
( 

Pattem page 1 of 1.3 

Notes on Predicting Pattern Perf onnance 

During Water Injection Operations 

Reservoir engineers are oftem called upon to estimate the profit­
ability of water fiooding a given property or reservoir. There are a 
number of methods described in the literature that can be used. Eac)l 
method involves several assumptions about the aub-suri'ace reservoir 
behavior and each has a different degree of complexability in carrying 
out the calculations. The Higgins-Leighton method, far example, is so 
detailed that it can only be used in conjunction with a large computer. 
It problbly offers the better solution, however, all things being equal. 
Simpler methods, capable of being carried out with hand-held calculators, 
often offer solutions (predictions) sufficiently accurate for preliminary 
evaluations of the fiood and ma;y, in certain instances, be sufficiently 
accurate for use as the i'inal. prediction method. 

The method described in these notes falls in the second catagor,y. 
It is relative simple and straight forward and can be handled b;r desk 
calculator. It models a multi-lSiYer pattern flood with provision for 
the displacement of gas ahead of the oil bank as well as displacement 
or oil by the injected water.- The primary assumptions in the method 
are these: 

1. The reservoir volume to be flooded (pattern) is handled as 
a group of la;yers with no cross now between lqers. Thus, 
it is similar to an assumption in the Dykstra-Parsons 
method. 

2. Within a given lSiYer there are no saturation gradients behind 
the two fronts. This means that the displacement is pistOn 
like (or leaky-piston) in nature. This also is similar to 
an assumption of the Dykstra-Parsons method. However, one 
can develop a similar method that uses a Buckley-Leverett 
type of displacement. 

.3. Water intake into each lqer is proportional to the lqer 
injectivity at the time (which changes in . ~ach lqer as the 
fiood progresses). However, to simplify these notes and 
concentrate on describing the displacement process model 
involved, it will be assumed that the layer injectivities 
are constant in time and proportional to the k:h product 
of the lSiYer. 

The .first section of the notes will describe the behavior of 
a single la;yer of the model. Later sections will describe the 
process of combining the behavior of all layers to yield the desired 
pattern behavior. Field behavior, which invols superposition in time 
of a number of pattern behaviors will not be covered in these notes. 
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Single i:.a;rer Behavior 
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The geometry of the segment of reservoir to be considered is 
that of a developed 5-spot pattern con­
sisting of one production well at the center 
and four injection wells located at the 
corners. 'Ibis is illustrated in Fig. 1. 
To simpli.ty description behavior in only 

~ ~ of the pattern (cross-batched area) will 
~ be considered.. 
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Figure 2 illustrates lqering within 
the unit volume. As indicated previous~, 
no cross flow of fiuids occurs between 
lqers. This means ·that water entering a 
given layer at the injection wellbore 
remains in and displaces hydrocarbons from 
that layer. 

Figure 3 illustrates location of two 
displacement .fronts in a given (j) layer 
prior to fillup. At this point only free 
gas has been produced for the layer. The 
area processed by the injected water is 
labled Region 3 and has an areal coverage · 
value of Eaw• Region 2 1.s an area which 
contains oil that has been displaced from 
Region 3 plus some residual gas remaining 
from the displacement at the oil-gas front. 
The areal coverage factor of the oil-gas 
front is Eao• Region 1 contains initial 
saturation conditions. 
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Figure 4, above, illustrate several saturation-distance situation 
along the diagonal. connecting the injection and producing vell is Fig i. 
In the field, pressure :Lncreases from the producing well to the injection 
well. Gas that is left behind the oil-gas displacement front is consequently 
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compressed and taken into solution in the oil in Region 2. Thus there is 
the possibility that the gas saturation - distance profile should look 
somewhat like that in Fig 4a. On the other hand, · not knowing how far 
back in Region 2 gas saturation exists it is easier to assume saturation 
profiles like those of Fig 4b or 4c. Figure 4b L!sumes residual. gas 
saturation exists all the way- through Regions 2 and 3, while Fig 4c 
assumes that residual gas remains on'.cy' in Region 2. Some small diferences 
in patteni performance result .from how the residual gas phase is assumed 
to lie. Figure 4b is often used and results in the easiest analysis of 
the pattern behavior. Figure 4c seems a little more in keeping with 
postulated field behavior and wi.11 be the situation used 1n these·notes. 

