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Abstract. Wax deposition is one of the mayor critical operational problems in crude oil carrying pipelines operating in
cold environments. Therefore, accurate prediction of the wax deposition is crucial for the efficient design of subsea
lines. Numerical results of the wax deposition rate of multiphase flows are presented. Different flow regimes, such as
intermittent, bubbly and stratified are considered. The influence of the superficial velocities and pipeline inclination
are also addressed. The flow field is determined by applying the Drift flux model, coupled with a black oil model. The
wax deposition is modeled based on a molecular diffusion model, governed by Fick’s law. The conservation equations
are solved by a coupled and robust numerical scheme. A very good agreement was obtained when comparing with
experimental results available in the literature and with the prediction of commercial software.
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1. INTRODUCTION

Deposition of heavy paraffin molecules in the inner walls of pipelines is a relevant problem for the petroleum
industry due to the potential capital losses that it imposes to the operators. Indeed, paraffin deposition, also termed wax
deposition, may lead to loss of production, increased pumping power, elevated remediation costs and even loss of
pipelines due to its total blockage. It is for that reason that there is a significant amount of publications with attempts to
model this phenomenon. Most operators use simulation tools to predict the rate of wax deposition in pipelines. These
models are employed in the design stages of the oil fields where the knowledge of the likelihood of occurrence of wax
deposition is fundamental information that will influence the characteristics of the pipelines to be specified and, at the
end, the cost of the future installation. Due to the complexity of the phenomena controlling wax deposition, simulation
models make use of empirical constants and correction factors that tune the model to a particular field data set. The
presence of more than one phase adds more complexity to the flow modeling.

Wax deposition is critical in offshore deep water production facilities where the flowlines are exposed to the cold
ocean temperatures that prevail at elevated water depths. The warm oil exiting at approximately 60°C from the well
head looses heat to the surrounding environment at, typically, 4°C as it flows to the production platforms. If the crude
oil temperature falls below the Wax Appearance Temperature (Twat), the wax may precipitate and deposit along the
inner walls of the pipeline.

Most works found in the literature are for single phase flow and molecular diffusion has been used as the wax
deposition mechanism in the vast majority of them (Brown et al, 1993; Correra et al, 2007; Fusi, 2003, Romero et al,
2006; Hoffmann & Amundsen, 2010). A few works investigated the problem in the presence of a multiphase flow.
Matzain (1999) and Matzain et al. (2002) conducted an experimental study to determine the wax deposit for different
superficial velocities of an oil and gas flow. Lindeloff e Krejbjerg (2002) investigated the changes in the chemical
composition of the paraffin, and applied the molecular diffusion and shear dispersion models to evaluate the deposition
mechanism in a multiphase flow. Their predictions were compared with the experimental data of Ryggs et al (1998).
Bordalo and Oliveira (2007) conducted an experimental investigation of the wax deposition in a oil/water flow for
several flow patterns. Couto et al.(2008) studied different oil/water concentration in a emulsion, with different salinities,
and concluded that the presence of salt does not change the deposition rate, but the water reduces it. Benallal et al
(2008) analyzed the wax deposition in petrol flow in a pipeline considering the oil as a viscoplastic fluid. Recently,
Zhang (2011) investigated the impact of emulsion in the wax deposition rate.

At the present work, different multiphase flow pattern regimes are numerically predicted with a diffusion model.
The same fluid and geometric configuration employed in the experiments of Matzain (1999) were considered. The
solution was obtained with a Drift Flux Model. The results were compared with the experimental results of Matzain
(1999) and with the prediction obtained with the commercial software OLGA 5.3 (Scandpower).

