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ABSTRACT

A compositional flow model for predicting wax deposition
in oil pipelines is presented. Sample calculations as a function
of time have been obtained by a numerical solution to the two-
dimensional heat and momentum equations, the laws of diffusion
and a multisolid-wax thermodynamic model. Results show tem-
perature, radial mass flux and wax deposition profiles as a function
of time and position in the pipeline. Details of the numerical impe-
mentation of this model are described.
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NOTATIONS

<

max  Maximum axial velocity (m/s)

thermal conductivity of the mixture (W/m.K)
average density of the mixture (Kg/m?)
specific heat capacity of the mixture (J/Kg.K)
inner radius of the clean tube (m)

distance from pipe inlet (m)

tube inlet temperature (K)

constant ambient temperature (K)

reference temperature (K)

heat-transfer coefficient (W/m?2.K)

heat source (J/s.m?)

diffusion constant (m?/s)

dimensionless weight function

parameter in diffusion constant model (N)
viscosity (P.s)

weight fraction

Ls/Lx

coefficient of thermal expansion = —(1/0,)[0pm/0T] (K™")
heat of fusion (J/mol)

number of moles in liquid phase per mol of mixture
number of moles in solid phase per mol of mixture
gas constant = 8.3143 (J/mol.K)

pressure (bar)

temperarture (K)

composition

mass flux of wax for component i (Kg/s.m?)
time (h)

tube length (m)

volumetric flow rate (m3/s)

parameter in the power-law flow model
molecular weight of component i (Kg/Kmol)
Reynolds number

time dependent inner radius of the tube (m)
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INTRODUCTION

Deposition of solid organic materials in crude oil production systems is a
major problem for the development of oil fields, since the deposition of waxes
on the production wells can cause a serious economic loss due to the obstruction
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of the fluid flow systems. For this reason, the development of predictive models
for wax deposition in those fields is of significance. These models are intended to
predict the deposition of wax out of solution on the pipe walls.

Most crude oils consist of various fractions of heavy hydrocarbons which
are known to precipitate as paraffin deposits, due to either evaporation of volatile
light ends (which otherwise act as naturally occurring solvents) or to drop in the
system temperature. Accumulation of these solids in transport pipes and process
equipment is an old and expensive problem in the petroleum industry. This problem
is expected to increase in the future as existing reserves are being depleted and
offshore explorations continue to grow.

The purpose of this study is to investigate the relevant mechanisms of wax
deposition and to determine the expected composition and thickness of the deposits
in the pipeline as a function of time and position. We used a novel approach based
on a thermodynamic multisolid-phase model coupled to the transport conservation
equations, and a compositional model for predicting the viscosity of the oil (1).

LITERATURE REVIEW

Most works on crude oil transport reported in the literature use empirical
correlations to predict the pressure drop, liquid holdup temperature profiles, and
other physical parameters (2,3). Burger et al. have investigated mechanisms of
wax deposition, which occur as a result of lateral transport by diffusion, shear
dispersion and Brownian diffusion (4). Fukui and Maeda carried out direct sim-
ulations of unsteady layer solidification for an eutectic binary fiuid of lauric acid
and myristic acid, which exhibits laminar flow between two parallel walls of dif-
ferent temperatures (5). Two-dimensional differential equations for momentum,
heat, and mass transfer were solved using finite differences. The predictions were
discussed with reference to the time-changes of the shape of the solid-liquid (S-L.)
interface, the growth rate, the concentration at the S-L interface, the super-cooled
layer adjacent to the S-L interface, and the component concentration in the solid
phase. More recently, Lindeloff (6) developed a pipeline deposition mechanism in
which plug flow was assumed to simplify the problem. This profile is not affected
by the thickness of the deposited wax layer. Another assumption in this model is
that the viscosity of the fluid is independent of both temperature and concentration
of wax components, which of course are not real in practical applications.