Considering the situation pictured in Fig 3 (prior to i'illup) 
the oil and gas displaced from Region 3 must be 1n Region 2 or have been 
produced. Gas origin~ in Region 31 or part of 1t1 could have been 
produced but oil from Region 3 must still be 1n Region 2. In tenns of 
the areal coverage factors Eaw and E and a volume balance of the 
displaced oil phase we can compute ~ relative areas processed by the 
two fronts as follows : 

'71 ve11 ~ 
E 4 '4.J • tll,yec._ inc/"1,,rJed in 1&1 1cn 9 

£.~0 - EQ."4.J = et,t'2a., /n "/1-i.d,d ,n B~1cn e. 
(L1Sc)J= oll ~('..:f,,_,.~~ft'oi, c..~n~.) x:;~,o,,., 3 

( £\~)z.: ;.c..s ~Afu~n4,,, ~ti}' J fli110°n e 

~&.O ( l.J. S'c) 3 = ( £q,c - EQ.l.4J)(tJS5) 2. (1) 

TltJi fuels f" . 

F - I+ (2) 

Equation 2 is complete~ general. Nothtiig has been said about the 
shapes of' the two displacement fronts or of the mobility ratios that 
pertain to the fronts. .., 

In general, · the mobility ratio at the oil-gas i'ront is apt to be 
quite low - probably less than 0.1, while the water-oil mobility ratio 
at the water-oil front is apt to be greater than one. Each mobility ratio 
can be calculated from the saturation conditions considered and the phase 
viscosity ratio. 

Areal coverage factors, Ea1 for a number of standard patterns 
(5-spot, 9-spot, direct line drive, etc.) are available in various forns 
in the literature (see, for example, SPE Monograph #3 on waterflooding). 
The attached chart shows 5-spot values determined by Caudle and Witte 1 
(Trans ADtE 216, (1959) 446). While not shown on this chart, Ea values 
far :mobility ratios less than 0.15 are, .for practical purposes, unity. 

The term, displaceable pore volume, used in waterflood calculations 
is defined as the unit pore volume multiplied by the ma:d.mwn achievable 
difference of water saturation in the area processed by the injected. 
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water. Thus, for a single layer of the $-spot pattern illustrated in 
Fig 1, the displaceable pore volume, vd, amounts to 

Vd(bbl) • 7758 A h <J b. 5v 
where 

A • pattern (layer) area, acres 
h = la;yer thickness, feet 
" "' lqer porosity, fraction 

~-Sw • (Sw max - Swi) in Region .3 
• (1-S0r-Sgr-5wi) in Region .3 

(.3) 

The term displaceahle pore volwne in.jectedJ Vdi, is, of course, 
the volume of. injected fluid divided by the displaceaole pore volume. 

Vdi • Wi/Vd (4) 

when the injected fiuid is water. 

To illustrate some of the calculation procedures involved in 
predicting pattern behavior it is helpful to use specified values for 
variables in the calculations. In the following calculations the 
pattern is assumed to be a 5-spot and the :following factors. 

