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I-



INTRODUCTION 1-



GENERALITIES This document is intended to be a support to the lecture given to ENSPM student engineers: “Oil and Gas Physical properties”. The purpose is to explain to petroleum engineers the behaviour of the reservoir fluids encountered in hydrocarbon fields and how to estimate their main properties for reservoir engineering studies. The fluids existing in a reservoir are hydrocarbons under three different phases: liquid (oil), gas and not very often solid (bitumen for example). Oil and gas are of course of main interest to the petroleum engineer. They are naturally existing as hydrocarbons mixtures quite complex in chemical composition depending of their source, history and present reservoir conditions. In addition, hydrocarbons are always associated with water in a reservoir, this water occupies space in the formation and contributes energy to the production of oil, and may also be produced. The fluids encountered in reservoirs are in pressure and temperature depending on generation and migration process and depth of the accumulation. Most discoveries occurred in a range of a few hundred meters to more than 5000 meters, giving reservoir pressures between 50 to 700 bars and temperature between 30 to 170°C. During the exploitation phase, the reservoir temperature remains constant, except in some specific recovery processes where heat is injected or generated as in combustion in situ. In the same time pressure generally decreases between initial and abandonment pressure. So the behaviour of the hydrocarbon fluids in the reservoir will be restricted to a change in pressure at constant temperature, which will simplify the thermodynamics. From the bottom of the wells to the production well head there is a flash of the reservoir fluids in the tubing, from bottom hole pressure and temperature to well head pressure and temperature. It is no longer an isothermal process. At last, the fluids oil, gas and water are processed in surface installation in order to reach sales or transport specifications and in the same time optimising hydrocarbons recovery. The design of the surface facilities is based on the thermodynamics of the produced hydrocarbons but in a different range of pressure and temperature, that is called Process Engineering which is not in the scope of this document.
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2-



GOAL OF A PVT STUDY The first thing is to obtain in surface a representative sample of the reservoir fluid, at the same pressure and temperature than in the reservoir. Techniques to sample petroleum fluids will be described in Sampling chapter. Study in the laboratory of the characteristics of the reservoir fluid, is called PVT Study, PVT standing for Pressure, Volume, and Temperature. Experiments realized in the laboratory will allow to determine: - chemical composition of the reservoir fluid - fluid volumetric behaviour, to estimate reservoir depletion at constant temperature and production process from the tubing to surface facilities More specifically, the most important uses of such data are determination of: -



Oil and Gas reserves, recovery factor and field development programs Production forecast, flowing life of wells, completion and lifting systems Surface flow lines, separation and pumping centre design Treatment, processing, refining, etc. Choice of secondary and tertiary recovery methods



Summarizing, the PVT study will provide -



3-



fluid composition analysis parameters for oil in place evaluation simulation in the laboratory of the recovery mechanism data required to build and match a thermodynamical model, to be used in numerical simulations of the fields



STANDARD CONDITIONS In order to be able to compare volumes or pressures, at the so called “atmospheric conditions”, it is necessary to define the standards used. In the petroleum industry, the standards conditions differ according to reference pressure and reference temperature. In this document standard conditions used are - Psc = 1.013 25 bara (or 14.696 psia) - Tsc = 15.65°C ( or 60°F) The letter “a” refers to absolute pressure, i.e. above vacuum. Very often pressures are expressed in barg or psig, which means “gauge pressure” i.e. taking as reference zero the atmospheric pressure (1.013 bara or 14.7 psia). Example: 100 barg = 100 bars + 1.013 bar = 101.013 bara 3000 psig = 3000 psi + 14.7 psi = 3014.7 psia However in the SI system reference conditions are: - Psc = 1.013 bara (or 14.7 psia) - Tsc = 15°C These are the references conditions of the PVT Studies shown at the end of the Course.
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II -



CHEMICAL COMPOSITION OF PETROLEUM FLUIDS • Origin It is generally accepted that petroleum fluids are produced by thermal decay of fossil organic material contained in sediments during burying. After oxidation of the organic material, the remaining part contains kerogen which due to the load of sediments and increase in temperature during very long time is transformed into hydrocarbons. Sediments rich in kerogen are called source rocks. • Composition of hydrocarbons Petroleum fluids are constituted mainly of hydrocarbons, containing only carbon and hydrogen. Petroleum consists chemically of approximately 11 to 13 weight % of hydrogen and 84 to 87% carbon. Also numerous reservoirs contains impurities, as nitrogen, oxygen, sulphur and heavy metals. Hydrocarbons can be classified into two groups: aliphatics and aromatics. Aliphatics hydrocarbons can also be subdivided into four families: -



alkanes or paraffins: normal and isomers cycloalkanes (or naphtenes) alkenes alkadienes (or alkynes)



HYDROCARBONS AROMATICS (EX BENZENE, TOLUENE XYLENES)



ALIPHATICS



SATURED (OR ALKANES)



ISO -ALKANES (EX ISO-BUTANE)



CYCLOALKANES (OR NAPHTHENES) EX CYCLOHEXANES



ALKENES (EX ETHTYLENES



Main families of hydrocarbons
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NORMAL ALKANES (EX METHANE ETHANE, PROPANE)



UNSATURED
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From these classifications, the main chemical families encountered in petroleum fluids are: 1. Paraffins they are also called saturated hydrocarbons Alkanes or paraffins (Cn, H2n+2) (single bond between carbon atoms) the first of which is methane (CH4), the next in the series being obtained by successive substitution of an hydrocarbon atom by a methyl structure, - CH3. This process results in two types of structure, straight or normal alkanes and branched or iso-alkanes. Straight or normal alkanes, like: • • • • • • • • • • •



methane ethane propane n butane n pentane n hexane n heptane n octane n nonane n decane etc.



CH4 C2H6 C3H8 C 4 H 10 C 5 H 12 C 6 H 14 C 7 H 16 C 8 H 18 C 9 H 20 C 10H 22



or



C1 C2 C3 C4 C5 C6 C7 C8 C9 C 10



straight alkanes are always present in large proportions in petroleum fluids. Isomers, where the relationship of carbon atoms may be a branched chain. The first isomer is butane iC4. Number of isomers increases rapidly with atom number. There are 3 C 5 : normal, iso and neopentane, 75 isomers for C 10, etc. 2. Cycloalkanes or naphtenes (CnH 2n), they include all saturated cyclic hydrocarbons and their derivatives. 3. Aromatic hydrocarbons (CnH 2n-6), they are characterized by the presence of at least one benzene ring (C6 H 6 ). Other aromatic components frequently encountered are toluene and xylene. Several types of alkane chains might be joined to the benzene ring (like naphtene or anthracene) and several rings might also be joined together (asphaltenes).
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D CH 1616 A



Structure of normal alkanes



Structure of iso-and cyclo-alcanes, aromatics
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Unsaturated hydrocarbons (multiple bond between carbon atoms). They are practically absent in petroleum fluids and result from chemical reaction. The two families are: - alkenes: C n H 2n like ethylene - alkadienes: C n H 2n-2 like acetylene • Detailed composition presented in PVT Report Due to the very high number of different hydrocarbons present in a petroleum fluid and the limitation of analytical methods, it is used to report the chemical composition of a petroleum fluid in a PVT Report, grouping the hydrocarbons together, either by family or based on other criteria. • Presentation by cuts Usually the first constituents are pure substances which have been identified and subjected to quantitative analysis, like methane, ethane, propane and iso and normal butane. Results are reported as molar fraction of each constituent. Following hydrocarbons are presented by cuts. A Cn cut contains all the hydrocarbons which normal boiling point is included between normal alkane with (n-1) carbon atoms and n alkane with n carbon atoms. For example C6 cut is defined by boiling point (Teb): and C7 cut by



36.5° C < Teb < 69.2° C 69.2° C < Teb < 98.9° C



Consequence is that a cut contains hydrocarbons not having all the same number of carbon atoms, because constituents which not belong to the same hydrocarbon family but having the same carbon atoms number, might have very different boiling point. For example C7 cut contains benzene which have only 6 carbon atoms. Reported composition is given up to C19 cut, the remaining hydrocarbons are all grouped as C20+ usually characterized by the molecular weight of the mixture remaining. C 20+ is the heavy fraction and contains all the hydrocarbons having a boiling point higher than nC19. Examples given here are PVT analysis of an oil and a gas-condensate fluid, reported up to C 20+.
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TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL



COMPOSITIONAL ANALYSIS OF THE SEPARATOR FLUIDS AND CALCULATED WELLSTREAM (GOR = 192.2 Sm3 /m 3 sep) Separator gas bottle A0577 (mol %)



Separator liquid bottle 4458EA (mol %)



Wellstream



Hydrogen sulfide Nitrogen Carbon dioxide Methane Ethane Propane i-Butane n-Butane i-Pentanes n-Pentanes Hexanes Heptanes Octanes Nonanes Decanes Undecanes Dodecanes Tridecanes Tetradecanes Pentadecanes Hexadecanes Heptadecanes Octadecanes Nonadecanes Eicosanes plus



0.33 0.34 1.18 83.60 6.58 3.67 0.65 1.52 0.51 0.57 0.47 0.38 0.16 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00



0.07 0.01 0.12 4.84 1.33 1.86 0.59 1.93 1.24 1.70 3.17 5.98 7.30 6.10 5.71 4.77 4.40 4.69 4.08 3.64 3.04 2.83 2.80 2.70 25.10



0.25 0.24 0.84 58.62 4.92 3.10 0.63 1.65 0.74 0.93 1.33 2.16 2.42 1.96 1.81 1.51 1.39 1.49 1.29 1.15 0.96 0.90 0.89 0.86 7.96



TOTAL



100.00



100.00



100.00



20.8



210.3 431



80.9 431



Components or fractions



Molecular weight Molecular weight C20+ Gas relative density



0.716 (air = 1) PVT analysis of an oil fluid
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TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL



COMPOSITIONAL ANALYSIS OF THE SEPARATOR FLUIDS AND CALCULATED WELLSTREAM (GOR = 1612.9 Sm3 /m 3 sep) Separator gas (mol %)



Separator liquid (mol %)



Wellstream (mol %)



Hydrogen sulfide Nitrogen Carbon dioxide Methane Ethane Propane i-Butane n-Butane i-Pentanes n-Pentanes Hexanes Heptanes Octanes Nonanes Decanes Undecanes Dodecanes Tridecanes Tetradecanes Pentadecanes Hexadecanes Heptadecanes Octadecanes Nonadecanes Eicosanes plus



5.08 1.08 2.20 83.09 3.44 2.30 0.44 0.88 0.35 0.38 0.33 0.22 0.16 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00



1.49 0.03 0.48 10.95 1.50 2.03 0.78 1.98 1.44 1.95 4.16 7.44 9.87 8.59 7.47 5.87 4.58 4.57 3.70 3.18 2.46 2.18 1.94 1.76 9.60



4.83 1.01 2.08 78.12 3.31 2.28 0.46 0.96 0.43 0.49 0.59 0.72 0.83 0.64 0.51 0.40 0.32 0.31 0.25 0.22 0.17 0.15 0.13 0.12 0.67



TOTAL



100.00



100.00



100.00



20.4



143.4 377



28.9 377



Components or fractions



Molecular weight Molecular weight C20+ Gas relative density



0.704 (air = 1) PVT analysis of a gas - Condensate fluid
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• Presentation by family: PNA The term PNA characterizing an hydrocarbon cut, means within each cut, a decomposition is made into the following families: - Paraffins: normal and isomers - Naphtenes - Aromatics Final composition of a petroleum fluid is then presented with 37 constituents and substances. A typical example is given in the attached table.
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Cut



Component



Molar fraction



H2S



hydrogen sulfide



0.000



N2



nitrogen



0.075



CO 2



carbon dioxide



1.536



C1



methane



77.872



C2



ethane



7.691



C3



propane



3.511



C4



iso butane n butane



0.469 1.267



C5



iso pentane n pentane



0.343 0.581



C6



iso hexanes n hexane



0.391 0.304



C7



iso heptanes Benzene cyclanes in C7 n heptane



0.338 0.201 0.423 0.154



C8



iso octanes toluene cyclanes in C8 n octane



0.367 0.150 0.239 0.121



C9



iso nonanes aromatics in C8 cyclanes in C9 n nonane



0.242 0.134 0.180 0.146



C 10



iso decanes aromatics in C9 n decane



0.348 0.094 0.095



C 11



undecanes



0.427



C 12



dodecanes



0.315



C 13



tridecanes



0.295



C 14



tetradecanes



0.239



C 15



pentadecanes



0.229



C 16



hexadecanes



0.166



C 17



heptadecanes



0.168



C 18



octadecanes



0.134



C 19



nonadecanes



0.070



C 20+



eicosanes plus



0.685



Example: Composition of a Petroleum Fluid
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• Detailed presentation of a stock tank oil It is possible by chromatography to identify each constituent up to C10 which gives more than 100 different hydrocarbons. • Terminology As far as possible, the following terminology has been used. Constituent: a pure substance which has been identified and subjected to quantitative analysis (like methane, ethane). Cut: set of substances subjected to global quantitative analysis, like C6 cut, C7 cut, etc. Component: either substances or cuts.
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III - THERMODYNAMICS OF PETROLEUM FLUIDS 1-



BASIS Physical properties of interest are defined in terms of the pressure and temperature at which an hydrocarbon exists. Petroleum fluids as fluid in general exist under three different phases, liquid, solid and gas. Of course conditions of pressure and temperature should be specified. It is usual also to classify fluids as liquids, gases and vapours. Vapour being defined as any substance in the gaseous state which, under atmospheric conditions, is normally a liquid or a solid. Example is air saturated with water vapour, giving water condensation at atmospheric pressure when temperature decreases. No distinction later in this text will be made between the gaseous state and vapour, the two words being synonymous and used indifferently. A phase is a portion of a system which is (1) homogeneous in composition, (2) bounded by a physical surface and (3) mechanically separable from other phases which may be present. The state of a system is defined through macroscopic variables as pressure, temperature, specific volume. Each property should be defined versus independent variables. Gibb’s law defined the variance of a system. The variance of a system is the number of independent thermodynamic variables necessary and sufficient to define the state of equilibrium of the system. • Gibb’s law V = C+2–Φ V variance (number of parameters independent) C number of constituents Φ number of phases Example: for a pure constituent C = 1 monophasic



Φ=1



V=2



Volume = f(pressure, temperature) or v = v(p,T) or f(p,v,T) = 0 This is the equation of state of a pure constituent



biphasic



Φ=2



V=1



Pressure = f(temperature)



triphasic



Φ=3



V=0



Pressure, temperature and volume are fixed: this is the triple point



For multiconstituents
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Φ=2



V=N
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V=N–1



© 2004 ENSPM Formation Industrie - IFP Training



13



The phase diagram of a pure single component displays three phases, solid, liquid and vapour which are separated by sublimation, liquefaction and vaporisation curves which join at the triple point denoted “T”. The vaporisation curve, called the vapour pressure curve, terminates at the critical point denoted “C”. Beyond this point any distinction between liquid and vapour is not meaningful.



Pressure LIQUID under pressure Superheater steam or gas D TH 1413 A



SOLID



Triple point Temperature Phase diagram of a pure component



2-



PHASE BEHAVIOUR OF HYDROCARBONS SYSTEMS We will consider first pure single-components, like the first paraffins: methane, ethane, propane, butane and described its behaviour in a pressure temperature and pressure volume diagrams. The qualitative behaviour has similitarities with petroleum fluids, and terminology is the same. With the introduction of a second pure component to an hydrocarbon system (binary mixture), the phase behaviour becomes more complex, but closer to the behaviour of a petroleum fluid. At last, the behaviour of a multicomponent system, is an extension of the behaviour of a binary mixture. We will then review successively: - pure components behaviour - binary mixture behaviour - petroleum system behaviour pointing out each time the increased complexity of phase behaviour.
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a - Pure components behaviour In the case of a pure component which can exist in three different phases, Gibb’s law states: - two phases can coexist along an invariable curve (V = 1), or f (pressure, temperature) = 0 That is the vapour pressure curve, starting from the triple point and finalising to the critical point.



Pressure Critical point C SOLID



D TH 1414 A



VAPOR



Temperature Vapor pressure curve of a pure component



Let’s examine the phase behaviour in that range of temperature. In a pressure - temperature diagram, along the pressure vapour curve, liquid and vapour are in equilibrium. It is the example of a butane lighter, where at room temperature, the phase liquid level can be observed below the vapour phase. Above or below the curve, only one phase exists, liquid or vapour. The end point or critical point, is the highest value of pressure and temperature at which two phases can coexist. Starting at elevated temperature, the pure component is monophasic, decreasing the pressure at constant temperature it becomes biphasic, liquid and vapour are in equilibrium at the pressure corresponding to the fixed temperature. Below there is complete vaporisation of the pure component which is at the gaseous state.
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• Clapeyron equation The Clapeyron equation states that Latent heat of vaporisation of a pure component is proportional to the slope of the vapour pressure curve. When combined with the perfect gas law, far from the critical point: ln P = – with



LM 1 × + Ctc T R



p tension vapour of the pure component L latent vaporisation heat/weight unit M molecular weight R universal gas constant T absolute temperature



D TH 1515 A



A plot of vapour pressure of normal paraffins is illustrated below according to that equation.



Vapour pressure curve of normal paraffins



Clapeyron diagram (diagram P – V) Consider in the pressure - specific volume diagram a pure component at constant temperature below its critical temperature, initially held in the liquid phase at an elevated pressure. Liquid expansion will result in large decrements in pressure for relatively small increments in volume. As expansion is continued, a pressure will be reached at which a first bubble of gas will appear. This is the bubble point.
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For a pure component, further expansion occurs at constant pressure. This pressure is called saturation pressure (or vapour pressure for a pure component at that temperature).



Pressure



T1



T2



T3



L



C V Buble point



Dew point



L +V



D TH 1416 A



P sat



Volume Pressure - Volume diagram of a pure component



The relative proportion of liquid decreases and the relative proportion of gas increases, until only an infinitesimal quantity of liquid is present in equilibrium with the vapour. This point is called the dew point. Expansion to lower pressures and higher specific volumes occurs in a vapour phase. The dew point can also be defined as the point where the first drop of liquid appears if we consider the reverse experiment by compression of the vapour phase at constant temperature. For a pure component, at a given temperature, bubble point pressure is equal to dew point pressure, which is also called saturation pressure. The same behaviour is observed at higher temperatures but below the critical temperature. When critical temperature is reached, there is no more changing state and the properties of liquid and vapour become the same, it is the critical point. A series of isotherm then generates a locus of bubble points and a locus of dew points which meet at the critical point, this is the saturation curve. The isotherm at the critical point is tangent to the saturation curve and exhibits a point of inflexion, then:



 δ2P  δP   =  2 δV T  δVT c
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The saturation curve separates the space into several regions: - inside the saturation curve: two-phase region (liquid + vapour) - outside the saturation curve at T < Tc monophasic liquid on the left of the critical point monophasic vapour (or gas) on the right of the critical point at T > Tc supercritical state called “gas” Within the two-phase region, isoquality curves can be drawn, where liquid fraction or vapour fraction are the same. • Continuity of the liquid and gaseous state As stated before, the words liquid or vapour are not enough to define the state of a hydrocarbon system, pressure and temperature should also be specified. 800 G



C



F



700 Pressure (PSIA)



A LIQUID



BR



600 D



VAPOR



E



400



D TH 1418 A



500



40



60



80 100 Temperature (°F)



120



Pressure - Temperature diagram for pure ethane



In the pressure temperature diagram for pure ethane, let’s realise two transformations where initial and final states are identical and represented by points D and A. From point D at vapour state, by increasing the pressure at constant temperature the system reaches the pressure vapour curve on point BR, on which the two phases liquid and vapour coexist. As compression is continued to point A, all the system becomes liquid. In a window cell, during compression, the first drop of liquid is observed, then an increase in liquid volume and finally the interface liquid-vapour disappears. The change from vapour to liquid is clearly observed. The same transformation can be realised without observing changing state. From D, vapour is heated at constant pressure up to E, then compressed at constant temperature from E to F, cold at constant pressure from F to G, and finally depressurised at constant temperature to reach point D.
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During these four steps, the properties of the fluid gradually vary, and the change from vapour to liquid was made without discontinuity and without the formation of a second phase. There is a continuity between the gaseous state and the liquid state. • Coefficients of compressibility Isothermal compressibility factor: C = –



1 V



 δV    δPT



For a liquid compressibility factor is small and almost constant over commonly encountered pressure ranges. Gas compressibility is much higher as reflected on the slope of the expansion of the vapour phase in the P V diagram. If the substance behaves as an ideal gas: PV = n R T



and



C=1/P



Isobar compressibility factor or Expansion factor: β =



1  δV V  δP P



coefficient essentially used for liquid expansion with temperature. a - Binary mixtures When a second component is added, the phase behaviour becomes more complex. This increase in complexity is caused by the introduction of another variable, composition, to the system. The effect of this variable can be noted on the same diagram as used previously.



