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due to variation of porosi and permeability in each rock unit. Modified after Cronquist
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dimensional porosity, permeability or petrophysical rock models to compute water saturations
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Figure 3.3. A schematic bulk density plot versus neutron log porosity (limestone scale). A triangle
is defined by a matrix point (100 per cent calcite, limestone with zero porosity), a shale point,

and a fluid point (theoretical rock with 100 per cent gayothat is filled by fresh water). The
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characterizing the petrophysical properties. (Lucia, 1983)..........ccceeeiiiieeeiiiiiiee e, 38

Figure 3.8. Three carbonate rock classes defined by Lucia (1983) on the interparticle porosity

Versus Permeability PIOL...... ..o e 89

Figure 3.9. A 3D diagram that shows relationship between rock fabrics and petrophysical classes.

There are 3 rock fabrics in Class 1, 3 in Class 2 and 2 in Class 3. (Lucia, 2007). The rock
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fabrics are either grain dominateddgmrstone and packstone) or mud dominated (packstone,
wackestone and MUUASTONE).........cooiiiiiiiiiiiiiieeee ettt e e e e e e e eeaes 91

Figure 3.10. A diagram that shows various methtmigletermine porosity. Porosity can be
determined from a single log, two logs-glot), three or more logs (solve simultaneous
equations for matrix minerals, porosity and fluids), or it can be measured directly on plugs
that Are CUL fTOM COMBS......uuuiiiiiiiiii i e e 96

Figure 3.11. A schematic NMR relaxation spectrum and2adIstribution with a carbonate-I
cutoff splitting the distribution into Freféluid porosity and bound water porosity. After Ellis
AN SINGET (2008 ...ttt ettt eeeet ettt ettt et e e e e e e e e e st et e e e e e e e e e e e e e e s s s nnee e e e e s s e 101

Figure 3.12. Schematic NMR-T distributions showing howhe distribution shape varies with
different pore fluids. After Ellis and Singer (2008).-..........ccoooiiuiimiimmmnniiiieiieeeeee 101

Figure 3.13. Classification afarbonate rock porosity by Lucia (2007). Interparticle porosity can
be related to permeability directly but vuggy porosity complicates the relation. Vuggy
porosity is larger than interparticle and spans across several grains. If vugs are connected
through inter-particle porosity then it does not affect permeability significantly and it is
classified as separate vugs porosity. If vugs touch and connect directly then it affects
permeability hence it is classified as touching vugs porosity.............ccceeeeeviceeeennnnnns 105

Figure 3.14. Carbonate rock porosity determined from various methods. There is capillary bound
water (capillary bound water A) commonly presencarbonate rocks (especially in pores
that are smaller than 10 microns). In exceptionally tall oil columns even -pices may
become hydrocarbon charged. Small pores would get charged by hydrocarbons as the

hydrocarbon column increases (capillary boundter B). Large intergranular pores and

XX



directly connected vuggy pores determine permeability. In reservoir engineering effective
permeability consists of large intgranular, directly or indirectly connected vuggy pores.
Total porosity measured by densdy neutron logs consists of micro, small, laogsmnected
and isolated vugs. Total porosity measured by sonic logs does not account for vugs. Log
effective porosity includes isolated vug porosity (NMR). Total porosity measured in totally
dried core measas all porosity except isolated VUGS...........uuueeiieeiiiiieemiiiiiieieeeeeeeeenn 106

Figure 3.15. Lucia (2007) shows that sonic transit time plot versus porosity indiepteate vug
porosity in oomoldic limestone as vuggy porosity moves the data points towardghiop
The standard lithology lines indicate oomoldic limestone (high vuggy porosity) to be a
dolomite, which is incorrect. In B equal vug porosity lines agewvtdr whose slope parallels
the Wyllie time average curve for Imestone............cooooiiiiiiiiccce e 107

Figure 3.16. Zlot (left) from Lucia (2007) in which soc transit time is plotted against total
porosity (densityneutron) from an anhydritic dolomite. Lines of equal separatgporosity
are drawn parallel to Wyllie time average curve for dolomite. The separate vug porosity
increases as sonic transit timecreases. Pplot (right) in which total porosity from an
oomoldic limestone and a nonmoldic limestone is plotted versus sonic transit time. Equal vug
porosity lines are drawn. Trend of porosity from an oomoldic limestone is significantly
different than nomoldic limestone. The pattern generally works but there are exceptions in
which vug porosity does not follow the trend shown in the plot on the.right............. 107

Figure 3.17. Diagram explaining,Rand R. The top box represents a unit volume of water (no
matrix) hence its resistivity is equal to the resistivity of water griRe bottom box consists

of a grainstone rock saturated bymeawater as in top box. In this case the resisitivity of this
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unit volume R is more than the resistivity of top box of.R'he current paths are tortuous in
the bottom box whereas they are straight in the top box (red line). Pdrdsis/an exponent
m (cementation factor) because current paths are tortuous in actual racks.............. 109

Figure 3.18. Pickett Cross plot on which Archie equafenwater saturated rocks plots as a
straight line. The intercept at 100% porosity (1.0) equglsTRe slope of the line equals the
Cementation Factor or m. Data from three wells, which are used as an example to build
saturation height models are platt&he data points that fall along the plotted lines are from

water zone whereas data points that are above the plotted lines are from hydrocarbon bearing

Figure 4.1. Two different flow geometries and their variations in esesional area available for
flow. Modified after Amyx et al. (1960).........ciiiiiiiiieeeii e e 118
Figure 4.2. A porous medium is conceptualized as consisting of a bundle of capillary. tub2k.
Figure 4.3. Semilog plot of permeability versus porosity derived from the Cafomeny
equation (for 3 different values of Dp or textural classes). Permggbilibsity relationships
for different petrophysical rock types typically plot in this fashion. For each petrophysical
rock type permeability is related to porosity and rock types differ from each other in their
tEXTUrAl CHArACTEIISTICS. ... . vuvieiiiiiiie e 126
Figure 4.4. Logog plot of permeability versus porosity derived from the Carikapeny
equation (for 3 different values of Dp or textuctdsses). Permeabilfyorosity relationships

for different petrophysical rock types typically plot as straight lines on a bilog.plat..126
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Figure 4.5. RQI values calculated from core analysis data are plotted agaimsta loglog plot.
On this plot, RQI versus »for a constant FZI will plot as a straight line. These data must be
classified into several FZI groups or hydrawli@ts................ccooviiiiiiiiiieee e 129

Figure 4.6. Graph of log FZI (derived from core data) versus deviations of cumulative probability
from a normaldistribution. The approximate straight line segments outline natural hydraulic
unit grouping that exists in the data (different colored data points). The resulting hydraulic
unit class width is logarithmically distributed................cccoooiiiiieeec e, 130

Figure 4.7. A plot of RQI and PHIZ values that were measured on core plugs. The RQI versus
PHIZ defines a straight line on a log plot. The range of RQI (dfZl) can be subdivided
into several groups (5 groups in this case) that are considered as hydraulic flow units (or rock

types). The defined hydraulic units are assigned their individual RQI versus PHIZ equations.

Figure 4.7. A core porosity versus core permeability data plot on which equal Winland R35 pore
throat lines are plotted. The core data can be partitioned according\Wirtaad R35 ise
porethroat curves, which will constitute Winland rock type groups................ooooieee 133

Figure 4.8. This is the same plot as ab@vig. 4.7) butonalo) og scal e on whic
equal porghroat R35 curves plot as straight liNeS..........cccoovviieeeiiieecciiiiee e 133

Figure 4.9. Luciaarbonate rock class 1, 2 and 3 are based on rock grain or particle size. They are
not related to poréhroat radius based classifications. This diagram plots pore throat radius
computed from the Pittman (1992) equation, which was derived empirically 3%

percentile of pore size distribution (derived from mercury injection data) versus air
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permeabil ity measured on core pl upgrethroaL uci &
[INES. AftEr LUCIA (2007)...ceeeeeieiiiiiiiiieee e e e ettt s s e e e e e e e e e e e e e e ennes s s e e e e e e e e e eeeeeeeesenesannnee s 135

Figure 4.10. Capillary pressure curves (mercury injection) can be considered as measuring pore
throat profiles. As capillary pressure increases, the pore throat radius deciémseercury
curves are characterized by the Thomeer p.
measures the pore throat sorting. Each petrophysical rock type has capillary pressure curves
that have similar shapes and they plot in tight clusters. Sdiematic plot shows 6 average
capillary pressure curves, which correspond to six petrophysical rock types. These rock types
would also plot in distinct fields on a porospgrmeability plot. After Borbas (1994)...137

Figure 4.11. A rock type example from the wewidle rock catalogue (Core Laboratories, 2001).
This catalogue lists all petrophysically distinct rocks that hbgen found globally in
petroleum reservoirs. Complete petrophysical data are included in the catalogue for each rock
type, which includes photographs of hand specimen and under microscope, thin section,
scanning electron micrograph, capillary pressureesiobtained from mecury injection and
air-brine methods, and electrical parameters...............uvvuiiiicccreeieee e 138

Figure 5.1. Top reservoir map showing tbeations of three wells (contours in feet subsea). Gas

bearing area is marked in red, oil bearing in green and water bearing area is marked in blue.

Figure 5.2. Wireline logs in the three wells (Schlumberger) with cored interval. The depths have
been corrected for deviation to true vertical depths subdeatimising the deviation surveys.
Other than in the shallow shale section in well 1 and 2 (washouts) the data quality is good.

