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ABSTRACT

Internal corrosion in industrial environments involving gas-liquid flow can be a serious concern. For ex-
ample, in the oil and gas industry, corrosive water phase is usually transported in pipes along with liquid
and/or gas hydrocarbon phases. These gas-liquid flows develop complex flow patterns where the liquid
phase can distribute in quite different ways (as stratified layers, intermittent slugs, annular film, etc.) de-
pending on the gas and liquid flow rates and pipe inclination. In these circumstances, the water phase
can flow at very high velocities leading to high turbulence and mass transfer rates that can acceler-
ate corrosion of the metallic pipe surface. In general, proper prediction of corrosion rates via mechanis-
tic electrochemical models requires the knowledge of the mass transfer rate of corrosive species in the
aqueous phase. There are very few studies in the open literature that show specific experimental data
or propose ways to compute mass transfer rates in gas-liquid flow; particularly, for large pipe diame-
ters. The present study introduces a methodology for the estimation of mass transfer rates in gas-liquid
flow via the Chilton-Colburn analogy and near-wall eddy diffusivity distribution based on the mechanistic
gas-liquid flow modeling. The proposed mechanistic models cover a wide range of fluid’s properties and
flow rates, different flow patterns and pipe inclinations, and show good agreement with mass transfer

experimental data from large-scale gas-liquid flow.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Internal corrosion can be an important problem in an indus-
try that deals with production and/or transportation of liquid and
gas phases. In the oil and gas industry, oil is usually produced and
transported by pipelines accompanied by different amounts of gas
and some corrosive water (carrying dissolved CO, and H,S). Con-
versely, pipelines carrying natural gas usually have some light hy-
drocarbon and water condensation occurring in the presence of
acid gases CO, and H,S. In both scenarios, a gas-liquid mixture is
transported via mild steel pipelines over long distances. Any con-
tact of the corrosive water with the inner pipe wall may lead to
corrosion problems.

In gas-liquid flows a wide variety of flow patterns can develop,
in which the liquid phase distributes in different ways. For exam-
ple, in horizontal flow, relatively low superficial liquid velocities
(liquid flow rates), and low to moderate superficial gas velocities
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(gas flow rates) lead to stratified flow with gas flowing at the top
and liquid at the bottom of the pipe with a smooth or wavy gas
liquid interface (“ST” pattern in Fig. 1). The operating region for
stratified flow drastically narrows even for very small upward in-
clination angles (e.g., ~1 degree) favoring the occurrence of inter-
mittent flow pattern such as slug flow [1].

Slug flow occurs at moderate superficial liquid velocities and a
wide range of superficial gas velocities, as shown as “SL” pattern in
Fig. 1. Very high liquid velocities can be found in this flow pattern
since the velocity of liquid slugs is approximately equal to the sum
of superficial velocities of the liquid and gas phases. In horizontal
flow, the velocity of the liquid film, moving in the gas pocket zones
between the liquid slugs, is relatively low compared to the velocity
of the liquid slugs themselves. However, liquid film velocities can
be higher in upward inclined and vertical flows where the liquid
film can move counter current while the gas pockets flow with the
main stream.

When superficial gas velocities are high and the liquid holdup is
not high enough to bridge the entire pipe cross-section to produce
liquid slugs, the gas phase flows through the core of the pipe and
entrains liquid droplets which can be simultaneously deposited all
around the pipe circumference, producing an annular liquid film.
This flow pattern is called annular mist (“AM” pattern in Fig. 1).
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Notations

A cross-sectional area of the pipe, m?

c concentration of a given species, Mol/m3

Ch concentration of a given species in the bulk fluid,
Mol/m?3

Cw concentration of a given species at the pipe wall,
Mol/m?3

G constant in equation (A.12), dimensionless

G constant for the eddy diffusivity function, dimen-
sionless

G distribution parameter of the drift-flux model, di-
mensionless

Ci, G constants in equation (13)

c concentration fluctuations of a given species,
Mol/m?3

D molecular diffusion coefficient of a given species,
m?/s

D¢ turbulent mass diffusion coefficient, m?/s

d pipe diameter, m

dgr hydraulic diameter of the gas flow, m

dis hydraulic diameter of the liquid film flow, m

E entrained liquid fraction, dimensionless

f Fanning friction factor, dimensionless

fot friction factor for the gas layer, dimensionless

fi friction factor for the gas-liquid interface, dimen-
sionless

fis friction factor for the liquid film flow, dimensionless

fis friction factor for the gas-liquid flow in the slug
cylinder, dimensionless

fm friction factor for the gas-liquid mix flow, dimen-
sionless

g gravitational acceleration, m/s?

IP oil-water phase inversion point, dimensionless

km mass transfer coefficient, m/s

kg mass transfer coefficient at the liquid film, m/s

kms mass transfer coefficient at the slug cylinder, m/s

n exponent in equations (1), (2) and (10), dimension-
less

ng exponent in equation (A.12), dimensionless

N mass flux of a given species, Mol/(m?.s)

Nw mass flux of a given species at the pipe wall,
Mol/(m?.s)

Tyl radius of the rotating cylinder, m

R chemical reaction source term, Mol/(m3.s)

Re Reynolds number, dimensionless

Recy Reynolds number of the rotating cylinder, dimen-
sionless

Reg Reynolds number of the gas flow, dimensionless

Re; Reynolds number based on the velocity of the gas-
liquid interface, dimensionless

Rej¢ Reynolds number of the liquid film flow, dimension-
less

Rem Reynolds number of the mixture gas-liquid flow, di-
mensionless

Sef pipe perimeter wetted by gas, m

S perimeter of the gas-liquid interface, m

Sie pipe perimeter wetted by liquid, m

Sc Schmidt number, dimensionless

Sh Sherwood number, dimensionless

Sheyi Sherwood number of the rotating cylinder, dimen-
sionless

u fluid velocity, m/s

Up
ucyl

y+

Taylor bubble velocity, m/s

velocity of the rotating cylinder surface, m/s
velocity of the gas flow, m/s

velocity of the gas-liquid interface, m/s

velocity of the liquid flow, m/s

velocity of the liquid film, m/s

gas-liquid mixture velocity, m/s

superficial gas velocity, m/s

superficial liquid velocity, m/s

superficial oil velocity, m/s

superficial water velocity, m/s

velocity of the liquid slug front, m/s

friction velocity of the liquid flow, m/s

friction velocity of the liquid film, m/s

friction velocity of the liquid slug, m/s

average liquid friction velocity for slug flow, m/s
liquid velocity fluctuations in the y direction, m/s
normal coordinate respect to the pipe wall, m
dimensionless distance from the pipe wall