01358_A_A



© 2004 ENSPM Formation Industrie - IFP Training



19



• Pressure temperature diagram For a binary system, the bubble point and dew point lines no longer coincides as for a single component (vapour pressure curve).



1000 a



a b c



800 Single phase region c urv e



600



ble p



400



b



Bub



urve oint c



A



Two phase region



200



400



D TH 1419 A



De



wp



Pressure (PSIA)



oint



Single phase region



B 0



100 200 Temperature (°F)



300



Pressure - Temperature diagram for C2/nC 7 mixture with 96.83 mol % C2



These two curves join in the critical point and separate the space in two regions, inside where coexist liquid and vapour, and outside where the fluid is monophasic. The envelope of bubble point and dew point, is the saturation curve. The critical point is either on the left, or on the right of the maximum of the curve according to the composition of the binary mixture. The maximum pressure of the two phase envelope is called “cricondenbar”, it is the pressure above which two phases can no longer coexist, and it is higher than the critical pressure. On the same, there is a maximum temperature above which two phases can no longer coexist, it is the “cricondentherm”, this temperature is higher than the critical temperature. The previous definition of the critical point, for a pure single component is no longer valid. For a binary mixture, and also for a multicomponent system, the critical point (pressure and temperature) is the point at which the properties of the two phases become identical. A more general definition of the critical point would be: it is the state characterized by the pressure and temperature for which intensive variables of liquid and gas become identical. 01358_A_A
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Pressure, temperature, gravity, are intensive variables. Extensive variables are proportional to the quantity of material, as length, volume, specific heat, etc. • Pressure volume diagram For a binary mixture, the isothermal vaporization is no more performed at constant pressure, as for a pure single component. Liquid expansion is continued up to a pressure at which appears a first bubble of gas, the bubble point pressure. Further expansion occurs at decreasing pressure up to the moment where disappears the last drop of liquid, it is the dew point.



Pressure T1



T2 =TC



T3



L Buble point



V L +V



Dew point



D TH 1416 A



P sat



C



Volume Pressure - Volume diagram for multicomponent system



At the bubble point, the composition of the liquid phase is almost identical at the initial liquid composition, while composition of the first bubble of gas is different and similar to the lighter component. Identically vapour composition near dew point is almost identical to the mixture composition, while the first drop of liquid has a composition similar to the less volatile component. Each point in the two phase zone, along the bubble point-dew point line represents a certain fraction of liquid and gas phase, but composition of each phase varies continuously from bubble point to dew point. As for a single component within the two phase region, isoquality curves can be drawn where liquid fraction or vapour fraction are the same.
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• Influence of the composition of the mixing The shape of the saturation curve, extension of the two phase zones and location of critical point, cricondenbar and cricondentherm depend of the composition of the mixture. The behaviour of methane-propane mixtures is illustrated below.



D TH 1420 A



Pressure (PSIA)



On the left of the figure is the vapour pressure curve for methane and on the right for propane. The dashed line is the focus of critical point for the C 1 -C 3 mixtures.



Temperature (°F) P-T diagram for the C2 /nC 7 system at various concentration of C2



Comparing the phase diagrams it is noted that - the size of the two-phase region varies with the mixture composition. As the composition becomes more evenly distributed between the constituents, the two phase region increase in size, whereas when one constituent becomes predominant, the two-phase region tends to shrink in size - the critical point lies to the left of the maximum of the saturation curve when the mixture is rich in the light constituent and shift to the right of the maximum when the composition is rich in the heaviest constituent. When the composition is evenly distributed by weight, the critical point is located approximately at the highest value of pressure. - the critical temperature lies between the critical temperature of the lightest and heaviest constituents present in the mixture. The critical pressure will always be greater than the critical pressure of one or the other constituent. The study of properties of binary mixtures allow to explain, at least qualitatively the behaviour in pressure and temperature of multicomponent systems.
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c - Multicomponent systems Naturally occurring hydrocarbon systems are composed of a wide range of constituents, as we have seen before in Chemical composition of Petroleum fluids. The phase behaviour of an hydrocarbon mixture is dependent on the composition of the mixture as well as the properties of the individual constituents. • Pressure Volume diagram A P V phase diagram of a multicomponent system is illustrated above. The same concepts as for a binary mixture apply to a multicomponent system: - saturation curve: bubble point + dew point curves - two-phase region: that region enclosed by the bubble point curve and dew point curve wherein gas and liquid coexist in equilibrium. - critical point: that state of pressure and temperature at which the intensive properties of each phase are identical - cricondentherm: the highest temperature at which a liquid and vapour can coexist in equilibrium - cricondenbar: the highest pressure at which the liquid and vapour can coexist in equilibrium As for binary mixture, let us start with a pressure and a temperature such that the mixture is in the liquid state and slowly increase the volume at constant temperature. The following can be observed: - a rapid decrease in pressure in the liquid phase - the appearance of a first bubble of gas: bubble point - an increase of the fraction of the vapour phase and a decrease in the liquid phase: the pressure decreases - disappearance of the last drop of liquid at the dew point - the mixture is in the vapour state: the pressure decreases This behaviour is observed up to the critical temperature Tc. Above this point and below the cricondentherm, the following is observed at constant temperature and increasing volume: - a decrease in pressure in the gas phase (supercritical state) - the appearance of a liquid phase (first drop of liquid) at the “retrograde” dew point - an increase in the fraction of the liquid phase to a peak followed by itsdecrease: the pressure decreases - disappearance of the last drop of liquid at the dew point - the mixture is in the gas state: the pressure decreases Above the cricondentherm, the mixture remains in the gas state (supercritical). Each point within the two-phase region, represents a certain fraction of the liquid, and gas phases with their respective composition. Both phases are in equilibrium. The composition of the liquid and vapour phases varies with the pressure and temperature. Isoquality curves can be drawn where liquid fraction or vapour fraction are the same.
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1



Gas reservoirs with retrograde condensation



2



Oil reservoirs with dissolved gases
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4 Gas reservoirs without retrograde condensation Critical point Cricondentherm Dry gas
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Phase envelope of a mixture



Retrograde condensation: the phenomena of retrograde condensation is better illustrated, on a P T diagram of a multicomponent mixture on which we have drawn the isoquality lines. (similar to that of a binary mixture). Let’s recall that for a pure constituent condensation occurs increasing the pressure at constant temperature or decreasing temperature at constant pressure. As seen before, retrograde condensation occurs between the critical temperature (Tc) and the cricondentherm (Tcc). At elevated pressure and between Tc and Tcc, the mixture is in the gas state. Lowering the pressure at constant temperature; the following can be observed: - the appearance of a liquid phase at the dew point - an increase in the fraction of the liquid phase up to a maximum, where the isotherm is tangent to an isoquality line. - a decrease in the fraction of the liquid phase, up to the dew point - the mixture is in the gas state This phenomena is called retrograde condensation, because between the dew point and the maximum fraction of liquid, there is condensation of the mixture lowering the pressure, which is the opposite of a pure constituent. Below the maximum fraction of liquid, the phenomena again becomes normal.
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3-



PHASE BEHAVIOUR OF RESERVOIR FLUIDS A reservoir fluid can be classified in terms of its behaviour at the reservoir temperature. In the pressure temperature diagram, the position of the phase envelope is marked in relation to the point representing the initial reservoir conditions and the point representing the test separator operating conditions. The phase diagrams represented here are conceptual, the real phase diagrams being of varied shape according to the composition of the reservoir fluid. • Oils Hydrocarbons mixtures which exist at the liquid state at reservoir conditions are classified as “crude oils”. As shown before, the critical temperature is above the reservoir temperature. They can be subdivided on the basis of liquid yield at the surface into low-shrinkage oil (or black oil) and highshrinkage oil (or volatile oil). Oils are also classified, depending upon initial reservoir conditions, as: - undersaturated oil the initial reservoir pressure PA is above the bubble point pressure PB. Monophasic expansion of the liquid occurs by pressure decline up to the moment where the bubble point is reached
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- saturated oil the initial reservoir pressure is equal to the bubble pressure. The fluid is monophasic but a gas phase appears immediately as the pressure decline at reservoir temperature
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• Black oil or low-shrinkage oil The oil shrinkage between the reservoir and the surface is due mainly to gas liberation by pressure decline. Low-shrinkage oils have low solution gas and are relatively rich in heavy components. Critical temperature is high, and critical point is usually on the right of the maximum of the saturation curve. Black oils give in surface (stock tank): - more than 80% of reservoir liquid - less than 100 volumes of gas by volume of stock tank oil - a gravity above 0.85 (d° API < 35)
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Solution gas is much higher than for black oils and consequently they are rich in volatile constituent, their critical temperature is close to reservoir temperature. Volatile oils give in surface: - at least 40% of reservoir fluid - more than 200 volumes of gas by volume of stock tank oil - a gravity less 0.82 (d° API > 40) Other classification of oils is considered in the petroleum industry, according to the stock tank oil composition and the gas in solution, which terminology is useful to know: - light oil: equivalent to volatile oil - normal oil: equivalent to black oil - condensate rich oil: with a C6 -C 10 cut content greater than 50% moles - dead oil: normal oil with very low gas in solution, less than 10 volumesby volume of stock tank oil - heavy oil: very high density and low gas in solution, usually classified according to API grade
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Pressure - Temperature diagram for dry gas



Reservoir temperature is higher than cricondentherm. No hydrocarbon liquid is condensed neither at reservoir conditions nor at the separator, both conditions lying outside the saturation curve. Main constituent is methane, with ethane and few heaviest components.
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• Wet gas
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Pressure - Temperature diagram for wet gas Reservoir temperature is still higher than cricondentherm, but separator conditions lay within the twophase region. There is no condensation of liquid in the reservoir but liquid is recovered in the separator. As compared to a gas condensate: - there is no retrograde condensation - a lower production of liquid - less heavy components Composition of gas produced remains the same during pressure decline and also the liquid fraction at identical separator conditions is constant.
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• Gas condensate
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Pressure - Temperature diagram for gas condensate
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Reservoir temperature ranges between the critical temperature and cricondentherm. Usually the reservoir pressure is equal to dew point pressure. The pressure decline due to production, causes liquid condensation in the reservoir, up to a maximum, followed by a vaporisation of the liquid. The liquid condensed remains in the pore space of the formation and does not flow because of the low liquid saturation (except for very high liquid fraction deposited), the fluid produced is a gas with a composition changing with pressure and becoming lighter in heavy components due to the loss of these products in the formation. Liquid is recovered at separator conditions, due to the decline in pressure and temperature between the reservoir and production facilities. Liquid content declines with pressure due to the changing composition of the gas produced.



Pressure



The maximum retrograde condensation is usually observed at low pressure, and consequently during the life of a gas condensate reservoir, vaporisation of the liquid deposited in the reservoir is not commonly observed and that liquid is almost never recovered by pressure decline.
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IV - PROPERTIES OF RESERVOIR FLUIDS 1-



OIL PROPERTIES: DEFINITIONS FOR OIL a - Formation volume factor If a volume of reservoir oil is flashed to stank tank oil conditions, a large amount of gas is released, and certain volume of oil is collected in the stock tank, both measured at standard conditions. By definition the oil formation volume factor (FVF) or Bo is the ratio between a volume of oil at reservoir conditions of temperature and pressure and its volume at standard conditions. Or



Bo =



Vo (P, T) Vo (P atm , 60°F)



As a ratio of volumes, Bo has no unit, but it is often expressed as m3 /m3 , being reservoir m 3 /m3 sto. The value of B o is always higher than 1 and is a function of pressure, temperature and composition. The difference between the volume at reservoir conditions and the volume at standard conditions, is due to the gas liberation by pressure decline, and thermal contraction at a lower degree. If the initial reservoir conditions is the bubble point, the oil formation volume factor is referred as Bob. The value of Bo will also depend how is processed the fluid in surface, i.e. the separation conditions, number of stages of separation and its pressure and temperature, before reaching the stock tank oil conditions. The shrinkage is the inverse of the oil formation volume factor: or



1/B o



(lower than 1)



As mentioned previously typical values for Bo are: - for a black oil - for a volatile oil



Bo = 1.25 m3 /m3 Bo = 2.5 m3 /m3



• Shape of the Bo curve with pressure For an undersaturated oil, at initial reservoir conditions: Bo = Boi Change from initial pressure to bubble point pressure is reflected by monophasic expansion of the oil due to oil compressibility, Bo is increasing from Boi to Bob. Below Pb at a pressure P, within the two-phase region, the gas phase of volume Vg is in equilibrium with the oil phase of volume Vo . That volume Vo is lower than the oil volume at Pb , due to the liberation of gas. as
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Bo is continuously decreasing with pressure, the relative shape of Bo for volatile oil and black oil reflects the difference in oil compressibility and solution Gas Oil Ratio.
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B o versus Pressure - Example for volatile oil and black



• Total formation volume factor By definition



Bt =



Vt Vo + Vg = Vo(sc) Vo(sc)
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Relative volume factor



Bt is increasing with pressure



Pressure (Mpa) B t versus pressure
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b - Solution Gas Oil Ratio Referring to the previous experiment, the Gas Oil Ratio, is the ratio between the volume of gas dissolved (measured at standard conditions) and the volume of oil at standard conditions Rs =



Vg (patm, 60°F) Vo (patm, 60°F)



The letter “s” meaning that gas was in solution in the oil at reservoir conditions, (saturated or undersaturated oil). R s is expressed in standard m3/m3 sto in metric units or in cu ft/bbl in british units. R s is also a function of pressure, temperature and composition, and will depend of separation conditions. Typical values of Rs are: R s = 100 m3/m3 R s = 200 m3/m3



- for a black oil - for a volatile oil



• Shape of the Rs curve with pressure R s is constant up to the bubble point as no gas is released. The remaining gas dissolved in the oil at P is lower than initial solution GOR due to the liberation of gas, then Rs is continuously decreasing with pressure.
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c - Gas Oil Ratio, Water Oil Ratio • Gas Oil Ratio When the pressure of a saturated oil reservoir becomes lower than bubble point pressure, an oil phase and a gas phase are present in the reservoir. When the gas phase begins to flow, the total gas produced consists partly of free gas and partly of solution gas. Definition for GOR is: R=



free gas + solution gas stock tank oil



The symbol R is generally used for Gas Oil Ratio, when used alone, R represents an instantaneous total producing Gas Oil Ratio. • Water Oil Ratio Water Oil Ratio (WOR) is the ratio of the total volume of water produced divided by the volume of oil produced, measured at sc. Water cut: fw is the ratio of water produced to the total volume of fluids produced: oil + water, both volumes measured in standard conditions. It is expressed as a fraction in percent: WOR =



fw 1 – fw



d - Compressibility Isothermal compressibility: Undersaturated oils are compressible at constant reservoir temperature. The isothermal compressibility varied slightly with pressure. The isothermal compressibility factor is defined as: 1  δV Co = –   V  δP T Oil compressibility varies slightly with pressure and its value depends mainly on the oil and its gas content. Compressibility at pressure P can be calculated from the slope of the curve specific volume versus pressure. Typical values are: 1.10 –4 (black oil) < Co < 4.10–4 (vol/vol)*bar –1 (volatile oil) 7.10 –6 (black oil) < Co < 30.10–6 (vol/vol)*psi–1 (volatile oil) Assuming a constant compressibility in the given pressure range, above the bubble point: Bo = Bob [1 – Co (P – P b )] Bo = Bob (1 – Co∆P) this equation is used in oil compressibility calculation by correlation.
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Isobaric thermal expansion: the isobaric compressibility factor is defined as: β =



1 V



 δV    δTP



Thermal compressibility depends also of the gas in solution (Rs) and varies between: 0.5 . 10–3 . 1/°C and 2 . 10–3 . 1/°C e - Density, Oil gradient Stock tank oil: Specific Gravity (SG) in the petroleum industry is defined as the ratio of oil density to water density at 60°F (or 15°C in SI system). Petroleum industry uses also API gravity: d° API =



141.5 – 131.5 SG 60°F



Typical variations of SG and API grade of sto are as follows: - condensate, very light oil



SG < 0.8



( > 45° API)



- light oil



0.8 < SG < 0.86



(33 to 45°API)



- normal oil



0.86 < SG < 0.92



(22 to 33°API)



- heavy oil



0.92 < SG < 1



( < 22°API)



Reservoir oil: Oil density in reservoir conditions depends of pressure, temperature and composition and is always less than 1000 kg/m3, the water density. Oil gradient:



for the density of water of 1000 kg/m3 Water gradient 0.433 psi/ft or almost 0.1 bar/m Oil gradient = water gradient (bar/m) × oil density (g/cm3)



f - Reservoir fluids classification It is not always easy to determine the state of the fluid in the reservoir in the absence of a PVT study. Well production data as stock tank oil gravity and GOR gives an idea of the state of the fluid in the reservoir and nature of the oil, but there is no clear limit between a volatile oil and a gas condensate. Quite often there is also a gradient of composition with depth, going from a gas condensate to a volatile oil.
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Typical fluids composition are given below, showing the relative proportions of methane, intermediate components, and heavy component (C7 +).



