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Abstract

As oil and gas production moves to deeper and colder water, subsea multiphase production systems become critical
for economic feasibility. It will also become increasingly imperative to adequately identify the conditions for
paraffin precipitation and predict paraffin deposition rates to optimize the design and operation of these multiphase
production systems. Although several oil companies have paraffin deposition predictive capabilities for single-
phase oil flow, these predictive capabilities are not suitable for the multiphase flow conditions encountered in most
flowlines and wellbores. For deepwater applications in the Gulf of Mexico, it is likely that multiphase production
streams consisting of crude oil, produced water and gas will be transported in a single multiphase pipeline to
minimize capital cost and complexity at the mudline. Existing single-phase (crude oil) paraffin deposition
predictive tools are clearly inadequate to accurately design these pipelines, because they do not account for the
second and third phases, namely, produced water and gas.

The objective of this program is to utilize the current test facilities at The University of Tulsa, as well as member
company expertise, to accomplish the following: enhance our understanding of paraffin deposition in single and
two-phase (gas-oil) flows; conduct focused experiments to better understand various aspects of deposition physics;
and, utilize knowledge gained from experimental modeling studies to enhance the computer programs developed in
the previous JIP for predicting paraffin deposition in single and two-phase flow environments. These refined
computer models will then be tested against field data from member company pipelines.

The following deliverables are scheduled during the first three projects of the program:

1. Single-Phase Studies, with three different black oils, which will yield an enhanced computer code for
predicting paraffin deposition in deepwater and surface pipelines.

2. Two-Phase Studies, with a focus on heat transfer and paraffin deposition at various pipe inclinations, which
will be used to enhance the paraffin deposition code for gas-liquid flow in pipes.

3. Deposition Physics and Water Impact Studies, which will address the aging process, improve our ability to
characterize paraffin deposits and enhance our understanding of the role water plays in paraffin deposition
in deepwater pipelines. As in the previous two studies, knowledge gained in this suite of studies will be
integrated into a state-of-the-art three-phase paraffin deposition computer program.

Graduate students, post-Doctoral Research Associates and Visiting Scholars will primarily
conduct the research in these projects. Knowledge will be transferred to the industry through
semiannual Advisory Board Meetings, graduate education of one Ph.D. student and four M.S.
students, and through the coordination of annual workshops for hands on
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Introduction

The frontier for oil and gas exploration and production is deepwater; however, as oil and gas production moves to
deeper and colder water, subsea multiphase production systems become critical for economic feasibility. It will also
become increasingly imperative to adequately identify the conditions for paraffin precipitation and predict paraffin
deposition rates to optimize the design and operation of these multiphase production systems. Accurate information
about the potential for, and extent of, wax deposition is very critical, not only towards the operation and design of
these systems, but also for assuring their economic feasibility. Although several oil companies have paraffin
deposition predictive capabilities for single-phase oil flow, these predictive capabilities are not suitable for the
multiphase flow conditions encountered in most flowlines and wellbores. DeepStar was formed to identify and
develop the required technology. A $4.5 million JIP to investigate paraffin deposition at The University of Tulsa
was formed in May 1995 and is a spin-off from DeepStar.

New petroleum production horizons at water depths greater than 500m have driven industry to develop new
technologies for preventing and controlling the deposition of petroleum wax. Traditional methods of management,
prevention, and remediation have been established for many years. The greater water depths mean lower
temperatures, no fixed platforms (TLP's and FPSO's are expensive) and subsea wellheads. The longer and fewer
production lines in deeper water make economic solutions to prevention, management, and remediation key to
economic development of these new deepwater resources.

The cost of remediation due to pipeline blockage from paraffin deposition is on the order of $200,000 when the
water depth is 100m, but on the order of $1,000,000 when the remediation occurs in water depths near 400m. The
cost is proportionately greater as development depth increases.

Since its inception, the petroleum industry has been plagued by paraffin. Its long time nature as a nuisance, easily
and inexpensively treated onshore with chemicals and scrappers, has resulted in a lack of basic research regarding
the actual deposition phenomena. However, paraffin deposition can be the determining factor for not producing
deepwater fields, many of which are tied to nearby platforms with subsea flowlines. These remote facilities at low
temperatures are vulnerable to deposition of paraffin in tubulars, which could lead to a potentially expensive,
catastrophic event in the history of a project.

This inherent engineering and economic challenge has led to a renewed interest in studying the problem within the
petroleum industry. Many oil and gas related companies have studied paraffin deposition and have predictive
capabilities for paraffin deposition during single-phase oil flow. However, these predictive capabilities are still
unproved and not suitable for multiphase flow conditions encountered in most flowlines and wellbores. It is
important to model the deposition rate to optimize pigging schedules, to design appropriate chemical treatments, or
to design insulated systems to minimize or alleviate paraffin deposition in wellbores or flowlines.
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Executive Summary

Twenty companies were members of the consortium. These members include: Baker Petrolite,
BG International, BHP Billiton Petroleum, BP Exploration, Champion Technologies, ChevronTexaco
Exploration and Production Technology Company, Conoco-Phillips, Department of Energy (DOE),
ExxonMobil Upstream Research, Japan National Oil Corporation, Marathon Oil Company, Minerals
Management Services, Nalco Energy Services, ONGC, Pemex, Petrobras, Shell E & P Technology
Company, Statoil, Total and Unocal. Three companies participated as “in-kind” members: Alberta
Research Council, Multiphase Solutions, Inc. and PetroCanada.