2. MATHEMATICAL MODEL

The mathematical model selected is based on the Drift Flux technique (Wallis, 1969) and back-oil model (Beggs e
Brill; 1975) to characterize the flow. The governing mass conservation equation for each phase can be written as
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The subscripts g and ¢ correspond to the gas and liquid phases. The axial coordinate is x, p and « are the density and
volumetric fraction, v is the velocity. The volume fraction « respects the following restriction: og +a,= 1. Mg is the

interfacial mass flux, determined by the black oil model. Combining these equations, the conservation of mass of the
mixture is

“en) , Aonim) g @
X

where m refers to the mixture. The density and velocity of the mixture are
pm =(agpg +arpr) and vp = (agpgVg +arpVe) ! Pm 3
The mixture momentum equation is
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where the pipeline inclination is g, and g is the gravity acceleration. J is the drift flux, defined as
ag Pq P .
J :_gg_évéj where Vg =Vyriit +(Co 1) | ®)
¢ Pm

Varite and C, are empirical constants which depend on the flow pattern (Table 1). j = vy + vy is the total volumetric

flux, and vgg = o Vg and v, = o, v, are the gas and liquid superficial velocities. The velocities of each phase can be
obtained from

Vg =Vm + (o0 /! pm) Vg ; Vo =Vm —lag I1-ag)l(pg | Pm) Vgj (6)

The shear stress is 7y = f p| V| Vm / 8, Sy, is the wetted perimeter and A is the pipe cross section area. The friction
factor f is based on the mixture Reynolds number Ren=pn Vim D/, where D is the pipe diameter and :ygg y/“‘ .

For a vertical pipe, it can be defined as
f =1.14-2.0log[(/Dp) +9.34/(Rem £ )] ; f ={L.14—2.0log[(s/Dp) +21.25/Re% 12} 7

and for a horizontal or slightly horizontal pipe
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Table 1: Distribution parameter C, and Drift velocity, Vi

C, Varitt

slug vertical 1.2 Verift =0.35 (g D (p - pyg )/p()l/z

Zlnugsrtlgtiizf(i):;al orinclined | 105, 015sin2 8 if Fr<35 | 0.35/gDcosf+0.54 gD if Fr<35
12 if Fr>35 | 0.35,/gDcosp if Fr>35
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bubble vertical 1.2
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The mixture energy equation is
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where u is the internal energy, U is the global heat transfer coefficient, T and T, are the mixture and external
temperatures. For incompressible (and quasi incompressible) and ideal gas, the internal energy depends only on the

temperature and specific heat ¢, (dug = ¢4 dT; du, = c,, dT ), where the mixture internal energy is duy, = [(og oy Ug +

a, p,u)] The global heat transfer coefficient depends on the thermal conduction resistance of the pipe wall and solid
wax, and external and internal convective heat transfer coefficient.

Urm:l/[ 1, 1 +In(rexlrin)+ln(rin/ri)} 10)
hi i he Fex Ks Kwax

where ks and k.« are the thermal conductivity of the pipe wall and solid wax. re, and ri, are the external and internal
pipe wall radius, and r; is the inner wax radius. h, and h; are the external and internal heat transfer coefficient. The inner
heat transfer coefficient depends on the flow pattern (Table 2) and in the liquid Reynolds and Prandtl numbers

Reg, = 2 Vs 1(21) pr, = £4Ps (11)
Hy ke
Table 2: Internal Heat transfer coefficient and liquid Nusselt number, Nu,= h, 2 ri/k,
hi/ h, Nu=h,2 ri/k,
slug vertical (W)—o.9 0.023 Re(s)'gs Pr?'33
slug horizontal or inclined 1 . 1/45.1
J K Tk 125 (vsg /v )8 (ug 1 1)*® Rel/ 4 prl/3
stratified ko /'km 0.023 Reg.gs Pf?'33
bubble vertical (W)—o.ss 0.0155Re2é83 PI’?'5

The growth of the deposited layer was accounted for by a molecular diffusion mechanism, as suggested by Burger
et al. (1981). In this model, the deposition only occurs when Tiy < Tyar and the diffusion flux of wax toward the cold
wall is estimated by Fick’s law of diffusion,

