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ABSTRACT 
 
The entrainment of liquid droplets, occurring in a limited range of gas and liquid flow conditions within 
the stratified flow region, could represent an effective way to transport a non-volatile liquid corrosion 
inhibitor through the gas phase and combat Top of the Line Corrosion (TLC). However, such an 
approach is only viable if the inhibitor can reach the top of the pipe and deposit at a rate higher than the 
local rate of condensing water can dilute it. This work presents a combined modeling and experimental 
methodology to determine the onset of droplet entrainment from the bottom and deposition at the top of 
the line. A modeling approach predicting the droplet entrainment onset is proposed and validated 
against new multiphase flow data recorded in a large scale flow loop, at operating conditions similar to 
those encountered in gas-condensate production facilities. Additionally, TLC experiments were 
performed in the same flow loop under simulated water condensation conditions to measure the actual 
corrosion at different rates of inhibiting droplet deposition. The results confirm that the droplet 
entrainment/deposition can effectively mitigate TLC when operating parameters are accurately 
controlled. 
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INTRODUCTION 
 
Top of the Line Corrosion (TLC) is a major challenge for many oil and gas operators because it causes 
pipe failures1-6. It occurs in stratified flow regime in horizontal and near-horizontal pipelines under water 
condensing conditions. Continuous injection of standard chemical inhibitors is often used to mitigate 
TLC in production pipelines, but this method is only effective when the continuous water phase remains 
in contact with the pipe wall. Consequently, TLC mitigation remains a serious challenge as there is no 
straightforward way to transport the inhibitor present in the continuous liquid phase flowing at the 
bottom of the pipe to the top of the line. The use of concentrated inhibitor periodic batch treatments and 
deployment of volatile inhibitors are some of the currently proposed solutions, but they also present 
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many technical challenges, such as: selection of the proper volatile inhibitor package, verification of its 
effectiveness under TLC conditions, persistency of protection in batch treatment, selection of optimum 
batch frequency, etc.7-9  
A change in the flow regime from stratified to non-stratified (e.g., annular or slug flow) could aid the 
continuous liquid phase to reach the top of the pipe and, thus, mitigate the problem, but may not be 
desirable from a flow assurance standpoint (i.e., mechanical stress on pipelines, separation issues at 
arrival facilities, erosion, etc.). However, inhibition may also be achieved in stratified flow when droplet 
entrainment is considered. At sufficiently high gas velocity, liquid droplets containing inhibitor can be 
sheared off from the bulk liquid phase at the bottom of the line and transported to the top via the gas 
phase. Once deposited at the top of the pipe, the inhibitor will still have to “compete” with the 
condensation of fresh water, which otherwise would dilute it and diminish its efficiency. Although this 
mitigation approach has been identified by several researchers10-11, to the best of our knowledge, it has 
never been properly evaluated in a laboratory setting or in a field environment. 
Operating conditions in gas-condensate pipelines (usually 14 – 40” in pipe diameter) feature medium to 
high pressures, where a gas phase characterized by high fluid densities (≥ 60 kg/m3) flows at relatively 
low gas velocities (5 – 15 m/s). Due to the complexity, cost and hazards, such field conditions are 
difficult to reproduce in a laboratory facility. On the other hand, droplet transport models that can be 
found in the open literature are based on laboratory data collected at much higher gas velocities (15 – 
100 m/s) in low pressure environments (< 5 bar total pressure), which produce equivalent interfaces 
forces12, proportional to gas density and velocity: ீܷீߩ

ଶ. These large differences in gas velocity between 
the lab and field conditions affect not only the appearance and behavior of the stratified liquid/gas 
interface at the bottom of the line, but also the nature of dropwise condensation at the top, which makes 
the direct application of such lab results to the field difficult.  
The present study addresses some of these limitations, by investigating the influence of droplet 
transport on carbon dioxide (CO2) driven TLC. A model is developed to determine the onset of droplet 
entrainment and deposition at the top of the line. The modeling approach is supported by an 
experimental study performed in a large scale flow loop, focusing on the measurement of droplet 
entrainment and by using a heavy molecular weight gas to simulate high gas density seen in the field. A 
second experimental study, dedicated to TLC in water condensing conditions, is also carried out to 
verify the overall approach. 
 

DEVELOPMENT AND VALIDATION OF THE DROPLET TRANSPORT MODEL 
 
Modeling of entrainment onset  
 

Mechanisms of entrainment onset  
 
The entrainment of liquid droplets in a gas phase can be initiated by different mechanisms, such as: 
wave entrainment, bubble burst entrainment, and droplet impingement entrainment. The wave 
entrainment is the dominant entrainment mechanism in the present applications, with the other two 
being of secondary importance13-17. In the case of wave entrainment, the droplets are formed from 
disturbances waves (3D roll waves) created at the gas-liquid interface.  
Wave entrainment can take various forms, such as wave coalescence, wave undercutting, and ripple 
wave shearing-off13. Among those, the ripple wave shearing-off, during which a wavelet at the wave 
crest is torn away and generates liquid droplets, is considered the dominant one16. At very low liquid 
loadings (low liquid Reynolds numbers ܴ݁௅), this wave entrainment mechanism does not occur. 
However, liquid droplets can still be formed by wave undercutting at sufficiently high gas velocities. In 
this case, a disturbance wave can be sheared-off into the gas core, and then, disintegrated into smaller 
liquid droplets13-14. Additionally, wave undercutting can occur at higher liquid flow rates in viscous 
fluids15. Therefore, to model the entrainment onset, the present study considers both forms, the ripple 
wave shearing-off and wave undercutting. 
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Definition of the entrainment onset 
 
