Schlumberger

- —jy -

A
~ e,

Bt b #'" -

R —— i T T

¥ § p
':H‘_W o IR TN Cr——— T i d e
I i 41 e g B T I MR it .
ML o ) ¥ - Fr - i

R

Ay | e : o ey



FOREWORD

The study of Petroleum Engineering covers a broad spectrum of geology, physics
and applied mathematics spanning the geological processes by which hydrocarbons.
are formed and accumulated into reservoirs, the properties of reservoir rocks
and the behavior of formation oil, water and gases during the process of
extraction.,

This booklet was distilled fram the mass of literature available on the
subject with the cbjective of providing the incoming engineer with an overall
view of the industry and with the fundamentals of reservoir and production
that a Schlumberger general field engineer requires.

The reservoir and wells are interacting elements of a canposite system in which
the well provides access to the reservoir and is the means by which measurements
(and our revenues) are made. Considerable emphasis is placed on well perform-
ance and testing as these are areas of direct involvement with our Production
logging and well campletion services.

With the advent of camputor log processing, field integrated log analysis has
becare possible and reservoir mapping of reserves is a developing extention of
our logging activities into reservoir management.

The study of fractured reservoirs would normally be considered beyond the scope
of an introductory petroleum engineering course. However, due to the great
importance of this unconventional type reservoir to Middle East oil production,
Chapter 10, written by Prof. Van Gold Racht of the University of Trodheim, has
been included summarizing the subject.

We would like to thank Manfred Wittmann and Dr. G. Stewart of EHS Marketing PR

for their help in reviewing the draft of this booklet.
vﬁ

. Aitken
July 1980
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INTRODUCTION | I

A. Conditions favorable for hydrocarbon reservoir formation

Three basic requirements must be fulfilled to accumulate oil and gas in a
camercially exploitable reservoir. '

First, the reservoir rock must possess sufficient void space, called porosity,
to contain the oil and gas. Secondly, there must be adequate connectivity, or
permeability, of the pore spaces to allow transportation of the fluids over
large distances under reasonable gradients of pressure. Third, a sufficient
quantity hydrocarbons must be accumilated into a trap of impervious cap rock
which prevents upward migration of the oil and gas fram the source beds, form—
ing a petroleum reservoir.
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Fig. 1-1. Accumilation of oil and gas into a reservoir.
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B, 0Oilfield units of measurement

Thus far no industry-wide standardization of units has occured and a mixture
of metric mks, cgs, SI, and “"practical oilfield units" with its API barrels,
cubic feet of gas and psi units are used.

It is expected that all countries will eventually standardize on metric SI*
system of measurements, Standardization within the Petroleum industry, with
only very minor variations in detail, has been launched in England, Canada
and the U.S. Progress is slow however, and the preponderance of technical
literature available today uses the "practical oilfield units" established by
the AMIE (American Institute of Mining and Petroleum Engineering) in 1958.

Table 1~1 below campares units and quantities most frequently encountered in
oil field practice.

‘ Quantity “ Practical Oilfield Unit || Coherent SI Unit I

Volume, liquid stock tank barrel meagured at cugic metre measured at
609, 14.65 psia 15°C, 1 atm = 101.35 kPa

Volume, gas scf, standard cublc foot measured cubic metre measured at
at 60°F, 14.65 psia 15°C, 1 atm

Production rate, liquid S/, stock tank barrel per day auble metre per seocond

Production rate, gas scf/D, standard cubic feet per day 3 cubic metre per second

Gag-oil ratio scf/B, standard cubic feet per stock ma/m3, dimensionless

tank barrel

Pregsure psi, pounds per square inch Pa, pascal = newton per square metre
Temperature, absolute 4 degree Rankine K, Kelvin
Time . s, second
Formmation thickness . m, metre

Viscosity Pa-g, pascal ~seoond

Permeability um2 , square micranetre

Table 1-1. Camparison of units used in the oilfield.

* 8,I. is the official abbreviation, in all languages, for the
International System of units (le Syst@me International d'unités)
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C. A brief description of SI oilfield wnits

(Condensed fram Technical Review article "Metrification in North America”
Vol. 26 No 4)

ST is a ccherent unit system of unite and measures, essentially an up-graded
version of mks, and is based on the meter, kilogram, second, ampere, kelvin,
mole and candela. A list of SI base and supplementary units is given below :

»

e L

Unit

Quantity Unit Name Symbol Remarks
BASE UNITS
length meter, or metre m U.S. spelling is “meter”. Canadian and IS0 {International Or-
ganization for Standardization) spelling is “metre”.
mass kilogram kg This is the only base unit having a prefix. in $I the “kilogram”
is always a unit of mass, never a unit of weight or force.
time second $ The “second” is the hase unit, but in practice other time units
are ailowable,
electric current ampere A
thermodynamic temperature | kelvin K Note lower-case k in “kelvin", but cap K for unit symbol. No
degree sign is used with "kelvin”. '
§ amount of substance mole mol
luminous intensity candela cd
SUPPLEMENTARY UNITS
plane angle radian rad These angular units are designated by IS0 to be dimensionless
l sofid angle steradian with respect to the base quantities.

Table 1-2. SI base and supplementary units.
M

Additional units obtained from base and supplementary units with a conversion
factor of unity, are called "derived coherent units" - a list of examples is
given in Table 1-4.

Table 1-3 lists prefixes for SI unit symbols used for multiples and sub~miltiples.
Note that same SI prefixes, conflict with those used with practical oilfield
units.,

For example, SI, "k" and "M" ("kilo" and "mega") correspond to x 1000 and
X 1 000 000, whereas "M" and "MM", or "m" and "mm", have been used in the oil
industry to designate "thousands" and millions of volume units of gas.




One inconvenience of the SI system is that many cammon oilfield quantities,
pressure, production rate, permeability etc. must be expressed in unfamiliar
unit multiples - which are not yet industry-wide standardized.

Multipli- | StPrefix | SIPrefix .
cation | forUnit | forUnit Pronounciation
Factor Name | Symbol us)

1018 exa E ex” a (as in about)
1018 peta P as in petal
1012 tera T as in terrace
100 giga G jig" afa as in about)
106 mega M as in megaphone
103 kilo K as in kilowatt
102 hecto h heck’toe
10 deka da deck’a (a as in about)
10-1 deci d as in decimal
10-2 centi ¢ as in centipede
10—-3 milli m as in military
106 micro " as in microphone
1g—9 nano n nan’oh {ai as inant)
[0—12 pico ] peek’oh
10—15 femto f fem'toe (fem as in
feminine)
I 10—18 atto a as in anatomy

Table 1-3. SI unit prefixes.

For more camplete information on use of SI units in well logging, refer to
Technical Review Vol. 26, No 4.

Unless otherwise noted, practical cilfield units are used in this booklet.
Namenclature and a conwversion factor table is given in the appendix,
chapter 11.




. ] ] Unit Expressed in Expressed in Terms o
I Quantity Unit Name Terms of Other | Base- and Supplementary.
Symbol Derived SI Units Unit Symbols
absorced dose (of ionizing gray (replaces the rad) Gy Ik mesg—2
radiation)
acceleration, linear meter per second squared m/s2 mes—2
activity (of radionuclides) becquerel (replaces the curie) | By 5—1
angular acceleration radian per second squared rad/s2 rag-s—2
angular velocity radian per second rad/s rad+s—1
area square meter m2 m2
capacitance {efectrical) farad F civ m—2ekp—1.g4-A2
charge (electrical) coulomb c A<s 5°A
conductance (electrical) siemens™ {replaces the mho) S ANV m-2«kg—1.53+A2 I
conductivity (electrical) siemens per meter S/m m-3«kg—1.53.A2
current density ampere per square meter A/m2 A-m-2
density {mass) kilogram per cubic meter kg/m3 kg-m-—23
electramotive force volt v W/A m2ekges—3.A-1
energy foule* J NemorW-+s m2s hgss—2
entropy joule per kelvin JK m2-hges—2+K-1
field strength {electrical) volt per meter Vim mekg-s-3+ Al
force newton N mekg+s—2
frequency hertz Hz §-1
heat capacity ioule per kelvin K m2ekg s—2-K-1
heat, quantity of joule™ ) mZekges—2
illuminance lux Ix im/m2 m—2ecdesr
inductance henry H Ves/A m2ekg s—2+A-2
{=Wb/A)
luminance candela per square meter cd/m2 cd-m-2
luminzus flux lumen Im cd+sr
magnetic field strength ampere per meter A/m A-m-1
magnatic flux weber Wh Ves m2-kges—2.A-1
magnetic flux density tesla T Wh/m2 kg-s—2-A-1
magnstic permeability henry per meter H/m mekges—2-A-2
neutron capture cross section | per meter (i.e., square meter 1/m m2/m3 m—1
per cubic meter)
permittivity farad per meter Fim m-3+kg—1e54-A2
poten:ial, potential difference | volt v W/A m2ekges—3+ A1
{etectrical)
pawer watt W Is m2 - kg-s—-3
pressure pascal* Pa N/m2 m-iekges—2
quantity of electricity (charge) | coulomb c s=A
radiant flux watt W s m2e«kg+s-3
radiant intensity watt per steradian W/sr m2ekggrs—3egr—t
resistance (electrical) ghm Q (cap omega) V/A mZskges-3-A-2
resistivity (electrical) ohm meter or chm-meter** Q-m mi-kg-s—3-A-2
specific heat capacity joule per kitogram kelvin ke, K) m2eg— 2.§-1
stress pascal* Pa N/m2 m-1l-kges—2
thermal conductivity watt per meter kelvin W/im, K) mekges—3-K-1!
velocity meter per second m/s mes—?
viscosity, dynamic pascal second or pascal- Pa-+s N-s/m? m—1-kg-s-1
second

viscesity, kinematic square meter per second m2/s m2es—1
voltage volt . v W/A Mm2ekgos—3+A—t
volume cubic meter m? - m3
wave number {cycles) per meter Hm m-1
work joule* J Nem m2 - kg-5-2

“Proneunce “siemens” [ike “'seamen’s”, pronounce “pascal” to rhyme with "rascal”
**The “ohm meter squared per meter’

Table t1-4.

—
» pronounce “joule” to rhyme with “pool”,
. sometimes used to designate the resistivity unit in the past, is definitely discarded.

Examples of SI coherent derived units.

m
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Alowable

Allowahla Comments l

: Comments
i Coherent Units for ; Goherent Units for
Quantity b ; and Quantity h ; and
$1 Units Iﬁz%ag‘lgg ﬂ:g Conversions Si Units 'ﬁgﬁt’:g 322 Conversions
Acceleration. m/s? m/s2 1 ft/s? = 0.3048" m/s? Distance m km 1 mi = 1.609 344" km
linear {meter per (meter) 1 naut. mi = 1.852* km
second
squared) Energy fioule J 1 Btu = 1.055 056 ¥
joule _
mmfs2 1 eV (electronvolt =
Gal (Igall 1 Gal = 1 omfs2 Droe e Ry done =
= | ) a
The *gal” and “milligal” rhyme with
are c?pecial 3nits uif,ed ink pool
geodetic and gravity wor Flow Rate kels kgls | 1lbm/s =0.453 59 kefs
to express the acceleration ! : At el W
due to gravity. mass pgkrnlggégr[?d, {*'lbm" is “‘pound mass")
The internationally ac- Flow Rat 3/ 3/ 1BPD = 0.158 987 m?/d
cepted value of accelera- vo(::(meatr‘i!(': (cubni1c mseter mn;.' msin {For standard conditriI:ms
tion due to gravity is per second) m3/h | see “Gas Volume” and
9.806 65 mfs2 = m3/d "*0il Volume".)
32,1740 ft/s2, L/s
Actual value will vary with Force N N 1 Ibf (pound force} =
latitude, densities of sur- {newton) 4448 22N
rounding rocks, and depth. 1N=1kg/s2 1 kgf (kilogram force) =
Angle, plane rad rad 9.806 65* N
i Note: The kifogram is
tradian) (m”r]'il;:giam NEVER used as a unit of
rad force in Si.
1
(microradian) | Gamma Ray API Unit
* (degree) | 1°= 0.017 453 29 rad Intensity
 (minute) £ (ANSI prefers the “unit Gas-Oil Ratio m3/m3 | Std. m3/m3 | 1 scf/bbl {standard cubic
* (second) | degree” with decimal {dimension- | at specified | foot per barrell =
divisions.) less) | standard 1 0.180 117 5 std. m3/m3,
Area m2 km2 conditions | (See Gas Volume.)
{square ha {hectare) { 1 ha = 10,000 m2 = Gas volume m3 m3 1 scf (standard cubic feot
meter) d"ﬂ: 1 hm2 {cubic meter) | at s%ecgiad gt36107°3|;gnd 11%.65 pgi,(f
cm " " -2
The “hectare” is used for standar 8 * 077 ms la
mm?2 land measure. conditions %3103 gg:i F}a?tm =
Conductance 3 S imho=1Q1t=1"§ Gravity: Ses
{1(3'?:'"5";\5}\” The “mho" is replaced by Relative
the “siemens”. Density
Conductivity S/m S/m “m3/m’" replaces Interval sim us/m lus/it = 3.280 840 us/m
(siemens mS/m “mmho/m™ on induction- transit time {second | (microsee-
per meter} log conductivity curves. per meter} [ ond per
Density kg/m3 kg/m3 meter,
{kilogram Mg/ms3 Length (see
per cubic Depth. Diam-
meter} 1 lbm/{t3 = 16.08% kg/m3 eter, Distance)
(“lbm" is “pound mass”} -
1 g/em3 = 1000 kg/m?2 = Mass ke t {metric ton | 1t = 1 Mg (megagram)
1 Mg/m3 (kilogram) 1 or tonne)** | 1 Ibm avoir, {(pound mass
Mg avoirdupois) =
Depth, bed m m 1ft=0.3048"m ke 0.453 592 4 kg.
thickness, tcai | {(meter) 1yd = (0.9144* m g
length, II(IEIC{;U- mg
spacing {an “* In Cana-
invasion .
depth) E{gﬂ":’;ﬁ“ch
Diameter of m mm 1in. = 254* mm may refer to
hale, bit or (meter) 2000-1b ton.
Lasing size, Mud Yieight kg/m3 kg/m3 | Ibm/U.S, gal =
?;#gkf]i];as {see 2lso {kitogram per | Mg/m3 119.826 4 kg/m?
microspaéing, Density) cubic meter) 1 ibm/UK. gal =
tool diameter 99.776 33 kg/m3
_ _

*Exact value

Table 1-5. Allowable SI units and conversions.




GEOLOGY &
HYDROCARBON
ACCUMULATIONS

A. Introduction fram "Handbook of Natural Gas Engineering",

Study of the nature of the earth's crust and of its ability to accumulate
petroleum under pressure constitutes an important background for the
engineer in the producing branch of the natural gas industry. Geology
treats all phases of the earth's history, including the processes by
which reservoirs were created. Man is fortunate that many of the process-
es which produced the earth's crust are still in evidence to pemit a
reconstruction of methods by which most reservoirs were formed.

There are several branches of geology and of related earth sciences.
Their nomenclature makes frequent use of such temms as geco — earth,
petra — rock, lithos - stone, and suffixes like log - science or
discourse, graphy - description. Physical geology is.a study of the
processes affecting the earth's surface, such as action of wind, water,
ice, and atmosphere. Historical geology endeavors to trace the events
in the history of the earth,including the processes responsible for the
earth's crust. The origin of life and the evolution of plant and animal
forms are included. Structural geology treats the methods by which the
position and shape of the various members of the earth's crust are
determined, and studies forces which have brought about both the surface
and subsurface structures. Stratigraphy covers the character, sequence
relationship, distribution, and origin of sedimentary rocks.

Several branches deal with the recognition of rock according to type and
age. The study of rocks to determine their character and constitution
is temmed lithology. Paleontology and micropaleontology classify
information on life in past geologic ages by studies of fossils and
microfossils. Mineralogy, petrography, and petrology deal with the
physical properties, chemical properties, classification, and identific-
ation of minerals or rocks and with their genesis.

Sedimentation is the process of depositing solids at the bottom of a
fluid, and the term is in frequent use to describe methods of depositing
particles of rock from bodies of water. Sedimentary rocks are rocks that
have been deposited by this process. Essentially all petroleum is contain-
ed in sedimentary rock. Geohydrology, or groundwater geology, combines
the principles governing water movement through porous media and the
geclogy of the earth's crust with respect to the ability of the
various strata to conduct water.

Geophysics is the application of the principles of physics to problems
of the earth. The study of the transmission of shock waves generated
either fram natural causes, such as earthquakes, or by explosions of
dynanite is an example. These principles are utilized in the seismic
method of searching for structures. The reflection of elastic waves

at the interface between layers of rock with different physical proper—
ties permits the mapping of the interface.
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Other methods of making physical measurements at the earth's surface
to find the nature of its subsurface employ the magnetic field, the
gravitational field, and the electrical properties of the earth,
principally its electric resistivity. These methods usually depend
upon anamalies or irregularities in the earth's crust.

Geochemistry is the application of the principles of chemistry to the
study of the earth. The search for petroleum by analysing soils for
hydrocarbons is considered a geochemical method. The physical chemistry

of molten rock and the chemistry of its disintegration and recrystalliz-
ation are included.

B. Historical Geology

Historical geology reconstructs the successive events in the history of
the earth since it was in a molten condition. Geologic time scales have
been devised to indicate the periods of time during which various layers
of the earth's surface were formed. The point at which cooling of the
earth's surface led to water precipitation marke the beginning of the
sedimentary processes in geological time.

Figure 2-1 presents the
geologic time scale divided
into eras, periods, and
epochs. Visualizing the Mitlions
transition which have T of years

Period Epoch ago !

occured over the approx-
imately 4,500 million years
of the earth's existance is
difficult, for persons who - ~ .
individually live less than senozoic ocene
100 years and who collect- Tertiary Olixtans
ively have a recorded ;;“;,,w
history of 5,000 years,to Paleoeene
canprehend,

Recent

nalernary 3 :
Qi ’ Pleistocenc

Cretaceons
Mesozoie Jurassic
When water condensed on the Triassic
surface of the earth, the

high areas were subjected Permnian
R * . 280
to rain and the low areas Pennsvlvanian 310
e inundated. The power Mississippian 345
of wind and water to ex- ' ‘ IS?Y"”,“"‘"‘ 400
. . ilurian 5
tract and carry sediment is Ordovician 425

primarily responsible for
the nature of the immediate
surface of the earth's crust.

Cambrian
600

The 4% hillion years now estimated for
The erosion of mountaing the age of the earth makes the length of

and the f£illing of seas go the Precambrian time far exceed that
on continuously. The mount- of later eras.

ains would all be worn down :

and the seas all full of
sediment if it were not for
the changes in elevation
(uplifts and submergences)
of areas on the earth's
surface,

Fig. 2-1. Geologieal time scale.
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Geologists have mapped the earth to show the present ocutcrops of sedimentary
rock as well as the positions of the seas during geologic periods. The pre-
Cambrian Eras cover the time span fram the formation of the earth up to

approximately 500 million years ago., The rocks formed during these eras are
of three cha:_:acters.

(1) Igneous : Products of solidification of molten material
(2) Metamorphic: Rock that changed its character by solution, heat, and
pressure

(3) Sedimentary: Camposed of the detritus of previous rock

Cammon examples of igneous rock are granite, which has solidified slowly
within the earth's crust, and lava, which solidifies rapidly on the surface.
Schist and gneiss were formed by metamorphic processes that occur with heat,

pressure and time. Sedimentary rocks include sandstone, limestone, dolamite,
and shale. ‘

The Cambrian period is the first in which the sediments show evidence of life
such as marine fossiles. Oil and gas are produced from deposits rarnging in

age from early Cambrian through the Pliocene epoch of the Tertiary, a span of
500 million years.
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C. Structure of the earth

The internal structure of the earth is rewvealed by analysis of earthquake
waves as they are reflected and refracted by concentric layers of material
with differing density and rigidity.

The core, extending to a radius of 2200 miles fram the center of the
earth, is camposed of nickel-iron with an average density of 10.7 gm/cc.
The inner core is solid while the outer core is liquid.

Surrounding the core is an 1800 mile thick mantel  largely composed of iron
silicates whose density, averaging 4.0 gm/cc, varies with depth. The
mantel is plastic except for the outer 400 miles or so which is solid.

The crust or lithosphere, composed of the more cammon variety of rocks, varies
in thickness fram about 25 miles under the continents to 7 miles beneath
the ocean basins.

The crust is of insignificant thickness when compared to the core and

mantel. It consists ofe

(a) A basaltic layer overlying and floating on the mantel. It is rich
in lime, iron and magnesia with a density -of 2.9g/cc.

(b) A second lighter granitic layer, rich in silica and alkalies of
2.7g/cc density, resting on the basaltic layer and forming the
continents.

CRUST 20 miles average
thicknes

Asthenosphaere
{phastic)

1
P Wave 6.0
Velocity —
{miles per second)

Compiied from \.. Knopotf and
other sources

Fig.2-2. Cross section the earth Fig.2-3. Detail structure of crust
From Mears, The Changing Earth fram earthquake wave analysis
Fram Mears, The Changing Earth
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THICKENING & FOLDING
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Fig. 2-4. Mechanism of tectonic plate movements -
From Mears "The Changing Earth"

Driven by density differences due to unequal heating, convection currents
circulate in the plastic mantel.

Uplifting magma breaks through the crystal layer forcing a rift into which the
upwelling material solidifies as it surfaces, becaming a mid-ocean ridge.

As new material is continuously added at the rift, the crust spreads, and the
continental land masses are rafted apart.

Campressional forces caused by lateral plate movements cause thickening and
folding of the crust until faulting occurs, and one plate overrides the other,
driving it back into the mantel where it is remelted.

It is now generally accepted that this ‘mechanism caused the break up of the
continents from a single land mass 200 million years ago.

Fig. 2-5. Break-up of the Continents — From Scientific American
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Fig. 2-6. Erosion of mountains/transport/deposition of sediments

Mechanical forces act to bresk down gniess and granite from boulders to ccbbles,
pebbles, gravel, and smaller particles,Chemical weathering transforms feldspars
into clays, releasing quartz grains which become sand. The great sbundance of
quartz sand is due to the fact that quartz grains are extremely durable.

Sands are also composed of feldspar and carbonate particles - the limy coral
reef sand shown below is one such form.

Limy coral - reef sand Grains of quartz beach sand

Fig. 2-7. Sand particles - Fram Kuenen-Scientific American

m
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Classification of rocks

1)

2)

Rocks are classified into three groups :

- igneous
- sedimentary
- metamorphic

Igneous rocks conprise 95% of the earth's crust. They originate from the
solidification of molten material emanating fram below the earth's surface.

GLASSY TEXTURES

EXTRUSIVE INTRUSIVE

Fig., 2-8. Igneous rock formation - From Mears, The Changing Earth

Volcanic igneous rocks are often glassy in texture as rapld cooling of
magma does not allow time for the formation of crystals.

Plutonic igneous rocks are formed in slower cooling intrusive magmas
which allows the time needed for the atoms to arrange themselves into a
crystaline grain structure.

Almost (95%) of granitic rocks are plutonic (CRYSTALINE texture.) The
size of the grains is controlled by the cooling rate, the largest grains
corresponding to slowest cooling rates.

Granite is made up of three principal materials in rouwhly equal
proportions : quartz (SiO2), sodium feldspar (Na Al Si30g) and potassium
feldspar (K Al Siz0g).

Sedimentary rocks

Sedimentary rocks are formed fram the materials of older up-lifted
formations which have been broken down by erosion and transported by wind
and water to lower elevations, where they are deposited.




The grain size of quartz sand is determined during the crystallization process
by the rate of magma cooling into granite.

The grains are rounded off to same extent by rolling before the wind and
polished during transport by running off in streams and rivers to the point of
deposition.

Consolidation of sands, silts, pebbles, and clays by the pressure of many
thouwsands of feet of overlying sediments, and cementation by precipitates fram
percolating waters act to convert these materials into sandstones, siltstones,
and conglarerates.,

Sedimentary rocks may be classified into two groups, clastic (the rocks of
“@etrital origin previously mentioned) and nonclastic.

Sediments which are of biochemical or chemical precipitate origin are non-
clastic.

CLASTIC ROCKS - FORMED FROM DEBRIS OF OLDER ROCKS

ROCK TYPE PARTICLE DIAMETER

CONGLOMERATE PEBBLES - 2 TO 64 mm
SANDSTONE SAND .06 TO 2 mm
SILTSTONE SILT .003 TO .06 mm
SHALE CLAY LESS THAN .003 mm

NONCLASTIC - MOSTLY OF CHEMICAL OR BIOCHEMICAL ORIGIN

ROCK TYPE COMPOSITION

LIMESTONE CALCITE - CaCO4
DOLOMITE DOLOMITE - CaMg(C03)2
SALT HALITE - NaCl

GYPSUM GYPSUM - CaS04.2H,0
CHERT SILICA - Si0p
COAL CHIEFLY CARBON

Fig. 2-9. Sedimentary rock classification




3)

Carbonate rocks

The carbonates, limestone, dolomite and chalk camprise about 20% of all
sedimentary rocks.

Limestone, camposed mainly of the mineral calcite (CaCO3) may be concentrated
by an accumulation of the shells and skeletons of marine animals or by direct
precipitation from mineral saturated waters. In either case the carbonate icns
were dissolved from older formations by passing waters.

Precipitated accumulations occur in lake bottoms and in shallow seas where
mineral-laden waters are cooled, decreasing the solubility. Fine calcite
crystals form and fall to bottam where the beds are campacted by the weight of
overlaying sediments, and with time crystal growth may ocontinue, foming dense
consolidated rocks.

Dolamite is the double carbonate of calcium and magnesium. When dolimitization
(the conversion fram limestone by replacement of calcium by magnesium} occurs,
a shrinkage of the matrix is cbserved.

Matrix porosities and permeabilities of carbonate rocks are typically low.
While formation of pits, vugs, channels and other cavities add to the storage
capacity, most prolific hydrocarbon bearing carbonates are highly fractured.
Chalk is a soft form of limestone which has high porosity and low permeability.

Calcareous sandstones are fommed by wave action, breaking coral or shell into
sand-sized particles which are subsequently re-cemented.

Many rocks are a mixture of sand and carbonates.

Evaporites

The evaporites include rock salt, anhydrite, and gypsum, all of which are
precipitated by the evaporation of water.

Metamorphic rodks

Metamorphic rocks, the third genetic group of rocks, are formed from other
sedimentary deposits by alteration under great heat and/or pressure.

- marble, is metamorphized limestone

- hornfeld, is converted fram shale or tuff

- gniess, with a texture and composition similar to granite but is metamorphic—
ally oconsolidated.

0il and gas are not usually found in igneous or metamorphic rocks as both are
50 non-porous that hydrocarbons can not accumulate or be extracted fram them.
The few exceptions are where oil and gas have seeped from near-by sedimentary
formations through cracks or fractures into them.

mw
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Hardness Specific Gravity
MINERAL
Chemical Composition

H=7 Sp.G=267

QUARTZ

S0,

COMMON CRYSTALS
Color

Pure-clean, colorless
Impuare-pink, purple
black etc.

CLEAVAGE
and fragments

@

None-shatters

Crystals in electrical
and electronic work
Radio quartz

Optical lenses & prisms

Window glass

H=6 S5p.G=2529
FELDSPAR
GROUP
Sodium: Potassium-
Calcium Aluminum
silicates

Light colored: white
pink, grey, cream

-,

Two directions

Glazes and Flyx
enamels for
ceramics

H=22256 35p.G=2.763
MICA

Complex: Potassium
Aluminum, fron,
Magnesium silicates

S=d 3

Clear, whitish
brown, black, purple

Parallel, excellent
One direction

In electrical and
electronic equipment
Heat-proof windows

H=56 5pG=29.34
HORNBLENDE
{AMPHIBOLE GROUP)
Complex: Potassium
Magnesium, Aluminum
Sodium silicates, lron

Crystal faces

§ i Cleavage

Fragments

Two dir. ]

Some fibrous members
of amphibole group
used as asbestos

H=56 S$p.G=23236
AUGITE

{PYROXENE GROUP}

Generally like hornblende

Crystal faces

AR
CHOIL

oty
by tetudy

e
Ve ]

%
et

H=3 §p.G=272
CALCITE

CaC0j3

Usually coforless or
white,Other tints
common

Ontical Prisms
{transparent crystals)
Range finders
Microscopes

H=1.25 $p.G=226
CLAY
GROUP
Complex: Aluminum
sificates combinad
with water

P
BE

Pure: white
Impure: wide range
of colors

Bricks
Pottery, china
Drilling mud
Paper slicks

Fig. 2-10. Sumary chart of general properties of scme of the commonest
rock-forming minerals — Fram Mears, The Changing Earth,
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Apparent > y-Ray

. | MINERAL | composITION log | Avereee (GNT) |DeHoction “{(’F‘g;z"
; g Density p.u. (APIV) 2
2% [calcite CaCO, : 2710 | 475 0 0 -
8% | Dolomite CaMg (COs)s 2876 435 4 0 -
Quartz S0, 2,648 55.5 -4 0 -
Ly | Limestone {e.g., when ¢ = 10%) 2.540 62 10 5-10 0
29 | Dolomite (e.g., when ¢ = 10%) 2.683 ‘58 135 10-20 o
g g Sandstane (e.g., when ¢ = 10%) 2.485 "853 3 10.30 0
&2 | Shale 22275 | 70150 | 25-60 80-140 210
% | Halite NaCl 1 2.032 67 0 0 -
% G [ Anhydrite | CasO, 2.977 50 0 0 -
z g Gypsum CaSQ, * 2H,0 2.351 52.5 49 0 -
8| =] Trona Nu:CO, » NaHCO, * 2H,0 2,100 &5 40 0 -
§ o | sywire Kel 1.863 74 0 ~500 63.0
z| 2 | cornallite KCl + MgCl, * 6H.0 1.570 78 &5 200 17.0
& | Langbeinite | K;$04 + 2MgsO, 2.820 52 0 275 22.6
g | polyhalite. KaSO, * MgSO, * 2CaSO, * 2H,0 | 2790 57.5 15 180 15.5
Kainite MgS0, « KCI + 3H,0 2.120 - 45 225 18.9
Sulfur** 2.030 1220 [<0(15.57 )
w
gg Lignite 0715 | 140470 |15 < 0
5] g | Bituminous Coal 1.3-15 110-140 :g’ g _E 8 [}
Anthracite Coal 1.4-1.8 (RG] [}

* ¢n = Apparent Limestone Porosity from a Neutron Log.
** danr cowirun = 0.

Fig. 2-11. Petrophysical properties of common sedimentary materials
m

The origin and habitat of oil

Many hypotheses concerning the origin of oil (and/or gas) have been advanced
over the years. Currently, the most favored one is that oil is formed from
Phytoplankton (tiny floating plants) and to a lesser degree from Algae and
Foraminifera. These die, fall to the bottamg of seas and lakes, and form
oozes rich in organic material. They are most abundant in near-shore areas,
where rivers carry off nutrients from the land masses. These areas are also
the regions of greatest sedimentation.

If such cozes are overlain by fine sediments and are at such a depth that
anaercbic bacteria can live in them, these bacteria busily remove oxygen,
nitrogen, phosphorus, and sulfur fram the oozes, leaving them richer in
hydrogen and carbon. It is important that the mother oozes are at a depth
in the water below zero oxygen lewel; otherwise not only the source material
but the petroleum itself is destroyed by oxidation.