Pattern area, A • 10 acres 
Pattern thickness (total) • 16 feet 
Number of layers • 4 (equal thickness of 4 feet) 
Porosity, <J a 0.25 
Mobility ratios c 

Milo • 2 (water-oil front) 
Mog a 0.1 (~il-gas front) 

Layer permea.Dilies,kj "" 700,500 400, ~ 200 mi. 
Saturations, S 

Region 

1 
2 
3 

0.30 
0 • .30 
o.68 

0.58 
o.65 
0 • .3,2 

0.12 
0.05 
o.oo 

Injection rate, iw • -450 barrels per day 

The above values result in the following values for Vp, Vd, and F. 
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At this point it is well to develop equations for the cumulative 
products produced from the layer and their rate of production at various 
times. To do so we lli.11 consider .three situations. these are: 

1. Prior to fillup. Only gas is being produced 
2. After fill up but before water breakt.hrough. Both 

gas and oil phases are being produced. 
). After water breakthrough. Both oil and water 

phases are being produced. 

The first set of equations are for the cumulative productions removed 
from the lairer. Separate equations~for rates will be developed later. 

1 • Prior to Fillup - Only Gas Production 

,---~~ .....+ C?p ~, The basic approach is a vol\Dlle balance on 
the gas phase; i.e., the produced vol\Dlle is equal 
to the original. volume minus what is still there. 
Ref'ering to Fig 4c, it seen that original gas 
saturation is in Region 1, residual gas saturation 
is in Region 21 and zero gas is in Region 3. 
Consequent:cy, the gas phase volume balance ia: 

® 

(Gpli,); = Vp{Ssi- (1-J:._o )s9 , -( ea.o-E"4...,)S5z] (SJ 

where 
sgi, Sg1 • original gas saturation value 

Sgz s gas saturation in Region 2 

Because pattern efficiency charts only provide Eal' values Eq 5 can be 
modified by recalling that Eao • F Eaw (eq 21 pg 3J. Also, noting that 
Region 1 contains the original gas saturation so that Sgi and sg, are 
the same, Eq 5 developes into: 

(6) 

Equations for oil .and water phase productions during the "prior 
to fillup 11 regime are, of course: 

At this point let's consider an example calculation of the 
gas produced at fillup from one of the layers described on page 4. 
Under these c'Oiiditions: 

E80 • 1 : Eaw • Eoo/F • 1/F • 1/h. 71 • 0.212 

(7) 

(8) 

From the S-spot chart.for Eaw • 0.212 and Mwo • 2. Vdij • 0.212 

Therefo~, W:l.j • 0.212 Vdj • 0.212 • 29480 • 62.50 barrels. 

------
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( Gp8:J},j - 77[8c. O,ZIC. ("'· 71 ·t?· IZ - 3, 71 · o·.or) 

= "'c ~- /;J,/. 
'v.//i 
----= t. 

J 

Note: The slight difference of 5 barrels between t.he water 
injected and the produced gas comes from round-off errors. They should 
be the same, of course. 

2. After Fillup but Before Water Breakthrough 

. ~~pBJ 
NpEo 

During this production phase gas is still being 
produced because of expansion of Region 3 and the 
.f'act a gas saturation change occurs at the water- · 
oil .front. Oil is al.so being produced because of 
the expansion of Region 3. 

3 
/ 

'°we: 

? 

The gas volume balance can be obtained directly 
.from Eq 5 by noting that Eao • 1. Or, looking at 
the sketch at the left, it can be seen that: 

{9) 

The cwnulative oil production comes .from an oil vol'Wlle balance. 
Ref'ering to the sketch above, it can be seen that: · 

(Np Bo); ~ l'J:,-[ S"o• - l:"a.w .Soa - (I- E"a.w) ~.~] (10) 

AB we have specified that water breakthrough has not yet 
taken place the water production equation is still 

An illustrative use of Eqs 9 and 10 is as follows: what will be 
the reservoir gas and oil cumulative productions when the layer has 
been produced for 100 days? · 

\,./<i =-- i'Jo/~ . 1c u -= 112.ro baYr-clr . 

w.· · 112.ro Vo·. t.J - - 0 3 8 z. 
f.J - '/o.i'- - . Z'1'f60 ' 

Fvc:>n1 rk. .r-::.pet- ~,fr~ Vdc.· '= o,39C. ' E"~=-0,3f~ 

.·. (Gp;}j = 77J'80 [o,tZ -(1-o,3~Z)·CJ.c.r] = t;,9/C.. 6a-n-rls. 