Greek letters

O[gf

(xgr

7]
ot
Ag

Bs
8

Ew

g
Mgt

H
Him
His
Mm
Mo
Hw
Y
Pg
pgf

Ol
Plm
Pis

Acronyms

AM
CFD
DB

holdup of gas or gas with entrained liquid droplets,
dimensionless

gas holdup of the flow of gas with entrained liquid
droplets, dimensionless

liquid holdup, dimensionless

liquid film holdup, dimensionless

liquid slug holdup, dimensionless

pipe inclination angle from the horizontal, radians
relative slug length, dimensionless

thickness of the diffusion boundary layer, m
volumetric fraction of water based on total liquid
volume, dimensionless

gas dynamic viscosity, Pa.s

dynamic viscosity of the gas with entrained liquid
droplets, Pa.s

liquid dynamic viscosity, Pa.s

dynamic viscosity of the oil-water mixture, Pa.s
dynamic viscosity of the liquid slug, Pa.s

dynamic viscosity of the gas-liquid mixture, Pa.s

oil dynamic viscosity, Pa.s

water dynamic viscosity, Pa.s

liquid kinematic viscosity, m?/s

gas density, kg/m?3

density of the gas with entrained liquid droplets,
kg/m?3

liquid density, Pa.s

oil-water mixture density, kg/m3

liquid slug density, kg/m?3

gas-liquid mixture density, kg/m3

oil density, kg/m3

water density, kg/m3

gas-liquid surface tension, N/m

wall shear stress of the gas bubble in slug flow, Pa
shear stress at the gas-liquid interface, Pa

wall shear stress due to the liquid flow, Pa

wall shear stress of the liquid film in slug flow, Pa
wall shear stress of the liquid slug, Pa

rotational speed of the rotating cylinder, radians/s

Annular mist flow pattern
Computational Fluids Mechanics
Dispersed bubble flow pattern
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MT Mass transfer

RC Rotating cylinder

SL Slug flow pattern

ST Stratified flow pattern

For high superficial liquid velocities, the gas phase is fully en-
trained and dispersed as bubbles in the liquid phase, which is the
flow pattern indicated as “DB” in Fig. 1.

In some of the gas-liquid flow patterns described above (e.g., SL
and AM) very high liquid velocities can develop, when compared
to typical single-phase water flow or two-phase oil-water flows.
These high liquid velocities lead to high wall shear stresses and
high mass transfer (MT) rates that can significantly accelerate cor-
rosion of internal pipe surfaces.

Mechanistic models used to predict corrosion rate in these
types of scenarios are based on modeling the kinetics of electro-
chemical reactions occurring at the pipe surface; e.g., oxidation of
iron and reduction of hydronium ions, which are in balance. The
hydronium ion reduction reaction is often limited by the rate of
MT of this corrosive species from the bulk to the metal surface,
where it is consumed in the corrosion process. Therefore, it is cru-
cial to be able to calculate MT rates with reasonable accuracy, in
order to obtain a good prediction of corrosion rates [2,3]. Simi-
lar mass transfer limited electrochemical kinetics is found in other
types of corrosion where the corrosive species is dissolved oxygen.

There are other types of corrosion scenarios where MT plays
a crucial role. For example, high MT of corrosion products away
from the metal surface can make it harder to form corrosion prod-
uct layers on the metal surface. Corrosion products are species pro-
duced by the anodic dissolution of metal, for example, in mild steel
corrosion - the ferrous ions, Fe2+, which are an important build-
ing block when it comes to forming protective corrosion product
layers, such as iron carbonate or iron sulfide. Flow enhanced MT
can also be a controlling factor in chemical dissolution of exist-
ing protective corrosion product layers, which can be significantly
enhanced by MT that moves the products of dissolution away from
the surface, thereby allowing for the dissolution process to proceed
at a higher rate.

Mass transport from a bulk liquid phase to a solid pipe wall
in multiphase gas-liquid flow have been studied previously, mainly
by means of electrochemical techniques such as the measurements
of limiting currents using inert electrodes flush mounted at the in-
ner pipe surface [4-9]. Only a few studies were performed in pipes
with relatively large diameter (e.g., 0.1m) which are more repre-
sentative of the flows encountered in the field [4,7,8]. Regarding
the calculation of MT rates in large scale gas-liquid pipe flow, there
have been attempts to build correlations similar to the one pro-
posed by Berger and Hau [10] for single-phase pipe flow [7,11].
Those models were not mechanistic in nature and oversimplified
the link between the wall shear stress and MT rate without cover-
ing all relevant flow patterns.

The objective of this study is to introduce a sound methodol-
ogy for the estimation of MT rates in multiphase gas-liquid flow.
Two different approaches are proposed, one for calculation of inte-
gral MT coefficients in turbulent flow based on the Chilton-Colburn
analogy between momentum and MT. The second more elaborate
approach also uses momentum and MT similarity in turbulent flow
to calculate the distribution of eddy diffusivity across the boundary
layer. Both approaches are linked to mechanistic gas-liquid flow
modeling to obtain the key liquid flow parameters (liquid veloc-
ity and wall shear stress) in the various flow patterns. Resulting
MT calculations are discussed and compared with available exper-
imental data obtained in large-scale gas-liquid flow with different
flow patterns.
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Fig. 1. Calculated gas-liquid flow map. AM: Annular mist flow, DB: Dispersed bub-
ble flow, SL: Slug/intermittent flow, ST: Stratified flow. Horizontal flow, d = 0.1 m,
P = 1000 kg/m3, u; = 1 mPas, pg = 10 kg/m?, u; = 0.018 mPa.s.

2. Momentum and mass transfer analogy

As stated above, there are very few attempts found in the open
literature to experimentally and theoretically establish MT correla-
tions for various multiphase gas-liquid flow patterns. On the other
hand, the literature covering hydrodynamic models for calculation
of the key characteristics of multiphase flow, such as: pressure
drop, holdup, flow pattern, distribution of phases, wall shear stress,
etc., is plentiful and reasonably accurate models have long been
established. This body of knowledge in multiphase hydrodynamics
can be engaged by introducing widely used analogies between mo-
mentum and MT. These analogies are based on the fundamental
similarity between the two transport mechanisms, which results
in very similar forms of the transport equations for momentum
and MT. Among the different analogies (such as Reynolds analogy,
Prandtl-Taylor analogy, etc.), the Chilton-Colburn analogy proved
to be the most accurate.

