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a b s t r a c t

Wax deposition in oil-water stratified flow is commonly encountered onshore and offshore oil pro-
duction pipe systems, and typically reduces transportation capacity of oil. The accurate predicted model
of wax deposition has becomes an indispensable approach to design effective remediation strategies.
However, a reliable mechanistic model for wax deposition prediction in oil-water two-phase stratified
pipe flow is lacking to validate the deposition process. In this work, a three-dimensional (axial, radial, and
angular) robust wax deposit model for oil-water stratified circular pipe flow was developed. The model
of formation of a gel deposit based on the first principles of rheology was developed, associated with the
results obtained from hydrodynamics and heat/mass transfer simulations. The predictions for wax
deposition are found to compare satisfactorily with experimental data with two different oils for single
phase and four different water cuts for oil-water stratified pipe flow. It can be seen from the wax gelation
mechanism that an increase in water cut can help to reduce the wall/oil-deposit interface shear stress,
thereby leading to an increase in the degree of gelation as well as the deposit rate. Furthermore, a local
deposit analysis in the circumferential direction was conducted, for water cut 75% and total flow rate
5 m3/h, which provided insights to understand that the thickness on pipe wall was roughly uniformly
distributed locates near the top of the pipe and the nearer the position gets close to two points, where
the oil-water interface contacts the inner wall, the deposition thickness quickly dropped to 0. It was
attributed to the fact that a roughly uniformly thickness far away from the oil-water interface contact the
inner wall resulted in the slowly changes temperature along the circumferential pipe wall wetted by oil.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

With the decrease of onshore and offshore oil and gas resources,
the development is performed from offshore to the deep and ultra-
deep water (Bai et al., 2019). As the deep and ultra-deep water
drilling becomes increasingly important in the petroleum industry,
water is commonly seen in the subsea pipelines. Oil-water two-
phase pipe flow occurs widely during the production and trans-
portation of oil in the industry. There are some flow patterns, such
as stratified, stratified wavy with droplets at the interface,
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dispersion of oil inwater with water layer, dispersion of water in oil
with oil layer, dual continuous, dispersion of oil inwater, dispersion
of water in oil, slugs of one liquid into the other, annular flow (one
of the liquids forms the core and the other liquid flows in the
annulus), observed along the pipe, as shown in.

Fig. 1. Wax deposition in oil-water two-phase flow requires sig-
nificant attention. Affected by the low temperature environment of
seabed (deep water seabed temperature is approximately 4 �C),
when crude oil extracted from the reservoir flows through the
submarine mixed transmission pipeline, the crude oil temperature
near pipe wall will drop below wax appearance temperature (WAT),
and wax molecules dissolved in the crude oil near pipe wall will
crystallize out and deposit on pipe wall or formed immobile layer by
its free surface energy. The occurrence of wax deposition in pipeline
transportation system reduces effective circulation area of the
pipeline, reduces transportation capacity of the pipeline, and even
leads to wax plugging accident in serious cases (Liu et al., 2020).
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Fig. 1. Oil-water flow pattern classifications: (a) separated flows and (b) dispersed flows (Piroozian et al., 2017).
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1.1. Wax deposition mechanism

So far, various mechanisms have been proposed for the wax
deposition in the single phase pipe flow, including Brownian
diffusion, gravity deposition, Soret diffusion, shear dispersion,
shear reduction, gelation and molecular diffusion (Van der Geest
et al., 2021). When the bulk temperature of oil is higher than
WAT, molecular diffusion is generally considered to be the most
important driving force of the wax molecules radial diffusion, and
plays a leading role in thewax deposit, while the othermechanisms
have little influence (Yang et al., 2020).

At present, a preliminary study has been made on the wax
deposition of the bulk oil temperature below WAT, and it is found
that some experimental phenomena cannot be explained by mo-
lecular diffusion mechanism (Mahir et al., 2019, 2021). Van Der
Geest et al. (2018) found that when the temperature of the bulk
oil approached WAT, wax deposition did not start immediately and
was delayed, which could not be explained by molecular diffusion
mechanism. Janamatti et al. (2019) and Yang et al. (2020) found that
when the oil temperature equals to thewall temperature and below
the WAT, wax deposition occurs on the pipe wall, which is in
contradiction with the traditional conclusion that wax deposition
can occur only when the oil temperature is higher than the wall
temperature. At the same time, the wax deposition decreases with
the increase of the difference temperature between oil and pipe
wall, increases with the decrease of the wall temperature, and in-
creases with the decrease of the oil flow rate, which is contrary to
527
the traditional conclusion that the increase of the difference tem-
perature between oil and pipe wall, which will increase the driving
force of the diffusion of wax molecules and thus increase the wax
deposit. Further analysis of the carbon distribution of n-alkanes in
the deposit layer shows that the composition of the layer under low
difference temperature between oil and pipe wall is very similar to
crude oil, which indicating that the aging effect is weak and the
gelation effect is obvious. Mahir (2020; 2021) found that molecular
diffusion was one of the factors leading the increase of local yield
stress of the deposit layer, rather than the prerequisite of wax de-
posit. Meanwhile, wax deposit needs to consider the gelation of
crude oil, and proposed a wax deposit model of coupling transient
heat transfer and transient mass transfer. The transient mass
transfer describes the classic diffusion of wax molecules, and the
transient heat transfer process describes the phase transition of
wax precipitation on the surface of the layer, which is gelation.
They point out that both mechanisms must be considered during
wax deposit. However, there is a lack of further analysis onwhich is
the leading mechanism of wax deposit under operating conditions.
1.2. Wax deposition in oil-water stratified flow

Accurate prediction of wax deposition is of great importance to
develop economical prevention and remediation strategies (Zhang
et al., 2022). In wax deposition modeling, knowledge of the hy-
drodynamics, heat transfer, and mass transfer are the major chal-
lenges in oil-water two-phase flow because there are a variety of



H.-S. Liu, J.-M. Duan, J. Li et al. Petroleum Science 20 (2023) 526e539
flow patterns and each pattern has its own unique transport phe-
nomena (Huang et al., 2011a,b). Oil-water stratified flow will be
examined in this research because it often presents in horizontal or
slightly inclined systems in gravity filed, and it is considered to be
among the fundamental flow configuration in two-phase systems.

