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ABSTRACT

Wax precipitation is one of the most challenging flow assurance problems because of its ability to create
restrictions to flow inside wellbores, pipelines, and some production facilities. Inaccuracy in predictions
of wax appearance temperature (WAT) and amount of precipitated wax makes it necessary to reassess
existing thermodynamic models. In addition, most of the current models require accurate description of
wax composition from expensive PNA analysis.

Here we propose to substitute traditional cubic equations-of-state with Perturbed Chain form of the Sta-
tistical Associating Fluid Theory (PC-SAFT). The advantage of PC-SAFT is mainly the accuracy in the es-
timation of fugacities of heavy components in vapor and liquid mixtures. These fugacities are important
because they define the equilibrium between wax, liquid and vapor phases. The novelty of this research
was in approach for fluid characterization. Such models as multi-solid or solution-solid were not used.
Instead, wax phase was represented as one phase and its amount was taken from inexpensive cross-
polarized microscopy data. Therefore, we did not need PNA analysis. To be able to accurately predict
with one wax component, reservoir was divided into sectors to determine PC-SAFT parameters for this
wax component from calibration of each sector separately. Later, when a new well is drilled, its content
of wax can be determined from the cross-polarized experiment and PC-SAFT parameters are same as
PC-SAFT parameters of that sector (they were obtained from calibration for that sector before). This data
alone is enough to predict amount of precipitated wax at any conditions with high accuracy.

First, we validated PC-SAFT with experimental PVT data such as bubble point pressure, gas-to-oil ratio
(GOR) and oil formation volume factor (Bo) and compared to the results of Peng Robinson EoS. This PVT
data is from one of the fields in the South Caspian Basin. The first validation of wax precipitation itself,
however, was performed on experimental data in the literature. Later, the model was calibrated on the
oil sample data (composition and wax data from cross-polarized lab experiment) from the field in the
South Caspian Basin. Finally, we verified the model with the data from the rest of the wells in this field.
The results prove the accuracy of PC-SAFT method and show that costs of PNA analysis can be avoided if
cross-polarized microscopy is available.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

the liquid as paraffins that form a wax. Even though a flowing
oil through subsea pipelines is the commonplace of wax precipi-

Hydrocarbon mixtures travel a couple of kilometers from the
reservoir all the way up to the surface through the tubing and
then several kilometers more from the well to the surface facili-
ties in pipelines which may be located under the sea. When hot
fluid travels in the pipeline immersed in the water, it cools down
which may cause such heavy hydrocarbons to precipitate out of
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tation, it may accumulate during production in the tubing as well,
especially in case if the wellbore is located in the long sea section.
This precipitation of wax in the tubing is not always guaranteed as
the temperature in the wellbore changes drastically depending on
the flowrates and many other factors that may change from well
to well. In addition to that, unpredicted precipitations of wax may
cause a lot of troubles during intervention into the well. Therefore,
correct identification of wells with a potential wax deposition be-
fore intervention into the well is one of the current requirements
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in the petroleum industry. Otherwise, equipment used during this
process may get stuck in the wax deposits. Wax crystals in oil
may also cause such problems as the increase of viscosity, leading
to pressure losses and the requirement of higher yield stress for
restarting the flow [1]. Thus, it is crucial to recognize wells with
precipitated wax in order to correctly determine a stimulation pro-
cedure that should be performed to increase their oil rate. In addi-
tion, it is important to rank wells with high wax precipitation risk
in order to address it during well entry plan to minimize potential
NPT (Non-Productive Time). Therefore, a necessity in the accurate
estimation of the amount of wax precipitated at certain conditions
in the well and wax appearance temperature (WAT) arises.

Unfortunately, nowadays, models used in the industry overes-
timate the amount of precipitated wax and do not show a good
match with the experimental data. Models can be classified into
two parts: Multi Solid and Solution Solid Models which are used
together with a cubic Equations of State (EOS).