(Npf3o)j ::::- 77J'8o [o,[B - 6. 38 2 · o, ~ e- (1-0,35~) G,,r] 
~ .3~ .9 1;~,.rEls .. 

' 
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3. After Water Breakthrough 

Gp 8s After water breakthrough there is still gas 
~ l'J B production because Region 3 is increasing in 

r---1----...... J: 
8
° size and the gas saturation change at the water­

p "" oil .front. Oil phase is being produced because 
of the disinishing size of Region 2. 

A.a can be seem from the sketch at the le:f't, 
there is really no difference insofar as the 
gas and oil phases are concerned, than the 
situation depicted on the previous page. ~ 

the relative sizes of Regions 2 and 3 are different. Therefore, 
Eqs 9 and 10 are valid for this period. 

The volume balance on the water that has entered the la;rer and 
that remaining is simple. The produced water volume is: 

V.lp.J' ::: ~It. - V~· · · £euu (Sw,-- Swi) (12) 

There is some question as to whether the water quantities in Eq 12 
should not contain the water formation volume factor,Bw • It 
is more correct to include it but as it is usuall:y very close to 
unity it often is omitted. 

An alternate equation that can be used to calculate produced 
water comes from a volume balance of all fluids in the pattern, that is: 

(13) 

To illustrate the after breakthrough production equations let's 
calculate the layer production after one year of injection. 

~li.J = 'fJ'CyA{ • .3l .. J- - J./16&:.2 bR..l'rE./.s 

,/ lllol:.2 I :1 93 lfd~J' = eCj 1./80 - I.;;, 

1=-n:>n1 ./ ... _ .s/~or chc.rf- (e!r ~c: = I, 3? ; t'lwu = 2. 1 

E e!t.c.u = o, e 7 9 . 

, '. (Gp B,)J == 77J'eo[o,1z.- (1- c,~79)o,a.r] 
_ 88'1-o vsrrs:.~. ._( .t:z. ') 

• 

(Np ~o) i = 77J-eo E>·./"B- o, 879. o,~c -(1- D,'f 7i)"·''-] 
-::: 170 73 b4rYC /~, (Erg ID) 

Wp/= J..! 1oto3 - 77.l8o .. o,879( o.~ 6- o,3o) 

= IS/~-o ha.rY£/.s 
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Larer Producin~te Equations. Up to this point the equations have 
been for the c ative volumes of reservoir gas, oil, and water produced 
from the l~er as functions of time or C'\Ull\ilative water injected. 
Ordinaril.ly one is equally interested in the rates o.f' production of oil 
and water (not so much far gas) during the fiood ais these values are 
used to size equipment and calculate income to the project. AB rate is 
the time derivative of cumulative production, e.g. Qo • dNn/dt , one can 
alw~ resort to plotting cumulative production values agalnst t:ilile and 
determining tangent slopes at various time. Bu.t the method to be used 
in the following portion of the note is to differentiate with respect to 
time eqs 6,9,10 and 12. 

Gas Rate Prior to Fill~. If one considers the sketch on page 5 
that represents the 11prior to illup11 case, it is instantly apparent that 
gas is being removed .f'rom the liqer at the same rate that water is entering 
t~e pattern. So, .f'or this case 

• 
C<lgBg> j • 1,,j (14) 

However, 1.t is instructive to see if this relationship can be developed 
.f'rom Eq 6 (or Bq 5) as the method of doing so will apply to developing 
the other fiuid rate equations. Starting with Eq 6 then: 

(Gp 'B~ ) J = \/Pi [ F ~ i - 'S 9 2 ( 1=- - I) J t= aw 

A :r V~ · F Sri. ct "o( J9 2. G! r!. c.ai l .S fo., 1 -I~ 
':" ) ) '? I/ 

Cic f3~).J· = ft_(r;pJ'35}J V13YS1i-"S,a(F-l)J 
c/ E.a.w 

T3" t 

.)Ip As~ 

~ ---of-r 
d\ld,·J 
Cl+- . , 

• "LwJ = \{J•ASw 

[ I-~ i - ~:a. ( F" - I) ] 

of.E~ 
:. 