As deposition of sediments progresses, depending upon water welocities, the
fine sediments will be overlain by coarser ones, which, in turn are overlain
by fines, etc. Eventually the oil is squeezed fram the cozes into the
porous reservoir materials.
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Until about 20 years ago it was
cammonly believed that the
source materials had to be de-
posited in a marine environment
(seas, oceans). But lake : PLANKTON
ing as sea-floor sediments, LIFE FROM RWE ANIMAL LIFE
provided the depths are right..

Many oil fields in various parts
of the world are producing from
ancient lake beds.

Most of world's larger oil = PLANT & ANIMAL
reservoirs are found on the GROWBTOHTT{?L‘ SEA
continental shelves of ancient g

seas, however,

Fig. 2-12. Sources of crganic material -
Fram Clark - Elements of

Petroleum Reservoirs.
e T i T e e e e S0

SILT & MUD

Fig. 2-13. Offlap process - beds formed by retreating sea or
land emerging. (regression)

GRAVEL CLOSE TO SHORE

SAND
SILT & MUD

e
SIS
LA e

SRS
S

Fig. 2-14. Onlap process-beds formed by advancing sea or
submerging shoreline. (transgression)
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Hydrocarbon reservoirs

Petroleum deposits will be found only in those areas where geological
corditions cambine to form and trap them.

Hydrocarbons, being less dense than water, migrate upward fram the source
beds until they escape at surface, or an impervious barrier is encountered.

| 0il and gas accumlates in partially sealed structures by expelling water

fram the porous rock. That part of the trap which contains hydrocarbons is
called the reservoir.

Generally water underlies the hydrocarbons in a trap. An aquifer is a water
bearing formation which is hydraulically connected to the reservoir.

Both oil and gas are formed together in varying proportions in the source
beds and a gas cap is often found above the oil in the reservoir. Traps do
at times act to segregate oil and gas which were formed together so that
they acaimmulate in different reservoirs.

The principal classifications of petroleumreservoir-forming traps are
as follows :

IMPERMEABLE
BED

POROUS
STRATA

IMPERMEABLE— -
STRATA

Danes and Anticlines

Fig. 2-15. Dare structure. Oil and gas
Domes and Anticlines are formed migrate vpward from source beds
by uplifting and folding of the able cap rock Y HpeLTe
strata. When viewed fram above .

the dame is circular in shape,
whereas the anticline is an
elongated fold.

IMPERMEABLE _}
BED

PERMEABLE

Fig. 2-16. 0il and gas accumulation in
an anticline.

S
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Salt Dames and Plug Structures

This cammonly occurring geological
structure is caused by the intrus-
ion fram below of a salt mass,
volcanic material, or serpentine.
In pushing up or piercing through
the overlying strata the intrusion
may cause the formation of numerous
traps in which petroleum may
accumulate.

Fig. 2-17. Hydrocarbon accumulation
associated with a piercement
salt dame.

IMPERMEABLE BED FAULT PLANE

Structure Associated with Faulting

Reservoirs may be formed along the
fault plane where the shearing
action has caused an impermeable
bed to block the migration of oil
and gas through a permeable bed.

Fig. 2-18. Trap formed by a fault.

Structure with Unconformity

'I‘his ty.pe Of Structure can be IMPERMEABLE BEDS
formed where more recent beds cover
older, inclined formations that
have been planed off by erosion.

A reservoir may be formed where oil
and gas is trapped by an imperme-
able overlying layer.

Fig. 2-19. 0il and gas trapped under an

unconformity.
“



Lenticular Reservoirs

Oil and gas may accumulate in
pockets of porous permeable
beds, or traps formed by pinch-
outs of the porous beds, within
an impermeable bed.

Lens-type reservoirs are formed
where sand was deposited along
an irregular coastline or by
filling in an ancient river bed
or delta. Similar productive
zones occur in various porous
sections in thick impermeable
limestone beds.

Pinch-outs may occur near the
edge of a basin where the sand
progressively "shales out" as
the edge of the basin is
approached. In river-deposit-
ed sand bars, shale-out
frequently occurs within a
few hurdred feet.

TIGHT - INCREASING
SHALE CONTENT

Fig. 2-20. Upper bourds of the reservoir
formed by change in permeability

of a sand.
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G,

Sub—-surface mapping

A Structural map is a sub-surface contour map made by connecting points of

equal elevations.

and correspond to the top of the cap rock.

In the example below, contours are fram seismic data

An isopacheous map shows the contours of the inner surface of the cap rock

with equal thicknesses of pay.

water contact.

Generally the zero is taken at the oil/
Logs and seismic maps may be used to prepare early isopach

maps, with increasing dependence on log data as the field is developed.
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ISOPACHEOUS MAP - NET THICKNESS OF PAY - ABOVE OIL/WATER CONTACT

Fig. 2_21 .

(FROM LOGS, SUPPLEMENTED BY SEISMIC CONTOUR AND
DIPMETER INFORMATION)

Sub—-surface mapping.
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Reservoir Temperature and Pressure-

1.- Normal Pressures

Hydrocarbon accumulations occur in partially sealed structures where the
upward migration of oil and gas from the source beds is blocked by an
impermeable barrier.

As hydrocarbon accumulates, formation water is expelled fram the porous
reservoir rock.

LOCAL PRESSURE GRADIENT
433 TO .5 PSI/FT
(FRESH WATER .433 PSI/FT)

I"Z PATH OF WELL

| IMPERMEABLE BED

GRADIENT IN GAS COLUMN
\ sp. gr gas X.433 psi/ft

\ GRADIENT IN QIL COLUMN
sp. gr. oil X .433 psi/ft

GRADIENT IN AQUIFER

Fig. 2-22. "Normal" pressure distribution from surface through
a res:a_xvoir structgre.

Unless subsequent tectonic movements completely seal the reservoir, the
urderlying waters are contiguous and pressures in the aquifer will
approximate to some local or regional hydrostatic gradient. That is in
a water column, the pressure at any depth is approximated by :

P= hGy

where:h, is the depth _
Gy is the pressure gradient.
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Although ground waters are saline, temperatures increasing with depth tend
to reduce the water density and a cammon "normal" value of Gy, is ,433 psi/ft
(.1 kg/cm2/m) , which is approximately a fresh water gradient.

Gradients within the range .43 to .5 psi/ft are considered normal.

Pressure at the top of a hydrocarbon bearing structure, higher than the
hydrostatic gradient extrapolated fram the hydrocarbon/water contact, is
expected because of the lower density of hydrocarbon compared with water.
Even in thick gas bearing zones this situation does not lead to dangerously
abnormal pressures.

Abnormal Pressures

Under certain depositional conditions, or because of earth movements which
close the reservoir structure, fluid pressures may depart substantially
fram the normal range. .

Abnormal pressures can occur when some part of the overburden load is trans-
mitted to the formation fluids. Abnormal pressures corresponding to
gradients of .8 psi/ft to .9 psi/ft and approaching the geostatic gradient
(generally taken as approximately equivalent to 1.0 psi/ft) may occasionally
be encountered and can be considered dangerously high,

Reservolir Temperature

Reservoir temperatures will conform to the regional or local geothemmal
gradient, a normal value being 1.6° F/100 ft.

Because of the large themal capacity of the rock matrix which comprises in
the order of 80% of the bulk reservoir volume and the very large area far
heat transfer, conditions within the reservoir may be considered isothermal
in most cases.

TEMPERATURE (CENTIGRADE)
ANNUAL

Jew SZers  so 78 0 @5 10
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5 12000 \ \\ AN . ~ : ]
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Fig. 2-23. Estimation of formation temperature.




FLUID BEHAVIOR

A. Classification of oil and gas

RESERVOIR | 3

What are oil and gas ? - Petroleun consists predominently of paraffin series
(Ch Honyp) hydrocarbons together with lesser quantities of cyclic hydrocarbons
naphthelenes (C, Hy,) and aromatics (Ch Hang) mixed together in varying
proportions.

The chart below classifies reservoir hydrocarbons into categories giving
typical ranges for camwposition, gravity, and GOR. :

There are no definate demarkations between the categories, which often vary
in definition according to local usage. In general oils contain a higher
fraction of heavy molecules, while at the other end of the scale « ethane
and other light molecules predaminate in gases.

GOR RANGE API GRAVITY TYPICAL COMPOSITION
Gl € C3 € C5 Cgy

1) DRY GAS oo(no Tliquid) .9 .05 .03 .01 .01 .01
2) WET GAS 1B/100 MCF 50° - 70°
3) CONDENSATE 5 TO 100MCF/B  50° - 70° .75 .08 .04 .03 .02 .08
4) VOLATILE OIL 3000 CF/B 40° - 50° .6-.65 .08 .05 .04 .03 .2-.15
5) BLACK OIL OR 100-2500 CF/B8  30° - 40® 44 .04 .04 .03 .02 .43

DISSOLVED

GAS SYSTEMS
6) HEAVY OIL 0 200 - 25° .20-.03° .02 .02 .02 .75
7) TAR & BITUMEN 0 | 10° - - - - - 90

Fig. 3-1 ‘. Classification and composition of reservoir hydrocarbons

Classification of oil

Crude oil chemistry is quite camplex and a typical crude may contain several
thousand different campounds belonging to 18 different hydrocarbon series.

A camplete chemical analysis of crude oils, in temms of campounds present,
is a difficult, if not impossible task and, less camplete types of analyses
(e.g. by the amounts of lumped elements present) are often not useful for
detemmining its physical characteristics.

Difficulty in classifying oils by the chemical composition of their constit-
uents has led to widespread use of simpler, less technical classifications.

One classification widely used distinguishes between "paraffin base" and
"asphalt-base" oils. In the former, the paraffins predaminate, and such an
oil, when cooled to low temperatures, yields an appreciable amount of light-
colored wax that is not readily attacked by acids or dissolved by ether,
c¢hloroform, carbon bisulfide.
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Asphaltic oils after slow distillation yield a lustrous, solid residue, usually
jet black in color, which exhibits conchoidal fracture and which dissolves in

the previously mentioned solvents.

The distinction between paraffin-base and asphalt-base oils serves only as a
broad classification. Most asphaltic oils contain traces of solid paraffins,
and most paraffin oils will produce same asphaltic residue. Some oils, said to
be of "mixed base", respond to the two tests above in equal degree.

Often times the only classification made on crude oils is by its specific grav-
ity, a procedure vwhich has the advantage of being easy to measure using a float
type hydrameter.

API gravity is an exparnded inverse scale given by the relation :

141.5
S.G. {(at 60° F)

o

APT = - 131.5

Classification of gases

Natural gas typically consists of .6 to .8 methane with the remainder made up
primarily of the heavier gaseous hydrocarbons Cz, C3, C4 and C5. Exception-
ally natural gases have been found to contain as little as 7% methane.*

Nitrogen, carbon dioxide, hydrogen sulfide, and helium when present in small
amounts are considered as impurities. However, when present in sufficiently
large quantities, HyS and He may be exploited cammercially. Nj and (O do not
contribute to the heat valve of the gas and if present in large amounts, the
gas may not burn. (02 and HpS with water are corrosive and cause enbrittlement
of ferrous material, while the latter is a highly poisonous gas.

Chemical analysis of gases and volatile hydrocarbons, up to Cg or Cg, is
relatively easy and inexpensive to perform by low-temperature fractional
distillation, mass spectroscopy or chramatography. The results are reported in
mole fraction which may be multiplied by the corresponding molecular weight to
find the camposition by weight.

Classification of natural gas by specific gravity, which is the ratio of the
density of the gas to the density of an equal volume of air at the same temp-
erature, is invariably available as it is easily measured at the well site with
a simple balance.

* Titusville, Pa.
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Field Hugoton Austin Leduc Gas Cap D-3| Viking, Kinsella | West Cameron, Blk 149
State Oklahoma, Texas |  Michigan Alberta Alberta Lovisiana (Gulf)
Formation Permian dolomite | Stray sand Devonian Cretaceous sand Miocene sand
Depth, . 3,000 1,200 5,000 - 7,150
Mole percentage:
Nitrogen, N, 15.5 7.3 7.41 0.24
Carbon dioxide, CO, - - 0.72 2.26 0.30
Helium, He 0.58 0.4
Methane, CH, 71.51 79.74 72.88 88.76 96.65
Ethane, C; H, 7.0 2.1 0.97 476 2.05
Propane, C3 Hg 4.4 2.8 5,09 2.67 0.47
tsobutane, C4 Hyo 0.29 0.1 0.72 0.42 0.08
n-Butane, C4 H,p 0.70 0.4 1.76 0.21 0.09
Isopentane, Cy H;, 0.02 I 0.03
n-Pentane, Cy Hya - 0. 0.99 0.38 0.02
Hexanes, Cs Hy 4 - 0.05 0.46 0.30 0.31
Heptane-+ - 0.01
L 100.00 100.00 100.00 100.00 100.00 |
From Handbook of Notural Gas Engineering (Katz), McGraw-Hill
Table 3-1. Ccrrposition of Natural Gases.
i
Field Leduc D-2 | Leduc D-3 Paloeme | Oklahoma City, | Rodessa Keokuk Schuler
Wilcox (Jones sand
State or province Alberta Alberta | California Oklahoma Lovisiana { Oklahoma | Arkansas
Reservoir:
Depth, ft. 5,000 5,300 10,600 6,200 5,950 4,026 7,600
Pressure, psia 1,774 1,908 4,663 2,630 2,600 1,455 3,520
Temperature, °F 149 153 255 132 192 130 198
Mole percentage: I
Nitrogen, Ny - - —_ - - - 1.00
Carbon dioxide, CO, - - — - — - 0.80
Methane, CH, 28.6 30.3 558 37.7 40.88 25.60 42,85
Ethane, C, H, 10.9 13.1 5.81 8.7 4.53 8.88 6.60
Propane, C3 Hy 2.4 .4 6.42 6.3 2.60 12.41 4.10
Isobutane, C4Hio 25 1.8 1.31 1.4 1.25 1.93 364
n-Butane, C. H,y 4.4 4.9 3.97 3.0 1.82 7.56 '
Pentanes, Cs H,, 4.8 4.5 3.67 33 3.48 5.53 3.10
Hexanes, Cs Hya 394 34.0 2.8 39.6 4.43: 38,09 3.83
Heptane+ — - 20.41 - 41.01 ’ 34.08
100.0 100.0 100.00 100.0 100.00 100.00 100,00
Molecular weight,
heptanes+ 201 193 237 225 220 195 243
Specific gravity as liquid,
heptanes+ 0.840 0.840 0.891 0.840 0.824 0.839 0.87.‘519]

From Handbook of Notural Gus Engineering (Katz), MeGraw-Hill

Table 3-2. Analysis of Reservoir Oils Containing Dissolved Gases.
A




3-4

B,

Phase behaviour of hydrocarbon fluids

Hydrocarbon accumulations are invariably associated with formation waters that
exist in the hydrocarbon zone as interstitial water, and as aquifers which lend
energy to the production process.

Camnonly, two or three different fluid phases* exist together in the reservoir.
Any analysis of reservoir behaviour depends on the P-V-T (pressure, volume,
temperature) relationships for the co-existing fluids.

It is custamary to represent the phase behaviour of hydrocarbon reservoir fluids
on the P-T plane showing the limits over which the fluid exists as a single
phase and the proportions of oil and gas in equilibrium over the two phase P-T
range.

1)

Phase behaviour of a single-camponent system

Single-camponent* hydrocarbons are not found in nature; however it is
beneficial to observe the bahaviour of a pure hydrocarbon substance under
varying pressure and temperature to gain insight into more camplex hydro—
carbon systems under similar conditions. As an example of the behaviour of
a pure hydrocarbon substance as temperature and pressure are varied, the
PVT cell shown at the upper left of Fig. 3-2 is charged with ethane at 60°F
and 1000 psia. Under theése conditions, ethane is in the liquid state.

If the cell volume is increased while holding the temperature constant at
60°F throughout, it will be found that the pressure falls rapidly until
the first bubble of gas appears. This is called the bubble point. Further
increase of cylin volume does not reduce the pressure provided temperat-
ure is held at 60 F, although heat must be added to the system to maintain
a constant temperature. The gas volume increases at this constant pressure
until the point is reached where all of the liquid is vaporized. This is
called the dew point. The ethane gas expands with further increase of
cylinder volume at 60°F as pressure decreases hyperbolically.

A series of similar expansions can be performed at various constant
temperatures from which the three-dimensional chart of Fig. 3-3 can be
constructed. The locus of bubble points cobtained at various temperatures
projected on the pressure-temperature plane is a line, called the vapor
pressure curve. At pressures above the vapor pressure curve ethane exists
in the liquid phase, and beneath it in the gaseous phase.

The vapor pressure curve for single-camponent systems teminates at the
critical point. As the critical point is approached the properties of
the gas and liquid phases approach each other, and they becowe identical
at the critical point.

Figure 3-=3 shows a three-dimensional diagram of ethane illustrating the
ranges of temperature and pressure it may exist as single phase gas or
liquid and as a two phase mixture in equilibrium.

This same information is also conveyed on the P-T plane as shown to the
left. Note that in this diagram of a single-component system the bubble
point and dew point lines coincide and is called the vapor pressure curve.
The vapor pressure curve temminates at the critical point.

* A fluid phase being defined, fa¢ our purposes, as a physically distinct end separable part of the system; oil, gas, or watar,

* A oorponent is any pure chemical substance-nitrogen, methane, butsne, watar etc. A conponent may exist in more than one
pthase 1,a, liquid water, water vapor, or as lce.
By vapor we mean gas which 1s close to or co-existing with its ligquid form.
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Fig. 3-4 shows the densities of the
liquid and vapor that co-exist in the
two-phase region between bubble point
line and dew point line. Points A and B
respectively represent the densities
of liquid and vapor at temperature Tq.
As temperature increases liquid density
decreases and vapor density increases,
until they becane identical at the
critical point.

It has been found that the average
density of the liquid and vapor

Dy + Dy results in a straight
2 line plot.

>

/

i e o

e e s e

(L)

R

Fig. 3-4. Typical diagram of densities vs temperature in two-phase region

(From Burcik)

2) Phase behaviour of multi-camponent systems

Consider the phase behaviour of a 50:50 mixture of two pure hydrocarbon
canponents on the P-T plane shown in figure 3-5.

The vapor pressure and bubble point lines do not coincide but form an
envelope enclosing a broad range of temperatures and pressure at which
two phases (gas ard 0il) exist in equilibrium,

The dew and bubble point curves meet at the critical point, which is
defined as that temperature and pressure at which liquid and vapor (gas)
phases have identical intensive properties-density, specific volume etc.

Fluid above the bubble point is in the liquid state and fluid below the dew
point line is gas : in the space enveloped between the two lines,liquid and

gas are in equilibrium.

Pressure

Temperature

Fig. 3-5. Vapor pressure curves for two pure camponents and phase diagram
for a 50:50 mixture of the same camponents. (Elements of Petroleum

Reservoirs.)
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Fig. 3-6. Phase diagram of low shrinkage oil.

a) Phase diagram of a low shrinkage reservoir fluid

The shape of the two-phase envelope and its position on the P-T diagram is
determined by the chemical camposition and amount of each constituent
present. Each reservoir fluid has a unique phase diagram.

Figure 3-6 is a phase diagram typical of a low shrinkage reservoir fluid.

Fluid at reservoir temperature and pressure at point A' exists as under-
saturated liquid. If a sample of this fluid is expanded in a VT cell at
reservoir temperature Ty, fram A', the bubble point pressure will be
reached at A. This is approximately the path that fluids follow in moving
horizontally through the reservoir to the well bore.

A continued expansion at Ty, yields increasing percentage of gas and
decreasing percentage of oil in the PVT cell until at point B there
remains 75% oil.

The path from A to the pressure and temperature the separator is operated
at is shown by a dashed line and indicates the fractions of gas and oil
recovered at separator conditions.
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A further reduction in pressure between the separator and stock tank conditions
results in same loss of gas at the tank vent and a corresponding reduction in
oil volure - see figure 3-7.

245 cu it gos
vented fo atmosphere

Seporotor
pressure
200 psi
femperature
40°F

Liguid—

T

Separator
O | gas meter
533 cu it

well head

To oif
tock fank crude oil = pipeline
CAPT =

_— ¥

oBs Gaos fo gas gathering line

1.44 bbls liguid
in reservoir

Fig. 3-7. Operation of separator on well producing crude oil with
dissolved natural gas.




b)

c)

3-9

Phase diagram of retrograde condensate reservoir fluid

The phase diagram 3-8 typifies the behaviour of a retrograde reservoir.
Fluid at point A' is above critical temperature and is therefore classified
as gas. On reduction of pressure at constant temperature fram point A', the

dew point line is crossed at A and liquid begins to condense fram the
resexrvoir gas.

If the pressure and temperature are reduced fram A along the dashed line
path to separator condition, the diagram shows that 25% of liquid is
recovered at this point. On further reduction of pressure to atmospheric
pressure only about 2% of liquid remains.

The recovered liquid is termed "condensate" or "distillate" which is simply
oil, generally light in color and low in specific gravity.

Separator

Pressure

@ Stock tank

Tatm Tr
Temperature

Y

Fig. 3-8. Phase diagram of retrograde condensate gas.

Phase diagram of a dry gas reservoir fluid

The phase diagram given in Fig. 3-9, on the pressure-temperature plane,
typifies the behaviour of a dry gas reservoir. If the pressure and temp-
erature are reduced fram the original reservoir conditions at point A to
standard stock tank conditions (60°F and 14.7 psia)¥ there is no liquid
recovery and the reservoir fluid remains campletely in the gaseous phase
during the process.

* psia = pounds per scquare inch absolute
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Pressure

Tatm  Temperature T

d)

Fig. 3-9. Phase diagram of dry gas. (Elements of Petroleum Reservoirs.)

Phase diagram of a wet gas reservoir fluid

Fluid that exists above its critical temperature as gas in reservoir
conditions, but produces a small quantity of liquid condensate on reduction
to separator/stock tank conditions, may be termed "wet gas". A typical
phase diagram for a wet gas is shown in figure 3-10.

Pressure

Tatm Temperature 7 >

Fig. 3-10. Phase diagram of wet gas. (Elements of Petroleum Reservoirs.)
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C. Reservoir fluid properties

An exact knowledge of a reservoir fluids physical properties including campress-

ibility is needed to predict reservoir performance and interpret well test data
and production logs.

1.~ There are three possible sources of data :

a) Laboratory measurement made on a representative reservoir fluid sample :
1) The sample may be taken with a PST or wire line bottom hole sampling
tool - This is the best and most costly method, and requires consider-
able care to assure a truly representative sanple.,

- well to be shut in (or slightly opened just before sampling)
~ pressure during sampling should remain above the bubble point
- leakage or segregation during transfer must be avoided

= an average of three samples assures reliability

2) Sample of 0il and gas taken at the separator and recambined at
producing GOR in the lab.

~ flowrates must be stable
- gas vented at stock tank must be ihcluded in the total GOR

b) Charts of correlated or "average" properties usually made on a basis of
specific gravity are used in absence of measured data.

— results with oil volume factor, solubility are subject to larger
errors, particularly if the composition varies appreciably fram the
correlation model

- gas volume factors are generally accurate to within 1% for hydrocarbon
gases with less than 5% impurities. Exceptionally error may reach
2 or 3%.

c) In situ measurement with production tools.

The relative densities of oil/water/gas fluid colusmns can be measured
in situ using a Gradiomanameter in the shut in well, An accurate
determination of these densities requires a well calibrated bottam hole
pressure gauge such as the Hewlett-Packard quartz pressure gauge.

Where direct laboratory PVT measurements are not available, it may be
necessary to use charts to estimate fluid properties.

Use of the "Fluid Conversion Charts" given on the following pages should

be made with the understanding that they are correlations or estimates of
average physical properties with specific gravity, temperature and pressure,
while the true fluid behaviour depends on chemical composition of the
constituents.

The application at hand dictates which sources of data may be used.
Obviously, reservoir predictions made by material balance methods, can be
no better than the fluids data used. On the other hand, use of a gas
volume factor based on specific gravity correlations is probably better
than needed to convert a downhole spinner flowmeter volumetric rates to
surface conditions.
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2) Compressibility of gases

a) Ideal gas behaviour :

The ideal gas law may be expressed :

pV = nRT
vhere :
METRIC UNITS-CGS API UNITS
p = absolute pressure of gas in p = absolute pressure of gas in
atmospheres psia (psia= 14.74+gauge pressure)
V = volume occupied by gas in cc V = volume occupied by gas in cu ft
n = number of gram-moles of gas n = number of lb-moles of gas
(grams of gas/molecular {1bs of gas/molecular weight)
weight )
R = 82.05 (gas constant) R = 10.71 (gas constant)
T = absolute temperature in T = absolute temperature in
ees Kelvin degrees Rankine
(K= 273+%) (°R= 460+°F)

To find the volume occupied by a quantity of gas when the conditions of
temperature and pressure are changed from State 1 to State 2 we note
that n = pV/RT= a constant, so that:

PqV ~ v
Jﬁ_ = _P%El
vhere :

pq and p, are absolute pressures in States 1 and 2
T4 and Tp are absolute temperatures in States 1 and 2
V4 and V3 are volumes in States 1 and 2.

Boyles law is pVvV = p'V' at constant temperature.

Charles law is V_ _ V' at constant pressure.
T T
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p) Deviation factor for natural gases

Most gases show considerable deviation frém ideal behaviour at elevated
temperatures and pressures. The campressibility factor "z", which is a

function of the gas camposition, pressure, and temperature, is used to mod-
ify the ideal-gas law. The law now takes the form :

PV . paVo
21T Z7T2

where :

p1 and py are absolute pressures at States 1 and 2

V1 and V3 are volumes at States 1 and 2

Tq1 and Ty are absolute temperatures at States 1 and 2

74 and Zp are campressibility correction factors at States 1 and 2.

The generalized chart of figure 3-11 can be used to approximate the
campressibility factor Z, of any gas after first reducing it to a
"corresponding state".
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Fig. 3-11. The campressibility factor for natural gases as a function of
pseudoreduced pressure and temperature.
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Fluids are in a corresponding state, with respect to the critical state, the

ne{erence, when any two variable properties have the same ratio of reduced
values.

\'A

T = & v
Ve

- P -
R°Te + Pr¥%; ¢+ W™

1} For pure substances, the critical temperature and pressure is found from a
table of physical properties.

2) For mixtures of known composition the "pseudo critical" pressure and temp-
erature is calculated by taking the mole average of the individual
constituant values.

i.e. Ppc = 5 Y1Pc1 + y2 PCZ cene

Tpc = EY1 Tc1+y2Tc2 s0 s

where :
y1 = mole fraction of component 1
Peq = critical pressure of component 1
Tet = critical temperature of component 2
B 2 3 ) 5 N
Individual Individual
Absolute Absolute
Component FM:'l.e Critical c ';;od‘édl 3 Critical c ';r;d‘édl 5
ractien Yemperature olL£xto Pressure of£xto
Tc°R Pc, psia
CH, 0.831¢ 344.2 286.3 673 560
CaH, 0.0848 550.3 46.7 710 60.2
CaHs 0.0437 666.3 29.1 617 27.0
i-CaHyo 0.0076 735.0 5.59 529 4.02
n-CqHyo 0.0168 765.6 12.86 551 9.26
i-CsHya 0.0057 829.0 4.73 483 275
n-CsHy, 0.0032 845.5 27 490 1.57
CeHig 0.0063 9141 576 440 277
Pseudocriticol Temperature  393.75 Pseudocritical Pressure 667.57
Bt " -
Table 3-3. Camputation of Pseudocritical Temperature and Pressure of a

Natural Gas.
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Fig. 3-12. Pseudocritical properties of natural gases.

Example :
Find campressibility factor Z for a .75 gravity gas at 2000 psig, 150°F.

1.- Fram figure 3-12,P, = 665 psi and T = 405°R
2.~ Reduced temperature and pressures :

T __ 460+150 _

o _ P 2000 +14.7 _
PR = Po T 665 = 3.03

3.- Entering chart figure 3-11 with Tpr = 1.63 and Ppc = 3.03, we
find Z = (.84,
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3) Conversion factors between surface and downhole volumes

Conversion of downhole volumes (or volumetric rates) of oil, gas, and water
to equivalent volumes at surface conditions is made so frequently that it is
convenient to use conversion factors which account for the overall changes
due to solubility and campressibility.

Before a discussion of volume factors, let us define the units camonly used
to measure hydrocarbon volumes.

0il volume measurement

The unit of measurement of oil is the API barrel or the cubic meter at
stock tank conditions - conventionally 60°F (15.5°C) and 14.7 psia
(1 atmosphere) .

Gas measurament

Gas is measured in standard cubic feet scf, or in cubic meters at the
same reference conditions 60°F, 14.7 psia.

Gas o0il ratio

Gas oil ratio R, (sametimes abbreviated GOR) is the ratio of gas
production to 0il production - both measured atsstandard conditions
60°F, 14.7 psia. Units are standard cubic feet)stqck_tank barrel,
scf/B or cubic meters gas per cubic meter of oil m /m3. As there are
5.6 cubic feet in a barrel.

scf/B+ 5.6 = m3/m

The basic surface/downhole volumetric relationships shown diagramatically
in figure 3-13 should be kept firmly in mind when dealing with fluid

conversions.
SURFACE
2T .
b { 2 5
‘ { & z
ET C: A g T
w » S : 5
> = . > =
; / ; “ AN 3
DOWMNHOLE {4 g
-

Fig. 3-13. Relationships between surface and downhole volumes -
dissolved gas system.




3-17

Formation volume factors are designated by the letter B with a suffix denoting
the fluid phase concerned.

Formation volume factor, defined below, is a function of fluid camposition and
the pressure/temperature difference between the downhole and reference state.

- Volume at downhole conditions
Formation Volume Factor = Volume at reference conditions

Figure 3-13 shows that the total gas at surface is the sum of the solution gas

evolved fram the downhole liquids plus free gas produced independently from
the oil. The gas volume factor accounts for expansion of free gas.

Oil shrinks in volume between downhole/surface conditions primarily as a
result of the solution gas evolved. A typical range of By is 1.2 for low GOR
0il to 1.4 or higher for the more volatile olls.

Solubility of gas in water is low and the canbined effects of reduction in
temperature, pressure and loss of solution gas has a small (but for same
purposes important) effect on By,.

a) Gas Formation Volume Factor, By

B = Volume at downhole temp. and pressure
d =~ Volume at 60°F, 14.7 psia

The gas formation volume factor may be known fram PVT measurements on a
gas sample, or it might be calculated using the relation :

PLVe .P2V>
21 T4 Zy Ty

is scf/B or m3/m3

B =.“_’2=m—2—-—2&T 2
9 V1 p2T1Z

where conditions 1 are standard amd conditions 2 are bottom hole.

Charts based on the relationship and correlations between Z and §pecific
gravity, pressure and temperature have been established to simplify
calculations.

The following example illustrates use of these charts (Figure 3-14.)
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Find the volume occupied by 400 scf of gas when y, =
0.70, Tye = 200°F, and pyr = 2,000 psia.

Using Fig3~14 lines drawn in} this is solved as follows:

1. Select the group of temperature lines for y; = 0.70.
Entering on the abscissa at 2,000 psia, go vertically
to the 200°F line, then move left to the ordinate
value of 125 for 1/B,.