The occurrence of the entrainment onset is considered when some liquid droplets are torn from the 
gas-liquid interface, i.e., when the atomization of liquid droplets occurs. In order to consider entrainment 
onset significant in horizontal pipes, one requires that the droplets are able to impinge on the top of the 
pipe. This is particularly important because it also defines the deposition of the liquid droplets in TLC, 
which has been observed previously in wet gas pipelines. The entrainment onset mechanism can be 
separated in three distinct regions. Below a critical liquid Reynolds number (low liquid flow rate), the 
superficial gas velocity required to initiate the droplet entrainment sharply increases reaching the 
entrainment limit18. At high liquid flow rates, no entrainment onset occurs below a critical gas velocity. 
Between these two limiting cases, the inception of droplet entrainment depends on both liquid and gas 
flow rates.  
 

Model description 
 
The modeling of entrainment onset transition follows the approach initially developed by Ishii and 
Grolmes, and later completed by Mantilla and coworkers19. Briefly, a force balance (Figure 1) is applied 
to a single wave, and consists of the drag force ܨ஽, the surface tension force ܨఙ and the gravitational 
force ܨ௚ (equation 1). 
 

஽ܨ ൒ ఙܨ ൅ ௚ܨ  ሻ (1)ߚሺ݊݅ݏ
 

 
Figure 1: Top view (a) and side view (b) of a wave (adapted from Mantilla22). 

 
The drag force is defined as: 
 

஽ܨ ൌ
ଵ

ଶ
ሺܷீீߩ௪݄߂௪ߣ஽ܥ െ ܷ௅ሻଶ (2) 

 
 ௪ represent the length and݄߂ ௪ andߣ	.஽ = 0.95 for irregular shapesܥ ஽ is the drag coefficient taken asܥ
height of the liquid wave, respectively. 
 
The surface tension force is given by: 
 

ఙܨ ൌ  (3) ߪ௪ߣௌܥ
 
 ௌ = 0.77 and corresponds to the average wave crestܥ ௌ is the interfacial shape coefficient taken asܥ
with a half elliptic base14. 
 
The gravity force is calculated as: 
 

௚ܨ ൌ
గ

଼
௪ଶߣ Δ݄௪ߩ௅݃ sinሺߚሻ (4) 
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By substituting equations (2) to (4) into equation (1), it yields: 
 

ሺܷீீߩ௪݄߂஽ܥ െ ௅ܷሻଶ ൌ ߪௌܥ2 ൅
గ

ସ
௅݃ߩ௪݄߂௪ߣ  ሻ (5)ߚሺ݊݅ݏ

 
Following Ishii and Grolmes’ recommendations, the interfacial shear stress at the wave crest ߬௜ is 
assumed to be proportional to the liquid film velocity: 
 

߬௜ ൌ ௅ߤ௪ܥ
௎ಽ
୼௛ೢ

 (6) 

 
 ௪ represents the effect of surface tension forces on the internal flow within the wave crest and can beܥ
expressed as a function of the liquid viscosity number ఓܰ, such as: 
 

ଵ

ଷ஼ೢ
ൌ ቐ

11.78 ఓܰ
଴.଼		, ఓܰ ൑

ଵ

ଵହ

1.35												, ఓܰ ൐
ଵ

ଵହ

 (7) 

 
where: 

ఓܰ ൌ ௅ߤ ∙ ൤ߩ௅ߪට
ఙ

ሺఘಽିఘಸሻ௚
൨
ିଵ ଶ⁄

 (8) 

 
The interfacial shear stress ߬௜ can be calculated using either the liquid- or gas-interfacial friction factor, 
such as: 
 

߬ீ௜ ൌ ݂ீ ௜
ఘಸሺ௎ಸି௎ಽሻమ

ଶ
 (9) 

 

߬௅௜ ൌ ௅݂௜
ఘಽ௎ಽ

మ

ଶ
 (10) 

 
Using Hughmark23, the liquid-interfacial friction factor ߬௅௜ is defined as: 
 

௅݂௜ ൌ ට1.962 ܴ݁௅
ଵ ଷ⁄⁄  (11) 

 
where: 
 

ܴ݁௅ ൌ
ఘಽ஽ಽ௎ಽ

ఓಽ
 (12) 