The main assumption behind the Solution Solid (SS) Model is
that all precipitating components are miscible with each other
and create a solid solution (SS). A cubic EOS is used in this
model for the calculation of fluid fugacities and defining vapor-
liquid equilibrium (VLE). Solid-liquid equilibrium, however; is de-
fined through an activity coefficient model. One of the most fa-
mous solid solution models for wax precipitation was proposed
by Won [2,3] which used Soave-Redlich-Kwong EOS as a tool for
VLE. The description of liquid on the liquid-solid coexistence curve
was achieved through a modified regular solution theory. Hansen
et al. [4] modified the activity coefficient of a liquid phase in a
regular solution using the theory of multi-component polymer so-
lutions proposed by Flory [5]. Pedersen et al. [6] improved the
model proposed by Won [2] to calculate WAT. The model validation
was performed with the experimental WAT data of oils from the
North Sea. Coutinho and Stenby [7] described orthorhombic solid
phases using Wilson’s model, then Coutinho [8] improved the UNI-
QUAC model to describe the orthorhombic solid phase more ac-
curately. Solid Solution model developed by Zuo et al. [9] consid-
ers the Poynting correction in the calculation of wax fugacity and
is able to predict WAT over a wide range of wax content values
and pressures. Ji et al. [10] applied the UNIQUAC thermodynamic
model and achieved wax disappearance temperature prediction.
First, the thermodynamic properties of n-paraffins were calculated,
following that a new methodology based on the UNIQUAC model
was described. Esmaeilzadeh et al. [11] examined different activ-
ity coefficient models on prediction of the behavior of the solid
phase and validated Wilson’s model using experimental data of
binary, ternary, quaternary and multi-component fluids. Coutinho
and Ruffier Mefay [12] investigated the deposition of wax using
both thermodynamic and experimental methods. Modeling of wax
formation from hydrocarbon fluids was performed using the pre-
dictive UNIQUAC model.

The other category of available models for thermodynamic
modeling of wax precipitation is Multiple Solid (MS) where pre-
cipitated solid phases are separate and are not miscible. MS model
was presented by Lira-Galeana et al. [13] where wax solids were
described as multi pure-solids. The Peng Robinson (PR) EOS was
employed for liquid and vapor fugacity calculations. Vafaie Sefti
et al. [14] utilized the MS model for predictions of the equilibrium
phase in crude oil. PR EOS was used for the description of fluid
properties. Dalirsefat and Feyzi [15] achieved predictions of WAT
and the amount of wax precipitated using a modified MS model.
Modification of PR EOS was used for the calculation of liquid and
gas-phase fugacities.

In these methodologies, equilibrium is determined using a fu-
gacity equality method where fugacity of solid phase is calculated
from the fugacity ratio formula and fugacities in vapor and liquid
mixtures are estimated using a cubic equation of state. Hence, it
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is crucial to have EOS that accurately calculates the fugacity of all
components in liquid and vapor, especially of heavy components.
Even though this methodology is widespread, cubic equations of
state are some kind of Van der Waal's EOS modifications and the
shape of the molecules was not considered which is a big assump-
tion for components with high carbon numbers. Therefore, these
EOS has some limitations and uncertainties when it comes to de-
termining fugacities of components with the high carbon number
which are particularly important for solid-liquid equilibrium. Even
though such modification as critical parameters or adjustment of
molecules non-sphericity in these EOS increased their accuracy,
determining of these parameters for heavy components is nearly
impossible as they degrade during the experiment when the tem-
perature or pressure is increased to the critical.

This study proposes to use Perturbed Chain form of Statisti-
cal Associating Fluid Theory, PC-SAFT, instead of cubic equation of
state due to its derivation procedure (derived from statistical me-
chanics) and molecules shape being represented in the form of
chains of spherical segments which is the better imitation of ma-
jor real molecules of heavy hydrocarbon [16]. Especially, this rep-
resentation is close to the reality for wax molecules themselves
as molecules precipitating in the form of wax are mainly straight-
chain alkanes with very little branching. [1,17]. The reason for that
phenomenon is that for the hydrocarbon it is easier to agglomerate
into larger particles if they are long and straight rather if they are
branched molecules with the same carbon number as the surface
area of long and straight molecules is bigger [18].

Statistical Associating Fluid Theory was developed by Chapman,
et al. [19] by extending and simplifying Wertheim’s theory for as-
sociating fluids [20]. According to SAFT, the free energy of a fluid
is determined by summing up the free energies of an aggregate
of spherical segments and the free energy change spent on bond-
ing of the segments in a structure that resembles the molecules
of interest. Wertheim'’s theory is used to calculate that change in
free energy. Various modifications of the SAFT have been proposed
over the years. The only difference between these models is in seg-
ment term accounting for the Van der Waals attraction forces. All
of the proposed forms of the SAFT EOS utilize chain and associa-
tion terms that were originally described by Chapman, et al. Per-
turbed Chain form of SAFT (PC-SAFT) was developed by Gross and
Sadowski [16] after extending the Barker and Henderson'’s [21] per-
turbation theory to a hardchain reference. PC-SAFT utilizes a hard-
sphere reference fluid first described by EOS of Mansoori et al.
[22]. This modification of SAFT allowed for proper predictions of
the phase behavior of heavy molecules.

In this work, due to the lack of PNA analysis and availability of
wax weight percentage from experiments, the methodology of rep-
resenting wax in the composition as one component was applied.
Owing to the characterization of precipitating wax as one compo-
nent, there was no need for Multi Solid or Solution Solid model.

