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ABSTRACT

Declining light oil production on Alaska North Slope (ANS) has attracted oil 

producers to develop viscous oil resources of ANS that range between 20 to 25 

billion barrels. These oils are viscous, flow sluggishly in the formations, and are 

difficult to transport through unconsolidated formations and are hard to produce 

by conventional methods. Viscous oil recovery entails neatly designed enhanced 

oil recovery processes and the success of these processes is critically dependent 

on accurate knowledge of phase behavior and fluid properties of these oils under 

variety of pressure and temperature conditions.

An experimental study was conducted to quantify the phase behavior and 

physical properties of viscous oils from ANS. The oil samples were 

compositionally characterized by simulated distillation technique, constant 

composition expansion and differential liberation tests were conducted on these 

samples.

Experimentally studied phase behavior and reservoir fluid properties were 

modeled by using the Peng-Robinson Equation-of-State (EOS). The Peng- 

Robinson EOS was tuned with experimental data to predict the phase behavior 

accurately. Widely used corresponding state viscosity model predictions 

deteriorate when applied to heavy oil systems due to use of ultra-light methane 

as a reference compound. Therefore, a semi empirical approach (Lindeloff 

model) was adopted for modeling the viscosity behavior. Viscosity behavior of 

degassed ANS viscous oils was correlated to their temperature and molecular 

weight. Integration of this correlation into the Lindeloff model resulted in accurate 

viscosity predictions for viscous oils under reservoir conditions.
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CHAPTER 1 

INTRODUCTION

1.1 Overview

For nearly a century, production of so-called conventional (or light) oils has 

been the focus of the petroleum industry. However, the remaining recoverable 

reserves of conventional crude oil worldwide total 1 trillion barrels, of which just 

15% are in the western hemisphere and only 2 percent in the United States. 

Rapidly declining production of conventional oil resources, and ongoing political 

instabilities in major oil producing countries of the world are causing a shift 

towards production of unconventional oil resources. Heavy crude oil and natural 

bitumen (also called "tar sands" or "oil sands") exist in abundance. While only 

one trillion barrels of the world’s original reserves of conventional crude oil 

remain to be produced (with only 22 billion barrels left in the U.S.), resources of 

heavy oil and bitumen total more than five trillion barrels ( Figure1.1), 80 percent 

of which are in Canada, Venezuela, and the U.S.( Herron and King, 2004).

Figure 1.1: Distribution of remaining worldwide supplies of conventional crude oil 

versus untapped heavy oils (Herron and King, 2004).
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United State’s largest domestic deposits of heavy hydrocarbons are in Alaska, 

California, and Utah. Out of the total US heavy oil resources, about 20 to 25 

billion barrels exist on Alaska North Slope (ANS). Table 1.1 depicts the 

classification of viscous oils based on API gravity and downhole viscosity. Most 

of the ANS heavy oil resources lie close to both the Prudhoe Bay oil fields and 

the Trans Alaska Pipeline System (TAPS), serving necessary infrastructure for 

production facilities and easy transport. With conventional oil production on the 

ANS projected to decline to 200,000 to 400,000 bbl/day by 2015, there will be a 

critical need for pumping additional liquids to provide an adequate fluid volume 

for economic operation of the TAPS. Production of heavy oil resources on the 

ANS could supply the needed fluid volume if the oil could be produced 

economically and in sufficient quantity; blending heavy oil with light oil would 

provide sufficient viscosity reduction to support transport through the TAPS. ANS 

heavy oil resources are also low in sulfur, heavy metal content, and asphaltenes, 

thereby increasing their suitability for refining. The heavy oil belt lies above the 

existing ANS light oil fields where geologic description is well known, saving 

associated exploration cost. ANS heavy oil development also offers other 

intangible benefits such as opportunities for carbon sequestration.

Table 1.1: Classification of viscous oils (Dusseault 2002)

Category °API gravity Downhole viscosity (cP)

Medium heavy oil 20-25 25-100

Heavy oil 10-20 100-10,000

Extra heavy oil <10 100-10,000

Tar sands <10 > 10,000
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Despite these benefits, production of heavy oil on the ANS has been very limited. 

Currently, only about 12,000 bbl/day of heavy oil is produced from West Sak and 

Orion fields. Principal technological issues and challenges in heavy oil recovery 

identified by ANS operators are

1) Complex fluid phase behavior and lack of PVT characterization data.

2) Phase behavior changes in the presence of a solvent (C02/other 

hydrocarbon).

3) Unpredictable viscosity behavior and its influence on flow, and

4) Solids deposition in the pipeline and near-wellbore regions.

These problems are all directly or indirectly related to a poor understanding of the 

PVT characteristics and fluid phase behavior of heavy oil systems containing co

solvents, gases, asphaltenes and waxes.

The phase behavior of these systems is complex and often exhibits unusual 

and completely unanticipated phenomena such as the appearance (or 

disappearance) of additional liquid and/or solid phases with changes in pressure 

or temperature. (Abedi et al., 2000) Unless a comprehensive understanding of 

phase behavior and fluid properties of these heavy oils is obtained, effective 

development of these valuable resources will always be hindered. The addition 

of carbon dioxide, nitrogen, and light hydrocarbon gases to reservoir fluids as 

envisaged in a number of secondary recovery process schemes can induce 

complex and unusual phase and viscosity behavior over the ranges of pressure 

and temperature encountered. (Nghiem et al., 2000)

Correct fluid-property data is vital for reservoir modeling and facilities design. 

Similarly, it is also necessary to measure PVT phase-behavior as this data is 

typically useful for tuning of compositional EOS for use in managing reservoir as 

well as offshore facilities design calculations. Viscosity is the primary fluid 

property that is targeted in most heavy oil recovery techniques. Additionally it is
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critical for calculating pressure loss and flow line sizing. Hence viscosity data at a 

wide range of pressure and temperature conditions is needed for tuning viscosity 

correlations and testing viscosity models. Asphaltene precipitation from reservoir 

fluids during oil production can cause serious problems in the reservoir by 

causing permeability reduction and wettability alterations, the latter leading to 

either positive or negative effects on reservoir performance (Dandekar et.al, 

2000). However, if it takes place in the well bore or in the surface processing 

facilities, serious plugging problems and pressure losses will result (Ali 1974). 

Asphaltene precipitation can occur during primary depletion of highly 

undersaturated reservoirs or during miscible hydrocarbon gas or CO2 injection. 

The injection of hydrocarbon gases or CO2 for improved oil recovery may 

promote asphaltene precipitation. However, this is primarily a function of 

pressure, temperature conditions, reservoir oil compositions, and more 

importantly, the molecular weight or the ‘richness’ of the injection gas (Kokal and 

Sayegh, 1995).

To address these issues related to heavy oil recovery, a comprehensive 

research program is conducted that is designed to develop a fundamental 

understanding of the fluid phase behavior and PVT properties of ANS viscous 

oils in the presence of solvents and gases. Such a study is certainly needed for 

the successful future commercialization of heavy oil production technology in 

Alaska and other North American heavy oil resources.
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1.2 Heavy Oil Potential of ANS

Alaska North Slope contains vast resources of heavy oils primarily 

concentrated in the West Sak, Milne point and Ugnu reservoirs. There are 

currently five fields producing viscous oil in Alaska: Orion, Polaris, Schrader Bluff, 

Tabasco and West Sak. West Sak and Ugnu heavy oil deposits lie within 

Kuparuk river unit (KRU) while the Orion and Polaris heavy oil belt is classified 

under the Prudhoe Bay unit. Schrader Bluff viscous oil formation overlies 

Kuparuk River formation and primarily comes under the Milne Point Unit. General 

delineation of these pools is indicated in the Figure 1.2. (Not shown in the figure, 

Tabasco, which is a Kuparuk River Unit Satellite) At present, viscous oils from 

“West Sak-Schrader B luff’ formation are being developed.

Figure 1.2: Areal delineation of Alaska’s viscous oil reserves, (Source: Revenue

Sources Book, Fall 2006)

Ugnu formation (not shown in Figure1.2) overlies the West Sak formation under 

Kuparuk River Unit. The estimated total oil in place within these reservoirs
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amounts to about 20 to 25 billion barrels, with about two- thirds of the heavy oil 

lying under Kuparuk river unit. (Targac et al., 2005). Figure 1.3 points out the 

cross-section of various viscous oil formations in this heavy oil belt on ANS.

Figure 1.3: Alaska’s viscous oil deposits (Source: Revenue Sources Book, Fall

2006)
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1.2.1 West Sak Formation

The West Sak is the informal name applied to a sequence of oil-bearing very 

fine to fine grained, unconsolidated sandstones and moderately indurate 

siltstones and mudstones of the Late Cretaceous age that were discovered in 

1971. West Sak formation has average gross thickness of about 500 ft and 

average net thickness of 90 ft. It contains oil with specific gravities ranging 

between 10 to 22 °API and live oil viscosities between 10 to 3000 cP. The 

reservoir temperature varies between 45-100 °F due to the proximity to overlying 

permafrost. The vertical limits of the West Sak Oil Pool ranges between 2400 ft 

SSTVD on the western edge of Kuparuk to about 3800 ft SSTVD on the eastern 

edge. The working interest owners of the Kuparuk River Unit refer to the area 

that they believe contains exploitable West Sak sandstones as the Greater West 

Sak Area. In the Greater West Sak Area, the West Sak interval is divisible into 

upper and lower sands. The upper West Sak consists of two widespread sands, 

the “D” sand and the “B” sand. The two sands are separated by an intervening 

“C” mudstone and have a gentle dip of 1 to 2 0 (130 ft per mile) from north to 

north east. The “D” sand ranges from 20 to 40 feet thick and consists of very fine 

grained, moderately sorted sandstone, which has been extensively bioturbated. 

The “B” sand ranges from 15 to 20 feet thick and consists of very fine grained, 

moderately sorted sandstone, which contains sedimentary structures indicative of 

shallow marine deposition. The lower West Sak consists of a series of 6 inch to 4 

feet, very fine-grained, moderately sorted sands interbedded with mudstones, 

averaging 70 feet of net sand. Individual sands within the lower West Sak are 

discontinuous; however, four stratigraphic subdivisions (A1-A4) have been 

correlated across the area of the Kuparuk River Unit. The West Sak interval is 

the stratigraphic equivalent of the Schrader Bluff Formation in the Umiat area. 

The “D” and “B” sands of the West Sak interval correlate with the “OA” and “OB” 

sands in the Schrader Bluff oil pool. (AOGCC, 1997)
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1.2.2 Schrader Bluff Formation

The Milne point unit consists of three oil pools starting from top Schrader bluff, 

Kuparuk river and Sag river oil pool. Schrader Bluff formation extends between 

3400 ft to 5200 ft true vertical depth sub sea (TVDss). This late cretaceous age 

formation is divided into two Stratigraphic intervals namely “O” sands and “N” 

sands. The O sands are subdivided into OBD, OB, OA while N sands have 

subintervals NF, NE, ND, NC, NB, NA. The structure of the pool is homocline 

with 1 to 2 0 dip from east to northeast. Schrader Bluff O sands were deposited 

70 million year ago from marine shore face and shelf deposits. They consist of 

fine grained, quartz rich sandstone interbedded with siltstone and mudstone. 

Overlying N sands were deposited within muddy marine shelf system. Upward 

coarsening is evident with mudstone and siltstone dominating the lower portion of 

this interval. There is no evidence of free gas accumulation within Schrader Bluff 

formation but complex fault blocks have compartmentalized this pool (Bidinger 

et.al, 1995). Figure 1.4 outlines the Stratigraphic cross sections of West Sak and 

Schrader Bluff reservoirs.

T  
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Figure 1.4: Stratigraphic section West Sak / Schrader Bluff (Fischer, 2006)
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1.3 Objective of the Study

The objective of this study is to quantify the phase behavior of the oils from ANS 

heavy oil reservoirs experimentally and through equation of state (EOS) 

modeling and henceforth provide data for compositional reservoir simulation. 

This tuned EOS model forms the basis for reservoir scale simulations of 

enhanced oil recovery projects and various field development options. Tuned 

EOS is also required in compositional viscosity models. Another objective of the 

study is to measure the oil viscosity under variety of pressure and temperature 

conditions encountered in reservoir and test the applicable compositional 

viscosity models for their predictions for ANS heavy oils.
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CHAPTER 2 

LITERATURE REVIEW

2.1 Importance of Phase Behavior

The phase behavior investigations of hydrocarbons, hydrocarbon mixtures, 

and crude oils are indispensable in petroleum and allied industries. Primary 

production, enhance oil recovery processes and treatment of petroleum crude 

oils require thorough knowledge of phase behavior. Fluid pressure-volume- 

temperature (PVT) properties play an important role throughout the life of the 

reservoir. Reliable predictions of fluid properties are essential for determination of 

in place volumes and recovery factors through material balance equations. 

Reservoir fluid properties provide key input to simulators used to evaluate 

reservoir development strategy. Accurate PVT properties are required for 

interpretation of well test data and the design of surface facilities and processing 

plants. Fluid characterization and distribution within the reservoir help in defining 

the continuity and communication within various zones (Nagarjan et al., 2006). 

Both compositional and black oil simulators require the input of fluid properties or 

models describing the fluid properties as functions of pressure, temperature and 

composition.