2.1. Chilton-Colburn analogy

MT coefficient in fully developed turbulent boundary layer flow
can be related to the wall shear stresses via the Chilton-Colburn
analogy [12], as shown by the following relationship between di-
mensionless quantities:

f n
Sh= <2> Re Sc'/3 (1

where Sh = kpd/D is the Sherwood number, f = t/(pu?/2) is the
Fanning friction factor, t is the wall shear stress, u is the mean
velocity of the fluid, Re = ud/v is the Reynolds number, Sc = v/D
is the Schmidt number, v = /p is the fluid kinematic viscosity,
i is the fluid dynamic viscosity, p is the fluid density, D is the
diffusion coefficient of a given species in the given fluid, ky, is the
MT coefficient, d is a characteristic length (for single phase pipe
flow it is the internal pipe diameter). The exponent n is equal to
1, according to the original work of Chilton and Colburn [12]. It
was later suggested by some authors that the exponent n can be
between 1 and 0.5 [10,13,14]. For cases where Sc = 1, the original
Chilton-Colburn correlation (1) simplifies to the Reynolds analogy.
However, for aqueous species typical seen in corrosion, the Sc is of
the order of 102 - 103 or even higher, hence the Chilton-Colburn
analogy needs to be used.
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Fig. 2. Sherwood numbers for pipe and rotating cylinder (RC) calculated using the
Chilton-Colburn analogy, equation (1) compared to well-stablished mass transfer
correlation of Berger and Hau for turbulent straight pipe flow and Eisenberg et al.
for turbulent rotating cylinder flow; Sc = 200, dpjpe = 0.1 m, 2r; = 0.015m, p =
1000 kg/m?, & = 1 mPas.

The MT coefficient can be calculated directly from (1) as:
T n
km=(—= ) uSc?? 2
m (,ou2> e @)

The convenience of equation (2) is in that as long as the wall
shear stress and the mean flow velocity are known - the MT co-
efficient can be estimated, regardless of the flow geometry or flow
pattern (e.g., single-phase or multiphase pipe flow, rotating cylin-
der flow, turbulent jet impingement, etc.). This is illustrated in
Fig. 2 that shows the Sherwood numbers for hydraulically smooth
pipe and rotating cylinder flows calculated by the Chilton-Colburn
analogy, equation (1) (black dashed lines) using the friction fac-
tors described in the Appendix (equations (A.1) and (A.3), respec-
tively), and compares them with the Sherwood numbers calculated
using the widely accepted Berger and Hau [10] and Eisenberg et al.
[15] correlations for turbulent straight pipe flow and rotating cylin-
der flow (equations (A.2) and (A.6), respectively, see Appendix). An
exponent of n = 0.96 is found to be the most appropriate to esti-
mate the MT characteristics for both flow geometries in the range
100 < Sc < 1000 with an average absolute error < 10%.

2.2. Near-wall eddy diffusivity distribution

There are situations where integral MT coefficients cannot be
used. Some examples are: disturbed flow geometries where the
boundary layer is not fully developed and the MT rates vary across
the surface [16-23]; another example is MT in so called reacting
boundary layers, i.e. when multi-species MT between the bulk and
the solid surface is accompanied by simultaneous chemical reac-
tion between those species [2,24-27]; the case of MT of charged
(ionic) species in the presence of electrical fields [28-31]. In all
those cases it is more complicated to calculate the MT rates. One
cannot assume a linear variation of the concentration between the
bulk and the solid surface and use an integral MT coefficient, such
as for example the one calculated by using equation (2). Instead,
more elaborate models are needed that can resolve species con-
centrations profiles throughout the MT boundary layer, by includ-
ing all the relevant physics: mass transfer by molecular diffusion,
turbulent convection and electromigration as well as the effect of
homogenous and heterogenous (electro)chemical reactions.
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When it comes to turbulent convection, the influence of tur-
bulent eddies penetrating into the viscous sublayer on MT is very
significant, particularly at high Sc number such as the ones found
in aqueous corrosion systems. In order to model this effect, one
must quantify the turbulent convection of species as a function of
the distance from the solid surface. In steady state turbulent flow,
in the boundary layer, where the mean flow is parallel to the sur-
face, the mass flux of a given species in the direction (y) normal to
a surface can be written as having two main contributions: molec-
ular diffusion and turbulent convection':

N=pY +u'c 3)

dy

where c is the time averaged concentration, ¢’ is the concentration
fluctuation, and u’ is the flow velocity fluctuation in the y direc-
tion. The turbulent convective term u/c’ can be calculated by us-
ing advanced computational fluid dynamic (CFD) codes or replaced
by a diffusion-like term by using the concept of eddy diffusivity,
which is added to the molecular diffusivity, to get the mass flux:

N= (D+Dt)§—; (4)

Near-wall eddy diffusivity D; can be calculated by using the
analogy between turbulent diffusion of momentum and mass, as
in [32][19]:

Y\
Dt = <Ct) v (5)

where C; is a constant that can range from 8.8 to 14.5 according
to different authors [32,33], and y* is the dimensionless distance
from the solid wall:

o 6
yr== (6)
and the friction velocity is calculated as:

u=/t/p (7)

Equation (5) is valid provided that the MT boundary layer is
smaller than the viscous sublayer (i.e., for §* < 5) which is true
for Sc >100 typical for aqueous corrosion systems.