The data have also been depth matched. No environmental corrections were applied to
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gamma ray but all three wells were normalizedthat shale volumes could be interpreted
consistently. Bordnole corrections have been applied to density and compensated neutron
using the appropriate mud parameters (temperature correction and 1 inch tool standoff).
Compensated neutron porosity datare normalized where appropriate. Formation water
salinity is 30,000 ppm NacCl. Botole corrections were applied to resistivity (induction)
using appropriate Mud ParamMETEIS........coiiiiiiiiiitreee bbb eeene e e e eeeeeas 143

Figure 5.3. Part of the core acquired in well 2; photographs in white and UV light (top of core).
Plot of core porosity versus air permeability data from conventional andgvsitieores..145

Figure 5.4. The reservoir lies in a thick carbonate succession that is overlain by shale with thin
carbonate beds. The reservoir carbonate ithede wells share a common gas oil contact and
oil water contact. The porosity development in the reservoir is variable with best porosity in
well 1 and moderate porosity in well 3. Test intervals are indicated in well 1. The gas oill
contact can be located-4862 feet whereas oil water contact liesA®30 feet............... 146

Figure 5.5. Pressure elevation plots from well 1 (shows gasjaivater pressure trends and their
intersections). The free oil level (FOL) defined by the intersection of gas and oil pressure
trends lies at4878 feet in well 1. The free water level (FWL) defined by the intersection of
oil and water lines is a4937 fet. The combined pressure elevation plot (all wells) shows
some scatter (though close) and a fiwide average free oil level may be interpreted at
4867 feet whereas an average fielde free water level lies a#937 feet...................... 147

Figure 5.6. Bulk density versus neutron porosity plot on which reservoir interval of wells 1, 2, 3
have been plotted. Most data plots along limestone line, which joins matrix point of 2.71 g/cc

and neutron porosity of zero (limestone scale) and fluid ftheoretical rock with 100%
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porosity and bulk density of 1 g/cc). A small set of data points cluster (mostly in well 3) to
the right of the dolomite line indicating shale beds. This shows that the neutron porosity of
shale ranges from 0.35 10 0.40........ooiiiiiiiiiireeeee e e e e 148

Figure 5.7. MN lithology plot, which shows most of the data plotting near calcite point whereas a
few data points are at and towasth&le point (plot layout is adopted after Crain, 198849

Figure 5.8. Plot of effective porosity versus deep resistivity (corrected) for wells 1, 2, 3. A straight
l ine on this plot has a sl ope equal to th
values of 1.8, 1.9 and 2. From special core analysis, the besst i mat e f or tF
value is 1.9. The intercept of the lines is at 0.095 (Rw) at the reservoir temperature of 170
JEgreEraNIENNEIT. ... .t 150

Figure 5.9. Well 1 interpretation: track 1 shows gamma ray, corrected gamma ray, caliper and bit
size; track 2 and 3 show measured andsa# depths; track 4 shows the porosity logs,
photoelectric factor or PEF; track 5 shows correctetissthamedium, deep resistivity; track
6 shows effective water saturation; track 7 shows interpreted lithology with standard symbols,
porosity and porosity measured 0N COre PIUGS.........uvvuuuueiiii i e e e e e eneans 152

Figure 5.10. Well 2 interpretation: track 1 shows gamma ray, corrected gamma ray, caliper and
bit-size; track 2 and 3 show measured andsa# depths; track 4 shows the porosity logs,
photoelectridfactor or PEF; track 5 shows corrected shallow, medium, deep resistivity; track
6 shows effective water saturation; track 7 shows interpreted lithology with standard symbols,
porosity and porosity measured 0N COre PIUGS.........coovvviiiiieiieeen e eeeeae 153

Figure 5.11. Well 3 interpretation: track 1 shows gamma ray, corrected gamma ray, SP, caliper and

bit-size; track 2 and 3 show measured andsa#é depths; track 4 shows the porosity logs,
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photoelectric factor or PEF; track 5 shows corrected shallow, medieep resistivity; track
6 shows effective water saturation; track 7 shows interpreted lithology with standard symbols
=T aTo I o1 (0] SPS U PPPPPPPPP 154

Figure 5.12. Sedimentological core description (well 1, core 1). The facies codes are described in
the text. Dunhamés Textures: W= wackestor
rudstone. Depth IS iN fEETL........u i 156

Figure 5.13. Sedimentological core description (well 2, cores 1 and 2). The facies codes are
described in the text. D @xpackstodes G=Tgrirstoner amd :
R=rudstone. Depth iS IN fEeL........couii e 157

Figure 5.14. Thirsection photographs of various sedimenfagies from well 2 (cores 1 and 2).
The facies codes are written on top -&ftner of each photograph. All thin sections were
photographed at (25X) magnification except the middle section of the first row at (100X).
The blue colored areas are blue rasipregnated macrpores. The SWPM and PSPG facies
(Skeletal Wackestone with Pelleted Matrix and Peloidal Skeletal Packstone/Grainstone facies
contain most abundant MaGDOTES)-..........uuuiiiiiiiie e reer e e e e e 158

Figure 5.15. Classification of hydraulic units based on flow zone indicators (FZI), which are
computed from the porosity and air permeability that is measured on core. The FZI are sorted
in a descending oedt and a cumulative probability is computed, which is converted to
standard normal deviation using the spreadsheet function (NORMSINV). The resulting
values are shifted by 3.5 (arbitrarily) so that negative values are elminatedaarsdscale
can startfom zero. Slight differences in slope are noted and marked to define limiting FZI

values of hydraulic units (HU). The HU1 has the best and HU5 has the worst reservoir
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qualities. The limiting FZI values of HU are shown. Refer to Chapter 4 for details and
1 1= £ Lo L TR 159

Figure 5.16. A plot of core derived reservoir quality index (RQI) versus normalized porosity
(PHIZ) on loglog scale.The hydraulic units identified are distinguished by different colors.
Each HU has a well defined trend. Sedimentary facies are also identified for 11 points.
Packstongyrainstone (PSPG) facies are generally associated with best hydraulic unit rock
type. Skletal packstones with algal crusts (SPAC) generally belong to low reservoir quality
HUS. Refer to Chapter 4 for details and references............cccovvvvvvieeee e 160

Figure 5.17. Flow zone indicator (FZI) data computed from core measurements are related to log
data (NCGR normalized corrected gamma ray, NNPHIC normalized neutron porosity
corrected, NDT normalized sonic transit time, NRHOBC normalized bulkitgesmsrected)
at equivalent depths and classified by the identified hydraulic unit (HU) groups (color coded).
Generalized trends are defined between FZI and log measurements. These trends of FZI
versus different logs are integrated in a single multiptelm®ar equation.................... 162

Figure 5.18. Capillary pressure data (mercury injection) obtained on conventional amdlside
core samplem wells 1, 2, 3. The data on the left graph is uncorrected and on the right graph,
it is corrected for closure and surface vug effects. The data is generally acquired at low
pressure as only miglateau and early part of late upper range can be seese tiata were
not used in establishing the FZI prediction model so that it can be used as a control data set.
These capillary pressure curves are later convertegpack for upscaling or averaging and

then used to build J curves for each hydraulic unit..............cccoooovieeee i, 164
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Figure 5.19. The hydraulic units (HU) determined from predicted flow zone indicator (FZI) from
logs are shown by red curve inhgel, 2, 3 (true vertical depth subsea is on thax}¥s) . The
numbers 1 to 5 represent HU1 to HU5 whereas 6 represents shale-@sevoir quality
rock. The predicted HU curve is overlain by an independent HU data set, which was
determined from routm and sidewvall cores (capillary pressure data were acquired on these
core samples using mercury injection method). The predicted HU from logs match closely

with the control data set HU except in few points where HU 1 in core is predicted as HU 2.

Figure 5.20. Permeability calculated from the predicted flow zone indicator (FZI) curves (red
curve) for the three wells. Red squaaes permeability measured on conventional core plugs
and sidewall cores. Black shaded curves on the left represent effective porosity.....166

Figure 5.21. Permeability computed from predicted flow zone indicator (FZI) compared against
core permeability at the corresponding depths. The computed and core permeabilities are
clustered along a 45 degree line without apparent bias. The sfréaic points across the 45
degree lines could be due to log problems, core depth matching errors, errors in depthing of
sidewall cores and laboratory measureémMent ErTOLS.........uuieieeeeeeeeeeeiiieee e e e e e eeeeeeen 167

Figure 5.22. Permeability computed from predicted flow zone indicator (FZI) compared against
core permeability on a porosity versus permeability plot. The core data points (colored
rectangles) are color codddr their hydraulic unit (legend of diagram). The computed
permeability is shown by green circles. The calculated permeability does not extend beyond

the permeability measured ON CAL.............uuiiiiiiiii e eeme e e e eanes 168
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Figure 5.23. The capillary pressure data samples displayed on hydraulic unit classification
diagram. Sedimentary facies described from hand specimen and thin sections are also
(01157 0] E= 1Yo RO P PPN 171

Figure 5.24. The normalized capillary pressure data-fumdtion versus water saturation (Sw)
space that is displayed by respectiwaraulic unit color. The data corresponding to each
hydraulic unit spreads over a range that is covered by three curves (minimum, middle and
maximum). The mieturve is used to calculate the most likely water saturation, however, it is
feasible to calculat a lowside water saturation (optimistic model) and a fsgle water
saturation (pessimistic model). The advanced exponential function is used to generate the J
function versus Sw curves (see Chapter 2). There is an overlap in data belonging to different
hydraulic units, which is very common. This is due to sampling and measurement errors or
heterogeneities in the samples. The best rock or hydraulic unit curves lie to the left and
progressively move to the right as the rock quality deteriorates...............cc.vvveemeeeee. 172

Figure 5.25. Parameters of the fittedudction curve and the advanced exponential function
equation (see Chapter 2). These parametmespond to the low, mid and high Sw curves
Shown above (FIQUIE 5.24)......cciii i e 173

Figure 5.26. Relationship of resistiitierived water saturations versus effective porosity
computed from densitgeutron logs (see Reservoir Description). All data with badhole flags
were eliminated and no values above water saturation more than @iénfire plotted. All
data are plotted by their respective hydraulic flow units (determined from predicted flow zone
indicators). Curves are fitted to the observed trends visually and their parameters are listed.

