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A multiphase (oil/gas/asphaltene/water) multicomponent hydrodynamic model is proposed to represent the
phenomenon of asphaltene deposition in producing wells. The model is based on the assumption that asphaltene
particles are thermodynamically formed at a given sgt-6f —x conditions during the flow, and both molecular
diffusion and shear removal are two competing mechanisms that define the radial diffusion and later deposition
of asphaltene particles for either turbulent or laminar flows in a well. Predictions of the model are presented
for the case of two problematic (plugged) wells from the southwest producing area of Mexico, where measured
pressure-temperature-depth production profiles related to deposits are available.

Introduction for multiphase transport of asphaltenic crudes is practically void,
and only one model can be found in the literattiré®

Asphaltene deposition in producing wells, pipes, and surface  vjost of the two-phase (gediquid) flow simulations in pipes
facilities has been an outstanding problem with wide economic 4re hased on experimental correlations for heavy hydrocarbons
impact to the oil industry. To reduce the number of operations (p|ack oils) which allow determination of the phase behavior
intended to clean the producing wells from depositions, a great 5 pressure profiles with confidence. On the other hand, for
deal of resources are dirgcted _nowadays to pr_e_dict and prevenhght oils the same correlations cannot be used. Nowadays,
both the time and extent in which such depositions may affect iphase-flow semiempirical correlations with the conserva-
a producmg a;set. tion equations are used to calculate pressure and temperature

Soklld dfeposrl]ts. callusedd by aﬁphalterkl)lles hav[gz 'e? tt?] ahgrﬁabrofiles for design of production pipéd!4
number of technical and operative problems. Due to the high- . .
pressure levels at the bottopm of sonﬁe wells and the steep a?\gle Mathematical models that describe the flow of hydrocarbons

of inclination of some directional systems, the use of real-time N PIpes can be cIaSS|f|ed Into two _categorles: Th_e so-called
tools to monitor depositions downhole presents a great difficulty. mechamstmmodels (Wh'Ch. usse experimental correlatlons) .based
In some of the cases, interference of the detection device with on :;1e| blaﬁ!‘ E'I formulatl_oﬁ an;i those nameijd_ corﬂposmona_\ll_b
the flow of hydrocarbons may induce the deposition, as it alters M09S, Which use equations of state to predict phase equilib-
the pressure drop, then destabilizes the system, causing solid/Um: > In the former, black oil stands for a homogeneous
blockage and even the loss of the tool and, in critical cases, of 19uid hydrocarbon mixture, which is in equilibrium with a gas

the entire well. Among various issues, the lack of information Phase under decreasing temperature and pressure. The two
regarding the deposition depth in producing wells is a major phases are considered as one-component systems with properties
problemt2 depending on pressure and temperature, calculated from ex-

Surface facilities such as pumps, tubes, valves, fittings, tanks,Perimental correlations. This model may be applied to heavy

and so forth can also be affected by asphaltene depositions inQilS With API density less than 20. It may also be applied to

cases where the deposition conditions are located near the wellight saturated oils if a correlation to determine the saturation
surface. pressure is availabfg.

In this regard, a predictive model for asphaltene deposition
applied to real production conditions is thus of significant _ (5) Hsu, J. J. C.; Santamaria, M. MPE Prod. Eng1994 179-192;
importance SPE No. 28480.

e , o , , (6) Hunt, J.J. Pet. Technol1962 225 1259-1267.

Modeling of the heavy organic deposition in flowing condi- (7) Majeed, A.; Bringedal, B.; Overa, ®il Gas 1 1990 18, 63-69.

tions has received special attention, especially that of wax (8) Singh, P.; Venkatesan, R.; Fogler, H. S.; NagarajanAKChE J

L 2 10 : 200Q 46, 1059-1074.
deposition in flowlines: 1% In contrast, the literature on models (9) Weingarten, J. S.: Euchner, J. 8PE Prod. Eng198§ 121-126.

(10) Ramirez-Jaramillo, E.; Lira-Galeana, C.; Manero, R&t. Sci.
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Figure 1. Pressure drop behavior as a function of oil flow rate in ar
vertical flow. 5 Solid preeipitation
Table 1. Pressure Drop Contributions during the Flow of Produced . _/’-
Hydrocarbons in an Oil Well ‘..o
productivity
index*10-9J Qo Qo % pressure drop Q\\ -1“\\
[(m3/s)/(kg/nd)] (m¥s)  (BPD) reservoir  well surface N ——
6.54 0.005 2700 36 59 5 \I‘
13.1 0.007 3700 25 69 6 -
26.2 0.008 4500 15 78 7 Qo> Pos Tor 20
26.2 0.009 4800 11 81 8

Figure 2. Solid deposition in a model pipe.

Determination of pressure drop in vertical pipes is important, the fluid is cooled and expanded as it follows its upward motion.
since by these drops the available energy of the well is The forced-convection heat-transfer process induces a change
consumed. In Table 1, the contribution to the total energy in the liquid temperature;,(t,2) is the effective pipe radius that
consumption of the pressure drop is explicitly presented. includes the deposited solids layer. The dissolved asphaltene

In Figure 1, the total pressure drop is plotted with the vertical diffuses radially by molecular diffusion. It is precipitated on
liquid flow rate. In the stable flow region, pressure drops the wall surface, and as soon as the layer is formed, it is
increase with flow rate due to friction losses, while in the subjected to external forces (shear-removal forces) due to shear
unstable flow region pressure drops increase with the reductionflow.
in flow rate. This is due to the holdup increase and hence to In the case where the oil flow is in the turbulent regime, an
the increase in pressure drop caused by an increase in densityassumption on the presence of a laminar sublayer is made. The

flow regions in this case include a turbulent core, a transition
Model for Asphaltene Deposition in a Well zone, and the laminar sublayer. In the turbulent core, heat
transport is fast and the radial variation of the temperature profile

A transport model for asphaltene deposition that incorporatess negligible. In the region next to the wall, heat conduction
a four-phase (asphalteneil —vapor-water) interacting system,  across the laminar sublayer is assumed, and hence a more
a rheological equation of state, and semiempirical correlations pronounced temperature drop occurs. In the transition zone, heat
for multiphase flow is described in the following sections. conduction and turbulent heat transport are present. Figure 3
Predictions of the model include the deposited mass profiles asshows a typical temperature profile under these condifidns.

a function of time and position. The effect of the flow regime  The wall temperature, and hence that of the laminar sublayer,
on deposition is analyzed in detail, including the change in the s always lower than the core temperature. This further supports
rheological properties as the liquid flows along the pipe. One the assumption of molecular diffusion induced by the presence
form of this model has been previously presented for a waxy- of a radial temperature gradient. The wall temperature may be
type liquid—solid flow,!° and its generalization for the three- calculated according to:

phase flow involving asphaltene deposition is presented here.

The model considers molecular diffusion of asphaltene ag- T =T Q 1)
gregates in the radial direction, neglecting any electrokinetic wall = Hiuid g A
phenomend?