Furthermore, there are approaches which deal with the so-called particulate
flowing systems; consisting of non-colloidally-sized fluid/solid systems, whose
solid particles are already formed in the flow and interact between themselves
with no aggregation forces (7). These pictures of liquid-solid flow do not capture
the phenomena of wax deposition, in which the solids are solely formed at the cloud
point of the solid-liquid equilibrium envelope and are transferred to the walls by
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radial diffusion. In a pioneering work, Svendsen has presented a mathematical
model of wax deposition in oil-pipeline systems which takes into account the
mechanisms mentioned above (i.e., thermodynamic equilibrium and diffusion of
the solid species) (8). In addition, the model takes into account the temperature
profile along the pipe. This approach to the problem is used in the present work.

This work presents a numerical model for predicting wax deposition phe-
nomena in crude oil pipelines. Sample calculations as a function of time for differ-
ent initial and boundary conditions (i.e., flow rate, velocity profile, feed composi-
tion and well geometry), have been obtained by a numerical solution (based on the
explicit form of the finite-difference forward method) to the two-dimensional heat
equation, the laws of diffusion for multi-component mixtures, and thermodynamic-
equilibrium expressions. The flow model described below is an extension of Svend-
sen’s model in the sense that a multi-solid thermodynamic model with solid-liquid-
vapor equilibrium is introduced (which will be described later in the paper), coupled
with the equations of motion, energy and mass transfer. In the present work, results
are presented for the simplified solid-liquid equilibrium approach.

THEORETICAL MODEL
System Description

The fluid consists of n hydrocarbon components. For multi-component sys-
tems, the composition and mole fraction of the phases are functions of pressure
and temperature. Therefore, in a compositional three phase flow system (liquid-
solid-vapor), the composition of the phases changes along the pipe (9).

Assumptions Related to Flow

Waxy oils are non-Newtonian fluids at temperatures below the WAP (wax
appearance point), and Newtonian fluids otherwise (10). Since both viscosity and
wax thickness may change along the pipeline, a turbulence contribution in the
laminar sub-layer is possible, although it is assumed to be not significant. It is also
assumed that the wax/oil boundary changes very slowly in the axial direction, so
that a quasi-state model is applicable for all rate processes concerning energy and
mass. Heat associated with frictional heating, axial thermal diffusion, and phase
transitions is supposed to be negligible compared to heat convection.

The temperature distribution 7' (r, z) is derived for a steady-state, laminar,
non-Newtonian power-law flow with velocity profile v,(r):

m+1 '
v(r) = vmx[l - (RL> ] )
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If frictional heating and axial thermal diffusion can be ignored, the energy equation
to be solved is:

aT ?T 13T ¢
”z(’)g—“(mﬁ; ?) @
where
a=—~ 3)
PmaCp

is the thermal diffusivity of the fluid with thermal conductivity & and specific heat
capacity C ), and gy is a heat source term associated with a phase transition from
the liquid to the solid state. The boundary conditions are:

T(@r,00=To 0<r<R, @.1)
TO,z)= finitez > 0 4.2)
T(R,, z) = To(2) . 4.3)
A o ARy ) - Tu(@)] 44
or k

Equation (4.4) describes the interfacial heat transfer from the pipe inner wall to
the liquid. 7,(z) is the geothermic temperature profile along the pipe. Negligible
resistance to heat conduction is assumed across the pipe wall.

Using forward finite differences, the solution of Equation (2) for the plug
flow case (i.e., m ~— oo in Equation (1)), and with g, = 0, is written in dimen-
sionless form as:

06 3% 1 00
e | —— 5
¢ (3)/2 * % 3)/) ©)
where: '
T-T, r zk
6 = y =— ¢ =—
o R PCpVimaxR

The forward finite difference formulation of the above equations is defined:

0 01 -0

30 A¢
% - 0i+l.j — ei,f (6)
dy Ay

3_2€ _Bi41,; =26+ 61
ay? (Ay)?
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Substituting Equation (6) into Equation (5) gives:

1 1
bij+1 =i + l[9i+1.j (1 + l-) =0 (2 + 'l‘) + 9i-1,j] )
where
Ad
A= ®
(Ay)?
with the following boundary conditions:
$=0 =0 O.1)
y =0 0 = finite 9.2)
6
y=1 % =-1 9.3)
ay

Furthermore, it is assumed that the radial mass flux can be expressed by the fol-
lowing form of Fick’s law:

1aT 19T
=Y Ji=-T e 10
J ZJ mpm[zijw]”r mPmOT = (10)

where the average diffusion constant is defined in a similar empirical form than
the one used by Svendsen, i.e.:

Cm = il (1n
7
The dimensionless function w = o — ¢ is expressed as:
w; T o

& = 12a
T4 YK, (12

wi[TA + 9P + y 22K,
oy = WA+ VP + v S K )

1+ YK

where the K; are the equilibrium constants which determine the solid-liquid-vapor
equilibrium of the mixture. The thermodynamics of this problem are obtained
from the multisolid approach of Lira-Galeana et al. (11). At a given temperature
level, the total precipitated wax is given by the sum of the contributions of all solid
phases that exist in equilibrium at that temperature. Lira-Galeana et al. established
that the components that precipitate are those which satisfy the following test of
thermodynamic stability

fi(P,T,z)— f(P,T)>0 (i=12,...,N) (13)

Further details on the use of the above equilibrium approach can be found else-
where (12,13; Won, 1986).
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According to Svendsen, the calculation of deposition and wax thickness is
given by:

t z
My(t,2) =Y Muit,2) =Y 2m f f RuJi dzdt (14)
i i 00

where M,,(z, t) is the total amount of deposmon at time ¢ at a given distance from
the inlet (z = 0 to z = z,). The increase in amount of deposition per unit length
of pipeline at time 7. It is possible to express 3Mw/dz at time ¢ as:

t
aM oM
o=y = Yo [ Rudyar (1)
i 0
M
3—2‘" =7(R2 — R2) puq (16)

The solid wax deposition is somewhat compressed, s0 py, > pn. Solving the
latter equation for R, one obtains:

1 aM,\?
R,,,=(R§——— '”) (17)

The corresponding wax thickness h(z, t) is calculated from h =R, — Ry.
The total deposition rate is: :

L
d dM
M wi _ZznwaJ,-dz (18)
i
0

In this work, the approach used by Werner et al. (1998) for the calculation
of petroleum fluids viscosities is employed, i.e.:

D+P 11
WP, T)= (D T Po)u(Pm T)exp [a(-T— - 70)] (19)

where « is a function of z, = In[u(P,, T,)] (P, = 1 bar; T, = 298 K), while D is
a parameter which is a function of the viscosity at the current temperature of the
mixture, _/L(P,,, T):

D[M Pa)] = exp(—0.192z) (20)

and z = Inu(P,, T).

It is necessary to point out that this approach is valid for small deposited-
layer thickness, since no consideration is given to the change in the heat transfer
coefficient as the layer increases.
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RESULTS

Let us consider amodel system with two representative crude oil components
of different molecular weight, with realistic values of well geometry and flow rate.
These are given in Table 1.

The calculation is performed from the bottom of the well up to the surface.
Given a geothermic axial temperature profile, the heat flow is transferred across
the pipe wall, so that the liquid temperature diminishes along the pipe from bottom
to surface conditions. Starting from To and Po (temperature and pressure at the
bottom of the reservoir), an initial guess of the pressure is used at each grid point
(the pressure gradient may be assumed linear). According to the flow diagram,
a local mass balance is required to check the assumed pressure. The pressure
value is updated to calculate the following temperature profile. The following
flowchart shows how the calculations are carried out throughout the geometry
(Fig. 1).

In Figure 2, the axial temperature profile of the bulk fluid and the geothermic
temperature gradient at the wall pipe, taken from field data from a typical well
located in South Mexico, are shown. Past an initial rapid growth of approximately
333 K during the first 500 m, the temperature profile of the bulk fluid is linear up to
around 4,000 m. Temperature of the fluid increases from 318 K at the inlet to 403 K
at the bottom conditions. Notice that differences between the fluid temperature and
the temperature at the wall increase for depths higher than 1000 m. These boundary
conditions are considered in the calculations shown below.