There is a significant variation seen oe tHunctions (Figs. 5.24, 5.25); single and stationary
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curves do not represent the observed variation. The Swir term irftihetibn (Figure 5.25)
can be replaced by a ndinear equation for any respective hydraulic unit. Using this
approach, the Swierm is computed from the porosity at any elevation and then used in the
Jfunction equation. This improves computed water saturations from -thection and
overcomes the problem of using a single and stationary curve for a hydraulic. unit..175

Figure 5.27. Water saturations computed from saturdigaght model (red curve) and the Archie
water saturation (blue curve) computed frorsistvity and porosity logs. The curves are
plotted against true vertical depth in feet subsea. Red curve is not computed above the
reservoir. Grey curve is effective porosity, whereas black squares are porosity values
determined on conventional and sigell core samples. The red curve (water saturation from
saturatiorheight model) compares favorably with the Archie water saturation though it is
five to ten units higher in intervals in well 1 (between 4700 and 4800 feet) and Well 2 (4800
LCO IR 1[0 (== PP PPPUPPRPPRR 176

Figure 5.28. Comparison of the bulk volume of hydrocarbon computed from model in the three
wells versus the bulk volume difydrocarbon computed from log porosity and the Archie
water saturation. The model compares favorably with thedétyed bulk volume of
0} Y[0 [0 Tr= T4 oo o TP PPRPUPPPPRRP 177

Figure A.1. Capillary pressure measurement schematic by pressure equilibrium method (after
ST K I TP PEPP 184

Figure A.2. A schematic of automatic mercury injection pump apparatus ( after EPS,19935%.
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Figure A.3. Plot of the mercury injegh data that is tabulated in Table A.1. Theragrcury
capillary pressure data is initially plotted on a log scale whereas volume of injected mercury
is plotted on a linear scale, which increases from right towards left as a conventior191

Figure A.4. The volume of mercury injected in the sample is converted to a ratio of injected
mercury to the bulk volume of the sample. Thicadled bulk volume occupied, which is
plotted on a log scale against-enercury capillary pressure on a log scale

Figure A.5.The injected mercury volume into the sample is converted into a ratio of mercury
volume to pore volume, which is mercury saturation. Since mercury igvatimg phase and
air is the wetting phase, therefore, subtracting fractional mercury saturatiorofi@ens a
measure of wetting phase saturation. The wetting phase saturation is plotted against air
mercury capillary pressure on linear scales

Figure A.6. Surface vugs and irregularities take up some mercury at low pressure that must be
excluded from the bulk volume mercury injected. After Eade (1991)........................ 195

Figure A.7.The plot in Figure A.3 is fit with three straight lines. There is a lower range or black
line, middle range or red line and upper range or a magenta line. The intersection of the lowe

range with mid range represents volume of apparent mercury injection due to combined

surface corrections 197

Figure A.8. Graptshown above (Figure A.7) is now plotted with data corrected for combined
surface effects. The mercury volume corresponding to combined surface effects have been

subtracted hence red coloured data points at low pressures plot at zero injected mercury

volume 199
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Figure A.9. Bulk volume occupied by mercury plotted againsima&rcury capillary pressure
before and after applying combinedrface corrections. This plot is made on-log scales.
The computed and corrected data is shown below (Table.Ad).......oooeeeeiiiiiceeeennn. 200

FigureA.10. Plot of airmercury capillary pressure versus wetting phase saturation. The computed
data table is Shown Delow (Table A.4)......c.ooo oo 201

Figure A.11. The data of (Table A.6) corrected for surface effects and surface vug volume effects
=T 0] 0] 1 (=T o F TR PPTPPPPPO 204

Figure A.12. Bulk volume occupied by mercury plotted againsmaircury capillary pressure
with the added surface vug volume correction. This plot is made dodagrales.......... 205

Figure A.13. Plot of aimercury capillary pressure versus wetting phase saturation. The data have
been corrected for surface effects and surface vug volume effects...............cccvveenn. 206

Figure A.14. Schematic of capillary pressure measurement by centrifuge method (after Keelan,

Figure A.15. Schematic capillary pressure measurement apparatus by porous plate method ( after

E P S, L1007 ).ttt aner e e e e e 210

Figure A.16. Porous plate acquired laboratory capillary pressure data for five.rocks......211
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The oil and gas companies work hard to produce hydrocarbons economically. A sound
production plan must be based on a good assessment of hydrocarbon volume in the
reservoir. Currentlythree dimensional geological reservoir models are used to first assess
hydrocarbon volume, which are then-sgaled to simulation to make a production forecast.
Various production scenarios are tested in these models to maximize recovery before they
are mplemented in the field. Saturation height models are an essential part of three
dimensional geological models in which they are used to populate hydrocarbon saturations
in the porous reservoir.

Three dimensional geological models characterizedbervoir by sedimentological facies.
Each sedimentological facies contains a number of rock types or hydraulic flow units. A
rock type is distinguished by its texture and it has a distinct pospsityeability
relationship. A hydraulic flow unit is a rkdhaving same ratio of permeability to porosity.

For each hydraulic flow unithere is a mathematical relationship that describes hydrocarbon
saturation at any place in the reservoir as a function of its petrophysical properties and height
above a datumrahe Free Water Level. A set of mathematical equations for all hydraulic
flow units in the reservoir (usually 5 to 8) are called a saturation height medthblished

these models by integrating core data to logs and fluids in a multidisciplinaryfiaark

The hydrocarbon saturations based on these models compare favorably with resistivity
derived saturations from well logs.

| determined fadraulic flow units present in a reservoir based on core data interpretation.

After cores are placed on log depgireperly, the log responses are related to petrophysical
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properties measured on coleestablished gredictive relationship for hydraulic flow units

using log responses. This relationship is used to predict hydraulic flow units “coresh

wells. Once hat is done, permeability can be calculated in-omred wells also using the
predicted hydraulic flow units. Each hydraulic flow unit has a saturation versus height
relationship, which is used to calculate hydrocarbon saturations.

A well calibrated satuteon height model populates the three dimensional geological model
with hydrocarbon saturations that are related to its sedimentological and petrophysical
properties. The assessments of hydrocarbons in place using such models are more accurate

than traditonal mapping methods.
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Chapter 1

Introduction

The purpose of a saturation height model is to populate a-dimemsional, geaellular,
geologicalor reservoir simulatiomodel with water saturation valudduids alwayseside inthe

pore spaceof a reservoir. Water is always present in the pore space in the reservoir besides
hydrocarbonThe elative amount of hydrocarbon in a reservoir pore space is always measured in
terms of its water saturation (one minus water saturationlsedpydrocarbon saturation). Pore
volume and water saturation in a resenasgmeasured by running porosity and resistivity logs

wells on a wirdine or drill-pipe (Rider, 1996) Pore volume data are modeled away from wells
using geological face mapsand geostatistics, whereaster saturation data are modeled away

from wells using saturation height functions.

In a reservoirock having same porosity and permeability, water saturation desredlseheight

until it assumes a minimum or connate watgugation(Donaldson and Alam, 20p8which can

1



be modeledby meansof a mathematical equation. This equation involves porosity, permeability
and height (referenced to a datum) as the principal variables and is called a saturation height

function.

A threedimensional pore volume model is a precursor of a water saturation model. Pore volume
model is integrated to determine total hydrocarbon pore volume present in a reservoir. The product
of pore volume and water saturation is called bulk volume of waterstipgiesent in a reservoir.

One minus bulk volume of water is equatite bulk volume of hydrocarbons in a reservoir, which

can be integrated to determitiee total bulk volume of hydrocarbons present in a reservoir.
Integration of the bulk volume of hyaltarbons in a reservoir before production is called its
original hydrocarbon bulk volume. Usuallyil shrinks and gas expands when they move out from
subsurface reservoir at high presswed temperature to the surfacehich changs the
hydrocarbon volum quantified by a formation volume fact¢Ahmed, 2001) The original
hydrocarbon bulk volume when corrected to the surface conditions using formation volume factor
determinesriginal hydrocarbons in plac&he hydrocarbomeserves are determined framginal
hydrocarbons in place. A representative saturation height model is, therefore, very important

because determination of hydrocarbon reserves depends on it.

Reservoirs can be classified into clastisandstongand carbonate(limestone and dolost&)
depending on theiithology. The methodology of saturation height modellingimilar in clastic
and carbonate reservoirs unleke reservoir has very largeoil column. Carbonate reservoirs
have macro (pore throaizes 62.510 y) and micro (pordhroat smaller thanlO p) porosities
(Lucia, 1999) A threshold pressure is required fam ail bubble to enter a pore through its throat

(entry or displacement pressure). The entry pressure of a pore is overcome due to buoyancy force



that an oil column geerates due tthe difference ofoil and water denses. At greatoil column
heights (several hundred psthere is enough buoyancy force to overcome large pore entry
pressures that are associated with mmooosity. In carbonate reservoirs where migorosity
contain hydrocarbons (due to exceptionally large oil colupsp&cial techniques are required to

model saturation height functiofEiab and Donaldson, 2004).

Gas is a highly compressible, ligiht and more mobile fluid than oil. There is a mudarger
difference in gas and oil densities than oil and water densities, therefore, gas column has much
larger buoyancy force than oil coluntfor sinplicity, saturation height functions of associated gas
columns are often modelled using oil densities.am oil and associated gas reseryvaire

calculation of buoyancy force must account for gasaoitl water densities.

In addition to differences in densitjeggsoil and oilwater have very different interfacial tensions
and contact angles that are needed to calculate thellacapressures. Again, for sirhgty, oil-
water interfacial tensions and contact angles are used in associated gas columns| &nén oi
associated gas reseroitapillary pressure must be calculated using appropriate interfacial

tensions and contact angles.

Complex reservoirs often have layered architecture in which different layers have different
lithologic and fluid characteristic In simple saturation modelling techniguefien areservoir is
classified into layers and each layer is modelled separately. It is better to classify a layered rock
sequence into rock types, each of which have a separate saturation height funcaduarced
modelling layout that can handle rock types and fit multiple saturation height functions

simultaneouslyhould be used



Reservoir rocks penetratdny wells are suldivided nto a layering scheme that is based on
sequence stratigraphic principleébhese layers sufbivide reservoir rocks into layers that were
deposited simultaneously and contain a set of genetically related sedimentdiages. The

seismic sections shild also be used besides well data to help define a reservoir layering scheme

Sedimentological facies and diagenesis comsérvoir porosity and permeability. Sedimentary
facies are identified by recording sedimentary structures (hydraulic and biogeneaiojes.
Diagenesis is determined by microscopic study of-fleictions breservoir rock. Macroporosity

is also measured on thin sections under micqsty pointcounting techniqueSedimentary

facies are known to have certain geometric ati@ristics that can be tentatively located in the
sedimentary sequence providie palaeeshoreline is known. Sedimentary facies help mdiel
reservoir away from wells. Petrophysical rock types must be related to sedimentary facies. A range
of petrophysical rock types commonly occur in a sedimentary facies. Different sedimentesy faci
have different assemblagelspetrophysical rock type@d.ucia, 2007) Once sedimentary facies are

modelled away from wells then petrophysical rock types are statistically distributed within them.

