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Abstract

In recent times, the high demand for fossil -derived energy is gradually moving the frontiersodfexploration
andproduction from conventional areas (such as lamdltslv offshore) into more challenging locations.is trend
has made issues associated with flow assurante ioittand gas industry to become increasingly irgea. This i<
especially true of paraffiwax precipitation and subsequent deposition insafaeduced temperatures, such
Polar Regions as well as deep sea environmentsefbne, in order to preclude or reduce costly reialezperation:
aimed at removing pipe/tubing blockages resultrom wax deposition, it is essential to be able redct when
where, how and how much paraffin wax is depositeding the working life of oilfield installations. his
knowledge will prove indispensable when the desigd maintenance of oilfield equipnt is to be undertake
Thus, this work is concerned with the developmérat computer model capable of making the necessaryphase
precipitation and deposition calculations in a iphlhse environment. To make wax precipitation aadodition
predictons in diverse flow conditions, use is made of BE@&hematical modeling (for making phase equilibr
calculations), energy and material balances as aglinult-phase pressure gradient correlations for the ied!
tubular.

Keywords: Wax Deposition, Multiphase, Paraffin, Wax, Mathematical Modeling

Introduction
According to Schmidt (2010), the term “paraffin Wastmply refers to saturated hydrocarbons that aiontore

than 16 carbon atoms in the paraffin series;g— C 40 and are in solid state adom temperature. Paraffin’'s

alkenes are the homologous chemical family of séar hydrocarbons that result from combining, groups in
succession to form straightained molecules. Paraffin’s could be eitin-paraffin’s (straight chain), is-

paraffin’s (branched) or cycloparaffin’'s (aromatic. However, Becker (1997) maintains that stre-chain
hydrocarbons constitute the bulk of crude oil migti(roughly 8-90% by composition).

Thus, paraffin waxes could be defined more geneeallloni-chaned alkanes belonging to the homologous pari
series that precipitate out of supersaturated ~oil mixtures on cooling.

Apart from the fact that paraffin waxes form an orant stock chemical for the pe-chemical industry, the stuc
of paraffinis pertinent to us because of the inherent flowi@sxe issues associated with their precipitatiuh
subsequent deposition.

Flow assurance is a production objective which seelensure optimal flow rates at all foreseeablalitions in all
production tubular/equipment conveying produced fluids beijig at the reservc-well-bore interface to th
treatment/refinery facility. The four (4) areasfotus in industrial oil production flow assurancelude waxing
(paraffinic deposition), asphaltenes osition, sand ingress, and hydrate formation; theseditions tend t
foul/block off production equipment during normaidnocarbon production or transportati
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While the relative importance of other types ofaflassurance issues is not by any means to be wtitested, this
paper will focus only on the problem of wax pretagion and deposition in an oilfield tubular.

The formation of wax deposits in the transport afgffinic oils presents several problems not lighite the
reduction of the effective diameter of pipes, whichurn leads to additional pumping energy coatel subsequent
equipment failure.

The process of wax formation is triggered when thmperature of the crude falls to the Wax Appeaganc
Temperature (WAT or Cloud Point Temperature). As fpoint, paraffin waxes begin to crystallize, tramrapping
the oil in a gel structure and forming depositdtmpipeline walls.

Since problems associated with wax deposition camepto have high economic implications, an undeding of
the mechanisms of the wax deposition (and subséquedeling of these mechanisms) is likely to beeg &tep
towards an optimum design, prevention and/or smiutif the problem.

Literature Review

Perhaps, Svendsen (19983s the first tadevelop a mathematical model for prediction of wigposition in both
open and closed pipeline systems by using a conibimaf analytical and numerical models.

From then on to 1996, thermodynamic wax precitatnodels were assumed to be based on the reglidics
theory of mixtures, such that the precipitates ftmpuid/vapor hydrocarbon mixtures formed a soliusion. These
solutions were either assumed to be ideal or neatidepending on the solution techniques to be @yedl The
non-idealities of the solution formed could be mstied using suitable activity coefficient modelsgCoutinho et
al. (1995) for an evaluation of these models]. Scam¢hors that assumed the solid-solution model ax w
precipitation calculations include Won (1986), W989), Hansen et al. (1988), K. S. Pedersen e{18D1),
Pederson (1993), and Erickson et al. (1993).

Later on, Lira-Galeanat al.(1996) introduced the multi-solid model to describe thermodynamic equilibrium of
wax precipitation. In this model, the authors pegithat wax precipitation in multi-component oissyms produces
a solid mass that containsutually immisciblgrecipitating components. The multi-solid modekviadependently
corroborated by experimental studies of W. B. Pegteet al(1991) and of Snydest al.(1992).

In 2008, Banki et al. (2008) applied the enthalpyegsity model to explain wax deposition phenomemaam
isothermal horizontal pipeline transporting crude Banki et al. successfully used this approachtmlel the aging
process of the wax deposit/gel layer.

The following are salient points that are immediatvident from the review of current literature:

* Previous studies done on wax deposition analysisrastly restricted to laminar two-phase (i.e. aeater
content and zero gas rate) flow in circular hortabnonduits. This limitation can readily be ratédined by
the fact that such studies were mainly geared tdsvarplaining waxing effects in pipeline systemsemeh
such conditions as two-phase flow (only liquid-pllase and solid-wax phase are present) and laminar
horizontal flow in circular pipes are to be expeéctélowever, these conditions can quickly become
inadequate when wax deposition prediction is tabéertaken in deviated production tubings, flovesin
and pipelines laid-up in hilly terrains. Thus, srfeatures like inclined tubings, turbulence, arespnce of
gaseous and immiscible phases are encounteredlHfifecoilfield operations, it becomes imperatite
incorporate these conditions into the original yagcipitation models.

