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abstract

This research presents the results of an experimental study, 
performed in a flow loop, of five parameters identified as 
having a significant influence on top-of-the-line corrosion 
(TLC): partial pressure of carbon dioxide (CO2), condensa-
tion rate, gas temperature, organic acid concentration, and 
gas velocity. A comprehensive analysis of the effect of each of 
these five parameters on the type of corrosion is performed. 
Experimental data related to uniform corrosion, pitting, and 
mesa attack are presented and provide an inclusive view 
of the phenomena involved in TLC in sweet environments. 
It is proposed that the relatively small volume of the drop-
let can become supersaturated with respect to iron carbonate 
(FeCO3), as a result of the initially high average corrosion rate. 
Depending on the conditions, the precipitation of FeCO3 on the 
metal surface can decrease significantly the average corrosion 
rate. However, the protectiveness of this layer is challenged 
by the rate of droplet renewal (water condensation rate) and 
the overall corrosivity of the environment (CO2 content, acetic 
acid concentration). Very aggressive localized corrosion can be 
initiated and sustained. The extent of TLC is definitively the 
result of complex interactions between all of these parame-
ters. Threshold values, often used as engineering guidelines in 
the industry, should be used with caution, and a solid under-
standing of the mechanisms involved is a prerequisite for the 
development of effective TLC inhibition program.

KEY WORDS: acetic acid, CO2 corrosion, condensation, top-of-
the-line corrosion

IntroductIon

The transportation of fluids in pipelines is a critical 
step in oil and gas production. When it comes directly 
from the well, the fluid is unprocessed, multiphase, 
and can be a mixture of oil, solids, gas, and water. 
The presence of water leads to considerable corro-
sion problems on the internal walls of the pipelines. 
The phenomenon of interest in this study is the trans-
portation of wet gas and, more precisely, the top-of-
the-line corrosion (TLC) that occurs when significant 
heat exchange is present between the pipelines and 
the surroundings (frozen land, seawater). The unpro-
cessed vapor flowing through the pipe condenses on 
the cold walls, forming a thin film and/or droplets of 
liquid. The liquid can contain corrosive species such 
as organic acids and dissolved corrosive gases (such 
as carbon dioxide or hydrogen sulfide). Therefore, 
the condensation of wet gas can lead to a very corro-
sive environment. The first case of TLC observed in 
the field was reported in the 1960s in a sour gas field 
in France.1 Since then, numerous cases have been 
reported, mostly offshore2-6 but also on several occa-
sions onshore.7-8 As it is reported, TLC occurs exclu-
sively in stratified flow regimes, at low gas velocity, 
and in sweet or sour environments. The condensation 
rate and the presence of organic acid seem to be con-
trolling parameters.

The objective of this work was to conduct an 
experimental study covering some of the main param-
eters influencing TLC, namely, the water condensation 
rate, the partial pressure of CO2, the gas tempera-
ture, the acetic acid concentration, and the gas veloc-
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ity. The goal was to better understand the influence of 
each of these parameters on the TLC mechanism. The 
study was performed in a large-scale flow loop under 
realistic flowing conditions, and the corrosion rates 
(general and localized) were measured using weight-
loss samples made of pipeline steel.

rEVIEW oF PrEVIous WorK

In the past 20 years, TLC has been the subject of 
intensive research. Olsen and Dugstad9 conducted a 
systematic experimental study on parameters influ-
encing TLC in sweet conditions. The formation of a 
protective iron carbonate (FeCO3) corrosion product 
layer was suggested to play a key role:

 + ↔+Fe CO+ ↔CO+ ↔ FeCO(aq)
2

3(+ ↔3(+ ↔aq+ ↔aq+ ↔)+ ↔)+ ↔2–+ ↔2–+ ↔ 3(s)  (1)

The precipitation of FeCO3 only occurs when the satu-
ration level is above unity as defined below:
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High levels of super-saturation (saturation of FeCO3 
above unity) could lead to very dense and protec-
tive FeCO3, as it was experienced at a high tempera-
ture (70°C) and a low condensation rate. The authors 
also found that the competition between FeCO3 film 
formation kinetics and the condensation rates con-
trolled the extent of the corrosion attack. At a high 
condensation rate, the saturation in FeCO3 is more 
difficult to obtain because of the rate of fresh water 
renewal. DeWaard, et al.,10 proposed the first model-
ing approach to TLC based on his famous full pipe 
flow empirical equation.

In 1999, Gunaltun and Larrey5 added more 
insight into TLC mechanisms by defining three main 
zones in the pipeline:

—The bottom of the pipe where the corrosion can 
be lowered with the use of inhibitors. 

—At the sidewall of the pipe where the condensed 
water drains to the bottom. The corrosion is 
uniform but inhibitors are not efficient.

—At the top of the line where a protective iron 
carbonate layer can be formed in certain cases. 
Inhibitors are not effective and localized corro-
sion occurs.

The condensation rate was identified once again 
as a controlling parameter in TLC and the concept 
of critical condensation rate grew stronger. It was 
set at 0.25 mL/m2/s with values being calculated 
considering that all the water vapor condenses on 
half of the pipe only. If large quantities of organic 
acid are present, this critical threshold is reduced to 
0.025 mL/m2/s.11

In 2000, a new model was proposed by Pots and 
Hendriksen,12 which strived at taking into account the 
competition between the scale formation rate linked to 
the iron dissolution and the condensation rate. The so-
called “super saturation model” is based on the calcu-
lation of the concentration of iron at saturation under 
film-forming conditions. Pots and Hendriksen12 insisted 
on the importance of correctly evaluating the conden-
sation rate to predict accurately the corrosion rate.