Saturation height modelling is a sequential process, lwhequires many iteration® closely
match withthe log water saturation data at well locatiqiarling, 2005) It is useful to design a
modelling template in which this sequential process is dynamically linked so that results are

immediatelyrecalculatd if model parameters are changed.

In this Thesis | will review the saturation height modelling methodologies and demonstrate their
application on a carbonate reservoir, which has a small oil column and only sooitaim its

macroeporosity.It will also demonstrat¢he application of oHwater and gasil interfacial tensions



and contact anglaa the oil column and associated gas colurespectivelyl will also formulate

a comprehensive and dynamic modelling layout in a spreadsheet format. This layout is capable of
classifying layered reservoir into seven rock types; apply different capillary pressure datums by
four layes if necessary; fit seven saturation height funtsiccimultaneously; and dynamically
update the model if any parameter is chandesequence stratigraphic layegi scheme based on
seismic, logand core data is used in which sedimentary facies are defined. Sedimentary facies are

studied using thin sectig, which are uskto relate them to petrophysical rock types.

Saturation height modelling is an advanced petrophysical process, lvdsicbt beendiscussed in

detail in the published literature. There is no published book or monograph that describes the
saturation height modelling process in detail. Ther@a onsiderableconfusion even among
experienced petrophysicists regarding the saturation height modelling. Therefore, an attempt is
made to assemble the theory and process of saturation heightingpaetn easy to understand
manner. It is also essential to describe this theory so that the actual modelling process can be
properly explained. For the sake of clarity, the theory and process of saturation height modelling is
described in the elder chapters. After the theoreticahapters, the actual model will be described

in the latter chapters.

A brief synopsis of saturation height modelling process is given below. Its purpose is to give a
brief overview in the beginning so that the reader can ajgtecthe organization of the thesis.
Another purpose is to maintain focus while writing later chapters so that only the relevant
information is includedNo attempt has been made to add technical references intthductory
chapter so that it can beaghe as direct and clear as possible. All relevant technical refensitices

belisted in the following chapters when the subject matter is discussed in detail.



Information that is not directly relevant is not included in the main body off fl@sis. Such
information is presented in the Appendbhe principal suject of the Tesis is first to assemble

the saturation height modelling theory and then to show its application. This process is general and
can be applied on data from any oil and gas reservdhearworld. It is not the purpose of this
Thesis to describé&he geology of a reservoir or model saturation versus height for a particular
reservoir.Rather, thepurpose is to compile and describe saturation height modelling theory and
demonstrate its appghtion. Therefore, geology of the reservoir is described in brief in the

applications chapter (Chapter#3he locatios and actual names have been omitted.

Saturation Height Modeling
Establish Geological Framework

Define Layering Scheme

Using sequenceand ismicstratigraphic principlesa layering scheme is to be established, first,
based on well logs, core, and seismic ditis. important to identify reservewide baffles, which

could subkdivide the reservoir into layers with different fluid catts. These reservaublayers

could be in pressurand fluidequilibrium before production starts. After significant production
these reservoir sdlayers may deplete differently and could develop pressure differentials. It is
important to identify agood layering scheme before or duritige saturation height modelling
process. This layering scheme will establish a basic stratigraphic framework for the three

dimensional geological model in whithe saturation height model can then be properly applied.



Establish Structural Framework

After a layering scheme is established, a structural framework can be defined. Tops are defined in
wells when layers were identified, which were connected using seismic data where feasible.
Faults, foldsand fracture patiays are identified. Top structural maps are prepared using well and
seismic data. Several top maps are prepared often in a reservoir for major laydeyeBuihre
defined by splitting main layers, often, by making layer isopach maps and adding thentdp t

map immediately above.

Identify Geological Facies

After a layering scheme is defined and top maps are prepared, geological facies framework is
definedbased on core description, Isgynaturesand thinsection petrography. Geological facies

are also to be predicted in-gored wells.Geological facies should lead the identification of
depositional environments for each layer or sequence. Using pdesseahalogues, the geological
facies ca then be modelled in the thre@mensional geological model. The geological facies will

be related to petrophysical rock property groups. These correlations will then help in distributing
petrophystal properties within the thresimensional geological faes framework in the

geological model.

Determine Reservoir -Wide Fluid Interfaces

The nature othevarious fluid interfaces will be discussed in the following chapters in dileié
the purpose is to explain the ol saturation height modelling pragse withoutdigressingin

details.



Fluid contacts must be determined in wells if they were encountered. There may be significant
differences in fluid interfaces in different wells. In many caapparent fluid contacts are present
buttheydo not represeneal fluid interfacesReal fluid interfaces are easier to interpréew data

from different wells are examined together in their structural cantext

Primarily the interface between oil and water is to be determined. In this régaedWater Level
(FWL) and Oil Water Contact (OWC) are to be determined. In reservoirs witgasad-ree Oil
Level (FOL) and Gas Oil Contact (GOC) are to be determifiad. FWL and FOL aralways
required in saturation height modelling because buoyancy pressure is caludmgdheight
above these datums. The OWC and GOC are only required for volumetric computations to

determine original oil and gas-place.

If FWL and FOL are not known within a narrow range of uncertathgn an initial guess is good
enough to start the modelling proce3fien, & the complete model is builtthe impact of
changing FWL and FOL is seen in terms of computed water sahgatihich are compared with
log-derivedwater saturations. Ofteagood giess can be made regarding desdym FWL or FOL,

if these are not clearly intersected in wells.

Model Permeabilit y in Non -Cored Wells

Saturation height models can be built using equations that do not involve permeability. These
equations and processes v discussedithe following chapters. ThishEsis, however, will use

a method that is dependent on rock permeability.



Pemeability is measured directlynaock plugs that are cut from cores or measured directly on
cores using permeameteBince coresre not cut in all wellghereforeit is fundamental to model
permeability in norcored wells and interval®Vireline logs are run in all wells over cored as well

as uncored sections. Rock properties measured on core are correlated to logs aftey adpestin
depths with matahg log depths. The correlations established between core permeability and log
properties are then used to predict permeability in uncored Walks subject will be discussed in

the following chapters in detail.

Determine Rock -Fluid Properties

Capillary pressure involves interfacial tension and contact angles between fluid phases present in
the pore space. Interfacial tension between oil and water and theiphaise contact angle with
the rock surface is requireth orderto deermine the capillary pressure in the oil column.
Interfacial tension between gas and oil and their interface contact angle with the rock surface is

alsorequired in the gas column.

Determine Fluid Properties

Buoyancy force of oil or gas is zero at FWL @®IE respectively. Above FWL or FQlbuoyancy
of oil or gas is dependent dhe difference of densities of oil and water or gas and oil. Therefore,
densities of water, gind gas are needed at reservoir pressure and tempelsnsity of water

depends o total dissolved solids, gas in solutigoressureg and temperature. Density of oil

! Permeameter is an instrument that is used to measure permeability directly on a core without cutting a plug.
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depends on oil specific gravjtgas in solution, pressyrand temperature. Density of gas depends

on gas gravity or composition, pressward temperature. Densities of water, aild gas can also

be determined at reservoir conditions from their pressure gradients in the reservoir where they are
in continuous phase. These pressure gradients are determined by joining point pressures that are

measured by formations tester.

Define Reservoir Quality Groups

It is impossibleto assign a single average capillary or psecajallary pressure curve to af the
reservoirrocks It is generally necessary to subdivide resesdaiio six or atmost sgen reservoir

guality classesand then assign a capillary or psewdpillary pressure curve to each class.

Reservoir quality is primarily dependent on porosity (storage capacity) and absolute permeability

(flow capacity). Commonlyreservoir quality grops are defined by subdividing the range of pore

throat radid. present i n a r-®d efpermnwabilty divideddy v ar
porosityo i s a proxy of reservoir paptr & t hr
permeabilityd vi ded by porosityd are defined into v

sufficient). Using probability plots, reservoir quality classes are defaratdistributed normally

in a reservoir.

Correct and Convert Capillary Pressure Data to Reservoir ~ Conditions

Capillary pressuréata ismeasured on rock plugs or chips taken from core. Theislataasured
in the laboratory using many fluids that are differérdm the water, oil and gas present in the

reservoir. Several corrections must be applietthédaboratory data beforedanbe usedSome of
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these corrections are specific to the method or apparatus used in the laboratory and others are tc

convert laboratory fluid systems to reservoir fluid systems.

Normalize Capillary Pressure Curves using J -Function Approach

Capillary pressures measuredtlire laboratory are dependent on the porosity and permeability of
the respective samplEirst, the capillary pressure datnormalized for their respecgwporosities
and permeabilities before average itapy pressure curves can be assign€dpillary pressure
datais normalized (commonly usingfdinction) and arranged by their respective reservoir quality
groups. Thenpan average capillary pressure efudction curve can be assigned to a reservoir
quality group. This data is plotted as the normalizing-fdnction versus nometting phase

saturation.

Calculate J -Function from Log Porosity, Permeability and Capillary
Pressure

It is useful to converthelog derived data (effective porosity, modeled permesgb#éind buoyancy
pressure that is agsied to be equal to capillary pressure) intefanttion. Sincethe log datais

also calculated into a water saturatidinerefore log-calculated Junction can also be plotted
versus water saturation. Log data is already calculated into reservoir quality groups, therefore, log
derived Jfunction is also plotted versus water saturation by its respective reservoir quality group.
The logderived Jfunction isthen plotted besides capillapyessurederived Jfunction (measured

on core samples) versus water saturation so that Hotictlons can be compareélso, the log-
derived Jfunctionshows a capillary pressure trend wheotteld versus water saturation. This-log

derived capillary pressure trend is called psecalaillary pressure.
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Fit J Curves to Rock Quality Groups

Once capillarypressurederived Jfunctiors and logderived Jfunctiors are plotted versus water

saturationthen it is feasible to assign an averageudve to each reservoir quality group.

Calculate Water Saturation Profiles from J Curves

This average-durve is then used to compute water saturation in the-thneensional geological
model in any grid blockWater saturations are also calculated frefanttions for each reservoir
quality group and assembled for a well as a log. Thendtion water saturations are then

compared with loglerivedwater saturation for comparison.