» Due to the inherent difficulty of accounting foese field conditions using a 100% theoretical/maistia
technique, this work will attempt to account foesk conditions by taking a semi-empirical approach
instead.

Scope ofwork

Most of the previous studies carried out on théofmm of predicting wax deposition in oil instaltatis tended to be
more or less limited in their scope of applicapilguch that stringent conditions of system configjon and
boundary conditions have to be in effect beforehsomodels could effectively predict wax related pd@enon.
However, in this work we will attempt to model wabkeposition in the broadest possible sense suchntloat
conditions regularly encountered in both upstreachdownstream oil production could be readily acted for.
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In any case, certain simplifying assumptions &@lve to be made in order to facilitate the solutibthe problem at
hand. Thus, the following gives some of the moneegal assumptions that will form the basis of thigk:
» Four distinct phases are accounted for in all datmns. These phases include: water-rich phasehase,
gaseous phase and solid phase (wax crystallites).

» The oil and gas phases are composed predominahtly-adkanes (composition contributions from
naphthenes and aromatics are ignored).

e The oil and water phases are considered immiscible.

« Water vapor content in the gaseous phase is camsidegligible.

» Hydrate formation effects are not considered.

« Ambient thermo-properties (such as temperaturenthkegradients and heat conductivities or coeffitsg
are considered to be time-independent (i.e. narsieat).
» Asphaltenes deposition is not taken into account.

Model Development
The major objective of this work was to build ausbcomputer application capable of predicting \weecipitation
and deposition along oilfield installations underieus conditions of flow. Thus, a flow computatidmprogram
named “WD-Predictor” has been designed and devdloftee following procedure was followed:
i. The domain scope of the problem statement waslgldafined.
ii. Then mathematical models that approximate the phldiehavior of wax crystallization and deposition
systems were developed or reviewed. Pertinent maxisidered include:
a. Property Transport Models (Energy, Momentum anddylas
b. Thermodynamic Equilibrium Model
c. Wax Deposition & Erosion Model
iii. The mathematical models developed in (ii) aboveevaiscretized, approximated and/or solved directly
iv. Numerical solutions to the discretized models wben developed using appropriate algorithms anddise
codes.
v. A computational flow dynamidq€FD) program — WD-Predictor — implementing the deveblbpnodels in (iii)
and (iv) above as well as the accompanying userfate was coded in C++ language.

Vi. Finally, comprehensive model testing/verificatiomc{uding stability analysis), code debugging and
optimization was undergone to ensure that the nsodstd are indeed representative of what is olatdime
reality.

We consider a 3-Dimensional pipe/tubular networktaming pipes of arbitrary diameters, lengths dadiations.
Such a network could be approximated by finiteightasections of inclined pipe segments of varidetegths 4l1).

Segments are chosen such that along the segmeyti,lgripe properties (such as thermal and dimesgida not
change and pipe-fittings are not encountered. Taysipe segment will have a constant internal ditaml), a
length () an inclination @) and an overall heat transfer coefficied) ¢ fig 1.

Fluid Qutlet

Ghot Tty Pot

{=d [inches) _\\

/ AL ()
<o

L
Fluid Inlet

Oy Tiey Piey Eyand

Compaosition

Figure 1. Straight Pipe Segment Approximation
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Nichita D. et al.(2001) andHeidemann R. A. et a(2005) maintain that the multi-solid model can aldxe the
WAT and the amount of precipitation more accurateyntthe solid solution model. Hence, in this work wi#
make use of the multi-solid model hyra-Galeana et al(1996). Here, each precipitated component formalid s
layer, which does not mix with the other solid lesye
The vapor-liquid equilibrium will be established flye Peng-Robinson (1976) Equation of State whiclesga
suitable description of the fugacity coefficients hydrocarbons.
The multi-solid wax precipitation model involvesrgang a solid-liquid phase stability analysis prim solving
appropriate component material balances. The dtabdity criterion is expressed as:

fLiP,T,2) = fspueiy(P,T) =0, i~12,..,n "

The liquid fugacity can be described by the PR-B@ffie the solid-state fugacity for each componemtid be
approximated by the equation (6) in Lira-Galeanal.et

The material balances for both precipitating and-precipitating components are shown in the follggvequations.
For non-precipitating components:

ZF—x[F—S—V]-yV=0, i~12,.,N—N, (2)

For precipitating components:

zF—x[F-S-V]-sS—-yV=0, i~(N-N,+1),..,N (3)
With the following constraints,
N N N N
Zi:zxi:zyizzsizl (4)
i=1 i=1 i=1 i=1
F=L+V+S (5)
yi = Kix; (6)

The vapor-liquid-solid equilibrium calculation inves finding the solutions to equations (2) and e vapor-

liquid thermodynamic equilibrium for all componemssdirectly implied by equation (6); thus to shtithe liquid-

solid equilibrium, the following expressions mustihcorporated into equation (3) for the precijitRcomponents:
fSpurei(P:T)

o P i=(N-N,+1),.. N 7

i

:fSpurei(P'T)

P i=(N-N,+1),..,N (8)

i

Using (6) to make; andy; subject of formula in equation (3) yields the feliog equations for the non-precipitating

components:
Z;

“1-S/F+ (K,— LV/F’

x; i~12,..,N-N, 9)
_ K;z;

" 1-S/F+ (K, - 1)V/F’
By performing a summation of equations (9) and @@y all non-precipitating components gives,

¥i i~1,2,.,N—N, (10)