O Muax 6w) Myax = Pwax (1—¢) Ag dx (12)
i
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where Dyay is the molecular diffusion coefficient of the liquid wax in the solvent oil, wis the concentration (or volume
fraction of wax in the solution), my iS the wax mass deposited in the length dx, o.x is the solid wax density,
Ay =r riﬁ - ri2 is the deposit cross section area and ¢ is the porosity of the oil-filled wax deposit, and it is given by

the ratio of the liquid mass inside the deposit by the total mass of the deposit. The deposit thickness is d = ri, — ;. The

concentration gradient of  (or volume fraction of wax in the solution) at the interface, in Eqg. (11) was approximated by

the product of the wax solubility coefficient 64 /6T by the interface temperature gradient, which can be determined

from the heat flux loss g, through the pipeline wall. Thus,
a_wj zaﬁﬂ] __0@ 9 0o U(T-T,) 13)
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Matzain (1999) suggested to include two correction parameters into this equation. The first one C; is to account for
any additional deposition mechanism that could increase the deposit thickness. The second one is to account for the

reduction of deposit by shear stripping, 7o =Co Re§3 , Where Re; = pn v, 6/ u, for the bubbly and intermittent flows

and Re; = p, v, 5/ p, for the stratified flow. Matzain recommend values for the empirical constants are: C, =15;
C,=0.055and C;=0.14.

Substituting Eqg. (13) into Eqg. (12) and using the empirical variables suggested by Matzain, the deposit cross
section area can be obtained from

dt Puwax (1=9) (L+72) or Km
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Matzain (1999) also suggested to determine the porosity as a function of the Reynolds number and to reduced the
solid wax thermal conductivity due to the presence of oil inside the deposit porous

¢=1-W8)RIM® | Re,=py v/ 1(2%) 1 and  kyax /K, =1.83-0.82 ¢ (15)

The conservation equations were discretized by the Finite Volume Method. A staggered mesh was employed, with
the velocities stores at the control volume faces and all other variables at the central point. The interpolation scheme
upwind and the implicit Euler scheme were selected to evaluate the space and time derivates, respectively. To handle
the nonlinearities, the solution was obtained with Newton’s method.

3. ANALYSIS

The same geometry as employed in Matzain (1999) experiments was considered. A 7 m long duct with inner
diameter D = 2 rj, = 2 in, wall thickness (re-rin) equal to 0.003 m, roughness ¢=0.02 mm and pipe thermal conductivity
ks=17.3 W/(mK). The same oil used in the experiments was also considered, with API=35, with wax appearance
temperature Twar = 51 °C. The gas relative density was 0.7. The fluid was characterized with the commercial code
PVTSIM 18 (Casep). The solubility curve was adjusted to fit the data obtained and the diffusion coefficient was
determined by
114

1.y M
Ho o102 g791 ; vp=—C0  (16)

0.71 >
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The molecular diffusion coefficient @, was obtained from Hayduk & Minhas correlation as a function of
temperature and it was ~ 5.1 10 m%s.

For all cases investigated here the inlet pressure and temperature were set as P;,= 24.14 bar and T;,= 40.6 oc, while
the exterior temperature was Te = 15. 6 °C. The liquid and gas superficial velocities and the corresponding flow pattern
for each case are shown in Table 3. The results predicted with the present formulation were compared with
experimental data of Matzain (1999), who only presented two types of results: (i) the time variation of the deposit
thickness at the extremity of the pipe (ii) spatial distribution of the deposit after 24 hours from the begging of test. A
comparison was also realized with the results obtained with the commercial code OLGA 5.3 (Scandpowver).

Table 3: Cases

Case | v, (mfs) | Vsg(MIs) Pattern '”C“?g;;g Qngm
1 1.219 0.305 Intermittent 0
2 1.219 1.524 Intermittent 0
3 1.219 4.572 Intermittent 0
4 0.305 1.219 Intermittent 5
5 0.609 0.914 Intermittent 90
6 1.219 0.152 Bubble 90
7 0.061 0.305 Stratified 0

3.1. Horizontal Intermittent Pattern

The first three cases correspond to the intermittent regime. All have the same liquid superficial velocity and an
increasing gas superficial velocity. Figure 1 presents the time evolution of the deposit at x = 7 m. For all three cases,
excellent agreement can be seen between the present results and measured data of Matzain, with a slight deviation as
time increases. A better agreement was obtained with the present formulation than with the software OLGA, although
the results are quite close. The OLGA values for the deposit were consistently inferior to the present data.

A comparison of the deposit thickness at x= 7m after 24 hours of the cooling experiment is shown in Table 4. The
deviations between both numerical prediction and the experimental data are within 10%.

