Pattern page 1 of 13

Notes on Predicting Pattern Performance
During Water Injection Operations

Reservoir engineers are oftem called upon to estimate the profit-
ability of water flooding a given property or reservoir. There are a
number of methods described in the literature that can be used. Each
method involves several assumptions about the sub-surface reservoir
behavior and each has a different degree of complexability in carrying
out the calculations. The Higgins-lLeighton method, for 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 flood and may, in certain instances, be sufficiently
accurate for use as the final prediction method.

The method described in these notes falls in the second catagory.
It is relative simple and straight forward and can be handled by desk
calculator. It models a multi-layer 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 layers with no cross flow between layers. Thus,
it is similar to an assumption in the Dykstra-Parsons
method.

2, Within a given layer 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 layer is proportional to the layer
injectivity at the time (which changes in each lgyer as the
flood 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 kh product
of the lgyer.

The first section of the notes will describe the behavior of
a single lgyer 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 Layer Behavior

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. This is illustrated in Fig. 1.

To simplify description behavior in only

% of the pattern (cross-hatched area) will
be considered.

Figure 2 illustrates layering within
the unit volume, As indicated previously,
no cross flow of fluids occurs between
lgyers. This means that water entering a
given layer at the injection wellbore

@
WW/A@/X///‘% remains in and displaces hydrocarbons from

® that layer.

Figure 2

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 Eg,. Region 2 is 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 Ego. Region 1 contains initial
saturation conditions.
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Figure L, above, illustrate several saturation-distance situation
along the diagonal connecting the injection and producing well is Fig 3.
In the field, pressure increases 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 Lha. 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 Lb or Lc. Figure Lb assumes residual gas
saturation exists all the way through Regions 2 and 3, while Fig lc
assunes that residual gas remains only in Region 2, Some small diferences
in pattern performance result from how the residual gas phase is assumed
to 1ie. Figure Lb is often used and results in the easiest analysis of
the pattern behavior, Figure lc seems a little more in keeping with
postulated field behavior and will be the situation used in these -notes,

Considering the situation pictured in Fig 3 (prior to fillup)
the oil and gas displaced from Region 3 must be in Region 2 or have been
produced., Gas originally in Region 3, or part of it, could have been
produced but oil from Region 3 must still be in Region 2. In terms of
the areal coverage factors Egy and E,, and a volume balance of the
displaced oil phase we can compute tﬁg relative areas processed by the
two fronts as follows:

Given ! _
Eaw™ ®Rrea /ncleded 1n /&‘;m'n L

Ea.o" Ea_w = &amwa l'n cluded Ve &ﬁﬂﬂﬂ <
(A 50)3-"-'- ol/ 5(’-7“&f¢1.7(f'0h cﬁan?:_J B&Jon 3
(415'5)2 = ;as SaTierntion cﬁau;;r_ , Rgior

Eaw (U3%.); = (Fas~ Faw)(dSy). (1)
This kacds Yo .
- (43,)
&«° _ I = |+ :
Law ~ C"ﬂsﬂ}a i

Equation 2 is completely general. Nothing has been said about the
shapes of the two displacement fronts or of the mobility ratios that
pertain to the fronts. K

In general, the mobility ratio at the oil-gas front 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 factars, E;, for a number of standard patterns
(5-spot, 9-spot, direct line drive, etc.) are available in various forms
in the literature (see, for example, SPE Monograph #3 on waterflooding).
The attached chart shows 5-spot values determined by Caudle and Witte,
(Trans ATME 216,(1959) LL6). While not shown on this chart, E, values
for 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 maximum achievable
difference of water saturation in the area processed by the injected
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water. Thus, for a single layer of the S5-spot pattern illustrated in
Fig 1, the displaceable pore volume, V4, amounts to

Va(bbl) = 7758 A h # A S, (3)

where
A = pattern (layer) area, acres
h = layer thickness, feet
@ = layer porosity, fraction
A Sy = (Sy max = Syi) in Region 3
- (1"301-“831\-8"1) in Region 3

The term displaceable pore volume injected, ¥4, is, of course,
the volume of injected fluid divided by the displacegtle pore volume,

Vai = Wy /Vg (L)
when the injected fluid is water.

To 11lustrate 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 S-spot and the following factors.

Pattern area, A = 10 acres
Pattern thickness (total) = 16 feet
Number of layers = L (equal thickness of L feet)
Porosity, @ = 0.25
Mobility ratios =
Mo =2 (water-oil front)
Mo = 0,1 (oil-gas front)
Layer permeabilies,kj = 700,500 40O, and 200 md.
Saturations, S

Region Sy So Sg
1 0,30 0.58 0,12
2 0.30 0.65 0,05
3 0,68 0.32 0,00

Injection rate, iy = 450 barreles per day
The above values result in the following values for Vp, Vg, and F.