N_Np N—Np Z;

DEED) ’
=i i=1 1—S/F+ (K,— 1)V/F

1=
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N-Np

N-N. 7.
Yoy=> " . (12)
—~ =1 1—-S/F+(K;—1V/F
Noting from equation (4) that,
N N-Np N
inz z x; + x;=1 (23)
i=1 i=1 i=N-Np+1
And,
N N-Np N
z}’iZZYi+ Z yi=1 (14)
i=1 i=1 i=N-Np+1
Then, equations (11) and (12) can be rewritten as,
N-Ny [ N
N_NI’ Zi
Y=y T ———=1-| > «x (15)
P iz1 1-S/F+(K;—1)V/F W5 +1
N-N. [
Vi = — — =1- Vi
- iz1 1—S/F+ (K;— 1)V/F |1
Re-arranging equations 15 and 16 gives,
[N-Np ] [ N
z =t + z 1=0 (17)
xi - =
k= 1-S/F + (K; 1)V/F_ Gt
[N=Np ] [ N
K;z; Z
— — + yi|—1=0 (18)
| & 1-S/F + (K; 1)V/F_ i, o1

The second terms on the left side of equations #hd)(18) represent the summation of all precipigatomponent
fractions in the liquid and gaseous phases res@dgtiThus, the compositions in the equations abowéld be
replaced by the precipitating component composifiaations given in equations (7) and (8).

Therefore,

N-Np o . .
Z; (P, T
Z Ts/FT K, —DvF| T Z fspmlz(J J-1=0 (19)
= i | =T Pu
NN, m— .
1-5 F+K(ilz<i —nv/F|* fspureiI(JP'T) —1=0 (20)
| i=1 / ! / | li=n-Np+1 Pvi

Assuming fugacity coefficients and k-values areejpehdent of fluid compositions; then, equationg @&d (20)
represent 2 equations in 2 unknowiS$H and V/F), which could be solved simultaneously. Due to itinelicit
nature of the equations being considered, an acal\golution of the system is almost impossiblberefore, the
equations have to be treated using an appropnatercal scheme.
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In this work, the Newton-Raphson iterative rootfimy scheme for a system of non-linear equatiors weed. To
facilitate the development of the N-R algorithm fbe solution of the equations,is arbitrarily set as 1 — so th&t
represents solid moles precipitated per feed matEVarepresents number of moles in the gaseous phadequk
mole. Then,

NN, 1w ; ]
Z. .

G(S,V) = ; T (;(i — 1)V_ + _i:N—sz+1 ZZ}‘;’_ —-1=0 (21)
" Kizi - - C fS pure i

e = = 1-5+(Kg= l)V_ " | i=N"N,+1 PviP ] w0 22

The N-R algorithm consists of:
i. Making an initial guess dd andV (the Predictor step)
ii. Implementing thé\R correction formula for the S and V parameters
iii. Ensuring the parameteBsandV are constrained within physically conceivable tani
iv. CheckingS andV parameters for convergence
V. Repeating the procedure from (ii) if convergenceasachieved.
It can be easily shown that the NR correction fdenfar SandV is given in matrix form as:
0(G,H) (55 G(S,V)
a(s,v) (SV) - (H(S, V)) (23)

In the above equation, the first term is knownhes@aussian matrix and is given as,
G 0G
G H) [3s av
ais,v) |0H O0H
as av

(24)

And the second term is the correction vector ferSkandV parameters. The NR correction step is carriedbgut
pre-multiplying the right-hand side of the equat{@8) by the inverse of the Gaussian matrix. Thysgefining the
following,

N-Np
_0G K;z;
AP T 4 [1=S+ (K, - DVP?
i=
N-N,
b aG —z;K;(K; — 1)
SV 2 : [1-S+ (K, —1V]?
i=
(25)
_O0H Z z;
€=9s L =S+~ DVP
N:Np
d_aH_ Z _Zi(Ki—l)
oV L [1-S+ (K;— 1)V]?
The Gaussian inverse could be written as:
G G\ ! oH 9G
as av )| _ 1 < v av (26)
OH 9H (0_6.0_H_0_G.0_H) OH 96
s av dS avV 9oV oS ~3s 3s
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Hence, the NR corrections forandS are,

OH 96
55 = a_G(féV_Ha_Ga.Va_H &)
(v as) -~ (35 av)
96 _ . oH
o= a_Glfés_Ga_g.sa_H (29)
(v as) - (5s - av)

As noted earlier, the values of correctd¢dand S must be bounded to ensure physically plausibletievis are

obtained. Therefore, the constraint equationshersblutions oV andS are:

s§MHl = §™m 4 §S > 0,

il = y™ + 8V > 0,

And, (29)
Sm+1 + V‘m+1 <1

The NR iterations are terminated when the corrastifor the solid and vapor mole fractions are senghan a

predetermined tolerance value. At this point, thardd S parameters give the corresponding equifibiapor and

Wax splits respectively. The Liquid split is gottey subtracting the sum of V and S from unity.

The compositions of the precipitating componenth&solid phase are gotten from equation (3) as:

z;—x;[1-S—-V]-K;x;V

s = 5 , i~(N-N,+1),..,N (30)

The compositions of the precipitating componentthaliquid and vapor phases are derived from égpsi{(7) and
(8) while that for the non-precipitating phase eatculated from (9) and (10) respectively.