(15) 

(16) 

At th instant that fillup is achieved there will be a major decrease 
in the gas production rate. This is because the gas was being produced 
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in accordance with the volumetric rate of advance of the oil-gas front 
and, after fillup, the oil and gas being produced is a f'\mction of the 
water-oil front advance rate. Th:l.s vill be handled in the next section. 

Gas Rate After Fillup. Equation 9 on page 6 gives the cumulative 
gas produced after ftliup. Thie can be written as: 

By i'ollowing the en.ct aame procedure as on the previous page ve get: 

-- (19} 

lOAt.1£, l1S'w ::::r ~W3 - ~w~ 

( cJ. ECLw) = s /o pc o'f a~al -Rlf.~~· c.; 
\ cf. \Id,;. CU-rV E • 

Equation 19 applies arty time after fillup ar the layer. Note that 
a sharp change in rate will occur at water breakthrough as this is the 
condition at which the slope of the areal efficiency curve changes unity 
to some smaller value. 

Oil Rate After Fillup. As pointed out previous~, the equation 
for the cUiiTUlative oil production is the same before and after water break­
through. Of course, before fillup the produced oil volume is zero. 
Rewritting Eq 10 in slightly different fonn, we have: 

(Np 'Bo)J = \~·(Soi. -So2) + VP.,-( So~- :So~) t:=a 41 (20) 

Again app~g the procedures shown on page 8 we obtain: 

( r,oBo )./ = ( Soe_ -..ro3) iw • (cf Ca_e;.u, .) 

~ .Sw J & Vele: J' 

Water Rate After Breakthrough. It is quite easy to see from 
Eq. 12 that the water rate equation after breakthrough is: 

(21} 

(22) 

In fact, it can be seen that before breakthrough this equation predicts 
that Qv • o. 

This concludes the development of the rate equations. It is 
apparent that the slope of the areal efficiency curve is an illlportant 
parameter, as are certain key saturation values and the injection rate. 
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If man;y calculations are to be made (10 ar more llcy'ere) it is probably 
best to fit simple equations to the efficiency curve and develop the 
slope by taking the derivative of the curve fit equation. When o~ a 
few calculations are to be made it is sufficient to construct tangents 
to the efficiency curve and determine the slope by that means. The 
tangent slopes are then plotted against Vdi for easy reference. 

Multilayer Behavior 

The basic method of calculating the behavior of a multilayer 
system is to apply the relationships developed for a single layer and 
add the results. Because the permeability of the layers are different, 
the fronts advance at different rates in the layers. In essence, the 
calculation boils down to keeping track of the water that has entered 
each layer and computing the layer outputs. 

The following illustrative calculations are based on four layers. 
It would be better to use more layers, say 10 or 20, but it is not done 
as it involves too nmch calculation. In the calculations all layers are 
of the same thickness, and have the same porosity. This is not necessary 
to the method as layers may have different thickness and porosity. They 
may also have different saturation values postulated in the different 
regions. But these are complicating factors and gener~ are not worth 
carry:ing out in a preliminary evaluation of a field prospect. 

•Injection 
+-well 

Layer 1 

Layer 2 

Layer 3 

Layer 4 

Producing l ~ 
well ~ 

700 md 

500 md 

400 md 

200 md 

Figure 5 shows the permeability of 
the four layer system to be calculated. 
The calculation sch~e is facilitated 
by placing the highest penaeability at 
the top and working downward. This, of 
course, may bear no resemblance to the 
real situation in the field. 