The deposit spatial distribution for the three cases after 24 hours of cooling can be seen in Fig. 2. Both numerical
schemes predicted a practically uniform spatial deposit distribution. The experimental data shows that as one moves from
Case 1 to Case 3, the gas superficial velocity increases resulting on an increase of the deposit thickness from L/2 to the end
of the channel. This deposit thickness variation was not predicted by the numerical solutions, and it was superestimated
near the entrance. Analyzing the results in Fig. 2, and Table 4, it can be seen that the gas superficial velocity does not
influence the deposition rate, since approximately the same deposit thickness was obtain for the three cases.
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Table 4: Deposit thickness at the pipe extremity after 24 hours

Case | Coordinate Matzain (1999) | Present | Error % | OLGA | Error %
1 5.9-6.0 0.56 0.60 71 0.50 11
2 7.0 0.54 0.60 11 0.56 3.7
3 7.0 0.57 0.58 18 0.53 7.0
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Figure 1 — Time evolution of the deposit thickness at x= 7m. Horizontal intermittent pattern. Cases 1, 2 and 3
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Figure 2 — Spatial deposit thickness distribution after 24 hours. Horizontal intermittent pattern. Cases 1, 2 and 3

3.2. Inclined and Vertical Intermittent Pattern

The influence of the pipeline inclination can be appreciated by examining the prediction of Cases 4 and 5, which
correspond to the intermittent regime in a slightly inclined pipe and a vertical pipe, respectively. The deposit thickness
variation with time at the extremity of the pipe is shown in Fig. 3a for both cases and its spatial variation after 24 hr in

Fig. 3b.

Examining Fig. 3a, it can be seen that both numerical solutions predicted similar results for both cases, with OLGA
results systematically smaller. For the slightly inclined case (Case 4), the numerical prediction super-estimated the
deposit thickness during most of the transient process, but after 24 hr, the results agreed. However, very good
agreement was obtained between numerical and experimental data for the vertical case (Case 5), with a small
underprediction of both numerical models. Once again, the numerical models were not able to predict the increase on
the deposit along the pipeline and presented an approximately uniform deposit thickness distribution as can be seen in
Fig. 3b, for both cases. Comparing the results for these cases with the horizontal case, it is possible to note a substantial
increase in the deposit thickness, what can be related to the liquid superficial velocity, which is much higher for the
horizontal cases. Slower flow exchange heat with the cold external ambient during a longer period of time, resulting in
lower temperatures. As a consequence of the lower temperature, more paraffin precipitation occurs.
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(a) Time evolution of the deposit thickness at x =7 m (b) Spatial distribution of the deposit thickness after 24 hr
Figure 3 —Intermittent pattern. Case 4: 0=2°, Case 5: 6=90°
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3.3. Vertical Bubble Pattern

Figure 4 presents the results for Case 6, which corresponds to a vertical pipe with the bubble pattern flow. Once
again, a very good agreement was obtained between experimental and numerical results for both temporal and spatial
deposit distribution along the pipe. As shown in the previous cases, the OLGA prediction was slightly inferior to the
one obtained with present model. The results obtained for this case reinforce the observation that the liquid superficial
velocity is a fundamental parameter in the determination of the deposit thickness, since in spite of the different flow
pattern and inclination than Cases 1, 2 and 3 (which are horizontal and intermittent), it has the same liquid superficial
velocity and a very similar deposit thickness was obtained.
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(a) Time evolution of the deposit thickness at x =7 m (b) Spatial distribution of the deposit thickness after 24 hr

Figure 4 —Bubble pattern. Case 6

3.4. Stratified Pattern

The stratified case was obtained with liquid and gas superficial velocities equal to v5,=0.061 m/s and v4=0.305 m/s.
With this case, Matzain (1999) mentioned that he had difficult to measure the deposit thickness. It was informed that in
a stratified flow, the deposit is concentrated at the lower part of the pipe, and that with a depth probe the deposit
thickness was measured at the pipe exit after 24hr from the beginning of the experiment as equal to 2 mm. The time
variation of the deposit thickness at the pipe exit is shown in Fig. 5. The results obtained with the present methodology
and obtained with the OLGA software presented a reasonable agreement. Similarly as seen in the other cases, the
deposition rate is larger at the beginning of the process. As the time passes, the deposition rate diminishes and an
asymptotic deposit thickness near 1 mm is obtained. Since the numerical models are 1D, the deposit thickness is
considered uniform along the periphery of the pipe. If the same amount of mass was distributed only at the inferior part
of the pipe, a twice as large thickness value would be obtained, with a reasonable agreement with the measured data.