Finally, it must be noted that as in the Vapor-Litgquilibria discussed the k-values are in fadtindependent of
composition. Hence, this procedure must be repeatedand over until compositions and/or splitagattonverge.
The conservation of mass simply means that forvangicontrol volume such as a segment of pipe, thgsnm
minus the mass out must equal the mass accumulatibim the segment. Then, for a constant-area,duct

dp 9d(pv)
) (i = 31
at oL 0 (1)
For steady-state flow, no mass accumulation caoraed the equation above then becomes:
a(pv)
=0 32
= (32)

The above mass balance equation is simply knowhesontinuity equation. Application of Newton’ssti law to
fluid flow in pipes requires that the rate of momen out, minus the rate of momentum in, plus the
momentum accumulation in a given pipe segment eqsal the sum of all forces on the fluids.
Conservation of linear momentum can be expressed as

a(pv) a(pv? oP md

2 i 33
ot + oL oL T 1 pgsing (33)
Combining the equation above with the continuityatpn and assuming steady-state flow gives:
oPp  md s— v (34)
L~ ta P9I PV 3t

The equation above is frequently called the medasdrénergy balance equation. The mechanical eneatance
equation clearly shows that the steady-state presg@dient along a pipe is made up of three compisn(see
equation 35). Thus, the mass and momentum consamaquations together form the pressure distritugiquation

fora plpe segment.
aL T aL friction aL elev oL accel ( )
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For simple pipe and flow conditions (such as lamisiagle-phase flow in a horizontal pipeline) itgessible to
solve equation (34) analytically to yield the pregsdistribution field within the pipe segment. Haxer, in typical
field conditions, situations arise where multi-phatow and other non-ideal conditions (such as ulaht and
inclined-pipe flow) make it impossible to solve atjon (34) without resorting to empirical technigue
In this work, equation 34 will be approximated e Beggs and Brill (1973) multi-phase flow pressurediction
procedure. The choice of the Beggs and Brill procedwas necessitated by the following features haf t
correlation:

= The correlation directly corrects for inclinatiohpipe segments

= The correlation accounts for different flow pattern

= Due consideration is given to gas slippage
The Beggs and Brill (1973) correlation for the tgeessure gradient is given generally as:

2
(% q
<6P> | ! ”Z"d =+ psgsin6 (36)
oL/p 1-Eg

The monograph by Brill and Murkherjee (1999) pr@#dn-depth details on the equation shown above.gEmeral
procedure for the Beggs and Brill multiphase caitieh is as follows:

i. Flow Pattern prediction

ii. Liquid Hold-up prediction

iii. Liquid Hold-up correction for inclination

iv. Friction Factor prediction

V. Pressure Gradient calculation
The Payne et al. (1979) modification to the Begugs Rrill correlation was also used in this work.
Application of energy conservation to fluid flow pipes requires that in a given pipe segment tieeggnin, minus
the energy out, plus the heat transferred to anfitee surroundings must equal the rate of energyraalation.
d{pe) i P Qnd
T 1 Gy )| e &7
The parameter] is the mechanical equivalent of heat and is nacgsshen dealing with customary units where
mechanical energy and thermal energy have diffareit (in field units) is approximately’77.86Ibf - ft/BTU).

d{pe nd d P P apv
o )+Q—=—pv—(e+ )—(e+—)- i (38)
at A oL P9 P9/ OL
In the equations above, e is the intrinsic speeifiergy and is defined by
Lsind  v?
e=2 +u (39)

+
gd 29
Therefore, by incorporating the continuity equatiord equation (39) into equation (38) and assurauggage fluid

density varies only slightly with time, equation @8lds

d (gLsin® v? wd d (glsin®  v?
pa(g + +u>+Q—=—pva<g +

9Jd  29J A 9J  29J T ng) 49)

Since the inclination of the pipe segment is assutmae independent, the first term on the left-haidke of the
equation 40 vanishes. In addition, by ignoring ¢hange in kinetic energy of the fluid in the pipgmsent with
time, equation 40 can be rewritten as,

6u+Q11'd d (gLsin0+ v? et P > 41)
—+t—=—pv— u
Poc ™ a4~ PYoL\ "gd T29d 7" bad
Because specific enthalpy is defined as
h=u+ (42)
pg.

Equation 41 can be expressed as
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6u+Q11'd_ gsin@ oh pv?ov (43)
Pot™ a =P 4y TPY3L gJoL

1 du Qnd gsind oh v odv
= (44)
v o w gJ oL gJoL

The heat flux to the surroundings, Q is definedeirs of the overall heat-transfer coefficient, i demperature
difference between the fluids and the surroundifigsis,

Q =U[T —T,]
Where, (45)
T,=Tgu —gcLsin0
Secondly, it can be readily shown that assuminglgph@se-change effects along the pipe segmentetitizalpy
gradient is given by
oh aT (i) 4 46
oL~ rar ¢ o
Wheren represents the Joule-Thomson coefficient and septts isenthalpic cooling (or heating) by expansion
Also, the internal energy change with time (if fusiand vaporization heats are neglected) can bespmted by

the following formulation in constant volume spéctfieat capacity,

(&), = (), @

Finally, by assuming that the change in fluid vélpacross the pipe segment is insignificant, tegoation 44 can
be expressed as
Cy 0T Und|T —T, + ggLsin@ sin@ aT aP
_V__+ [ ai dc ]:_g _CP_+CP77_
v Jdt w g.J JaL JaL

(48)

The above equation can be discretized using théwsad difference numerical scheme to yield the nuraé

solution for the average temperature of the pigemsat at any time level (n+1) as,
H

T =
C, Und _C,
(Z+ 2w * vte) o)
Where,
™, — TF, — TR oP gsin@ Und (T%, Lsin6\ Cy (T%,
H=-C Cpf) o —————x[—-T, — (==
"( L P "gd  w (2 ai t 96— ) v (At)