Until now, only four studies (Anosike, 2007; Bordalo and
Oliveira, 2007; Hoffmann et al., 2012; Quan et al., 2015) are re-
ported on the experimental characteristics of the oil-water two-
phase stratified flow wax deposition. Bordalo and Oliveira (2007)
studied artificial waxy oil-water two-phase stratified wax deposi-
tion by the loop experiment. Different from the ideal stratified flow
pattern, there is a water film on the upper part of the pipe wall, that
is, the oil phase does not directly contact the pipe wall, but wax
deposition is still observed on the pipe wall. Furthermore, wax
deposition occurs only on the upper of pipe wall. They explain that
although the water film prevents wax particles contacting the wall,
its blocking effect is limited because it is very thin and discontin-
uous. Anosike (2007) investigated wax deposition under oil-water
flow conditions in order to ascertain the effects of flow pattern and
water fraction on deposition behavior. It observed that wax deposit
does not occur at the bottom of the pipe for stratified flows. The
deposit distributed only along the top half of the pipe is very soft
and very similar to the corresponding single phase laminar deposit,
and the thickness distribution along the circumference is uneven.
Little or no water fraction was observed in the deposit. As the su-
perficial water velocity increased, the hardness of the wax deposit
increased and the thickness decreased. Hoffmann et al. (2012)
carried out wax deposition experiments in oil-water stratified
flow in a 2-inch loop using the North Sea gas condensate and for-
mation water, at various water cuts with the total flow rates of 5
and 10 m3/s, to investigate the effect of the presence of water on
wax deposition. A laser-based measurement technique is used to
document the wax thickness distributed around the pipe circum-
ference. The wax deposition occurs only on the upper of pipe wall
and the wax thickness is zero at the bottom of the pipe where there
is a plateau, as shown in Fig. 2, and the thickness distribution is
non-uniform. The coexistence of the two mechanisms in deposit
formation, which are diffusion and gelation, are proposed, through
analysis the carbon number distributions of the deposit. The degree
of wax gelation as well as the thickness of deposit increase with the
shear stress in the oil decrease. Quan et al. (2015) performed the
wax deposition experiments of emulsion-water stratified pipe flow
with variable flow rate of oil-water mixture. The circumferential
deposit thickness distribution is measured by the laser thickness
gauge. Wax deposition builds up only on the top of the pipe con-
nected with water-in-oil emulsion. The degree of the gelation in-
creases as the water cut of emulsion increases. In addition, the
deposit thickness increases first and then decreases, as the total
water cut decreases.

The oil-water two-phase flow wax deposition is poorly under-
stood. The wax deposition modeling studies for stratified flow are
limited in the published literatures. The currently available models,
such as Huang et al. (2011a,b) and Quan et al. (2015), apply the
single-phase deposition model with overall multiphase hydrody-
namic and heat transfer models. Huang et al. (2011a,b) developed a
deposition model for stratified oil-water channel flow, not appli-
cable for field-scale circular pipe. It is found that the presence of
water significantly reduces the wax deposition thickness by
altering the heat and mass transfer characteristics caused by the
water phase. This is inconsistent with the experiment of Hoffmann
et al. (2012). Quan et al. (2015) proposed the emulsion-water
stratified wax deposit model applying the molecule diffusion and
gelation. However, they didn't give the reason why the deposition
thickness distribution is roughly uniform.

There is no wax deposit model available strictly for oil-water
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stratified two-phase pipe flow, with a necessary concern of multi-
phase flow characteristics. In this research, a three-dimensional
(axial, radial, and angular) robust wax deposit model for oil-
water stratified circular pipe flow is developed. The model of for-
mation of a gel deposit based on the first principles of rheology is
developed, associated with the results obtained from multiphase
transfer simulations. The effect of stratified flow pattern on the
two-phase oil-water wax deposition, how water influences on
deposit, and the deposit circumferential distribution are
investigated.

2. Wax deposition model

Wax deposition is mainly a heat and mass transfer driven phe-
nomenon. In wax deposition modeling, knowledge of the hydro-
dynamics and heat/mass transfer are the major challenges in two-
phase flow. The wax deposition model consists of four sequential
calculation steps: (1) a hydrodynamic calculation, (2) a heat
transfer calculation, (3) a mass transfer calculation, and (4) a de-
posit growth calculation (Duan et al., 2016, 2017). Non-isothermal
hydrodynamics, heat and mass transport are calculated for three
phases (oil, water, and deposit) in modeling wax deposition of oil-
water stratified flow. The non-isothermal hydrodynamic model
simulates the velocity profile and the eddy momentum diffusivity
to be used in the heat andmass transfer calculations. Heat andmass
transfer calculations predict the heat loss from oil and water to the
surroundings and the molecular diffusion of wax, followed by
simulation of deposit growth and aging. As the deposit grows on
the pipe wall, the oil-water interface and oil-deposit interface are
two moving boundaries that need to be updated at each time step,
as shown in Fig. 3.

2.1. Hydrodynamics modeling

Pipe flow hydrodynamic need to be fundamentally studied to
calculate the heat and mass transfer, further to predict wax depo-
sition. The axial momentum equations for oil and water phases are
used to calculate the pressure gradient, the water cut, and the ve-
locity profile in the pipe cross section. The non-circular and irreg-
ular oil and water domain in pipe are conveniently modeled with
using the bipolar coordinate system. The governing equation can be
derived from three-dimensional momentum equations, consid-
ering an incompressible, fully developed stratified oil-water flow in
a pipe. The oil and water two phases in stratified flow may appear
the laminar or turbulent flow. In general, the water phase is more
prone to turbulence than oil phase, under the same flow conditions.
For the turbulent flow, the turbulent characteristic is described by
using k-ε model. The turbulent eddy viscosity will be set as 0, mt ¼
0, when water or oil phase keeps the laminar flow. Details of the
hydrodynamic modeling and solving are available in our recently
study (Liu et al., 2022).

2.1.1. Oil-water interface configuration
The flow geometry of oil-water stratified flow in circular pipe is

very complex. The careful observations of the experiments confirm
that the oil-water interface in stratified flow is usually not flat
(Chakrabarti et al., 2005; Edomwonyi-Otu and Angeli, 2015; Santos
et al., 2019), as shown in Fig. 4. The effect of surface tension and
gravity on the interface configuration are characterized by the
E€otv€os number, Eo, given by

EO ¼DrgR2

2s
(1)

where Dr is the density difference between two fluids, kg/m3. R is



Fig. 2. Laser measurement in Hoffmann et al. (2012).
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the radius of the pipe, m. s is the interfacial tension, N/m, and g is
the gravitation, m2/s. In general, when E€otv€os number EO increases,
the interface configuration tends to attain planar configuration, the
smaller the EO, the more closely the interface approaches a curve
surface.

In general, it is indicated that (Liu et al., 2008) the dynamic
model with planar interface assumption is applicable to the case of
EO � 10 or oil-water flow, while for the systems with EO<10,
exactly, EO<5, this assumption causes significant deviation from
actual interface geometry (Gorelik and Neima, 1999; Ng et al.,
2001).

As shown in Fig. 4, TP1 and TP2 are the intersection points of oil-
water interface and pipe wall. The arbitrary point, B, on the oil or
water phase of the cross-section pipe is represented by the view
angle from the angle of TP1 and TP2, q. The pipe wall perimeter and
the oil-water interface are iso-line. q0 represents the upper section
of the pipe wall wetted by the oil phase. q0 þ p represents the
bottom of the pipe wall wetted by the water phase. q* represents
the oil-water interface, which is a circular segment centered at O2.
Fig. 3. Schematic representation of wax
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Therefore, it is convex interface for q*<p, planar interface for q* ¼
p, and concave interface for q*>p. q* is related to pipe geometry,
densities and interfacial tension forces of the fluids, and solid-fluids
wettability angle a. Therefore, the correlation, q* ¼ q*ðq0; EO; ~aÞ
needs a special consideration and solved by the hydrodynamic
problem.