2. Methodology

In this section, we first explain our fluid characterization tech-
nique and then introduce the concepts of solution-solid and Multi-
Solid Models. We then develop the underlying theory of how these
models are used together with PC-SAFT Equation of State in the
three-phase flash calculation algorithm.

2.1. Fluid characterization

Lack of PNA hindered our ability to characterize the composi-
tion of wax. However, wax weight % and wax appearance temper-
ature (WAT) for all the wells from cross-polarized microscopy ex-
periment was available to us. Moreover, compositions of oil from
12 wells spread across the reservoir was also accessible.
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Fig. 1. (a) Solution solid model, (b) Multi-solid model.

Composition of wax is different across the field which makes
it more difficult to predict wax precipitation if wax is represented
as one component. Therefore, we need to have different PC-SAFT
and fusion parameters for wells across the reservoir which limits
the predicting capability. Hence, the methodology used in this pa-
per is to group the wells with similar wax properties and calibrate
every group of wells separately and obtain one set of PC-SAFT pa-
rameters for every group. If prediction of a new well is required
in future, then the group to which this well belongs needs to be
determined and this calibrated set of parameters of that group can
be used.

By referring to compositional variation across the field and wax
weight percentage along with WAT data, reservoir was divided into
5 sectors containing about 25-35 wells. One representative compo-
sition was selected for every sector from available compositional
analysis data. As every well had wax weight percentage data, com-
position for every well can be calculated by substituting wax per-
centage and normalizing the composition. This fluid characteriza-
tion technique was used to predict wells not used in the calibra-
tion procedure (more about this when Fig. 5 is described).

2.2. Solution solid and multi-solid models

Multi-Solid (MS) and Solution Solid (SS) models both are set of
isofugacity conditions described to calculate the amount of precip-
itated solid phase. The difference between the models is the rep-
resentation of the solid phase. In the latter case precipitating com-
ponents are miscible with other solid components creating a solu-
tion of solids, however, in MS model the solid components are con-
sidered to form separate phases that do not mix with each other.
These models are illustrated below in Fig. 1a and b.

In both models, fugacities of non-precipitating components in
the vapor mixture will be equal to fugacities of the same compo-
nents in the liquid mixture, as in the case of simple vapor liquid
equilibrium. However, what differs in these models is the fugac-
ity of precipitating components. Since solid components in the SS
model are all dissolved in one solid solution, isofugacity condition
for precipitating components (noted as i) will be as follows:

ff=f=F (1)

Where, f7 is fugacity of i component in 7 phase mixture. Fu-
gacities in liquid or vapor mixtures can be calculated using equa-
tions of state (e.g. such cubic EOS as Peng-Robinson, Soave mod-
ification of Redlich Kwong). Fugacity of i component in the solid
mixture, however, calculated using activity coefficient from pure
solid fugacity:

fis = xisyis pLStre, i (2)

Where, x; is the composition and y;° is the activity coefficient
of i component in solid solution.
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Fugacity of pure solid is calculated from the fugacity ratio for-
mula [23]:

fgure, i Ah,f T ACP,» Tif Tif
o) = () (oren(v)
(3)

) can be determined from EOS. In

Fugacity of pure liquid ( f£

pure, i
the above formula, Ahif is the fusion enthalpy, AC; is the differ-

ence between heat capacities of liquid and solid phases and Tif is
the temperature of fusion.

On the other hand, precipitated components are forming sep-
arate solid phases according to the MS model. Therefore, the fu-
gacity of i component in liquid or vapor mixture should be equal
to pure fugacity of i component in solid-state. The formula is pro-
vided below:

fiv = fiL = pire, i (4)

However, in this study, some components are lumped together.
Therefore, the composition consists of 8 components (CO,, C;+Nj,
Gy, C3-C4, C5-Cyp, C11-Co0, Co14 non-precip» Wax). The Component
called “wax” is the precipitating part of Cy;,. This type of char-
acterization was used due to the absence of PNA analysis and the
presence of experimental data for dissolved wax weight %. There-
fore, the value of wax percentage is obtained from the experiments
which were carried out on the samples from almost all the wells in
the field. Since only one solid component is present, neither Multi-
Solid nor Solution Solid Models were used.