In 2002, Vitse and coworkers13-15 completed a 
thorough experimental and theoretical study on 
TLC caused by carbon dioxide (CO2). Condensa-
tion and corrosion experiments were conducted in 
a large-scale, 4 in (0.1 m) inner diameter (ID) flow 
loop. Vitse developed two models and adapted them 
to a top-of-the-line scenario: a mechanistic film-wise 
condensation model based on Nusselt theory and 
a semi-empirical corrosion model. The condensa-
tion model has a sound mechanistic approach and 
is based on the assumption that a continuous film of 
liquid covers the steel surface at the top of the line 
(filmwise condensation). Vitse acknowledges that, 
while this approach is valid in estimating the conden-
sation rate on the side of the pipe, it is not ideal to 
cover the condensation process happening at the top 
(11 to 1 o’clock positions) which is drop-wise.5 Nev-
ertheless, Vitse’s corrosion model constituted a con-
siderable breakthrough in the understanding of the 
mechanisms involved in TLC. 

Between 2002 and 2007, several experimental 
studies16-17 were published on the effect of different 
parameters such as acetic acid, MEG, or pH con-
trol. The presence of acetic acid was known to greatly 
affect TLC in particular and mild steel corrosion in 
general.18 

Strong advances in TLC research were pub-
lished in 2007. A series of papers presented additional 
experimental work and guidelines for field opera-
tion.19-21 The same year, Zhang, et al.,22 published the 
first fully mechanistic approach in TLC modeling, cov-
ering the three main processes involved in top-of-the-
line corrosion phenomena:

—dropwise condensation
—chemistry in the condensed water
—corrosion at the steel surface

Most of the experimental data presented in the cur-
rent study compare well to Zhang’s model, as reported 
elsewhere.22 Zhang’s approach represents one of the 
most advanced attempts to model the mechanisms 
involved in TLC to date. It takes into account the most 
important parameters in CO2 TLC:

—condensation rate
—gas temperature
—CO2 partial pressure
—gas velocity
—acetic acid concentration
Since then, experimental studies have been pub-

lished on H2S TLC,23-24 on the characteristics of the 
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water condensation at the top of the line,25 and on the 
possible role of hydrocarbon condensate.4 Remita, et 
al.,26 built upon the work proposed by Vitse, et al.,13 
and developed a model for CO2 corrosion under thin 
liquid film.

Even though much progress has been made over 
the years on the understanding of TLC mechanisms, 
none of the models proposed thus far tackles the 
occurrence and prediction of localized corrosion. The 
first experimental study focusing on this aspect linked 
to the TLC phenomena was published by Amri, et 
al.,27 in an effort to relate pit growth and environmen-
tal conditions. A conceptual model of pit propagation 
and growth was proposed, although more validation 
work clearly is needed.

The present work presents a systematic experi-
mental study of the main parameters influencing TLC 
performed in realistic flow loop conditions. Impor-
tant information about average and localized corro-
sion were collected, and the data have been used to 
validate and improve the current understanding of the 
mechanism.

EXPErIMEntaL ProcEdurEs

A useful approach toward understanding any 
mechanism is to select a baseline condition and to 
vary one parameter at a time. That is what has been 
done throughout the work presented here. In addi-
tion, some tests have focused on the study of inter-
acting effects between parameters. This approach 
provides better insight into the relative weight of each 
parameter and helps in identifying specific areas of 
interest where the current understanding remains 
limited. 

The most important five parameters were identi-
fied as follows:

—gas velocity 
—undissociated acetic acid concentration 
—condensation rate 
—CO2 partial pressure 
—gas temperature 
One interacting effect was investigated:
—condensation rate/acetic acid 
Table 1 presents the experimental conditions of 

the baseline test. Each series of tests proposes a vari-

ation of a single parameter around the baseline con-
ditions. Table 2 shows the range of values in which 
each parameter is varied. Some liquid accumulated at 
the bottom of the line as a result of the water conden-
sation forming a small liquid stream. The flow regime 
could be observed through a high-pressure transpar-
ent window and always was clearly stratified. 

Another important aspect is the wall temperature 
at the top of the line, where the corrosion reaction 
takes place. This wall temperature is dependent on 
the gas temperature, the condensation rate, and, to a 
lesser extent, the total pressure and the gas velocity. 
The corresponding values encountered in this experi-
mental study are shown in Table 3. These values are 
calculated using an approach developed by Zhang, et 
al.,22 which shows very good agreement with experi-
mental measurements.

Large-Scale Loop
Experiments were carried out in two similar 

high-temperature, high-pressure, 4 in ID flow loops. 
The liquid tank, gas blower, and pipes represent a 
30 m long system made of stainless steel. Specially 
designed test sections enabled the insertion of cylin-
drical weight-loss coupons made of carbon steel. 
The test section is shown in Figure 1. The main liq-
uid phase in the tank is heated to the required tem-
perature using immersion heaters. The vapor phase 
containing water and acetic acid vapors, CO2 and N2 
gases is circulated through the pipe system while no 

TABLE 1
Baseline Conditions

   Parameters Baseline Conditions

 Absolute pressure (bar) 3 
 pCO2 (bar) 2 
 Gas temperature (°C) 70 
 Condensation rate (mL/m2/s) 0.25 
 Gas velocity (m/s) 5 
 pH2S (bar) 0 
 Free HAc concentration in the tank (mg/L) 0 
 Steel type API X65 
 Liquid phase composition DI water 
 pH (tank) 4.5 
 Test duration (weeks) 3

Only the value of the parameters in italic will be varied on this study.