Brauner et al. (1996) assumed that the correlation,
q* ¼ q*ðq0; EO; ~aÞ corresponds to minimum the sum of the system
potential energy, EP and surface energy ES. The total energy E is sum
of the potential energy and surface energy, i.e., E ¼ EP þ ES. The
total energy variation for a unit length of a pipe is given by:

DE
�

L
¼ 1
R3gðrW�rOÞL

ðDEPþDESÞ

¼
 
sin3q0

sin2q*
ðarctanq*�arctanq0Þ

�
p�q*þ1

2
sinð2q*Þ

�

þ2
3
sin3qP0

!
þ 1
EO

�
sinq0

p�q*

sinq*
�sinqP0þcosa

�
qP0�q0

��
(2)

where L is the length of pipe. rW and rO are the density of the water

and oil fluid, respectively. qP0 is the oil distribution angle for plane

interface configuration, i.e., qP0 ¼ q0ðq* ¼ pÞ. The steady oil-water
interface configuration, i.e., the relationship between q* and q0,
can be determined by minimizing the total system energy DE=L in
Eq. (2).

As shown in Fig. 5, the bipolar coordinate system is utilized for
the circular geometry under consideration. It gives a big advantage
to use finite difference method to solve the hydrodynamic equa-
tion. The intersection points of oil-water interface and pipe wall,
TP1 and TP2, are the two polar points in bipolar coordinate system,
which are set respectively as ð�a;0Þ and ða;0Þ in rectangular co-
ordinate system. a represents the half distance between the two
polar points, m. h and x are the two axes of bipolar coordinate
system, dimensionless, rad.

Bipolar coordinate system is a orthogonal coordinate system.
The differential operator of the transformation between Cartesian
coordinate ðx; y; zÞ and bipolar coordinate ðx; x; hÞ is to plug the
scaling factor into the general equation of the orthogonal coordi-
nate system. The scale factors of bipolar coordinate system are
given as follows:

lx ¼ 1 (3)
deposit in stratified oil-water flow.



Fig. 4. Schematic of the interface geometry (Liu et al., 2022).
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lx ¼ lh ¼ a
cosh h� cos x

(4)

Oil phase calculation domain:

q0 < x< q*;�∞<h< þ∞ (5)

Water phase calculation domain:

q*< x< q0 þ p;�∞<h< þ∞ (6)

It is necessary to have a finite limit on the maximum value of h,
i.e., hmax, in order to performance the numerical simulation. hmax ¼
7 is used in the study (Duan et al., 2017).

2.1.2. Mass conservation equation
Because of the oil and water phases immiscible, the oil and

water phase mass flows remain constant at any cross section of the
pipeline in the flowing direction, x. Themass conservation equation
can be expressed as follows.

Gin;W ¼
ð
AW

rWuWdA (7)

Gin;O ¼
ð
AO

rOuOdA (8)

where Gin;O and Gin;W is the mass flow rate of oil and water at the
pipe inlet respectively, kg=s. rO and rW is the density of oil and
water respectively, kg=m3.wO andwW is the axial velocity of the oil
and water phase respectively, m/s. AO and AW is the flow area of oil
and water at cross section respectively, m2.

2.1.3. Momentum equation
The momentum equation, turbulent kinetic energy k and
Fig. 5. Bipolar coor
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dissipation ε of for oil and water phase in the bipolar coordinate
system can be described by the identical control equation, given as

1
lhlx

v

vx

�
G4

v4

vx

�
þ 1
lhlx

v

vh

�
G4

v4

vh

�
¼u

v4

vx
þ S4 (9)

where 4 is the general variable. G4 and S4 are the generalized
diffusion coefficient and source term, respectively. The detail of the
control equations is seen in Table 1. The identical form provides
convenience for a general calculation program.

A finite difference scheme is used to discretize the governing Eq.
(9) in oil and water two phases. The numerical solution of gov-
erning equations is conducted separately for each phase, with the
boundary condition using an iterative finite difference technique.

2.1.4. Boundary conditions
The final elements of the model are the boundary conditions at

the pipe wall, oil-water interface and vertical center line must be
defined. The appropriate boundary conditions are employed ac-
cording to Table 2.

2.2. Heat transfer modeling

The temperature profile is calculated using the energy balance,
Eq. (10), assuming a quasi-steady state in which axial conduction is
neglected.

1
lhlx

v

vx

�
GT

�
lh
lx

vT
vx

��
þ 1
lhlx

v

vh

�
GT

�
lx
lh

vT
vh

��
¼w

vT
vz

(10)

where GT is the effective thermal diffusivity coefficient which is
defined as the sum of the molecular thermal diffusion mm=Pr and
eddy diffusion of heat transfer mt=PrT , GT ¼ mm=Prþ mt=PrT . Pr is
the Prandtl number. Pr ¼ CPrmm=l; CP represents the specific heat
at constant pressure of water or oil phase, J=ðkg ,KÞ; l represents
dinate system.



Table 2
Boundary conditions of hydrodynamic calculation.

Variable Pipe Wall Oil-water Interface Vertical Center Line

u uW ¼ 0 uI;O ¼ wI;W vu
vh

¼ 0

k kW ¼ 0 kI;O ¼ kI;W ¼ 0 vk
vh

¼ 0

ε vε

vh

				
W

¼ 0
vε

vx

				
I
¼ 0

vε

vh
¼ 0

mt mt;W ¼ 0 ðmtÞI;O ¼ ðmtÞI;W ¼ 0 e

t
tW ¼ mm

1
lh

vw
vh

tI;O ¼ tI;W e
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the heat conductivity coefficient of water or oil, W= ðm ,KÞ. PrT is
the turbulent Prandtl number, which is calculated by Kays method
(KaysWilliam, 1994).

The thermal boundary condition assumes a constant inlet
temperature and a continuous heat fluxes at the walls.

8>>>><
>>>>:

T ¼ Tb at x ¼ 0
vT=vh ¼ 0 at h ¼ 0
Tint;W ¼ Tint;O at x ¼ q*
�lWðvT=vxÞ ¼ lxheðTenvir � TwallÞat x ¼ q0 þ p
�ldepðvT=vxÞ ¼ lxheðTwall�envirÞat x ¼ xi

(11)

The thermal boundary condition assumes a heat flux at thewalls
with overall heat transfer coefficient, he, accounting for the thermal
resistance of the wax deposit layer, the pipe wall, and the coolant.

