secondly, biofouling action is a very important phenomena in corrosion control 

strategy in an open recirculating water system. It should be considered in the future 

study to determine efficiency of corrosion inhibitors for power plant cooling systems.  

Corrosion potential of water will adversely effect the longivity of cooling water 

systems. So, monitoring of water quality, scaling and corrosion potential of water 

should be considered in quality control programms in the power plants.  
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Appendix A: Pre and Post exposure and treatment (by sodium nitrite as a 
corrosion inhibitor) of metal alloy figure 
 

 
Appendix A1: Pre and Post exposure (after 7 day) metal surface (Copper) 

 

Appendix A2:  Pre and Post exposure (after 7 day) metal surface (Cupronickel) 

0.1 inch 0.1 inch 

0.1 inch 0.1 inch 
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Appendix A3: Pre & Post treatment by Sodium nitrite of metal alloys (Copper). 

 

Appendix A4: Pre & Post treatment by Sodium nitrite of metal alloys (Cupronickel). 
 
 
 
 
 
 
 
 
 
 
 

With Inhibitor Without Inhibitor 

With Inhibitor Without Inhibitor 

0.1 inch 
0.1 inch 

0.1 inch 
0.1 inch 
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Appendix B: Detailed information of Metal Alloys studied in this Research 
 

Metal Alloy 
Unified 

Numbering 
System (UNS) 

Composition (%)* 

Mild Steel G10180 C (0.140 – 0.200); Fe (98.81 – 99.26); Mn 
(0.600 – 0.900); P (≤ 0.0400); S (≤ 0.0500). 

Copper C10100 Cu (≥ 99.99) 

Cupronickel C70600 
Cu (88.7); Fe (1.00 – 1.80); Pb (≤ 0.05); Mn 
(≤1.00); Ni (9.0 – 11.0); Zn (≤ 1.00); other (≤ 
0.500) 

* http://www.matweb.com/search/SearchUNS.aspx  
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Appendix C: Average corrosion rate of Metal alloys with time at 2.5 CoC Without 
the presence of Sodium Nitrite inhibitor. All units are in mm/yr.  

Time(hour) Copper Cupronickel Mild Steel 
24 0.359 0.550 2.413 
72 0.080 0.230 2.023 
120 0.067 0.138 1.936 
168 0.037 0.132 1.934 
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Appendix D: Average corrosion rate of Metal alloys with time at 2.5 CoC with the 
presence of Sodium Nitrite inhibitor. All units are in mm/yr.  

Time(hour) Copper Cupronickel Mild Steel 
24 0.048 0.140 0.119 
72 0.009 0.040 0.099 
120 0.007 0.011 0.071 
168 0.002 0.006 0.068 
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Appendix E: MINEQL+ Simulation result of Synthetic Recipe at 2.5 CoC 
MINEQL+ Ver 4.6                                            Page 1 

Data Extracted from: 2.mdo 

SINGLE RUN SUMMARY 

___________________________________________________________ 

This report compiles the output data (concentration, Log C, Log K) for all species 
within a single run.  

___________________________________________________________ 

MINEQL+ Ver 4.6                                            Page 2 

Data Extracted from: 2.mdo 

Run: 1 

Type I – COMPONENTS 

ID Species Concentration Log C Log K 
2 H2O 1.000E+00       0.000       0.000 
3 H+ 2.400E-09      -8.620       0.000 
16 Ca2+ 1.160E-05      -4.937       0.000 
19 Cl- 3.810E-03      -2.419       0.000 
23 CO3

2- 5.100E-05      -4.292       0.000 
38 K+ 4.640E-04      -3.333       0.000 
41 Mg2+ 5.380E-04      -3.269       0.000 
45 Na+ 5.510E-03      -2.259       0.000 
47 NH4

+ 5.190E-04      -3.285       0.000 
50 NO3

- 9.870E-06      -5.006       0.000 
54 PO4

3- 1.910E-09      -8.719       0.000 
68 SO4

2- 1.220E-03      -2.915       0.000 
Type II – COMPLEXES 

ID Species Concentration 
(Oxidation Number) Log C Log K 

3800 OH-              (-1)  2.130E-05      -4.671     -13.290 
7300 CaOH+            (+1)  3.980E-09      -8.400     -12.080 
17900 MgOH+            (+1)  4.060E-06      -5.392     -10.740 
28400 CaHCO3

+          (+1)  2.770E-07      -6.558      11.290 
28401 Ca(NH3)2

2+      (+2)  8.790E-14     -13.056     -18.790 
28402 CaNH3

+2          (+2)  1.790E-09      -8.747      -9.140 
28403 CaH2PO4

+         (+1)  2.090E-11     -10.681      20.220 
28700 CaHPO4 (aq)            1.210E-08      -7.916      14.360 
31700 H2CO3 (aq)             4.100E-06      -5.388      16.140 
31800 HCO3