Figure 2 presents the flow system schematically. A pipe whereTy,q is the mean temperature in the co@js the heat
region of dimensiong andz and lengthL contains a flowing  flux, Ais the inner surface, arfg, is the heat transfer coefficient
liquid with initial composition. The fluid is a hydrocarbon that changes according to the type of fléW:
mixture of n-components, and thus the mol fractions of the
different phases (liquid, solid, gas, and water, if present) are Ko[Dpmvs\08 Con 13(,\0-14
functions of pressure and temperature at a given pipe location Mn = 0.0265 ] \k ] Re> 20000 (2)
(see the Nomenclature section for a description of variables). b °

The pipe has an inner radius and transports a multicom-

kb D 1/3 nb 0.14
ponent hydrocarbon mixture that enters the bottom of the pipe hi, = 1.865|Re Pr- . Re<20000 (3)
at an initial pressurg,, temperaturel,, and volumetric flow o

rate Qo. The exterior temperature of the pipe and the fluid \hereD andL are the pipe diameter and length, respectively,
pressure change along the length of the pipe, and consequently

(19) Bird, R. B.; Stewart, W. E.; Lightfoot, E. Nlransport Phenomena
(18) Gonzalez, G.; Guilherme, B. M. N.; Sandra, M. S.; Elizabete, F. Wiley: New York, 1987; Ed. Reverte
L.; dos Anjos de Sousa, MEnergy Fuel2003 17, 879-886. (20) Sieder, E. N.; Tate, G. Hnd. Eng. Chem1936 28, 1429-1435.
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Figure 3. Temperature change in: (a) laminar layer, (b) transition
zone, and (c) turbulent core.

Qil flow
Figure 4. Heat transfer model in a well.

ReandPr are the Reynolds and Prandtl numbers, respectively,
C, is the heat capacity of the mixture, and andk, are the
viscosity and thermal conductivity of the mixture, respectively.
In eq 1, the total heat flux@) is a function of the global heat
transfer coefficientld), which can be expressed according to:

r r r r r
U=iiln—‘1+iln—3+iln—2+lln—l+lln—o+
Tw\Keem 3 Kea T2 Kan T Ky 1o ko1,
1\t
hinrw (4)

ri andk; are illustrated in Figure 4sis the thermal conductivity
of the solid deposit given b¥:

_ mkﬁ + koil + (kﬁ - kou)FwD, _
[2K; + Koy — 2(k5 — kop)Fyd

®)

wheref is the caloric resistance of asphaltenieg,is that of
the oil, andF, is the solids weight fraction.

Thermodynamic Model for Asphaltene Precipitation. The
thermodynamic model for asphaltene precipitation used in this

Ramirez-Jaramillo et al.

work is the one described by Buenrostro-Gdazaet al.?! in
which the oil is assumed as a structureless continuum and its
properties such as dielectric constant, density, or Hamaker
constant vary continuously in that domain. The phase equilib-
rium (oil—gas—asphaltene separation) is described by a modified
version of the statistical association fluid theory for potentials
of variable range (SAFT-VR) EO%.The solution to the phase
equilibrium/mass balance equations gives the conditions and
amount of asphaltene precipitated from the reservoir fluid at a
given set of pressure, temperature, and composition for a given
flow cell in which the production tubing is divided for analysis.

In the SAFT-VR EOS described by Buenrostro-Gdazat
al.?! the total Helmholtz free energy for associating chain
molecules is given by?24

AH AHIdeaI AHMono

N KT~ NKT | NKT

AHChain AHAssoc

TNKT

* N KT

(6)

where Ay includes all the different contributions to the free
Helmholtz energy (ideal, monomers, chain, and association),
Nn, is the number of moleculeg; is the Boltzmann constant,
andT is the temperature.

Transport Model

The constitutive equation for the fluid is the modified Casson
equation of state:

7 = 2n(I1,,wyD (7
wherer andD are the stress and the rate of deformation tensors,
respectively, andy(I1p,ws) is the viscosity as a function of the
second invariant of the rate of deformation tenddp) and the
weight fraction of the solid phase. The use of the Casson
equation of state for asphaltene solutions is one of the possible
choices among various rheological models. Oil solutions with
precipitated solids present yield stresses especially when they
have high molecular weight tails, and they present time-
dependent phenomena as the structure gradually brakes down
at high shear rates. Initially, the flow curve can be represented
by a Bingham plastic model, but as shearing proceeds, a limiting
curve is reached and can be represented by the nonlinear
Hershet-Bukley or Casson models. The latter model was chosen
because a wealth of data from complex oils is provided.

The dependence of the viscosity with shear rate and concen-
tration for multicomponent hydrocarbon mixtures has been
suggested by Pedersen and Ronning8en:

4
solid

14

’IZCI)solid
vy

wherey is the shear rate an®siq is the solid fraction;iq
corresponds to the dilute limit of the suspension viscosity (4

— 0). Parameter$s, 1,, andA; are constants to be determined
for each oil. In this work, we took the following valuési, =
37.82,4, = 83.96, andlz = 8.559 x 1(F.

Az
L3

1 = 1iiq €XPE1Psoig) + 8)

(21) Buenrostro-Gonzalez, E.; Lira-Galeana, C.; Gil-Villegas, A.; Wu,
J. AIChE J 2004 50, 2552-2570.

(22) Chapman, W. G.; Gubbins, K. E.; Jackson, G.; Radosz-Ivd
Phase Equilib.1989 52, 31-38.

(23) Chapman, W. G.; Gubbins, K. E.; Jackson, G.; Radosz|nkl.
Eng. Chem. Red.99Q 29, 1709-1721.

(24) Wu, J.; Prausnitz, J. M.; Firoozabadi, AIChE J 1998 44, 1188-
1199.

(25) Pedersen, K. S.; Ronningsen, HERergy Fuel200Q 14, 43-51.



Modeling Asphaltene Deposition in Production Pipelines Energy & Fuels, Vol. 20, No. 3, 2087

Table 2. Classification of Correlations Used

application
category correlations range flow regime
Poettmann and Carpentér . s . .
| Baxendell and Thomag Iti)lgi(ikoﬁ” No distinction for different flow regimes.

Fancher and Browi
1] Hagedorn and Browf? light oil No distinction for different flow regimes.

(With either the original calculation

of the saturation pressure or with the

Griffith & Wallis correction forHs)

Duns and Ra%

Orkiszewskt? Bubble flow

Beggs and Briff®

(Using the Palmer’s correction fof, black oil Slug flow
1 or without correction) light oil

Dukler et al*4 gas and

(Using the Eaton or Dukler method condensate Transition flow

to calculateH,)

Murkherjee and Brift® Mist flow

Aziz, Govier, and Fogara$i

Cullender and SmitHf

The fluid pressure drop in a vertical pipe is the sum effect of ~ Many correlations have been developed for predicting two-
the energy lost friction, the change in potential energy, and the phase (gasliquid) flowing pressure gradients that differ in the
change in kinetic energy. This energy balance, which is basic manner used to calculate these three components of the total
to all pressure-drop calculations, can be generally written as: pressure gradient (eq 9). Some investigators chose to assume

that the gas and liquid phases travel at the same velocity (no

(&) . (@) " (@) " (@) ©) slip between phases) for evaluating the mixture density and
ALIT - \ALlac = \ALJe ~ \ALJs evaluate only a friction factor empirically. Others developed
methods for calculating both liquid holdup and friction factor,

which means that the total pressure gradient includes the contri-2nd some chose to divide the flow conditions into patterns or
butions of the acceleration (ac), elevation (e), and friction (f). régimes and develop separate correlations for each flow regime.
A characteristic property of multiphase flow is the The correlathns are c!a§S|f|ed according to their comple%@lty.
presence of flow regimes representing the distribution of In_TabIe 2, brief descriptions of all correlations _con5|dered for
phases inside the pipe. Various flow patterns are found this m(_)del are presented. Also, we h_ave taken into account_the
depending on pressure and temperature conditions, flow rate,eﬁeCt in the pressure drop of the fluid flow through chokes in