The isofugacity condition for non-precipitating i and precipitat-
ing (wax) components implemented in this study are as follows:

=5 (5)
vvvax = vaax = fpgre, wax (6)

Fugacities of all the components (including wax component) in
the vapor and liquid mixtures are estimated by PC-SAFT. Pure solid
fugacity of wax is calculated from Eq. (3) where fusion properties
and fugacity of pure wax in liquid state are required. Fugacity of
pure wax in liquid state is obtained from PC-SAFT. Fusion prop-
erties, required in Eq. (3) are calculated using correlations found
from the literature and then all of these properties were tuned to
match experimental data in the calibration process:

Fusion temperature of wax component was described using
Chen’s correlation [24]:

32326
7
MWW(IX ( )

Won proposed this correlation of Enthalpy of fusion for paraf-
finic components [2]:

Ahl = 0.1426MWiax Ty, (8)

Heat capacity change, however, calculated using correlation of
Pedersen [6]:

AChax = 0.3033MWyyox — 4.635 5 10~ MWy T (9)

Tl = 4114 —

2.3. Perturbed Chain Statistical Associating Fluid Theory (PC-SAFT)

PC-SAFT was derived with an application of the perturbation
theory of Barker and Henderson to a hard-chain reference fluid.
The authors of this equation of state claim that PC-SAFT is appli-
cable to a wide range of fluids from mixtures with small spherical
molecules, nonspherical solvents up to chainlike polymers.

Unlike cubic EOS, PC-SAFT was not derived with an assumption
of sphericity of molecules. Molecules are represented in the form
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of chains consisting of spherical segments, which makes it appli-
cable to wax precipitation modeling. There are three main param-
eters of PC-SAFT required for each component in the composition:
number of segments (m), segment diameter (o) and the energy
parameter (&/k) [16].

In order to accurately predict the equilibrium between solid, va-
por and liquid, it is crucial to determine fugacities precisely. The
equation for calculating fugacity of pure solid phase derived an-
alytically with small assumptions; however, this fugacity depends
on the accuracy of fusion properties and fugacity of the same com-
ponent in liquid state which is determined using the equation of
state. Moreover, fugacities in liquid and vapor mixtures are derived
from EOS. Hence, EOS accuracy is the principal factor in calculating
the amount of precipitated wax. Hence, PC-SAFT is used instead of
cubic EOS in this work.

First, after temperature, pressure, and composition are inputted
into the algorithm, the Newton-Raphson Method determines the
density of the fluid by converging to the pressure outputted by PC-
SAFT. Following this, the fugacity of all components in vapor and
liquid can be calculated using the density and PC-SAFT.

The block diagram of how PC-SAFT was used to calculate fugac-
ity is provided in Appendix A. Equations required for calculation of
fugacity are presented in Appendix B.

Previously mentioned fugacity ratio formula for defining solid-
phase fugacity and PC-SAFT algorithm for calculating fugacity in a
fluid mixture has to be used together in phase flash calculation to
quantify amount of each phase. Owing to the presence of gas, oil
and solid wax phases in the tubing, the three-phase flash calcula-
tion is utilized.

Inaccuracy in initial values of liquid and solid mole fractions
and K value (Henry's law constant) can cause convergence prob-
lem that substantially increases the runtime. Therefore, two phase
flash calculations (Vapor-Liquid and Liquid-Solid) are performed
and their results are used to calculate the initial values.

The Block Diagram of Three Phase Flash Calculation is provided
in Appendix A (Fig. A.2).

2.4. Radial temperature gradient inside the tubing

Property most affecting wax precipitation is known to be tem-
perature. It was also illustrated in the sensitivity analysis graphs in
the results section.

During this study, the temperature profile was obtained from
Distributed Temperature Sensing (DTS) data. However, due to the
location of fibre optic cable, temperature from DTS does not ex-
actly represent the temperature of flowing fluids inside the tubing.
Usually, the temperature of the oil in the flow center is hotter than
DTS.

Therefore, the heat transfer equation was used to model the ra-
dial temperature gradient and therefore determine the temperature
of oil flowing inside the tubing. Heat flow equation in radial coor-
dinates is given below [25]:

oT oT 10T aT
ot " (Vf or V0790 +Vzaz)
10 oT 1 02T 9T
:(8“+aT)<r8r<r8r>+r26W+8zz)+R (10)

Where V is velocity, T is temperature, ¢, is turbulent heat dif-
fusivity, o is thermal diffusivity, R is generation term and r, 6, z
are radial coordinates

During turbulent flow in the pipe, eddies and vortices result
in local advection in all three directions. These localized advective
motions sum up as a resultant diffusivity in the direction of tem-
perature change of concentration. Therefore, advection is mainly
substantial in the direction of flow (axial direction). Diffusion in
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the axial direction can be neglected since it is much smaller than
transport due to advection. Since the purpose is to find a steady-
state solution, the transient accumulation term can be ignored. Af-
ter removing parts of the equation discussed above, the following
equation is derived:

aT 10 [ 0T

The generation terms that are left in Eq. (11) can be caused by
crystallization in the fluid. During crystallization, process heat is
gained and mass is lost out of fluid. According to Lee heat obtained
from crystallization is less than 0.1% and negligible compared to
diffusion and advection terms [26]. Thus, the generation term is
also removed

After the rearrangement of the equation and replacing a sum of
two diffusivity terms, &, + ar with total diffusivity, o following
equation is derived:

aT 3T

ot T
‘/ZE = atotw "

r or

(12)

Then, finite difference methodology was applied to the Eq. (12)
and temperature was discretized in 2D space (radius and depth).
As a result, the temperature in any location of the tubing was ob-
tained.