-            (-1)  1.180E-03      -2.927       9.980 
32000 MgHCO3

+          (+1)  4.720E-06      -5.326      10.860 
32200 NaHCO3 (aq)            2.090E-06      -5.679       9.490 
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36700 KHPO4
-           (-1)  1.330E-08      -7.876      12.800 

36701 MgH2PO4
+         (+1)  2.160E-09      -8.665      20.560 

37500 MgHPO4 (aq)            7.800E-07      -6.108      14.500 
38704 NaHPO4

-          (-1)  2.450E-07      -6.611      12.990 
38900 NH3 (aq)               3.300E-05      -4.482      -9.820 
41000 H2PO4

-           (-1)  9.070E-08      -7.042      18.920 
41100 HPO4

-2           (-2)  3.940E-06      -5.404      11.930 
41200 H3PO4 3.030E-14     -13.519      21.060 
43900 HSO4

-            (-1)  3.270E-10      -9.485       2.050 
71800 CaCO3 (aq)             6.020E-07      -6.220       3.010 
71901 CaNO3

+           (+1)  2.060E-10      -9.686       -9.686       
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Type II – COMPLEXES 

ID Species Concentration 
(Oxidation Number) Log C Log K 

71902 CaPO4
-           (-1)  2.490E-08      -7.604       6.050 

72300 CaSO4 (aq)             1.660E-06      -5.780               2.070 
95300 MgCO3 (aq)             1.330E-05      -4.876       2.690 
95400 NaCO3

-           (-1)  2.050E-06      -5.689       0.860 
129700 KSO4

-            (-1)  2.910E-06      -5.536       0.710 
132801 MgPO4

-           (-1)  1.810E-08      -7.742 4.250 
133400 MgSO4 (aq)             5.930E-05      -4.227       1.960 
141100 NaSO4

-           (-1)  2.420E-05      -4.616       0.560 
141800 NH4SO4

-          (-1)  4.440E-06      -5.353       0.850 
Type III - FIXED ENTITIES 

ID Species Concentration 
(Oxidation Number) Log C Log K 

3801 H2O (Solution)                                   0.000 0.000 0.000 
Type IV - PRECIPITATED SOLIDS 

ID Species 
Concentration 

(Oxidation 
Number) 

Log C Log K 

187400 HYDROXYLAPATITE 1.520E-05       0.000 42.220 
219200 DOLOMITE (ordered)     1.230E-03       0.000 16.790 

Type V - DISSOLVED SOLIDS 

ID Species Log C Log K 
186700 LIME   -18.353     -30.660 
186800 PORTLANDITE -9.177     -21.480 
186801 Ca4H(PO4)3:3H2O                      -9.464      45.060 
186802 CaHPO4:2H2O                          -4.176      18.100 
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190800 ARTINITE -2.326      -8.730 
190900 HYDROMAGNESITE -6.664       9.610 
196600 PERICLASE -6.040     -20.010 
196700 BRUCITE -1.710     -15.680 
196702 Mg(OH)2 (active)                     -4.916     -18.890 
196701 MgHPO4:3H2O                          -3.075      17.530 
204700 GYPSUM -3.620       4.230 
205800 NESQUEHONITE   -2.992       4.570 
205900 THERMONATRITE -9.607      -0.800 
206000 NATRON -8.499       0.310 
207100 EPSOMITE 4.552       1.630 
207200 MIRABILITE -7.468      -0.040 
210800 CaHPO4   -3.984      18.290 
218800 ARAGONITE -1.164       8.070 
218900 CALCITE -1.028       8.200 
219100 HUNTITE -2.227      29.690 

219201 DOLOMITE 
(disordered)                 -0.474      16.320 

234300 Ca3(PO4)2 (beta)                     5.300      26.950 
219900 ANHYDRITE -3.779       4.070 
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Type V - DISSOLVED SOLIDS 

ID Species Log C Log K 
221800 HALITE -6.412      -1.730 
224700 MAGNESITE -0.689       6.870 
229300 Mg3(PO4)2                            -5.342      21.900 
230200 THENARDITE -7.929      -0.500 

Type VI - SPECIES NOT CONSIDERED 

ID Species  Concentration 
(Oxidation Number) Log C Log K 

175310 pH (+1)  2.160E-02      -1.666       7.000 
175300 CO2 (g)                6.240E-01      -0.205      21.330 

Other Species 

ID Species  Concentration 
(Oxidation Number) Log C Log K 

900003        Activity of H+   2.160E-09      -8.666       0.050 
 

 


