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xntréauatien

During the 1&3% ten year& the broad 9reb~

lem of general reservolr performence has been ana«

lyzed b&Asevbral auﬁhars”fram both the qualitative and
quantitative points of view. The present work repre~

sents aﬁ‘appﬁaaeh to the same problem from the analy~ -
tical point at.ﬁie%, using as a staerting point the
radial flow equation based on D'Arcy's law of viscous
ﬁ&aw}éf_héﬁegenaéus fluids.

| , ﬂ_@he suthor's choice gf‘ériting the present
paper on this subject was Gue to personal interest in
1t, end to the great importance of the study of reser~
voir performence for establishing the optimum methods
af primary and secondary oil recovery.

" A brief discussion of the reservelir enargy
end the different forms under which it may be avail~
ablg‘iﬁ;a reservoir, is believed to have 1ts plaee
here for the better understending of the main subject
of this thesis.

ReaerVQir Engrgx

In 8 reaervair, the energy available for the
preﬁueéien of 611 18 called reservoir energy. This
energy is the source of the natural forces which re-
sult 1n the flow of unéergreumﬁ fluias from the porous
roocks 1nto ‘the panatratima Walls.

The sources of this energy ares®

+*Prof. C. P. Barb; Lectures on Petroleum Production at
the CGolorado School of Mines,

1,



1. Gas pressure, which might be produced by the ex=
pending forces of natnral'gaazin'soiutian, in e
£rea gas cap, or both;

2. Water pressure, either static or dynamles.

3., The force of gravity, usually so small that it
-gan be neglected;

4. The expulsive force due to the compaction of
poorly consolidated reservoir rocks on release
of pressure; and, .

5. whéﬁaxganaign of the 1iguids within the reservolr, .

:By this classification 1t is not implied
that only one of the above forees will be effective in.
a reservoir, since the driving force can be a combina~

tion of two or more of them.

Energy rrém3ﬁatara1 Gag

- Before an oil reservoir is drilled in, the
expulsive and retentive foreces are in equilibrium.:
When a well penetrates the ﬁepaéit;-an area of low
pressure is created at the well and, if maintained,
will cause the o1l and gas to flow toward and into the
well., If it 1s not shut in and a pressuve differential
18 meintained between the reservoir and the well, flow
will eontinue, the fluids always woving toward the low
pressure region ebout the well. The energy contained
in the gas in 1ts compressed state 1s the primary force

responsible for this movement.



Eioduat;anvaf the éil wiil bring, as & con=
5EQUOnce, réﬂuction.af,the reservoir pressure. When
the saturatien pressure, or "bubble point,” is reached,
&gaajwili start to egme‘out of solution in the form of
"minute'hﬁbﬁiéa; a&aeelthay ere still under pressure.
‘Purther reduction of pressure will cause these small
“bubbles to expand. Aaﬁaw?ésult,‘tha fluids in the
reservoir expand to a new volume that is several times
the erlgiﬁai, and this expansion wi11~dlap1§ee:a quan»
" tity of oil and gas egquivalent to the volume bffgés
formed. ' . - .

.This type of oill praéuction can be gompared
with the effect thained when the cap of & warm gas~ .
eous beverage is removed. The invisible ges under
r‘prasaurewwill start to come out of solution as soon
as the preesurs is reduced, The small bubbles of ges
will incresse their size and force part of the liquid
up the neck of the bottle; in the same form the oil
15 foreed up the well to the surface,

If the g&# 1nkbhe deposit iz in the form of
a large body of free gas under pressure at the crest
of the-strueture (gas cap), it will operate in a quite
different way in expelling the oil from the reserveir
rock. This gas, at high pressure, will exert e forse
downwerd awgainst the surface of the oil, pushing it

down the flanks of the structure from whers it can be

B



reoévereﬁ by;w@lis-penetrati#g'@nly‘the flanks.

: Kﬁvall*thézgag-expanalén‘reaervoirs,rthe'
-gaa'has@ﬁgaﬁ;fuﬁct&en?afnre&ua&ng:tha surface tension
and Qisaoaity“af the o1l, besides supplying the energy
fer,the;rgaaéery of the fluids within the reservolr.

Energy from Eneroaching Fdge Water .

