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Abstract

Phase behavior modeling in crude oil includes prediction of thermodynamic
properties (such as saturation pressure, density, viscosity, thermal conductivity,
etc.) for the vapor and liquid phases. The aim of phase behavior modeling is to
establish the accuracy and reliability of the developed equation of state model to
predict various other fluid phase behavior properties at high pressure and
temperature conditions.

In the first part of this work, a new and reliable phase behavior apparatus designed
in Brazil was used for the two-stage recombination process and phase behavior
measurements. The recombination of the surface sample fluids (first-stage
separator gas and stock-tank oil) was used in this work in order to reproduce the
original oil composition. Initially, a precise amount of stock-tank oil is introduced
into the PVT cell, and then a pre-calculated amount of the gas from the first-stage
separator was injected to the PVT cell. The test was started at a pressure well
above the bubble point until getting a monophasic fluid, and then it was reduced
stepwise until the first bubble was observed. The observed bubble point pressure
was almost the same as that of the field reservoir pressure (2277 psia for well
A#22 and 2377 psia for well #33, United Arab Emirates). But the composition of
the recombined fluid was found a little far from the required reservoir fluid
composition; therefore, the vapor molar ratio was varied until a monophasic fluid
was obtained with a fluid composition of minimum deviation from the under test
reservoir fluid composition. The optimized vapor molar ratio was 0.5183 and
0.5603 for wells A#22 and A#33, respectively, which are almost the same values
given by the service provider. Also the value of the vapor molar ratio with
minimum deviation in the methane concentration was found to be about 0.42 for
each well when compared to that of the reservoir methane.

In the second part of this work, another experimental setup for both
recombination and phase behavior of COz measurements is described. After
recombination process, a precise amount of COz was injected into the PVT cell and
then the mixture saturation pressure and the swelling factor were measured. The
influence of COz addition on crude oil properties was investigated using several

molar ratios of COz/crude oil at conditions close to the oil well mixture conditions.
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The static-synthetic principles method, which consists of preparing a mixture of
known overall composition, was used to observe the fluid phase behavior by
changing the pressure of the PVT cell at constant temperature. A vapor-liquid-
liquid transition was observed at CO; mass fractions above 0.3. For COz mass
fractions between 0.0 and 0.6, the swelling factor ranged from 1.0 to 1.74. All the
measurements in the above mentioned tests were performed using an infrared
device which allows phase transition detection with a precision of less than 1 bar
and 3-4 % error.

Lastly, a phase behavior modeling was carried out using the PVTi [1] and PVTpro
[2] modules from commercial (Schlumberger) simulators. The recombination
process was simulated using the Soave-Redlich-Kwong (SRK) and Peng-Robinson
(PR) equations of state including binary-interaction coefficient and volume-shift
corrections. The fluid composition and the reservoir saturation pressure and
temperature are the main inputs to the phase behavior simulators. The simulation
task for compositional analysis was performed and results compared to available
field data. After conversion to the bubble point pressure (to be the same as that of
field data), and by comparing the results of both EOS, the PR EOS was selected
since it gives more accurate results when compared to the experimental results
and field data. The other fluid properties such Z-factor, specific volume, density,
viscosity, oil formation volume factor, etc., were found to match well with
experimental data, except the saturated liquid molar density, therefore, the Rackett
equation was used to estimate the liquid saturated volume and gave very close
values when compared to the corresponding field values.

The PVTpro simulator was also used to recombine the surface fluids (first-stage
separator gas and stock-tank oil) at the reservoir conditions. The predicted
recombined fluid composition from the PVTpro was found in very good agreement
with the reservoir fluid composition; with an absolute error of 0.17% and 3.11%
for wells A#22 and A#33, respectively. The PVTpro simulator was also used to
perform the swelling test by injecting COz gas to the recombined fluid (to
investigate how much oil is going to swell and to establish the relation between
CO; concentration and saturation pressure). The error in the predicted saturation
pressure relative to the experimental values was 8.4% for well A#22 and 6.3% for

well A#33.
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Chapter One

Background and Literature Review

1.1 Introduction

In order to perform flow simulation in the reservoir and oil production systems,
one requires knowledge of several physical properties of the fluid system. Firstly,
what phases are present: gas, oil, or water? What are the comparative quantities of
these phases? What are the common phase properties, i.e., density, viscosity,
thermal conductivity, etc.? [3]

In principle, we can take samples of the reservoir fluid and measure the quantities
of interest at certain pressure and temperature. However, these experiments are
both difficult and costly and cannot hope to cover the range of pressures,
temperatures and compositions likely to encounter [4]. A schematic diagram of the

total production system is shown in Figure 1.1.

> Gas Sales

Gas

I

Facilities :> Oil Sales
Production } Water Dump
Wells
Gas-Lifts Gas Recycle
Reservoir

v ¥ Inflow

Figure 1.1: A schematic diagram of the total oil production system

In mature areas of petroleum accumulations it is now common to find reservoirs at
20,000 ft (6,096 m) or more. At such depths, pressures can approach 16,000 psia
(~109 MPa) and temperatures are close to 400 °F (477.6 K). Pressure can take any

value between reservoir initial static pressure and one atmosphere in the stock
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tank, if one exists. Temperature will also vary between reservoir temperature and
standard temperature (60 °F).

If the fluid composition is fixed, a set of pre-defined look-up tables could handle
temperature and pressure variability. Generally, the fluid composition within the
production system is not fixed for a variety of reasons [5].

(1) Within the reservoir, the following changes can take place:

e Composition varies with depth and areal location. The presence of high
permeability streaks can then allow different fluids to mix.

e As fluid drops below its saturation pressure, one phase, generally the gas
will flow in favorite to the oil so the produced well composition changes
with time. This effect is mainly important for near critical fluids.

e Gasinjection for pressure maintenance or miscibility processes.

(ii) Within the production system:

e Fluids from different parts of the reservoir or reservoirs can mix.

e Gas injection for gas-lift.

e (Changesin surface separation.

All these cases, and more, point to the need for a compositional treatment of the
fluid system. These methods are computationally expensive. However, with the
prompt increase in computer power at reducing cost, they are all now possible on

a high-end personal computer.

1.2 Literature Review

The study and understanding of phase behavior in crude oil systems play a central
role in predicting compositional changes under varying temperatures and
pressures in reservoirs, surface separations, and production and transportation
facilities. In particular, they are critical for reliable and successful compositional
reservoir simulation. How the fluids behave within the reservoir, within the wells,
at surface conditions, in the network, and at the refinery is a complex question
usually made in the ambient of exploration, production and refining [6].

The fluid properties must be known over a wide range of temperatures and

pressures. When a gas is injected into the reservoir, it is also important to know
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how the properties of the original reservoir fluid will change as the composition of
the mixture changes. The PVT properties are also needed to predict:-

a) The composition of the well stream as a function of time,

b) completion design, which depends on the properties of well-bore liquids,

c) The effect of injecting or re-injecting gas,

d) The amount and composition of the liquid left behind in the reservoir and

their properties (density, surface tension, viscosity, etc.),
e) Equilibrium ratios, more commonly known as k-values; (= vapor phase

mole fraction to liquid phase mole fraction) at equilibrium.

Several articles have addressed the procedures for evaluating and improving the k-
values. In a fluid mixture consisting of different chemical species at high pressure,
k-values are dependent on the pressure, temperature, and composition of the
mixture. This extra dependency on the fluid composition, for high-pressure
systems compared to low-pressure systems, has limited the ability to predict high
pressure k-values empirically and shifted the emphasis for preferred methods to
using the more sophisticated equations of state approach such as those based on
perturbation thermodynamics theory like the statistical associating fluid theory
(SAFT) framework models [7]. However, in contrast to the cubic equations of state,
these models over predict the mixture critical conditions, since they do not include

in their pure component parameters, any critical point information.

Almehaideb et al. [6] present an accurate k-value correlation for the UAE crude oil
components at high pressures using PVT laboratory data. Material balance
techniques are used to extract the k-values of the crude oil and gas components
from the constant volume depletion and differential liberation (DL) tests for the oil
and gas samples, respectively. When plotting the log k-value vs. pressure, the
curves should plot in a parallel-like trend. The upper curve should correspond to
nitrogen, the lightest component, followed by the curves of methane and CO:.
Then, either ethane or hydrogen sulfide (depending on the fluid composition)

followed by the rest of the components.



1.3 Research Objectives

The commercial service provider collected two bottom-hole samples A#22 and
A#33 from Field A in UAE and provided the following information for both wells:
reservoir initial static pressure, bottom-hole temperature, bubble point pressure,

and compositional analyses of the reservoir fluids.

Since bottom-hole sampling is really difficult and costly and the volume collected
by the down-hole fluid sampling is small compared to that of the surface-fluid
sampling. The first objective of this work is to have surface samples from the stock-
tank oil and gas leaving the first separator to perform recombination process using
high-pressure PVT cell in order to obtain the same saturation pressure at the
reservoir temperature and fluid composition close to the original reservoir
composition. The second objective is to simulate the phase behavior in crude oil
system at high pressure using the commercial Eclipse Simulator [1]. In particular,
the effect of CO2 injection on reservoir fluid will be investigated using two major
cubic equation of state (Soave-Redlich-Kwong and Peng-Robinson). Further,
swelling tests will be carried out to determine the volumes or moles of a specified
gas composition added to the reservoir fluid in a number of stages. Prior to and
after each addition, the fluid will be brought to its saturation pressure and the

relative change in volume (swelling factor) is determined.

13



Chapter Two
Theory and Methodology

2.1 Phase Behavior of Hydrocarbon Fluids

In a petroleum mixture of known composition one can ask how the mixture
components distribute themselves at some specified pressure and temperature
conditions. In particular, is the fluid a gas, oil or a mixture of both?

Limiting our interest in hydrocarbon mixtures, up to 2-phases (gas and oil)
present at surface conditions and are called vapor and liquid under reservoir
and/or production conditions.

Wherever hydrocarbons are found, water is usually found. Hydrocarbons and
water should be considered together when fluid properties are studied. However,
their related solubility is commonly very low and for most purposes, water is
independently considered. An important exception is gas-water mixtures in
production systems. At low flow rates or shut-ins, the gas-water mixture is capable
of forming gas hydrate at temperatures above 0 °C. Once the gas hydrate is formed,
it is difficult to be cleared. The operators require adding an expensive fluid (e.g.,

methanol) in the flow line to overcome the hydrate formation [8].

Petroleum oils containing very heavy hydrocarbon molecules, called resins and
Asphaltenes, can also be found. These materials cause most problems in the
production system but they can also be a problem in the near well bore region
where they can drop out as pressure falls and effectively reduce the porosity.
Again, expensive chemical treatments may be needed to remove them if they occur
[9].

Carbon dioxide injection is famous for many old oil fields. Large CO: reservoirs
mean there is more supply of material for injection and under the right conditions
it can significantly enhance oil production. At relatively low pressures and
temperatures, say 150 °F (338.7 K) and 1500 psia (10.3 MPa); a four-phase system
is seen consisting of an aqueous phase, a hydrocarbon vapor, a hydrocarbon liquid
and a COz-rich liquid. Given the narrow range of conditions under which this effect
occurs, it is generally not modeled in reservoir simulation although it is studied as
a PVT problem [10].

14



Any analysis of reservoir behavior depends on the PVT relationships for the co-
existing fluids. It is usually to represent the phase behavior of hydrocarbon
reservoir fluids on the P-T plane showing the limits over which the fluid exists as a
single phase and the proportions of the oil and gas in equilibrium over the two-

phase P-T range.

2.1.1 Phase Behavior of Single-Component Systems

Single-component hydrocarbons are not found in nature; however it is beneficial
to observe the behavior of a pure hydrocarbon substance under varying pressures
and temperatures to gain insight into more complex hydrocarbon systems under
similar conditions. To study the behavior of a pure hydrocarbon substance, the
PVT cell is charged, for example, with ethane at 60 °F (288.7 K) and 1000 psia
(6.89 MPa). Under these conditions, ethane is in liquid state. If the cell volume is
increased, while holding the temperature constant at 60 °F throughout, it will be
found that the pressure falls rapidly until the first bubble of the gas appears. This is
called bubble point. Further increase of cylinder volume does not reduce the
pressure provided, temperature is held at 60 °F although heat must be added to
the system to maintain a constant temperature. The gas volume increases at this
constant pressure until the point is reached where all of the liquid is vaporized.
This is called the dew point. The ethane gas expands with further increase of

cylinder volume at 60 °F as pressure decreases hyperbolically [11].

2.1.2 Phase Behavior of Multi-Component Systems

Consider the phase behavior of a 50:50 mixture of two pure hydrocarbon
components on the P-T plane as shown in Figure 2.1. The vapor pressure and
bubble point lines do not coincide but form an envelope enclosing a broad range of
temperatures and pressures at which two phases (gas and oil) exist in equilibrium.
The dew point and the bubble point curves meet at the critical point, which is
defined as that temperature and pressure at which liquid and vapor phases have
identical intensive fluid properties. The fluid above the bubble point is in the liquid

state, the fluid below the dew point line is vapor, and the fluid in the space
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enveloped between the two lines is a two-phase mixture (liquid and vapor) in

equilibrium [12].

Bubble Point Curve
C1

Critical Point

* Liquid % Liquid
100

/
/

/<: Dew Pint Curve

/
Ve C2

Pure Heavy Component

/ o

Temperature —

Pure Light Component

Pressure

Figure 2.1: P-T curves for a binary equimolal mixture [12]

2.1.3 Phase Behavior of Low Shrinkage Reservoir Fluid

The chemical composition and amount of each constituent present determine the
shape of the two-phase envelope and its position on the P-T diagram. Each
reservoir fluid has a unique phase diagram. Figure 2.2 is a phase diagram typical of
a low shrinkage oil of a reservoir. Fluid at reservoir temperature and pressure at
point A’ exists as under-saturated liquid. If a sample of this fluid is expanded in a
PVT cell at a reservoir temperature T, the bubble point pressure will be reached
at A. This is approximately the path that fluids follow in moving horizontally

through the reservoir to the well bore [13].

2.1.4 Phase Behavior of Retrograde Condensate Reservoir Gas

The phase diagram shown in Figure 2.3 represents the behavior of a retrograde
condensate gas of a reservoir. The fluid at point A" is above the critical temperature

and is therefore classified as gas. On reduction of pressure at constant temperature
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from point A’, the dew point line is crossed at A and liquid begins to condense from
the reservoir gas. If the pressure and temperature are reduced from A along the
dashed path to separator condition, the diagram shows that 25 % of liquid is
recovered at this point. On further reduction to atmospheric pressure, only 2 % of

the liquid will remain.

PVT Cell
Liquid A ® ‘
| S ST L '
..... by
100
Critical Point
. \
1
e
_— 1 \
L A 3 I \
Bubble Point / ’
Curve / 1 75 ]
/ ' I
/ ’ so / / DewPoint|] ¢
o : <+ Curve 3
l 25 » g
| e ” ;
H Stock Tank ® /,o Gas
: 1 Vi
75 % Liquid Tatm Tres
Temperature |l

Figure 2.2: P-T phase diagram of low-shrinkage reservoir fluid [13]
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Figure 2.3: P-T phase diagram of retrograde condensate reservoir gas
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2.1.5 Phase Behavior of Dry Gas Reservoir Fluid

The phase diagram on the P-T plane represents the behavior of a dry gas reservoir
fluid. If the pressure and temperature are reduced from the original reservoir
conditions at point to standard stock tank conditions (60 °F and 14.7 psia), there is
no liquid recovery and the reservoir fluid remains completely in the gaseous phase

during the process as shown in Figure 2.4.

’ -——
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Figure 2.4: P-T phase diagram of dry gas reservoir fluid

2.1.6. Phase Behavior of Wet Gas Reservoir Fluid

A fluid that exists above its critical temperature as gas at reservoir conditions, but
produces a small quantity of liquid condensate on reduction to the separator/stock

tank conditions, may be termed wet gas (see Figure 2.5).

2.1.7 Phase Behavior of Crude Oil System

As the difference between the reservoir temperature and the critical temperature
increases, with Tres = T, the lines of constant vapor fraction spread out. Therefore,
as the pressure falls down from the bubble point, the amount of vapor liberated

falls. In addition, the liquid content of the liberated vapor is reduced. If the
18



assumption that the liberated vapor can be treated as dry gas is acceptable, then

the fluid can be treated as a crude oil.
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Figure 2.5: Phase diagram of wet gas reservoir fluid

At pressures in excess of the bubble point, the crude oil will be referred to as being
under-saturated, that is, more vapor could be dissolved if it were present. At the
bubble point, the crude is called saturated, i.e., it holds as much vapor as it can.
Strictly, at all pressures less than the bubble point pressure the liquid will be

saturated, as vapor will continue to grow.

The relative simplicity of the crude oil phase behavior has given rise to numerous
correlations to describe their behavior. These consist of expressions to calculate:

e Bubble point pressure (Ps)

e Qil formation volume factor (FVFo)

e Solution Gas-to-0il Ratio (GOR) at any condition (Rs)

e Qil viscosity (o)

e Gas viscosity (jg)
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These correlations generally use the following set of parameters:
e Oil API gravity (yar)
e Gas specific gravity (vg); Yar = 1.0
e Solution GOR at initial conditions (Rs)
e Reduced temperature, (Tt)
The correlations are therefore of the form
Py = f (Yapu, Vg Tr) (2.1)

The more commonly known correlations are due to Standing and Katz [14].

2.3 The Corresponding States Theorem

The physical properties of hydrocarbons vary with molecular weight and shape.
Therefore, resulting properties such as density, viscosity, thermal conductivity,
etc., cannot be easily comprehended for one species based on measurements of
those properties for another species. However, it was observed that this works in
terms of reduced properties such as reduced temperature, Tr, and pressure, Pr,
defined by

P.=PJP _andl T =T/T (2.2)

In particular, the corresponding states theorem says all pure gases will have the
same Z-factor at the same Prand T-.

Figure 2.6 (usually known as the Standing-Katz Z-factor chart [15]), shows the
variation of the Z-factor with pseudo-reduced pressure, Ppr = P/P,. and pseudo-
reduced temperature, Tpr = T/T,, both calculated at the pseudo-critical properties
of the mixture. All hydrocarbon gases (up to Cs) and the inorganic gases N2z, CO2
and H2S obey this chart to within a few percent. Mixtures of these components can
also have their Z-factors computed from this chart instead of the pure component
critical pressure and temperature in Eq. (2.2).

In this work, the pseudo-critical pressure, Py, and pseudo-critical temperature, Tpc,

are used as defined below:

Ppc‘ - ?1:1 yiPci
(2.3)
— N
Tpc = =1 }’iTci
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where y; is the mole fraction of the i component in the mixture. In the absence of
compositional analysis, the pseudo-critical properties can be estimated from

correlations based on gas specific gravity [16].
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Figure 2.6: Compressibility of natural gases as a function of reduced pressure and
temperature (Based on Standing and Katz, 1942).

In the equations of state models both pressure and temperature replaces the

critical terms in Eq. (2.3) as reduced quantities. Other models apply the
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corresponding states theorem for estimating viscosity and thermal conductivity of

hydrocarbon mixtures [17].

2.4 Z-factor correlation

One of simplest correlations for estimating the Z-factors is due to Brill and Beggs
[18]:

Z=A+(1-Ae B+ Chy (2.4)
where

A =139(T,, — 0.92)"" = 0.36T,, — 0.101

0.066
= P,,(0.62 - 0.23T,,) + P& <( ~0.36) 0.037) + 0.32 PS,. e[720723(Tpr-1)]
C =0.132 - 0.32 x log T},
D = e(0.715-1.128 T, +0.42 T, ) (2.5)

Correlation (2.5) is adequate (*2% error) provided that the temperature lies
between 80 and 340 °F (299.8 and 444.2 K) and the pressure is below 10,000 psia
(68.9 MPa). The main advantage of this correlation is being explicit in z. The phase
behaviors and correlations discussed above can be used in assessing the

experimental calculations.

In the next chapters we will discuss sampling and its types, conditions, and
procedures as well as laboratory analyses (such as saturation pressure, separator
and swelling test procedure) which will be conducted in this work. The Kay’s rule,
Z-factor correlations, and reduced properties will be used in the calculations of the

recombination process in the PVT cell.



Chapter Three
Sampling and Laboratory Analysis

3.1 Sampling

Mathematical models encapsulated within software packages are increasingly used
to predict the behavior of hydrocarbon reservoirs and their related production
systems. These models require input, initialization and calibration data. For fluid
property determination this requires to take samples of the fluids of interest,
determine their composition, and finally, perform a set of standard tests to

produce data to calibrate these models [19].

Before conducting any test, samples of the fluid of interest should be taken as
part of the initial well testing program. There are usually conflicts in the well
test program with the need to obtain reservoir parameters versus the collection of
representative samples. Proper design and careful planning is the key to

minimizing these conflicts [20].

3.1.1 Well Testing

The main problems in the well test design for sampling is concerned with the
production interval and the tubing size. In large hydrocarbon columns, a
significant variation in composition with depth is possible. In this case, it is
preferable to sample only a limited interval by restricting the perforations. It
suggested that the intervals be restricted to 30-ft column. This then requires
several teststo be performed over large (over 300-ft) columns, and a minimum of
three separate tests [21].

When considering well conditioning, the sample collection is best served by low
flow rates (using small diameter tubing) since low rate production in large
diameter tubing gives rise to an unstable flow regime called slugging. However, the
rate must be high enough to ensure that liquids are produced to surface [22].
Technological advances in recent years have helped here since it may be
possible to run small diameter coiled tubing during the sampling phase, returning

back to the large diameter tubing for the other aspects of the well test.



3.1.2 Conditioning

There are two ways of sampling: (1) down-hole and (2) surface sampling as
illustrated in Figure 3.1.
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/ EXothermal, SPS and/or PDS Samplers
>

Figure 3.1: Reservoir fluid and sampling [23]

In both methods, proper conditioning of the well prior to taking the sample is

necessary:

1. Sampling should be done as soon as possible after the well is completed.

2. The process of drilling and completion usually results in near-well bore
damage and contamination, which must be cleaned-up before the sample
can be taken. This is best achieved by a high flow rate. However, this may
cause a large pressure draw down that might cause the bottom-hole
pressure to fall below the saturation pressure. Then, depending on the
relative permeability effects, the fluid flowing into the well may be

unrepresentative of the reservoir fluid.

Once the balance is achieved between maximizing clean-up time and minimizing

pressure draw down, the main aim of which is to achieve
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e Uniform flow rate,
e Uniform gas-to-oil ratio, GOR,
e Stable top hole pressure (Pry)
e Stable bottom hole pressure (Psn)
e Stable bottom hole density, (ps#) (to ensure no liquid build up)
e Stable wellhead temperature, (Twy)
The stability conditions are satisfied for at least 6 hours prior to the sample being

taken [24].

3.1.3 The Down-Hole Sampling

In this technique, a bottle is lowered down hole on a wire line and placed as close
as possible to the open interval. At some pre-arranged time or on a command from
the surface, the bottle is opened to the fluid flowing around it upon which some of
that fluid is allowed to enter the bottle. Unlike surface sampling, the volume of

fluid that can be collected is relatively small, typically 1 liter or so.

The sample bottle is returned to the laboratory and the fluid is flashed to
atmospheric conditions. The normalized mass fractions of the gas (wgy:) and the oil
(woai) in the stock tank sample are found by gas chromatography. The molar weight
(M) and density (po) of the oil sample are then measured.

The flash gas-to-oil ratio (GOR or R;s) in consistent units (ft3/ft3 or m3/m3) is given

by

V. ngV,
— .48 __ "tg"gm
R, = Vo _ "a¥m (3.1)
Vo noVom

where Vgm and Vom are respectively the gas and oil molar volumes (in field units,
ft3/1b-mol) and ng and n, are the corresponding number of moles. If the number of

moles of the feed is assumed unity, then n, = 1.0 — ny. The molar volume of the

oil, by definition, equals its molar weight divided by density, i.e.

M,
Vom = - (3.2)

Combining these results allows calculation of the number of moles of the gas as

. (My/po)Rs 3.3
9 Vgm+(Mo/po)Rs ( )

25



Meanwhile, the oil and gas mass fractions are converted to mole fractions (x; and

yi) using the oil and gas molar weights, M, and My):

(wWoi/Moi)
Zjzco4Woj/Moj] + (WC7+/MOC7+)

Xp = (3.4)

- (ng/Mgi)
¥ =
YizcoyWgj/Mgj] + (WC7+/M9C7+)

(3.5)

Finally, with the gas and oil samples’ mole fractions (x; and y;) and the number of

moles of the gas, the feed composition, zf;, is calculated from

Zpi = ng.)’i + (1 - ng)xi (36)

The measurement of molar weights is extremely difficult and can be subject to an
error (as large as +10%); which will clearly affect the determination of the well

stream molar composition [25].

3.1.4 The Surface Sampling

The well is permitted to flow to the surface where a fraction of the well stream
fluid is re-directed to a test separator held at some pre-determined pressure and
temperature. After ensuring the stability conditions being met, samples of the
separator vapor and liquid are collected in a number of bottles, which are then

sent to regional laboratories for analysis.

The main advantage of surface sampling over the down-hole sampling is the ability
to collect large volumes of fluid. However, there are a number of issues to be

considered:

e Lifting all the produced fluids,
e Ensuring arepresentative mix is taken from the flow line,

e Accurate metering with the consequent problem of recombining the vapor
and liquid streams to reconstitute the well stream fluid.