Components



Oil



Oil



Oil



Condensate gas



Condensate gas



Wet gas



Dry gas



Nitrogen + CO2



2.16



4.49



2.12



2.37



4.09



1.01



0.40



—



3.45



Methane



30.28



50.12



63.91



64.19



73.80



88.54



94.32



Ethane



6.28



7.78



8.29



11.18



9.43



5.32



3.90



Propane



10.21



5.18



4.37



6.20



4.43



2.30



1.17



Isobutane



1.23



1.04



0.94



0.75



0.87



0.56



0.08



n-Butane



5.75



2.65



2.21



2.31



1.63



0.59



0.13



Isopentane



1.62



1.11



0.72



0.64



0.71



0.27



n-Pentane



2.71



1.43



1.15



1.03



0.66



0.23



C6



3.28



1.92



1.86



1.22



0.91



0.27



C7+



36.58



20.83



14.43



10.11



3.47



0.91



Total



100.00



100.00



100.00



100.00



100.00



100.00



H2S



100.00



Various formation fluids composition (% mol)
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GAS PROPERTIES: DEFINITIONS FOR GAS a - Behaviour of gases Avogadro law: All ideal gases at a given pressure and temperature have the same number of molecules for a given volume. One mole of a material is a quantity of that material whose mass in the unit system selected, is numerically equal to the molecular weight. One mole or gram-mol of a substance contains 6.02 . 1023 molecules and occupy at the gas state a volume equal to: - 22.414 l at 0°C and 1 atm - 22.645 l at 15°C and 1 atm - 23.694 l at 60°F and 1 atm Molecular weight: it is the weight of a constant number of molecules (Avogadro’s number). As a reference molecular weight of carbon 12, is 12 g. Mixture: a mixture is characterised by the number of moles ni or by the mass mi of each constituent i (pure substance). The molar fraction of constituent “i” is zi =
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ni n



n total number of moles of the mixture
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The massic fraction of constituent “i” is: pi =



mi m



m mass of the mixture



The molecular weight of the mixture is a molar weighting of the molecular weights Mi of the pure substance. M = Σ zi . Mi Ideal gas law: From Charles and Boyle laws or Gay-Lussac law, for an ideal gas: PV = nRT which is the equation of state (EOS) of a perfect gas: P = pressure V = volume n = number of moles R = perfect gas constant (depending of units) T = absolute temperature Real gases behave like ideal gases only close to atmospheric pressure b - Gas Formation Volume Factor The gas formation volume factor or Bg is the ratio between a volume of free gas at reservoir conditions of temperature and pressure and its volume at standard conditions. or



Bg =



Vg (P,T) Vg (Patm, 60°F)



Bg has no unit and its expressed as m3 /m3 , being reservoir m3 /m3 gas at standard conditions. The value of Bg is always lower than 1 and is a function of pressure, temperature and gas composition. The difference between the volume at standard conditions and the volume at reservoirs conditions is due to the expansion of gas by pressure decrease, thermal contraction and condensation of liquid in surface (in the case of a gas condensate or a wet gas). The Gas Expansion factor is the inverse of the gas formation volume factor, or: Eg =



1 Bg



As seen later, Bg has a near hyperbolic shape versus pressure, while Eg is practically a linear function of pressure at constant temperature. The use of the gas expansion factor is often preferred for computational ease and accuracy in interpolation and extrapolation. Strictly speaking the gas formation volume factor is defined for a dry gas i.e. when only a gas phase is present at standard conditions. As it is usually the case a gas fraction and a liquid fraction are recovered at atmospheric pressure (gas condensate and wet gas). To obtain the total gas volume at standard conditions, it is required to calculate the equivalent gas volume of the liquid phase at sc. Bg is then referred as two-phase formation volume factor (see § e). That value of B g is then used in gas reservoir engineering calculations (Charles/Boyle laws or Gay-Lussac law).
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For a gas condensate or a wet gas, the volume of liquid condensed in surface is characterized by the Condensate Gas Ratio (CGR), which is the inverse of the GOR. For example if: CGR = 0.001 m3 /m3 or 1000 m3/10 6 of gas The GOR would be GOR = 1000 m 3 /m3 In british units, CGR is expressed in bbls/MMscf. As an example for - a poor gas CGR = 50 bbls/MMscf (GOR = 3541 m 3 /m3 ) - a rich gas CGR = 250 bbls/MMscf (GOR = 708 m3 /m3 ) c - Gas Compressibility Factor: For mixtures of gas, the petroleum industry introduced a correcting factor to the ideal gas law, to obtain the Equation of state: PV = Z nRT Z is the compressibility factor and depends of pressure, temperature and gas composition. Z can be measured in the laboratory or, more often, obtained from correlations. PV = n R = Cst ZT



Consequently



Writing this equation at P, T and Psc and Tsc: PV Psc Vsc = ZT Z sc Tsc For the standard conditions Zsc = 1, the gas behaving like an ideal gas near atmospheric pressure. The expression of Bg becomes : Bg =



Psc . Z . T V = Vsc P . Tsc



Bg is almost proportional to 1/P and Eg almost proportional to P. d - Gas density, Gas Specific Gravity: Gas density: Gas density ρ is defined as the ratio of mass to volume ρ = m/V



and



m=nM



ρ density m mass of gas
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For one mole



PM = ZρRT



and



ρ =



PM ZRT



at P,T
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Writing this equation at standard conditions for one mole: ρ =



M molecular weight = molar volume V



Typical values of gas density, at elevated pressure (7000 psi) are: - gas condensate - dry gas or wet gas



430 kg/m3 240 kg/m3



Gas specific gravity Gas specific gravity or relative density (SI system) is the ratio of the density of the gas to the density of dry air when both are measured at the same temperature and pressure. Usually gas specific gravity is defined at standard conditions (1 atm and 60°F) SG or γ g = ρgas = γg =



ρgas ρair



(standard conditions)



M gas Vmolar



Mgas M gas = M air 28.9625



Specific gravity is dimensionless, although it is customary to specify the air as reference material: SG (air = 1) or γg (air = 1) As V molar = 23.694 l/gram-mol (1 atm, 60°F) ρair =



28.9625 = 1.222 kg/m3 (sc) 23.694



e - Gas condensate or wet gas: Molecular weight from production data



M=



mass n



As gas and liquid are produced at standard conditions it is required to calculate the number of moles respectively of the gas and oil fraction. mass is



R × ρgas + ρoil



number of moles



M gas =



(R = GOR)



ρoil R + 23.6 M oil



(R × ρgas + ρoil)



 R + ρoil   23.6 M oil



Specific gravity for a gas condensate or a wet gas, the equivalent specific gravity becomes: γg =



M gas 28.9625



M being calculated as above.
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Formation volume factor an equivalent two-phase formation volume factor is defined for gas condensate or wet gas, calculating the equivalent gas volume of the liquid fraction. - by definition



Bg =



V Vsc



- Vsc: gas volume at sc + equivalent liquid volume at sc For 1 m3 of liquid produced the equivalent gas volume is the number of moles multiplied by the molar volume or:



 ρoil  × 23.6  M oil and



 ρoil  × 23.6 M oil



Vsc = R + 



M oil for the liquid produced is either obtained from the PVT analysis or from Correlations. f - Law of corresponding state The critical point is characterized by its critical coordinates Pc (critical pressure) Tc (critical temperature) and Vc (critical volume) at which intensive properties of liquid and vapour phases are identical. Reduced values are defined as the ratio of any of the variables (pressure, temperature and volume) to the critical values. Pr =



P Pc



Tr =



T Tc



Vr =



V Vc



The law of corresponding states provides the theorical basis for the correlations of several intensive properties utilizing reduced pressures and temperatures. “The ratio of the value of any intensive property to the value of that property at the critical state is related to the ratios of the prevailing absolute temperature and pressure to the critical temperature and pressure by the same function for all similar substances”. Fluids are said to be in corresponding state when any of the two reduced values Pr, Tr or Vr are the same. Pr = f (Tr, Vr) In conclusion, if fluids are in corresponding states, any dimensionless reduced intensive property, as reduced density, fugacity, compressibility, viscosity, will be the same for those fluids. Accuracy of the law of corresponding state will depend on the phase and temperature of the substance; accuracy is greatest in the vapour phase and is best for temperatures above the critical and will also depends on the complexity and eccentricity of the molecule. However the law of corresponding states is used for generalized liquid and gas phase correlations for hydrocarbons mixtures with a considerable degree of success.
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g - Pseudo- critical temperatures and pressures For most of the pure components, the values of critical pressure and temperature have been measured and are known. or mixtures, the critical values will depend on composition but are not known. It has been found that the use of the true critical values of mixtures in corresponding states correlations gives less accurate results that the use of so-called pseudo-critical constants. Pseudo-critical constants are calculated according to the Kay rule, or the mol-average values for the mixture. Ppc = Σ yi P ci



Tpc = Σ yi Tci



• Calculation of Gas pseudo-critical properties Pseudo-critical properties of hydrocarbons gases can be estimated with gas composition and mixing rules or from correlations based on gas specific gravity. Corrections should be applied for non hydrocarbon components: - composition is available: pseudo-critical temperature and pressure are calculated according to the Kay mixing rule, however for the heaviest component (C7 +) the values are not available but can be determined by correlation. Matthews et al correlation as reported by Standing gives Pc and Tc according to molecular weight and specific gravity of the heaviest component (C 7 +) (ref 2, p 59). - based on Gas gravity: Pc and Tc are calculated based on the gas gravity according to the Standing correlation (see below).
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Standing correlation is extensively used in the industry, but is limited to γg = 1.2 Now Sutton correlations are recommended for hydrocarbon pseudo-critical properties (ref 6, p 25). When significant quantities of N 2 , CO2 and H 2 S are present, the Wichert and Aziz equations allow to correct T pc and Ppc as calculated before, for non hydrocarbon content (ref 6, p 25). All these calculations of Pc and Tc have been developed to obtain reliable Z factors from the StandingKatz chart.
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V-



CORRELATIONS OF PHYSICAL PROPERTIES The evaluation of a reservoir and definition of production mechanisms and production facilities, required the knowledge of the fluid properties in pressure and temperature. These properties can be obtained by different ways: - by empirical correlations - from a PVT analysis in the laboratory - from an equation of state (EOS), which has already been matched with the PVT study These correlations have been developed initially by Standing and Katz and other American authors, based on data collected on specific American oil fields. Validity was of course limited to the range of parameters used in the correlation. Most of them, at that time were presented as charts. They were further improved in accuracy involving also a much larger range of parameters. Also specific correlations were developed on a regional basis, like North Sea for example. Finally, with computer aid, now the charts have been translated in terms of equation, directly available in specific software. In this document, we will review the basic correlations of the main oil and gas properties and their validity. A comprehensive review of oil and gas correlations exists in numerous text books, with examples, as for example SPE Monograph Volume 20: Phase Behaviour by Curtis H. Whitson and Michael R. Brulé.



1-



CORRELATIONS OF OIL PROPERTIES These correlations are based on production data as: - GOR - stock tank oil gravity - gas specific gravity and of course pressure and temperature. The main physical properties determined by empirical correlations and presented are as follow: -
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bubble point pressure oil formation volume factor oil compressibility oil viscosity oil density
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a - Bubble point pressure The correlation of bubble point pressure have received more attention than any other oil property correlation.



D TH 1468 A



Standing correlation First accurate correlation was developed by Standing, based on California crude oils without non hydrocarbon components (less than1% molar fraction CO2 ). Standing correlation is presented in form of chart below.



Standing bubble point pressure correlation Translated in formula: Pb = with



[



1.241 (5.615 R s/γg)0.83 . 10 (0.111638 T +0.02912) 10(1768.5/ρ osc – 1.64375)



Pb in bara R s in m 3 /m3 γ g (air = 1) ρosc in kg/m 3 at 15°C T in °C



Slightly different equation is presented in SPE Monograph Vol 20 (ref 6). where



Pb = 18.2 (A-1.4) A = (Rs/γg)0.83 . 10 0.00091T-1.0125 γ API



with



R s in scf/STB, T in °F and Pb in psia



(



)



Accuracy is of the order of 5%. 01358_A_A
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• Lasater correlation The approach was slightly different, Lasater used as main correlating parameter the molar fraction of gas dissolved in the oil (yg ) with: yg =



1



 1 + 23.6 ρosc  R s Mo 



with ρosc in kg/m 3 at 60°F,R s in m 3 (1 atm, 60°F), M o molecular weight sto. pb = 0.12413 (T/yg ) (8.26 yg 3.52 + 1.95)



if



y g > 0.6



pb = 0.12413 (T/yg) (0.679 . 101.21 yg – 0.605)



if



0.05 < yg < 0.50



with p b in bara, T in °K, y g (air = 1) Lasater correlation required M o , molecular weight of the sto, if not measured could be obtained from Gravier’chart (ref 2, fig 5.10), or Cragoe’s correlation (ref 6, p 29). Mo =



6.084 (γ API – 5.9)



Lasater correlation accuracy is from 6 to 8%, and presence of a non hydrocarbon components increase the inaccuracy of a few percent, calculated bubble point pressure being lower than the true value. • Other correlations A specific correlation was developed for North Sea oils by Glaso (ref 6, p 29) with corrections for non hydrocarbon content and stock tank oil paraffinity (not largely used) Other general correlation was developed by Vazquez and Beggs (ref 6, p 30). In summary, Lasater and Standing correlations are recommended for general use and as a starting point for developing reservoir specific correlations, a linear relation being assumed between bubble point and Standing correlation coefficient b - Oil formation volume factor The oil formation volume factor (FVF or B o ) of a saturated oil, can be calculated from production data and knowledge of oil density at the bubble point Oil density in P,T is obtained empirically (see 5.1.5). Bo =



ρgR s + ρosc ρo (P,T)



Accuracy depends on ρo calculation and is of the order of 5%, except at high temperature and low liquid density where the correlation is deficient. Standing correlation B ob is calculated, knowing pressure, temperature, density of sto, specific gravity of dissolved gas and Rs. Bob increases more or less linearly with the amount of gas in solution, which explains Bob correlations are similar to bubble point correlations. Standing’s correlation for Californian crude oil is given explicitly in Gravier (ref 2, p 93) and SPE Monograph Vol 20 (ref 6, p 35). 01358_A_A
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Graphical determination is presented below, duplicated by a Schlumberger chart.



Standing oil formation volume factor correlations
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γg



Bob Rsb
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Temperature



Oil formation volume factor correlation at bubble point pressure



For the crudes concerned accuracy is slightly over 1%. Other correlations: Glaso developed for Bo a similar correlation to Pb , for North Sea oils. Also Vazquez and Beggs. Finally Al-Marhoun (ref 6, p 45) developed another correlation for Middle Eastern oils.
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All last three Bob correlations should give approximately the same accuracy. The oil formation volume factor of an undersaturated oil is calculated from Bob and the knowledge of the oil compressibility, assumed constant in the range of pressure concerned: P – Pb. As seen before. Bo = Bob [ 1- Co (P – P b )] A Schlumberger chart is provided below for B o estimation above the bubble point. If Co is not known, estimation is presented in section c.



ρob



(Pwf - Pb) psia



kg/sq cm B



A



CHART COMPUTES Bo = Bob [1 - Co (Pwf - Pb)]



Bo



Bob



gm/cc



Co (x 106)



SOLVING FOR Bo Bob Bob ρob Co



Third Answer Second First



Oil formation volume factor above the bublle point
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• Total formation volume factor The total formation volume factor is the volume occupied at reservoir conditions by the oil and gas associated related to a unit volume of sto. As seen in section 4.1.1 Bt =



Vo + Vg Bo V sto + Bg (R – R s) V sto = Vsto Vsto



B t = Bo + (R –Rs) B g B t is evaluated from the separate oil and gas formation volume factors at any pressure, and the solution gas- oil ratio (Rs). c - Oil density Several methods have been used successfully to correlate oil density, including extensions of ideal solution mixing, EOS’s and empirical correlations. Two methods are presented below, for a quick estimation, the Katz correlation and a Schlumberger chart based on the oil density formula with parameters estimated by correlations. Schlumberger chart : Formula for oil density is: 141.5 + 0.0002178 γg Rs 131.5 + γo ρo = Bo with



ρo in gm/cc γ o ° API γ g (air = 1) R s scf/STB ρo =



or with



62.4 γ o + 0.0136 γg Rs Bo



ρo in lbm/ft3 γ o oil gravity γ g (air = 1) R s scf/STB



The Schlumberger chart here after gives the graphical solution of this equation, Bo and Rs being estimated by correlation if necessary.
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A RS



cc m/ ,g



cc m/ f, g



ρ ow



ρ osc , °API γ osc
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Bo
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a



γg (air = 1,0) Oil density at reservoir conditions
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Katz correlation: original correlation developed by Standing and Katz uses an extension of ideal solution mixing, but required the knowledge of the oil composition Katz developed a simplest correlation based on the same concept, but requiring only gas specific gravity, oil gravity and solution GOR. Katz calculates the pseudo density of a reservoir oil at standard conditions, including the gas in solution. ρpseudo (1 atm, 60°F) =



ρg Rs + ρo 1+



ρg Rs ρg app



ρg density of the gas at sc in kg/m3 ρg density of the sto at sc in kg/m3 R s solution GOR in m3/m3 ρg app apparent density of the solution gas in the liquid in kg/m 3 ρg app was measured by Katz, and presented in a graphical correlation (shown below) function of gas gravity and sto gravity. Best fit equation is available for this graph.
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Apparent density of dissolved gas at 60 °F & 14,7 psia-Lb per cu ft
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1.1 1.0 Gas gravity (air = 1)



1.2



Apparent density of the solution gas in the liquid in kg/m 3
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The pseudo oil density is then corrected for pressure and temperature (see charts below).
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Oil gravity correction due to liquid compressibility (J.F. GRAVIER)



01358_A_A



© 2004 ENSPM Formation Industrie - IFP Training



60



65



51



10



9



8



Density at pressure minus density at 60°F and 14.7 psia-lb per cuft



7



6



5



4



3



2



0



D TH 1475 A



1



25



30



35



40 45 50 Density at 60°F and 14.7 psia-lb per cuft



55



60



Oil gravity correction due to liquid thermal expansion (J.F. GRAVIER) Both methods allow a quick estimation of oil density. Other correlations: Original Standing-Katz method gives an accurate calculation of the oil density, ρpseudo is calculated from the oil composition, everything afterbeing similar to Katz method.
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This method is not recommended when concentrations of non hydrocarbons exceed 10%. Alani-Kennedy method: the method is a modification of the original Van der Waals equation. Explicit equations are presented in reference 6 p 33. Either Standing and Katz or Alani-Kennedy methods gives an accuracy of ± 2% for oil density. Finally cubic EOS’S (see chapter 6) that use volume translation also estimate liquid density with an accuracy of a few percent. d - Oil compressibility Standing correlation: standing gives a correlation for undersaturated Co



ρob + 0.004347 (p - pb) – 79.1   7.141 10-4 (p - pb) – 12.938 



C o = 10-6 exp  with



C o in psi -1 ρob in lbm/ft3 p in psia



ρ ob oil density at the bubble point is required for the calculation of Co , see section 5.1.3 for its determination. This correlation exists also on graphical form. Below a correlation chart is given, based on Standing’s correlation, but requiring only pressure, temperature, solution GOR and sto density. This chart should be preferred for a quick estimation.
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Other correlations: Trube developed a correlation based on principle of corresponding state: C pr = Co × Ppc C pr being determined from a correlation chart based on the variables Pr and Tr. P pc and Tpc are evaluated as presented before. Vazquez and Beggs propose an explicit correlation for instantaneous undersaturated oil compressibility (ref 6, p 35). Any of these correlations should provide reasonable estimates of Co , but it is recommended that experimental data be used for volatile oils when C o > 20 . 10-6 /psi–1, the oil compressibility varying with pressure. e - Oil viscosity Typical oil viscosities range from 0.1 cp for near- critical oils to more than 100 cp for heavy crudes. Oil viscosity decreases when temperature and solution gas increase, also µo increases with increasing oil gravity and pressure. Oil viscosity is one of the most difficult properties to estimate and most methods offer an accuracy of only about 10 to 20%. Oil viscosity depends also of the chemical composition of the oil, for example a paraffinic crude will have an higher viscosity than an naphtenic crude of same gravity. The empirical methods required first the estimation of dead oil viscosity at reservoir temperature from oil gravity (API), which is later correlated with the solution gas-oil ratio. The charts presented below are based on Carlton Beal correlation for dead oil viscosity, and Chew and Connaly for gas-saturated oil viscosity. Undersaturated oil viscosity is also based on Carlton Beal correlation.
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Absolute viscosity of gas-free crude oil (centipoise)
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Crude oil gravity ° API at 60°F and atmospheric pressure Stock tank oil viscosity versus API gravity and reservoir temperature (C.BEAL)
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Viscosity of gas satured oil, cp (at reservoir temperature and saturation pressure)
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Absolute viscosity increase from bubble point pressure to undersatured pressure (centipoise)



Viscosity of gas-free oil, cp (at reservoir temperature and atmospheric pressure)



Absolute viscosity of gas satured crude oil at bubble point pressure (centipoise)



Viscosity at bubble point as a function of dead-oil viscosity and solution gas-oil ratio (from Standing, after Beal correlation) 01358_A_A
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Bubble point pressure, Pb, psia



Viscosity of oil above bubble point, µ0, cp Viscosity of undersaturated black oils
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The Schlumberger chart provided an equivalent correlation, everything being on the same chart. These correlations should only be used for a quick estimation. Other correlations: standing gives a relation for dead-oil viscosity in terms of dead-oil density, temperature and the Watson characterisation factor (Kw) (ref 6, p 77), function of paraffinicity, which is recommended if K w is known; see chapter 6. Dead oil viscosity is then very sensible to the nature of crude. Bubble oil viscosity is mainly based on Chew and Connaly correlation. Best fit equations being reported by various authors (ref 6, p 37). The correlation was also extended to higher GOR’S (from 1000 scf/STB up to 2000). An interesting observation of Abu-Khamsin and Al-Marhoun is the good correlation between viscosity at the bubble point µob and density at the same conditions ρob: ln µob = – 2.652294 + 8.484462 ρob4 for undersaturated oil viscosities, Standing derived the best equation from Carlton Beal graph. Several authors presented more recently there own equations. Compositional correlation: In compositional model used for miscible gas injection and depletion of near-critical reservoir fluids, the oil and gas composition may be similar. A single viscosity relation consistent for both phases has been developed by Lohrenz et al based on corresponding states, becoming a standard for compositional reservoir simulation.



