
J. M. W. e. f way Y 

FIP7912 XR 3302, 710 

Feb. 7, 1967 A. S. ODEH 3,302,710 
METHOD FOR RECOVERING HYDROCARBONS 

Filed Feb. 7, 1964 2 Sheets-Sheet l 

t 15 

13 

4. 

e 13 4. 
A ZZ S. O. DEH 

NVENTOR. 

BY 4-4- feata 
At TORN E Y 

  



Feb. 7, 1967 A. S. ODEH 3,302,710 
METHOD FOR RECOWERING HYDROCARBONS 

Filed Feb. 7, 1964 2 Sheets-Sheet 2 

O.28 

O.37 

O.35 

O4 

F. G. 3 - 

H = 4 O FEET 
h = O. H 

O.26 

O. 24 

O.22 

O.43 

: ; ) O 39 h = O.2 H. 

O.56 

O.54- F. G. 5, 

H = 4o FEETu-1 
h = O.3 H O.52 

O.5o 

.048, O. O.2 O3 O4. O5 O6 O7 
y AZ Z S. ODEH 

NVENTOR 

BY 4-4- 8 ear 
AT TORN E Y 

  



United States Patent Office 3,302,710 
Patented Feb. 7, 1967 

3,302,710 
METHOD FOR RECOVERING HYDROCARBONS 

Aziz S. Odeh, Dallas, Tex., assignor to Mobil Oil. 
Corporation, a corporation of New York 

Filed Feb. 7, 1964, Ser. No. 343,280 
6 Claims. (Cl. 166-9) 

This invention relates to a method for recovering hy 
drocarbons from subterranean reservoirs. More par 
ticularly, it relates to such method for recovering hydro 
carbons from a formation or strata in fluid communica 
tion, over less than its thickness, with a wellbore. 

In many situations in the production of hydrocarbons, 
it is necessary to provide fluid communication between a 
wellbore and a strata of a hydrocarbon reservoir over 
less than the entire vertical thickness of such strata. For 
example, the selective perforation of a casing in a well 
bore over a distance less than the entire vertical interval 
of the strata it penetrates may be used to restrict the rate 
of fluid flow between the wellbore and such strata. Such 
arrangement may be utilized at the wellbore contact to 
each of several adjacent strata having different fluid 
flowing characteristics to produce fluid flows at an 
equal velocity through all the strata. More particularly, 
such partial perforations of a wellbore adjacent to each 
of several strata can be utilized in various procedures 
employing injected or natural displacing fluid to assist 
in the optimum recovery of hydrocarbons. This arrange 
ment is utilized to provide a more uniform movement 
of the fluids at the same velocity in each strata of the 
reservoir to secure a better recovery of hydrocarbons. 
The nonuniform and unequal movement of fluids in the 
various strata of the reservoir leads to inefficient recov 
ery of hydrocarbons as a result of the bypassing of hydro 
carbons in the reservoir by the displacing fluid. Addi 
tionally, such unequal movement of displacing fluid leads 
to premature breakthrough of the fluid into the wellbore. 
This fluid may be of any type, such as carbon dioxide, 
natural gas, or water, injected into, or resident in, the 
strata to assist in producing the hydrocarbons from the 
reservoir. 

Restricting fluid communication between a wellbore 
and an adjacent strata to less than its thickness has other 
useful applications. For example, it may be desirable not 
only to restrict the fluid flow to a certain rate but to estab 
lish such flow only through a certain interval at the well 
bore. One utility of such arrangement is to reduce water 
or gas coning. Another utility is to control the flow of a 
relatively high pressure fluid existing in such strata. 
As will be apparent to those skilled in the art, the use 

of such an interval of fluid communication at a wellbore 
creates problems in the optimum production of fluids 
from the adjacent strata. With the flow between the 
wellbore and strata through an interval of fluid communi 
cation, the flow potential distributions are of a spherical 
nature adjacent the interval of the wellbore and do not 
become radial until a substantial distance away from the 
wellbore in the formation. It is well known that with 
an interval of fluid communication extending from one 
horizontal boundary of the strata less than about 50 per 
cent of its vertical dimension, fluid flow of a radial na 
ture is not obtained until at about a distance from the 
wellbore twice the strata thickness. Radial flow is not 
obtained until a much greater distance in the strata from 
the wellbore where the mentioned interval extends for 
a much shorter distance into the strata from one of its 
horizontal boundaries. Radial flow is similarly delayed 
where the mentioned interval is positioned intermediate 
the horizontal boundaries of the strata. Of course, the 
preferred conditions of fluid flow are obtained where the 
interval of fluid communication extends substantially 
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through the entire thickness of the strata. Under these 
circumstances radial flow is obtained immediately adja 
cent the wellbore. 
The distance through which fluids must flow through 