Vp(pattern)=.711€ Ah ¢ = 7708 10:/6-0,28"= Flo3¢o bbl.-

=3/6320 (0.6E8-030)= /11522

Ve (Palleri) = Vi @d9u bb1

Gy = 4/ = o4& b4 ]
= . FLae _ 4%, (edB-08) _ 4 4

= Eaw (45)~ (e,/2~0,07)

.., = w¢ = YJo « 3647 7,39 jeor ylay
<y A/af //79&2 o /‘
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At this point it is well to develop equations for the cumilative
products produced from the layer and their rate of production at various
times, To do so we will consider three situations. these are:

1. Prior to fillup. Only gas is being produced

2, After fillup but before water breakthrough. Both
gas and oil phases are being produced.

3. After water breakthrough. Both oil and water
phases are being produced.

The first set of equations are for the cumilative productions removed
from the layer. Separate equations™ for rates will be developed later.

1. Prior to Fillup - Only Gas Production

-~ Gp Bs The basic approach is a volume balance on

; the gas phase; i.e., the produced volume is equal
to the original volume minus what is still there.
Refering to Fig lLc, it seen that original gas
saturation is in Region 1, residual gas saturation
is in Region 2, and zero gas is in Region 3.
Consequently, the gas phase volume balance is:

(Gp Bj)J‘ — vP.f l:SgL = (}"' Ea.o) 35; = (Ed-o “Edw):58] (5)

where

Sgi! Sg, = original gas saturation wvalue
Sgz = gas saturation in Region 2

Because pattern efficiency charts only provide Egy values Eq 5 can be
modified by recalling that Ezo = F Egy (eq 2,pg 3). Also, noting that
Region 1 contains the original gas saturation so that Sgi and S,, are
the same, Eq 5 developes into: &

(6pBo);= Voi Eauy [Fsgi-" Son (;--:)] (6)

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

(NgBo)y = O Q)
(WpBw)J =0 (8)

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

Em =1 : Egy = Ego/F=1/F =1/4.T1 = 0,212
From the 5-spot chart.for Egy = 0,212 and M, = 2. vdij = 0,212
Therefore, Wjj = 0,212 Vgy = 0.212 » 29480 = 6250 barrels.
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(GrBs5); = 7776c c0.212 (4.71+0.12 = 371-0.087)  (£36)

= GCHS™ b/,

' : = Wi ceyo _
[Fodwciiiy Time | t = TJ-HM.: e

Note: The slight difference of 5 barrels between the water

injected and the produced gas comes from round-off errors. They should
be the same, of course.

o da? 3,

2. After Fillup but Before Water Breakthrough

P Gp By During this production phase gas is still being
NpE. produced because of expansion of Region 3 and the
fact a gas saturation change occurs at the water-
® oil front. 0il is also being produced because of
/’(’@ the expansion of Region 3.

Jr/ 7 The gas volume balance can be obtained directly
'\w_ from Eq 5 by noting that Ezy = 1. Or, looking at
£ the sketch at the left, it can be seen that:

(('?ij)J' = VPJ' [Sgi — (!"an)sgz] (9

The cumulative oil production comes from an oil volume balance,
Refering to the sketch above, it can be seen that:

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

(WpBy)y = O (11)

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?

W, = ?J?J/a/ oo = /2SO bavrels.

Vs = 8L HES | o sps

Fron e -spet clart ,"r" Voo =0,3EC ) £q.,~70,382
- (Gp&;); = 77580 [e.12 = (1 -0,382) 0,00 | = C9/Z barzls,
(Wpbs); = 773780 [o.J'E' ~0,382-0,32- (1—0.355)0,4.;—]

— Y349 banz/ls.
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3. After Water Breakthrough

After water breakthrough there is still gas
production because Region 3 is increasing in
size and the gas saturation change at the water-
oil front., 011 phase is being produced because
of the diminishing size of Region 2.

As can be seem from the sketch at the left,
there is really no difference insofar as the
gas and oil phases are concerned, than the
situation depicted on the previous page. Only
the relative sigzes of Regions 2 and 3 are different. Therefore,

Egs 9 and 10 are valid for this pericd.

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

Woi = W — Vp.* Eaw(Sws=Swi)  (12)

There is some question as to whether the water quantities in Eq 12
should not contain the water formation volume factor,By; . It

is more correct to include it but as it is usually 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:

ij = Wi.‘) - (NPBO)J - (GpBg);] (13)

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

Wﬁaj i ‘:‘J'b/q L 3¢1T = Hroe2 baresls
#1062  _ /393

Vot = 29 4&o
FFron A= spetl clhert for Wyo = 439 ; 1Muwy= 2,
Eayy =0,€789.

