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ABSTRACT

The deposition of asphaltenes on the inner wall of oil wells and pipelines causes flow blockage and
significant production loss in these conduits. The major underlying mechanism(s) for the deposi-
tion of asphaltene particles from the oil stream are still under investigation as an active research
topic in the literature. In this work, a new deposition model considering both diffusional and in-
ertial transport of asphaltene toward the tubing surface was developed. Model predictions were
compared and verified with two sound experimental data available in the literature to evaluate the
model's performance. A parametric study was done using the validated model in order to inves-
tigate the effect of the asphaltene particle size, flow velocity and oil viscosity on the magnitude of
asphaltene deposition rate. Results of the study revealed that increasing the oil velocity causes
more drag force on wall's inner surface; consequently, particles tend to transport away from the
surface and the rate of asphaltene deposition is decreased. In addition, the developed model pre-
dicts that at low fluid velocity (~0.7 m/s), the less viscous oil is more prone to asphaltene deposition

problem.

Copyright © 2016, Southwest Petroleum University. Production and hosting 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

Asphaltene deposition in producing wells, pipes, and surface
facilities has been a serious problem with a wide economic
import to the oil industry. Deposition of asphaltene on the wall of
production tubing reduces the available diameter to oil flow and
subsequently, oil production rate decreases [1].

Generally, asphaltenes are stable in the oil phase at reservoir
condition. Variation in the temperature, pressure, and compo-
sition of oil can induce asphaltene instability. Stability of
asphaltenes in crude oil has been the subject of research over
many years [2—8]. The existing models for asphaltene stability
can be classified as either thermodynamic or scaling models [9].
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Thermodynamic models are based on the complex properties of
asphaltene such as interaction coefficient, critical properties,
acentric factor, and solubility parameter; while scaling models
are based on aggregation and gelation phenomena [3]. Asphal-
tene instability is often reported as precipitation or deposition
interchangeably; however, the difference is well defined. Pre-
cipitation is defined as the creation of a solid phase from the
bulk liquid phase, primarily as a function of thermodynamic
variables (i.e., pressure, temperature, and composition). Depo-
sition, however, is characterized by the formation and growth of
a solid layer on a surface [10]. Therefore, precipitation is a pre-
requisite to asphaltene deposition, but it is not a sufficient
condition for deposition [11]. Much progress has been made in
the area of asphaltene precipitation in the past several decades,
although the mechanism of asphaltene deposition is still not
well-understood [10].

Escobedo and Mansoori [12] first developed asphaltene
deposition model based on a previous model used for aerosol
(microscopic liquid or solid particles dispersed on air currents)
deposition. They developed the model by accounting both for
diffusive and convective mechanisms for transport of asphaltene
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particle to the pipe wall. The proposed model had a satisfactory
match with aerosol deposition experimental data collected by
Friedlander and Johnstone [13]. However, the model was not
validated against experimental data of asphaltene deposition in
a turbulent crude oil flow. Ramirez-Jaramillo and co-workers
[14] proposed that net rate of asphaltene deposition can be
considered as the difference between the rate of deposition and
removal of asphaltene. They used Fick's law for molecular
diffusion accounting rate of deposition and used Kern and Sea-
ton [15] model for expressing removal of asphaltene deposition.

A review of the existing literature reveals that there is a lack
of a simple, yet comprehensive, asphaltene deposition model
that considers effective mechanisms for transport of solid par-
ticles toward pipe wall. In this work, after reviewing the concept
of mass and momentum transfer, a new transport coefficient
(deposition velocity) including both diffusional and inertial
mechanisms is proposed for modeling asphaltene deposition
from the crude oil. The deposition model predictions were
compared and verified with two reliable aerosol and asphaltene
deposition experimental data available in the literature. Then, a
parametric study was done using the verified model to study the
impact of three effective factors on the rate of asphaltene
deposition from turbulent crude oil flow. To do this, a hypothetic
base case including parameters in the range of turbulent oil flow
was considered in order to mimic oil flow along the wellbores
and pipelines.

2. The deposition model

In the following sections, the steady-state modeling approach
is described for the asphaltene deposit formation in the pipelines
and wellbores. The asphaltene deposition model consists of
three major modules: 1) particle transport toward the wall sur-
face, 2) particle attachment process to the surface, 3) particle
concentration gradient between fluid bulk and the wall surface
[16]. Contribution of these modules in forecasting the rate of
asphaltene deposition can be expressed according to the
following relationship:

m = KgSP(Cy, — Cs) (1)

In Eq. (1), K is the total mass transfer coefficient which
considers the macroscopic and microscopic mechanisms; SP is
the sticking probability and (C, —Cs) is the concentration
gradient between fluid bulk and wall surface.