1
helxixi

¼ 1
ldep

ln
lpþq0ðpþ q0Þ

lxixi
þ 1
lpipe

ln
Din;out

Din;in
þ 1
hORout;in

(12)

If no wax or a very small amount of wax layer buildup on the
pipe wall, the insulation would become negligible. The thermal
conductivity of the gel deposit is assumed to be a function of its wax
content, as given by Singh et al.

ldep¼
½2lwax þ lO þ ðlwax � lOÞFw�
½2lwax þ lO � 2ðlwax � lOÞFw�

lO (13)

The external convective heat transfer coefficient, ho, can be
calculated from correlations specific to submerged, buried, or un-
buried pipelines.
2.3. Mass transfer modeling

The concentration profile is calculated using the mass balance,
Eq. (14), for mass transfer in which axial diffusion is neglected. The
precipitation of wax molecules in the bulk oil is neglected, which is
valid for laminar flow. The mass transfer equation of waxmolecules
has been shown as Eq. (14).

1
lhlx

v

vx

�
GC

lh
lx

vC
vx

�
þ 1
lhlx

v

vh

�
GC

lx
lh

vC
vh

�
¼w

vC
vz

(14)

where C is the wax concentration in crude oil, kg=m3; GC is the
turbulent effective wax molecule diffusivity coefficient, GC ¼ mm=

Scþ mt=sC , m2=s; sC is the heat transfer diffusion coefficient
resulted by turbulence; Sc represents the Schmidt number, Sc ¼
mm=DWO; DWO represents the wax diffusion coefficient in crude oil,
m2=s.

The boundary conditions of mass transfer equation are
described in Eq. (15). According to Eq. (15), it is assumed that the
distribution of wax concentration remains constant at the cross
section of pipeline inlet, C ¼ Cb; the wax concentration is the
saturated concentration of wax molecules in crude oil due to the
assumption of wax molecules keeping solid-liquid equilibrium.
Table 1
Control equations of momentum transfer.

4 G4 S4
u mm þ mt dP

dx
k mm þ mt

sk rε� mt

��vu
vh

�2

þ
�vu
vx

�2�
ε mm þ mt

sε c2f2r
ε
2

k
� c1f1mt

ε

k

"�
vu
vh

�2

þ
�vu
vx

�2�
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8>>>>>>>>>>>><
>>>>>>>>>>>>:

C ¼ Cb; z ¼ 0

vC
vh

¼ 0; h ¼ 0

C ¼ CwsðTÞ; xi � x � pþ g

C ¼ 0;g � x<p

vC
vx

¼ 0; x ¼ p

(15)

2.4. Deposition mechanism

Themolecular diffusion mechanism has beenwidely believed to
be the dominant process inwax deposition. It is often solely used to
predict the deposit thickness growth and the wax content of the
deposit increasing. Wax deposition formation of incipient gel layer
on the wall of which the temperature is below the WAT. The
gelation will form only when about 2% wax crystals precipitate
from the crude oil, so there is much trapped oil in the incipient gel
layer (oil trapped in a 3-D network structure of the wax crystals).
Because of the low wall temperature, the molecules in gel layer or
incipient deposition layer precipitate out from the crude oil, which
leads to a concentration gradient of wax molecules on the fluid-
deposit interface. The convective diffusion of wax molecules dis-
solved in oil transfer to the deposit-fluid interface precipitate and
leading to deposit growth. The rest of the wax molecules continue
to diffuse into the gel through the trapped oil, which enlarge the
wax content in deposition layer. Zheng et al. (2017) and Huang et al.
(2011a,b) points out the models solely on the basis of the molecular
diffusion mechanism fail to predict the deposit growth rate and
solid fraction in layer at high and low oil flow rates. Zheng et al.
(2017) developed a rigorous model to predict the wax deposit
thickness and the solid fraction of the depositing layer on the basis
of first principles of rheology, coupling molecular diffusion mech-
anism and gelation mechanism, as shown in Fig. 6. The gelation can
occur and form a deposit when the dynamic yield stress of the layer
reaches and exceeds the shear stress imposed by the oil fluid at the
pipe wall. The dynamic yield stress is positively correlated with the
solid volume fraction of deposit layer. It gives good agreement with
field observations for lower oil velocity, result in higher deposit
thicknesses and lowwax content in the deposit, which is consistent
with the finding in the wax deposition experiment in stratified oil-
water flow carried out by Hoffmann et al. (2012). So the wax de-
posit model developed by Zheng et al. (2017) is used here.

It is noted that this wax deposit model in oil-water stratified
flow is 3-Dimensional. There are two items of waxmass flux at pipe
cross section, i.e., the mass flux from the bulk oil to the oil-deposit
interface in the direction of x and h in bipolar coordinate, JA;x and
JA;h. This is because the wax concentration C is a function of both x
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and h, and the dissolved wax concentration gradients in the di-
rection of x and h all cause wax mass flux, further contribute to wax
deposit growth. It is more complex than the single phase wax de-
posit and the circumferential deposit thickness distribution in oil-
water stratified flow is non-uniform observed by the experiment.

The thickness growth rate ddx=dt is acquired from the difference
value between the convection diffusion mass flux from the pipeline
center to the oil-deposit interface in the direction of x, JA;x and the
diffusion mass flux into wax deposition JB;x, as shown in Eq. (16).

rdepFðtÞ
ddx
dt

¼ Jwax;x ¼ JA;x � JB;x (16)

Meanwhile the difference between JA;h and JB;h represents the
growth of the deposit thickness in the direction of h, ddh= dt given
as

rdepFðtÞ
ddh
dt

¼ Jwax;h ¼ JA;h � JB;h (17)

Inwax deposition, thewaxmolecules diffuse into the deposition
through trapped oil, the transfer medium for wax molecules, and
thewax content increases with time resulted bywax diffusionmass
flux JB;x and JB;h. According to the law of mass conservation, the wax

content growth rate dF=dt in deposition can be obtained by Eq. (18).

rdep
dF
dt

¼
�
JB;x
dx

þ JB;h
dh

�
(18)

The diffusion mass flux from the bulk oil to the oil-deposit
interface in the direction of x and h, JA;x and JA;h, which can be
calculated based on the concentration gradient of wax molecules,
given as Eqs. (19) and (20).

JA;x ¼ � Dwo
1
lx

dC
dx

				
oil to interface

(19)

JA;h ¼ �
�
� Dwo

1
lh

dC
dh

				
from oil to interface

�
(20)

Similarly, the diffusive mass flux from oil-deposit interface into the
deposit in the direction of x and h, JB;x and JB;h, given by Eqs. (21) and
(22).

JB;x ¼ � Deff
1
lx

dC
dx

				
from interface into deposit

(21)

JB;h ¼ � Deff
1
lh

dC
dh

				
from interface into deposit

(22)

where Dwo represents the wax diffusion coefficient in crude oil.
Dwo, depending on the oil temperature, viscosity of crude oil and
molar volume of wax molecules, is calculated by Hayduk-Minhas
correlation (Hayduk W, 1982). Deff is the effective diffusivity of
wax in the deposit calculated by the correlation of Cussler EL
(1988).

