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ABSTRACT

This paper presents an experimental and theoretical investigation into water condensation and
corrosion under non-film forming conditions at the top of line in a static, CO2 environment. An
experimental test cell is developed to measure droplet lifetimes, condensation rates and
corrosion rates, as a function of the surface and gas temperatures, when the gas flow is
dominated by natural convection. Experimental results for non-film-forming conditions show
clearly that the water condensation rate becomes increasingly influential on corrosion rate as
the surface temperature increases between 10°C to 40°C. These findings are summarised in a
new empirical correlation for TLC rate as a function of the condensation rate and surface
temperature that agrees well with previous, relevant studies. A model for condensation at the
top of the line for static, buoyancy-driven conditions is also presented and shown to predict

dropwise condensation rates accurately for a range of experimental conditions.

1. Introduction

Top of the line corrosion (TLC) is encountered in the oil and gas industry when the environment
outside the pipeline is cooler than the saturated vapour flow inside the pipe. This leads to
significant condensation at the top of the line where corrosive species, such as organic acids
and dissolved gases such as CO2 and H>S, can create a highly corrosive environment that can
ultimately lead to pipelines failures, loss of production and environmental damage, Zhang et
al. (2007). Since TLC occurs in stratified flow regimes, difficulties in deploying conventional
corrosion inhibitors to the top of the line, Belarbi et al. (2017), have contributed to TLC
becoming of worldwide importance for both offshore and onshore fields since its discovery in

the 1960s, Mansoori et al. (2013).



Extensive laboratory studies and field data have identified the water condensation rate (WCR),
gas temperature (Tg) and partial pressure of the corrosive gases as the main factors controlling
TLC, Hinkson et al. (2010). Many early studies of TLC in CO>-dominated (‘sweet’) conditions
have proposed that the WCR is the dominant parameter determining TLC severity, Asher et al.
(2012), although there is evidence that its significance can be reduced by. the presence of
hydrocarbons, Pojtanabuntoeng et al. (2011). Many investigations of sweet TLC have reported
a directly proportional relationship between the WCR and TLC rates, which has been explained
by the constant replenishment of condensate preventing it from becoming saturated with FeCO3
and thereby preventing the formation of FeCO3 films. The latter can be extremely influential
by suppressing the general corrosion rate and through their subsequent breakdown which can
lead to severe localised corrosion, Barker et al. (2017).

Many studies of FeCOs film formation in sweet TLC have appeared in the literature, Barker et
al. (2018). Olsen et al. (1991), for example, presented an early investigation into the
relationship between the condensation and corrosion rates in TLC and their influence on FeCO3
film formation. They concluded that increasing gas velocity leads to higher condensation and
corrosion rates and that dense and protective FeCOj3 films form at high temperature (Tz>70°C)
and low WCR, while FeCOs3 films are much less likely to form at higher condensation rates.
Gunaltan et al. (1999)’s study of sweet TLC in Indonesia reported several deep pits at the top
of the line, which was also covered by a protective FeCO3 layer. Vitse et al. (2002) extended
this study to consider the effect of CO» partial pressure, demonstrating that it promotes FeCOs
precipitation and film formation which lead to significant reductions in the corrosion rate when
T>80°C.

Hinkson et al. (2008)’s experimental study concluded that sweet TLC is mainly influenced by:
(i) the amount of water present on the metal surface, which is determined by the condensation
rate; and (i1) the chemical composition of the water condensate, both in terms of its corrosivity
and the influence of Fe?* ions created by corrosion which alter the pH and pH-dependent
equilibria. They also showed that the presence of organic acids, such as acetic acid, tends to
increase the general TLC rate and promote localised corrosion. Singer et al. (2013) later
showed that when the WCR is low there is a high tendency to reach FeCOs3 super-saturation,
which can lead to the formation of FeCOs scale in the stagnant condensed droplets, encouraging
the formation of dense protective layers. They also found that although higher WCRs prevent
the formation of a stable corrosion layer, aggressive localised corrosion can be initiated and

sustained instead.



The problem of TLC in H>S (‘sour’) environments is a growing concern for both onshore and
offshore oil fields and many studies have sought to determine the influence of H>S on TLC,
see e.g. Manuitt (2006), Camacho et al. (2008) and Nyborg et al. (2009). Singer et al. (2007)
found that even trace amounts of HsS (0.004 bar) in a CO2 environment reduces the corrosion
rate by 2 orders of magnitude but that when H»S is increased (to 0.13 bar) the corrosion rate
increases by an order of magnitude. At low H»S they found that a protective FeS film covers
the surface but at higher H>S content the film breaks easily due to internal stresses, leading to
increased corrosion rates. Pugh et al. (2009) studied the influence of temperature, WCR and
organic acid on TLC in H2S environments. They found that at low T, (~25°C) the FeS film is
very thin, porous and unprotective whereas for higher temperatures (~55°C) the film was denser
and more protective. The general consensus from the literature is that low concentrations of
H>S in CO; systems can dramatically reduce corrosion rate, due to rapid formation of thin,
protective FeS films, but that this film is susceptible to failure that can lead to localised
corrosion and/or pitting.