a selectively positioned interval of fluid communication 
between the wellbore and the strata before radial flow 
is established is one factor controlling the efficiency in the 
recovery of hydrocarbons from such strata. One reason 
for this result is that hydrocarbons in the strata where 
nonradial flow exists are bypassed and remain unpro 
duced. Another reason for this result exists where a dis 
placing or driving fluid used for displacing the hydro 
carbons in the strata undergoes premature breakthroughs 
at areas of nonradial flow and thereafter more fluid is 
used to displace the hydrocarbons, Thus, the use of an 
interval of fluid communication to obtain a fluid flow be 
tween a wellbore and a given portion of a strata is well 
known. Similarly, it is known to restrict the fluid flow 
through such interval to obtain a desired rate of fluid 
flow therethrough. However, the problems relating to 
fluid flow through such interval have not been solved. 

It has been discovered that an interval of fluid com 
munication less than strata thickness can be placed at a 
desired position in a wellbore relative to a strata for any 
given set of fluid flowing conditions therein to produce 
optimum flow conditions in the strata. More particularly, 
by using this discovery, the radial flow of fluid is ob 
tained under a given set of fluid flowing conditions in 
the strata as closely adjacent the wellbore as is possible 
with less than the entire strata thickness exposed for fluid 
communication to the wellbore. Of course, such dis 
covery provides for optimum fluid flowing conditions in 
such strata in the effective production of hydrocarbons at 
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the greatest efficiency. 
It is therefore an object of the present invention to 

provide a method for recovering hydrocarbons under 
optimum fluid flowing conditions from reservoirs having 
strata exposed to fluid flow at a wellbore over an interval 
of less than the thickness of such strata. Another object 
is to provide in such method a definite relationship be 
tween the factors concerning fluid flow in a reservoir and 
the interval of fluid communication between a strata and 
wellbore so that the efficient recovery of hydrocarbons 
may be obtained. Another object is to provide in such 
method for an interval of fluid communication less than 
the thickness of the strata at a position in a wellbore 
where radial flow is obtained in the strata more closely 
adjacent the wellbore than has heretofore been obtained. 
Another object is to provide for the utilization of at least 
one positioned interval of fluid communication in a well 
bore adjacent to each strata with the fiuid flow restricted 
through some of the intervals such that optimum fluid 
flowing conditions are obtained through the uniform and 
aligned movement of fluids in each of the strata for the 
maximum recovery of hydrocarbons from each such 
strata. Another object is to provide for the recovery of 
hydrocarbons from a reservoir in accordance with the 
preceding objects where all factors concerning the flow 
of fluid in each strata in the reservoir have a definite re 
lationship and which relationship may be correlated to 
any particular strata and any set of fluid flowing condi 
tions encountered in the production of hydrocarbons in 
a steady state flow. 
These and other objects will be readily apparent from the 

following description of the present invention when taken 
in reference to the appended claims and the attached 
drawings, wherein: 
FIGURE 1 is a vertical section through a reservoir 

in the earth containing hydrocarbons in which the method 
of this invention can be practiced; 
FIGURE 2 is a partial view of the reservoir shown in 
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FIGURE 1 to illustrate one application of the method of 
this invention; and 
FIGURES 3, 4, and 5 are graphic illustrations of the 

physical relationship between factors of the fluid flowing 
conditions in a reservoir as established by the method of 
this invention to the recovery of hydrocarbons. 

Generally, the present invention resides in a method 
for producing hydrocarbons by obtaining optimum fluid 
fowing conditions in a reservoir having strata containing 
hydrocarbons which strata is in fluid communication with 
a wellbore over an interval less than its total thickness; 
and which interval is located at a certain intermediate 
position in the strata in order that, for a given flow of 
fluid through such interval between the wellbore and the 
strata responsive to a given velocity potential, radial flow 
is produced in the strata more closely adjacent to the well 
bore than at any other arrangement where complete 
radial flow does not exist by the step of producing hydro 
carbons in a definite relationship, a specific definition of 
which will be fully presented hereinafter, to the fluid 
flowing conditions in the reservoir. 

in one aspect, the present invention is a method for 
producing hydrocarbons from a production well by ob 
taining maximum invasion efficiency at breakthrough of 
an injection fluid which is passed from an adjacent in 
jection well into an intervening stratified reservoir. In 
vasion efficiency may be defined as the hydrocarbon pore 
space invaded, or contacted, by the injected fluid for each 
hundred units of hydrocarbon pore space enclosed by the 
injection fluid, through the full reservoir thickness, at the 
leading edge of the injection front. Maximum invasion 
efficiency at breakthrough is obtained where the injection 
fluid front advances at the same rate through all of the 
stratified reservoir. 

