SIMULATION OF PARAFFIN DEPOSITION
AND REMOVAL IN WELLBORES

A Dissertation .
by

JAMES FRANCIS KEATING

Submitted to the Office of Graduate Studies of
Texas A&M University
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

August 1994

Major Subject: Petroleum Engineering



SIMULATION OF PARAFFIN DEPOSITION
AND REMOVAL IN WELLBORES

A Dissertation
by
JAMES FRANCIS KEATING

. Submitted to Texas A&M University
in partial fulfillment of the requirements
' for the degree of

'DOCTOR OF PHILOSOPHY

Approvey@to style and content by:

/%JZ%%{ £

/" R. A. Wattenbarger/ ~

(o) TP i o PP e vy
\\Lidir 01 pumi‘ﬂmﬁc:)

A AT
J. E. Russell C.H Wu
(Member) (Member)
(Aot Lo & Fol!
C. 1(Glover J. E. Russell
(Member) (Head of Department)

August 1994

Major Subject: Petroleum Engineering



iid
ABSTRACT

Simulation of Paraffin Deposition and Removal in Wellbores. (August 1994)
James Francis Keating, B.S., Texas Tech University;
M.S., Texas Tech University

~ Chair of Advisory Committee: Dr. R. A. Wattenbarger

The purpose of this research is to develop a numerical simulator to model paraffin
deposition and removal in the producﬁon tubmg, and to gain a better understanding of
the following three different thermal removal processes: (1) hot oil injection, (2)
downhole heater, and (3) electric heating of the tubing. This is believed to be the first
such simulator.

To model paraffin deposition in the production tubing, a reservoir simulator is needed
to accurately feed paraffinic oil into the annulus and the production tubing. A reservoir
simulator that was developed by Ring®* was used. This simulator was modified and
linked to an overburden and a wellbore simulators by using the principle of domain
decomposition. By linking these three simulators, paraffin deposition is in the tubing
was modelled.

The removal of deposited paraffin was studied with one of the following three thermal
methods: (1) a downhole heater, (2) the electric heating of the tubing, or (3) hot oil
injection. To model these thermal removal methods, energy is added to the wellbore
simulator in different manners each of which mimics one of the removal methods. Four
cases, one depositional and three removal, are documented to illustrate the results
obtained from this simulator.

The conclusions were made by running the four cases and by developing the simulator.
The following conclusions were made by running the four cases: (1) most of the

precipitated paraffin is produced with the oil, (2) hot oil injected into the annulus may
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flow into the formation and reduce its effective permeability, however some damage
may be removed by producing undersaturated oil, (3) downhole heaters take several
hours to remove deposited paraffin near the surface and (4) electric heating of the tubing
is a viable thermal removal process. The following conclusion were made by developing
the simulator: (1) To thermally remove paraffin in a paraffinic black oil reservoir
simulator, the variable cloud point problem must be modeled, and (2) the principle of
domain decomposition can be effectively used to link a wellbore simulator to a reservoir

and overburden simulator.
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INTRODUCTION

The accumulation of solid hydrocarbon deposits in reservoirs, wells and surface lines is

%34 These solids deposits are generally composed of

an old' and expensive problem.
paraffins and/or asphaltenes’ However, since the behavior of asphaltenes is very
different from paraffins, see footnote,* it is beyond the scope of . this research which
focuses on the accumulation of paraffin deposits in the production tubing.

Waxy deposits, which are commonly called paraffins, consist of very small wax
crystals that tend to agglomerate and form small granular particles. When these particles
deposit, they can entrap other material such as gums, resins, asphaltic materials, crude
oil, silt, and in many instance water.! The hardness and strength of this solid
conglomerate depends on the composition of the paraffin crystals and the amount of
crude oil and other materials that are entrapped with in the paraffin. If the shear strength
of a paraffinic deposit exceeds the shear stress imposed on it, it will create a flow
barrier.’