TABLE 2
Range of Variables

 
       Parameters Min Medium Max

 Absolute pressure (bar) 3 3 8 
 pCO2 (bar) 0.13 2 8 
 Gas temperature (°C) 40 70 90 
 Condensation rate (mL/m2/s) 0.05 0.25 1 
 Gas velocity (m/s) 5 10 15 
 Free HAc concentration in the tank (mg/L) 0 100 1,000

NB: The absolute pressure is not varied independently of the CO2 partial pressure

Range
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liquid from the tank is carried (only the gas phase is 
circulated). A more detailed description of one of the 
flow loops and its equipment was presented by Singer, 
et al.,16 in 2004.

Water Condensation Rate
The condensation conditions were simulated 

using cooling coils wrapped around the pipe. The con-
densation rate was measured by collecting the con-
densed water downstream of the test section. The 
present study was performed in an environment 
made of CO2 and water. In actual pipelines, it is fully 
expected that light hydrocarbons will co-condense 
together with the water vapor. Water/oil wetting at the 
top of the line is indeed an important parameter to 
consider. Recent work seems to show that the hydro-
philic nature of the steel favors water-wetting27 but 
the water/hydrocarbon condensation rate ratio must 
also play a key role and should be studied further.

Liquid Phase Composition
The liquid phase is made up exclusively of deion-

ized water; no salt is added. However, dissolved fer-
rous iron, Fe2+, buildup occurs throughout the test as 
a result of the corrosion process on the weight-loss 
coupons. pH was monitored regularly in the main liq-
uid storage tank and liquid samples also were taken. 

Although the pH in the main tank did vary between 
tests from 3.5 to 4.8 depending on the conditions, 
there was no direct influence on the liquid composi-
tion at the top of the line, which was always pure con-
densed water. In fact, the pH in the main tank had to 
be considered only when evaluating the concentration 
of free acetic acid.

Scale Formation
There is no easy way to measure the evolution of 

the pH in the condensed water at the top of the line. 
The fresh condensed liquid has a relatively low pH, 
because it is pure water saturated with CO2. Calcula-
tions have shown that the pH can be initially as low 
as 3.2 to 4. However, as the corrosion process starts, 
the iron concentration in the condensed droplet rises 
quickly. Depending on the condensation rate and on 
the droplet size, conditions for FeCO3 saturation also 
can be met more or less rapidly inside the droplet. 

Acetic Acid Concentration
The acetic acid (HAc) concentration is adjusted by 

adding a calculated amount of deoxygenated pure HAc 
in the tank. The acid then dissociates to form acetate 
(Ac–) and hydrogen ions (H+). The remaining amount 
of free acetic acid (which depends on the pH) defines 
the concentration of total acetic acid present in the 
condensed liquid at the top of the line. A comprehen-
sive study on the thermodynamics of water/HAc/liq-
uid vapor equilibrium was published by Hinkson, et 
al.,25 in 2007. This study shows that, in the range of 
parameters tested in the present study, the concen-
tration of total acetate species in the condensed water 
should be very similar to or slightly lower than the 
concentration of undissociated acetic acid present at 
the bottom of the line. It is not possible to provide a 
constant concentration of undissociated acetic acid in 
the condensed water, since this depends on the pH of 
the droplets, which fluctuates quite a lot during the 
condensation process. A gradient of concentration 
also exists between the outer envelope of the drop-
lets (liquid/vapor interface) and the steel surface. For 
clarity reasons, the concentration of acetic acid will be 
referred to below as the concentration of acetic acid in 
the liquid phase at the bottom of the line (tank water). 

Materials Characterization
All of the weight-loss coupons are made of API 

X-65 carbon steel prepared from the same piece of 
field pipe line. The chemical analysis of this X65 steel 
and its microstructure have been reported previously 
by Singer, et al.,28 but are repeated in Table 4, Table 
5, and Figure 2.

Corrosion Rate Measurement
The weight-loss coupons were not inserted into 

the corrosion environment until the system reached 
steady state. The corrosion rates are measured with 

TABLE 3
Wall Temperature

 Gas Condensation Total Wall 
 Temperature Rate Pressure Temperature 
 (°C)  (mL/m2/s) (bar) (°C)

 70 0.03 3 69.8 
 70 0.25 3 68.2 
 70 1 3 63.2 
 40 0.25 3 33.5 
 70 0.25 0.13 68.3 
 70 0.25 8.3 67.8

FIGURE 1. Typical TLC test section.

(a) Full view (b) Cross-sectional view
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weight-loss coupons made of API X65 carbon steel. 
Samples consisting of cylindrical coupons (0.76 cm 
internal diameter, 3.17 cm external diameter, and  
0.5 cm thickness) with an exposed area of 7.44 cm2 
are polished using isopropanol as coolant on silicon 
carbide papers up to 600 grit. After this preparation, 
they are covered with a protective coating on the outer 
edges and bottom (Figure 3). Following 4 h to 6 h of 
curing at ambient conditions, the samples are held at 
200°C in an oven for 4 h. The uncovered steel surface 
is then re-polished with 600 grit silicon carbide paper 
wetted with isopropanol, cleaned, dried, and weighed. 
The coupons then are flush-mounted on the internal 
pipe wall of the loop by using a specially designed 
probe holder (Figure 3). Therefore, only one face of  
the coupon is in direct contact with the corrosive  
environment. The exposure time is between 2 days 
and 21 days in all experiments. Upon removal from 
the loop, the coupon surface is flushed with isopropa-
nol to dehydrate it. Then, photographs of the surface 
are taken. The weight of the coupon after each test is 
registered, and the ASTM G129 standard procedure is 
followed to remove the corrosion products and deter-
mine the corrosion rate by weight loss. Some coupons 

are preserved for corrosion product evaluation by 
scanning electron microscopy (SEM) and energy- 
dispersion analysis (EDS).