Two additional fluids were obtained for the study: one for the model validation study and one for
the single-phase test program.

A new facility was constructed to investigate long term paraffin deposition behavior.
Experimental data were gathered with South Pelto oil. Ten single-phase, long term deposition tests were
completed in the three test sections with diameters of 0.5 in., 1.0 in. and 1.5 in. with testing durations
ranging from 3 to 27 days. Tests were also conducted to investigate the effects of Reynolds number,
velocity and shear stress. Three oil-water two phase tests with different water cuts of 25%, 40% and 75%
were conducted in the 1.5-in. test section. A 27-day test was conducted to investigate aging phenomena.
From the DSC analyses of the oil samples, the WAT began to drop after 4 days of testing, indicating
depletion of the wax content in the oil. A special test designed to further investigate the plateau behavior
confirmed depletion. The dimensionless deposit thickness versus time did not change very much for tests
in the three test sections with the same Reynolds number, but changed significantly for tests with the
same velocity and shear stress. Based on current test results, Reynolds number has the greatest impact on
deposition thickness. Three oil-water two-phase tests were conducted in the 1.5-in. test section with
different water cuts of 25%, 40% and 75%. The deposition rates were higher than those observed for
single-phase cases. Moreover, for the test with 40% water cut, a peculiar pressure drop behavior was
observed. Since the two-phase paraffin deposition behavior is directly related to the properties of the
mixture, a detailed rheological analysis is recommended for future studies.

Two different crude oils were extensively studied under single-phase and two-phase oil-water
conditions to assess their deposition tendencies using the cold finger device. The same oils were studied
under similar conditions using the flow loop facilities. The results obtained from the flow loop for the oil-
water tests differed from the results obtained from the cold finger device with respect to deposition
tendencies. The deposition rates obtained from the flow loop for oil-water tests were higher than those
seen for single-phase tests and kept increasing for increasing water cuts (Gao, 2003). The deposition
tendencies were exactly the opposite for the cold finger device. The total amount of deposit at the end of
the tests was higher for single-phase tests than for oil-water tests, and it decreased with increasing water
cuts. The overall mass of deposit increased with increasing ATs for all conditions tested. For single-phase
tests, the average wax fraction in the deposits decreases with increasing ATs, resulting in softer deposits.
Similar trends were observed for single-phase tests at the flow loop. For the oil-water tests conducted
with salt water, the wax fraction increased with water up to 60% and it seemed to plateau for higher water
cuts. Four different water cuts were used for oil-water tests. The amount of deposit is higher for single-
phase tests than for two-phase oil-water tests and it decreased almost exponentially with increasing water
cuts. This behavior gets more accentuated as the AT increases. The presence of salt did not affect the
deposition for all conditions tested. Nearly no difference could be seen when comparing the amount of
deposits created with fresh water and brine.

A total of nineteen single-phase tests were successfully conducted using a condensate fluid in
two different flow loops, with significantly different flow conditions and twelve tests with heavier oils.
The tests were used to study the dependence of the paraffin deposition process on flow rate, flow regime,
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AT, shear stripping and fluid properties. The paraffin deposition process was highly dependant on the
temperature difference between the oil and glycol inlet temperatures and the deposit thickness decreased
significantly for the tests with lower AT. For the higher AT tests the deposit thickness changed
significantly with flow rate. The deposit thickness increased as the oil flow rate decreased. For lower AT
tests no definitive conclusions could be drawn because the deposit thicknesses were quite small. The
flow rate affected the characteristics of the deposit, that is, the deposit was softer for the tests with lower
oil velocities. Tests with the more viscous crude oils produced deposits with relatively high oil contents.
The deposits were uniform across the pipe. The viscosity dependence on temperature had a significant
impact on the diffusivity phenomena. Thickness calculations using the heat transfer method were found to
apply better than the pressure drop method.

Experimental heat transfer data were acquired on flow pattern transitions for horizontal, upward
1° and upward vertical crude oil-natural gas two-phase flow at high-pressure conditions. Flow pattern
transitions were found to be affected by pressure. Experimental data on convective heat transfer
coefficients were acquired for single-phase liquid flow, single-phase gas flow, horizontal stratified flow,
vertical bubbly flow, vertical intermittent flow and horizontal and vertical annular flow. These tests
showed that the single-phase convective heat transfer coefficients for turbulent liquid flow could be
predicted by the Petukhov-Kirillov correlation with slight underprediction at high liquid velocity, and
single-phase convective heat transfer coefficients for turbulent gas flow could be predicted by the Dittus-
Boelter correlation. The two-phase heat transfer test results showed larger hTP values were obtained at

higher vSL for the same vSg, and in general, they increased with an increase of vSg at the same vSL.

A total of 23 multiphase (gas-oil) tests with a mixture of condensate and Tulsa City Natural Gas
in horizontal and vertical pipes were conducted in a high-pressure state-of-the-art test facility to generate
wax deposition data. Wax deposition was found to be a flow-pattern dependent phenomenon. For
horizontal flow, annular flow produced the thickest deposits, intermittent and stratified smooth flow
produced the thinnest deposits while stratified wavy flow produced thicker deposits than stratified smooth
flow. For vertical flow, bubbly flow and annular flow tests with high superficial oil velocities produced
the thinnest deposits; intermittent flow tests with low superficial oil velocities produced the thickest
deposits while increasing oil superficial velocity resulted in thinner deposits.

The paraffin deposition program (TUWAX) was used to compare experimental results from the
flow loop tests with model predictions. Modifications to this model were made throughout the study in
order to improve the prediction of deposition rates.