. X . : ; S the well surfac&’28

pipe diameter, and fluid properties. This complexity is due . . . .
to changes in composition, flow rate, physical properties of  1h€ deposition rate depends on the oil composition, fluid
each phase resulting from the pressure drop, and heat transt€mperature, and external temperature around the pipe, flow
fer with the surroundings. Most investigators who consider conditions, pipe dimensions, and pressure. In our analysis of
flow regimes define four regimes (bubble flow, slug flow, asphaltene deposition in the pipe, the region next to the w_aII,
transition flow, and mist flow) which may occur in a ver- where the bOU“daW Ie_tyer flow, heat qux_, and the rad_lal
tical pipel” These flow regimes affect the pressure gra- component of the diffusion flux are.related, is the key section
dient which itself affects the temperature, heat transfer, and of the. model,.where heat trarjsfer with constant heat flux at the
deposition process. Therefore, the flow regime is considered owall is con3|der_ed at a given pressure drop_. The r_ad|a_l
affect the deposition process in an indirect manner. Never‘[heless,temp.era.Iture gradient |ndl_Jces a radial concentration gradient in
in every flow regime, it is always possible to find a narrow the I|qU|d_ phase, assuming that the phase d|agram qu§ not
laminar layer (the viscous or heat sublayer) of fluid next to the phange with flow, which means that thermodynamlc eqwhbnum
wall. Within this layer, laminar flow allows molecular diffusion is attained faster than any flow-related time scale. Of course, if

of asphaltene aggregates in the radial direction. In the core, onthe pha_\_se_diagram can be_ modified_ by the flow, then a
the other hand, the temperature profile is assumed flat, andnonequmbrlum thermodynamics model is necessary. Undoubt-

therefore the flow regime affects the deposition process throughedlyz such an _approach IS more appropriate, .bUt. for the
the pressure gradient, which itself is a function of the flow multl_phase-muItlcompongnt quehn_g underta_ken in this analy'
regime ' sis, is the approach given in this work is a good first
The Iredissolution kinetics of deposits due to changes in the approximation. As the phase change (solids precipitation) occurs
thermal gradients with time is alsg an important fac’?or N the next to the wall, the liquid phase is depleted of dissolved solids

. . L . in this layer, inducing a concentration gradient of dissolved
analysis of deposition. In fact, the kinetics of aggregation or

d - ¢ hal h b idered | hsolids directed toward the bulk fluid. Then the dissolved solids
e-aggregation of asphaltenes has not been considered In thg,,qq fjyx is induced toward the wall. The deposition of solids

present model toa fair extent. The approach take_n here is ao ms a solids deposit that can be subjected to removal by shear
phenomenological one in which the dissolved solids change ¢,.-.¢

phase and the liquid phase is depleted of solids next to the wall.

Onc_e agaln,_the thermodynamic equilibrium is agsumed to be (26) Brill, 3. P.. Beggs, H. DTwo-Phase Flow in Pipesbth ed.:
attained at times shorter than any flow-related time scale. In yniversity of Tulsa: Tulsa, OK, 1994.

this case, the phase change occurs faster than any aggregation (27) Omana, RSPE Prod. EngPresented at the 44th Annual Fall

inati i ; i_Meeting, Denver, CO, September 1969; SPE No. 2682.
Kinetics process, and by extension, the thermodynamic condi (28) Sachdeva, R.; Schmidt, Z.; Brill, J. P.; Blais, R. 8PE Prod. Eng.

tions would control any redissolution of solids into the liquid presented at the SPE Annual Technical Conference and Exhibition, New
phase. Orleans, LA, Oct 5-8, 1986; SPE No. 15657.
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Initial values
0, T, p,z,

o ; - itj i+(j-1)
'i Assume Ap' and AL L— Ap™ =Ap <

‘ ALY = ALY

Pressure update at the end of the segment AL

p,=p £Ap

Temperature update at the end of the segment AL
(equation 28)

!

pyand Ty, calculation in the segment AL

|

Phase equilibrium calculation with
EOS @ p,,and T,

|

Physical properties calculation for the oil:
Rs, Bo, Zf, pL, pg, nL, ng, oL, VsL, Vsg and H,

¥

The wall temperature (Twall) is calculated
with equation (1)

{

Evaluation of:

v
a2

AL = AL and £
Apy dr

No Yes Calculation of solids precipitation
i i+l - N m
AL =AL > it SAIT-VR EOS @ pyyand T,

Deposited mass calculation:

M r ) Fluxes calculation: Yes No
s equation (20) | quummmm— Jypand J,

7
aM“' equation (21)
oz 1
No
o Li+] — Ll ALH]
Solid deposited layer calculation: v =L+
o | r.(tz)  equation (23) >
T\ hitz)  equation (24)
Yes S
No Update inner diameter No

Doriginal — [guess A Yes
I}u«.\‘j 2 * '-“v

Yes @

Figure 5. Computational procedure.

The molecular diffusion according to Fick's law is calcu- The removal of the deposition layer due to the shear forces
lated for each mixture component, and the total mass flow is acting on the wall surface (“shear-removal”) is a function of
the sum of the component flows &: the wall shear stress and the deposited mass. This mech-

anism, as suggested by Kern and Sedfaran be expressed as
AN n dpy follows:
Jwo =) dwo =D o =
1= 1=
n [ awyg T 90,11 9T J, = ATpMS (t — dt,2) exp(—B,/T) (11)
-D —T—+ (1 — wy)——|—— (10)
pm.; T *om 0T |T or

ConstantsA; and B; depend on the oil compositiofd, is the

. ) . . . ) ver mperature in the in T(t — dt,2) is th i
ws is the solid fraction of thé component in the solid phase. average temperature in the intentd (¢ — dt,2)is the deposited