One of the example outcomes of the simulation is provided in
Fig. 2.

Here, color and vertical axis represent the temperature at a cer-
tain distance from the flow center and depth of the wellbore (in
other words, tubing length). As a result of the simulation, depend-
ing on flowrates, the temperature in the center of the flow may be
2-4 °C higher than at the edges (or at DTS fiber). As the radius of
the tubing was approximately 6 ¢cm in Fig. 2, temperatures at the
highest distance on the plot represent the DTS profile.

2.5. Calibration of model parameters on WAT prediction

As it was described in the Fluid Characterization section of this
paper, the oil field was divided into sectors containing similar wax
properties. This was done due to vast size of the field and varia-
tions in the composition which was making calibration and pre-
diction of all the wells impossible as wax was represented as one
component. Therefore, calibration was carried out on each group of
wells (sector of the oil field) separately. About 30-40% of the wells
were used for the calibration procedure and the rest of them were
used for testing. The calibration methodology itself is described as
follows.

Predictions of WAT depend on accurate determination of equi-
librium point which in turn depends on fugacity calculations of all
the phases. As liquid and gas phase fugacities are calculated us-
ing PC-SAFT and fugacity of solid phase is calculated from fugacity
ratio formula, main parameters of PC-SAFT (m, o and ¢/k) and fu-
gacity ratio formula (Ahlf, ACp; and Tl.f) may be tuned to match
the experimental values of WAT.

Gradient Descent optimization algorithm was used to automize
the calibration procedure. General equation form of the optimiza-
tion algorithm is given below:

Xni1 = Xn — VF(xn) (13)

Where F is the residual sum of squares of model’s WAT predic-
tion and x is a parameter to be tuned (e.g. m, o, ¢/k, Ahif, ACy;

and Tl.f ).
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Fig. 2. Results of temperature simulation inside of tubing.

3. Results and discussion
3.1. Validation with PVT properties

The first validations of PC SAFT were performed by comparing
PVT properties’ predictions of PC SAFT and Peng Robinson EOS. The
results are given in Fig. 3.

PC-SAFT shows slightly better accuracy when it comes to For-
mation Volume Factor predictions even though PR EOS is reason-
ably accurate. This can be explained due to high accuracy of PC-
SAFT compared to PR EoS when it comes to density predictions,
especially at high pressure and high temperature. Therefore, For-
mation Volume Factor which is the ratio of oil volume at reservoir
pressure and temperature conditions divided by the oil volume at
surface condition can be inaccurate the case of PR EoS. However,
Bubble Point Pressure and Gas to Oil Ratio predictions for both
models are similar as PR EoS is accurate enough for predictions
of gas or oil densities at surface conditions and in case of Bubble
Point Pressure.

3.2. Validation on precipitated wax amount

However, due to the unsuitability of the assumption for heavy
hydrocarbons, PR EOS cannot properly represent the fugacity of
these components in the liquid or gas. Therefore, PC-SAFT was cho-
sen to accomplish this task. The methodology was validated by
comparing predictions of the precipitated wax amount at a certain
pressure and temperature conditions with the experimental results
shared by other authors [27]. Results of PR EoS being applied in
Multi Solid and Solution solid formulation can also be found [27].
Our results of PC-SAFT given below in Fig. 4.

Even though having only one precipitating component in com-
position resulted in a smooth curve of PC-SAFT, the graphs show a
reasonable match with experimental data.

3.3. Validation on WAT prediction

As it was explained in the fluid characterization section of this
paper, reservoir was divided in the sectors and calibrated sepa-
rately to be able to predict new well. Therefore, after comparing
predictions of the model with the experimental data from litera-
ture, WAT predictions were validated by comparing model results
with experimental WAT measurements of 3 new wells from differ-

Table 1
Numerical values of the graph in Fig. 5.

Actual WAT,°C  Predicted WAT,°C  Relative error, %

Well from group 1 42 414 14
Well from group 2 39 39.5 1.3
Well from group 3 30 29 33

ent sectors of the field in South Caspian Basin (later referred to as
X field). The graphs are given in Fig. 5.

Results of Fig. 5 are provided in the Table 1.

All the input parameters of PC-SAFT used during these predic-
tions are provided in Appendix C.

As can be seen from the graphs in Fig. 5, WAT is predicted by
PC-SAFT with high accuracy. Moreover, these results were obtained
with just a little calibration from properties obtained during PVT
modeling. PC-SAFT parameters of wax component obtained from
calibration of data from literature [27]| was used to start the cali-
bration for every group of wells in our field.