Literature Review

Single-Phase Studies

The paraffin deposition phenomenon in single-phase flow is not well understood. Lund (1998),
Matzain (1996, 1999) and Apte (1999) presented thorough literature reviews on paraffin deposition under
single and multiphase conditions during the TU Paraffin Deposition JIP, completed in 1999. The
precipitation of paraffin or wax occurs when the wall temperature of a pipe through which paraffinic oil is
transported falls below the Wax Appearance Temperature, WAT (also called cloud point). Burger et al.
(1981) identified four possible mechanisms for paraffin deposition: molecular diffusion, shear dispersion,
Brownian diffusion and gravity settling. They found that gravity settling has no impact on the deposition
process and that Brownian dispersion may be neglected. Several investigators (Bern et al. (1980), Burger
et al. (1981) and Brown et al. (1993)) suggested that molecular diffusion is the primary mechanism for
paraffin deposition.

MOLECULAR DIFFUSION

The solubility of paraffin molecules is highly dependent on the fluid temperature; therefore,
whenever there is a radial temperature gradient in the pipe, a radial concentration gradient will also
develop. This concentration gradient is the driving force for the dissolved paraffin molecules to be
transported towards the pipe wall where the dissolved wax concentration is lower. Fick’s Law is used to
describe the mass transfer rate due to molecular diffusion for binary mixtures, as follows:
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where Dy, is the diffusion coefficient of wax in oil, wy, is the dissolved wax mass fraction, p is the fluid
density and A; is the interfacial area. The molecular diffusion coefficient, Dy, [mz/s] can be calculated by
either the Wilke — Chang (1955) or the Hayduk — Minhas (1982) correlations, given by Egs. 2 and 3,
respectively.
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where ¢@p is an association parameter for the solvent B (1 for benzene, ether, heptane and other
unassociated solvents), Mg is the solvent molecular weight, T is the fluid temperature (K), pp is the
solvent viscosity (cP) and V, is the molar volume of solute A (cm®/gmol).

If experimental data are available, the diffusion coefficient can also be expressed as an
experimental constant divided by the fluid viscosity. In order to use Eq. 1 to estimate the mass transfer
rate, the dissolved paraffin is considered a pseudo component, when in fact it is a combination of many
hydrocarbon compounds from C;s5 up to Cro-.

In terms of the deposit thickness, Eq. 1 becomes:
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FILM MASS TRANSFER

Fick’s law was developed for isothermal, quiescent processes where only the diffusion due to a
concentration gradient is considered; neglecting any mass diffusion from temperature gradient, pressure
gradient or external forces (Incropera-DeWitt, 1996). Therefore, Eqs. 1 and 4 may not be applicable for
the deposition process. Furthermore, the application of the chain rule in Egs. 1 and 4 to obtain the radial
mass fraction gradient implies a thermal equilibrium assumption, which may not be valid for the non-
isothermal problem being studied.

Hensley (2000), proposed the use of a local mass transfer coefficient analogous to heat transfer
problems, which does not imply the equilibrium assumption, as follows:

d
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where wy(Ty) is the wax mass fraction at the bulk temperature, and w(T;) is the wax mass fraction at the

deposit interfacial temperature.

The mass transfer coefficient, k,, can be obtained by using the Chilton-Colburn analogy,
employing the same correlations as for heat transfer by substituting the Nusselt number for heat transfer

with the Nusselt number for mass transfer (Num = kDm dj and the Prandtl number with the Schmidt number
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[Sc = g J . This analogy is valid for low mass transfer rate problems.
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DEPOSIT AGING

Wax deposits consist of very small wax crystals that tend to agglomerate and form granular
particles of wax about the size of the grains of ordinary table salt. Deposited wax contains gums, resins,
asphaltic material, crude oil, sand silt, and in may instances water, in addition to the wax crystals. The
deposit varies in consistency from a mushy liquid to a firm hard wax, depending primarily upon the
amount of the oil present” (Reistle, 1932).

The trapped oil content in the deposit is a critical parameter to properly characterize the
deposition process since it will affect the deposit nature. The deposit wax content changes significantly
with flow conditions, particularly with flow rate. Lund (1998) found deposits with about 10% of wax
content for laminar flow experiments, and up to 50% for turbulent flow conditions. However, in studies
from previous investigators, including TUPDP studies, one of the assumptions for the developed models
is that the deposit wax content is constant in time; this parameter is often used to match experimental data
with model predictions, or was measured at the end of each test.

According to Singh et al. (2000), due to its crystal network structure, wax deposits behave as a
porous medium in which wax molecules continue to diffuse due to the radial gradient of temperature
across the deposit. They hypothesized that a counter diffusion phenomenon takes place at the deposit
interface, where wax molecules diffuse into the crystal network, displacing the oil trapped in the deposit
interstices, which causes an increase in the deposit wax content, e.g. aging. Singh et al. modeled the
deposit growth as the radial convective flux of molecules from the bulk to the fluid — deposit interface
minus the diffusive flux into the gel interface. This last term was modeled using Fick’s law (Eq. 1) with
an effective diffusion coefficient for the mass transfer of wax molecules inside the deposit.

Cussler et al. (1998) developed an expression for the effective diffusivity for porous media of
flake-like particles:
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where Dy, is the diffusion coefficient of wax in oil, o is the aspect ratio of the wax crystals, and F,, is the
average weight fraction of wax in the deposit.