Reliable quantification of fluid phase behavior entails the measurement of 

reservoir fluid properties at varying thermodynamic conditions of pressure and 

temperature. However, it is time consuming and expensive to measure the fluid 

phase properties at different conditions, thus EOS are used to predict these 

properties. The predictions of an EOS cannot be relied upon directly as it cannot 

accurately simulate the interactions between numerous hydrocarbon and non 

hydrocarbon components present in petroleum crude oil. In order to have 

meaningful and accurate estimates of fluid properties and phase behavior, EOS 

require some amount of tuning to match with experimental data.
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2.2 Experimental Phase Behavior Studies

The phase behavior of any system is dictated by its pressure, temperature, 

and composition. Experimental phase behavior studies include measuring 

volumetric properties as function of pressure and temperature. Constant 

composition expansion, differential liberation and separator tests are conducted 

to analyze the volumetric properties of the heavy oils. The process of phase 

behavior analysis starts with single phase sample collection to development of 

tuned EOS model accurately predicting the equilibrium phase properties for 

petroleum fluids. Nagarajan et al. (2006) reviewed the entire process from fluid 

sampling to tuning EOS for all types of reservoir fluids. They also stressed on the 

key laboratory fluid analyses for capturing the fluid phase behavior for different 

production strategies ranging from simple depletion to complex tertiary recovery.

Over the past few years studies have been conducted to understand the 

recovery mechanisms from heavy oil fields. Heavy oil reservoirs tend to be low 

pressure and low energy systems. Satik et al. (2004) carried out study of 

Venezuelan heavy oil solution gas drive. This included PVT tests and depletion 

tests on live heavy oil samples. They concluded that for heavy oils non 

equilibrium characteristics play a major role in interpreting depletion experiments 

and they recommended non-conventional PVT tests like constant composition 

expansion without any external mixing and differential wait interval between 

consecutive pressure steps. Several mechanisms have been suggested to 

explain the recovery in heavy oil fields. Sand co-production, foamy oil drive 

reservoir compaction, high critical gas saturation and low gas mobility are some 

of the factors identified to be responsible for heavy oil recovery. Of these, high 

critical gas saturation and low gas mobility are considered to be primary 

mechanisms for high solution gas drive recovery (Satik et al. 2004).

Viscosity reduction is a primary task in improving heavy oil recovery. Thermal 

recovery processes are effective in reducing the oil viscosity by increasing the 

reservoir temperature. Though very effective, thermal recovery processes are not
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suitable for many reservoirs, especially those with thin pay zones and 

environmental constraints and depth issues. For moderately viscous oils (p<1000 

cP) non-thermal methods are more effective compared to thermal ones. The 

application of non-thermal processes requires reliable prediction of process 

performance which in turn requires knowledge about mechanisms active in the 

process and contribution of each towards total oil recovery.

Non-thermal enhanced oil recovery of heavy oil involves solubilization of the 

solvent into oil, mass transfer from vapor to liquid by diffusion, reduction of oil 

viscosity by solvent dilution, mixing of diluted and undiluted oil by mixing and 

diffusion and upgrading of oil by asphaltene precipitation and deposition. These 

mechanistic studies require knowledge of solubility and viscosity behavior of o il- 

solvent system along with a reliable viscosity model capable of simulating the 

compositional changes in heavy oils and predicting the oil viscosity to reasonable 

accuracy. Ted et al. (2002) carried out PVT and viscosity measurements for 

Lloyminster-Aberfeldy heavy oils in the presence of solvents. A capillary 

viscometer was used online with PVT cell to measure the oil viscosity for solvent 

oil mixtures. Methane, ethane, propane and CO2 were used as solvents and the 

phase behavior in presence of each solvent was quantified. They also confirmed 

the formation of asphaltene at high solvent loading for oil-propane system.

Roper (1989) conducted an experimental phase behavior study of CO2 -West 

Sak heavy oil system. This included conventional PVT tests like constant 

composition expansion and differential liberation tests and online viscosity 

measurement with capillary viscometer for West Sak heavy crude oil. The effect 

on swelling behavior and viscosity of West Sak oil was observed for different 

loading of solvent C 0 2. At C 02 loading of 60 mole % onwards, solid precipitation 

was observed which increased with increasing pressure. A 75% reduction in live 

oil viscosity was reported with first contact miscible 60 mole% C 0 2-live West Sak 

oil system. DeRuiter et al. (1994) reported static equilibrium experiments to 

measure solubilities of methane, ethane, propane, butane and C 0 2 in West Sak
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heavy oils. Physical properties including viscosity, density and other volumetric 

properties were measured for live oil solvent systems once equilibrium was 

achieved. They also carried out miscibility measurements with slim tube 

displacement experiments for selected injection gas /oil system. They concluded 

that West Sak oil viscosity is strongly controlled by its dead oil properties and 

amount of solvent gas but not by type of gas dissolved. Asphaltene deposition 

was observed in static and dynamic displacement experiments for West Sak oils 

at reservoir conditions for propane and butane which were found to be first 

contact miscible (FCM) and multiple contact miscible to immiscible with 

increased dilution with lean gas. Okuyiga (1992) characterized the EOS and 

modeled the viscosity data for West Sak heavy oils.

2.3 Compositional Characterization

Petroleum crude oils contain thousands of components that in turn determine 

their physical properties. Compositional description is required in both the 

production and refining of crude oils. Compositional information is the basic 

information required for modeling phase behavior of the system. ASTM standard 

D2892 (01) for true boiling point distillation is an accepted standard in the 

petroleum industry for boiling range distribution of crude oils. But TBP distillation 

is time consuming and requires a large volume of sample. Simulated distillation 

by gas chromatography on the other hand is a very quick technique for the 

quantification of composition of crude oil and takes only micro liters of sample. 

The ASTM standard D2887 (04) is accepted the chromatographic method for oils 

with final boiling points less than 1000 °F.(538 °C) In this method the boiling 

range is calibrated by eluting the mixture of n-paraffins in gas chromatograph. 

But discrepancies occur when the data from two methods is compared. Chorn 

(1984), in his experimental study of simulated distillation by GC, suggested 

procedural and methodical modifications to ASTM standard D2887 (78) to 

improve the match with TPB data. McAllister and DeRuiter (1985) studied the 

discrepancies in results of TBP and simulated distillation technique and proved
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that the area counts of simulated distillation correspond to mass percent and not 

volume percent. They suggested the use of an internal standard to calculate the 

non-eluted fraction of the oil.

Okuyiga (1992) studied the mismatch between the results of TBP and 

simulated distillation by GC. An alternative approach was taken to obtain single 

carbon number molecular weights and specific gravities by performing a 

regression using the results from the TSP distillation. In this scheme, initial 

guesses were made for the pseudo-component molecular weights and specific 

gravities using the GC-determined weight fractions of the distillation cuts. The 

calculated values were then compared to the experimental values determined for 

the cuts in the laboratory with TBP distillation. The difference was used to guide 

the guessed values toward optimal ones using nonlinear regression. Exponential 

functions were used to correlate the molecular weights and the specific gravities 

as functions of carbon number to reduce the regression parameters. The values 

for the molecular weight and specific gravity of plus fraction were treated as 

separate parameters since its equivalent carbon number was unknown. With this 

methodology the results of TBP distillation and simulated distillation were 

matched.
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2.4 Equation of State Modeling for Phase Behavior

Many empirical correlations have been developed by analyzing the PVT 

reports of oils from different fields to simplify the incorporation of fluid properties 

into material balance equation. All these correlations have the absence of 

composition and are commonly referred to as black oil correlations. These black 

oil correlations express PVT and fluid properties in terms of solution gas oil ratio, 

oil and gas gravities. Ostermaan et al. (1983) analyzed the PVT properties of 

Alaskan oils from the Cook Inlet basin and checked the accuracy of existing 

black oil correlations in literature. Many of the black oil correlations are 

developed by analyzing the PVT properties of crude oils of a particular region. 

The black-oil model assumes that the reservoir fluids consist of three 

components (water, oil, and gas) in a three-phase system (liquid, gas, and gas in 

solution), with components miscible in all proportions. Due to the absence of 

composition, the effects of fluid phase composition on flow behavior are 

neglected.

An EOS is a mathematical relationship describing the interconnection 

between various macroscopically measurable properties of a system. An EOS is 

completely compositional and is capable of tracing the effects of composition on 

the fluid properties and phase behavior, unlike black oil models. Cubic EOS are 

commonly used in the petroleum industry for simulating the phase behavior of 

the hydrocarbon mixtures. Since the development of van der Waals (1873) EOS, 

more accurate equations of state have been developed which can describe 

thermodynamic properties and phase equilibria of a wide range of substances 

with varying degrees of successes. Soave (1972), Redlich and Kwong (1949) 

and Peng and Robinson (1976) are cubic EOS that are widely used in PVT 

simulation packages in the petroleum industry. Performance of the cubic EOS is, 

however, questionable as to its application to petroleum fluids in a predictive 

mode. In order to reproduce the experimental data, an EOS needs adjustment of 

its parameters. This process is known as tuning of an EOS. There is no standard
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procedure of tuning for matching the experimental data. But some guidelines and 

approaches are found in literature. Merrill et al. (1994) carried out an extensive 

program of tuning a particular PVT dataset with different approaches. They 

reported the effects of different C7+ characterization schemes on slim tube 

experiment recoveries and recommended the confirmation of EOS predicted slim 

tube recoveries with experimental data prior to the incorporation of tuned EOS 

into compositional reservoir simulations. Experimental data available for 

regression typically comprise of saturation pressures, liquid phase densities, gas 

oil ratios and formation volume factors from differential liberation experiments. It 

is quite possible that even after matching some of the parameters mentioned 

above, the EOS model predictions may still not be accurate for other properties.

Nature of the oils differs regionally. Some oils are paraffinic while some are 

napthenic and aromatic. This further complicates the estimation of plus fraction 

properties like specific gravity, molecular weight which are used in computation 

of critical properties. This often affects the predictions of EOS for phase behavior. 

Most tuning strategies involve characterizing the plus fraction to suitable carbon 

number for accurate representation of critical properties. Rafael et al. (2002) 

presented a tuning strategy that involved characterizing the C7+ fraction 

composition till C 45+ and matching the saturation pressure by varying the 

molecular weight of plus fraction. The components were further regrouped into 

multiple carbon number groups (MCN) and volumetric data was tuned. They 

suggested a methodology to preserve the match of saturation pressure after 

lumping where the characterized C7+ fraction was distributed into two groups. 

They developed a correlation for distribution of characterized C7+ mole fraction 

into appropriate MCN groups. The volumetric data was matched with final 

lumped composition by regressing with Peneloux and Rauzy (1982) volume 

translation parameters which do not affect the vapor liquid equilibrium. Al- 

Meshari and McCain (2005) presented a similar EOS tuning strategy except the
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saturation pressure after grouping was matched by variation of acentric factor of 

the heaviest MCN.

2.5 Viscosity Models

The viscosity of crude also plays an important role in reservoir simulations as 

well as in pipeline design calculations. The viscosity of heavy oil is a very 

important parameter in determining the amount of oil recovered from any 

production process. It directly enters the formula for the mobility of the oil and 

thus plays a significant role in determining whether the mobility ratio is favorable 

or not (Okuyiga 1992). This in turn governs the phenomenon of viscous fingering. 

It is, therefore, very important to make sure that viscosities are predicted 

accurately when doing reservoir simulations. Any errors in calculating the 

viscosity of oil significantly impacts the oil production rates and ultimate 

recoveries.

Several models for predicting the viscosity of crude oil are available in 

literature. Mehrotra et al. (1996) presents the detailed review of the viscosity 

models for petroleum fluids. The available viscosity estimation methods can be 

grouped in two categories: black oil type (empirical) and compositional (semi- 

theoretical) type methods. Black oil type viscosity models are empirical and 

correlate the viscosity of crude oils with parameters like bubble point pressure, 

solution gas oil ratio, API gravity of the oil and temperature. These models are 

generally simple to use and require field-measured variables. At the same time 

the results are within acceptable margin of errors as far as light oil reservoirs are 

concerned. When the empirical models are extrapolated to the Heavy oils, they 

usually underpredict the viscosity behavior. The compositional viscosity models 

are computationally intensive and mostly based on principle of corresponding 

states. The famous ones of this type are the Lohrenz-Bray-Clark (LBC) model 

(Lohrenz et al. 1964) and Pedersen class models (Pedersen et al. 1984; 

Pedersen and Fredenslund 1987). According to the principle of corresponding 

states, the reduced properties of fluids are same at equal reduced conditions. For
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example the relation of pressure to volume at constant temperature is different 

for different substances. Corresponding states theory, however, asserts that if 

pressure, volume and temperature are related to the corresponding critical 

properties, the function relating reduced pressure to reduced volume becomes 

the same for all substances at same reduced temperature.

Munknown (fluid 1) =  * ^  (fluid 2) (2 2)

The viscosity of unknown fluid can be obtained if viscosity of reference fluid at 

required reduced conditions of pressure and temperature are known. These 

models are used widely in almost all commercial PVT simulators available in oil 

industry. These models accurately predict the viscosities of the light oil systems. 

Because of their tremendous potential, in the past few years numerous attempts 

have been made to extend these models as far as heavy oils are concerned. 

Lohrenz-Bray-Clark (LBC) model expresses the viscosity in terms of fourth 

power polynomial in reduced density.

= a, + a 2pr + a 3pf + a 4p; + a 5p? (2 3)

In the above equation, po is viscosity at low pressure conditions while A is the 

viscosity reducing parameter (inverse of critical viscosity) and pr is reduced 

density.