Most surface samples are taken through a test separator. Ideally, the inlet of the
test separator should be inserted into the main flow line from the well head
manifold. The probe should be preceded by a baffle arrangement to ensure the

fluid is well mixed.



A number of analysis techniques can be employed to ensure any recombined
sample is representative. Firstly, when the liquid bottle is opened back in the
laboratory, the bubble point pressure should be the same as the separator
pressure at which it was sampled and should be corrected for temperature.
Secondly, since all the components of the vapor and liquid phases are in
equilibrium, then the k-values for each component in the mixture can be

calculated.

ki = yi/xi (3.7)
Standing suggested that the measured K values should obey the following equation
[26]

logyo(kiPsep) = Ao + A1 Fi (3.8)

where Psep is the separator pressure (in psia) and F;is given by

Fo= (2222 ) jog (22) (3.9)

1/'Tbl_l/.ra Pse

Where Ty, T, and Pe are respectively the normal boiling temperature, the critical
temperature and the critical pressure of component i in the mixture. Py is the
standard pressure (in consistent units). The constants Ag and A; are calculated

from [26]:

Ay = 1.2 + 4.5x107*P,,,, + 15x1078P2,, (3.10)

A, = 0.890 — 1.7x107*P,,,, — 3.5x1078P2, (3.11)

Eq. (3.8) is generally assumed valid for hydrocarbon mixtures at pressures up to

1000 psia (68 bar) and temperatures up to 200 °F (366.4 K).

3.2 Laboratory Analysis

After obtaining one or more representative samples, the next task is to analyze
them to find which components are present and in what proportions. Then a set of
standard experiments should be performed to determine a set of important
parameters. The parameters measured depend on the nature of the reservoir fluid,

i.e. liquid and/or vapor.
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3.2.1 Composition Determination

The workhorse in this area is the gas chromatograph (see Figure 3.2), which
usually comes in one of two types, packed column or capillary column. The packed
column consists of a glass or stainless steel coil, typically 1-5 m in length and 5 mm
inner diameter. The capillary columns are thin fused silica, typically 10-100 m in

length with an inner diameter of 250 pm [27].
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Figure 3.2: A schematic of a gas chromatographic system [28].

The sample is injected into the column, which is housed in a temperature-
controlled oven. As the temperature is increased on some pre-programmed

schedule, the components will boil depending on their volatility.

An inert carrier gas such as helium or argon then carries the components along the
tube to a detector. The effluent from the GC mixes with an air/hydrogen mixture
and passes through a flame. The resulting ions are collected between the

electrodes to produce an electrical signal.

The most popular types of detectors are the Flame lonization Detector (FID) and
the Thermal Conductivity Detector (TCD). The FID is very sensitive but it destroys
the sample. The TCD consists of an electrically-heated wire whose resistance is
affected by the thermal conductivity of the surrounding gas. The change in
resistance can be correlated to the nature of the surrounding gas. The TCD is notas

accurate as the FID but it is non- destructive.
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3.2.2 Saturation Pressure Determination

The bubble point pressure for a reservoir liquid or the dew point pressure for a
reservoir vapor is one of the important measurements performed at saturation
conditions. The exact mechanics of the measurement depend on the fluid type but
in both cases it begins by loading a volume of the reservoir fluid into a PVT cell
(discussed in Chapter 4). This cell is placed in a chamber whose temperature can
be set as that of the reservoir temperature. Pistons can raise and lower the
pressure and valves allow fluid to be injected and removed from the top and
bottom of the cell. Some cells contain a window, located near the bottom of the cell

to allow visual inspection of the contents [29].

For a liquid, the pressure is raised to some high pressure, generally slightly in
excess of the initial reservoir pressure. Then, the pressure is reduced in a series of
stages and the corresponding volume of the fluid is recorded at each stage [30]. In

this case, the relative volume-pressure behavior presented in Figure 3.3 has been

observed.
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Figure 3.3: Expected Vre - P curves of crude oil around the bubble point for well

A#33.
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3.2.3 The Constant Mass Study (CMS) Test

The CMS test is a test performed with a known quantity of representative reservoir
fluid sample, which remains constant throughout the test. It is also known as
Constant Composition Expansion (CCE) test or Constant Mass Expansion (CME)
test. The CMS test is a flash liberation process, since the sample composition
remains constant and as the gas is liberated from solution, it remains in contact
with the liquid and equilibrium is attained with all components still present [31].

The following can be determined from the CMS test:

e Reservoir temperature at saturation pressure
e Ambient temperature at saturation pressure
e Relative volume-pressure relationship

e Compressibility factor

e Thermal Expansion

A fixed volume of the reservoir fluid is charged into a high pressure PVT cell well
above the saturation pressure of the fluid. The cell volume is increased in small
increments, with the pressure being recorded after each volume increment and
after it reaches equilibrium. When the cell reaches the sample bubble point, the
first bubble of the gas evolves. The compressibility of the two phases present in the
cell drastically increases due to the gas compressibility being much larger than
that of the liquid. This can be seen when the sample volume is plotted against the
cell pressure as illustrated in Figure 3.4. The test can be described step by step as

follows [32]:

e The cell starts at a pressure well above the bubble point pressure Figure
3.4-A.

e The pump is backed off to increase the cell volume and the new cell
pressure is recorded. In Figure 3.4-B the bubble point pressure (Pp) is
reached and the first bubble of the gas is formed. Looking at the V-P plot
under each cell, the single-phase part of the curve is quite linear.

e In Figure 3.4-C the cell volume is further increased, such that the cell

pressure is now P3, which is less than P». More gas has come out of the
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solution; as a result the sample compressibility changes significantly. This is
illustrated in the V-P plot by the deviation from linearity.

e In Figure 3.4-D the cell volume is further expanded and the pressure
continues to decrease, however, it decreases less with step increase in the

sample volume.

Gas

Volume
Volume

+

Pressure Pressure Pressure Pressure

Figure 3.4: Schematic representation of the Constant Mass Study (CMS) test and

the corresponding V-P curves [31].

3.2.4 The Separator Test (SEP)

The well stream fluid arriving at the surface is usually put through two or more
stages of separation. A schematic of a 2-stage separator test is presented in Figure
3.5. A separator is effectively a large tank held at some pre-determined pressure
and temperature, which allows the fluid to separate into vapor, liquid and
optionally aqueous phases. Usually, the liquid from a first stage separator is taken
as the feed for the second stage separator, and so on. Theoretically at least, the last
stage is at standard conditions (Pst = 14.7 psia and Ts = 60 °F) and the liquid
arriving here is the stock-tank oil. In practice, especially in an offshore
environment, the liquid will be put into a sales line at some pressure in excess of

the standard pressure. The vapor produced from each stage is collected together
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and reported as if it had been taken to standard conditions. Again, in practice, the

vapor will rarely be taken down to standard conditions although the volumes are

corrected to these conditions [33].
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* . 0il Volume at Pbub [Vob] i

Figure 3.5: A schematic diagram of a 2-stage separator test [33].

The set of separator stages is sometimes referred to as separator sequence, which

represents an approximation to the processing plant used in practice. The key

parameters to determine are

e (Gas-to-oil ratio (GOR) at each stage (=Vgi/Vo2) and hence the total GOR =(Vj1
+Vg2)/Vo2

e Qil formation volume factor (FVF,) at each stage (= Voi/Vo2), the total FVF,
(= Vob /Vo2), where Vop is the oil volume at saturation pressure (Pp)

e Densities of liberated fluids (oil and gas) at each stage.

The GOR is usually reported as the gas volume per oil volume both at stock tank
standard conditions (Ps, Tst). The volume of the gas liberated at each stage, Vyi is at
some elevated pressure and temperature (P;, T)) at which its Z-factor, Z; is

measured. Then from the real gas law



PV = ZRT (3.12)

One can compute the volume the gas will occupy at standard conditions from

Ve = [ 2] [2) (3.13)

Pt

By definition, the standard Z-factor at standard conditions, Zs; = 1.0. It is sometimes
possible to adjust the pressure and temperature of the stages, usually the first-

stage pressure, to maximize liquid production.

[n addition to the above mentioned laboratory analysis and procedures, Chapter 4
is devoted to the determination of the saturation pressure by a recombination
process at the reservoir pressure and temperature, and then swelling tests are
conducted to investigate how much the CO: injection is going to swell the oil. This

will help in enhancing the oil recovery.
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Chapter Four

Experimental Setup and Procedures

4.1 Experimental Setup

The experimental setup used in this work consists of a high-pressure variable-
volume PVT cell (made in Brazil), a syringe pump (ISCO 260D) and a heating
device with magnetic stirrer (Stuart Magnetic Stirrer CC162/SC162) (see Figure
4.1). The view cell has two sapphire windows for visual observations, an absolute
pressure transducer (Smar, LD 301) with a precision of +0.31 bar, and a portable

programmer (Smar, HT 201) for pressure data acquisition.

The equilibrium cell includes a movable piston, which permits the control of
pressure inside the cell. Phase transitions are recorded through pressure
manipulation using the syringe pump and a solvent (CO2) as a pressurizing fluid. A
set of valves used in the unit (see Figure 4.1) and their objectives are as outlined

below:

V1: Needle valve (HIP, Model 15-12AF2). When opened allows the flow of CO>

(or gas) from the first-stage separator to the chamber of the syringe
pump.
V2: Two-way valve (HIP, Model 15-AF1). This valve is used to inject COz or the

gas from the first-stage separator through the syringe pump into the

process line.

V3 and V5: Needle valves (Autoclave Engineers, Model MVE 1001). The
function of these valves is to cut or allow the flow in a given line. V3 is
used to isolate the unit from the pressure pump during assembly and
disassembly of the equilibrium cell, and thus avoid gas or COz loss. V5
function is to avoid any fluid flow to the piston during gas or COz injection
into the cell. When V5 is opened the pressurization or depressurization of

the sample takes place through the piston displacement.

V4: Flush needle valve (HIP Model 1511AF1). Used for flushing the system and
the cell depressurization. V4 is also used for gas removal during the two

stage recombination process.
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Figure 4.1: A schematic drawing of the experimental setup used in this work.

V6: Needle valve (Autoclave Engineers, Model MVE 1001). This valve is used
as a feeding valve to inject a compressed fluid into the cell and is suitable

for rigorous flow control of the fluid being injected.

V7: One-way valve (HIP Model 15-41AF1). This valve allows the flow in one
direction and is used together with V4 to remove the gas from the
pressurized system to ambient atmosphere during the recombination

process.

The equilibrium PVT cell consists of a 316 stainless steel cylinder, with an internal
diameter of 17.2 mm and a length of 176 mm. The cell is equipped with a piston for

volume and system pressure variation.
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Figure 4.2 presents the equilibrium cell which has three top holes: for thermocouple
connection, for feed valve (V6) connection and for gas removal during the recombination
process. The equilibrium cell has also a rear hole, lateral and front windows for piston

displacement, light source and infrared device to detect and record phase transitions.

The piston has two BUNA N90 O-rings that allow a smooth slip inside the cell for
pressurizing or depressurizing. The O-rings ensure the sealing (insulation of the sample).
Details of the piston components are shown in Figure 4.3 and the PVT cell along with the

syringe pumps shown in Figure 4.4.

For phase equilibrium measurements through the static-synthetic method, a suitable
device for quantifying the amount injected into the equilibrium cell and also for handling
the system pressure is required. Syringe-type pumps are ideally designed for this purpose
and they have an inner cylinder connected to an automatic flow and a pressure indicator
controller (COEL K484P). In this work, two syringe pumps (ISCO Brand, Model 260D) with
an inner cylinder of 266 ml, and a pressure up to 500 bar are used. The pump chamber

cylinder is jacketed, to keep its temperature constant using a water circulating bath.

The equilibrium assembly of the cell begins with the adjustment of the piston O-rings
tightness. This step requires special care, because piston tightening should not be weak;
this will allow fluid passage into the cell and changing the overall composition, and at the
same time should not be too strong to avoid pressure drop between the sample and the

process line.

Figure 4.2: The equilibrium cell used in this work.
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Figure 4.4: The PVT cell experimental setup used in this work

Once assembled, the equilibrium cell with the magnetic stirrer is placed into the heating
device. A given amount of stock-tank oil is weighed and then injected into the cell using

the syringe. The cell is then connected to the process line which has a temperature
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controller and a pressure transducer for monitoring the sample temperature and

pressure, respectively.

4.2 Experimental Procedure for Phase Equilibrium Measurement

The experimental procedure for phase equilibrium measurement, using this type of
experimental apparatus, begins with loading the gas from the first-stage separator into the
syringe pump chamber. Since the gas from the first stage separator is a mixture of
hydrocarbons up to C7., its average vapor pressure is relatively low. Thus, the opening of
the valve on the cylinder containing this gas might not be sufficient to move a reasonable
amount of solvent (gas) into the syringe pump chamber. Usually, with the gas cylinder
valve V1 opened for about thirty minutes and V2 closed, the temperature of the syringe
pump chamber is kept at 283.15 K. This arrangement allows a natural flow from an
ambient temperature zone (the gas cylinder) to a reduced temperature zone (the syringe
pump chamber). While the syringe pump chamber is being filled, the equilibrium cell
assembly can be started. A typical recombination process starts by insertion of a precise
amount of stock-tank oil into the cell together with the magnetic stirrer on. The cell is then
closed and connected to the process line, keeping valves V4, V5 and V6 closed, and valves
V2 and V3 opened. With valve V1 closed, the entire line is kept pressurized using the
syringe pump and stabilized at a pressure of 100 bar and 283.15 K. The stabilization of the
system (zero pump flow) requires about 10 to 15 minutes, and should be done carefully
because any trace of flow may lead to systematic errors in the volume of the gas injected.
Once the system is stabilized the volume of the gas inside the syringe pump chamber is
recorded and a given volume of the gas is injected into the cell through the micrometric
valve V6. For a mass of stock-tank oil of 9 g, a 10 ml of gas is injected at 100 bar and
283.15 K. After the first gas injection the process is concluded, then the pressure of the
system is lowered to (68 bar for well A#22 and 74 bar for well A#33) and valve V5 is
opened (keeping valves V1, V4, and V6 closed and valves V2 and V3 opened). The
recombination process is carried out at ambient temperature of 22.85 °C, so during this
step no heating is required. For saturation pressure measurements, the light source from
the lateral window of the equilibrium cell is turned on and an infrared device (which
allows precise phase transition detection even at low or without visibility) is used to
record the phase transitions. A sequence of procedures aiming to obtain a monophasic

system is then started. By means of the magnetic stirrer, the system is continuously stirred
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and the pressure inside the cell is gradually increased until the condition of a single-phase
system is established. The pressure is then lowered to the saturation pressure of the well
sample at 22.85 °C (i.e., 68 bar for well A#22 and 74 bar for well A#33) and the resulting
vapor phase isremoved by opening valves V6, V4 and V7.

The second stage for the recombination test is made by injecting fresh gas and repeating
the above described procedure. Once the recombination process is completed, the
saturation pressure of the recombined oil is measured at reservoir temperatures of wells
A#22 and A#33 (235 °F and 257 ©oF, respectively), and the result is compared to the
experimental data of the well sample. For this purpose the heating device is turned on and
the pressure is monitored by the pressure indicator controller.

For COz injection, the same procedure employed for the recombination process is used,
replacing the gas from the first-stage separator by CO2. In this case the CO2gas is injected
at 224 bar and at reservoir temperature of 235 °F and 257 °F for wells A#22 & A#33

respectively.

4.3 Experimental Procedure for Swelling Measurement

A schematic of the swelling test apparatus is shown in Figure 4.5. For volume
measurements of both live oil and CO2z/live oil mixture, the syringe pump along with the
CO2 material balance is used. The saturation pressure of the live oil is first measured then
the pressure is lowered down to about 60 bar in order to leave the piston at its maximum
position at the backside of the PVT cell. Valve V5 is then closed and the pressure of the
syringe pump is increased up to the previously measured saturation pressure. The
temperature of the syringe pump chamber is kept constant at 283.15 K (one has to wait up
to complete stabilization of the system (zero flow in the syringe pump controller). The
initial volume of the syringe pump, V; is recorded and while keeping the pressure
constant, valve V5 is opened, to allow the movement of the piston. The final position of the
piston keeps the live oil at saturation conditions (constant pressure and temperature).
After stabilization the final saturation volume, Vj, is recorded. The displaced volume inside
the syringe pump, V0, is then computed as Vs = Vi - Vr Using the CO2 chart [34], the
density of COzat the given temperature and pressure is calculated and the displaced CO>
mass inside the syringe pump, m?, is determined. This mass is the same as the mass
displaced in the cell. Since the cell temperature is known (257 °F), the volume at the

backside of the piston, V9 can be computed. The volume of saturated live oil, V9, can be
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obtained by the difference between the overall available cell volume and the displaced
volume inside the syringe pump, i.e. V0 = 26.22 - V9 ml. A given amount of COz is then
injected into the cell and the procedure described above is used to compute the displaced
volume, Vs, the displaced CO; mass, mPl, inside the syringe pump, the volume at the
backside of the piston, V%1, and the volume of the mixture, V01,

The swelling factor is defined as the ratio between the volume of a saturated mixture of
COz/live oil and the volume of saturated live oil at the reservoir temperature [34]. The
amount of swelling experienced by a crude oil and the increase in the saturation pressure
as a result of COz injection is determined by the swelling factor which is the relative total
volume or relative swollen volume, Vsw (= new saturation volume, V?1, at each incremental

addition of CO2, divided by the original saturation volume, \?).

psw = V2 (4.1)
== :

Vsat I H

(original)

Vsat :
(new) 'O.il

:
rmmm = w - 13331 ceee=w
135

peossrerernstrioiee
prosesibrssiririie

(a) (b) (<)
1. Oil [or Gas at Psat], note Volume: Optional CCE Experiment
2. Add known moles of Injection Gas [known composition]

3. Find a new Psat, note new Volume.
4. Repeat steps 2. and 3. As required

Figure 4.5: A schematic diagram of the swelling test procedure [31].

The results and discussion of the above experimental works will be shown in the next

chapter.
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4.4 Recombination of the Reservoir Fluid

Recombination of the stock-tank oil with the gas from the separator is the first and
fundamental step for PVT study in petroleum systems. Since the gas composition from the
first-stage separator is different from that obtained by flashing the monophasic well fluid
directly to standard conditions, the recombination process using the gas from the first-
stage separator can lead to live oil different from the well oil. The surface separation

process can be illustrated in the schematic diagram shown in Figure 4.6.

Gas Meter

—&—>
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{ Test Separator
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@ » GC
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D —» GC
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Oil Meter

Figure 4.6: A schematic diagram of the surface separator metering and sampling [35].
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Chapter Five
Field Data and Related Calculations

5.1 Field Data

Two bottom-hole samples were collected from Field A in UAE, denoted as wells A#22 &
A#33. For well A#22, the reservoir initial static pressure was 4687 psia (32.32 MPa) and
the bottom-hole temperature was 235 °F (385.9 K) while the bubble point pressure was
2277 psia (15.70 MPa). For well A#33, the reservoir initial static pressure was 2820 psia
(19.4 MPa) and the bottom-hole temperature was 257 °F (398.15 K), while the bubble
point pressure was 2377 psia (16.39 MPa).

The compositional analysis of the reservoir fluid was made through using a combination
of distillation and chromatographic techniques. It should be noted that the Katz and

Firoozabadi data [36] has been used duringthe calculation of the compositional analysis.

Exact values for the molar mass and densities of the heavier single carbon number
fractions were obtained using Gas Chromatography-Mass Spectrometry (GC-MS) analysis

and these can be used for optimized predictions using equations of state.

The available reservoir fluid compositions for flashed liquid, flashed gas and monophasic
fluid from wells A#22 and A#33 are shown in Table 5.1 and the phase properties (molar

mass and density) of Czo+ and fluid fractions are given in Table 5.2.

5.2 Compositional Analysis

Due to the difficulty and costs of bottom-hole samples measurements this work (project)
is seeking to synthesize a reservoir fluids sample whose composition and bubble point is
consistent with the available PVT data (wells A#22 and A#33) making these viable as
representative of the reservoir oil. Thus, recombination is needed to reproduce as close as
possible the reservoir fluid composition needed for the PVT studies using gas samples
from the first-stage separator and stock-tank oil whose composition was performed by a
commercial service provider.

The global composition of component i/ in the monophasic fluid is obtained through a

global material balance:

zi=Byi+(1-B)x (5.1)
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Table 5.1: Reservoir Fluid Compositions from Service Provider.

Compositions Well A#22 Well A#33
Flashed | Flashed | Monophasic | Flashed | Flashed | Monophasic
Components Liquid Gas Fluid Liquid Gas Fluid
(mol %) | (mol %) (mol %) (mol %) | (mol %) (mol %)
N, 0.00 0.23 0.119 0.00 0.18 0.101
Co, 0.01 3538 1.860 0.03 4.86 2.738
H2S 0.00 0.00 0.000 0.00 0.00 0.000
CH, 0.06 61.09 31.692 0.08 58.58 32.858
C,Hg 0.15 11.80 6.188 0.25 11.73 6.682
C3Hg 0.60 10.54 SN2 1.05 10.72 6.468
i-C4H 10 0.37 2.24 1.339 0.57 2559 1.590
n-C4Hjo 1.38 523 3.375 2.06 5.62 4.055
i-CsH 12 1.36 1.65 1.510 1.73 1.88 1.814
n-CsHi, 227 .92 2.089 2.90 2.24 230
Pseudo CgH 4 5.51 1.14 3.245 6.56 127 3.596
Pseudo C,H 16 7.31 0.46 3.760 8.42 043 3.943
Pseudo CgH g 8.08 0.11 3.949 9.33 0.09 4.153
:Pseudo CoH2g 7.42 0.01 3.579 8.49 0.01 8089
Pseudo C;oH22 6.96 0.00 3.353 7.61 0.00 3.346
Pseudo C;;H24 5.73 0.00 2.760 6.13 0.00 21698
Pseudo C,2H26 4.92 0.00 2370 5.00 0.00 2009
Pseudo C,3H2s 4.77 0.00 2E298 4.50 0.00 1.979
Pseudo Cy4H30 4.94 0.00 2.380 3.74 0.00 1.644
Pseudo C;sH32 4.42 0.00 21125 3.41 0.00 1.499
Pseudo C,H34 4.01 0.00 [FOB32 21 0.00 122
Pseudo C;7H36 3.49 0.00 1.681 242 0.00 1.064
Pseudo C;gH3g 3.05 0.00 1.469 23115 0.00 0.945
Pseudo C19H40 2.81 0.00 1.354 2.04 0.00 0.897
Cao0+ 20.38 0.00 9817 18.75 0.00 8.244
X 100.00 100.00 ~100.00 100.01 100.00 100.00
Molar Ratio 0.4817 0.5183 1.00 0.4397 0.5603 1.00

Table 5.2: Phase properties of C2o+ and fluid for flashed and monophasic fluids from wells
A#22 and A#33.

Well A#22 Well A#33
Phase Flashed Flashed | Monophasic | Flashed Flashed | Monophasic
Properties Liquid Gas Fluid Liquid _Gas Fluid
Molar mass (g/mol) | (g/mol) (g/mol) (g/mol) | (g/mol) (g/mol)
Cao+ 403.78 -- 403.78 42448 -- 424.48
Fluid 200.25 28.08 111.02 190.79 29.06 100.18
Density (g/cm3) | (g/em®) | (g/em?) | (g/cm?) | (g/cm’) (g/cm?)
C2o+ 0.909 -- 0.909 0916 -- 0916
Fluid 0.832 0.001185 = 0.828 | 0.001227 --
Relative density
(Air=1) -- [ 0970 -- -- 1.003 o=

43



Where f is the vapor molar ratio, y: is the mole fraction of component i in the vapor phase,
and x; is the mole fraction of component i in the liquid phase. The values of f, y, and x, for
wells A#22 and A#33 were obtained by flashing the monophasic fluid from the well
condition to the standard conditions (60 °F and 14.7 psia). The resulting gas and liquid
phases were then analyzed by gas chromatography. For the project chart, the values of y,
and x, were obtained by chromatography analysis of the gas from the first-stage separator

and the stock-tank oil.

With the objective to obtain a monophasic fluid with a composition close to that of the
reservoir fluid, a simulation using PVTi module was performed at the saturation pressure
of reservoir fluid on the recombined live oil obtained from the first-stage separator gas
and the stock-tank oil. Noting that the field vapor molar ratios for wells A#22 and A#33

were 0.5183 and 0.5603, respectively.

By tuning the PVTi, the saturation pressure has been obtained for each well at the
reservoir conditions but the PVTi did not succeed in getting the required vapor phase
composition, especially for the methane, which has the highest percentage in the reservoir
fluid, as shown in Figures 5.1 and 5.2. This might be attributed to the fact that we are using
the gas available from the first-stage separator rather than a non-available late-stage
separator gas. In order to solve such a problem, the monophasic fluid has been reproduced

by recombining the resulting gas phase from the PVTi simulator with the stock-tank oil.