' .. . Flelds operated by hydrostatlc pressures
usually are of the type called "open fields;" that is,
the type in which the producing formetion outerops in

the surroundings of tue structure.. However, thils is

not. the only condition, since eontinuity of the formation .

from the outcrop to the place where the oll 1s accumu=
lated; as well as a high permeability throughout the
formation, 1s required. WithJﬁhasa three conditions
evailable, the water which enters the formation at the
outerop will flow, without wmuch resistance, from the
outerop. to. the oil reservoir, tenfing to concentrate .
aﬁé~dia§1ace mach of that 0il held in the raaérﬁgar
rock by caplllarity, towsrd and into the penetrating
weolls,

.- It is generally recognized that the addle .
tional oil recovered in this way may be an inportant.
part of the total production from the field.

In a "weter Drive" field, if the rate of oil
production is mede equal tc the rate at which the

‘water moves through the producing bed, the pressure of

4,
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the reservolir wﬂii remain prectically constant. This

1s & well~known charseteristic of fields in whieh the

energy comes from hydrostatic pressures

Bffect of Gravity
Qhe.gravitatianal force 1s ‘always effective

in a reservoir,; medifying to a certain extent the ef~-
feot. of ﬁthﬁ?:6x§u18&V§ forces. ~Hawevargu1n}reaervairs
operated by gas expansion er water drive the force of
gravitgtien.ia so small compared with the main expul-
sive forces, that for practicsl purposes 1t ig usually
peglected,

+ It should be mentioned, however, that in
closed structures in whieh there is not enough gas
presan£~ta supply the energy required. to move the oil
into the wells, the effect of gravity drainage will be
of primaxry &mportance,  In such cases, the pay»zena
vthiakaeaé,.the dip of the formation, and the permea~
bility of the‘reaarvoir rock will be, of course,
directly proportional to the smount of oil reoovére&‘by
gravity alone. |

Drainsge of the reserveir by this force will
probably continue until the slope of the o1l 1n the
sand is Jjust enough to overcome the: reaistanee ta flew -
offsred by the reservoir rock,

Expulsive Force by Compaetion of the Reservoir Roek

. In & reservoir in vhich the produeing



formation is couposed of poorly consolidated aan&s;
there is the poesibility thet the weight of the overe
lying sediments will produce, upon the release of
pressure, a further compaction of the loose sande,
therefore decreasing the volume of the pore spaces and
forping part .of the oil out of the reservoir rocks.
There are several instances in which surfece subsidence
has followed. the release of gas pressure with 61l proe
duction in fields,

Ezpulsive Force by Expansion of Liquids within the
B@aervoir |

At ﬁhe exisﬁing,high preasurgavin oll reser~
vairs; the liquiﬁa within the pores ef»tha produeing
farmatian have Suffereﬁ a amall éacraase in valume du@
te the slight a@mpressibiiity of iiquida« Upon redua~,;u
tion ef pressure thase 1iquiﬁﬁ will tend to expend,
this new V51um$ tending to move toward the wallas Ex~
periments have shown tha% as much as 1% of the orig-
inal ozl ang water in a resarvGir roek can be raqevera&
for aaeh 3,600 pounde per square lneh preasure AYop.
It is ﬁbviéus that'the'larger tha_ériginax volume of
liqui&s in the reservoir, the greater the oil ree@yeﬁy
by ﬂhis farwe 9n1y. If edge watéé is present 1n’%hs
aeposit. the expanslon of this water will eause 1t te
-encroach aﬁ_thshbeginnang‘ef production, therefore

acting as a natural water drive,



‘Qonsideration must be gilven to the main re-
tentive forces inherent in the reservoir rock that -
will tend to oppose the movement of the reservelr
fluids to the areas of relatively low pressure in the
viedinity of the recovery wells, . Uren* definss these
forces as; -capillarity, adhesion, and pore friction.
The expulsive energy avalilasble in the reservoir is
largely canﬂumed in overcoming the resisting forces,
and the @11 recovery will depend on the magnitude of
the expulsive and retentive forces., The engineering
ai&s 1ia3 in the way in which the natural forces sre
éanaerve& and utilized,

The capillary end adhesive forces ers re~-
sponsible for a large part of the original oll not
recovered from the reservolir rock, while the other
part of the unrecoversble oll is aceounted for by the
frictional resistance offered by the rock pores to the
expulsive forces which tend to drive the o0il to the
recovery wells, ,

The detailed dlscussion of eagh of these
forces 1s beyond the ssope of this work, but a genw
eral consideration of them will be given at this point
in Qrder to set the basis for & clearer understanaing
of the relative permaability eoncepts which will |
follow,

*Uren, L. C+, Potroleum Produstion Engineering ~ 041

Field Exp}aitation, MeGraw~Hill Book Company; Inc.
1939. P 76586,



Retentive Foree of Gapillsrit

" aplllarity is’ the result of the operation
of surfece tension of the oll in e reservoir, which
tenda to absorb and retaln the liguids inside the cepw
'illaryfbpaninga of the reservoir rock.