2-



CORRELATIONS OF GAS PROPERTIES a - Gas compressibility factor The equation of state of gas can be written as: PV = ZRT



for one mole



Gas compressibility factor Z was determined experimentally for the first alcanes. When Z is plotted versus pressure and temperature, all these curves have a similar shape. Law of corresponding state was applied to first alkanes i.e. Z versus Pr and T r And the curves obtained were almost surimposed. The same approach was used for mixtures, using the concept of pseudocritical pressure and temperature to obtain pseudo reduced pressure and temperature Ppr =



P Ppc



and



T pr =



T T pc



Gas compressibility factor was measured experimentally for numerous gas and well known StandingKatz chart was obtained correlating Z versus P pr and Tpr (see below).
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Absolute viscosity increase from bubble point pressure to undersatured pressure (centipoise)
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Absolute viscosity of gas satured crude oil at bubble point pressure (centipoise)
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Compresibility factor Z =



PV RT



Natural gas compressibility factor



Reduced pressure Pr = P PC Compressibility factor for low reduced Pressure (J.F. GRAVIER) Ppc and T pc are determined as described in previous section. Many empirical correlations and EOS’s have been fit to the original Standing-Katz chart. The Hall and Yarborough and the Dranchuck and Abou-Kassem equations (ref 6, p 23) give the more accurate representation (± 2%) of the original Standing-Katz chart in the range 80°F – 340°F and less than 10 000 psia. For sour gases (CO2 and H 2 S), T pc and Ppc should be calculated as mentioned before. 01358_A_A
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b - Gas formation volume factor Gas formation volume factor is calculated by Bg = Z ×



Psc T × T sc P
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Two charts based on that formula are presented in below for graphical estimation.



Gas formation volume factor
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Gas formation volume factor



For a gas condensate or a wet gas, the Bg calculated is the two-phase formation volume factor.
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c - Gas density Gas density in pressure and temperature is calculated by: ρg =



γg ρair Bg
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Graphical solution is provided below. As before γg and Bg to be used for gas condensate and wet gas are two-phase.



Gas density
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d - Gas viscosity For most gases, viscosity decreases with temperature, except below 1500 psia. Gas viscosity is rarely measured in the laboratory, then the prediction of gas viscosity is particularly important.



D TH 1512 A



A graphical correlation is given below where µg is function of gas specific gravity and pressure and temperature. Also the classical correlation of Carr et al could be used. Viscosity at atmospheric pressure and reservoir temperature µg1 is obtained for gas molecular weight and temperature. Then the ratio µg /µg1 is function of Pr and Tr . Finally µg1 could also be corrected for N2 and CO2 content (ref 2, p 66).



Gas viscosity PVT laboratory used the Lee-Gonzalez equation (ref 6, p 26) to calculate viscosity, with an accuracy of 2 to 4% for γg < 1 and errors up to 20% for rich gas condensates (ρg > 1.5). Also the Lucas correlation (ref 6 p 27) is recommended for its range of validity (1 < Tr < 40 and 0 < Pr < 100).
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VI - EQUATIONS OF STATE 1-



INTRODUCTION Equations of state are equations relating pressure, volume and temperature for pure substances and mixtures. They describe the volumetric and phase behaviour, requiring only critical properties and acentric factor of each component. The same equation is used to calculate the properties of all phases, mainly gas and liquid in petroleum engineering. Main application of equations of state are calculations of volumetric properties from the side and phase equilibrium on another side. The simplest equation of state is the ideal gas law, which has a very limited range of application



2-



THERMODYNAMIC SUMMARY Acentric factor ω . The acentric factor was defined by Pitzer. The vapour pressure curves for pure substances have a similar shape, and outside the critical region, these curves are almost rectilinear along axes log Pr and 1/T r, and given by: log



Pvap Tc 7 = – ×  – 1 3 Pc T



According to the principle of corresponding states, these lines should be identical for pure substances, but this is not the case. The deviation from the law of corresponding states, is reflected by the definition of the acentric factor for pure substances Pvap ω = 1 – log10  Pc 



Tr = 0.7



within the linear approximation, the equation of the vapour pressure curve becomes Pvap Tc 7 = – (1 + ω)  – 1 log10  3 Pc  T As originally proposed, ω represented the nonsphericity of a molecule. For high molecular weight hydrocarbons, ω increases. It also rises with polarity. At present ω is used as a parameter supposed to measure the complexity of a molecule with respect to geometry and polarity. Correlations were developed for acentric factor calculation, for pure substances and for petroleum fraction. • Dalton’s law The pressure of an ideal gas mixture in equilibrium, is the sum of the partial pressure of each component: m



p =



∑pi



i=1 with
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• Raoult’s law The partial pressure of a component in an ideal liquid solution is equal to the product of the mole fraction of that component in the liquid multiplied by the vapour, pressure of the pure component pi = xi p vap with



x i = mole fraction of ith component in the liquid y i = mole fraction of ith component in the gas pi =



partial pressure of ith component: pressure exercised by that component alone in the total volume offered to the mixture



For a gas and a liquid in equilibrium, the partial pressure of each component is the same in the gas phase and in the liquid phase. y i p = xi p vap or



y i pvap = = Ki xi p



Ki is called the equilibrium ratio. The use of equilibrium ratio as previously defined is restricted, because: - Dalton’s law assumes an ideal gas mixture which is only verified at low pressure - Raoult’s law is not verified for hydrocarbons mixture which are not idealsolutions - Ki definition is no longer defined above critical temperature of the ith component • Chemical potential and fugacity The chemical potential of ith component in a mixture is defined as (from Gibbs)



 δG   δniT, p, nj



µi =  G free enthalpy also: m



G =



∑pi . ni . gi



i=1 and



gi molar free enthalpy gi = µ i



The chemical potential quantifies the reaction of a system to the addition of one mole of component i. For a mixture in equilibrium at constant pressure and temperature, the chemical potential of each component is the same in the liquid phase L and in the gas phase V. µiL = µiV Fugacity Chemical potential is usually expressed in terms of fugacity fi, where: µi = RT ln fi
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The condition of equal chemical potential is satisfied by the equal fugacity constraint: f iL = fiV The coefficients of fugacity are used in place of fugacity and are defined by: f iL = ΦiL xi p f iV = ΦiV yi p Consequently at the equilibrium: Ki =



yi ΦiL = x i ΦiV



Coefficients of fugacity are given by the following expression: ln Φi =



1 ∞  δp RT – dV – ln Z RT V  δxi V 



∫



They are usually calculated from an equation of state.



3-



EQUATIONS OF STATE An equation of state for a pure substance is an algebraic relation between pressure, temperature and molar volume. For mixtures EOS in addition includes composition. The main equations of state are presented here • Cubic equations -



Van der Waals (1873) Redlich-Kwong (1949) Soave-Redlich-Kwong (1972) Peng-Robinson (1976)



• Benedict-Webb-Rubin Most petroleum engineering applications rely on the Peng-Robinson (PR) EOS or a modification of the Redlich-Kwong (RK) equation as Soave-Redlich-Kwong (SRK) equation. In their range of application, they predict representative phase equilibria, but unfortunately poor liquid densities. The volume translation method as proposed by Peneloux, improved significantly the computation of liquid densities from 2 constant cubic equations without changing the equilibrium calculations. Finally BWR EOS and its modifications are more complicated than cubic equations and have been used over wider ranges of temperature and pressure.
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• Equations of state Ideal gas law (Mariotte)



P =



RT V



• Cubic Equations - Van der Waals



P =



a RT – V – b V2



- Redlich-Kwong



P =



RT a – V – b V (V – b) T 1/2



- Soave-Redlich-Kwong



P =



RT a (T) – V – b V (V + b)



- Peng-Robinson



P =



RT a (T) – V – b V2 + 2 bV – b2



• Benedict-Webb-Rubin (pure components) Z =



α PV 1 C D E 1 d d c  γ  – γ/V2 = 1 +  BRT – A – 2 + 3 – 4 + 2  bRT – a –  + 5  a +  + 1+ e RT V T T T T T V VT 2  V2  V a - Cubic Equations of state These equations are called “cubic” because volume determination at constant pressure and temperature needs to solve a third order polynomial equation. They can be presented as a general expression Z 3 + UZ2 + VZ + W = 0 with Z = PV/RT and U, V, W, depending of two constants A and B A =



aP R 2 T2



B =



bP RT



The number of solution of this equation gives the number of phases. The equations presented here are two-constant cubic equations. • Van der Waals equation This equation differs from the ideal gas law by the introduction of two parameters: - a “attraction parameter” - b “repulsion parameter” a The term + 2 represents an attempt to correct pressure for the forces of attraction between the V molecules. The actual pressure exerted by the gas on the walls of the cell, is reduced by the attraction between molecules. The volume occupied by the molecules, reduces the total volume available, the constant b is regarded as the correction to the total volume, and is often called covolume.
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The ideal gas law PV = RT becomes:



 P + a  (V – b) = RT  V2 



Van der Waals equation



The two constants a and b, are defined by: 2



 δp  δ p =  2 δ   v p c, Tc, Vc  δv p c, Tc, Vc As seen before, in a PV diagram, the critical isotherm is tangent to the saturation curve at critical point and presents also an inflexion point. a and b can then be expressed versus Tc and Pc: b=



3 RTc 8 Pc



and Vc =



a =



27 R 2 Tc2 64 Pc



3 RTc 3 resulting in Z c = = 0.375 8 Pc 8



Van der Waals equation has limited use, since it is accurate only at low pressure Polynomial form of Van der Waals equation is Z 3 – (1 + B) Z2 + AZ – AB = 0 • Redlich-Kwong equation The equation can also be written: P =



a RT – V – b V (V + b)



The second term is made dependent also of temperature. The constants a and b are determined in the same way as for Van der Waals equation RTc b = 0.08664 Pc



2



a = 0.42748



R 2 Tc



PcT 0.5



RK equation of state can also be written in polynomial form: Z 3 – Z2 + (A – B – B2 )Z – AB = 0 • Soave-Redlich-Kwong equation Vapor liquid equilibrium of RK equation was improved by introducing a component dependent correction α:



[



]



α = 1 + m (1 – Tr0.5) 2 and
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m = 0.480 + 1.574 ω – 0.176 ω2
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The new a constant becomes (b being the same): a = α × 0.42748



R 2 T c2 Pc



The polynomial form of RK EOS remaining the same. The SRK equation is the most widely used RK EOS. It offers an excellent predictive tool for accurate predictions of vapour liquid equilibrium and vapour properties. Volume translation is highly recommended when liquid densities are needed. • Peng-Robinson equation The PR EOS gives very similar results to SRK EOS. The values of a and b constants are as follows: b = 0.07780



RTc Pc



a = α × 0.45724



R 2 T c2 Pc



[



]



α = 1 + m (1 – Tr0.5) 2 and



m = 0.37464 + 1.54226 ω – 0.26992 ω2 m = 0.379642 + 1.48503 ω – 0.164423 ω2 + 0.016666 ω3



for ω ≤ 0.49 for ω > 0.49



PR EOS can be also written in polynomial form: Z 3 – (1 – B) Z 2 + (A – 2B – 3B2) Z + (AB – B2 – B3 ) = 0 In summary, as mentioned in Phase Behaviour SPE Monograph Vol 20, “the PR and SRK EOS are the most widely used cubic EOS’s. They provide the same accuracy for VLE predictions and satisfactory volume predictions when used with volume translation”. b - Benedict Webb Rubin equation An equation with eight empirical constants was developed, which have been tested extensively for many hydrocarbons and also derived compounds. Modified BWR EOS were proposed by various authors. As the cubic EOS, they should not be used outside the pressure and temperature ranges for which they have been tested. c - Volume Translation Peneloux et al used volume translation to improve volumetric calculations of the SRK EOS. It works also with PR EOS. The volume shift does not affect VLE calculations for pure components or mixtures. A simple correction term is applied to the EOS calculated molar volume. Vcorrected = V – c V EOS calculated volume c volume translation, component specific constant c i is determined for each component, and for a monophasic mixture c =



∑ x i ci i
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d - Equation of state for a mixture Petroleum fluids are represented as a mixture of n components. For each component: T ai (T) = a (Tci, Pci) α  , ωi T ci bi (T) = b (Tci, Pci) The EOS for a mixture has the same form, with a and b found as follows: a = ∑ ∑ xi xj a ij i j



and



b = ∑ xi b i i aij = (1 – kij ) (a i b i)1/2



k ij is a binary interaction coefficient, between the component i and the component j, which is usually considered equal to zero for hydrocarbon-hydrocarbon interactions, and different from zero between hydrocarbons and non hydrocarbons and between non-hydrocarbons together. x i is the molar fraction of component i in the respective phase. Also



A =



aP R 2 T2



B =



bP RT



Multicomponent fugacity expression (ln f i/yi = ln Φ i ) depends of the selected EOS, SRK or PR and is calculated knowing Z and A and B factors.



4-



VAPOUR- LIQUID EQUILIBRIA (VLE) The problem consists of defining the amounts and compositions of equilibrium phases (liquid and vapour usually), given the pressure, temperature and overall composition. There is equilibrium between the gas phase and the liquid phase if the fugacity of each component is the same in the vapour phase (v) and the liquid phase (L). f iL = fiV One EOS represents the reservoir fluid, either oil or gas condensate. The answer is obtained by solution of a system of equations, defined as follows - for a system with i components: • • • • •
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z i molar fraction of i component in the system L liquid fraction V vapour fraction x i molar fraction of i component in the liquid phase y i molar fraction of i component in the gas phase
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- material balance: • L+V=1 • Σ i xi = Σ i yi = 1



yi xi



Ki =



• z i = (1 – V) xi + V yi



or n+2 equations with 2n+2 unknowns (xi, y i, L, V) - for each phase L and V there is one cubic EOS in ZL and ZV or 2 equations with 2 unknowns (Z L , Z V) - Ln fiL = f (ZL , AL , akiL, biL, xi) Ln fiV = f (ZV, AV, akiV, biV, yi) f iL = fiV or 3 equations with 2n+2 unknowns (ZL , Z V, fiL, fiV) - finally 4n+4 equations with 4n+4 unknowns (xi, y i, L, V, ZL , Z V, fiL, fiV) solved by iteration (software) • bubble point pressure: • dew point pressure • density calculation



V=0 L=0



x i = zi y i = zi



x i Mi P  ρ = Σi  Z L RT  L M i molecular weight of it component: ρ = Σi  V



y i Mi P Z V R T



z i Mi P  ρ = Σi  (LZL + VZV) RT F Practically, the step by step procedure, to perform a two-phase flash calculation can be outlined as follows: -
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estimate K values (from correlations or approximate values) solve equation for L calculate phase composition xi and y i calculate Z L and Z V from the EOS calculate f iL, and fiV from the EOS check the equal fugacity constraint if convergence is not reached, update the K values with the fugacity ratio
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• Matching an EOS Most equations of state are not truly predictive and need to be adjusted against experimental data. This lack of predictive capability is usually due to inaccurate properties of the heavy fraction C 7 +. Most of the methods existing to fit PVT data modify the properties of the fractions making up the C7+:



-



T c heavy fraction Pc heavy fraction acentric factor ω δij = interaction C1 - C7 + molecular weight of the heavy fraction



Also in order to simplify the VLE calculations, overall composition is divided in a defined number of pseudo components. The number of pseudo components used to describe a reservoir fluid depends of the process being simulated. Five to eight component fluid characterisations should be sufficient to simulate any reservoir process. For example: -



C 1 , CO 2 , N 2 C2 Pseudo C 3 Pseudo C 4 etc.



• Matching parameters - for oils: • Bubble point pressure increases when Pc, Tc, δij increase. • GOR sep increases when Pc increases • GOR sep decreases when Tc increases - for gas condensate: • T c heavy fraction * dew point pressure increases when Tc increases * liquid deposit increases when Tc increases * GOR sep decreases when Tc increases • Pc heavy fraction When Pc increases, dew point pressure has sensitivity at low temperature and liquid deposit decreases • ω * dew point pressure increases when ω increases * liquid deposit increases when ω increases * GOR sep decreases when ω increases • δij most sensible parameter on pressure and liquid deposit
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Conclusions:



-
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cubic equations are commonly used simples, easy to program good results after matching necessary to be matched against experimental data not truly predictive if used without reference to PVT data (differential, flash, swelling, etc.)
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VII - SAMPLING 1-



OBJECTIVE Fluid sampling of hydrocarbon reservoir is required to determine in laboratory their physical and chemical properties. Laboratory study of reservoir fluids in pressure and temperature allows to evaluate the production performance of a reservoir. Assuming the accuracy of the PVT study, performed in the laboratory, this PVT will be meaningful if the sampling is representative of the reservoir fluids. Sampling is one of the more delicate of field operations and required experience in the operational aspects of sampling and well testing, and a good understanding of reservoir engineering.
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REPRESENTATIVITY Two conditions are required for representative fluid sampling: - the fluid produced at the bottom of the well should be identical to the reservoir fluid saturating the formation - the fluids sampled should be identical to the fluid produced at the well bottom First condition is a reservoir engineering problem while sampling is an operational one. There are essentially two possibilities of sampling: - bottom hole sampling - surface sampling which will be detailed later.
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RESERVOIR ENGINEERING ASPECTS OF SAMPLING Two situations should be avoided for the sampling representativity: - commingle production of two of several independent zones. If the fluid composition is not identical in each zone, the result will be the production of several reservoirs in different proportion in the same tubing, and the composition of the fluid sampled could not be related to any specific zone. The recommendation is to sample separately each independent reservoir. - diphasic equilibrium in the reservoir, after significative production. Due to the different mobility of the two phases, the ratio of the production rates, will be different of the in place volumetric proportion of each phase. Sampling of depleted reservoir fluids is not representative of the initial fluid contained and is generally meaningless. However the ECM method (equilibrium contact mixing method) as described in SPE paper 28829 (Accurate Insitu Compositions in Petroleum Reservoirs by Oivind Fevang and Curtis H.Whitson ),allows to determine accurate estimates of original in situ reservoir oil and gas compositions from samples not representative of initial fluids. Also, a uniform fluid composition does not always exist throughout a reservoir because of composition variations; vertical variations due to gravity and thermal effects, and other variations between fault blocks and non-communicating layers.
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For example for an oil reservoir with a significant vertical extension, bubble point varies with depth and even reservoir fluid may gradually change from a gas condensate at the top to an undersaturated oil reservoir at the bottom. The transition zone between gas and oil being not always perfectly defined, if the fluids are near critical conditions. a - Oil reservoir behaviour In an oil reservoir the saturation pressure or bubble point may be equal to the initial static pressure (saturated reservoir) or below the initial static pressure (undersaturated reservoirs). The pressure decrease due to constant oil rate production is logarithmic between the limit of the reservoir and the well bore. In undersaturated reservoirs, it is usually possible to produce initially the well at a small enough rate to ensure a flowing bottom hole pressure higher than the bubble point pressure. There is no gas liberation and the flow in the reservoir and in the well bore is monophasic. The fluid produced is identical to the original reservoir fluid and is representative of original in situ fluid. On the contrary in saturated reservoirs the flowing pressure is always below the bubble point pressure. Due to this fact, the gas in solution in the oil is liberated and may flow through the reservoir along with the oil (two-phase flow). The oil and gas rate at the well bore(radius r w) is proportional to the respective mobility of each phase: qg =



qo =



2 πrw h k rg µg 2 πrw h k ro µo



×



dpg dr



×



dpo dr



assuming the pressure gradient is the same in the two phases: qg  k rg  µo = × qo  k ro  µg The total gas produced is the sum of the solution gas plus the free gas, which gives for the surface GOR: Bo GOR = Rs + Bg