The average absolute errors in composition between the original and the reproduced
monophasic fluids were 0.68% and 0.99% for wells A#22 and A#33, respectively. But still
there was a high deviation error in the methane composition; 7.4% and 11% for wells
A#22 and A#33, respectively. In order to minimize the deviation error in the methane
composition, the vapor molar ratio was varied in this work until almost similar methane
composition was obtained for each reservoir monophasic fluid. The final trial values of the
vapor molar ratios were 0.4199 and 0.4196 for wells A#22 and A#33, respectively, as
shown in Figures 5.1 and 5.2. The resulting average absolute errors in composition after

these trial runs were 0.79% and 1.09% for wells A#22 and A#33, respectively.
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Figure 5.1: Compositional analysis of well A#22 fluid, recombined oil at f = 0.5183 and
recombined oil at £ =0.4199 (0% deviation in methane composition).
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recombined oil at § = 0.4196 (0% deviation in methane composition).
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5.3 Calculations for the Recombination Process

Since the two-stage recombination process is performed by injecting the gas into the
stock-tank oil, for the phase behavior measurement of the live oil, the overall composition
of the mixture has to be computed. Since the mass of the dead oil is known, the mass of the
gas injected has to be estimated in order to obtain the mass of the live oil. For these

purpose the same molar ratio of the project was used:

nY nt
— =0.42 & —=0.58 (5.2)
ne ne
where nV and nt are the number of moles in the vapor and liquid phases, respectively, and

ne is the total number of moles in both phases. Since

L Ly L
b = PV (53)

where pt, V& and ML are respectively, the density, the volume and the average molar

weight of the stock-tank oil. Thus,

[ Ly L
np=-— & n'=052n= 0.724 2 (5.4)
For non-ideal gas,
v _ v [ZYrT
v =n¥ [T (5:5)
Substituting Eq. (5.4) into Eq. (5.5)
v _ ptvi1zYRT) _ mt] [2VRT
vv = 0724 [S| 2] = 0.724 [ 5| |5 (5.6)

In order to calculate VY, the compressibility factor of the gas mixture has to be determined
using, for example, the theory of corresponding state which requires the reduced
temperature, Trm, and reduced pressure, Prm, of the gas mixture; which requires the
estimation of the mixture critical temperature, Tcm, and critical pressure, Pcm, for example,
using the Kay’s rule (Eq. 5.7) and the composition and the critical properties of the pure

components of the gas mixture presented in Table 5.3.

Tem = Zzn:l ViTei
(5.7)

_vn
Pcm = i:l)’iPCi
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Table 5.3: Critical properties and composition of the gas mixture of wells A#22 and A#33.

Critical Properties Mole fraction, y;

Component | P, bar T, K A#22 A#33
N2 339 126.2 0.0049 0.0035
CO. 73.9 304.7 0.0396 0.0426
C: 46.0 190.6 0.7539 0.7820
C2 48.8 305.4 0.0824 0.0672
C3 42.5 369.8 0.0543 0.0318
i-Cq 36.5 408.1 0.0173 0.0193
n-Cq 38.0 425.2 0.0143 0.0089
i-Cs 33.9 460.4 0.0082 0.0070
'n-Cs 33.7 469.6 |  0.0061 0.0090
Ce 30.1 507.5 0.0051 0.0087
Cy* 16.8 733.7 0.0140 0.0199

In this work, the gas is injected at 283.15 K and 100 bar which correspond to the Trm and
Prm values shown in Table 5.4 for wells A#22 A#33. Assuming the gas used to be a natural
gas [16], then after estimation of the Z-factor as a function of the mixture reduced

properties, Eq. (5.6) gives the volume of the gas, VY, to be injected into the PVT cell.

Table 5.4: Calculated Z and VV of the gas injected into the PVT cell for wells A#22 and
A#33.

Property A#22 A#33
Vapor molar ratio, 0.42 0.42
P, bar 100 100
T, K 283.15 283.15
Pcm, bar 46.324 46.862
Tem, K 231.66 223.25
Prm 2.159 2.1339
Trm 1.222 1.2683
ZV (Using Eq. 2.4) 0.5804 0.5712
pt, g/cc (Field data) 0.825 0.816
mt, g (oil injected) 5.70 5.70
ML, g/g-mol (Field data) 200.04 190.74
VW, cc/g (Using Eq.5.6) |  0.6936 0.7161

For simulation purposes, a modified Peng-Robinson equation of state will be used to

improve the accuracy of the calculated crude oil density.
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5.4 The Modified Peng-Robinson Model

Suitable description of the PVT relationship and phase properties of real hydrocarbons is

essential to get an accurate prediction of the reservoir performance, oil recovery and the

performance of surface processing equipment.

In designing gas injection schemes and in many reservoir engineering situations, a reliable
method to predict the crude oil density which is required for the calculation of the oil
swelling and formation volume factors. This has led to many prediction methods and
correlations which are generally applicable to specific cases and often require knowledge
of molar volume and solubility of the gas in the live oil at the reservoir conditions. These
correlations are empirical by their nature and thus can lead to large errors when

extrapolated beyond the existing range of the variables.

Equations of state are used for generating the fluid model which helps in predicting the
properties of the reservoir fluid at different pressures and compositions and also helps in
material balance and flash calculations. The use of an EOS at certain temperature and
pressure with known overall composition, allows to determine whether the fluid is a

single or multi-phase and to estimate the density and composition of the existing phases.

Equation of state has been proven to be useful tools in the petroleum industry, allowing
the improvement of the performance of equilibrium-based equipment, using a relatively
small amount of input data. Calculation of phase behavior of multicomponent systems is

the first and fundamental step in reservoir composition analysis.

Given a fluid of known composition at a certain temperature and pressure, the use of an
equation of state allows to determine whether the fluid is a single phase and to estimate
the density and composition of the existing phases. Density calculations can be performed
using the approach of ideal solution, partial molar volume, corresponding state theory,

and equations of state (EOS) [37].

Two cubic equations of state with three parameters (critical temperature, critical pressure
and acentric factor) are widely used in the petroleum industry for phase properties
calculations; the Soave-Redlich-Kwong (SRK) and the Peng-Robinson (PR) equations of

state.
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The SRK equation of state is given by

RT a(T)

Pes— (5.8)

v—b v(v+b)

where

a(T) = a,.a(T) (5.9)

For pure components, ac and b can be calculated using the (dP/dV) and (3%P/dV?) at the

critical point; and from which

a, = 0.42748

(5.10)

R2IT?
P

c

RT,
b = 0.08664 —< (5.11)

(4

Soave [38] suggested that ac is a function of the acentric factor (w) and the reduced
temperature (Tr) and calculated values of a at a series of temperatures for a large number
of pure hydrocarbons, using the iso-fugacity criteria for equilibrium along the saturation
pressure curve. Results show that a®>is a linear function of T;%> with a negative slope, thus

a’®>=1+m1 -T2 (5.12)

where m is fitting function of the acentric factor (w) of various compounds,

m = 0.480 + 1.574w — 0.176w? (5.13)

and the acentric factor can be obtained using the Pitzer et al. [39] definition:

Psat

(5.14)

w=-1-lo

g( s )Tr=0.7
The major failure of the SRK equation of state is the high predicted critical compressibility
factor (Zc= 0.333) and consequently a poor prediction of the liquid density.
A modification of the SRK equation of state was done by Peng and Robinson [40], where
Eqg. (5.8) through Eq. (5.14) are re-formulated as follows:

p_fL___ & (5.15)
v=b v(v+b)+b(v-b)

where
b= 0.07780’2—“ (5.16)
_ [0.45724R*T? 5.17
Ac = ( P, ) ( )

For components with w < 0.49, the following function is used:
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m = 0.379642 + 1.5422w — 0.2699w? (5.18)

and for components with w > 0.49, the following function is used [40]:

m = 0.379642 + 1.48502w — 0.164423w? — 0.016666w3 (5.19)

The predicted critical compressibility factor from the PR EOS (Z. = 0.307) is a significant
improvement over that of the SRK equation of state, and consequently, the PR EOS
predicts the liquid density better than the SRK EOS. However, the experimental values of

Zc for hydrocarbons are generally less than 0.29.

Modification of the equations of state using a volume shift correction leads to reduction of
the Z-factor and is used to improve density estimation, especially that for liquids. Thus a
fourth parameter usually referred to as volume-shift parameter, c;, is introduced through
the following relation [41]:

p® = @ ¥V 2 (5.20)

vB) is called the corrected third-parameter molar volume, v(3 is the molar volume
predicted by the two-parameter equation of state, and z; is the liquid or vapor mole
fraction (x, or y,) of componenti. The values of ¢; (i = 1, N), are commonly calculated by
comparing the observed liquid molar volume (v955) at standard conditions (7s and Ps)
with that obtained by the three-parameter equation of state (v£05) at the same conditions

[42]. The difference between them determines the value of ¢; for that specified component.
6 = UEOS(Pstr Tge) — UOBS(Pst' Tst) (5.21)

The shift parameters are usually defined as a ratio between the values of ciand b;

=3 (5.22)

where b; is the pure component volume parameter defined by the equation state, e.g., Eq.

(5.16) for the PR EOS.

The volume-shift correction has no effect on the iso-fugacity condition and thus the other
predicted values like the saturation pressure and k-values still unchanged [42].

Application of equations of state for fluid mixtures requires the use of mixing rules to
obtain the mixture parameters from the pure components ones. For hydrocarbon system

the modified van der Waals mixing rules are commonly used [43].
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— n n
A = Li=1 Li=1 XiXjqy; (5.23)

aU = [(a(aj)o's] (1 - kU) (524)
b=3", xb, (5.25)

The k, parameters are usually referred to as binary interaction parameters and usually
calculated by tuning the equation of state with experimental K values [34]. The ki for
hydrocarbon systems are commonly set to zero, except for interaction between non-
hydrocarbons and hydrocarbons and between light and heavy hydrocarbons, for kij
between methane and heavy hydrocarbons the Katz-Firoozabadi equation is widely used
[36]:

ki = 0.14y; — 0.06 (5.26)

where y, is the specific gravity of component .

Estimation of k;; for non-polar pairs usually involves critical volumes. For example, the
relationship of Chueh and Prausnitz [44] has been reconfirmed for non-polar pairs which
is apparently reliable to within +0.02 [45]. An alternative method for evaluating k;; had

been proposed [45].

(veiv -)1/6 i
k,-l,- =1-8 [%J (5.27)

2 3
(Ve +vet

where v, is the critical molar volume of component i. The physical meaning of the Chueh
and Prausnitz correlation is based on the fact that the cubic root of the volume is the
radius and therefore the k;s are functions of a weighted average of the proximity within

which two unequal species can come in contact.

In this work the kj values were calculated by the Chueh and Prausnitz correlation for the
HC-HC components by tuning the Peng-Robinson equation of state with the available
experimental saturation pressure data from the field wells A#22 and A#33. The results
obtained from the SRK and PR equations of state have been obtained through the PVTi

Eclipse Simulator and the results are presented in the next chapter.
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Chapter Six

Results and Discussion

6.1 Simulation Results

The Schlumberger phase behavior (PVTi) package, along with the Soave-Redlich-Kwong
and Peng-Robinson equations of state were used. The comparison between SRK & PR
equations of state at saturation pressure of both wells A#22 and A#33 are shown in Table
6.1. The procedure of the PVTi simulator and the simulation results for the saturation

pressure, CCE, DL, P-T flash, and separator tests are presented in Appendix A.

Table 6.1: Comparison between SRK and PR EOS predictions (using the PVTi Simulator)
for (a) well A#22 and (b) well A#33.

(a) Well A#22 at 235 °F and converged P* = 2277 psia

3-parameter SRK EOS 3-parameter PR EOS
Calculated Properties | Field Data | Value Relative Error (%) | Value Relative Error (%)
Vapor MW, g/mol 28.080 | 22.797 18.814 22.629 19.412
Liquid Viscosity, cP 0.460 0.366 20.435 0.352 23.478
Liquid MW, g/mol 111.020 | 110.940 0.072 110940 | 0.072 |
Liquid Density, 1b/ft? 41.880 | 43.460 3.773 43.200 3.152

(b) Well A#33 at 257 °F and converged Ps?* = 2377 psia

3-parameter SRK EOS 3-parameter PR EOS
Calculated Properties | Field Data | Value Relative Error (%) | Value Relative Error (%)
Vapor MW, g/mol | 29.060 [ 24.996 13.984 24.840 14.522
Liquid MW, g/mol 100.180 | 100.140 0.040 100.140 ~0.040
Liguid Viscosity, cP 0.320 0.255 20.313 0.247 22.813
Liquid Density, 1b/ft3 40.827 40.979 0.372 40.830 0.007

The PR EOS generally gives better results than the SRK EOS when compared with the field
data, as shown in Table 6.1. The PR EOS is selected to be used in experimental work using

the PVTi Simulator.

In both the 2-parameter EOS (a & b) and the 3-parameter EOS (a, b and w) the volume
shift and binary interaction coefficients were used as correction parameters. Table 6.2

shows a comparison between 2- and 3-parameter PR EOS along with/without corrections

for wells A#22 and A#33.
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Table 6.2: Comparison between 2- & 3-parameter PR EOS (using PVTi Simulator) for (a)
well A#22 and (b) well A#33.

(a) Well A#22 at 235 °F and converged Pset = 2277 psia

Z2-parameter PR EOS 3-parameter PR EOS
Calculated Properties Field Data Before After Before After
Correction correction correction Correction
Vapor MW, g/mol 28.08 22.6806 22.6815 22.6806 22.6286
Liquid MW, g/mol 111.02 110.9404 110.9404 110.9404 110.9404
Liquid Viscosity, cP 0.46 0.0750 0.1900 0.3464 0.3517
Liquid Density, 1b/ft? 41.889 31.0023 39.3745 43.2239 43.2033

(b) Well A#33 at 257 °F and converged Psot = 2377 psia

2-parameter PR EOS 3-parameter PR EOS
Calculated Properties Field Data Before After Before After
Correction correction Correction Correction
| Vapor MW, g/mol 29.06 24.8371 24.8398 249164 24.8398
Liguid MW, g/mol 100.18 100.1410 100.1410 100.1410 100.1410
Liquid Viscosity, cP 0.32 0.1445 0.1487 0.2446 0.2474
| Liquid Density, 1b/ft3 40.828 37.0567 36.1108 40.8283 40.8309

The PVTpro (Oilphase-DBR) is also works as PVTi in calculating the PVT properties of the
reservoir fluids. Results of both simulators were used to be compared with field data and
to know the accuracy of each simulator. The procedure of the PVTpro simulator is
presented in the Appendix B which contains the results of simulation tests such as
saturation pressure, CCE, DL, P-T Flash, Swelling and Separator Tests. The comparison
results of both wells A#22 and A#33 fluids properties using PVTi and PVTpro are shown
in Table 6.3 and 6.4 respectively. The vapor molar volume were seams good but the both
simulators gave inaccurate results for saturated liquid molar volume for both wells, so,
Rackett equation as explained below in detail, was used to calculate saturated liquid molar

volume as shown in Tables 6.6 and 6.7.

The recombination flash simulation was performed at the reservoir temperature of 235 °F
for well A#22 and 257 °F for well A#33 and saturation pressure of 2277 psia for well
A#22 and 2377 psia for well A#33 using the monophasic fluid. The resulting gas phase
was then removed through differential liberation. This step constitutes the first-stage of

the recombination process.

The second-stage of the recombination flash simulation was performed at the reservoir
conditions using numerically recombined monophasic fluid by using the liquid phase from
the first-stage recombination process (stock-tank oil) and fresh gas from the first-stage
separator and repeating the procedure used in the first stage. The resulting liquid phase

was taken to represent the original reservoir live oil. The individual component
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compositions from the simulated two-stage recombined fluid, simulated 15t- and 2nd-stage

flash vs. field individual component compositions are shown in Figures 6.1 and 6.2 for

wells A#22 and A#33, respectively.
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Figure 6.1: Simulated 2-stage recombined fluid, 1-stage flash, and 2-stage flash vs. field
individual component compositions for well A#22.
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Figure 6.2: Simulated 2-stage recombined fluid, 1-stage flash, and 2-stage flash vs. field
individual component compositions for well A#33.
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It is clear that the two-stage recombination process can lead to a crude oil with a
composition close enough to that of the reservoir fluid when compared to the one-stage

recombination process.

Table 6.3: Comparison between PVTi & PVTpro in calculating fluid properties of well
A#22.

Saturation pressure test at 235 °F and converged Psat = 2277 psia
CalculBte @i o gl Field PVTi (Eclipse Simulator) | PVTpro (Oilphase-DBR)
Data Value Rel. Error (%) | Value Rel. Error (%)

Liquid MW, g/mol 111.02 110.94 0.072 | 110.96 0.054
Vapor MW, g/mol 28.08 22.63 19.42 23.03 17.98
Liquid Density, Ib/ft? 41.89 43.20 3.127 44.29 5.729
Vapor Density, |b/ft? --- 7.923 --- 8.100
Liguid Z-factor --- 0.7843 --- | 0.7652
Vapor Z-factor 0.7843 --- | 0.8685
Liquid Molar Vo, ft?/lb-mol 2.570 a=s 2.510
Vapor Molar Vol, ft3/1b-mol 2.856 2.840

Flash to standard conditions (60 °F & 14.7 psia) for Well A#22

Field PVTi (Eclipse Simulator) PVTpro (Oilphase-DBR)

Calculated Properties Data Value Rel. Error (%) Value Rel. Error (%)
Flashed Liquid MW, g/mol 200.250 | 193.610 3.316
Flashed Vapor MW, g/mol 28.080 26.730 4.808
Flashed Liquid Density, lb/ft3 51.940 51.860 0.154 | 53.200 2.426
Flashed Vapor Density, lb/ft3 0.074 0.0708 4324 | 0.0710 4.054

Constant Composition Expansion Test for Well A#22

. Field PVTi (Eclipse Simulator) PVTpro (Oilphase-DBR)
CauEEler | PG Data Value | Rel. Error (%) Value Rel. Error (%)
Compressibility P;, psia‘! 1.10E-05 1.09E-05 0.909
Reservoir Oil Density, 1b/ft3 43.262 43.203 0.137 45.800 5.865
il Viscosity at P,, cP 0.520 0.475 8.654 0.465 10.577
0il Viscosity at Py, cP 0.460 0.371 19.348 0.378 17.826

Differential Liberation Test for Well A#22

g Field PVTi (Eclipse Simulator) PVTpro (Oilphase-DBR)

EMcHlaret BFahafucs Data Value Rel. Error (%) Value Rel. Error (%)
Oil Volume Factor 1.502 1.336 11.079 1.480 1.465
Solution GOR, ft3 /bl 671.000 710.300 5.857
Reservoir Oil Density, 1b/ft3 43.262 43.203 0.137 44.300 2.398
Residual Qil Relative Density 0.840 0.781 7.012 0.867 3.167

Separator Test for Well A#22

- Field | PVTi (Eclipse Simulator) | PVTpro (Oilphase-DBR

pienge L Data | Value Rel. Error (%) Value Rel. Error (%)
Separator GOR @ 265 psia, ft*/bbl 395 | 373.479 5.448 400 1.266
Separator GOR @ 60 psia, ft?/bbl 69 | 155.599 125.506 71.7 Sk
Separator GOR @ 15 psia, ft3/bbl 36 | 101.162 181.006 22.9 36.389
Oil Volume Factor 1.361 1.075 21.014 1.311 3.674
Stock-tank oil density, Ib/ft3 51.503 | 51.438 0.126 | 52.602 2.133
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Table 6.4: Comparison between PVTi & PVTpro in calculating fluid properties of well

A#33.

Saturation pressure test at 257 °F and converged Psot = 2377 psia

Field | PVTi (Eclipse Simulator) | PVTpro (Oilphase-DBR)

Calculated Properties Data Value Rel. Error (%) | Value Rel. Error (%)
Liquid MW, g/mol 100.18 | 100.141 0.0389 | 102.93 2.745
Vapor MW, g/mol 29.06 24.839 14.525 | 25.430 12.491
Liquid Density, Ib/ft? 40.83 40.832 0.005 | 42.810 4.849
Vapor Density, |b/ft? 8.907 -- 9.122
Liquid Z-factor 0.758 - 0.755
Vapor Z-factor 0.758 0.859 =5
Liquid Molar Volume, ft?/Ib-mol 2.45 -- 2.44 —
Vapor Molar Volume, ft3/1b-mol 2.79 2.78 ---

Flash to standard conditions (60 °F & 14.7 psia) for Well A#33

. Field PVTi (Eclipse Simulator) PVTpro (Oilphase-DBR)
CalcujgtegliProgerties Data Value Rel. Error (%) | Value Rel. Error (%)
Flashed Liquid MW, g/mol 190.790 | 185.677 2.680
Flashed Vapor MW, g/mol 29.060 28.133 3.190 ---
Flashed Liquid Density, Ib/ft? 51.692 51.428 0.511 52.800 2.143
Flashed Vapor Density, lb/ft? 0.077 0.0745 2.742 0.0750 2.089

Constant Composition Expansion Test for Well A#3 3

. Field PVTi (Eclipse Simulator) PVTpro (Oilphase-[iER)
el TS Data Value Rel. Error (%) | Value Rel. Error (%)
Compressibility at P;, psia’! 1.82E-05 --- 1.88E-05 3.242
Reservoir oil density, Ib/ft3 41.202 | 41.283 0.195 43.199 4.847
0il Viscosity at P;, cP 0.340 0.267 21.382 0.333 2.059
0il Viscosity at Py, cP 0.320 0.247 22.688 0.319 0.313

Differential Liberation Test for Well A#33

Field PVTi (Eclipse Simulator) | PVTpro (Oilphase-DBR

Calculated Properties Data Value Rel. Error (%) | Value Rel. Error (%)
Oil Volume Factor 1.645 1.458 11.368 1.670 1.520
Solution GOR, ft3/bbl 893.000 --- | 914.100 2.363
Reservoir Oil Density, Ib/ft? 40.828 | 40.831 0.008 42.800 4.830
Residual Oil Relative Density 0.841 0.857 1.902 0.870 3.448

Separator Test for Well A#33

Field PVTi (Eclipse PVTpro
Calculated Properties Data Simulator) (Oilphase-DBR)
Value Rel. Error (%) | Value Rel. Error (%
Separator GOR @ 265 psia, ft3/bbl | 487.00 | 450.290 7.538 | 437.500 10.164
Separator GOR @ 60 psia, ft*/bbl 90.000 | 173.770 93.078 80.200 10.889
Separator GOR @ 15 psia, ft?/bbl 50.000 | 126.520 153.040 27.500 45.000
0il Volume Factor 1.422 1.019 28.340 1.364 4.079
Stock-tank oil density, 1b/ft* 50.941 50.873 0.134 52.100 225
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The fluid of each well was also recombined using the PVTpro simulator. The inputs to the

simulator were the first-stage separator gas and the stack-tank oil, which were

recombined based on the reservoir saturation temperature and pressure. The

compositions of the reservoir fluid and the resulting recombined fluid (as obtained by

PVTpro) are shown in Figures 6.3 and 6.4 for wells A#22 and A#33, respectively.

These results are also shown in Table 6.5 along with the relative errors for each

component with an average relative error of 0.17% for well A#22 and 3.11% for well

A#33, respectively.

Table 6.5: Experimental composition (reservoir fluid) vs. predicted (recombined fluid

using PVTpro) composition for wells A#22 and A#33.

Well A#22 Well A#33
Reservoir Recombined Fluid | Relative Reservoir Recombined Fluid Relative

Comp. | Fluid, mol% | (PVTpro), mol% Error, % Comp. | Fluid, mol% | (PVTpro), mol% Error, %
N> 0.1192 0.1190 | 0.1753 N> 0.1000 0.0977 | 2.2602
Oz 1.8603 1.8568 [ 0.1898 CO3 2.7397 2.6523 | 3.1901
C1 31.6918 316313 | 01911 | [C1 32.8567 31.8413 | 3.0904
C2 6.1882 6.1766 | 0.1874 | | C2 6.6793 6.4828 | 29419
c3 5.7519 5.7420 | 0.1722 c3 6.4694 6.3001 | 2.6169
iC4 1.3392 1.3375 | 0.1285 iC4 1.5898 1.5581 | 1.9940
nC4 3.3755 | 3.3717 | 0.1112 nC4 4.0496 3.9927 | 1.4051
iC5 1.5103 1.5101 | 0.0137 iC5 1.8098 1.8114 | 0.0884 |
nC5 2.0886 2.0889 | 0.0146 nCs 2.5297 25415 | 0.4665
Cé6 3.2450 3.2494 | 0.1347| [cC6 3.5996 3.6876 | 2.4447
C7 3.7596 3.7664 | 0.1797 C7 3.9396 4.0816 | 3.6044
8 3.9491 39571 | 0.2013 8 4.1496 43129 | 3.9353
c9 3.5794 3.5867 | 0.2040 C9 3.7396 3.8856 | 3.9042
C10 3.3526 3.3595 | 0.2049 C10 3.3497 3.4780 | 3.8302
C11 2.7601 2.7658 | 0.2050 C11 2.6997 2.8016 | 3.7745
C12 2.3700 2.3748 | 0.2041 | | C12 2.1998 22851 | 3.8776
C13 2.2977 2.3024 | 0.2042 C13 1.9798 2.0566 | 3.8792
C14 2.3796 2.3845 | 0.2060 Cl4 1.6398 1.7093 | 4.2383
C15 2.1291 2.1335 | 0.2060 C15 1.4999 1.5585 | 3.9069
C16 1.9316 1.9356 | 0.2062 C16 1.2299 1.2751| 3.6751
C17 1.6811 1.6846 | 0.2062 C17 1.0599 | 1.1060 | 4.3495
C18 1.4692 ~ 1.4722 | 0.2052 C18 0.9499 0.9826 | 3.4425
C19 1.3536 1.3564 | 0.2086 | | C19 0.8999 0.9323 | 3.6004
€20+ 9.8170 9.8372 | 0.2053 C20+ 8.2392 85692 | 4.0052

Average ARE= | 0.1735 Average ARE= | 3.1051

57




‘CE#Y |[9m J10j suonisodwiod

8S
(0adAd Suisn piny paulquodaa) paidipald sa (pmy 110A13s31) [euawiadxy 49 aandiy

M =5 S
Composition - é 0;‘2' Composition
o o - o 3 S o - o
= — o o o =7 (o8 - o =]
i g w ‘ ‘
N2 | b ;‘1 N2 |
coz | é”g | coz
CH4 25 CH4
C2H6 | i % | C2H6
C3HS8 | B C3H8 |
-C1H10 | | e % i-C4H10
N-C4H10 | » 2 | N-C4H10 7
I-CSH12 + ' # = I-C5H12 + ¢
N-CSH12 g | = N-CSH12 ~ = |
PC6H14 5 = & PC6H14 .5 = |
o PC7H16 5:; g z O PC7H16 i gl‘
% PC8H18 § | > 3 _g PC8H18 § >
S PCOH20 e 5 | g Peomzo N
2 PC10H22 | ® |2 PCl10H22
PC11H24 | = PC11H24 |
PC12H26 ‘ 2 PC12H26 |
PC13H28 i = PC13H28
PC14H30 | § PC14H30 f
PC15H32 | = PC15H32 | |
PC16H34 = PC16H34 4
PC17H36 \ g PC17H36 | 1
PC18H38 | ® |  PC18H38 |
PC19H40 | 2 PC19H40 '
C20+ 'g C20+
(=)

~ 0001




Liquid Density

The PVTi simulator was used in calculating the bubble point pressure at reservoir
temperatures of both wells (235 °F for well A#22 and 257 °F for well A#33), the inputs in
PVTi simulator was the monophasic fluid mole percent as feed for liquid phase to calculate
the vapor phase mole percent. So, comparing the results of PVTi simulator using PR and
SRK EOS with experimental field data as shown in “Appendix A", one can realize that Peng-
Robinson EOS gave more accurate and better results than Soave-Redlich-Kwong EOS.