Due to heavy dependence on reduced density, a small error in reduced 

density can give relatively large errors in viscosity. Dandekar (1994) pointed out 

that, for dense fluids, the LBC model under predicts the viscosity as much as 100 

% and recommended tuning of critical volume of plus fraction for matching 

viscosity data. The above equation was developed for light oil systems with 

highest viscosities to be around 10 cP. Hence, with the use of the LBC model for 

heavy oils, the predictions are likely to suffer. Okuyiga (1992), in his study of 

West Sak heavy oils, concluded that the Lohrenz-Bray-Clark (LBC) correlation 

did not predict good viscosity values.
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Pedersen et al. (1984) presented a method for predicting oil and gas

viscosities which is a modified form of the corresponding states method of Ely

and Hanley (1981). This is another model that is widely used in most PVT

simulators. In this method, the reduced viscosity is expressed in terms of the

reduced pressure and reduced temperature. The final expression for the viscosity

of the given fluid is:

T P MW a

T „  P„, M W ,  o„ (2.4)

Where , Subscript m : mixture

Subscript o : Reference compound 

a m = 1 + 7.378 x 10“3 p ro1847 MWm° 5173

a 0 -  1 + 0.031/?ro1847

a, = -1 /6  
a 2 =2 /3  
a 3 =1/2

TT cc PP oc'T*   CO O p  _  1 C O ^ o
1 o “  rr ’ r o ~ n \A'J)

TCma m FCma ,n

Methane was used as a reference compound in the Pedersen model for 

predicting the viscosity of the unknown compound. The Moharam & Fahim 

(1995) model and Aasberg-Petersen et al. (1991) models are essentially similar 

to the Pedersen model, except that the reference compound is heavier than 

methane. The Petersen model uses two compounds, methane and decane, while 

the Moharam and Fahim model (1995) uses decane and eicosane as reference 

compounds. The viscosity of optimum reference fluid is calculated by 

interpolating between the two compounds.

The predictive capabilities of corresponding state model deteriorate when 

applied to heavy oil systems. Methane, which is used as a reference compound 

freezes when the Pedersen model is applied to heavy oils as the application
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temperature, “To”, given by the equation 2.5 is low due to large magnitude of 

critical temperature (T cmix)- Figure 2.3 shows the molar density of methane as a 

function of pressure at 92 K. The density profile is horizontal indicating that the 

methane density is invariable with respect to pressure. This produces errors in 

parameters a0 , am

Methane P Vs Density T=92K
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Figure 2.1: Density profile of methane as function of pressure at 92 K.

and considerable errors in viscosity of the reference compound, methane. 

Pedersen et al. found that below the application temperature of 90 K, model 

predictions are affected. Pedersen and Fredenslund (1987) found that the 

viscosities of methane derived from the Hanley model were too low when the 

methane reference temperature got below approximately 90 K. The freezing 

point of methane is 91 K and accordingly temperatures below 91 K were not 

covered in Hanley’s model. The work of Pedersen and Fredenslund (1987) 

permitted the lower limit of the methane reference temperatures to be lowered 

from around 90 K to around 60 K. For even lower temperatures, the 

corresponding states model becomes inapplicable. Okuyiga (1992) reported that 

on application of Pedersen model with modified correlation for methane viscosity
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below 90 K, the viscosity predictions were low. Viscosity data was matched by 

tuning the parameters controlling the viscosity predictions of methane below its 

freezing point. As a rule of thumb the viscosity of an oil mixture with a methane 

reference temperature around 60 K will typically be of the order of 10 cP, oil 

viscosities higher than that cannot be simulated using the corresponding states 

principle with methane as a reference component.

Lindeloff et al. (2004) suggested an alternative model where the viscosity of the 

stabilized crude is used as a starting point. Based on viscosity measurements on 

a wide range of North Sea oils and condensates, a semi-empirical correlation for 

stabilized crude viscosities was proposed by Ronningsen (1993). It takes the 

form:

log10 // = -0.07995 -  0.01101x MW -  + 6'215^ Â r  (2.6)

The correlation is valid at temperatures where the fluids behave Newtonian and 

the effect of precipitated wax is small, i.e., typically higher than about 30°C.

The above equation applies to systems at atmospheric pressure and the 

pressure effect can be superimposed through equation 2.6.

——  = O.OOSatm ‘1 (2.7)/udP
For Mw/Mn <=1.5 M=Mw (2.8)

Mw/Mn >1.5 M=Mn (Mw/1.5Mn)05 (2.9)

Mw = Weighted average Molecular weight 

Mn = Number average Molecular weight 

M = Modified molecular weight

1.5 and 0.5 are tunable parameters.

T =Temperature in Kelvin
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CHAPTER 3 

EXPERIMENTS

3.1 Brief Overview of the Experiments Conducted

For the purpose of simulating the phase behavior and modeling viscosity, it was 

necessary to measure pressure-volume relationship and viscosities of heavy oils 

at reservoir conditions. ANS heavy oils when flashed to 65 °F and atmospheric 

pressure release solution gas containing 95 % of methane (Roper 1989) hence, 

the CP grade methane was recombined with the dead crude oils from ANS heavy 

oil reservoirs to simulate live oils. Experimental tasks performed under this study 

consisted of

1) The determination of composition of recombined oil.

2) The measurement of stock tank oil properties.

3) Viscosity measurements of the dead crude oil at varying conditions of 

pressure and temperature.

4) Laboratory PVT tests: Constant composition expansion (CCE) and 

differential liberation (DL).

5) Density and viscosity measurements of live reservoir fluids during 

differential liberation (DL).

This chapter describes the experimental design and procedure for each of the 

tasks listed above.
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3.2 Determination of Composition of Recombined Oil

3.2.1 Simulated Distillation

Simulated distillation (SimDist) is a gas chromatography (GC) technique which 

separates individual hydrocarbon components in the order of their boiling points, 

and is used to simulate the time-consuming laboratory-scale physical distillation 

procedure known as true boiling point (TBP) distillation. The separation is 

accomplished with a non-polar stationary phase capillary column. A gas 

chromatograph is equipped with an oven, injector and detector that can be 

temperature programmed. The result of simulated distillation analysis provides a 

quantitative percent mass yield as a function of the boiling point of the 

hydrocarbon components of the sample.

Figure 3.1: Thermo gas chromatograph (Trace GC Ultra)
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Figure 3.1 shows the newly acquired Thermo gas chromatograph (Model: Trace 

GC ultra) for measuring gas and oil compositions. The gas chromatograph is 

equipped with a flame ionization detector (FID) and thermal conductivity detector 

(TCD). The simulated distillation by gas chromatography technique was used to 

analyze the crude oil composition. Crude oil consists of a large number of 

components having varying boiling points and hence elution times. The simulated 

distillation technique is based on an assumption that components of crude oil 

elute in order of their boiling points. Using a mixture of normal paraffins with 

known composition, a relationship was established between boiling points and 

the retention times. This relationship was used to identify the components of 

crude oil and hence the composition of crude oil. ASTM D 2887(04) which covers 

the fractions till boiling point of 1000 °F, was used to determine the compositions 

of stock tank oils. The parameters of the method used to calibrate the gas 

chromatograph for simulated distillation of crude oil are listed in following Table



Table 3.1: Parameters for simulated distillation method

Column

Thermo TR-Simdist capillary column 

Length : 10m 

Diameter: 0.53 mm (ID)

Oven program

Start temperature : 35 °C hold for 1.5 minutes

Ramp : 10 °C/minute

Final temperature : 350 °C hold for 10 minutes

Carrier gas
Ultra pure grade helium 

Flow rate : 15 ml/ min

Injector

Split injection 

Split ratio : 20:1 

Sample injection volume : 1pl 

Injector temperature : 350 °C

Detector

FID

Base body temperature : 350 °C 

Hydrogen flow rate : 35 ml/min 

Air :350 ml/min 

Make up gas (Helium) :30 ml/min

Reference

standard

ASTM D 2887 calibration mix
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3.2.2 Calibration of Method

ASTM D 2887 mix (Methylene chloride as solvent) with following composition 

was used for purpose of calibration.

Table 3.2 : Composition of reference standard

Elution order Compound Concentration 

% wt/wt

Purity

%

Uncertainty

%

1 n-Heaxane (C6) 6 99 +/- 0.02

2 n-Heptane (C7) 6 99 +/- 0.02

3 n-Octane (C8) 8 99 +/- 0.02

4 n-Nonane (C9) 8 99 +/- 0.02

5 n-Decane (C10) 12 99 +/- 0.02

6 n-Undecane (C11) 12 99 +/- 0.02

7 n-Dodacane (C12) 12 99 +/- 0.02

8 n-Tetradecane (C14) 12 99 +/- 0.02

9 n-Hexadecane (C16) 10 99 +/- 0.02

10 n-Octadecane (C18) 5 99 +/- 0.02

11 n-Eicosane (C20) 2 99 +/-0.1

12 n-Tetracosane (C24) 2 99 +/-0.1

13 n-Octacosane (C28) 1 99 +/-0.1

14 n-Dotriacontane (C32) 1 99 +/-0.1

15 n-Hexatriacontane (C36) 1 99 +/-0.1

16 n-Tetracontane (C40) 1 99 +/-0.1

17 n-Tetratetracontane (C44) 1 99 +/-0.1

Solvent Methylene chloride 99.8

Calibration standard was diluted with methylene chloride solvent 

(chromatographic grade) and various concentrations of solutions were prepared. 

This allows the calibration of response of FID to a particular compound over a
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range of concentrations. The Figure 3.2 shows one of the chromatograms of 

calibration runs for the simulated distillation method.

Figure 3.2: Calibration run for simulated distillation 

Response factors for the components of a calibration standard of known 

composition are calculated using equation 3.1.

K =M/P (3.1)

Where:

K = Response factor

M = wt of component in reference standard in pg 

P = Peak area of each component

The concentration of each of the components in the unknown sample is then 

calculated according to equation 3.2

M = P x K (3.2)

Where:
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M = Wt of Component in Unknown Sample 

P = Peak Area of each Component in Unknown Sample 

K = Response factor.

Response factors of n-paraffins were calculated over a range of concentrations 

and averaged to get the best fit. Response factors (RF) of n-paraffin compounds 

not present in the calibration mix were extrapolated from the plot of Carbon 

number vs. Response factor. Average retention time of every paraffinic 

compound present in calibration mix from calibration runs was correlated with its 

atmospheric equivalent boiling point (AEBP). Atmospheric equivalent boiling 

range of single carbon number fractions (SCN) from generalized properties table 

( Katz and Firoozabadi 1978) was superimposed on boiling point and elution time 

correlation obtained from calibration runs and hence the boiling range of single 

carbon number fractions was correlated with elution times. The boiling range 

calibration chart for single carbon number fraction is mentioned in the Appendix 

C.

3.3 Determination of Density of Stock Tank Oil

The density of oil at stock tank conditions is required to calculate the plus fraction 

specific gravity, an important parameter required to predict the critical properties 

of plus fraction and to check the consistency of compositional data. The most 

commonly used correlations for the estimation of critical properties of plus 

fraction require molecular weight, specific gravity or normal boiling point of the 

same.

The DMA 45 is designed to measure the density of samples at atmospheric 

pressure. It consists mainly of an Anton-Paar digital density meter DMA 45 and a 

circulating constant temperature bath (Brookfield TC-500). This experimental set 

up is in conjunction with the most current revision of ASTM D4052 (Density and 

relative density of liquids by Digital Density Meter) in analyzing density and 

relative density of petroleum distillates and viscous oils by digital densitometer. 

The sample temperature is maintained through the circulation of a ethylene
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glycol-water mixture. The density meter DMA-45 determines the density of liquids 

and gases by measuring the period of oscillation electronically. The oscillator is 

excited by the electronic part of the meter. The period of oscillation is measured 

by a built-in quartz clock, every two seconds and is transmitted to a built in 

processor which calculates density by relating the density of sample to period of 

oscillation. Calibration of the equipment is necessary prior to the measurement of 

the density of each sample with DMA 45. The constants, A and B, relate the 

density of the fluid with measured period of oscillation. After each density 

measurement, the samples were flushed out of the sample tube by giving a 

proper toluene wash followed by an acetone wash and drying the tube using air.

Figure 3.3: Anton-Paar densitometer used for density experiments
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3.3.1 Calibration Procedure

To calibrate the densitometer, the desired temperature was set on the 

constant temperature bath and allowed to equilibrate. Calibration constants A 

and B are required to calculate the specific gravity of a sample at particular 

condition. Constants A and B are functions of temperature and pressure. The 

calibration constants A and B were determined by injecting water and air and 

period of oscillation Tw and Ta were determined (by setting the display selector 

beneath the cover plate on top of the DMA 45 density meter to position “T”). 

After recording the value for Ta and Tw for a particular temperature, the density of 

air at the set temperature was calculated by using equation (3.3a) or (3.3b) 

(Igbokwe 2006).

P a is ! ml) = 0.001293(273.1 5 / r ) * ^  (3.3a)

Where

T =temperature (K) P = Atmospheric pressure, torr

Similarly density of water at the various test temperatures was obtained. (Source 

DMA 512 P manual) Thus, the constants A and B in equations 3.3b and 3.3c, 

respectively, were calculated from the observed period of oscillation values and 

reference density values for air and water.

(3.3b)

B = Taz -  (A *  p a) (3.3c)

The values of A and B for different temperatures are listed in Appendix A.
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3.3.2 Experimental Procedure (Igbokwe, 2006)

1. The density calibration was checked prior to introducing sample in the U 

tube of densitometer. The input of values A and B at desired 

measurement temperature was given to densitometer.

2. The selector switch was adjusted to position “ p ” , so that the equipment

can carry out density measurement. A small quantity of the sample (about 

0.7cc) was introduced into the clean, dry sample tube of the instrument 

using a suitable syringe taking care that no air bubbles are introduced. 

The amount of sample introduced should be enough to fill beyond the 

suspension point on the right-hand side.

3. The sample was allowed to equilibrate to the test temperature. The light 

was switched off once the desired temperature was attained, because the 

heat generation could affect the measurement temperature.

4. The density value on the display was recorded once the instrument 

displayed a steady reading upto four significant digits for density and five 

for T-values, indicating that equilibrium density or temperature respectively 

had been attained.

5. The sample tube was flushed, dried and steps 1 to 4 were repeated each 

time a new sample was introduced.



32

3.4 Determination of Molecular Weight of Stock Tank Oil

Molecular weight of the stock tank oil is required to calculate the molecular 

weight of the plus fraction component. Cryette A (Figure 3 .4 ) is a precise 

instrument for measuring the molecular weight of the substance by tracking 

freezing point depression, because the freezing point of a solution is a measure 

of its concentration or molecular weight. Cryette A consists of a specially 

designed refrigerator with controls to maintain a reproducible environment for the 

sample, a precision thermometer and apparatus to hold and seed the sample. 