A tabular calculation format seems to 
work best. This will be illustrated 
on the following pages. The first cal-

Figure 5 culation will be for the condi ti.on of 
fillup in the first lqer. The second 

calculation wil1 be for 3 months of injection and the third for one 
year of injection. In each calculation it iJt assumed that the water 
entering a layer is proportional to the penneability , kj , of the 
layer. 
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1 • Condition - Fill up in Layer 1 

Hp • 0 J Wp • 0 ; F .. 4. 71 ; . Eao • 1.0 ; 4 Sw • 0.38 ; Sgi "' 0.12 
Sg2 • 0.05 ; Soi • o.58; 80 2 • o.65 J S03 • 0.32 ; Vpj • 7758o bbl ; 

Vdj • 29480 bbl. Pattern injection rate,iw • 450 bbl/dq 

0 ® ® © 

-£J ~~·/z~· EaoJ1 \kJ,·,,· (GpB5)/ (&~)J· 
700 013BS' 

1- -, 
LJ,_D_, 

S-oo o,c7B o. 71"/ 
'foo 0, Ze.2- o . .!'11 
~00 CJ,f// o,Z8b 

~ 1800 /,DO 1'-

0,212.. O,ZI~ ~eJ3 17J-
D,IJZ o,IJz '1"1-'7 /2.J-

0 I I 2. / 0 I / 2 I 3 J-7 0 ID 0 

O,MI o.c~ I 17?0 .,-a 
0 J~ b I lo 08 0 J./ f'"o 

I 

Kia far 1J1J~cirb:(" W<.' =- VdJ' E \/dlj = 0, J°¥~ • c ~¥/Jo 
= /~ 6 96 barr£/s 

~ . \-<// 
{ /111~ = --,- '!: 

(,Ml 
160 5'G:- = Jb det.;-s . 

"/ .J 0 

Ca./ctt.fa.-f-1011 l/o-/G~ ! 

@ Ea.c..>,/ = E.tt.c..// F 

© Fr'"on1 t=g Y-

G) Fro111 e7 I~ 
r - -, ==- s ta. .,-f, ·, 1 J vo. I UJ:.. • ·- - _, 

2. Condi.tion - 3 Months or Injection 

W1 s 450 • 91.25 a 41063 barrels. J Vpj a 77580 bbl; Vdj • 2948o bbl 

~Sw = 0.38 ; Soi• o.56 ; 802 • o.65 ; S03 .. 0.32 ; 8gi .. 0.12; Sgz • o.os 

0 ® @ @) © @ 

~';./~ 
~~t' (wJ' Vdi.J EOAJJ Ea.oJ' 

( d: eo.u.) 
fl Vo'.: J' 

o.389 t 7J- o,.J'fZ.. t:>,J'&f.c I I 

o,278 IE:.J- o.387 o,387 I I 
·o,22c. /00 0 1 309 c,3o9 I I 
o II I ~o 

... _ 
oi IJ./ 6, tJ'r o,72& I 

1.000 1-/ J'o '· 3/ 3 
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(j) ® ® @ (ij) 

l.A.':J~I"' (6p/3tj)/ (f~l;)/ ( Np!Jr))J ( io&)./ {Wp},l 

I 7.J-~ 3 Z3 B'i'fr /J-z 0 
2 6 '132 17 'I'/ 77 109 t '3 "'e9 / '?; 2 'f 8u 87 
'I- "IJ"'&,(,, * ~"* 0 0 

ef"''o /t13 /.J-'iO Z. e'/-S 0 

~I cu. lc.c.. T ion no -(Q~ ~ 
® Ea..oi = F· £0.auj f\_lon +ltei...-1 lo.fer 'I- "1Cl~ no+ (1ll~c/ '41'. 