Referring to FIGURE I, a reservoir 10 is shown as 
penetrated by an injection well 11 and by a production 
weil 12. The reservoir 10 is comprised of dissimilar oil 
bearing sands 13 and 14. The injected fluid is water, but 
other fluids may be used, if desired. In this description it 
will be assumed that the sands 13 and 14 are horizontally 
enclosed by an impervious overburden 15 and supporting 
strata 16. It is further assumed that the sand 44 has such 
characteristics as to limit a water injection front rate of 
advance, for the same injection conditions, below that 
obtainable in the sand 13. The well i, provided with 
means for injecting water, is completed throughout the 
sand 14 and the well 12, provided with means for pro 
ducing hydrocarbons, is completed throughout both the 
sands 13 and 14. 
The sands 13 and 14 can be assumed to have the fol 

lowing properties: 

Sand 13 Sand 4 

Permeability, Ind--------------------------------- 500 20 
Forosity.- - - - - - a 0.8 0.18 

Thickness, ft.---------------------- d 30 
Residual Oil Saturation, percent----- 
Original Water Saturatioi), perceit.--------------- 

3) 
20 

3. 
20 

The sands 13 and 14 in the reservoir 10 have different 
physical characteristics, such as thickness and permeabil 
ity; and, therefore, the rates of water injection, at the 
same driving pressure into the sands 13 and 14 of the 
reservoir 10, will be dissimilar. The water injection front 
will have a rate of advance in the sand 13 greater than in 
the sand 14. Thus, the water injected throughout the ver 
tical interval of the sand 13 will break through into the 
well 2 sooner than from the sand 14. This reduces 
the invasion efficiency of water at breakthrough. One 
important feature of this invention is to insure that the 
injected fluid-hydrocarbon interface, or the water injection 
front, advances at a constant rate through all strata of the 
reservoir, i.e., sands 13 and 14. For purposes of this de 
Scription, the mobility ratio of the injected water to the 
connate reservoir hydrocarbons is 1:1. Further, no cross 

4. 
flow of significant merit occurs vertically between the 
sands 3 and 14 of the reservoir 10 and the conditions of 
fluid injection are in a steady state. 
The velocity potential Ap which drives the waterflood 

through the reservoir 10 is the difference between the 
velocity potentials at the injection well i, and produc 
tion well 12, i.e., dw-Ae. The injection rate, q in the 
sand 14 for radial flow is defined by the equation: 
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(1). 
wherein: 

H is the thickness of the sand 14, 
re is the distance in the reservoir 10 between the wells 

11 and 12, 
rw is the radius of the well 11, 
pi, is the viscosity of injected fluid, water, 
k is the permeability of the sand 14 to water, and 
Ap is the pressure differential between the wells 1 and 12. 
The injection rate per unit thickness V is defined by 

the equation: 

9. 
H 

(2) 
Thus, the rate of injection front advance R is defined 

the equation: 
R V 

(Porosity) ( i - original water saturation 
residual oil saturation) (3) 

In the sand 14 with the whole interval of strata receiving 
the injection of fluid from the well 11, the rate of injec 
tion front advance R is defined by the equation: 
R=-Y--- 2A - 2 - Ap 

0.18X0:48 00834 re. 0.0864pr. 
w 7 w (4) 

In the same manner, the rate of injection front advance 
R’ in the sand 13 with the whole interval of strata receiv 
ing the injection of fluid from the well 11 is defined by 
the equation: 

R= Y 2t Ads 2 k Ap 
0.18X 0.50.09 r. O.09. r. . -- in. 

Tw w (5) 

wherein the terms were previously defined with respect to 
the Equation but having the numerical values of the 
physical characteristics of the sand 3. 

If both the sand 13 and 14 were open throughout their 
entire intervals to the well 11, the ratio of the injection 
front advances between the sand 13 and 14 under the 
same injection pressure would be defined by the equation: 

2nr(500) Ap 
o 

REquation 5 0.09. In fw 
le TEquation 4 2ar(200)Ap 

0.0864u in 
=2.4:1. 

(6) 
Thus, the injection front would advance at a rate 2.4 

times as fast in the sand 13 as in the sand 14. Severe 
premature breakthrough of the injected fluid would occur 
in the sand 3. 