Addition of seed could contaminate the sample causing it to freeze unexpectedly 

hence the seeding is initiated by agitation, thereby preventing the contamination. 

Cryette A is capable of measuring the freezing point change of 0.001 °C.

Figure 3.4: Cryette A for molecular weight measurement of stock tank oil.
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3.4.1 Calibration of Instrument

Prior use of equipment calibration is necessary for the range of interest. The 

Cryette A is calibrated for range of interest by running a solute of known 

molecular weight in benzene solvent. The following procedure was adapted for 

calibrating the Cryette A for organic solutions.

1) The range switch was placed in the left position and the bath temperature 

was allowed to stabilize.

2) Benzene, saturated with water to arrest the evaporation losses, was run 

and allowed to seed. After seeding the head switch was lifted and lowered 

again. Adjustment (by moving the trimpot to the left of the Range switch) 

on solvent zero was continued until display read 0 0 0 .

3) Another sample of water saturated benzene was run and this time the

calibrator I was adjusted so that the display read 0 0 0 .

4) A sample of Hexadecane (Mol wt 226.45) diluted with benzene was run

and calibrator II was adjusted until the reading on the display indicated 

equivalent freezing point depression resulting into molecular weight of 

226.45. Equation 3.4a relates the freezing point depression with molecular 

weight and solution concentration. Using equation 3.4a, the freezing point 

depression corresponding to molecular weight of Hexadecane was 

calculated.

„  ~ W  Solute 
Kj ----------

AFP  = ------------ W_i2hem-------- 3.4a
Mw

1000 gofsolvent

Where

Kf = Freezing point depression of benzene 5.12 °C /mole 

Mw = Molecular weight of solute 

Wsoim e  = Weight of solute in gms 

Wsolvent = Weight of solvent in gms
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3.4.2 Operating Procedure

1) Solutions of crude oil with benzene were prepared with weight ratio of 

solute to solvent at least 1:25. With lower concentration of solute the 

variation in Kf is reduced.

2) The sample of 2.5 ml was placed into the refrigerator well. The operating 

head was lowered so that stirrer and probe enter into the sample in tube.

3) The reading on display is -1 when probe is at ambient temperature and 

indicates cooling of the sample by becoming positive towards 0  and then 

running to 1 0 0 0 .

4) On reaching 1000 the seeding takes place by one second high amplitude 

vibration of rod.

5) The seed light will blink once or twice as the sample is successfully 

seeded. The reading was read on the display when the read light turns 

on. This reading is the actual freezing point depression due to the 

presence of solute.

6 ) Equation 3.4b was applied to calculate the molecular weight of the oil.

„  -  W  Solute
Kf -----------

Mw = ------------Kj^em-------  3.4b
AFP

1000 gofsolvent

3.5 Recombination of Stock Tank Oil

At stock tank conditions, oil contains negligible amount of gas. To simulate 

live oils, the gas needs to be dissolved into dead oil at existing gas oil ratio 

(GOR). ANS live heavy oils when flashed at 65 °F yielded separator gas with 

96.9% and 98.3% methane for separator pressures of 114.7 psia and 314.7 psia 

respectively (Roper 1989). CP grade methane was recombined with stock tank 

oils at reservoir conditions and at known gas oil ratio (GOR). Experiments to 

quantify phase behavior of heavy oils were carried out on these recombined oils. 

Recombination was carried out in a PVT cell capable of withstanding high
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pressures (Maximum pressure 10000 psig) equipped with a rocking mechanism 

to speed up the dissolution of gas into oil.

Table 3.3: Summary of recombination (McGuire et al. 2005)

Parameters ANS viscous 

oil sample A

ANS viscous 

oil sample B

Gas oil ratio GOR SCF/STB 123 190

Reported bubble point pressure psia 1100-1400 1300-1800

Average Reservoir temperature °F 84 81

3.6 PVT Set-up

The schematic of PVT set up used in this study is shown in figure 3.5. The 

PVT, cell capable of handling pressures up to 10000 psi and temperatures up to 

350°F was housed in a constant temperature air bath to maintain the test 

temperature. An integrated system of various valves and tubings was used for 

the purpose of charging and withdrawing the sample. A window, located in one 

end of the cylinder was compressed sealed on the periphery. The PVT cell piston 

has a connecting rod attached to a linear variable-displacement transducer 

(LVDT) for measurement of position of the piston. The cell was provided with a 

rocking system and designed so that rocking speed and rocking angle can be 

easily adjusted as desired. A variable speed motor mounted to the outside oven 

wall works through a shaft to rock the cell. The liquid contents of the cell were 

observed and measured by a software (Smartlevel-3) and a camera located 

outside the air bath. The operating procedure for PVT cell system is described in 

the following sections.
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3.6.1 Computation of Pressure and Temperature Factors

Under pressure and temperature, the PVT cell expands slightly. This increases 

the volume of the system. This cell expansion was calibrated with the pressure 

and the temperature through pressure factor and temperature factor.

1) A measured amount of fluid of known compressibility (water) was injected 

on the sample side of the cell and the cell was pressurized to 1 0 0  psig.

2 ) Pressure was increased in steps of 1000 psi till maximum operating limit, 

noting the volume at each step by recording the piston position.

3) Ratio of calculated volume (with compressibility of fluid injected) and 

measured volume is the expansion factor of the cell.
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4) Thermal expansion coefficient for stainless steel was taken as a 

temperature expansion factor.

1) Two piston halves were tightened using the bolts to energize the seal on 

the piston.

2) The cell was evacuated through lower valve by connecting, the valve to 

the vacuum pump.

3) The gas cylinder was connected to the sample outlet valve. The sample 

outlet line was filled, with the valve at the bottom of the PVT cell kept 

closed. The system was checked for possible leaks.

4) If no leaks were observed the recombination gas was injected into the 

PVT cell by slowly opening the valve at the bottom of the PVT cell and the 

pressure on the sample side of the PVT cell was recorded.

5) Gas injection was stopped once the required moles of gas were injected.

6 ) The back pressure regulator (BPR) was set to value somewhat higher 

than equivalent of the cell pressure.

7) The cell should be pointing upwards.

8 ) The valve was closed, and using BPR, the pressure was set to the 

specified bubble point for the sample.

9) The Isco syringe pump was used to pressurize the PVT cell. The Isco 

pump was connected to the PVT cell piston end through the air actuated 

CV series valve. This valve requires 80 psig of air supply to actuate and 

allow pump to pressurize the PVT cell.

10) Using another Isco (syringe pump), the dead oil was charged from 

sample cylinder through sample inlet valve into the PVT cell at a pressure 

higher than the gas pressure in the PVT cell.

11) Once the required amount of oil sample was charged into the cell, the 

pump was stopped. LVDT reading will indicate how much sample has 

been injected into the cell.
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1 2 )With the cell drain open initially, the air in the pump was pushed out 

through the cell drain. Once the water started draining into the reservoir 

the cell drain valve was closed.

13)The drive air pressure was increased beyond 80 psig and the pump was 

started with the pressure isolation valve closed and back pressure 

regulator set to the maximum position.

14)Once the sample side pressure reached the bubble point pressure, 

pressure isolation valve was opened and the BPR was adjusted to 

equivalent of hydraulic pressure.

15)The temperature of the constant temperature bath was set to reservoir 

temperature and the motor was switched on to start rocking the cell. All 

the sample inlet and outlet valves were in closed position at this stage.

16)The Sample was rocked for 36 hours and then kept standing for 8  hours 

before any test could be conducted on the sample.

17)lt was ensured that the sample was in single phase by recoding the 

images with the camera before testing for phase behavior.

3.6.3 Constant Composition Expansion

1) The pressure on the sample was increased well beyond the anticipated 

bubble point (600-700 psi) with the help of the pump and BPR was set to 

equivalent value.

2) The pump was stopped by reducing the drive air pressure below 80 psig.

3) Pressure on the sample side was decreased in steps of 100 to 200 psi by 

turning the BPR anti clockwise. The PVT cell was rocked until pressure 

was equilibrated.

4) LVDT reading was recorded by initiating the logging in the software (Smart 

Ievel3).

5) Each time, the cell was observed through camera for the possible bubble 

formation. (Cell has to be in upward position to see first bubble). When
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sample first reached the two phase condition (formation of bubble), it was 

concluded to be at bubble point pressure.

6 ) This procedure was continued below bubble point.

3.6.4 Differential Liberation Test

Differential liberation study is performed by reducing the pressure within the cell 

by a fixed amount at constant temperature and, once equilibrium has been 

reached, measuring the gas and liquid volumes. EOS tuning and viscosity 

modeling requires density and viscosity data of residual oil at every step of 

differential liberation test as gas is removed from the cell. Measurement of the 

density and viscosity was carried out by connecting densitometer and viscometer 

online with the PVT cell in series through lower sampling valve. Figure 3.8 shows 

the assembly of the PVT cell with the densitometer and viscometer. The 

following sections briefly explain operating procedure for online densitometer and 

viscometer.

3.6.4.1 Density Measurement of Live Oil Sample

The DMA 512 P density measuring cell was used to measure the densities of live 

oil samples. The cell is designed to measure the density of liquids and gases 

under high pressures and high temperatures. Pressure range for continuous 

operation is 0 to 10000 psia and the temperature range is -10 °C to 150 °C. 

When used for high temperature, high pressure measurements, the DMA 512P 

forms one part of the complete setup. Evaluation unit mPDSIOOO is a powerful 

processor and display unit connected to the DMA512 P cell.
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Figure 3.6: Connection of DMA 512P cell with mPDS evaluation unit 

(Source: DMA 512P manual)

3.6.4.2 Calibration of Densitometer (DMA 512P)

For calibration of the DMA 512 P, two calibration parameters must be fed to the 

mPDSIOOO unit. These calibration parameters namely, A and B, are functions of 

pressure and temperature for a particular fluid. Two standards (water and 

nitrogen) of known densities at different temperatures and pressures were used 

for calibration. The mPDS evaluation unit was kept in mode, in which period of 

oscillation is displayed. Standards selected were distilled water and the Nitrogen. 

These standards were injected into the DMA 512P cell, kept in a constant 

temperature bath to maintain the required temperature. With the use of different 

calibration standards there is chance of contamination hence it is important to 

have clean and dry tubings, for accurate and relatively stable readings. The 

densitometer was connected to the PVT cell through lower sampling valve 

(shown in Figure 3.8) and a digital pressure gauge was connected to the outlet of
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the U tube of the densitometer. Periods of oscillation were recorded for a range 

of pressures and temperatures for both the standards. The range was decided by 

operating pressures and temperatures of phase behavior experiments. The 

following equations were used to calculate the calibration parameters.

\  0 - P 2 )
A  =  —    —  3 5

( I  I - t  2)

.2 _  _  j .2(yOl xt 2 - p i  X t 1)

¥ ^ 2 )

Where p \ : Density of standard 1 g/cc

p i  : Density of standard 2 g/cc

t-\ : Period of oscillation of for standard 1 ps

t i  : Period of oscillation of for standard 2 ps

The constants A and B at various pressures and temperatures are listed in 

Appendix A.

3.6.4.3 Operating Procedure

1) Values of A and B at prevailing condition of pressure and temperature 

were stored into memory of mPDS evaluation unit before measurement.

2) The mPDS evaluation unit was set to indicate density values in units of 

choice. Sufficient time (about 5 mins) was allowed for the density reading 

to stabilize and the time average reading was taken as final reading.
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3.6.4.4 Viscometer

The Cambridge SPL 440 viscometer was connected to the outlet of the U tube of 

the densitometer (Figure 3.8). Factory calibrated viscometer was checked for its 

calibration with provided viscosity standards at test temperature. This viscometer 

is designed to withstand high pressures up to 1 0 0 0 0  psia and high temperatures 

up to 150 °C. Two electromagnetic coils move the piston back and forth at a 

constant pace. The piston’s two-way travel time is used measure absolute 

viscosity of the fluid surrounding it. The built-in temperature detector (RTD) 

senses the actual temperature in the sampling chamber. Fluid flows through !4 ” 

OD, (0.086” ID) tubing into a measurement chamber. Fluid viscosity is measured 

under low flow or static conditions. The system measures viscosity, temperature 

and temperature compensated viscosity.

Figure 3.7: Cross-sectional view of Cambridge VISCOLAB PVT viscometer SPL

440 (Source: SPL 440 viscometer instruction manual).
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Figure 3.8: Assembly of PVT cell with online densitometer and viscometer

3.6.4.5 Operating Procedure for Differential Liberation

1) The system was evacuated through intermediate valve in the PVT setup 

and was checked for any leaks.

2 ) Cell was initially brought to desired operating conditions of pressure and 

temperature. Pressurized oil was passed through inline densitometer and 

viscometer by sequentially opening the online valves.

3) The cell was rocked until the pressure indicated on intermediate pressure 

gauge stabilized.

4) Density constants A and B were entered into mPDS evaluation unit, 

placed outside the constant temperature bath. Rocking of the cell was 

continued until attainment of single phase condition.

5) The viscosity reading was noted on the digital display of the viscometer, 

(Visco Pro2 0 0 0 ) placed out side constant temperature bath.

Densitometer 
(DMA512P)

viscometer 
Cambridge SPL440
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6 ) The log file on the computer connected to the PVT cell panel was initiated 

to record the pressure, temperature, piston position and pump pressure 

readings.

7) The pressure was decreased in steps of 100-200 psi.