(29) Svendsen, J. AAIChE J 1993 39, 1377-1388. (30) Kern, D. Q.; Seaton, R. Brit. Chem. Eng1959 4, 258.
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Table 3. Compositional Analysis for the Live Oil from the WA Well Table 4. Compositional Analysis for the Live Oil from the WB Well
at 155°C and 211.34 kg/cm at 155°C and 630.81 kg/cm
global global
component molecular weight  wt % mol % mol % component molecular weight  wt % mol % mol %
Co2 44.010 0.49 1.20 1.20 CO2 44.010 0.42 1.05 1.05
H2S 34.080 0.04 0.12 0.12 H2S 34.080 0.01 0.02 0.02
N2 28.013 0.18 0.70 0.70 N2 28.013 0.16 0.63 0.63
C1l 16.043 5.01 34.05 34.05 C1l 16.043 5.10 35.37 35.37
Cc2 30.070 3.09 11.21 11.21 C2 30.070 3.14 11.63 11.63
C3 44.097 2.87 7.10 7.10 C3 44.097 3.13 7.89 7.89
i-C4 58.124 0.52 0.98 0.98 i-C4 58.124 0.61 117 117
n-C4 58.124 1.69 3.17 3.17 n-C4 58.124 2.06 3.94 3.94
i-C5 72.151 0.91 1.38 1.38 i-C5 72.151 1.09 1.69 1.69
n-C5 72.151 1.41 2.13 2.13 n-C5 72.151 1.65 2.54 2.54
C6 85.000 2.08 2.67 C6 85.000 2.63 3.44
methyl-cyclo-C5 84.160 0.42 0.54 methyl-cyclo-C5 84.160 0.43 0.57
benzene 78.110 0.16 0.23 benzene 78.110 0.12 0.17
cyclo-C6 82.150 0.28 0.38 3.81 cyclo-C6 82.150 0.31 0.42 4.60
c7 99.000 2.51 2.40 Cc7 99.000 2.48 2.42
methyl-cyclo-C6 98.190 0.60 0.66 methyl-cyclo-C6 98.190 0.58 0.66
toluene 92.140 0.37 0.44 toluene 92.140 0.25 0.31
C8 113.000 3.03 2.92 Cc8 113.000 2.81 2.77
ethyl-benzene 106.170 0.28 0.29 ethyl-benzene 106.170 0.21 0.22
M&P-xylen 106.170 0.22 0.23 M&P-xylene 106.170 0.26 0.28
O-xylen 106.170 0.22 0.23 O-xylene 106.170 0.10 0.11
Cc9 128.300 3.22 2.74 9.90 C9 128.300 2.64 2.29 9.05
Cc10 134.000 3.74 3.04 C10 134.000 2.88 2.39
Cl1 147.000 3.25 241 Cl1 147.000 2.38 1.80
C12 161.000 2.72 1.84 C12 161.000 1.89 1.31
C13 175.000 2.56 1.59 C13 175.000 1.68 1.07
C14 190.000 2.32 1.33 10.22 C14 190.000 1.39 0.81 7.39
C15+ 206.000 2.17 1.15 C15+ 206.000 1.27 0.69
C16 222.000 1.83 0.90 C16 222.000 1.03 0.52
C17 237.000 1.67 0.77 C17 237.000 0.75 0.35
C18 251.000 1.53 0.66 C18 251.000 0.62 0.27
C19 263.000 1.48 0.61 4.09 C19 263.000 0.55 0.23 2.06
C20 275.000 1.35 0.53 C20 275.000 0.45 0.18
c21 291.000 1.11 0.41 Cc21 291.000 0.42 0.16
Cc22 305.000 0.98 0.35 Cc22 305.000 0.32 0.12
Cc23 318.000 0.77 0.26 Cc23 318.000 0.26 0.09
Cc24 331.000 0.66 0.22 Cc24 331.000 0.18 0.06
C25 345.000 0.55 0.17 C25 345.000 0.14 0.05
C26 359.000 0.45 0.14 C26 359.000 0.10 0.03
c27 374.000 0.42 0.12 c27 374.000 0.09 0.03
Cc28 388.000 0.34 0.09 Cc28 388.000 0.06 0.02
C29 402.000 0.26 0.07 2.38 C29 402.000 0.04 0.01 0.75
C30+ 580.000 40.23 7.56 7.56 C30+ 580.000 53.29 10.23 10.23
molecular weight= 108.96 molecular weight= 111.29
density= 0.6791 °AP| = 29.28 density= 0.7762 °APIl = 26.23
mass at a given time, ang is the shear stress at the wall: Table 5. SARA Analysis for the Fluids of the WA and WB Wells
saturates aromatics resins asphaltenes insolublesin
Ap My well (%) (%) (%) (%) DCM (%)
=0 2 (12) WA 4465 3455  17.90 2.86 0.04
WwB 46.48 34.34 17.74 1.43 0.01

rw is the pipe effective radius, which includes the deposited

solids width. Equation 11 stands for the shear removal mech-yherer,, is the effective pipe radius. The increase in deposited
anism, expressing that the mass flux from the deposit is a mass per unit length at timteis IMs'/6z

function of the deposited mass and wall shear stress, and the

oil properties are taken into account through the two constants.

This is a very general expression that has advantages, such as BMST n 8MSi . n _
choosing the wall shear stress as the important variable. The ——= Y — = Zn{J;[rW( Juo lr=r — I dt}  (14)
wall shear stress is independent of the type of fluid since itwas 02 &1 9z = "

derived from linear momentum balance and is related to the
flow strength.

The calculation of the width of the solid layer on the pipe
walls involves the mass deposited at titids'(t,2), along the
length of the pipd. from (z=0up toz=L): dMST n dMST

p— — L n I B
dt _; dt Zﬂ{jg’[rW(I: Jvp lr=r, = )1 dZ (15)

The total deposited mass as a function of time is given by:

n
MS'(t2) = Y Mg (t2) =
=
AL n : Finally, the inner effective pipe radiug(t,2) and the width of
27T{f0f0 [r() v lr=r, — Js)] dzdt} (13) the deposited layeh(t,z) can be calculated using the previous
I= equationg9-29
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Calculation Procedure log F(t) = 0.31333 logY — 0.06(logY)® +
The calculation procedure used to obtain the deposition of 0.006666(logy)® (21)
asphaltenes of a flowing multicomponent mixture involves the 55%
calculation of the pressure and temperature profiles in vertical, Y=—
inclined, and horizontal tubes where multiphase correlations are D

used together with the corresponding phase diagram for as-
phaltenes (SAFT-VR equation of state). The corresponding
iterative procedure for the whole calculation is depicted in
Figure 5. Fr =100 (22)

The calculation begins with the discretion of the pipe in a
number of segments along the axial direction, and the deter-Otherwise, ift = 400 days, therrr = 1.
mination of the temperature and pressure at the extreme of each In eqs 19 and 2K, andGeare the geothermal conductivity
segment. The model should satisfy primarily the heat balance and gradient of the fluidTs is the bottom temperature, and
together with the phase equilibrium relations, and thereafter, is the current time.
the model should predict a value of the pressure that must 4. Once the pressure and temperature at the extremes are
converge to the predetermined pressure value at each segmenknown, the pressure, temperature, and mean length of the
The following steps complete the algorithm: segment are determineph(, Tm, andLw).

1. At a given pipe length where the pressure is knopa ( 5. According to these mean values, the PVT properties of
L1), a pressure drop is assumed for the next segment lengththe mixture are determined®§ Bo, Zs, pL, pg, 7L, g, OL, Vs,
(Ap' and AL'), in addition to the temperature of the reference andVsy. Thereafter, the total pressure draypg) in the segment
segment ), and the height of the controlled volume. is calculated according to eq 9; the liquid holdug,), the

2. With these initial values of length and pressure, the pressuremixture density, and the flow patterns are estimated; and the
is updated at the end of the segmemt= p; £+ Ap'), where+ Reynolds numberRe of the fluid is estimated.
indicates the calculation direction. 6. The wall temperaturel(ay) is calculated with eq 1.