Obviously, to obtain the same rate of injection front. 
advance in both sands 13 and 14, the sand 13 is not open 
throughout its interval at the well 11 to fluid communica 
tion. The Sand 13 is only opened to fiuid communication 
Over an interval to the extent required to limit the full 
interval rate of flow a to be reduced by a factor of 2.4. 
Thus, the desired restricted rate of flowa, i.e., the injec 
tion rate, into the sand 13 is q/q = 1/2.4==0.42. Simply 
stated, the rate of flow q into the sand 13 to reduce the 
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rate of flow a to 42 percent of its value is obtained by 
an interval of fluid communication less than the thick 
ness of the sand 13 at the well 11. This arrangement is 
necessary to make the injection front advance in the 
Sands 13 and 14 at the same velocity. One means to 
obtain such restricted injection or flow rate g of water 
from the well 11 into the sand 13 is by exposing to the 
well 11 only an interval of the sand 13. to fluid com 
munication. Where a casing is cemented within the well 
11, the use of perforations to establish fluid communica 
tion between the well 11 and adjacent strata may be uti 
lized. For example, the casing is perforated throughout 
the sand 14. The casing is also perforated, at the same 
density of opening per unit length, over an interval ad 
jacent the sand 13 less than its thickness to provide the 
reduced rate of flow, 0.42 q. Thus, only the lengths of 
the perforated areas of the casing vary adjacent the sands 
13 and 4. Other means to restrict fluid fow to an 
interval of the sand 13 exposed at the well 11 will be 
obvious to those skilled in the art, for example, the 
procedures disclosed in the United States Letters Patents 
2,352,834 and 2,973,039. 
Where a fluid is injected into a strata-like sand 13 

through an area less than the total strata interval and 
Such area is not correctly positioned adjacent the strata, 
several undesired results can be produced. One result is 
that the injected fluid may travel as spherical flow for a 
substantial distance from the injection well 11 before be 
coming radial flow. This will cause some area of the 
Sand 13 to be bypassed by the injected fluid. Another 
result is that a considerable vertical misalignment of the 
injection fronts can occur before the flood front of in 
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wherein: 

P is the pressure, 
p is the density of water, 
k is the permeability of the sand 13 to water, 
g is the acceleration of gravity, and 
pu is the viscosity of the injected water. 

Equation 7 is to be solved for the boundary conditions: 
(a) p= pe, the potential at the production well 12, 

i.e., at r=re, and - 
(b) q=-2thröd/ori-ry, where g is the rate of fluid 

injection which is constant, and 
(c) 8p/8z=0 at z=0 and H. 
The boundary conditions (a) and (b) are that the 

potential is constant at the producing well, and the fluid 
injection is at a constant rate, respectively; and the bound 
ary condition (c) is the requirement that no fluid passes 
vertically across the horizontai boundaries of the sand 13. 

If it is recalled that Agb=p-qbe for injection in the 
well 11, then Equation 7 as applied thereto resolves to 
the equation: 

3Ap/ar?--18Ap/r?r--óp/82?=0 (9) 
The Equation 9 is readily solved by the finite cosine 

transform: 
- H 
Aqib-r J. Ad) cos azdz, wherein a = n.ar/H 

After transforming and performing the usual algebraic 
steps, the Equation 9 solution for the before-mentioned 
boundary conditions is obtained as the equation: 

Ad=gri initie?. 

jection water in the sand 13 is stabilized at substantially 
a constant rate, the same as in the sand 14. This will 
produce a premature arrival of the injection front of 
water from the sand 13 into the well 12 before arrival 
from the sand 14. For example, placing the interval or 
opening for injecting fluid from the well 11 at the top, 
or bottom, of the sand 13 will produce a fluid flowing 
condition the same as obtained by partially penetrating 
wells in similar isotropic formations. Reference may be 
had to the text "Physical Principles of Oil Production" by 
Muskat, edition of 1949, at pages 205 to 219, inclusive, 
for examples of such fluid flowing conditions. 

It is the purpose of the present method to place the 
interval of fluid communication to the sand 13 at a loca 
tion in the well 1 spaced from the horizontai boundaries 
of the sand 3 and also specifically positioned therein 
where the priorly mentioned undesired results are mini 
mized and the invasion efficiency is maximized. Refer 
ring now to FIGURE 2, the sand 13 and the well 11 are 
shown in detail with an interval h of fluid communication 
to provide the flow rate ratio, q=0.42q, of the injected 
water. The sand 13 is of thickness H adjacent the well 
11. The intervalh is spaced from the horizontal bound 
aries of the sand 13. The interval h is positioned in the 
well 11 spaced at a distance z from one horizontal bound 
ary, such as the top, of the sand 13. 
The pressure in a steady state flow does not vary with 

time at any one point in the sand 13. If the potential is 
at any distance r from the well 11 with the mobility 

ratio of 1:1, then for steady state flow, is is described by 
the following equation: 