Finally, a mass balance for a given species can be written as:

dc ON 0 ac
at—ay—ay<(D+Dt)ay>+R (8)
where R is the chemical reaction source term. Solving the MT
equation(s) above is no simple task, even with the mathemat-
ical simplification of the turbulent MT term. In multi-species
MT with (electro)chemical reactions one deals with a set of
transient, non-linear, coupled, partial differential equations (one
equation (4) written for each species) with complex boundary con-
ditions, which can be solved only by using numerical methods.
Once this is done and species concentration profiles are resolved,
the mass flux of a given species at the solid surface (wall) Ny, is
obtained as:

w=D®W (9)

3. Mass transfer in gas-liquid pipe flow

3.1. Mass transfer coefficient calculation in gas-liquid flow via the
Chilton-Colburn relationship

In order to determine the MT coefficient using the Chilton-
Colburn analogy for the case of gas-liquid pipe flow, one needs to

1 Here we are going to ignore electromigration that can be added to the analysis
later, without any loss of generality.
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estimate the values of mean velocity u and wall shear stress t in
equation (2) for the liquid phase (denoted as u; and 7;), given the
liquid and gas flow rates and the pipe geometry (e.g., diameter and
inclination). For this purpose, a multiphase gas-liquid flow model
is needed, such as for example the one presented in the Appendix,
in which the liquid flow characteristics can be calculated as a func-
tion of the gas-liquid flow pattern. Similar mechanistic gas-liquid
flow models can be found elsewhere [34].

For the stratified, annular and dispersed bubble gas-liquid flow
patterns, the liquid velocity u; and wall shear stress t; in the liquid
phase, obtained from a gas-liquid flow model, can then be directly
used to obtain MT coefficients via equation (2). For the slug flow,
the mean MT coefficient varies greatly with the passage of slugs
and is computed as the weighted average of the MT coefficients
for the liquid slug (kms) and the film (k,¢) portions:

km = KmsBs + k(1 — Bs)
Tis )" 7l ) 23
= utps + ug| (1 — Sc 10
[<plsut2 Bs ( otz ) (= ) (10)

where u; is the velocity of the liquid slug front, uj is the velocity of
the liquid film, 1) and 7 are the wall shear stresses of the liquid
slug and the liquid film, respectively; p, is the density of the lig-
uid, pj is the average density of the liquid slug (equation (A.26) in
the Appendix), and S is the relative length of the liquid slug, as
shown in Fig. A1 and equation (A.23) in the Appendix. Note that
the velocity |u;| and the wall shear stress |tj¢| of the liquid film
are computed as absolute values, since they can be negative when
the liquid film flows countercurrent in upward inclined and verti-
cal slug flow.

3.2. Near-wall eddy diffusivity distribution calculation in gas-liquid
flow

For stratified, annular and dispersed bubble gas-liquid flow pat-
terns, the calculated wall shear stress in the liquid phase 7, ob-
tained from a gas-liquid flow model is needed for the calculation
of the friction velocity u* via equation (7). However, for slug flow,
the situation is more complicated as the boundary layers in the
liquid film and liquid slug are very different so an average friction
velocity u* needs to be calculated by:

Tis
L1

where u* and u* are the friction velocities corresponding to
the liquid slug and the liquid film. Then, u* is directly used in
equation (6) to compute y* and the near-wall eddy diffusivity dis-
tribution expressed by equation (5) is fully defined.

It is worth mentioning that the modeling approaches presented
above implicitly assume that the estimated MT rates are associ-
ated to the portion of pipe perimeter wetted by the water phase,
which would not necessarily correspond to the entire pipe perime-
ter depending on various multiphase flow patterns. In dispersed
bubble and bubble flow patterns the entire pipe circumference is
wetter by liquid. In other circumstances where the liquid film is
mostly occupying the bottom of the pipe (i.e., stratified flow), the
liquid wetted perimeter is estimated as in Fig. Al. (Appendix). In
the case of horizontal or moderately inclined (e.g., | 8| <45 degrees)
intermittent flows, the liquid film in the gas pocket wets mainly
the bottom half of the pipe while the liquid slug cylinder does on
the entire pipe circumference. Thus, equations (10) and (11) would
represent the behavior of the bottom half of the pipe, which is be-
lieved to be the most unfavorable area of the pipe when it comes
to corrosion since is continuously wetted by liquid. On the other
hand, if the pipe inclination is significant (i.e., |3|>45 degrees) the
existing flow pattern may be, e.g., slug or annular-mist which both

Fou Bt u (1— Bo= 05 pos %(1— oy (1)
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lead to an annular distribution of the liquid film (as part of the gas
pocket area or continuous, respectively) and the liquid constantly
wets the entire pipe circumference.

It can be noticed that the calculated MT rates will be directly
related by the wall shear stresses exerted by the liquid phase
which certainly depend on liquid and gas flow rates and flow pat-
tern as described in the multiphase model provided in the Ap-
pendix. How these parameters and other parameters specific to the
nature of multiphase flow (i.e., liquid holdup, relative slug length,
etc.) can affect MT will not be discussed here since it exceeds the
scope of this study and will be addressed in future publications.

Although the multiphase flow model in the appendix estimates
a uniform wall shear stress and uniform MT rate for a given water-
wet pipe perimeter, the proposed MT models can be applied to
any multiphase flow calculations (including three-dimensional CFD
simulations). These methods can give more realistic distributions
of MT rates along the pipe perimeter but require significantly more
computation resources, which may be impractical in many cases.

4. Results and discussion
4.1. Mass transfer in gas-water pipe flow

The models proposed above are compared with experimental
data of ionic MT from Langsholt et al. [4] and Wang et al. [7] ob-
tained in large-scale gas-water flows with stratified and slug flow
patterns.

Langsholt et al. used an inclinable multiphase flow loop with
an internal diameter 0.1 m and a length of 15 m. The gas phase
was sulfur hexafluoride (SFg) with reported density of 18.6 kg/m3
and calculated viscosity of 1.5 x 10~2 mPa-s at operating condi-
tions (20°C and ~3 bar). The liquid phase was an aqueous solu-
tion 1 wt.% Na,S0O, with density of 1006 kg/m? and viscosity of 1
mPa-s. MT rates were measured by the limiting current method us-
ing a platinum electrochemical probe, flush mounted at the bottom
of the test section. Dissolved oxygen was the main reduced species
with a Sc = 473. Liquid holdup was measured using gamma densit-
ometry, which was calibrated by using the fast closing valves tech-
nique. The covered operating conditions and recorded flow pat-
terns, as well as the measured average MT rates and liquid holdups
are listed in Table A1 in the Appendix.

Wang, et al. also used a multiphase flow loop with an internal
diameter 0.1 m and a length of 15 m. The gas phase was nitrogen
with estimated density of 1.15 kg/m3 and viscosity of 1.7 x 102
mPa-s at operating conditions (20°C and ~1.5bar). The liquid phase
was an aqueous solution 0.01 M potassium ferri/ferrocyanide and 1
M NaOH for the MT measurements by the limiting current method.
The calculated density and viscosities of the aqueous solution were
1043 kg/m>? and 1.1 mPa-s, respectively and the estimated Sc =
1620 [35]. The used operating conditions, observed flow patterns,
and measured average MT rates are listed in Table A2 in the Ap-
pendix.