3. With py, the PVT properties are determined to implement 7. The length increase is evaluated accordingltb™ = Ap//
the Romero-Juarez correlatidnfor calculation of the fluid AP for the segment considered. AL' and AL'*! are equal,

and hence:

temperatureT»), which is given by the equation: the procedure continues to step 8, otherwise step 2 is followed.
8. The radial temperature gradient(dr) is calculated using
T(2=T,+ (T, — T) exp(—A2 (16) the approximation ®@dr ~ AT/Ar, where AT = Tyai — Tfuid
andAr is the width of the boundary layer.
where 9. The wall temperature and mean segment preSsiieand

pm are used to calculate the phase equilibrium, which renders
the properties and amounts of the fluid phases (liquid and gas)
and solid phase (asphaltenes). In the case of the appearance of
solid fractions, the procedure continues to step 10, otherwise it
In egs 16 and 17D is the pipe diametet) is the global heat ~ continues to step 19. .

transfer coefficientT is the surrounding temperatureis the 10. The mass flux of the solid-phase components (eq 10) and
length, W is the mass flow rate, an@ is the specific heat of ~ the solids amount removed by the shear stress (eq 11) are
the fluid. These equations are valid for horizontal or inclined calculated. . o

wells. To calculate the temperature distributions in gas ducts, 11. The total mass deposited on the pipe inner wall for a
the temperature changes due to gas expansion as pressurgVen time at a distancefrom the entrance section (eq 14) is
decreases (JouleThompson effect) should be considered. In calculated for each component in the solid phase, according to:
this case, eq 16 is substituted by the following expression:

A= DU

C12W, G (@7

M (t+ At2)  IMS(t,2) AL i
= +27 [0 (Do — JsR) dit

_[t _ |t _(?\de 9z 3z
T0=[n- (.- (Jg]|ered a9 22
where? is the Joule-Thompson coefficient andpddz is the 12. The effective pipe radius,(t,2) and the width of the
pressure gradient. In vertical pipes, according to the Romero- deposited layeh(t,z) are updated.
Juarez procedurg,the axial temperature profile can be deter- 13. The deposited solid mass for each component along the
mined using the Ramey equatiéh: length of the pipe at timé + At is calculated according to:
T@ =Ty — Ge{All —exp(-z/A] =z (19) ‘ . L Mg (t + At,2)
Mg(t+ A =M + [——— (24)
0z
where
14. The total amount of solids deposited at time At is
A= 86 400V, C(K, + DFy) (20) also calculated:
2nDK U
n
Fr is a time-dependent function valid for times less than 400 M'(t+ At = Mg(t + A1) (25)
days: =
(31) Romero-Juarez, AIPT 1979 763-768. 15. The amount of deposited solids per unit area of the pipe

(32) Ramey, H. JTrans. AIME1962 225. clean inner wall is given according to:
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Mg (t + At) characterization, the molecular weight and the relative density
mg(t + At) = oL (26) of the G fraction are needed to define a determined number
o of pseudo components. The values used for these oils include

) ~a molecular weight of 284.36 g/gmol with relative density of
16. The mass balance for the reference segment is carriedy gos g/crd.

out: Once the composition and critical properties of the mixture

are defined, the next step is to fit the SAFT-VR equation of
_ s state to the phase behavior data (asphaltene precipitation
(P Qi1 = (Pm Qi — Tt @7) envelope, APE) determined experimentally (Figure 6a,c). This
requires as an input the phase boundary and the compositional
The first term of eq 27 is the fluid mass entering the segment characterization of the oils (Tables 3 and 4 and the SARA
with positioni + 1 from positioni. On the right-hand side, the  analysis, Table 5). To obtain the calculated onset and saturation
first term stands for the fluid mass exiting positioand the pressures with the SAFT-VR EOS, the two-stage calculation
second term is given by eq 15, depending on the particular casemethod described by Buenrostro-Gonzalez ét &l performed.
considered. If eq 27 holds, then the procedure continues to stepResults of this fit are shown in Figure 6b,d for each well,

T

19, otherwisepy, = pm % 6, and it continues to step 9. respectively (ESDA stands for the upper phase boundary of
18. The new pipe diameter, which considers the deposited asphaltene deposition, ESIA stands for the lower phase bound-

layer, is updatedld = 2ry,). ary, andpy is the saturation pressure curve). The continuum
19. The upper extremes of the intervpjs= p; + AL*1 and line represents the better fit to the upper boundary data, while

L, = L1 + AL*! are calculated. If the total length of the pipe the blue curve represents the best fit obtained to the saturation
is reached, the calculation procedure is concluded, otherwise,pressure data. Table 8 presents the values of the fitting

we setp; = pz andL; = L, and follow step 2. parameters of the SAFT-VR EOS.
Oil wells WA and WB are two out of three wells selected by
Results and Discussion PEMEX from an oil sampling operation carried out in the field

for this study (each well has a different physical location in the
reservoir). As shown in Tables=3, the produced fluids from
these wells have significant differences in composition and
asphaltene/resin content. Despite this “multisample” situation
in the reservoir, it is particularly rewarding to see from Figure
6b,d that the SAFT-VR EOS used in this work was able to give
a reasonable match of both bubble point and upper onset
pressures of thievo reservoir fluids, using theameset of EOS

A working example considers the analysis of the deposition
problem in two oil wells from a productive oil field of PEMEX
in Southeast Mexico, where measukedT profiles versus depth
of these (plugged) wells are available. This is a naturally
fractured reservoir, with a static reservoir pressute/g and
temperature of 920 kg/chmand 155°C, respectively. This
reservoir produces a light (3API) oil with an average bubble

point pressure of 132 kg/chand the averag@ORof 100 ¥/ parameters (similar results for the third oil wehot shown

3 33 i i
"> Experimental data on the phase behavior of aSphaltenehere—were obtained). Certainly, a much better description to

precipitation for the reservowflw_ds are available, which mr_:ll_Jde_ the experimental data of Figure 6 would have been obtained if
the asphaltene phase boundaries (i.e., asphaltene precipitatior)

envelope), the extended compositional characterization of eachmdi\/idu{jll EOS matches to each APE data set of Figure 6 would
(live) oil, and the SARA analysis (i.e., weight fractions of the have been performed. Such an approach was not follow here.

saturated hydrocarbons, aromatics, resins, and asphaltenesinStead’ a single EOS representation for the entire reservoir was

together with a full set of PVT analyses for each flétdThe herefore perferred in this work. ) . : :
wells studied will henceforth be called wells WA and WB. In  Regarding the well geometry, the input information required

Tables 3 and 4, the extended compositional analyses for the oilis the well trajectory as a function of depth to calculate its length

of each well are presented, respectively. Table 5 presents the?"d the angle departures from the vertical. The production well

corresponding SARA analyses. As observed, the produced oil 'S divided into a number of segments, assigning the mean angle
in well WA contains larger amounts of asphaltenes and resins fOr €ach segment from the gyroscopic record. Tables 9 and 10
than the oil in WB. contain the analysis results for each study case. In addition, the