1 v 400 scf
—_—=125= B8 —
Bx > ngf VKWI
. 400 _
2, Viwt = T55= 3.2 cu ft

EXAMPLE — Interpolation needed.

Find the volume occupied by 600 scf of gas where: v,
= 0.74, Twt = 175°F, and pyr = 2,000 psia.

Using Fig3—14(lines not drawn in) this is solved as
follows:

1. Select the group of temperature lines for y, = 0.70.
Entering on the abscissa at 2,000 psia, go vertically
to the 175°F position, then move left to the ordinate
value of 133 for 1/B,.

2. Select the group of temperature lines for v, = 0.80.
Entering on the abscissa at 2,000 psia, go vertically
to the 175°F position, then move left 1o the ordinate
value of 138 for 1/B,.

3. The interpolation between the 1/B; values is solved

as follows:
1
Ye B,
0.70 133
0.74 X
0.80 138
L 133404 x (138—133) = 135
B,
1 A% 600 scf
. LI — gse . VY ST
4 BZ 33 Vg“—g ngf
600
Vewt = 5 = 4.44 cu

— ——
ENGLISH
Pressure, psia
! 500
Temperature,°F
LY
ed % 200 @P ﬁ
: o o A
%6* « 100 ; o
&
Y o
o 4 S
L]
20 4 2004 >
o g o
T o ! o
10 100) P
3 50, 500
E 00 S A
dis 4
10 i % 100/ tdb
5 50 500
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& "0
y S
SRt o
Fitth b
o i
10 100 |itid
s 50
4

i, Ges Density a1 standard oonditions
equals gas gravity * 0.00122 gm/cc

Pressure, ia

Fig.3-14 (Chart Fg=1):1/B,, as a function of y,,
T and pu; (after Standing and Katz)




b) Formation Volume Factor of oil, BQ
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By = Volume of oil (including dissolved gas at downhole oonditims)

Volume of oil at reference conditions 60°F, 14.7 psia

The formation volume factor of an oil is best determined by PVT measurement

on a resexrvoir fluid sample.

Figure 3-15 is a typical plot of PVT data for an undersaturated oil. Fram

8000 psig to the bubble point pressure at 6350
to expansion of the undersaturated oil.

 ———————— .

psig, the Bp increase is due
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Fig. 3-15. Typical PVT data for differential w
ated oil at constant temperature (305

rization of an undersatur-
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On expansion fram 6350 psi To atmospheric pressure increasing amounts of gas
are liberated. Note that the Ry , the amount of gas in solution is almost
directly proportional to the system pressure.

By, being dependent essentially on the amount of dissolved gas increases with
pressure up to the bubble point, where all of the available gas is dissolved
and then decreases at a rate detemmined by the licquid compressibility.

Solubility and volume factor correlations

Solubility of natural gas in oil is dependent on the composition of the
hydrocarbons, the temperature, and pressure applied.

Figure 3-16 (chart Fgo-1) can be used to estimate bubble point pressure,
By,, and Rq}p the amount of gas which will dissolve in a given amount of oil

at this pressure and temperature.

EXAMPLE — Fig. 316
Find the bubble-point pressure, py, under the following
conditions:
Gose = 6G00B/D
Qgse = 240 Mcf/D

Twt = 180°F
ye =075
vo =40° APl
The solution is as follows:
_ 240,000ct/D _
L. R= 600 B/ B/D 400 cf/B

2. Take Ry, = R; thar is, the solution gas-oil ratio at
bubble-point pressure is defined as being equal to the
producing gas-oil ratio. The assumption is implicit
that, for all practical purposes, all the dissolved gas
has come out of solution when standard conditions
are reached.

3. On the nomograph (Fig3—1§ draw a line from the
temperature (Tyr = 180°F) through the solution
gas-oil ratio at bubble-point pressure (Rg = 400
cf/B) to Point @ on Line A.

4, Draw a line from the gas gravity (yg = 0.75)
through the oil gravity (v, = 40° API) to Point b
on Line B,

5. Connect Points & and b and read the answer: py, =
1,560 psia.

Reb Po(Pwt)
(R') #g/aqem psia
100413000
tumieum ef/8 T
4
T00-}-4000 r004-10,000
500-{73000 1 Qil Gas
5004
o 700 Porc .)’o 7
Js000 amree AP foir = 10)
3004 4900 114 17
250 Lo s
200 3000 E ¥
1o-3-10 13
o E
E spo E 12
I |26 -1
0.5 [0
roo-1oo0
¥ b ) Y
801 33— 08
20 3 4
[300 08 l-o.7
301 400
11
20300 E l-os
I 60
5
z00 | os
150 0.7-70
0.4
aes T k0,35

Fig. 3-16 {Chart Fgo-1): Nomograph relating
Ry to py, Ty Yoo @18 yose (0F Poyc} for
“average” conditions. Can be used to
find py if Rey is known, or vice versa.

EXAMPLE

Find Ry, the solution gas-oil ratio at bubble-point pres-
sure, under the following conditions;

pr =900 psia
wa = 1400F
ve =07

Yo =40° API

This is solved using Fig.53—16 lines not drawn in), as
follows:

1. From right to left: draw a line through v, = 40° and
vg = 0.7 to locate a point on Line B,

.2. From that point, draw a line through py, = 900 psia
to Line A.

3. From there, draw a line to T,y = 140°F.
4. Read the answer:
Ry, =220 cf/B
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Estimation of By at Py,

» the oil formation volume factor at bubble point pressure is estimated from
figure 3-17 (Chart F ) by entering the gas gravity Ygr the solution gas oil
ratio at bubble poin pressure Rgphr and the temperature.

EXAMPLE — Nomograph Solution
Find By, under the following conditions:

i () Bop|**
! {air = 1.0} R,s [ Ry = 400cf/B
. 7 22 th = 180°F
: ve =0.65
; 144 :2‘0 Yo = 450 API
. o] e Using Fig.3~17 the solution is:

1. Draw a line from the gas gravity (y,) of 0.65
through the solution gas-oil ratio at bubble-point

- ptessure (Ray) of 400 cf/B to Line A,

2. Draw a line from Point @ through Twe (180°F) to
Bob: at 1.24.

104

05+

O
o7
08+

05

Fig. 3~77 (Chart Fgo-4): Nomograph to find

Byp scales calibrated in both English
and metric units,
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Estimation of oil volume factor above bubble point pressure

The formation volume factor reaches a maximum value at Py, when all of the
available gas is in solution.

If the pressure is increased beyond bubble point, and there is no more gas to
be driven into solution, a reduction in oil volume results.

Compression of Viguid
after all gas 13 in
Jution

I
s

N
bt
b

%]
N

M1 volume factor

-
-

p
-
i |,

0 1000 2000 3000 4000 5000 G000 7000 8000

Pressure, Psfa

25

AN

20 \

AN

15 \

co (x 107%)

0
0.5 06 0.7 0.8
Pob» gM/cC

Fig.3~-18 O FVF (B,) as a function of pressure

.

{general).

Fig. 3=19 *¢,” as a function o$ Pou for “average”
otls (after Calboun

The oil campressibility factor (Cg) is a function of the density of the oil at
hubble point pressure (Pq,) -~ see figure

3-19.

For undersaturated oil, the eguation relating Bg to Bgp is :

Bo = Bob 1 - ColPyt -~ Pp)
Namograph of figure 3- 20 (chart Fgo-5) may be used to solve this equation.

(Pwe=py) By, Bob Pob o
pui‘o hg/sqem \ \ gmAe [xl?')
10 / ! Chart computes: 2.2 22 ™ 5
! Bo 2 By [1- colpwi~ pell 2! 2.1
] 2.0 2.0 8
2 19 s 0804,
1.8 .8 s
50 1.7 nr o s
s 1.8 d 0
100 13 he
10 m 18 g
0 K

SOLVING FOR By (K]
1.3 0.65] 15

R s i
00 oua 2 .80
e L
50 sECoND "
FIR3T . 0.55
1000 | 11 5
Floa 1.0 0.50
x

2000 1.0

Fig. 3-20 (ChartFgo-5): Nomograph to find B,.
Needed: Py, pr, €, (01 Pup), and By,

EXAMPLE — Undersaturated OQil
Find B, under the following conditions:
By = 1.22
Por =0.66 gm/cc
Pwe = 3,000 psia
Pv == 2,000 psia
The solution is as follows:
1. From Fig3—19 ¢, = 15 X 10-¢
2, Bo'_‘Bob (1 —Co (Pwr_Pb))

B, = 1.22 {1 — {15 x 10-%) (3,000 —2,000))

=120
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c) Formation volume factor of water, By

Dissolved gases and salts affect the campressibility of water, hence By,.
However, the solubility of natural gas in water and brine is small and the
effect on compressibility can be neglected for small changes of pressure and
temperature and By, taken as unity.

For large changes in pressure

o TR q

and temperature, By may be o
found from figure 3-21, for ° R H o
T
either pure or natural gas Frassase
saturated water. g =
? o3
&
. H—— pure wares R20os 1
2 [ ——— WATER PLUS NATURAL GAS
o T
1.04 +
« H
=
1.03 H
g .02
g z L 150
& Lo &
w o HTH
[ = R =
o T
§ 100 s Euu
/G ]
LTS
099 111
=] 1000 2000 3000 4000 5000
PRESSURE, p, PSIA
-

Fig. 3-21 - Farmation volume factor of pure
water and a mixture of natural gas and
water. (Data of Dodson and Standing.)
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4) Fluid density correlations

a) GAS DENSITY

1. Gas specific gravity, y,, is widely used in the oil
industry to characterize natural gases. Gas specific
gravity is defined as the ratio of the density of gas to
the density of air, both at standard conditions.

I
s (pulr ) £C

The weight of any volume of a gas can be determined
by multiplying the volume of gas times v; times Pay.
The density of air at standard conditions is 0.001223
gm/cc or 00762 Ib/cu ft.

2. The density of gas at any temperature and pressure
can be found from the gas formation volume factor,

Bg:
i — P gwL
B‘ p g8C

1
Pewt = g (001223) X ™ (gm/cc)
g

EXAMPLE

Find the weight of 500 scf of gas with
e =055

This is solved as follows:

Weight = Vg X Pair X g
Weight = 500 cu ft X 0.0762 Ib/cu ft X 0.55 = 20.95 lbs

EXAMPLE
Find the density of a gas at standard conditions when:
yz =070
Solution;
Pe=vg X Pair
Pg= 0.7 X 0.001223 gm/cc = 0.000856 gm/cc
EXAMPLE
Find the density of a gas when:
vy =070

Pwt = 2,000 psia
Tw: = 200°F

|
Y Air=10} Prgus B
2.8 Chart computes: 0.5 oo
Pﬂ'l: Pel'r ng
0.21 200
0.8
[N} oo
- SOLVING FOR Prout %] pso
n Pepet
0.0
Hao
0.014
0.8 Lio

Fig. 3-22 (Chart Fg-5): Nomograph for solving

the equation:
PFU’M’J)' =Yg (0-001223) (I/By)'

Solution:
. From Fi3—14 and as shown in a previous example,
1/Bg = 125.
Ao Pemt {from paragraph 2, above).
Bg Pee

. Pewt = 75 X 0001223 X (1/B,).

Pawt =07 X 0001223 gm/cc X 125 =
0.107 gm/cc

or:

. Using the nomograph in Fig. 3—22 Chart Fg-5),

construct 2 line from vy, = 0.7 to (1/B;) = 125 to
obtain:

Pewt =0.11 gm/cc




b) OIL DENSITY, p,

At standard conditions the density of oil is equal to the
weight divided by the volume; o, in equation form:

pOSc = W.OEC/VDBE

At well-flowing conditions the density of oil is still equal to
the weight divided by the volume. It is, however, not quite
straightforward because the weight of the oil has been in-
creased by dissolved gas, and the volume of the oil has been
increased by the oil formation volume factor:

P — Wosc + Wdls.sns
owt Vosc % Bo
or
I + Pair Yg R,
powf - B
o

In English units:

R
_ Pose T0.001223 v, (W)
Powt - B
o

1415
54w +0.0002178 v, R,

p ob Bo

gm/cc

And at bubble-point pressure, pr, as used in determining ¢,:

1415
315 5oy T 00002178 %, Ry

Powt = By gm/ [us

Note that the 0.001223 is the density of air in gm/cc,
and the 5.615 is the necessary conversion factor to convert
the Bnglish units of cf/B into B/B. The 141.5/(131.5 + y,),
of coutse, converts y, in *API to P, in gm/cc.

In metric units the above equations would simplify to:

pong = Lme £0.001223 vgRe
owf Bo
and
poy =Pt 0.031223 YeReo oo
ob

EXAMPLE — English units
Find P, in the following situation:

vo = 30° API

Ye = 0.75

R.= 350c¢f/B

B, =121 _
The solution is as follows:

I % & R
L Pue="3157 300 ~ 0876
ose 1 0.0002178 v Ry

2- .Powt = P B i

- 0.876 4 0.0002178 % 0.75 X 350.0
3 Powt= 121

=0.771 gm/cc

3~25

g
+00002A78 %R,
By

1415
P 53

Chart

ol" TIrra—T v T \J 1 T
810 68 or ds ose ase 0BT one 085

Y {air =1.0)

Fig. 3-23 - (Chart Fgo-6): Nomograph to find
Pows Needed: Ry, vy, o, and B,

An alternate solution is with Fig 323 Chart Fgo-6),
the nomograph for determining Pope.

L Draw a line from yg = 0.75 through R, = 350 cf/B
to Line A.

2. Draw a line from Point & to v = 30° API and estab-
lish Point b,

3. Draw a line from Point b through B, = 1.21 to the
answer, Powr = 0.77gm/cc,

EXAMPLE — Metric units
Find Py, in the following situations;
Pose =0.84 gm/cc

ye =065
Ry =100 cum/cum
B, =126

The solution is:

_ Pose +0.001223 y, Ry
L=
Bon

_ 084 +0.001223 X 0.65 X 100
PO]J 1.26
= 0.730 gm /cc

L P,
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5)

C) WATER DENSITY, p,,

The density of gas-free water is a function of tempera-
ture, pressure, and water salinity. A nomograph of this rela-
tionship is shown in Fig 3-2¢4 (Chart Fw-1). As the
solubility of gas in water (Rqy) is small, the effect of the
dissolved gas is ignored, and this chart is used for the density
of water at any R,y

EXAMPLE

Pind the density of water under the following condi-
tions:

Cxacr= 90,000 ppm
Tee =200°F
Pet = 2,000 psia
Using Fig.3—24 the solution is as follows:

1. Starting from Cyact = 90,000 ppm, draw a line
through Ty = 200°F to Point a.

2. Starting from pyr = 2,000 psia, draw a line through
Point & to water density (Pywe), of 1.035 gm/cc.

Viscosity correlations

a) GAS VISCOSITY

At elevated temperatures and low pressures, low-gravity
gases closely resemble “perfect” gas in their behavior, while
at low temperatures and high pressures, the heavier gases
tesemble liquids.

The charts in Fig.3—25Chart Fg-6) give gas viscosity
as a function of temperature and pressure, for gases of five
different gravities,

Note that above about 1,500 psi, an increase in tempera-
ture decreases the gas viscosity, while below that point in-
creasing the temperature éncreases the viscosity,

g A Put o Py
Q¢ -
Chact u :
30073250 A Loas I
] Tt or Tae
260 -
-1.00

™
Q
o

]

gm/liter at standaed conditions

Fis0

100

50—

oo

1,000 ppm

Lo

Standard [ ;
Conditions [ f

.20

Fig. 3-24 - (Chart Fw-1): Nomograph to find

Py Needed: Cyocty Ty and poy;.

i
of [
506 2
% b 5 | %08 e
/%J{\ﬁ £ o A //
w ?15 g //fg,ou
°r S i
o 5 ol °F
5 0.0|E .
Pressure, [,000 psia
[0
'.Yq=0.7 // et e 'Yg=0.9
g = _g ]
- == 2005 2 :;i
oz 607 0o
°F 5 on - ] = DD\E
& B "ol ——350'
.0} 1 . 2] °F
o |
2 3 L] 3 o ' z L] . []
Pressure, 1,000 psin
w =1.0
g 10 o]
2 ]
oy —] s
5 7'::'/ o0=-]
~ oo ot Fesqo]
$ =
2
Pressure, Q00 psaia
it

F igf3"25 - (Chart Fg-6):Gas viscosity, gy, a5 a

function of v, Ty and py. (conrtesy
il and Gas Journal).




b) OIL VISCOSITY, 1,

The viscosity of a crude oil decreases with a temperature
increase and with an increase of dissolved gas.

Heavier oils are generally more viscous than lighter oils
of the same hydrocarbon base. .

The question of which viscosity units are to be used may
be rather confusing since there are several different systems
used in the oil field. The centipoise is the unit used through-
out this document.

The charts given in Fig. 3- 26 Chart Fgo-7) correlate
crude oil viscosity with stock-tank oil graviry, temperature,
and solution gas-oil ratio at or below bubble-point pressure.
If the pressure on the oil is above bubble-point pressure its
viscosity is increased by the amount given by the correction
curve.

EXAMPLE
Find the oil viscosity in centipoises, in the following
situation:
Yo = 30° API
Twr= 200°F
pr = 1,700 psia
Pwr = 2,700 psia
R, =400 cf /B
Referring vo Fig. 3—26 ( English units), the solution is
made as follows:

. Start on the ordinate at 30° APL
. Go right to 200°F,
. Drop to the Ry, value of 400 cf/B.

W N

. Go left to read 1 cp, the viscosity at bubble-point
pressure, and, along the way, note the Poine D,

5. Drop vertically from Point D to the abscissa. Read a
viscosity gradient of 0.07 ¢p/1,000 psi. This figure
is used only when pw¢ > py, which is the case in this
problem. The increase in viscosity is from the value
obtained on the ordinate (Step 4), so thar:

B 0.07 _
Mo = 1'0 cp + 1,000 Psia (ow Pb)
0.07

ho= L0P ¥ 7000 psia

(2,700 — 1,700) = 1,07 cp

3=-27

English

15| 1
"!P / /F
QJP/I /// ﬂf”
£ A
OQ__/EQVV '// A
"
\q /,‘bq,; ’,-/ /4"
E" AP i'/\q. /, l/’
25 U [s) o
Al ® l/ /
ot ARl
V 4
b f |
- )/ y4 { O
o :51 4 )
S 40 /A A
b w7 /%-"
50 4 d
,/' | |
VA aﬁ;
/ //‘i'
A
o —rH4
U
[ 84
N »
HINER -l
O \ \\:“N:\ ”’\\\\:\
a D N \"‘k\&\b
o NS
- N R RSN
o S LS SF o
Py M
L S
10 N Q\ Y
\/ T
‘G,
™ OQ h
b I-
1
! LR
looggl_ [+3} 10 10 ' 100

Viscosity increase, cp/1000 psi

Fig. 3-26 (Chart Fgo-7): ., as a function of
Yoses Twys @ttd Ry, (and viscosity increase
where puy > ).
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c) WATER VISCOSITY, p,,

The. viscosity of water is primarily a function of tem-
perature and water salinity. Fig. 3-27( Chart Fw-2) shows
this relationship.

EXAMPLE

Find the viscosity of water under the following condi-
tions:

Crac1 = 150,000 Ppm
Twt =200°F
Using Fig. 2-19, the solution is:
1. pr=0.43¢cp

d) VISCOSITY OF MIXTURES

The viscosity of a water-in-oil emulsion may be many
times that of either the water or the oil. As a practical limit,
however, the viscosity of a water-in-oil emulsion does not

exceed 5 ¢p.

D. Rock pore=volume conmpressibility

While fluid pressure in the reservoir
rock pore space decreases with depletion,
the lithostatic pressure on the matrix
remains essentially constant. This
causes the pore-volume and rock bulk
volume to decrease with depletion.

Correlations of Hall and Knaap, Figure
3-28, have been used extensively in the .
literature, however these correlations
do not apply over a very wide range of
reservoir rocks. They may be used only
to give order of magnitude estimates

for the more consolidated rocks but not
for friable sandstone.

Formation compressibility is best
measured in the laboratory for the
reservolr rock being studied.

Temperature, Ty °C
o 80 80 160 1

O Gy PP

—

Water Viscosity, Lwwr: Contipoises

P ‘
TP T TTTT]]
280 300 350

e 00

Tamperoture, Tor: °F

Fig. 3-27. Water viscosity vs., temp
and concentron of NaCl

il'

]

&

PORE VOLUME CONPRESSIBILITY, ¢ = K¥, PA™ AT 75% LITHOSTATIC PRESSURE
-]
,'l-—

0 W W e a8 0 3%
NITIAL POROSITY AT ZERG NET PHESSURE, ¢l

Fig. 3-28. Pore-volume campressibil-

ii_:x = limestone

3

CONSOLIDATED SANDSTONES

PORE VOLUME COMPRESSIBILITY, ¢ x 10%, P AT 75% LITHOSTATIC PRESSURE
] . .
4

-] L] L] ] 20 s » »
'WITIAL POROSITY AT ZERO MET PRESSURE,

Fig. 3-29. Pore~volume campressibil-
1ty - sandstone
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Appendix - SCHLUMBERGER FLUID CONVERSION CHARTS

CHART
CODE

Fg-1
Fg-2
Fg-3
Fg-4
Fg-3
Fg-6
Fgo-1
Fgo-2
Fgo-3
Fgo-4
Fgo-5
fgo-6
Fgo-7

Fgw-1
Fw-1l
Fw-2

7O FIND NEED; Page
1/B, Pet. Tot¥s  cevessseveeseas 3=30
Tes Pre Y& D 1
z Pors Tor tecsesecsrnress 3™32
1/Bq Pt TuhZ  eeevesinncansss 3-33
Prgwt i, 1/Bg R L 1
Mg Put, Twt,Ye  sveesscasssnsss 3-35
po (orRe) R (0 pb), Tut, vg20d 7o (OF Pose)  3=36
k Pwts Pb vesessrssssssse 3—37
By Rab, Yo Yor Fwe (English only) 3-38
Bos Rab, va, Twet { English or metric) 3-39
B, Pwty Pos Co (O Pon), Bop 3-40
Powt Yo Ruvo (0rPosc), B .eeneee. 3=41

Mon (and Yo iﬂcl'ease, if Yose (posc) swai Rllb *asassen 3_42
Pwe is greater than py)

Solution Gas-Water ratio cesvsassnseanss 3=43
Densities of NaCl solutions .eeeeeessssessre 3—44

Water viscosity cesecssensssses 3=45
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Chart fg-1

Schiumberger

METRIC
Pressure, psia Pressure, kg/sg cm
1 1 1
500 500}
Tempprature,°F =5 =2 Temr:;erswre
ZESE; A
\QQ y Se=3% £ QII\ ,,/QQ ] 5
HHH == HF FEH (x)
"o e = H T el e .
e S i
o Ssadii it
L @ I
o 100
fo°° o“}\
e?'r’_ :‘..
500 ; 4 6O = 51
&
= « )
S 4\9. =EEs 60 )
& 20 “IF‘ 200 EEEEELATE RO "ﬁﬁo
'19? G HF i W
o E‘_e’ H ‘nq’da
i e P i)
vPo 190
6 50, 600 8 50 = 500
- 4 &
A : o) g
"o ESRERS! R % vy
- mjﬁ‘ s il o, EREES -1‘60
" | 7 "}:i) ‘SP :_((7¢ 7 "'00
1 G*P P, it i“ d /
1 " A 100 A har 100 e
=
5 5Q 600 8
|1|v-‘ \00
i 200 B 20
R
Ilh’h
i B 1
10| 100 pogbse {x
6 60 8 50
A 2
HYHHHY, y
- _z;éia“s\ Zages 29 ; -
SSiss %o“" Ges Density at standard conditions Tt Gas density at standard conditions
Riwm i | equals gas gravity * 0.00122 gm/ce - equals gas gravity x 0.00122 gm/
100t LIl
B : 5
Prassure, ia Pressure, ki om
1 1 7
Find V. 1. Select "yg = 0.70" section. Enter abscissa at 2,000 psia, go vertically to 200°F.
1 1 = 1
Given: Vg, =400 cu ft 2 Goleftto =125
ye =070 By
Twe = 200°F 1 \'4 400
— . 3, = =125= B V r— 3.2cuft
Pwt 2,000 psia B, Vit Vgt g

GAS FORMATION VOLUME FACTOR

ENGLISH

After Standing and Katz, Ref. 3.
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PSEUDO - CRITICAL NATURAL GAS PARAMETERS

After Brown et al, Ref. 4.

£ 50
o< 700
@« @
ot
2 Us _ggs
Con B e
650] fehets .
O Q
il = 8
5 N
L 2 600
$3
3 0
7] 8 40
aa
550
'
5%%\ o A A A A A D Al il il A =
275
ﬂ: x (’l
o ;ﬁ?
° SN
.. 450 TP 5
o 250 5O -
g — N2 A\
> W A
— 2 225 s eﬁsﬁ
L& "‘6 7
8%
o -
3 g- 200
e 350
o. -
275
300
06 o7 0.8 09 1.0 Ll
Gas gravity, Yg (air =1.0)
Find Ty, and pe. 1. Enter abscissa at 0.75. Go up to:
Given: yg = 0.75, average gases Ty = 406°R
and
Pre = 664 psia
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Chart fg-3
NATURAL GAS DEVIATION FACTOR

After Standing and Katz, Ref, 3.

Pseudo-Reduced Pressure, pp,

O | 2 3 4 5 6 7 8
I T T T TR = g K
: i . | Pseudo-Reduced -f! — - = 7
) Ll 1 | Tomperature, Ty [ B N e o e — L
U RS e T
10 = A et M o SN e e 4 1) -
NSScSasss T RS A
N R iy 20 1 AT LT L
\ \ D\ \\_l _:.","rg..-?“-""- 19 1" et 1 ~ / N .l é;
qQ N \\\‘\ [ .8 » .6 B
0. NS T [ ZARE AP 7
AN NN N O e = NI L4 1] LA A~ .|i_+
WA RIS | T =T A7 S A
NN T A T A
AN SN N E )
o8 WA e A T 4 /ﬁ A 1A 17
VAR R NN Ay ' A4 |
\ NWARNEN 145 T /4 pAy. 4
\ VANANESNUET q L1 A7 L AP 4 %
AVINA R TN [T P 74 A AV v, 1.6
N 07 A BN URNNAT s 77 PAPP R
. \ NTS b AT .
s \ Y AV )4 AL A S
g MR VAWER ==~/ yarauranzans -
-t \ 1, PV 447 Y /] - s g
o 6 NS 1.25 VYT T TAV i 5 o
wor TN ARNp. 4% 7
» 1 N -1 - A AV A A LA K >
= \ A7 FA LA A A =
e Z W Z % s
D 05 \ _\\ + // A A AT —7 ,;/ ,;‘A_g;m o
4 AN A7 7K PS8
° = AV L AF A Sk ®
S \ P4 VAP AD LAY %% el ~ 4
E r Ij ’// ’ 4 ,// ’/ g  § . s
3 VL 5= .. Ay av.047 S
© 1 AAAL A VA
[ ) 1 yay.yPd "
S o3 { AY.0.0 aV.8% 2 O
o o tod VI ALL “ L)
B \ﬁ AL
[
B
L e N
A
b= T 1/' o’
”,/’
100 s 1.0
i1
4==-I.D"
09 13 ' 09
7 8 9 10 n 12 13 14 IS
Pseudo-Reduced Pressure, ppr
Find 2. 1. Ppr— Pwr/Ppc = 2.000/ 650 = 3.07.
Given: Py = 2,000 psia 2. Tpe=Tut/Tpe = 660/410 = 1.61 .
Ppe = 650 psia 3. Enter abscissa (top) at 3.07 { ppe). Go down to Ty, of 1.61, between
Tt = 200°F (G60°R) 1.6 and 1.7 lines.
Tpe =410°R 4. z=0.828

Fg-3
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GAS FORMATION VOLUME FACTOR (Nomograph)
© 1974 SCHLUMBERGER
Pwt L
BG
psia kg/sqcm Z wa
N 4 Chart computes:
15,000 | |\ Ty Pt OF  op
—_ = {=)(-2%
|0,000'E" .-_2‘000 B° (Z )(Tﬂ)( p'c) 0_37 1
+-500 100
A L 1,000 i
5,000 - 0.4 150
[ . 500 )
1200 [ 05 150
2,000 200 I
+i00 [ I
X 100 | o7+ 2997 o
1,000+ n Solving for B, )
T —50 ]
150 i 1 2504
- 1.0~
soo—q_ 20 | 1
i 300-1-150
+20 - 10 ]
200 5 571 350
10 [ ] 1
noo--E L2 20- 4004 2%°
A 2.2 1
aso-J
+250
500
Find 1/B,,
Given: pwe =140 kg/sqcm
Twe =93°C
z =0828
1. Enter pyt scale at 140 kg/sq cm. Follow lines as in small diageam.
2. 1/B;=135

Fg-4
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GAS DENSITY

© 1974 SCHLUMBERGER

0.9+

o
-500

Chart computes: 0.5+
_ Yg(poir)lc D
PFgwf‘“ B .
9 ‘ [
0,24 1200
0.8 1
0.1 100
0. 054 [
0.7 SOLVING FOR Ppgwf 1 ;'-'50
70 PFguf 515 - !
] 5
‘ 0.02+ i
-20
ANSWER
0.01+
0.6 ~-10
Fiﬂd PFEWf’
Given: vy, =075
1/B, = 140

1. Connect yg = 0.75 and 1/Bg = 140, as in small diagram.

2. Ppgwf = 0,13 gm/cc.

Fg-3
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BAS VISCOSITY

Courtesy of Qil and Gus Journal, May 12, 1949,

06 . T
)6 LV . .g 004 )/ los 5 -
o g~ |V / A
g‘ 0.03 7 // o~
/ 002 c .-‘?—0 o
° 3 /] / / —30
F 0- 0.02 =
0.01 1
' 0.01
0 t 2 3 ry 5 0 ) 2 3 4 5
Pressure, 1,000 psia
0.04
\0ooz 007
g. 0.08 L o=
0.02 -— 0.08 60‘—_?‘
’ o 0.04 _— —-ﬁ;ﬂ
0 i |
- 0.03 — :'_2_9300
0.0l =1 002 oF
0.01 =]
) 0 ] 2 ] 4 5

» =
g | %=10 .
‘5 007 ,/T(
2  o06 =] . 60="]
= 0.05 P o 00
c X
[ //
O 004 ,j; "200’5
~ 003 - e 3, O]
i" 0.02 %
£l o F
0.01
0 I 2 3 4 5
Pressure, 1,000 psia
Find pgwt. 1. Enter yg = 0.70 chart at pyr = 2,000 psia.
Given: yg- =070 2. GouptoTyr=200°F.
Pwt = 2,000 psia
Twt = 200°F 3. pgwt = 0.018 centipoises.