µo krg µg kro



k rg/kro being the ratio of gas relative permeability to oil relative permeability. This ratio is a function of the amount of free gas in the reservoir, or Sg (gas saturation). This equation shows that in monophasic flow, when there is no free gas and krg/kro is equal to zero, GOR is equal to Rs and well stream is identical to reservoir fluid. This is the case of undersaturated reservoirs with pwf > pb. In a saturated reservoir, with a two-phase flow, free gas exists and k rg/kro is different from zero, GOR is greater than Rs and well stream is different from the reservoir fluid. In order to sample a saturated reservoir or a slightly undersaturated reservoir, it is required to avoid if possible the liberation of a gas phase in the reservoir.
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First recommendation is to sample the well initially, before any reservoir pressure decrease due to production. Also, in order to prevent a significant gas saturation in the reservoir, the well should be produced with small drawdown and then at a small rate. If the critical saturation is not reached, the flow will remain monophasic and the fluid produced will be representative of the in situ reservoir fluid. As a consequence, surface GOR will remain constant during that period. It is then possible to sample saturated oil reservoirs under conditions, mainly to maintain a monophasic flow in the reservoir. This condition will be respected, if during the sampling period the GOR is constant and minimum. b - Gas condensate reservoir behaviour In a dry gas or a wet gas reservoir, the composition of the reservoir fluid does not change with pressure, and then remains constant in the reservoir and at the wellbore For an undersaturated gas condensate reservoir, the reasoning is the same than for an undersaturated oil. The well should be produced at a rate low enough to have the bottom hole flowing pressure higher than the dew point pressure. In saturated or slightly undersaturated gas condensate reservoirs, as the pressure drops to below the dew point pressure, there is a condensation of the heaviest components in the reservoir. The volume of condensed liquid is generally very small with respect to the reservoir porous volume and it will not flow, the critical liquid saturation being very high (≈ 30%). However the well stream composition will vary with pressure and might be different from original reservoir fluid. Also during early production, a condensate ring formed around the wellbore when near-wellbore pressure dropped below dew point pressure. Main effect is to reduce well productivity. In some cases, for saturated gas condensate reservoir, it has been observed a decreasing GLR when the flow rate was rising. This indicates that the condensate deposited in the formation, due to the fall in pressure, is mobilized at high flow rate. The quantity of liquid mobilized is low, but may affect significantly the composition of the gas produced, and the dew point pressure, if the condensate is not very rich; measured dew point will be lower than real dew point pressure. As for saturated oil reservoir, it is recommended to sample the well initially before any decrease of the reservoir pressure and to produce the well for sampling with the minimum drawdown, to minimize the condensate drop out near the wellbore. Consequently the GLR should remain constant during sampling. However a minimum gas rate is necessary to prevent a slug flow in the tubing. Practical criteria is a minimum velocity of 3 m/s in the tubing. Conclusion: The main conditions for a representative sample of in situ original reservoir fluid are: - monophasic flow in the reservoir and at the wellbore, this condition will be strictly respected if bottom hole flowing pressure is higher than saturation pressure - sampling on only one interval - well stability: constant rate, pressures (bottom hole and wellhead), gas oil ratio, etc.
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First condition cannot always be fulfilled, but the compromise is to obtain a maximum bottom hole flowing pressure: - lowering the rate during sampling - sampling the reservoir as soon as possible
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METHODS OF SAMPLING The way of sampling will depend of: - the nature of the reserve fluid: oil or gas - well completion and surface facilities • during drilling (open hole) • well completed with tubing There are two techniques of sampling: - bottom hole sampling - surface sampling In bottom hole sampling, the fluid is collected at the bottom of the well in pressure and temperature, with a sampler run just above the producing interval. In surface sampling, oil and gas in equilibrium are collected in a separator, later recombined in the laboratory according to the ratio of the rate of each phase. Alternative to surface sampling, is to collect the fluid at the wellhead if it is monophasic, or in a production line in the case of a dry gas or a lean gas. a - Bottom hole sampling Bottom hole sampling applies only to oil or dry gas reservoirs. In the case of a gas condensate or wet gas, the low quantity of heavy components contained in the gas, and the low volume of fluid sampled will prevent to obtain a representative gas composition in the laboratory. Also it may exist a segregation of the liquid phase at the bottom of the well. Sampling in the separator will allow to recover enough condensed liquid to perform a representative analysis of the heavy fraction. Bottom hole sampling is preferred for oil reservoirs, when possible, being more representative of the in situ original oil. That eliminates the uncertainty on rate measurement at separator for recombination. However bottom hole sampling will required specific conditions: - appropriate well conditioning - monophasic flow at the well bore For undersaturated oil pwf > pb The sample is collected with the well flowing at stabilised rate, or after closing and reopening the well. For saturated oil pwf < pb The sample is collected reopening the well at low rate after buildup. A duplicate sample should be collected in surface, to check the representativity, of the bottom hole sample but the well has to be produced at a stabilised rate.
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• Bottom hole testers There are two categories of bottom hole testers, those which sample the reservoir fluid during the drilling phase, and those which sample fluid from the production tubing of a completed well. During drilling: - Drill stem tests (DST) They are used to identify the reservoir fluid. Fluid is produced from the formation into the drill string and in most cases to the surface. Down hole fluid samples collected using tools inserted in the drill string are of limited value due to the large volume of fluid collected and the difficulty to transfer the sample in surface. They are usually flashed in surface to measure GOR and to collect a stock oil sample. Typical DST tools used are: • MFE (multiflow evaluator) • PCT (pressure control test system) • APR (annulus pressure responsive tool) New DST sampling tools are now available to collect smaller downhole samples. - Wireline Formation Tester These are wireline tools including a pressure gauge, a valve system and chamber(s) for sampling. They have retractable pads to ensure tightness against the hole walls. The testers used are FIT, RFT, and now MDT (Modular dynamic formation tester) The tool may handle several configurations, to measure permeability, pressure gradient or to collect bottom hole samples. For PVT study, it is equipped with a multisample module to collect six 450cc samples; The flow rate and drawdown pressure are controlled and information is available in surface. A pump-out module allows to pump filtrate contaminated fluid into the mud column, pumping is stopped when the resistivity indicates that hydrocarbons are flowing. Also an optical device (OFA) was adapted to determine the contamination by Oil Base Mud(OBM). • After completion Downhole sampling is performed by wireline. The sampling tool is run by electrical cable close to the top perforations, and sample is collected after well conditioning. Flowrate should be decrease progressively and then the well closed. When the well is back to initial static conditions, the reservoir fluids are very close to their initial conditions. The well is then open at the smallest possible flow rate for a short time to fill the sampler with fresh reservoir oil and closed. During this short period drawdown will be practically zero and gas liberation too small to affect the validity of samples. The sampling tools used before were of Ruska type, the closure was operated mechanically by a clock. Now they are managed from surface through the electrical cable, as PST (Production fluid sampler tool) and SRS (Single-phase Reservoir Sampler).
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The SRS tool is a monophasic fluid sampler. The principle is to sample reservoir fluid while it is at a pressure equal or above the saturation pressure. Also monophasic samplers maintain pressure on samples when brought to the surface, by mean of a nitrogen gas charge. This eliminates the need for recompressing and homogenising the sample before transfer in surface. It is highly recommended for sampling reservoir fluids containing wax and asphaltenes, which otherwise could be deposited at lower pressure in the well or surface facilities and not sampled correctly. One of the drawback to sample during the drilling phase, is the contamination by Oil base mud (OBM), used for example extensively in North Sea. Mud filtrates is difficult to clean up entirely and frequently contaminates samples. A correction of the reservoir fluid compositions for the pollution by OBM has to be done. Oil composition from the mud is performed by chromatography, and is usually restricted to the C10-C 20 interval. Corrections are down either on extrapolating the C25+ trend for lowest hydrocarbon numbers, or based on a reference sample or two samples with different degree of contamination (ref 9, II-12). • Transfer of bottom hole samples The reservoir fluid collected in the sampler has to be transferred to a transport cell for further analysis in the laboratory. Best procedure is to transfer the sample at a pressure above the saturation pressure at transfer temperature after fluid homogenisation, if necessary. The fluid is then monophasic. Adequate equipment with a transfer pump, a test gauge, allows also to measure the saturation pressure and to check the validity of the sample transferred. It is always better to transfer the total volume of the sampler, usually 600 cc to 1 litre. After transfer, some of the buffer fluid (water with glycol or mercury) is removed in order not to be monophasic during transport. b - Surface sampling All types of reservoir fluids can be collected in surface sampling, of course, once representativity is ensured. Collection of gas and oil bottles at the separator, need special care, and as for the complete sampling operation, required skilled operators. Necessary condition for surface sampling is to stabilise the well rate, then the composition of the fluid produced in surface will be identical to the one leaving the wellbore. Samples of gas and liquid are collected separately at the outlet of the separator, using 20 l gas bottles and 500 cc to 1000 cc liquid bottles. Size of the test separator should be adequate, according to the well rate in order to have a good separation between the liquid phase and the gas phase. Also the rates at the separator have to be stabilised. Recombination in the laboratory is based on the ratio of the gas rate to the oil rate. Accuracy of the rates measurement will condition the representativity of the recombined fluid, it is the major source of error in this mode of sampling. Accuracy is of the order of 5% or better. Once the well is stabilised, the samples are collected simultaneously if possible or separated by a short time. All parameters are recorded before and during sampling, to verify the stabilisation and to record the data necessary to the PVT study.
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Main parameters to be registered are: - gas rate at the separator, measured on an orifice plate, pressure, temperature, differential pressure on the orifice, specific gravity of the gas, compressibility factor - oil rate at the separator, and the stock tank oil if feasible, gravity of the sto, pressure and temperature at the tank - water production if any - bottom hole flowing pressure and temperature, wellhead pressure and temperature - static pressure and temperature Gas condensates produced through an horizontal separator may have some liquid leaving the separator as small droplets in the gas stream. Liquid carryover is most severe at high rates, and the relative error is most important for lean gas (low liquid rate). Liquid carryover can be quantify using the iso-kinetic method. On the basis of the analysis of two isokinetic samples from the gas pipe, one in the direction of flow and one taken against the direction of flow and assuming the carriedover liquid is identical to the separator liquid (Petrotech method), it is possible to quantify carryover. However the overall composition of the iso-kinetic sample collected must be determined. Current procedures heat the sample at 100°C before transfer to a gas chromatograph. The experience shows that liquid carryover is not completely revaporised, minimising the carryover. (ref 9, II-3). To avoid any risk of carryover, the gas flow rate must be kept below 300 000 m3 /day. Finally, a technique which used coiled tubing to bring reservoir fluids to the surface was developed. In the case of gas condensate, the high flow velocity necessary for lifting liquid from the well is achieved with a small gas rate. Pressure drawdown is reduced, minimizing the risk of a compositional change in the formation near the wellbore. Measurement of liquid and gas flow is improved by the use of a small separator (ref 9, II-9).
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QUANTITY OF FLUID TO SAMPLE • For oil Bottom hole sampling: a minimum of 3 representative samples. However the quantity of fluid necessary also conditions the type of sampling: - a bottom hole sample of 600 cc is enough for a normal PVT study, but not enough for a detailed analysis of the heaviest components - several PVT studies at different temperatures are performed, to match EOS for special fluid composition In these cases surface sampling is necessary: - liquid: - gas:



2 samples of 600 cm3 minimum GOR < 1500 cuft/bl 2 cylinders (of 20 l) 1500 < GOR < 3000 cuft/bl 3 cylinders GOR > 3000 cuft/bl 4 cylinders



For gas: As bottom hole sampling, is not recommended, the necessary fluid quantity will always be available with surface sampling.
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VIII - PVT STUDIES The objective of the PVT laboratory studies is to obtain: - compositional analysis of the reservoir fluid - volumetric phase behaviour properties - production simulation between reservoir and surface facilities Equipment: Main equipment to perform a PVT in the laboratory are listed below: - high pressure: • • • •



pumps oil PVT cell window cell etc.



- low pressure: • • • • •



1-



gas meter vacuum pump gas chromatographs densimeter etc.



OIL PVT STUDY The main steps of a PVT study are summarised in the following program. An oil PVT study is presented here and each part of the program will be detailed according to the experiments realised in the laboratory and the results obtained. The example given, is from surface sampling,which is more usual than bottom hole sampling. In that last case PVT experiments are the same but preparation of the sample for pressure and volumetric behaviour is simpler, because there is no need to recombine surface samples. a - Program 1. Quality control of the samples collected, either surface samples or bottom samples. 2. Compositional analysis of the gas and oil collected to the separator. 3. Physical recombination of the surface samples to obtain reservoir sample. 4. Constant Composition Expansion (CCE) to obtain pressure-volume behaviour at reservoir temperature. 5. Multistage surface separation, to optimise surface separation and relation bottom hole properties to surface properties. 6. Differential Liberation Expansion (DLE) to simulate reservoir depletion. 7. Oil viscosity.
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Before detailing the standard experiments performed in the laboratory, the first pages of the PVT study present a summary of sampling conditions (table 1) giving: - reservoir and well characteristics: there are essential to the interpretation of the validity of the PVT, and usually provided by reservoir engineers - sampling conditions, with rates, pressure, temperature, gas and oil gravities, at well head, separator and stock tank oil Well sampling and testing report, filled by the operators of the Service Company performing the sampling, gives the basic information collected on the well. That information is processed, and summarized at the beginning of the PVT study.



TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL Table 1: SUMMARY OF SAMPLING CONDITIONS Bottles 4458-EA & A0577



Reservoir and Well Characteristics Production zones



3559-3590



mBRT



Datum level



3523.1



mRT



11560



ftRT



Static reservoir pressure (@ Datum) Reservoir temperature (@ Datum) Bottomhole flowing pressure (@ Datum) Bottom flowing temperature (@ Datum)



384.7 146.0 366.5 148.1



bar (g) °C bar (g) °C



5578 295 5314 299



psig °F psig °F



26.10.96 171.8 97.9



bar (g) °C



2492 208



psig °F



First stage separator pressure First stage separator temperature



14.0 77.0



bar (g) °C



203 171



psig °F



Stock tank temperature Atmospheric pressure



15.6 1.013



°C bar (a)



60 14.7



°F psia



Stock tank oil rate First stage separator oil rate First stage separator gas rate



325.3 367.4 69178



Sm 3 /d m 3 /d Sm 3 /d



2046 2311 2.44



Stb/d bbl/d MMscf/d



Gas relative density (air ≅ 1.000) Gas compressibility factor (s.c.) Density of oil (15°C)



0.750 0.976 850.0



kg/m 3



35.0



°API



B.S.W. Shrinkage factor(1) Separator gas - Stock tank oil ratio Separator gas - Separator oil ratio



0.0 0.883 213 188.1



1194 1056



Scf/Stb Scf/bbl



Surface sampling conditions Date of sampling Wellhead pressure Wellhead temperature



% Sm 3 /Sm3 Sm 3 /m3



Source: sampling sheets (1) Calculated 01358_A_A
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b - Quality control The test samples collected and received in the laboratory are: - 2 bottom hole samples - 3 bottles of separator oil - 6 bottles of separator gas, each 2 bottles being associated to an oil bottle As seen later in the report, the oil is initially saturated. Bottom hole sampling was duplicated by surface sampling to check the sampling validity and also higher quantities of oil were required to perform the PVT at 3 different temperatures. • Bottom hole samples Opening pressures were measured at room temperature, and saturation pressure at reservoir temperature. Results on the 2 samples were not coherent and different from surface sampling, so bottom hole sampling were disregarded as no representative. • Surface sampling For the oil bottles: the check consisted to verify that at separator conditions, the saturation pressure of the oil was equal to the separator pressure. For the gas bottles: the opening pressures at separator temperature, were compared to separator pressure. Analysis of the quality control allows to choose the samples used for recombination.
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TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL



Table 2: CHECK OF SAMPLES RECEIVED IN THE LABORATORY Bottom hole samples Fas n°



Cylinder n°



# 4A



4454-EA



# 4B



4452-EA



Separator oil



bar (g) psig



at at



Saturation pressure



°C °F



bar (g) psig



101.0 1465



16.8 62



285.7 4142.5



146 294.8



92.0 1334



16.8 62



212.5 3081.25



146 294.8



Opening pressure



Sample n°



Bottle n°



bar (g) psig



# 1A



4442-EA



# 2A # 3A



at at



at at



°C °F



Saturation pressure



°C °F



bar (g) psig



6.0 87



18.0 64



20.8 302



76.9 170



4441-EA



6.0 87



18.0 64



13.7 199



77.4 171



4458-EA



6.0 87



18.0 64



13.8 200



77.8 172



Separator gas
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Opening pressure



Opening pressure



Bottle Nr



With oil bottle



bar (g) psig



at at



°C °F



A0574



4442-EA



16.6 241



77.0 171



2498A



4442-EA



16.6 241



77.0 171



A0594



4441-EA



16.6 240.7



77.0 170.6



A0570



4441-EA



2.8 41



77.0 171



4703A



4458-EA



16.9 245.1



77.0 170.6



A0577



4458-EA



16.4 237.8



77.0 170.6
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c - Compositional analysis (tables 3 to 6) The process consisted to: - flash the oil bottle from separator conditions to standard conditions (table 3) - analyse the tank gas and stock tank oil liquid and calculate by recombination the oil composition at separator (table 4) - correct the field separator GOR substituting field values by laboratory values (table 5) - analyse the separator gas and calculate by recombination with the separator oil the wellstream composition (table 6)



TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL Table 3: FLASH OF THE SEPARATOR OIL BOTTLE 4458-EA



Production conditions Pressure



14.4 209



bar (g) psig



Temperature



77.8 172



°C °F



1.013 14.692



bar (a) psia



Temperature



15.0 59



°C °F



GOR



8.0 45



Sm 3 /Sm3 scf/stb



Separator conditions Pressure



Liquid phase properties Liquid volume factor(1)



1.086



Oil tank density at



852 34.6



15°C 60°F



Gas phase property Gas relative density (air = 1.000)



0.987



(1) m3 of liquid at indicated conditions, per m3 of liquid at 15°C and 1.013 bar (a)
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TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL



Table 4: SINGLE STAGE SEPARATION TO STANDARD CONDITIONS OF SEPARATOR OIL Bottle 04458-EA Tank gas (mol %)



Tank liquid (mol %)



Separator oil (mol %)



Hydrogen sulfide Nitrogen Carbon dioxide Methane Ethane Propane i-Butane n-Butane i-Pentanes n-Pentanes Hexanes Heptanes Octanes Nonanes Decanes Undecanes Dodecanes Tridecanes Tetradecanes Pentadecanes Hexadecanes Heptadecanes Octadecanes Nonadecanes Eicosanes plus



0.88 0.08 1.47 58.65 13.66 11.69 2.50 5.68 1.83 1.80 1.09 0.58 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00



0.00 0.00 0.00 0.00 0.22 0.97 0.42 1.59 1.19 1.69 3.36 6.47 7.94 6.65 6.22 5.20 4.80 5.11 4.45 3.97 3.31 3.09 3.05 2.94 27.36



0.07 0.01 0.12 4.84 1.33 1.86 0.59 1.93 1.24 1.70 3.17 5.98 7.30 6.10 5.71 4.77 4.40 4.69 4.08 3.64 3.04 2.83 2.80 2.70 25.10



TOTAL



100.00



100.00



100.00



28.6



232.0 (1)



210.3



431(2)



431



Components or fractions



Molecular weight Molecular weight C20+ Gas relative density (1) (2) 01358_A_A



0.986 (air = 1)



From cryoscopy measurements From simulated distillation
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• Analysis Gas analysis performed by gas chromatography giving molar fractions up to C8 and C9 in the example provided. Stock tank oil analysis is performed by simulated distillation by Gas Chromatography or true boiling Point (TBP) distillation. Simulated distillation requires smaller samples and less time than TBP distillation and is the common practice in PVT study. Simulated results can be calibrated against TBP data, thus providing physical properties for the individual fractions. In TBP distillation at atmospheric pressure (and subatmospheric), the stock tank liquid is separated into fractions or cuts by boiling point range. Each cut is characterized by its average boiling point, its mass, density and molecular weight. The mass is measured, M is from cryoscopy and density from picnometer or electronic densimeter. TBP distillation provides the key data for C7 + characterization which are required for EOS calculations. d - Recombination Separator oil composition (table 4) is calculated from tank and liquid composition ponderating the mole fraction of each phase by the respective number of moles by the respective number of moles of gas and liquid. As an example in table 4: - Recombination GOR - Nb moles of gas - Nb of moles of liquid



8 m3 /m3 8000 l/23.646 l = 338.32 852 . 10 3 g/232 g = 3672.41



In the separator oil molar fraction are: - 8.44% tank gas - 91.56% tank oil calculation of molar fraction of C3 : (11.69 × 0.0844 ) + (0.97 × 0.9156) = 1.87% as compared to 1.86% in the table.
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Correction of the gas oil ratio at the separator (table 5)



Gas sampling bottle



gas



Oil sampling bottle



GORsep = Q



Psto , Tsto



GORsto



Reservoir fluid Pr, Tr



Tank oil ambient conditions



Reservoir fluid



GOR Oil separator
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sep



Gas separator



Stock tank gas



sto



D T 1484 A



GOR



Stock tank oil



gas /Q oil
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TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL Table 5: CORRECTION OF THE GAS OIL RATIO DST#1 (A0577 & 4458-EA)



Corrected GOR



GOR field*



:



SQRT (γγ . z)field



SQRT (γ . z)lab with



GOR



:



Gas oil ratio (v/v)



γ



:



Gas relative density (air ≅ 1.000)



z



:



Gas compressibility factor



γ field



:



0.75



z field



:



0.976 (≅ 1/fpv2)



γ lab



:



0.717



z lab



:



0.978



Separator GOR field



:



Separator GOR corrected



:



192.2 Sm 3 /m3 sep 1079 scf/bbl sep



Separator liquid volume factor



:



1.086 (2)



Tank GORcorrected



:



209 Sm3 /Sm3 1172 scf/stb



(1) (2)
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0.18 0.0



188.1 Sm 3 /m3 sep(1) 1056 scf/bbl sep



Sampling sheet Laboratory data
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The gas oil ratio in the field is calculated based on estimated gas gravity and estimated gas compressibility factor, and then should be corrected according to the laboratory measurements. As gas rate calculation is a function of



1 (γ . Z)1/2



 γ . Zfield1/2   γ . Zlab 



GOR cor = GORfield × 



The wellstream composition is calculated from the separator gas composition and the separator oil composition with the corrected GOR. In the laboratory, it is proceeded at the physical recombination of separator gas from the gas bottle and the separator oil from the oil bottle adjusted at the corrected GOR. Result is to dispose of a certain volume of reservoir fluid, available for further experiments. e - Constant Composition Expansion



Vsat



Pressure



P1 > Psat



P2 > Psat



P3 = Psat



P4 < P3



P5 < P4



OIL



P1



P2



GAS Saturation pressure (at T reservoir)



P3 D TH 1485 A



P4 P5



Constant composition expansion
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Volatile oil



P sat



D TH 1486 A



P sat



Volume P-V curves
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TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL



Table 6: COMPOSITIONAL ANALYSIS OF THE SEPARATOR FLUIDS AND CALCULATED WELLSTREAM (GOR = 192.2 Sm3/m 3 sep) Tank gas (mol %)



Tank liquid (mol %)



Separator oil (mol %)



Hydrogen sulfide Nitrogen Carbon dioxide Methane Ethane Propane i-Butane n-Butane i-Pentanes n-Pentanes Hexanes Heptanes Octanes Nonanes Decanes Undecanes Dodecanes Tridecanes Tetradecanes Pentadecanes Hexadecanes Heptadecanes Octadecanes Nonadecanes Eicosanes plus



0.33 0.34 1.18 83.60 6.58 3.67 0.65 1.52 0.51 0.57 0.47 0.38 0.16 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00



0.07 0.01 0.12 4.84 1.33 1.86 0.59 1.93 1.24 1.70 3.17 5.98 7.30 6.10 5.71 4.77 4.40 4.69 4.08 3.64 3.04 2.83 2.80 2.70 25.10



0.25 0.24 0.84 58.62 4.92 3.10 0.63 1.65 0.74 0.93 1.33 2.16 2.42 1.96 1.81 1.51 1.39 1.49 1.29 1.15 0.96 0.90 0.89 0.86 7.96



TOTAL



100.00



100.00



100.00



20.8



210.3 431



80.9 431



Components or fractions



Molecular weight Molecular weight C20+ Gas relative density
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The purpose of this experiment is to measure bubble point pressure, isothermal oil compressibility, undersaturated oil density and two-phase volumetric behaviour. A known mass of reservoir fluid sample is charged to the PV cell and raised above the initial reservoir pressure at reservoir temperature. As the pressure is lowered step by step, oil volume expands and is recorded. Above the saturation pressure, oil expansion reflects oil compressibility. Gas is liberated after reaching the bubble point, the measured volume increases more rapidly, the gas evolving from the oil. Cell volumes are converted to relative volumes, dividing by the cell volume at the bubble point. The recorded cell volumes are plotted versus pressure (fig 3).



2.5



Relative volume



2



1.5 Bubble point = 384.2 bar g 1



D T 1487 A



0.5



0



0
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TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL



Table 9: PRESSURE VOLUME RELATION OF RESERVOIR FLUID at T = 146°C (295°F) (recombined fluid from bottle A0577 & bottle 4458EA) Pressure



(1)



(1) (2) (3) (4)
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Relative volume



Specific volume



Isothermal compressibility



bar (g)



psig



(V/V sat) (2)



(m 3 /kg) (3)



(10–4 bar–1) (4)



(10–5 psi–1) (4)



447.2



6484



0.9815



1.637E-3



2.810



4.075



435.6



6316



0.9847



1.642E-3



2.866



4.156



425.6



6171



0.9875



1.647E-3



2.917



4.230



411.9



5972



0.9915



1.653E-3



2.988



4.333



399.2



5788



0.9957



1.661E-3



3.055



4.430



388.9



5639



0.9984



1.664E-3



3.113



4.514



384.2



5571



1.0000



1.667E-3



3.139



4.552



380.3



5514



1.0027



1.672E-3



372.9



5407



1.0082



1.681E-3



361.6



5243



1.0172



1.696E-3



351.1



5091



1.0263



1.711E-3



332.4



4820



1.0448



1.742E-3



308.5



4473



1.0730



1.789E-3



276.7



4012



1.1205



1.868E-3



231.7



3359



1.2171



2.029E-3



188.9



2739



1.3639



2.274E-3



140.1



2031



1.6607



2.768E-3



99.8



1447



2.1591



3.599E-3



Saturated pressure at indicated temperature Vsat = volume of fluid at saturation pressure and indicated temperature Based on a density at P sat of 600 kg/m3 cT = – dV/VdP determined from smoothed P-V function
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For a black oil the curve shows a discontinuity at the bubble point, the slope of the PV curve above and below the bubble point being different, the intersection giving the oil bubble point pressure. For critical fluids near critical conditions, where the PV curve does not show a clear discontinuity, the computer calculates the slopes of the PV curves around the bubble point and detects the discontinuity. Volatile oils do not exhibit the same clear discontinuity at the bubble point, and required a window cell to observe visually the first bubble of gas and the liquid volumes below the bubble point. Data are shown table 9. Total volumes are reported relative to the bubble point volume. Knowing the mass of fluid introduced and volume at the bubble point read on the pump, bubble point density or specific volume is calculated at and above saturation pressure. 3.2



Isothermal compressibility (10-4 bar-1)



3.15 3.1 3.05 3 2.95 2.90



2.80 380



D T 1488 A



2.85



390



400



410



420



430



440



450



Pressure (bar g) Idem for undersaturated oil compressibility (drawn on fig 6). Undersaturated oil compressibility varies continuously with pressure, and can be calculated explicitly after fitting the relative volume by a polynomial equation. Above the bubble point Vo Vob Vro = Ao + A.1P + A.2P2 Vro =



Vob volume at bubble point



Where A0, A1 and A2 are determined from experimental data 1  δVro A1 + 2 A2 P Co = – = –   Vro  δP  A0 + A1P + A2 P2 T Below the bubble point.
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Total volumes can be correlated by the Y function defined by: Y =



Pb – P Vt – 1 P  Vob 



Function Y vs pressure is a straight line determined by least square method, and the linear trend is used to smooth total volumes below the bubble point. Summarizing, the main data obtained from CCE, for reservoir engineering are the bubble point, the undersaturated oil density and oil compressibility. In the example shown here, saturation pressure is equal to initial reservoir pressure. The oil is initially saturated, and the sample representative. f - Flash and Multistage-Separator Test Single stage separation or Flash to standard conditions, is performed to check the wellstream composition of the recombined fluid. (tables 10 and 11). Wellstream composition calculated table 6, was from a calculated recombination of separator Gas and Liquid, while the sample used for flash in table 11 was the physically recombined sample in the laboratory, samples of oil reservoir used for the volumetric fluid behaviour in the PVT study. The recombined sample is flashed from bubble point pressure and temperature to standard conditions. Gas composition is analysed by gas chromatography (GC) and oil composition by GC and simulated distillation. Volume of gas liberated was measured and also the stock tank oil volume. From the composition of flash products, the wellstream composition was obtained using the GOR, gas specific gravity and molecular weight of sto. Wellstream composition reported table 11, is the composition of the original reservoir fluid, to be used in reservoir engineering calculations (EOS, etc.).
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TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL



Table 10: FLASH TO STANDARD CONDITIONS OF RECOMBINED RESERVOIR FLUID Production conditions Pressure



384.2 5571



bar (g) psig



Temperature



146.0 295



°C °F



1.015 14.721



bar (a) psia



Temperature



15.0 59



°C °F



GOR



226.0 1269



Sm 3 /Sm3 scf/stb



852 34.6



kg/m 3 °API



Separator conditions Pressure



Liquid phase properties Oil tank density at



15°C 60°F



Gas phase property Gas relative density (air = 1.000)
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0.725



© 2004 ENSPM Formation Industrie - IFP Training



97



TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL



Table 11: SINGLE STAGE SEPARATION TO STANDARDS CONDITIONS OF RECOMBINED RESERVOIR FLUID COMPOSITIONAL ANALYSIS OF FLASHED PRODUCTS AND CALCULATED WELLSTREAM (GOR = 226 Sm3/m 3 sep) Flashed gas (mol %)



Flashed liquid (mol %)



Wellstream (mol %)



Hydrogen sulfide Nitrogen Carbon dioxide Methane Ethane Propane i-Butane n-Butane i-Pentanes n-Pentanes Hexanes Heptanes Octanes Nonanes Decanes Undecanes Dodecanes Tridecanes Tetradecanes Pentadecanes Hexadecanes Heptadecanes Octadecanes Nonadecanes Eicosanes plus



0.37 0.24 1.18 82.50 6.85 4.13 0.80 1.88 0.62 0.66 0.44 0.27 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00



0.00 0.00 0.00 0.00 0.15 0.56 0.31 1.13 1.00 1.53 3.34 6.61 8.24 6.78 6.44 5.44 4.85 5.19 4.48 4.01 3.37 3.24 3.09 2.99 27.25



0.27 0.17 0.85 59.26 4.96 3.12 0.66 1.67 0.73 0.91 1.26 2.06 2.36 1.91 1.81 1.53 1.37 1.46 1.26 1.13 0.95 0.91 0.87 0.84 7.68



TOTAL



100.00



100.00



100.00



21.0



233.0 (1)



79.1



430(2)



430



Components or fractions



Molecular weight Molecular weight C20+ Gas relative density (1) (2)
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0.725 (air = 1)



From cryoscopy measurements From simulated distillation
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• Multistage-Separator Test Multistage separation is performed on a oil sample primarily to measure the oil formation volume factor (Bob) and the solution GOR (Rsb) at saturation pressure and separation conditions representatives of the field exploitation. Occasionally, several separator tests are run to choose the separator conditions that maximize the sto production. These multistage tests are not performed anymore in the laboratory, because now the parameters are derived from EOS, matched against experimental data. In a two-stages separator test, the reservoir sample is initially at saturation pressure and temperature. The sample is then brought to first stage pressure and temperature, the liberated gas is removed, volume is measured and composition analysed. Separated oil is flashed at near atmospheric conditions, again liberated gas and oil volumes are separated and gas properties are measured, also residual oil. A two-stage separation of the reservoir fluid is presented tables 12 and 13. Total GOR and Oil formation volume factor are reported. These are the values to be retained for Initial Oil in Place calculations (assuming the separation conditions are representative of the field facilities. In practice, design of field facilities is not generally known at the time to perform the PVT study. So at the development stage, PVT results are used to fit an EOS model and from that model process engineering calculations are realised to choose the field facilities. Boi and Rsi are then obtained.



OIL PVT STUDY —> Two stages separation



Gas



Gas



Oil



Oil



P1, T1



1st stage



2nd stage



P2, T2



P3, T3



Oil PVT study - Two phases separation 01358_A_A
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TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL



Table 12: TWO STAGE SEPARATION OF THE RESERVOIR FLUID Production conditions Pressure Temperature



bar (g) psig



384.2 5571



°C °F



146.0 295



Separator conditions



Stage 1



Stage 2



bar (a) psia



15 218



1.013 15



°C °F



77.0 171



20.9 70



GOR (1)



Sm 3 /Sm3 scf/stb



193.3 1086



9.15 51



GOR (2)



Sm 3 /Sm3 scf/stb



213.4 1198



9.20 52



Pressure Temperature



Total



222.6 1250



Liquid phase properties Oil formation volume factor(3)



1.733



Liquid volume factor(4) Oil tank density at(5)



kg/m 3 °API



1.104



1.005



860 33.0



850 35.0



0.704



0.966



Gas phase property Gas relative density (air = 1.000) (1) (2) (3) (4) (5)
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m3 of gas at 15°C and 1.013 bar (a) per m 3 of liquid at indicated conditions m3 of gas at 15°C and 1.013 bar (a) per m 3 of liuqid at 15°C and 1.013 bar (a) m3 of reservoir oil at saturatoin pressue per volume of residual oil at 15°C and 1.013 bar (a) m3 of liquid at inicated conditions per m3 of liquid at 15°C and 1.013 bar (a) at 15°C and 1.013 bar (a)
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TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL



Table 13: TWO STAGE SEPARATION OF RESERVOIR FLUID COMPOSITIONAL ANALYSIS OF SEPARATOR GAS, RESIDUAL AND RESIDUAL OIL Stage 1



from 146°C/384.2 barg to 77°C/14 barg



Stage 2



from 77°C/14 barg to 20.9°C/0 barg



Separator gas (mol %)



Residual gas (mol %)



Residual liquid (mol %)



Hydrogen sulfide Nitrogen Carbon dioxide Methane Ethane Propane i-Butane n-Butane i-Pentanes n-Pentanes Hexanes Heptanes Octanes Nonanes Decanes Undecanes Dodecanes Tridecanes Tetradecanes Pentadecanes Hexadecanes Heptadecanes Octadecanes Nonadecanes Eicosanes plus



0.43 0.24 1.18 84.25 6.55 3.54 0.63 1.43 0.46 0.50 0.39 0.29 0.10 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01



1.10 0.00 1.50 58.59 14.44 12.40 2.44 5.41 1.48 1.44 0.82 0.31 0.07 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01



0.00 0.00 0.00 0.00 0.22 1.02 0.46 1.71 1.22 1.76 3.35 6.35 7.91 6.47 6.24 5.20 4.69 5.05 4.37 3.91 3.28 3.04 3.01 2.91 27.83



TOTAL



100.00



100.00



100.00



20.4



28.0



230(1)



Components or fractions



Molecular weight Molecular weight C20+



430.6 (2)



Gas relative density (air = 1) (1) (2) 01358_A_A



0.704



0.966



From cryoscopy measurements From simulated distillation
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g - Differential Liberation Expansion (DLE)



OIL



GAS gas



gas -



P1 > P sat



P2 < Psat



P3 < P2



P2



P3



Volume



V13 v12



v02 D TH 1489 A



v03



P3



P2



Psat



P1



Pressure



Differential liberation expansion



The differential liberation expansion is the laboratory experiment to approximate the reservoir depletion process of an oil reservoir, and thereby provide suitable PVT data for reservoir engineering calculations. Schematic procedure is illustrated here. Starting with a reservoir sample at saturated pressure P1 and reservoir temperature, pressure is lowered to P2 (total volume V12). The gas in equilibrium with the oil at P2 is removed and analysed. The remaining oil volume (V02) is lowered at P3 (V13), gas is again removed and analysed. Remaining oil volume (V03 ) is flashed at P4, etc. Physical meaning of differential is explain by the different mobility of the gas phase and oil phase below the bubble point. In section 7, below the bubble point qg krg µo = × qo k ro µg The ratio krg /kro is a function of gas saturation Sg, increasing rapidly after the critical gas saturation is reached. The viscosity ratio µo/µg is of the order of 10. 01358_A_A
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qg increases rapidly, which means that the gas liberated from qo the oil by pressure depletion, does not stay in contact with the oil, and the overall composition of the system changes. During the reservoir depletion, the ratio



The experiment realized in the laboratory, simulates the differential liberation in the reservoir. The gas evolved at each pressure step represents the composition of the reservoir gas produced during that pressure interval. Oil remaining in the cell is supposed to represent the reservoir oil produced, and gas dissolved in that oil, the solution gas at that pressure (Rs) (table 14 and table 15)



TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL



Table 14: DIFFERENTIAL VAPORIZATION STUDY AT T = 146°C (295°F) Volumetric properties Relative volume



Pressure



(1)



Liquid density



GOR Liberated (v/v) (scf/bbl)



Dissolved (v/v) (scf/bbl)



600.0



0.0



0



253.0



1421



1.714



624.0



53.5



300



199.5



1120



1.019



3995



1.592



647.0



97.4



547



155.6



874



0.971



206.0



2987



1.473



673.0



141.4



794



111.6



627



0.946



137.4



1992



1.377



696.0



178.0



999



75.0



421



0.940



68.6



995



1.292



720.0



210.4



1181



42.6



239



0.948



19.1



276



1.224



740.0



233.8



1313



19.2



108



0.971



5.2



75



1.192



751.0



242.1



1359



10.9



61



0.983



0.0



0



1.112



774.0



253.0



1421



0.0



0



0.988



0 at 15°C (60F°)



0



1.000



861.0



(V/V sat) (kg/m 3 ) (2)



barg



psig



384.2



5571



1.871



330.4



4791



275.5



(1) Saturation pressure at indicated temperature (2) Relative to volume of residual oil at 15°C (60°F) (3) GOR measured as gas at 1.013 bar (a) and 15°C per unit of residual oil at 1.013 bar and 15°C
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z-factor of liberated
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TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL



Table 15: DIFFERENTIAL VAPORIZATION STUDY AT T = 146°C (295°F) COMPOSITIONAL ANALYSES OF LIBERATED GASES AND RESIDUAL OIL Reservoir fluid composition Pressure



bar (g) (psig)



Residual liquid(1)



330.4 4791



275.5 3995



206.0 2987



137.4 1992



68.6 985



19.1 276



5.2 75



0.0 0



0.0 0



mol %



mol %



mol %



mol %



mol %



mol %



mol %



mol %



mol %



Hydrogen sulfide Nitrogen Carbon dioxide Methane Ethane Propane i-Butane n-Butane i-Pentanes n-Pentanes Hexanes Heptanes Octanes Nonanes Decanes Undecanes Dodecanes Tridecanes Tetradecanes Pentadecanes Hexadecanes Heptadecanes Octadecanes Nonadecanes Eicosanes plus



0.20 0.44 1.06 84.68 5.23 2.59 0.48 1.15 0.45 0.52 0.56 0.60 0.37 0.27 0.25 0.22 0.18 0.17 0.13 0.11 0.07 0.06 0.05 0.04 0.12



0.22 0.42 1.07 85.84 5.13 2.55 0.47 1.08 0.41 0.48 0.49 0.48 0.30 0.18 0.16 0.14 0.12 0.11 0.08 0.07 0.04 0.04 0.03 0.02 0.07



0.25 0.27 1.10 86.23 5.48 2.62 0.47 1.06 0.38 0.44 0.43 0.40 0.22 0.11 0.10 0.09 0.07 0.07 0.05 0.05 0.02 0.02 0.02 0.01 0.04



0.31 0.16 1.17 85.69 6.00 2.87 0.50 1.13 0.39 0.45 0.41 0.34 0.17 0.07 0.06 0.06 0.05 0.05 0.03 0.03 0.01 0.01 0.01 0.00 0.02



0.37 0.09 1.31 82.61 7.48 3.79 0.65 1.49 0.50 0.58 0.51 0.42 0.16 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00



0.67 0.05 1.50 70.84 11.15 7.18 1.34 3.17 1.07 1.22 1.01 0.62 0.16 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00



1.30 0.00 1.48 49.09 15.68 13.74 2.96 7.17 2.50 2.63 2.14 1.12 0.18 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00



0.89 0.00 0.47 10.44 8.08 12.32 3.74 10.48 5.15 6.27 8.54 11.36 9.74 5.21 3.08 1.61 0.88 0.62 0.32 0.21 0.11 0.08 0.08 0.06 0.26



0.00 0.00 0.00 0.00 0.00 0.11 0.08 0.42 0.44 0.72 1.86 4.47 6.59 6.05 6.39 5.64 5.23 5.75 5.04 4.54 3.82 3.57 3.55 3.44 32.29



TOTAL



100.00



100.00



100.00



100.00 100.00



Molecular weight



23.0



21.7



20.9



20.6



Molecular weight C20+



326.1



321.7



316.1



310.6



Gas relative density (air = 1)



0.794



0.748



0.720



0.711



Components or fractions



21.0 0.724



100.00 100.00 24.7 0.852



(1) Residual oil at 15°C (60°F) (2) From cryoscopy measurement (3) From simulated distillation 01358_A_A
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32.4 1.118



100.00 73.0



253 (2)



319.2



428.7 (3)



2.520
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Results are reported tables 14 and 15. Table 14 gives the volumetric properties of the oil: relative volume and liquid density and of the gas: GOR and compressibility factor of the liberated gas. Table 15 gives the composition of that gas. For a black oil or a moderate volatile oil as it is the case in the example shown here, for relatively high pressures the gas liberated at each pressure step has an almost constant composition, becoming richer in C1 and CO2 and poorer in heavier component. Gas molecular weight is slightly decreasing. For lower pressures, composition behaviour is the opposite, the gas becoming heavier, molecular weight increases. For black oil reservoirs the values of the Differential Oil Formation Volume factor and solution GOR are more elevated than the Flash values (compare table 14 and table 12). This because during each of the pressure step, the lighter gas is removed from physical contact with the oil which encourages the gas liberation in subsequent stages, and left at the end a smaller volume of residual oil, which is of course heavier (see molecular weight table 15). As compare to the flash expansion, where oil and gas remains in contact, during the differential liberation a larger volume of gas is liberated, per barrel of residual oil and a larger amount of saturated oil is required to produce 1 bbl of sto. For an oil reservoir, the phase behaviour is not truly a differential liberation. In fact, at the beginning when pressure is only slightly below the saturation pressure, the gas liberated remains in contact with the liquid phase from which it evolved, production GOR is not increasing. Later on, the process becomes more like a differential liberation. Also between the bottom hole and the surface facilities, the reservoir fluid process is a flash, from bottom hole conditions (P and T), to separator conditions. As seen before flash Boi and Rsi will be the real values observed, consequently Bo and Rs from differential liberation will have to be corrected for reservoir engineering material balance. For highly volatile oil, containing a relatively high proportion of intermediate hydrocarbons such butane and pentane, the behaviour is generally different. More gas escapes from solution in the flash expansion than in the differential liberation, resulting in a smaller volume of residual oil; Then flash Bo and R s are higher than differential liberation values. As highly volatile oils are close to rich gas condensate, occasionally a Constant Volume Depletion, is performed on volatile oils. Also for volatile oils, the solution gas liberated below the bubble point is rich in condensate which is condensed at the surface. This condensate is mixed with the stock tank oil at the surface. For material balance calculations, liquid production data should be allocated respectively to the wet gas and to the oil, to perfectly reflect the reservoir behaviour.
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g - Oil viscosity The final stage of the PVT analysis is the determination of the oil and gas viscosity. Gas viscosity is generally calculated by the Lee-Gonzalez correlation. Oil viscosity is measured. See table 16 and the following figure for the shape of oil viscosity versus pressure.



TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL



Table 16: VISCOSITY OF RESERVOIR FLUID AT T = 146°C (295°F) Viscosity of the liquid phase



Pressure



(1)



bar (g)



psig



cP



447.2



6484



0.29



429.9



6233



0.28



4158



6029



0.27



398.9



5784



0.26



387.0



5611



0.26



384.2



5571



0.25



348.0



5046



0.26



282.1



4090



0.28



209.8



3042



0.36



173.4



2514



0.40



135.9



1970



0.46



103.9



1506



0.51



72.8



1055



0.57



56.6



821



0.62



32.5



471



0.68



0.0



0



1.30



(1) Saturation pressure at indicated temperature 01358_A_A
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2.00 1.80 1.60



Viscosity (cp)



1.40 1.20 1.00 0.80 0.60



D T 1490 A



0.40 0,20 0,00



0



50



100



150



200



250



300



Pressure (bar g) Viscosity of reservoir fluid (luquid phase) versus pressure at 146°C (295°F)
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GAS CONDENSATE PVT STUDY The presentation and development are similar to oil PVT study. A gas condensate PVT study is given here as an example. The surface samples were collected at the separator, as bottom hole sampling is not usually recommended for gas condensate. As for oil, the first page of the PVT study presents (table 1): - reservoir and well characteristics - surface sampling conditions



TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL Table 1: SUMMARY OF SAMPLING CONDITIONS SEPARATOR SAMPLES 0459 N 257 & S543203



Reservoir and Well Characteristics(1) Production zone



3700-3732



mBRT



Datum level



3675



mBRT



12057



ftBRT



Static reservoir pressure Reservoir temperature Bottomhole flowing pressure Bottom flowing temperature



478.7 161.7 N.A. N.A.



bar (g) °C bar (g) °C



6941 323 N.A. N.A.



psig °F psig °F



Date of sampling Wellhead pressure Wellhead temperature



06.07.96 285.6 120.3



bar (g) °C



4141 249



psig °F



Separator pressure Separator temperature



35.2 82.0



bar (g) °C



511 181



psig °F



Stock tank temperature Atmospheric pressure



N.A. N.A.



°C bar (a)



N.A. N.A.



°F psia



N.A. 367 586201



Sm 3 /d m 3 /d Sm 3 /d



N.A. 2309.3 2.07E+07



Stb/d bbl/d scf/d



Gas relative density (air ≅ 1.000) Gas compressibility factor (s.c.) Density of oil (15°C)



0.720 0.944 810.4



kg/m 3



43.1



°API



B.S.W. Shrinkage factor Separator gas - Stock tank oil ratio Separator gas - Separator oil ratio



0.0 N.A. N.A. 1596.5



N.A. N.A.



Scf/Stb Scf/bbl



Surface sampling conditions(2)



Stock tank oil rate First stage separator oil rate First stage separator gas rate



% Sm 3 /Sm3 Sm 3 /m3



(1) Test report (2) Sampling sheets 01358_A_A
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a - Program 1. Quality control of the surface samples 2. Compositional analysis of the gas and condensate collected at the separator 3. Physical recombination of the surface samples to obtain reservoir sample 4. Constant Composition Expansion (CCE) to obtain pressure-volume behaviour at reservoir temperature 5. Constant Volume Depletion (CVD) to simulate reservoir depletion b - Quality control



TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL



Table 2: CHECK OF SAMPLES RECEIVED IN THE LABORATORY Separator oil Sample n°



Cylinder n°



1



8008 N 148



2(*)



0459 N 257



Opening pressure bar (g) psig



°C °F



bar (g) psig



0.0 0



15.0 59



34.4 499



82.0 180



33.9 492



83.0 181



33.9 492



82.0 180



Separator gas



Opening pressure



Bottle Nr



With oil bottle



bar (g) psig



S 543175



1



42.0 609



80.0 176



S 543187



1



42.0 609



80.0 176



S 615927



2



45.0 653



80.0 176



S 543203 (*)



2



42.5 616



80.0 176



(*)
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Samples used for recombination



© 2004 ENSPM Formation Industrie - IFP Training



at at



°C °F



109



The samples collected and received at the laboratory are: - 2 bottles of separator oil - 4 bottles of separator gas On oil samples, saturation pressure was measured at separator temperature, to verify that the saturation pressure was equal to separator pressure. On gas bottles, the opening pressure at separator temperature was measured, to be compared with the separator pressure. According to the results, one sample of oil and one sample of gas were retained for performing the PVT study. c - Compositional analysis The process is the same than for surface sampling of oil: - flash of separator oil sample to standard conditions - analysis of the tank gas and the stock tank liquid and calculation by recombination of separator oil composition - analysis of the 4 gas bottles sampled at the separator (table 5), which is also part of the quality control - correction of the field separator GOR, substituting field values by laboratory values - recombination of separator oil and gas to calculate wellstream composition
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TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL Table 3: FLASH OF SEPARATOR OIL SAMPLE Sample n°0459N257



Production conditions Pressure



33.9 492



bar (g) psig



Temperature



82.0 180



°C °F



1.013 14.692



bar (a) psia



Temperature



15.0 59



°C °F



GOR (1)



24.4 137



Sm 3 /Sm3 scf/stb



Separator conditions Pressure



Liquid phase properties Liquid volume factor(2)



1.156



Oil tank density at



808.5 44



15.6°C 60°F



kg/m 3 °API



Gas phase property Gas relative density (air = 1.000)



0.942



(1) m3 of gas at 15°C and 1.013 bar (a) per m 3 of residual liquid at 15°C and 1.013 bar (a) (2) m3 of liquid at indicated conditions, per m 3 of liquid at 15°C and 1.013 bar (a)
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d - Physical Recombination The principle is similar to oil PVT Calculated wellstream composition was obtained, ant it was proceeded in the laboratory to the physical recombination of separator gas and separator oil, according to the corrected GOR.



TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL



Table 7: COMPOSITIONAL ANALYSIS OF THE SEPARATOR FLUIDS AND CALCULATED WELLSTREAM (GOR = 1612.9 Sm3/m 3 sep) Components or fractions



Separator gas (mol %)



Separator liquid (mol %)



Bottle n°



S543203



0459N257



Hydrogen sulfide Nitrogen Carbon dioxide Methane Ethane Propane i-Butane n-Butane i-Pentanes n-Pentanes Hexanes Heptanes Octanes Nonanes Decanes Undecanes Dodecanes Tridecanes Tetradecanes Pentadecanes Hexadecanes Heptadecanes Octadecanes Nonadecanes Eicosanes plus



5.08 1.08 2.20 83.09 3.44 2.30 0.44 0.88 0.35 0.38 0.33 0.22 0.16 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00



1.49 0.03 0.48 10.95 1.50 2.03 0.78 1.98 1.44 1.95 4.16 7.44 9.87 8.59 7.47 5.87 4.58 4.57 3.70 3.18 2.46 2.18 1.94 1.76 9.60



4.83 1.01 2.08 78.12 3.31 2.28 0.46 0.96 0.43 0.49 0.59 0.72 0.83 0.64 0.51 0.40 0.32 0.31 0.25 0.22 0.17 0.15 0.13 0.12 0.67



TOTAL



100.00



100.00



100.00



20.4



143.4 377



28.9 377



Molecular weight Molecular weight C20+ Gas relative density (air = 1)



01358_A_A
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e - Constant Composition Expansion (CCE)



Pump



Pump Hg Gas



Sampling bottle



Endoscope



Oil Hg



Thermostated separator



PT Pump



D TH 1491 A



Thermostated PVT cell



PVT cell for gas study
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• •



+



P1 > Psat



P2 = Psat



P3 < P2



P4 < P3



P5 < P4



P6 < P5



P7 < P6



D TH 1492 A



oil



gas Constant mass study



Pressure



c



P1>Psat P2=Psat P3 P4



P6 P7



Temperature Pressure behaviour constant mass study
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Procedure is identical to the oil case, however a window cell is used to observe the dew point pressure at reservoir temperature and measure the volume of liquid condensed A known mass of reservoir fluid sample is charged to the PV window cell and raised above the initial reservoir pressure at reservoir temperature. The pressure is decreased step by step, and gas volume expansion is recorded. Dew point pressure is observed in the window cell when appears the first drop of liquid condensed. Lowering the pressure, retrograde liquid condensation occurs, volume of liquid condensed is observed and measured. Maximum condensation is usually for pressure close to 2000 psi to 2500 psi. Cell volumes are converted to relative volumes, dividing by the cell volume at dew point. The relative volumes are plotted vs pressure on the following figure. For a gas condensate, the curve shows no discontinuity at the dew point and then the necessity of a window cell. Data are shown table 10.



01358_A_A



© 2004 ENSPM Formation Industrie - IFP Training



115



TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL



Table 10: PRESSURE VOLUME RELATION OF RESERVOIR FLUID at T = 161.7°C (323°F)(1) (constant composition study) Pressure



(2)



(3)



(1) (2) (3) (4) (5) (6) 01358_A_A



Relative volume



Specific volume



Compressibility factor



Retrograde liquid % (6)



barg



psig



(V/V sat) (4)



(m 3 /kg)



z (5)



557.9



8090



0.9112



2.901E-3



1.301



520.6



7549



0.9368



2.989E-3



1.251



490.6



7114



0.9644



3.071E-3



1.211



460.6



6679



0.9943



3.166E-3



1.173



455.5



6604



1.0000



3.184E-3



1.166



454.8



6595



1.0008



3.186E-3



0.046



453.7



5479



1.0020



3.190E-3



0.117



452.4



6560



1.0035



3.195E-3



0.198



450.0



6525



1.0061



3.203E-3



0.339



447.6



6490



1.0092



3.213E-3



0.476



444.8



6450



1.0104



3.217E-3



0.639



440.2



6383



1.0186



3.243E-3



0.934



434.8



6305



1.0257



3.266E-3



1.375



429.9



6234



1.0326



3.288E-3



1.916



404.6



5867



1.0688



3.403E-3



4.118



380.1



5511



1.1106



3.536E-3



6.133



350.5



5082



1.1718



3.731E-3



8.212



305.4



4428



1.2917



4.113E-3



10.519



249.9



3624



1.5153



4.825E-3



12.266



204.5



2965



1.8035



5.742E-3



12.955



151.1



2191



2.3946



7.624E-3



13.156



126.3



1831



2.8523



9.082E-3



12.981



Reservoir temperature Reservoir pressure Saturation pressure at indicated temperature Vsat = volume of fluid at saturation pressure and indicated pressure z = PV/nRT, with n = moles at saturation pressure Retrograde liquid volume at indicated pressure/total volume at saturation pressure
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3



Relative volume V/Vsat*



2.5



2



1.5 Dew point = 455.5 bar g at 161.°C



D TH 1494 A



1



0.5 0



100



200



300 Pressure (bar g)



400



500



600



* : Vsat = Volume of fluide at saturation pressure and indicated temperature Pressure - Volume relation of reservoir fluid at T = 161.7° (323°F) Constant composition study



The relative volume is a two-phase volume below the dew point pressure, the same for specific volume. Compressibility factor of gas above dew point is calculated from Relative volumes, and finally percentage of retrograde liquid, as a fraction of volume at saturation pressure. Results are illustrated on the following figures.
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14



12



Retrograd liquid (%) *



10



8



6



4



0 100



D TH 1495 A



2



150



200



250 300 Pressure (bar g)



350



400



* : Retrograd liquid volume relative to total volume at saturation pressure Pressure - Volume relation of reservoir fluid Retrograde liquid deposition versus pressure at T = 161.7°C (323°F)
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1.35



Gas compressibility factor Z



1.30



1.25



1.20



1.10 440



D TH 1494 B



1.15



460



480



500 Pressure (bar g)



520



540



560



Pressure - Volume relation of reservoir fluid Gas compressibility factor Z at T = 161.7°C (323°F)



Comparison of dew point pressure and initial reservoir pressure shows that the gas condensate was initially undersaturated.
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f - Flash A flash to standard conditions is performed to check the wellstream composition. Procedure is the same than for the oil PVT study already presented. Comparison of wellstream compositions show on table 12 and table 7, gives an idea of the accuracy of the molar analysis.



TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL



Table 11: RESERVOIR FLUID FLASH TO STANDARD CONDITIONS Production conditions Pressure



455.5 6604



bar (g) psig



Temperature



161.7 323



°C °F



1.013 14.692



bar (a) psia



0.0 32



°C °F



1834.1 10298



Sm 3 /Sm3 scf/stb



806.7 44



kg/m 3 °API



Separator conditions Pressure Temperature GOR Liquid phase properties Oil tank density at



15.6°C 60°F



Gas phase property Expansion volume factor(1)



241.1



Gas relative density (air = 1.000)



0.703



(1) m3 of gas at 15°C and 1.013 bar (a) per m 3 of fluid at indicated conditions
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TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL



Table 12: RESERVOIR FLUID SINGLE STAGE SEPARATION TO STANDARD CONDITIONS Compositional analysis of flashed products and calculated reservoir fluid composition GOR = 1834.1 Sm3 /Sm 3 Liberated gas (mol %)



Residual liquid (mol %)



Wellstream (mol %)



Hydrogen sulfide Nitrogen Carbon dioxide Methane Ethane Propane i-Butane n-Butane i-Pentanes n-Pentanes Hexanes Heptanes Octanes Nonanes Decanes Undecanes Dodecanes Tridecanes Tetradecanes Pentadecanes Hexadecanes Heptadecanes Octadecanes Nonadecanes Eicosanes plus



5.53 0.43 2.09 83.28 3.55 2.19 0.46 0.93 0.39 0.43 0.37 0.20 0.12 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00



0.00 0.00 0.00 0.00 0.06 0.24 0.15 0.62 0.74 1.22 4.01 8.99 13.00 11.41 9.69 7.47 5.78 5.75 4.65 4.03 3.12 2.80 2.54 2.33 11.40



5.21 0.41 1.97 78.51 3.35 2.08 0.44 0.91 0.41 0.47 0.58 0.70 0.86 0.68 0.55 0.43 0.33 0.33 0.27 0.23 0.18 0.16 0.15 0.13 0.66



TOTAL



100.00



100.00



100.00



20.4



171.2 377



29.0 377



Components or fractions



Molecular weight Molecular weight C20+ Gas relative density (air = 1)
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g - Constant Volume Depletion (CVD)



OIL



GAS gas



v2



vsat



v2



Vsat



gas



D TH 1496 A



-



P1 = P sat



P2 < P sat



P2



P3 < P2



P3



Constant volume depletion



The CVD experiment is designed to provide volumetric and compositional data to simulate gas condensate and volatile reservoirs producing by pressure depletion. Schematic procedure is illustrated here. Starting with a reservoir sample at saturation pressure P1 at reservoir temperature (volume Vsat), pressure is lowered to P2 (V2). Liquid is condensed in the cell and liquid volume measured. Part of the gas in equilibrium to P2 is removed up to reach the same constant volume (Vsat) in the cell. Experiment is repeated lowering the pressure step by step, measuring the liquid volume condensed at each step, and the volume of gas removed up o reach the same constant volume Vsat at the end of each step. Gas produced at each pressure step is analysed by GC. The constant cell volume Vsat is assumed to represent the constant hydrocarbon pore volume. Liquid condensed due to retrograde condensation in the reservoir does not flow, liquid saturation being generally lower than critical liquid saturation. In the gas oil relative permeability curves shown as an example, critical liquid Saturation is of the order of 30%, which is much higher than volumetric fraction of liquid deposited in the formation. The liquid condensed in the cell represents the liquid condensed in the reservoir, and the gas removed, represents the gas produced by pressure depletion. Results are reported tables 13 and 14.
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TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL Table 13: CONSTANT VOLUME DEPLETION STUDY at T = 161.7°C (323°F) (measured properties)



Pressure



Cumulative production



Produced gas Relative density



Compressibility factor



Retrograde liquid



Liquid content of produced well stream (kg/m3)



Cumulative liquid recovery (%)



bar (g)



psig



%(2)



air = 1



z(3)



%(4)



Propanes+



Butanes+



Pentanes+



Propanes+



Butanes+(5)



Pentanes+



455.5(1)



6504



0.00



1.002



1.167



0.00



0.536



0.497



0.464



0.00



0.00



0.00



393.0



5699



724



0.924



1.098



5.38



0.431



0.394



0.363



5.83



5.74



5.66



330.2



4788



16.52



0.868



1.044



8.97



0.357



0.321



0.289



12.00



11.73



11.45



268.6



3895



28.07



0.828



1.011



10.53



0.0303



0.267



0.236



18.53



17.93



17.34



205.0



2973



41.84



0.796



0.987



11.02



0.259



0.223



0.193



25.19



24.12



23.08



141.6



2053



56.89



0.776



0.979



10.56



0.232



0.195



0.164



31.69



30.01



28.41



79.7



1156



76.25



0.762



0.984



9.74



0.208



0.178



0.148



39.21



36.95



34.58



(1) (2) (3) (4) (5)



Saturation pressure at indicated temperature Moles of wet gas produced per moles of fluid at saturation pressure z = PV/RT, with n = moles at saturation pressure Volume of retrograde liquid at indicated perssure/total volume at saturation pressure Weight of recovered compound/total weight of the same compound in the initial fluid
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TOTAL Scientific and Technical Center Company: TOTAL Field: CST



Well: PVT Formation: OIL Table 14: CONSTANT VOLUME DEPLETION STUDY at T = 161.7°C (323°F) (compositional analysis of liberated gas) Reservoir fluid composition



Pressure



bar (g) (psig)



Residual liquid at 79.7 bar (g) and T = 161.7°C at 1155 psig and 323°F



455.5 6604



393.0 5699



330.2 4788



268.6 3895



205.0 2973



141.6 2053



79.7 1156



mol %



mol %



mol %



mol %



mol %



mol %



mol %



mol %



Hydrogen sulfide Nitrogen Carbon dioxide Methane Ethane Propane i-Butane n-Butane i-Pentanes n-Pentanes Hexanes Heptanes Octanes Nonanes Decanes Undecanes Dodecanes Tridecanes Tetradecanes Pentadecanes Hexadecanes Heptadecanes Octadecanes Nonadecanes Eicosanes plus