Dwo ¼13:3� 10�12 � T1:47mg

V0:71
A

(23)
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Deff ¼
Dwo

1þ a2F
2
.
ð1� FÞ

(24)

where T is the oil temperature, K; m is the dynamic viscosity of
crude oil, mPa$s; VA is the wax molecules molar volume, cm3=mol.
a is the equivalent crystal aspect ratio. Singh et al. (2000) assumed
that the a varies linearly with the wax fraction given as

a¼1þ kaF (25)

where ka is obtained by fitting the prediction with the available
experimental results. It changes with the operating conditions.

Wax deposition formation of incipient gel layer on the wall
where the temperature is below WAT, and gradually develops a
yield stress, ty. The gelation will form only the yield stress (ty)
exceeds the shear stress (ts) imposed by the fluid flow. The incip-
ient gelation contains only 2% wax crystals precipitate from the
crude oil and the yield stress, ty, is smaller. As the wax content
increases and precipitates due to wax molecular diffusion into the
deposit, the yield stress increase. The relationship between the
yield stress and the solid fraction is obtained from the viscosity-
temperature curves measured at different shear rates using the
Herschel-Bulkley model (Chilton and Stainsby, 1998), given as

m¼ ty þ K _gn

_g
(26)

where K is consistency of fluid, Pa,sn, n is flow index; _g is strain rate
magnitude, s�1.
3. Experiment

In order to test the feasibility of the wax depositionmodel in oil-
water stratified pipe flow, the predications are compared with the
experiment conducted by Hoffmann et al. (2012) with a flow loop.
The single phase oil and water are injected into flow loop simul-
taneously using a Y-shaped mixing device, which initializes strat-
ified flow by avoiding excessive mixing of the phases. Through a
17 m long pipe inflow section to ensure fully developed flow, the
oil-water two-phase fluid flows into the 2-inch inner diameter
(52.5 mm), 5.31m long test section (Lt ¼ 5:31 m) where they are
cooled by coolant and the wax deposit layer build up on the inner
wall, as shown in Fig. 7. The water as a coolant circulates in an
annulus surrounding the oil pipe, simulating the subsea heat
transfer condition. There is 0.63m long test section (Lr ¼ 0:63 m)
can be removable. After the duration of wax deposit, the circum-
ferential distribution of wax quantified by the laser-based tech-
nique and the weights of the deposit layer measured in the
removable test section. Behind the test section, the oil-water two-
phase enters the tank, to separate them into clean phases, and then
they are sent back into the loop. Before the test section, thewindow
is set for visual impression of flow regime and the X-ray tomog-
raphy is set to measure the vertical water volume fraction distri-
bution in the pipe to avoid the misleading caused by the relatively
small amounts of dispersed oil in water make.

The used oil is awaxy condensate from the North Sea (Hoffmann
and Amundsen, 2010). The main properties of oil are: density
809 kg/m3 at 20 �C, WAT 30 �C, pour point 1 �C, wax content 4.5 wt
%. The viscosity and the solubility curves of the oil are shown in
Fig. 8, respectively. The interfacial tension of the oil-water is 11mN/
m at 20 �C. The operating conditions of the completely stratified
flows experiment are shown in Table 3. The coolant temperature is
set to 15 �C in all experiments. These operating conditions and



Fig. 6. Illustration of diffusion and gelation process and the mathematical implementation.
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material properties are used as the inputs to the model simulation.
The solubility curve of the oil is an important input parameter for
wax deposition modeling. The amount of precipitation of wax in
the oil at various temperatures was determined using the Differ-
ential Scanning Caborimetry (DSC), as reported by Hoffmann and
Amundsen (2010). The solubility curve is obtained by assuming
that all the wax has precipitated out of the oil at 6 �C. In this case,
the total wax content is the same as the precipitation of wax at 6 �C.
Because the coolant temperatures of all the experiments are no less
than 6 �C, the wall temperatures of all the experiments are higher
than 6 �C. The amount of wax precipitation in oil below the wall
temperature is not needed for model predictions in this study.

In the experiment of Hoffmann et al. (2012), the completely oil-
water stratified flow occurs for the water cut ranging from 30% to
75% when the total flow rate is 5 m3/h, for the water cut ranging
from 50% to 60%when the total flow rate is 10m3/h. The completely
stratified flow is identified by the X-ray tomography, which mea-
sures the vertical phase distribution of oil and water in the pipe.
4. Results and discussion

There are six simulations carried out in this study, as shown in
Table 3. The flow patterns are oil-water stratified flow or oil single
phase flow, and the developed model is available for prediction.
Simulations 1 and 6 are carried out to verify the accuracy of the
developed wax deposition model for the oil single-phase flow.
Simulations 2 to 5 are carried out for oil-water stratified flow.
Simulation 5 is used to predict wax deposit thickness circumfer-
ential distribution around the pipe wall.
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4.1. Deposition results for single phase oil flow

The accuracy of the developed wax deposition model will be
verified first for single phase flow, which the water cut is 0 in the
experiment conducted by Hoffmann et al. (2012). The data from
lab-scale experiment is the wax deposit weight per unit area based
on the removable test section, at a fixed oil flow rate of 5 m3/h and
10 m3/h. This rather simple test sets the water property and flow
rate to be the same as the oil. The oil-water interface is fictitious. As
expected, the oil-water interface position is at the middle of the
pipe and the interface shape is planner.

The amount of wax deposit formation and accumulation on the
pipe wall is a critical variable of interest during wax deposit. The
data from experimental wax deposition in lab-scale single phase oil
flow is the weight and the wax content of layer deposit on the
removable wax deposit test section. In order to expediently
compare the results between experiment and prediction, the
weight and the wax content of deposit layer F calculated by the
model are given as

Wdep ¼ pDin;inrdep

ðx¼Lr

x¼0

dxdx ¼ pDin;inrdep
Xi¼M

i¼0

ðdihiÞ (27)

F ¼

ðx¼Lr

x¼0
Fxdxdxðx¼Lr

x¼0
dxdx

¼

Pi¼M

i¼0
ðFidihiÞ

Pi¼M

i¼0
ðdihiÞ

(28)

Fig. 9 shows the comparison of the wax deposit weights
measured at the end of the experiments, with the predictions by



Fig. 7. Wax deposit test section.

Fig. 8. Solubility of wax in the oil and viscosity of the oil.

Table 3
The operating conditions of experiment.

simulation number total flow rate, m3/h water cut, % oil flow rate, m3/h water flow rate, m3/h oil inlet temperature,�C water inlet temperature,�C duration, days

1 5.0 0 5.0 0 24.0 e 2
2 5.0 25.0 3.7 1.3 24.0 23.1 2.6
3 5.0 50.0 2.5 2.5 24.0 21.6 2.7
4 5.0 65.0 1.7 3.3 24.7 22.0 2.7
5 5.0 75.0 1.2 3.8 25.0 21.3 2.7
6 10 0 10.0 0 25 e 1.8
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the model, for two different oil flow rates, i.e., Simulations 1 and 6
in Table 3.