2.1. Total mass transport coefficient

For accurate calculation of asphaltene deposition rate,
comprehensive knowledge of effective mechanisms contrib-
uting in the deposition process is necessary. To get an under-
standing of this complex mass transfer problem, the asphaltene
deposition was placed within a general context of particle
deposition during turbulent flow. Base consideration of this
approach is that all equations developed in this section are
applicable to only rigid and spherical particles. However, they
are commonly applied in environmental aerosol dynamics and
asphaltene deposition models even when the required condi-
tions are not strictly met [17].

Based on particle and fluid characteristics, particle deposition
was classified in three regimes. In each regime, a particular
mechanism becomes dominant and controls deposition of par-
ticles. Dimensionless form of particle relaxation time which con-
stitutes particle and fluid properties is used to identify these
three regimes.

Particle relaxation time is a parameter which is related to
particle and flow characteristics. The physical meaning of the
relaxation time comes from Stokes stopping distance of an
immersed particle. Stokes stopping distance is defined as the
distance a particle (mass, mp, diameter, dp, and density, pp), with
an initial velocity Vj, travels in free-flight through a stagnant
fluid before it stops because of drag forces. The force balance on
the particle in horizontal direction results in Ref. [13].

d’x
dt?
Where x is the particle position at a given time t. The particle's
velocity can be evaluated by integrating Eq. (2) with boundary
condition dx/dt (t = 0) = Vg and considering that the particle's
mass is given by 4mrppp,/3: [18].

dx
mp = —GTC],J_I‘DE (2)

dx
= Vo exp(—t/tp) (3)
Where 7, is the particle relaxation time, defined as

2
_
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Where p;, and d, are particle's density and diameter.
Particle relaxation time is converted to dimensionless form
as;

2 fy2
Tt = Lpdp X Llavg (5)
p 18u v
In the above relation, f is fanning friction factor, and can be
calculated from the classical Blasius equation for smooth tube
flow:

;03164
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Regarding dimensionless relaxation time, deposition regimes
defined as Diffusion (t} <0.1), diffusion -inertia (0.1 <} <10)
and impaction (z; > 10) [19].

The diffusion regime usually occurs for small particles, with
(tg <0.1). In this regime, the particle stopping distance is small.
Hence, particles are carried by the Brownian motion of the fluid
molecules toward the wall [20]. Epstein [19] used the Reichardt
[21] analogy and derived that for turbulent flow at high Schmidt
number, dimensionless transport coefficient for diffusion regime
can be found as:

(6)

f

2

K = (7)
td
12+ 11.8,/§(sc — 1)sc 13
For small particles, the diffusivity can be determined from
Stokes-Einstein equation: [22].

kgT
Dpifr = ﬁ
P

(8)
Where, kg is the Boltzmann
1.38 x 10-23J/K.

By increasing the particle relaxation time, the inertial effect is
also incorporated in the deposition process [23—26]. In this
mechanism, the particles have sufficiently high velocity that
turbulent eddies give some of them a transverse “free fight ve-
locity”, which causes particles possess sufficient momentum to

constant, equal to
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reach the wall [19]. Wood [27] integrated turbulent version of
Fick's law and developed a mechanistic model for inertial motion
as follows:

K = . ! (9)
14.5563[f(d) + g(d) — f(d1) — g(d1))]
where,
1, (1+¢)?
f(¢) =gl 10+ ¢2 (10)
g6) = tan”! (221) (1

Where ¢ and ¢ depend on non-dimensionless form of relaxa-
tion time and Schmidt number and defined as the follows:

¢ = 0.345Sc
0.3455¢ (12)

1 = 0.0485cI 7 (13)

Finally, for large particles (v >10), the impaction regime
occurs. In this regime, the stopping distance is in the same order
of the pipe diameter. The impaction regime can happen if un-
usual light fluids, large particles, or high flow rates occur [18].
The last regime occurs very rare in the flow of oil flow in pipes
and disregarded in this work.

Although the proposed dimensionless transport coefficients
are valid only for one deposition regime, deposition across the
entire range of dimensionless stopping time can be predicted
by a simple combination of the corresponding equations. The
equations can be applied to vertical surfaces across all depo-
sition regimes when configured in the following manner
[17,28]:

Kt — K{; Diffusional regime (r;; < 0.1)
“ Ky + K Diffusion — Inertia regime (0‘1 <th< 10)
(14)

Where K is the dimensionless total transport coefficient.
Dimensionless total transport coefficient can be converted to
total transport coefficient to be used in Eq. (1) as below:

f
Kit = 1<§vavg\/% (15)

2.2. Sticking process

Once the asphaltene particles reach the wall, a fraction of
them sticks to the wall. This fraction can be defined as the fol-
lows: [29].