 
The gas-interfacial friction factor ݂ீ ௜ was initially expressed as a constant. Mantilla accounted for the 
effect of pipe diameter since the friction factor is related to the relative roughness of the wave 
amplitude. A new correlation was developed and tuned with the help of a subset of randomly sampled 
experimental data collected in the present study for different gas-liquid mixtures of CO2/water and SF6 - 
CO2/water24

. This subset of experimental data was not included in the set used for the validation of the 
model. The expression of ݂ீ ௜ is shown below: 
 

݂ீ ௜ ൌ ଴ܥ ቀ
்

்బ
ቁ
஼భ
ቀ ௉
௉బ
ቁ
஼మ
ቀ ெௐಸ

ெௐೌ೔ೝ
ቁ
஼య
ቀ௛ಽ
஽
ቁ
஼ర

 (13) 
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where: ܥ଴ ൌ ଵܥ ,0.00140820 ൌ െ3.41122637, ܥଶ ൌ ଷܥ ,0.40052095 ൌ ସܥ ,0.33121546 ൌ െ0.23537017. 
ܯ ீܹ and ܯ ௔ܹ௜௥ are the molecular weights of the gas phase and air, respectively (ܯ ௔ܹ௜௥ ൌ 28.97 
g/mol). Temperatures are expressed in degree K. 
 
Assuming that ߬௜ ൌ ߬௅௜ and using the shear stress continuity at the interface ߬௅௜ ൌ ߬ீ௜, substituting 
equations (9) and (10) into equation (6) yields the following expression: 
 

Δ݄௪ ൌ ௪ܥ2
ఓಽ
ఘಽ
ට
ఘಽ
ఘಸ
∙

ଵ

௙ಽ೔௙ಸ೔

ଵ

௎ಸି௎ಽ
ൌ

஼ೝ
௎ಸି௎ಽ

 (14) 

 
where: 

௥ܥ ൌ ௪ܥ2
ఓಽ
ఘಽ
ට
ఘಽ
ఘಸ
∙

ଵ

௙ಽ೔௙ಸ೔
 (15) 

 
Substituting equation (14) into the force balance equation (5) gives the following expression: 
 

ሺܷீ െ ௅ܷሻଶ െ 2
஼ೄఙ

஼ೝ஼ವఘಸ
ሺܷீ െ ௅ܷሻ െ

గఒೢఘಽ௚ ୱ୧୬ሺఉሻ

ସ஼ವఘಸ
 (16) 

 
This 2nd degree polynomial has two possible solutions. The negative solution is discarded, while the 
positive solution represents the entrainment onset criterion: 
 

ܷீ െ ௅ܷ ൌ
஼ೄఙ

஼ೝ஼ವఘಸ
൅ ටቀ ஼ೄఙ

஼ೝ஼ವఘಸ
ቁ
ଶ
൅

గఒೢఘಽ௚ ୱ୧୬ሺఉሻ

ସ஼ವఘಸ
 (17) 

 
The liquid velocity is taken as being the wave celerity ܿ, which can be expressed as a function of the 
pipe inclination25: 
 

ܿ ௌܷ௅⁄ ൌ ቐ
2.379ܺ∗ି଴.ଽ		, ߚ ൌ 0°

2.323ܺ∗ି଴.ଽସ	,			10° ൑ ߚ ൑ 20°
1.942ܺ∗ି଴.ଽଵ	, ߚ ൒ 45°

 (18) 

 
ܺ∗ is defined as the Froude numbers ratio between the liquid and gas phases: 
 

ܺ∗ ൌ
ி௥ೄಽ
ி௥ೄಸ

 (19) 

 

ௌ௅ݎܨ ൌ ට ఘಽ௎ೄಽ
మ

ሺఘಽିఘಸሻ௚஽ ୡ୭ୱఉ
 (20) 

 

ௌீݎܨ ൌ ට ఘಸ௎ೄಸ
మ

ሺఘಽିఘಸሻ௚஽ ୡ୭ୱఉ
 (21) 

 
The wave base length ߣ௪ is expressed with the wave spacing ܮ௪:  
 

௪ߣ ൌ ௪ܮ 2⁄ , (22) 
 
while the wave spacing is defined as: 
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௪ܮ ൌ ଵߪߨ2 ଶ⁄ ൥
ሺ௎ಸି௎ಽሻమ
ಽಸ
ഐಸ
ା
ಽಽ
ഐಽ

െ ሺߩ௅ െ ሻ݃ீߩ cosሺߚሻ൩

ିଵ ଶ⁄

 (23) 

 
Both ீܮ and ܮ௅ are geometrical properties used in stratified flow and can be written as: 
 

ீܮ ൌ
஺ಸ

ௗ஺ಸ ௗ௛ಸ⁄
 (24) 

 

௅ܮ ൌ
஺ಽ

ௗ஺ಽ ௗ௛ಽ⁄
 (25) 