8 ) Once the bubble point pressure was passed, the image acquisition from 

the camera mounted outside the constant temperature bath was initiated 

for measurement of the phase volumes. Measurement of phase volume 

involves locating the gas oil interface. Once clear interface was obtained 

the gas volume was measured. (Figure 3.10)

9) Gas was removed through upper sampling valve at constant pressure on 

the top of the PVT cell with the cell in horizontal position. ( Figure 3.5) 

Steps 3 to 7 were repeated for every pressure stage.

10) The gas was trapped between the upper sampling valve and sample 

outlet valve.

11) The trapped gas was passed into a gasometer (Ruska) where it was 

expanded to atmospheric pressure and its volume was measured.

12) Towards the end of the test, the sample pressure was reduced to 

atmospheric pressure by opening the BPR completely. There could be 

build up of pressure as gas is released on decreasing the pressure. The 

upper sampling valve was kept open to 14.7 psia pressure and gas was 

measured in gasometer.

13) Residual liquid volume was measured and then the cell temperature was 

decreased to 60 °F.

14)Finally liquid volume at 60 °F was measured.

15)Using the hydraulic pump the remaining oil sample was displaced from the 

cell through the lower sampling valve (upper sampling valve closed) for 

measurement of the volume. This reading should be close to liquid volume 

readings of previous two steps.
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16)The cell was cleaned by cycling cleaning solvents (Toluene and Acetone) 

through the PVT cell and auxiliary lines to ensure a clean system for future 

runs.
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Figure 3.9 : PVT Cell set-up
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Figure 3.10 : Measurement of phase volumes through acquired image



48

3.6.5 Viscosity Measurement of Stock Tank Oil Samples

Viscosity modeling requires data on the viscosity of flashed oils as function of 

pressure and temperature. A separate setup (Figure 3.11) was constructed to 

measure dead oil viscosity data. The set up consists of a viscometer connected 

in series with a floating piston sample cylinder. The downstream end of the 

viscometer was connected to the digital pressure gauge. The temperature control 

was achieved by placing the viscometer in a constant temperature oven. The 

Isco syringe pump, mounted outside the constant temperature oven was used to 

pressurize the sample in the sample cylinder. Viscosity measurements were 

carried out for oil samples (medium heavy to heavy) from ANS between a 

temperature range of 28-45 °C and pressure range of 14.7-2500 psia.

Figure 3.11: Setup for viscosity measurement of flashed oils
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CHAPTER 4 

EXPERIMENTAL RESULTS AND DISCUSSION

4.1 Compositional Characterization of Oil Samples

The gas chromatographic simulated distillation method was used to analyze the 

flashed oil samples. In this method, the boiling range of single carbon number 

fractions, defined in the generalized property table (Katz and Firoozabadi 1978) 

was calibrated with retention time on the gas chromatography. A mixture 

containing normal paraffins corresponding to each carbon number fraction was 

run on GC at various concentrations. Their responses at different concentrations 

were recorded and incorporated into a computation of group response factors. 

The single carbon number fractions (SCN) from C6 to C24 were calibrated through 

n-paraffins belonging to a corresponding SCN group for their elution times and 

response factors. The elution time of SCN fraction was determined by averaging 

the elution times of n -paraffins at different concentrations of calibration standard 

mixture belonging to that particular group. The compositions of flashed oil 

samples are listed in Tables 4.1 and 4.2 respectively, whereas stock tank oil 

properties are listed in Table 4.3.
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Table 4.1: Compositional analysis by simulated distillation on GC for ANS

viscous oil sample A

Component (SCN) Area Area % Concentration pg % wt
C6 0 0.000 0.00000 0.0000

C l 0 0.000 0.00000 0.0000
C8 11087487 2.053 0.00004 0.7748
C9 21326948 3.950 0.00016 2.9486

C10 19488486 3.609 0.00014 2.5279
C 1 1 21268152 3.939 0.00015 2.7206
C12 33912916 6.281 0.00024 4.3524
C13 35844196 6.638 0.00026 4.8514
C14 45350536 8.399 0.00032 5.9509
C15 43833652 8.118 0.00031 5.7688
C16 25211838 4.669 0.00018 3.3228
C17 37082060 6 . 8 6 8 0.00028 5.2393
C18 34405712 6.372 0.00025 4.5203
C19 27602118 5.112 0 . 0 0 0 2 0 3.6551
C20 28903392 5.353 0 . 0 0 0 2 2 4.1457
C21 22910256 4.243 0.00018 3.2275
C22 16042830 2.971 0.00013 2.3332
C23 23653088 4.381 0.00019 3.4627
C24 13424586 2.486 0 . 0 0 0 1 1 1.9515

C25+ 71574408 13.256 0.00208 38.2466
Total 532922661 100.000 0.00543 100
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Table 4.2 : Compositional analysis by simulated distillation on GC for ANS

viscous oil sample B

Component Area % Area Concentration pg W t%
C6 23189016 0.648 0.00122 2.6307
C7 18691080 0.522 0.00023 0.4920
C8 18453358 0.516 0.00007 0.1507
C9 41998580 1.174 0.00032 0.6788

C10 70357088 1.966 0.00050 1.0667
C11 113210800 3.163 0.00079 1.6930
C12 135063840 3.774 0.00094 2.0264
C13 244910992 6.843 0.00180 3.8751
C14 227000336 6.343 0.00162 3.4822
C15 304689824 8.514 0.00218 4.6878
C16 172116864 4.809 0.00123 2.6518
C17 233254112 6.518 0.00178 3.8527
C18 196186896 5.482 0.00140 3.0133
C19 284764288 7.957 0.00205 4.4082
C20 175946752 4.916 0.00135 2.9502
C21 149935984 4.19 0.00115 2.4693
C22 138242384 3.863 0.00109 2.3504
C23 159460944 4.456 0.00126 2.7291
C24 82144416 2.295 0.00073 1.5729

C25+ 774474240 21.64 0.02471 53.2184
Total 0.046423215 100

Table 4.3: Stock tank oil properties

Stock tank oil property
ANS viscous 

oil sample A

ANS viscous 

oil sample B

Molecular weight lb/lb mole 303 347.5

Density of stock tank oil (60 °F and 14.7 psia)

g/cc

0.9466 0.9496
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The molecular weight of plus faction was calculated by component material 

balance knowing the molecular weight of the oil sample. The result of simulated 

distillation is weight % of the SCN. The compositional simulators and viscosity 

models require composition in mole %. The compositional results, in weight % 

were transformed into mole %, using molecular weights listed for SCN fractions 

in the generalized property table. The oil samples were recombined with the 

composition shown in Table 4.4 at field GOR to simulate live oils. The final 

recombined oil composition was calculated by material balance technique. The 

recombined oil composition was used for compositional reservoir simulations, 

EOS tuning and in viscosity modeling. Tables 4.5 and 4.6 list the recombined oil 

compositions for sample A and sample B, respectively.

Table 4.4 : Gas composition of CP grade methane

Component Mol%
C 0 2 0.01001

n 2 0.4002
c h 4 99.4597
c 2h 6 0.0600
c 3h 8 0.0600

C4 H10 + 0.0100
Total 100
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Table 4.5: Live oil composition of 

ANS viscous oil sample A

Component Mole %
C02 0.00229

N2 0.09173
C1 22.7938
C2 0.01376
C3 0.01376
C4 0.00229
C8 1.69248
C9 5.69580
C10 4.40944
C11 4.32582
C12 6.31872
C13 6.47970
C14 7.32070
C15 6.54554
C16 3.49845
C17 5.16712
C18+ 25.62861
Total 100.00000

Table 4.6: Live oil composition of 

ANS viscous oil sample B

Component Mole %
C02 0.003483
N2 0.13933
C1 34.62326
C2 0.02090
C3 0.02090
C4 0.00348
C6 7.09448
C7 1.16109
C8 0.31915
C9 1.27082

C10 1.80359
C11 2.60887
C12 2.85121
C13 5.01616
C14 4.15167
C15 5.15493
C16+ 33.7566

Total 100.00000

Plus fraction properties

Molecular weight = 561.28 

Specific gravity =1.0511

Plus fraction properties

Molecular weight = 531.18 

Specific gravity =1.0014
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4.2 Constant Composition Expansion (CCE)

A constant composition expansion test was conducted on two viscous oil 

samples at their respective reservoir temperatures of 84 °F and 81 °F. The 

results are listed in Tables 4.7, 4.8 and displayed in Figures 4.1 and 4.2. The 

data consist of total volume of cell contents as a function of pressure. At bubble 

point pressure, an abrupt change in slope of the total volume vs. pressure plot 

was observed. The slope of total volume vs. pressure plot, above bubble point 

yields compressibility of the oil. Relative oil volume was determined by the ratio 

of total volume of cell content to total volume at bubble point pressure. The 

bubble point pressure measured was found to agree with the range of values 

reported in Table 3.3. The gas evolution below bubble point is very slow for 

heavy oils and longer time is required for equilibrium to be attained.

Table 4.7: CCE data for ANS viscous oil sample A

Pressure psia Total volume cc Relative volume
1919.2 200.23 0.9783
1785.9 200.87 0.9814
1658.4 201.50 0.9845
1548.5 202.13 0.9876
1427.9 202.77 0.9907
1332.7 203.40 0.9938
1182.9 204.67 1.0000
998.8 209.12 1.0217
769.7 215.14 1.0512
484.0 231.65 1.1318

■
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Figure 4.1: Pressure-volume relationship of viscous oil sample A

Table 4.8: CCE data for ANS viscous oil sample B

Pressure psia Total volume cc Relative volume
2604.2 111.10 0.97284
2489.3 111.46 0.9759
2342.7 111.99 0.9806
2214.5 112.44 0.9846
2097.7 112.69 0.9868
2001.2 112.99 0.9894
1890.1 113.19 0.9911
1822.2 113.27 0.9918
1740.3 113.31 0.9922
1654.0 114.02 0.9984
1596.2 114.40 1.0017
1572.0 114.22 1.0000
1386.1 118.40 1.0368
1009.7 124.41 1.0894
832.6 129.29 1.1321
635.8 139.05 1.2176
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Pressure psia

Figure 4.2: Pressure-volume relationship of ANS viscous oil sample B 

4.3 Differential Liberation

Differential liberation test was carried out on both viscous oil samples from ANS. 

The results of the tests are listed in Tables 4.9 and 4.10 for oil sample A and oil 

sample B respectively. The starting point of the differential liberation test is 

bubble point pressure but for purpose of density and viscosity measurements, 

the test was started from a pressure above bubble point pressure.

Table 4.9 : Differential liberation test of ANS viscous oil sample A at 84 °F

Pressure
Psia

Rs
Scf/STB

Bo
bbl/STB

Bt
bbl/STB

1904.0 123 1.0980 1.0980
1762.0 123 1.1053 1.1053
1625.0 123 1.1110 1.1110
1513.0 123 1.1223 1.1223
1406.0 123 1.1337 1.1337
1183.0 123 1.1455 1.1455
959.0 118 1.1210 1.1335
749.0 93 1.1014 1.1972
462.0 72 1.0618 1.3435
225.0 37 1.0320 2.0162
143.0 28 1.0188 2.7616
14.7 0 1.0060 23.9393
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The solution gas-oil ratio (GOR) was calculated by ratio of volume of gas 

liberated at particular pressure below bubble point to volume of gas when 

expanded to 14.7 psia pressure and 60 °F. Volumetric properties like oil 

formation volume factor (B0) and two-phase formation volume factor (Bt) were 

obtained through visual measurement of oil volume. Figure 4.3 and 4.4 illustrate 

the behavior of Rs, B0 and Bt as function of pressure. Above the bubble point, 

since oil is in single phase, B0 and Bt are identical.

20 -

o !  T T T-----------------
0 500 1000 1500 2000

Pressure psia

Figure 4.3: Rs vs Pressure for ANS viscous oil A at 84 °F

It can be seen that the solution gas-oil ratio (GOR) increases with an increase in 

pressure until bubble point pressure. Beyond bubble point pressure, no more gas 

is available for dissolution into oil so GOR remains constant. The sample A 

exhibits low GOR of 123 SCF/STB, a typical characteristic of heavy oils.
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Figure 4.4: Single phase and two phase formation volume factor for ANS

viscous oil sample A at 84 °F

Table 4.10: Differential liberation of ANS viscous oil sample B at 81 °F

Pressure Rs Bo Bt
psia Scf/STB bbl/STB bbl/STB

2510.7 194 1.0650 1.0650
2396.7 194 1.0750 1.0750
2303.7 194 1.0858 1.0858
2189.7 194 1.0840 1.0840
2050.7 194 1.1030 1.1030
1886.6 194 1.1240 1.1240
1709.7 194 1.1430 1.1430
1586.7 194 1.1600 1.1600
1264.7 189 1.1100 1.1247
1002.7 182 1.0860 1.1218
836.7 159 1.0650 1.1560
646.7 132 1.0570 1.2736
422.7 98 1.0350 1.5184
217.7 47 1.0334 2.7300
14.7 0 1.0000 36.1889
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Figure 4.5: Rs vs Pressure for ANS viscous oil B at 81 °F

Pressure psia

Figure 4.6: Single phase and two-phase formation volume factor for ANS

viscous oil B at 81 °F



60

4.4Density and Viscosity Measurements

Viscosities and densities of residual oil at every step of differential liberation were 

measured for both the oils. The Tables 4.5 and 4.6 tabulate the acquired data for 

oil sample A and oil sample B respectively.