Figure 6a,c shows the measured phase boundaries (upperproduction information for each well is disclosed in Table 11.
lower, and saturation pressure curve) for the live oils in the This includes the pressure and temperature at the bottom and

two wells, respectively. There are two sets of initial data to input 1P Sections, flow rateGOR contraction diameter, water
to the model: the first one contains the thermodynamic production, and pressure and temperature at standard conditions.
information to characterize the oil. The second one contains The process was simulated considering an elapsed time of
the information regarding the well geometry and current 500 days for asphaltene deposition in multiphase flow. To ensure
operation conditions. Thermodynamic properties include the reliable predictions at conditions different from the current
components’ critical properties (pressure, temperature, volume,production conditions from the model, we first match the
and acentric factor), temperature and heat of fusion, molecularmeasured—T profiles of the flowing wells by varying slightly
weight, relative density of each component, and the recordedthe values of the roughness coefficient and the global heat
temperature. Finally, the global composition of the mixture transfer coefficient. The initial value for roughness is
(obtained directly from the chromatographic data) is required. 0.001 (clean pipe), which was subsequently changed. The final
Tables 6 and 7 show the corresponding values of the study caseyalue for the roughness is shown in Tables 9 and 10. The
(WA and WB, respectively). Finally, to complete the fluid results of the fit are shown in Figure 7a,b. The maximum
error of the fit is less than 2% in pressure. The next step includes
(33) salazar, B. M.; Tejeda, F. P.; Lozada, M. Reista AIPM the calculation of asphaltene adhesion and plugging in the

Cogziclf‘i'&?gaelggﬁg Interno; PEMEX: rabasco, Meo, 2000 =.  production well at both the current production conditions

Ortega-Rodyguez, A. Intemal Report; F. 53991; Instituto Mexicano del @nd at a set of variations to them (sensibility analysis).
Petrdeo: Mexico, 2004. Results are presented in Figure 8a,c for each well, considering
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Figure 6. (a) Asphaltene precipitation envelope (APE) for the WA well. (b) SAFT-VR EOS representation of the experimental APE of the WA
oil fluid. (c) APE for the WB well. (d) SAFT-VR EOS representation of the experimental APE of the WB oil fluid.

Table 6. Compositional Characterizations for the Oil from the WA Well

component WM T¢(K) Pc (kg/cm®) Ve (kg/kg mol) Wi Ts (K) Ah (kdJ/kmol)  pi(kg/m®)  T,(K)  TB(K) z
N2 28.01 126.2 2.383 89.90 0.039 90.70 941.4 804 78.0 77.40  0.0069
CO, 44.01 304.2 5.185 93.90 0.225 90.70 941.4 0.0 0.0 265.1 0.0119
H,S 34.08 373.2 6.285 98.60 0.284 90.70 941.4 993 214.0 2135 0.0011
C: 16.04 190.6 3.234 99.20 0.008 90.70 941.4 425 112.0 111.6 0.3369
CoHe 30.07 305.4 3.430 148.3 0.099 90.00 2923 548 183.0 184.6 0.1109
CsHg 44.09 369.8 2.988 203.0 0.153 86.00 3604 582 231.0 231.1 0.0705
i-C4H1o 58.12 408.2 2.566 263.0 0.183  138.0 3786 802 293.0 261.4 0.0097
CsH10 58.12 425.2 2.636 255.0 0.193 138.0 3786 579 293.0 272.7 0.0317
i-CsHa12 72.15 460.4 2.383 306.0 0.227 97.00 4167 620 293.0 301.0 0.0139
CsH12 72.15 469.7 2.369 304.0 0.251 97.00 4167 626 293.0 309.2 0.0216
Table 7. Compositional Characterizations for the Oil from the WB Well
component WM T¢(K) Pc (kg/lcm?) V¢ (kg/kg mol) i Tt (K) Ah (kd/kmol)  pi(kg/m®)  T,(K) TB(K) z

N2 28.01 126.2 2.383 89.90 0.039 90.70 941.4 804 78.0 77.40 0.014

CO, 44.01 304.2 5.185 93.90 0.225 90.70 941.4 0.0 0.0 265.1 0.0097
H,S 34.08 373.2 6.285 98.60 0.284 90.70 941.4 993 214.0 2135 0.0005
Ci 16.04 190.6 3.234 99.20 0.008 90.70 941.4 425 112.0 111.6 0.3349
CoHe 30.07 305.4 3.430 148.3 0.099 90.00 2923 548 183.0 184.6 0.0981
CsHsg 44.09 369.8 2.988 203.0 0.153 86.00 3604 582 231.0 2311 0.068

i-CaH1o 58.12 408.2 2.566 263.0 0.183  138.0 3786 802 293.0 261.4 0.0106
CaH10 58.12 425.2 2.636 255.0 0.193 138.0 3786 579 293.0 272.7 0.0368
i-CsHa12 72.15 460.4 2.383 306.0 0.227 97.00 4167 620 293.0 301.0 0.0165
CsH12 72.15 469.7 2.369 304.0 0.251 97.00 4167 626 293.0 309.2 0.0254
CeH12 86.18 507.5 2.116 370.0 0.299 97.00 4167 659 293.0 341.9 0.0714

that the reported values are average values of the deposit highesat 3720 m at the current production conditions (7712 BDP or
width, to smooth the high dispersion of resulting magni- 0.0142 n¥s). The deposit width is 0.007 m (0.27 in.), 10% of
tudes. This criterion is used subsequently in the following
discussion. (35) Bourgoyne, A. T.; Milheim, K. K.; Chenevert, M. E.; Young, F. S.

The wells are of the so-called directional ty?ﬁeones of Applied Drilling Engineering SPE Textbook Series; Society of Petroleum

: : Engineers: Houston, TX, 1991; pp 35453.
medium and large length (10(,)0 and 2500 m) prqducmg at 3996 (36) Zapata-Gonzez, C.; Lira-Galeana, C.; FirReyes, J.; Lucero-
m (WA) and 4035 m (WB), with diameter reduction due to TR Aranda, F.; Gara-Herrimdez, F.Ingeniefa Petroleral999 38, 58.
of 0.178 m (7 in.) and of 0.244 m 8 in.), respectively. (37) Poettmann, F. H.; Carpenter, P.milling and Production Practices
; ; ; ition ic APl 1952 257-317.