" (G 39),;' - 77Jfgo[o,f2" (z-o,s?v)o.o\f']

~ &840 barrsls, (B ¥}
(NeBs)i = 77080 [orE-0,879- 0,32 I 0F17)0.60"]
= 17073 barel, (&5 r0)

Wp.= 4/063 — 77480 -0.€72(0.68-0,30)
= /5/50 bame/ls
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Layer Producing Rate Equations. Up to this point the equations have
been for the cumulative volumes of reservoir gas, oil, and water produced
from the layer as functions of time or cumilative water injected.
Ordinarilly one is equally interested in the rates of production of oil
and water (not so much far gas) during the flood as these values are
used to size equipment and calculate income to the project. As rate is
the time derivative of cumlative production, e.g. g, = dNp/dt , one can
alwgys resort to plotting cumulative production values ag t time and
determining tangent slopes at various tims. But the method to be used
in the following portion of the note is to differentiate with respect to
time egs 6,9,10 and 12,

Gas Rate Prior to F:.llug If one considers the sketch on page 5
that represents the '"prior to fillup" case, it is instantly apparent that

gas is being removed from the lgyer at the same rate that water is entering

the pattern. So, for this case

However, it is instructive to see if this relationship can be developed

from Eq 6 (or 8q 5) as the method of doing so will apply to developing
the other fluid rate equations. Starting with Eq 6 then:

(GpBg); = Ve[ Fi- Sge (F-1) | Eaw (6)
As Vp,‘, F, Si @nel Sgz GrE corrstants
Cg‘ J) a{f_Cgpbe = l/gIFsgi*S&a(F-I)]
. &[an f
T (15)
J Eﬁwd' D( Eq wJ' 5( Vo{cjﬁ o
bt = oAV el W
C{Vdu e 2(_ W(:J. . | . ?"w )
ik (¢ ~ dt VidSsw ~— V45w ¢
Therefors. .

Vo LFoi- 352 (F-] iy dfau
(%9 25)) = Ve A T
As 435, = [l—&-L—q-;=(/——1)] awcl &t
Small values of Faw ol Eaw _ , wr 5‘—"‘

af Vde
(2?85)., = '24”'

17

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 function of the
water-oil front advance rate, This will be handled in the next section.

Gas Rate After Fillup,  Equation 9 on page 6 gives the cumilative
gas produced after fillup. This can be written as:

(9pBs)i = Yoy (Spi-%p2) + Vei gz Faw' O
By following the exact same procedure as on the previous page we get:
S . E

Whre 43, = Swi — Swi

[ Eaw) _ s al 2lfictte
()= sewe 22l ey

Equation 19 applies any time after fillup of 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.

0il Rate After Fillup. As pointed out previously, the equation
for the cumilative 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 form, we have:

(NoBs); = Vigi(Sei-Soz ) + Vp(Sop=Sop) Faw (20
Again applying the procedures shown on page 8 we obtain:

Bl = M.{N-E’E‘ﬂ'_“‘ 21

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

(Fu); = 2'“,;(1— d’f"”) (22)

e Voo

In fact, it can be seen that before breakthrough this equation predicts
that g = O,

This concludes the development of the rate equations. It is
apparent that the slope of the areal efficiency curve is an important
pargmeter, as are certain key saturation values and the injection rate.
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If many calculations are to be made (10 or more layers) 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 only 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 Vg3 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 much calculation. In the calculations &ll 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 generally are not worth
carrying out in a preliminary evaluation of a field prospect.

yinjection Producing 4 Figure 5 shows the permeability of
“well well — the four layer system to be calculated.
The calculation scheme is facilitated
Lager 1. 700 md by placing the highest permeability 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

Layer 2 500 md

Layer 3 L0OO md

Layer L 200 md work best. This will be illustrated
on the following pages. The first cal-
Figure 5 culation will be for the condition of

fillup in the first layer. The second
calculation will be for 3 months of injection and the third for one
year of injection. In each calculation it ie assumed that the water
entering a layer is proportional to the permeability , kj , of the
layer.
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1. Condition - Fillup in Lagyer 1

B, =03 Wy=0; F=ULTl; Egpo =1.0;45,=038; Sg =0.12
Sge = 0.05 5 Soi = 0.585 Spz = 0.65 3 Sgy = 0432 ; Vo3 = 77580 bbl ;
Vgqj = 29480 bbl. Pattern injection rate,iy = L50 bbl/day

® @ ® @ © © @

_,é ¥ ,é_,'/ Za‘j' fao J £ aw,' W'y (C';P Eﬁ) J. (83 BB)J.
700 ©,389 /.0 0,212 g,212 ¢eJ3 174"
oo 0.276 o, 1%  O0.82 0,NZ  y4e? 25"

‘oo @22 oSN 9,021 p,12l 390 /eo
_ 2oo o, 0,286 o,061 o0,£6! 1790 J0
— lSeo /, 00 o J4e /6080 )

Wa ter MJ-'CC'{EA: W = VdJ' Z, Vd“J‘ = 8,J¥g S5 4Eo
= /6696 barrels
W/

L - B . /6096
Tite = s o = J3é& da.?s.