SHEAR STRIPPING

In previous studies during the TU — Paraffin deposition JIP, the deposit thickness under single-
phase flow conditions was significantly higher for laminar flow than for turbulent flow, and decreased
with an increase in Reynolds number in turbulent flow. For these cases, the shear stress exerted by the
fluid flow at the deposit interface may be sufficiently high to mechanically remove some of the deposit
that has been formed by mass transfer. This process is called shear stripping. Other investigators have
reported shear stripping of the deposit from the pipe wall. Burger et al. (1981) observed a reduction in
deposition, possibly due to a sloughing mechanism. Hsu et al. (1994) concluded that the sloughing effect
generated under turbulent flow conditions has a significant impact on the decrease of the wax deposition
rate and cannot be neglected.

Few attempts have been found in the literature to properly model this shear stripping effect.
Matzain (1999) modeled the change in the deposit thickness as:
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where I1; is an empirical correlation for the rate of enhancement due to the occluded oil, and IT, is an
empirical correlation for the rate reduction due to shear stripping.
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where C;, C, and C; are empirical constants, and Ngg is a dimensionless variable depending on the flow
pattern. For single-phase flow:

Hi
where vy is the liquid velocity and y is the liquid viscosity.

OIL-WATER STUDIES

Very few studies have been conducted to investigate the effect of fresh water or brine on the
deposition process. This is primarily due to the higher complexity of the problem with the addition of the
water phase and the difficulty to obtain consistent results with oil-water mixtures. Hsu and Santamaria
(1994) conducted high pressure flow loop experiments with waxy crude oils to study the effect of water
on paraffin deposition under turbulent flow conditions. The results showed that wax deposition was
significantly reduced with the addition of water. Cole and Jessen (1960) conducted a series of laboratory
experiments using a deposition cell consisting of a cold plate through which the oil-water solution could
flow and where the paraffin deposition would occur. The study was, among others, on the effect of
wettability characteristics of pipe wall upon paraffin deposition. The wettability of the deposition surface



was altered through the use of different substances. The results showed that, with the presence of water,
paraffin deposition on the more water wet surface was significantly reduced, while no difference in
deposition was found for the oil-wet surfaces. The tests were all in laminar conditions.

Multiphase Studies

Multiphase paraffin deposition occurs when the pipe wall temperature falls below the wax
appearance temperature (WAT) or cloud point of the flowing oil and gas mixtures during the
transportation process. The WAT can be defined as the temperature at which paraffin particles or crystals
first begin to precipitate from a hydrocarbon liquid solution.

TWO-PHASE FLOW HYDRODYNAMICS

Brill et al. (1998, 1999) gave a comprehensive description of multiphase flow in pipes and the
available methods for predicting multiphase flow parameters, e.g., flow patterns, pressure gradients and
liquid holdups. Flow pattern prediction depends primarily on flow rates, pipe dimensions and inclination
angle and fluid densities. Multiphase mixtures flowing in horizontal and near-horizontal flowlines can be
grouped into four different flow patterns: stratified (smooth and wavy), intermittent (slug and elongated
bubble), annular, and dispersed bubble. Flow patterns of multiphase mixtures flowing in a vertical/near-
vertical pipe are also grouped into four categories: bubbly, dispersed bubble, intermittent (slug and churn)
and annular.

TWO-PHASE GAS-OIL WAX DEPOSITION

Rygg et al. (1998) assumed that the radial temperature gradient in a two-phase flow mixture
makes dissolved wax diffuse from the bulk oil towards the wall. In his approach, the wetted inner surface
perimeter was dependent on the local flow pattern and the liquid holdup. The entire perimeter is assumed
to be wetted for annular, dispersed bubble, bubbly and intermittent and churn flow patterns. The paraffin
buildup rate expression becomes heavily dependent upon the concentration gradient, which is dependent
upon the radial temperature gradient between the bulk two-phase flow mixture and the pipe wall.

Dawson (1995) presented the rate of paraffin deposition in a multiphase flow environment by
applying a local mass transfer coefficient to describe the interfacial mass transfer of dissolved paraffin in
a closed channel with known interfacial area as a result of a concentration difference. Interfacial mass
transfer coefficients from the liquid to the wall were determined for each pipe segment depending on the
local flowing conditions and fluid properties.

Matzain (1996), Apte (1999), Dawson (1995) and Forsdyke (1995) proposed that the same
methods for predicting single-phase paraffin deposition can be applied to multiphase flow conditions by
including the effects of fluid compositions, flow pattern and the extent of liquid phase contact with the
pipe wall in the deposition mechanisms. They assumed that a modified pseudo-single-phase method can
be used for all flow patterns, and the deposition rate can be modeled in a similar way to single-phase
flow. In single-phase liquid flow, molecular diffusion is generally considered to be the dominant
mechanism, while shear dispersion effects are considered negligible.

Matzain (1999) addressed the nature of wax deposition in each individual flow pattern. The flow
pattern dependent deposit behavior has been observed for South Pelto oil in multiphase deposition
experiments.



HEAT TRANSFER

Wax deposition has been described as a non-isothermal phenomenon that appears to be driven by
the heat flux between the flowing fluids and the surroundings. Consequently, success in predicting wax
deposition rates in single-phase and multiphase flow environments depends on how accurately heat
transfer characteristics are evaluated. These characteristics include the forced convective film heat
transfer coefficient, bulk and wall temperatures, and local heat flux across the pipe wall.