The PR equation of state was selected to be used in calculating the fluid properties at
bubble point pressure, but some error was found while calculating the molar volume and
Z-factor for the liquid phase which is used as feed phase in the PVTi simulator, the errorin
the liquid molar volume was about 32% when compared to the experimental field data. It
was then decided to use the following Rackett equation [45, p. 4.35] to calculate the
saturated liquid volume as a function of the mixture pseudo-conditions. Thus the
assumption in applying corresponding states to mixtures is that the PVT behavior will be
the same as that of a pure component whose T. and P are equal to the pseudo-critical
temperature, Tcm, and pseudo-critical pressure of the mixture, Pcm and other
corresponding states principle (CSP) parameters such as acentric factor can also be made

composition dependent adequately for reliable estimation purposes [45, p. 5.5].

y(3/7) RTCZ[1+(1—T/TC)(2/7)]

V= VCZ§1—T/TC =227, (6.1)

Z. = 0.29056 — 0.08775 w (6.2)
The mixture acentric factor is approximated by

W = Nitq W, (6.3)
where Vsm = mixture saturated liquid volume,

Vom = mixture critical volume, (ch = EC—':::#"-),

Tem = mixture pseudo-critical temperature using the Kay's rule (T, = Y, x;T¢;)

Pcm = mixture pseudo-critical pressure using the Kay’s rule (F.,, = 2.ivq x; Pei,)-

The mixture critical compressibility factor, Zm, was then determined using the pseudo-

reduced properties (Prm and Trm) and the Standing-Katz chart.

59



The input data used in the above calculations and the results obtained from the Rackett

equation are summarized in Tables 6.5 and 6.6 for wells A#22 and A#33, respectively.

Thus using the Rackett equation in calculating the saturated liquid volume, Vsm, the relative

error was reduced to about 6.25% for well A#22 and 6.74% for well A#33 when

compared to the reservoir fluid values.

Table 6.6: Calculated saturated liquid volume and density using the Rackett equation for
well A#22 at 2277 psia and 235 °F. (See Table A.1 for pure component properties)

VL,

Component Xi Xi P Xi Tei xiM; Wi X ft3/lb-mol | Vs ft3/lb | po Ib/ft3 | pu, kg/m3
N2 0.0000 0.00 0.00 0.00 | 0.0000 : = =
CO2 0.0001 0.11 0.05 0.00 | 0.0000 : z - -
C1 0.0006 0.40 0.21 0.01 | 0.0000 - ° - -
Cc2 0.0015 1.06 0.83 0.05 | 0.0001 - - E -
C3 0.0060 3.70 4.00 0.26 | 0.0009 E = = =
iC4 0.0037 1.96 2 0.22 | 0.0007 2.33 0.040 24.928 399.31
nC4 0.0138 7.60 10.58 0.80 | 0.0028 2.11 0.036 27.556 441.41
iC5 0.0136 6.67 11.29 098 | 0.0031 2.26 0.031 31.962 511.99
nC5 0.0227 11.10 19.22 1.64 | 0.0057 2.23 0.031 32.322 517.76
cé 0.0551 27.32 50.81 468 | 0.0143 2.21 0.026 38.435 615.68
c7 0.0731 32.61 72.04 7.02 | 0.0204 2.48 0.026 38.739 620.55
C8 0.0808 | 32.89 84.02 8.61 | 0.0249 2.73 0.026 39.037 625.33
c9 0.0742 | 27.84 80.71 8.89 | 0.0253 2.97 0.025 40.372 646.70
C10 0.0696 | 24.26 78.70 9.31 | 0.0262 3.19 0.024 41.924 671.58
Cl1 0.0573 | 18.67 67.04 8.49 | 0.0236 3.40 0.023 43.547 697.57
C12 0.0492 15.06 59.35 8.00 [ 0.0221 3.60 0.022 45.161 723.42
C13 0.0477 | 13.77 59.14 8.40 | 0.0231 3.79 0.022 46.379 742.94
C14 0.0494 13.50 62.79 9.48 | 0.0257 3.98 0.021 48.205 772.19
C1S 0.0442 | 11.47 57.48 9.12 | 0.0245 4.16 0.020 49.601 794.54
C1e 0.0401 9.91 53.25 8.84 | 0.0235 4.33 0.020 50.904 815.41
C17 0.0349 8.23 47.25 8.19 | 0.0215 4.50 0.019 52.112 834.76
C18 0.0305 | 6.882 | 42.043| 7.574] 0.0197 4.666 0.019 53.227 852.632
C19 0.0281 | 6.077 | 39.387 | 7.359 | 0.0190 4.827 0.018 54.253 869.061
C20+ 0.2038 | 23.900 | 419.685 | 82.131 | 0.2032 9.273 0.023 43.459 696.165
Mixture 1.00 | 305.00 | 1322.61 | 200.04 | 0.5303 3.632 0.0180 55.082 882.35
Field data 0.0192 52.000 833.00
Av. ARE. (%) 6.25 5.926 5.924

Pressure 2277 | Psia

Temperature 695 | °R

12, 305 | Psia

Tem 1322.61 | °R

e 7.47

e 0.525
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Table 6.7: Calculated saturated liquid volume and density using the Rackett equation for

well A#33 at 2377 psia and 257 °F. (See Table A.1 for pure component properties)

Vsb

Component Xi xi P XiTei XiM; wix; | ft3/lb-mol | Vy ft3/lb | p, Ib/ft3 | p., kg/m3
Nz 0.0000 |  0.00 0.00 | 0.00 | 0.000 - - e |
CO; 0.0003 0.36 0.19 0.01 | 0.000 - : -
Cl1 0.0008 0.53 0.28 0.01 | 0.000 - 5 -
C2 0.0025 =747 1.38 0.08 | 0.000 - - -
C3 0.0105 6.47 7.00 0.46 | 0.002 - - - -
iC4 0.0057 3.02 4.20 0.33 | 0.001 2.60 0.045 22.344 357.93
nC4 0.0206 | 11.34 15.79 1.20 | 0.004 2.25 0.039 25.832 413.80
iC5 0.0173 8.48 14.36 1.25 | 0.004 2.34 0.032 30.773 492.95
nC5 0.0290 14.17 24.56 2.09 | 0.007 231 0.032 31.221 500.13
Cé6 0.0656 | 32.53 60.50 5.57 | 0.017 2.27 0.027 37.489 600.52
Cc7 0.0842 | 37.56 82.98 8.08 | 0.024 2.53 0.026 37.954 607.98
Cc8 0.0933 | 37.98 97.02 9.94 | 0.029 2.78 0.026 38.346 614.25
Cc9 0.0849 | 31.86 92.35 | 10.17 | 0.029 3.02 0.025 39.724 636.33
C10 0.0761 26.53 86.05 10.18 | 0.029 3.24 0.024 41.302 661.61
C11 0.0613 19.97 71.73 9.08 | 0.025 3.45 0.023 42.941 687.86
C12 0.0500 15.31 60.31 8.13 | 0.022 3.65 0.022 44.564 713.86
C13 0.0450 12899 55.79 7.92 | 0.022 3.84 0.022 45.794 733.56
Cl4 0.0374 | 10.22 47.54 7.18 | 0.019 4.03 0.021 47.620 762.81
C15 0.0341 8.85 4434 7.03 | 0.019 421 0.020 49.018 785.21
C16 0.0279 6.90 37.05 6.15 | 0.016 4.38 0.020 50.323 806.12
Cc17 0.0242 5.71 32.77 5.68 | 0.015 4.55 0.019 51.533 825.50
Cc18 0.0215 4.85 29.64 5.34 | 0.014 4.72 0.019 52.650 843.39
C19 0.0204 4.41 28.59 5.34 | 0.014 4.88 0.019 53.677 859.84
C20+ 0.1875 | 2199 | 386.12| 79.50 | 0.187 9.33 0.022 45.429 727.72
Mixture 1.00 | 323.81 | 1280.52 | 190.74 | 0.499 3.46 0.0180 55.102 882.66
Field data 0.0193 51.690 828.00
Av. AR.E. (%) 6.735 6.600 6.6014
Pressure 2377 | Psia

Temperature 716.67 | °R

Pem 323.81 | Psia

TFem 1280.52 | °R

Prm 7.34

Trm 0.56 |
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6.2 Experimental Results

Typical results of the synthetic static method are bubble point and dew point curves. It is
important to emphasize that for a system with known global composition, at a given
temperature and pressure, this technique can only determine whether the system is
composed by one, two or three phases. These respective phase composition are still
unknown (dead oil) as in Figure 6.5 and 6.6, respectively, show the photography of single
and initial phase formation in live oil system, while Figure 6.7 and 6.8, respectively, show
the monophasic fluid and phase transition for the system COz/Live oil system with 50% of

CO2 in mass.

Figure 6.5: Monophasic live oil at 257 °F for well A#33.

Figure 6.6: Initial phase formation in live oil at 257 °F for well A#33.
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Figure 6.7: Monophasic fluid of the system CO2/live oil at 257 °F for well A#33.

Figure 6.8: Phase transition in the CO2/live oil system at 257 °F for well A#33.

Injection of CO: into the oil reservoir results in reduced interfacial tension and viscosity
which improves mobility. Also CO2z can dissolve in the oil leading to oil swelling. Swelling
tests were performed to determine the relationship between saturation pressure, swelling
factor and CO2 mass fraction injected. Tables 6.8 & 6.9 present all experimental results of
this work for both wells A#22 and A#33 respectively. There were more than 20 runs for
experimental work all were performed at the reservoir temperature, T (235 °F for well
A#22 and 257 °F for well A#33). At the first stage the recombination process (gas from

first stage separator and oil from stock tank) were performed, obtaining the same
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saturation pressure at which it was sampled, P59 (bar). Then the initial volume for the
swelling test, ® (ml) was observed by stabilizing the syringe pump. The CO2 was then
injected into the live oil (recombined oil) to observe a two-phase system Ps?y), and
sometimes in a narrow range the observation was a three-phase system Psaty,,
depending on the pressure and the mass fraction of CO2. Then the final volume for the
swelling test, V! (ml) was noted by stabilizing the syringe pump. The relative swelling

volume, V%, was defined earlier by Eq. (4.1) as Vsw = /01 /Y0,

Table 6.8: Saturation pressure and swelling data for the COz/live oil system for well A#22
at 235 °F.

psat0 vo Psatyy | PsatLy) yo1
Run | (bar) (ml) | wcoz | (bar) (bar) (ml) Vsw= o1/)0
1 157.3 6.31 0.05 167.2 - 6.43 1.02
2 157.8 6.97 0.10 192.6 - 7.90 1.13
3 157.4 7.91 0.15 205.9 - 9.03 1.14
4 158.0 6.60 0.20 230.4 - 8.30 1.26
5 157.9 7.13 0.25 242.6 - 9.29 1.30
6 157.2 6.73 0.30 253.4 255.9 9.61 1.43
7 156.9 7.74 0.35 267.0 270.9 11.50 1.49
8 157.6 7.32 0.40 287.3 292.0 12.30 1.68
9 157.1 7.58 0.50 317.1 323.3 13.10 1.73
10 157.5 - 0.60 357.4 - - -

Table 6.9: Saturation pressure and swelling data for the COz/live oil system for well A#33
at 257 °F.

Psato Vo Psat (Lv) Psat (LLV) o1
Run (bar) (ml) Wcoz (bar) (bar) (ml) Ysw= P01 /)0
1 165.2 | 7.36 0.05 178.0 - 8.68 1.00
2 164.7 8.40 0.10 195.5 - 8.82 1.05
3 164.5 9.44 0.15 212.0 - 10.86 1.15
4 163.8| 8.30 0.20 235.2 - 10.04 1.21
5 1646 | 8.56 0.25 248.3 - 10.79 1.26
6 1639 | 8.14 0.30 261.1 265.1 11.07 1.36
7 164.2 | 9.20 0.35 277.3 280.5 12.97 1.41
8 163.4 | 9.22 0.40 289.1 293.2 14.48 1.57
9 165.0 8.07 0.50 324.0 330.0 15.14 1.74
10 164.1 - 0.60 400.0 - | - -

Swelling tests were conducted on the reservoir fluid with COz gas. It was found that the

CO2 caused the saturation pressure to increase. Figures 6.9 and 6.10 show the swelling

64



factor (relative volume) for the COz/live oil system as function of saturation pressure at

235 oF for well A#22 and at 257 °F for well A#33.
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Figure 6.9: Swelling factor of COz/live oil system as function of saturation pressure at 235
oF for well A#22.
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Figure 6.10: Swelling factor of COz/live oil system as function of saturation pressure at
257 °F for well A#33.
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Figures 6.11 and 6.12 show the effect of COz mass fraction on the saturation pressure for
wells A#22 and A#33, at the corresponding reservoir temperatures. At COz mass fractions
lower than 0.3, the interaction between the hydrocarbon molecules is not affected enough
by the presence of COz and only conventional vapor-liquid transition is observed while a
three-phase system (vapor-liquid-liquid) exists at CO2 mass fractions higher than 0.30.
The real observations of the three-phase system are shown in Figure 6.13 where the live
oil is divided into three phase fractions: the light phase (gas), the intermediate phase
(liquid) and the heavy oil phase (liquid). A proposed mechanism of the phase formation at
low COz mass fractions as a function of saturation pressure is presented in Figure 6.14.

The behavior of binary mixtures of COz and crude oil depends on the COz concentration
and the pressure. For instance, the original oil (before injecting CO2) is a liquid at
pressures above 164 bar, but splits into liquid and vapor below that pressure. A mixture
containing 30% CO2z mass fraction forms a single liquid phase above 340 bar and a liquid
and a vapor at lower pressures. At high CO2 concentrations, the phase behavior is more
complex. At low pressures liquid and vapor phases form. As the pressure is increased, the
vapor phase, which contains COz and the light hydrocarbon gases, condenses into a second
liquid phase. There is a narrow pressure range over which two liquids (a COz-rich liquid

and an oil-rich liquid) and a vapor coexists.
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Figure 6.11: Measured saturation pressure vs. COz mass fraction at 235 °F for well A#22.
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Figure 6.12: Measured saturation pressure vs. COz mass fraction at 257 °F for well A#33.
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Figure 6.13: Experimentally observed vapor-liquid-liquid transition at 257 °F for well
A#33.
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Low CO, concentration (»y, < 0.30)

Live oil

Two phases P < 164.5 bar Two phases P< 199 bar

W - Light fraction ' Intermediate fraction . - Heavy fraction . -CO,

Figure 6.14: Proposed mechanism of phase formation at low COz mass fractions as a
function of saturation pressure.

As the CO2 mass fraction is increased above 0.3, the interaction between the hydrocarbon
molecules is affected in such a way that a heavy phase is segregated when the pressure is
lowered, following a vapor phase formation, essentially formed by the light hydrocarbon

fraction (see Figure 6.15)

The swelling test was then performed using the PVTpro simulator and the calculated
saturation pressures were compared with those obtained experimentally. The average
relative errors were 8.44% and 6.33% for wells A#22 and A#33, respectively, as shown in

Table 6.10 and Figures 6.16 and 6.17.
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High CO, concentration (¢4, > 0.30)
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Figure 6.15: Proposed mechanism of phase formation at high CO; mass fractions as a
function of saturation pressure.

Table 6.10: Comparison between experimental and simulated (using PVTpro) swelling test
results for wells A#22 and A#33.

Well A#22 Well A#33
psat‘ Psat ARE' Psat’ psat ARE’
wcoz | (Exp.), (PVTpro), % weoz | (Exp.), (PVTpro), %
bar bar bar bar
0.05| 167.2 165.2 1.196 0.05 178.0 174 2.247
0.10 | 192.6 177.0 8.100 0.10 195.5 185 5.371
0.15| 205.9 186.7 9.325 0.15 212.0 196 7.547
0.20 | 230.4 198.4 | 13.889 0.20 235.2 209 | 11.139
0.25| 242.6 211.4 | 12.861 0.25 248.3 224 9.948
0.30 | 253.4 226.0 | 10.813 0.30 | 261.1 240 | 8.081
0.35| 267.0 242.8 9.064 0.35 277.3 259 6.599
0.40 | 287.3 262.8 8.528 0.40 289.1 282 2.456
0.50 | 317.1 316.0 0.347 0.50 | 324.0 340 4938
0.60 | 357.4 394.0 | 10.241 0.60 | 400.0 | 420 5.000
Average ARE = 8.436 Average ARE = 6.333
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Chapter Seven

Conclusions and Recommendations
7.1 Conclusions

Much of the petroleum engineering work involved in the development and exploitation of
oil reservoirs world-wide depends on the representative fluid samples which are required
in the measurement of PVT properties and/or assessment of enhanced oil recovery (EOR)
strategies. Also it is known that surface sampling is advantageous over down-hole
sampling in the ability to collect large volumes of fluid and avoiding the cost and time of
losing production. The recombination process of the surface fluid samples is considered
successful if the same bubble pressure (at which the down-hole fluid sample was taken) is

obtained at reservoir temperature.

The recombination of the surface fluid samples (first-stage separator gas and stock-tank
oil) performed in this work to regenerate the original oil composition shows that the
composition of the recombined fluid does not match the reservoir fluid composition. The
vapor molar ratio was varied in steps until the fluids with compositions similar to those of
wells A#22 and A#33 fluids, with an average deviation error 0.77% and 1.09%,
respectively, were obtained. The trial (corrected to optimize the error of methane) vapor

molar ratio was found to be about 0.42 for both wells.

The swelling test performed to determine the relationship between saturation pressure,
swelling factor and the mass fraction of the CO: injected indicated that the saturation
pressure tends to increase with the addition of CO2 to the crude oil. At a critical COz mass
fraction of 0.3 a liquid-liquid-vapor transition was observed. The swelling factor has
changed from 1 to 1.74 upon the increase of the injected CO2 from 0.0 to 0.6 mass
fractions. In general, the higher the swelling factor the better the enhanced oil recovery
(EOR).

In order to get meaningful and accurate estimates of fluid properties and phase behavior,
some kind of tuning on the Czo* critical temperature or pressure was made to reproduce
the original field VLE data using SRK EOS or PR EOS built in the PVTi Simulator. Generally,
the PR EOS predicts Zc and liquid density better than the SRK EOS, but neither of these EOS

predicted accurate liquid densities.
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It was noticed that the PVTi simulator gives almost the same value of the Z-factor and the
molar volume for the liquid and vapor phases at saturation conditions. The PVTpro
simulator gives a little better answer than the PVTi for the Z-factor. However, neither of
the two of simulators succeeded in predicting accurate saturated liquid molar volumes;
the relative error was 29.1% for well A#22 and 28.9% for well A#33. When the Rackett
equation was used for prediction of the saturated liquid molar volume the error was 6.2%
for well A#22 and 6.7% for well A#33, when compared with the corresponding field

values.

On the other hand, when the reservoir fluid of either well was recombined using the
PVTpro simulator, the error in predicted composition was 0.3% for well A#22 and 1.7%

for well A#33 compared to that of the corresponding reservoir fluid.

Swelling test using PVTpro simulator the average ARE in the predicted saturation
pressures were 8.4% for well A#22 and 6.3% for well A#33 compared to those values

obtained from the swelling test experiments.

7.2 Recommendations

It is recommended to perform the two-stage recombination process for the different
reservoir fluids at their reservoir temperatures. The fluids were used in this work are free
of water and future work requires considering water with hydrocarbons together when
the fluid properties are studied. Also further work is needed to be done to achieve

minimum miscibility pressure test (MMP) using slim tube experiments.
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Appendix A

The PVTi Simulator

The PVT, simulator is a compositional PVT equation-of-state based program used for
characterizing a set of fluid samples for use in the Schlumberger ECLIPSE simulators. The
PVTi is needed because it is vital to have a realistic physical model of the reservoir fluid
sample(s) before trying to use it in a reservoir simulation. PVT; can be used to simulate
experiments that have been performed in the lab on a set of fluid samples and then
theoretical predictions can be made of any observations that were performed during a lab
experiment, in order to test the accuracy of the fluid model.

Any differences between the measured and calculated data are minimized using a
regression facility which adjusts various equation-of-state parameters. This ‘tuned’ model
is then exported in a form suitable for one of the ECLIPSE simulators.

To open a new project start the Schlumberger Simulator launcher, run the PVT; and

choose a filename to save your data (as shown in Figures A-1, A-2 and A-3).

):hluul.ul.}.
IO ISTIOTE
LGUTICHTCE

Figure A-1: Schlumberger Simulation Launcher on a PC
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Figure A-3: Create a project filename in any directory
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PVT, starts; recognizes that it has a new project and immediately opens the Fundamentals
Panel (shown in Figure A-4). This panel has been specifically designed to make setting up
a new project as easy as possible. Simply fill in the components and ZI columns with the
components’ names and mole fractions, respectively, which is the minimum requirement

to have a project within PVT;.
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sl «lim ®fF WM
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S8R @ RELBUEO QA 0§ e |
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: e .- <. 5 o tame st miadified - l
i i Z::amr ::‘“. e 8B Desitop Field data 15-May-11 338.PM  Teek Docurn]
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3 Undo
‘ - Insert Row 4 Libraries
: Delete » ~ Documents
71 Table Import » From File @' Music
8 Table Epon— From Clipboard... & Pictures
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| | | e pend |
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P S File name: Field data v | AllFies("?) -
Red oK 2ok | Open |+ Cancet | |}

Figure A-4: Fundamentals Panel.

To fill in the components’ names simply type the standard shorthand names for the
components in your fluid, for example, Ci, N2, CO2, H2S, iCs, etc. The mole fractions can be
entered as fractions or percentages by selecting the appropriate option on the panel. Also,
weight fractions/percentages can be entered for the components instead of mole
fractions/percentages (as shown in Figure A-S5 for well A#22 and Figure A-6 for well
A#33).

Once the Fundamentals Panel is completed you will see a sample called ZI on the tree view
on the left-hand side of the main window. This is the fundamental sample for the project

and the name ZI cannot be changed.
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Figure A-6: Imported Field Data for well A#33
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Once at least one fluid sample (the ZI sample) has been defined then any experiment
supported within PVT; can be simulated as well as operations such as phase plots,
fingerprint plots and splitting. But before running any experiment one need to set PVT;

unit definitions (Figure A-7).
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Figure A-7: Set PVT; units

Multiple fluid samples can be defined by specifying the components as one of three types:

1. User defined.

2. Library components require only that the appropriate component mnemonic be
entered.
3. Characterized components defined properties of plus fractions from a limited

set of information as in Figure A-8 for well A#22 and Figure A-9 for well A#33.

Finally all the properties of a component can be defined; a facility which can be used

selectively to edit the properties of existing components.
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The Fluid Properties Estimation (FPE) facility in the PVT; is designed so that it can be used
when you have minimal data at your disposal, at the well-site for example. In this scenario,
a full lab analysis of multiple fluid samples from the reservoir has not yet been performed.
Typically, just a single sample would be available and minimal fluid behavior known, for
example, saturation pressure at a particular temperature. Specifically, the FPE facility
assumes that a single fluid sample with compositional information is available which
includes a single plus fraction (for example C7*) component for which the weight fraction
is known. Typically, this weight fraction data is fairly accurate but the molar weight, which
is used to characterize the critical properties of the plus fraction, is not. The FPE
functionality allows you to perform a quick look simulation that regresses on the mole
weight of the plus fraction, and keep the weight fraction constant, in order to fit to a
saturation pressure observation at a particular temperature.