At time level zero (0) (i.e. at initial flow condins), the temperature profile can be describedheynumerical
scheme,

TS, =T + LN X (c Cl ‘qsme) (50)
av in 2Cp rN L gc]

After the precipitation of wax within an oil fielthstallation (such as a pipeline or production mgpj the final
deposition of the wax crystals on the pipe/tubirgllwepends on a number of factors including amainvax
precipitated, gross fluid rate, temperature gradaaross the fluid segment, pipe wall roughness tandulence
effect. The deposition of wax on tubular walls wikkcessarily require the transport of the crysia@ms the main
fluid stream to the wall bounds through variousn$fort phenomena includinmolecular diffusion shear
dispersion Brownian diffusiorandgravity settling
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Apart from transport phenomena that carry wax eigsio the pipe walls, erosion of wax deposits fioipe walls
due to high fluid rates (sometimes carrying alobrpaive solids) also influence the variation of Waixkness with
time on pipes surfaces. In order to accurately mtue deposition of wax along pipe segments, tlaetion of
precipitated wax that eventually makes it to thgepinust be estimated.

Let the fraction of the precipitated wax phase #@tally gets deposited on a unit length of pipd e given ag.
Then the solid wax phase exiting the pipe segmedtcansequently entering the subsequent pipe segmikie
given aq1 —¢). Continuing in the same reasoning, the fractiowaf exiting the second segment is:

1-0Ha-m=0a-m? (51)

Carrying on in this fashion, if the pipe is (L) tsin length, then the fraction of wax enteringhat exits un-
deposited i§1 —9) - and that deposited i$,—(1 —¢) -

The nature of the functiop has to be determined empirically such that theat$fof various deposition phenomena
are factored in. Thus, a suitable formpofan be expressed as:

D=A(E)>< m X[I_Ta]

PLTE (51)

Where A, B, and C are empirically determined camtsta

The first term on the right hand side representsréfative pipe roughness. Typically, with larggweproughness
values the tendency for wax crystals to stick # tibing walls becomes more pronounced. The setayndis a
representation of the turbulence rate of the floand it reflects the impact of wax erosion due ighHluid flow
rates or turbulence. The last term is a dimensgsiemperature ratio (i.e. ambient temperaturkuid femperature)
to factor in the effect of temperature gradientd hence diffusion — on wax crystal transport.

In summary, a generalized solution approach isriest below:

Break the pipe/tubing network into discrete pipgrsents — the smaller the pipe segments the batteadcuracy of
the results generated. DefiRg = Inlet Feed Pressure;, = Inlet Feed Temperature; agdmposition = Inlet Feed

Composition.

1. GivenT;,, P, and InletComposition, guesP, andT . If no other information is available IBt;= P;, and
Tout = Tin.

2. Perform a thermodynamic equilibrium calculatiortted feed aP,, = (Pin + Pou)/2 andT 5y = (Tin + Tow)/2

3. Calculate all necessary correlation parametels,andT 5,

4. Estimate the pressure gradieif/dL and henc®’,, using the Beggs and Brill correlation

5.  Evaluate all thermo-physical propertiedPat andT ,,

6. EstimateT",, and hencd . using the energy balance equation

7. CompareP o and T oy to Py and Toy respectively. If they are outside a specified raniee range then set

Pout = P out andT oyt = P oy @nd jump to 3

8. The amount of wax deposited in the current pipersag and in the current time step is given as th& w
precipitation rate from the previous time step iplitd by the time step. Deposited wax compositt@m
likewise be updated by simply using material batacalculations.

9. Jump to 2 (until all the pipe segments have beerlyaed. For step 2, us®,, = P, from previous pipe
segmentT;, = T, from previous pipe segment; and InBmposition = Feed composition into previous pipe
segment less wax deposited in previous pipe segment

10. Jump to 2 (until the calculation time period hasrbeeached SetP;, = Feed inlet pressurd;, = Feed Inlet
Temperature; Inle€omposition = Feed Composition; and Current Pipe segmentet f@gment.

11. The solution is thus presented as wax depositéckftbssand_compositionin each pipe segment (locatjon
per time step
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The wax precipitation and deposition model discdgbais far should provide a reasonable enough acguwvhen
the time steps and pipe segment lengths are chiodem relatively small. However, there are limitsybnd which
reducing the time step and segment lengths willrestlt in improved accuracy. These limits are gtauabout
mainly by the inherent inaccuracies introduced itlhe model by empirical modeling. Generally, thexwa
precipitation/deposition model developed will rélgavily on correlations for fluid properties atfdient conditions
of pressure and temperature. These correlation®téoes can prove to be unreliable, thus introducagous
errors into model solutions. In addition, some fed 8implifying assumptions introduced into the niddeensure
that a tractable solution is arrived at could l¢adsevere restrictions on the achievable accur8oyne of such
assumptions include:
= Neglecting the presence of water vapor in the gaspbase
= Ignoring the slight but considerable solubility of:

o the gaseous phase in the aqueous phase

o the oil phase in the aqueous phase

o water in the oil phase
= Assuming a time-independent overall heat trangefficient
= Assuming that the kinetic energy of the fluids flog/through a constant diameter tubular is bothtjpomsand

time independent

Results and Discussion

This section presents the results obtained by pipdication of the computer program discussed topitegliction of
waxing-related phenomena oil production and trarisptere, the wax prediction model is used to estenthe Wax
Appearance Temperature (WAT) or Cloud Point Tentpee(CPT) of three crude samples. These estimiétielse
compared to experimental results as publishederitirature. The subsequent sub-section will complze steady-
state pressure and temperature outputs as funadiopssition from the wax-deposition-predictor prawgp, WD-
Predictor, with that obtained from a popular comtia@rpipe simulator such as PROSPER™. Next, astithtion
on how well the wax-thickness ratio computed by \Wi2dictor compares with experimental data extrafrieih
Cordoba and Schall (2001). Finally, we will comp#re WD-Predictor output on wax deposit thicknesh what
generated with the enthalpy-porosity model propdseBanki et al. (2008).

e Cloud-Point Temperature Prediction
WD-Predictor contains a dedicated module for thredjmtion of the WAT of oil samples at any givengzere. The
program was tested on 3 different oil samples gditem literature. The sample composition propsrfitne molar
weights, critical pressures, critical temperaturestical volumes, acentric factors and mole petages) are
presented in Table 1.