Fg-&




% Chart fgo—1

BUBBLE-POINT PRESSURE

(© 1974 SCHLUMBERGER

Rsb Pb{Pws)
(Rs) kg/sqcm  psia
cum/cum
700
500 Oil Gas
Posc Yo g
gm/ce aApl (Gir = O)
Temp. o
o .
C 1.6
0 —1.5
1.4
10 — 1.3
20 - 1.2
40 ”
B L
60 20
80 1o
100 30 ~0.9
120 [ 08
140
160 0.8 0.7
180 150 B
200 ] 0.6
220 1 6o !
240 ] —0.5
260 0.7-1-70
] -0.4
0_65.,:“80 -0.35
Find py, 2. Rq, = R, since the field-usage definition of py, stipulates given flow
Given: Ty = 180°F rates of oil and gas, taken here to be s and qge (2bove).

Qose — 600 B/D
Qe = 240 McE/D

3. On the nomograph, locate Point @ by a line through T\, = 180°F

e =075 and Rq, = 400.
vo =407 API 4. Lacate Point b by a line through v, == 0.75 and y, = 40° APL
240000 cf/D _ o .
1. R= ~0B/D 400 cf/B. 5. Connectaandb: p, = 1,560 psia.
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Schlumberger

Rs=kx Rgp

SOLUTION GOR CORRECTION FACTOR

© 1974 SCHLUMBERGER

B, =1+ k(B,,-1)

]

0l

0.2

03

04 05 06 0.7

Pwt /Pp

Find k.

Given: per=250kg/sqcm
pr =185kg/sqcm

1 pwt/pr=074
2. Enter abscissa at 0.74.

3. k=0.810.

08 09

Fgo-2
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Chart fgo-3

Schiumberger

FORMATION VOLUME FACTOR AT p,, OIL

After Standing, Ref. 6,

Find Boy.

Given: Ry, =260cf/B
Twt = 160°F
vg« =07
Yo =36°API

1. Enter upper left scale at Rgn = 260,
2. Gorighttoy,=0.7.

3. Godowntoy,= 306.

4. Goright to Ty = 160.

5. Godown to the answer:
By = 1.155

b I
7
7 8
/V
7} n
//
//
//
//
Y |
W 75
P74 74 /
y v 1
74 7180
i A
Z] 70 o
L7 74 @°
AT 160 @*
A 7777 B>
e A7 y o
Y f// 150 &
o
&
//// 140 ]
7 &
_ /,/ R
1.30 &V‘
é:P
VAR
/&
3
A20
bo’“
&
QQ
6}

Fgo-3
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FORMATION VOLUME FACTOR AT p,, OIL
(Nomograph)

© 1974 SCHLUMBERGER

YG BOb -25
- 24
{air=10) R sb
1.7+
6 2.2
20
Temp. B
OC OF .18
5 J50 0
1004390 ¢
o, —
—14
;—I.Z
i—u.a
1.0

Fmd Bob-

Given: Rg, =400cf/B
T.e = 180°F
ve =065
vo =45 API

1. Locate Point @ by line through y, = 0.65 and R == 400.

2. Drawaline from a through T, = 180°F, o the answet:
Bob =1.24

Fgo-4
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Chart fgo -5

Schlumberger

(Pws—Pp)

psia kg/sqcm
\

10 1

20 1

100 1

200 -

1000 ¢
-100

2000 -

FORMATION VOLUME FACTOR, OIL

® 1974 SCHLUMBERGER

Chart computes:
Bo = Bob{ | - Col pwt- pp)]

SOLVING FOR Bg
(pvd'pb) Bo Boh P‘o

Baliid
ANSWER
SECOND

FIRST

Find B,

Given: By, =1.22
Por =0.66 gm/cc
Pwr = 3,000 psia
po = 2,000 psia

1. Since pet > Pr, 0il is undersaturated. Connect pue —

Mark the point so located, as shown in small diagram.

2. Move this point as shown, following trend lines.

3. Connect this point to By = 1.22 and read:

B,=1.20

\

2.2
2.1
2.0
1.9
1.8

1.7
1.6
1.5

1.4
1.3

1.2

1.1

1.04

Bob Pob Co
\ gm/ce (xl?‘)
2.2 -5
2.1 *
[2.0 6
1,9 0.801,
1.8 ha
RN, &
-
1.6 [0
}
-
1.4 -
0.654 15
1.3
0.50-
1.2 [ 20
0.554
1.1
_ 0.504%5
_lno m

po = 1,000 psiz to P, = 0.66.
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15 10

Find Powr.

Given: y, =30° APl

OIL DENSITY AT WELL CONDITIONS

© 1974 SCHLUMBERGER

+ 00002178 %R,
Bo

141.5

Chart computes: Pout= 12125 %

™t T T T L] 1 T T 1]
08 07 06 059 058 057 0.56 0.55
Y (air =1.0)
1. Locate Point @ by a line from v, = 0.75 through R, = 350.

2. Locate Point b by a line from Point & to y, = 30° APL

vg =075
R, = iszold/ B 3. Draw aline from Point b through B, = 1.21.

Powt =077 gm/ce

fgo-b
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OIL VISCOSITY

© 1974 SCHLUMBERGER
i English Metric
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v R o
Sm iy ~
100 = wauts s
[#18]] ol 10 [+] 100 'ocom [+Y] 10 10 190
Viscosity increase, cp/1,000 psi Viscosity increase, cp/I00 kg/sq cm
Find poywr.
Given: y, =30° API
Tet = 200°F

P = 1,700 psia
Pwt = 2,700 psia
R.n = 400 cf/B
1. Enter ordinate at yo,e = 30° APL
2. Goright to Ty, = 200.
3. Godown to Rg, = 400.
4. Go left to answer, locating Point D on the way: pg, = 1.0 centipoise.

5. Since pwr > Pm Mowt > Wob. From Point D, go down to read: viscosity increase = 0.07 cp/1,000 psi.

6. Mows = pop + APt — Po) /1,000 = 1.0 + 0.07(2,700 — 1,700) /1,000 = 1.07 centipoises.
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w SOLUTION GAS-WATER RATIO
After Dodson and Standing, Ref, 2.

ENGLISH METRIC
24
\ \
\ 40 N
N 5000
20 ™ - ,% 1 \\k 389 ]
h \ y | ™N Q--__.__.--u —
2500 NN
16 = “""“""o—ooi-—==~ i N N 225 —
J I | 2500 _—— | E D S e 7S
Q ] N \ 0
- |2 < 2000 | ——— 3 | 190
< S~ £ 00— ——-i25
-3 2 3 i P
@ h - \\
8 ] 1000 X ~ 75
m o
N 1.0 T — 50
4 [l ___Pressure 500psio
TT———f—__| 25kg/sg cm
%o 100 140 180 220 260 20 40 60 80 __ 100 120
Temperature °F Temperature °C
Correction for brine salinity Correction for brine solinity
: 25 LF Lo F%.___________ 150 °C
2 09 S B 0o oo
), vy —— [P
w :g%aj;j &S\:‘; 50°C J\:‘-—-
085 10 26 30 085 i 20 30
Total solidsin brine,ppm x [0-3 Total solids in bring, ppm x 10~3
Find Ry

Given: Twr =180°F
pwt = 3,400 psia
Cxact = 20,000 ppm
1. (Top) Enter the abscissa at T,y = 180.
2. Goup t0 pgs = 3,400.
3. ReadR’;. = 16cf/B.
4. (Botrom) Enter the abscissa at 20 (20,000 ppm)}. Goupto T = 180. Read Fp; = 0.91.

5. Rew =R Fpc=16X 091 =15cf/B.
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Schlumberger

o

Q

Q
]

o
S
ol

gm/liter at standard conditions
i 1 1

50

DENSITIES OF NaCl SOLUTIONS

© 1974 SCHLUMBERGER

Standard
Conditions
Flﬂd waf.
Given: CNaCl == 90;000 ppm
Tee =200°F

pwe = 2,000 psia

1. Locate Point a by aline from Cyacn = 90,000 through T'.r = 200.

2. Drawa line from pye = 2,000 through a. Read: pow = 1.032 gm/cc.

A Pwt Or Pgc

gm
cc

—0.95
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Temperature, Tys: °F

Fll’ld Wwwr-
Givén: CNaC[ = 150,000 ppm
Twt =200°F

1. Enter abscissa at Ty = 200,
2. Goup to Cuac = 150,000.

3 YPwwe —0.43 cp.
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WATER VISCOSITY
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'RESERVOIR ROCK 4
PROPERTIES

To form a commercial reservoir of hydrocarbons, any geological formation rust
exhibit two essential characteristics. These are a capacity for storage and a
transmissivity to the fluid concerned, i.e. the reservoir rock must be able to
accumilate and store fluids, and when development wells are drilled it must be
possible for those reservoir fluids to flow through relatively long distances
under small potential gradients.

A. Porosity

The void spaces in reservoir rocks are, for the most part, the intergranular
spaces between the sedimentary particles. Porosity is defined as a percent-
age or fraction of void to the bulk volume of the rock. While the proport-
ion of void can be calculated for regular arrangements of uniform spheres,
as shown on the left, the porosity of reservoir rocks must be determined by
direct measurement on core samples in the laboratory or estimated in situ
by well log analysis.

Porogity of rambohedrally packed Grain sorting,silt,clay and cement-
spheres - 26% ' ation affect sandstone porosity

Fig. 4-1. Intergranular porosity.
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Processes subsecquent to sedimentation (cementation, re-crystallization, solution,
weathering, fracturing), can modify substantially the proportion and distributiop
of wvoid space. In reservoir engineering, only the intercomnected or effectiwve
porosity is of interest since this is the only capacity which can make a contrib-
ution to flow. Pore spaces initially present but subsequently sealed off by
cementation or re-crystallization effects are of no interest.

Primary porosity refers to the void spaces remaining after sedimentation of the
granmiles in the matrix and hence is a matrix porosity.

Secondary porosity is the contribution from pits, wugs, fractures and other dis-
continuities in the bulk volume of the matrix. The contribution of secondary
porosity to the overall bulk porosity is generally amall yet it can lead to dram—
atic increases in bulk permeability.

Dual porosity systems

Fram the reservoir engineering point of view, the distinguishing factor between
primary and secondary porosity is not the mode of occurance but the very
different flow capacity where an interconnected secondary porosity system is
present. This is called a dual porosity system.

as shown in figure 4-2, the porosity of reservoir rocks may range from about 5%
of bulk volume to about 30% of bulk volume, the lower porosity range normally
being of interest only in dual porosity systems.

It will normally be possible to distinguish any effects of dual porosity if the
"ooarse" system has a flow capacity about two orders of magnitude greater than
that of the "fine" system. With lesser contrasts, behaviour is virtually in-
distinguishable from single porosity systems with scame heterogeneity. In this
situation generally only porosities greater than about 10% are likely to be of
camercial interest, the lower porosities generally being of interest only when
a dual system is clearly definable.

s S

CONVENTIONAL RESERVOIR ACTUAL FRACTURED RESERVOIR

\ v v . s vy
poor < 20% poor < 4%
(D/good 20% (D?qood
T~ g 0% high > 8
pOor 10 md poor < .01 md
kégood 100 md k<good md
\hiqh high 1 md

| _ J

Fig. 4-2. Range of matrix porosity and permeability of commercial interest
of conventional and fractured - dual WS&!{I_\S.
A
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Permeability

The permeability of a rock is a measure of its specific flow capacity and
can be determined only by a flow experiment. Since permeability depends
upon continuity of pore space, there is not any unique relation between the
porosity of a rock and its permeability, (except that a rock must have a non-
zero porosity if it is to have a non-zero permeability).

Henry Darcy experimented with filtration of water through unconsolidated
sand beds about 1856. The results of Darcy's studies, for horizontal flow,
can be written in differential form :

-k &
Ve - o

This is the defining equation for the measurement of permeability by flow
nmeasurement. The unit of proportionality k, between velocity and pressure
gradient, is the coefficient of permeability and is usually measured in
Darcy.

Note that the coefficient of permeability k, is a rock characteristic
independent of the fluid used for its measurement.

1)

Practical definition of the Darcy

In the oil industry permeability is expressed in Darcy units.

A rock has a permeability of 1 Darcy if a pressure gradient of 1 atm/cm
induces a flow rate of 1 cc/per square am. of cross-sectional area of
a liquid viscosity 1 cp. The Darcy is large for a practical unit, and
the millidarcy is more camonly used.

/
/90:10_0 X Mc_;;_z‘ge_c'

7777
0 oy T e
iy J 4
/) Qu .
4 BA
om? Jortm = 1038 My jem®

Fig. 4-3. Definition of a Darcy.




The Darcy thus defined, is a mixed unit which may eventually be replaced by a

new SI unit.

It can be demonstrated as follows that k has the units of length? and that 1

Darcy is equal to 1um?,

L ‘L where : L= Length
K = VUL T v _ L2 F= Force
T AP F - T= Time -
L2
Evaluating 1 Darcy in cgs wnits :
cm 1 dyne sec
e X X X cm -
} Darcy = tec  T00 il = 1108 w® or 1 i.xmz
dyne

2)

cm

Factors affecting permeability

While grain size has a negligible effect on the porosity of a rock, this
parameter has a predaminant effect on pemmeability. This is so because
grain size controls the total wetted surface.

Each grain has a wetted

surface surrounding it where fluid velocity is always zero, and shearing
friction is formed between this zero velocity layer and any passing fluids.
Thus more pressure energy is consumed in moving a given quantity of fluid
through a fine granular pack (with its larger wetted surface and corre-
spondingly higher frictional losses) than through a coarse granular pack
of equal porosity.

LARGE GRAINS - HIGH PERMEABILITY

Oc

o 3o Al {o
e
OPQ/O)gga/oﬂ 4O

O
;?oQoqgfé%%’o@o

]
S

SMALL GRAINS - LOW PERMEABILITY

P
KR
PRI

Fig. 4-4.

Effect of grain size on permeability.
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As an example of the effect of grain size on wetted surface, campare the wetted

surface of a 1 m? rectangular conduit with a 1 m3 rectangular conduit filled
with .1 mm diameter sand grains.

(loef with sormef
padicles oJmm ohameree.

weted sufoce . 4m? yredted suroce = particl sufrex rumbe of porickes

| /wd&fbwgécexmndezgfpadfd%
20%
b -
4arr® x é_%\a
s (ré>4

3 (1-02) x gy
24000 m2

Uy

Fig. 4-5. Example illustrating effect of grain size on wetted
surface.

Fig. 4-6. High horizontal-low vertical permeability.

Granular sorting, silting, clay inclusions, and processes subsequent to sedi-
mentation mentioned previcusly, such as solution, cementation, weathering, and
fracturing all act to influence both the porosity and permeability of a rock.




4-6

C. Measurement of permeability

Permeability can be measured by passing a fluid of known viscosity through a
cylindrical core cut fram the rock (axis parallel to the bedding plane) of
known dimensions and measuring the pressure drop and flow rate.

—

';g” AR Ve METAL PLUG .
(FLow) N SCREEN
. CORE
CORE LOW AIR
RUBBER PRESSURE
TUBING { FLOW )
HIGH AIR HIGH AIR
PRESSURE PRESSURE
(SEALING } {SEALING )

—jj-e VACUUM
VACEJM/ ‘RUBBER DISC
PIPE

TO FLOWMEYER
{A} VERTICAL FLOW (B} HORIZONTAL FLOW

TO FLOWMETER

FLOW METHOD APPARATUS

Fig. 4-7. Laboratory apparatus for measurement of permeability.

The permeability of a core specimen is most easily measured using gas
(nitrogen or air) at pressures of about 1 atmosphere. As the volumetric
flow rate varies with the pressure along the flow path, gas flow rates g,
measured at mean core pressure (P1+P2) /2 have to be corrected to Q, the
flow rate at the reference pressure for the measurements, P,. This is
done as follows :

From Boyle's law : Q=g (Pj~12-P2)
. . 20Py
o 97 5P
T2
substituting g for Q in the Darcy equation for linear flow, k = %1%_15%_
WEfind H k=~—-§-2’]—:-"‘—'l'—Pb—2—- 'inDarcy'SWh.ere:

2
A(P1 - PZ)
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gas flow rate, at reference pressure an3/sec
length of core, om
gas viscosity, cp
areas of core, w2
absolute press. atm,

O HO
mowonowon

Subscript 1
2
b

upstream press.
downstream press.
base pressure for
gas measurement

It may be noted that flow rates for liquids through porous media are proportion-
al to Pq - P while they vary with P? - P% for gases.

Klinkenberg effect

While permeability is a characteristic of the rock and independent of the fluid
used, gas flow data must be corrected for its behaviour in the very fine pore
passages where the mean free path of the gas molecule approaches the passage
dimension..

Klinkenburg derived the following expression to correct gas permeabilities.

b
=k;y (1 +—=)
kg =k Py
where : kg = permeability to gas
k1 = permeability to licquid

Py = Mean pressure on gas (&%PZ%

constant for gas - liquid' systems

o
I

A plot of the reciprocal of the mean pressure (21—-%'——132) vs. permeability at

several pressures extrapolates at -:;—- = 0, to the ligquid permeability.

| —1
300
//

[t
s}
=]
q

o
[
5 v
s >
Q
£ | 1
» 100 -] — -
& L Liguid permeotility
/ of core A= 2366 md

2366 w

0

0 0 20 30 40 50 60 70 80 90 100
< reciprocal meon pressure (ﬁ,;

| -

——

Fig. 4-8. Permeability of core sample A to air at various pressures.
(After Klinkenberg) .




D. Measurement of porosity

The definition of porosity requires that both the bulk volume and either
pore or matrix wvolumes of the rock sample be determined.

The bulk volume of a rock sample is readily measured by mercury displace-
ment. Where a porameter instrument is used, the volume can be read directly
fram the metering plunger's micrameter scale.

L :

Fig., 4-9. RUSKA Universal porometer.

The pore volume can be determined by various means :

1} The rock sample evacuated and weighed, then saturated in brine or other
fluid and re-weighed.

weight of fluid injected

% POROSITY density of injected fluid X core bulk volume

X 100

Excess fluid adhering to sample surface or excessive drainage from the
pore spaces during weighing affect accuracy of the measurement.

2) In the Boyles law method of measurement, using the instrument shown
above, the pore volume can be found by compressing a fixed volume of
air from Pq (usually one atmosphere) to a reference pressure Py (usually
2 atmospheres) and noting the volume change. Then the procedure is
repeated with the rock sample in the chamber. The matrix volume may be
calculated fram the volumetric changes between P4 and Pj.

Since the sample has been penetrated only by air it can be used for
additional core analysis tests.

3) Pore volume can be quickly and easily measured by injecting mercury
under high pressure using a precision volumetric mercury pump.
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With low porosity, fine pore structure systems, high pressures may be
necessary to approach 100% displacement, and corrections for mercury and
steel vessel campressibility may become necessary. At pressures of
6,000 psi - 10,000 psi, attainable with standard equipment, most of the
pore space contributing to flow is occupied.

Measurement of capillary pressure by mercury injection

Using the same equipment to inject measured volumes of mercury at a series
of pressures a mercury capillary pressure curve, which is related to- the
water capillary pressure curve may be obtained.

Although oil/water or air/water experiments can be conducted to determine
capillary pressure vs. saturation relationships, these may be very prolong-

ed because of the long times required to reach equilibrium at low water
saturations.

The conventional method for measuring capillary pressures is therefore an
accelerated method, using the injection of mercury (a strongly non-wetting
fluid) , into an evacuated core sample at high pressure.

The mercury capillary pressures can be converted into oil-water or gas-—
water capillary pressures, through the factors :

P oil/water _ (o cos ©)oil/water .

= (1:14)
P mercury (o cos ©)mercury
P gés/water _  {o cos 8)gas/water {1:5 )
P mercury = (O oos @)mercury

where g is the surface tension and @ the contact angle which will be
digscussed in the next chapter.

Through the use of capillary pressure data, the theoretical saturation
existing at any level above the hydrocarbon water contact can be
determined, and the extent and importance of any transition zone
evaluated.

Samples which have been subjected to mercury injection can not be used
for further laboratory tests. -




SURFACE TENSION
WETTABILITY, CAPILLARITY,
SATURATION &

FLUID DISPLACEMENT

The repartition of hydrocarbons and connate water in the reservoir at initial
conditions and during depletion is strongly dependent on the interfacial forces
which act between the fluids and the rock matrix. Any proper understanding of
fluid behaviour in reservoir rocks begins with a grasp of the principles of
surface tension, wettability, and capillarity.

A. Surface tension

The apparent film which separates two immiscible fluids, such as air-water
is caused by unequal attractive forces of molecules at the interface.

SURFACE MOLECULES-PULLED
TOWARD LIQUID

VAPOR

SURFACE "FILM"

INTERNAL MOLECULES ATTRACTED
EQUALLY IN ALL DIRECTIONS

Fig. 5-1. Apparent surface film caused by imbalance of molecular forces
L N

It is because of these attractive forces that a bubble contracts into spheric-
al form. It can be shown theoretically and experimentally that a pressure
difference must exist across any curved fluid interface - the smaller the
radius the greater is the pressure on the concave side.

The pressure in a bubble having a single phase boundary is given by :

Py - P2 = io in dynes where :
P o = surface tension,
2 dynes/cm
r = bubble radius, am,,
P = pressure,dynes/cm
E——

Fig. 5-2. Pressure in a bubble.
L ________________ ]
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Measurement of surface tension

Surface tension can be determined by the ring method in which the force, F,
required to break the two annular films is measured.

in dynes/om where :

surface tension,dynes/cm
force, dynes
diameter, am

Fig. 5-3. Measurement of surface tension by ring method.

Surface tensions between some camon fluids and air at 20o C are given below :

Water 72.6 dynes/cm
Benzene 28.9
Cyclohexane 25.3
N-hexane 18.4
N-octane 21.8

The interfacial tension between water and oil at 20° C ~ 30 dynes/am,

Interfacial tension between a liquid and its vapor decreases with temperature
increase until at the critical point, surface tension is zero and different-
iation between fluid/vapor phases ceases to exist.
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Wettability

The tendency of one fluid to displace another fram a solid surface is
determined by the relative wettability of the fluids to the solid.

If the work of the adhesion of fluid A is greater than the work of adhesion
of fluid B, then fluid A will displace fluid B from the surface until an
equilibrium contact angle © is attained.

FLUID B CONTACT ANGLE, ©

ﬂuid A
*“Lsoup

L _

Fig. 5-4. Contact angle as a measure of wettability.

—_—

The contact angle may be used as a method of expressing wettability.

If the contact angle measured through liquid A is acute, the meniscus
between the liquids will be concave towards B, and liquid A will displace
liquid B fram a solid surface (powder or granular pack) . Liquid A is said
to be a wetting phase with respect to the solid surface and liquid B.

LIQUID LIQUID
{WATER)
GAs © LIQUD  GAS
(AIR) é (WATER) ~ (ISO-OCTANE) o
7 vees .

T

complete wetting partial wetting low degree of liquid wetting
(zero contact angle) (contact angle 30°) (contact angle 1539)

where : S = interfacial tension
g = gas
cos @ 8 = solid
1 = liquid
® = contact angle
—

Fig. 5-5. Contact angle as a measure of wetting.

e ——




C. Capillarity

When liquid wets the surface of a fine bore glass capillary tube, surface
tension around the perifery of the contact pulls the liquid interface up the
tube until an equilibrium is reached with the downward force due to the
liquid column height.

o - —
\ Liguid fitm
% wetting wall
i\‘ —lension ot
NG this point
N
‘\\* n5cus
N
NN
B E——

Fig. 5-6. Capillary rise

The equation expressing this pressure equilibrium is given by :

Surface tension X perifery = column hydrostatic pressure

Cos @0 (2mr) = r® h (o) 9

where : surface tension, dynes/am
radius of tube, am
capillary rise, am

density of liquid, grams/cu am

density of vapor, grams/cu cm

acceleration due to gravity, 980.6 aw/sec
contact angle between liquid and solid
cos © = -1 when © = 180°, for complete
wetting

2

@LQE}L:!D‘HQ

A pressure P, applied above the liquid in the capillary sufficient to
lower the meniscus to the same level (pressure P4) as in the reservoir is
equal to the capillary pressure, P.. That is, the capillary pressure

Po = Py = P4 in this condition of equilibrium.




Fig. 5-7. Measurement of capillary pressure by depression of rise
L e ]

Capillary pressure between spherical particles

Capillary pressure between the wetting and non wetting fluids at the contact
between spherical grains can be expressed in temms of the two principal radii
of curvature of the meniscus, R and Ry.

F == *

lp =0 (11-+1—)

Section 4-4

Fig. 5-8. Capilla.ry pressure and radii of curvature of meniscus
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Repartition of saturation in reservoir rocks

During deposition, reservoir rocks are campletely saturated and water wet.

As hydrocarbons migrate and accumulate in the reservoir rock, a portion of
this connate water is displaced.

Both silica, SiOy and calcite CaCO3 have a strong tendancy to remain water
wetted. Therefore, connate water may only be displaced by hydrocarbons
migrating into the reservoir to the extent of attaining an equilibrium when
the pressure arising fram fluid density differences is equal to the
capillary pressure between the fluid phases at a particular level.

Taking a hypothetical water contact, where water saturation is 100%, the
pressure difference between the phases at some elevation "h" above this
level, will be :

P, = P, = g h(P,; - Py)

This pressure difference, which is equal to the capillary pressure,ocbvious-
ly increases with height above the hydrocarbon - water contact and a
gradient in the capillary pressure implies a gradient in the water satur-
ation above the hydrocarbon.

If at some elevation, the water phase becames discontinuous, then the water
saturation (Syiy) becames essentially constant, and independent of the
pressure difference between the phases.

Il grain size
high-Swir

A A A A ﬂIQP\Ei WATER PRODUCED
0]
hitel b
&2
b1 - .
|
v =|
20
WATER LEVEL z<
A e
=8
|y P - ot S O S NS Sonh A A R e e,
‘ L] L -—r_ S S

o .f"f;g,z-:
0 50
WATER SATURATION, Sy,
S A e e e o A o A R Y T Y P T
Fig. 5-9. Comparison of fluid rise in a capillary tube bundle of varying
diameters illustrates the distribution of saturation in the
transition zone above an oil/water contact.
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Irreducible water saturation

The minimum saturation that can be induced by displacement is one in which
the wetting phase becames discontinuous. In a packing of uniform spheres
this would correspond to a state wherein the wetting phase would exist as
pendular rings at sphere contacts. The minimum saturation corresponds to
the smallest mean radius of curvature, and maximum capillary pressure. Since
the wetting phase will became discontinuous at some finite capillary press-

ure (corresponding to G(%q_ + ;—2) for a single contact of two equal spheres)

there will always be same irreducible water saturation-a saturation which
cannot be reduced by displacement by a non-wetting phase, no matter how
great a pressure is applied to the system,

As shown below grain size has a strong influence on the irreducible water
saturation.

Small grain size

high - Swir

Large grain size-low Swir

Effect of grain size - low Swir

Fig. 5-10. Shape of the capillary pressure vs. saturation curve.
USRS O e e S W

At higher wetting phase saturations, the mean radius of curvature increases,
and the capillary pressure decreases. For idealized systems it is possible
to establish an explicit relation between capillary pressure and saturation,
but this is not possible for more complex natural porous media. The nature
of the intersticies, particularly in carbonates, and the clay content of
sands has an important effect on connate water saturation.

D
i
i

<10

F:C:: l:::F::F:r:

{

Fig. 5-11. Shape of capillary curve through the transition zone is
strongly affected by the distribution of grain size.
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F. Displacement pressure

Before a non-wetting phase can penetrate a capillary tube or porous medium

that is saturated with a wetting phase, same minimum threshold pressure must
be exerted.

B _ 20 Cos®
OIL -1——Pc PC - r
_20Q Cos® 1
Py~ 280G

Fig. 5-12. Camparison of displacement fram a capillary tube and
granular packs.

To displace water (the wetting phase) fram a single capillary tube, a
pressure slightly higher than the capillary pressure must be applied to
the oil (non-wetting phase).

Likewise, to displace water fram a granular pack a pressure greater than
the threshold must be applied to the oil. Displacement pressure is
controlled by the size of the pore openings, Toq aS defined by the
relation given in figure 5-12.




G. Disgplacement of oil

The mechanisms affecting the original repartition of hydrocarbons which have
migrated into the reservoir have been discussed earlier. It is now useful
to examine qualitatively the mechanisms by which accumulated hydrocarbons
can be displaced fram elementary pore channels of reservoir rock.

Water tends to displace oil in a piston like fashion, moving first close
to the rock surface where it is aided by capillary forces in squeezing oil
from the smaller channels.

il out
I Water in

Fig. 5-13. Natural displacement of oil by water in a single
pore channel. (Courtesy Journal of Petroleum
Technology - June, 1958).

Gas, being more mobile tends to move easily along the center of the larger
pore channels leaving oil behind in the smaller channels.

Connate water

; i 4
Fig. 5-14. Natural displacement of oil by gas in a single

pore channel. (Courtesy Journal of Petroleum
Technology - June, 1958).
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Residual oil

. ’?ﬂ:""'-"’“ : 7 R

Fig. 5-15. Gas displaces oil first fram high permeability
pore channels. Residual oil occurs in lower
permeability pore channels. (Courtesy Journal
of Petroleum Technology - June, 1958).

£ 0il out

Water in

Fig. 5-16. Capillary forces cause water to move ahead faster
in low permeability pore chamnel (A) when water is
moving slow through high permeability pore channel
(B) . (Courtesy Journal of Petroleum Technology -
June 1958).
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During accumulation of hydrocarbon in the reservoir, same threshold pressure

had to be overcame in order to pemmit the non-wetting oil to enter the
water saturated pores.

These same capillary forces now aid the expulsion of oil fram the tight and

dead-end pores by inhibition of water along the surface of the grains, in a
type of "counter flow".

Water saturation builds up at this point

{‘\\ﬁ_:{{'ﬁ*t\ N,

.
il

L ' ]
Fig. 5-17. Capillary pressure gradient causes oil to move out
and water to move into a dead-erd pore channel when

sand is water-wet. (Courtesy Journal of Petroleum
Technology - June, 1958).

Residual oil

Residual oil is left in the smaller channels when interfacial tension
causes the thread of oil to break, leaving behind oil in droplets which
tend to assume spherical form and when gradient pressure is not sufficient
to deform the bubble enough to pass through the smaller diameter pore
openirgs.

Water and

oil out
Water in

- —

Fig. 5-18. As thread of oil gets smaller, interfacial tension
increases in the film at restricted Points A and B,

where film subsequently breaks. (Courtesy Journal
of Petroleum Technology — June, 1958).
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Water out

Residual oil

Fig. 5-19. Water drive leaves residual oil in sand because surface
films break at restrictions in sand pore channels.
(Courtesy Journal of Petroleum Technology - June, 1958) .

M

I radius at restriction

Gg-;- PB

2
Pg-Py = === (COS €,-COS ep)

Fig. 5-20. Pressure to displace bubble through a restriction.
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Relations between permeability and -fluid saturations

Production of hydrocarbons inevitably involves simultaneous flow of two and
three fluids in the reservoir rock. The presence of one fluid in the porous
media impedes the flow of other phases.

1} Absolute permeability, covered in the preceding chapter, is a property of

2)

the rock and not of the fluid flowing through it. Absolute permeability
is measured with a fluid which saturates 100% of the pore space.

Effective permeability - Is the pemmeability of a flowing phase which
does not saturate 100% of the rock, e.q.

ko:._qg_“o_x 1

B/
kriru‘“ m;a
sz_q!dA_Eth 3.1%.}3}{_

The effective permeability is always less than the absolute value of k
for the rock.