 
Limiting cases 

 
At low liquid Reynolds numbers, the roll waves start disappearing due to a lower interfacial shear stress 
and a sudden increase in the critical velocity necessary to entrain the droplets14. For low viscosity 
fluids, this transition occurs at a critical liquid film Reynolds number ܴ݁௅,௖௥௜௧, which varies with the flow 
inclination in pipes: 
 

ܴ݁௅,௖௥௜௧ ൌ 2 if ߚ ൌ െ90° (26) 
 

ܴ݁௅,௖௥௜௧ ൌ 160 if ߚ ൌ 0° or  ߚ ൌ ൅90° (27) 
 
Below ܴ݁௅,௖௥௜௧, the ripple wave shearing off mechanism does not occur. However, liquid droplets can 
still be formed by the wave undercutting mechanism when the liquid film Weber number ܹ݁௅ is in the 
range 17 – 22. The wave undercutting mechanism can be described by the following criterion using a 
Weber number of 22: 
 

ܷீ െ ܿ ൌ 1.5
ఙ

ఓಽ
ට
ఘಽ
ఘಸ
∙
ଵ

ோ௘ಽ
 (28) 

 
At high liquid Reynolds numbers (ܴ݁௅ ൐ 5000), the friction factor is assumed to remain constant; 
therefore, a value of ܴ݁௅ ൌ 5000 is used in equation (11). 
 
Experimental study of droplet transport 
 
Entrainment onset data found in the literature are scarce and often measured at operating conditions 
that are not representative for gas-condensate transportation pipelines (low gas density, high gas 
velocity). Therefore, an experimental setup was developed in this study to generate data as close as 
possible to the conditions observed in field operations. The experimental study involved a 
measurement of the droplet transport using visual observations at the transparent wall of the pipe (non-
intrusive) and by using a borescope (camera) inserted within the pipe (intrusive). 
 

Equipment 
 
The experimental work was carried out in a large scale wet gas flow loop, which was designed to study 
both droplet transport and CO2 corrosion under two-phase gas-liquid flow conditions (Figure 2). The 
apparatus is a 0.102 m (4 in) pipe diameter 30 m long flow loop entirely made of stainless steel UNS 
S31600, except for the test section; for droplet transport experiments, this latter consisted of a 5 m long 
transparent acrylic pipe to visualize and record the flow regime occurring in the loop.  
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The gas phase could be either pure CO2 or a CO2/sulfur hexafluoride (SF6) mixture. The inert gas SF6, 
characterized by a high molecular weight, was used to artificially increase the density of the gas stream 
in order to closely mimic conditions existing in pressurized gas production facilities. The gas flow rate, 
supplied by a gas blower, had a maximum capacity of 190.7 SCFM (0.09 Sm3/s) and was measured 
using a 5 psi differential pressure transducer installed around a vortex flow meter. Deionized (DI) water 
was used as the liquid phase whose flow rate was controlled by a gear pump, which could deliver up to 
9.5 gal/min (0.6·10-3 m3/s).  
 

 
Figure 2: Process and flow diagram of the wet gas flow loop (experimental droplet transport). 

 
A slab was introduced at the mixing location between the gas and liquid phases to generate a fully 
segregated flow while minimizing liquid splashing (Figure 3); it should be noted that the intrusive slab 
did not generate a significant pressure drop in the flow loop. The test section was located at 60 L/D 
downstream of the mixing section. The instrumentation included pressure and temperature 
measurement devices, and a high pressure borescope mounted on the pipe to record the onset of 
droplet entrainment (Figure 4). The borescope tip was positioned as close as possible to the top of the 
pipe, so that the droplet entrainment could be directly observed when droplets hit the lens of the 
borescope.  
 

 

Figure 3: Cross sectional view of the gas-liquid mixing section. (Courtesy of Cody Shafer, 
Institute for Corrosion and Multiphase Technology) 

Gas flow 

Water injection line Gas-liquid  
two-phase flow  

Slab 

Liquid flow 
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Figure 4 : Borescope set up in the test section of the large scale flow wet gas loop (left side) and 

cross sectional representation of a two-phase gas-water flow inside the pipe (right side). 
 

Methodology 
 
The criterion to determine the onset of droplet entrainment in the pipe was that at least one liquid 
droplet should hit the borescope lens every 10 seconds. In such conditions and by considering the size 
of the droplets and the number of “hits” per surface area and per time, the corresponding deposition 
rate at the top of the line was roughly estimated to 0.001-0.01 mL/m2/s. 
 
Prior to the experiments, 300 L of DI water were introduced in the tank and sparged with CO2 for four 
hours to remove most of the O2 and N2 from the system. The composition of the gas stream was 
maintained constant by monitoring the partial pressure of each gas (i.e., CO2 and SF6) and carefully 
recorded since an increase in SF6 concentration in the gas stream increased the gas density. Then, the 
borescope was introduced in the test section; the insertion port was carefully sealed to avoid any gas 
leak. During each experiment, the liquid flow rate was set to a constant value whereas the gas flow rate 
was slowly increased until the droplet entrainment onset was achieved. Between each gas rate 
increment, a sufficient amount of time (usually 15-30 min) was dispensed to make sure the flow loop 
truly reached steady state conditions. Once the entrainment onset was observed on the borescope, the 
partial pressures, temperatures, and flow rates were recorded. 
 