The extensive experimental literature has been accompanied by numerous empirical, semi-
empirical and mechanistic models to predict TLC rates in a range of corrosive environments,
Gunaltun et al. (2010). The first empirical approach was developed by DeWaard et al. (1991)
for WCRs below an experimentally determined critical rate of 0.25 mLm?s™. This was
succeeded by the empirical models of DeWaard & Lotz (1993), a function of the gas
temperature and partial pressure of CO», and that of Van Hunnink et al. (1996) which addressed
the systematic over-prediction of TLC rates by accounting for cases when FeCO3 scaling
governs the corrosion rate. Important semi-empirical models include those of Pots &
Hendriksen (2000), who proposed the so-called ‘super-saturation’ model which accounted for
the competition between scale formation rate and the condensation rate. The model of Vitse et
al. (2003), which combined a mechanistic model for film-wise condensation with a semi-
empirical corrosion model, was later extended by Remita et al. (2008) to take account for
FeCO;s film formation by incorporating a coverage factor into their analysis. Nyborg & Dugstad
(2007) developed a semi-empirical correlation for TLC rate that accounts for water
condensation rate, FeCO3 solubility and a super-saturation factor based on the concept that

TLC is limited by the amount of Fe that can be dissolved in the thin condensate film.

All models of TLC depend on the accurate prediction of WCR. In contrast to the film-wise
assumption employed by Vitse et al. (2002, 2003), dropwise condensation is in fact the

dominant mechanism at the top of the line. Zhang et al. (2007) were the first to model dropwise



condensation in the context of TLC as part of their first fully mechanistic model for mixed
CO2/H>S TLC, with or without corrosion scales, based on the Nernst-Planck equation for the
conservation of ionic species. Their model also accounted for chemistry in the condensate,

together with corrosion and corrosion product production at the steel surface.

Despite of the importance on the condensation rate as a guiding parameter of TLC, the inner
wall temperature or surface temperature (Ts) could be a controlling factor of film formation
kinetics. Hence, the present study is motivated by recent evidence that the surface temperature
(Ts) can play as important role as T, in TLC. Qin et al. (2011) and Asher et al. (2012) have
demonstrated that increasing T can lead to a reduction in TLC rate due to an increase in Fe**
solubility and longer droplet retention times during which the corrosion product scales can be
formed. Islam et al. (2016) presented an experimental investigation into the inter-relationships
between WCR, T, and Ts on TLC under static conditions and proposed a new kinetic constant
for the calculation of FeCOs formation rate at the top of the line.

This paper presents a comprehensive experimental and theoretical investigation into
condensation and corrosion phenomena for sweet TLC in a static environment under non film-
forming conditions. It is organised as follows. Section 1 contains a summary of important
studies in the TLC, while section 2 describes the experimental and theoretical methods for
studying droplet retention times and condensation rates, followed by the experimental methods
for determining corrosion rates, in TLC under static CO» environments. Section 3 presents a
comprehensive series of experimental results for condensation and corrosion rates and

conclusions are drawn in section 4.



2. Experimental and Theoretical Methods

2.1 Experimental TLC test cells
The setup comprises of a 2L glass cell with a customised lid integrated with a channelled matrix

(Figure 1) facilitating the flow of refrigerant to cool the surface of the TLC specimens to

specific values of temperature at atmospheric pressure.
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Figure 1: Glass cell and customised lid with cooling matrix.

A schematic diagram of a single glass cell is provided in Figure 2. The mass loss test coupons

themselves consisted of cylindrical coupons (10 mm diameter and 6 mm thick), machined from



a stock bar. Three specimens were flush mounted into the lid of the TLC cell for every

experiment, each with an exposed area of 0.785 cm? to the vapour phase.
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Figure 2. Schematic diagram of the glass cells used in TLC experiments

The electrochemical probe consisted of three solid electrodes embedded into the same
specimen geometry as the mass loss samples, to help provide consistent surface temperatures
across mass loss and electrochemical experiments (as shown in Figure 3). The working
electrode was a 1 mm diameter X65 steel pin machined from the same bar as the mass loss
specimens, while the reference and counter both comprised of a 1 mm diameter Hastelloy wire.
All three electrodes were positioned into a hole drilled into the mass loss specimen and isolated
from one another using epoxy resin. Once the resin had cured, the exposed electrode surfaces
were wet-ground with 1200 silicon carbide (SiC) grit paper to produce a flush surface across
all three electrodes. A thermocouple probe could be placed laterally from the mass loss

specimen, touching its exposed surface for Ts measurement.
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Figure 3: Mass loss sample and electrochemical probe.