Table 4.11: Density and viscosity measurements of ANS viscous oil sample A at

84 °F

Pressure psia |i cP Density g/cc

1904.3 232.7 0.9352
1761.7 224.2 0.9345
1624.7 221.7 0.9342
1512.7 214.9 0.9339
1405.5 210.5 0.9335
1183.0 191.5 0.9326
959.0 208.6 0.9329
748.7 221.0 0.9375
461.7 242.0 0.9398
224.7 267.5 0.9407
142.7 299.6 0.9423
14.7 359.8 0.9440

Table 4.12: Density and viscosity measurements of ANS viscous oil sample B at

81 °F

Pressure psia M cP Density g/cc

2510.7 322.3 0.9420
2396.7 314.2 0.9405
2303.7 304.9 0.9398
2189.7 297.4 0.9390
2050.7 291.6 0.9379
1886.6 286.3 0.9369
1709.7 281.9 0.9355
1586.7 274.7 0.9348
1264.7 283.9 0.9357
1002.7 292.8 0.9362
836.7 303.2 0.9370
646.7 323.9 0.9377
422.7 341.6 0.9382
217.7 383.2 0.9395
14.7 429.23 0.9429
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Figure 4.7 displays the residual oil density at every step of differential liberation 

test as function of pressure for both oil samples. The density of oil increases with 

pressure above bubble point due to compression of the oil. The composition of 

the oil remains unaltered above the bubble point and the density increase can be 

attributed to pressure. Below the bubble point, pressure effect and compositional 

effect reciprocate each other. As pressure decreases, gas comes out of solution 

and the oil becomes heavier, which explains the increase in density. Below 

bubble point, the compositional effect dominates the pressure effect and oil 

density increases with a decrease in pressure (Figure 4.7 and 4.8). A similar 

trend was observed for oil viscosity as pressure decreases below bubble point 

(Figure 4.9). It should be noted that both density as well as viscosity plots are 

indicative of the bubble point pressures of 1183 psia and 1572 psia for oil A and 

oil B respectively.

Figure 4.7: Density as function of pressure for ANS viscous oil sample A
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Figure 4.8: Density as function of pressure for ANS viscous oil sample B

Pressure psia

Figure 4.9: Viscosity as function of pressure for ANS viscous oil sample A and B
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4.5 Viscosity Measurements of Flashed Oils

The viscosities of flashed oils from various heavy oil pools in ANS were 

measured within range of the operating pressures and temperatures of field 

operations. The data-sets are listed in Appendix B. It can be seen from Figures 

4.10-4.14 that viscosity of oils varies exponentially with pressures at all the 

temperatures. The exponent of the pressure effect on viscosity at every test 

temperature was obtained by fitting the exponential equation to the experimental 

data points.

Oil A

Figure 4.10: Flashed oil viscosity as function of pressure at different 

temperatures (°C) for ANS viscous oil A



Figure 4.11: Flashed oil viscosity as function of pressure at different 

temperatures (°C) for ANS viscous oil B.

Figure 4.12: Flashed oil viscosity as function of pressure at different

temperatures (°C) for ANS viscous oil C



Oil D

Pressures psia

| ♦ T=33 ■ T=48.8 * T=31

Figure 4.13: Flashed oil viscosity as function of pressure at different 

temperatures (°C) for ANS viscous oil D

Oil E

Pressure psia

♦ T=29.8 ■ T=35 —r-T=4Q « T=45

Figure 4.14: Flashed oil viscosity as function of pressure at different

temperatures (°C) for ANS viscous oil E
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The viscosity measurements were conducted for medium viscous oils (<100cP) 

to highly viscous oils (>300 cp). The exponent of the viscosity behavior is found 

to vary with respect to temperature for particular oils. In order to generalize the 

relationship of the exponent of viscosity behavior as function of pressure for 

different oils, it is expressed as a function of molecular weight and temperature. 

An equation (4.1) in molecular weight and temperature is defined which, in turn, 

is related to the exponent of viscosity behavior with pressure through 3rd order 

polynomial fit.

Figure 4.15: Functional expression of exponent of viscosity behavior with

respect to pressure.

Where

M W 0'8318 M W _ai55 
-  j  1.6 1 j  0.5867 (4 -1 )

MW : Molecular weight of the oil.
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T : Temperature in °R.

With this correlation, the pressure effect on the viscosity of dead oil can be 

obtained with knowledge of molecular weight and temperature. This relation is 

used to predict the dead oil viscosity under pressure conditions, which in turn is 

incorporated into live oil viscosity models.
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CHAPTER 5

FLUID PHASE BEHAVIOR AND VISCOSITY MODELING 

5.1 Introduction

The system pressures, temperature, composition of the fluid and of course, 

chemistry of the components, dictate the reservoir fluid phase behavior. 

Accordingly fluids can exist either in single phase or multiple phases. During the 

process of production, petroleum fluids undergo changes in pressure and 

temperature. Changes in reservoir fluid compositions are introduced when 

solvents are injected into the reservoir for enhanced oil recovery. These changes 

are responsible for controlling the fluid phase equilibrium. Even viscosities of 

petroleum fluids are impacted by equilibrium phase properties. Compositional 

reservoir simulators, surface facility designing, and flow calculations through 

pipeline require prediction of the equilibrium phase properties quantitatively and 

qualitatively. The most reliable source of obtaining data on equilibrium fluid 

phases is laboratory studies listed in chapter 3. Measuring fluid properties at all 

conditions of pressures and temperatures through laboratory studies is time 

consuming and not practical. Thus EOS models are employed to carry out the 

vapor liquid equilibrium calculations and predict the phase properties. EOS 

models can simulate the laboratory tests like CCE and DL and can be also 

incorporated into compositional reservoir simulations for predicting the phase 

properties at each grid block in the whole reservoir.

5.2 Equation of State Modeling

An EOS is an analytical expression that relates the pressure, temperature and 

volume of the fluid. One of the simplest equations of state for this purpose is the 

ideal gas law, which is roughly accurate for gases at low pressures and high 

temperatures. However, this equation becomes increasingly inaccurate at higher 

pressures and lower temperatures, and fails to predict condensation from a gas 

to a liquid. Therefore in order to improve predictions for liquid phase a number of
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accurate EOS have been developed for gases and liquids. At present, there is no 

single EOS that accurately predicts the phase properties of all the fluids at all 

temperatures and pressures. The Peng-Robinson EOS (Peng and Robinson, 

1976) and the Soave-Redlich-Kwong equation (Soave 1972) are widely used in 

most PVT simulators and compositional reservoir simulators. Peng-Robinson 

EOS exhibits performance similar to the Soave equation, although it is generally 

superior in predicting the liquid phase densities of many fluids, especially non

polar fluids. Hence in this work the Peng-Robinson EOS was used to simulate 

PVT tests and predict the phase behavior of heavy oils.

Normally most EOS predictions are not accurate. Parameters like bubble 

point, liquid phase densities, compositions may be off by several percent from 

experimental values. These inconsistencies in EOS predictions are because of 

insufficient characterization of the plus fractions, inadequate binary interaction 

coefficients, or incorrect overall composition. The predictions of an EOS can be 

improved by tuning the parameters in an EOS to match experimental fluid phase 

properties. Most of the times critical pressure (Pc), critical temperature (Tc) and 

acentric factor (to) of the plus fraction or direct multipliers on EOS constants can 

be modified for matching experimental data obtained from PVT studies on 

reservoir fluid. The remainder of the chapter presents EOS modeling and tuning 

results for experimental PVT data listed in chapter 4 for ANS viscous oil samples 

A and B.

5.3 Equation of State Tuning

The Peng-Robinson (Peng and Robinson, 1978) EOS was used to simulate 

phase behavior of viscous oil samples. A compositional PVT simulator 

(WinProp®), developed by Computer Modeling Group (CMG), was used for this 

task. Figures 5.1 to 5.4 display results of regressed PR-EOS for sample A. The 

sample A was characterized compositionally till C18+ and used into PVT 

simulator. It can be seen from Figures 5.1 to 5.5, the match for solution gas oil 

ratio, saturation pressure and density of oil is satisfactory whereas, in the case of
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liquid formation volume factor, the average deviation between experimental and 

regressed EOS prediction increases after 500 psia. The match of density and 

saturation pressure was given preference over formation volume factor mainly 

because density measurements are more likely to be accurate compared to the 

formation volume factor which is a ratio. Small errors in measurements of oil 

volume at standard conditions can give rise to relatively large errors in the oil 

formation volume factor.

Figure 5.1: Predictions of tuned Peng-Robinson EOS for relative oil volume of

ANS viscous oil sample A
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Figure 5.2: Predictions of tuned Peng-Robinson EOS for solution gas oil ratio of

ANS viscous oil sample A.

Figure 5.3: Predictions of tuned Peng-Robinson EOS for oil formation volume

factor of ANS viscous oil sample A
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Figure 5.4: Predictions of tuned Peng-Robinson EOS for oil density of ANS

viscous oil sample A.

Critical properties (Pc, Tc), acentric factor (10) and molecular weight of plus 

fraction along with omega A and omega B parameters for methane, were used 

as regression parameters for tuning PR-EOS of oil sample A. Additionally 

volume shift parameters were used to match volumetric data without affecting the 

equilibrium calculations.

Similarly the PR -EO S was tuned for PVT results of Oil sample B. Figures

5.6 to 5.10 display results of tuning PR- EOS for oil sample B.
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Figure 5.5: Predictions of tuned Peng-Robinson EOS for relative oil volume of

ANS viscous oil sample B.

Figure 5.6: Predictions of tuned Peng-Robinson EOS for density of ANS viscous

oil sample B.
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Figure 5.7: Predictions of tuned Peng-Robinson EOS for solution gas oil ratio of

ANS viscous oil sample B

Figure 5.8: Predictions of tuned Peng-Robinson EOS for liquid formation volume

factor of ANS viscous oil sample B.
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For tuning EOS for oil sample B along with critical properties of plus fraction, 

omega A, omega B of methane, volume shift parameters and interaction 

coefficients between each of Ci, N2 C 0 2 with C i6+ were selected as regression 

parameters. As with regression variables bubble point pressure, densities of oil at 

various pressures of differential liberation experiment, initial solution gas oil ratio 

were selected over other experimentally measured properties due to relatively 

higher accuracy in their measurements.

5.4 Viscosity Modeling

Viscosity of heavy oil is a critical property involved in predicting the oil recovery. It 

is also required in pressure drop and facility design calculations. Many enhanced 

oil recovery schemes for heavy oils demand extensive knowledge of fluid 

viscosity as function of pressure, temperature, and composition. It is thus 

important to model viscosity of oil along with phase behavior. The following 

section depicts the simulation results of viscosity with tuned PR-EOS. The 

simulation was carried out with CMG’s Winprop PVT Simulator. This simulator 

uses the LBC and Pedersen model for viscosity prediction. LBC class models 

give accurate predictions of gas and light oil viscosities but underpredict the 

viscosities when applied to heavy oil (Dandekar 1994). For this reason a modified 

Pedersen’s model was used for predicting viscosities of ANS viscous oils and its 

parameters were tuned to match with experimental viscosities measured during 

differential liberation experiment. A new generation viscosity model, the Lindeloff 

model, specially designed for modeling heavy oil viscosities, was also applied to 

predict the viscosity data. Its performance was compared with the tuned 

Pedersen’s model for oil samples A and B.
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5.4.1 Modified Lindeloff Model

The exponent of pressure effect used in the original Lindeloff model is 

constant. It was observed that the exponent varies with temperature and oil 

gravity. This exponent was correlated to molecular weight and temperature by 

measuring the dead oil viscosities of oils at various temperature and pressures. 

The correlation developed in chapter 4 for exponent of pressure effect on 

viscosity was incorporated in the Lindeloff model. The modified model is 

summarized below

The viscosity at 14.7 psia and corresponding temperature is estimated by 

following correlation by Ronnigsen (1993).

log,. /<„ = -0.07995 -  0.0110 W  -  ^  (5.1)

Where

M : Modified molecular weight g/gmole.

For Mw/Mn<=1.5 M = M w  (5.2)

^  M w  05 
Mw/Mn>1.5 M  = (— — -— ) M n  (5.3)

1.5 x M n

Mw =Weighted average Molecular weight 

Mn = Number average Molecular weight 

M = Modified molecular weight

1.5 and 0.5 are tunable parameters.

T : Temperature in K 

Mo : Dead oil viscosity in cP
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The original model used the equation 2.7 to express the pressure effect on dead 

oil viscosity. The exponent of the oil viscosity behavior with respect to pressure is 

constant in the original Lindeloff model whereas, in this work it was expressed as 

a function of molecular weight and temperature.

The pressure effect is superimposed on p0 by equation 5.4

—  = exp(m(P -  Po))  (5.4)
Mo

Where p0 is dead oil viscosity at Po is reference pressure (psia).

‘m’ is exponent of pressure effect and is estimated by correlation developed in 

chapter 4 (Figure 4.15). Dead oils and live oils differ in composition and this 

difference is correlated through modified molecular weight (M). Since exponent m 

is a function of temperature and molecular weight, it can be adjusted to predict 

the live oil viscosity through the introduction of a modified molecular weight into 

equation 4.1.

The predicted viscosities were matched by tuning the equation 5.3 through 

tunable parameters. Also, the Figures 5.9 and 5.10 show the comparison of 

modified Pedersen and modified Lindeloff model in predicting the experimental 

viscosities.

From the Figure 5.9, it can be seen that for oil sample A with the modified 

Pedersen model, the results are roughly in range of the experimental values. The 

original Pedersen model seems to be robust in replicating the shape of the 

viscosity-pressure profile. This model can be used for modeling the Medium- 

Heavy oil viscosities, but only after tuning. However this model needs to be 

stretched beyond the range of applicability as the apparent temperatures are 

observed to be in the range of 35 to 45 K which are significantly below the 

freezing temperature of methane (91 K) as stated in the original model. The
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Lindeloff model on tuning seems to match the experimental viscosities closer 

than Pedersen’s model.

However the modified Pedersen's model under predicts the viscosity above 

bubble point pressure and, even after tuning the mixing rule and coupling factor 

correlation coefficients of the model, significant deviation was observed between 

experimental and predicted viscosities. This mismatch can be attributed to the 

errors in methane viscosity below its freezing temperature as application 

temperature ‘To’ in modified Pedersen’s model was below the freezing point of 

methane in for both the oil samples. However, the match for viscosity for oil 

sample A was far better than for oil sample B (Figure 5.10). The presence of 

critical properties in the modified Pedersen model also makes it more vulnerable 

towards mismatch as the effect of tuning the EOS for volumetric properties and 

equilibrium conditions can conflict with predictions of viscosity. On other hand the 

Lindeloff model approach is semi empirical and does not have direct involvement 

of critical properties.