It is important to mention that, using this 
method, the corrosion rate at any point in time rep-
resents an integration of the corrosion rate profile 
prior to that point. Considering that the corrosion 
rate after 2 days of exposure is often 3 to 5 times 
higher than it is after 21 days, the “weight loss” corro-
sion values overestimate the actual “real time” rates, 
especially toward the end of the test. Differential cor-
rosion rates could be calculated to address this issue, 
but the scatter in the results leads to large fluctua-

TABLE 4
Chemical Analysis of the Carbon Steels  

Used in the Experiments

  X65 API 5L X65 
 Element Composition (%) Standard (%)

 C 0.13 <0.26 
 Mn 1.16 <1.40 
 P 0.009 <0.03 
 S 0.009 <0.03

TABLE 5
Hardness (HRB) Results

  X65 Longitudinal Cut X65 Transversal Cut

 1 81.3 60.3 
 2 94.4 68.7 
 3 98.7 63.3 
 4 87.9 78.0 
 5 95.4 59.1 
 6 89.3 51.1 
 7 88.7 66.5 
 8 92.9 75.0 
 9 93.3 58.5 
 10 85.1 67.7 
 Average 90.7 64.8 
 Approx. tensile strength 90,000 psi for 90.7HRB 56,000 psi for 65.7HRB 
 Tensile requirements 77,000 psi (min) 77,000 psi (min) 
 Yield strength 65,000 psi (min) 65,000 psi (min)

FIGURE 2. Microstructure of the X65 carbon steel: (a) longitudinal cut and (b) transversal cut.
(a) 1,000X (b) 1,000X
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tions, which do not, in the author’s opinion, help in 
the understanding. However, this calculation artifact 
should be kept in mind in the results analysis. 

Localized Corrosion Characterization
Information on the occurrence and extent of 

localized corrosion is collected for each test performed 
using a 3D surface profilometer. It is therefore impor-
tant to define clearly the parameters measured.

Pitting Corrosion — Generally, pits are deep and 
narrow, and either hemispherical or cup-shaped. 
When pitting corrosion happens, a part of the mate-
rial surface undergoes rapid attack while most of the 
adjacent surface remains unaffected. As described in 

Figure 4, the criteria used to define pitting corrosion 
are displayed below: 

—the pit depth is five times deeper than the gen-
eral corrosion depth (b ≥ 5a),

—the diameter of pit after film removal is smaller 
than the pit depth (c ≤ b). 

Mesa Attack — Mesa attack is characterized by a 
wide and often flat-bottomed local attack without pro-
tective corrosion film, surrounded by areas with intact 
corrosion films. Generally, mesa attack starts as sev-
eral small pits growing beneath the corrosion film. 
These pits continue to grow beneath the corrosion 
layer, both laterally and in-depth, and can coalesce 
into wide, flat-bottomed features. The corrosion prod-
uct layer on top of the mesa attack often collapses 
either because of internal stresses or flow effects. A 
galvanic effect between the film-free corroding metal 
in the bottom of the mesa attack and the film-covered 
steel outside the mesa attack can increase the corro-
sion rate in the mesa attack area. As described in Fig-
ure 5, the criteria used for mesa attack are: 

—the mesa attack depth is five times bigger than 
general corrosion depth (b ≥ 5a), 

—the diameter of mesa is bigger than pit depth  
(c ≥ b).

Percentage of Coupon Surface Affected by Local-
ized Corrosion — Since weight-loss steel coupons are 
used in this study, it was found that the percentage 
of the coupon surface affected by localized corrosion 
(pitting and mesa attack together) constitutes an indi-
cation of the likelihood of its occurrence.

An example of the analysis performed on each steel 
sample is shown in Figure 6. The method of differenti-
ation is shown with the data used to determine the 
percentage of the steel surface area affected by local-
ized corrosion. Rates of localized corrosion are calcu-
lated by dividing the feature depth (average or maxi-
mum) by the exposure time, and are given in mm/y.

FIGURE 3. Weight-loss coupon design: (a) weight loss coupons with PTFE coating on the back and the side and (b) coupon 
holder configuration.

FIGURE 4. Schematic representation of pitting corrosion: (a) general 
corrosion depth, (b) pit depth after film removal, and (c) diameter of 
pit after film removal.

FIGURE 5. Schematic representation of mesa attack: (a) general 
corrosion depth, (b) pit depth after film removal, and (c) diameter of 
pit after film removal.

(a) (b)
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FIGURE 6. Analysis of pitting and mesa attack. [HAc]free = 1,000 mg/L and condensation rate = 1 mL/m2/s. (pT: 3 bars, Vg = 
5 m/s, pCO2 = 2 bars, Tg: 70°C).