Using a constant gas composition, twenty independent series of measurements were performed by 
varying the superficial liquid velocity from 0.004 to 0.072 m/s (see experimental conditions in Table 1). 
Using SF6 instead of methane as a gas phase meant that only 5 bara of SF6 gas could approximate the 
same density as 50 bara of methane due to the molecular weight difference (ܯ ௌܹிల ൌ 146 g/mol vs. 
ܯ ஼ܹுర ൌ 16 g/mol). For consistency, the results are displayed as a function of the methane equivalent 
pressure ஼ܲுర

௘௤  (also noted ݁ݍ	 ஼ܲுర) in the rest of the text. 
 

Table 1: Test matrix for droplet transport experiments. 
Parameters Conditions 

Gas phase 
SF6 / CO2 

SF6 concentration in gas stream: 0 to 72 mol% 
Liquid phase DI water 
Superficial gas velocity (m/s) 5 – 12 
Superficial liquid velocity (m/s) 0.004 – 0.072 
CH4 equivalent pressure (bara) 4.4 – 35 
Temperature (°C) 25 – 40 
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Results 
 
The experimental results in Figure 5 present a subset of the entrainment onset data collected in this 
study, expressing the critical superficial gas velocity ௌܷீ,௖௥௜௧ above which droplets start to deposit at the 
top of the line as a function of the equivalent CH4 pressure. At the lowest tested pressure ( ஼ܲுర

௘௤ ൌ 4.7 
bara), the onset of droplet entrainment was reached around ௌܷீ,௖௥௜௧ ൌ 10.3 േ 0.2 m/s at low liquid flow 
rate ( ௌܷ௅ ൌ 0.014 m/s) and ௌܷீ,௖௥௜௧ ൌ 8.8 േ 0.2 m/s at higher liquid flow rate ( ௌܷ௅ ൌ 0.072 m/s). As the 
liquid flow rate increases, the liquid holdup increases in the pipe and decreases the distance between 
the top of the pipe and the gas-liquid interface (we reasonably assumed a horizontal gas-liquid interface 
here). In turn, the cross sectional area of the gas phase decreases and the in situ gas velocity slightly 
increases, allowing the droplet entrainment onset to occur at a lower gas velocity.  
As the total pressure (i.e., the gas density) increases, the interfacial shear stress between the gas and 
the liquid phase increases as well. Ripples and waves present at the gas-liquid interface can be further 
torn away to generate droplets. In a 4 in pipe, the onset of droplet entrainment was observed for 
superficial gas velocities in the range of 6 – 11 m/s at equivalent CH4 pressure ranging from 4 to 35 
bara. 

 
Figure 5: Droplet entrainment onset at the top of the pipe as a function of total pressure and 

superficial liquid velocity USL. 
 
Entrainment model validation 
 
The performance and accuracy of the droplet transport model were evaluated using statistical tools 
(Table 2), such as the average percent error ߝଵ, average absolute percent error ߝଶ, and percent 
standard deviation ߝଷ. These parameters require the determination of relative error ݁ோ, representing the 
deviation of predicted value 	ሺܺ௣௥௘ௗሻ from the experimental observation ሺܺ௘௫௣ሻ. 
 

Table 2: Statistical tools used for the model validation. 
Statistical variable Equation Statistical variable Equation 

Relative error ݁ோ ൌ
௑೛ೝ೐೏ି௑೐ೣ೛

௑೐ೣ೛
  Average absolute 

percent error 
ଶߝ ൌ

ଵ

௡
൫∑ ห݁ோ,௜ห

௡
௜ୀଵ ൈ 100൯  

Average percent 
error 

ଵߝ ൌ
ଵ

௡
൫∑ ݁ோ,௜

௡
௜ୀଵ ൈ 100൯  Percent standard 

deviation ߝଷ ൌ ට∑ ൫௘ೃ,೔ൈଵ଴଴ିఌభ൯
మ

௡ିଵ
௡
௜ୀଵ   

 
A total of 258 entrainment onset measurements were collected in this study using different gas phase 
SF6/CO2 compositions. Additionally, entrainment onset data from literature was included in the 
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database (Table 3); this additional data were measured at near atmospheric pressure, featuring much 
higher gas velocities and lower gas densities compared to the present study. Overall, the entrainment 
onset database totaled 303 measurements. A random subsample of 33 was used for tuning the model; 
this subsample was not included in the model validation. Therefore, 270 measurements were finally 
used for model validation (Table 3). Based on statistical analysis tools (Table 2), the relative errors of 
the model predictions were calculated as the difference between the predicted and experimental 
superficial gas velocity at a given superficial liquid velocity, then averaged for each dataset and the 
entire database (Table 4). The model predicted most accurately the present study’s data (2.9%), with 
consistent prediction errors (3.8 %) regardless of the gas phase composition. A comparison between 
the predicted and measured entrainment onset is shown on a flow regime map (Figure 6), using two 
different gas compositions in the gas-liquid mixtures (pure CO2 and mixture CO2/SF6).  
 