Chapter 2

Theory of Saturation Height Modelling

Introduction

Modeling of water saturation versus height in an oil or gas reservoir is based on capillary pressure
concept.The understanding of capillary pressure behavior in a porous solid is vital to reservoir
characterization and hydrocarbon producti@apillary behaviois not well understood and often

not applied properly in reservoir alaaterization. Capillary behavian a porous solid is the most

important factor that determines the distribution of hydrocarbons in a reservoir.

|t i's very i mportant to determine a reservoi
logs does noalwaysgive the complete pcture. Accuracy of the saturation computed from logs is
influenced by thirbeds, insufficient column penetration, invasion, uncertainthéArchie and

shaly sand parameters and reservoir heteroge(itabeokuet al, 200§ and (Darling, 2005)

13
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Capillary pressure curves provide a method to estimate fluid saturation versus depth that is

independent from logs.

Capillary Pressure

An analogy can be used to explahe capillary pressure concept. Let us consider an inflated
spherical balloon. The psure inside the balloon is higher than outside. The surface of the
balloon is curved and higher pressure lies on the concave side. The surface of the balloon is
stretched and is in tensigRigure2.1). This analogy may be extended to consider a bubbdgl of

within water(Figure 2.2) The pressure inside the bubble is higher than outside, therefore, higher
pressure lies on the concave side and lower pressure on the convex side. The interface of the oil
and water is stretched due to tensidhis analogy @n be extended further by placiag oil

bubble above water in a tube (Figure 2.3). Kdithe bubble of oil is shown, which has a curved
interface having higher pressure on its concave side (within oil phase). Thateil interface

makes an angle antdtouches theva | | of the tube wherThetensionmak e
force in the oHwater interface can be measured with reference to the angle it makes with the tube.
It can be sa®that pressure difference acrosswdter interface will incrase as the curvature of

this interface increase¥/hen the interface of two fluids in a tube is straight then there will be no

pressure difference across it.
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7

Highe’
Pressure

Lower
Pressure

Lower Pressure comes e Tension
Figure 2.1. An inflated balloon has higher pressure on its concave side (inside) and lower pres sure

on its convex side (outside). Its surface is stretched due to tension.
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Lower
Pressure

Higher
Pressure

Concave
Side Stretched Surface
in Tension

Figure 2.2. A bubble of oil within water has higher pressure on its concave side and its interface
with water is stretched due to tension.

Higher
Pressure

Concave
Side

Angle of contact

Figure 2.3. A tube with water below and oil above also has a curved interface, which makes an angle
(theta) with the wall of the tube. The concave side of the interface should have higher
pressure as explained in Figure 2.1 and 2.2.  The oil and water interface is aga in stretched
and is in tension.
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Capillary pressure can now be defined as the pressure difference across a curved interface of two

immiscible fluids that are present in a capillary t@aecher and Wall, 1986)

Capillary forces in a reservoir are functioossurface and interfacial liquid tensions, pore size,

pore shape, and the wetting propertiethefreservoir rock.

Surface Tension (ST) and Interfacial Tension (IFT)

Surface tensiofST) is the tendency of a liquid to expose a minimum free surface altsiress at

the surfae between a liquid and its vapiiat is caused by differences in the molecular forces in

the vapour and those of the liquid and by an imbalance of these forces at the infdréace.
interfacial tension (IFT) is a similar tendencyhen two immiscible phases are in contact.
Interfacial tension and surface tension are represented in units of dynes per centimetre (dyne/cm),
which is numerically equal to surface energy in erg per squared centimetre terfoensurface

tension of a pw substance decreases with temperature. stiniace tension of ciield brine
generally ranges from 55 to 75 dynes per centimetre at the temperature of 60°F. The values of

interfacial tension for oilvater systems ranges from 15 to 35 dynes per centimetre

Wettability

The wettability of a solid surface is the relative preference of that surface to be covered by one or
the other of immiscible fluids present near it. Figure 2.4 is a schematic diagram that shows oil and
watea lying above a solid or rockusface. The anglé dig measured by convention through the
liquid phase of higher densityhe adhesion tension determinesich fluid will preferentially wet

the surface.
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“ Rock Surface

Figure 2.4. The equilibrium of forces at a water  -oil-rock interface. The interfacial tension between
water and oil is G, oil and rock is Us,, water and rock is Ug,. After Amyx et al. (1960)

6 ” ” ” 6é i -

Aii' s adhesion tensi 0ng il areimefacial peasions batweenisatict t r e

oil, solidwater and otwater respectively.

I f the denser | iquid wets the solid then d
fluid does not wet the solid then d i %$hemor e
wettability is, ter e f or e, characterized by the value ¢

tendency of a liquid talisplace another liquid. Also, it & property of the nature of rock surface.
The wo fluids andthe nature of rock (for example calcite or quartz)sinbe specified in order to

describe wettability.

The fluid phase that touches the rock matrix is considered as the wetting phase and vitieeversa

fluid phase away from the matrix grain is called the-n@tting phasé€Figure 2.5).
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Figure 2.5. Schema tic diagram showing four matrix grains in a rock with an inter  -granular pore that
is filled by water and oil. The water phase touches the matrix grains all along hence the
rock is wetted by water and water is the wetting phase. Oil does not touch the matri x
grain hence it is non -wetting, therefore, oil is non -wetting phase.

Capillary Pressure Expression

Let us consider an open capillary tube placed vertically in an opetainer of water (Figure 3.6

The tube is water wet hence adhesion or wettabilityefulls water up inside the capillary until it

is balanced by the weight of water (gravity force). The gravity force wants to pull water down
from the tube to the level of free water in the big open container. The adhesion or capillary force is

balanced B gravity force sincgéhecapillary tube and water container system is at equilibrium.
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Air
Pressure
Pair—b
Delta-P
/Theta
h
Pwaier
Air
Pressure
Figure 2.6 . An open capillary tube placed vertically in a container that is open to air. The water and
air pressure profile is depicted to the right, which points to t he oP or differ ential

pressure at the air -water interface. Surface pressure of the water in the open container is
equal to atmospheric pressure. Pressure above the water meniscus in capillary tube is
also equal to atmospheric pressure. The pressure variati on along the height of water in
the capillary tube results in a sharp pressure discontinuity at the meniscus interface.

"O¢ 1 B 0L 1 GN ¢

, 04+ c¢1 “107Q

wh e rgis idterfacial tension for a watgas system; r is radius of the capillary tube in cm; h is

height of | iquid column in c¢cm; } is density

gravitational force in centimetres per second square.
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The value Jgh is the hydrostatic pressure (

capillary tubelt is illustrated bythe pressue profile depicted in Figure 2.6

The expresion can be written as the density difference between the water and gas or air or any
two fluids in the capillary tube.

. C, 0é&+

e
wh e r.gis isterfacial tension for a watérydrocarborsystem; r is radius of the capillary tube in
cm; dyn is contact angle between water and hydrocarbons at the solid silitiacequation states
thatfor agreater affinity of the solid for the denser flumdrewaterwet) the greater the capillary
pressurat the interface for a given capillary radiusaléostates that capillary pressurereases
as the radius of the capillary tube decrea3és wetting fluids have contact angles that range
from 0° to 90°. The nomvetting fluids have contact angles that range in values from 90° to 180°.
If a capillarytube was made of such a material (such as calcite) and it was wetted by oil (such as
that rich in asphaltenes) then this capillary tube will have a negative capillary preHsere.
wetting fluids are drawn into capillary tubes spontaneously. But onceillagagubeis filled by

wetting fluid then it can only be displaced by applying a pressure.
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Capillary Pressure in Reservoir Rocks

The reservoir rocks have pores that contain hydrocarbons and water. Treonmected pores in
the reservoir rock can be considered equivalent to capillary tubes of veaglingrigure 2.7. The
pressure required to force entry of agatting fluid todisplace the wetting fluid is dependent on

thepore that has the largest radius.

Figure 2.7 . Interconnected pores in the reservoir rock behave like a bundle of capillary tubes of
different diameters . The entry of hydrocarbon in a rock is dependent on the pores of
largest radii (minimum entry pressure). The pore entry pressu re is dependent on the
height (h ) above the Free Water Level. In this diagram T is the interfacial tension and dis
contact angle of the interface with the capillary tube wall.

If a poous medium is considered as a bundleaaipillary tubes of different radii, the pressure

required to force the entry of nametting fluid to start displacing the wetting fluid is given by:
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wherwi €9 interfacial tensi on hpestconwme anglevet wvaer an
hydrocarbon interface with the capillary walkdest pore IS radius of largest pore throat. Generally

the lower the permeability of the rock, the lower the largest pore size and higher the entry pressure
would be for a constant wettability. The capillaries of smaller and smaller radii are invaded as the
pressureof the nonwetting fluid is increasedA porous reservoir rock, represented as a bundle of
capillaries of different diameter, would have a thickness above Free Water Level in which water

saturation is gradually reduced to the minimum possible or conrége saturation (Figure 8.

Transition

Pcd
|Cap|Hary
Displacement

Free Water Level Pressure

0 Sw 100
100 So 0
Small Pore Radius Big

Figure 2.8. A porous reservoir rock, represented as a bundle of capillaries of different diameter,
would have a transition zone in which water saturation is gradually reduced to connate
water saturation at its top. The left -part of the diagram shows a schematic bundle of
capillary tubes standing vertically in an open water container, which defines Free Water
Level at its top. A minimum capillary displacement pressure (P «d) is needed to force entry
of oil into the largest capi llary, therefore, for a certain height above Free Water Level,
water saturation would be 100%. The capillary entry pressure increases as the radius of
capillary decreases. The vertical dimension in this diagram could be considered as
representing capillary pressure (right -part) or height above Free Water Level.