Experimental Design Flaws and Disclaimer
No laboratory setup can represent perfectly the 

conditions in the field. While pure corrosion issues 
have been simulated successfully in small-scale set-
ups, the flow conditions relative to a 30 in (0.76 m) ID 
pipeline are not easily reproducible. TLC is actually  
as much a corrosion issue as it is a flow regime and 
heat-transfer issue. TLC occurs only in stratified flow, 

but the way that the condensation process occurs at 
the top of the line (forming a thin flowing liquid film, 
or a bigger stagnant droplet) is of prime importance. 
As was done in this study, using flat weight-loss  
coupons flush-mounted to a cylindrical 4 in ID pipe 
creates conditions leading to preferential condensa-
tion and areas where the condensed liquid is trapped 
artificially (especially at high gas velocity). On the 
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other hand, using long carbon steel spool pieces is  
a better representation of the field conditions but is 
also inconvenient and more costly. In addition, the 
condensation process happening at the top of a 30 in 
ID pipeline cannot be reproduced perfectly by a 4 in 
ID spool piece because the wall curvature is quite  
different, leading to unrealistic wetting properties 
(filmwise instead of dropwise condensation, shorter 
droplet residence time). This would lead to an unrep-
resentative corrosion scenario. In conclusion, the 
approach presented in this paper, while being better 
and more realistic than most previous attempts,  
has the inconvenience of creating “edge” effects in  
certain conditions. Notwithstanding, the authors 
believe that the key effects of each influential parame-
ter were determined successfully, but advise that the 
numerical values of corrosion rate should be used 
with caution, because they are probably conservative  
estimates.

rEsuLts

This chapter presents the corrosion rate results 
obtained for each of the tests performed. Two types of 
information are discussed: the evolution of the aver-
age corrosion rate with time and the occurrence of 
localized corrosion. The average corrosion rate is cal-
culated using the weight loss of a coupon and the 
time of exposure. This provides a time-averaged cor-
rosion rate over the entire period of exposure. The 
localized corrosion data present corrosion rates from 
pitting or mesa attack and indicate the percentage of 
surface area of the coupon affected. The correspond-
ing values are obtained by performing a surface anal-
ysis on each coupon with a 3D surface profilometer.

The corrosion rate results are displayed in a 
series of graphs from Figures 7 through 20. The error 
bars represent the experimental range (minimum and 
the maximum values) obtained, and the number of 
coupons (i.e., the number of repeated measurements) 
is displayed, when applicable, on each graph.

In CO2 TLC, the average corrosion rate usually 
starts at a high value (several millimeters per year) 
but in almost every case decreases with time, even 
over a period of a few weeks. This is a result of the 
accumulation of Fe2+ and the consequent rise in pH  
in the droplet, which can lead to the formation of 
FeCO3 on the metal surface, once FeCO3 saturation  
is reached. However, although the average corrosion 
rate usually is decreased significantly, the relative 
protectiveness of this layer with regard to localized 
corrosion will be affected by the experimental condi-
tions, especially the concentration of acetic acid or 
condensation rate.

Influence of the CO2 Partial Pressure
In general, the higher the partial pressure of CO2, 

the higher the average corrosion will be, as shown in 
Figure 7. A protective FeCO3 film forms on the sur-
face of the coupon and leads to a decline of the cor-
rosion attack after 18 days of testing at 2 bars partial 
pressure of CO2 and above. At lower partial pressure 
of CO2 (0.13 bar), the conditions of FeCO3 supersatu-
ration (saturation in FeCO3 above unity) seem to be 
more difficult to reach, and the protective film does 
not form correctly, leading to a low but constant cor-
rosion rate over time (around 0.4 mm/y). At higher 
partial pressure of CO2, the corrosion attack is ini-
tially more aggressive, but the average corrosion rate 
decreases with time to reach 0.3 mm/y after 21 days 
of testing. Since the conditions of FeCO3 supersatura-
tion are met easily (high Fe2+ and CO3

2– concentration), 
a dense protective film forms on the metal surface. 
Pitting corrosion was observed at partial pressures of 
2 bars and 7 bars, and stronger at 7 bars partial pres-
sure of CO2 (Table 6). Weaker pitting was observed 
at 0.13 bars partial pressure of CO2 after 21 days 
of testing. In the case of CO2 TLC, the occurrence of 

FIGURE 7. Average corrosion—Effect of pCO2. Tg = 70°C, [HAc]free = 
0 mg/L, Vg = 5 m/s, condensation rate = 0.25 mL/m2/s.

FIGURE 8. View of the weight-loss coupon at the beginning of test 
taken via a port installed at the bottom of the line.
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FIGURE 9. Surface analysis with corrosion product/pCO2 = 2 bars. (PT: 3 bars, Vg = 5 m/s, [HAc]free: 0 mg/L, Tg: 70°C, 
condensation rate = 0.25 mL/m2/s)

localized corrosion is strongly linked with the pres-
ence of a protective FeCO3 layer, which undergoes 
some breakdown as a result of higher local corrosiv-
ity. The change in corrosivity in the condensed liquid 
is because of the condensation process itself, which 
sees droplets of liquid nucleate grow and eventually 
fall because of gravity forces. During this process, 
the chemistry in the droplet undergoes a significant 
increase in pH and in Fe2+ concentration, which favors 
scale formation. Once the droplet reaches its maxi-

mum size and falls, a new droplet will form with lower 
pH and more aggressive corrosiveness. The cycle is 
believed to challenge the protectiveness of the FeCO3 
layer and lead to localized corrosion (Figure 9).