Table 3: Experimental data used for the entrainment onset model validation. 
Authors Data points Fluids Pipe diameter (m) 

Andritsos (1986) 14 Air / Water 0.025, 0.095 
Andritsos (1986) 10 Air / Water-glycerine 0.025, 0.095 
Mantilla (2008) 14 Air / Water 0.049, 0.152 
Mantilla (2008) 4 Air / Water-glycerine 0.049 
Mantilla (2008) 3 Air / Water-butanol 0.049 

This study 97 CO2 / Water 0.095 
This study 161 SF6-CO2 / Water 0.095 

 
Table 4: Performance evaluation of the entrainment onset model. 

Authors 
Data 

points 
Statistics 

1 (%)  2 (%) 3 (%) 
This study 225 0.2 2.9 3.8 

Andritsos (1986) 24 -9.9 26.7 32.6 
Mantilla (2009) 21 10.9 22.9 28.4 

All data 270 0.1 6.6 13.4 
 

 
Figure 6: Predicted (line) vs. measured (markers) entrainment onset gas velocities for CO2-water 

mixture (ࡴ࡯ࡼ૝

ࢗࢋ ൌ ૝. ૠ bara, ࢀ ൌ ૛ૠ. ૝ °C) (left) and CO2/SF6-water mixture with 72 mol% SF6 

૝ࡴ࡯ࡼ)

ࢗࢋ ൌ ૜૞. ૜ bara, ࢀ ൌ ૛ૢ. ૜ °C) (right). 
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A similar comparison is made for superficial gas velocity at the entrainment onset at different gas-liquid 
mixtures (Figure 7). The majority of data points fall within the ± 20% deviations from the ideal 
agreement. The model agrees better with the entrainment onset observed with the borescope camera 
(present work and Mantilla) compared to the entrainment onset detected visually, from outside the pipe 
(Andritsos26).  
 

  
Figure 7: Predicted vs. experimental entrainment onset expressed as superficial gas velocity 

USG. Dashed lines represent the ± 20% deviations from the 1:1 line. 
 
Comparisons between the model and Mantilla data exhibited a slight overprediction (+10.9%) and an 
average absolute percent error of 22.9%. Unlike the entrainment onset criterion used in this study (see 
Methodology), Mantilla’s entrainment onset was defined as “a droplet hitting the top of the pipe every 5 
to 10 seconds”22. This difference in experimental data between the two studies may explain the 
overprediction of the droplet entrainment onset when considering air-water measurements (Figure 7). 
The large scattering observed with viscous fluid data (liquid phase as water-glycerine) suggests that the 
present model does not account for the effect of viscosity very well; for more accurate entrainment 
onset predictions, only measurements from fluids with liquid viscosities less than 5 ∙ 10ିଷ Pa·s should 
be used to validate this model. 
 

INHIBITION OF TOP OF THE LINE CORROSION BY DROPLET TRANSPORT 
 
A set of corrosion experiments was performed under high pressure and high temperature conditions in 
the large scale wet gas flow loop to validate the concept of droplet transport as an effective TLC 
mitigation method. A corrosion inhibitor was injected in the bulk liquid phase under stratified flow 
conditions, with or without droplet entrainment present in the gas phase. TLC rates were measured on 
steel specimens installed in a custom designed cooled TLC test section.   
 
Experimental procedure 
 
The experimental corrosion study was performed on the same large scale flow loop used for the 
determination of droplet entrainment, with the test section modified to suit high pressure and high 
temperature conditions. A process and flow diagram of the flow loop used for the corrosion experiments 
is shown in Figure 8. The flow loop was equipped with two identical test sections, designed to 
investigate TLC. The test sections were 4 in (0.102 m) inner diameter (ID) pipe made of UNS S31600 

0

5

10

15

20

25

0 5 10 15 20 25

U
S

G
, 

p
re

d
[m

/s
]

USG, exp [m/s]

This study - CO2/Water

This study - CO2-SF6/Water

Mantilla (2009) - Air/Water

Mantilla (2009) - Air/Water-
Butanol

Mantilla (2009) - Air/Water-
Glycerine

Andritsos (1986) - Air/Water

Andritsos (1986) - Air/Water-
Glycerine

11

©2018 by NACE International.
Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to
NACE International, Publications Division, 15835 Park Ten Place, Houston, Texas 77084.
The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.



 

  

and equipped with eight 2 in (0.051 m) ID probe ports through which corrosion measurements devices 
could be inserted (Figure 9). Four of these ports were located at the bottom of the pipe (6 o’clock 
position) while the other four ports were located at the top of the pipe (12 o’clock position). Copper coils 
were wrapped around the pipe and used to circulate cooling water. The water condensation rate was 
measured using a condensed water collector located downstream of the test section. The gas and inner 
pipe wall temperatures were measured continuously during the experiments. A more detailed 
description of the experimental setup can be found elsewhere1. 
 