3.4. Sensitivity analysis

In order to identify what affects wax precipitation the most,
sensitivity analyses on such parameters as Gas to Oil Ratio, Pres-
sure, and Temperature were carried out. These three sensitivity
analyses are illustrated in Fig. 6.

One of the wells that had the average amount of precipitated
wax was chosen for sensitivity analysis. In all of these graphs, the
red point represents the real condition of the well and blue points
are simulated with a changed value of some parameter (GOR, P or
T). The X-axis shows how much value chosen for simulation is dif-
ferent from the real one and Y-axis shows how much precipitated
amount of wax is changed in that case.

As a conclusion from Fig. 6, the effect of GOR on the amount
of precipitated wax was the lowest and it can be considered neg-
ligible. The effect of pressure is small compared to temperature;
however, at higher pressures the amount of precipitated wax in-
creases by up to 12%. As it was expected, a distinctly dominant
parameter is temperature which depending on temperature drop
may increase the amount of precipitated wax by 2-4 times
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Fig. 4. Precipitated wax weight percentage prediction of PC-SAFT, (a) and (b) are
two different oil samples [27].

3.5. Calibration results

Despite the great variations in the composition of oil across the
field, it was not attainable to perform compositional analysis for
each well. Therefore, during the calibration procedure, the X field
was divided into several groups according to geological parameters
(location, depth, tilting angle and penetrated layer) each of which
contained several wells with experimental data of wax weight per-
centage and WAT. Then, each of the groups was calibrated sepa-
rately and a set of parameters were tuned to match experimental
WAT.

Results of the calibration procedure is given in Fig. 7 as a plot
of WAT predicted for all wells from one group vs wax weight per-
centage.

Conclusions
Following conclusions can be made out of this study:

o PC-SAFT EOS was implemented in 2 phase and 3 phase flash
calculations to model PVT properties and wax precipitation re-
spectively.

o The model was validated by comparing with experimental PVT
properties data and PR predictions.
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Fig. 5. WAT prediction of PC-SAFT, (a), (b) and (c) are three different wells from
different sectors of X field.

PC-SAFT model prediction of wax precipitation was compared
to experimental values of precipitated wax weight% obtained
from research papers and it was also compared to experimental
WAT data from the wells located in the South Caspian Basin.
Sensitivity analysis was performed over a wide range of param-
eter (GOR, P, T) values. The effect of pressure on wax precip-
itation was higher at higher pressures; however, the effect of
changing GOR and low pressures was almost negligible. As was
expected the effect of temperature can result in as high as 4
times increase in wax precipitation.

The algorithm was written in Python programming language so
that it can be easily integrated into the database used by the
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Fig. 6. Sensitivity analysis on (a) Gas Oil Ratio, (b) Pressure, (c) Temperature.

consortium. Scorecard was created that clearly emphasizes well
with high risk of wax precipitation.

o The heat flow equation was applied to determine radial tem-

perature change from tubing wellbore to the flow center as the
main source of temperature was DTS which location is outside
of the tubing.

X field was divided into groups according to geological features
as true vertical depth, location and penetrated layer. Calibration
procedure was performed for each of the groups using the Gra-
dient Descent optimization algorithm and a new, tuned set of
parameters were generated for future modeling.
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Appendix A

Fig. A1
Appendix B

In order to calculate the fugacity of a component in liquid or

vapor mixture using PC-SAFT, density has to be defined. Therefore,
as it was shown in Fig. A.1, Newton Raphson method was used to
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determine density iteratively by adjusting reduced density 7 until
calculated and real pressures converge. A suitable initial value for
the reduced density of liquid 0.5 and 10~10 for a vapor. Values of
n higher than 0.7405 which is the closest packing of segments had
no physical meaning. Equations required for calculation of pressure
from reduced density when other input parameters are tempera-
ture and composition are described as follows.

Pressure calculation from PC-SAFT

Pressure can be calculated using the following relation:

3
P=2ZkTp <101°";‘1> (A1)

Where k is the Boltzmann constant, T is temperature, p is num-
ber density which calculated from 7 using eq. (A.2), Z is a com-
pressibility factor.

1
6
o= n’l(Z’ﬁ’"ﬂ?) (A2)
i

Where, x; is a composition of component i, m; is the num-
ber of segments in i component (one of three input parameters
of PC-SAFT) and d;is the temperature-dependent segment diame-
ter which is calculated using this formula:

di(T) = J,-[l —0.12exp <—&)] (A3)
kT

Where, o; and ¢;/k are the temperature-independent segment
diameters and the depth of the potential well divided by Boltz-
mann constant respectively which are the remaining two input pa-
rameters of PC-SAFT.