The occurrence of a paraffinic obstruction in an oil flow system, such as a
reservoir, well or surface line, is not limited to any geographical area or any speciﬁé
crude.!® In a study of crudes from 69 different oil fields in 19 different states, paraffin
was present in 59 fields and in 18 states."! When a solid paraffin obstruction is present,
it reduces the efficiency of fhe flow system. To return the oil flow system back to its
original efficiency, the solid paraffin must be removed. The removal of this paraffinic
obstacle may seriously increases the operating cost of the flow system.>** This study
focuses on one particular flow system, the production tubing without a packer
(see Fig. 1-1). A

* Asphaltenes are a troublesome constituent of many crude oils.%™* The phase behavior of this constituent is affected by the size,
structure, and components of the typical asphaltene molecule. Asphaltenes are comprised of very large napthene molecules that range
from several hundred to several thousand grams per mole.® These large molecules can form a large variety of structures and often
can contain nonhydrocarbon atoms such as nitrogen, sulfur or oxygen. The phase behavior of these molecules are also affected by
water, CO,, and acids commonly present in crude oils. This phase behavior is much different than the phase behavior of paraffin.

This dissertation follows the style of the Jounal of Petroleum Technology.
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Fig. 1- - Illustration of solid paraffin precipitation and
deposition in a production tubing without a packer.

Paraffin Sclubility/Precipitation

For paraffin to deposit onto the inside of a production tubing, solid paraffin must first
precipitate from the crude oil. Fo; this to occur, the temperature of the crude must be
below its cloud point temperature. The cloud'point temperature is the temperature at
which solid paraffin crystals start developing'? and the oil becomes "cloudy". At this
temperature, the crude is saturated with paraffin and solid paraffin begins to precipitate.
A solubility model that takes the form of the Ideal Solution Theory was used to define
this saturation limit. There are two mechanisms that can take the crude past its solubility
limit which causes paraffin precipitation.' '

The obvious mechanism that can cause paraffin precipitation is a reduction in heat
content which lowers the temperature of the crude below its cloud point temperature.
Another common, but not widely understood mechanism that can cause paraffin
precipitation is the evolution of gas. Before the gas has evolved, it is dissolved in the

oil and acts as a paraffin solvent. When free gas evolves, the relative amount of solvent



decreases which in turn can increase the paraffin concentration above the maximum
solubility level. When this occurs, the cloud point temperature is raised above the
temperature of the crude. Therefore, either a temperature decrease or the evolution of gas

can cause solid paraffin to precipitate.

Paraffin Deposition

After the paraffin has precipitated, it can deposit on the inside of the production tubing.
This deposition is driven by two major mechanisms:" (1) diffusion deposition, and (2)
shear deposition. Diffusion deposition is driven by a concentration gradient normal to
the direction of flow. Shear deposition is driven by a velocity gradient normal to the
direction of flow.

Weingarten and Euchner' state that during diffusion deposition a concentration
gradient is produced in the oil as a result of a temperature gradient. This concentration
gradient causes paraffin in solution to diffuse from a high-temperature high-concentration
region to a lower-temperature lower-concentration region. Since both the temperature
and concentration of the paraffin is larger at the center of the production tubing, the
paraffin in solution will diffuse toward the inner wall of the production tubing. When
this occurs, some of the paraffin precipitates and may adhere to the inner wall of the
production tubing, forming the paraffin deposit. The other mechanism that causes solid
paraffin to adhere to the inner wall of the production tubing is shear deposition.

Shear deposition involves the shear transport of precipitated paraffin."® Shear
transport occurs when solid particles are preseht in a fluid with a velocity gradient.
Shear transport moves particles from a high velocity region to a low velocity region.
Since the velocity of the oil is larger at the center of the production tubing, shear
transport moves the particles toward the inner wall of the production tubing. When these
solid particles reach the inner wall, some particles may adhere to it and aid in the
formation of a paraffin deposit. The combination of shear deposition and diffusion
deposition quantify the amount of paraffin deposited onto the inside of the tubing over
a period of time.