The effective permeability of a fluid is a function of saturation. In

caplex porous media it is not a unique function of Sy and depends upon
the capillary structure of the rock and the wetting characteristics as

well as its saturation history, i.e the previous saturation.

Relative permeability - is the ratio of effective permeability to
‘ absclute permeability :

__kw _k "k
s R N ol S 3

A typical set of oil/water relative pemeability curves are shown on
the next page, together with the corresponding capillary pressure
relations. Both are plotted vs. water saturation to illustrate their
relationship.

Starting with a 100% water saturated core at point (1) the threshold
pressure must be exceeded before the non-wetting fluid (oil) can
displace the wetting phase fluid, water fram the matrix.

At higher displacement pressures increasing amounts of water are drained
from the core until at (2) the irreducible water saturation is reached.
At (2) the relative permeability to water becomes zero. Note that the
relative permeability to oil at point (2) can not reach 1.0 as the
irreducible water reduces the amount of pore volume to oil flow.
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When water is imbibed into the core which now contains oil and water,
the saturation of water increases up to the point (3), where the
residual oil saturation is reached. The relative permeability to

water can not reach a value of 1.0 because of the residual oil remain-
ing in the pores.

3) Mobility ratio

The rates of oil and water production in the transition zone are governed

by the viscosity ratio and effective pemeability ratios of the fluids.
Mobility ratio M, is defined as :

kwAAP
e W W, L Ry
Q9 ko AP ™
By Lo

J. Relative Permeabllity ~ Saturation Correlations

In spite of the wide variety of pore structure in reservoir rocks, prefer-
ential wettabilities between fluids and rock surfaces, and fluid properties,
normalized plots of relative-permeability (ko/kikg/kikw/k) against
saturation exhibit general similarities of form. It is, then, attractive
to attempt to fornmulate theoretical, semi-empirical, or purely empirical
relationships to assist in smoothing, extrapolating, extending (or even
dispensing with) experimental measurements of effective permeability.

This is particularly so since accurate, reliable, reproducible, experiment-
al measurements are lengthy and troublesame, and the more rapid experiment-—
al techniques show generally poor reproducibility. The accuracy of
approximate correlations may then be little worse than the accuracy of
routine measurements,

Pore Models

If a porous medium consisted of bundles of capillary tubes, then successive
increments of pressure would result in successively smaller capillary radii
being invaded and flushed. The incremental volume invaded at each pressure
increment would give the volume of capillary of the corresponding radius

-(%%Smm@- , and the result could be temmed a capillary size distribution.

The concept can be applied to porous media, but it should be remembered
that the result obtained is a relation between the volume controlled by
pore throatg of a particular size, and not the volume of pores of a
particular size.

Since the pore size distribution : saturation relation is governed by the
sizes of pore throats, and these will be the predaminant factor in determin-
ing the pressure drop in flow through the porous medium, it might be expect-
ed that there would be a strong relationship between pore size distribution
and pemeability. This is, in fact, generally the case, but since perme-
ability in particular depends on continuity of pore space, it is not always
possible to get an accurate estimate of permeability from capillary pressure
and derived pore size distribution data. Such correlations as do exist, may
give reasonable predictions of pemmeability for poorly to moderately
consolidated sands, i.e. systems of relatively hamogeneous pore structure,
where the effects of cementation and consolidation will not necessarily
affect the continuity of pore space.
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Highly consolidated dual porosity systeims may give very poor correlations of
pore structure and permeability, since in this case, it is the continuity of the
secondary porosity that controls permeability,

)
Pore Models for Permeability Prediction

Capillary tube models :
Poiseulles equation for flow through a single capillary is :

nr4AP

TR
Vel AP

8 1 L2

0

where V = vol, of capillary = n r2 1l

r is related to capillary pressure through :

_ 20008 @
r= Pc

Flow rate

Length of capillary
Fluid viscosity
Pressure gradient

%1: o
nononon

Considering the medium to consist of a bundle of tubes of randam radii, the
total flow is :

Q = {0 cos 6)2 AP Vi
21 L4 (Pci) 2

o]
and equating this to Darcy's equation :

KA AP

Q= L

the expression for permesbility results :

n

2 .
.o s 8) Vi
R =5 CERER
o

AlL= Vg = Bulk volume of the medium

Expressing the capillary volume as the incremental change in saturation with
capillary pressure, Vi = 5i @ VB' and introducing mmerical values for the
standard mercury capillary pressure data (pressures in psi) :

s= 1 ds
oy 2
s= 0 (Pc)

K =14,260 S
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In order to bring cbserved results into-reascnable agreement with calculated
results, a fudge factor must be introduced - the divergence is attributed either
to a longer path of travel than the nawinal, or to departure of shape fram the

idealized capillary tube model, and is texmed either a tortucsity or lithology
1factor

1

K=1m%ogxg ]
70 Pc
1 2
If the capillary pressure data are replotted as |=—— against saturation,

Pc
then the area under the curve gives the value of the integral. The value of A
is found to be about 0.2, but with a fairly wide variation between samples.
Equivalent methods for this model have been reported by other authors (Burdine,
Wyllie). '

The idealized pore models previocusly described, have their greatest application
in calculating relative permeabilities.

The drainage case is conceptually the simplest, and several simple idealized
flow models lead to acceptable smoothing relations.

The inbibition case is more difficult to model, and gives generally less
satisfactory results, but smoothing relations are not unacceptably inaccurate.

Correlations for Wetting Phase Permeabilities

. Drainage case

Krw = (8%)°
a = 4 (Corey model)
= 10/3
* SVV - SC
S T8
S¢ = irreducible wetting phase saturation. An alternative correlation is :
= 3 oF 3/2 A
Krw = Sw” Sw (Pirson model)
. Inbibition case
- x4
2
= ok -
) it = %) grainage = 2% qrainage

an alternative -correlation is :

KIW = SW4 J Sw*
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Correlations for Non-Wetting Phase Relative Permeability

. Drainage case

(1 - w9 (1 + 25%%)

Krw
or

Krraw (1 - 8sw*) (1 - Sw*d swh)i

Sw — Sc 2
[1_(1-Sc-3r):|

irreducible non-wetting phase saturation.

. Inhibition case

Krrw

Sr

n

Statistical Models

The assumption of lithological or tortuosity factors can be avoided by
statistical models based on concepts of probability of pore continuity.

Dividing the pore volume (and therefore the pore area of a large plane face)
into "n" equal classes, the porous medium is then considered to consist of two
such faces joined at random. Assuming that flow takes place only through
juxtaposed pore sequences, and that the smaller pore radius controls flow
through any sequence, the permeability can be shown to be equivalent to :

k- 223 [m2 + 3% + 5R3% 4 + (2n-1) an]
8n
where § = porosity (fraction)
n = no, of pore classes
Rl > R2 > R3 > Rn

The permeability is in sq. ams., and is converted to the usual units by :

8

1 sq. an. =~ 10" darcies

11

~ 10  millidarcies

Use of Calculated Permeability Data

In general, when cores are available, it is possible to get sufficient core
plugs of adequate size for permeabilities to be measured experimentally.
Occasionally it may happen that cores are too badly broken and irregular for
good samples to be cut, or that cores are not available, but drill cuttings

or sidewall samples of reascnable size may be useable to estimate pore size
distribution data which may then be used to estimate permeabilities not direct-
1y measurable,




RESERVOIR
DRIVE MECHANISMS

A. 0il Reservoirs

Oil can be recovered fram the pore spaces of a reservoir rock, only to the
extent that the volume originally occupied by the oil is invaded or
occupied in same way. There are several ways in which o0il can be displaced
and produced fram a reservoir, and these may be temmed mechanisms or
"drives". Where one replacement mechanism is daminant, the reservoir may
be said to be operating under a particular "driwve".

Possible sources of replacement for produced fluids are :

Expansion of undersaturated oil above the bubble point

Expansion of rock and of connate water

Expansion of gas released fram solution in the oil below
the bubble point

Invasion of the original oil bearing reservoir by the
expansion of the gas fram a free gas cap

Invasion of the original oil bearing reservoir by the
expansion of the water from an adjacent or
underiying agquifer.

Since all replaceuent processes are related to expansion mechanism, a
reduction in pressure in the original oil zone is essential. The pressure
drops may be small if gas caps and aquifers are large and permeable, and,
under favourable circumstances, pressures may stabilize at constant or
declining reservoir offtake rates.

The campressibilities of undersaturated oil, rock and connate water are so
small that pressures in undersaturated oil reservoirs will rapidly fall to
the bubble point if there is no agquifer to provide water drive. So these
expansion mechanisms are not usually considered separately, and the three
principal categories of reservoir are :

Solution gas drive (or depletion drive) reservoirs

Gas cap eXpansion drive reservoirs
Water drive resexrvoirs

Frequently two or all three mechanisms (together with rock and connate
water expansion) occur simultaneously.
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B.

Solution Gas Drive Reservoirs

If a reservoir at its bubble point is put on production, the pressure will
fall below the bubble point pressure and gas will came out of solution.
Initially this gas may be a disperse, discontinuous phase, but, in any
case, gas will be essentially immobile until same minimum saturation - the
equilibrium, or critical gas saturation, is attained.
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Fig. 6-1. Dissolved gas drive
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The actual order of values for critical saturation are in same doubt, but
there is considerable evidence to support the view that values may be

very low - in the order of 1% to 2% of the pore volume. Once the critical
gas saturation has been established gas will be mobile, and will flow under
whatever potential gradients may be established in the reservoir - towards
producing wells if the pressure gradient is daminant - segregating vertical-
ly if the gravitational gradient is daminant. Segregation will be affected
by vertical permeability variations in layers, but is known to occur even
under apparently unfavourable conditions.

Initially the gas-oil ratio of a well producing fram a closed reservoir
will equal solution GOR. At early times, as pressure declines and gas
comes out of solution, but cannot flow to producing wells, the producing
GOR will decline. When the critical gas saturation is established and if
the potential gradients permit, gas will flow towards producing wells.

The permeability to oil will be lower than at initial conditions, and there
will be a finite permeability to gas so that the producing gas oil ratio
will rise. As more gas cames out of solution, and gas saturations increase,
permeability to gas increases, permeability to oil diminishes and this
trend accelerates.

BBL




Ultimately, as reservoir pressure declines towards abandonment pressure, the
change in gas formation volume factor offsets the increasing gas to oil
mobility ratio and the gas oil ratio trend is reversed; i.e. although the
reservoir GOR may continue to increase, in terms of standard volumes, the
ratio standard cubic ft/stock tank barrel may decline.

In addition to the effect of gas on saturation of, and permeability to, oil,

the loss of gas from solution also increases the viscosity of the oil and

decrease the formation volume factor of the oil.

C. Gas Cap Expansion Drive Reservoirs

The general behaviour of gas drive reservoirs is similar to that of

solution gas drive reservoirs, except that the presence of free gas retards

the decline in pressure. By definition the oil must be saturated at the

gas oil contact, so that decline in pressure will cause the release of gas
fraom solution, but the rate of release of gas fram solution, and the build
up of gas saturation and of gas permeability, will be retarded. At higher

prevailing pressures, oil viscosities are lower, and provided that the free
gas phase can be controlled, and not produced directly fram producing wells,

better well productivities and lower producing gas oil ratios can be main-

tained.
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B. MAP VIEW
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Fig. 6-3. Gas cap drive reservoir.
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6-4. Production data-gas cap
drive reservoir.
(Courtesy API, Drilling
and Production Practices
- 1943)

Under residual conditions the stock tank oil left in place is So/Bg and
the smaller this factor the greater will be the o0il recovery.

Consequently the higher the pressure at abandorment, the greater the value

of By, and the smaller this term becames.

production required to pay for operating costs, and direct overheads - and

In addition abandorment of wells
and reservoirs depends primarily upon an "economic limit" - the rate of

an oil flow rate, which depends upon Ko/uo, which will be greater at any
given saturation (and so given K;) under pressure maintenance conditions due
to the lower oil viscosity than under depletion conditions.
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Water Drive Reservoirs

If a reservoir is underlain by, or is continuous with a large body of water
saturated rock (an aquifer) then reduction in pressure in the oil zone, will
cause a reduction in pressure in the aquifer. Although the campressibility
of water is small (+ 3 x 1070 psi 1) the total campressibility of an
aquifer includes the rock pore compressibility ts5x 10f6 psi _1) making

the total compressibility in the order of 8 x 10"6 psi _1. The apparent
canpressibility of an aquifer can be substantially greater if same accumul-
ation of hydrocarbons exist in small structural traps throughout the
aquifer.

An efficient water driven reservoir requires a large aquifer body with a
high degree of transmissivity allowing large volumes of water to move across
the oil-water contact in response to small pressure drops.

B MAP VIEW J Practices - 1943).

Fig. 6-5. Water drive reservoir.
m

This replacement mechanism has two particular characteristics - first
there must be pressure drops in order to have expansion, and secondly,

the aquifer response may lag substantially, particularly if transmissivity
deteriorates in the aquifer.

A water drive reservoir is then particularly rate sensitive, and so the
reservoir may behave almost as a depletion reservoir for a long period if
offtake rates are very high, or as an almost camplete pressure maintained
water drive reservoir if offtake rates are low, for the given aquifer.
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Because of the similarity in oil and water viscosities (for light oils at
normal depths) the displacement of oil by water is reasonably efficient,
and provided that localized channelling, fingering or coning of water

does not occur, water drive generally represents the most efficient of the
natural producing mechanisms for oil reservoirs.

As with gas cap drive reservoirs, the maintained pressures lead to lower
viscosities and higher Bp values at any given saturation, reducing the
saturation and minimizing the term Sp/Bp hence the stock tank oil left at
any given econamic limit.

While reservoir drive mechanisms may be classified into the three categories
we have discussed, most often two or more of these mechanisms 'act simulta-
necusly in a cambination drive.

B.MAP VIEW

Fig. 6-7. Canbination drive reservoir.

E. Discussion of recovery efficiency (including gravity segregation)

One mechanism, only briefly referred to, but which has an important role
in several aspects of reservoir behaviour is that of gravity segregation
the movement of phases countercurrent to each other, (generally of gas and
oil) under the influence of the gravitational potential gAp.

Considering the solution gas drive reservoir, the behaviour described
earlier assumes essentially that gas saturations build up uniformly
throughout the o0il zone without any saturation gradients in the vertical
direction. (Saturation gradients existing as a result of horizontal
pressure gradients, i.e. the pressure drops near the well bore).



Under these conditions the expected recovery efficiency will depend on the
econanic limit for wells and could be as low as 2% ~ 3% for low permeability
reservoirs with high viscosity, low gas oil ratio oils, and up to about 15%

or so for high pemeability reservoirs, normal GOR low viscosity oils, but
will rarely exceed this range.
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Fig. 6-8. Reservoir pressure trends Fig. 6-9. Reservoir gas-oil ratio

for reservoirs under trends for reservoirs under
variocus drives. (Courtesy various drives., (Courtesy
API, Drilling and Produc- API, Drilling and Produc—
tion Practices-1943). tion Practices - 1943).

If the vertical pemmeability to gas is non-zero however, there will be a
vertical camponent of gas flow, under the gravitational potential, and gas
will "segregate" in the reservoir, migrating to etructurally high positions,
with oil counterflowing dowrwards. This mechanism has two effects., Firstly
the oil saturation in the lower parts of the reservoir is maintained at a
value higher than the average oil saturation - so that permeability to oil
is higher, and permeability to gas lower than for the "pure" solution gas
drive case. The producing gas oil ratio is then lower than for solution gas
drive alone.

Secondly, the lower producing gas oil ratio involves smaller gross fluid
withdrawals than would otherwise be the case, so that the pressure decline
at any given o0il cumulative production will be smaller.

The segregated gas may form a secondary gas cap, and the later life of a
reservoir may then be similar to that of a primary gas cap drive reservoir.

Under these conditions the recovery efficiency will be higher if the
econanic limit is low - possibly very much higher and may approach or
even exceed the range 20% to 40% of oil in place.

Gravity drainage plays its greatest role in dual porosity systems with
great ocontrast where almost camplete segregation can take place in the
secondary porosity system, and the producing wells produce throughout at
solution gas-oil ratio., Gravity drainage is then the predaminant
mechanisms in draining oil to residual saturation in the secondary gas cap.
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The recovery efficiency of water drive reservoirs will be governed by an
econamic limit, the limit in this case being dictated by water handling problems.
Provided that water can be controlled reasonably, efficiencies of 30% to 40%
would be expected and sametimes under extremely favourable conditions recovery
efficiencies up to 50% might be achieved. (Ultimately, of course, calculating

a recovery efficiency depends on knowing the initial oil in place, and an
apparently high recovery factor might simply be the:result of under-estimating
oil in place).
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Flow through non fractured formations is approximately radial, at least for a
few hundred feet surrounding the well, therefore an idealized cylindrical model

may be used to calculate flow rates and describe pressure distribution with good
accuracy.

A. Namenclature and model for ideal cylindrical flow

- Cylindrical reservoir with the well at its center
Constant pressure source Pg, at the boundary

— Isotropic system - hamogenous porous medium

Well producing in open hole campletion (no casing)
Well producing fram total bed thickness, h.
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Fig. 7-1. Namenclature for ideal cylindrical flow.

The cross section perpendicular to flow at r is 2mrh,and the velocity
at this section is

Q‘__,/f‘low rate
mr

From Darcy's definition of pressure loss

dP

P = 2 dr (3)




or integrating (3)

|- 2%

S | \
if integrated if integrated
fran.r = ro, at r =, fram r =roatr=r
where P = P, and P = P, where P = Pa  and P =P
the result will be the rate equation the result will be the pressure distribution
IPe 0 re Pe e
p = - Q¥
L P R T
Ll Mw P r

2rnikh (Pa-P
% - % = m reﬁmw Pe = P QZn kR In re/r

introducing (4) in (5)

. _2n kh (Pa-P _p _ Pa-P
Q= ——I—s—fT—N)-P T el (5) P =Pq —TE—N—n ralre n re/p
RATE EQUATTON * PRESSURE DISTRIBUTION

The distribution of pressure vs. distance from the bore hole in the formation
is shown in figure 7-2. Note that most of the pressure loss occurs within a
few tens of feet from the well, and that pressure distribution is independent
of layer permeability.

At very high flow rates, flow near the well becames turbulent and pressure
gradients become higher than predicted by Darcy's equation (6) which is valid
only for laminar flow of slightly campressible (liquid) flow.

* Rate equation in practical oil field units :

7.08 kh (Pe - Py)

Q= T {re/Tw)

(4)

(6)
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Fig. 7-2. Pressure distribution is identical for different
permeability zones.
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B. Radius of drainage

In the ideal case where wells produce at equal rates fram a rectangular grid,
drainage boundaries are symetrical., Practically, flow close to the well is
radial but due to formation heterogenities and the influence of neighboring
wells this radial pattern becames distorted. The distortion of re has no
real physical significance, since it enters only as a logaritmic expression
either in the rate or in the pressure distribution.

Note in figure 7-4 how the drainage boundary becames shewed where well 2
is producing at twice the rate of well 1.
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Fig. 7-3. Radius of drainage and boundaries in a rectangular reservoir.

DRAINAGE BOUNDARY

PRESSURE

Fig. 7-4. Pressure distribution and drainage bourdaries for wells
producing at different rates.
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C.

For the purpose of making calculations with the Darcy radial flow* the
radius of drainage can be taken as a number between 800 and 1000 ft. or 1/2
the well spacing. Note from the following example that the influence of re

becames negligible once that re is a few hundred times Iy, the well bore
diameter :

n
1]

In (re/ry)
In (r/ry )

7.901 where ry is 4" and re
8.006 where ry is 4" and r,

900 ft.
1000 ft.

* The radius of drainage will be defined differently for the purpose of
well transient testing in a later chapter. '

Well pressure drawdown

For fluid to flow into the well, some difference in pressure must exist
between the fluid in the reservoir and the well bore. This is called the
drawdown pressure.

Drawdown = Pg - Pyr

Productivity index

Productivity index, J, is the ratio between production rate and total
pressure drawdown.

The well productivity index is expressed as stock tank barrels of liquid
per day per psi of drawdown pressure.

q .
= 2

Specific productivity index

The specific productivity index, Jg, is the licuid production rate (stock
tank barrels) per day per psi of drawdown pressure per foot of net pay
thickness.

q .
= . 3

Where the formation and fluid pai:‘ameters are known a formation productivity
index might be calculated using the Darcy equation (1) rearranged in the
fom :

J = q . _7.08 kh
Po ~ Puf n (ra/ry)

STB/D/psi (4)

This calculated productivity index corresponds to the undamaged formation
with no casing and the pressure distribution would be as shown in fig., 7-5
on the left,




In reality, the formation might be highly damaged as shown on the right.
A productivity index measured on this well would have a much lower value.

—| |-=— Skin damage

. Pe
. s X A
k A _ 708 Ko h
5t from wellbord Q = —2.908 oh 2p i Q= . rP
Y2 total pressure|drop p]n (re/rw) - [E H [St In e/ W]
3 & F Ap SKIN
a :
Pwr T
0 100 200 300 400 500 0 100 200 300 400 500
DISTANCE FROM WELL BORE IN FEET DISTANCE FROM WELL BORE IN FEET

Fig. 7-5. Pressure distribution with and without formation damage.

E. Formation damage

A high pressure loss in the immediate vicinity of the formation face may be
due to "well bore damage" caused by drilling processes. This damaged zone
is camonly referred to as "skin" and the pressure loss as Ap skin.

Pressure gradient

pj!'o(fion of_ flow

Clay materials swollen
after contact with fresh
water filtrate from drill-
ing mud.

Precipitates frem mixture
of foreign incompatible
water with reservoir
water,

Droplets of water held
spherical by surface ten-
sion clog pore channels.

Emulsions between drill-
ing mud filtrote and
reservoir oil clog pore
channels.

Drilling mud, cement or
ground particles of forma-
tion rock forced bock into
pore channels.

Fig. 7-6. Conditions causing formation damage.




Variations in permeability along the line of flow affects the pressure
repartition. The result of skin damage is a redistribution of the pressure
between Pe and Pyr as shown in figure 7-7 and a lower production rate.

Pressure distribution with skin damage

Pressure distribution without damage

Pressure

r, distance from borehole —
Ap skin

////,k1 damaged zone J,/”KO (undamaged)

e
LIS 2

Fig. 7-7. Pressure distribution in a damaged formation.

M
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FI

Formation improvement

G.

When the formation around the well has been altered by chemical treatment
or hydraulically fractured, a low pressure gradient extends through the
improved zone. This better pressure distribution between Pe and Pyr will
result in an increase in the rate Q.

Pregsure distribution - no improvement

Pressure distribution - improved zone

r, distance from borehole

Fig. 7-8. Pressure distribution through an improved formation.
e

Skin factor

In the flow equation, the degree of damage or improvement is expressed in
terms of a "skin factor", S, which is positive for a damaged formation
and negative for an improved one.

S can vary fram about -5 for a formation highly improved by hydraulic
fracturing to + for a well too damaged to produce.

The skin factor S, is entered in the denominator of the flow equation :

7.08 kh (Pe - Py)
s+In re/ry

Q=

The pressure drop across the skin is given by :

14,2 QB
BPgpin = —fF — S
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H, Skin damage in perforated campletions

The gun perforated casing carpletions, the lines of flow are distorted

from a simple radial pattern as they approach the well bore and converge
into the perforations.

Distortion from a radial flow pattern may be thought of as a "geametrical
skin" and can be positive or negative depending on the effici.

N . ency of the
perfor?tlng Job. (see chapter 7 - appendix for practical application and

Pressure distribution with damage

| et Py
‘ _— = st ——
- - g " pressure distribution

’ .

{
. *<,Pgssure distribution without damage, S
H V4
g o~
q

.\
N

1, distance from borehole —r-

» ilfen———

B —

1« ~

Fig. 7-9. Pressure distribution showing "perforating skin" damage -
uni-directional perforations.
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I. Inflow production relaticon - IPR

The inflow production relation shows the relation between well production
rate q, and bottam hole pressure over the entire range of Py fram zero to
Py. It is determined by producing the well at several different rates
(including zero) and measuring the corresponding bottam hole pressures.

The slope %% of the IPR curve is the productivity index.

A straight line extrapolation of measured data points to intercept with the
abscissa at Byf = 0 gives the zone open flow potential. This is the flow
rate that could be obtained if 1 atm is applied to the formation face.

If one were to plot the IPR curve using data points below the reservoir
fluid bubble point, a departure from a straight line would be noted., The
Darcy flow relation is linear only for non—canpressible (licquid) flow.

Pwf
Pwf

Bubble point pressure

Fermation potential

p
:
5
:
e

_BOTTOM HOLE FLOWING PRESSURE,

0 o
GROSS PRODUCTION RATE B / D GROSS PRODUCTION RATE B / D

Idealized IPR curve True IPR curve

Fig. 7-10. Idealized and true IPR curves.

W




J.

Evaluation of a formation treatment with IPR

A camparison of the IPR curve before and after a formation treatment is
a measure of effectiveness of the treatment.

The figure on the left shows an increase fram 500 to 700 B/D at the same

bottam hole pressure. Fommation improvement is indicated by a decrease
in slope after treatment,

——

:
"
:
g
:
8
:

BOTTOM HOLE FLOWING PRESSURE |, Pwi

7-11

GROSS PRODUCTION RATE B/D

Fig. 7-10. Idealized and true IPR curves.

‘The figure at the right illustrates a case in which the production rate
increase fram 400 to 550 B/D is not due to formation improvement but
possibly to same change in the flow string installation (better pump,
optimum tubing etc.) which resulted in a lower bottam hole pressure.
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K.

Camposite IPR of multi-zone campletion

When an IPR curve is measured in the traditional manner by gauging total
production rates into the surface tank while measuring the corresponding
bottam hole pressures in a stratified reservoir where differences in
permeability and/or formation pressure exist, a camposite IPR is obtained.

Q) +Qy+Qy
1

! ‘
\o.lmih M —An Pg = 1200 psi

skin loss
formation losses

X

Pg = 100 psi

e

INFLOW PERFORMANCE

Jfﬂctionmydmstatic head losses

Pg = 1500 psi

-
Production rate, bbl day

Fig. 7-12. Cauposite IPR for a Fig. 7-13. Electrical analogy of
stratified formation. composite inflow
performance.

It can be seen that when the bottam hole pressure is slowly lowered, the
highest pressure zone will hegin to produce first. As the pressure is
further reduced the remaining zones came into production. The production
rate for each zone always depends on the product of the drawdown and the

productivity index.

Individual zone flowing pressures are linked by the bore-hole and are affect-
ed by the hydrostatic and friction heads between the producing layers.

Individual zone flow rates and productivity indexes can be measured using
flowmeter and pressure gauge passing over the intervals while producing at
different surface rates.
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Cross flow between zones

When a well is shut in at the surface or by plugging above the producing
zones, an interflow will take place between the higher pressure and lower
pressure zones.

The interflow between two zones of different pressures may be calculated
graphically by plotting both IPR on the same grid after correcting for
differences in hydrostatic pressure due to elevation.

As fluid produced fram the higher pressure zone must equal the fluid
injected into the lower pressure zone, the bottom hole flowing pressure
will stabilize at level shown, found by extrapolating the low pressure
curve to the left of the ordinate axis and finding the pressure at which
the production fram A equals the injection into B,

injection into

)
production from A { With well shut in

—-7ONE B . :
Pwf “interflow

g
L}
2
g
-
T
o

L L
1000 : 2000 3000

Surface production rate, B[D

INJECTION -d-T-b PRODUCTION

Fig. 7-14. Cross flow between zones - well shut in.
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M.

Water cut vs. production rate

N,

If zone A is a high pressure water zone and B a lower pressure oil zone,
curves of water cut vs. gross production rate or water cut vs.

be delivered fram

P¢ Ay’
theIPRcurvesbycachﬂatingtheflmfrauAaﬁBat

various bottam hole pressures. This water cut vs. Pyg is shown on the right.

psi

%
:
T
o

url psi

B. H. Préss
g

g

Fig. 7-15.

060 7000 56 100
Surface production rate, B[D Water cut -

IPR and water cut curves.

Performmance of flowing oil wells

With the formation IPR, water cut, GOR behavior and fluid PVT properties

established, the

question arises whether or not the pressure drop along

the length of the tubing string will permit flow to the surface and if so,
at what rate will the well produce.

The pressure drop along the tubing string is the sum of the hydrostatic
and friction head losses produced by the flow components - of these two
the static head is the dominant term.

Gas evolving fram solution with the oil on reduction of pressure in the
tubing string plays an important role in lowering the average density of

the column.




7-15

The two (and often three) phase mixtures found in the production tubing are
characterized by several different flow regimes. The boundaries of these
regimes are samewhat arbitrary and subjective but have recognisable patterns.

Bubble Flow : In this case bubbles of gas slip through the oil the
gas phase is discontinuous, the licuid phase is continuous. Friction
losses are small, but overall enerqy losses may be large with the gas
doing little useful work on the oil while expanding.

Froth Flow/Slug Flow : At high velocities, or at higher gas oil
ratios, gas bubbles are dispersed across the pipe cross section inter-
fering to a degree where differential velocity between'phases is
minimal., Total energy losses are at a minimum., Froth flow is very
unstable with licuid films being continuously broken and reformed, and
it is possible to define a regime of slug flow where alternate slugs
of liquid, with some dispersed gas, and gas with same dispersed liquid
traverse the flow string.

Annular - Mist Flow : At lower pressures, high gas oil ratios and
high gas velocities, the gas phase will became the continuous phase,
with liquid distributed as an annular fiim, and as droplets in a mist.
It is possible to have gas velocities so high that the annular film
cannot exist, and the liquid phase is cawpletely atomized. This
subject is covered more rigorously in our Production Logging document-
ation.

/

K
"
FROTH FLOW ——tn TC ] /
Piratd A%
|

|
Dimensionless Liquid Velocity, Viiq [Plia/ge]

. g '
fLUG FLOVII ALUG FLOW - MIST FLOW
I .

s K i ® T g

1
Dimensiontess Gos Velocity, Ty [Pliq/go-] a

Fig. 7-16, Fluid configurations in various flow regimes.
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1} Pressure losses in the vertical string

Poettman and Carpenter took a semitheoretical approach to the problem
of calculating two phase pressure losses based on the energy equation.
The assumptions made in this analysis are that the kinetic energy
difference of the flowing fluid is negligible between the top and the
bottam of the tubing and that the external work done by the fluid can
also be neglected.

The irreversible energy losses Wg, are expressed as a friction factor
term :

_ 2 Ah
Wg = 4fv——-—2gD (9)

Using the above assumption the energy 'equation reduces to :

124 22 - 5+-‘-:<- (10)
Ah ()
in which K=fq2M2105 (11)
(7.413x10'°p°)

average mixture velocity over length Ah
tubing inside dlameter, feet

pressure drcp over interval Ah, psi
average fluld density over ah, lb/cu ft

liquid production rate {oil + water} stock tank
bbl/day

= total mass of gas associated with 1 bbl of
stock tank liquid, 1b

= dimentionless energy loss factor for two phase
flow - see chart below

Se and
O"’p\\
90( .
[
~

Thomas

Fig. 7-17. Chart to find energy loss factor, f.
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The vertical lift perfommance for a particular tubing size is developed
by dividing the tubing into suitable increments of length Hq, Hp, H3...
over which a pressure drop is calculated. Starting with an assumed bottom
hole flowing pressure, the IPR tells us how much oil gas and water the
formation will deliver, and with a knowledge of the fluids PYT properties
and GOR relation over this interval, the pressure at Hy is determined,

Choke (bean) Flowline
To

separators
and tank

le— Casing

s i

Y

]
ol
=
a
2
oy
R
oe &
£3
z
o
=5
LT
s 3
= a
=
5
B
@

—."a
..H,
— Hy
“HQ
_.h'.
—~H,
M,

NI T T T T T =
h’-

N
s
Ll

Production rate, bbl /day

Fig. 7-18. Vertical lift Fig., 7-19. Detemmination of
performance. optimum tubing size.
L .-~ “"— ]

The calculation is repeated as many times as necessary until the
pressure reaches 1 atm. A positive pressure at surface indicates that
the well will flow naturally.