Table 1. Model Parameters and Input Information

Model Parameters

(Units) Values

Pipe radius, R, 0.15
(m)

Pipe length, L 3860.0
(m)

Volumetric flow rate, Q 500
(m3/h)

Molecular weight, P M, 222
(Kg/Kmol)

Molecular weight, PM, 580
(Kg/Kmol)

Tube inlet temperature T, 434
X)

Reynolds number, R, 57970
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Figure 1. Calculation procedure.

Figure 3 shows the radial temperature profile of the fluid and the temper-
ature gradient calculated at the mid-depth of the well. This profile is obtained
straightforwardly from the finite difference solution of Equation (7) with bound-
ary and initial conditions (9). Here plug flow is considered, and the temperature

420
410]
400
380_‘ L .

370

360
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» - Gradient temperature from Field data
—0— Inner wall temperature from theoretical data
-—— Polynomial fit to theoreticat data
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Figure 2. Temperature versus well depth for a typical south Mexican well.
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of the pipe wall in contact with the liquid is assumed to vary in the axial direc-
tion according to the geothermic gradient shown in Figure 2. The interfacial heat
transfer coefficient is constant for a Newtonian, laminar flow in a pipe. From the
axial and radial temperature profiles, the thermodynamic equilibrium calculations
are implemented at each grid point.

Figure 4 depicts the experimentally measured pressure profile along the well
from field data. Pressure increases almost linearly from around 138 bar at the inlet
conditions up to approximately 413 bar at the bottom of the well. These pressure
values are considered in the calculation of the thermodynamic equilibrium at each
axial grid point, since no radial variation of the pressure is taken into account.

The total radial mass flux and that of the components of the precipitated
solid phase are shown in Figure 5. The wall is located at 0.15 m. J; is the mass
flux of the light component (molecular weight = 222) and J; is that of the heavy
component (molecular weight = 580). Note that the magnitude of the flux of the
heavy component is almost twice that of the light component.

The radial mass flux increases substantially in regions close to the wall,
simultaneously to the change in the gradient temperature profile (Fig. 2). This
is expected, since according to Equation (10), the temperature and temperature
gradient provide the driving force for radial diffusion flux.

It is possible to obtain the mass per unit volume of wax deposited on the
pipe wall using Equation (15). Results are plotted in Figure 6, where the mass

410'0 i T T 1 1 T T T M L]
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Figure 3. Fluid temperature and gradient as a function of radial distance at z = 1895 m.
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Figure 4. Pressure gradient for a typical south Mexican well.

deposited is given as a function of time for a fixed well depth (1895 m). As shown,
the amount of heavy component dominates and the deposition rate (slope of the
curves in Fig. 6) increases for larger times. Past 80 h, the deposited amount profile
of components 1 and 2 in the mixture with distance from the inlet is plotted in
Figure 7. The wax deposition amount of the heavy component increases for larger
distances from the inlet at very high depths. Also, the thickness of the deposited
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"B 1.2x10° =,
b4
= E —o—J,
1.0x10° 4

000 002 004 006 008 010 012 014 0.16
Radial Distance r (m)

Figure 5. Radial mass flux for each component in the mixture at z = 1895 m.
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Figure 6. Deposition of each component at z = 1895 m as a function of time.

layer, calculated from Equation (17), is plotted with the well depth in Figure 8
for various times. Observe that an abrupt increase in the wall thickness occurs at
1000-1500 m from inlet. This is also noticeable in Figure 7 for the heavy com-
ponent. The sudden increase in the wall thickness is partly due to the increase in
temperature difference between the temperature of the well’s wall and that of the
liquid.
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Figure7. Deposition of each component after 80 hr of calculation as a function of position.
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Figure 8. Thickness layer distribution as a function of time.

CONCLUSIONS

Wax deposition has been predicted by amodel based on Svendsen’s approach

for a two component mixture in liquid-solid equilibrium undergoing plug flow (8).
Experimental field data of the fluid temperature and pressure along the length of
a typical inshore well, and geothermic data are considered in the radial diffusion

calcu

lations. Results show that the deposited layer contains a larger amount of

the heavier component. This is predicted as a function of time and distance from
the inlet. An extension to incorporate a non-Newtonian velocity profile with a
three-phase multi-component mixture-is currently under consideration.
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