Experiments may be performed on the fluid systems defined using the equation of state

model (Figure A-10 for well A#22 and Figure A-11 for well A#33). Possibilities are:

- Saturation pressures - Flash calculations

- Pressure depletion - Multi-stage separator simulations.
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Figure A-10: Adding fluid properties estimation for well A#22
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Figure A-11: Adding fluid properties estimation for well A#33

A simulation report is shown in Figure A-12 for well A#22 and Figure A-13 for well A#33
indicating that the observed saturation pressure is not the same as that calculated by the
PVT; simulator. The PVTi continues regression until the observed saturation pressure is

obtained.
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Figure A-12: Simulation result for well A#22
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Figure A-13: Simulation result for well A#33

The fluid samples that the PVT; performs regression on every experiments even if there
are multiple fluid samples, each with their own experiments. The reason for this is that,
the equation of state is fitted to the observation data to produce a better representation of

the fluid.

A Sensitivity analysis is used to establish which fluid properties most affect the difference
between the observed and simulated values and to determine which attributes of the fluid
components improve the solution by the smallest change. The most sensitive attributes
are calculated for critical temperature and pressure for each experiment, for both

regression variables.

Finally the most sensitive properties will be selected for use in the regression to improve

the equation of state model of the fluid (Figure A-14).
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Figure A-14: Select EOS parameters for regression.

In this work, T. for C20* was first selected as a sensitive attribute but the calculated
saturation pressure was not accurate then P for Czo* was selected to accurately fit the
required saturation pressure (see Figure A-15 for well A#22 and Figure A-16 for well

A#33)
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Figure A-15: Regression observed vs. calculated saturation pressure for well A#22
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Figure A-16: Regression observed vs. calculated saturation pressure for well A#33

Table A.1 Molecular weights and critical properties of the components used in this study.

Component MW P, psia T, °R w

N, 28.01 492.26 228.31 0.0403
CO2 44.01 1070.67 548.87 0.2276
Ci 16.04 667.03 344.34 0.0115
C, 30.07 706.62 550.91 0.0995
Cs 44.10 616.12 667.02 0.1523
i-Ca 58.12 529.10 735.98 0.1770
n-Csq 58.12 550.56 766.55 0.2002
i-Cs 72.15 490.37 830.10 0.2275
n-Cs 72.15 488.78 846.79 0.2515
Ce 84.98 495.88 922.20 0.2586
Cs 96.00 446.13 985.53 0.2794
Cs 106.59 407.05 1039.83 0.3081
Co 119.79 375.22 1087.72 0.3411
Cio 133.75 348.59 1130.79 0.3764
Cn 148.12 325.85 1170.07 0.4126
Ci2 162.69 306.12 1206.24 0.4489
Ci3 176.00 288.77 1239.80 0.4847
Cia 191.85 273.37 1271.10 0.5196
Cis 206.27 259.58 1300.43 0.5534
Cie 220.52 247.15 1327.99 0.5860
Ciz 234.55 235.88 1353.96 0.6172
Cis 248.34 225.63 1378.48 0.6469
Cig 261.89 216.25 1401.66 0.6752
Czo+ for A#22 403.00 2344 1555.37 1.1675
Cao+ for A#33 424.00 229.0 1584.87 1.1882
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The final report after regression shows the fitting of the observed and calculated
saturation pressures (Figure A-12 for well A#22). The results of PVTi experiments such

flash, CCE, DL and Separator tests for well A#22 shown below

Expt PSAT1 : Saturation Pressure Calculation

Peng-Robinson (3-Parm) on 2I with PR corr.
Lohrenz-Bray-Clark Viscosity Correlation

Specified temperature Deg F 235.0000

Calculated bubble point pressure PSIA 2276.9906

Observed bubble point pressure PSIA 2277.0000
Liquid Vapour

Mole Weight 110.9404 22.6286

z2-factor 0.7843 0.7843

Viscosity 0.3517 0.0183

Density LB/FT3 43.2033 7.9228

Molar Vol CF/LB-ML 2.5679 2.8561

Molar Distributions Total, 2 Liquid, X Vapour, ¥ RK-Values
Components = —m—m—m——m e e e — e e mm— e —mm—m e
Mnemonic Number Measured Calculated Calculated Calculated
N2 1 0.1190 0.1190 0.4852 4.0773
co2 2 1.8600 1.8600 2.9645 1.5938
c1 3 31.6920 31.6920 79.5409 2.5098
c2 4 6.1880 6.1880 7.3397 1.1861
c3 5) 5.7520 5.7520 4.3027 0.7480
IC4 6 1.3390 1.3390 0.7006 0.5232
NC4 7 3.3750 3.3750 1.5148 0.4488
ICS 8 1.5100 1.5100 0.4898 0.3244
NCS 9 2.0890 2.0890 0.6122 0.2931
cé 10 3.2450 3.2450 0.6116 0.1885
c7 11 3.7600 3.7600 0.4607 0.1225
cs 12 3.9490 3.9490 0.3541 0.0897
c9 13 3.5790 3.5790 0.2209 0.0617
c10 14 3.3530 3.3530 0.1480 0.0441
c11 15 2.7600 2.7600 0.0876 0.0317
c12 16 2.3700 2.3700 0.0544 0.0230
c13 17 2.2980 2.2980 0.0386 0.0168
cl4 18 2.3800 2.3800 0.0281 0.0118
c15 19 2.1290 2.1290 0.0177 0.0083
C1lé 20 1.9320 1.9320 0.0117 0.0061
c17 21 1.6810 1.6810 0.0074 0.0044
c1s8 22 1.4690 1.4690 0.0050 0.0034
c19 23 1.3540 1.3540 0.0035 0.0026
Cc20+ 24 9.8170 9.8170 6.5272E-05 6.6489E-06
Composition Total 100.0000 100.0000 100. 0000

Figure A-12: Saturation pressure calculation report after regression for well A#22.
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Expt FLASH1 : Flash Calculation

Peng-Robinson (3-Parm) on 2I with PR corr.
Lohrenz-Bray-Clark Viscosity Correlation
Two phase state

Specified temperature Deg F 60.0000

Specified pressure PSIA 14.6700

Mole Percentage in vapour 49.5380

Calculated GOR MSCF/BBL 0.5602
Liquad Vapour

Mole Weight 193.6051 26.7339

Z2-factor 0.0098 0.9938

Viscosity 1.4194 0.0100

Density LB/FT3 51.8587 0.0708

Molar Vol CF/LB-ML 3.7333 377.7917

Molar Distributions Total, 2 Liquid, X Vapour,Y R-Values
Componentsl = ——————m e lenasnm e e e e e e e e
Mnemonic Number Measured Calculated Calculated Calculated
N2 1 0.1190 0.0004 0.2399 674.0273
co2 2 1.8600 0.0609 3.6926 60.5903
cl 3 31.6920 0.3066 63.6629 207.6716
c2 4 6.1880 0.4263 12.0572 28.2859
c3 S 5.7520 1.3766 10.2091 7.4164
ICc4 6 1.3390 0.7507 1.9383 2.5819
NC4 7 3.3750 2.4587 4.3084 1.7523
ICS 8 1.5100 1.8152 1.1991 0.6606
NCS 9 2.0890 2.8057 1.3589 0.4843
Ccé 10 3.2450 5.6614 0.7836 0.1384
c7 11 3.7600 7.1291 0.3281 0.0460
c8 12 3.9490 7.6737 0.1549 0.0202
c9 13 3.5790 7.0475 0.0458 0.0065
c10 14 3.3530 6.6299 0.0150 0.0023
c1l1 15 2.7600 5.4652 0.0043 0.0008
cl2 16 2.3700 4.6953 0.0013 0.0003
c13 17 2.2980 4.5535 0.0005 0.0001
C1l4 18 2.3800 4.7163 0.0002 3.4950E-05
Cc1ls 19 2.1290 4.2190 4.8914E-05 1.1594E-05
Cle 20 1.9320 3.8286 1.5609E-05 4.0768E-06
c1l7 211 1.6810 3.3312 4.8464E-06 1.4548E-06
cls 22 1.4690 2.9111 1.8031E-06 6.1938E-07
Cc19 23 1.3540 2.6832 7.3100E-07 2.7243E-07
C20+ 24 9.8170 19.4542 1.0471E-13 5.3825E-15
Composition Total 100.0000 100.0000 100. 0000

Figure A-13: Flash calculation report for well A#22
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Expt SEPS1 H Separators

Peng—-Robanson (3-Parm) on 2I
Lohrenz-Bray-Clark Viscosity Correlation

with PR corr.

Specified pressure PSIA 239.9696
Specified temperature Deg F 96.0000
GOR calc. is Gas Vol at STC/Stage Oil Vol
Feed 1s wellstream only
Output 1s 100.0% of liguid to stage 2 number moles 0.6353
100.0% of vapour to cumulative number moles 0.3647
Total number moles output to liquid stream 0.6353
Total number moles output to vapour stream 0.3647
Total liguid volume output BBL 0.3687
Total vapour volume output MS3SCF 0.1384
Stage Gas-o0il ratio (Calculated) MSCF/BBL 0.3753
Vapour mole fraction (Calculated) 36.4676
Stage Oil FVF (Calculated) RB/STB 1.0650
Ligquid Vapour
Fluid Properties e e e e e e e e e e e e e e
Observed Calculated Observed Calculated
Mole Weight 162.3773 21.3291
z-factor 0.1311 0.9492
Viscosity 1.0438 0.0114
Density LB/FT3 49.8341 0.9043
Molar Vol CF/LB-ML 3.2584 23.5865

Molar Distributions
Components

Mnemonic Numbe r Calculated Calculated Calculated Calculated
N2 1 0.1190 41 .3185 0.0076 0.3131
co2 2 1.8600 5.2495 0.7295 3.8295
c1 3 31.6920 14.7335 5.2747 77.7152
c2 4 6.1880 2.6946 3.8246 10.3055
@z S 5.7520 0.8661 6.0472 5.2377
IC4 6 1.3390 0.3558 1.7501 0.6227
NC4 7 3.3750 0.2552 4.6336 1.1823
@5 8 1.5100 0.1118 2.2334 0.2497
NCS 9 2.0890 0.0863 3.1329 0.2704
ceé 10 3.2450 0.0300 5.0212 0.1505
c7 11 3.7600 0.0116 5.8791 0.0681
c8 12 3.9490 0.0057 6.1954 0.0354
SO 13 3.5790 0.0022 5.6262 0.0124
c1lo0 14 3.3530 0.0009 5.2749 0.0048
c1l1 1S 2.7600 0.0004 4.3433 0.0016
©oLZ 16 2.3700 0.0002 3.7300 0.0006
c13 17 2.2980 6.9224E-05 3.6169 0.0003
Cl4 18 2.3800 2.7537E-05 3.7461 0.0001
@S 19 2.1290 1.0933E-05 3.3510 3.6637E-05S
cle 20 1.9320 4 .5730E-06 3.0410 1.3906E-05S
c17 21 1.6810 1.930SE-06 2.6459 5.1079E-06
c18 22 1.4690 9.4609E-07 2.3122 2.1875E-06
SHINS) 23 1.3540 4.7623E-07 2.1312 1.0149E-06
c20+ 24 9.8170 1.6288E-13 15.4519 ZEES 1 GO R 12

100.0000 100. 0000 100.0000

Figure A-14: Fist Stage Separator test report for well A#22.
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Expt SEPS1 3 Separators

Peng-Robinson (3-Parm) on 2I
Lohrenz-Bray-Clark vViscosity Correlation

with PR corr.

Specified pressure PSIA 14.6959
Specified temperature Deg F 60.0000
GOR calc. is Gas Vol at STC/Stage Oil Vol
Feed is 100.0% of liquid from stage 1 number moles 0.6353
Output is 100.0% of liguid to cumulative number moles 0.5425
100.0% of vapour to cumulative number moles 0.0928
Total number moles output to liquid stream 0.5425
Total number moles output to vapour stream 0.0928
Total liquid volume output BBL 0.3462
Total vapour volume output MSCF 0.0352
Stage Gas-o0il ratio (Calculated) MSCF/BBL 0.1017
Vapour mole fraction (Calculated) 14.6105
Stage Oil FVF (Calculated) RB/STB 1.0000
Liquid Vapour
Fluid properties @ ——cmm e e e
Observed Calculated Observed Calculated
Mole Weight 184 .2981 34.2627
z2—-factor 0.0094 0.9897
Viscosity 1.3449 0.0093
Density LB/FT3 51.4379 0.0912
Molar Vgl _CF/LB-ML 3.5829 375.5743

Molar Distributions
Components

Mnemonic Number Calculated Calculated Calculated Gril el AeaEl
N2 1 0.0076 667.8109 7.6994E-05 0.0514
co2 2 0.7295 60.2844 0.0755 4.5517
c1 2 5.2747 205.3733 0.1709 35.1034
@2 4 3.8246 28.1372 0.7703 21.6747
c3 S 6.0472 7.3887 3.1277 23.1099
IC4 6 1.7501 2.58014 1.42186 3.6689
NC4 7 4.6336 1.7525 4.1747 7.3160
ICS 8 2.2334 0.6616 2.3496 1.5545
NCS 9 3.1329 0.4853 3.3876 1.6440
ceé 10 5.0212 0.1391 5.7437 0.7987
c7 11 5.8791 0.0463 6.8309 0.3164
ce 12 6.1954 0.0203 7.2303 0.1471
c9 13 5.6262 0.0066 6.5815 0.0432
c10 14 $5.2749 0.0023 6.1750 0.0141
c11 15 i S dla)s) 0.0008 S5.0858 0.0041
c12 16 3.7300 0.0003 4.3680 0.0012
c13 17 3.6169 0.0001 4.2357 0.0005
C1l4 18 3.7461 3.5561E-05S 4.3870 0.0002
c15 19 3.3510 1.1816E-05 3.9244 4.6370E-05
Cc1le 20 3.0410 4.1612E-06 3.5613 1.4819E-05S
c17 21 2.6459 1.4872E-06 3.0986 4.6083E-06
c1ise 22 2.3122 6.3396E-07 2.7078 1.7167E-06
c19 23 2.1312 2.7918E-07 2.4958 6.9680E-07
c20+ 24 15.4519 S.6802E-15 18.0958 1.0279E-13

100.0000 100.0000 100.0000

Figure A-15: Second Stage Separator test report for well A#22
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Expt SEPS1 : Separators

Peng-Robinson (3-Parm) on 2I with PR corr.
Lohrenz-Bray-Clark Viscosity Correlation

Standard pressure PSIA 14.6959
Standard temperature Deg F 60.0000
Cumulative liquid mole fraction 0.5425
Cumulative vapour mole fraction 0.4575
Cumulative Surface volume oil BBL 0.3462
Cumulative Surface volume gas MSCF 0.1736
Cumulative GOR (Calculated) MSCF/BBL 0.5015
Ligquid Vapour

Fluid properties = ———-————————— ——————_—_—__—_—

Calculated Calculated
Mole Weight 184.2981 23.9532
2-factor 0.0094 0.9950
Viscosity 1.3449 0.0103
Density LB/FT3 51.4379 0.0634
Molar Vol CF/LB-ML 3.5829 377.5968
Molar Distributions Total, 2 Liquid, X Vapour,Y K-Values
Components =  ——--- - emmo oo s e m e —— - m e —— e ———— —— s ——— -
Mnemonic Number Mea sured Calculated Calculated Calculated
N2 1 0.1190 7 .6994E-05 0.2600 3377.1173
co2 2 1.8600 0.0755 3.9760 52.6599
c1l S 31.6920 0.1709 69.0695 404.0931
c2 4 6.1880 0.7703 12.6123 16.3727
@3 ) 5.7520 3.1277 8.8638 2.8340
IC4 6 1.3390 1.4218 1.2408 0.8727
NC4 7 3.3750 4.1747 2.4268 0.5813
KD 8 1.5100 2.3496 0.5145 0.2190
NCS 9 2.0890 3.3876 0.5491 0.1621
cé 10 3.2450 5.7437 0.2820 0.0491
c? 11 3.7600 6.8309 0.1185 0.0173
c8 12 3.9490 7.2303 0.0581 0.0080
SO 13 3.5790 6.5815 0.0186 0.0028
c1l0 14 8431530 6.1750 0.0067 0.0011
cl1 15 2.7600 5.0858 0.0021 0.0004
c12 16 2.3700 4.3680 0.0007 0.0002
c13 17 2.2980 4.2357 0.0003 6.8736E-05S
@ala! 18 2.3800 4.3870 0. 0001 2o 5DS0T=05
c15 19 2.1290 3.9244 3.8612E-05 9.8390E-06
Cc1le 20 1.9320 3.5613 1.4091E-05 3.9569E-06
c17 21 1.6810 3.0986 5.0065E-06 1.6157E-06
c18 22 1.4690 2.7078 2.0920E-06 7.7258E-07
@iLe) 253 1.3540 2.4958 9.5039E-07 3.8079E-07
c20+ 24 9.8170 18.0958 2.0271E-12 1.1202E-13
Composition Total 100.0000 100.0000 100. 0000

Figure A-15: Cumulative for Separator train report for well A#22
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Expt CCE1l : Constant Composition Expansion

Peng-Robinson (3-Parm) on 21 with PR corr.
Lohrenz-Bray-Clark Viscosity Correlation

Density units are LB/ FT3

Specific volume units are CF/LB-ML

Viscosity units are CPOISE

Surface Tension units are DYNES/CM

Specified temperature Deg F 235.0000

Lig Sat calc. is Vol o0il/Vol Fluid at Sat. Vol

Pressure Inserted ———=————— ———  — e e
PSIA Point Calculated Calculated Calculated Calculated
4687 .000 0.9641 44.8109
4445 .999 0.967C 44.6776
4204 .998 0.9700 44.5393
3963.997 0.9731 44. 3956
3722 .996 0.9764 44.2463
3481 .995 0.9799 44.0908
3240.994 0.9835 43.9288
2999.993 0.9873 43.7597
2758 .992 0.9913 43.5828
2517.991 0.9955 43.3976
2276.990 - Psat 1.0000 43.2033 7.9228
2050.761 1.0424 0.0510 43.6592 7.0887
1824 .531 1.0992 0.1002 44.1220 6.2698
1598.302 1.1769 0.1480 44.5944 5.4666
1372.072 1.2868 0.1949 45.0802 4.6790
1145.843 1.4496 0.2413 45.5854 3.9070
919.613 1.7070 0.2882 46.1200 3.1497
693.384 2.1584 0.3368 46.7030 2.4047
467 .154 3.1073 0.3902 47.3769 1.6664
240.925 6.0771 0.4571 48.2717 0.9198
Lig 2-Fac Vap 2-Fac Surf Tension Lig Sat
Pressure TN s eyt eid = = R I e St
PSIA Point Calculated Calculated Calculated Calculated
4687 .000 1.5566 1.0000
4445 .999 1.4809 1.0000
4204 .998 1.4050 1.0000
3963.997 1.3288 1.0000
3722 .996 1.2522 1.0000
3481 .995 1.1753 1.0000
3240.994 1.0980 1.0000
2999.993 1.0202 1.0000
2758.992 0.9421 1.0000
2517.991 0.8635 1.0000
2276 .990 - Psat 0.7843 0.8724 4.6582 1.0000
2050.761 0.7290 0.8738 5.5534 0.9793
1824 .531 0.6701 0.8770 6.5691 0.9593
1598.302 0.6073 0.8820 7.7143 0.9397
1372.072 0.5402 0.8889 8.9985 0.9203
1145.843 0.4686 0.8978 10. 4331 0.9007
919.613 0.3917 0.9088 12.0338 0.8803
693.384 0.3090 0.9221 13.8278 0.8581
467 .154 0.2195 0.9384 15.8720 0.8319
240.925 0.1214 0.9592 18.3247 0.7943

Figure A-16: Constant composition expansion test report for well A#22 (continue....
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Expt CCE1l 3

Peng-Robinson

(3- Parm)

on 2I

Constant Composition Expansion

with PR corr.

Lohrenz-Bray-Clark Viscosity Correlation

Density units are

Specific volume units are

Viscosity units are

Surface Tension units are

Specified temperature

Lig Sat calc.

Pressure
PSIA Point
4687 .000
4445 .999
4204 .998
3963.997
3722 .996
3481.995
3240.994
2395193593
2758 .992
2517.991

2276 .990 -
2050.761
1824.531
1598.302
1372.072
1145.843
919.613
693.384
467 .154
240.925

Psat

PSIA Point

Psat

is Vol 0il/Vol Fluid at Sat.

LB/ FT3
CF/LB-ML
CPOISE
DYNES/CM

Deg F

Vol

Vap Visc Lig Mole Wt
Calculated Calculated
110.9404

110.9404

110.9404

110. 9404

110.9404

110.9404

110.9404

110.9404

110.9404

110.9404

0.0183 110.9404
0.0174 115. 6952
0.0166 120.7967
0.0159 126.3096
0.0153 132.3230
0.0147 138.9686
0.0143 146.4581
0.0138 155.1761
0.0134 165.9591
0.0128 181.3574

2.8561
3.1764
.56
Gloabalgie)
4.8296
5.8408
7.3667
9.9137
.9747
29.6784

235.0000

22.6286
22.5165
22.4668
22.4889
22.5979
22.8201
23.2027
23.8398
24.9544
27.2983

Figure A-17: Constant composition expansion test report for well A#22.
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Expt DL1 £ Differential Liberation

Peng-Robinson (3-Parm) on zZI with PR corr.
Lohrenz-Bray-Clark Viscosity Correlation

Density units are LB/ FT3

Specific volume units are CF/LB-ML

Viscosity units are CPOISE

Surface Tension units are DYNES/CM

Gas-0Oil Ratio units are MSCF/STB

Relative Volume units are RB/ STB

Gas FVF units are RB/MSCF

Extracted Gas Volume units are BT

Oil Relative Volume units are BBL/STB

Specified temperature Deg F 235.0000
Relative Oil Saturated Volume (Bo (Pbub)) 1.3356

GOR calc. is Gas Vol at STC/Stock Tank 0Oil Vol
Oil Rel Vol calc. is Stage Vol o0il/Stock Tank Oil Vol

GOR Total RelVol ©Oil RelvVol Lig Dens
Pressure Inserted ————————— - —— e e
PSIA Point Calculated Calculated Calculated Calculated
4687 .000 0.5178 1.2877 1.2877 44.8109
4445 .999 0.5178 1.2915 1.2915 44.6776
4204 .998 0.5178 1.2955 1.2955 44.5393
3963.997 0.5178 1.2997 1.2997 44.3956
3722 .996 0.5178 1.3041 1.3041 44.24963
3481 .995 0.5178 1.3087 1.3087 44.0908
3240.9914 0.5178 1.313S 1.3135 43.9288
2391919). 91913 0.5178 1.3186 1.3186 43.7597
2758 .992 0.5178 1.3239 1.3239 43.5828
2517 .991 0.5178 1.3296 1.3296 43.3976
2276 .990 - Psat 0.5178 1.3356 1.3356 43.2033
2050.761 0.4612 1.3922 1.3079 43.6592
1824.531 0.4069 1.4678 1.2813 44.1199
1598 .302 0.3545 1.5706 1.255S 44.5859
1372.072 0.3039 1.7147 1.2304 45.0582
114S5.843 0.2547 1.9255 1.2058 45.5387
919.613 0.2066 2.2536 1.1813 46.0303
693 .384 0, LSEE 2.8171 1.1566 46.5398
467 .154 0.1102 3.9694 1.1305 47.0842
240.925 @ Tres 0.0548 7.4531 1.0982 47.7343
14.695 @ Tstd 6.2319E-17 92.2322 1.0000 51.5211

Vap Dens Gas Grav Vap 2Z-Fac Lig 2-Fac
Pressure Inserted ————————==~"—- — - - - —-———-——- T o —-—-S-———==— —TSS————-—---—
PSIA Point Calculated Calculated Calculated Calculated
4687 .000 1.5566
4445 .999 1.4809
4204 .998 1.4050
3963.997 1.3288
3722.996 1.2522
3481.995 1.17s3
3240.994 1.0980
2999 .993 1.0202
2758 .992 0.9421
2517.991 0.8635
2276 .990 - Psat 7.9228 0.7811 0.8724 0.7843
2050.761 7.0887 0.7772 0.8738 0.7290
1824 .531 6.2725 0.7757 0.8769 0.6700
1598 .302 5.4750 0.7771 0.8816 0.6070
1372.072 4.6970 0.7823 0.8880 0.5395
1145.843 3791391 0.7927 0. 8961 0.4673
919.613 3.2011 0.8113 0. 9057 0.3896
693 .384 2.4816 0.8445 0.9170 0.3059
467 .154 1.7753 0.9094 0.9300 OFI2"S'S
240.925 @ Tres 1.0610 1.0710 0. 9451 0.1172
14.695 @ Tstd 0.0932 1.2074 0.9893 0.0095

Figure A-18: Differential Liberation test report for well A#22 (Continued...)
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Expt DL1 g

Peng-Robinson (3-

Parm)

on 2I

Differential Liberation

with PR corr.

Lohrenz-Bray-Clark Viscosity Correlation

Density units are
Specific volume unats are
Viscosity units are
Surface Tension units are
Gas—-0Oil Ratio units are
Relative Volume units are
Gas FVF units are
Extracted Gas Volume unit
Oil Relative Volume units

Specified temperature
Relative Oil Saturated Vo

GOR calc.

S are
are

lume

(Bo (Pbub) )

LB/ FT3
CF/LB-ML
CPOISE
DYNES/CM
MSCF/STB
RB/ STB
RB/MSCF
FT3
BBL/STB

Deg F 235.0000

1.3356

is Gas Vol at STC/Stock Tank Oil Vol

Oil Rel Vol calc.