. . As is apparent, p, the velocity potential, is defined by 
the equation: 

=k/a (P-pgz) (8) 

a' s 
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2 s Io (nt R.) Ko(n TR.)- Ko(n tree) Io (n-tR) cos n try(sin n-ty-sin n try 
Rf. 1. n?Ko (in trie) I (nari) -- K(n T.R.) Io(n-tRe) (10) 

wherein, R=re/H, Rwserw/H, y=z/H, and h-h/H. 
Those skilled in the art will recognize that the latter 

portion of the Equation 10 contains Bessel Functions 
which include modified Bessel Functions of the first kind, 
zero order, modified Bessel Functions of the second kind, 
zero order, modified Bessel Functions of the first kind, 
first order and modified Bessel Functions of the second 
kind, first order. The general definition y=z/H is frac 
tional as to the position of the interval h. The term z 
is a coordinate defining the distance from one horizontal 
boundary of the sand 13 to one horizontal boundary of 
the interval h. The coordinates z and z then mathe 
matically define the top and bottom boundaries of the 
interval h. Substitution of these coordinates into the 
general definition y=z/H provides: 

They and y are then particular expressions for defining 
the specific locations of the top and bottom of the interval 
h in the sand 13 as mathematically derived from the gen 
eral definition y=z/H. 

In practicing the method of this invention, Equation 
10 defines the relationship between the fluid flowing con 
ditions providing for the optimum production of hydro 
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5 

carbons from the sand 13 and the sand 14. 
For example, with the sands 13 and 14 open to fiow 

throughout their thicknesses at the well 11, the Equation 
10 becomes reduced to the equation: 

Ad-23, in, or q = Alth 
7tti in In (11) 

Thus, for a certain velocity potential Ap, the rates of 
flow a from the well 11 into each of the sands 13 and 14 
can be calculated. Therefore, for the same Ab the ratio 
of these rates of flow becomes an index to the necessary 
restriction of flow to provide the restricted rate of flow g 
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into the sand 13 from the well 11. Usually, the ratio 
of these rates of flow is through the perforated interval 
adjacent to the sand 13 to the flow through the entire 
casing perforated adjacent to the sand 14. If desired, 
the absolute nagnitudes of the rates of flow into each 
of the sands 13 and 14 through the perforations may be 
determined from FIGURE 5:15 at page 218 in the cited 
reference to Muskat. 
With reference to Equation 10, it is clearly seen that 

there is a definite relationship for any strata between q 
and Agis in respect to it, y, z, and H. Returning to our 
specific example of the sands 13 and 14, the relationship 
of these terms in the method of this invention is as fol 
lows. A finite solution of the Equation i0 by applying 
the terms. H=40 feet and q/q = 0.42 with well if as 
surned as having a radius of .25 foot (rw) and spaced 
from well 12 a distance of 660 feet (re) (the usual ar 
rangement of well spacing) provides that the interval h 
extends 0.2 of the thickness, or 8 feet, of the sand 13 and 
that the top of the interval h is positioned 0.15 of the 
thickness or a z. of 6 feet, in the sand 13 below its upper 
horizontal boundary. 

Although the Equation 10 can be solved manually with 
the above fluid flowing conditions through the use of the 
"Tables of Vessel Functions,” a better method is by the 
use of a computer, such as the Control Data Corporation 
Model 1604 for performing the desired solutions. 
A suitable graphic display may also be prepared to 

provide a visual record of the solution of Equation 10 
to simplify its future applications to a variety of reservoir 
conditions since rw and re are the most common well 
parameters encountered. For this purpose with a certain 
Aqb, Equations 10 and 11 were subject to computation to 
provide the rates of flow from each of the sands 3 and 14 
over their entire thickness. The ratio of these flow rates is 
the index to restriction of flow of fluid previously men 
tioned for the sand 3, i.e., q/g at the Agb. For each 
ratio of a/a, the interval h and y =z/H were determined 
by holding all but one of the terms constant and comput 
ing the remaining term with re and rw being assumed 
as 660 feet and .25 foot, respectively. In FIGURES 3, 
4, and 5 are graphic illustrations of these computed terms 
h and y where for each strata thickness H of 40 feet, for 
a given interval h of integer tenths of H, 0.1H, 0.2H and 
0.3H, positioned at a distance y from one horizontal 
boundary of the sand 13, there is a finite value of q/g. 
Similar curves can be determined for other perforated 
intervals h and other sand thickness H. 
The curves of FIGURES 3, 4, and 5 can be used for 