Calcalation 1j6tes i

@ Fawy = Eao)/F
© From £g v

® From £y L

i J‘far'ff;)j Vn./l-l-(. ‘

L P |

1

2. Condition - 3 Months of Injection

Wy = LS50 « 91,25 = 41063 barrels. ; Vpj = 77580 bbl ; Vgqy = 29480 bbl
DSy = 0,38 5 Soi = 0,58 5 Sgp = 0,65 3 Sy3 = 0,32 5 Sy = 04125 Sgz = 0,05

Q) @ ® @ ® ©
x:,f}_ (w) 'éh:j EMJ. Eaoy ( é{—lgf# ) oy
0.329 17397 od4Z Y2 / (
0.278 124" 0,387 0,387 / /
0,22& /00 0,309 6,309 / /

o /! 50 o, /181° B,  o,72& (

/,000 H{o 1,393
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@ ® ® @
Layer (GpBs); (%B5), (Webo); (&), (Wp);
! 74733 23 E44s ne' o)
{; 6932 17 Y477 /09
s g g d S
gitéo /63 Nye2 246 o

@/Cu/c&.?‘/on noYes :
() Eaoj = F+ Lawj NMofe +hat fcv.aa‘r' o had not filled up.

©® Eawbt fcr JM e = ONE™ Brmkﬁa.roujh has rnot occared
&rl 4 /a‘ >,

@B Eg 35417 exccp? fer las¥ /a.f..a_ Las# /a—;,tr
@@ E?J /6 & 2o

1

Ez G, 4.

3. Condition = One Year of Injection
W; = 450 ¢ 365 = 164250 barrels, See previous calculations for other
variables.
® ® ©) at‘(‘:'?w @ <
%o i Ve, Law, ( Aae )J‘ ( Gp 55).!' (?9 BS)J
174~ 2,168 6. 9¥e o,66 9123 /4
red /3% c,E27 [ Y s &910 e, 0
/00 1236 ©.8J 0,20 g732 e e
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45O 3¢ E/ r0:9
® @ @ . calcetation NoTs *
(n !Pﬁ‘)f (Z° ﬁ")f ( We wy’
18942 2, | 2 Ero P @ 7Tan 9«?:/7‘ method
17734 /3,0 /9181 1100 ®OO@ Fgv 7 E7
1376 12,4 /42 o0 (I Egs '° i
/031¥  32.& "9 /e Py e
L3146 720  L6d2z 3670 @@ S 2 £
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sults

The one year of injection”are quite interesting. Note that
about 94% of the water entering the first layer is being produced.
0il production from the first layer amounts to only about 13% of
the total. The initial quantity of oil in the patbern 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 formation volume
factar of 1,1, the surface stock tank oil rate is 65,5 STB/day. The -
water producing rate is 367 barrels a day. This means that the expense
involved in treating LS50 barrels per day of injection water and 1lifting
and disposing of 367 barrels a day of produced water must be met by
income generated from the 65,5 stock tank eil barrels,

One can see from the form of the equations developed in this
note that a relative simple computer program can be written to handle
many layers 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 layer conductivity as the two fronts

progress through the layer (Deppe's method) but the general result
would not have been much different.

Summary of Equations
1. Prior to Fillup

(GpBy); = Vpj Eawi[Fosi- (F-0)ssz | ()
( %9 Bg)y = T (14)
2. After Fillup MBafore Water Breakthrough
(G,, Bﬁ)' = VP [59:. - (l-— Ea.u) Sga2 ] (9)
J
Bg)y = S92 iE:w
(% Ps), Guz-5i) % v ) A

(Nf: ﬁo J' = VHJ' ):Joé - EQ,«J 503“(1-511&0)50&] (10)
o s (Joz-JoR_) Fo d Faw 21
(e Be) = (Sw3z=Swi) Chw ol Vi )J' @)
3« After Water Breakthrough

0il and gas equations same as in 2, above.

Wp; = Wi~ Vi Eaw (Sws ~ St (12)
Q) = Tuy (1 _(??T) ) (22)
M.B. Standing

February 28,1981
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Fraction of Producing Stream
Which is Injected Material vs.
Repeated 5 Spot.
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