Kim et al. (1999) proposed that a generalized single heat transfer correlation could be applied to
all turbulent gas-liquid two-phase flow patterns in vertical pipes. Approaches adopted by previous
investigators fall into three categories: empirical - particularly for intermittent flow (Kudirka et al., 1965,
Rezkallah and Sims, 1987, and Shah, 1981); modified single-phase flow methods - particularly for
bubbly, dispersed bubble and intermittent flow (Fried, 1954, Knot et al., 1959, and Oliver and Wright,
1962); and, momentum transfer - heat transfer analogies - particularly for stratified and annular flows
(Davis et al., 1975, Davis et al., 1976, Hughmark, 1963, and Pletcher and McManus, 1972). The local
heat flux and temperatures are usually derived from a thermal balance.

Shoham et al. (1982), Barnea et al. (1983), and Hetsroni et al. (1999) studied heat transfer
characteristics for two-phase intermittent flow and reported that the time variation of temperature, heat
transfer coefficients, and heat flux are very different in different zones of a slug unit. Substantial
differences in heat transfer coefficient were found between the bottom and top of the slug.

Kaminsky (1999) proposed a new heat transfer estimation method for non-boiling gas-liquid flow
in pipes of high Prandtl number liquids, such as crude oil. The approach mathematically separates the
heat transfer physics from the flow behavior. The method is used in conjunction with existing prediction
methods for two-phase flow pressure drop and liquid holdup, and is divided in two categories: heat
transfer in gas-liquid flow with turbulent liquid flow; and, heat transfer in gas-liquid flow with laminar
liquid flow. The method is valid for all flow patterns except annular-mist flow.






Facilities

Three facilities were used to conduct paraffin deposition experiments: a 150-ft long flow loop for
single phase oil deposition, a high-pressure multiphase flow facility and a 10-ft long small scale flow
loop. In addition, a cold finger apparatus was used for deposition physics studies and preliminary oil-
water studies. This section describes the facilities.

Small Scale Facility

The small scale facility was built to conduct unmanned experiments, to be used as a screening
tool and to give more insight on the deposition physics as opposed to the existing large complicated flow
loops. It consists of an oil system, glycol systems, three test sections of different pipe diameters, and a
data acquisition and control system.

The main operating range is as follow:

Operating Temperature: 40 — 160°F
Operating Pressure: 0 to 60 psig (tank); 0 to 500 psig (test sections)
Flow Rate: 0 -850 BPD
Pipe Diameters: 0.51in., 1.0 in. and 1.5 in.
OIL SYSTEM

A schematic diagram of the oil system is given in Fig.1 and a photograph is shown in Fig. 2. The
oil is stored in a 2-bbl oil tank with a 10 psig nitrogen blanket on top. A variable speed mixer keeps the
temperature in the tank uniform and maintains homogeneous oil-water dispersions during oil-water
experiments. Oil is circulated by a sliding vane pump with a capacity of 850 BPD. A 15-kW circulation
heater is used to heat the oil directly to the desired temperature. The heater was designed to output a
maximum heat flux of 10-12 W/in’, in order to avoid high skin temperatures and possible thermal
degradation of the oil. The oil flow rate is measured with a Micro Motion mass flow meter; oil
temperatures are measured in the tank and at the inlet and outlet of the test sections.

TEST SECTIONS

A schematic diagram of the test sections is shown in Fig. 3. The test sections consist of three
schedule-40 steel pipes with nominal diameters of 0.5 in., 1.0 in. and 1.5 in. to accommodate different
ranges of flow rates and to investigate the effect of pipe diameter, and therefore shear stress on the
deposition process.

Glycol is flowed in the annulus between the test pipes and the jackets. The jacket sizes (3” and 4”
nominal pipe [.D.) have been chosen in order to match glycol velocities and outside heat transfer
coefficients with those on the other two facilities of the Tulsa University Paraffin Deposition Project
(TUPDP).

Each test section is about 110-in. long and is completely welded. A 7-ft long hydraulic section
allows development of the flow regime and eliminates entrance effects prior to entering the jacketed
section. The 1.5-in. test section is also equipped with a pig receiver and a pig launcher to perform pigging
operations. Each test section is also equipped with three different ports that can be opened to obtain
deposit samples during and after a test.



Temperature transducers are used to monitor inlet and outlet oil temperatures, as well as glycol
inlet and outlet temperatures. Pressure drop transducers are mounted on each test section to monitor the
paraffin buildup.

Finally, a three-way valve manifold in the glycol system is used to allow co-current flow as well
as counter-current flow.

GLYCOL SYSTEM

A schematic diagram and a photograph of the glycol system are presented in Figs. 4 and 5,
respectively. Two separate glycol circulation loops are used. The cold glycol loop circulates a 50% water-
glycol solution through a tube-shell heat exchanger and into a 10-ton chiller. The other glycol loop
circulates the main glycol through the heat exchanger and into the test section. This loop consists of a
pump, a tank and a Micro Motion flow meter. A three-way control valve facilitates the temperature
control by diverting only part of the main glycol flow through the heat exchanger for cooling. The glycol
flow rate is controlled by a bypass control valve using feedback coming from the Micro Motion flow
meter. Temperature transducers are used to monitor the glycol temperatures in the tanks, as well as on the
test sections.