It is worth mentioning that MT measurements obtained using
the limiting current method have a linear dependence on the lim-
iting current value and an inverse dependence on the bulk concen-
tration of the used species. None of the authors of those studies
provided specific information on the intrinsic error in their mea-
surements, but it is reasonable to think that it might have been no
more than 5% due to the use of advanced commercial potentiostats
in both cases. Regarding the concentrations of the used species,
none of the authors reported an uncertainty on the reported val-
ues. It can be assumed that the actual O, concentration in Lang-
sholt et al’s experiments might have had maximum fluctuations
of about 5%; and the potassium ferrocyanide concentration in the
solution used by Wang et al. might have had a maximum devia-
tion of about 2%. Therefore, maximum uncertainties of about +10
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O Exp. Full pipe flow, Wang et al. [7]
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@ Exp. Slug flow, Langsholt et al. [4]
----+/-30%
1.E-03 - -
] /l 4
/, l’
d e
/, //
e e
,/’ ’/,
K A8/
= Y
o A
£ o /-
Q 1.E-04 ] L %AA
é ,/; ,I
«E ,A A ,’I
é, I,
,I 7 o
R
,/ ,’/
1.E-05 =
1.E-05 1.E-04 1.E-03

k., (m/s), calculated

Fig. 3. Comparison between experimental mass transfer coefficients for large-scale
gas-liquid pipe flow with different flow patterns and mass transfer coefficients cal-
culated with Chilton-Colburn analogy equation (2) and equation (10).

% and +7% may be expected on the data sets from Langsholt et al.
and Wang. et al., respectively.

4.1.1. Calculated mass transfer coefficients in gas-liquid flow via the
Chilton-Colburn relationship

Fig. 3 shows the comparison of the measured MT coefficients
km in different conditions and flow patterns with the ones cal-
culated via the Chilton-Colburn relationship, equation (2), based
on the liquid phase velocity u; and wall shear stress in the lig-
uid phase 7; calculated using the gas-liquid flow model presented
in the Appendix. The agreement between the proposed model and
the experimental data is good with a mean absolute error of 17%
(equation A.41 in the Appendix), and of a total of 49 assessed data
points, only 7 lie out of the +30% error bounds,. The cases with
the largest discrepancy were the ones from 2° upward slug flow
from Langsholt et al. [4]. A possible reason might be related to an
overprediction of countercurrent flow liquid velocities in the liquid
film by the simplified gas-liquid model presented in the Appendix.

MT predictions using the introduced mechanistic model are an
improvement over correlations for gas-liquid flow found in the
open literature, which are semi-empirical and mostly based on
data from air-water flows in relatively small diameter pipes (e.g.,
0.025m), as reviewed in the recent papers by Dong and Hibiki
[36,37]. Most of these correlations are limited to horizontal or
vertical flows, as well as relatively low superficial gas and liquid
Reynolds numbers, making them unfeasible for large scale flows
(e.g., large diameters and high gas and liquid flow rates) with dif-
ferent inclinations and upward and downward orientations. Among
them, the correlation that performed slightly better when com-
pared to the current experimental data with a mean absolute error
of 20% is the one from Dong and Hibiki [37], which is based on
vertical slug flow. However, it underestimates by about 70% the ex-
perimental MT rates measured in flows with liquid holdups smaller
than 10%.
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4.1.2. Calculated mass transfer coefficients in gas-liquid flow using
the near-wall eddy diffusivity distribution

If we assume a steady state (dc/dt = 0) and no chemical reac-
tions (R = 0), the partial differential equation (4) simplifies to an
ordinary differential equation:

d dc
®<(D+Dt)dy> =0 (12)

where Dy is a function of the distance from the wall, as shown by
equations (5) - (7) above. This equation was solved numerically
for all the experimental cases used in the comparisons below, by
applying the finite difference method. The overall one-dimensional
computational domain was set to be approximately four times the
estimated diffusion boundary layer thickness (§ = D/kn,). A species
concentration equal to zero was imposed at the node representing
the pipe surface and a unit concentration was set at the last node
assumed to be in the bulk solution. A uniform computational mesh
was employed. The number of used nodes was defined based on a
mesh sensitivity analysis, where it was found that using at least 20
nodes over the length of the diffusion boundary layer (more than
80 nodes in the entire wall distance domain) showed a deviation
of less than -2% on the calculated wall flux respect to the use of 40
or more nodes. Consequently, all the numerical calculations shown
here were performed using at least 20 nodes to resolve the con-
centration profile in the diffusion boundary layer.

Turbulent diffusivity was calculated by using equation (5) with
C: = 8.85 as suggested by Davies [33] but also with G; = 14.5 as
suggested by Lin et al. [32]. Furthermore, the eddy diffusivity func-
tions suggested by Notter and Sleicher [38] and Aravinth [39] were
also evaluated:

Gyt .
(1ecy?)™"

where v is the kinematic viscosity of the liquid, and C; and G, are
constants of value 9 x 10~4 and 6.7 x 103 for Notter and Sleicher
and 7 x 10~* and 4.05 x 103 for Aravinth, respectively.

The calculated results are presented below in terms of an effec-
tive MT coefficient, which can be calculated from the known con-
centration profile and the wall flux equation (4), as:

_Nw
(CW - Cb)

where ¢, and ¢y, are the concentrations of a given species in the
bulk of the fluid and at the wall, respectively.

As an illustration of how these different eddy diffusivity func-
tions perform in single-phase flow, they were first compared with
the established MT correlation for turbulent straight pipe of Berger
and Hau, as shown in Fig. 4. These calculations were performed us-
ing Sc = 200, which corresponds to water properties at 20 °C and
a generic species with diffusion coefficient of 5 x 10~2 m?2/s. The
eddy diffusivity approach in all cases reproduces the same slope
of kmvs. Re number as the Berger and Hau correlation, however,
the eddy diffusivity expressions suggested by Davies, Notter and
Sleicher, and Aravinth overestimate the MT rates by an average of
more than 50%. The Lin et al. expression gives somewhat better re-
sults with an average overestimation of 21%. Similar results where
found for calculations performed using Sc = 1000.