Table 1 Oil Sample Properties OIL NUMBER
I I i

COMPONENT | WEIGHT T (F) P. (psia) Vi (cft/Ib) 0 Mol % Mol % Mol %
C1 16.0429  -116.4118 673.0736 1.5858 0.0118.1390  0.0000  0.2457
C2 30.0699 90.1004 708.3424 2.3707 0.0986.5070  0.0041  0.3433
C3 44.0970 206.1464  617.3762 3.2037 0.1829.4810  0.0375 1.2781
Cc4 58.1240 305.6882  550.6530 4.0845 0.201®.6340  0.0752 2.3328
i-C4 58.1240 274.9028  529.0424 4.2129 0.184®.5630  0.1245  0.8048
C5 72.1510 385.6100  489.5197 4.9816 0.2539.5150  0.3270 2.2744
i-C5 72.1510 369.0464  483.4962 4.9335 0.2222.1130  0.2831 1.8304
C6 86.1779 454.5464  439.6992 5.8948 0.3002.0030  0.3637  4.3526
C7 100.2050 512.6144  396.9363 6.8235 0.349%.4780  3.2913 7.0409
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C8 114.2320 563.8064  362.1040 7.7850 0.4018.7560 8.2920 8.5073
C9 128.2590 610.6064  333.5969 8.6979 0.4455.2220 10.6557  6.2413
C10 142.2850 652.0064  305.6742 9.6426 0.488%.4140 11.3986  5.9502
C11 156.3130 689.2682  284.9889 10.5722 0.5356.3230 10.1595 4.7261
C12 170.3390 725.2682  265.4074 11.4207 0.562@.5710 8.7254 4.1475
C13 184.3670 756.7682  249.9768 12.4942 0.6236.2890 8.5434 4.2760
C14 198.3800 789.5300  234.9872 13.2952 0.679@.7200 6.7661 3.5380
C15 212.4100 812.9300 219.9946 14.0959 0.706@.4450 5.4968 4.0267
C16 226.4290 830.9300 206.0348 15.0569 0.7653.5590 3.5481 3.0915
C17 240.4570 860.3960  191.0002 16.1115 0.7703.6420 3.2366 2.7944
C18 254.4790 881.7980  175.9989 17.1398 0.8003.1040 2.1652 2.8950
C19 268.5100 901.0022  161.9999 18.1009 0.827@.7170 1.8098 2.6891
C20 282.5400 922.7300  168.2437 19.0620 0.9062.5970 1.4525 2.2190
Cc21 296.5830 940.7300  160.9918 19.9393 0.9420.9360 1.2406 2.0459
Cc22 310.5880 956.9300  153.7400 20.8421 0.9722.0390 1.1081 1.9448
C23 324.6090 973.1300  147.9385 21.7217 1.0262.6610 0.9890 1.7398
C24 338.6390 987.5300 142.1369 22.6040 1.0710.6160 0.7886 1.6283
C25 352.6700 1001.9300 137.7858 23.4627 1.1053.4210 0.7625 1.4660
C26 366.6900 1014.5300 131.9843 24.3194 1.1544.2330 0.6506 1.2924
c27 380.7200 1027.1300 128.0683 25.1602 1.2136.4260 0.5625 1.1907
C28 394.7390 1037.9300 123.2820 25.9858 1.2379.3430 0.5203 1.1033
C29 408.7690 1048.7300 119.8011 26.7998 1.2653.3000 0.4891 0.9935
C30+ 422.7990 1093.7300 125.8927 27.6083 1.30723.2300 6.1326  10.9902

The composition of oil sample 1 was gotten fromal@aleana et al. (1996) while oil samples 2 andh&re/
extracted from Pan et al. (1997). Table 2 showh patdicted and experimental CPTs of the thresasiiples.

Table 2 Predicted WATSs

Oil Sample Exp. WAT (°F) Model (°F) Error (°F)
OlL1 87.800 89.888 2.08
OIL2 114.35 115.76 141
OIL3 72.950 70.620 -2.33

As can be seen in Table 2, the predicted Wax Agpear Temperatures agree quite well with the vabl¢sined
experimentally. It should be noted that the WATshia table were all measured/calculated at stanaiandspheric
pressure (14.7 psia).

» Pressure and Temperature Profiles
In order to validate the models used for predicting pressure and temperature fields (i.e. the mame and
thermal energy balance equations), the output ®\WbD-Predictor was compared to the output frompitegram
PROSPER™ developed by the Petroleum Experts Group.
PROSPER™ is a popular pipe simulation packagehhstgained wide acceptance in the industry. Tieasrdsults
reported by the program will most likely be freeppbgrammatic bugs — since due to its widespreatpage such
programming errors would have been removed in sjzsd updates/versions of the application. Thus, by
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comparing the pressure and temperature distribsitfoom the program designed in this work to thelsedted
PROSPER™ we could quickly point out inconsistenaiete WD-Predictor program.