CONTROL AND DATA ACQUISITION SYSTEM

The data acquisition system (DAQ) is LabView ™ based. The DAQ was programmed to facilitate
long-term operation with minimum supervision. All the pumps, chiller, heater, and automatic control
valves can be operated from the DAQ computer interface. The DAQ interface allows monitoring and
recording of test parameters. The operator may also set alarms for controlling parameters and safety
concerns. The control system was programmed to control oil and glycol flow rates, and oil and glycol
inlet temperatures automatically, as well as ensure a safe operation.
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Single-Phase Flow Loop

The single-phase flow loop was obtained from the Alberta Research Council (Canada) and Petro
Canada in 1995 and was modified for the studies at the TU — Paraffin Deposition Projects. The flow loop
consists of a U-shaped test section. The test fluid is circulated in the inner pipe of the test section while a
coolant mixture (50% by weight glycol and water) is flowing countercurrent in the annulus, simulating
deep water conditions in the field. Pumping, heating and cooling systems ensure control of flow rates and
temperatures. Two impedance heating sections ensure precise control of glycol and oil inlet temperatures
in the test section. A heat-tracing system prevents paraffin deposition outside the test section.

Flow rates, densities, temperatures and pressure drops are recorded on an Intellution-based data
acquisition system.

A schematic of the single-phase flow facility is given in Fig. 6. The operating ranges of the
facility are:

Oil Temperature: 40 — 160°F,

Glycol Temperature: 40 — 160°F,

Oil Flow Rate: 0-2,000 BPD,

Coolant Flow Rate: 0-2,000 BPD,

Pipe Diameter : 1.715 in.
OIL SYSTEM

The oil is circulated using a variable speed progressive cavity pump at a rate up to 2,000 BPD.
Prior to circulating into the test section, the test fluid is flowed to the first reference section in the test
section, which can be used as a pipe viscometer. Oil returning from the test section passes through the
second reference section, a heat exchanger to control the temperature and a Micro Motion mass flow
meter before returning to the oil tanks.

The reference sections have an ID of 1.62 in and are 10-ft long. The pressure drops across the
reference section are measured; therefore, they can be used as pipe viscometers to verify Newtonian
behavior or determine the apparent viscosity of non-Newtonian fluids. The reference sections are located
upstream and downstream from the test section.

The volumes of the tanks are approximately 5 bbl each, and are heat traced to prevent deposition
in their bottoms and side walls. Both tanks are fully insulated. An air driven mixer is installed in tank #1
to ensure the fluid properties in the tank are homogenous. A small pump is used to re-circulate the fluid
in tank #2, also for mixing purposes.

An impedance heater located after reference section #1 is used to fine tune the oil inlet
temperature to the desired value by passing a high current to the pipe wall, and thus heating the test fluid
flowing inside. The oil flow rate is controlled by adjusting the pump speed.

TEST SECTION

The U-shaped test section is 164-ft long. A schematic of the test section is given in Fig. 7. The
inner pipe is made of carbon steel and has an internal diameter of 1.715 in. The annulus is made of PVC
and has an inner diameter of 3.826 in. The PVC pipe is insulated on the outside to minimize heat transfer
to the surroundings. Static mixers are installed at the oil inlet and outlets of the test section to ensure
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proper mixing of the test fluid in the test section and temperature homogeneity over the pipe cross section
for accurate temperature measurements.

The test section is divided into nine segments (approximately 16-ft long). Inlet and outlet
temperatures for both oil and glycol, outside wall temperatures of the inside pipe, and oil pressure drops
are recorded by the data acquisition system for each segment. The pressure drop can also be measured
between the first and last pressure tap, which corresponds to the overall pressure drop in the test section.
The pressure lines can be filled with a heavy oil and are also heat traced to avoid paraffin blockages
hindering the pressure transmission to the transducers.

Two removable spool pieces are installed in the test section to allow visual inspection and
measurements at the end of the tests.

GLYCOL SYSTEM

For deposition to occur, the pipe wall has to be at a lower temperature than the bulk fluid and
below the wax appearance temperature of the fluid. In order to achieve this, a 50 % weight glycol-water
mixture is circulated through the annulus of the test section with a flow rate of approximately 2,000 BPD.

In the primary glycol system, the glycol-water mixture is pumped from the glycol tank, through
the trimming section, where an impedance heater is used to fine tune the glycol inlet temperature into the
test section (analogous to the one used for the oil system). The cooling mixture is then flowed to the
annulus of the test section and passes through a Micro Motion mass flow meter. The glycol flow rate is
controlled with the glycol bypass valve. The glycol mixture receives the heat transferred from the test
fluid in the test section; therefore, it must be cooled down continuously to maintain its temperature. Since
the glycol mixture temperature is occasionally too warm to enter directly into the chiller, a secondary
glycol (cold glycol) system must be used. The cold glycol is pumped from the tank into a 40-ton chiller,
and then flows through the heat exchanger to cool down the primary glycol mixture. The glycol
temperature is controlled by adjusting the flow of glycol to the heat exchanger with a 3-way control valve
CV6 and by controlling the amount of heat to the impedance heater.

HOT GLYCOL SYSTEM

The hot glycol system is required to heat up the test fluid during a test, since the oil cools down
while it flows through the test section. It is also used for the wax melting procedure prior to a test to re-
dissolve the deposit from a previous test. The hot glycol-water mixture is pumped from its tank to the
shell side of the heat exchanger, while the test fluid circulates through the tube. The hot glycol flow
through the heat exchanger is controlled by a three-way valve to adjust the oil temperature. The glycol is
then sent to a boiler where it is heated up, and then returns to the hot glycol tank.