The two X65 carbon steel coupons are flush mounted into the lid of each glass cell, with the

chemical composition shown in Error! Reference source not found. and a ferrite-pearlite

microstructure, as shown in Figure 4

Table 1. X65 Carbon steel composition (wt.%), Hua et al. (2017).

C Si Mn S Cr Ni
0.12 0.18 1.27 0.008 0.002  0.11 0.07
Cu Sn Al Nb Ti Fe
0.12 0.008 0.022  0.005 0.054  0.001 Bal




Figure 4. Microstructure of X635 steel indicating ferrite and pearlite microstructure.

The desired gas temperature (Tg) and surface temperature (Ts) were achieved by controlling
the bulk liquid temperature through the hot plate and the refrigerant temperature in the cooler,
respectively. The microelectrodes or weight loss samples were flush mounted into the 3 holder
slots placed within the internal surface at the lid and externally connected with the potentiostat
(in case of electrochemistry tests). Thermocouples were placed on surface of the specimens
and in the vapour phase and recorded continuously during each experiment. The system was

also deaerated by bubbling CO; through a tube inserted into the bulk solution.

The condensation rate in each experiment was also measured. Condensed water was collected
from the inner surface of the lid inside the cell where the droplets travelled over to the two
lateral channels and were diverted into a sealed collection vessel allowing determination of the

condensation rate. The specimens were positioned at an angle of inclination of 0 in every test.
2.3 Electrode Preparation

The mass loss specimens themselves consisted of cylindrical coupons (10 mm diameter and 6
mm thick), machined from a stock bar. Three specimens were flush mounted into the lid of the
TLC cell for every experiment, each with an exposed area of 0.785 cm2 to the vapour phase.
Tapped holes were machined into the back of each specimen (to within 1 mm of the surface
exposed to the test solution) and M5 threaded carbon steel bars were attached to each specimen.
Specimens were wet-ground with 1200 grit silicon carbide (SiC) paper, rinsed with ethanol,

dried and weighed prior to mounting in the TLC cell lid. The bars were then fed up through the
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custom lid and held in place with a lock nut on the top of the lid to secure each test specimen
in place. A thermocouple probe could then be placed laterally from the mass loss specimen,
touching its exposed surface for surface temperature measurement. It is important to stress that
nether mass loss or electrochemical measurements were recorded in instances when the

thermocouple was used to monitor surface temperature of the test specimens.

The electrochemical probe consisted of three solid electrodes embedded into the centre of a
steel specimen with the same geometry as the mass loss samples, to help provide consistent
surface temperatures across mass loss and electrochemical experiments. The working electrode
within the three-electrode setup was a 1 mm diameter X635 steel pin machined from the same
bar as the mass loss specimens, while the reference and counter both comprised of a 1 mm
diameter Hastelloy wire. All three electrodes were positioned into a hole drilled into the mass
loss specimen and isolated from one another using epoxy resin. Once the resin had cured, the
exposed electrode surfaces were wet-ground with 1200 SiC grit paper, rinsed with ethanol and
dried to produce a flush surface across all three electrodes. The configured sample could then
be inserted into the system by feeding the wires up through the top of the lid, flush mounting

the specimen against the inside of the lid and securing the wires in place on the top of the lid.
2.4 Solution Preparation and Corrosion/Condensation Rate Measurements

The bulk aqueous fluid consisted of a CO2-saturated 3.5 wt.% NaCl solution for all
experiments, which was purged with CO; for a minimum of 12 hours prior to each experiment
to reduce the dissolved oxygen content. Saturation was performed in the glass vessel with an
additional separate lid prior to starting each experiment. Once the bulk solution was heated to
the desired temperature (regulated using a hotplate), the lids were exchanged, with CO2 being
continuously bubbled into the cell during this process to avoid oxygen ingress and maintain the

CO2 saturation during the tests, which were all conducted at room pressure.

Various gas, inner surface and bulk fluid temperature combinations were assessed within this
study. Such combinations were achieved by adjusting either the fluid temperature travelling
through the cooling matrix in the vessel lid (regulated by the chiller), or the bulk solution
temperature within the 2L glass vessel (regulated by the hot plate). The chosen conditions were

pre-determined for each test based on previous temperature profiling experiments.

