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ABSTRACT  

The research aims to study the effect of flow rate and temperature on the corrosion rate of carbon steel pipe in condensate solution 

from the geothermal power plant. The corrosion rate in this study is highlighted by electrochemical measurement. Electrochemical 

measurement performed in two conditions i.e stagnant and dynamic conditions.  There are three kinds of temperature used in this 

research: 30°C, 40°C, and 50°C. Modification of corrosion cell installed for dynamic condition with flow rate variations: 0.27 m/s; 

0.6 m/s; 1 m/s; 1.5 m/s; and 1.9 m/s. It was found that corrosion rate boosts with temperature and fluid flow rate in condensate 

solution of the geothermal power plant. The highest corrosion rate (38 mpy) was obtained at 50°C and 1.9 m/s of flow rate. 
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INTRODUCTION 
 

A pipeline system is a medium for transporting steam or fluid 

from one area to another in the geothermal power plant. 

Carbon steel is widely used as a material for pipeline systems 

because of its economically and ability to withstand operating 

pressure. However, the surface of the carbon steel pipe is 

always exposed to a corrosive environment during the transport 

of steam or fluids in the process, and the integrity of the pipe 

system has always been found to be affected [1]. The gas 

content and dissolved particles in the fluid have been shown to 

lead an important role in the internal corrosion of the pipeline. 

However, other parameters such as temperature [2], fluid [3], 

velocity [4] and microstructure [5] have contributed to the 

increase in the corrosion rate of carbon steel in the geothermal 

power plant.  

The effect of various temperatures on the corrosion rate of 

carbon steel has been reported [6]–[8]. Most of the studies on 

corrosion in oil and gas pipelines have rarely focused on 

aspects of flow rate and temperature in geothermal solutions. 

However, the flow rate is a key point and dominant parameter 

in the corrosion aspect [9]. In general, corrosion measurements 

in the field were done using the monitoring method [10], 

coupon [11], and corrosion probe [12]. In the laboratory, the 

corrosion measurement of carbon steel was determined using 

weight-loss [13], and polarization [14], [15] methods in a static 

state. 

However, alternative ways are needed to predict what will 

happen in field conditions. Modification of cell corrosion is 

one approach for corrosion testing with variations in flow rates 

at various temperatures. With more knowledge about the 

process, small-scale equipment is sufficient to be used. The 

influence of different flow rates on the corrosion rate of carbon 

steel pipes at various temperatures was investigated in this 

work. 

MATERIAL AND METHODS 
 
Sample Preparation 

The working electrodes were carbon steel from pipeline 

systems at the geothermal power plant. The flow diagram of 

specimen preparation is shown in Fig. 1. The chemical compo-

sition of the specimen showed in Table 1. Before the test, the 

steel pipe was cut into a cylindrical shape with 0.8 mm of 

diameter. The specimens were mounted with resin, the other 

side was connected by a copper wire as a connector. Then, the 

specimen surfaces were polished with 80, 120, 320, and 400 

grit SiC paper, rinsed with acetone. The test was repeated at 

least twice to ensure reasonable reproducibility. 
 

 
Fig. 1 The flow diagram of experimental 

 
Table 1 Chemical Composition of Specimen  

Element (% w.t) 

Fe C Cr Ni Mn Mo Al Si Cu S P 

Bal 0.09 0.01 0.02 0.99 0.01 0.03 0.24 0.008 0.004 0.02 
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Electrochemical set-up 

A design schematic of the three-electrode used in all electro-

chemical experiments is presented in Fig. 2. A rotating cylin-

der electrode (RCE) with speed control and temperature control 

was used as a modification of the working electrode. Glass cell 

was fitted with platinum electrodes as an auxiliary electrode 

(counter electrode) and calomel as a reference electrode. 

Simulation of flow conditions was conducted using a rotating 

cylinder electrode (RCE). A specimen (working electrode) was 

screwed onto an electrode holder at the centre of the cell. The 

potentiodynamic polarization (Tafel) technique was used to 

measure corrosion rate. The procedure of all experiments is 

based on the ASTM standard test G5-94.  

 

 
 
Fig. 2 Schematic of Rotating Cylinder Electrode (RCE) 

 

Cell Solution 

The experiments were carried out both in stagnant and flow 

solution conditions. Glass cell filled with 1 L of condensate 

solutions from the pipeline of the geothermal power plant. The 

parameter of the condensate solution showed in Table 2. The 

temperature of the solution was set using a thermocouple and 

temperature control. After the solution was checked, the 

specimen was put in the solution, and then the glass cell was 

closed.  