The retentive force of capillarity will be-
greater in a deposit which contains oil of a high sur-
face tension.

As mentioned before, gas in solution in the
oil, as 'well as an increase in temperature, will re~

duce surface tension, therefors dscreasing the amount

of original oil left unrecovered because of egpillarity,

The adhesion of an oll film to the reservoir
roek by intermolecular ettraction leaves in the proe
éuding bed a large portion of the original oil, Due
to the loose crystalline structure of most of the
coumon rﬁc%ﬂfafming:minerais and to the influence of
pressure, the o1l is driven into sll orevices and
cleavage p&ha@s=@@ such extent/that the subsurface
pores will'ratgih the liquid even when.ﬁha»sg??aua is
apparently freé‘af it. This action wili maﬁ% the rock
'ﬁreffar&n%iéily &eﬁtéﬁ by eil'andnsubsaquaﬁtly’wiil~in*

creage the retentive force of ednssion,

Frictionel Kesistance
The various frictional foreces which oppose

the movement of fluids through the pore channels



toward & well have been listed as:® (1) internal frice
tion of the oil in overcoming its own viscosity and
inertias (2) frisction of the oil and gas on the roeky
surfaces forming the walls of the flow chammels; (3)
resistance offered by the gas bubbles to deformation
or partition in passing through the sonstrictions of
the flow channel; and (4) the capillary drag of the
minute openings through whioch the 0il must yaas;

The frictionel force listed under (3) is
more commonly known as the “Jamin effeot,” named
after Jamin, an eerly Frongh physieclst, who conducted
e series of experiments in which chains of alternating
gas bubbles and seperating ligquid filamenta were foreed

under pressure through capillary tubes with several

aonstrictions. Due to the similerity between these ex- .

perimental cayillary‘tubes and the actual flow channels
in a reservolr rock, it has been suggested that the
conclusions reached by Jamin have significance in the
production of o0ll by gas expansion.

A variation®® in the apparent permeability
of the reservoir rock to gas and oil has been attri~
buted to the Jamin effeot and will be discussed in
the following pagas.'

*_’vr‘aﬁ’ I.IO G‘c’,‘ l@@'i Qitp

*++R. D+ Wyckoff and H. G. Botset: The Flow of Gas~
Liquid Mixtures Through Unconeolidated Sands, Physics
7, 1836; p. 325-345,

9.



10.

Dtarey's lew for the visoous flow of homo«
geneous. fluids through send states that the rate of
flow is proportional to the pressure drop snd to the
permeability of the medium, and inversely proportionsal
to the viscosity ug the fluid. He expressed this rate
of flow by the equation

-
e B &

Q:is the rate of flow; K 1s the p&?ﬁ@abiiiﬁy i
ef the medium; A 18 the arass*aemtiomal area; u 1s
tha viseosity of the flulé; anﬁ dp 1s tho pressure |
drop aeross the langﬁh dr. In thig way, %ﬁ,rayrasentaﬁgs;
the prasaura gradient. | |

| :n the easa @f n@ngh@mageneaua fluida, such

as gae*liqaiﬂ mixkures, a variatian af Q'Arcy's 1aw |
was fbunﬁ to aeaar, th&a varia%ien ba&ng 1n the ayyarsnk
parm@abilzty af the medinm t& tha gas and liqai& “eom=
'ponenta, an& depan&ant in 8 eamplex manner upon the
ralative aan@antratian ar the twe flu&d n@mponanta
preaent; As mantien&d befere, thia is attrlbmﬁaﬁ t@
tha Jamin effeat. ﬂne appapant parmeability af’eha
medmum.te any of the components 1s more generally re-
f@rr@ﬂ to as ralativa permeability.