To determine corrosion rates using the mass loss method, the prepared specimens were

weighed using an electronic balance to within an accuracy of 0.01 mg prior to insertion into



the vessel lid, but after being wet-ground and cleaned (producing a mass referred to as ‘ml”).
After each experiment was completed, specimens were removed from the system, rinsed with
distilled water and acetone and dried using compressed air. Corrosion products (if any existed)
were then removed using Clarke's solution (prepared as recommended by ASTM standard G1-
03 , with the ratio of 1000 mL hydrochloric acid, 20g antinomy trioxide (Sb>O3) and 50g
stannous chloride (SnCl)). Specimens were then weighed to determine their final mass (‘m2°).
The average corrosion rate of the steel specimen over the duration of the experiment was

calculated using Equation (1):

_ 87600 (ml—mz)
PFeAt

CR

(1)

Where CR is the corrosion rate from mass loss in mm/year, (mi-my) is the difference in mass
(in grams) of the carbon steel specimen before the test (m;) and after removing any attached
corrosion products with Clarke’s solution after the experiment (m2), pFe is the density of the
carbon steel specimen (7.85 g/cm?), t is the experiment duration in hours and A is the surface

area of carbon steel specimen in cm?.

The condensation rate (WCR) for the whole inner surface is assumed to be uniform and the
condensed water droplets which fell into the collection system were transferred to the
condensate collector for periodic analysis calculated according to Equation (2):

Vw
Lstc

WCR =

(2)

where WCR is the condensation rate in mL/m2s, Vw is the volume of condensed water in mL,
tc is the duration over which the condensed liquid is collected in s, and Ls is the internal area
of the lid surface exposed to the test environment in m?. A range of experimental conditions
were considered to determine the capabilities of the three-electrode setup. The entire
experimental matrix for this study is provided in Table 2.

2.5 Electrochemical Measurements

Electrochemical measurements were performed using the three solid state probes in
conjunction with a computer-controlled ACM Gill 8 potentiostat. In total, three electrochemical
techniques were implemented; LPR, EIS and Tafel analysis. LPR and EIS were employed to
determine the corrosion rate of the X65 carbon steel sample. LPR measurements were
performed by polarising the X65 sample +20 mV vs the Open Circuit Potential (OCP) at a scan
rate of 0.25 mV/s to obtain a polarisation resistance, Rp (in Q.cm?), and were undertaken every
5 minutes. The solution resistance, Rs (in Q.cm?), was measured over the course of the
experiment using EIS. For these specific measurements, the specimen was polarised +5 mV vs
the OCP using the frequency range from 20 kHz to 0.1 Hz. The value of Rs was then subtracted

10



from Rp to correct for the resistivity of the solution. The corrected polarisation resistance was
then used to determine the corrosion rate behaviour with time. For the purposes of this study,
the implementation of EIS was conducted solely to determine the value of Rs and its evolution
with time, allowing improved accuracy when correcting the polarisation resistances. The
technique was not used to provide any insight into the associated CO; corrosion mechanism in
each environment. In some instances, the value of Rs changed with time as the
chemistry/volume in the condensate changed, demonstrating the importance of its continuous
measurement.

Potentiodynamic measurements were also performed using the three-electrode probe. This
technique was used to generate Tafel plots to determine the anodic and cathodic Tafel
constants, and ultimately an appropriate Stern-Geary coefficient (B) to enable calculation of
corrosion rates from the individual values of Rp determined every 5 minutes over the duration
of each experiment. Tafel polarisation curves were collected by performing individual anodic
and cathodic sweeps starting at OCP and scanning to either approximately -400 mV and +150
vs. OCP at a scan rate of 0.5 mV/s. Anodic and cathodic scans were performed on separate
samples for each environment in all studies. From the Tafel plots produced (which were also
corrected for solution resistance), it was possible to determine the anodic (a) and cathodic (Bc)
Tafel constants in mV/decade by measuring their respective gradient over regions where
linearity was observed between the applied voltage and the log of the measured current in the
regions £50 mV from OCP (in accordance with ASTM G102). The Tafel slope measurements
were used in Equation (3) and (4) to determine the Stern-Geary coefficient (B), and the
corrosion current density (icorr), respectively.

_ BaBc
T 2.303(Bg+Bc) 3)

. B
Leorr = E “4)

The icorr value (in mA/cm?) obtained through Equation (4) was then used in combination with
Equation (5) (based on Faraday’s Law) and the measured values of Rp (in 2:cm2) to determine
the corrosion rate in mm/year:

_ K icorr MFpe
CR = Ery— &)

where K is a conversion factor to obtain corrosion rate (CR) in units of mm/year (K =
3.16x105), MFe is the molar mass of iron (55.8 g), n is the number of electrons freed in the
corrosion reaction (2 electrons), p is the density of steel (7.87 g/cm3) and F is the Faraday
constant (96,485 coulomb/mole). All experiments were repeated at least twice, but typically in
triplicate to ensure reliable and accurate results.
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2.4 Condensation Rate Modelling
The condensation rate in TLC is very influential on the corrosion rate at the top of the line. The

present study modifies the mechanistic condensation model developed by Zhang et al. (2007)
to account for static conditions. The approach is only described very briefly here since further
details are available in the original references, Zhang et al. (2007), Zhang (2008) and
Mohammed (2018). These are summarised briefly in Appendix A.