O(adhesive bond between particle and surface
average shear stress on particle at surface

SP = SPOFﬂ (16)
Fdrag
One can find from Eq. (16) that when SP = 1, the deposition
rate is limited by total transport coefficient and mass transfer
controls the process. In this case, all particles arriving at the wall
adhere to it.

The adhesion force generally obeys Arrhenius expression and
can be written as: [30].

E
l:adhesive = Fae™s (17)

Where F, is constant, E, is activation energy and Ts is surface
temperature. On the other hand, the drag force on the particle is
given by:

2

pV:
l:drag = AP%Cd (18)
Therefore, by substituting equations in sticking probability

equation:

_Ea
SP — SpOZFL”{;S (19)
CdAPpVavg
Which can be written as:

Ea

e ®is
SP = K4 > (20)

avg

Jamialahmadi et al. [31] conducted experiments on depo-
sition of asphaltene particles from oil and by curve fitting
found that 65.3 kj/mole and 9.76 x 108 best fit respectively for
Ea; and Kjy. Likewise, the same values for E, and Ky are used in
this work to incorporate the sticking probability in the depo-
sition model.

2.3. Particle concentration gradient

(Cp — Cs) is the mass transfer concentration drop which
provides the driving force between solution bulk and solid—fluid
interface. C, is the average bulk particle concentration. In the
system of containing oil and solid phase, the average bulk par-
ticle concentration is predicted through a thermodynamic
equilibrium between oil and solid phase. Cs is the surface particle
concentration and known as a lower boundary condition. This
boundary is regarded as a zero concentration at the pipe wall at
most of the practical use.

3. Results and discussions
3.1. Validation of the presented model

A realistic verification of the asphaltene deposition model
requires reliable information about thermodynamic and
physical properties of the oil for an efficient thermodynamic
characterization. A reliable description of the operating con-
ditions, such as flow rate, length, and diameter of the wellbore,
temperature and pressure variation inside the wellbore, are
also required. Most importantly, the deposit thickness mea-
surements should be available to test predictive capability of
the deposition model. Unfortunately, review of the data
available in the literature revealed that it is too difficult to find
an oil field with all this data measured [32]. In the absence of
this data, an engineering asphaltene deposition model was
compared with experimental data obtained in the lab to verify
the accuracy of the model. In this paper, this approach was
used to test the performance of the proposed model. Com-
parison of the proposed deposition model predictions with
two different published experimental data is presented in the
following discussion.
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Table 1
Characteristics of particles [30].

Particle properties Aitken Droplets of Droplets of Polystyrene
nuclei  tri-cresyl tri-cresyl spheres
phosphate  phosphate
Diameter (pum) 0.17 0.65 1.1 5
Brownian diffusivity 280 45 24 5
(wm?/s)

Stopping distance (um) 0.17 1.8 4.4 80
Stopping time (us) 0.17 1.8 4.4 80

(Transverse velocity
considered 1m/s)

Table 2

Parameters for asphaltene deposition experiment from the literature [31].
Input parameters Values
Inside diameter of pipe, cm 0.0238
Flow velocity, m/s 0.35-2
0il density, kg/m? 867
Qil viscosity, kg/m.s 0.0012
Asphaltene Concentration, kg/m> 35
Asphaltene particle size, pm 0.5
Asphaltene density, kg/m> 1100
Bulk Temperature, °C 85
Surface Temperature, °C 120

3.1.1. Aerosol deposition experiment

In the first experiment, Wells and Chamberlain [30] carried
out laboratory tests to investigate the Aiteken nucli, try-creysel
phosphate, and polysterlyne particles deposition from the
airstream onto a smooth vertical surface. These particles were
tagged with radioactive material and a number of deposited
particles were measured from surface activity at the end of the
experiment. Characteristics of particles used in their studies are
given in Table 1.

Aerosol deposition tests were performed in the three flow
regimes. Reynolds number, friction velocity and fluid velocity
of each flow regime can be found here [30]. In addition, the
experimental setup was appropriately designed to guarantee
that all particles that reached pipe wall were kept attached.
Therefore, sticking probability is considered to be equal to
one.