As observeql in the previous figures, asphgltene deposition is (38) Baxendell, P. B.: Thomas, BPT 1961, 1023-1028.
apparent at different depths of the production well. For well (39 Fancher, G. H.: Brown, K. FSPE Prod. Eng1963 59-69.
WA, the deposit layer initiates at a depth of 2488 m and ends  (40) Hagedorn, A. R.; Brown, K. EIPT 1965 475-484.
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Table 8. Values for the SAFT-VR Equation of State Parameters for
the Oils Fluids of the WA and WB Wells

well
parameter WA WB
HA 11270 11270
HR 1891 1891
EA AA 1523.67 1481
EARR 2406.97 2486.54
Lamda AA 4.28 4.07
Lamda AR 4.166 4.166
Lamda RR 6.3 6.36
Kappa AA 0.05 0.05
Kappa AR 0.05 0.05
LR 10 10
diamR 5 5
diamA 17 17
pmA 3129 3129
densA 1120 1120
pmR 571 571
densR 900 900
%WA 2.9 1.43
%wWR 17.9 17.74
Nsites A 2 2
Nsites R 1 1
Etapure A 0.5545 0.5545
Etapure R 0.6213 0.6213

Table 9. Production Tubing (PT) Configuration for the WA Well

inside external length inclination
diameter diameter PT angle
(m) (m) (m) roughness (deg)
0.143* 0.143 414.9 0.009 1.1
0.153 0.178 407.8 0.009 2.8
0.153 0.178 615.6 0.009 225
0.076 0.089 470.1 0.005 25.2
0.076 0.089 3502.9 0.006 0.4

Table 10. Production Tubing (PT) Configuration for the WB Well

inside external length inclination
diameter diameter PT angle
(m) (m) (m) roughness (deg)
0.178 0.159 1465.4 0.0099 28.0
0.100 0.114 711.1 0.0011 22.3
0.100 0.114 256.0 0.0014 23.4
0.100 0.114 624.1 0.0022 20.9
0.100 0.114 706.7 0.006 8.2
0.100 0.114 1743.0 0.0052 0.201
aQpen hole.

the effective inner diameter. With an increase in flow rate to
5000 BPD (0.0092 #fs), the width increases to 0.028 m (1.09
in.), 40% of the effective inner pipe diameter. However, the
location of the deposit shifts to larger depths (5381 to 3724 m,
1657 m length) reaching th€T (coiled tubing), where the
maximum width is observed. With further reduction in the flow
rate (3000 BDP or 0.0055s), the deposit shows up at a depth
of 5500 m up to 4732 m, with a length of 769 m. For decreasing
flow rates, the location of the deposit tends to shift to larger
depths, near th&€T section, and the deposit width reaches
0.0127 m (0.5 in.), representing 7% of t8& diameter. On the
other hand, if the flow rate is increased, the location of the

(41) Duns, H.; Ros, N. C. Proceedings of the Sixth World Petroleum
Congress Frankfurt, June 1926, 1963; Section Il, paper 22-PD6.

(42) Orkiszewski, JJPT 1966 19, 829-838.

(43) Beggs, H. D.; Brill, J. PIPT Trans.1973 255, 607.

(44) DukKler, A. E.; Baker, O.; Cleveland, R. L.; Hubbard, M. G.; Wicks,
M. Research Results, Monograph NX-RBiversity of Houston: Houston,
TX, 1969.

(45) Mukherjee, H.; Brill, J. PJ. Energy Resour. Techndl985

(46) Aziz, K.; Govier, G. W.; Fogarasi, Ml. Can Pet. Technoll972
38-48.

(47) Cullender, M. H.; Smith, R. VTrans. AIME1956 207.
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Figure 7. (a) Axial pressure profile calculated for the WA well. (b)
Axial pressure profile calculated for the WB well.

deposit shifts to the surface section of the well, initiating at
3115 m (9000 BPD or 0.0165%s) and 2012 m (12 000 BPD
or 0.022 ni/s). The deposit length in both cases is approximately
1400 m.

As per well WB, the asphaltene deposit initiates at a depth
of 1640 m and ends at 2810 m. The layer width is 0.0124 m
(0.49 in.), about 18% of the effective inner diameter. Under
any flow rate condition, a shift in the deposit layer is predicted,
but the predictions further indicate a constant value of the deposit
width. It is important to note that, according to model predic-
tions, for a flow rate of 6500 BDP (0.0123%mg), the solid deposit
reaches the well exit.

Another observation is that in most cases the width profile
presents a highly diffusive structure, resulting from a fine
discretion (every 8 m) of the production well, generating a
wealth of data.

Further sensitivity calculations were made including changing
the diameter and maintaining the flow rate constant. The
deposition profile along the well is presented in Figure 8b,d.
The asphaltene deposit shifts with changes in diameter. The
behavior of well WB, the diameter change from 0.0889 A#(3
in.) to 0.073 m (28 in.) induces a shift in the deposit layer
toward the well surface (from 3720 to 2480 m) with slowly
decreasing width (0.004318 m mean value, or 6% of the
effective pipe inner diameter). When the diameter increases from
0.0889 m (32in.) to 0.1143 m (#2in.), the deposit layer tends
to move to larger depths (from 3720 to 5013 m) with increasing
width (mean value of 0.0312 m, 18% of the effective inner pipe
diameter, to a mean value of 0.0112 m, 15% of the effective
inner pipe diameter).

The behavior of the WB well (Figure 8d) is similar, although
the length shift is smaller than in the previous cases. The width
of the deposit layer increases to 0.0173 m (0.68 in.), a 25% of
the effective inner pipe diameter.

Since these calculations on real production wells are novel,
it is difficult to compare these predictions with standard profiles
obtained by other methods elsewhere. However, it is possible
to determine the solid onset pressure if we couple the solid
precipitation envelope with the presstitemperature depth
production profile in the same diagram. The intersection point
is associated with the solid onset presstifEhis (approximate)
procedure represents an alternative way of estimating the well
depth at which potential solid deposits would begin. The results
obtained in this work compares satisfactorily with this meth-
odology, as shown in following figures.
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Figure 8. (a) Deposited asphaltene layer thickness as a function of the axial coordinate for different oil flow rate for the WA well. (b) Deposited
asphaltene layer thickness as a function of the axial coordinate for different inner diameter tubing for the WA well. (c) Deposited asphaltene layer
thickness as a function of the axial coordinate for different oil flow rate for the WB well. (d) Deposited asphaltene layer thickness as a function of
axial coordinate for different inner diameters tubing for the WB well.

0 360
13 ()l .
21 L 400
3 Z=3.876 km I
] e L 420
4 well: WA i
5] Qo =7712.62 BPD \ [ 440
| *  Pws = 911.325 kg/em’ :

Depth, [km]
(=]
[ M] ‘eanmjesedwio]

5] i

5 Z=2711km [400
1 L 420

4 5 well: WB !

5] Qo = 4474 BPD | 440
| *  Pws = 937.53 kglem’ * i

6 L 1 " 1 " 1 L 1 1 1 " 1 L 1 i 1 " 1 " 460

0 100 200 300 400 500 600 700 800 900 1000

Pressure, [ kgicm®]
Figure 9. (a) Zapata-Gonzez et al*® method applied to the WA oil well. (b) Zapata-Gdteaet al*® method applied to the WB oil well.

Table 11. Production Parameters for the WA and WB Wells

production parameters

U (k/hrm?K) Tsc Psc Qo GOR choke
well bottom surface %kD (K) (kg/cn?) (m3/s) (m3/m3) (m)
WA 51.1 29.6 0 301.2 14.7 0.01419 110 0.0159

WB 51.1 29.6 0 301.2 14.7 0.00823 110 0.0095
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In Figure 8a, the deposit layer for the WA well calculated CT = Coiled tubing
using this model initiates at a depth of 3720 m; while using the D = Pipe diameter and length (m)
methodology (Figure 9a) a depth of 3876 m is predicted. The D = Rate deformation tensors

total length of the well is 4000 m, and thus the difference in
the two predicted values is approximately 4%.