For static gas flow conditions, droplets at the top of line eventually detach due to gravity, when
the weight of the droplet overcomes the forces due to buoyancy and surface tension, so the
maximum droplet radius before it detaches from the top of the line is given by:

_ 30
fmax = Go=rg)s ©)

Heat transfer in this case is dominated by natural convection. For such cases, the Nusselt
number correlation due to Dittus-Boelter for pipe flow can be replaced by the McCabe &

Harriott (1993) correlation for natural convection:
Nu = 0.54(Gr Pr)®?5>  for (10° < GrPr < 107) (7)

where Gr=(d’pw’B g AT)/(ne?) and Pr=(cpug/ke). B is the gas expansivity (1/K), g is the
acceleration due to gravity (m/s?), AT=Ty.-Ts and u, is the gas viscosity (Pas). This enables
the heat transfer coefficient from the gas phase to be estimated by hg=(Nukg/d) in terms of the

thermal conductivity of the gas phase ke (W/mK) and pipe diameter d (m).

3 Experimental and Theoretical Results

3.1 Condensation rates
WCR was measured at gas temperatures 40°C < T, < 70°C while the steel temperature T was

controlled to lie within the range 8'C < Ts< 60°C. Table 2 summarises the entire series of

experiments performed with (20 h) average mass loss corrosion rates recorded.

Table 2. After 20 hours average corrosion rate (CR) at atmospheric pressure. The experiments

are repeated three times.

Gas Temperature Surface Temperature Condensation Rate Corrosion Rate
. . CR (mm/y)
T (C) Ts (C) WCR (ml/m?%/s)
40 £ 0.5 8+1.0 0.21+0.00 0.66 +£0.13
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50 £0.5

60 £ 0.5

40 £0.5

50 £0.5

60 £ 0.5

70 £0.5

40 £ 0.5

50 £0.5

60 £ 0.5

70 £0.5

50 £0.5

60 £ 0.5

70 £0.5

40 £ 0.5

50 £0.5

60 £ 0.5

70 £0.5

18+1.5

30.5+1.0

48 +1.0

18.5+0.5

25+£0.5

355+0.5

50£0.5

23.5+0.5

30.5+0.5

40+£1.0

53+£1.0

355+0.5

445+1.0

57+1.0

35+£0.5

405+1.5

49.5+£0.5

60+1.0

0.39 £0.01

0.64 +0.01

1.07 £0.07

0.18 £0.02

0.35+0.02

0.60 = 0.04

0.95 +£0.08

0.14 £ 0.02

0.28 +£0.02

0.50 £ 0.02

0.94 +0.10

0.11 £0.02

0.23 £0.03

0.44 £0.03

0.83 £0.08

0.07 £ 0.01

0.17 £0.03

0.38 £0.02

0.66 =0.03

0.76 £ 0.04

0.95+0.03

1.39+£0.19

0.69 +£0.11

0.77 £0.07

1.26 £0.15

1.96 £0.12

0.75 £0.22

1.05+£0.22

1.44 £0.30

1.96 £ 0.15

0.78 £0.25

1.14 £0.23

1.54 £0.09

222 +£0.25

0.83 £0.21

1.40 £0.13

1.72 £0.19

2.19+£0.17

A subset of results for the measured in situ WCR as a function of time is shown in Figure 5.

The WCR is roughly constant throughout the experiments, with typical variations of less than

13



8 %. Figure 6 provides the full set of average WCR values as a function of T and Ts over the

duration of each 20 hour experiment.

Considering Figure 5, as expected the highest WCR was observed for the highest temperature
difference (T¢-Ts) (at Te= 70°C and T=48'C, the WCR was 1.07 ml/m?s). The lowest WCR of
0.07 ml/m?s was recorded when T,=40"C and T=35"C. It is evident that the condensation rate
is strongly dependent on the temperature of the gas phase. As the temperature increases, the
condensation rate also increases since the humidity levels increase with gas temperature,
thereby enhancing heat and mass transfer according to Nusselt’s theory of condensation,

Stephan & Green (1992). For the same gas temperature, the WCR decreases when T's increases

as Figure 6.
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NF' B
£ 060 1 S sl .
] 2 '
: ........................................................................ . .......
= 0.50 - e :
=P}
=
g 0.40 -
= . : o
2030 - .
. « Ts=3550C
z 0.20 4 o
% | e Ts=40C
o=
S s A5
O 0.10 - Ts=44.5C
o T:=495°C
0.00 I . _ |

4 6 8 10 12 14 16 18 20
Time (h)

0

)

Figure 5. Water condensation rate (WCR) for Tg= 60°C and different Ts (30.5°C, 35.5°C,

40°C, 44.5°C and 49.5°C) as a function of time; experiments are repeated three times.
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Figure 6: Dependence of condensation rate, WCR, on T for different gas temperatures, Tg;

experiments are repeated three times.