After n is adjusted in the Newton Raphson method, molar den-
sity p in units of kmol/m? can be determined from number density
p calculated from Eq. (A.2):

0 A\ kmol

p=-—-1{10"Z) (10— A4

p Nay ( m) ( mol (A4)
Meanwhile, the compressibility factor Z required in Eq. (A1) is

calculated from

Z =1+ 2" 4 700 (A5)

The superscripts hc and disp denote the hard-chain and disper-
sion. The calculation of hard-chain contribution to the compress-
ibility factor will be examined separately from dispersion contri-
bution.

The hard-chain contribution

The hard-chain term of the compressibility factor is given by

he _ 7 -1 o8y
ZC—mZS—;x,(m,-—l)(gﬁS) P (A6)
Where,
Ne¢
="y xm (A7)
i=1
contribution of hard-sphere to compressibility,
Zhs _ &3 n 3616, 387 — £3&3 (AS)
(1-8) &1 -&)" &(1-&)
The radial distribution function is expressed as
s _ 1 +< did; ) 3&,
Y=g’ \ditdi ) (1-&)
2
did; 3¢3 ..
+ ori,j=1, ..., N, A9
(df+df) a gy T C "
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Fig. A.2. Block diagram of Three Phase flash calculation.

phase
and
g & d,-( 35 65253 )
o (1-&)° 2\(1-&)°" (1-&)
di2< 48, 65283 )
- (A10)
2\(1-&)° (1-&)
&, is defined as
Ne
£q = %p > ximd? forn=0, 1, 2, 3 (A11)

i=1

The dispersion contribution
The dispersion contribution to the compressibility factor is

given by

m2eo3 —mwpm 9 (k)

an

29 = o h) " cznzz}ngzaa

(A12)

Where the abbreviation C, is defined as

_An2
G = G _ e ﬁ,w
on (1-m
_.2n3+12n% — 48 40
+(1 -y S AT A ] (A14)
A-m72-mn
Where, C;, m2e03, and m2e203are calculated from
-1
8n —2n? 200 —27n% + 1203 — 20
c1:<1+m'7 LLMTRYC T oo AT U ”)
(1-mn) [(T=m@2-n)]
(A15)
N Nc fore
93 1
m280'3 = Zlexjm,m](k—]{>03 (A]G)
i=1 j=1
Ne  Ne s 2
ij
m2e203 = Zinxjm,-mj<ﬁ> o (A17)

i=1 j=1
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The parameters for a pair of unlike segments, ¢&;; and o, are
determined by

Eij = /8,’8](1 - k,’j) (A]S)
1
Oij = E(O'j + O'j) (A19)

Where k;;is a binary interaction parameter (BIP) between com-
ponents i and j.

The terms ljand I, are the integrals defined by the perturba-
tion theory, which can be simplified to two simple power series as
follows:

6
Li(n.m) =" a;(m)n’ (A.20)
i=0
6 .
L(n,m) =Y bi(m)n' (A21)
i=0
Partial derivatives used n eq. (A.12) are defined from,
d(nl 6. ,
% =Y a(m) i+ Dy (A22)
i=0
ONh) _ N~y o
“on = 2 bit G+ Dn (A23)
i=0
and the q; and b; are related to the chain length by the following
equations:
- m-—1 m-—1 m-—2
a,-(m)=aio+< = )an+( = )( = )az,- (A.24)
and
- m-—1 m-—1 m-—2
bi(m)=b,-o+< = >b1i+( = )( = )bzl- (A.25)

The model constants a;y, aq;, i, big, by, and by;are presented
in Table A-1 and Table A-2.

Fugacity calculation

Now, in order to calculate the fugacity of any component, it
is required to calculate the fugacity coefficient from PC-SAFT and
multiply it by the pressure of the system. Fugacity coefficient
@i (T, P) is related to the residual chemical potential as

_ e @y
Ing, = B InZ (A.26)
The chemical potential can be obtained from
res T’ U qres
¢ K/ TV X
N ~
aares
_ Z Xf(ax) (A.27)
j=1 VA A

Where, @ is the reduced Helmholtz free energy defined as
e = ghe 4 gdisp (A.28)

Where dispersion contribution to residual Helmholtz free en-
ergy defined as,

P = 27 ply (p, Mym2eo3 — w pmCily (p, Mym2e203  (A.29)
and hard chain contribution determined from

Nr
a-hc = ﬁldhs — in(mi — 1)111 iis (d,‘,‘) (A30)

i=1
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Where the hard-sphere contribution is

_ 1] 3&& £3 (g) ) ]
b |:(1 —&) £(1-&)° + £ In(1-&) (A.31)

Derivatives in Eq. (A.27) with respect to mole fractions are
calculated regardless of the summation relation ) X;=1 For

~hs

j
convenience, one can define abbreviations for derivatives of
Eq (A.11) with respect to mole fraction.