 
Table 2 Parameter of Condensate Solution 

DO 

(mg/l) 

TDS 

(mg/l) 

Conduc 

(µS/cm) 

Salinity 

(%) 
pH 

Temp 

(oC) 

Ca Hard 

(ppm) 

Total 

Alkal 

(ppm) 

6.41 161.6 338 0.16 4.68 27.4 1 3.7 

 
Test Condition 

In this study, the test condition for corrosion measurement will 

be performed under stagnant and dynamic conditions. The 

parameter of tests is temperature and flow solutions. The 

variation of temperature solution is 30 °C, 40 °C, and  

50 °C, and flow solution are 0 m/s; 0.27 m/s; 0.6 m/s; 1.09 m/s; 

1.5 m/s; and 1.9 m/s, respectively. 

A cylindrical pipe steel specimen was sequentially polished 

with 80, 120, 320 and 400 grit SiC rinsed with alcohol, and air-

dried. It was then mounted onto the RCE rotator and inserted 

into the glass cell for electrochemical measurements. The RCE 

was set to the desired rotational speed and the corrosion 

measurements were initiated. Electrochemical measurements 

were conducted using a three-electrode setup with a mild steel 

rotating cylinder (RCE) as the working electrode (WE). A 

platinum mesh plate was used as the counter electrode (CE). 

Calomel was used as a reference electrode (RE). Open circuit 

potential (OCP), measurements were done first to ensure that a 

reasonably stable state was reached, where the OCP drift was 

less than 1 mV per min and the magnitude of the OCP fluctua-

tion was less than 1 mV. The OCP measurements were imme-

diately followed by potentiodynamic polarization. Potentiody-

namic polarization measurements were performed via sweep-

ing potential from -250 mV versus OCP to +250 mV versus 

OCP with a scan rate of 1 mV/s. All of the experiments under-

flow and static conditions were repeated three times in this 

work. 

The corrosion products on the sample surface were observed 

using visual observation to compare the effect of flow rate and 

temperature on corrosion resistance of the sample.  

 

 

RESULTS AND DISCUSSION 
 

The Effect of Temperature on Corrosion Rate in 

Static Condition 

 
Fig. 3 shows the polarization curves of pipe steel in the con-

densate solution from a geothermal power plant at various 

temperatures. It can be found that the cathode current density is 

lower when the process is at room temperature (30oC). As it 

can be seen, the cathodic curve (hydrogen evolution reaction) 

was accelerated by increasing temperature while anodic curves 

showed similar current densities. With the increase in the 

temperature solution, the self-corrosion current density (Icorr) 

and the cathodic current density increase gradually. However, 

the temperature has little effect on the anodic current density. 

This anodic curve is related to the dissolution of iron.  

 

 
 

Fig. 3 Polarization Curves of Carbon Steel Pipe in Different 

Temperatures under Stagnant Conditions  

 
The corrosion rate of carbon steel pipe in condensate solution 

at different temperatures are shown in Fig. 4. Based on Fig. 4, 

the corrosion rate of carbon steel pipe increase with increasing 

the temperature of the solution. This result is in agreement with 

the theory which states that temperature can increase the 

corrosion rate as a result of an increase in the rate of electro-

chemical and chemical reactions as well as the diffusion rate 

[16]. The diffusion rate of ions contained in geothermal 
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solution such as hydrogen and oxygen will increase when the 

solution temperature increase following Arrhenius Law:   

𝐷𝑖 =  𝐷𝑖𝑜. 𝑒
[

𝑄

𝑅.𝑇
]
                                         (1.)  

                                                            
Where, 

Di = diffusion coefficient (m2/s) 

Dio = pre-exponential diffusion (m2/s) 

Q = activation energy for diffusion (J/mol) 

R = gas constant (8.314 J/mol.K) 

T = absolute temperature (K) 

The increasing of hydrogen and oxygen diffusion boost the 

cathodic reaction:  

 

4H+ + O2 + 4e- 
 2H2O                                             (2.) 

 

Therefore, cathode current density based on the polarization 

curve was increased and improve the corrosion rate by increas-

ing temperature.  