3.1.1 Comparison with the condensation model
The accuracy of the model for condensation in static TLC conditions was assessed by

comparing the calculated values of the droplet lifetimes and condensation rates with
corresponding experimental data. This was done over the range of surface temperatures from

8°C < Ts<60°C and gas temperatures 40°C<T<70°C.

Figure 5 compares the calculated and measured water droplet lifetimes, in the current study,
with the droplet lifetimes determined experimentally by Islam et al. (2016) at atmospheric
pressure. The agreement between the predicted droplet lifetimes and both sets of experiments

is very good.
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Figure 7. Comparison between predicted and experimental droplet lifetimes in the current

study and with the experiments of Islam et al. (2016).

A comparison between measured and predicted condensation rates for static TLC conditions is
presented in Figure 8. Good agreement is generally achieved between the experiment and
theoretical model, with both showing how WCR increases with Tgas and decreasing as a given
value of Tex. The maximum discrepancies between the experimental and predicted values are
around 22.2% for Tex=10°C and Tz=40°C; 17.8%% for Tex=20°C and T=50°; and 17,6% for
T=10°C and T¢=50°C and the average of differences around 12.1% and standard deviation
5%.
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Figure 8. Comparison between experimentally measured and predicted condensation rates for

external temperature Tex=-10°C, 0°C, 10°C, 20°C and 30°C, at atmospheric pressure under

static TLC conditions.
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3.2 Average corrosion rates for non-film-forming conditions

3.2.1 Experimental measurements

WCR and and T were varied systematically to determine their effect on the average corrosion
rate of carbon steel as a function of time. Figure 9 provides examples of the in situ corrosion

rates determined from LPR measurements during 20 hour tests.

Across all experiments, either one or two distinct trends were observed in the corrosion
response. Either the corrosion rate remained reasonable stable during the time, or the corrosion
rate response, oscillated around an average with spike peaks (generally at higher surface
temperatures). The responses within Figure 9 provide a selection of results which depict both
scenarios. These results correspond to the same conditions previously provided for WCRs

shown in Figure 7.
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Figure 9: In situ corrosion rate by LPR at: T,=40C (a), 50°C (b), 60°C (c) and 70°C (d) versus

time with different surface temperatures.

For T, = 40°C Figure 9 (a), the corrosion rate remaining stable with time at Ts = 8 and 35°C,
with similar values of corrosion rate being observed in each test (~0.64 mm/y). This behaviour

can be attributed to a low surface temperature at Ts = 8°C and WCR = 0.21ml/m’s.

At T = 35°C for Ty = 40°C a significantly low corrosion rate is observed as well (0.64 mm/y)
which can be attributed to a small value of WCR (~ 0. 07ml/m?s). Similar observation were
recorded at T, = 50°C and T = 18 "C in Error! Reference source not found.(b), however, the
average of corrosion rate increased more than twice times from Ts = 18 ‘C compared to T =
40°C (~0.62 and 1.6 mm/year, respectively) and at Ts = 40°C the corrosion was not significantly

stable during the time as the previous examples.
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Similar observation was recorded at T,= 60°C Figure 9 (c), when the average of corrosion rate
increased from 0.73 to 1.91mm/year when the surface temperature increased from 30°C to
49°C. It is important to note, how more the surface temperature increases more the oscillation
and spike peaks appears, as it was observed at T,=70'C Figure 9(a), where the surface
temperatures are higher than the other examples and the average of corrosion rate could be not

very well representative of the TLC mechanisms because of the oscilation during the time.

The last example highlighting the importance of taken in situ measurements of TLC which was

very challenge up to now.

3.2.2 Empirical correlation for the average corrosion rate in non-film-forming conditions

An empirical model for the average corrosion rate, as a function of WCR and T, was developed
based on the database of 20 sets of corrosion rate data for non-film-forming conditions over 20
h. Design Expert version 10 software was used to analyse and interpret the data. The
experimental data covers the temperature range 8°C < T < 60°C. The correlation developed

can be written as:
CR =0.36+0.34*m +0.008*T;+0.014*T,*11-0.16*m?3- 0.000133*T,2 (8)

where 1 is the WCR in ml/m?s, Ty is the inner surface temperature in °C and CR is the average

top of line corrosion rate in mm/y.