Influence of Gas Velocity
The most visible influence of gas velocity appears 

on the condensation regime, which, in return, will 
affect the way the corrosion process occurs. At low 
velocity (<5 m/s), the vapor condenses by forming 
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FIGURE 10. Surface analysis with corrosion product/Vg = 10 m/s. (PT: 3 bars, pCO2: 2 bars, free HAc: 0 mg/L, Tg: 70°C, 
condensation rate = 0.25 mL/m2/s).

stagnant droplets at the top of the pipe (Figure 8). In 
these stagnant droplets, it is foreseen that the FeCO3 
supersaturation can be reached rather easily, espe-
cially at a low water condensation rate, enabling the 
formation of a dense protective layer. As the gas veloc-
ity increases, the condensation regime switches grad-
ually from stagnant to sliding droplet. In the sliding 
droplet mode, the droplets of condensed liquid flow 
along the top of the pipe and can slide to the sides 
of the pipe, eventually reaching the bottom. In a real 

field environment, there should not be any fundamen-
tal differences between sliding and stagnant droplets, 
as they both would be saturated rapidly with corro-
sion products. However, in this specific experimen-
tal setup, most of the droplets sliding along the pipe 
come from upstream of the carbon steel sample area 
and do not contain any corrosion product (i.e., they 
are comprised of fresh acidic water), since the rest of 
the pipe is made of stainless steel and does not cor-
rode. Consequently, as the sliding droplets flow on 
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the sample surface, they are not generally in contact 
with the steel long enough to create a FeCO3 film (as 
opposed to the stagnant droplet condensation regime). 
Instead, a thick but non-protective Fe3C forms on 
the liquid pathways that the sliding droplets create. 
It leads to the formation of two different types of lay-
ers at the top of the line: protective FeCO3 on most 
of the coupon area and non-protective Fe3C on the 
preferential liquid pathways. Figure 10 clearly shows 
these preferential liquid pathways at a gas velocity of 
10 m/s. Again, this is an artifact of the experimental 
setup but also could represent real field situations, 
such as transition zones between corrosion-resistant 
alloy/carbons steel pipe sections.

The weight-loss method does not differentiate 
between the types of film and gives an average corro-
sion rate over the entire surface of the coupons. It is 
possible to correct the space average corrosion rate 
by evaluating the percentage of surface coverage of 
both types of film on the coupon surface. However, 
this process can lead to a high margin of error and 
does not bring any valuable additional information. 
Under the Fe3C layer, the average corrosion rate can 
be as high as 10 mm/y (similar to what would happen 
at the bottom of the line). Under the parts of the cou-
pons covered by a FeCO3 layer, the situation resem-
bles a typical TLC scenario with a much lower average 
corrosion rate. Some localized corrosion was observed 
in every test on the parts covered by FeCO3. The cor-
rosion under Fe3C film is usually uniform. There was 
no clear influence of the gas velocity on the extent of 
the localized corrosion. The space average corrosion 
rate results do not appear in this paper since they 
do not help in clarifying this particular phenomenon. 
There was no visible effect of the gas velocity on the 
TLC (uniform and localized corrosion) except for the 
change in condensation regime discussed earlier.

Observation of the transition between stagnant 
and sliding condensation regimes was made possible 
by the presence of a high-pressure, high-temperature 
video camera installed at a bottom port of the test 
section, enabling the in situ visualization of the corro-
sion process occurring on the sample surface. In the 
conditions tested (total pressure of 3 bars, gas tem-
perature of 70°C, gas phase made of CO2 and water 
vapor), the transition between the two condensa-
tion regimes was observed at a gas velocity around 
10 m/s. Since then, a more comprehensive effort to 
understand and predict the transition zone between 
stagnant and sliding droplet regimes has been made. 
A model developed by Zhang, et al.,22 was presented 
in 2006 and constitutes a good predictive tool for this 
kind of scenario.

In summary, once the condensation regime 
switches from stagnant to sliding droplet, parts of 
the coupon at the top of the line start to be heav-
ily corroded at a rate similar to that at the bottom of 
the line. However, the flow regime is not yet annular 

(which happens in experimental conditions around 
20 m/s) because the droplets flowing at the top are 
still made exclusively of pure condensed water satu-
rated with CO2. Defining this transition zone is there-
fore quite important. Additional issues related to 
droplet transport from the bottom to the top of the 
line may be expected at high gas velocity. However, no 
inquiry was made into this phenomenon during the 
study. 

Influence of the Concentration of Undissociated 
Acetic Acid

The presence of 100 mg/L of free acetic acid in 
the liquid phase of the tank does not seem to have a 
strong impact on the average corrosion rate (Figure 
11). The contribution to the overall cathodic reaction 
of such a relatively small amount is also minimal. 
However, as the free acetic acid concentration is 
increased to 1,000 mg/L, the average corrosion rate 
doubles at each point in time. The corrosion rate was 
still at 2 mm/y after 3 weeks of testing. Moreover, 
the presence of acetic acid strongly promotes the 
occurrence of pitting corrosion, proportionally to 
the amount of acid in the solution (Table 6). With 
1,000 mg/L of free acetic acid, the pitting rate was 
7.5 mm/y after 3 weeks of testing. Once again, the 
presence of a corrosion product layer together with a 
local change in chemistry and pH (because of the con-
tinuous renewal of condensed droplets) are believed to 
be responsible for the occurrence of localized corro-
sion. Acetic acid, being a volatile weak acid, increases 
the corrosivity of the condensed water and challenges 
the integrity of the FeCO3 layer (Figure 12). It dissoci-
ates according to the following reaction:

 

↔CH COOH CH COO

with a pKa of 4.75
3 (COOH3 (COOH aq) 3↔) 3↔ CH) 3CH (aq)

–

 
(3)

Acetic acid consequently acts as a reservoir of 
protons and contributes, as carbonic acid, to the buff-

FIGURE 11. General corrosion—Effect of the free HAc concentration. 
pCO2 = 3 bars, Tg = 70°C, condensation rate = 0.25 mL/m2/s, Vg = 
5 m/s.
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FIGURE 12. Surface analysis with corrosion product/free HAc = 1000 mg/L. (PT: 3 bars, Vg = 5 m/s, pCO2 = 2 bars, Tg: 70°C, 
condensation rate = 0.25 mL/m2/s).

ering of the solution pH. This, in turn, affects the 
FeCO3 saturation level, especially close to the metal 
surface where the precipitation reaction occurs. 