Experamankgl‘wark conducted by several ine

vastighba%a ih,nnabnsalidaﬁeﬁ sande on the variation



of the relative permeability of the medium to liquid
(Ky) and to gas (Eg) with the percentage liquid sat-
uration, indicates that it is reasonable to represent
that variation as the average ourve shown in Figure 1.
These gurves are for no connste water in the sand
since it has been found® that the relative permeabil-
ity to oil and gas 1s ghanged when iﬁterst&ﬁ&al water
is present, (Om the other hand, it was found out that
méﬂsrate|vgr$gtiens in the viscosity and su?feéé ten»
sion of the 01l appear to have negligible effect on
the permeability-saturation relation for a send.

4As 1t will be shown later, the ratio of kha»
. relative permeability of gas to the relative permea~
bility of o4l (K@/Kl) is § direct 1ndiaati@n:af the
gae~oil ratio, showing its direot relationship with
the liquid saturation of the sand.

011 Recovery by Dissolved Gas Drive Mechanism

- The conditions required for a dissolved ges
drive to act as the expulsive force in a reservoir
have been listed as follows:**

1., The existence of a flat structure with a low ver-
-zigal;permaability which would prevent the gravi-
‘tatiénélfaagragation of gas releessed from solution
“4n'the oil;

4 y [

*M.C. Leverett and W.B. Lewis, Steady Plow of Gas=0ile .

‘Water Mixtures Through Unconsolidated Sands; A.IM.E,

~ Pet. Dev, and Tech. 1941, Vol. 148, p, 107=116.

*+Joint Progress Report on Reservoir Efficiency and
Well Spaeing, by the Comms. on Reservoilr Development

and Operation of Standard 01l Co. (K.J.) Affiliated Cos.

and of the Humble 01l and Refining Co,, 1943.

il.
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2:; The absence of a free ges cap or of & water b@ﬁj
~which could move into the reservoir; and,
3+ ‘4 high rate of oil production that would exceed
the ability of‘any'waEer present to. advance into
-the reservoir; or the efficlent expansion of a
free gas cap, if present.

- The most important attribute of this recov~
ery mechanism is the horizontal flow of oll and gas
within the reservolr roeck which, in the absence of a
flat structure, may be brought about by lew vertieal
poermeabllity or by high flowing pressure differentials
occasioned by high producing rates and a tight sand.

Methemetical Relationships for Dissolved Gas Drive
Reservoirs

Reservair ?reasure ﬁeoline Eguatxon

_ Fbllewing the osnaitians for the exlstence
of diaaalvsd gas drive in an oil reaarVQir, 1ee us
assume a\aﬁructmra 1n whiah the Fraaueing f@rmation is
a ﬁ&ght aanﬁ with very low speairie parmaability; The
0il in this reservoir contains gas in solution at a
h%gh‘preasgre_gpd»it 1s going to be produced with the
maxigu@ g;ew;ag pressure ﬁlfterenﬁial;,thgh»ia, with a
‘wa;l&pﬁassure equal to atmospherin preéaure» |

_ ;|‘ ﬁnder the above eonﬂitiona, if we assume a
unirarm &ealine of the reservoir pressure P o¢ With time
t, we will have the following reiaﬁian&hipa*-

N, Muakat, "Plow cf ﬁamaganauus Pluids" Equation {13)
ps 711, mo&rawaﬁﬁll, 1937, -



RIS TR
L v ~T
f Ugre? 1n re ?1

Pe is the reservolr gauge pressure, in atmospheres.
K‘is‘t&ewapeo&fiu:p@rmeabimityg in dereys.s

Kl is: the relative permeability,; as s fraction af the
apec&fia permeability.

t 18 tha tima 1n aeconﬁs aftar grmauctian hae sﬁarkaﬂ»

f is the peresity of ﬁhe raﬁarVeir rock, as a frmatian
- pf the total volume of reaerveir ook,

aé'is;tha{ail.viﬁeasaty in centipoises.

rg is the radius of drainage affected by the well; and

usually teken as one hﬁlf a£ the well spaaing in
- gentimetera.

Ty 18 the radiua of the well in the pay 2one of the .
reservcir, 1n eantimatera.

Py 18 the 1n1t1al reaarvair gauge pressure, in atmos-
co phares.u

For aonven&enca; equation (1) will be
'writtan aag | |
S ()

Yo

ﬁé‘&#lgnwpgisga} t 1s in dayag.reiana‘rw are in feet, . . ..