It is observed that the present model gives well predictions of
wax deposit weight per area compared with the experiments. The
predictions are slightly higher than the experiments within 10%
relative error, for both two oil flow rates, at the end of experiment
48 h and 43.2 h respectively. The predicted results show the deposit
does not stop growing at the end of experiment, and it will
continue to build up as the experiment lasted longer. The wax
deposit decreases when oil flow rate increases from 5 m3/s to
10 m3/s. This is consistent with the previously reported single-
phase wax deposit experiment of Hoffmann and Amundsen
(2010), which performed by using the same oil and flow loop.
The deposit rate is large in the initial stage, and then it gets smaller
with enhanced thermal insulation of wax deposits caused by the
increasing deposit thickness, and the mass driving force for further
deposit decreases. Once the oil-deposit interface temperature
reaches the WAT, the deposit will stop growing.

Fig. 10 gives the predicted wax content of the deposit for single
phase flow with different oil flow rates. The wax content of the
deposit for the oil flow rate of 10 m3/h is higher than that for the oil
flow rate of 5 m3/h. The trend of the wax content of deposit with oil
flow rate is in the opposite direction of the deposit thickness. At the
same time, the wax content of the deposit does not stop increasing
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at the end of experiment. It will continue to increase with time,
even though the deposit thickness stops growing. Although the oil-
deposit interface temperature reaches the WAT, there is still a
concentration gradient at the oil-deposit interface. This gradient
causes mass driving force for an internal mass flux in deposit,
which propel the wax content of the deposit to continue increasing
with time.

The gelation can occur and form a deposit when the dynamic
yield stress of the layer reaches ~3.5 Pa (Zheng et al., 2017), and
exceeds the shear stress imposed by the fluid at the interface. The
dynamic yield stress is positively correlated with the solid fraction
of deposit layer. The shear stress at the wall is 1.35 Pa, for the oil
flow rate of 5 m3/h, and it is 4.54 Pa for the oil flow rate of 10 m3/h,
calculated by the above hydrodynamics model. The formed deposit
must be with greater dynamic yield stress for higher oil flow rate.
So an increase in the oil flow rate can lead to a decrease in the
thickness of the deposit and an increase in the wax content of the
deposit.

4.2. Deposition results for oil-water stratified flow

For oil-water stratified flow, wax deposition occurs only on the
upper of pipe wall and the thickness distribution along the
circumference is uneven. In order to compare the result between



Fig. 9. Comparison between the experimental and the predicted deposit weight for
single phase flow.
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experiment and calculation expediently, the weight and the wax
content of deposit layer on the removable test section calculated by
the model are given as

Wdep ¼ prdep

ðx¼Lr

x¼0

ðh¼�7

h¼�7

dx;hlhdhdx ¼ prdep
Xi¼M

i¼0

Xk¼P

k¼0

�
di;khihklh




(29)

F ¼

ðx¼Lr

x¼0

ðh¼�7

h¼�7
Fx;hdx;hlhdhdxðx¼Lr

x¼0

ðh¼�7

h¼�7
dx;hlhdhdx

¼

Pi¼M

i¼0

Pk¼P

k¼0

�
Fx;hdi;khihklh



Pi¼M

i¼0

Pk¼P

k¼0

�
dx;hhihklh


 (30)

In the experiment of Hoffmann et al. (2012), the completely oil-
water stratified flow occurs for the water cut ranging from 30% to
80% when the total flow rate is 5 m3/h, observed by the reflex
camera pictures and the X-ray instrument. Therefore, the Simula-
tions 2 to 5 are carried out to verify the accuracy of the developed
Fig. 10. The predicted wax content of the deposit for single phase flow.
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wax deposition model for the oil-water stratified flow. The com-
parison of the weights of the wax deposit measured at the end of
the experiments with the predictions of the model for different
water cuts is shown in Fig. 11, where the total flow rate is 5 m3/h
and the duration of the experiment is 2.7 days. As can be seen, the
predicted results of wax deposit weight are in good agreement with
the experimental data. The simulation gives up-predictions within
an average absolute error 15%. The average absolute relative error is
8.67%. The model gives the same variation trend of deposit weight
with water cut as the experiment. That is the deposit weight first
decreases and then increases as the water cut increased. It should
be noted that the surface areas of the circular section in pipe
covered by the wax deposit layer are different observed in experi-
ments with different water cuts. The weight of wax deposit
simultaneously related to the arc surface area covered by the de-
posit and the wax deposit rate under the same deposit duration
condition.

Fig. 12 shows the comparison of arc surface area covered by the
deposit divided by the internal surface area of the pipe with the
predictions for different water cuts. It is noted that the oil-water
interface configuration is definitely not planar and tends to curve.
Meanwhile, the different values under curve oil-water interface
and planar interface are compared to the experiment. The model
assuming planar interface generally gives greatly under-prediction
of surface area covered by the deposit. This underestimation be-
comes more severe as water cut increases. The model assuming
curved interface mitigates the degree of underestimation. This
mitigating is particularly pronounced in Simulation 5, i.e. the water
cut 75%. Because the proportion of the wetted periphery by oil is
52.82% of the pipe inner circumference, obtained by the experi-
mental camera pictures. However, the proportion is only 36.76% for
the water cut 75%, if the interface configuration is planar. The
proportion calculated by themodel is 45.36%, which is 14.12% lower
than the measured of 52.82%. It indicates that an accurate
description of oil-water interface configuration is important when
performing oil-water stratified two-phase flow calculations. The
curved oil-water interface observed in some experiments
(Edomwonyi-Otu and Angeli, 2015) and adopted in some numerical
simulations (Pouraria et al., 2016; Liu et al., 2022). The model
assuming curved interface gives under prediction of the arc surface
areawetted by the oil is probably due to that themodel doesn't take
into account the increasing amount of water in the oil phase as the
water cut increases from 50% to 80%. This can be observed by the
water volume fraction distribution for at different water cuts in the
experiment of Hoffmann et al. (2012).