any strata 40 feet in thickness to provide the magnitude 
of the interval h of fluid communication at the sand 13 
exposed to the well 11 and its position g from the top of 
the sand 13, both of which were previously computed 
from the Equation 10 where re and rw are reasonably 
similar to the stated values. Where H-40 feet and 
q/q=0.42, reference to the FIGURES 3, 4, and 5 shows 
that only the curve of FIGURE 4 yields a solution. With 
particular reference to FIGURE 4, it is seen that for a 
q/gs=0.42 that the interval h is 0.2H and its position z. 
is 0.15 of the thickness H of the sand 13 from its top 
horizontal boundary. Obviously, prior computation of 
the curves like that of FIGURES 3, 4, and 5 for varied 
strata thickness and well spacings simplifies and expedites 
the solution to the problem of determining the perforated 
interval h and its location z adjacent the sand 13 in the 
well . s 

Thus, water is injected from the well 11 into the 
sands 13 and 14 with the interval h of fluid communication 
to the sand 13 having the dimension and position above 
set forth. Under these conditions, the waterflood front 
advances at the same velocity in the sands 13 and 14. 
Additionally, radial flow is obtained closely adjacent the 
well it in the injected water so that the waterflood front 
is substantially aligned along the vertical in both the sands 
13 and 14. These conditions are most apparent to pro 
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8 
duce the optimum production and recovery of petroleum 
from the well 12. 

Another aspect of the method of this invention is the 
application of Equation 10 to the production of reservoir 
fluids from the sands 13 and 14 into the well 11 responsive 
to an artificial or natural water drive under a steady 
state from the region of the well 12. The water drive 
should advance at a constant rate through the reservoir 
10 to the well 11. The method is applied in the same 
manner as for water injection at the well 11 with 

i.e., the velocity potential Agb driving hydrocarbons into 
the well 11 is the difference between the velocity poten 
tial be at the radial extremity of the reservoir i0re, 
less the velocity potential p at the radial boundary, 
rw, in the well 11. 

Yet another aspect of the method of this invention is 
the optimum production of hydrocarbons by arrangement 
of the physical characteristics which as a group provide 
the fluid flowing characteristics of a formation for the 
optimum production of hydrocarbons. In a single strata, 
for example the sand 13, the effect of mud damage in 
the sand 13 adjacent the well 1 on the production of 
fluids into the well 11 through the perforated interval h 
can be readily determined. For this determination, as 
sume the previously defined dimensions, H=40 feet, 
h=8 feet, z= 6 feet, and the ratio of rates of flow, q/qr, 
through the interval h to the entire strata to be 0.42, 
etc. For example, from the Equation 11, the potential 
flow rate of reservoir fluids, q, through the entire sand 
3 into the well is determined. By calculations from the 
Equation 10, the optimum flow rate of reservoir fluids, 
q, through the interval h at a position z into the well 1. 
from the sand 13 is determined. Experimental measure 
ment is made of the actual rate of flow of reservoir fluids, 
q, into the well 1 from the sand 3 through the interval 
h. Comparison of the measured and calculated rates of 
flow will clearly show the existence and magnitude of any 
mud damage to the sand 13 adjacent to the well 1. 
Thus, expensive and sometimes harmful acidizing, frac 
turing, and similar remedial measures are found unneces 
sary where the restricted flow rate q is a result of using 
an excessively small interval hi. Even if such remedial 
remedies were applied, they may not improve the pro 
duction of reservoir fluids through the interval h since 
they would not solve the basic problem. Obviously, under 
such condition adequate remedy by this invention resides 
in providing a lengthened interval h of fluid communica 
tion as a method of well completion and producing 
petroleum by this method as defined by Equation 10. 
Where mud damage, or other formation defects, restricts 
the production of petroleum through an adequate interval 
h, acidizing, fracturing, and the like would be proper, 
followed by producing petroleum by this method as de 
fined by Equation 10. 

it will be apparent that by the method of this inven 
tion fluid flow between the well 11 and the sand 4 
may be through only an interval of fluid communication 
less than its thickness. Thus, in a plurality of strata 
forming a hydrocarbon reservoir, all, or only some, of 
the strata may employ the interval offiuid communication 
applied in accordance with the Equation 10. 
From the foregoing, it will be apparent that there has 

been provided herein a novel method for producing hydro 
carbons from subterranean reservoirs under optimum fluid 
flowing conditions. Further, these objects are accom 
plished through the use of a method in which optimum 
fluid flowing conditions are obtained by having these 
conditions arranged in a definite relationship so as to 
obtain the efficient recovery of hydrocarbons. Although 
it will be apparent to those skilled in the art to make 
various changes to the method of this invention without 
departing from its scope to conform to certain situations, 
it is intended that these changes, other alterations, and 
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related variations are considered as part of the present 
invention and within the scope of the appended claims. 
It is further intended that the foregoing description is 
to be taken as a means of illustration and not as a means 
of limitation. The only limitations to be applied to this 
invention are in the following claims. 
What is claimed is: 