The 0,93 introduced in equation (£) accounts for the
"oonversion of units of u ; t, and P,

 The Radial Flow Equation Based @xx'mmy*b Law

 In a preceding section of this work DtArey's

‘relation for the rate of flow of an homogenesous fluid

18,



threugh & porous medium has been expressed by the
equation;

o KA dp
L u 3§' (5)

The raaial flow aoneepﬁ 1mpliaa that tha flow
Eef fluids from the reaervair raok to the wall ao¢urs
:&lang shannela radiating in all ﬂ&reﬂtians from tha
well; In any aea%&an af hhieknesa h, aiﬂ¢e tha

£lulds are fl@wing from a distance r (%ha arainage

z,.raaius) taward ehe wall, ehe eross»aeational area

vthrough whioh this flew 1a beaugying oan h@ writﬁan ka‘g
as f@llawsz o S
k A= errh L
A substitutiag this value of A 1n equation o
(s), we abtain-
Q» 27 Krh | dp
- u . dr .
| Rearranging this equation for integration
between the 1limits of Pe an& Pus ana re and Py, we
h&ve; '

Yo Pe
_ r n :
~ Py C Py

and’ 1ntegrating, we obtains

QinTs o STEL (Pe~ pw)
Tw X o




ors

@ 18 the fluiﬂ rate of flow in cubie centimeters per
oeeend.

K 13 the speoific permeablility in darcys.
h is ﬁhe_pay zone thickness, in centimeters.
pe'is‘thé‘p@aervair»gagge‘praasﬂro, in atmospheres.
pw 15 fhévweillgauge pressure, 1n atmospheres.
u ia hhe viecasiﬁy of the fiuld in centipoises.
re 1a the ‘Teservolr dra&nage radius, in feet.
Py is ﬁhﬁ\WEll redius in the pay zone, in feot.
| These are the unita used in the original

5D'Aroy*a Law aquaﬁian for hem@gane@us fluids. By

ahanging the units and introaueing the term K3 to ac~

count far ﬁhe non~homogeneous aharmater of the oil

flow, wavobta&az

Q@ = 1.06 KK3h(po-py) e
) ua 1in 5@ B . (4)
., Tw -

whs aymbéla have the(féllaviag'mean&ngs
and units:
.Q 18 the oil volume rate of flow in barrels per day,
,K‘ié ﬁﬁe ‘specific parmeability in ﬁara&s‘

Ky 1s the relativeée permaability of the oll, a fraction
of the speoifioc permeability.

15,



N 45 the pay zone thickness, in feet.

Pe 8nd Dy, the reservoir and well gauge pressures, re«
speatgvely, in atmoapheresg

ug is the viacos&ty of the 011 in poises.
ln 18 fbr natura1 1ogar1thm, lagarithm to the base e.

r aaﬁ aw. ara the drainage and well rad&i, reapecﬂ
ti?@) ¥ In fest.

‘ Equationgfé) 18 the radial flow equation
for @il baaeé an Q'Arey*a 1aw.

aaaline curve Eguatian

If in equation (4) we make PW « 0, or, aa~

suming the wall pressure as atmwspheria, it can be

aeive& far the reservoir pressure, th@raf@re cbeaiaingz

5’

Since the conditions under which this relation was
obtained éra_thé same used for deriving equation (2),
these two expressions for p, can be made equal to each

other, giving the following relation:

Te
Quoln¥y 3
1,06 KKqh © U-D5RRE 1 (6)
L £ uﬁfvagln re*,¥§
T

~ %he aymbala and 'anita of this ralatiﬁn are defineﬂ
under aquatiana (2) and (4). | ”

thh the aid @f equatian (6) the daily oil
produe%ian ﬁealina, with time, ‘ean be . obtained by

16,



plotting the values of @ egainst the corrssponding
values of ¢,

H@ﬁav&r, for solving this last equation,
aﬂdiﬁiom&l_&a?enma#ian is required on the value of Ky
the relative permesbility to the oil, For this pur=
pose a relation wiil be obtained for #he initlal 01l
.saturation é£:§ﬁe'area to be drained by the well.
Thie naﬁ be Aane by the sendevolume §§»aaity method.

The result ig the equation:

By = Tf!‘a fh(l"ﬂ )

84 1s the quantity of reservoir oil present, in
barrels.

Yas £ and b have the same maanings and units aa uhnae
in equation (6).

1 is the interst&tial water saturation, expressed as
fraetian of the porosity.