 

Table 3 The Result of Liquid Quality Parameters of Condensate Solution 

Temp. °C 

Check 

tim

e 

DO 

(mg/L) 
TDS (mg/L) 

Conductivity 

(uS/cm) 

Salinity    

(o/oo) 
pH Temp. °C 

30 0 6.41 161.6 338 0.16 4.68 27.4 

1 6.59 165 345 0.17 4.45 29.2 

2 6.25 171 358 0.18 4.78 30.2 

40 0 5.94 140.2 293 0.14 3.96 39.7 

1 5.78 141.7 299 0.14 4.01 39.2 

2 5.69 143.6 300 0.14 4.14 40.2 

50 0 5.62 141 295 0.14 4.06 47.4 

1 5.3 142.7 298 0.14 4.05 48.3 

2 5 144.7 302 0.14 4.09 48.9 

 

Table 3 shows the results measurement of liquid quality 

parameters of condensate. it shows that there is no significant 

change of parameter in all tests. These results indicate that the 

condensate solution is still good for use in repeating the test. 

Research has shown that at higher temperatures (above than 

30°C), the temperature can play an important role in increasing 

corrosion rates due to improved hydrogen evolution reaction 

rates [17]. 

 
Fig. 4 Corrosion Rate of Carbon Steel Pipe in Condensate 

Solution at Different Temperatures under Stagnant Condition. 

 
The Effect of Temperature on Corrosion Rate in Dynamic 

Condition 

Figs. 5a-5c shown the typical potentiodynamic polarization 

curve of carbon steel pipe in condensate solution with 0.6 m/s, 

1 m/s, and 1.6 m/s at various temperatures. Fig. 5 obtained that 

corrosion potential (Ecorr) value at 30 oC is more noble than 

corrosion potential at 40 and 50oC. Generally, the more noble 

corrosion potential the more resistant to corrosion attack. In 

other words, corrosion rate increase with the increase of 

temperature in each flow rate based on Fig. 5. 

Although the corrosion potential has optimum values at 30oC, 

the corrosion current at this temperature is lower than the 

corrosion current at 40 and 50oC. The anodic currents at 40 and 

50oC are high as the potential was scanned from OCP in the 

anodic direction which confirms that the corrosion rate of the 

steel was affected by temperature [8].  
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Fig. 5 Polarization Curve of Carbon Steel Pipe in Condensate 

Solution with Flow rate (a) 0.6 m/s, (b) 1 m/s, and (c) 1.6 m/s  

 
The increase in the corrosion currents at 40 and 50°C compared 

to 30°C which are almost the same is attributed to the pH in the 

solution. According to Table 3, pH solution at 30°C was 

greater than pH solution at 40 and 50°C. Increasing the tem-

perature from 30 to 50 °C, lowered the pH slightly due to the 

hydrolysis process of the dissolved Fe ions [7]. In a dynamic 

condition, corrosion rate increase with increasing the tempera-

ture as in stagnant condition. An increase in temperature 

impelled ions activities in the condensate solution which 

enhanced the corrosion rate [8]. 

 

The Effect of Flow Rate on Corrosion Rate in Dynamic 

Condition 

The experimental results of various flow rates were shown in 

Fig. 6. Fig. 6 shows the Tafel curve polarization of carbon steel 

pipe measured in a condensate solution with a variation of the 

flow rate of 0 m/s; 0.27 m/s; 0.6 m/s; 1 m/s; 1.5 m/s; and 1.9 

m/s at different temperature. In Fig. 6, it can be seen that the 

shift in the value of the corrosion potential is more positive, 

with increasing rotation speed from 0 m / s to 1.9 m / s. This 

indicates that the steel dissolving activity increases with the 

acceleration of the rotating speed.  

The results of the analysis of all polarization curves in Fig. 6 

using the Echem Analyst Software from Gamry are shown in 

Table 4. Table 4 shows that the corrosion potential value 

(Ecorr) increases with increasing rotation speed, as well as the 

corrosion 

 

 

 

 
 

 
Fig.6 Polarization Curve of Carbon Steel Pipe in Different 

Flow rate at (a) 30°C, (b) 40°C, and (c) 50°C 

 

current value (Icorr) increases with increasing rotation speed. 

This shows that increasing the rotation speed increases the 

dissociation of the corrosive element in the solution, and 

reduces the thickness of the diffusion layer so that it also 

reduces the resistance of the steel reaction with the environ-

ment. 

In addition, an increase in the rotation speed can affect the 

dissolution of corrosion products [18], so that the supply of H+ 

ions to the steel surface is not hindered by corrosion products. 