Figure 10 compares the entire set of experimental data for the average corrosion rate against
the empirical correlation (8). It shows the correlation provides a generally good agreement for

all experimental data, with a correlation coefficient of XXX.
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Figure 10: Comparison between the experimental measurements of average corrosion rate
and the correlation TLC at 1 bar total pressure.

The plot of the correlation in Figure 11 shows clearly that the CR becomes more dependent on

the WCR as T increases.
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Figure 11: A plot of the empirical model of the combined effect of surface temperature and

water condensation rate on the average TLC rate.
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The predictions from the correlation are next compared with the experimental results of Islam

et al. (2016) in Figure 12. The agreement is generally reasonably good.
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Figure 12 Comparison of the experimental average corrosion rate after 168 hours from Islam
et al. (2016) and the empirical correlation (8) at atmospheric pressure and Tg=40°C.

Based on surface analysis of mass loss samples at the end of each 20 h experiment and the
corrosion rate response, each experiment was categorised as non-film-forming over the 20 hour
time period of the experiments. It is recognised that, under certain conditions, the protective
films may eventually form on the surface, but these conditions are not considered here. In
addition, Figure 13 provides a bubble graph which summarise of a set of 20 different test
conditions. This graph represents is the relation among condensation rate (WCR), corrosion
rate (CR), surface temperature (Ts) and gas temperature (Tg). The diameter of the circles
corresponding to the corrosion rate values in mm/year. Corrosion rates increased with the

condensation rate for the same surface temperature (see red arrow in Figure 13).
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Figure 13: Influence of T on average corrosion rate vs time at Tg=40°C, T¢=50°C, T,=60°C
and Tg=70°C

Although, for different surface temperatures and observing the same gas temperature the effect
of surface temperature seems governing the corrosion rate despite on the decreases of the
condensation rate (Error! Reference source not found.). It will be better explained on the

following sections.
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Figure 14: Correlation of average corrosion rates from mass loss, WCR, surface
temperature and gas temperature.

4.2.4 Effect of WCR on average corrosion rate

Figure 15 examines the inter-relationships between Ts and WCR and the corrosion rate. Plots
of the correlation (5) are also given, demonstrating its accurate representation of the
experimental data. Since the rate of renewal of the water droplets is faster at a higher WCR,
the corrosion rate is expected to increase significantly with the WCR. However, at low T;
(18°C), increasing T, from 40°C to 50°C, which leads to a corresponding increase in WCR
from 0.18 to 0.39 ml/m?s, does not significantly affect the corrosion rate even though WCR is
more than doubled. In surface temperatures around Ts=30.5°C, the corrosion rate does not
increase with WCR as well. For example, for Ts=30.5°C increasing the WCR from 0.28 ml/m?s
to 0.64 ml/m?s leads to an average corrosion rate of ~ 1mm/year. However, at a higher surface
temperature of 35.5°C, the corrosion rate increases from 0.83 to 1.26 mm/y by increasing WCR
from 0.07 to 0.60 ml/m?s, indicating a WCR dependence around this surface temperature. For
the higher surface temperatures, for instance Ts=40°C WCR seems does not significantly affect

m’s leads to an average corrosion rate of ~ 1.4 mm/year.
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Figure 15. The effect of condensation rate on TLC rate at different wall temperatures and at
a total pressure of 1 bar.

This data suggests that if the steel temperature is sufficiently small, the extent of corrosion
depends mainly on the steel temperature and is relatively insensitive to the WCR. At the lower
temperatures, the comparatively lower rates of iron dissolution lead to lower concentrations of
Fe?* ions in the condensed liquid, resulting in very low levels of super-saturation and very low
or no accumulation of corrosion products on the steel surface. Therefore, at low surface
temperature, the corrosion reaction should be controlled by the temperature at which it happens,

i.e. Ts rather than Ts.

4.2.5 Effect of surface temperature on average corrosion rate

Figure 16 uses the empirical correlation to explore the effect of T in greater detail. It shows
that the corrosion rate generally increases with T until eventually reaching a plateau at higher

temperatures.

In some situations, the effect of Ts supresses the effect of WCR, for example, observing a low
WCR ~ 0.17 ml/m?s, the average of corrosion rate increased from 0.69 to 1.14mm/year when
the surface temperature increased from 18.5°C to 40°C. At WCR around 0.38 ml/m’s, an

increasing of surface temperature from 18°C to 49.5°C leads to an increasing of the average of
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corrosion rate from 0.72 to 1.72 mm/year. Similar behaviour was observed at WCR ~0.66
mm/year which an increment of Ts from 30.5°C to 60°C leads an increasing on the average of

corrosion rate from 0.95 to 2.20 mm/year.