Table 3 Input Data for Analysis in Section 5.2

PARAMETER VALUE
Pipe Length 5200 ft
Inclination 90° (Vertical)
Diameter 5.5 inches
Composition Oil Sample 2
Pilet 4360 psia
Tintet 250°F
Tambient 600':
Geothermal Gradient 2.0°F/100 ft
Qo 1000 STB/
Water Cut (f) 0.0
Duration N/A (Steady-State)

The temperature and pressure fields compared vesrergted at steady-state condition using the idata specified
in Table 3. The resulting profiles were plottedigures 2 and 3 for the temperature and pressaldsfrespectively.
The charts show how the temperature and pressuyemith depth in a vertical producing oil well. Tipeedictions
by PROSPER™ (using the Beggs and Brill correlafmnTubing Performance Relationship) in both chants
close to those by our program; hence, for the ftmnditions given, it is safe to say that the WDelatr reports
consistent results.

250.50
250.00 |
249.50 |
249.00 |
248.50 |

Temperature (F)

248.00 |
T(PROSPER)

—— T (PREDICTED)
247.50

247.00 ' - - - ' '
0 2000 4000 6000 8000 10000 12000

True Vertical Depth (ft)
Figure 2: Temperature Profile Comparison
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Figure 3: Pressure Field Comparison

« Wax Deposition Thickness Ratio
In this example, the wax thickness predictions frdfd-Predictor are compared with the experimentah day
Cordoba and Schall (2001). These authors meashesdidx deposition thickness in a flow loop systé&ime fluid
mixture consisted of a light oil species (n-octaar)l a heavy cyclo-alkane (nonadecyl-cyclohexanyeldCsC,g).
Wax formation was investigated as a function ofetim a 25.4cm testing tube. The flow conditions atider
relevant data are presented in Table 4.
The wax deposition thickness ratio is givendig (whered is the average wax deposit thickness, and R ipifhe
inner radius). Figure (4) shows that the predicifmom WD-Predictor and the measured data (thréssdes) show
good agreement.

Table 4: Input Data for Analysis in Section 5.3. Adapteaini Cordoba and Schall (2001)

PARAMETER VALUE
Pipe Length 0.8333 ft
Inclination 0° (Horizontal)
Diameter 0.14496 inches
Zncs 0.67
chcloCG-ClQ 0.33
Tinlet 770F
Tambient 320F
Overall HTC (V) 50.928 BTU/hr$t°F
Qui 0.5714 STB/d
Duration 120 minutes
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Figure 4: Wax Thickness Ratio (Measured and Predied)

» Comparison with the Enthalpy-Porosity Model
Currently, the enthalpporosity model is the thermodynamic model that laesbunts for waxing phenomena in
piping systems. However, as has been noted in queli, the model suffers from restrictions in sys
configuration, such that inclined pipe and n-phasedlow conditions cannot be readily model
Table 5 provides relevant input data to be usemtopare the outputs of the entheporosity approach with that «
the WD-Predictor program. The figures 5 and 6 show thatethis a good agreement with the 1el proposed by
Banki et al. (2008).

Table 5: Input Data for Analysis in Section !

PARAMETER VALUE
Pipe Length 3280 ft
Inclination 0° (Horizontal)
Diameter 11.8 inches
Zncs 0.67
chcloCG-ClQ 0.33
Tinlet 102)F
Tambient 750F
Overall HTC (V) 90.48 BTU/hr-ft-°F
Qui 82.35 STB/d
Duration 1 Year
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Figure 5: Pipe Radii at 5 months

However, the output from the WPBFredictor systematically predicts that the waxkhess is smaller than that frc
the enthalpyporosity model. The reason for ttdiscrepancy can be explained by the fact that caslehdoes na
take into due consideration the formation of alggér between the main fluid stream and the wafasar This ge
layer allows fluid to flow through -both radial and axial — and generahgrdens/ages with time (due to -
diffusion of wax forming molecules from the fluittesam into the gel regiol
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Figure 6: Pipe Radii after 1 year
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Conclusion

In summary, this work was concerned with the cozatf a computer program that will function as ghhéend
paraffin wax prediction tool. This application wassigned to account for most conditions occurrmgil and gas
production facilities during transport of well eféints from the reservoir to the consumer. Such itond include
flow through inclined pipes/tubular, multi-phaséeets (such as gas slippage and flow patterns)edisas presence
of a separate water-rich phase.

The methodology adapted to realize the designefptiogram (known as WD-Predictor) included the Bpation

of a domain and subsequent application of relepagsical laws (with their accompanying mathematioaidels
such as the transport and equilibrium models) édbmain. After converting the mathematical expogssinto
appropriate numerical equations, the program wdsadn C++ and compiled for the x86 Windows™ platfo
The program as well as all underlying models westeid and verified with data sourced from approptigerature.
Program outputs such as oil sample CPTs, pressuréemperature fields as well as wax location dmckhesses
were used to verify the models used. Analyses ef dforementioned outputs indicate that the progréfd-
Predictor indeed should find relevance in the od gas business.

The following are recommendations made to ardesgarchers intent on furthering the concepts deeelap this
work to create a full-blown wax analysis software,

» To ensure greater accuracy in phase equilibriurutations, the water phase should be incorporatted i
VLE calculations.

e Better results could be obtained from the energlarz® equation by employing a transient (time-
dependent) overall heat transfer coefficient.

e At low temperature — high pressure production ctioil$, the formation of hydrates, especially irhtig
weight hydrocarbon fluid streams becomes highlybphlde. Thus, not accounting for hydrate formation
effects could lead to serious errors in wax depwsitalculations.