The increase in rotation speed affects the breaking of air 

bubbles adhering to the steel surface, where this phenomenon 

can be seen when the experimental observation is carried out. 

As a result, increasing the rotation speed will increase the 

corrosion current density (Icorr) and the corrosion rate. In 

addition, Table 5 shows that the Ecorr value increases with 

increasing rotation speed. This can be explained by an increase 

in the supply of H+ ions to the metal surface due to an increase 

in the rotational rate so that it attracts more electrons and 

increases the dissolution of the steel. Therefore, the corrosion 

reaction on the metal surface increases and Ecorr increases, 

because the potential value is directly proportional to the 

electric charge with the potential [19]. Literature and reports 

have shown that flow rate and fluid composition can play a role 

in corrosion rates [3], [4], [6], [9], [20]. The turbulence flow 

fluid appears to increase and severe to corrosion [21].  
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Table 4 The Value Results of Ecorr and Icorr 

Flow (m/s) 
30 °C 40 °C 50 oC 

Ecorr (mV) Icorr(A/cm2) Ecorr (mV) Icorr(A/cm2) Ecorr (mV) Icorr(A/cm2) 

0 -706.6 2.00E-05 -632.0 2.58E-05 -629.0 3.81E-05 

0.27 -509.9 3.99E-05 -535.0 5.31E-05 -555.3 7.42E-05 

0.6 -496.7 4.29E-05 -519.8 7.33E-05 -552.8 8.12E-05 

1.09 -473.1 4.59E-05 -503.3 7.27E-05 -547.6 8.36E-05 

1.5 -495.1 4.87E-05 -522.1 7.51E-05 -535.2 8.39E-05 

1.9 -473.0 5.02E-05 -527.9 7.67E-05 -528.2 8.95E-05 

 
The results of the mean interpretation on the corrosion rate of 

carbon steel pipes with various flow rates at different tempera-

tures were shown in Fig. 7. The corrosion rate of carbon steel 

is influenced by the flow rate and temperature of the liquid. 

From the calculation result (current corrosion), the corrosion 

rate of pipe steel was is around 8 mpy at 30°C in static condi-

tions. In the static test condition, the general corrosion rate of 

pipe steel was near 15 mpy at 50 °C.   

 

 
Fig. 7 The Corrosion Rate of Carbon Steel in Different Flows 

at Various Temperatures 

 

Fig. 7 shows the effect of temperature on the corrosion rate in 

dynamic conditions. It is interesting to note that when continu-

ing to increase the flow rate, the general corrosion rate is 

relatively constant from 1.5 m/s to 1.9 m/s. The highest results 

of corrosion rate were obtained in dynamic aqueous is 21, 34, 

and 38 mpy at 30, 40, and 50 °C with 1.9 m/s. With the in-

crease of the temperature and flow liquid, the corrosion rate 

increased accordingly and reached the maximum of about 38 

mpy with a temperature of about 50 °C.  

 

Corrosion Product 

Corrosion product of carbon steel pipe in condensate solution 

from geothermal plant investigated by visual observation. 

Visual observation of specimens with flow rate 1 m/s at various 

temperatures are shown in Fig. 8. Images captured by a digital 

camera showed the formation of corrosion products in a 

colloidal form. It was observed the formation of some gravures 

occurred on the carbon steel surface due to the reaction of the 

steel specimen with the condensate solution in a colloidal form 

and can be ascribed to the effect of flow rate on the specimen 

[8]. 

The corrosion product was darker at higher temperatures as 

presented in Fig. 8. This result proves that corrosion rate 

increase with increasing temperature in dynamic condition. The 

black colour of corrosion product formed on steel surface at 

50oC, brown colour at 40oC, and yellow colour formed at 30oC. 

The darker colour of the corrosion product indicated that the 

corrosion product was denser and more abundant as a result of 

a more severe corrosion reaction. 

 

   
30 °C 40 °C 50 °C 

Fig. 8 The Visual Observation in Flow rate 1 m/s at Various Temperatures 

 

CONCLUSION 
 
Temperature and flow rate has an important role in the corro-

sion rate of carbon steel pipe in condensate solution from a 

geothermal power plant. By increasing the temperature, the 

corrosion rate increased under static and dynamic conditions. 

Flow rate enhances the corrosion rate at each temperature. 

These results were corroborated by visual observation. Accord-

ing to visual observation, the increase of temperature from the 

darker corrosion product is a result of a more severe corrosion 

attack. 
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