— Present
- -0LGA

0Q 5 10 15 2 5
t (hr)

Figure 5 —Time evolution of the deposit thickness at x = 7 m, of Case 7: stratified
3.5. Influence of water

Once the results obtained with the present methodology agreed well with the measured data of Matzain (1999), the
influence of water faction in the deposition process was investigated. Case 2 (horizontal intermittent) was selected, and
the water volume fraction injected at the entrance of the pipeline varied from zero to 60%.

Figure 6 shows the time evolution of the deposit thickness at x =7 m. where it can be seen that an increase in the
amount of water in the flow reduces the deposit thickness. This result could be expected, since the dissolved paraffin is
encountered at the liquid phase, so, if water is added to the flow, the oil fraction is reduced. Since the deposition rate is
proportional to oil fraction in the flow, smaller amount of oil will be available to produce solid wax.
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Figure 6 —Influence of water fraction on the time evolution of the deposit thickness at x = 7 m.
Case 2: intermittent horizontal

3.6. Porosity distribution

As shown in Eqg. (15), the wax paraffin deposit porosity is a function of the Reynols number. Table 5 presents the
porosity values obtained with the present methodology and compares with the OLGA prediction and Matzain (1999)
experimental data, after 24 hr from the begging of the experiment at the extremity of the pipeline. It can be seen a
reasonable agreement between the experimental and numerical results. Due to the direct relation between the porosity
and Reynolds number, it decreases when the Reynolds number increases. Case 7, corresponding to the stratified flow,
presented the largest porosity due to the smallest liquid superficial velocity. Cases 1, 2 and 3 presented the same liquid
superficial velocity, and as a consequence, the porosity is almost the same. One interesting observations is that an
increase in the gas superficial velocity, while maintaining the same liquid superficial velocity leads to a reduction of the
porosity, independently of the flow pattern. This result indicates that for same deposit thickness, since the porosity
decreases with the gas superficial velocity, the amount of paraffin at the deposit is larger.

Analyzing the data in Table 5, it can be noted that the measured porosity is always larger than the numerically
predicted values. It can also be noted that the methodology developed in this work presented a better agreement with the
experimental data than OLGA results.

Table 5: Porosity

Casos | Matzain (%) | Present (%) error (%) OLGA (%) error (%)
1 53.0 49.0 7.6% 45.0 15.1%
2 56.8 45.0 20.8% 41.0 27.8%
3 50.3 41.0 18.5% 40.0 20.5%
4 63.3 53.0 16.3% 50.0 21.0%
5 57.9 51.0 11.9% 47.0 18.8%
6 54.5 49.0 10.1% 44.0 19.3%
7 82.1 66.0 19.6% 64.0 22.1%

4. FINAL REMARKS

At the present work, wax paraffin deposition was numerically determined with the molecular diffusion model for
several flow patterns. The multiphase flow behavior was determined with the Drift Model. The deposit thickness was
compared with the results of the commercial code OLGA 5.3 (Scandpower) and with experimental data obtained by
Matzain (1999).

The methodology developed here presented a reasonable agreement with OLGA prediction, but in all cases the
deposit thickness was slightly larger. It can also be said that the agreement with the experimental data was a little better.
However, neither model was able to accurately predict the spatial deposit thickness distribution, overestimating it near
the entrance.

The liquid superficial velocity plays a significant hole in the deposition rate, increasing the deposit thickness as the
liquid superficial velocities decreases. It also directly affects the deposit porosity. Less deposit is also obtained if the
water volume fraction increases. Finally, it was observed that increasing the gas superficial velocity while maintaining
the same liquid velocity leads to a less porous deposit, therefore, even if its thickness is the same, more solid wax is
trapped in the deposit.
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