‘ ?@r the purpose of finﬁing the relative per
meabii&ﬁy to oil and to gas; aquat&on {(7) will rep-
resent the guantity of 01l equivalent to 100§ oil
saturation. In this way the residual oil saturation

at any moment can be calculated bys:

8 = | w%
Sl (8)

§ is the residual oil seturation as a fraetion.

Q¢ 1s the cumulative reserveir oil recovered, in
barrels,

83 1s the initial reservolr oil saturation as obtained
from equation (7).

17,



The Instentaneous aaswﬁll ﬂa&l@ Equatian

In. %he early part cf this worlt it has been
mantiaged_thaﬁ‘the_ratiq.@f‘tha relative permeability
éf the gas to the relative permeability of the oil
(Kg/K)) 1s a @ireetvinéinatianyar the flowing gas-oil
r“bia.*' | : |

B Qunﬁamﬁntally, the instantaneous gas»ail
ratio will be given by the following relation:

s Q .
R = aﬁ,, u
R 1s the instantaneous gas-oll ratioc in cubie feet
- of gas per barrel of reservoir oil.

Qg és the gas volume rate of flow in cuble feet: per
aya ,

Q 18 %ha oll. velume rate of flow in barrels per day.

¥ is @he gas dissalveﬁ in the 01&, in cubic feet per
barrel .

The gas volume rate of flow can be expressed
by the raﬁi&i flow equation as:

. Aus »123 2‘3/!“; Spa ?

(9)

Kg is the relative permeability to gas, a fraction of
the specific permeability,

‘ug is the viaeasity of the gas in poises.

Ta is the atmospheric temperature, degrees Rankine
GFahranhait absolute).

? 18 tha raaervair temperature, degrees Rankine.

Pa 13 the atmospheric absolute pressure, in atmospheres.

*R. D. Wyckoff and H. 0. Botset, loc. oit.
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t §

8inag Q 13 given by equatien (4), the final

~expreaaien f@r eha 1nat&ntanaaua gaa»oil ratio 183

@he velue of ¥ can be secured from labora=-
tory t&&tﬁ with tielé bﬂttam—hols samples.
Use of Equations S

With the ald of equations (&), (6), (?),
:an& (1@) and Figuro 1, the production hiaﬁar&es for

éiaselve& g8 drive oll wells can be caleulated.

The follawing,praaadure should be used when warking

with thoae equat&anas _

 1. Qha first step 1a to introdusge 1nt@ equahiﬁn
{6} th@ numerical values of U, Pg, Pgs K; hy
and Py, and then solve for @ in terms of ¢ and
5. o |

‘2.  Sinse the relation obtained in the Above step
reprosents the decline curve of the well, if
it is integrated hetwean‘zara'and t,vii will
give'the cumilative production Q, up to the
time t. The fact that K, is a direot function
of Qg and not a functién of ¢, makes posaible -
the'inﬁégraticn in which X3 is treated as &
constant,

3: With the known dats solve equation (7) obtaining

the reservoir oil present within the drainage

19}



4e

Be.

LIS

Ty

ares of the well, and representing unit liguid

gaturation,

Assume of value of Q and with the aild of equation

 {8), the present 1iguid saturation of the sand

can be obtained as a fraction of the initiel o1l
saturation., Using this velue in PFigure 1, the
relative permeability to the liquid {Ky) is ob-
tained, With the values of Q, anétxg,-thg
equati@avobtaineﬁ'1n,stey‘2 can be solved for &,

With thise values of t and Kj, the equation ob~

tained in step 1 ean be solved for Q.

Substituting the xmown values into eguation (5),
’thé.#eaarvéin pressure pe can be obtained,
ﬁhﬁf&aﬁtgs%aplas’%@‘ffné the instaﬁtamaa&a_gaaa
gii.ratig, am&.thia ean be ﬁana_by;using equa~
tion (10), and the data on the solubillity of gas
in oil obtained from laboratory tests.

..., .A8 it ean be readily observed, no consider=

akian,haé'beén given to the amount of gas present in

the reservoir, and therefore the results obtained -

from the use of these equations will be under the as«
sumption that 100% of the gas produced with the oil is

returned to the pay zone of the reservoir as fast &8

it is produced,

- With the purpose of illustrating this method

of celenlation and to give en ldea of the magnitude of

20.



the numerical results, an example using imeginery data

will be worked out in the following pages.

Example of Osleulatlon
| N ;@n@1£nilew1ng?imagiﬁ&ry-aata on a field is

asgsumed to be available;

gpeﬁifiﬁeparmeability of the sand, K: 0,01 GQarcys.