In Figure 8c, the deposit layer for the WB well initiates at a
depth of 2810 m; while using the methodology (Figure 9b) a
depth of 2711 m is predicted. The length of the pipe in this
case is 4047 m, a 2.4% difference. In both wells, the bubble-
point-pressure depth correlated well with deposit location, as
expected.

densA= Molecular number density of asphaltenén(3)

densR= Molecular number density of resins/{1°)

diamA= Hard sphere diameter for the aspahaltene molecule (nm)
diamR= Hard sphere diameter for the resin molecule (nm)

Dm = Average diffusion coefficient (#s)

EA AA= Association energy for the asphaltene molecule (J)

EA RR= Association energy for the resin molecule (J)
Etapure A= Packing fraction for the asphaltene molecule
Etapure R= Packing fraction for the resin molecule

In summary, results indicate that the two wells present deposit Fr = Time-dependent function in eq 31
formations of asphaltenes located at various depths. As the statidw = Solids weight fraction _
bottom pressure diminishes, the deposit shifts to larger depths,G€ = Geothermal gradient of the fluid (K/m)

at theCT level, reaching depths near the bottom.

Conclusions

A flow model that couples transport phenomena, multiphase
flow, and phase equilibria of hydrocarbon mixtures has been
developed and tested.

Representative wells from an oil field with proven deposition
problems were analyzed with this model. According to deposi-
tion data in these wells, the width of the deposition layer is not

GOR= Gas/oil ratio (n¥/mq)
h(t,2 = Width of the deposited layer (m)

HA = Hamaker constant for asphaltene (&/m

hi, = Heat transfer coefficient (W/#K)

H_ = Liquid holdup
HR = Hamaker constant for resins (Jm

Jvup = Mass flux (kg/sm?)
Jsr = Removal rate (kgtsn?)

k = Boltzmann’s constant (J/K)
kan = Thermal conductivity of the annulus (W/k)
Kappa AA= Shape of the attractive potential between asphattene

larger than 15% of the effective inner pipe diameter of the asphaltene

production well, indicating that the problem of solids deposition
is bound to the initial stage of development.

A sensitivity analysis made on the operation variables
indicates that for variable flow rate and fixed diameter, when

the flow rate is decreased, the deposition layer shifts to larger

depths, and vice versa. The mean width of the deposit increase
slowly as the flow rate is varied, indicating that the growth rate
of the deposit will remain constant independent of the flow rate.
When the diameter is varied, a behavior similar to that when
the flow rate is varied is predicted.

Predictions of the model were compared to those of other

Kappa AR= Shape of the attractive potential between asphattene
resin
ko, = Thermal conductivity of the mixture (W/rk)
k:a = Thermal conductivity of the casing (W#k)
em = Thermal conductivity of the cement (W/k)

Ke = Geothermal conductivity (kgn/s-K)

%1 = Thermal conductivity of the oil (W/nk)

ko = Thermal conductivity of the pipe (W/rk)

kres = Thermal conductivity of the reservoir (Whk)

ks = Thermal conductivity of the solids deposited (Wkn

L = Pipe length (m)

Lamda AA= Range of the attractive potential between asphaltene

(approximate) methodologies. Agreement with those by Zapata- asphaltene

GonZdez et al®® is apparent at the level of tHe—T profiles
available from field measurements.

Strategies should develop for the prevention and remedies

of solids deposition. Specific techniques are used for the
deposition control at th&—T level, such as magnetic tools,
chemicals injection, electrocentrifuged pumping, microorgan-
isms, and the control of production variables.

The flow simulator developed here allows the calculation of

Lamda AR= Range of the attractive potential between asphailtene
resin

Lamda RR= Range of the attractive potential between resisin
LR = Segment number in the resin molecule

MW = Molecular weight (kg/kmol)

Ms'(t,2) = Total mass deposited (kg)

ms(t) = Deposited solid per unit area (kgfm

n = Total number of components in the mixture

Nm = Number of molecules

the deposition profiles of asphaltenes, according to temperatureNsites A= Number of association sites for the asphaltene molecule
and pressure prof”es of a mu|tiphase flow of ||qu|d, gas, and Nsites R= Number of association sites for the resin molecule

asphaltene aggregates. The profiles are predicted as a functiofte =

of time and give the location of the deposit. The knowledge of
the dynamics of growth of the solids deposit is an important
aspect to assess in well productivity.
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Nomenclature

A = Inner surface ()

Ay = Helmholtz free energy (J)

A, B; = Constants (dependent on the oil composition)

Bo = Qil formation volume factor at bubble point (res¥/std n?)
C: = Specific heat of the fluid (J/ké)

C, = Specific heat capacity of the mixture (J/kQ

C, = Constant characteristic of the oil (N)

Saturation pressure (kg/ém

P, = Critical pressure (kg/ch)

Pm = Average pressure in the segment (kgfgm
pmA=Asphaltene molecular weight (g/mol)
pmR= Resin molecular weight (g/mol)

P, = Pressure (kg/ci)

Pr = Prandtl number

PT = Production tubing

Pws = Static bottom well pressure (kg/ém

Q = Heat flux (J/sm?)

Qo = Flow rate (BPD)

r = Radial distance (m)

Re = Reynolds numbers

R, = Inner radius of clean tube (m)

R; = Solution gas-oil ratio (scf/STB)

ru(t,2) = Effective pipe radius (includes deposited solids layer) (m)
t = Time (day)

T = Temperature (K)

Ta = Surrounding temperature (K)

Tg = Normal boiling temperature (K)
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To = Inlet temperature (K)

T, = Critical temperature (K)

T¢ = Melting point temperature of componein(K)

Taia = Mean temperature in the core (K)

Tuw = Average temperature in the segment (K)

Twan = Wall temperature of the pipe (K)

Twt = Bottom temperature (K)

T, = Temperature at which density was measured (K)
T, = Reference temperature (K)

U = Global heat transfer coefficient (kg/K)

V = Molar volume (n3)

V. = Critical volume (nf)

Vsq = Superficial velocity of the gas phase /gh

Vs = Superficial velocity of the liquid phase (8)

W = Mass flow rate (k¢g)

wg = Solid fraction of thel component in the solid phase
z = Axial distances (m)

z = Mole fraction of componenitin the mixture

Z: = Compressibility factor at critical point

Z, = Feed composition

Greek Letters

B = Caloric resistance of asphaltene
Dgiig = Solid fraction
y = Shear rate (3

Ramirez-Jaramillo et al.

A1, Ao, A3 = Parameter constants

Ah = Heat of fusion (kJ/mol)

0 = Deposited solid layer thickness (m)
€ = Tolerance value

np = Viscosity (kg/ms)

Niq = Suspension viscosity (kgAs)

1. = Viscosity of the liquid phase (kg/ra)
ng = Viscosity of the gas phase (kg/s)

oi = Density of the componerit(kg/m?)
om = Density of the mixture (kg/f)

ps = Density of the solid phase (kgAn

oL = Density of the liquid phase (kgfn
pg = Density of the gas phase (kg/m

1 = Association parameter

9 = Joule-Thompson coefficient

oL = Interface tension

7 = Stress deformation tensors (kgjm

7p = Shear stress at the wall (kgfm
(AP/AL) = Pressure drop (kg/ctm)

w; = Acentric factor

%wA = Weight fraction of asphaltene in the mixture
%WwWR = Weight fraction of resin in the mixture
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