Application of the modified Lindeloff model predicted the viscosity data with 

acceptable precision for both the oil samples. The average absolute deviation 

with the modified Lindeloff model was 4 % and 9.29 % for oil sample A and B 

respectively when the data point at 14.7 psia was excluded. However like the 

modified Pedersen model, the prediction deteriorates closer to atmospheric 

conditions for both the oil samples. The summary of regression parameters for 

the modified Pedersen model is presented in Table 5.1 and 5.2 for oil A and oil B 

respectively.
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Figure 5.9: Comparison of Modified Pedersen and Modified Lindeloff model for 

oil viscosities of ANS viscous oil sample A at T= 84 °F.

Oil Sample B

Pressure psia

Figure 5.10: Comparison of Modified Pedersen and Modified Lindeloff model for 

oil viscosities of ANS viscous oil sample B at T= 81 °F.
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Table 5.1: Summary of regression for ANS viscous oil sample A for matching

viscosity with modified Pedersen model.

Variable
Lower
Bound

Upper
Bound

Initial
Value

Final
Value % Change

MU 1 0.0001 0.0002 0.0001 0.0001 -23.3100
MU 2 1.8424 3.0000 2.3030 3.0000 30.2600
MU 3 0.0059 0.0099 0.0074 0.0059 -20.0000
MU 4 1.4776 3.0000 1.8470 1.4776 -20.0000
MU 5 0.4138 0.9000 0.5173 0.4138 -20.0000

Table 5.2: Summary of regression for ANS viscous oil sample B for matching

viscosity with modified Pedersen model.

Variable
Lower
Bound

Upper
bound

Initial
Value

Final
Value Change %

MU 1 0.0001 0.0002 0.0001 0.0002 22.7000
MU 2 1.8424 2.7636 2.3030 2.7636 20.0000
MU 3 0.0059 0.0089 0.0074 0.0059 -20.0000
MU 4 1.4776 2.2164 1.8470 2.2164 20.0000
MU 5 0.4138 0.6208 0.5173 0.4138 -20.0000
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CHAPTER 6 

CONCLUSION AND RECOMMENDATIONS

6.1 Conclusions

The experimental study was conducted to study the phase behavior and fluid 

properties of viscous oils from Alaska North Slope. Flashed heavy oil samples 

from ANS were recombined with methane at reservoir conditions to simulate live 

oils. The composition of two representative heavy oil samples (A and B) was 

determined using the simulated distillation technique. Constant composition 

expansion and differential liberation experiments were carried out on both the oil 

samples to analyze the phase behavior. Viscosities and densities of live oil 

samples were measured during differential liberation thorough the online 

viscometer and densitometer. EOS was applied and subsequently tuned to 

measured data for modeling phase behavior. The tuned EOS can be 

incorporated into the compositional reservoir simulator for field scale simulations 

of enhanced oil recovery projects for heavy oil recovery and in viscosity models 

for predicting the oil viscosity. Dead oil and live oil viscosity measurements were 

incorporated into two heavy oil viscosity models in literature and their 

performance was compared. The above study supports following conclusions

1) Validity of simulated distillation by gas chromatography for compositional 

analysis has been demonstrated by application to heavy oils of ANS.

2) An integrated set up of PVT system, with an online densitometer and 

viscometer was successfully used for experimental study of phase behavior 

and fluid property measurements of ANS viscous oils.

3) Profiles of viscosity and density measurements during differential depletion 

are in agreement with the proposed ones in theory. Above the bubble point 

the pressure effect dominates and both viscosity and density of the oil 

decrease with a decrease in pressure. However, below bubble point, the
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compositional effect dominates and density and viscosity increase as 

pressure decreases.

4) PR-EOS was successfully tuned to experimental data from constant 

composition expansion and differential liberation. A satisfactory match was 

obtained with PR-EOS for experimental saturation pressure, gas oil ratio 

and liquid density. However predictions of formation volume factor were 

particularly devious for both the datasets on either sides of bubble point 

pressure.

5) The PVT properties such as bubble point, solution gas oil ratio (Rs), 

formation volume factor (Bo) measured on heavy oils from ANS are 

representative of typical heavy oil behavior (low GOR and formation volume 

factor).

6) Under pressure viscosity measurements of dead ANS crude oils showed 

exponential behavior with pressure. An exponent of this behavior was 

correlated with molecular weight and temperature and hence a correlation 

was developed for predicting viscosities of dead ANS crude oil under 

pressure and temperature conditions.

7) Application of the modified Pedersen’s model for estimating the heavy oil 

viscosities results into under prediction of oil viscosities above bubble point 

and large deviations from viscosity profile from experimental data points 

below bubble point even after tuning. The mismatch can be attributed to 

errors in methane viscosities below its freezing point.

8) Incorporating the developed correlation from this work for estimation of 

pressure effect on dead oil viscosity, into the Lindeloff’s model results into 

more accurate prediction of live oil viscosity of ANS viscous oil samples. 

The average absolute deviations for samples A and B are 4 % and 9.28% 

respectively representing an excellent match under reservoir pressure 

conditions. However, the match deteriorates closer to atmospheric pressure.
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6.2 Recommendations

The following recommendations can be made for future work:

1) A better understanding of the study on phase behavior and viscosity 

modeling can be obtained by increasing the volume of data. Differential 

liberation and constant composition expansion tests should be carried out 

on more representative viscous oil samples. This will provide more 

datasets for viscosity modeling study and the applicability of the models 

can be effectively tested.

2) CO2 injection is an effective EOR method for recovering medium heavy 

oils of ANS. Hence single contact and multiple contact experiments with 

online viscosity measurements for live oils and CO2 should be conducted. 

This will provide useful data for modeling and quantifying the viscosity 

reduction due to C 0 2 injection. Also, slim tube experiments, to study 

dynamic phase behavior and miscibility conditions, should be conducted. 

The tuned PR EOS can be tested for prediction of minimum miscibility 

pressures.

3) Pedersen’s model with a heavier reference compound should be tested for 

viscosity predictions of heavy oils.
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NOMENCLATURE

A Densitometer constant

B Densitometer constant

SCF Standard cubic foot

STB Stock tank barrel

MU1 Mixing rule coefficient for modified Pedersen model

MU2 Mixing rule exponent for modified Pedersen model

MU3 Coupling factor correlation coefficient

MU4 Coupling factor correlation density exponent

MU5 Coupling factor correlation molecular weight exponent

RF Gas chromatograph response factor

Mo Viscosity at atmospheric pressure
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APPENDIX A

Densitometer Calibration Data

Calibration results of Densitometer DMA 512P for high pressure and high 

temperature density measurements 

Fluid: Nitrogen

Table A -1 : Period of oscillation for DMA 512P at temperature = 81 °F

Pressure Period
psia pSec

2121 3917.844
2047 3916.750
1998 3915.901
1884 3913.789
1771 3912.030
1676 3910.532
1551 3908.540
1317 3904.801
1111 3901.468
1028 3900.092
895 3897.827
823 3896.621
732 3895.187
636 3893.570
546 3892.026
452 3890.431
361 3888.832
258 3887.090
199 3886.074
128 3884.868
116 3884.693
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Fluid: Nitrogen
Table A- 2: Period of oscillation for DMA 512P at temperature = 84 °F

Pressure
psia

Period
psec

2362 3921.818
2081 3917.708
1915 3915.193
1746 3912.566
1630 3910.730
1517 3908.967
1360 3906.451
1221 3904.199
1072 3901.773
985 3900.368
847 3898.102
746 3896.479
688 3895.365
539 3892.850
464 3891.576
360 3889.842
284 3888.571
167 3886.649
116 3885.837
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Fluid: Nitrogen
Table A- 3: Period of oscillation for DMA 512P at temperature = 89 °F

Pressure
psia

Period
Msec

2433 3924.318
2185 3920.885
1894 3916.513
1760 3914.122
1621 3911.553
1505 3909.834
1358 3907.541
1232 3905.490
1114 3903.578
931 3900.544
829 3898.901
696 3896.815
561 3894.472
447 3892.472
342 3890.831
237 3889.080
150 3887.626
115 3887.060
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Fluid: Water
Table A- 4: Period of oscillation for DMA 512P at temperature = 81 °F

Pressure
psia

Period
psec

3090 4096.378
2768 4096.135
2563 4095.999
2370 4095.876
2175 4095.779
1932 4095.608
1777 4095.415
1240 4094.999
1061 4094.856
790 4094.659
589 4094.525
372 4094.315
247 4094.145
163 4093.979
44 4093.842
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Fluid: Water
Table A- 5: Period of oscillation for DMA 512P at temperature = 84 °F

Pressure
psia

Period
psec

3031 4097.088
2983 4097.047
2800 4096.842
2679 4096.749
2468 4096.594
2237 4096.422
1904 4096.176
1599 4095.943
1399 4095.794
1201 4095.636
1005 4095.501
798 4095.376
575 4095.233
376 4095.108
276 4094.988
90 4094.822
48 4094.782
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Fluid: Water
Table A- 6 : Period of oscillation for DMA 512P at temperature = 89 °F

Pressure
psia

Period
psec

3078 4098.205
2636 4097.890
2441 4097.758
2257 4097.624
2072 4097.487
1823 4097.316
1689 4097.217
1421 4097.019
1242 4096.887
1079 4096.767
887 4096.626
670 4096.467
472 4096.320
263 4096.172
108 4096.055
47 4096.023
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Table A- 7: Calibration results for DMA 512P at temperature = 81 °F

(Source: Anton Paar, user manual for DMA 512 P)

n 2 (1) Water (2)
Pressure

psia
Density

g/cc
Density

g/cc A B
14.7 0.0004719 0.9961644 5.9153137E-07 8.9181857

100.7 0.0076916 0.9964284 5.9106888E-07 8.9105072
200.7 0.0160219 0.9967354 5.9056448E-07 8.9021375
300.7 0.0242828 0.9970425 5.9009672E-07 8.8943814
400.7 0.0324742 0.9973495 5.8966641 E-07 8.8872525
500.7 0.0405961 0.9976565 5.8927440E-07 8.8807649
600.7 0.0486486 0.9979636 5.8892154E-07 8.8749333
700.7 0.0566316 0.9982706 5.8860873E-07 8.8697727
800.7 0.0645451 0.9985777 5.8833689E-07 8.8652984
900.7 0.0723892 0.9988847 5.8810696E-07 8.8615265
1000.7 0.0801638 0.9991917 5.8791993E-07 8.8584735
1100.7 0.0878690 0.9994988 5.8777679E-07 8.8561565
1200.7 0.0955047 0.9998058 5.8767861 E-07 8.8545929
1300.7 0.1030709 1.0001128 5.8762644E-07 8.8538010
1400.7 0.1105677 1.0004199 5.8762142E-07 8.8537994
1500.7 0.1179950 1.0007269 5.8766468E-07 8.8546077
1600.7 0.1253528 1.0010339 5.8775742E-07 8.8562458
1700.7 0.1326411 1.0013409 5.8790086E-07 8.8587345
1800.7 0.1398600 1.0016480 5.8809628E-07 8.8620952
1900.7 0.1470095 1.0019550 5.8834500E-07 8.8663501
2000.7 0.1540894 1.0022621 5.8864838E-07 8.8715221
2100.7 0.1610999 1.0025691 5.8900782E-07 8.8776350
2200.7 0.1680409 1.0028762 5.8942479E-07 8.8847134
2300.7 0.1749126 1.0031832 5.8990080E-07 8.8927828
2400.7 0.1817147 1.0034902 5.9043742E-07 8.9018696
2500.7 0.1884473 1.0037973 5.9103627E-07 8.9120012
2600.7 0.1951105 1.0041043 5.9169903E-07 8.9232059
2700.7 0.2017042 1.0044113 5.9242746E-07 8.9355132
2800.7 0.2082285 1.0047184 5.9322336E-07 8.9489537
2900.7 0.2146833 1.0050254 5.9408861 E-07 8.9635590
3000.7 0.2210686 1.0053324 5.9502518E-07 8.9793620
3100.7 0.2273845 1.0056395 5.9603508E-07 8.9963969
3200.7 0.2336309 1.0059465 5.9712043E-07 9.0146992
3300.7 0.2398078 1.0062535 5.9828341 E-07 9.0343059
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Table A- 8: Calibration results for DMA 512P at temperature = 84 °F

n 2 (1) Water (2)
Pressure

psia
Density

g/cc
Density

g/cc A B
14.7 0.0004577 0.9956639 5.9227646E-07 8.9351042

100.7 0.0076457 0.9959269 5.9178167E-07 8.9268568
200.7 0.0159393 0.9962328 5.9123925E-07 8.9178181
300.7 0.0241636 0.9965387 5.9073295E-07 8.9093846
400.7 0.0323185 0.9968446 5.9026358E-07 8.9015697
500.7 0.0404041 0.9971505 5.8983195E-07 8.8943869
600.7 0.0484202 0.9974563 5.8943888E-07 8.8878506
700.7 0.0563670 0.9977622 5.8908526E-07 8.8819752
800.7 0.0642444 0.9980681 5.8877196E-07 8.8767758
900.7 0.0720525 0.9983740 5.8849991 E-07 8.8722679
1000.7 0.0797911 0.9986798 5.8827007E-07 8.8684674
1100.7 0.0874604 0.9989857 5.8808340E-07 8.8653910
1200.7 0.0950604 0.9992916 5.8794092E-07 8.8630556
1300.7 0.1025909 0.9995975 5.8784368E-07 8.8614788
1400.7 0.1100521 0.9999033 5.8779274E-07 8.8606788
1500.7 0.1174439 1.0002092 5.8778923E-07 8.8606743
1600.7 0.1247663 1.0005151 5.8783430E-07 8.8614848
1700.7 0.1320194 1.0008210 5.8792913E-07 8.8631302
1800.7 0.1392031 1.0011268 5.8807495E-07 8.8656314
1900.7 0.1463174 1.0014327 5.8827303E-07 8.8690096
2000.7 0.1533624 1.0017386 5.8852470E-07 8.8732871
2100.7 0.1603379 1.0020444 5.8883130E-07 8.8784868
2200.7 0.1672441 1.0023504 5.8919425E-07 8.8846323
2300.7 0.1740810 1.0026562 5.8961500E-07 8.8917484
2400.7 0.1808484 1.0029621 5.9009507E-07 8.8998603
2500.7 0.1875465 1.0032680 5.9063601 E-07 8.9089945
2600.7 0.1941752 1.0035739 5.9123945E-07 8.9191783
2700.7 0.2007345 1.0038797 5.9190707E-07 8.9304399
2800.7 0.2072245 1.0041856 5.9264061 E-07 8.9428088
2900.7 0.2136451 1.0044915 5.9344187E-07 8.9563152
3000.7 0.2199963 1.0047974 5.9431272E-07 8.9709909
3100.7 0.2262782 1.0051032 5.9525513E-07 8.9868687
3200.7 0.2324906 1.0054091 5.9627109E-07 9.0039824
3300.7 0.2386337 1.0057150 5.9736272E-07 9.0223676