PSIA Point Calculated
4687 .000
4445 .999
4204 .998
3963.997
3722.996
3481 .995
3240.994
2999.993
2758.992
2517 .991
2276 .990 - Psat 4.6582
2050.761 5.5534
1824.531 6.5657
1598.302 7.7015
1372.072 8.9663
1145.843 10.3652
919.613 11.9042
693.384 118, 5939
467 .154 15.4589
240.925 @ Tres 17.6070
14.695 @ Tstd 26.1696

Pressure

PSIA Point Calculated
4687 .000
4445 .999
4204 .998
3963.997
3722 .996
3481 .995
3240.994
2999.993
2758.992
2517.991
2276.990 - Psat
2050.761 0.0510
1824 .531 0.1001
1598 .302 0.1473
1372.072 0.1930
1145.843 0.2374
919.613 0.2808
693.384 0.3238
467 .154 0.3678
240.925 @ Tres 0.4178
14.695 @ Tstd 0.4673
Figure A-19:

42 .6905S
83.7152
123.2490
161.4733
198 .5992
234 .9152
270.9119
307.7111
349.5417
390.9052

96

is Stage Vol oil/Stock Tank Oil Vol

Differential Liberation test report for well A#22 (Continued...)



Expt DL1 H Differential Liberation

Peng-Robinson (3-Parm) on 2I with PR corr.
Lohrenz-Bray-Clark Viscosity Correlation

Density unats are LB/ FT3

Specific volume units are CF/LB-ML

Viscosity units are CPOISE

Surface Tension units are DYNES/CM

Gas-0Oil Ratio units are MSCF/STB

Relative Volume units are RB/STB

Gas FVF units are RB/ MSCF

Extracted Gas Volume units are o)

Oil Relative Volume units are BBL/STB

Specified temperature Deg F 235.0000
Relative Oil Saturated Volume (Bo (Pbub)) 1.3356

GOR calc. is Gas Vol at STC/Stock Tank Oil Vol
Oil Rel Vol calc. is Stage Vol oil/Stock Tank Oil Vol

Lig Mol Wt Vap Mol Wt Lig Visc Vap Visc
Pressure Inserted —————=———=ea ——ct————————- e —————=- fm e —— =
PSIA Point Calculated Calculated Calculated Calculated
4687 .000 110.9404 0.4745
4445 .999 110.9404 0.4624
4204 .998 110.9404 0.4504
3963 .997 110.9404 0.4382
3722 .996 110.9404 0.4260
3481 .995 110.9404 0.4138
3240.994 110.9404 0.4015
2999.993 110.9404 0.3891
2758 .992 110.9404 0.3767
2517 .991 110.9404 0.3642
2276 .990 - Psat 110.9404 22 .6286 0.3517 0.0183
2050.761 115.6952 22.5165 0.3738 0.0174
1824 .531 120.7748 22.4735 0.3975 0.0166
1598.302 126.2204 22.5140 0.4232 0.0159
1372.072 132.0836 22.6627 0.4510 0.01s53
1145.843 138.4334 22 .9640 0.4812 0.0148
919.613 145.3702 23.5032 0.5139 0.0143
693 .384 153.0637 24.4661 0.5498 0.0138
467 .154 161.8806 26.3452 OFESISIOIS] 0.0133
240.925 @ Tres 173.1188 31.0266 0. 6421 0.0126
14.695 @ Tstd 185.9390 34.9791 1.3641 0.0093

Pressure Inserted ——~————————= ————————————
PSIA Point Calculated Calculated
4687 .000 2.4757
4445 .999 2.4831
4204 .998 2.4908
3963.997 2.4989
3722.996 2.5073
3481 .995 2.5162
3240.994 2.5255
2999.993 2.5352
2758 .992 2.5455
2517 .991 2.5564
2276 .990 - Psat 2.5679 2.8561
20S0.761 2.6500 3.1764
1824 .531 2.7374 3.5829
1598 .302 2.8310 4.1121
1372.072 2.9314 4.8249
1145 .843 3.0399 5.8298
919.613 3.1581 7.3423
€693 .384 3.2889 ORESISIOF
467 .154 3.4381 14.8400
240.925 @ Tres 3.6267 29.2441
14.695 @ Tstd 3.6090 375.4070

Figure A-20: Differential Liberation test report for well A#22.
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The experiment results for well A#33 as shown below:

Expt PSATl : Saturation Pressure Calculation

Peng-Robinson (3-Parm) on ZI with PR corr.
Zohrenz-Bray-Clark Viscosity Correlation

Specified temperature Deg F 257.0000

Calculated bubble point pressure PSIA 2377.0063

Observed bubble point pressure PSIA 2377.0000
Liquad Vapour

Mole Weight 100.1410 25.6020

2-factor 0.7602 0.7602

Viscosity 0.2428 0.0199

Density LB/FT3 40.7130 9.3040

Molar Vol CF/LB-ML 2.4597 2.75117

Molar Distraibutions Total, 2 Liquid, X Vapour, Y K-Values
Components I i e i i b
Mnemonic  Number Measured Calculated Calculated Calculated
N2 1 0.1010 0.1010 0.3354 3.3211
co2 2 2.7378 2.7378 4.1798 1.5267
Ccl 3 32.8560 32.8560 72.9394 2.2200
c2 4q 6.6816 6.6816 8.4940 1.2713
c3 5 6.4676 6.4676 5.5188 0.8533
IC4 6 1.5899 1.5899 1.0208 0.6421
NC4 7 4.0548 4.0548 2.3103 0.5698
ICS 8 1.8139 1.8139 0.7726 0.4259
NCS 9 2.5298 2.5298 0.9918 0.3920
(of3 10 3.5958 3.5958 0.9922 0.2759
c7 11 3.9428 3.9428 0.7529 0.1910
c8 12 4.1528 4.1528 0.6048 0.1456
c9 13 3.7388 3.7388 0.3933 0.1052
C10 14 3.3458 3.3458 0.2622 0.0784
Cil 15 2.6948 2.6948 0.1579 0.0586
Cl2 16 2.1989 2.1989 0.0970 0.0441
Cl3 17 1.9789 1.9789 0.0664 0.0335
Cl4 18 1.6439 1.6439 0.0406 0.0247
C15 19 1.4989 1.4989 0.0274 0.0183
Cle 20 1.22€9 1.2269 0.0170 0.0139
c17 21 1.0639 1.0639 0.0112 0.0105
cl8 212 0.9449 0.9449 0.0079 0.0084
C19 23 0.8969 0.8969 0.0060 0.0067
Cc20~ 24 8.2435 8.2435 0.0003 3.4985E-05

Figure A-21: Saturation pressure calculation report after regression for well A#33.

Other experimental works also performed using PVTi such: Flash calculation, Separator
test, Constant composition expansion and Differential liberation. The results report for

well A#33 is shown below:
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Expt FLASH1 : Flash Calculation

Peng-Robinson (3-Parm) on 2I with PR corr.
Lohrenz-Bray-Clark Viscosity Correlation
Two phase state

Specified temperature Deg F 60.0000

Specified pressure PSIA 15.0000

Mole Percentage in vapour 54.1908

Calculated GOR MSCF/BBL 0.6989
Liquid Vapour

Mole Weight 185.4026 28.0667

z-factor 0.0097 0.9931

Viscosity 1.3696 0.0099

Density LB/FT3 51.4145 0.0760

Molar Vol CF/LB-ML 3.6060 369.2354

Molar Distributions Total, 2 Liquid, X Vapour, Y K-Values
components 0@ o —mm e m e e
Mnemonic Number Measured Calculated Calculated Calculated
N2 1 0.1010 0.0003 0.1861 602.6512
co2 2 2.7378 0.0860 4.9795 57.9111
c1l 3 32.8560 0.3157 60.3634 191.2117
Cc2 4 6.6816 0.4441 11.9544 26.9176
c3 S 6.4676 1.4981 10.6685 7.1216
IC4 6 1.5899 0.8818 2.1885 2.4819
NC4 7 4.0548 2.9353 5.0010 1.7037
ICS 8 1.8139 2.2507 1.4446 0.6419
NCS 9 2.5298 3.5415 1.6747 0.4729
cé 10 3.5958 6.7669 0.9152 0.1352
(o] 11 3.9428 8.1679 0.3712 0.0454
c8 12 4.1528 8.8549 0.1779 0.0201
C9 13 3.7388 8.0999 0.0522 0.0064
cl0 14 3.3458 7.2845 0.0163 0.0022
cli 15 2.6948 5.8774 0.0046 0.0008
Cc1l2 16 2.1989 4.7985 0.0013 0.0003
c1l3 17 1.9789 4.3193 0.0004 0.0001
Cl4 18 1.6439 3.5884 0.0001 3.3584E-05
c15 19 1.4989 3.2720 3.6200E-05 1.1064E-05
cleé 20 1.2269 2.6783 1.0296E-05 3.8441E-06
c17 21 1.0639 2.3225 3.1682E-06 1.3641E-06
c18 22 0.9449 2.0628 1.1890E-06 5.7639E-07
Cc19 23 0.8969 1.9580 4.9352E-07 2.5205E-07
C20+ 24 8.2435 17.9953 8.4182E-15 4.6780E-16
Composition Total 100.0000 100.0000 100.0000

Figure A-22: Flash calculation report for well A#33
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Expt SEPS1 H Separators

Peng-Robinson (3-Parm) on 21 with PR corr.
Lohrenz~-Bray-Clark Viscosity Correlation

Specified pressure PSIA 239.9696
Specified temperature Deg F 96.0000

GOR calc. is Gas Vol at STC/Stage 0Oil Vol
Feed is wellstream only

Output is 100.0% of liquid to stage 2 number moles 0.6040
100.0% of vapour to cumulative number moles 0.3960
Tota®l number moles output to liquid stream 0.6040
Total number moles output to vapour stream 0.3960
Total Ziquid volume output 33L 0.3321
Total vapour volume output MSCF 0.1503
Stage Gas-oil ratio (Caiculated) MSCF/33L 0.4525
Vapour mole fract:ion (Calculated) 39. 5988
Stage Oil FVF (Caiculated) RB/ST3 1.0828
Liquid Vapour
Fluid properties S s S—
Cbserved Calculilated Cbserved Calculated
Mole Weight 151.2133 22.2390
Z-factor 0.1242 0.9458
Viscosity 0.9308 0.0114
Density LB/FT3 48.9803 0.9462
Mol ar Vol CF/L3-ML 3.0872 23.5032
Molar Distributions Fluid, 2z K-Values Liquid,X Vapour, Y
Camponents =  ————mmmmm e e mm e ————————————
Mnemonaic Number Calculated Calculated Calculated Calculated
N2 1 0.1010 37.8133 0.0065 0.2452
COo2 2 2.7378 5.10098 1.0420 5.3245
Ci 3 32.8560 13.8414 5.3995 74.7363
c2 4 6.6816 2.6184 4.0720 10.6622
(&3 ) 6.4676 0.8506 6.8743 5.8473
1C4 6 1.5899 0.3509 2.1399 0.7509
NC4 7 4.0548 0.2543 5.7538 1.4632
ICs 8 1.8139 0.1116 2.7983 0.3124
NCS 9 2.5298 0.0866 3.9635 0.3431
ceé 10 3.5958 0.0302 5.8376 0.1763
c? 11 3.9428 0.0118 6.4775 0.0765
cs8 12 4.1528 0.0059 6.8489 0.0403
co 13 3.7388 0.0023 6.1807 0.0140
Ci0 14 3.3458 0.0009 5.5359 0.0052
cii 15 2.6948 0.0004 4.4604 0.0017
Ci2 16 2.1989 0.0002 3.6401 0.0006
Cci3 17 1.9789 7.0250E-05 3.2761 0.0002
Ci4 18 1.6439 2.7940E-05 2.7216 7 .6040E-05
C1s 19 1.4989 1.105S8E-05 2.4816 2.7441E-05
Cieé 20 1.2269 4. 5903E-06 2.0313 9.3243E-06
C17 21 1.0639 1. 9335E-06 1.7614 3.4057E-06
cis 22 0.9449 9.4349E-07 1.5644 1.4760E-06
Cc1i9 23 0.8969 4.7353E-07 1.4850 7.0319E-07
C20+ 24 8.2435 2. 5498E-14 13.6479 3.4799E-13
Canposition Total 100.0000 100. 0000 100. 0000

Figure A-23: Fist Stage Separator test report for well A#33
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N

Expt SEPS1 Separators
Peng-Robinson (3-Parm) on 21

Lohrenz-Bray-Clark Viscosity Correlation

w

Spec:ified pressure PSIA
Specified temperature Deg F
GOR calc. is Gas Vol at STC/Stage 0Oil Vol
Feed is 100.0% of liquid from stage 1
Output s 100.0% of liquid to cumulative
100.0% of vapour to cumulative
Total number moles output to liquid stream
Total numker moles output to vapour stream
Total Iiquid volume output BBL
Total wvapour volume output MSCF
Stage Gas-o0il ratio (Calculated) MSCF/BBL
Vapour moZe fraction (Calculated)
Stage Oil FVF (Calculated) RB/STB
Liquid
Fluid properties i i g s . 3 e, e i S e St e 2
Cbserved Calculated
Mo’ e We-ght 174.7479
2-factor 0.0091
Viscos>ty 1.2696
Densaty LB/FT3 50.8733
Molilar Vol CF/L3-ML 3.4350
Mol ar Distributions Fluid, 2 K-Values
Camponents ———————— e
Mnemonic Number Cailculated Calculated
N2 1 0.0065 611.0446
co2 2 1.0420 58.8963
Ci 3 5-3595 193.2329
c2 4 4.0720 27.3659
Cc3 5 6.8743 7.2499
ICc4 6 2.1399 2.5358
NC4 7 SE7.5 318 1.7416
TES 8 2.7983 0.6571
NCS 9 3.9635 0.4843
ceé 10 5.8376 0.1389
€7 11 6.4775 0.0467
cs 12 6.8489 0.0207
E19] 13 6.1807 0.0067
cio 14 SIIS58I519 0.0023
Cii 15 4.4604 0.0008
c1i2 16 3.6401 0.0003
ci3 17 3.2761 0.0001
Cl4 1e 2.7216 3.4967E-0S
€5 19 2.4816 1.1541E-0S
C1leé 20 2.0313 4.0172E-06
ci17? 21 1.7614 1.4281E-06
CERE 22 1.5644 6.0430E-07
Cc19 23 1.4850 2.6463E-07
C20+ 24 13.6479 5.0745Z-16
Carpos-tion Total 100. 0000

Figure A-24: Second Stage Separator test
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ith PR corr.

14.6959
60.0000

number moles 0.6040
number moles 0.5014
number moles 0.1026
0.5014
0.1026
0.3067
0.0390
0.1270
16.9943
1.0000

Vapour

Cbserved Calculated
36.26214
0.9886
0.0093
0.0967
375.1694

Liquid,X Vapour.Y
Calculated Calculated
6.1939E-0S 0.0378
0.0961 5.6620
0.1604 30.9889
0.7430 20.3319
3.3336 24.1683
1.6970 4.3033
5.10098 8.8992
2.9714 1.9524
4.34942 2.1038
6.8383 0.9498
7.7296 0.3614
8.2163 0.1700
7.4360 0.0495
6.6661 0.0154
5.3728 0.0043
4. 3850 0.0012
3.9467 0.0004
3.2788 0. 0001
2.9896 3.4503E-0S
2.4472 9.8309E-06
2.1221 3.0305E-06
1.8847 1.1390E-06
1.7890 4.7342E-07
16.4421 8.3435E-15
100.0000 100. 0000

report for well A#33



Expt SEPS1 :

Peng-Robinson

Separators

(3-Parm)

on Z2I

Lohrenz-Bray-Clark Viscosity Correlation

with PR corr.

Standard pressure PSIA
Standard temperature Deg F

Cumulative
Cumulative

Cumu_ative Surface

Cumulative

Cumulative GCR

FIuid properties

Mole Weight
Z-factor

V.scosity

Censity IL3/FT3
Molar Vol CF/L3-ML

Molar Distributions

volume oil
Sur face volume gas MSCF

liquid mole fraction
vapour mole fraction

Liquid
Calculated
174.7479
0.0091
1.2696
50.8733
3.4350

B3L

(Ca-culated) MSCF/B3L

Vapour

Calculated
25.1258
0.9947
0.0103
0.0666
377.4525

Camponents
Mnemonic Numbe r
N2 1
co2 2
Cl 3
c2 4
C3 5
IC4 6
NC4 7
ICS g
NCS 9
ceé 10
Cc7 11
cs 12
(od-) L
C10 14
Cli 15
ciz2 16
Ci3 17
Cl4 19
Cis 19
Cleé 20
C17? 21
Cci8 22
C19 23
C20+ 24

Camposition Total

0.1010
2.7378
32.8560
6.6816
6.4676
1.5899
4.0548
1.8139
2.5298
3.5958
3.9428
4.1528
3.7388
33458
2.6948
2.1989
1.9789
1.6439
1.4989
1.2269
1.0639
0.9449
0.8969
8.2435

100.0000

6.1939E-05
0.0961
0.1604
0.7430
3.3336
1.6970
5.10098
Zojeh) alg
4.3442
.8383
.7296
.2163
.4360
. 6661
.3728
.3850
. 9467
.2788
. 9896
2.194972

NWWd LYY o

1.7890

100.0000

Vapour , ¥

Calculated
0.2025
5.3940

65.7306
12.6527
9.6188
1.4822
2.9940
0.6500
0.7056
0.3355
0.1352
0.0670
0.0213
0.0073
0.0023
0.0007
0.0003
9,.3988£-05
2.8895E-05
9. 4286E-06
3. 3285E-06
1. 4067E-06
6.5589Z-07
2.7807-13

100.0000

14.6959
60.0000

0.5014
0.4986

0.3067
0.1892

0.6169

X-Values

Calculated
3269.0209
56.1084
409.8664
17.0301
2.8854
0.8734
0.5859
0.2188
0.1624
0.0491
0.0175
0.0082
0.0029
0.0011
0.0004
0.0002
.7946E-05
.5616E-05
.6649E-06
.8528E-06
.5685E-06
.4634E-07
.6662E-07
.6912E-14

PWakFP WO

Figure A-25: Cumulative for Separator train report for well A#33
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Exprt CCE1 : Constant Composition Expansion

Peng-Rob:nson (3-Parm) on Z2I with PR corr.
Lohrenz-Bray-Clark Viscosity Correlation

Density units are LB/FT3

Specific volume units are CF/LB-ML

Viscosity units are CPOISE

Sur face Tension units are DYNES/M

Specified temperature Deg F 257.0000

Liq Sat calc. is Vol 0il/Vol Fluid at Sat. Vol

Rel Volume Vap Mole Frn Liq Density Vap Density

Pressure Inserted ——=——=———————— e e i i e e o e S e e e S
PSIA Point Calculated Calculated Calculated Calculated
2820.000 0.9890 41,2851
2775.697 0.9900 41.2417
2731.394 0.9911 41.1978
2687 .091 0.9922 41.1536
2642 .788 0.9932 41.1089
2598 .485 0.9943 41.0637
2554.182 0.9954 41.0181
2509.880 0.9966 40.9720
2465.577 0.9977 40.9255
2421.274 0.9988 40.8785
2376.971 - Psat 1.0000 40.8309 8.9070
2140.743 1.0486 0.0608 41. 3941 7.9468
1904 .516 1.1137 0.1184 41.9633 7.0124
1668 .288 1.2029 0.1733 42.5431 6.1027
1432.061 1.3295 0.2264 43.1394 5.2165
1195.833 1.5171 0.2786 43.7610 4.3524
959.606 1.8146 0.3308 44,4227 3.5082
723.378 2.3380 0.3849 45.1519 2.6800
487 .151 3.4433 0.4446 46.0099 1.8600
250.923 6.9301 0.5204 47.1843 1.0296
Ligq Z-Fac Vap Z-Fac Surf Tension Lig Sat
Pressure Inserted —---—----mm-- e e —— e
PSIA Point Calculated Calculated Calculated Calculated
2820.000 0.8894 1.0000
2775.697 0.8763 1.0000
2731.394 0.8633 1.0000
2687.0091 0.8502 1.0000
2642 .788 0.8371 1.0000
2598.485 0.8240 1.0000
2554.182 0.8108 1.0000
2509.880 0.7976 1.0000
2465.577 0.7844 1.0000
2421.274 0.7712 1.0000
2376.971 - Pesat 0.7580 0.8619 3.2875 1.0000
2140.743 0.7063 0.8632 4.0894 0.9716
1904 .516 0.6509 0.8665 5.0217 0.9448
1668.288 0.5914 0.8716 6.0965 0.9190
1432.061 0.5277 0.8787 7.3275 0.8938
1195.833 0.4591 0.8879 8.7313 0.8685
959.606 0.3852 0.8993 10.3316 0.8424
723.378 0.3052 0.9134 12.1683 0.8138
487.151 0.2181 0.9308 14.3230 0.7798
250.923 0.1218 0.9533 17.0176 0.7301

Figure A-26: Constant composition expansion test report for well A#33 (coutinue....)
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Expt CCE1 : Constant Composition Expansion

Peng-Robinson (3-Parm) on ZI with PR corr.
Lohrenz-Bray-Clark Viscosity Correlation

Density units are LB/FT3

Specific volume units are CF/LB-ML

Viscosity units are CPOISE

Sur face Tension units are DYNES/CM

Specified temperature Deg F

Lig Sat calc. is Vol 0211/Vol Fluid at Sat. Vol

Lig Visc Vap Visc
Pressure nserted —-—————————== —m——————————
PSIA Point Calculated Calculated
2820.000 0.2664
2775.697 0.2645
2731.394 0.2626
2687 .091 0.2607
2642 .788 0.2588
2598.485 0.2569
2554.182 0.2550
2509.820 0.2531
2465.577 0.2512
2421.274 0.2493
2376.971 - Psat 0.2474 0.0195
2140.743 0.2659 0.0184
1904.516 0.2863 0.0174
1668.298 0.3090 0.0166
1432 .061 0.3345 0.0159
1195.833 0.3638 0.0152
959.606 0.3980 0.0147
2 1378 0.4398 0.0142
487 .151 0.4951 0.0136
250.923 0.5834 0.0130

Pressure Inserted —————— —————— 0 __
PSIA Point Calculated Calculated
2820.000 2.4256
2775.697 2.4282
2731.394 2.4307
2687 .0091 2.4333
2642.788 2.4360
2598.485 2.4387
2554.182 2.4414
2509.880 2.4441
2465.577 2.44969
2421.274 2.4497
2376.971 - Psat 2.4526 2.7888
2140.743 2.5374 3.1013
1904.516 2.6283 3.4989
l1668.288 2.7265 4.0180
1432.061 2k 8338 4.7190
1195.833 2.9527 5.7103
959.606 3.0873 7.2078
723.378 3.2452 9.7110
487.151 3.4431 14.6942
250.923 3.7334 29.2199

Figure A-27: Constant composition expansion test report for well A#33.

104

257.0000

Lig Mole Wt

Calculated

100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
10S.
110.
LAl
122.
129.
137.
146.
158.
176.

1410
1410
1410
1410
1410
1410
1410
1410
1410
1410
1410
0325
2909
9937
2476
2117
1453
5263
4157
1579

Vap Mole Wt

Calculated

24.
24.
24.
24.
24.
24.
25.
26.
27.
30.

8398
6455
5359
5207
6167
8538
2868
0257
3320
0848



Expt DL1 - Differential Liberation

Peng-Robinson (3—-Parm) on 21 with PR corr.
Lohrenz-Bray-Clark Viscosity Correlation

Density units are LB/FT3

Specific volume units are CF/LB-ML

Viscosity units are CPOISE

Sur face Tension units are DYNES/ M

Gas-0Oil Ratio units are MSCF/STB

Relative Volume units are RB/STB

Gas FVF units are RB/MSCF

Extracted Gas Volume units are FT3

Oil Relative Volume units are BBL/STB

Specified temperature Deg F 257 .0000
Re_ative Cil Saturated Volume (Bo (Pbub)) 1.4580

GCR calc. is Gas Vol at STC/Stock Tank 0Oil Vol
Cil ReXl Vol calc. is Stage Vol oil/Stock Tank Oil Vol

GCR Total RelVol Oil RelVol Liq Dens
Pressure Inserted ——-————————— | e —— ————— e e e
PSIA Point Calculated Calculated Calculated Calculated
2820 .000 0. 6561 1.44920 1.4420 41.2851
2775 .697 0.6561 1.4435 1.4435 41.2417
2731 .394 0.6561 1.4450 1.4450 41.1978
2687 .091 0.6561 1. 4466 1.4466 41.1536
2642 .788 0.6561 1. 49482 1.4482 41.1089
2598 .485 0. 6561 1.44098 1.4498 41.0637
2554 .182 0.6561 1.4514 1.4514 41.0181
2509.880 0.6561 1.4530 1.4530 40.9720
2465.577 0. 6561 1.4547 1.4547 40.9255
2421 .274 0.6561 1.4563 1.4563 40.8785
2376 .971 - Psat 0.6561 1.4580 1.4580 40.8309
2140.743 0.5790 1.5288 1.4166 41.3941
1904 .516 0.5063 1.6234 1.3776 41.9609
1668 .288 0.4375 1.7524 1.3404 42.5323
1432 .061 0.3719 1.9333 1.3048 43.1101
1195.833 0.3092 2.1978 1.2704 43. 6967
959.606 0.2485 2.6094 1.2367 44,2967
723.378 0.1889 3.3163 1.2028 44.9197
487 .151 0.1282 4.7635 1.1669 45.5911
250.923 @ Tres 0.0583 9.1608 1.1216 46.4155
14.695 @ Tstd 116.5083 1.0000 51.0623

Vap Dens Gas Grav Vap Z-Fac Liq Z-Fac
Pressure Inserted ————————~-——- —o-—-—---—-—-—-— —-—-————————— S-S —o—————--=
PSIA Point Calculated Calculated Calculated Calculated
2820.000 0.8894
2775 .697 0.8763
2731 .394 0.8633
2687 .091 0.8502
2642 .788 0.8371
2598 .485 0.8240
2554.182 0.8108
2509.880 0.7976
2465.577 0.7844
2421.274 0.7712
2376 .971 - Psat 8.9070 0.8574 0.8619 0.7580
2140.743 7.9468 0.8507 0.8632 O0.7063
1904.516 7.0162 0.8473 0.8663 0. 6508
1668 .288 6.1150 0.8476 0.8711 0. 5911
1432 .061 5.2425 0.8529 0.8776 0. 5269
1195.833 4. 3982 0.8647 0.8856 0.4576
959.606 3.5803 O0.8868 0.8953 0.3827
723.378 2.7856 0.9269 0.9066 0.3015
487 .151 2.0057 1.0051 0.9195 0.2132
250.923 2 Tres 1.2111 1.1979 0.9349 0.1166
14.695 @ Tstd 0.0973 1.2599 0.9885 0. 0092

Figure A-28: Differential Liberation test report for well A#33 (Continued...)
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Expt DL1 H

Peng-Robinson

(3-Parm)

on Z2I

Differential Liberation

with PR corr.