Since the pipe inner wall surface area covered by the wax de-
posit varies with changing water cut, the amount of wax deposit
accumulated on the pipe wall needs to be normalized with respect
to the arc surface area covered by the deposit. The wax deposit rate
is directly reflected by the weights of the deposit divided by the arc
surface areas covered by the deposit, which is more reasonable and
shown in Fig. 13. It can be seen that the weights per area of the
deposit calculated by the model are higher than those for the
deposition experiment, within an average absolute error 11.02%.
Obviously, the deposit weights per area calculated by the present
model are away from the experimental value with the water cut
increasing. The deposit weight of experiment and prediction are
1.69 kg/m2 and 1.78 kg/m2, respectively, with 5.01% relative error,
for 25% water cut; and for 50% water cut, the values are 1.64 kg/m2

and 1.81 kg/m2, with 9.87% relative error; and for 75%water cut, the
values are 3.15 kg/m2 and 3.66 kg/m2, with 16.09% relative error. As
shown in Figs. 11 and 13, the relative errors of the wax deposit
weight and the weight per area obtained by the model have
opposite trends with water cut increasing. The main reason for this
difference is that the computation error of the arc surface areas



Fig. 11. Comparison of the experimental weights of the wax deposit with the pre-
dictions for different water cuts.
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covered by the deposit, as shown in Fig. 12.
It is noted that the deposit weights per area at the water cuts of

65% and 75% are higher than those at the water cuts of 50%, for the
wax deposit model and experiment in oil-water stratified flow. The
weight of the deposit for water cut of 25% and total flow rate of
5m3/h is not listed, because the completely oil-water stratified flow
occurs for the water cut ranging from 30% to 75% and total flow rate
is 5 m3/h in the experiment of Hoffmann et al. (2012). The mean
wall shear stresses given by the hydrodynamics modeling for the
water cuts of 50%, 65% and 75% conditions are 5.12 Pa, 4.36 Pa and
3.27 Pa for the oil domains, respectively. The wall shear stress
(pressure gradient) decreases with the increase of water cut for oil-
water stratified flow with constant oil-water total flow rate, which
is confirmed by the experiments of Edomwonyi-Otu and Angeli
(2015), and Liu et al. (2008). It can be seen from the wax gelation
mechanism that an increase in water cut can help to reduce the
wall/oil-deposit interface shear stress, thereby leading to an in-
crease in the degree of gelation as well as the deposit rate.
Furthermore, wax content of deposit layer for different water cuts
predicted by the model is shown in Fig. 13. It indicates that an
Fig. 12. Comparison of the arc surface area covered by the deposit with the predictions
for different water cuts.
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increase in water cut can lead to a decrease in the wax content of
the deposit. The deposit formed at the higher water cut with lower
wall/oil-deposit interface shear stress contains a significantly
smaller amount of solid wax than the deposit formed at the lower
water cut. This prediction is consistent with the experiment of
Hoffmann et al. (2012) that the deposits with the water cuts of 65%
and 75% have smaller fractions of the heavy components and their
carbon number distributions of the wax deposit are more similar to
the oil when compared to the deposit with water cut of 50%.

4.3. Deposit circumferential distribution for stratified flow

In the experiment of Hoffmann et al. (2012), the completely oil-
water stratified flow occurs for the water cut ranging from 30% to
75% when the total flow rate is 5 m3/h. As a result, the simulation 5
is used to predict wax deposit thickness circumferential distribu-
tion around the pipe wall. Fig. 14 shows the comparison of deposit
thickness circumferential distribution at cross section of pipe
calculated by the present model with the experiment measure-
ment, for Simulation 5, i.e., the water cut 75%, the total flow rate
5 m3/h. The results calculated by the model is in accordance with
what was observed in the Hoffmann et al.’s (2012) experiment.

For water cut 75% and total flow rate 5 m3/h, the model predicts
the wax deposit weight of 0.173 kg, 1.33% higher than the measured
of 0.172 kg at the end of the experiment. The deposit occurs only on
the top of the pipe inner wall wetted by the oil for stratified flow,
and the existence of water phase reduces the pipe wall area avail-
able for wax deposition. The wax deposit weight is influenced by
the surface areas of the pipe covered by the deposit, and the pipe
wall surface area covered by the wax deposit changes with varia-
tional water cut. Therefore, the deposit per unit surface area, i.e.,
the amount of wax attached to the pipe wall normalized with
respect to the surface area covered by the deposit, is more
reasonable variable of interest. The deposit per unit surface area
calculated by the model is 3.656 kg/m2, 16.08% higher than the
experiment result of 3.149 kg/m2. The surface areas covered by the
deposit predicted by the model is 0.047 m2, which is 14.1% lower
than the measured of 0.055 m2 obtained by the camera pictures of
thewax deposit at the end of the experiment. In this case, the sector
of wax deposit buildup predicted by the model is ranged from 0� to
81.5� and from 278.5� to 360�, and the measured is ranged from
0� to 106.8� and from 251.1� to 360�, where at the top of pipe, a ¼
0�, and at the bottom of pipe, a ¼ 180�.
Fig. 13. Comparison of the experimental weights of the wax deposit per surface area of
the pipe covered by the deposit with the predictions and the predicted wax content of
the deposit layer for different water cuts.
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The irregular shape of the deposit can be clearly determined
from the camera picture at the end of experiment, which is no
longer complete circular. Both the experiments and model pre-
dictions reveals that there is a plateau at the bottom of the pipe
where the pipe inner wall wetted by the water and the wax
thickness is zero. The experiment shows thewax deposition surface
is uneven, and the thickness circumferential distribution is irreg-
ular. The thickest layer of wax deposits is 9.07 mm, located at the
top of pipe. It is important to note that since the experimental
thickness circumferential distribution obtained by the camera
picture has a degree of uncertainties, the difference between the
calculation and experiment could be a result of the impact of the
camera picture. It can be clearly seen that the thickness circum-
ferential distribution on pipe wall is roughly uniformly distributed
locates near the top of the pipe, i.e. a ¼ 0+. And the nearer the
position gets close to two points, where the oil-water interface
contacts the inner wall, the deposition thickness quickly drops to
0 from 10.35 mm, calculated by the model.

It is attributed to the fact that a roughly uniformly thickness far
away from the oil-water interface contact the inner wall results in
the slowly changes temperature along the circumferential pipewall
wetted by oil, from 16.9 �C to 16.5 �C with a vary from 0� to 81.5�,
resulting in an almost constant mass flux from the bulk oil to the
oil-deposit interface, leading to a slowly varying of the deposit layer
thickness. The circumferential temperature distribution at pipe
wall is consistent with the numerical simulation of Li et al. (2018).

The deposit thickness circumferential distribution at pipe wall
for stratified oil-water flow is different from the stratified oil-gas
flow, although the wax deposit only occurs on the wall contacting
with oil for these two stratified flows. The deposit is distributed in a
crescent shape with two identifiable zones, which is observed in
the experiment of Matzain et al. (2002), Gong et al. (2011) and Chi
et al. (2019), and simulated by Duan et al. (2016, 2017). The wax
deposit thickness is not uniformly distributed along the circum-
ference not just at the oil-gas interface contact wall but also at the
bottom of the pipe, where the deposit thickness reaches its
maximum. The reason, Duan et al. (2016, 2017) pointed out, is
mainly that the non-uniform circumferential distributions of the
wax mass flux at oil-deposit interface and the solubility gradient of
oil at the oil-deposit interface, which is resulted from the non-
uniform temperature circumferential distribution at oil-deposit
interface. Therefore, the wax thickness circumferential distribu-
tion near the top of the pipe is roughly uniformly, which is attrib-
uted to the slowly change of temperature along the circumferential
oil-deposit interface. The temperature circumferential distribution
at pipe wall of oil phase and far away from the immiscibility phase
Fig. 14. The comparison of deposit thickness circum
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interface contact the inner wall for stratified oil-water flow is
different from the stratified oil-gas flow. This is due to the specific
heat capacity and heat conductivity of the gas phase is smaller than
water phase.