* Likewise, asphaltene deposition prediction showabncomitantly carried out with the paraffin ddépos
calculations.

* The effect of Naphthenes and Aromatic species dts vas other impurities like Nitrogen, Hydrogen
Sulfide, Carbon IV Oxide and Oxygen should be anted for.

e The influence of sand carrying effluent on the defan and erosion or otherwise of wax crystalsustho
also be modeled.

» Model deposition on pipe fittings and accessorfesikl be included.

e Finally, the computer simulator should be upgrattechodel down-stream pipelining (transport) of waxy
crude using the enthalpy-porosity approach as sigddy Banki (2008).

Nomenclature

P = Pressure (psia)

T = Temperature’f)

F = Number of feed moles

S = Total number of moles precipitated

V = Total number of moles in the vapor phase

L = Total number of moles in the liquid phase

s = Mole fraction of component (i) in the solidgste
X; = Mole fraction of component (i) in the liquid qde
yi = Mole fraction of component (i) in the vapor pbha
Ki = Vapor-liquid equilibrium constant for compon€n
zz = Mole fraction of component (i) in the feed

n = Number of components

N = Number of components
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Np = Number of Precipitating components

f. = Liquid Fugacity

fs = Solid Fugacity

0} Fugacity Coefficient

S" m" Solution of the solid fraction

V™ = m" Solution of the vapor fraction

T." = Average temperature of a pipe segment at lewel n
C, = Constant pressure specific heat capacity
Cy Constant volume specific heat capacity

L Length of pipe segment

U Overall heat transfer coefficient

w Mass rate flow

p Density

v In-situ fluid velocity

At Fixed time step

Ti" = Average temperature at pipe inlet at time level
n = Joule-Thomson coefficient

0. = 32.2Ibf/lbm-ft &

0 = Pipe segment inclination angle

Os = Thermal gradient

Ta = Ambient temperature at pipe segment inlet
e/d = Pipe relative roughness
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Appendix

The following pictures are screenshots of the mogfWD-Predictor” that depict different operatiorerried out in
the analysis of paraffinic crude oil.
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Feed Properties

Feed Composition

Component  Fraction Weight Acentric Factor  P-cr {psia)
"b | 15.043 1, 1498e-002 673.07
.;‘. C2 30.07 9.86e-002 8. 34
g‘.CS 44,097 0,1524 617,33

0
0
]
.‘h c4 0. 58.124 0,201 550.65
0
0

-‘hi-C‘} 53.124 : 529.04
-‘. Ca f2.151 ; 439.52
S

o FER

| Edit. .. J l Load From File...

Inlet Conditions

Inlet Pressure (psia): Inlet Temperature {°F):
&0.

Cil Rate (STE/day): Water Cut (STB/STE):

100, 0.

Figure A.1: Feed Properties Input Dialog

Figure A.1 above shows the program feed input syskéere, parameters like the feed composition ifsactveight;
acentric factors and critical properties could &éadily edited or loaded from an external file.

Other inlet conditions like the pressure and terapee at the inlet as well as water cut and oivftates are
specified in the Feed Properties Dialog. The digogccessed by selecting general settings inribgrgm ribbon
and subsequently choosing “edit” in the Feed Pr@gxegroup on the sidebar.

The next screenshot, figure A.2 shows a small agpidbedded within WD-Predictor that specificallyabres
precipitation and vaporization properties of panaéfcrude samples. The types of analyses thiseaggh perform
include the determination of:

= Wax appearance temperature
=  Cloud-Point pressure
= Bubble Point temperature and pressure
= Dew Point pressure and temperature
It was with this sub-routine that the results ibl¢a2 were generated.
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Temperature (F):
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Constraints

Maximum
Pressure (Psia):

10000

Maxcirmum
Temperature {F):

1000

I_ Edit Sample Compositon...

Ready

Figure A.2: Sub-routine for finding the WAT, WAP, Dew and Bubble Points of Crude Samples

Figure A.3 shows the progress dialog that pops bprnathe deposition analysis on pipe segments tisitizd. It
simply displays the current pipe segment being gssed, and the time step and position at whicledlailation is

being done.

Figure A.3: WD-Predictor processing paraffin depodion in pipe segments

The final screenshot, figure A.4 shows the finagvam display after all calculations have beeniedrout. The
outputted deposition result is usually displayea ¢éise graph that varies with both time and pipsifion as shown.
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Figure A.4: WD-Predictor Environment showing displayed result

Table 6. Physical Properties of Wax Crystals

Alkane Formula Boiling point [°C] Melting point [°C] Density [g/cm3] (at 20°C)
Methane CH, -162 -183 gas
Ethane C.Hs -89 -182 gas
Propane CsHg -42 -188 gas
Butane CsHqo 0 -138 gas
Pentane CsHyo 36 -130 0.626 (liquid)
Hexane CsH1a 69 -95 0.659 (liquid)
Heptane C:Hie 98 -91 0.684 (liquid)
Octane CgHyg 126 -57 0.703 (liquid)
Nonage CoHzo 151 -54 0.718 (liquid)
Decane CioH2o 174 -30 0.730 (liquid)
Undecane CuHos 196 -26 0.740 (liquid)
Dodecane CioHog 216 -10 0.749 (liquid)
Hexadecane CieHzs 287 18 0.769 (liquid)
Icosane CooHao 343 37 solid
Triacontane CsoHez 450 66 solid
Tetracontane CaoHso 525 82 solid
Pentacontane CsoH102 575 91 solid
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Figure A.5: WD-Predictor Environment showing Tubing as in segments
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