A camplete tubing head pressure vs. production rate characteristic can

be obtained by repetition of the process at a sufficient mumber of bottom
hole pressures. Obviously, this method lends itself to machine comput-:
ation and it is a simple matter to optimize tubing diameter and length by
camparing a print ocut camputed for several different campletion strings.

Other investigators such as Gilbert toock different approaches to estimate
vertical lift losses. The results of these various studies are available
in the form of families of pressure distribution curves which can be used
together with the camposite IPR to find simple graphical solutions to the
overall perfomance of a flowing well.

These pressure distribution charts such as shown on the right hand page,
are availlable from Camco, Garrat, Brown and other suppliers of production

equipment.
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Fig. 7-20. Tubing flow pressure distribution tables.
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2) Choke performance

Before the production leaves the well head, it passes through an orifice
(often called a choke or bean) which serves to stabilize the optimuin or
desired rate against variations in flow line pressure.

-only
and is unaffected by fluctuations in the down stream pressure when flow
through the choke exceeds sonic velocity. This condition is generally met
when the upstream pressure is more than twice the downstream pressure.

Choke performance is given by the relation

Pthf = —_f—q (12)

where Pthf = tubing head pressure, psia

R = gas liquid ratio, mcf/B
q = grosgs ligquid rate, B/D
'S = choke size, 1/64 inches
C = constant of about 600

/-_eta:biliaed production ratel

Bean
Flowline performance
pressure

.
"
o
[
=]
wn
0
o
[+
o

Production rate, bbl /day

Fig. 7-21. Two possible production rates for a given
size of choke.

oo S

The performance of one or more choke sizes may be superimposed over the
flowing THP curve. The choke performance curve and the production rate
intersect at 2 points., The lower intersection being unstable, stabilized
production is at the higher rate.
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0.,

Simalators — the single well model

The reservoir and well can be considered as coupled elements of a camposite

system where the perfommance of either element interacts and affects the
overall system perfc_)nnance.

The system begins first, with the well and the characteristics of its
associated reservoir volume, since it is evident that no well can produce
more than the reservoir is able to deliver to the well.

Secondly, energy losses associated with the mass of produced fluids occur
in the vertical pipe string.

Finally, the production must be delivered through a stabilizing choke to
the surface facilities at a specified flow line pressure.

The performance of a well may be broken down into three separate elements
for analysis :

- inflow production relation - IPR
- vertical 1ift perfommance
- choke performance

An electrical analogy, illustrating the inter-relation of elements for the
case of a flowing well producing fram three zones, is shown below :

CHOKE PERTORMANCE

=

vertical 1ift losses - Poetiman and Carpenter

(¥} produced fluids, tubing
dia/length

VERTICAL LIFT

SKIN DAMAGE + GEOMETRIC DAMAGE

.007082 k¥ h (Pg =Pyf)

n[s+ In (ra/ny ]

/ U1l —— A

friction + hydrostatlc gradient g() PRODUCEDR FLULD
(acts as short circuiting bus ba

INFLOW PERFORMANCE

Fig. 7-22. Electrical analogy of a flowing well.
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Single well simulator

Fluld movement, fram the reservoir into the well-bore can be simulated by
a system set up so that each zone or each layer of each zone is represented

by a nuwber of cross-sectional slices in a two dimensional R-Z coordinate
system,

TrRODUCTHIN WELL

‘Fﬂrﬁtaﬂ

L.
M|
I..a-

il

SINGLE WELL MODEL SHOWING TYPICAL 2 OIMENSIONAL R -2
CO-ORDINATE SYSTEM

Fig. 7-23. Single well simulation radial grid.

The camplete well model must account for zone interaction and for the
pressure drop along the tubing and through the surface choke.

Single well simulators find numerous applications :
- To dptimize size of tubular goods
- Avert cross flow - between layers

- Coning studies

Interpretation of transient pressure behavior in bulld-up tests, curve
matching

History matching and prediction of reservoir pressure

Input well data to larger scale camplete reservoir simulators.
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Chapter 7 - Appendix
Productivity ratio

The productivity ratio Qp/Qq is the ratio of production from a cased and
perforated formation campared with the open hole production fram the same
conditions of pressure drawdown. Qp/Qo represents the efficiency of the
campletion.

Determination of Productivity Ratio

Figure 7-25 is a namograph for finding the productivity ratio from borehole and
perforation parameters. To use it, enter the nomograph from the’ upper left-hand
side. All the dimensions are in inches. As an example, assume a 12" perfor-
ation in a 6" diameter borehole. Enter the nomograph on the upper left-hand
commer where the perforation length is given as 12". This illustration follows
the dashed line. The line crosses to the diagonal corresponding to the
perforation diameter. One half inch is a reasonable approximation. The line
next bends dowrward to the inset determining the effect of the damaged zone.

If one assumes a 6" thick damage zone, one moves down to the 6" line, For a
damaged zone whose permeability is 4/10 that of the virgin zone, (kd/ky). one
measures, on the inset, the line off-set corresponding to this damage zone
permeability (make b'-c" equal to b-c). An assumption in constructing this
nomograph is that the perforation penetrates through the damaged zone. The
line-is continued downward to the next set of curves. These correspond to

the relative permeability of the crushed zone to the virgin formation, (ko/ky).

Cases are given for ke/ky from 0.1 to 1.0. Fram the intersection with 0.2,
cross the graph to the section corresponding to the nmuber of perforations
per foot. Assume 4 shots per ft. Fram this point, we go up the curves
incorporating the angular phasing. Assume 90 degrees phasing, so that from
there one crosses and reads the productivity ratio for this case as 0.885.

Damoged Zone Diameter

"T-——Opcn Hote Diameter

—@PePhase Angle

i-Crushed Zone Diamater

parforation
Diamater

Perforation Spacing
{Dependent on Shot Density)

Perforation Length

Fig. 7-24. Perforation gecmetry.
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Volumetric methods

Volumetric methods involve a determination of the bulk reservoir rock volume,

average porosity ard fluid saturations, from which the total reservoir hydro-
carbon volume is calculated.

Recoverable reserves are then estimated by application of a suitable recovery
factor and the formation/surface volume factor for the produced fluid.

Recoverable oil = ‘X8 X ]_gl-sw) X R.F.

where : V}, is the bulk reservoir volume
# is the fractional porosity
(1-Sy}is the hydrocarbon saturation
R.F.is the recovery factor
By is the formmation volume factor (oil)

A recovery factor is approximated considering

laboratory measurement of oil displacement in cores ~S-Q-§§913
type of displacement mechanism involved Q
correlation of sweep efficiency based on a

similar reservoir,

Reservoir estimates are needed at various stages of a project

1) Geophysical exploration stages

Sane order-of-magnitude estimate of the reserves which a structure might
contain is necessary to rank various projects probability of economic
success prior to making bids or possibly to relinquish undrilled acreage.

The first estimate is based on the volume of the structure detemmined
fram seismic maps supplemented by information on local geological trends
which may indicate the thickness of porous beds which may be encountered.

By applying the common range of rock parameters, porosity (7 to 30%),
water saturation (8 to 40%) and recovery factor (10 to 50%) a possible
range of reserves that the structure might contain is estimated.

2) Exploration stage

With the drilling of a discovery well the uncertainty of encountering
hydrocarbons is removed, and measured values for porosity and water
saturation becane available for the section of pay traversed.




Bl

3)

Assuming that well log data corroborate the prior seismic data, now only
the contour of the hydrocarbon/water contact (0.W.C.) is required to make
a reasonable estimate for this stage.

Field development stage

As new wells are drilled the volume and geametrical distribution of the
reservoir became even more accurately defined as well as the average
regervoir porosity and saturation values.

On the other hand, fluid withdrawals and injections into the reservoir
and the corresponding changes in fluid interfaces must be accounted for
as the inventory of reserves is continucusly upgraded.

Whether the accounting of hydrocarbon reserves is made by camputer as in
our "Field Studies" or manually, the procedures are the same in principle.
Obviously, the trend in reservoir studies is toward numerical simulation
on which not only the static inventory of reserves is kept, but which

can predict the future behaviour of a field.

Calculation of the reserve

The gross reservoir rock volume enclosed by the structure above the
hydrocarbon/water contact is calculated in the following steps :

1) A net sand isopach map, giving the contours of ecqual thickness of pay

with the water contact assigned zero elevation contour is the most
convenient basis for rock volume calculations.

DEPTHS SUB SEA
3980
3990

4000

4010

¥ o l
A \?\\':A
4020 2E0S 3v {1(10"~E Q“s «s<i¥*| 1\' k

4030 A s .* a0 “‘-( tr‘OII. WATER

4040

A

ISOPACHEOUS MAP - NET THICKNESS OF PAY - ABOVE OIL/WATER CONTACT

Fig.8-1. Isopacheous map - Net thickness of pay - above oil/
water contact
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2) The area within each contour is determined by planimetering, and a plot
prepared of area contained in each contour vs. depth,

Fig., 8-2. Plot of depth vs. area contained within each contour.

3) The gross rock volume is A dh which may be found by planimetering
again or by application of a numerical integration rule. In the
Schlumberger field studies approach the volumetric reservoir
distribution is calculated numerically and plotted by machine as
isopach and isovolume maps.

- Pyramidal formila AV = 2 By Aq + Afn

- Trapezoidal formula AVy = %

Ay + Anig
_h
Vo =7 Bt By Dl g R F XA

Uncertainty in reservoir estimates (Volumetric method)

At an early stage in reservoir planning it is necessary to consider how
departures from the available "best estimates" of the essential reservoir
parameters will affect the viability of the project if the reserves are
significantly greater or smaller than the "central estimate”.

Monte Carlo method :

As the reserve is calculated from :

_3h § (1-§) R.F.
BO

n n = volumne of the reserve
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there will be an uncertainty in the accuracy of early contour maps, fluid
interface locations and distribution of porosity, saturation and recovery
factor variations throughout the reservoir. '

If all the variables entering the equation are independent from each other,
then the random distribution for each variable considering the most likely
value and the probability distribution of the recoverable oil are generated,

It will be frequently true that all variables will not be independent. #, h
and Sy are highly correlated.

Water saturation and porosity may be broadly related, higher water '
saturations tending to occur in lower porosity, lower permeability inter-
vals, and in thinner intervals a transition zone may affect the water
saturation, while thicker intervals may develop better average porosities.

When this saturation occurs, one of the variables must be designated as the
independent variable and must be selected first. The randam variable so
chosen will then define a limited range of values of the dependent variable.

e.g. Choose f§

If § > 0.18 then 0.10 € S, Z 0.22
If § < 0.18 then 0.22 2 8, 2 0.40
Obviously this method reguires digital computation, but standard library
programmes are available,

An alternative method better suited to desk calculation, makes use of a
mawber of values of each variable - 3 or 5 values to represent the prob-
ability distribution, e.q.

1) A very optimistic value (say
2) An optimistic value ("

0.1 chance of yielding a low value)

0 n [1] [1] n [1]
3) Most likely value (" o

0

0

)
)
L " |1} 1] " )
)

4) A pessimistic value ("

1
3
5 L1 n w [1] "n
8
5) A very pessimistic value( " 9

n " n " n
-

All corbinations of two parameters (say h and ) are camputed, (giving 25
products), and these are reduced to 5 by averaging successive groups of 5,
The next parameter is then cambined to yield a new suite of 25 values which
are again reduced to 5. The process is repeated until all parameters are
introduced, and a final range of 5 values, ranging fram very pessimistic
through the most likely to a very optimistic value, are then obtained.

These methods give a very much clearer idea of the possible spread of
results, and divert attention fram the potentially misleading "most likely"
value, to other possibilities.
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D. TField Integrated log analysis and reservoir mapping services

Schlumberger integrated log analysis and reservoir mapping service is a
camputerized method of handling log data on a field-wide basis. It has
two main aims : '

1.- To compare new recorded log data agéinst established field nomms in
order to detect and correct (normalize) the data before it is
asgimilated. This is a quality control process.

2.~ To machine compute and map reservoll parameters established £
log data including the net hydrocarbons in place. :

A computer plotted structural contour map is shown on the next page,
superimposed over a posted map or grid used to establish the contours.

General procedure :

1.- Establish a field grid and enter the location of wells drilled on
the grid. (A one km pattern is comon in the Middle East).

2.- Enter the normalized numerical values for the parameter of interest
(depth of top of the reservoir in the case illustrated) for each
well.

3.- The camputer establishes values at each grid node by interpolation
and extrapolation of data from all of the wells gridded.

4.- The camputer plots contours, interpolating between the values on the
posted map. _
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Fig. 8-3. Structural -contour map superimposed over the posted map used.
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1) Nommalization of log data (Field Integrated Log Analysis)

Histograms* and cross plots for the formation under study obtained fram
each new well logged are compared with data established in "key wells" on
which the standard plot profiles have been established by extensive
camparison of log, core and well test data.

This camparison has two purposes, first as a log quality control and a
means of recalibrating the log data if necessary, and secondly to re-
cognize anomalous data trends due to time geological differences in a
new well.

Fig. 8-4. Py, A¢ and [JN histograms on three field wells.

* A histogram plots the occurance of the same value of a parameter,
Tt is an established method in the industry for camparison of core data.




2)

3)
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Transform relations between log obtained porosity and permeability which
have been modified for agreement of key well log, core and flow data are
applied to the new well and a CPT is made giving normalized lithology,

hydrocarbon type, fluid saturations, porosity and pemmeability for each
6" interval logged.

Reservoir Geametry and Mapping Services

For each interval the values of f§, k, and Sy are averaged for each well,

A lumped value for the same parameters but with appropriate limit and
cutoff values applied is established by the camputer for each grid
coordinate and printed out. :

Contour maps are derived by the computer by following and interpolating
between points of egual value on the gridded data.

- structural map

~ isopach map (gross thickness)

isopach map (net pay with porosity cutoff)

— iso-porosity map (with porosity cutoff) .

- iso-pemveability map (with porosity and water saturation cutoff)

- iso net pay x porosity map (with porosity cutoff)

- 1s0 net pay x permeability map (with porosity and water
saturation cutoff) '

- is0 net pay x porosity x hydrocarbon saturation map

~ each wall - each well
- evory 6" - each interval

LOG DATA LITHOLOGY POSTED
) averaging | a RESERVOIR
0RE DATA | PETROPHYSICAL § v IHTEREOLATION B0 o

[CLOCHEMIC- MODEL CONTOUR
L AALYS- | Ry ALK Ave (T RTEIRE) ) uars

18 g Sy Ave GRID
RELAT |IONSHIP ﬁ?DROCAR- RESERVE
T BON TYRE CALCULATION

Limits
fut~offs

POSTED MARS
CROSS SEC

TRANSFORM LUMPING XRIGEPACK
DEVELOPMENT

SEISMIC
GEOLOGY
PROD, TESTE

Fig. 8-5. Integrated log analysis and Reservoir gecmetry flow diagram
AR TR

Monitoring fluid interfaces changes

To keep the reserves inventory up-to—date, a periodic monitoring of

fluid interfaces, expansion of a gas cap or oil/water contact movement

is required. In the past, uncased or plastic cased cbservation wells
were used in the Middle¢ East to monitor the above using resistivity tools.
With the addition of TDT and GST tools, monitoring through casing is
becaning standard practice.
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E.

The trend in reservolir studies is_toward more camplete numerical
simulators which not only keep track of the inventory of reserves but can

simulate dynamic reservoir behaviour of a field in response to potential
gradients.

Reservoir estimates - material balance methods

As oil and gas are produced with an attendant decline in average reservoir
pressure, influx of water and the expansion of the gas cap and reservoir
liquids tend to offset these pressure changes.

The material balance relates the volumes of fluids withdrawn, injected and
encroached and the corresponding pressures.

1) Material balance in gas reservoirs

Take a system of hydrocarbon filled volume V

ie. V =V, (1-5) @
Vp = bulk rock volume

If this is filled with gas uder the conditions

average pressure 2
average temperature T
average deviation factor Zj

then the reservoir volume of gas referred to standard conditions (Por To
7 = 1} is given by the equation :

GP, BV

or ‘
) B,V T
¢ T T B

where G is the volume at standard conditions of the gas volume V contain—

ed in the reservoir.

At any subsequent time when the reservoir pressure has dropped, due to
production of gas, to same value "P" (t) the contents at this time are

given by :
P(t) VT,

¢ &= T T,
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and the cumlative pmductionc;p = G - G(t) _VTo [Ej_-_P(t)]

TP, |%Z; Z(p)
_VToPi P 24
G(p)'?ﬁ%_z'i‘ [1'552_

N

G-oonstantx%

This is the equation of a straight line with cumulative production and
P/Z as the variables, and with the initial gas in place as the intercept.
Consequently a plot of cumlative production against P/7 extrapolated to
P/Z = 0 yields the value of gas initially in place.

Altematively, given values of P, Z and cumlative production at any time,
the equation can simply be solved by substitution of values.

This equation will be valid only if there is no influx of water into the
reservoir, with the decline in reservoir pressure, If decline in
reservoir pressure induces a water encroachement then some part of the
originally hydrocarbon filled volume will be occupied by the water, which
has encroached.

N with water influx

N end point
without influx ™\

N

N\ Gp

e

N\ pletion
\q‘\‘lplﬁrr

N

l
t
I

Gas Produced

Gas producad - gas trapped

Fig, 8-6, Estimating initial Fig. 8-7. Effect of production rate
gas in place. on recovery with water
influe
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For the case with water influx

VTo |Pg p| | We
GG(t) =Glp) == I|lz=~-= =}
P) T P, [ ] +

Z T Pg
P T,

V ToPj p Py We
G = 75,7, [1 “TE| TE,

p 2i] . Ve
=G 1-% 51+
[ Z Pi] Bg

The extrapolation of the line Gp against P/Z leads to an intercept
at P/Z = 0 of

sinceBg =

G+ 2o
G By
The gas in place will then be overestimated if the existence of water
influx is undetected. (In fact, because of the higher abandorment press-
ure or reservoirs subject to water drive, the recoverable gas may be very
substantially overestimated by this depletion analysis of water drive gas
reservoirs). The residual gas saturation with water encroachment can be
as high as 50% of the original gas saturation, and since the water influx
tends to maintain reservoir pressure, the gas trapped may be at a
relatively high pressure. The earlier figure shows the characteristic
P/Z : cumulative plot.

For a gas reservoir with water drive, this terminates at an end point
determined by the rate of gas offtake, relative to the rate of water
encroachment. For a non—fractured hamogeneous type reservoir subject to
water influx, there is a potential advantage in rapid depletion of the
gas reserve, since water influx is a time dependent function. Exploit-
ation of the reserve by hich rates of production, reduces reservoir
pressures and brings the reservoir performance characteristic closer to
that of a depletion system.

For fractured gas reservoirs (or any dual porosity type system) , this
beneficial effect of high rate withdrawals may not occur, since rapid
advance of water through the high permeability system may lead to
watering out of production wells at an early stage.
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2) Generalized material balance relation for oil reservoirs

COMBINATION DRIVE
VOLUMETRIC BALANCE

ORIGINAL OWC

Fig, 8-8. Camwbination drive reservoir illustrating volumetric

balance method,
m

When hydrocarbons are produced fram the reservoir, the attendant pressure
drop causes the remaining fluids to expand and water to encroach,
campensating for the removed volume.

The generalized material balance relation below equates the volumes of

oil, water and gas removed with expansion of the oil, free gas, and
encroached water.

OIL ZONE + GAS CAP +WHI'ER _| CUMULATIVE + CUMULATIVE + PRODUCTICN
EXPANSTON EXPANSION | | INFLUX | |OIL PRODUCTION GAS PRODUCTION] |WATER PROD.

+We = N, B + Ny(RyRg;)  + B, W

By, Gas formation volume factor

By, 0il formation volume factor

By, Total (two-phase) formation volume factor Bg= [Bo"' (Rsi—Rs)Bg]
B,s Water formation volume factor

m , Ratio of initial reservoir free gas volume to initial
reservoir oil volume

N , Initial oil in place
Np, Cumilative oil produced
Rp, Producting gas-oil ratio
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Rg, Solution gas-oil ratio

We, Cumulative water encroached

Wy, Cumulative water produced
i, Initial

Assmptlons generally made are that the volume factors for solution gas
and free gas fram the cap are identical and that there is negligible
release of gas fram the produced water.

Terms for rock compressibility and connate water saturation will rarely
be significant for gas or oil reservoirs with a gas cap. Terms for
compressibility of rock pore volume may be included for oil reservoirs
above the bubble point, where no free gas is present.

The equation can be solved for N, the oil in place, where the terms
which include m, ratio of gas cap to oil volume, and Wg, the water
influx can be determined independently or assumed to be zero.

oo o 3] - e n

N =-£
Bti

bbls

Where there is no water influx or gas cap the corresponding terms are
eliminated simplifying the equation for a dissolved gas drive to :

N [Be + 5 - Rep) 3] e

Bt"Bti

N =

For a gas cap drive where there is no water influx the material balance
equation is :

wp o + - raw)mg) + B

m Bti
ByByy + By (Bg ~ Bgi)

bbls

As for a water drive where there is no gas cap :

. N, [Bt + (Ry = Rsi)Bg] - (g - B, W) _—
Bt = By
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a) Discussion of the accuracy of results

Pressure enters the material balance calculations as differences
in the initial and present values of By-Byj, Rgi-Rg and Bg~Bgj -

Accuracy of results depends heavily on the quality of fluid PCT,
production and pressure data. Average reservoir pressure and
pressure dependent PVT data B and R values must be accurately known
to assure reliable results. It is not sufficient to use generalized
correlations in place of PCT laboratory measurements on represent-
ative fluid samples - preferably taken with a PST type bottom hole
sanipler,

The material balance method of reservoir analysis beccmes possible
only after sufficient oil has been produced causing a significant
drop in reservoir pressure.

Calculations improve in accuracy at later times in reservoir
history when 5% or more of the oil has beenh produced and the value
of the By-Byy term becames large.
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@) Schilthuis steady state

t
W = k f (P;-P)at
o

—— =k (P4~P)

3

b) Hurst modified steady state SAND-FILLED PIPE
AQUIFER RESERVOIR

PRODUCTION

%‘P ~P}
We = ¢C "'1%'5”&%5 Hydraulic analog of steady-state water
influx into a reservoir.
o]

d We fo] (Pi—P)

& - Tog &t | B BEE
"""""" - [z B
¢) Van Everdingen and e x=
Hurst unsteady state 4 P B P -:T;
. 2 F:
t ' P
TRl R N Il
where : «— AQUIFER  RESERVOIR
We =water encroachement Hydraulic analog of unsteady state water
an . influx into a reservoir. |
¢ _ rate of water
dt encroachemnt
1 | I ] I 1 1
P = boundary pressure p— 1=0:TIME
B,c,k = water influx w
constants 3
P4-P = pressure drop, i
psi a

Q(tp) = dimensionless
water influx

RESERVOIR

RADIUS ——

Pressure distribution in an acquifer at
geveral time periods,for a constant rate of
water influx across a circumference of
radius Yy.

Fig. 89. Water influx models.

M
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b) Water influx

In contrast to the effects of water drive in gas reservoirs, the
effect of water drive in an oil reservoir is to improve recovery.

Although same pressure drop is necessary in order to generate water
influx, in a small accumlation subject to a very active water drive,
the situation may arise where the water influx approaches the total
of the offtake temms, and the material balance then becomes
indeterminate as

N =~ o=

The extent that an aquifer can contribute driving energy depends on
the degree of transmissivity between agquifer and reservoir and the
size and nature of the aquifer. Many reservoirs overlay or are
connected to aquifers along part or all of their perifery and
comnectivity can vary between virtually infinite and negligible.

An aquifer may be large as to act as an infinite source or be small
and enclosed by impermeable boundaries.

Values for encroachment We, and rate of encroachment dWe/dt are
necessary for prediction of reservoir performance. One of the
water influx models shown in simplified form in figure 8-9 are
used together with history matching studies to f£ind the most
suitable expression.
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WELL TESTING &
PRESSURE TRANSIENT
ANALYSIS '

The magnitude of capital outlay needed for permanent offshore facilities
requires that the number of wells to be drilled, well spacing, location of
@rilling and production platforms be established at the earliest stage in field
development. :

Flowing tests are essential to verify productive capacity, determine gross
reservoir parameters and reservoir limits as accurately as possible and they
yield representative samples of the liquid hydrocarbons, gas and formation
waters needed, for the design of process facilities,

A. The DST (Drill stem test)

The DST or drill stem test is essentially a controlled blowout in which a
limited amount of reservoir fluid is produced into the drill pipe ugh
a DST tocl, A DST is generally run in open hole to help determine the
possibility of commercial production prior to a permanent campletion of
the well, |

|

The DST tool conslsts of a packer to isclate the formation fram the
colum, a test valve which can be opened and closed by manipulating
pipes, a reverse circulating sub which allows the produced fluids to k
circulated out prior to pulling out, and a downhole clock-driven press)

ure
recording device. a
One hour of a strong blow will yield good test results. Several hours
are needed in marginal cases but the usual practice is to try to flow

all tests to the surface. The effluent is routed to a flare or burning
pit.




Shown below. are the typical DST tool strings used for different types of
open hole tests. The .double packer straddle tool tests zones between the
packers while the single packer type tests formations below the packer.

|

UPPER BODY-
EXPAND SHOE PRESBUAE EQUALIZER " Larrs restwa Packen
PACKER ASSEMBLY PAESSURE €QUALIZER

s IMPACT REVEASE SUS
HA PAGKER ABSEMBLY

ANCHOR PIPE

3
TUsING SANETY JOINT - A
fusuee 2%
AFE f
: FLUSH JOINT ANGC M

OUAL CLOSED W
I PRESSURE VALVE INTERVAL

TesTen l PLUSH JOINT ANGHOR
) ) JJesrep § | TESTED
O~ REVENSE CIRCULATION PORTS :;&’;’;’D::""“"“" HTERVAL Eenms EQUALIZING TUBE (NTERVAL :

lten 8T PRESAUAE HECORDE " T e COLLAR
HANDLING SUB & (BLANKED OFF) . le—&1 PRESBURE RECORDER T——'ﬁ[
" GHOKE ABSEMBY (OPTIONAL) . - 1BLANKED OFF) ]
N PERFORATED TAILPIPE

NA PAGHER ASSEMELY I

HYDRAGSPAING TEATER

{bl OPEN HOLE SINGLE PACKER TEST ' i !

P
BY-PASS PORTS : 6T PRESSUAE AECOROER
P {BLANKED OFF)
pr
BY PREASUAE RECOADEA T FLUSH JOINT ANGHOR +1-800 TEWPERATURE
1AR TYPE) ) RECDADER

BIG JOHN HYDRAULIC JAR

bt BY PRESSUAE AECOADER *PLUG BACK DERTH
VR BAFETY JOINT IBLAMNED OFFY

s =i BY-PASS PORTS |t HOOX WALL PACKER TEST
{t}) OPEN HOLE STRADDLE PACKER TEST

% TOOLS USED ON ALL THREE TYPE TESTS-

Fig. 9-1. Typical DST tools used for three types of tests. Upper
assarbly (left) is similar on all three test types.
After Edwards and Shryock - Courtesy Petroleum Engineer.

M
A surface operated test valve allows several cycles of flow and shut in.

The analysis of DST pressure data is similar to, and will be discussed
together with, transient pressure analysis.
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+— PRESSURE
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TIME —»

Fig. 9~2. Schematic of a DST chart :
(1) going into hole: (2) initial
flow period: (3) initial shut-in—
period: (5) final shut-in period:
and (6) caming out of hole
Pinm=initial hydrostatic mud
pressure: Pi =initial fiowing
pressure in E.rst flow period:

 Pggq=final flowing pressure in
first flow period:Pygq =
initial shut-in-pressure:
Pifp=initial flowing pressure
in second flow period:
Pgro= final flowing pressure
in second flow period: Pgg;=
final shut-in-pressure: a.né
Pfyn=final hydrostatic mud
pressure
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FLOWRATE, g, STE/D °

S 88 -H2 IS8
TIME, t, MIN

il

tz ta ts 1s
TIME, t, MIN

2
£
&
&
%
w
=
[*]
T
3
=
-
Q
]

Fig. 9-3. Example of a three-cycle

drillstem test. After

McAlister,Nutter and Lebourg
b ]

Although other information may be cbtained from a DST, the primary aims are

- A representative sample of fluid

- To establish comercial flow capacity prior to campletion
= Accurate measurement of reservoir pressure
- To obtain some information on formation continuity where permeability

is not toc high.
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B.

LIT (long tewm production test) of Gil wells

The LTT, or long texmm production test, is carried out after the well has

been permanently completed with its final casing or liner (if any). The

prlgduction-packer, tubing, safety valve ar storm choke, and well head are
all in place.

The production facilities may be permanent or temporary, but must have the
capacity to separate and handle the full well flow. The produced oil is
generally not burnt, but, i1f facilities to handle the associated gas are
not adequate, the latter may be flared,

The practice is to monitor the bottom hole pressure with a subsurface
pressure gage (surface reading Hewlett-Packard. for high productivity wells

where possible) along with continuous monitoring of the oil and gas flow
rates.

Qil flow rai-eé are measured by :

~ orifice meter readings
- positive displacement meter readings
- tank level dips

Gas flow rates will generally be measured by orifice metering.

Test objectives :

. = Detemmine exact nature of produced fluids.
. PVT tests to be performed on recarbined samples

- Define well productivity

.. IPR curve for oil wells

. Deliverability curve and open flow potential for gas wells
- Evaluate characteristics of the producing fommation

. Static formation pressure

. Formation flow capacity (kh)
-~ Evaluate formation damage

. Determine if acidizing or other treatment is needed

. Control results of the treatment operation

Test procedure for highly productive cil wells :

- Cleaning up period - a few to 24 hours
~ Initial shut in period - twice clean up period

Flowing period - 1 to several days
- Final shut in period - same duration as flow period.
Where the well IPR is to be determined a miltiple flow rate test must be

made. In this case each flowing period should be long enough to reach
"steady" conditions with respect to the well bore.
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The IPR was discussed in the previcus chapterandbuildupwillbecovered
in transient test analysis.