RASMliSON LIBRARY
UNIVERSITY OF AlASKA-PAIRBANKS
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Table A- 9: Calibration results for DMA 512P at temperature = 89 °F

N2 (1) Water (2)
Pressure

psia
Density

g/cc
Density

g/cc A B
14.7 0.0011641 0.9948298 5.9167214E-07 8.9317045

100.7 0.0077719 0.9950912 5.9154161E-07 8.9295553
200.7 0.0153472 0.9953951 5.9145473E-07 8.9281451
300.7 0.0228698 0.9956991 5.9140055E-07 8.9272835
400.7 0.0303583 0.9960030 5.9136836E-07 8.9267908
500.7 0.0378215 0.9963070 5.9135322E-07 8.9265841
600.7 0.0452646 0.9966109 5.9135227E-07 8.9266156
700.7 0.0526910 0.9969149 5.9136370E-07 8.9268548
800.7 0.0601032 0.9972188 5.9138627E-07 8.9272809
900.7 0.0675030 0.9975228 5.9141906E-07 8.9278787
1000.7 0.0748918 0.9978267 5.9146144E-07 8.9286373
1100.7 0.0822706 0.9981306 5.9151288E-07 8.9295483
1200.7 0.0896404 0.9984346 5.9157303E-07 8.9306052
1300.7 0.0970021 0.9987385 5.9164157E-07 18.9318034
1400.7 0.1043561 0.9990425 5.9171830E-07 8.9331389
1500.7 0.1117031 0.9993464 5.9180305E-07 8.9346091
1600.7 0.1190435 0.9996504 5.9189569E-07 8.9362119
1700.7 0.1263778 0.9999544 5.9199613E-07 8.9379458
1800.7 0.1337062 1.0002582 5.9210432E-07 8.9398099
1900.7 0.1410293 1.0005622 5.9222023E-07 8.9418038
2000.7 0.1483472 1.0008661 5.9234386E-07 8.9439274
2100.7 0.1556602 1.0011701 5.9247522E-07 8.9461809
2200.7 0.1629685 1.0014740 5.9261434E-07 8.9485650
2300.7 0.1702724 1.0017780 5.9276128E-07 8.9510804
2400.7 0.1775720 1.0020819 5.9291610E-07 8.9537283
2500.7 0.1848675 1.0023859 5.9307887E-07 8.9565100
2600.7 0.1921591 1.0026898 5.9324970E-07 8.9594272
2700.7 0.1994469 1.0029937 5.9342869E-07 8.9624816
2800.7 0.2067312 1.0032977 5.9361596E-07 8.9656753
2900.7 0.2140110 1.0036016 5.9381164E-07 8.9690105
3000.7 0.2212894 1.0039056 5.9401587E-07 8.9724895
3100.7 0.2285635 1.0042095 5.9422881 E-07 8.9761151
3200.7 0.2358345 1.0045135 5.9445063E-07 8.9798901
3300.7 0.2431024 1.0048174 5.9468150E-07 8.9838174
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Table A -10 : Calibration results of DMA 45 (Igbokwe 2006)

Temperature 
(° F)

Density
Water
(g/cc)

Density 
Air g/cc

Tw
msec

Ta
msec A B

32.0 0.999840 0.001293 8.0280 6.1785 26.31315 38.13984
41.0 0.999964 0.001270 8.0258 6.1760 26.30484 38.10958
50.0 0.999699 0.001247 8.0227 6.1738 26.28861 38.08302
59.0 0.999099 0.001226 8.0189 6.1715 26.27121 38.05522
68.0 0.998203 0.001205 8.0146 6.1694 26.25111 38.02987
71.6 0.997769 0.001196 8.0129 6.1688 26.24242 38.02270
77.0 0.995645 0.001184 8.0120 6.1679 26.29481 38.01185
86.0 0.995645 0.001165 8.0086 6.1663 26.25936 37.99267
95.0 0.994029 0.001146 8.0049 6.1651 26.25683 37.97837
104.0 0.992212 0.001127 8.0005 6.1639 26.24835 37.96407
113.0 0.990208 0.001110 7.9943 6.1630 26.21202 37.95348
122.0 0.988030 0.001093 7.9825 6.1619 26.09212 37.94051



APPENDIX B

Flashed Oil Viscosity Data

Oil Sample A

Molecular weight = 303 Ib/lbmole

Table B -1: Flashed oil viscosity data for Oil Sample A at 

Temperature = 87.08 °F

Pressure
psia

Viscosity
cP

%Error
+/-

15 245.8 0.3
100 269.5 0.3
221 284.2 0.5
491 295.1 0.3
791 309.4 0.4
1004 343.1 0.2
1497 377.9 0.2
1995 409.1 0.2

Table B- 2: Flashed oil viscosity data for Oil Sample A at 

Temperature = 95.00 °F

Pressure,
psia

Viscosity,
cP

%Error
+-

100 203.0 0.2
209 207.9 0.6
500 221.0 0.4
800 235.6 0.2
1002 246.6 0.2
1503 272.8 0.3
2006 298.9 0.2
2503 328.5 0.2



Table B- 3 : Flashed oil viscosity data for Oil Sample A at

Temperature = 104.00 °F

Pressure,
psia

Viscosity,
cP

%Error
+-

102 148.2 0.3
213 152.6 0.4
497 161.3 0.2
800 170.7 0.4
1001 177.9 0.5
1501 195.8 0.4
2002 212.7 0.3
2497 231.3 0.4

Table B- 4: Flashed oil viscosity data for Oil Sample A at 

Temperature = 113.00 °F

Pressure,
psia

Viscosity,
cP

%Error
+-

122 111.0 0.2
213 113.7 0.4
504 121.3 0.3
809 129.5 0.5
1010 133.7 0.3
1507 144.6 0.4
2004 156.4 0.6
2502 168.7 0.3



Oil Sample B
Molecular weight = 347.00 Ib/lbmole

Table B- 5 : Flashed oil viscosity data for Oil Sample B at

Temperature = 90.14 °F

Pressure,
psia

Viscosity,
cP

Error % 
+/-

91 299.4 0.4
205 309.6 0.2
491 329.9 0.2
792 349.9 0.3
994 368.6 0.2
1197 388.9 0.3
1497 415.8 0.3
1797 442.6 0.3
1999 482.1 0.3
2195 482.3 0.4
2497 504.5 0.3
2877 530.7 0.4
2996 539.3 0.3

Table B- 6 : Flashed oil viscosity data for Oil Sample B at

Temperature = 95.54°F

Pressure, Viscosity, Error %
psia cP +/-
116 228.4 0.3
218 233.1 0.2
502 247.5 0.2
797 262.8 0.3
998 272.6 0.2
1200 282.8 0.4
1498 299.4 0.2
1794 316.5 0.5
1993 328.8 0.4
2190 339.5 0.4
2491 357.0 0.3



Table B- 7 : Flashed oil viscosity data for Oil Sample B at

Temperature = 100.94 °F

Pressure, Viscosity, %Error
psia cP +/-
119 187.1 0.3
219 191.9 0.3
503 206.2 0.2
800 214.4 0.1
998 222.4 0.2
1200 231.0 0.3
1499 244.5 0.3
1794 256.9 0.3
1994 266.8 0.3
2190 275.8 0.4
2489 289.5 0.4

Table B- 8: Flashed oil viscosity data for Oil Sample B at 

Temperature = 108.14 °F

Pressure, Viscosity, % Error
psia cP +/-
128 150.1 0.4
203 152.2 0.3
361 157.0 0.3
507 161.0 0.4
801 170.4 0.1
1002 176.3 0.3
1203 182.1 0.2
1478 189.9 0.2
1796 202.9 0.4
2093 213.7 0.3
2390 224.1 0.3
2593 231.8 0.3



Oil Sample C
Molecular weight = 403.00 Ib/lbmole

Table B- 9 : Flashed oil viscosity data for Oil Sample C at

Temperature = 95.90 °F

Pressure,
psia

Viscosity,
cP

Error % 
+/-

101 1155.0 0.4
205 1292.0 0.3
492 1419.0 0.3
790 1599.0 1.8
1494 2019.0 4.4
1998 2304.0 2.4
2497 2704.0 3.9

Table B -10 : Flashed oil viscosity data for Oil Sample C at 

Temperature = 100.94 °F

Pressure,
psia

Viscosity,
cP

Error % 
+/-

100 556.1 0.2
188 917.4 0.4
486 1126.0 0.7
785 1329.0 0.5
988 1499.0 0.6
1494 1824.3 0.7
1994 2148.0 0.5
2493 2478.0 0.5



Table B -11: Flashed oil viscosity data for Oil Sample C at

Temperature = 112.10 °F

Pressure,
psia

Viscosity,
cP

Error % 
+/-

15 469.7 0.2
100 646.1 0.1
197 715.0 0.1
486 817.9 0.2
774 883.2 0.1
983 989.6 0.4
1490 1181.0 0.3
1992 1361.0 0.2
2491 1542.0 0.2



Oil Sample D

Molecular weight = 277.81 Ib/lbmole

Table B -12: Flashed oil viscosity data for Oil Sample D at

Temperature = 86.54 °F

Pressure,
psia

Viscosity,
cP

Error %
+1-

92 94.4 0.4
191 96.6 0.3
487 102.9 0.3
791 109.6 0.5
1197 116.9 0.2
1599 124.0 0.2
1999 131.6 0.3

Table B -13: Flashed oil viscosity data for Oil Sample D at 

Temperature = 91.22 °F

Pressure Viscosity, Error %
psia cP +/-
98 74.0 0.2
194 80.2 0.1
117 77.2 0.3
496 88.7 0.4
799 94.6 0.2
1100 99.7 0.2
1506 105.3 0.4
2011 113.3 0.9
2306 118.4 0.3



Table B -14: Flashed oil viscosity data for Oil Sample D at

Temperature = 97.34 °F

Pressure,
psia

Viscosity,
cP

Error % 
+/-

74 67.9 0.1
174 69.7 0.1
477 73.2 0.3
983 79.1 0.3
1338 83.4 0.3
1589 87.0 0.1
1939 91.4 0.1
2338 96.8 0.3
2489 98.9 0.5

Table B -15 : Flashed oil viscosity data for Oil Sample D at

Temperature = 103.82 °F

Pressure, Viscosity, Error %
psia cP +/-
83 55.3 0.3
183 56.7 0.1
481 62.1 0.2
732 65.5 0.3
985 67.7 0.4
1189 69.5 0.4
1491 72.1 0.4
1793 74.6 0.2
1993 76.7 0.1
2292 79.5 0.3
2493 82.0 0.4



Oil sample E
Molecular weight = 126.54 Ib/lbmole

Table B -16 : Flashed oil viscosity data for Oil Sample E at 

Temperature = 85.64 °F

Pressure, Viscosity, Error %
psia cP +/-
15 22.9 0.5

106 24.1 0.4
196 24.1 0.2
497 24.5 0.2
797 25.4 0.2
1001 26.1 0.2
1502 27.5 0.3
2000 29.1 0.3
2499 30.9 0.1

Table B -17 : Flashed oil viscosity data for Oil Sample E at

Temperature = 95.00 °F

Pressure,
psia

Viscosity,
cP

Error % 
+/-

15 18.3 0.4
95 18.6 0.2
190 18.7 0.2
494 19.3 0.2
797 20.0 0.2
1000 20.5 0.2
1500 21.7 0.3
2000 23.0 0.3
2499 24.3 0.1



Table B -18 : Flashed oil viscosity data for Oil Sample E at

Temperature = 104.00 °F

Pressure,
psia

Viscosity,
cP

Error % 
+/-

15 15.3 0.4
100 15.4 0.2
191 15.5 0.3
489 16.0 0.3
790 16.6 0.4
999 17.0 0.3
1498 17.9 0.3
1998 19.0 0.2
2497 20.1 0.1

Table B -19 : Flashed oil viscosity data for Oil Sample E at 

Temperature =113.00 °F

Pressure,
psia

Viscosity,
cP

Error % 
+/-

15 12.6 0.4
101 13.0 0.4
192 13.1 0.3
496 13.5 0.2
799 13.9 0.3
1000 14.3 0.2
1502 15.1 0.1
1995 15.9 0.3
2494 16.8 0.3
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APPENDIX C 

Boiling Range Calibration Curve