Influence of the Condensation Rate
The average corrosion rate is expected to be low-

est at the lowest condensation rate (Figure 13). The 
reason is that the rate of renewal of condensed drop-
lets is faster at higher condensation rates. The satu-
ration of FeCO3 is easier to achieve when droplets of 

liquid remain attached to the metal surface for a lon-
ger time. This behavior has been observed clearly in 
the field, as numerous authors have reported.2,3,5  
Nevertheless, the effect of the water condensation rate 
was not always clear in the conditions tested. The 
final average corrosion rate is about twice as high at  
1 mL/m2/s compared to 0.03 mL/m2/s, but the over-
all trend is rather similar in all cases (especially at  
1 mL/m2/s and 0.25 mL/m2/s). A stronger contrast 
was expected, since a higher condensation rate is 
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usually synonymous with a higher general corrosion 
rate. In all cases, the condensation regime seems to 
be stagnant droplet condensation. The lack of stron-
ger influence on the average corrosion rate is thought 
to be because of the specific design of the sample 
holder. As mentioned previously, using flat weight-
loss coupons flush-mounted to a cylindrical 4 in ID 
pipe leads to areas on the samples where condensed 
water is artificially “trapped,” which could have 
masked the effect of the condensation rate. However, 
it is clear that the influence of the condensation is 
much stronger on the localized attack (Table 6). Both 
pitting rate and surface coverage by localized attack 
increase dramatically with the condensation rate. Fig-
ure 14 shows one of the weight-loss coupons exposed 
for 21 days to the baseline environment and a con-
densation rate of 1 mL/m2/s. The corrosion product 
layer has been removed and the steel surface presents 
numerous localized corrosion features. Mesa attack 
seems to be predominant in this case with wide pits 
easily identifiable.

Influence of the Gas Temperature 
Since the corrosion reactions respond to tem-

perature according to Arrhenius-type laws, the aver-
age corrosion rate decreases as the gas temperature 
decreases (Figure 15). This is usually true in full pipe 
flow, where there is no protective film forming at the 
surface of the steel. It is, however, different at the top 
of the line, as the presence of a protective layer plays 
a role as well. In the first days of testing, the corro-
sion rate was higher at a higher temperature (70°C 
compared with 40°C). However, as time goes by, the 
corrosion rate at 70°C decreases strongly, while the 
corrosion rate at 40°C does not. After 15 days, the 
corrosion rate at 70°C test reached the same value as 
40°C; after 20 days, it stopped. In contrast, at 40°C, 
the corrosion rate started at a low value (0.5 mm/y) 
but remained almost constant throughout the test. 
This is explained by the properties of the film form-
ing at the surface of the steel: a dense and protec-

tive FeCO3 layer at 70°C and a more porous and 
less-protective FeCO3 layer at 40°C. The same rea-
soning applies for the test at 85°C, where it started 
at the highest value (above 1.5 mm/y) and strongly 
decreased with time to reach 0.5 mm/y after 17 days. 
The corrosion product film is expected to be denser 
and more protective at a higher temperature since the 
kinetics of FeCO3 precipitation are faster. Moreover, 
at the top of the line, there was no sign of localized 
corrosion at 40°C or 85°C while there was strong evi-
dence of pitting at 70°C (Table 6). It is clear that the 
properties of the corrosion product film (rate of for-
mation, density, integrity) are strongly linked to the 
occurrence of localized corrosion.

Combined Effect of the Condensation Rate  
and the Acetic Acid Concentration

For clarity purposes, the results are presented in 
four sets of graphs, each isolating one parameter each 
time:

—Set 1: fixed undissociated acetic acid concen-
tration = 100 mg/L and varying condensation 
rate = 0.03, 0.25, and 1 mL/m2/s

—Set 2: fixed undissociated acetic acid concen-
tration = 1,000 mg/L and varying condensation 
rate = 0.03, 0.25, and 1 mL/m2/s

—Set 3: fixed condensation rate = 0.05 mL/m2/s 
and varying undissociated acetic acid concen-
tration = 0, 100, 1,000 mg/L

—Set 4: fixed condensation rate = 1 mL/m2/s and 
varying undissociated acetic acid concentration 
= 0, 100, 1,000 mg/L

The graphs related to each set are presented in 
Figures 16 through 19. The clearest observation is 
that the higher the concentration of free acetic acid 
and the condensation rate are, the higher the risk for 
localized corrosion. Even if the condensation rate is 
low (0.05 mL/m2/s), 1,000 mg/L of free HAc will lead 
to a high average corrosion rate and severe localized 
attack (Figure 20). The opposite is also true for the 
condensation rate but to a slightly lesser extent. The 
notion of fixed critical threshold condensation rate 
below which no TLC is expected (or where the TLC 
rate is acceptable) is not validated by these results. 
The water condensation rate is clearly a factor influ-
encing the average corrosion and localized corrosion 
rate but should not be extracted alone and used as a 
design tool. This does not mean that minimizing the 
water condensation is not an effective method to miti-
gate TLC in field environments (especially CO2-domi-
nated environments); suitable pipe burial or thermal 
insulation clearly do offer significant protection 
against corrosion.2-3,5,11 However, it should be under-
stood that the extent of TLC is rather the result of 
complex interactions between all the parameters and 
that there is no guarantee that one single threshold 
value of water condensation rate will be adapted to 
different field conditions. 