 
Figure 8: Process and flow diagram of the flow loop for the HP/HT corrosion experimental study. 
 

      
 

Figure 9: Schematic of the test section in HP/HT corrosion flow loop (left view); cross section of 
the corrosion probe with its mounted corrosion sample (right view). 

 
For each test, the liquid phase consisted of an aqueous solution containing 1 wt% sodium chloride 
(NaCl), deoxygenated with CO2 prior to the tests (O2 concentration around 20 ppb). The pH of the 
solution was set constant to 5.9 and controlled by addition of sodium hydroxide to decrease the 
aggressiveness of the environment and enhance the corrosion inhibitor efficiency. The gas phase 
consisted of a CO2/SF6 mixture with 70 mol% SF6; the equivalent methane pressure was 28.5 bara. 
The liquid phase in the tank was heated to the required temperature using immersion heaters. The gas 
blower and the liquid pump were used to get the desired gas and liquid flow rates, respectively. 
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The corrosion samples used in experiments were carbon steel (CS) UNS K03014 with a 7.2 cm2 
exposed area (Figure 9, right hand side). CS specimens were polished with 220, 400 and 600 grit 
silicon carbide paper under a flush of isopropanol before any testing. During the experiment, two 
samples at the bottom and three at the top of the pipe were flush mounted in the test section.  
 
The corrosion inhibitor was selected based on its past demonstrated efficiency against bottom of the 
line corrosion20,21 and consisted of an imidazoline based chemical (10% CH3COOH, 13% 
CH4H9OCH2CH2OH, 24% Tall oil fatty acid / Diethylene triamine imidazoline, balance water). A non-
volatile inhibitor was preferred in this study because a mechanical mass transfer by droplet entrainment 
was the only intended way of transporting the inhibitor to the top of the pipe.  
 
Three independent tests (A, B and C) were conducted using different superficial gas velocities and 
inhibitor concentrations to measure both bottom of the line corrosion (BLC) and TLC. In test A, the 
superficial liquid and gas velocities were selected to ensure stratified flow regime, while limiting any 
significant droplet entrainment in the pipe. The liquid droplets eventually present at the top of the pipe 
would only result from the condensation of water vapor due to the cooling of the pipe wall. In tests B 
and C, an increase in superficial gas velocity from 3.2 to 6.9 m/s changed the flow regime from 
stratified without droplet entrainment to stratified with droplet entrainment and deposition at the top of 
the pipe. In test C, 300 ppm of corrosion inhibitor was injected to evaluate the inhibition effect on both 
BLC and TLC. Details about the operating conditions used during those tests are given in Table 5. 
 

Table 5: Test conditions for TLC experiments. 
Parameters Conditions 
Gas temperature (°C) 70 – 72 
Gas composition (mol%) 70.2 (SF6) + CO2 (29.8) 
Equivalent CH4 pressure (bara) 28.5 
NaCl solution (wt) 1 
Solution pH 5.9 
Test duration (day) 2 

 Test A Test B Test C 
Superficial liquid velocity (m/s) 0.06 0.06 0.06 
Superficial gas velocity (m/s) 3.2 6.9 6.9 
Inhibitor concentration (ppm) 0 0 300 
Flow pattern Stratified Stratified Stratified 
Droplet entrainment in the pipe  no YES YES 
In-situ liquid velocity (m/s) 0.58 1.23 1.23 
Predicted water condensation rate (mL/m2/s) 0.14 0.25 0.25 
Predicted droplet deposition rate (mL/m2/s) 0 2.16 2.16 

 
Experimental results 
 

Corrosion rate analysis 
 
Corrosion rates in this experimental study were measured using the weight loss method on the samples 
located at both bottom and top of the line for the tests A, B and C (Figure 10). At the bottom of the pipe, 
the baseline test (Test A) exhibited a high corrosion rate of 8.4 mm/y due to the combination of high 
temperature conditions and the absence of corrosion inhibitor (Figure 10). The gas flow rate was 
doubled from test A to test B and, consequently, the corrosion rate increased to a higher value of 11.7 
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mm/y. The higher superficial gas velocity increased the in situ aqueous velocity (from 0.58 to 1.23 m/s) 
due to slippage, which, in turn, enhanced the transport of corrosive species to the steel surface. Under 
the same operating conditions, the corrosiveness of the medium was mitigated by the addition of 300 
ppm of inhibitor (Test C); the bottom of the line corrosion rate drastically dropped to 0.3 mm/y, which 
represents an inhibition efficiency of 97.4%.  
 

 
Figure 10: BLC and TLC rates in absence/presence of droplet transport and corrosion inhibitor. 