If pore diameters in a rock are relatively uniform in radii then little additional pressure is required

to desaturate them artde plot of pressure versus saturation (or height above Free Watelr Leve
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versus saturation) would be almost flat (a plateau on the curve until connate or irreducible water
saturation is reached). If pore diameters in a rock are very heteongetinen capillary pressure

curve would show a more gradual transition to irredecieater saturationA typical capillary
pressure curve (schematic) is shown (Figu®. Z'he capillary pressure curve changes wiien

fluids involved are changed. the interfacial tension of fluids increasethen the irreducible
wetting phase satuian remains almost the same but entry pressure increases as iaterfaci

tension increases (Figure 2.9

Irreducible
Wetting
Phase
Saturation

Transition Zone

\ === & Increasing
Plateau —-— Tln‘cerfacial

Capillary Pressure or Height above Free \Water Level
Capillary Pressure or Height above Free \Water Level

= | Entry == | | Tension
Pressure

Wetting Phase Saturation Wetting Phase Saturation

Figure 2. 9. Left; a typical capillary pressure curve showing entry pressure, plateau and transition
zone and irreducible wetting phase saturation. Ri  ght; the capillary entry pressure
increases as interfacial tension increases but the irreducible wetting phase saturation
remains almost unmoved . Modified after Dandekar (2006).
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Saturation History and Capillary Pressure

The capillary pressure is dependent on the direction of saturation change and saturation history.
The saturation history of reservoirs is often complex and must be worked out before saturation
could be properly modelled based on capillary pressure. Adlves rocks are considered to be
saturated and wetted by wataitially, andsubsequentlyhydrocarbons migratlinto them later.
Drainage is the process in which thetting phase (water) is removed from the reservoir due to
the injection of hydrocarbns (nonwetting phase)When the hydrocarbons (nevetting phase)

move into a rock for the very first time and expel water (wetting phtss) the process is called
primary drainage. Hydrocarbons could escape out of a reservoir due to leakage (or another
mechanism) then water (wetting phase) could soak back into the reservoir from the aquifer to fill
in the space vacated by hydrocarbons {wetting phase) and this process is called imbibition.
The hydrocarbons can not fully escape out of a reservoiwatet can not fully saturate it because
some hydrocarbons are left trapped in the reservoir (residual hydrocarbons). Thehefore,
imbibition process in which water saturation is increasinthe expense of hydrocarbons, never

attains 100 per cent watsatuation (Figure 2.10).
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Figure 2.10. A schematic plot showing a capillary pressure curve for primary drainage in which
wetting phase (water) is expelled as hydrocarbons are injected into the rock until water
can not be displaced any more at irreducibl e water saturation (Swirr) . It also shows a
capillary pressure curve for imbibition in which wetting phase is soaking back into rock
plug as oil is expelled. The imbibition curve intersects saturation axis at Sor (residual oil
saturation) when capillary pr essure has decreased to zero. After Zinszner and Pellerin
(2007).
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First or
Primary
Drainage

Capillary Pressure Pc = Pw - Pnw

Second
Drainage

Spontaneous
Imbibition

Figure 2.11. A sc hematic plot that shows a second drainage imposed on a sample having oil at

residual saturation. The sample had attained irreducible water saturation at the end of

first drainage (oil injection into water saturated sample) then it was allowed to soak water

back into it (oil expelled) during spontaneous imbibition. At the end of spontaneous
imbibition rock sample had oil at irreducible saturation. Then oil is injected again, which
leads back to irreducible water saturation. The difference of saturation history between

first and second drainage is called trap hysteresis. The difference between first
imbibition and second drainage is called drag hysteresis. After Zinszne r and Pellerin
(2007).

It can be stated that capillary pressure and water saturation in a reservoir rock exhibits hysteresis.
Due to hysteresis, a higher water saturation will result for a given capillary pressure if the porous
media is being desaturatedrdinage) than if it is being resaturated (imbibitioh)ock that is at
residual oil saturation due to spontaneous imbibition, may undergo secondary drainage and again
attain irreducible water saturation (Figure 2.11). The difference between primangagéraand
secondry drainage curve is called trap hysteresis. The drag hysteresis is the difference between
first imbibition and secoraty drainage This is due to different contact angles between drainage

and imbibition (receding and advancing) aitferent trappig mechanisms between the cycles
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(Figure 2.12).The drag hysteresis the true hysteresis becausthe spontaneous imbibition and
secondary drainage cycles are repeatbdn the same curves should result (providéuhat
wettability doesnot change). There is no hysteresis between primary drainage and spontaneous
imbibition cycles because the differenagsesdue to permanent trapping of some of the-non

wetting fluid Zinszner and Pellerin, 2007).

Advancing
angle Receding
angle

—

Figure 2.1 2. Advancing ( da) and recedi ng (dr) angles of a drop of oil between a stationary top plate
and a displacing bottom plate ( Leach et al., 1962; Donaldson & Alam, 2008 ). This oil drop
is made to move in water by displacing the lower plate very slowly while keeping the
upper plate statio nary. It simulates water displacement by oil in a capillary (drainage
process), which has an advancing angle. It also simulates oil displacement by water
(imbibition process), which has oil receding angle.

The differences in capillary pressure betweenndige and imbibition cycles are explainedtiy

different contact angles of the -wilater interface.

Generally waterphase desaturation is referred to as the drainage cycle anepvaser increasing
is referred to as imbibition (this is true only wheater is the wetting phase). In-giet prous
medium this does not apply because the watertlie nonrwetting phase. The drainage and

imbibition capillary pressure cycles have different patterns fewetland watexvet rock

The capillary pressure cyrls measured on a wateet core is showin Figure 2.B. This cycle
is measured by first injecting oil ineowatersaturated core (primary drainage) that is followed by
spontaneous imbibition of water (oil expulsion) until capillary pressure droperto part of

previously injected oil is recoverednd oil saturation is reduced tq,,Sthat is residual oil
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saturation to spoameous water imbibition Then water is injected into the core and capillary
pressure becomes negative because water phaseghas pressure than oil phase. At the end of
the water injection cycle, oil saturation in the core is reduced,tp (Eesidual oilsaturationto

water flood).Lastly, oil is injected again into the core.

P.(1)

Figure 2.1 3. The capillary pressure curve for a  water-wet rock; (1) oil displacing water from Sw = 1,
(2) spontaneous imbibition of water, (3) forced displacement of oil to Swor (residua | oil to
water flood), (4) thre shold pressure P 1 must be exceeded before oil can be injected, (5)
forced displacem ent of water by oil. P ) is entry pressure for oil to enter  the rock. The
shaded A ; is greater than A, for the water -wet rock. Swi is connate or irreducible water
saturation , which is achieved at the end of 1 *' drainage cycle. After Donaldson and Alam
(2008).

The capillary pressure cycle as measuon an otwet core is shown ifrigure 2.4. In this case

(oil wet conditior) no water imbibes into the edlaturated core spontaneously and oil only moves
when water is injectedvhich meanshatcapillary pressure is negative because water phaseais at
higher pressure than oil phaséhe water flood recovers oil out tfe oilsaturated core, which
reduces the oil saturation t@.g(residual oil saturation to water flood or forced imbibitidn)the

end oil is injected in the core again.
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Figure 2.1 4. The capillary pressure curve for an oil  -wet rock; (1) oil spontaneously imbibes in the
rock, (2) wa ter does not imbibe, (3) a thre shold pressure (P 1) must be exceeded before
water will displace oil, (4) o il will imbibe, (5) oil displacement of water. Area A, is greater
than A ;. After Donaldson and Alam (2008).

The capillary pressure cycle that could be measured on a +wetkedore is ifbetween those

shown above for watewet and odwet cores (Figure2.13 and 2.4).

The static positions of water, oil and gas in the pore space were studied by Zhou and Blunt (1998).
In waterwet pores, water is present in corners, oil spreads over a thin film of water and gas
occupies the center of thene (Figure 2.5a). In oil-wet pore, oil occupies the corners and gas is
mostly in contact with oil because it is more wetting to oil than water. wetilpores water
occupies the center of the pore. In mixeet pores the corners contain either water or oil
depending orthe preferential wetting conditions of the exposed surfgéeserally, the smaller

pores are occupied by water and are wafet; but the larger pores are-aikt and a continuous

film of oil exists throughout the rock within these larger pores (Ander$886) Rocks with

mixed wettability have very low residual oil saturation. Mixed wettability occurs when some
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organic compounds included in the oil react with the watetrsurface of the rock. This reaction

di spl aces the aque o u,scredtnglamewamivet dodtimg om iD(TidoGrsd s ur

PO N

'@\

Figure 2.1 5. (a) fluid phase distribution in water  -wet pore, (b) fluid phase distribution in oil ~ -wet pore,
(c) fluid phase distribution in mixed -wet pore. The blue represents water, green
represents oil and red represents gas phase. After Zhou and Blunt (1998).

Donaldson, 2004).

Definition of Fluid Contacts

It is essential to identify fluid contacts before water saturation can be modelled. It is essential also
to clearly define fluid contacts and distingliibetween various kinds of fluid contacts. The subject

of fluid contacts is very compleo, it useful to describe it first in the most simple situation. It is
assumed that an oil and egps reservoifwaterwet) consists of a rock whose pore geomesry i

uniform hence it can be described by a single capillary pressure curve (Figire 2.1
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CAPILLARY PRESSURE CURVE
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Figure 2.1 6. This diagram represents a water-wet reservoir, which consists of a rock whose pore
geometry is uniform. The reservoir contains cap -gas and oil below whi ch there is water
saturated rock having same pore geometry as the reservoir. A cross -section of this
reservoir on the right shows water leg, water -oil transition zone, oil zone, gas -oll
transition zone and gas cap. On the left capillary and saturation vers us height curve is
shown. The diagram shows various fluid interfaces in relation to its position on its
capillary pressure or saturation versus height curve. The fluid interfaces start from Free
Water Level, 100 per cent w ater saturated zone above Free W ater Level, water -oil
transition zone, oil -water contact, oil zone, Free Oil Level, oil -gas transition zone and gas
cap.

A capillary pressure curve can be considered as a curve plotting water saturation as a function of
height above the level of zecapillary pressure (Figure &)L The drainage capillary pressures are
normally considered tbe appropriate for describing the initial fluid distribution in a resen/ir.

entry pressure must be reached before theweiting phase can enter the poresr (Example

when oil is migrating wstructure).In a reservoir, the wetting fluid saturation (water saturation)

will start to decrease above tlevel at whichthe entry pressure is reached. Henttee level of

zero capillary pressure is below the level 160 per cent water saturation (Figure &.1The
difference in height between these two levels is a function of the largest pore throat in the

reservoir. If the largest pores are relatively latgen the difference between these levels will be
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relatively small.The oilwater contact can be highly variable in a reservoir whereas there may only

be a single flat Free Water Level (Figure7.1

Deteriorating Reservoir Quality -
Smaller Pore Throats

IOWC

Free Water Level
Pc=0

Figure 2.1 7. A schematic cross -section of a reservoir in which reservoir quality decreases towards
left (pore throats are gett ing smaller). It has same Free W ater Level but its oil -water
contact (IOWC or Initial Oil Water Contact) is variable and is shallower towards the left.
After Dahlberg (1995).