HEAT TRACING SYSTEM

The heat tracing system is used to prevent paraffin deposition outside the test section. This
system consists of 0.25 in diameter copper tubing wrapped around the test fluid pipes, and then covered
with insulation. A hot glycol-water mixture is pumped through this tubing to keep the pipe wall at a
warmer temperature than the test fluid inlet temperature. Both oil tanks and fluid lines in the oil
circulating system and heat exchanger are heat traced, as well as the two reference sections.
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DATA ACQUISITION SYSTEM

The software used for the data acquisition system is Intellution FIX32, which allows recording
the data and facilitates the flow loop operation. All control valves, pumps, boilers, and impedance heaters
can be operated from the computer interface. The interface allows monitoring important variables during
a test. The user may set alarms for when control parameters are out of specification, or for safety reasons.
Control logics were programmed to automatically control oil and glycol flow rates and inlet temperatures,
as well as to insure a safe operation of the flow loop.

SPECIAL MODIFICATIONS

In an attempt to collect samples during a test, a special assembly was designed and built on each
spool piece on the test section. These assemblies allow flush-mounted corrosion coupons to be retracted
while under pressure and samples of wax to be taken while flowing. Even though the assemblies were
working satisfactorily, it was found thereafter that disturbance of the heat transfer around the assemblies
led to unrepresentative samples of wax.
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Multiphase Flow Loop

This loop has the capability of conducting paraffin deposition tests for both single-phase oil and
two-phase mixtures of natural gas and crude oil flowing in horizontal, near-horizontal, and vertical pipes.
An overall schematic of the multiphase paraffin deposition flow loop is shown in Fig. 8.

The test facility mainly consists of oil, gas, and glycol systems, a test section and a data
acquisition system. The operating conditions are:

Operating Temperature: 40-160 F
Operating Pressure: 0 —500 psig
Oil Flow Rate: 0-4,500 BPD
Gas Flow Rate: 0—2 MMscfd
Glycol Flow Rate: 0-2,000 BPD
Pipe Diameter: 2 in.

OIL SYSTEM

The oil system consists of five main components: oil tank, oil pump, pipe viscometer, metering
section and heat exchanger. The oil tank has a volume capacity of 25 bbl. Oil is circulated with a Moyno
progressing cavity pump, which has a capacity of 4,500 BPD and can provide 200 psi increase in
pressure. The oil flow rate and density are measured in the metering section, which consists of two Micro
Motion mass flow meters used for different flow ranges. The oil flow rate is controlled by the pump
speed.

A 15-ft long pipe viscometer is 15-ft long is used as a reference section to measure apparent
viscosity. After the oil is metered, it flows through a shell-tube heat exchanger to control its temperature,
then through the mixing tee where it is mixed with natural gas for the two-phase flow experiments. Then
oil or gas-oil mixture flows through a heat trimming section where an electric current is used to heat the

16



pipe wall and fine tune the temperature of the fluids. The oil tank and flow lines in this system are
insulated and electrically heat traced by wrapping electric heating coils underneath the insulation to avoid
paraffin deposition outside the test section.

GAS SYSTEM

The facility is pressurized with city natural gas. The gas is circulated with a two-stage
reciprocating compressor through a cooler, into a discharge receiver then metered with Micro Motion
mass flow meters. After being metered, the gas flows to the mixing tee where it mixes with the oil phase
and circulates through the test section. The gas is then separated in a gas-liquid separator and returns to
the compressor suction receiver.

GLYCOL SYSTEMS

The glycol systems are similar to the single phase flow loop. The main glycol is circulated into
the annulus of the test section, while the cold glycol system and hot glycol systems are used to control the
fluids temperature. The main glycol flow rate is metered with a Micro Motion mass flow meter and its
temperature is controlled by a heat exchanger with the cold glycol system. The cold glycol temperature is
usually kept constant at 40°F and the cold glycol is circulated through a chiller and heat exchanger back to
the cold glycol tank. Similarly the hot glycol circulates through the oil heat exchanger to control the oil
temperature and back to the boiler and hot glycol tank.

TEST SECTION

The test section consists of a 75-ft 2 in. diameter stainless steel pipe and mounted on a boom that
can be raised to 90° from the horizontal to investigate different inclination angles. A 10-ft hydrodynamic
section allows for development of fully developed flow prior to entering a 25-ft thermal developing
section jacketed with a 4 in. CPVC pipe in which glycol is circulated. The deposition measurement
section consists of a 25-ft long section over which temperature profile and pressure drops are measured
and followed by a 5-ft long spool piece that can be removed at the end of each test for sampling and
visual inspection. A reference drum of the same dimensions as the measurement section is mounted
parallel to the test section and is used for the on-line volumetric measurements of the deposit thickness.

DATA ACQUISITION SYSTEM

The data acquisition system is an Intellution-based distributed system. All important variables are
recorded with this system, as well as important control features for the system. The flow loop can be
operated almost entirely from the computer interface, and control logics are in place for oil and glycol
flow rate and inlet temperatures, as well as for safety concerns.

SPECIAL MODIFICATIONS

In order to gather flow pattern and heat transfer data for the Garden Banks condensate, the
multiphase flow facility has been equipped with a high-pressure capacitance sensor and additional
temperature measurements. The capacitance sensor was used to measure average liquid holdup in the
cross section while a capacitance probe was used to detect the liquid film on top of the pipe. The
temperature measurements were mounted inside the pipe at different distances from the pipe wall in order
to obtain reliable temperature measurements for each flow pattern.
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Cold Finger Apparatus

In order to conduct preliminary oil-water deposition tests and have a quick screening tool for
deposition physics studies, a cold finger apparatus donated by Nalco Energy Services was used in these
studies. The cold finger probe consists of a 0.687 in. diameter steel cylinder in which cold glycol
circulates. The probe is immersed in a beaker of hot oil maintained at a constant temperature during the
test. The temperatures of the oil and cold glycol are controlled with temperature baths. The apparatus
allows us to conduct four experiments simultaneously under the same temperature conditions. In order to

ensure the glycol flows are equal through all cells, flow meters have been installed on each cell. Figure 9
shows the cold finger device.