&, T
En, xk = (B)E() = E'Omk(dk)n nef{0, 1, 2, 3} (A32)
K/ o X

Hard-Chain Reference Contribution.

() o2
ey
X ) px,. X )1 px..

S_l 8ng
—;xmm,-—l)(g’&) (3Xk>r,p,x]¢k (A33)

With

% )

_Eoxk ahs 1 3(51%52 +& glxk) 3816285 3825 u

B (1-&) (1-&)°  &(1-8)
+§23§3.xk(3§3 - <3522§2,xk§3 — 287834 & >
0,xk

£2(1-&) 3]
o—g>
£2
did; 386

1n(1—$3)+< (fi”é)}
ag?js _ g>:3,xk ( )(

X )T.P.Xj#k (-8 T\ 4 J\ (1 -&)* !
452%-2,)(1( GEZZEB,XR

dd; \’
idj A.35
+<df+dj> ((1—53)3+<1—53>4> (39

Dispersion Contribution.

(%)
X, Top X

—27 p[l ym?€0® + I (m?€a?) |

—7 p{[MiCily + MCy el + MCi Ly g JM2€203 + MCi L (m2e203) |

(A34)

Y

68283 w )
(1-&)

(A.36)
With
— €ki
(m2603)xk =2m, ijmj(ﬁ>ok3j (A37)
J
2¢253 AP
(m?e20 )Xk =2m foml(ﬁ) oy (A.38)
J

8n —2n? 20m — 279 + 1203 - 2t
Cl‘xk = C2§3,xk - C12{mk L 774 - L L 1 2 L }
(I=m [(A=mZ-m]
(A39)
6 . .
Il,xk = Z |:ai(n:l)iSEy.xknF1 + ai,xknl] (A.40)
i=0
6 . .
Iz,xk = Z [bi(m)i%,xknlil + bi,xknl] (A.41)
i=0
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Table A5
4 Tuned Parameters for simulating WAT (Fig. 5).
<3 — T>(12i (A42)
m Well 1 Well2 Well 3
4 m; 9.4823 9.4802 9.4909
3- E)bZ' (A'43) o; 4.0346 4.0487 4.1202
&i/k 319.9814 319.9804 319.9766
Tox 349.9885 349.9883 354.9891
Ahlg  16999.9994  16999.9996  16999.9996
Table A1
Universal constants for Eq. (A.24) [4].
i ajp ay; @i
0 0.91056314452 -0.30840169183 -0.09061483510
1 0.63612814495 0.18605311592 0.45278428064
2 2.68613478914 -2.50300472587 0.59627007280
3 -26.5473624915 214197936297 -1.72418291312
4 97.7592087835 -65.2558853304 -4.13021125312
5 -159.591540866 83.3186804809 13.7766318697
6 91.2977740839 -33.7469229297 -8.67284703680
Table A.2
Universal constants for Eq. (A.25) [4].
i bio by by
0 0.72409469413 -0.57554980753 0.09768831158
1 2.23827918609 0.69950955214 -0.25575749816
2 -4.00258494846 3.89256733895 -9.15585615297
3 -21.0035768149 -17.2154716478 20.6420759744
4 26.8556413627 192.672264465 -38.8044300521
5 206.551338407 -161.826461649 93.6267740770
6 -355.602356122 -165.207693456 -29.6669055852
Table A.3
Binary interaction coefficients
co2 C1-N2 c2 C3-C4 C5-C10 C11-C20 C21+ wax
co2 0
C1-N2 0.049311 0
c2 0.099312 0 0
C3-C4 0.099311 0 0 0
C5-C10 0.129308  0.028762  0.009812  0.009729 0
C11-C20  0.099302  0.098071  0.009789  0.009715  0.00555 0
C21+ 0.099303  0.027427  0.009793  0.009705  0.002539  0.001658 0
Wax 0.099303  0.09 0.009793  0.009705  0.006 0.001658  0.0005 0
Table A4
Input parameters for simulating WAT (Fig. 5).
PC-SAFT parameters Composition (%)
MW m; o; &i/k Well 1 Well 2 Well 3
C0O2 44.01 2.0729 2.7852 169.21 0 0 0
C1-N2 16.062 1 3.7039 150.03 0 0 0
Cc2 30.07 1.6069 3.5206 191.42 0.07 0.19 0
C3-C4 50.616 2.1668 3.6635 215.495 3.53 1.11 2.28
C5-C10 104.35 3.654346 3.87076287  239.586646  49.88 43.81 51.42
C11-C20  203.812  6.47872755  3.87599111  263.630334  35.43 35.61 36.39
C21+ 421.001 8.3659206 4.08056531  293.656297  6.76 15.05 8.21
wax 400 given in Table A.4 4.34 4.23 1.70

1
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