 
The measured TLC rates show the same trend as the measured BLC rates (Figure 10). The baseline 
test (Test A) exhibited a TLC rate of 0.96 mm/y due to the sole presence of condensed water at the top 
of the pipe. More corrosive conditions were experienced at higher gas velocity with significant droplet 
transport, yielding a corrosion rate of 1.3 mm/y (Test B). A higher superficial gas velocity promoted not 
only the entrainment and deposition of water droplets at the top of the pipe (2.16 mL/m2/s), but also 
enhanced heat transfer at the pipe wall leading to higher water condensation rates (0.25 mL/m2/s). The 
injection of 300 ppm of corrosion inhibitor in test C mitigated the CO2 corrosion attack at the top of the 
line with a TLC rate dropping to 0.3 mm/y, which is the same as the inhibited BLC rate since the 
inhibitor concentration at the top and bottom of the line was then similar. In the absence of a volatile 
corrosion inhibitor, the inhibition was only possible by utilizing the mechanical entrainment of liquid 
droplets to transport the chemical inhibitor to the top of the pipe. This method can only be effective to 
mitigate TLC as long as the droplet deposition rate remains higher than the water condensation rate as 
it was demonstrated in the present test.  
 

Surface analysis 
 
A SEM surface analysis of the steel samples exposed to BLC and TLC conditions was conducted after 
tests B and C (Figure 11). In the absence of corrosion inhibitor, the BLC specimen showed a “cracked” 
Fe3C layer typically observed in CO2 corrosion (Figure 11a). In the presence of corrosion inhibitor, the 
BLC specimen still had signs of the polishing marks, signifying a less aggressive corrosion medium 
(Figure 11b). Crystals of iron carbonate FeCO3 were observed on the TLC specimen in an un-inhibited 
environment (Figure 11c). No FeCO3 was observed on the TLC specimen surface (Figure 11d), which 
confirms the effective transport of corrosion inhibitor to the top of the pipe by a mechanism of droplet 
entrainment/deposition. 
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Un-inhibited environment (Test B) Inhibited environment (Test C) 

 
(a)  Fe3C on BLC specimen

 
(b) Bare metal on BLC specimen 

(c) FeCO3 on TLC specimen
 

(d) Bare metal on TLC specimen 

Figure 11: SEM images of the surface of the TLC and BLC specimens after exposure to a 
corrosive environment. 

 
CONCLUSIONS  

 
This study investigated the entrainment and deposition of liquid droplets in a gas phase as a potential 
solution to transport a non-volatile corrosion inhibitor to the top of the pipe. A mechanistic model was 
developed to predict the onset of droplet entrainment in horizontal and near-horizontal pipes under gas-
liquid two-phase conditions. The model was further validated using newly acquired data from a large 
scale flow loop mimicking operating conditions similar to those encountered in wet gas transportation 
lines. 
Using controlled multiphase flow and water condensation conditions, corrosion experimentation in a 
high pressure high temperature large scale flow loop additionally demonstrated that CO2 top of line 
corrosion could be mitigated by transporting a non-volatile corrosion inhibitor to the top by droplet 
entrainment. 
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GLOSSARY 
 
Latin symbols 
ܿ : Wave celerity (݉ ⁄ݏ ) 
 (ݕ/݉݉) Corrosion rate : ܴܥ
 (݉) Diameter : ܦ
݁ோ : Relative error (-) 

 Force (N) : ܨ
݂ : Fanning friction factor (-) 
݃ : Gravity constant (݃ ൌ  (ଶݏ/݉	9.81
݄ : Height (݉) 
 (݉) Length : ܮ
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 Molecular weight (g/mol) : ܹܯ
ܲ : Pressure (݇ܲܽ) 
ܶ : Temperature (°ܥ) 
ܷ : Velocity (݉ ⁄ݏ ) 
ܺ∗ : Froude number ratio (-) 
 
Greek symbols 
 Pipe inclination angle (degree) : ߚ
 (%) ଵ : Average relative errorߝ
 (%) ଶ : Absolute average relative errorߝ
 (%) ଷ : Standard deviation of relative errorߝ
 (݉) Length : ߣ
݃݇) Dynamic viscosity : ߤ ⁄ݏ/݉ ) 
݃݇) Density : ߩ ݉ଷ⁄ ) 
ܰ) Surface tension : ߪ ݉⁄ ) 
߬ : Shear stress (ܲܽ) 
 
Superscripts 
0 : Standard conditions (101.3 kPa, 15.6 °C)  
 

Subscripts 
 Relating to entrainment onset conditions : ݐ݅ݎܿ
 Relating to the drag force : ܦ
 Relating to experimental measurements : ݌ݔ݁
 Based on the gas phase : ܩ
݃ : Relating to the gravity force 
݅ : Relating to the gas-liquid interface 
 Based on the liquid phase : ܮ
 Relating to predicted values : ݀݁ݎ݌
ܵ : Relating to the interfacial shape 
 Based on the superficial gas : ܩܵ
 Based on the superficial liquid : ܮܵ
 Relating to the wave : ݓ
 Relating to the surface tension force : ߪ
 
Dimensionless numbers 
  Froude number : ݎܨ
ఓܰ : Viscosity number 
ܴ݁ : Reynolds number 
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