Therefore, the Lin et al. expression was then used to calculate
the MT coefficients for gas-liquid flow and compared with the ex-
perimental values in Fig. 5. Calculations show a significant over-
estimation of MT rates with a mean absolute error of 34%. More-
over, about 50% of the data are out of the 30% error band, including
the single-phase flow data of Wang. et al. (42% average error). This
was expected since Lin et al. expression overestimates MT rates in
single phase flow calculated by the Berger and Hau correlation by

(13)

km = (14)
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Fig. 4. Comparison between mass coefficients for single phase pipe flow calculated

with the eddy diffusivity approach, equations (5) and (13), and Berger and Hau's
correlation. Sc = 200, d = 0.1 m, p; = 1000 kg/m?, u; = 1 mPa.s.

Exp. Full pipe, Wang et al.[7]
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Fig. 5. Comparison between experimental mass transfer coefficients for large-scale
gas-liquid pipe flow with different flow patterns and mass transfer coefficients cal-
culated with the eddy diffusivity approach, equation (5) using Lin et al.’s formula-
tion [32].

more than 20% on average, as shown in Fig. 4. When we adjusted
the coefficient C; in equation (5) to a value of 18.4, this lead to a
decrease on the mean absolute error in single-phase flow to about
6% with respect to Berger and Hau’s correlation (Fig. 4), and a de-
crease of the mean absolute error to 19% with respect to the exper-
imental data from gas-liquid flow, as shown in Fig. 6. Even higher
values of C; do not improve the mean absolute error of prediction
in gas-liquid flow significantly, and lead to a more serious underes-
timation of MT in single-phase flow, by more than 10% on average.
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O Exp. Full pipe, Wang et al. [7]
O  Exp. Slug flow, Wang et al. [7]
A Exp. Stratified flow, Langsholt et al. [4]
@ Exp. Slug flow, Langsholt et al. [4]
mmmet/-30%
1.E-03 - 5
+ ,/, ‘I,
g ,/ ;/
= e ,/ ‘/
é ,,/ ,A¢,
A 4
= 1E04 - A g
2 1 ”
E : /A ,/
«E b t, /’
i ’1 ,/
_ oo
//, 9’
1.E-05 E—
1.E-05 1.E-04 1.E-03

k., (m/s), calculated

Fig. 6. Comparison between experimental mass transfer coefficients for large-scale
gas-liquid pipe flow with different flow patterns and mass transfer coefficients cal-
culated with the eddy diffusivity approach, equation (5) with G, = 18.4.

4.2. Mass transfer in gas-oil-water and oil-water pipe flow

In the case of gas-oil-water flows, the produced oil and water
phases can flow either separated or mixed. If flow conditions (e.g.,
gas, oil and water flow rates) are high enough to produce the full
entrainment of the water in the oil phase, the pipe wall will not
likely be water wet and MT of corrosive species will be suppressed
[40,41]. However, if water either segregates from the mix or be-
comes the continuous phase, MT rates are similar to the ones seen
corresponding to gas-water flow (without oil) [8]. Therefore, cal-
culation of MT rates in gas-oil-water flow can still be done using
the Chilton-Colburn analogy, equation (2) or the eddy diffusivity
approach, equation (5) by using liquid velocities and wall shear
stresses calculated with a multiphase flow model and the follow-
ing liquid mixture properties:

Pim = Po(l —&w)+ PwEw (15)
~ ) Mo Ew < IP
Mim = :/’LW Ew > IP (16)

where pj, and pu, are the density and the viscosity of the lig-
uid mixture, respectively; 0, and u, are the density and viscosity
of the oil phase, pw and u are the density and viscosity of the
water phase, IP is the phase inversion point of the oil-water mix-
ture based on the water volume content (for crude oil can be ap-
proximated as 0.5); and &y is the volumetric water fraction in the
liquid mix, which can be approximated as the water cut (assuming
no slip between oil and water phases):

= o U (17)

Usw + Uso Ug)

where us, and usy are the superficial velocities of oil and water
respectively; their sum is the total superficial liquid velocity uy. Sc
number is obviously calculated using the physical properties of the
water phase.
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In the case of oil-water flow (with negligible or no gas phase
present), the calculation of MT rates is performed similarly as to
gas-liquid flow. However, a different oil-water flow model is re-
quired for the estimation of the velocity and wall shear stress of
the water phase, which will be presented in the following publica-
tions.

5. Summary and conclusions

Two different approaches for mass transfer calculation in multi-
phase gas-liquid flow have been introduced and compared against
experimental data from large-scale flows with different flow pat-
terns. In general, the agreement of the presented mass transfer
models with the available experimental data is reasonably good
for all the different flow patterns; this was particularly difficult to
achieve in slug flow where the hydrodynamic and diffusion bound-
ary layers fluctuate over relatively short time scales.

Computation of integral mass transfer coefficients can be done
with reasonable accuracy for a wide variety of flows (single phase
pipe and rotating cylinder, and two-phase gas-liquid pipe) by using
the fundamental Chilton-Colburn analogy with an exponent of 0.96
on the friction factor.

Mass transfer rate calculations using the eddy diffusivity ap-
proach tend to overestimate the measured mass transfer rates in
single and multiphase flow when some of the well-known formu-
lations from the literature are used. However, when the standard
eddy diffusivity function with a cubic dependence on the dimen-
sionless wall distance, is coupled with a coefficient of 18.4, this
proved to be the most appropriate way to predict mass transfer
rates in single and multiphase flow, which performed much better
than the other proposed functions in the open literature.

The main strength of the proposed models is their mechanistic
nature, which allows their use in systems with wide range of phys-
ical properties (different gas and liquid densities and viscosities),
pipe characteristics (different diameters, inclinations, both smooth
and rough surfaces), and fluids flow rates. Moreover, better re-
sults can be achieved if liquid flow characteristics are estimated
using multiphase flow models that are more advanced and refined
than the one currently presented. Overall, the present approach is
a significant improvement over semi-empirical correlations found
in the literature that are usually appropriate for limited ranges of
fluid’s properties and flow rates, making them unreliable for gen-
eral use. In addition, these semi-empirical correlations cannot be
used in more complicated mass transfer scenarios, where (elec-
tro)chemical reactions and/or ionic species are involved, while the
present approach can, with satisfactory results.
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Appendix
A.l. Experimental data used in the model validation
See Table Al and Table A2.