5 

1. A method for the production of hydrocarbons by 
obtaining optimum fluid flowing conditions in a reservoir 
having a strata of thickness H penetrated by a wellbore of O 
radius r, which wellbore is in fluid communication with 
the strata over an interval of height h with said interval 
disposed at a distance z from pne horizontal boundary of 
the strata responsive to a differential velocity potential 15 
Aqb existing in the strata between the wellbore and a radial 
boundary re of the strata comprising the steps of: 

(a) flowing fluids at a fluid flow rate q through the 

Aqss 

interval between the wellbore and the strata in the relationship: ; 

O 
(a) flowing fluid between the wellbore and one of the 

strata at a given magnitude of velocity of fluid flow . 
in such strata, which velocity is not greater than 
can be obtained in any other strata in fluid communi 
cation with the wellbore in response to a differential 
velocity potential Ad) which exists between the well 
bore of radius rw and a radial boundary re of the 
reservoir, 

(b) flowing fluid between the wellbore and each of the 
strata of thickness at an adjusted fluid flow rate a 
responsive to said differential velocity potential Aqs 
to obtain the same magnitude of velocity of fluid 
flow as mentioned in said one of the strata in each 
of the other strata by restricting the fluid flow to an 
interval h in the wellbore between the wellbore and 
each such other strata with the interval positioned 
at a distance z from a horizontal boundary in each 
such other strata in the relationship: 

g + 2 Stochrie.) Kott)f(t, Roll.) cos n try sin nirty-sin try n l nKo (n Tree) I (nar) -- K(nar E.) Ig(nar) 

wherein Re=re/H, Rws=rw/H, y=z/H, y and y: 
are particular expressions, of the general expression 

Ab= in re-2S ?oca R.) Kocsis) (;R2s.{titleggy (sity-sin ity 2H r r? Rh nko(nt Re) I (7 rR) -- K(n at R.) Io(n at Re) 

wherein Re=re/H, Rw-rw/H, y=z/H, y and y, 
are particular expressions, of the general expression 35 
y=z/H, for the specific coordinate locations of the 
top and bottom of said interval, h=h/H, and 

(b) producing hydrocarbons by such flowing fluids 
until substantial quantities of the hydrocarbons are 
recovered from the reservoir. 40 

2. A method for the production of hydrocarbons by 
obtaining optimum fluid flowing conditions in a reservoir . 
having a strata of thickness H penetrated by a wellbore 
of radius r, which wellbore is in fluid communication 
with the strata through an interval of height h with said 45 
interval positioned at a distance z from one horizontal 
boundary of the strata and where a differential velocity 
potential Ags exists between the wellbore and a radial 
boundary re of the strata to provide a fluid flow rate a so 
through the interval by the steps comprising: 

(a) completing the wellbore in the relationship: 

r' at R.E. 

y=2/H, for the specific coordinate locations of the 
top and bottom of said interval, hi-h/H, and 

(c) producing hydrocarbons from the strata by such 
flowing fluid at the same magnitude of velocity of 
fluid flow in all the strata until substantial quantities 
of hydrocarbons are recovered from the reservoir 
between the wellbore and the radial boundary re. 

4. A method for the production of hydrocarbons 
through a wellbore penetrating a reservoir having at least 
two strata of different fluid flowing characteristics by the steps comprising: 

(a) injecting a driving fluid from a first wellbore with 
a radius rw into one of the strata at a velocity poten 
tial pv to establish a given velocity of the driving 
fluid front advance toward a second wellbore spaced 
from the first weli bore a radial distance r and pro 
ducing hydrocarbons displaced by the driving fiuid 
into the second wellbore at a velocity potential be, 
the differential velocity potential Ag5 is spy-pe be 

Ad= in re-- 2 S.J. (nr R.) Ko(n tie) - Ko (n 7tle.) Io (n tw) cos n ary sin ill-inity 
l 

g 
21. H 

wherein Re=re/H, Rw-rw/H, y=z/H, y and y 60 
are particular expressions, of the general expression 

... --- y=z/H, for the specific coordinate locations of the 
top and bottom of said interval, h=h/H, and 

(b) producing hydrocarbons by such flowing fluids 
until substantial quantities of the hydrocarbons are 65 
recovered from the reservoir. 