Note that as T increases further then conditions will be more favourable for FeCO3 formation,
which can lead to significant reductions in corrosion rate, Barker et al. (2018). This is borne

out in the experiments carried out here.
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Figure 16. Effect of the surface temperature on TLC rate at different WCRs at a total
pressure of 1 bar.

4. Conclusions

Most previous studies of TLC have assumed that their behaviour is controlled mainly by T,
and WCR, with the dependence on Ts mainly resulting from the dependence of the
condensation process on the temperature difference (Te-Ts). The experiments carried out here
have shown that for non-film-forming conditions, T; is an important parameter in its own right
and that the same WCR at very different surface temperatures can result in very different
corrosion rates. The experimental results, summarised in the new empirical correlation (5),

shows clearly that WCR is not very influential on corrosion rate at low surface temperatures

26



(~10°C) but that WCR is much more important at higher surface temperatures (~36°C). At very
high surface temperatures (>50°C) and low WCR values FeCOs scaling dominates the

corrosion process, Barker et al. (2018).

The LPR tests indicated that the average of corrosion rate could be not very well representative

of the TLC scenario, specially at higher surface temperatures > 50°C.

This study has also demonstrated that by using an appropriate correlation for heat transfer in
buoyancy-driven flows, the condensation modelling approach developed by Zhang et al.
(2007), for pipe flow conditions, can predict droplet lifetimes and condensation rates

accurately under static TLC conditions.
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Appendix A: Condensation Model for Static TLC Conditions

Since condensation at the top of the line is based on dropwise condensation, a distribution of
droplets between a minimum radius, rmin, and a maximum radius, rmax, 1S assumed, Rose &

Glicksman (1973):

NG = ()" (A1)

2
T “Tmax \Tmax

where n=1/3. The total heat flux, Qr (W/m?), is given by

Qr = hy(TY = TY) + tH;, (A.2)

where hg is the heat transfer coefficient from the gas (W/m?K), Tbg and Ti‘g are the bulk gas
and gas/droplet interface temperatures (K), m is the condensation rate (kg/m’s) and Hy, is the
latent heat of condensation of water vapour (J/kg). The total heat flux can be re-written in terms

of the following expression

N <Ti9<1—H pr )—Tf)N(r)dr
Qr = [ fg T = AT? — BTY (A.3)

Tmin 1 ) 1 dw
anrky, o 2mr2h; anrlky

where o is the surface tension of water (N/m), p,» is the density of the water vapour (kg/m?),
T,"is the outer wall temperature (K), ky, ¢ is the thermal conductivity of water (W/mK), A is
the heat transfer coefficient at the droplet interface (W/m2K), d,, is the thickness of the pipe
(m) and k., is the thermal conductivity of the steel pipe (W/mK). The constants A and B are

given by:

20
<<1_Hfg = pwv>>N(r)dr

1]
A= [ mex A4
frmm T (A.4)
anrky,o  2mr?h; 4mrlly
e N(r)dr
Tmin 1 L1 dw
<4n’rkH20 " 2nrZh; 471.'r2kw>
The condensation rate m can also be written in the form
) h 2 Poat(TH)=Psai(TH M
m:_gLe3( Sa(b) Sa(z) water (AG)
Cp Ptot Mgas

where ¢, 1s the heat capacity of the gas (J/kgK), Le 1s the Lewis number of water vapour, Psa

is the saturated water vapour pressure (bar) at temperature T (in ‘C) given by:
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10(A1—B1/(C1+T))

Psqe(T) = — (A7)

A1=8.07131, B1=1730.63, C1=233.426, P:: is the total gas pressure (bar), Myaer is the
molecular weight of water (g/mol) and M. is the mean molecular weight of the gas (g/mol).
Equating the two expressions for m leads to the following equation for Ti‘g :

2/3 g
the / Psat(Tb ) Myater

Cp Ptot Mgas

2/3 g
hgLe?/® Poar(TT) Myqter

Cp Ptot  Mgas

h,T) + Hpg
(A.8)

+ BTy = hyT? + AT + Hpy

This equation is solved numerically using a bisection method and the condensation rate

determined from equation (A.6).

A.1.1 Maximum and Minimum Droplet Radii

The minimum droplet radius is calculated from the Clapyron relation, Graham & Griffith

(1973):

Fmin = 5yt (A.9)

Hfgpwy AT

where T is the saturation temperature of the gas (in K) at the total gas pressure, P, and
AT=T-T;V, where T;" is the inner wall temperature. The maximum droplet radius is given by
equation (3).
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