It is recognized that in some fields, operators have found inhibition of paraffin



deposition with special chemicals to be economical. These chemicals modify the shape
of the paraffin crystals. The following two major crystal modifications come from the
use of paraffin inhibitors:"* (1) chemical inhibitors often promote the growth of many
side branches in a paraffin crystal which prevents agglomeration, and (2) chemical
inhibitors change the orientation deposited crystals so that they lay on their thin edge
which makes the solid paraffin unstable and easy to remove. Crystal modifications that
inhibit paraffin deposition are not included in this research. This research focuses on
uninhibited paraffin deposition and the removal of deposited paraffin by increasing the
system temperature.

Paraffin Removal

The removal of solid paraffin is often poorly understood by operators.”® Usually alternate
methods for removing paraffin in wellbores are tried until one is found to be successful.
All the common methods are either one or a combination of the following general
methods:''%° (1) mechanical scrapers, (2) injection of chemicals, (3) injection of
microbes, and (4) thermal methods. This study will be limited to the following thermal
methods:***'%*3 (1) injection of hot oil, (2) electric downhole heaters and (3) electrical
heating of the tubing. These thermal methods will be used to study the removal of solid
paraffin from the inside of the production tubing.

The only removal mechanism used in this study is the dissolving of deposited
paraffin. To dissolve the deposited paraffin, the temperature of the liquid must be raised
above its cloud point temperature. This allows the solid paraffin to go back into the
liquid phase and be transported away with the crude. This is probably somewhat
simplistic in view of the complex depositional process, however lab experiments on
paraffin removal models were not found in the literature. It is recognized that this is a
conservative approach to remove the deposited paraffin since generally some is removed
by sloughing. When the shear strength of the paraffin is reduced below the shear stress
imposed on it, the deposited paraffin will separate from the tubing. This occurrence, the
shearing off of solid paraffin, is ignored. Since sloughing is neglected, a conservative

amount of paraffin is removed with the paraffin simulator.



Paraffin Simulater

Paraffin deposition usually creates production problems and sometimes formation
damage. To eliminate these problems, the deposited paraffin must be removed. Paraffin
deposition and removal in reservoirs has been simulated by Ring and Wattenbarger™***
and paraffin deposition due to natural cooling in reservoirs has been simulated by
Peddibhotla.®” The objective of this work is to develop a simulator that models paraffin
deposition and removal in the production tubing.

To model paraffin deposition in the production tubing, a reservoir simulator
developed by Ring® was used as a realistic source of paraffinic oil. This model was a
two dimensional (R-Z), three pseudocomponent (gas, oil, and paraffin), three phase
(vapor, liquid and solid) thermal simulator that also considered vertical heat flow in the
underburden. Before this reservoir simulator was used, the following modifications were
made. The Passut-Danner equation and the Lee-Kesler equation of state were used to
model enthalpy changes that come from not only temperature changes but also pressure
changes, composition changes and phase changes. These enthalpy calculations are
documented by Peddibhotla.’ Then to conserve mass during thermal removal processes
used in the reservoir simulator, the ability to model the variable bubbie point and the
variable cloud point problems was added. Finally, an overburden simulator and a
wellbore simulator were linked to the modified reservoir/underburden simulator using the
principle of domain decomposition which is the'solving of all the simulators sequentially
and then iterating between them until all the solutions are updated.

The fdlly implicit reservoir/underburden simulator uses Newton iterations to
calculates temperatures, pressures and saturations. These iterations are also used to
calculate fully implicit temperatures in the overburden, and in the wellbore simulators.
However in the wellbore simulaior, the pressures, velocities and saturations are calcuiated
explicitly with a two phase flow correlation that has several extra assumptions. By
coupling the modified flow correlation to material balance calculations, the vapor, liquid
and solid saturations are obtained. To split a solid saturation into a suspended and
deposited solid saturation, diffusion and shear depositional models are used. To remove

the deposited paraffin only one removal mechanism is used which is the dissolving of




























































































































































































































































































































