FIGURE 13. General corrosion—Effect of the condensation rate. 
pCO2 = 3 bars, Tg = 70°C, [HAc]free = 0 mg/L, Vg = 5 m/s.
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FIGURE 14. Surface analysis without corrosion product. Condensation rate = 1 mL/m2/s. (PT: 3 bars, Vg = 5 m/s , pCO2 =  
2 bars, Tg: 70°C, [HAc]free = 0 mg/L).

concLusIons

The present experimental study, performed in large-
scale flow loops, highlights some important character-
istics of sweet TLC. TLC is a phenomenon that occurs 
only in stratified flow, although two distinct conden-
sation regimes are encountered: stagnant droplet con-
densation at low gas velocity and sliding droplet 
condensation at higher gas velocity. The water vapor 
condenses at the top of the line in the form of small 

water droplets, which follow a specific cycle: growth to 
reach a critical size, falling to the bottom of the pipe 
because of gravity forces or sliding along the pipeline, 
and renewal governed by the rate of condensation. 
The initial average corrosion rates are normally quite 
high but often decrease with time to relatively low 
average values. This decrease is an indication of the 
precipitation on the metal surface of a corrosion prod-
uct layer made of FeCO3. This layer can provide some 
protection but is also intrinsically linked to the initia-
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tion and propagation of localized corrosion. Two to 
three weeks of exposure time are consequently neces-
sary to catch these tendencies, as shorter experiments 
may lead to unrealistically high general corrosion 
rates and may miss the occurrence of localized corro-
sion altogether. In terms of general corrosion, a more 
aggressive environment (high partial pressure of CO2, 
higher temperature, higher acetic acid content) logi-
cally leads to higher initial corrosion rates. As the cor-
rosion process occurs and iron ions are released in 
solution, the water droplets can reach saturation in 
FeCO3. How quickly this saturation is reached depends 
upon the temperature: experiments performed at 
lower gas temperatures (<40°C) lead to little to no 
FeCO3 precipitation and a lower but uniform and rela-
tively constant corrosion rate over time is observed. 
Higher gas temperatures (above 80°C) seem to lead to 
a more rapid formation of the FeCO3 layer. The satu-
ration level in FeCO3 also strongly depends on the 
water condensation, which continuously provides 
fresh and acidic condensed water. The cycle of droplet 

FIGURE 15. General corrosion—Effect of the gas temperature.  
pCO2 = 3 bars, [HAc]free = 0 mg/L, Vg = 5 m/s, condensation rate = 
0.25 mL/m2/s.

FIGURE 17. General corrosion—Effect of HAc/condensation rate. 
pCO2 = 3 bars, Tg = 70°C, Vg = 5 m/s. Set 2: fixed [HAc]free = 1,000 mg/L 
and varying condensation rate = 0.05, 0.25, and 1 mL/m2/s.

FIGURE 19. General corrosion—Effect of HAc/condensation rate. 
pCO2 = 3 bars, Tg = 70°C, Vg = 5 m/s. Set 4: fixed condensation rate 
= 1 mL/m2/s and varying [HAc]free = 0, 100, 1,000 mg/L.

FIGURE 16. General corrosion—Effect of HAc/condensation rate. 
pCO2 = 3 bars, Tg = 70°C, Vg = 5 m/s. Set 1: fixed [HAc]free = 100 mg/L 
and varying condensation rate = 0.05, 0.25, and 1 mL/m2/s.

FIGURE 18. General corrosion—Effect of HAc/condensation rate. 
pCO2 = 3 bars, Tg = 70°C, Vg = 5 m/s. Set 3: fixed condensation rate = 
0.05 mL/m2/s and varying [HAc]free = 0, 100, 1,000 mg/L.

renewal greatly affects the chemistry in the condensed 
water (pH, FeCO3 saturation level) and challenges the 
protectiveness of the FeCO3, which seems to be sub-
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FIGURE 20. Baseline conditions surface analysis without corrosion product. Free HAc = 1,000 mg/L and condensation rate 
= 0.05 mL/m2/s. (PT: 3 bars, Vg = 5 m/s, pCO2 = 2 bars, Tg: 70°C).

stantially weakened by high acidity (provided by CO2 
but especially acetic acid). Higher water condensation 
rates also prevent the formation of a stable corrosion 
product layer and strongly affect the extent of local-
ized corrosion. Small pits are generally observed at 
the initial stages of the corrosion process and seem to 
grow together into wide, flat-bottomed mesa attacks, 
which can affect rather large parts of the steel sample 
surface area. Very high localized corrosion rates, often 
reaching 10 mm/y to 12 mm/y, are measured in the 
presence of 1,000 mg/L of acetic acid or at water con-
densation of 1 mL/m2/s. Under certain conditions, 

localized corrosion can be limited, such as at low con-
densation rates (<0.05 mL/m2/s), but only with little 
or no acetic acid present. In all conditions tested, the 
presence of a large concentration of acetic acid always 
leads to tremendous localized corrosion rates, however 
low the water condensation rate might be. The extent 
of TLC is definitively the result of complex interactions 
among all of these parameters. Threshold values, 
often used as engineering guidelines in the industry, 
should be used with caution, and a solid understand-
ing of the mechanisms involved is a prerequisite for 
the development of effective TLC inhibition programs.
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