Figure 9 — The Cold Finger Apparatus
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DEPOSIT THICKNESS ESTIMATION

Two different techniques based on pressure drop and optical measurement were used in this study
to measure the deposit thickness for the different test conditions. Pressure drop data provide an indirect
deposit thickness measurement continuously for the duration of the test. Optical measurement gives a
direct measure of the deposit thickness at the end of the test.

Boroscope Measurement

A boroscope was used to measure the wax thickness directly. The instrument is shown in Fig. 10.
After shutdown, the test section is drained, and the sampling holes are opened. The lens of the boroscope
is attached to a steel tube with three scale marks of length, with an interval of 1.0 mm. This tube is
inserted into the sampling hole, and held against the pipe wall. A certain length of the tube is penetrated
into the deposit on the opposite pipe wall. The position of the lens can be monitored by the screen and
can be adjusted by the controls of the boroscope.

Figure 10 - Photograph of Boroscope

WAX CONTENT MEASUREMENT

After the wax samples are taken, they are analyzed for their wax content. Differential Scanning
Calorimetry (DSC) is used to determine the wax content of the samples. The DSC instrument is shown in
Fig. 11.

DSC measures the heat released by wax crystallization. Since this heat increase is very small at
the onset of wax crystallization, special care was taken to obtain a stable baseline and to use as large a
sample as possible without distorting the DSC signal. Lower cooling rates were needed to minimize
super-cooling. Shifts due to super-cooling were useful for wax verification. Preferred operating conditions
were a 90 mg sealed sample pre-heated to 180°F then cooled at a rate of less than 1°F/min. The cooling
rate would be increased if no identifiable wax crystallization peak was observed, and 3.6°F/min was used
for initial screening.
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Figure 11 - DSC Instrument
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Test Fluids

South Pelto Crude Oil

This crude was obtained from Mobil Oil Corporation’s South Pelto Field, Well 10E in the Gulf of
Mexico. The oil was characterized by Marathon Oil Company in 1999.

The oil has an API gravity of 35° and a Wax Appearance Temperature of approximately 51°C
(124°F) measured by Fourier Transform Infrared Spectroscopy at 34.5 MPa (5000 psig). The wax
content is approximately 6.6 % by weight of C17 to C80 fractions of n-paraffin components. The weight
percent of n-paraffin carbon number distribution and the extended Nenniger analysis on n-paraffin for
South Pelto flow loop oil are provided in the JIP Techical Report (1999).

Transport and physical properties (except density and viscosity) for South Pelto crude oil at
various temperatures and pressures were obtained by using the Multiphase Solutions Inc. (MSI)
thermodynamic module, part of the paraffin deposition prediction program used at TUPDP. Composition
data from JIP Technical Report (1999) are used to generate the properties tables. These properties are
tabulated (Appendix B) for interpolation at desired pressure and temperature conditions. South Pelto oil
density was measured with a Micro Motion meter for each test.

Oil viscosity was calculated from an experimental correlation as a function of the oil temperature
provided by Creek (1998), given by:

In 42(CP) = 14.023469 — 11.906456 1200
T(K)

2
+ 2.533129[wJ

T(K)
where p: fluid viscosity (cP)

T: fluid temperature (K)

Garden Banks Condensate

Shell Oil Company provided Garden Banks condensate, coming from Block 426, Well A-14 in
the Gulf of Mexico. This fluid has an API gravity of 42° and has approximately 0.5 % weight of wax,
significantly lower than South Pelto crude oil. The Wax Appearance Temperature measured with Digital
Scanning Calorimeter (DSC) by TotalFinaElf was 34.44 °C (94 °F) at atmospheric conditions. The
weight percent of n-paraffin carbon number distribution and the results from the extended Nenniger
Analysis for n-paraffins for Garden Banks flow loop oil are presented in the JIP Technical Report (1999).

Graden Banks condensate oil compositions provided in the JIP Technical Report (1999) were
used to generate transport and physical properties of Garden Banks condensate with the MSI
thermodynamic module. The only properties not used from the properties tables were the fluid density,
measured with a Micro Motion mass flow meter, and fluid viscosity, which was calculated from an
experimental correlation provided by Broze (2001), given by:

ﬂ=y(10“’a —0.7) .............................................................................................................. (12)
where: a = —3.9932L0g,,(T (R)) +10.7408
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p: fluid viscosity (cP)
v: fluid specific gravity
T: fluid temperature (R)

A plot comparing the viscosities of South Pelto crude oil and Garden Banks condensate from Eqgs.
11 and 12 is shown in Fig. 12.

From Fig 12, the viscosity of South Pelto crude oil is clearly significantly higher than for Garden
Banks condensate. The difference increases for lower temperatures (about 3 times @ 300 K (80 °F)).
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Figure 12 — Comparison of South Pelto and Garden Banks Viscosities

Cote Blanche Island (CBI) Crude Oil

CBI crude oil was obtained from ChevronTexaco and loaded into the single-phase flow loop in
2002. Table 1 gives the primary characteristics of the oil (ChevronTexaco data). The CBI crude oil has a

considerably lower API gr