Free Water Level (FWL)

This is the equilibrium level of thail-water or ga-water contact in an open bbae. The FWL is

the datum in reservoir at which capillary pressure is zero. In wagereservoir it lies below 100

per cent water saturated rock and it is below thevater contact. In gas reservoirsiéd below

100 per cent water saturated rock and lies belowngdsr contactlt is defined generally at the
crossover point of water and hydrocarbon pressure trends versus elevation that are defined by

point pressures taken by formation tester tool.

Initial Oil Water Contact (IOWC)

This is the lowest point in the reservoir where oil is present, and in-wataeservoirs it is above

Free Water Level.
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Producing Oil Water Contact (POWC)

This is the lowest point in the reservoir where oil is produced.rlesponds with the level at

which oil saturation is just above the residual oil saturation.

Economic Oil Water Contact (EOWC)

This is the level in the reservoir where oil production is at or above a minimum required oil rate.

Completion or Dry Oil Water Contact (COWC)

This is the lowest level in the reservoir where no water is produced. It corresponds to the top of

transition zone or the level at which water saturation has decreased to irreducible water saturation.

Initial Oil Water Transition Zone

This is the vertical distance between the Initial Oil Water Contact (IOWC) and Completion Oll

Water Contact (COWC).

Producing Oil Water Transition Zone

This is vertical distance between the Producing Oil Water Contact (POWC) and top of transition
zone where watesaturation is at irreducible level. In this interval water and oil are produced

together.
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Connate Water Saturation (S )

This is initial water saturation at any point in the reservoir. It decreases with height above the

IOWC.

Irreducible Water Saturati  on (S wirr)

This is the minimum water saturation that can be obtained by oil displacing water. The lowest

level of S is at the top of the watanil transition zone.

Free Oil Level (FOL)

This is the level of gaeil contact where gasil capillary pressure is zero. It lies below the -gals
contact It is generally defined at the cresser of gas and oil pressures trends versus elevation

that are defined by point pressures taken by formation tester tool.

Gas Oil Contact (GOC)

This is the level intte reservoir where free gas is present in the pore spaces. It is generally defined

by logs (resistivity, density and neutron).

Gas Qil Transition Zone

This is the vertical thickness between Free Oil Level and Gas Oil Contact. This thickness is
generally vey small (one or two feet) but it can be thick (several tens to hundreds of feet) in low

permeability (permeability less than 0.1 mD).
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Fluid Contacts in Water- and Oil -Wet Reservoirs

In an oil-wet reservoir Free Water Level (as defined by pressure profiles versus elevation) is
above the oiwater contact. The FWL in ewet reservoir plots well within the oil column that is
defined from resistivity and porosity logs. The geometry of Free Water Level awdtell contact

is defined in terms of capillary pressure and presslaeation profile (Figure 28). The capillary
pressure curve fom waterwet reservoir is apparently inverted in an-wét reservoir. The
geometry of pressurelevation profiles is padularly important in both cased$n an oil-wet
reservoir water pressure line apparently lies relatively to the right of the oil pressure line and point
pressures taken near Free Water Level are scatienether important factor is the difference in

the shapes of the capillary pressure curves. The capillary pressure curves can be taken as a proxy
of water saturation versus height. The capillary pressure or water saturation versus height profile is
very steep in oilvet reservos. Commonly oil-wet or mked-wet reservois exhibit an atypical

water saturation versus height profile, which have two distinct curvatures. Floe piixedwet
reservoir, if modeled with drainage capillary pressuress fallch short of water saturation that is
interpreted fromresistivity and porosity logs. Ofterimbibitions type capillary pressure curves

(very steep curves) are necessary to modeboinixedwet reservoir water saturatiean
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(a) Water-wet Formation
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Figure 2.1 8. Schematic capillary pressure profiles and pressure versus elevation t rends in oil drive

(water-wet and oil -wet reservoirs). In water -wet reservoir oil pressure trend versus
elevation is defined by point pressures taken away from FWL in both oil and water
column. The MHL stands for Moveable Hydrocarbon Level at which pressur e difference
between water and oil phase is Pt. FWL is below MHL or Producing Oil Water Contact.

The oil saturation up to the MHL is residual. The capillary pressure above FWL is
positive. In oil -wet reservoir FWL is above MWL or Moveable Water Level that is the level
above which no water is produced. It is completion or dry oil water contact (COWC).
Transition zone lies below MWL to level  where oil saturation is irreducible. The water
saturation is residual at FWL in oil -wet reservoir. The capillary pressu re in oil -wet
reservoir is negative in oil zone below FWL. Commonly point pressures taken in
reservoir with formation tester tool are either scattered near FWL. A good pressure trend

is only established by points taken away from FWL. Modified a fter Desbran des et al.
(1990).
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Capillary Pressure Conversion to Reservoir Conditions

The measurement of the capillary pressure and its fundamental corrections are described in
AppendixA. After correcting the measured capillary pressure in laboratory for equipment related,
stress and clay bound water (CBW) effects, it is converted to reservoir conditions and fluid
systems.The capillary pressure measured in the laborathng systemis converted to the
reservoir conditions fluid system using

. , WET — .
—— U
y WE I —

Typical val ue saredisted ielovlabte2.3.0si ne d

Contact Cosine 6 Interfacial 5 Cosine 6
System Angle 6 Tension o
Laboratory
Air-Brine 0 1 72 72
Kerosene-Brine 30 0.866 48 42
Air-Mercury 140 0.765 480 367
Air-Kerosene 0 1 24 24
Reservoir
Brine-Qil 30 0.866 30 26
Brine-Gas 0 1 50 50
Gas-0il 0 1 4 4
Table 2.1. Default values of contact angle and interfacial tension for laboratory and reservoir fluids.

The default values of interfacial tension and contact angle may not work properly in few cases.
The interfacial tension is known to vary with temperature differently for oils of different gravities

(Fig. 2.19.
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OIL-WATER INTERFACIAL TENSION, dynes/cm, AT70°F
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Figure 2.19. Oil water interfacial tension at a given temperature is related to oil gravity in API
(American Petroleum Institute) degrees. For example, a light crude has a lower interfacial
tension than a heavy crude at same temperature.  After Core Labs (200 4).

A condant value of interfacial tension and contact angle may not give representative results i
reservoirs where oil columnseasegregated from light oil netire top to heavy oil nedhe free

water level In such cases interfacial tension values, which vary with height above free water level
are neededDften such segregated oil reservoirs exhibit variable wettability with height above free
water level. In such cases a variable contact angle with heighe diee water level may also be

needed.

An example of conversion from amercury to anbrine fluid system at laboratory temperature is

described below.

cu
€
™

|
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Another example of conversion from -&irine laboratory capillary pressure to-brine reservoir

capillary pressure is described below

. . 0
5 2 'YQI Qi && £ Q0% § >
X G & 0w

Conversion of Reservoir Capillary Pressure to Height above Free Water
Level

The reservoir capillary pressure can be converted to height abogeWraterLevel usingthe

following equation:

yn ” ”

Q| ca

where R.sis capillary pressure at reservoir conditiongsi, g is acceleration due to gravity
flse,and @ is diffedeesiycatofr elsreirvga radady cesed/birt i o n

densities of brine and dih Ibs/ft>. It canalso be stated as below:

CA

© 00 @
aAQ  qQQ

where dR/dh and dBdh are pressure gradients of water and oil in psi/foot.
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Pore Radius Computation from Capillary Pressure

The radius of capillary tube is part of the capillary pressure definition equation. The capillary

pressure defining equation che rearranged and stated below:

Qwd Q Qoe Qi
. wa ©-a
. G, WE I —
0 awl . T8 TYqQmT Qwe PQEW awl
Qe po—wli C® TW o QEQ
Cn &)él - p i N L
I = Waoe IMP 1V a
V) PYwt X
G, WE | —
[ T T U - a

After appropriateunit conversions, 0.145 is the constant that is required to compute the pore throat
radius in micronsEach capillary pressure value is converted into an equivalent capillary tube
radius. A capillary pressure curve consists of a series of values. lhverted to a continuous

distribution of equivalent pore throat ra¢kiigure 2.20.
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Incremental Pore Volume
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Figure 2.20. Pore throat radii size distribution versus incremental pore volume graph that is
computed from a mercury injection capillary pressure curve. This carbonate rock has a
set of larger pores whose equivalent radius is about 300 microns. It also has a large
number of much smaller pores  with radius less than 1 microns.

Curve Fitting Functions of Capillary Pressure Data

A plot of capillary pressure test points versus-ma@tting phase saturation need to beedtwitha
continuous curve. This curve can beefitby interpolating between measured data points either
linearly or nonlinearly. It is much more useftb have the curvdescribed mathematically so that
nonwetting phase saturation or height above free water Ewdt be calculated from capillary
presswe. All corrections such as closure, stress and clay bound water (Appendhxould be

applied before the curve fittingJsually, a curve is fitedto data in laboratory units because it is
easier to transform the curve equation into reservoir conditids. LAt reservoir conditios) the

capillary pressure can be replaced by height above free water level. There are a large number of
mathematical functions that are used to fit capillary pressure Oaacommonly used functions

are described below.
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Simple Non-Linear Function

A simple function that can fit capillary pressure data vatie additive constant(a) and two

exponentshy, d) is given belowFig. 2.21)

Simple Non-Linear Function Fitting Capillary Pressure Data
400 -

a
b

d 05
390 A Porosity (fraction) ).20 0.15 0.10
Permeability (mD) 100 50 10

.04 0.04 0.05
52 0.52 0.52

300 4

250 4

200 4

150 A

Capillary Pressure (psi)

100 A

50 4

0 T T T e
0 02 04 06 08 1

Wetting Phase saturation (fraction)

Figure 2.2 1. The non -linear function used to fit capillary pressure data for three samples.

Logarithmic Function

A logarithmic function can also fit capillary pressure data watihe additive and three

multiplicative constarns (a, b, ¢, d) and one exponent (Fig. 2.22):
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Logarithmic Function Fitting Capillary Pressure Data
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Figure 2.2 2. The logarithmic function used to fit capillary pressure data for three samples.