Predicted particle deposition velocities (K;) vs. the experi-
mental particle velocities extracted from the Well and Cham-
berlain [30] tests are shown in Fig. 1. Because of a wide range of
particle deposition velocities, the axes are logarithmic. A
regression plot of experimentally measured particle deposition
velocities and model predictions reveals that satisfactory
agreement exists between the model predictions and experi-
mental data. Although, deviations are significant in the high
particle deposition velocity. These deviations can be attributed to
the difference between asphaltene and aerosol deposition,
especially because of the medium in which the particles are
dispersed (liquid and gas, respectively). This difference was
studied in details by Paes et al. [18]. To eliminate these differ-
ences and performing the more realistic comparison, experi-
mental results of asphaltene particle deposition from the
turbulent crude oil was selected to evaluate the model perfor-
mance, as described in the next section.

5.1
46 @ Exp.Data
. Linear Fit
S41E .
>O

Experimental particle deposition

U SR SR T AN T T ST N N TN T T T N T ST S T | 1 1
16 2.1 2.6 3.1 3.6 4.1 4.6 5.1
Predicted particle deposition
Velocity(-log;oVgep)

Fig. 1. Predicted versus measured deposition velocity for aerosol particle
deposition.

3.1.2. Asphaltene deposition experiment

Jamialahmadi, Soltani [31] conducted experiments for mea-
surement of asphaltene particle deposition from oil stream at
different velocities and pipe surface temperatures. In these tests,
scaling model was used for asphaltene concentration calcula-
tions and mass of the deposited asphaltene was calculated by
measurement of heat transfer coefficient and thermal resistance
of deposited layer of asphaltene. In the experiments, the authors
used dp, = 0.5pm for average asphaltene particle diameter size as
a constant value during all the tests. Table 2 shows physical
properties of investigated oil and operating parameters of labo-
ratory tests.

Also, since in liquid (oil) flow, both deposition and adhesion of
asphaltene particles to the surface should be considered, as it
explained in the sticking process, sticking probability of depo-
sition is predicted by using Eq. (20). A plot of experimentally
measured asphaltene deposition rates and model forecasts at
four Reynolds numbers is illustrated in Fig. 2.

Comparison of experimental data and model predictions of
asphaltene deposition rate at different pipe surface temperatures
is also shown in Fig. 3.

The plot of simulated and experimentally obtained asphal-
tene deposition rates at both figures illustrates that model pre-
dictions accord well with experimental data. Values of average
absolute deviation (AAD), root mean squared error (RMSE) and
coefficient of determination (R?) as shown in Table 3, were also
calculated to observe the model performance in both experi-
ments. The obtained average deviation between model pre-
dictions and experimental data can be attributed to many
reasons. Among them, the lack of reporting the average precip-
itated asphaltene particles at the different operational condition
and also using the indirect method for obtaining the rate of
deposition may be possible reasons for the mentioned
difference.

Q —e— Exp.Data

—— Model Predictions

kg/m?2.s(10°6)

N WA
T

Asphaltene Deposition Rate

0 E PR TR SRR T [N SR TR SN TN NN T S SN SN AN SO ST SHNNT SR [ SO S S S N SO S S
0 5000 10000 15000 20000 25000 30000
Reynolds Number,Re

Fig. 2. Comparison of deposition model forecast with experimental data set at
different Reynolds numbers.
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Fig. 3. Comparison of deposition model forecast with experimental data at
different Surface Temperatures.

Table 3
Statistical and regression parameters of the developed deposition model for
asphaltene deposition.

Parameter Constant surface Constant flow
temperature experiment velocity experiment

AAD (%) 8.53 10.04

R? 0.97 0.83

RMSE 045 03

Table 4

A base case parameters used in the parametric study.
Parameters Value
0il density 900 kg/m>
Asphaltene particle density 1100 kg/m>
Asphaltene concentration in oil 3.5 kg/m>
Qil viscosity 2cp
Pipe diameter 1.5 inch
Bulk temperature 85°C
Surface temperature 120 °C

3.2. Sensitivity analysis

The validated asphaltene deposition model comprises some
parameters that control the deposition of asphaltene. The focus
of the work in this section is to better understand the parameters
affecting the rate of asphaltene deposition during turbulent oil
flow. The parameters considered are the (average) asphaltene
particle size (dp), flow velocity (V) and oil viscosity (). To do this
study, a hypothetic base case was proposed to mimic turbulent
asphaltenic oil flow along the pipe. Table 4 shows parameters of
this base case used in this section.