BOTTOM HOLE
F:RESSUHE
4

¥ L 5 7 [}
clean up| nitial shut-in flowing period final shut-in

> L

>

FLOW RATE
F'y

Fig. 9-4. Idealized diagrams of flow and pressure during an
oil well test,

Fig. 9-5. Results of a mltiple rate test are presented as a plot
of Pyf vs. gross licquid production rate.
m
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C. Testing procedures for high capacity gas wells :

Gas wells with an open flow potential of over 50 MMCFD are classified as high
productivity wells. For these wells the back pressure tést is the standard
means of evaluating the productive capacity. ’

‘The well is usually cleaned up for a few to 24 hours and closed in for an
equal period prior to testing,

In the back pressure test, bottam hole pressures and the corresponding
surface flow rates are measured during a series of four different flow
periods. The flow rate is increased in steps of equal time duration without
shutting the well in between. Each flow period is about 4-8 hours duration,
the time needed for stabilization often taken when the tubing head pressure

variation is less than 2 psi/hour. The final shut in period is usually
between 12 and 24 hours,

BOTTOM HOLE
F:HESSURE
4

( ‘

Pwid
clean -up| . initial shut-in ; final shut-in

Lo

GAS
FLOW RATE

Fig. 9-6. Pressure and flow diagrams of a gas well back
pressure test.

W
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Therasultsofabadcpcressuretestampresmtedasaphtofsuface
production rate vs. P2 ~ P2 on a log - log grid (as shown below) .
OQenflwpotentialisfomﬂbyextrapolationofﬂ:eperfomamelineton
theflmratemichvmldocmmwhenpwf-o

FindingPsisnadebyanalysisofthepressuxemmmereandiscwered
later in this chapter.

{ l'lll ~!‘!'l-!¥'-16i:t

OPEN FI.QW POTENTIAI. OF A GAS EI.I.
-DETERMINED FROM A BACK PRESSU 'I'EST—~

mllllm—k R W ; 2 T
L Choke Q Botton Ho].c Pws Puf —
inches gt Pressure-psi psi-squared * -
Shut in ‘o 3000 - i
28/64 1.0 X 10 2898 6 x10°
36/64 1.6X 10 2740 . 1.5 x 10°
48/64 23X 10 2450 1.0 x 10°

Opew flov 4.0 X 10 0 9.0 X 10°

bed -~ " G_H.‘-

PR X LT LI

b

J SUPU Bl Y

3 4567.106 k 4567.107

Surface Production Rate - SCF[Day

Fig. 9-7. Plot showing results of a gas well back pressure test.
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Isochronal test procedures :

For gas wells where the stabilization time would be too long to use ‘the back
pressure test, an isochronal test technique may be used.

The modified isochromal test consists of flowing the well at four different

rates for periods of equal duration. Between two flowing periods the well is
shut in for a time equal to the test time, '

The last flow period is exterdled until stabilized conditions 1 psi/hr tubing
head pressure charge are reached; then the well is shut in for an extended
build up period of one to three days.

BOTTOM HOLE
PRESSURE

—

&

Stabilized
Howing

pressure

clean-up| initial shutin ' final shutsin

L)

GAS
ELOW RATE

extended flow
G4

Fig. 9-8. Pressure and flow dlagrams of a modified isochronal test of
a gas well.
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The data, Q vs. P2 ~ P%¢ taken after 1/4 hr, 1/2 hr, 1 hr, 2 hrs etc.,
are plotted on log-log paper for each flow rate. On the extended test
a point is plotted for stabilized flow near the end of the extended .
flow periocd.

Lines connecting data points for 1/4 hr, 1/2 hr and 5 hrs will be
parallel but have a slope related to the productive capacity. A line
of this slope passed through the final extended flow data point can

be extrapolated to P2 - P2, (when Pye= 0) yielding the open flow
potential.

®
L
T
L]
L]
L]
3

SLOPE = 1 /n

L L L1 a1

S 4 5 86789
10%

FLOW RATE, q, STB/D

Fig. 9=10. Plot showing results of modified isochronal
test data.
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D. PRET - The wireline formation tester

Our Repeat Formation Tester is a wireline tool to measure formation pressures and
to obtain formation fluid samples in the uncased well prior to campletion. Two
fluid samples of 1 or 2-3/4 gallons (up to 12 gallons for the second sample) plus
any mmber of formation pressures are obtained per trip in the well.

The RFT has much in cawmon with the DST however it must be kept in mind that the
DST sample is larger and tests a zone while the RET is essentially a point
measurement. Where invasion fram drilling fluids is severe and the mobility

ratio ( ﬁ%‘ﬁ;f ) favors filtrate movement, the RFT sample will be highly cont~

aminated. On the other hand, the strength of the RFT is that pressures at a
great nurber of points in the formation can be detemined accurately, reliably,and
safely at comparatively moderate cost.

Information obtained from pressure data :

- Determination of reservoir pressures

- Identification of formation fluids by establishing pressure gradients

- Location of gas/oil and oil/water contacts informations traversed by the
bore hole

- Extrapolation of gradients to deduce fluid interfaces remote from the bore
hole (in discovery or exploration wells before the original pressure
distribution is disturbed by productiocn) .

- Identify producing units in partially depleted reservoirs

- Estimate gas/oil or oil/water contacts or discontinuities between wells

- Pemmeability indications.

The applications of RFT are discussed in more detail in the Appendix, Chapter
1.

After setting the packer, formation pressure is drawn down by with-
drawing a small amount of formation fluid into a pretest chartber

FLOW LINE —= PRESSURE {actually 2 charbers of 10 cc each.)

~” GAUGE
4 As the amount of fluid removed is smwall, the time required for a mean~

ﬁ K : ingful build wp in formations of comrercial interest is 15 minutes or
less.
EQUALIZING

VALVE Accuracy of the surface recorded presswes 1S in the order of 18%

Y0 MUD 0'. with a practical resolution of 2 psi.
COLUMN]

PRETEST CHANBERS The tool also carries two sampling chambers of 10 liters each that
can be opened to take fluid samples immediately following a pretest
build w. The two chambers may be used to sample different formations
or cpened in sequence to take a segregated sample fram cne formation.

SEAL VALVE SEAL VALVE
{T0 LOWER {TO UPPER
SAMPLE SAMPLE
CHAMBER) CHAMBER)

Fig. 9-11. Schematic diagram and tool functioning.
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E. Transient test techniques and analysis

Any step change in the production rate of a well causes a pressure disturb-
ance to be propagated radially outward in the formation at a rate determined

by the hydraulic diffusivity, Eka » of the formation and fluid and is
independent of the magnitude of the change causing the disturbance.
The phenamenon is analogous to the observation that the velocity of ripples

caused by throwing a pebble into a pond is independent of the size of the
stone.

Fig. 9-12. Propagation of waves in a pond is analogous to
propagation of a pressure wave through formation.

An analysis of the pressure changes in the well during the transient
period can yield information on the properties of the reservoir at scme
distance fram the wellbore. Transient pressure analysis of DST, LTT and
RFT data may be analysed to find :

- permeability of gross reservoir, k, or
- reservoir heterogenities (faults, pinchouts)
- static reservoir pressure
- formation damage or skin.
Two types of pressure transient tests are used :

1) Pressure drawdown test

After the well has been shut in for a long enough period to establish
static pressure conditions, the well is opened and produced at a
steady rate while the pressure fall off is observed with a bottam hole
gauge.

2) Pressure build-up test

After flowing the well long enough to establish quasi-steady state
conditions, the well is closed in while the pressure build-up is
Observed with a bottam hole gauge.
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The physical significance of well behaviour during the drawdown period is
easier to grasp than the case of build-up and will be treated first,

Transient test analysis is based on solutions to the differential equations
describing fluid flow through porous media* during the infinite acting
period which is generally met in practical situations at early transient
times.

Pressure build-up testing finds wider applications than the drawdown
testing, first because the shut in is free from the influence of skin effect,
secondly because the calculation of Pg, the static reservoir pressure, is
more straightforward and accurate. The drawdown method is ufed most common—
ly in IIT, DST and RFT analysis.,

* Diffusivity equations for fluid flow through porous media

Liquid flow (low fluid compressibility)

+1 P 1 fuce p
r “r 0.0002637 ~k t

’p

2

Gas flow (high fluid campressibility)

2P2
2

r

r r kP t

The above equations assume :

horizontal single phase flow

constant viscosity and campressibility
hanogenous iscotropic formation
negligible inertial and gravity forces
pressure gradients are small
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Drawdown behaviour

A pressure disturbance, caused by a step increase in production rate fram
zero to Q, is propagated radially outward. Beyond this disturbance ¢ which
is also the radius of drainage, no appreciable pressure change may be noted.

rd2 d3 Td4 ds
1

. S——

Fig. 9-17. Propagation of a pressure disturbance vs log t.

The velocity of pressure wave propagation through porous rock is controlled
by i , called the hydraulic diffusivity.
18
The radius of drainage, or the distance the pressure wave has traveled in
a time t, after flow was initiated is given by :
|/ kt where : t time, hours
rq = 0.029 Bcp rq= radius of drainage, feet
other units as per nawenclature

It H

As withdrawal continues at a constant rate the well pressure continues to
decline., Pyf vs. log t will plot as a straight line on semilog grid.

log time ==

Cartesian plot Semilog plot

Fig. 9-18. Plots of well flowing pressure vs. time.
L
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Boundarv conditions and clot of Pyf ve log t

During early times all pressure transients behave as a single well in an
infinite regervoir. At later times, the effects of surrounding wells,
reservoir boundaries and agquifers are cbserved in the pressure behaviour
of the well under test. .

Three different boundary conditions are considered in the figure below :

- infinite reservoir
-~ bounded cylindrical reservoir
- constant pressure outer boundary

deviation from straight line caused
o+ by damage and well-
° bore storage effects

s e - Bu
/slope =m = 162.69k—H

|
|
|
|
|
|
|
|
|
|

|
| | >
_ TRANSIENT PERIOD .| _ LATE TRANSIENT FLOW ~ | . SEMI-STEADY AND <
- T -1 STEADY FLOW
t t? Log t

Fig. 9-19. Plot of Pyf vs. log t — different model reservoirs.
M




a)

b}

9-17

Bounded cylindrical reservoir

When the pressure disturbance encounters a closed barrier the well.

pressure continues to decline, but at a higher rate than if the boundary
were not encountered, '

The slope of this curve is :

Puf
t

Constant pressure ocuter bowxiaxy

If é replentishable source is encountered such as a strong water drive
or if well production is balanced by injection at the outer boundary
the well pressure will stabilize to a constant value.

The slope of this curve becames :

Puf
t

Infinite reservoir

As fluid withdrawal continues at a constant rate, the disturbance
oontinues to move outward into the infinite reservoir. The well
pressure declines along a straight line when plotted vs. log t.

The slope of this curve is :

1 _Qu 1

2,246 o/l ¢ B fp

t kh *

Zlo
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G. Pressure build-up analysis

Pressure build-up is the most widely form of transient testing methods.

Every build-up test is preceded by a constant flow period, during

which a high, stabilized flow is achieved. In practice, this flow period
may vary from over several days or months in a producing well, to hours in
the DET, or minutes in the RFT test.

The well is then shut in and the pressure recorded and the pressure
allowed to build up, as shown in the idealized diagram below. At any time
greater than tp, build-up pressure obtained is a result of the super-
position of pressure drawdown at time t (for rate Q) and build-up effect
for the rate (0-Q).

CONSTANT Q

7

7

Flowing time Shut in time

Fig. 9-20. Idealized flow rate and pressure vs. time, Cartesian
coordinates.




9-19

Two classical plots of the build-up data are possible :

1)

2)

The Homner plot, in which By is plotted vs log ~ 4AE

t is the time of production before shut in and At is the time following
shut in when the pressure point being plotted is read off.

The MOH (Miller, Dyes, Hutchinson) method, a plot of Py vs log t,

the time after shut in.

Both plot as a straight line in the infinite acting period and show
deviations at early time resulting from skin damage and wellbore stor-
age and boundary effects at long times. The Horner plot gives better
definition of slope in the infinite acting period than the MDH and
extrapolates to P* which is close to Py, the initial formmation pressure
when flowing times are short as in the case of a DST or RFT. The MDH
finds application in build-up analysis of finite reservoirs following
long production periods where P* found by the Horner's method leads to
a pressure scmewhat higher than the true Pj. The MDH method is given
at the end of this chapter,

The aim of build-up analysis is determination of :

effective formation permeability (ko or kg
static formation pressure, Pg

formation damage or skin effect, S

productivity ratio

reservoir heterogenities (faults, pinchout etc.)

1) Horner's method

The pressure build-up eguation in infinite reservoir conditions
as described by Homer :

0il wells
162.6 q B t+ A

Gas wells

In a gas well, the difference is that By camnot be taken as a constant
and :

_ LT P _ FA)
Bg = —TED— = ,02829 PP
——

Introducing By in the Homer equation and taking into account that
gas flow rates are measured in SCF/D, the Horner equation for gas
buildup becanes :

2 _obp. T t+AL
Prus = P32 - 1637 LT 1oq 14

where Q is MSCF/D
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Note : When the difference in Pyg-Piis small, e.g. 500 psi, an average
value of may be taken for mid point pressure and Bg assumed to
be constant, The Horner analysis may then be made as for liquids
without significant loss in accuracy.

Fig. 9-21. The Horner plot.

a}) Permeability determination

b}

In the infinite acting zone the slope of the build-up curve in psi/cycle
is related to permeability by :

- = 162']‘3}1 B (for oil well)

-m = 1637}:11 Z T (for gas well)

Static reservoir pressure determination

Extrapolation of the straight line portion of the curve to E—%E = 1

will intercept at the build-up pressure of an infinite reservoir
This condition exists at Atlim or when EP-[%‘—E = 1.

As stated previously this extrapolation gives acceptable results when tp
is relatively short as in the DST or RFT build-up. Where the well has
been produced for a long period of time befare shut in, P* may be less
accurate.
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¢) Detemmination of formation damage or skin efféct

An estimation of skin may be made by extrapolating the straight line
back to APyg= 1 hour and reaching Pqy-P,¢+ fram the plot.

This value is used in the relation below to find S, the dimensionless
pressure drop due to skin effect.

Py - P
S = 1,151 R ¥E _

log + 3.23

where : S = dimensionless pressure drop due to skin effect
Py = bottom hole pressure prior to shut in, psi

P4 = bottam hole pressure — after one hour shut in
read from extrapolated straight line portion
of build-up curve, psi

e = well radius, feet

This equation is essentially a camparison between the pexmeability
near the wellbore and the permeability deeper in the formation.

When S is positive, it is the result of formation damage.
When S is negative, formation is improved as by hydraulic fracturing.

The pressure drop at the wellbore due to skin effect is calculated by :
Ap=0.87x5xm in psi

For gas wells, the above equations may be used to calculate skin and

Ap skin if P vs. 1091—:1,:';1:At was used to calculate m and k.
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2) MpH (Miller, Dves and Hutchinson) method for finite reservoirs

Where finite oconditions prevail or the well has been produced for a
long period of time to reach the semi-steady or steady state flowing
conditions. The Horner's method should not be used to obtain the static
reservolr pressure. The general procedure of the MDH method is :

a) Plot Py vs. logAg¢

b) Calculate kh = 162‘; (as for Hormer's method)
¢) Calculate dimensionless time Aty :
_ 0.000264 k At

fuc r:

A is the end point of straight line portion

g external radius of boundary which should be assumed
according to the well spacing or just estimated

Atp

d) With Aty and chart fig. 9~23 defire Ap

e) Calculate the reservoir pressure :

P =P, Bt) + e Mpp

\

|
|
I
1
[
|
!
|
|
|
'
3

B

Fig. 9-22, MDH Interpretation method plot.
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If the proper straight line portion was chosen, the calculated value from
equation in (e) above should be between 102 and 107,

If the calculated value does not fall between these values, then another
slope must be selected and a new "K" and "Atp" calculated.

D
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Pig. 9-23, Dimensionless shut-in time, _
W
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H., Remarks concerning the slope and shape of pressure drawdown curves

1) Slope of the infinite acting section portion of the curve and kh

Fig. 9-22, Slope of drawdown curve in high and low kh formation.

2) Boundary at t'

An increase in slope by a factor of approximately two is an indication
that a barrier has been encountered and that flow after time t' is fram
cylindrical zone m not 2n . The radial distance to barrier at time = t!

may be calculated from the radius of drainage equation :

rg = 0.029




Fig. 9-23. Reservoir boundary encountered after time t'.
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3) Change in slope at t'

Where m; > m, indicates an increase in permeability at t'. There
are various possibilities :
a) indication that a fracture has been reached

b) increase in bed thickness h, as in non-continuity of a scale
bed.

Fig. 9-24. Change in slope indicates change in kh after time t'.
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FRACTURED “I _
RESERVOIRS

A. Introduction

A fractured reservoir is a dual porosity system consisting of primary
intergrarular matrix interlaced by a network of channels canpriging the
fracture network.

If the fracture system is extensive, and has considerable surface area con-
tact with the matrix, oil is easily transferred into the fracture system
from where it is delivered to the producing wells with very little loss of
pressure, Thus a fractured reservoir is capable of surprising performance
as campared with a conventional reservoir of similar matrix porosity and
permmeability.

CONVENTIONAL RESERVOIR ACTUAL FRACTURED RESERVQIR

20%

poor &
() < good 20%

\high 30%

poor
k: good
\high

Fig. 10-1. Comparison of ma'triX porosity and permeability
of conventional and fractured reservoirs.

M
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B.

A physical description of a fractured reservoir

The essential characteristic of a fractured reservoir is a network of fract-
ures oriented in both horizontal and vertical directions extending through-
out the reservoir. This assures tremendous contact area of the fracture
channels with the matrix and almost unrestricted movement of fluids in any
direction - figure 10-2.

A formation with localized fractured areas or with hydraulically produced
fractures in the vicinity of the wells does not perform as an unconventional
reservoir.

Fig. 10-2. Fractures must be oriented in intersecting planes and
extend throughout the reservoir for the reservoir to
exhibit unconventional performance.

LOCALIZED CRACKS HYDRAUDICALLY
; 4 INDUCED FRACTURES

S / AROUND WELL BORE
\ /,--/

V-

Fig. 10-3. Localized or mechanically induced fractures do not
achieve fractured reservoir performance.




10-3

C. A comparison of conventional and fractured reservoir performance

1)

Productivity index and pressure drawdown

The productivity index in a low pemmeability conventional reservoir

is arour}d 5 STD/D/psi., while in a fractured reservoir of similar matrix
permeability the productivity index is usually over 10 SIB/D/psi and
often reaches 100 or higher,

Figure_10-4 campares the pressure drop within a typical ‘fractured
formation with the pressure drop of a conventional formation producing
at equal rates.

Static prefss.i@

5 XX SNX
% / %\ﬁi«%/é}\@

FRACTURED RESERVOIR CONVENTIONAL RESERVOIR

Fig. 10~4. Camparison of pressure drawdowns for typical fractured
and conventional reservoirs producing at equal rates.
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2) Producing GOR

3)

4)

Producing gas-oil rate is substantially lower in a fractured reservoir
during reservoir depletion campared with GOR of a conventional reservoir.
This is mainly due to the tendency of the gas released as a result of
reservoir pressure decline to move up through the fractures toward the gas
cap. As consequence, the gas moving toward the well will be very much
reduced - fig. 10-5, and consequently GOR will be low.

Pressure - fractured reservoir

—' “~, Pressure — conventional

reservoir

Matrix Fractures

GOR - conventional
reservoir

-~
-.':.\ GOR - fractured
e ese [ESETVOIr
-

(-
|

Cumulative production

Fig. 10-5. Mechanism of gas Fig. 10-6. Gas-oil ratio and pressure
segregation in a trends for solution gas
fractured reservoir drive conventional and

fractured reservoirs

S ] ]

Pregssure decline

Pressure declines at a substantially lower rate during depletion of a
fractured reservoir than in the conventional reservoir, see fig. 10-5.

This more efficient behaviour is the result of a natural "pressure main-
tenance" caused by "migration" of liberated gas through the fracture system
to form a gas cap, and the performance (of a dissolved gas drive) in a
fractured reservoir can approach that of an equivalent conventional reservoir
in which 80% of the produced gas is reinjected in the reservoir. That is,

a fractured reservoir shows a capability of a self-conservation of its energy.

Fluid interfaces and transitions - fig. 10-6

The absence of the transition in the gas/oil or in the oil/water zone. A
canparison in the figure of the next page shows that transitional zones in
a conventional reservoir do not exist in a fractured reservoir. In
fractured reservoirs, there is little camunication between matrix "blocks"
since they are separated by fractures. Fluid interfaces on fractured
reservoir scale takes place only within the fractures network and clearly
delineates the two fluids contact without any transition zone.
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' reservoirs.

The transition zone in conventional and fractured

5) Water cut - figure 10-8

Water cut in the fractured reservoir is essentially a function of production
rate while in the conventional reservoir it depends on the conditions caus-
ing the breakthrough, in both cases coning and displacement processes.

.i A

o Similar to
1007, * 1007, + fractured
I reservoir Corwventional
case reservoir
5 Break through .é
o
' N
: i
S 2
0 » 0
Production rate, Q Cumulative recovery
A. FRACTURED RESERVOIR B. CONVENTIONAL RESERVOIR

_

Fig., 10-8., Water-cut in the fractured and conventional reservoirs.

In a fractured reservoir the water-cut increases suddenly from 0 to 100%
if well rate is higher than critical rate.

In a conventional reservoir the water-cut increases slowly fram 0 to 100%
due to condition of displacement - uniformity of permeability distribution

viscosity ratio, etc.
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6) Recovery

The familiar parameters @, Sy and relative permeability relations

]:gé vs. Sq, ko/ky Vs. So do not gignificantly affect recovery fram
fractured reservoir. Gravity drainage is the dominant producing

mechanism and recovery is estimated from the fracture block dimensions

and capillary pressure curve of imbibition and drainage.
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D. Idealized model of a fractured reservoir

An idealized model consisting of cubic matrix blocks separated by orthogonal
network of channels is sometimes used to model the fractured reservoir.

VUGS MATRIX FRACTURE MATRIX FRACTURES

ACTUAL RESERVOIR MODEL RESERVOIR

Fig. 10-9. An idealized model of a fractured reservoir

e )

The volume of the matrix block is determined by the intersections of the
fracture planes which surround it. As will be demonstrated later, the
height of the matrix blocks and the capillary pressure/saturation relations
are of primary importance in determining recovery.

The presence of fissures or fractures which start or terminate within the
matrix block do not change its dimensions - figure 10-6.

CONTINUOUS
FRACTURE
NETWORK

FRACTURE
NETWORK

—— MATRIX

FISSURES IDEALIZED BLOCK
INSIDE THE

MATRIX

Fig. 10-10. Matrix block dimensions are determined by intersecting
fracture planes
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E. Description of the fracture process

The fracturing process is the result of : shearing forces where the movement
of the rock is parallel to the fractures, or is the result of the tension -
campression forces and in this case the walls of fracture will move apart.
Genetically, fractures can be structural and tectonic, as the result of one
or other type of geological events. In the case of structural fractures the
fractures are assoclated with structural features as faults, thrusting etc.,
and in case of tectonic events with folding, overthrusting etc. the tectonic
fractures are considered of "first order" if these are cutting through
several layers but, if confined to only one layer, are considered "second
order".

Fracture dimensions also inf luénce the distribution of fractures in "macro-
fractures” and "microfractures" the latter often are similar to fissures.

And finally the fractures can be "open" or "closed". Fractures may be
plugged by mineral precipations of the circulating water.

1) Fractures parameters

Fractures in general are expressed quantitatively by 3 basic data :

- fracture opening
- fracture orientation
- fracture density

2) Fracture opening

It represents the distance between the two walls of a fracture and in
general indicates average values in the range of 10-30 m.

30 40 50 60 70 80 90 100
Opening in microns

Fig.10-11. Frequency vs size of fracture openings

M




3)

Fig. 10-12. Noamenclature for fracture orientation
L —
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Fracture orientation

Fracture strike and direction (azimuth) can be cbtained by correlating
measurements made on cores relative to fommation dip, with a dipmeter
1@’.

FRACTURE STRIKE ——|
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F.

Porosity and permeability

The porosity of the matrix is not changed because the rock is fractured ard
the fractures themselves contribute only a very small fraction of the bulk
rock porosity, yet the permeability of the fractures is very high compared
with matrix pemmeability. Typical ranges of k and § are :

.k g
MATRIX TmD § to 358
FRACTURE 1000 to 1000,000 m D 0.01 to 1%

The result is that the storage capacity of the reservoir is essentially in
the matrix while the movement of the fluids towards the well is mainly
through the fracture network. The flow is then the result of two processes :

- the matrix licuid flows toward the fractures feeding them with a rate
depending on matrix permeability, the fracture-matrix surface contact
area, pressure drop, etc.

~ the liguid in the fracture network is transported to the well through
these channels. This explains the small pressure drop in the reservoir,
and high productivity index, the fluid flow toward the well is done only
through highly permeable fractures.

1) Determination of porosity

Classical procedures as described in chapter 4 are used to measure
the matrix porosity.

g = Volume of matrix pores
bulk volume

The fissure porosity is substantially more difficult to evaluate -
it is expressed as a ratio between the fracture volume ard the bulk
volume. The method is evident fram the following example :

If the reservoir is assumed as an ideal system of orthogonal cubes the porosity
will be given by the ratio.

b .
—»| fe— 2
t__’_".ﬂ of = 6 a bgz - 31;
Mo K (at+b)
A | '
i |
a 1 :
|
Y ! : since b « a
| I d
If the block has .1 mand b 2 40u = 4x107° m then
-5 _
op = ZEO - q207 - 0128

Parosity is also related with fracture permeability through the equation

b () b* (microns)
where permeability is the average value of matrix and fractures. The result
when b = 10 microns and kf = 100 mD

@f Z 0.01%
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Fracture porosity may be evaluated by well test data if using the equation,

1 J g By fg log re/rW
be TS 2

J = productivity index, mS/day/bar
U, = oil viscosity, cp

fg = areal fracture density, m/m2
h = bed thickness, m

By = oil volure factor

2) Pemmeability determination

Fracture permeability expresses resistance to fluid flow through the
matrix and fracture system, per bulk unit of reservoir rock.

Fracture permeability may be estimated by evaluating two parameters,
the matrix permeability and the intrinsic fracture permeability.

a) Matrix permeability - is the resistance to flow through the matrix and
is measured on an unfractured formation core sample using the classical
Darcy equation :

- QukL
k = AAp

b) Intrinsic fracture pemmeability - is the resistance to flow through
a single fracture and is calculated fram the thickness of the
fracture openings (b, microns) measured on cores.

o
)

kif = 7

N

The flow rate through n fractures of 1 length for a pressure drop of
AP/l may be defined by analogy with Darcy's law for porous media.

Fracture flow Porous media flow
3
_ b1 AP
Q_nliu I Q: S_EL%

Fracture permeability thus defined is

ke= 282 - &
and since )
e = ‘n%l' ad ke =
the result is that
ke = kif Pf

or  kif = k£/ff
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G.

Production Mechanisms in the Fractured Reservoir

A section through an idealized fractured reservoir is shown in figure 10-13.
As depletion progresses, the attendant pressure dicline causes enlargement
of the gas cap at the top and encroachment of water fram the bottom, into
the oil zone.

When pressure falls below bubble point, a gasing zone is created within the
0il column that progressively moves dowrmard with time.

Several district zones can now be recognized

- a secondary gas cap expanding downward into the oil zone
a water invaded zone at the lower part of the reservoir

- a gasing zone in oil where P { Py

the lower portion of the oil zone remains undersaturated

1) In the gas invaded zone oil is displaced by the 'gas accaamlate in the
upper portion of the reservoir and expanding downward through the
fractures surrounding oil filled matrix blocks~(1) and (2). Fig.10-14.

The production mechanism involved is totally different from a con-
ventional reservoir, since it is essentially dominated by the gravity-
drainage relationship. The basic parameters are :

- difference in density Yo = Yg)
- threshold capillary pressure at which gas (non-wetting)
displaces the oil

2) In the gasing zone the blocks are surrounded by oil filled fractures.
Cas liberated from the oil remains within the matrix block until
Sqg > Sgcrs then begins to migrate into the fracture system.

The production mechanisms in the gasing zone are :

- expansion + gravity segregation Sg > Sgcr. block (3)

The expansion of immobile gas governs oil displacement while

When Sg % Sger,, the gas begins to move :

- if the gas segregates rapidly fram the oil and escapes fram the
block, the gravitaticnal mechanism predominates.

- if the gas segregates slowly and moves along with the oil a
solution gas mechanism predaminates.

Note : The latter mechanism has a relatively limited effect-
iveness and is important only in the case of a rapid
reservoir depletion.

3) In the undersaturated zone the matrix block is oil saturated surround-—
ed by oil filled fractures and the production mechanism, block (5),
expansion of the undersaturated liquid.
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. GRAVITY MECHANISM

NE
GAS INVADED ZO EXPANSION + GRAVITY

SEGRE GATION

5 Sg>Sg,cr

®
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Fig. 10-13. Mechanisms of production in the fractured reservoir.
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4) In the water invaded zone oil is-displaced by water moving

upward
through the fractures surrounding the oll filled matrix blocks. The
production mechanism is : capillary inhibition + gravity inbibition.

Referring to figure 10-13 :

in block (6) when the level of water in fractures
the mechanism is capillarity.

in block (7) when the level of water in fracture D oil level in matrix
the mechanism is capillarity +
+ gravity inbibition,

in block (8) when the level of water in fractures
the mechanism is capillarity.

in block (9) when water surrounds block campletely,
mechanism is capillarity + gravity.

oll level in matrix

olil level in matrix

H. Discussion of Displacement Mechanisms

1)

2)

Drainage mechanism - see figure 10-14.

As the gas cap expands dowrward through the fractures surrounding oil
filled matrix blocks, gas will begin to enter the matrix when the
colum of gas in the fractures is greater than the threshold height.
Oil will continue to be displaced until equilibrium is reached when
(Vg = Yg)h = Pyy..

Note that the amount of oil recovered depends on the height of the
block, the threshold pressure, and the shape of the capillary pressure
curve.

Inbibition mechanism

As illustrated in figure 10-15, A, B, and C recovery efficiency in the
water encroached zone is controlled by the shape of the camposite
capillary pressure curve.

A.- Water saturation increases in the matrix blocks above the oil-water
contact in the fractures, An amount of oil (shaded area) equal to
1-(Sy - Syiy) can be displaced by capillary mechanism at Pg = 0
if given sufficient time.

B.—- Oil drainage lags behind a rapidly rising oil-water contact in
the fractures.

C.— In a total immersed block water imbibes by a cambination of gravity
(shaded area) and capillary effects.
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P ) CAPILLARY IMBIBITION
€ DISPLACEMENT
EFFICIENCY

Sw
0 t t
‘o 1 ? cip?_ll;.ty Swir Swat
equilibrium Pc=0

Pc(—)
A - SLOWLY RISING Oll -WATER CONTACT IN FRACTURES
Water imbibes oil saturated block by capillarity

Pc(ﬂ
3
A\
\
\\\
o.W.C =t - _\i\__}_‘
g S \
OW.Cuty Fmm—m - ot
OW. Loty e — e == » “ \
N\
\
o &> 0 £ t \
P A

B - FAST RISING OIL - WATER CONTACT IN FRACTURES

Water imbibes oil saturated block by capillarity + gravity

P(+)l
c
GRAVITY IMBIBITION
DISPLACEMENT
EFFICIENCY
=
e, 0 Sw

£yt
C -TOTALLY IMMERSED BLOCK

Water imbibes by capillarity + gravity

Fig. 10-15. Imbibition mechanisms
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I. Steady state flow towards the well

The relation between production rate and drawdown pressure is established
by measuring surface production at several rates, including zero, while
recording the corresponding bottom hole pressures.