Simple Exponential Function

An exponential function camlso be used to fit capillary pressudata. The curve fits using
exponential function are good for low permeability samples and away from sharp transition zones

(Fig. 2.23):
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Exponential Function Fitting Capillary Pressure Data
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Figure 2.2 3. The exponential function used to fit data for three samples.

Advanced Exponential Function

A moreelaborated exponential functidvas also been propostalfit capillary pressure data. The
curve fits using this exponential function are good for all samples including both loweand

high permeability samples (Fig. 2.24):
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Advanced Exponential Function Fitting Capillary Pressure Data
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Figure 2.24. The advanced exponential function used to fit capillary pressure data for three
samples.

Hyperbolic Function

The curve fits usin@ hyperbolicfunction are good for all samples including bétlv and very
high permeability samples. The equation is unstable for certain valm®a division by zero

occurs(Fig. 2.25):
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Figure 2.2 5. The hyperbolic function used to fit capillary pressure data
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for three samples.

a7

The lambda functioms a speciafit of capillary pressure datasing a powefunction The curve

fits using the lambda function are good for all samples including both lowvand high

permeability samples (Fig. 2.26):
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Lambda Function Fitting Capillary Pressure Data
400 -

a 3 1.2
lambda 1.6 0.5 0.5
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Figure 2.2 6. The lambda function used to fit capillary pressure data for three samples.

Thomeer Function

Thomeer(1983) noted that when capillary pressure is plotted against bulk volunteeafor
wetting phase (not porgolume) on bilogarithmic paper the best curve fits are those of

hyperbolic functionsThe Thomeer hyperbolic function defined below:
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where B\, is the bulk volume occupied by the nametting phase at pressure, BV, wgs the

bulk volume occupied by the nawetting phase at infinite pressure, which is approximately equal
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to the total interconnected pore volume. ThesRheentry or displacement pressuand G is the

pore geometrical or sorting fact{figure 2.2).

The acquisition and plotting of mercury injection data is explained in Appéndix
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Figure 2.2 7. The Thomeer type curves with gradually increasing pore geometric or G -factor s from

left to right.

Averaging and Normalising Capillary Pressure Data

It is essential to reducie amountof the measured capillary pressure data, which is done by
normalizing and averagin@he reservoir simulators require a function for saturationhhenput,

which is obtained by averaging the capillary pressure data.

Provided there is a good relationship between permeability and poroagyifying the data and

averagingby porosity groups works. The capillary pressure data may also be grouped by
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geological or sedimentological facies if they have good correlations to porosity and permeability.

Commonly permeability is the best parameteius® inclassifyng capillary pressure data

A good averaging technique should presethwecharacteristics oindividual capillary pressure
curves. It can be done by averaging the calculated results from each capillary pressure curve rather
than averaging the curves themselvidge grouping of capillary pressure data into porosity classes

is the most common methko of averaging. However, the grouping can also be done by

permeability, entry pressyrer curve shape.

A key issue in using average saturation height curves is that permeability has to be predicted in
uncored sections of the wells. This is easthere 5 a clear relationship between porosity and
permeability In most cases, permeability measured on core has to be related to logs, which are
then used to predict it in uncored sections. This subjectbeilllescribed in a later chapter (pp.

105106111).

Averaging by Thomeer Method

The fitting parameters of Thomeer function are related to porosity and permeability from which
saturation height curves can be construcfBide three parameters obtained from fitting the
Thomeer function to individualapillary pressure curves namd&@y, s Py, and Gcan be related

to porosity or permeability to establish their relationships. The regression lines matedbe fit
through the data. Thamecreats a capillary pressure curve for a known porosity or pebity,

andthese are used as input to estimbé&three Thomeer parametdfEgure 2.28.
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Figure 2.2 8. Thomeer parameters ( BV, w5 Pq, G) that are obtained from individual curves are plotted
against porosity . A relationship exists between these three parameters and porosity.

Generally, here is a relationship between the Thomeer parameters and porosity. Often better
relationshig can be obtained ifhe square root of the ratio of permeability porosity is ued

(Figure 2.29.
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Figure 2.29 . Thomeer parameters ( BV, wp Pg, G) that are obtained from individual curves are plotted
against Flow Zone Indicator {0.0314*SQRT(K/PHIE)}. A better  defined relationship exists
between these three parameters and Flow Zone In  dicator.

Averaging by Heseldin Method

Heseldin (1974) used porosity to average capillary pressure curves because porosity data is
calculated from wireline logs and directly available across the reservoir. A good relationship
between permeability and portsoften existcausingthe methodo workreasonably. Firstly, the
capillary pressure data are interpolated to fixed and consistent values of capillary pressyre. Then

porosity is plotted again&tulk volume occupied (newetting phase) for all samples tae same
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capillary pressure. The bulk volume occupied @maiting phase) is given by PHIE *Q,e). A
curve is fited through the data for the particular pressure. A good fit is usually obtained by a

hyperbolic equation that is given below.

In this equation, A and B are fitting parameters. When,BVs z e r @xistinteapt is«
porosity below which hydrocarbons will be unable to enter thk ab the given pressure. A sy

of such plots are made for different capillarygmeres and the result is a series of curves. Another
plot is made in which capillary pressure is plotagghinst the parameters A and B and regression
lines are fitted(Figure 2.30. Hence the functions are derived in which parameters A and B are
related o capillary pressa. Using these relations, familie$ capillary curves can be constructed

from porosity and height above Free Water Level.
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Figure 2.30. Thomeer parameter (BV,.) that is obtained from individual curves at particular
pressures are plo tted against porosity and curves for each pressure are fitted. The curve
fitting function is a hyperbolic equation in which there are two fitting parameters A and
B. The parameters A and B are plotted for all curves (constant pressures) against
capillary p ressure. Capillary pressure curves can be generated using parameters (A & B)
and height above free water level.

Data Interpolation Method

Either individual curves or average capillary pressure curves can be interpolated. Linear

interpolation may be usdaketween points at the same pressure on adjacent curves. The capillary

pressure curves are smoothed before interpolation. The weighted averaging or linear interpolation
of the wetting phase saturations at any particular capillary pressure is done usagydlien

given below.
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where Seix IS the estimated wetting phase saturation of a sampfe @fr o s attthg chesen
capillary pressureS,er. @ N d are wetting phase saturation and porosity ofdagillary curve
with porosity just lower than the requirad Similarly, Svers and «y are wetting phase saturation

and porosity of the capillary curve with porosity just above the requjred

It is also feasible to interpolate between average capiieegsure curves that are obtained for

various porosity classes.

Leverett 6 9 Function Method

Leverett (1941) proposed a function to normalise capillary pressure to account for changes in

porosity and permeabilityhe definition of capillary pressure cha rearranged as follows:

which is equal to a constant and constitutes a dimensionless gexnguse the numenator and the
denomenator are of the same units (force/ate® v er ettt (1941) replaced
radius) wih the square root of k (permeability) because both terms hlawesame dimensin
(l'engt h) . B e xisadimersionfess, rtrerefore, dividing permeability by porosity does

not changets dimension.

L QQG Q¢ NINOEWIE KQ QA Q¢ QN MO

0 N 0
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where K is permeability to ain milli Darcy a n d is affective porosityPci s i n psi,
interfaci al tension is in dynes pe@ezledxisat i me
combined constant for oil field unit¥his normalisation assumes that porosity and permeability

are closely related. The J functio,jJs ploted against wetting phase saturation. If porosity and
permeability are related themhe capillary pressure dateould collapse into a narrow band
through which a regression equation can be fitted. Once a relationship between %K. is

derived, a caflary pressure curve can be generated from porosity and permeabilityltdista.

often desireable to group porosity into classes and assign different J functions to them.

The J function assumes a parallel capillary tube model for the rock. This is rammpldication
in some cases in which the J function fit can be improved by using the formation tortuosity factor

(m) into the J function as below:

) - 0 0
U -l- 'RY —
b ¢ o 0E+ %o

In segregared oil columns where oil becomes progressively heawiards the Free Water Leyel
its viscosity may increase from few ceRtisefor good oil to hundreds of cerfloisefor highly
viscous oil. It is found that in such caseis very useful tanclude water to oil viscosity ratio with

the squareoot of pemeability over porosity
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wh e ryea nequaerare viscosities of oil and water at reservoir conditl®ince a viscosity ratio is

used the dimensionless nature of dHfenctionis still preservd.

The capillary pressure data timnsformed into -5, space as individual data points, which are
often grouped by porosity or ratio of permeability to porosity classes. It is then required to fit
suitable curves to theseS), data clusters. The functions that are suitable to fit individual capillary
pressure curves (described above) could alsoted fi JS,, data.An equation similar to Lambda

function (described above) could bedidas follows.
0 @Y @

It is primarily required to compute,Srom given J,, therefore, the equation is rearranged apd J

is replaced with its constituent variables.

W8 P PT 'U, , o Y
. ” wE -+ %o
Y . = ~
¢ () [P
Vi o

wh e ry@ n)d argdensities and define thpressure gradients water and oil in psi per foot, H is

hei ght above Free Water Level in feet a i

darcy ande is porosity in fractions.
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As an alternative, a similar equation could be used in wthiehJ parameter is teded as an

independentand § as a dependent variable.

TU ” 0
vy o0 v & T8 P ¢ hd :

An advanced exponential function (mentioned above) could also be usetth¢ad{8, data:

™ WD WY
vy ¢ X QX

Qwn
By substituting the-function with the equation:
., ®poty "0
V) . 1 O v
” w e+ %o
Then, the final equation will big. 2.31)
& WT WY
Y "y ¢ X QX il

8

~

Q can o




Figure 2.3 1. Js,, versus wetting phase saturation S , for the example reservoir (see Chapter 5) in

which capillary pressure data are converted into J space and classified into 5 units
based on Rock Quality Index (RQI=0.0314*SQRT(K/PHIE) divided by normalized porosity
(PHIZ). The capillary pressure data (corr ected for closure and surface corrections) are
plotted (top graph). Five J g, relations are defined (shown by coloured lines) and each
relation has a low, medium and high curve (dashed left is low, solid middle in medium,
dashed right is high). On the right , a well plot is shown in which porosity (grey curve),
water saturation computed from resistivity (blue curve) and water saturation computed
from middle Js, curves (red curve) are plotted against true vertical depth subsea in feet.
The computed saturation from seven middle Js, curves (red curve) reasonably match
resistivity computed saturation (blue curve).
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