A.2. Turbulent single-phase pipe flow
Friction factor, Blasius equation:

f=0.046Re %2  Re > 2100 (A1)
Mass transfer correlation, Berger and Hau [10]:

Sh = 0.0165Re%865c033; 8 x 103 <Re <2 x 10°;

103 <Sc<6 x 103 (A.2)
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Table A1l

Experimental conditions, measured liquid holdup and average mass
transfer rates in horizontal and slightly inclined flow from Langsholt

et al. [4].
Flow pattern  ug (m/s) usg (mfs) B (°) o (%) Sh
Strat.-wavy 0.021 2.14 0 6.1 1,489
Strat.-wavy 0.019 4.11 0 2 2,884
Strat.-wavy 0.025 6.34 0 1.2 3,491
Strat.-wavy 0.25 6.06 0 111 4,076
Strat.-wavy 0.25 7.1 0 9.5 4,450
Strat.-wavy 0.25 8.18 0 8.2 4,762
Strat.-wavy 0.25 5.05 0 12.9 4,053
Strat.-wavy 0.25 41 0 15.4 3,788
Strat.-wavy 0.25 3 0 19.4 3,265
Strat.-wavy 0.25 2.03 0 27.2 2,587
Strat.-wavy 0.25 0.96 0 42 2,034
Strat.-wavy 2 3 2 50 7,404
Strat.-wavy 2 5 2 31 8,986
Strat.-wavy 2 7 2 21 11,300
Strat.-wavy 2 9 2 17 12,275
Strat.-wavy 2 12 2 13 13,888
Strat.-wavy 1 3 2 42 5,627
Strat.-wavy 1 7 2 19 7,326
Strat.-wavy 1 9 2 14 8,892
Strat.-wavy 1 12 2 9 9,913
Strat.-wavy 0.78 5 2 43 4,333
Slug 0.78 2 2 30 5,518
Slug 0.13 2 2 26 1,598
Slug 0.1 2 2 25 1,582
Table A2

Experimental conditions and measured average
mass transfer rates in horizontal flow from Wang

et al. [7].

Flow pattern  ug (m/s)  usg (m/s)  Sh

Full liquid 0.5 0 1,756
Full liquid 0.8 0 2,543
Full liquid 1 0 3,189
Full liquid 1.2 0 3,669
Full liquid 1.5 0 4,509
Slug 0.5 0.6 2,514
Slug 0.8 0.6 3,232
Slug 1 0.6 3,903
Slug 1.2 0.6 4,613
Slug 1.5 0.6 4,986
Slug 0.5 1.4 3,001
Slug 0.8 14 4,272
Slug 1 14 4,672
Slug 1.2 14 5,451
Slug 1.5 14 6,101
Slug 0.5 2.4 3,001
Slug 0.8 2.4 4,168
Slug 1 24 4,777
Slug 1.2 2.4 5,255
Slug 1.5 2.4 5,904
Slug 0.5 3.6 3,131
Slug 0.8 3.6 4,227
Slug 1 3.6 4,777
Slug 1.2 3.6 5,060
Slug 1.5 3.6 5,919
Slug 0.5 4.8 3,102
Slug 0.8 438 4361
Slug 1 4.8 4911
Slug 1.2 4.8 5,406
Slug 1.5 4.8 6,466

A.3. Turbulent single-phase rotating cylinder flow

Friction factor [1
f
2
201U
Recyl _ Y cyl cyl;

m

5]:

= = 0.079Re,,;~%3; 1000 < Re, < 100,000
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Fig. Al. Schematic representation of the slug flow unit assumed in the gas-liquid
model.

(A.5)

where 1y is the radius of the rotating cylinder, and w is the rota-
tional speed of the cylinder.
Mass transfer correlation [15]:

ucyl = a)rcyl

Shey = 0.079Re,°7Sc®3%6; 1000 < Re,, < 100, 000 (A6)
2kmr,
Sheyt = ‘“T“y‘ (A7)

A4. Gas-liquid flow model

A.4.1. Flow pattern map determination

The boundary for stratified/non-stratified flow (line 1 in Fig. 1)
can be estimated using the approach of Kelvin-Helmholtz instabil-
ity of interfacial waves suggested by Taitel and Dukler [42]. The
boundary slug/annular flow (line 2 in Fig. 1) can be computed
using the criterion suggested by Barnea [1] of liquid holdup («¢;)
larger or equal to 0.24 for intermittent flow. The boundary dis-
persed bubble/slug flow (line 3 in Fig. 1) can be calculated using
the criterion dmax < dgj; suggested by Brauner [43], where dmax is
the maximum bubble size in the flow and d;; is a critical bub-
ble size based on the balance of turbulent and buoyant forces and
excessive deformation of dispersed bubbles. Line 4 in Fig. 1 is com-
puted from the maximum gas holdup that can be entrained in the
liquid phase (agmax = 0.52) as suggested by Taitel et al. [44]. A re-
gion of “bubble” flow pattern, between dispersed bubble and inter-
mittent flow, can also exist in inclined and vertical pipes [44,45].
The boundary bubble/slug flow can be determined by a critical gas
holdup or void fraction (o = 0.25) as suggested in [45]; thus,
bubble flow occurs if &g < gy, and intermittent flow happens
when og > o

A.4.2. Slug flow characteristics

The gas pocket/liquid film region of the slug unit can be mod-
eled by using the combined momentum balance at steady state for
stratified liquid and gas in a pipe based on the simplified geometry
shown in Fig. Al:

" risi(l " 1) —A(p - pesinf=0  (AS)
Qi Ogr

where Ty Ty and ¢ are the wall shear stresses due to the flow
of the gas bubble and the liquid film, respectively; 7; is the shear
stress at the gas-liquid interface, oy (also expressed as: 1— o)
and oy are the fractions of pipe cross-sectional area (A) occupied
by gas and liquid, respectively; Sgr and Si¢ are the pipe perimeters
wetted by gas and liquid, respectively; S; is the perimeter of the
gas-liquid interface, pg is the gas density; g is the gravitational ac-
celeration, and g is the pipe inclination angle measured from the
horizontal. The wall shear stresses are calculated as follows:

TgiSef  TifSie
Qgf of
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Tgf = %fgfpgugfz (A.9)
Tf = %flfplulfz (A.10)
and the interfacial shear stress:

7= %fipg(ugf — i) | g — e (A1)

where ug and uye are the mean velocities of the gas and liquid; re-
spectively; and fy, fir and f; are the friction factors for the gas
bubble, liquid film and gas-liquid interface, respectively. Friction
factors are estimated as:

f =CRe ™ (A12)

where Re is the Reynolds number, and C; and n; are constants equal
to 0.046 and 0.2, respectively; for turbulent flow Re > 2100, and
16 and 1 for laminar flow Re < 2100. In case the pipe surface is
not hydraulically smooth, the explicit friction factor formulas in
[46] can be used. The Reynolds numbers for the gas bubble and
liquid film flows are:

Uged
Reg — Pelerfsl (A13)
Mg
Reys = Piliedys (A14)
and gas-liquid interface:
Ugr — Uye|d
Re; = M (A15)

Mg

where ug and u, are the viscosities of the gas and the liquid, re-
spectively; dgr is the hydraulic diameter for the gas bubble flow:

4Ax £
of = Se +gSi (A.16)
and dj; is the hydraulic diameter of the liquid film flow:
4Ax
die = S If (A17)
If

The mean velocity of the liquid slug cylinder is approximated
to the mixture velocity, which is calculated as the summation of
superficial gas and liquid velocities:

Um = Usg + Ug (A18)

No slip is considered between the entrained gas bubbles and
the liquid in the slug cylinder. Then, the velocities of the gas bub-
ble and the liquid film can be related with the gas bubble and lig-
uid film holdups (agr and oy, respectively) as suggested by Dukler
and Hubbard [47]:

1-«
Ugr = Up + (Um — ut)(?ai?) (A19)
als) Ajs
Uyr=U(l——=)+un— (A.20)
r t( o)t ™ oy

where o is the liquid holdup at the slug cylinder, and u; is the
translational velocity at which the slug propagates, and is esti-
mated as:

Uy = Col + Up (A.21)

where u;, (m/s) is the Taylor bubble velocity that can be neglected
in horizontal slug flow, G, is the distribution parameter used in the
drift-flux model and can be approximated with the value 1.2 [48].
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The liquid holdup at the slug cylinder is approximated using
the Gregory et al. correlation [49]:

Um

13971
mf{u(m%)}

The constant 8.66 in equation above has SI velocity units.

The combined momentum balance in equation (A.8) can be
solved iteratively to find the liquid film holdup (). Since equa-
tion (A.8) has multiple roots for pipe inclination angles (8) differ-
ent than zero; in general, the smaller root is considered as solution
of the problem.

From the conservation of the liquid mass in the slug unit (liq-
uid film + slug cylinder), the relative length of the slug cylinder
is estimated in terms of the superficial liquid velocity and the ve-
locities and the liquid holdups of the film and the slug cylinder:

(A.22)

Usi — Uje Oy
Pi= UmQ)s — Ujf Kf (A.23)
Then, the average liquid holdup in the slug unit is:
o=y Bs+aye (1 Bs) (A.24)
The shear stress at the liquid slug is estimated as:
1 2
Ts = Eflsplsut (A-ZS)

The friction factor fis is calculated as in (A.12) but using the
Reynolds number pjuid/pu;s, where the density and viscosity of
the liquid slug are:

Pis = progs + pg (1— o) (A.26)

s = s + pg (1 — o) (A.27)

A.4.3. Stratified and annular-mist flow characteristics

The combined momentum equation (A.8) is also used to cal-
culate flow characteristics in stratified and annular-mist flow. In
the case of the latter, the liquid is assumed to occupy mostly the
pipe bottom (as shown in Fig. A1) for inclination angles of absolute
value smaller than 45 degrees. For relatively high gas velocities, a
fraction of the liquid can be entrained by the gas flow, which can
be calculated as [50]:

E=]1—exp|-0.125(10*%eHe [P 15 (A28)
o Y
Then, the liquid holdup is:
Ule
o=t ———— A.29
| If (tisg + UsE) ( )

Note that if E = 0 then o) = oy,. If E>0, the gas holdup (o)
in equation (A.8) is now the holdup of a combined gas-liquid flow.

The velocity of the liquid film is:
_wd-E) (A30)
ot

The velocity of the gas or gas-liquid mix (E>0, no slip between
the entrained liquid drops and the gas) is:

_ (Usg + ugE)

(A31)
Olgf

Ugf

When solving equation (A.8) a different interfacial friction clo-
sure relationship is used instead of equation (A.11):

LY P Ca— (832)

where u; is the velocity of the interface between the liquid film
and the gas calculated as in Oliemans et al. [51]. The interfacial

10
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friction factor (f;) is calculated with the Colebrook equation us-
ing an effective roughness described in [51], the hydraulic diameter
(dgr) and the Reynolds number pgfligrdge/ i, Where:

Pgt = P1(1 —otgr) + Pgltgr (A.33)

Hgr = (1 —otgr) + Ugllgr (A34)
Usg

gy = ——>—— A.35

& (Usg + UgE) ( )

Note that the density and viscosity calculated with equations
(A.33) and (A.34) replace the gas density and viscosity in equations
(A9) and (A.13).

A.4.4. Dispersed bubble and bubble flow characteristics

A homogeneous no-slip model is used to estimate flow char-
acteristics in dispersed bubble flow. Therefore, the velocity of the
liquid and the entrained gas bubbles is considered to be similar to
the mixture velocity:

U = Ug = Uy (A.36)

The liquid holdup is:
Ug)

o= ——— A.37
: (Usg + ug) ( )
The wall shear stress is:

1
T = ifmpmulz (A38)

where the friction factor f, is calculated as in (A.12) using the
Reynolds number pmud/mum, where:

Pm= pog+ pg (1—0o) (A.39)

Hm = o+ pg (1—ap) (A.40)

Bubble flow can have significant slip between the liquid and the
gas bubbles which rise quicker due to buoyancy. In this case, a drift
flux model can be used to properly determine the liquid and gas
holdups. Equations (A.38 to A.40) can then be used to calculate
flow characteristics.

A.5. Definition of errors
Mean absolute error (%):
Zm] [Xi—zi]
i= z;

——-—100
m

where x; is the value of the calculated parameter, z; is the value of
the parameter measured experimentally, and m is the number of
evaluated points.

6= (A41)
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