5.21 0.41 1.97 78.51 3.35 2.08 0.44 0.91 0.41 0.47 0.58 0.70 0.86 0.68 0.55 0.43 0.33 0.33 0.27 0.23 0.18 0.16 0.15 0.13 0.66



5.19 0.46 1.99 79.68 3.35 1.98 0.42 0.87 0.39 0.45 0.56 0.66 0.77 0.59 0.49 0.34 0.27 0.28 0.22 0.19 0.14 0.12 0.10 0.09 0.38



5.26 0.47 1.99 80.47 3.35 1.93 0.42 0.85 0.38 0.45 0.53 0.62 0.74 0.53 0.43 0.29 0.23 0.23 0.17 0.14 0.10 0.08 0.07 0.06 0.19



5.27 0.45 2.01 81.18 3.34 1.92 0.41 0.84 0.38 0.43 0.52 0.59 0.67 0.50 0.36 0.25 0.18 0.17 0.12 0.09 0.06 0.05 0.04 0.03 0.11



5.29 0.48 2.00 81.73 3.35 1.92 0.40 0.81 0.37 0.42 0.51 0.56 0.63 0.44 0.31 0.20 0.14 0.12 0.08 0.06 0.04 0.03 0.02 0.02 0.05



5.32 0.44 2.05 81.97 3.40 1.98 0.40 0.83 0.37 0.44 0.50 0.54 0.59 0.41 0.25 0.16 0.10 0.08 0.05 0.03 0.02 0.01 0.01 0.01 0.02



4.23 3.55 1.60 81.01 3.40 1.62 0.36 0.87 0.33 0.39 0.52 0.55 0.59 0.41 0.24 0.14 0.07 0.05 0.03 0.02 0.01 0.01 < 0.01 < 0.01 < 0.01



1.44 0.05 0.70 19.77 1.78 1.78 0.56 1.38 0.88 1.12 2.28 4.22 0.63 5.82 5.71 5.00 4.34 4.71 4.09 3.69 3.01 2.79 2.59 2.43 13.83



TOTAL



100.00



100.00



100.00



100.00 100.00



100.00 100.00



100.00



Molecular weight



29.0



26.8



25.1



24.0



23.1



22.5



22.1



151.7



Molecular weight C20+



377



350



319



319



312



311



313



380



0.924



0.868



0.828



0.796



0.776



0.762



Components or fractions



Gas relative density (air = 1) (1)



From simulated distillation measurements
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Table 13 gives the volumetric properties of gas and liquid; - wellstream production: in moles (or volume) of wet gas produced by moles of fluid at saturation pressure - specific gravity of the gas and calculated compressibility factor (wet gas) - retrograde liquid as a fraction of the volume at saturation pressure - content of liquid recoverable from wellstream Tables 14 gives the compositional analysis of the gas produced. For a gas condensate reservoir producing by natural depletion, either the gas produced is separated in the surface facilities, and separated gas is sold as a gas pipe, and condensate are stabilized and commercialised; or if the gas is rich and it is economically justified, a fractional plant is installed to recover separately propane, butane and condensate (C5+). In the table 13 of the PVT study, it is calculated the total amount of C3+, C4+ and C5+ recoverable from the wellstream produced in kg/m3, and the recovery of the products as referred to the initial quantity in place. The cumulative recovery shown, reflects that a high part of C3 +, C4+ and C5 + remains in the liquid condensed in the formation. Calculation of the liquid content of Produced wellstream: m



C 3 + (g/m3) =



∑



y i Mi ×



i=3



1000 23.6



m



C 4 + (g/m3) =



∑



y i Mi ×



i=4



1000 23.6



m



C 5 + (g/m3) =



∑



y i Mi ×



i=5



1000 23.6



y i being the gas molar fraction of ith component M i the molecular weight of ith component in g ρi the liquid density of ith component in g/cc
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Liquid content is also reported in gallons per thousand cuft or GPM. The calculation required the knowledge of the liquid density of each component. The value for the last component, C20+ in the example, is calculated by correlation from the molecular weight m



GPM (C 3 +) =



∑ i=3 m



GPM (C 4 +) =



∑ i=4 m



GPM (C 5 +) =



y i Mi 28.3 1 × × 3.785 23.6 ρi



y i Mi 28.3 1 × × 3.785 23.6 ρi



∑ i=5



y i Mi 28.3 1 × × 3.785 23.6 ρi



The units are the same than above ( g and g/cc) Finally the gas viscosity was not reported in the PVT because it was not measured. Values are calculated by correlation.
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UNCERTAINTY IN PVT DATA Examples of uncertainty in oil and gas condensate PVT studies performed by different laboratories on same fluid, are as follows. • Black oil PVT Deviation from average result: -



Bubble point GOR Bo Z Viscosity Composition



± 2% ± 4% ± 1% ± 4% ±17% ± 8%



• Gas condensate PVT Deviation from average result: -
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Dew point Liquid drop out Z GOR Bg Compositions



± 5% ±12% ± 2% ± 6% ± 2% ± 6%
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IX - WATER PROPERTIES Water is always associated with hydrocarbons in a petroleum accumulation, either as interstitial water in the hydrocarbon zone, or aquifer water in the one hundred percent saturated zone. The knowledge of chemical and physical water properties is necessary: - to estimate the volume of water accumulation associated with the hydrocarbons, and locate its origin - to forecast the drive mechanisms originated by water, either water drive or water injection - to identify the source of the water produced and the production problems due to water production: scale, plugging, corrosion, hydrate formation, clay swelling, etc. Water produced in surface, is either: - aquifer water - injected water - water dissolved in gas The water properties reviewed in this chapter are those of reservoir waters, mainly interstitial and aquifer waters. Bottom hole sampling of reservoir water is not usually done except when it is specifically required, as in the case of an important project of water injection or anticipated production problems. Water properties are mainly estimated by correlations from water samples collected in surface, separator, tank or flow lines. The main water properties estimated for reservoir engineering are: - water composition: to identify the origin of water, its compatibility with water injected, and to determine its physical properties - resistivity for log interpretation - solubility, formation volume factor, compressibility, for material balance calculation - density for estimation of water gradient and water oil contact determination - viscosity for mobility calculation
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COMPOSITION AND SALINITY Water salinity is the amount of dissolved solids per unit quantity of solution (brine). Salinity units are: - Grams per liter (g/l) - Parts per million (ppm) - Weight per cent solids



g dissolved solids/liter brine g dissolved solids/106 g brine g dissolved solids/100 g brine (= ppm × 10-4)



g/l and ppm are strictly equivalent only if brine density is equal to 1.0 g/cc, but very often they are used indifferently. Water salinity varies from as little as 200 ppm for fresh water to a maximum of approximately 400 000 ppm for saturated waters. Sea water contains approximately 35 000 ppm total solids. A water analysis is reported in terms of ionic analysis listing the amount of each ions in g/l or ppm.
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Mains ions encountered in reservoir water are: - for cation: Sodium Potassium Calcium Magnesium



(Na +) (K+) (Ca ++ ) (Mg ++ )



- for anions: Chloride Sulphate Carbonate Bicarbonate



(Cl -) (SO--) (CO 3 --) (HCO3 --)



Water analysis can be compared by graphical methods, the more commonly used being the Stiff pattern. First water analysis in g/l or ppm is converted in milliequivalents per liter (meq/liter) and then plotted in the following pattern.



D TH 1514 A



Stiff diagram



Scale : meg/liter Diagram of water analysis Conversion of water analysis from g/l to meq / liter is obtained by dividing the salinity by the equivalent weight. The equivalent weight being the atomic weight of the ion divided by its valence. An example, for sulfate: - the equivalent weight of sulfate (SO4 --) is: 32 + (4 × 16) = 48 g/eq wt 2 - and the milliequivalents per liter of SO– for the following water composition are: 2620 mg/l = 54.6 meq/l 48 mg/meq 01358_A_A
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Concentration Component



mg/l



meq/l



Na +



17 595



765



K+



0



0



Ca ++



2 960



148



Mg ++



927



76.3 989.3



SO4 --



2 620



54.6



Cl -



33 079



931.8



CO 3 --



0



0



HCO-



177



2.9 989.3



Reservoir water from marine origin are characterized by a high concentration of chloride, mainly NaCl, usually depending of the sediment depth. Also sulphate concentration is low. Dilution of ground water in reservoir water gives presence of sulfate, carbonate and bicarbonate, and usually total dissolved salts is low.



Reservoir



H. MESSAOUD (Algeria)



OKLAHOMA City (U.S.A.)



BRADFORD (U.S.A.)



ALWYN (G.B., North Sea)



BURGAN (Kuwait)



HANDIL (Indonesia)



Geologic age



Cambrien



Ordovicien



Devonien



Jurassic



Cretace



Miocene



Sodium Na+



88 695



91 603(*)



32 600(*)



8 888



46 191(*)



3 421



Potassium K+



7 436



Calcium Ca++



36 390



18 753



13 260



256



10 158



146



431



Magnesium Mg++



1 970



3 468



1 940



24



2 206



24



1 300



Baryum Ba+



580



35



–



–



Chlorures Cl-



226 510



184 387



77 ……



13 580



95 275



4 674



19 170



Sulfates SO4--



–



268



730



10



198



592



2 721



Carbonates CO 3--



–



–



–



–



–



–



–



Bicarbonates HCO 3--



–



18



–



1 540



360



850



146



Total dissolved salts



361 581



298 497



125 870



24 595



154 388



9 707



34 778



(*) Na+ + K+



262



10 590 420



Concentration in g/m3 Water component analysis - Examples of reservoir water and sea water
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RESISTIVITY Reservoir water resistivity depends of temperature and nature and concentration of dissolved solids. Water resistivity decreases with temperature for a given salinity, and decreases with the amount of dissolved solids.



3-



SOLUBILITY OF NATURAL GAS IN WATER Natural gas solubility in pure water is usually less than 30 scf / STB (5.3 m3/m3 ) at reservoir conditions, and is function of pressure and temperature. Solution gas-water ratio is estimated from Dodson-Standing correlation, knowing reservoir pressure and temperature. For brine, solubility also depends of salinity, solution gas-water ratio decreasing when salinity increases. Correction for salinity is estimated from Dodson correlation. Explicit correlation of solution gas-water ratio and correction for brine salinity were developed by Mc Cain based on previous correlations. (ref 5)



1.07



1.05 1.04 1.03 1.02 1.01 1.00 D TH 1497 A



Water formation volume factor (bbl/bbl)



1.06



0.99 0.98



0



1.000



2.000



3.000 Pressure (psia)



4.000



Water formation volume factor



01358_A_A



© 2004 ENSPM Formation Industrie - IFP Training



5.000



D T 1498 A



130



Solution gas - Water ratio



4-



FORMATION VOLUME FACTOR Water FVF depends of pressure, temperature, solution gas and salinity. For pure water, FVF decreases with pressure and increases with temperature. Also gas saturated water has an higher FVF than pure water at the same pressure and temperature conditions. Pure water FVF is derived from graphical correlation (Amyx, ref 3). For brines, gas solubility is first estimated from previous correlation, and FVF interpolated linearly between pure water (0% gas) and gas saturated water (100% gas). Mc Cain developed an explicit correlation for the water FVF (ref 5) Bw = (1 + ∆VWT) (1 + ∆VWP) Where ∆VWT and ∆V WP are explicit functions of temperature and pressure, or reads on graph. Accuracy is within 2% and no correction is required for salinity.
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COMPRESSIBILITY Correlations of reservoir brines compressibility assumed the gas is dissolved in water, and applied to a monophasic liquid phase. In an oil/water system, the bubble point of the gas-saturated brine is equal to the oil bubble point. In a gas/water system, the water is considered to be at its bubble point at the initial reservoir pressure. Several correlations exist to calculate the brine compressibility at pressure equal or above the bubble point. Basic Amyx’s correlation presented here gives the compressibility of pure water function of pressure and temperature. A correction is applied for the amount of solution gas, which is also dependent of brine salinity as seen before.



D T 1499 A



Compressibility of water, Cw x 106, bbl/bbl psi



Osif developed a similar graphical correlation, first updating the pure water compressibility correlation provided by Amyx, and then adjusting the brine compressibility by the effect of salinity. (Osif T.L. “The effects of Salt, Gas, Temperature and Pressure and the Compressibility of Water” SPERE (Feb 1988) 175-81).



Temperature , °F



Correction for gas in solution



Ratio :



D T 1500 A



Solution cmpressibility watercmpressibility



Isothermal compressibility of pure water



Gas-water ratio, cu ft/bbl



Dissolved gas effect on water compressibility
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Better is to use the explicit form of Osif correlation, or: Cw = – Cw P S’ TF



1  δ Bw ×  = (7.033 P + 541.5 S’ – 537.0 TF + 403.300)-1 Bw  δP  T



isothermal compressibility of formation water in psi -1 pressure in psia salinity in g of NaCl per liter temperature in °F



Correlation is valid with the following range: 1000 < P < 20 000 psig 0 < S’ < 200 g NaCl 200 < TF < 270°F At pressure below the bubble-point, the formation water compressibility includes the free gas compressibility and is expressed by: Cw = –



Bg 1  δBw  δRSw ×  + ×   Bw  δP  Bw  δP  T T



The second term represents the effect of the free gas on the total water compressibility. Mc Cain developed a method to calculate water compressibility in that case.
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DENSITY Density of brine is first calculated at standard conditions, a correlation, presented below, gives the brine density in kg/m3 versus the salinity in g/m3.



ppm



D TH 1513 A



Water gravity at 20°C/4°C



SATURATION at 317.9 g/l sol or 264.000 ppm



Water salinity Formation water density versus salinity



The density at reservoir conditions is obtained dividing the density at standard conditions by the water FVF, then neglecting the mass of solution gas.
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D TH 1501 A



gm/liter at standard conditions



Also a Schlumberger correlation is provided here below to calculate directly density at reservoir conditions, knowing water salinity, pressure and temperature.



Densities of NaCl solutions
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VISCOSITY Water viscosity is given in the attached Schlumberger chart, versus temperature and salinity.



D TH 1504 A



Water viscosity µwwf : centipoises



Temperature Twf : °C



Temperature Twf : °F Water viscosity



An updated similar correlation was developed by Mc Cain, where the water viscosity obtained by the previous graph was corrected for pressure. Also the same correlation exists on explicit form. The effect of dissolved gas on water viscosity is not available, but a decrease in water viscosity with dissolved gas can be expected.
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WATER/HYDROCARBON SYSTEMS Mutual attraction between water and hydrocarbons is very small. Solubility of water in hydrocarbon liquids is low and has no practical application in reservoir engineering. Natural gas in reservoir conditions, contains water in vapor phase. In equilibrium with a liquid water phase, natural gas and liquid water will combine to form solids, called hydrates at temperature somewhat above 0°C. These solids can form at temperatures and pressures normally encountered in natural gas pipelines, chokes and valves, and their formation conditions are of particular importance in production engineering. Water content in natural gas is important to predict, in order to design, gas dehydration treatment, to respect gas specifications for sale and transport. a - Solubility of water in hydrocarbon liquid Hydrocarbon in contact with water, can give formation of two, three or four phases according to pressure and temperature conditions.



D TH 1505 A



Pressure (psia)



As an example, the pressure-temperature diagram of a water-propane system is shown here.



Temperature(°F) Phase diagram - water-propane system



Along the BC line (close to the propane vapor pressure curve), liquid water is in equilibrium with two hydrocarbons phases liquid and vapor. Hydrocarbons phases contain also small quantities of water in equilibrium, which are illustrated here.
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Mol fraction water
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Temperature (°F) Water content in propane phases Low affinity of water and hydrocarbons explains the small molar fraction observed.



D TH 1507 A



Mol fraction water in hydrocarbon liquid



Solubility of water in hydrocarbon liquids, at three-phase equilibrium is also shown, as a function of temperature (equivalent to the BC2 line).



Temperature (°F) Water solubility in liquid hydrocarbons b - Solubility of water in natural gas The water content of natural gas in equilibrium with water is presented here after. 01358_A_A
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Water icontent, lb H2O per milion cu ft tatal gas



138



Temperature (°F) Water content of natural gas
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The solubility of water is then corrected according to the salinity. Another correction is available, to adjust for gas gravity (ref 6, p 148). Empirical correlation from Buhacek, allows to calculate explicitly the water vapor content of gas (ref 5). W =



A (T) + B (T) P



W water vapor content lbm/MMscf P psia A(T) and B(T): temperature functions W is later corrected for salinity and gas gravity. Mc Cain presented also an updated version of the graph giving W versus pressure and temperature. Finally, water dissolved in reservoir gas and reservoir oil is fresh water (without salts), an important fact to identify where the water comes from. c - Gas Hydrates As seen before, natural gas under pressure in contact with excess water liquid, might combine to form crystalline solids called gas hydrates. • Nature Hydrate formation is physical rather than chemical, and apparently no strong chemical bonds are formed between the gas and water molecules. They are crystals like ice or snow with a density close to 900 kg/m3 . They might be consider as gas dissolved in crystalline solids. The main framework of the hydrate crystal is formed with water molecules, and in between void spaces occupied by hydrocarbon molecules. A specific number of water molecules is associated with each gas molecule. Hydrate molecule has been observed only with the first alkanes: C 1 , C 2 , C 3 and iC4 and also N2, CO 2 and H2S. • Formation conditions Natural gases can form hydrates usually at temperatures up to 25°C, however hydrates have been observed in high pressure wells (> 15 000 psia), at temperature above 100°F. A schematic phase diagram is presented here. It defines the different regions of the space where the phases are in equilibrium.
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D Hydrate + water + HC liquid



E



Hydrate + Ice + HC liquid



C2 C1 HC liquid + water



G



F Hydrate + Ice + HC vapor



B



Hydrate + water + HC vapor



HC vapor + water



D TH 1509 A



A



J Ice + HC vapor



Temperature



0°C Phase diagram in a water-oil system



As seen before the BC line separates the hydrocarbon liquid-water region (above BC), from the hydrocarbon vapor-water region (below BC). The line JAB separates the region in which water and hydrocarbon vapor exist (below JAB), from the region in which water and hydrates exist (above JAB). This line represents the conditions at which gas and water combine to form hydrate. The almost vertical BD line and the vertical AGE line (near 32°F) defines inside the region Hydrate + water. Points B and A are quadruple points, four phases are in equilibrium: - in B water-hydrate-hydrocarbon liquid and vapor - in A ice-water-hydrate-hydrocarbon vapor The line of major interest on this phase diagram is the line AB which represents the equilibrium between hydrocarbon gas, liquid water and hydrate. If natural gas in equilibrium with water is in the production facilities (tubing, chokes, valves, pipelines) at values of pressure-temperature above this line, hydrates will form with the risk to interrupt normal production. Hydrate-formation lines (equivalent to AB curve) have been drawn for methane, ethane, propane and i butane(also n-butane existing near 32°F). The same graph has been drawn for several natural gases with higher specific gravity, giving a quick estimate of pressure-temperature hydrate formation conditions (ref 2, p 215). 01358_A_A
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The natural gases with higher specific gravity (heavier gas) form hydrates at much lower pressures than lighter gases. Calculation of hydrates formation conditions (ref 6, p 154): - a quick estimate can be obtained from the correlation mentioned above - Katz and co-workers developed a method based on equilibrium ratio onstant values, which is fairly reliable for pressure less than approximately 1 000 psia - Campbell and co-workers developed an empirical method when pressure exceed the 1 000 psia previous limit, which gives a rough estimate - Finally modern computer-based methods of predicting hydrate formation were developed based on Van der Waals and Platteeuw’ model Hydrate formation by reduction of pressure on natural gas: the reduction in pressure across a choke or in a separator causes a reduction in temperature of the gas. In presence of free water, conditions of hydrates formation could be reached. Katz presented a set of correlations, for different natural gas specific gravity, giving the maximum reduction in pressure allowed for the gas to stay away of hydrates formation conditions (ref 2). • Hydrate Inhibition Hydrate prevention rely on: - mechanical treatment: in order to remove water; hydrates can only form in presence of free water - thermal treatment: increasing the gas temperature, or insulating the gas line to have the temperature at a given pressure, staying above the hydrate formation temperature at that pressure - use of aqueous solutions of antifreezes, like methanol or glycols Additions of alcohols reduces significantly the temperature of hydrates formation at a given pressure. However these products are expensive, and must be recovered after treatment, purified and recycled at the inlet of the treatment facilities.
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