Fig. 14b shows the wax content of deposit layer circumferential
distribution at cross section of pipe calculated by the present
model, for Simulation 5, i.e., the water cut 75%, the total flow rate
5 m3/h. The wax content of the deposit is closely related to the
hardness of the deposit, which is significant for wax removing in
pipe, in terms of cleaning method designing and pigging operation.

The maximum wax content of deposit, 9.76%, locates at the top
of the pipe, and the minimum, 7.02%, locates at the oil-water
interface contact wall. It is very similar to the experiment of
Anosike (2007). The wax content distribution of deposit layer is
nearly constant, except close to the oil-water interface where they
decrease dramatically. It may be attributed to the fact that a higher
oil-deposit interface shear stress at the top of the pipe, leading to a
greater dynamic yield stress of deposit layer with higher wax
content of the formed deposit. The interface shear stress in oil
phase is nearly constant near the top of the pipe, and decreases
toward the oil-water interface, from 5.43 Pa to 2.95 Pa.
5. Conclusion

The stratified oil-water two-phase flow often presents in hori-
zontal or slightly onshore and offshore oil production pipe systems,
and is considered to be among the fundamental flow configuration
in two-phase systems.Wax deposition in oil-water stratified flow is
a common occurrence and typically reduces transportation capac-
ity of oil. Accurate prediction of wax deposition is of great impor-
tance to develop economical prevention and remediation
strategies. However, a reliable mechanistic model for wax deposi-
tion prediction in oil-water two-phase stratified pipe flow is lacking
to validate the deposition process.

In this work, a three-dimensional (axial, radial, and angular)
robust wax deposit model for oil-water stratified circular pipe flow
was developed. The model of formation of a gel deposit based on
the first principles of rheology was developed, associated with the
results obtained from hydrodynamics and heat/mass transfer
simulations. Due to the non-circular and irregular oil and water
domains in stratified pipe flow, computations were performed in
the bipolar coordinate system for convenient mapping of the
physical domain.

The six simulation results of wax deposit were compared with
the experimental measurements with a flow loop. The predicted
deposit thickness of single phase for oil flow rate of 5 m3/h and
ferential distribution at cross section of pipe.
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10 m3/h were reasonably agreed with experimental data. The
predictions were slightly higher than the experiments within 10%
relative error, for both two oil flow rates, at the end of experiment
48 h and 43.2 h respectively. And themodel gave the predicted wax
content of the deposit for single phase flow with different oil flow
rates. It indicated that an increase in the oil flow rate can lead to a
decrease in the thickness of the deposit and an increase in the wax
content of the deposit.

For oil-water stratified flow, the deposition only occurs at and
above the oil-water interface. The predictions for the wax deposit
weight per surface area of the pipe covered by the deposit were
found to compare satisfactorily with experimental data with four
different water cut 25%, 50.0%, 65.0%, 75.0%, for oil-water stratified
pipe flow. It can be seen from the wax gelation mechanism that an
increase in water cut can help to reduce the wall/oil-deposit
interface shear stress, thereby leading to an increase in the de-
gree of gelation as well as the deposit rate.

A local deposit analysis in the circumferential direction was
conducted, for water cut 75% and total flow rate 5 m3/h, which
provided insights to understand that the thickness on pipewall was
roughly uniformly distributed locates near the top of the pipe and
the nearer the position gets close to two points, where the oil-water
interface contacts the inner wall, the deposition thickness quickly
dropped to 0. It was attributed to the fact that a roughly uniformly
thickness far away from the oil-water interface contact the inner
wall resulted in the slowly changes temperature along the
circumferential pipe wall wetted by oil. Furthermore, the deposit
thickness circumferential distribution at pipe wall for stratified oil-
water flow was different from the stratified oil-gas flow This was
due to the specific heat capacity and heat conductivity of the gas
phase is smaller than water phase.
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Notation
Variables
A cross-sectional area inside the pipe, m2

C wax concentration in crude oil, kg=m3

D diameter of the pipe, m
Din;in inner diameter of inner pipe, m
Din;out out diameter of inner pipe, m
Deff effective diffusivity in the deposit, m2=s
dP=dz pressure gradient, Pa=m
DWO diffusivity wax in crude oil, m2=s
Eo E€otv€os number
Fw wax fraction in the deposit, wt%
Fw average wax fraction in the deposit, wt%
G mass flow rate, kg=s
K consistency of fluid, Pa,sn

a half distance between the two polar points, m
g gravitation, m=s2

HW water cut
he overall heat transfer coefficient, W=ðm2 ,KÞ
hW water level for plane interface,m
h0 heat transfer coefficient, W=ðm2 ,KÞ
i, j, k coordinate of mesh point at x x, h, coordinate direction
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JA;x, JA;h, JB;x,JB;h mass flux of wax molecules into the deposit,
kg m�1 s�1

Jwax mass flux of wax molecules from the oil to oil-deposit
interface, kg m�1 s�1

L length of pipe, m
lx, lh, lx scale factors of bipolar coordinate system
Mtot the total deposited wax mass, kg
n flow index of oil
Pr Prandtl number
Q flow rate, m3=s
R radius of pipe, m
S4 generalized source term
Sc Schmidt number
T temperature, �C
T∞ ambient temperature, �C
t time, s
Vtot total volume in the closed system, m3

u velocity in the axial direction, m=s
x, y, z axial coordinate in Cartesian system, m

Greek Leteers
a equivalent crystal aspect ratio
~a solid-fluids wettability angle
t shear stress, Pa
GT effective thermal diffusivity
Gw effective viscosity, m2=s
GC effective mass transfer
G4 generalized diffusivity
_g strain rate magnitude, s�1

g circumferential angle, �

Dr density difference between oil and water, kg=m3

d deposit thickness, m
q* oil-water interface, rad
qP0 oil distribution angle for plane interface configuration,

rad
q1 upper section of the pipe wall, rad
q2 the angle for interface, rad
4 porosity of the deposit layer
l heat conductivity coefficient, W=ðm ,KÞ
mm kinematic viscosity coefficient, m2=s
mt eddy diffusivity for momentum, m2=s
x;x;h coordinate in bipolar system
r density, kg=m3

s interfacial tension between oil and water,N=m
Q wetted wall fraction

Subscripts
O properties of the oil
I properties of the oil-water interface
W properties of the water
bulk properties at the bulk
dep properties of the deposit
envir properties of the coolant liquid
i, j, k coordinate of mesh point at x, h, z coordinate direction
in properties at the inlet
wax properties of the wax
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