Lohrenz-Bray-Clark Viscosity Correlation

Density units are LB/FT3
Specif:rc volume units are CF/LB-ML
Viscosity units are CPOISE
Surface Tension units are DYNES/ M
Gas-0il Ratio units are MSCF/STB
Relative Volume units are RB/STB
Gas FVF units are RB/MSCF
Extracted Gas Volume units are FT3
Oil Relative Volume units are BBL/STB
Specified temperature Deg F 257 .0000
Relative Ci>l Saturated Volume (Bo (Pbub)) 1.4580
GCR ca'c. is Gas Vol at STC/Stock Tank Oil Vol
Ox1 Rel Vol calc. is Stage Vol oii/Stock Tank Oil Vol
Surf Tension Gas FVF Liq Visc Vap Visc
Pressure Inserted ————=———————= ——————————— e
PSIA Point Calculated Calculated Calculated Calculated
2820.000 1.1157 0.2664
2775.697 1.1318 0.2645
2731 .394 1.1485 0.2626
2687 .091 1.1658 0.2607
2642 .788 1.1838 0.2588
2598 .485 1.2026 0.2569
2554 .182 1.2221 0.2550
2509.880 1.2425 0.2531
2465 .577 1.2637 0.2512
2421 .274 1.2858 0.2493
2376 .971 - Psat 3.2875 1.3089 0.2474 0.0195
2140.743 4.0894 1.4556 0.2659 0.0184
1904.516 5.0180 1.6420 0.2862 0.0174
1668 .288 6.0818 1.8848 0.3085 0.0166
1432.061 7.2886 2.2120 0.3331 0.0159
1195.833 8.6464 2.6734 0.3603 0.0152
959.606 10.1651 3.3679 0.3905 0.0147
723.378 11.8609 4.5241 0.4247 0.0142
487 .151 13.7728 6.8137 0.4648 0.0136
250.923 @ Tres 16.0550 13.4489 0.5193 0.0128
14.695 @ Tstd 26.1461 176.0586 1.3113 0.00093
Moles Zxtrac GasVol Extrc Liquid Sat Vapour Sat
Pressure Ty LI EERE| oo oe e Comm e s e e e e e B
PSIA Point Calculated Calculated Calculated Calculated
2820.000 1.0000
2775 .697 1.0000
2731.394 1.0000
2687 .091 1.0000
2642 .788 1.0000
2598 .485 1.0000
2554.182 1.0000
2509.880 1.0000
2465.577 1.0000
2421 .274 1. 0000
2376.971 - Psat 1. 0000
2140.743 0.0608 50. 9061 0.9266 0.0734
1904 .516 0.1182 98.9108 0.9203 0.0797
1668 .228 0.1726 144.3834 0.9117 0.0883
1432 .061 0.2243 187.6703 0. 9000 0.1000
1195.833 0.2739 229.1313 0.8833 0.1167
959.606 0.3218 269. 2041 0.8582 0.1418
723.378 0.3688 308. 5620 0.8169 0.1831
487 .151 0.4167 348.6514 0.7383 0.2617
250.923 @ Tres 0.4719 394.8231 0.5440 0.4560
14 .695 @ Tstd 0.5180 433.3435 0.0887 0.9113

Figure A-29: Differential Liberation test report for well A#33 (Continued...)
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EZxpt DL1 =

Peng—-Robkinson

Differential Liberation

(3—-Parm)

on Z2I

with PR corr.

Lohrenz-Bray-Clark Viscosity Correlation
LB/FT3

Density units

are

Specific volume units are
Viscosity units are

Sur face Tension units are
Gas-0il Ratio units are
Relative Volume units are

Gas FVF unicts

arxe

Extracted Gas Volume units are
Oil Relative Volume units are

Specified temperature

Relataive Oil Saturated Volume

GCR calic. is Gas Vol at STC/Stock Tank Oil Vol

C>> Rel Vol calc.

is Stage Vol o0il/Stock Tank

Lig Mol Wt

Pressure Inserted - ———————————
PSIA Point Calcuiated
2820.000 100.1410
2775.697 100.1410
2731 .3949 100.1410
2687 .091 100.1410
2642 .788 100.1410
2598 .485 100.1410
2554.182 100.1410
2509.880 100.1410
2465.577 100.1410
2421.274 100.1410
2376 .971 - Psat 100.1410
2140.743 105.0325
1904 .516 110.2701
1668 .288 115.9007
1432 .061 121.9838
1195.833 128.5996
959.606 135.8675
723.378 143.9931
487 .151 153.4312
250.923 @ Tres 165.8399
14.695 @ Tstd 178.1948

Pressure Inserted —-———————————
PSIA Point Calculated
2820.000 2.4256
2775.697 2.4282
2731.394 2.4307
2687 .091 2.4333
2642 .788 2.4360
2598 .485 2.4387
2554 .182 2.4414
2509.880 2.4441
2465.577 2.4469
2421 .274 2.4497
2376.971 - Psatc 2.4526
21490.743 2.5374
1904 .516 2.6279
1668 .288 2.7250
1432.061 2.8296
1195.833 2.9430
959.606 3.0672
723 .378 3.2056
487 .151 3.3654
250.923 @ Tres 3.5729
14.695 @ Tstd 3.4898

CF/LB-ML

CPOI

SE

DYNES/M
MSCF/STB
RB/STB
RB/MSCF

FT3
BBL/

Deg

STB

F

(Bo (Pbub) )

Vap Mol Wt

Calculated

24.8398
24.6455
24.5454
24.5562
24.7073
25.0514
25.6916
26.8510
29.1174
34.7017
36.5003

Calculated

257 .0000

1.4580

Oixr Vol

Lig Visc
Calculated
0.2664
0.2645
0.2626
0.2607
0.2588
0.2569
0.2550
0.2531
0.2512
0.2493
0.2474
0.2659
0.2862
0.308s5
0.3331
0.3603
0.390S
0.4247
0. 4648
0.5193
1.3113

Calculated

0.0195
0.0184
0.0174
0.0166
0.0159
0.0152
0.0147
0.0142
0.0136
0.0128
0.0093

Figure A-30: Differential Liberation test report for well A#33.
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Appendix B

The PVTpro Simulator

Bottom-hole fluid samples from wells A#22 and A#33 were collected and analyzed by the
Commercial Service Provider. Provided surface fluid samples were flashed and
recombined at reservoir conditions. A final mole GOR of 1.0716 (Gas: Oil =51.73 : 48.27)
for well A#22 and 1.14 (Gas : Oil = 53.27 : 46.73) for well A#33 were obtained using the
PVTpro simulator [2] as shown in Figures B.1 and B.2, respectively.
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Figure B.1: Recombination calculation and final mole GOR for well A#22

The PVTpro simulator also generates the well stream compositions which consist of 24
components with Czo+ as the characterized component.

Tables B.1 and B.2 show the well stream fluid composition for well A#22 and A#33,
respectively. For generation of the fluid thermodynamic and equilibrium properties (fluid
model) an equation of state was used.

In this work the fluid model was generated using a 3-parameter Peng-Robinson Equation
of State (PR EOS). The volume-shift parameters were calculated using temperature-
dependent correlations.
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The liquid and vapor viscosities were predicted using the Lohrenz-Bray-Clark (LBC)
correlation. The binary interaction coefficients (k;;) were regressed to obtain a good match
between experimental and calculated data.
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Figure B.2: Recombination calculation and final mole GOR for well A#33

The Oilphase-DBR module of the PVTpro simulator was used to generate the phase
envelop of the reservoir fluids (Figures B.3 and for wells A#22 and A#33, respectively).
These are P-T plots with gas fraction as a parameter. The bubble and dew point curves are

shown at gas fractions of 0.0 and 1.0, respectively.
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Table B.1: Reservoir fluid vs. stream compositions of the recombined fluid for well A#22.

Reservoir Fluid, | Separator Gas, | Separator Oil, | Recombined Fluid,
Component | MW, g/mol | mole % mole % mole % mole %
N2 28.014 | 0.1200 0.23 0 0.1190
CO2 44.01 1.8597 3.58 0.01 1.8568
C1 16.043 31.687 61.09 6.00E-02 31.6313 |
2 30.07 6.1895 11.8 0.15 6.1766
(] 44.096 5.7495 10.54 0.6 5.742
i-C4 58.123 1.3398 224 0.3702 1.3375
n-C4 58.123 3.3797 5.23 1.3801 3B 707
i-C5 72.15 1.5098 1.65 1.3601 1.5101
n-C5 72.15 2.0898 1.92 2.2699 2.0889
Ccé 84 3.2496 1.14 5251 3.2494
C7 96 3.7596 0.46 7.3099 3.7664
C8 107 3.9496 0.11 8.0801 3.9571
C9 121 3.5796 0.01 7.4199 3.5867
C10 134 3.3497 0 6.9599 3.3595
Cl11 147 2.7597 0 58713, 2.7658
C12 161 2.3698 0 4.92 2.3748
(13 175 2.2998 0 4.77 2.3024
Cl4 190 2.3798 0 4.94 2.3845
C15 206 2.1298 0 4.42 2.1335
Cl6 222 1.9298 0 4.01 1.9356
C17 237 1.6798 0 3.49 1.6846
C18 251 1.4699 0 3.05 1.4722
C19 263 1.3499 0 2.81 1.3564
C20+ 403.25 9.8190 0 20.3799 9.8372

Table B.2: Reservoir fluid vs. stream compositions of the recombined fluid for well A#33.

Reservoir Fluid,

Separator Gas,

Separator Oil,

Recombined Fluid,

Component | MW, g/mol | mole % mole % mole % mole %

N, 28.014 0.09940 0.18 0 0.0959
CO; 44.01 2.6984 4.86 0.0300 2.6030
Cl 16.043 32.3987 58.58 0.0800 31.2441
C2 30.07 6.5922 11.73 0.25 6.3656
C3 44.096 6.3922 10.72 1.0499 6.2014
i-C4 58.123 1.5754 2.39 0.5699 1.5395
n-C4 58.123 4.0267 5.62 2.0598 3.9563
i-C5 72.15 1.8128 1.88 1.7298 1.8098
n-C5 72.15 2.5352 2.24 2.8997 2.5483
Cé 84 3.6372 1.27 6.5593 3.7416
C7 96 4.0055 0.43 8.4192 4.1632
C8 107 42249 0.09 9.3291 4.4072
C9 121 3.8048 0.01 8.4892 3.9722
C10 134 3.4055 0 7.6092 3.5556
C11 147 2.7432 0 6.1294 2.8641
C12 161 2.2375 0 4.9995 2.3361
C13 175 2.0137 0 4.4996 2.1025
Cl4 190 1.6736 0 3.7396 1.7474
C15 206 1.526 0 3.4097 115933
Clé6 222 1.2485 0 2.7897 1.3036
C17 237 1.0829 0 2.4198 1.1307
C18 251 0.9621 0 2.1498 1.0046
C19 263 09129 0 2.0398 0.9532 |
C20+ 424 8.3906 0 18.7481 8.7606 |
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Figure B.4 The P-T phase envelope for well A#33
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The Constant Composition Expansion (CCE) Test

The main aim of the CCE is test (Figure B.5) is to determine the initial fluid saturation
pressure. The fluid is initially held in a cell in a single phase. At pressures above the
saturation pressure only the single-phase volume is measured. The pressure reduction has

to be made in several steps and at each step the liquid and vapor volumes are measured.

The relative volume is calculated as the ratio of fluid volume at any pressure to the fluid
volume at saturation pressure. The relative volume is then plotted against pressure to

yield the volume-pressure relationship.

Constant Composition Expansion (CCE) Test Procedure

Qweor | | B vouio

Figure B.5: CCE Test Procedure

The CCE test was performed at P = 2277 psia and T = 235 °F for well A#22 and at P = 2377
psia and T = 257 °F for well A#33. The calculated properties are shown in Table B.3 for
well A#22 fluid, as an example. Several plots can be generated from the results shown in

Table B.3 for the various properties of the reservoir fluid as a function of pressure.

Among these properties are: relative total liquid volume (Viig/Viat), relative saturated
liquid volume (Viig/Vsat), relative volume (Vrer), liquid density, liquid viscosity, gas molar
weight, gas specific gravity, gas viscosity, Z-factor, Y-function, compressibility, bulk

density, IFT, and gas density.
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Table B.3: Results of the CCE test for well A#22 fluid

= | . . =
¢ |2 |2 < = £ 2 |4 o | BB 5 g z £ | z& =
2 | Fe| se| & e g = Ee= g E g Z < 8¢ £
2 RS 3° o s > g 7 i 1] g g = T =
& = o ~ =2 = S el » N - = - § e )
|2 = £ S & - £ 2 A 3
Psia :!1': :1[”' : ::/ g/em’ cP g/mol | Air=l cP PVIRT 10/psia glem’ g;ﬂe/ glen’
6515 | 100 | 951 | 095 | 74601 | 0528 8.44E-06 | 746.007
5975 100 [ 95.6 0.96 74249 | 0510 9 06E-06 | 742492
5396 | 100 | 961 | 096 | 73845 | 0490 9.83E-06 | 738448
4687 | 100 | 968 | 097 | 73304 | 0465 1 09E-05 | 733043
4341 | 100 972 | 097 | 73020 | 0453 1 15E-05 | 730200 i
3833 100 | 978 098 72574 0435 [ 1 26E-05 725 744 |
3369 | 100 | 984 | 098 | 72134 | 0418 137605 | 721342
2022 | 100 ]| 990 | 099 | 71676 | 0402 [ 49E-05 | 716 757
2481 | 100 | 100 100 | 71185 | 0386 163E-05 | 711851
2277 | 100 [ 100 100 | 70944 | 0378 | 2304 | 07952 | 00195 [ 08685 1 70E-05 | 709435 | 0005 | 129 757
2255 | 994 | 998 100 | 71023 | 0380 | 2302 | 00194 | 0.0194 | 08686 | 2554 706 733 | 0.005 | 128.388
2224 | 985 995 101 | 71136 | 0383 | 2299 | 0.0193 | 00193 | 08688 | 2.542 702844 | 0005 | 126465
2167 | 970 | 989 102 | 71342 | 0389 | 2295 | 00191 | 00191 | 08692 | 2.519 695419 | 0.005 | 122.948
2071 | 942 | 98.0 104 | 71690 | 0399 | 22.89 | 00187 | 00187 | 08702 | 2.481 682.085 | 0.005 | 117.074
1910 | 893 | 965 108 | 72274 | 0417 | 2282 | 00181 | 00181 | 08725 | 2417 657 185 | 0.006 | 107.358
1688 | 82.1 | 944 115 | 73085 | 0444 | 2279 | 00173 | 00173 | 08771 | 2328 616970 | 0.007 94.233
1386 | 710 917 ] 129 | 74207 | 0485 | 2288 | 00164 | 00164 | 08862 | 2206 549361 | 0.008 76.866
1041 | 6.2 | 886 1.58 | 75546 | 0546 | 2323 | 00156 | 0.0156 | 09009 | 2061 450.138 | 0.010 57.677
728 | 406 | 856 | 211 | 76872 | 0589 | 23.96 | 00148 | 0.0148 | 09186 | 1917 336264 | 0.012 40.794
265 | 131 ] 794 | 565 | 79481 | 0709 | 27.16 | 00137 | 0.0137 | 09560 | 1633 125582 | 0.016 16.176
100 | 462 | 742 162 | 81284 | 0.837 | 3148 | 00130 | 0.0130 | 09763 | 1445 44.156 | 0018 6.927
60 | 254 | 714 | 281 ] 82123 | 0917 | 3422 | 00127 | 00127 | 09829 | 1364 25252 | 0.018 4488
147 | 047 625 | 1321 | 83417 | 1236 | 4351 | 00120 | 00120 | 09931 | 1.174 53692 | 0020 1.384
Table B.4 Results of the CCE test for well A#33 fluid
= | < z z : g z s £ 2 | zE z
= = - 3 z 3 z T2 8 S 2 = z £= 'z
zZ | T2 > 2 2 z as 2 S 2 g 5 S g g
g | =" |=° < = - = = s = 2 £ = T3 3
psia :,i" :Z ::’,': glem’ cP g/mol | Air=l cP PV/RT 1/Psia g/em’ g::e/ g/em’
6515 | 100 | 943 | 094 | 72720 | 0.443 990E-06 | 727 196
S515 | 100 | 953 | 095 | 719.50 | 0.414 1 14E-05 | 719.501
4515 | 100 | 965 | 097 | 71063 | 0.385 1 35E-05 | 710.632
3515 | 100 | 979 | 098 | 70022 | 0.355 162E-05 | 700218
2820 | 100 | 991 | 099 | 691.78 | 0333 1.88E-05 | 691 781
2515 | 100 | 99.7 | 100 | 687.69 | 0.323 2.02E-05 | 687.685
2415 | 100 | 999 | 100 | 68628 | 032 2.07E-05 | 686284
2386 | 100 | 100| 100 | 68587 | 0.319 2 08E-05 | 685870
2377 | 100 | 100 | 100| 68574 | 0319 | 2536 | 08755 | 00209 | 08592 2.09E-05 | 685742 | 0004 | 146.122
2372 | 999 | 999 100 | 68594 | 0319 | 2535 | 00209 [ 00209 [ 0.8592 | 2441 685.153 | 0.004 | 145.771
2370 | 99.8 | 999 100 | 68602 | 0319 | 2535 | 00209 [ 00209 | 08592 | 2441 684916 | 0004 | 145631
2359 | 995 | 998 100 | 68643 | 032 ] 2534 | 00208 | 00208 | 08593 | 2436 683.604 | 0.004 | 144.859
2346 | 991 | 996 | 101 | 68695 | 0322 | 2532 | 00208 | 0.0208 | 08594 | 2431 682037 | 0.004 | 143.949
2323 | 984 ] 994 | 101 | 68784 | 0324 | 2529 | 00207 | 0.0207 | 08595 | 2422 679226 | 0004 | 142345
3771 971 ] 988 | 1.02 | 689.63 | 0328 | 2523 | 00204 | 0.0204 | 08599 | 2404 673443 | 0004 | 139.155
2100 | 917 [ 969 106 | 69648 | 0344 | 2505 | 00196 | 0.0196 [ 0.8619 | 2336 649.090 | 0.004 | 127.122
2039 | 898 | 962 107 | 69884 | 0349 | 2500 | 00193 | 00193 | 08628 | 2312 639.873 | 0.005 | 123.057
1200 | 671 ] 897 ] 134 | 72392 | 0419 | 2493 | 00170 | 0.0170 | 08795 | 2.066 512618 | 0.007 | 82.666
793 | 397 | 8341 210 | 75029 | 0518 | 2601 | 00153 | 0.0153 | 09089 | 1812 326219 | 0011 | 47271
265 | 119 | 751 632 | 78373 | 0639 | 3021 | 00139 [ 00139 | 09513 | 1499 108546 | 0015 | 17.525
100 | 370 | 683 | 1843 | 80662 | 0776 | 3558 | 0.0131 | 0.0131 | 09728 | 1306 37.200 | 0017 7617
60 | 198 | 6a4 | 3260 | 81805 | 0872 | 3897 | 0.0128 | 00128 | 09801 | 1222 21.035 | 0018 4.969
1371 034 | 526 | 1560 | 85072 | 1.344 | 49.64 | 0.0119 | 00119 | 09919 | 1.037 1394 | 0020 1532
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Total Liquid Volume, (Viig/Vio) %

Figure B.6 shows the ratio between liquid volume (at P and Tres) to the fluid (i.e., liquid ad
gas) total volume (at P and Tres) presented as (Viig/Viat) % vs. pressure. The liquid volume
remains almost constant at pressures well above the bubble pressure (Py) due to the
presence of a single liquid phase (incompressible) until the pressure reaches P, where the
gas starts to escape from the liquid causing a reduction in the liquid volume as the
pressure goes below P.

Saturated Liquid Volume, (Viig/Vsat) %

Figure B.7 shows the ratio between liquid volume (at P and Trs) to saturated liquid
volume (at Pp and Tres) presented as (Viig/Vsat) % vs. pressure. At pressures above the
bubble point, the liquid volume increases as pressure decreases due to liquid expansion
until the pressure reaches the bubble point where the gas starts to escape from the liquid
causing reduction in liquid volume as the pressure goes down below the bubble point.
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Figure B.6: (Viig/Viot) % vs. pressure for well A#22 at 235 °F (from the CCE test).
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Figure B.7: (Viig/Vsat) % vs. pressure for well A#22 at 235 oF (from the CCE test).

Relative Volume, (Vrer):

The volume-pressure relationship obtained from the CCE test can be studied at the
reservoir temperature, or at any other specified temperature, starting from a pressure
well above the initial static reservoir pressure, P, down to a relative volume (V&) of at
least 2:

Total volume @ given P & Tyes
Veel = = Viot/V. B.1
rel Volume @ Py & Tyes tot/ sat ( )

Figure B.8 shows the relative volume as a function of pressure. It can be seen that Vi
substantially increases at pressures < Py, compared to that at pressures > Pp.

Liquid Density

Figure B.9 shows that the liquid density slowly decreases as the pressure is decreased
until it reaches Py (slow expansion of a compressed liquid) then starts to increase sharply
as the pressure falls below P, down to near atmospheric pressure (where the light fraction
escapes from the liquid phase mixture leaving the heavy fraction behind).
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Figure B.8: Relative volume vs. pressure for well A#22 at 235 °F (from the CCE test).
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Figure B.9: Liquid density vs. pressure for well A#22 at 235 °F (from the CCE test).
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Liquid Viscosity

Figure B.10 shows that the liquid (oil) viscosity decreases with the decrease of pressure
from P to Py (due to the slight decrease in the density of the liquid) while the oil viscosity
starts to increase sharply when the pressure falls below P, down to atmospheric (due to
the release of light fractions with lower viscosities (and densities) from the liquid phase).
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Figure B.10: liquid viscosity vs. pressure at 235 °F for well A#22 from the CCE test.

Gas Molecular Weight

The molecular weight of the gas mixture is inversely proportional to pressure (MW =
RT/PV). As pressure is decreased below P, gases and light hydrocarbons start to escape
from the liquid phase followed by conversion of heavier hydrocarbons to vapor. Thus the
molecular weight of the generated gas (vapor) phase increases as illustrated in Figure
B.11.

Gas specific gravity

The specific gravity of the gas is defined as the ratio between the density of the actual gas
and the density of air at standard conditions. At a given temperature (here 235 °F for well
A#22), the density (and the gas specific gravity) of the gas decreases as pressure is
decreased from P, down to near atmospheric pressure. Such behavior is illustrated in
Figure B.12.
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Figure B.11: Gas MW vs. pressure at 235 °F for well A#22 from the CCE test.
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Figure B.12: Gas specific gravity vs. pressure at T= 235 °F from the CCE test for well A#22.
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Gas Density

As the pressure is decreased from P, down to near atmospheric pressure (at a fixed
temperature), more gas/vapor is generated from the liquid phase mixture, the actual
specific volume of the gas (v =V/m) will increase, and the resulting density of the gas (p =
1/v = P/RT) will decrease. Figure B.13 shows the resulting gas density vs. pressure. For
well A#22.
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Figure B.13: Gas density vs. pressure at 235 °F for well A#22 from the CCE test.

Gas Z-factor

As the pressure is decreased (from P, down to near atmospheric pressure at a fixed
temperature) the specific volume of the gas will increase (as indicated above) and the net

result is an increase in the Z-factor of the gas/vapor phase (Z = P v/RT) as shown in Figure
B.14.

The Y-function

The value of the Y-function, defined by Eq. (B.2), is made to smoothen the relative volume
data below the saturation pressure:

(3-1) (B.2)
)

When plotted, the Y-function usually forms a straight line or has only a smail curvature.
Figure B.15 illustrates the erratic behavior of the well A#22 data near the bubble-point

Y — Function =
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pressure down to near atmospheric pressure; as the pressure is decreased the Y-function
will decrease as well.