@ E¢i.ubt (er 11.1/w, • O,J .. 8.J- 'E;na.lc:Hu--04~11 J,o.s no+ occal'Cc/ 

Ii) ~If /t:t.;ry, 
Ci)@ e -g ~ .t 17 -'']c.CC./"'f ~ /ca~I IDt..y,,.., LG.sf /&:crf&r c 6 ~ J l'f. 

@ @ t= 'i ~ /o L 2 o 

3. Condition - One Year of InJection 

Wi • 450 • 365 • 164250 barrels. See previous calculations for other 
variables. 

0 © '3,\ © 0 © 
~..:::; ( dcA,.., 

?w{ \lat'J Ea.wJ' Ol. V'at )/ (Gr Ds)l (f6 ~9)./ 
17J- Z.,tt.8 o,9J~ o,o" 9JC..3 l,Lf 

.---- /2J- /, J't./ 8 (), 8 :;7 o, IC.. 8910 c,O 

....... /OO 1,2-,re, o,SJ ... / cJ,Zo 87J2. .::.~ 

~o 0,bCO O, t.IJ- Q. 7J- 78 I (e. 4. 9 

J.f.JO ~41[e I /0,'9 

CT> @) ® @ 
Cal cu fa -f,o,, No 7£ z ~ 

(/\Ip 13.)/ (fo Bt1)/ ( \,Ip)./ ~"'J' 
. 

@ fr;i115q11-I- 11-1efliod 
/8':/'fZ.. 'f, I 3J-B/o /' tf,./-
177.3'1 13. 0 1'118 I 11 o,O ©© ~6;, 5><Tl'7 

ll-~[b 17, 'I II ~I Z. 8<J,O G)@) t:zs 10 t t:!.I 

1031'1 32. f.. ,, CJ 1a,J-
®A Ef~ 12.. <! 22. 

b31'fb 7c.C) ~~lez. 3'- 7, 0 
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~sults 
The one year of injection are quite interesting. Note that 

about 94% of the water entering the first l8i1er is being produced. 
Oil production from the first layer amounts to oncy about 13% of 
the total. The initial quantity of oil in the pattern amounted to 
161,366 reservoir barrels. At the end of this first year of injection 
a total of 63,146 reservoir barrels have been recovered. This is a 
a pattern recovery factor of 39%. The other thing to note is the 
current surface water-oil ratio. Assuming an oil fonnation volume 
fact<r of 1.1, the surface stock tank oil rate ie 65.5 STB/dq. The 
water producing rate is 367 barrels a dq. This means that the expense 
involved in treating 450 barrels per d8i1 ar injection water and lifting 
and disposing of 367 barrels a ~ of produced water must be met by 
income generated from the 65.5 stock tank oil barrels. 

0%2 can see from the f onn of the equations developed in this 
note that a relative si:mple computer program can be written to handle 
many 18\V'ers and many time step conditions. The assumption of layer 
injection rates proportional to their permeability is not the best 
that could be made. A separate set of calculations could have been 
made to handle the change in la;yer conductivity as the two fronts 
progress through the layer (Deppe•s method) but the general result 
would not have been much different. 

surmna.q of Equations 

1. Prior to Fll'.l.up 

(Gp 'B~ )j 

( '"t'J 13~) ./ 

(6) 

(14) 

2. After Fill up Bu'tBef'ore Water Breakthrough 
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( g~ l35)J• : Sgz iw • (el. Ea.w) • 
(S~ 3 -:s~t) :& of Vdl J 

( Nr B&))j - \/~. [So~ - CCU4.> S03 -(1- E~)soz.] 
( io 81))/ :::. { :5o2. .. Soi) , iw . ( ~ Ccit.J) 

(Sw3-.Sau~) · Vue: J 
3. After Water Breakthrough 

Oil and gas equations same as in 2, above. 

l-.lfJJ = WiJ - Vr:,· Ecu" ( s~3 -Sw_~) 

'iw/ ~ i.wj (I -( ~~:;)1 ) 
M.B. Standing 
February 28,1981 
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