3. A method for the production of hydrocarbons 
through wellbore penetrating a reservoir having at least 
two strata of different fluid flowing characteristics by the 
steps comprising: . - 70 

o 

n(Ko(n at Re) I (nar Rw) -- K(nir R.) Io (nir R) 

tween the wellbores to move fluids through the strata, 
(b) injecting the driving fluid from the first wellbore 

into each of the other strata at a limited flow rate q 
to obtain the same velocity of driving fluid front 
advance toward the second wellbore in each of the 
other strata responsive to the velocity potential Ap 
by restricting the fluid flow to an interval h in the 
first wellbore at each such other strata of thickness 
H with the interval positioned at a distance z from 
a horizontal boundary in each such other strata in 
the relationship: 

Adbar g in E+ 2 Sla(rR.) Koti) (; Eart.) cos n try sin nary-sin try 

s 

Tr? R. li. . n°Ko (nar) (narf.) -- K(n rR) Io(n rR) 
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wherein R=re/H, Rw-r/H, y=z/H, y and y, tioned at a distance z from one horizontal boundary 
are particular expressions, of the general expression of each such strata in the relationship: 

AdF g in e-- 2 Stochre.) Koti).I.C.E.). (...) cos nary sin nar-sin nry.) th-2 r R.h4 n°Ko (nare) I (nati) -- K(nTE) Io (naR) al 

y=z/H, for the specific coordinate locations of the wherein Re=re/H, Rw-rw/H, y=z/H, y1 and y, 
top and bottom of said interval, hi-h/H, and O are particular expressions, of the general expression 

(c) producing hydrocarbons from the strata through y=z/H, for the specific coordinate locations of the 
the second wellbore by continuing the injecting of top and bottom of said interval, hi-h/H, and 
driving fluid from the first wellbore into each of the (c) producing hydrocarbons from the strata through 
strata to advance the driving fluid front at a constant the wellbore responsive to the driving fluid front ad 
yelocity of fluid flow in each of said strata until 15 vancing at the same velocity in each strata until sub 
substantial quantities of hydrocarbons are recovered stantial quantities of hydrocarbons are recovered 
from the strata of the reservoir between the first and from the reservoir. 
second wellbores. 6. A method for the production of hydrocarbons 

5. A method for the production of hydrocarbons through a wellbore penetrating a reservoir having at least 
through a wellbore penetrating a reservoir having at least 20 two strata of different fluid flowing characteristics by the 
two strata of different fluid flowing characteristics by the steps comprising: 
steps comprising: (a) flowing hydrocarbons from the wellbore of radius 

(a) passing a driving fluid front through the strata rw from each of the strata of thickness Hat individual 
of the reservoir toward a wellbore with a radius rw rates of flow g by exposing the wellbore at each 
to produce hydrocarbons at a velocity potential by 25 strata to fluid flow for an interval h disposed a dis 
into the wellbore, the driving fluid front initially lo- tance z from one horizontal boundary of each such 
cated in the strata at a radial distance re from the Strata, the fluid flow being responsive to a differential 
wellbore and having a velocity potential pe at such Velocity potential Ap present between the wellbore 
initial location, the differential velocity potential Agh and a radial boundary re in the reservoir, each rate 
advancing said driving fluid front is pe-gbw, 30 of flow a for each strata having a magnitude that the 

(b) producing hydrocarbons from each of the strata velocity of fluid flow in the strata is the same and in 
containing the driving fluid front into the wellbore, each strata for each rate of flow q the terms h, z, 
the produced fluids from the strata restricted to a and y have the relationship: 

Ad-slain e- 2 NIo (n TR) Ko (in "Bw) - Ka(n tie)Io (n tie.)) cos n try (sin naya-sin in tryi 
2n r, a Rh1 nko (n tie) I (natf) -- K(nar) Io (nar Rs) 

rate of fluid flow q into the wellbore to obtain a con- 40 wherein Re=re/H, Rwarw/H, y=z/H, y and y, 
stant velocity of driving fluid front advance equal to are particular expressions, of the general expression 
the advance through one of the strata responsive y=z/H, for the specific coordinate locations of the 
to the differential velocity potential Agb, the produc- a - 
stion of hydrocarbons through an interval h in the top and bottom of said interval, hi-h/H, and 
wellbore at such strata of thickness H where an ad- (b) recovering the flowing hydrocarbons from the res 
justed rate of flow is provided with the interval posi- 45 ervoir through the wellbore. 
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