0.95 " =

Z-factor (PV/RT

o
o

0.85 : i = — e
0 500 1000 1500 2000 2500

Pressure (psia)

Figure B.14: The gas Z-factor vs. pressure at 235 °F for well A#22 from the CCE test.
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Figure B.15: The Y-function vs. pressure at 235 °F for well A#22 from the CCE test.
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Isothermal compressibility of Liquid Phase

The liquid phase isothermal compressibility, defined by Eq. (B.3), is applicable only at
pressures above the bubble point pressure, Py:

1 v
Co — rel
Viet OP

(B.3)

Figure B.16 shows that the isothermal compressibility is inversely proportional to
pressure; as pressure is decreased the isothermal compressibility will increase.
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Figure B.16: Isothermal compressibility vs. pressure at 235 °F for well A#22 from the CCE
test.

Bulk Density

Bulk density is defined as the mass of a bulk material divided by the volume occupied by
that material. As shown in Figure B.17, the bulk density of the reservoir fluid (compressed
liquid) slightly decreases as the pressure is decreased from P down to Pp. When the
pressure falls below Py, down to near atmospheric pressure, the gas (and hydrocarbons)

starts to be released from the liquid phase causing a substantial reduction in bulk density
of the fluid.
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Figure B.17: Bulk Density vs. Pressure at T= 235 ©oF for well A#22 from the CCE test.

Interfacial Tension, (IFT):

IFT is a measure of the imbalance of molecular forces at the interface between two phases
caused by physical attraction between molecules. IFT is function of density while density
is directly proportional to pressure. Sugden (1924), suggested a relationship that
correlates the surface tension of a pure liquid in equilibrium with its own vapor [46].

' [Pcw;—pu)r (B.4)

where o is the surface tension, M is molecular weight of pure component and Pg is a
temperature-independent parameter and is called the “Parachor”. Katz et al. (1943)
employed the Sugden correlation (1924) for mixtures by introducing the compositions of
the two phases as follows [46]:

n

0V* = 3 [(PadilAx; = By
i=1

(B.S)

— __Po & -
62.4 M, 62.4Mg

where p and M are the density and apparent molecular weight of the oil phase (o) and gas
phase (g), respectively. x; and y; are the mole fractions of component i in the oil phase and
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gas phase, respectively. n is total number of components in the system. So as the pressure
is decreased, the IFT will increase as shown in Figure B.18.

IFT (dyne/cm)

Pressure (psia)

Figure B.18: IFT vs. pressure at 235 °F for well A#22 from the CCE test.

The Differential Liberation (DL) Test

The differential liberation test, schematically shown in Figure B.19, is considered better in
describing the separation process taking place in the reservoir and simulating the flow
behavior of hydrocarbon systems above the critical gas saturation conditions. During this
test, the reservoir fluid is depleted by 6 to 16 steps from the saturation pressure to
atmospheric pressure and the solution gas liberated at each step is continuously removed
from contact with its equilibrium oil.

When the pressure of the cell is reduced to a value below Pb, the formed gas cap is pushed
out from the cell to a gasometer. The remaining liquid is subsequently depleted down to
the next pressure step. The liberated gas is analyzed by gas chromatography for molecular
composition. The gas specific gravity and viscosity are calculated based on the measured
composition. Tables B.5 and B.6 show the calculated properties of the gas and liquid
phases of the DL test for wells A#22 and A#33, respectively as a function of pressure.
These properties include liquid volume, liquid density, liquid viscosity, oil formation
volume factor (FVFo), solution gas-to-oil ratio (GORS), liberated gas-to-oil ratio (GORL),
gas molar mass, gas viscosity, gas Z-factor, gas formation volume factor (FVFg), gas
gravity, and gas density as well as interfacial tension (IFT).
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Figure B.19: Schematic diagram of the differential liberation (DL) test (Note: V| = V, at Py)

Table B.5 Results of Differential Liberation (DL) test for well A#22 fluid.

£ 2| &= g E z 4 s | & > 3 >
2 |gZ|zE|l2 |SE|CE|= |s53|zE|¢2 23l |2 | 2%
g 25| 22| = EQ| 20| @ R I C = CR I — 5 ° N
= a > | R - € > N | O o s _
= /M — = —- = g = < A -
< = = < < o)
2|8 | |2 |2 |2 |E || & E|ls 2| %8
a0 = & & a0 2. = < Z < )
O
2277.0 | 0.709 | 0.378 | 1.480 | 7103 | 0.0 | 23.03 | 0.020 | 0.869 | 13410 [ 0.795 | 4.70 | 100.00 [ 0.130
1991.7 | 0.720 | 0.408 | 1.439 | 627.1 | 83.2 | 22.86 | 0.018 | 0871 | 1537.8 | 0.789 | 5.75 | 97.22 | 0.112
1846.2 | 0.725 | 0424 | 1419 | 586.6 | 123.7 | 22.81 | 0.018 | 0874 | 1663.3 | 0.788 | 6.34 | 95.86 | 0.104
1700.6 | 0.730 | 0.442 | 1.400 | 547.3 | 163.0 | 22.80 | 0.017 | 0.877 | 1811.9 | 0.787 | 6.97 | 94.55 | 0.095

1555.1 | 0.736 | 0.460 | 1.381 | 509.0 | 201.2 | 22.84 | 0.017 | 0.880 1989.6 [ 0.788 | 7.63 | 93.27 | 0.087

1409.6 | 0.741 | 0.480 | 1.362 | 471.8 | 238.5 | 22.92 | 0.017 | 0.885 2206.0 | 0.791 8.33 | 92.02 | 0.079

1264.1 | 0.746 | 0.506 | 1.344 | 435.4 | 274.9 [ 23.06 | 0.016 | 0.890 24739 |1 0.796 | 9.07 | 90.79 | 0.070
1118.6 | 0.751 | 0.533 | 1.326 | 399.8 | 310.5 | 23.29 | 0.016 [ 0.895 2813.6 | 0.804 | 9.84 | 89.59 | 0.063

973.1 | 0.757 | 0.549 | 1.309 | 364.7 | 345.5 | 23.61 | 0.015 | 0.901 3257.6 | 0.815 | 10.66 | 88.39 | 0.055
8276 | 0.762 | 0.565 | 1.291 | 330.2 [ 380.1 | 24.09 | 0.015 [ 0.908 3860.5 | 0.832 [ 11.51 87.21 | 0.047
682.1 [ 0.768 | 0.583 | 1.273 | 295.8 | 414.5 | 24.80 | 0.015 | 0.916 4724.5 | 0.856 | 12.40 | 86.01 | 0.040
536.5 | 0.774 | 0.603 | 1.255 | 261.2 | 449.1 | 25.90 | 0.014 | 0.924 6063.5 | 0.894 | 13.35 | 84.78 | 0.032
391.0 [ 0.780 | 0.627 | 1.236 | 225.3 | 485.0 | 27.75 | 0.014 | 0.933 8406.7 | 0.958 | 14.35 | 83.47 | 0.025
245.5 | 0.787 | 0.658 | 1.213 | 185.5 | 524.8 | 31.38 | 0.013 | 0.943 13553.5 [ 1.083 [ 1545 | 8192 | 0.018
100.0 | 0.798 | 0.721 | 1.173 | 126.1 | 584.1 | 4141 | 0.012 | 0.956 | 33965.5 | 1.430 | 16.86 | 79.20 | 0.009

14.7 | 0.824 | 0.941 | 1.052 0.0 | 7103 | 69.61 | 0.010 | 0.981 | 244172.5 | 2.403 | 18.79 | 71.05 | 0.002

124




Table B.6 Results of Differential Liberation (DL) test for well A#33 fluid
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2377.0 | 0681 [ 0303 [ 1698 [ 9499 | 0.0 [ 2543 [ 0.021 | 0.856 [ 1307.1 | 0.878 | 3.38 | 100.00 | 0.147

2073.4 | 0694 | 0.330 | 1.636 | 835.0 | 114.9 | 25.09 | 0.020 | 0.859 1504.3 | 0.866 | 4.37 | 96.35 [ 0.126
19216 | 0700 | 0.344 | 1607 | 781.2 | 168.8 | 24.99 | 0.019 | 0.862 1628.1 | 0.863 | 492 | 94.65 | 0.116
17698 | 0.706 | 0.359 | 1.579 | 729.4 | 220.5 | 2495 | 0.018 | 0.865 1774.3 | 0.861 552 | 93.01 [ 0.106 |
1618.0 | 0.712 | 0.375 | 1.552 | 679.5 | 270.4 | 24.95 | 0.018 | 0.869 1949.6 | 0.861 | 6.15 | 91.43 | 0.097
1466.2 | 0.718 | 0.392 | 1.526 | 631.3 | 318.6 | 25.03 | 0.017 | 0.874 21629 | 0.864 | 6.81 89.90 | 0.088
13144 [ 0724 | 0.410 | 1.501 | 584.6 | 365.3 | 25.18 [ 0.017 | 0.879 2427.1 | 0.869 | 7.52 | 88.42 | 0.078
1162.6 | 0.730 [ 0.429 | 1.476 | 539.1 | 410.8 | 2543 [ 0.016 | 0.885 27624 | 0.878 | 8.27 | 86.97 | 0.070
1010.8 [ 0737 | 0.449 | 1.452 | 494.8 | 455.1 | 25.81 [ 0.016 | 0.891 3201.0 | 0.891 | 9.06 | 85.55 ] 0.061
859.0 | 0.743 | 0.471 | 1.428 | 451.2 | 498.7 | 26.39 | 0.016 | 0.898 3797.3 | 0911 9.90 | 84.14 | 0.053

707.2 | 0.750 | 0.499 | 1.404 | 408.0 | 541.9 | 27.24 | 0.015 | 0.906 4653.2 | 0.941 | 10.78 | 82.72 | 0.044

5554 1 0.756 [ 0.517 | 1.380 | 364.5 | 585.4 | 28.58 | 0.015 | 0.914 5982.3 | 0.987 | 11.71 81.26 | 0.036

1403.6 | 0.763 | 0.537 | 1.353 | 319.2 | 630.7 | 30.84 | 0.014 [ 0.923 8320.7 | 1.065 | 12.72 | 79.69 | 0.028

251.8 [ 0.772 | 0.564 | 1.320 | 267.9 | 682.0 | 35.28 | 0.013 | 0.932 13509.8 | 1.218 | 13.85 | 77.77 | 0.020

100.0 | 0787 | 0.625 | 1.258 | 185.2 | 764.7 | 47.39 | 0.012 | 0.947 | 34873.8 | 1.636 | 1539 | 74.08 | 0.010

14.7 | 0.824 | 0.879 | 1.059 0.0 | 9499 | 78.96 | 0.010 | 0.978 | 254421.2 | 2.726 | 17.76 | 62.40 | 0.002

Oil Formation Volume Factor (FVF,)

The oil formation factor is defined as

FVFO _ Volume of oil at P & Tres (8.6)

Volume of residual oil at standard conditions

FVF, (bbl/STB) is generally greater than 1.0 at standard pressure (14.7 psia) because the
reservoir temperature (Tres) is greater than the standard reference temperature (60 °F);
oil expands with temperature increase at constant pressure. As shown in Figure B.20, FVF,
decreases with pressure decrease as a result of the decrease in the gas solubility and its
release from the fluid (i.e., the volume of the oil phase decreases).

Gas-to-0il Ratio (GOR or R;) of Liberated Gas
The gas-to-oil ratio of the solution is defined as

__ Volume of liberted gas at standard conditions (B 7)
$ ™ volume of residual oil at standard conditions

The volume of the dissolved gas in the oil decreases from an initial solution GOR, Rs;, at the
bubble point pressure Pp, to zero at atmospheric pressure as shown in Figure B.21. At
pressures above Py the gas in the solution remains constant at Rs;.
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Figure B.20: Oil FVF vs. pressure at 235 °F for well A#22 from the DL test.
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Figure B.21: Solution GOR vs. pressure at for well A#22 fluid solution from the DL test.
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Liquid Density

Starting from the saturation pressure, Py, the density increases as the pressure is
decreased due to the liberation of the solution gas. This behavior is clearly noticed in the
differential liberation test and is shown in Figure B.22. This kind of behavior is due to the
shrinkage of the volume associated with the liberation of the solution gas with the
decrease of the reservoir pressure or the swelling of the oil with re-pressurizing the

reservoir fluid and re-dissolving the solution gas.
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Figure B.22: Liquid density vs. pressure at 235 °F for well A#22 from the DL test.

Gas Z-Factor:

As pressure is decreased, the fluid approaches ideal gas behavior and the Z-factor reaches
unity as shown in Figure B.23.

Gas Specific Gravity

As the pressure is decreased, the light gases are liberated from the reservoir fluid followed
by heavier hydrocarbons thus their content in the gas phase will increase. This will be
reflected in an increase in the gas specific gravity as illustrated in Figure B.24.
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Figure B.23: Gas Z-factor vs. pressure at 235 °F from the DL test for well A#22.
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Figure B.24: Gas specific gravity vs. pressure at 235 °F for well A#22 from the DL test.
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Gas Viscosity

The gas viscosity is usually calculated by correlations or by the corresponding states
theory. The gas viscosity decreases as the reservoir pressure is decreased (at constant
temperature); the molecules are simply farther apart and move more easily past each
other at lower pressures. This effect of pressure on the gas viscosity is shown in Figure
B.2S.
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1.55€-02

Gas Viscosity (cp)

1.35E-02

1.15e-02 +

9.50E-03 + . . .
0 500 1000 1500 2000 2500

Pressure (psia)

Figure B.25: Gas viscosity vs. pressure at 235 °F for well A#22 from the DL test.

Gas Formation Volume Factor (FVFy)

The formation volume factor for a gas is defined as the volume occupied by the gas at the
reservoir temperature and pressure (V) divided by the volume occupied by the same
mass of gas at standard conditions (Vs):

vy _ nZRT
FVE, = T": where Ve = —— (B.8)

Since the gas is compressible, as the pressure is decreased Vres defined in Eq. (B.6) will

increase as a result of the decrease in pressure and the increase in both n and Z. Since Vi is

constant; the result will be an increase in FVFg as illustrated in Figure B.26.
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Figure B.26: Gas FVT vs. pressure at 235 °F for well A#22 from the DL test.

The Separation Test (ST)

The separation test is performed to simulate the separation process of the reservoir fluid
when it is produced at the surface. The data obtained from this test help in the design of
the optimal separator conditions for maximum amount of stock-tank oil recovery. With
the Oilphase-DBR PVT cell, the procedure for performing the separation test is similar to
that for the DL test except that the temperature in the separation test may vary from stage
to stage.

A sample of the reservoir fluid measured for volume at the reservoir temperature and
saturation pressure is charged into the PVT cell. Then the cell pressure and temperature
are set to the first specified stage conditions, at which the sample is equilibrated. After the
vapor and liquid volumes are quantified, the vapor is completely pushed out from the cell
for composition and volumetric measurements. The remaining liquid in the cell is then
flashed to the next specified separator conditions and the measurements and analyses are
repeated till the last stage, typically at atmospheric pressure.

Tables B.7 and B.8 present the multistage separation test data and the results obtained for
wells A#22 and A#33, respectively. The definitions for GOR and oil formation volume
factor are the same as those mentioned in the DL test. Table B.7: Separator after-stage
properties of the gas and liquid phases for well A#22.
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Table B.7: Separator after-stage properties of the gas and liquid phases for well A#22 (at
saturation pressure: total GOR = 494.6 scf/STB and FVF = 1.311)

Property Units Stage 1 | Stage 2 | Stage 3
Pressure psia 265 60 14.7
Temperature oF 100 100 60
GOR scf/STB 400.0 71.7 22.9
Liquid Density | 1b/ft? 51.0 51.8 52.6
_Liquid Viscosity | cP %275 1.545 2.461
Oil FVF bbl/STB 1.059 1.024 1.000
Gas Viscosity cP 0.012 0.011 0.009
Gas Z-Factor PV/RT 0.946 0.976 0.987
Gas FVF ft3/scf 0.057 0.259 0.980
_Separator GOR | scf/STB 377.8 70.0 22.9
Gas MW Ib/Ib-mol 21.36 297177 37.43
Gas Gravity Air=1 0.737 1.007 1.292
IFT dyne/cm | 18.606 | 20.692 | 22.291
Heating Value BTU/scf 1192.9 | 1596.8 | 2064.6
Gas Density Ib/ft? 1.00 0.30 0.10

Table B.8: Separator after-stage properties of the gas and liquid phases for well A#33 (at
saturation pressure: total GOR = 545.1 scf/STB and FVF = 1.364).

Property Units Stage 1 | Stage 2 | Stage 3
Pressure psia 265 60 14.7
Temperature oF 100 100 60
GOR scf/STB 437.4 80.2 27.5
Liquid Density | Ib/ft3 50.4 51.2 52.1
Liquid Viscosity | cP 1.157 1.402 2.199
Oil FVF bbl/STB 1.067 1.028 1.000
Gas Viscosity cP 0.012 0.011 0.009
Gas Z-Factor PV/RT 0.943 0.974 0.986
Gas FVF ft3/scf 0.057 0.259 1.000
Separator GOR [ scf/STB 409.9 78.1 2.5
Gas MW Ib/1b-mol 22.17 30.74 39.54
_Gas Gravity Air=1 0.765 1.061 1.365
IFT dyne/em | 17.908 | 19.998 | 21.640
Heating Value BTU/scf 1199.8 | 16429 | 21583
Gas Density b /ft? 1.0 0.3 0.1

Gas Heating Value

The heating value of the gas is the quantity of heat produced when the gas is burned
completely; usually expressed as kJ/m3 or (BTU/scf). Although the volume of the gas
increases with the decrease in pressure, the net result will be an increase in the heating
value of the gas. The increase in the heating value may be due to the release of heavier
hydrocarbons from the liquid phase to the gas phase. Figure B.27 shows the resultant
heating value vs. pressure.

131



65000 -

55000 -

Heating Yal. (KJ/m"3)

45000 -

} 75000 -+

70000 -

50000 +—

50

100

150
Pressure (psia)

200 250 300

Figure B.27: Heating value vs. pressure at 235 °F for well A#22 from the separation test.

VLE Details

The fluid equilibrium properties obtained from the PVTpro simulator at the bubble point
conditions were compared with the experimental data as shown in Tables B.9 and B.10 for
wells A#22 and A#33, respectively. The results of the VLE are discussed in Chapter 6.

Table B.9: Fluid properties for well A#22 at saturation condition (T = 235 °F & P = 2277
psia) from VLE calculations

_Property Unit Liquid | Vapor
Z-Factor Z = PV/RT 0.7652 | 0.8685
Viscosity cP 0.3778 | 0.0195
MW 1b/1b-mol 110.96 | 23.03
Volume ft3/1b-mol 2.51 2.84
Density Ib/ft3 44.29 8.10
Volume % 100 0
Mole % 100 0
Light T, < 88 °F 0.3367 | 0.8244
Intermediate | 88°F<T.<460°F | 0.2351 | 0.1601
Heavy T > 460 °F 0.4283 | 0.0155
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Table B.10: Fluid properties for well A#33 at saturation condition (T = 257 °F & P = 2377
psia) from VLE calculations.

Property Unit Liquid | Vapor
| Z-Factor Z = PV/RT 0.7482 | 0.8559
Viscosity cP 0.3033 0.021
MW Ib/1b-mol 102.93 | 25.43
Volume ft?/Ib-mol 2.42 2.77
Density kg/m3 42.81 9.12
Volume % 100 0
Mole % 100 0
Light T, <88 °F 0.346 | 0.7864
Intermediate | 88°F<T. <460°F | 0.2638 | 0.1895
Heavy Tc > 460 °F 0.3903 | 0.0241

P-T Flash Calculation for the Reservoir Fluid
The P-T flash was performed at various combinations of constant pressure and

temperature. The fluid properties obtained from PVTpro at these conditions are shown in
Tables B.11 and B.12

Table B.11: Results of P-T flash calculation for reservoir fluid of well A#22.

B iy Liquid Liquid Liquid Liquid Vapor Vapor Vapor Vapor

psia °F Volume, | Density, | Viscosity, Z-Factor | Volume, | Density, | Viscosity, | Z-Factor
% Ib/ft3 cP % Ib/ft3 cP
4687 235 100 45.8 0.465 1.5244 - - - -
3650 285 100 45.2 0.428 1.2019 : = = =
2277 280! 100 44.3 0.378 0.7652 - 8.1 1.95E-02 0.8685
1800 235 85.85 45.4 0.430 0.6478 14.15 6.3 1.77E-02 0.8745
700 235 39.09 48.1 0.593 0.3042 60.91 2.5 1.48E-02 0.9205
265 100 20.76 51.0 1.275 0.1396 79.24 1.0 1.19E-02 0.9456
60 100 4.03 52.2 1.744 0.0353 95.97 0.3 1.12E-02 0.9824
14.7 60 0.97 53.2 3.081 0.0096 99.03 0.071 1.02E-02 0.9938
Table B.12: Results of P-T flash calculation for reservoir fluid of well A#33.

P, T, Liquid Liquid Liquid Liquid Vapor Vapor Vapor Vapor

psia ol Volume, | Density, | Viscosity, | Z-Factor Volume, | Density, | Viscosity, | Z-Factor
% Ib/ft3 cP % Ib/ft3 cP

2820 257 100 432 0.333 0.8880 = 2 . -
2500 257 100 42.9 0.323 0.7922 2 i - -
2377 257 100 42.8 0.319 0.7551 - z = =
1600 257 74.74 44.7 0.395 0.5685 25.26 59| 1.76E-02 0.8728
700 257 34.95 47.1 0.531 0.2916 65.05 2.6 | 1.51E-02 0.9148
265 100 19.49 50.4 1.157 0.1337 80.51 1.0+ 1.19E=02 0.9431
60 100 3.65 - 518 1.602 0.0340 96.35 D34="LIT1T2E=02 0.9812
14.7 60 0.89 52.8 2.798 0.0095 99.11 0.076 | 1.02E-02 0.9933
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The Swelling Test

COz is injected in the recombined fluid (Oil from stock-tank oil and gas from first-stage
separator) to investigate how much oil is going to swell by CO;. This process helps in
enhanced oil recovery in the heavy oil reservoirs. The following table B.13 was obtained
from PVTpro while performing swelling test for well A#22 and A#33.

Table B.13. Results of the simulated swelling test (using PVTpro) for wells A#22 and
A#33.

A#22 Fluid at 235 °F A#33 Fluid at 257 °F
wcoz injected | Poub, , psia | Paew, psia wcoz injected | Pou, , psia | Pdew, psia
0.00 2277.0 0.00 2377.0
0.05 2410.4 0.05 2522.2
0.10 2553.6 0.10 2678.3
0.15 2708.5 0.15 2848.0
0.20 2877.9 0.20 3034.6
0.25 3065.7 0.25 3243.5
0.30 3277.9 0.30 3482.1
0.35 3522.7 0.35 3760.8
0.40 3812.0 0.40 4090.7
0.45 4160.2 0.45 4481.2
0.50 4582.5 0.50 4939.5
0.55 5094.0 0.55 5474.7
0.60 5713.8 0.60 6101.4
0.65 6572.2 0.65 6843.0
0.70 7422.1 0.70 7738.3
0.75 8666.1 0.75 8853.6
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Nomenclature

Bup Stable bottom hole pressure

Bo Oil formation volume factor, bbl/STB

C Critical point

G The shift parameter

K Vapor-liquid equilibrium ratio

M, Molecular weight of the oil sample, g/g-mol
m? Displaced CO2 mass, defined in swelling test
Ng Number of moles in the gas sample

No Number of moles in the oil sample

P Critical pressure

Pyr Pseudo-reduced pressure, dimensionless

12 Reduced pressure, dimensionless

Psat Saturation pressure

Py, Pressure at standard condition

Tc Critical temperature

Tet Cricondentherm temperature

THp Stable top hole temperature

Tor Pseudo-reduced temperature, dimensionless
Tres Reservoir temperature

Tr Reduced temperature, dimensionless

Tse Temperature at standard condition

Twr Stable wellhead temperature

Ve Specific critical volume

Vi Initial volume in swelling test, ml

Vi Final volume in swelling test, ml

Vg Specific volume of gas in stock tank

Vo Specific volume of oil in stock tank

Vam Molar volume of gas in stock tank, m3/g-mol
Vom Molar volume of oil in stock tank, m3/g-mol
ys0 Displaced volume inside the syringe pump, ml
Jeo Volume at backside of the piston, ml

vo Volume of saturated live oil, ml

Vi Valve number i in the PVT Cell

Vrel Relative volume

Vsw Swelling volume or Swelling factor

Wco2 Mass fraction of CO;

Wyi, Normalized weight fraction of the gas sample in the stock tank
Woi Normalized weight fraction of the oil sample in the stock tank
Xi Liquid mole fraction of component i

Vi Vapor mole fraction of component i

Z Gas compressibility factor
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Greek Symbols:

B Vapor molar ratio

r Specific gravity

Kij Binary interaction parameter between components i and j
PBH Stable bottom hole density

Po Oil sample density

N Acentric factor

Subscripts:

C Critical

F Final

G Gas

I, J Componentiorj

/ [nitial

0) oil

R Reduced

Res Reservoir

St Standard conditions
Abbreviations:

ARE Absolute Relative Error

CCE Constant Composition Expansion
CME Constant Mass Expansion

EC Equilibrium Cell

EOR Enhanced Oil Recovery

FID Flame lonization Detector

HE Fluid Properties Estimation
FVF Formation Volume Factor

GC Gas Chromatograph

GOR Gas-to-Oil Ratio

PR Peng-Robinson

SAFT Statistical Associating Fluid Theory
SRK Soave-Redlich-Kwong

STB Stock Tank Barrel

TCD Thermal Conductivity Detector
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