A characteristic plot of Q vs. AP (see figure 10-16) shows a linear
relationship if the flow in the fractures is laminar, up to some critical

rates Qcr. For high flow rates above Qcr, flow is turbulent and the
relation becanes increasingly non-linear.

In turbulent conditions flow is described by the equation

AP = AQ+BQ

Where AP is the laminar flow term and BQ? the additional pressure drop in
turbulent conditions. The BQ? term becames more important as Q increases,
while AQ term prevails at low rate.

To evaluate the parameters of above equation it may be written :

£ a.mg

When the pressure and flow data g Vs Q are plotted the slope of the

resulting curve gives the parameter B and the intercept with Q = 0 gives
the parameter A.

Fig. 10-16. Steady state flow relations in the fractured reservoir.
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Analytically the equation can be expressed by :

e
AP=1*—BCL“].Q 1n-fw"-”-+z:s +p LEa. o2

where the coefficient of turbulence B is given by :

4.16 x 10°°

B(1/ft) =
134

so that

r 0 2 1 1
a=$B jpeirs amaB=p25e o* — -
2rkh Y. _ 4n2h2 r, Ye

A similar equation was used and verified on Iranian wells where

a=o0.00m5 L8 105 &

b Tw

2

0.015 -QTB-Q—Z 1 +2‘b€:§é)
w2+ b

where : B

b

by
An empirical equation for skin effect which has given good results is :

(11]
n

viscosity, poises

average fracture width in the formation, inches
fracture width in well bore, inches

AP - 2BQ°

skin
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Transient Flow

The cbjective in interpreting transient pressure behavior is to estimate
reservolr parameters :

- permeability, k

- permeability thickness product, kh
- damage around the well bore

- radius of drainage

- fracture porosity, density, and block dimensions

Of the various methods used to analyze transient behavior in fractured
resexrvoirs the most useful are : '

- Warren and Root method - a classical approach based on analysis of
an idealized model ,

- Pollard method ~ a simpler, semi-empirical method which has given
good results in fractured limestones of Venezuela.

1. Warren and Root method

This method assumes a reservoir formed by parallelepiped matrix
blocks containing the primary porosity and separated by an orthogon-
al system of fractures through which all flow to the well takes
place.

The mathematical basis for the Warren and Root method is discussed
in the appendix of this chapter.

log t

Pressure
transition
curve

Fig. 10-17. Warren and Root drawdown plot.

Fig. 10-17 is a drawdown plot of P¢ vs. logt showing two parallel
lines (1) and (3), separated by a pressure transition curve (2).
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During early drawdown times, pressure drop is confined essentially to the
fracture system (segment (1) ) and Pg vs, log t falls on a straight line;
then as the pressure in the fractures is further depressed, the matrix
begins to supply the fractures with fluid and the pressure, Pg, remains
virtually constant - segment (2). At later times a pseudo steady-state is
created between the matrix blocks which supply the fluids to the fractures
and the pressure decline Pg¢ vs. log t - segment (3) assumes a constant
slope, m, equal to initial slope.

The Warren and Root method is most useful where a strong contrast exists
between matrix and fracture, § and k and when matrix blocks are large.
Where the network of fractures is very dense or the contrast between matrix
and fracture porosities is small the formation performs as a homogenecus
media, AP, —-= 0, and no transient pressure sector is cbserved.

The Warren and Root plot is used to :

- determine kh of the fracture network from slope, m
- evaluate fiy and @f, the storage capacity of the matrix and
fracture through the equation :

W= 1_2'3 APW/m

ARy being the pressure drop between two parallel straight lines and
m the slope (Fig. 10-17). And further the relative capacity storage
is expressed by :

= PECE
Bl + P£Ct

evaluate the blocks dimensions through interflow parameter,

A=a _kk_rg xw2

£

where

a = 4n(r21+2)

o

considering n = 3 flowing directions and solving the two equations
for block dimension evaluation, the result is,

2
2 _ - 60 WM T
o ~-60/z:1.—60;«:kf7L

Since A is obtained from equation :

A= 0.56 (1-w)i
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Where both APp and m are known from Fig. 10-17. In addition ky is
measured on cores and kf from slope m.

Example : If A =100, k, = 0.1 mD, ke = 10D, R, = 10 cm. the matrix

block dimension is :

1

£3 T
_ km TP _ 10-4 102 _
Qo = (60 _kf 3 = 160 =0 X -1—6:6 = 2..44 m

The results show that the model of Warren and Root is applicable only
when the blocks are very large and permeability of fractures is high.

Pollaird method

This empirical method assumes that the transient behaviour of a
fractured reservoir is influenced by coexistence of three zones :
matrix, fractures network and fracture around the wellbore. In a
pressure drawdown or build-up it is possible to write,

AP AP

total -~ matrix fractures+APfractures+APskin.effect

or as a function of time
AP(t) = A 17t 4 a,17%t 4 A;1 703t

Fram the curve resulting fram variation of AP vs time, we obtain the
COl'lStantS A1' Az, A.3’ a1' az, a3-
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Procedure

From recorded data p,t, plot the diagram log AP vs. t to obtain a
curve (C.]), in the fig. 10-18.

The last part of the curve for late times shows the behaviocur of the

matrix. The linear part can be extrapolated to give a straight line
(SI.1) which has a slope a4 and an ordinate A at t= 0, expressed by :

Apmatrix = logA1 + a1t

Fig. 10-18, Pollaird plot - log AP vs. t

From the difference between the curve (Cq) and (SLq) data a differential
pressure curve (DSC) may be plotted - Fig. 10-18. This data is expressed
by :

AP (t) -AP = Byl 02t 4 gy T3

matrix fractures

The straight line portion of this curve (SLp} shows the pressure drop in
the fractures, the slope a,, if extrapolated will give ordinate Aj
at £ = 0.

Finally, the skin in matrix and fracture is represented by the difference
in pressure between straight line and curve.

W = (CSI2)




K.
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Appendix to Chapter 10

1) Mathematical derivation of Warren and Root model to analyse fractured
reservoirs.

key 2P kg, 3% d By 3 Pg
PN AT A A R R

The expression represents the equality between fluid moved in the
fractures (left hand terms) with the variation of mass supplied by
matrix and fractures (right hand terms).

In addition to this equation the fluid exchange between matrix and
fractures is expressed by :

U Cn —2 = 2 1 (eay

This equation shows that the expanded fluid fram the matrix (left
hand term) is equal to fluld which flows through matrix-fracture face
in the fracture network (right hand term) as a result of the pressure
drop between fracture and matrix. The texrm a is associated with the
matrix gecmetry.

For an infinite reservoir producing at a constant rate the equation is
expressed by :

_ QB [ “Atp . -_%»_tu
AP 162.6 Y _log tD+0.351+0.435 Ei T 0.435 Ei _w+0.87S

\.

(In practical API field units)

@F Ce

Om Cont Of Cpf

_ _2.637 % 107
D = T Cos Gp 'f'gﬁt‘z_u ;

) =
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A =an(mi2) (9% ]j“kf S ;T; %¢ Cpt
jo il

where : C, k, h, a are campressibility, permeability, nmumber of planes
defining the fracturing, block height and indices m and f referring
to matrix and fractures,

In estimation

+ .
= s S S
Ceft = GCo

Remarks on Warren anxdl Root method

For small t values the pressure drop equation reduced to :

wp(t)=- L2E.BB [1og & + 0.351 - log w + 0.675]

and for large t values :

AP(t) = - 1%%‘1@ [log £ + 0.351 + 0.878]

Exarple of estimation of matrix block height from core and test data :

If production test results show a value kg = 10 nD, and fram the
examination of cores an average fracture opening of b = 20 u, it is
possible to evaluate the fracture porosity.

_3 ke (D -
og = 1073 LI - 43 100 0,25

b2 (microns)

height, a of the idealized cubic block is :

3% 20 x 10°

= = 24 cm
0,0.25 x 10
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APPENDIX l II

A. Narenclature

Practical oilfield wnits and namenclature are used in this booklet except
where otherwise indicated.

Practical oilfield units-symbols and subscripts:

A = drainage area of well, sq ft Piy = bottamhole injection well
B = formation volume factor pressure, psi
¢ = campressibility, psi! Pwf = bottom~hole flowing

(or pumping) pressure, psi

Plhr = pressure read from linear
portion of pressure buildup

cf = effective formation (rock)
compressibility, psi-l

ct = total compressibility, psi~i curve at l-hour closed-in
. time,psi; also refers to
de = diameter of tubing, in. 1 preségxe’read from linear
D. = non-Darcy flow constant, (B/D)” portion of drawdown test
_ . . curve, two-rate flow test
g = acceleration due to gravity , Or pressure falloff
h = formation thickness, ft curve, at l-hour test time
1 = injection rate, B/D at surface p* = pressuxé obtained when linear
conditions portion of pressure buildup
it s s . curve, pys vs log (At+
T = injectivity index, B/D-psi At) /Bt , is extrapolated
J = productivity index, B/D-psi to (t+At) /At=1; corresponds
- ; ; to pressure obtained after
k formation permeability, md infinite closed—in & in
m = absolute value of slope of linear an infinite reservoir, psi,

portion of pressure buildup of flow
test curve, psi/log)q cycle

M = mobility ratio, (k/w1/ (ko P = average pressure, psi
M = molecular weight of a gas Apgkin= pressure drop in "skin" region
Pe = external boundary pressure at next to wellbore, psi
radius rg, psi q = production rate of well, B/D
Pi = initial reservoir pressure, psi at surface conditions
Pge= pressure at standard conditions, Ye = external boundary radius,ft
psi ry = wellbore radius, ft
Pt = tubing-head injection pressure R = universal gas constant
\ £ s Y
5t time 01 Slosing in, psi . Ry = 9as solubility in oil, bbl/bbl
Pw = bottamhole pressure, psi; - . :
two-rate flow tests and in all Rgw = 9as solubility in water, bbl/bbl
injection tests, p%( is the S = gaturation, fraction of pore
pressure at time of change in space

rate
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t = time of flowing, hours

At = closed-in time, hours

At' = flowing {(or injection)time
after change in rate, hours

T = ghsolute temperature, °R

Tge = absolute temperature at
standard conditions,R

u = volumetric rate of flow
per unit cross-sectional
area

Vg = oil volume

Vo = oil volume, bbl

Vp = pore volume, bbl

Wi = cumilative water injection,
kbl

z = gas deviation factor
(campressibility factor,
z = pV/DRI‘)

U = viscosity, cp

e = density, gm/cc (in injection
well analysis)

(0] = porosity, fraction

Subscripts

i = initial

o,w,g = oll, water, gas; w also refers

o8 ,Ws,ds

to well when used with p and r

oll, water, gas at standard
conditions

n

or,gr,= oil and gas at residual conditions

sc = standard conditions

t = total; refers to tubing when
used with d or p
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B. .CONVERSION FACTORS BETWEEN PRACTICAL OILFIELD UNITS, METRIC SI
AND OTHER MEASURES

SI symbols shown in parenthesis in the right hand column

MULTIPLY

angstxom

centimetre
centimetre
centimetre
centimetre

fathom

foot
foot
foot
foot
inch
inch
inch
inch

kilometre

metre
metre
metre
metre
metre

microinch

micrometre
micrometre

mile [U.S.
mile [U.S.
mile [U.S.
millimetre
millimetre

yard

acre
acre
acre

centimetre2

centimetre
foot2
foot
foot
foot

2
2
2

[micron]
[micron]

statute]
statute]
statute]

* Exact value

BY

LENGTH

1.0 *E-10
3.280 840 E-02
3.937 008 E~-O1
1.0 *E-02
1.0 *E+01
1.828 BOO*E+QO
3.048 *E-O1
3.048 *E+01
3.048 *E+02
1.2 *E+01
2.540 *E-02
2.540 *E+00
2.540 *E+01
8.333 E-02
6.213 E-0O1

3.937
5.468

E+01
- E-01
3.280 E+0CO
1.093 E+00
6.213 E-04

*E-02

*E-06
008 E+0l

1.609 344*E-+03
1.609 344*E+00
5.280 *E+03
3.280 840 E-03
3.937 008 E-02

9.14 *E-Ol

856 E-01
*E+04
856 E+03

003 E-0O1
391 E-03

684 E-05
304*E+02
304*E-02

*E+02

TO OBTAIN

metre (m)
foot

inch
metre {(m)
millimetre

metre {(m)

metre {m)
centimetre

millimetre:

inch

metre (m)
centimetre
millimetre
foot

mile [U.s.
inch
fathom
foot

yard

mile CU.S.
micrometre

metre (m)
microinch

metre (m)

(cm)
(rm)

{cm)
(mm)

statute]

statute]

(um) [micron]

kilometre (km)

foot
foot
inch

metre (m)

hectire {ha)

foot
metre

2
2

2 2

{m

inch
foot

acre
centigetrg

metreg (m”)

inch

(cmz)
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MULTIPLY

foot
hectare
hectare
hectare
hectare
inchg
inch
inch2

inch 2
millimetre
millimetre
mile2

mile 2
metre2
metre2
metre

metrg

yard

acre-foot
acre~foot
acre-foot
acre-£foot

barrel [API]
barrel [API]
barrel [API])
barrel [API]
barrel [API]
barrel [API%
barrel [API

centimetreg
centimetre
centimetreg
centimetre
foot3

foot3

foot3

foot3

foot3

foot3

gallon
gallon
gallon
gallon
gallon
gallon
gallon [U.K.]

inch3
inch3

9.2%0 304*E404
1.0 *E+04
2.471 054 E+00
1.076 391 E+05
1.0 *E-02

6.451 6 *E+00
6.451 6 *E-0O4
6.451 6 *E+02
6.944 444 E-03
1.076 387 E-04
1.550 003 E-03
6.4 ¥E+02
2.589 988 E+06
2.471 054 E-04
1.550 003 E+03
1.076 391 E+01
1.195 990 E+00

8.361 274 E-O1

VOLUME

368 E+03

*E+04
515 E+05
482 E+03

931 E-0O4
873 E+05
873 E+02
873 E-O1
583 E+00

*E+01
999 E+03

481 E-06
466 E-05
721 E-04
374 E-02
076 E-Ol1
685 E+04
520 E+0QO0

*R4+03
685 E+01
685 E-02

952 E-02
412 E+0O3
412 E+O0O
412 E-O3
001 E+02
806 E-01
950 E+00

715 E-04
003 E-03

TO OBTAIN

millimetre® (mm®)
metre? (m2)

acre,

foot

kilometer2

(kmz)

centigetrﬁ2 (cmz)
metre”® (m E 2
millimetre (mm™)
foot2

foot2

inch
acre
metre
acre

inch2
foot

yard 2
metre” (m™)

2 (mZ)

barrgl
foot
gallo
metre8 (m3)
acre-foot
centimetre
litre, (1)
3

3 (em®)

metre3 {(m
foot3
gallgn
inch

barrel [API]
foot3

gallgn

inch

barrel [API]
centimetre3 (cm3)
gallon

inch

litre (1)

metre3 (m3)

barrel [API]
centimetre3 (cm3)
litre (1)

metre3 (m3)

inch

foot3

gallon [U.S.]

barrel [API]
gallon
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VOLUME (CONTINUED)

inch3
inch3
inch3
inch3
inch3

litre
litre
litre
litre
litre
litre
metre3
metre3
metre3
metre3
metre
metre3
metre3
metre3

millimetre3

yard3

centimetre/second
centimetre/second
centimetre/second
centimetre/second

foot/hour
foot/hour
foot /hour
foot/hour

foot/minute
foot/minute
foot/minute
foot/minute

foot/second
foot/second
foot/second

kilometre/hour
kilometre/hour

knots [International]
knots [International]

mile/hour
mile/hour
mile/hour

706 E+01
706 E-02
706 E-05
037 E-04
706 E+04

*E+03

*E=-03
8l1 E-Q3
466 E-02
720 B-O1
373 E+01

*E+06

*E+03
131 E-04
811 E+QO
466 E+01
720 E+02
376 E+04
951 E+00

376

549

102 E+02
504 E+00
840 E-02

*E-01

667 E-03
667 E-05

*E-03
667 E-02

*E-01

*E~OL

*E-03
*E+01

*E+01
*E+O1
*E~-OL

712 E-0O1
E-0Ol1

E+QO
E+QO

4 *E+01
*E+01
667 E+00

centimetre3 (cm3)
litre (1)

metre3 (m3)

foot3
millimetre3

centimetre3
metre3 (m3)
barrel[API]
foot3
gallon
inch3
centimetre3
litre
acre~foot
barrgl

foot

gallon
inch3

yard3

inch3

metre3 (m3)

foot/hour
foot/minute
foot/second
meter/minute

centimetre/second
metre/second (m/s)
metre/minute
foot/minute

centimetre/second
metre/minute
metre/second (m/s)
foot /hour

centimetre/second
metre/minute
metre/second (m/s)

mile/hour
knots [International]

kilometre/hour
mile/hour

centimetre/second
foot/minute
foot/second
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VELOCITY, ACCELERATION, TIME KﬁNﬂﬁﬂED)

mile/hour
mile/hour
metre/minute
metre/minute
metre/minute
metre/minute

metre/second

metre/second
metre/second

foot/second2

metre/second2

day
day
day

minute
minute
minute

second
second

barrel/day
barrel /day
barrel/day
barrel /day
barrel/day
barrel/day

foot3/minute
foot3/minute
foot?/minute

foot3/second

gallon/minute
gallon/minute
gallon/minute
gallon/minute
gallon/minute
gallon/minute

liter/hour
liter/hour
liter/hour

1.609 334*E+00
4.470 4 *E-Ol
1.666 667 E+00
3.280 840 E+00
1.968 504 E+02
5.468 067 E-02

3.280 840 E+00
1.181 102 E+04
1.968 504 E+02

3.280 840 E+00
2.4 *E+QL
1.44 *E4+03
8.64 *E+04
6.944 444 E-04
1.666 667 BE-02
6.0 *E+0L1

1.157 4 07*E-05
2.777 178 E~04

VOLUMETRIC FLOW RATE

1.840 131 E+0O
1.589 873 E-01
6.624 472 E-03
3.899 0l6 E-O3
2.916 667 E-02
6.624 472 E+00

1.699 0Oll E+O3
4.719 474 E-04
2.564 748 E+02

2.831 685 E-02

3.428 571 E+0l
1.428 571 E+O0
1.336 806 E-01
2.271 247 E+02
6.309 020 E-05
5.450 993 E+00

1.509 554 E-Ol
5.885 776 E-04
2.4 *E-02

kilometre/hour
metre/second (m/s)
centimetre/second
foot/minute
foot/hour
foot/second

foot/second
foot/hour
foot/minute

metre/second? (m/s2)

foot/second2

hour
minute
second (s)

day
hour
second (s)

day
hour

centi etre3/second
metre”/day (m3/d)
metre- /hour
foot?/minute
gallon/minute
liter /hour

liter /hour
metre-/second (m3/s)
barrel/davy

métre3/second (m3/s)

barrel/day

barrel /hour
foot3/minute
liter/hour
metre3/second (m3/s)
metre3/day

barrel/day
foot3/minute
metre3/day




VOLUMETRIC Euvammz(qammmMED) !

litre/minute
litre/minute

litre/second

metre3/second
metre?/second
metre~?/second
metre3/second

metre3/minute

metre3/day
netre3/day
metre3/day
metre3/day
metre3/day
metre3/day

VISCOSITY, PERMEABILITY

centipoise
centipoise
centipoise.

centistoke
centistoke

metre?/second
metrel/second

pascal~second
pascal-second

pound-force-second/foot 2
poise
stoke

darcy
darcy
darcy
darcy
millidarcy-foot

grain [avoirdupois]
gram
gram
gram
gram

1.0 *E-03
1.0 *E~02
2.088 543 E~05

*E-06
E+00

*E+06
*E+04

*E+03
E+01

4,788 026 E+01
1.0 *E-01
1.0 *E-04
9.869 23 E-13
9.869 23 E-09
9.869 23 E-O1
1.0 *E+03
3.008 142 E+04
MASS
6.479 891 E-02

1.543 236 E+01
1.0 *E-03

- 3.527 397 E-02
2.204 622 E-03
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foot3/minute
gallon/minute

gallon/minute

barrel/day
foot3/minute
foot3/second
gallons/minute

gallons/minute

barrels/day
foot3/day
foot?/minute
gallon/minute
litre/hour
metre~ /hour

pascal-second (Pa.s)
dyne-second/centimetre?
pound-force-second/foot2f

metreZ/second (m2/s)
centipoise/ (gn/cm?)

centistoke
stoke

centipoise
poise

pascal-second (Pa.s)
pascal-second (Pa.s)

metre?/second (m3/s)

metre3 (mzé
centimetre
micrometre2 (um2)
millidarcy
nicrometre4metre

gram (9)
grain
kilogram (kg)
ounce

pound
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MULTIPLY

kilogram
kilogram
kilogram
kilcogram
kilogram
kilogram
kilogram

_ounce
ounce
pound
pound

slug

ton [long 2240 pounds]
ton [short 2000 pounds]
ton [metric]

gram/centimetre3
gram/centimetre3
gram/centimetre3
gram/centimetre

kilogram/metre3
kilogram/metre3
kilogram/metre

pound/foot3
pound/foot
pound/foot3

pound/gallon
pound/gallon

pound/gallon

dyne
dyne

kilogram-force
kilogram—force

newton
newton
newton
newton
ounce-force

pound-force
pound-force

BY

MASS (CONTINUED)

*R+03
397 E+0l
622 E+O0
178 E-02
064 E-04
311 E-O3

*E-03

952 E+01
952 E-02

*E+03
924 E-01

390 E+01
047 E+03
847 E+02

*E+03

DENSITY

1.0

6.242
8.345
3.612

1.0
6.242
1.002

1.601
1.601
1.336

1.198
1.198
7.480

*E+03
797 E+0l1
405 E+00
730 E-02

*E-03
797 E-02
242 E-02

846
846
805

E-02
E+Ol1
E-01

264
264
520

E-01
E+02
E+00

*E~-05
089 E-06

650*E+00
622 E+00

*E+05
E-01
E-0Ol1
E+00
E-OL

716
089
942
139

222
925

E+00
E~Ol1

TO OBTAIN

gram

ounce

pound

slug

ton [long]

ton [short]
ton [metric]

gram (g)
kilogram
grains

kilogram

(kqg)
(kg})

(kg)
(kg)
(kg)
(kg}

kilogram
kilogram
kilogram
kilogram

kilogram/metre3 (kg/m3)
pound/foot3
pound/gallon
pound/inch3

gram/centimetre3
pound/foot3
pound/galion

gram/centimetre3
kilogram/metre3 (kg/m3)
pound/gallon

gram/centimetre3
kilogram/metre3
pound/foot3

newton (N)
pound-force

newton (N)
pound-£force

dyne
kilogram—-force
pound-force
ounce-force
newton (N)

newton (N)
kilogram-force
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PRESSURE AND PRESSURE GRADIENT

atmosphere, normal
atmosphere, normal
atmosphere, normal
atmosphere, normal
atmosphere, normal
atmosphere, normal
bar
bar
bar
bar
bar

centimetres of Hg at 0° C
centimetres of Hg at 0° C

dyne/centimetre?
dyne/centimetre?

inches of Hg at 60 deg F
inches of Hg at 60 deg F

feet of water at 4 deg C
feet of water at 4 deg C

kilogram-force/centimetre?
kilogram~force/centimetre?
kilogram-force/centimetre?

kilogram.—force/metre2
kilogram-force/metre?2
kilogram-force/metre?
kilogram-force/metre?

newton/centimetre?

newton/metre?
newton/metre%
newton/metre

newton/metre?

newton/millimetr_e2

pascal
pascal
pascal
pascal
pascal
pascal

pound/foot2
pound/foot2
pound/foot2

25 E+00
95 E+01
E+OLl
*E+02
25 E+05
60 E+0l
23 E-0O1
716 E+00
*E+05
*E+05
377 E+O1

22 E+03
67 E-Ol1

*E~01
377 E~05

E-0Ol

98 E+03
15 E-01

650*E-0O1
650*E+04
334 E+01

650*E+00
650*E+00
16l E-O1
334 E-03

377 E+00

*E-05
*E+00
377 E-04
716 E-0O1

377 E+02

23 E-06
*E-05
716 E-0O1
*E+00
543 E-02
377 E-04

429 E+00
026 E+01
444 E-03

bar

feet of water, 4 deg C
inches of Hg, 32 deg F
millimetres of Hg, O deg C
pascal (Paé

pound/inch

atmosphere, normal
kilogram-force/centimetre?
newton/metre? (N/m2)
pascal (PaE

pound/inch

pascal (Pa&
pound/inch

pascal (Pa&
pound/inch

pascal (Paﬁ
pound/inch

pascal (Pa£

- pound/inch

bar
pascal (Pa&
pound/inch

newton/metre2 (N/m2)
pascal (Pa)
pound/foot?2
pound/inch?2

pound/inch?2

bar

pascal (Pa)
pound/inch?2
kilogram—force/metre2

pound/inch2

atmosphere, normal
bar
kilogram-force/metre?
newton/metre? (N/m2)
pound/foot2
pound/inch2

kilogram-force/metre2
pascal (PaE
pound/inch
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MULTIPLY BY TO OBTAIN

PRESSURE AND PRESSURE GRADIENT (CONTINUED)

pound/inch2 atmosphere, normal
pound/inch? bar

pound/inch2 kilogram~force/centimetre?
pound/inch2 newton/centimetre?

pound/inch kilonewton/metre2
pound/inch2 newton/metre?2 (N/m?2)
pound/inch? newton/millimetre?
pound/inch2 pascal (Pa)

ENERGY AND WORK

Btu [International table] E+03 | joule (J)

Btu [International table] E~01 calorie [Kg,mean]
Btu [International table] E+02 | foot-pound

Btu [International table] E-0l | watt-hour

calorie [Kg, mean] E+03 | joule (J)
calorie EKg, mean] E+00 | Btu [International table]
calorie {Kg, mean] E+03 foot-pound

calorie [Kg, mean] E-03 | horsepower-hour
calorie [Kg, mean) E+4+03 newton-metre

calorie [Kg, mean] E+00 | watt-hours

foot-pound E-03 | Btu [International mean]
foot~pound E+Q0 joule (J)
foot-pound E-04 | calorie [Kg, mean]

joule (J) E-04 | Btu [International table]
joule (J) E-04 | calorie [Kg, mean]

joule (J) E-01 foot~pound

joule (J) E-04 watt-hour

joule (J) . *E4+00 watt-second
watt~hour . *E4+03 joule (J)

POWER

Btu/HR [International table] | 2.930 711 E-Ol | watt (W)

foot-pound/hour 3.766 16l E-04 | watt (W)
foot~pound/minute 3.030 303 E-05 horsepower
foot~pound/minute 2.259 697 E-02 | watt (W)
foot~pound/second 1.818 182 E-03 horsepower
foot-pound/second 1.355 818 E+00 | watt (W)
horsepower [550 ft-1lbs/s] 7.456 999 E-01 | kilowatt (KW)
horsepower 5.50 *E+02 foot—-pounds/second
horsepower 3.3 *E+04 foot-pounds/minute
horsepower [electric] 7.46 *Er0g2 | watt (w)

kilowatt 1.341 022 E+00 | horsepower [550 ft-1bs/s]
watt 2.655 224 E+03 foot-pound/hour
watt 4.425 372 E+OL foot-pound/minute

1.341

watt 022 E-03 | horsepower {550 ft-lbs/s]
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LENGTH

1.340 483 E-03 | horsepower [electric]

3.412 141 E+00 | Btu [International table]

TEMPERATURE

' TO CONVERT SOLVE | TO OBTAIN

K= 9C+273.15 Kelvin (K)
F= 1.80C+32 Fahrenheit degree
Fahrenheit degree C= (OF-32)/1.8 Celsius degree
Fahrenheit degree R= OF+459.67 Rankine degree
Rankine degree K= OR/1.8 Kelvin (K)

The SI unit of temperature is the degree Kelvin (written K without a
degree symbol) and defined so the triple pointof water is 273.16 exactly

celsius degree
celsius degree
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C. MISCELLANEOUS OIL ¥IELD CONVERSIONS

TEMPERATURE GRADIENT

OC/100 metres
OF/100 feet
CONCENTRATION

grains/gallon
grains/gallon
grains/gallon

pounds/million gallon
pounds/million gallon

GAS~QIL RATIO

m>/m- at 150C and 1 atm
scf/B at 60°F, 14.65 psia

GAS-VOLUME

m> at 15YC and 1 atm
scf at 609F and 14.65 psia

OIL GRAVITY

OAPI

sp.gr.@ 60°F

GAS GRAVITY

gas density(gm/cc)
at 60°F, 14.7 psia

gas density(lbs/cu.ft.)
at 60°F, 14.7 psia

5.486 4
1.822 7

1.714

1.712
1.429

1.1982

1.801 175
5.551 931

3.549 373
2.817 339

141.5
1731.5+CAPI

141.5 .
Sp.9r.& 6O°F 131.5

gas density (gm/cc)
.00122

gas density(lbs/ £t3)

TO_OBTAIN

OF /100 feet
0C/100 metres

grams/liter
parts per million
poundsper million gallon

grains/gallon
parts per million

sSf/B at 60CF, 14.65 psia
m>/m3 at 15°C and 1 atm

scf at 60°F and 14.65 psia
m3 at 159C and 1 atm

sp.gr.@ 60°F

OapI

gas specific gravity

gas specific gravity

0.762

gas mol.weight
28.966

gas specific gravity




QUANTITY

PHYSICAL CONSTANTS AND

Triple point of water

Absolute zero

'Gas constant (R)

Maximum density of water

Density of water at 60°F
{(15.5609C, 288.71 K)

Water gradient at 60°F
(15.56°C, 288.71 K)

Standard atmosphere

Density of air at 1atm,60°F
{(15.56°C, 288.71 K)

Earth's gravitational
acceleration,

g

de

T

e

1 n{10)

v (Buler's constant)
OAPI

MAGNITUDE

273.16 exactly
0.01 exactly
491.688 exactly
32.018 exactly

0.00
-273.15
0.00
-459.67

8.3143
8.3143 E+07
10,732

8999.973
0.999 973
62.426 1

999.014
0.999 014
62.366 4

9,796.98
979.698
0.433 100

1.013 25 E+05
1.013 25 E+06
14.695 9

1.223 2
1.223 2 E-03
0.076 362

exactly
exactly
exactly
exactly

9.806 650
980.665 0
32.174 05
1.000 000
1.000 000
32.174 05
3.141 593
2.718 282
2,302 585
0.577 215 66
141.5

Y{60°F) 131.5
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UNIT

OF

Jemol™! k-1 -1 k-1

erg- ( mole) -
psi-fzlgl (1b mole)'1-OR1
kg- m:g
g +cm
1bge ££-3
kg -m'g
gs cm
loge £t=3
pa-m-1
dyne -cm’
psi-ft‘1
Pa

dyne -cm™
psi

kg- m_3
g- cm—3
by« ££73

2

-2
me s
cme 5”2
ft.5™2
kg-m-[s]"1se<1:'2
g.cmsdyne” secT?2
1bp: ft+ 1be~1 572
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