Pay zone thiekness, hi 80 feet.

Porosity, -fraction of total sand voluwe, f: 0,15,

In&tiaiirésarveir}praeaur@, P43 183 atmospherss gauge.

Well preassure, pws _6 atmospheres gauge.

011 viseosity, uy: 0,01 poisea.

Gas visnaaity,'mgg‘Q.Gaﬂlﬁzgois@as-

Radius of dreinage; rgi 660'feet.

Atmospheric temperature, Ty3 520° Rankine.

Reservoir temperature, T3 600° Rankine.

.. -Assuming no interstitial water present
(1&0);Jﬁigurawl can ba‘ﬁaﬁa_ror,abtainimg the relative
permeabllitiea. . Also, in Figure 2, the solubility of
the reservoir gas in the 04l is shown,

The caleulation by steps followsy
Step 1t By introducing the values a? Bos Por Pys K, hy
:n‘hqna*?g,in,equation (6) and solving for Q, the
. following expression is.obtained:

Q® a0 L4000

041988 + = (11)

2l
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Step 2: Integration of equation (11) between O and t
will give the cummlative production Q.

Therefore

Qe *J\ Qdt
(5]
o 0;193% L t—xi'-

Integrating end simplifying:

Qe = 4,430,000 1n Wf . :ﬂ (12)

8tep 3: Solving equation {7) the liquid saturation
| within the area to be drained by the well is
réanﬂ to Vves
84 = 2,196,000 barrels

Assuming @, to be £19,600 barrela, the
1iquid saturation is found by equation (8):

Referring back to Figurs 1, for a saturation
value of 0.90, Ky is found to be 0,71, HNow
equation (12)_ean be solved fbﬁ‘t, obtaining
t = 197 days.
Step 5: With this value of t, equation (11) developed
in Step 1 can be solved for @, giving:
Q= 1087 barrels per day
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E{vhiéﬁ is ﬁﬁa delly oil proﬁua@i@n 197 days
. after ‘the produntian of tha well haa started,
ﬁgggﬁﬁy,iwhe resarveir pressure 1s now abtained fram
1‘equahian (8)y giving:
. - “' Py ° 17444 atmcayharas
Step 7: With th@ aid of ?1gnrea 1 end 2 end equation

(10) the gas oll ratio can be computed know
ing the reserveoir pressure, From Pigure 1,
the relative permeability to gas at 0.9
, 11quid géturati@n is zero, and therefore the
- flowing gas«oil ra%i@ is equal to the gas in
solution at 174.4 atmospheres, or:
‘ R = 872 euble feaﬁ'per'barrel
Steps 4 to 7 are raﬁeate& assuming different
cumulative eal’reaeveriag. The results are given in

Table I, and plotted in ?&gu&eg 3 to B,
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Summary

&s;putlihea, this work is concerned with the
problen 0£jf1ﬁﬁing the decline curve of a well in en
01l reaexvai#‘graaﬁezag byfthalexﬁanaive,forna of geas
4n so&&ﬁiﬂﬁ.jf

This procedure presents the advantage of re-
quiring c@naiﬁé:&bly less time and a amaller‘amaaht of
1ahorator?”ﬁ§£§ithag5m63tLQf'&hs.methaés‘éevélaped'up
:;tg'the‘grésant‘f,gﬁ'the'aﬁherrhsna,:ths eeﬁﬁiﬁiabs:rar
which these é@ﬁatiéns qan_ba»used,ara very restricted
‘and will i&miﬁ‘ﬁheir use to a few cases only in actual
practice,  Meny attempts were made to relate these e-

quations to a material balance expression in order to

account for the amount of gas present at sny time, but

the introduction of several variables which sould not
be aeaeunﬁa& f@r made theae,trialsﬂun@ucuasafulg

Ehe information obtained on the cumulative
oil racovery, th& reaarveiw pressure, and gsa-oil
ratio g&vs& the pwaduoti@n history of the well, All
the eurves follow thie charascteristic. trend thet is
abaevved’iu'aotua& practice.

Ey reinjeeting all of ehe gas produced, &
h&gh paroentage of the ariginai 01l would be recoversd
but this 1e not feasible as the 5&&*611 ratio will
reagh 1nf1n1te-valuaag Also,; the cost of compressing
and 1néaet1§g'§h@ gas will be far greater than the

velue of the oll recovered.
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