In Fig. 4 we examine the effect of asphaltene particle diameter
(dp) on the asphaltene deposition rate (m) considering four
average oil velocities. Here, m is defined in Eq. (1). In this figure,
for the low flow velocities of 0.75 and 1 m/s and in particle size
range of 0.5—15 pm, the diffusional regime is the dominant
mechanism for particle deposition. In this regime, the transport
coefficient defined in Eq. (7) is inversely proportional to the size
of the transported solids. Hence, the asphaltene deposition rate
decreases with increasing particle size. However, increasing
asphaltene particle size and oil velocity increases 7 so that
particle inertia gains importance. At 3 and 5 m/s velocities, the
deposition rates reach a minimum, where both the diffusion and
inertia effects are small and characterize the transition state from
the diffusional regime to diffusion-inertia regime. Beyond this

—— Vavg=0.75m/s
o) ---- Vavg=1m/s
cw - Vavg=3m/s
c £ Vavg=5m/s
o o
= X
29
a2
o =
O Ao0fF TSSO e

1 | I R |

45 65 85 105 125 145 165
Particle Diameter(pm)

Fig. 4. Effect of particle size on the asphaltene deposition rate at various flow
velocity.

minimum value, asphaltene deposition rate is in “ diffusion-
inertia regime” and increases with increasing particle size.

Fig. 5 shows the impact of oil flow velocity upon asphaltene
deposition rate. The rate of asphaltene deposition decreases as
oil velocity is increased. This result means that the sticking
probability of particles reaching the surface decrease with
increasing flow velocity. In fact, increasing the oil velocity causes
more drag force on wall's inner surface, consequently, particles
tend to transport away from the surface.

Fig. 6 presents the impact of oil viscosity on asphaltene
deposition rate. Four oil viscosities ranging from 1.2 cp to 2.5 cp
were investigated and asphaltene particle size was considered as
0.5 um. The figure shows that at a velocity of 0.7 m/s, the changes
of about +65% in oil viscosity reduced asphaltene deposition rate
as 40%. A possible explanation for this is that both diffusional and
inertial mechanisms are inversely proportional to oil viscosity as
it can be seen in Eq. (7) and Eq. (9). As a result, it can be

0.75+

Q \
T
x @

£ L
.EE’ 0.50
= X
A T T
22 o02sf o
B b i st sossssstasins

L I 1 1 1 L

0
5000 15000 25000 35000 45000 55000 65000 75000
Reynold Number(Re)

=2m/s

—— V=Tm/s - = Vay

Ve =10mis

Fig. 5. Effect of change in flow velocity on asphaltene deposition rate at various
Reynolds numbers.
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O —
[m]
17} AP B SPNIPRN Nssiiar nibl =
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Fig. 6. Impact of the change in oil viscosity on deposition rate at various velocities.
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concluded that lighter petroleum fluid is more prone to asphal-
tene deposition problem.

4. Conclusion

In this study, a mechanistic model was proposed taking into
accounts the effective mechanisms of asphaltene deposition
from the oil in the pipeline. Applicability of the model was
examined through the comparing the predicted asphaltene
deposition rates with experimental data of Well and Chamber-
lain [30] and Jamialahmadi et al. [31], for aerosol and asphaltene
particle deposition. The assumption made in developing such
model was that asphaltene deposition phenomenon is a com-
bination of precipitation of asphaltene particles and mass
transfer of solid particles during oil flow. Deviations ranging from
8.53 to 10.03% were observed which proved that the model is
capable of being used in predicting asphaltene deposition rate in
the field cases. Observed discrepancies between model pre-
dictions and experimental data can be attributed to many factors
and assumptions used in describing the model. Incorporating the
asphaltene particle size distribution into the developed model
may result in better prediction of deposition rate as compared to
assuming homogeneous asphaltene particle size.

The presented model can be implanted in commercial soft-
ware that can allow software users to dynamically monitor
multiple wells in a field for flow assurance problem.

Nomenclature

Ap Crozss—sectional area of particles in the flow direction,
(m?)

Cp Average bulk particle concentration, (kg/m?)

Cq Drag Coefficient

Cs Average surface particle concentration, (kg/m?>)

dp Particle diameter, (m)

E. Activation energy, (Kj)

f Fanning friction factor

Kq Frequency factor, (m?/s?)

Kit Total transport coefficient, (m/s)

m Mass deposition flux, (kg/s.m?)

SP Sticking probability

Sp Stopping distance, (m)

T Temperature, (°K)

Tp Relaxation time, (s)

Vavg Average fluid velocity, (m/s)

Vp Particle velocity, (m/s)

v Kinematic viscosity, (m?/s)

n Dynamic viscosity, (kg/m.s)

Pp Particle density, (kg/m?)

p Fluid Density, (kg/m?®)
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