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ABSTRACT

The main purpose of this Thesis 1s to develop a better
understanding of the mechanies of fluid displacement in
gtratified sands, Varliou: methods describing fluild dise
placement in stratifled sands will be discussed and their
limitations pointed out, This will be followed by & new
derivation of the fluld displacement mechanics, This
derivation will be rigorous enough to apply to stratified
reservolrs for both wmlscible and immiscible displacements,

In a dlsplacement of flulds, the viscous forces are
considered to be the most significant variable; . however,
ether factors, such &8 a varying porosity and diaplacemant
erficiency, &lso contridbute to the mechanics of fluid
displaoements. In previous displacement m@thods these
tactors have been entirely neglected, thereby limiting
their application.

As a means ot verifwiﬁg the derivation presénted in
this thesis, a mathematieai model waé constructeé. With
this model, fluld alsplecements with different viscosity
ratiocs were performed, and the theoretical and experimente
&l resulta were compared, For viscbaity ratios éreater
than or equal to one, the experimental results were in
¢lose agreement with tae theoretlcal reaults} for viscosity

ratlos less than one, however, there was & sli ht discrepancy

between the two., This difference was attributed to the



unconaolidated sand model,

From the visual sand model and the theoretlcal
analyses, interesting and important oconclusions were
cbaerved and deducted concerning the mechanles of fluld
dlaplacements in stratified sands, Mainly, that the
rate of advance of & flood front is dependent not only
on 1ts permeability but also on its porosity and dise
placenment efflcliency, Another interesting factor is
that the fractlonal flow rate in any layer of sand will
depend not only on i1ts yrelative capacity but also on
the relatlive dlstance of the flocod front in the reservelr,
The c¢crossflow of the displacing fluld was noticed and
accounted for, while the imbibition of water from the more
porcus bads to the lesa porous beds and, conversely, the
transfer of oil from the tighter beds to the more porous
beds « after an immiscible displacement « were observed,
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NOMENCLATURE

cross sectional area
compressibility

areal sweep efficiencys ratio of the volume swept
at any time to the total volume subject to invasion

total production of the in-place and displacing
fluld expressed in pore volumes

displacement efficiency factory ratio of the fluld
In'h microscopls pore volume o o4 present

fraction of water in total flow rate

net pay thickness

absolute permeabllity

relative permeabllity to oil

relative permeability to water

length Sk

mobility ratio -ﬁﬁkro

cumulative recovery

prescure

production of the in-place fluld

total production of ineplace and displacing fluid

radial distance

fractional distance advanced by displacing fluld

o1l caturation

residusl oll saturation

water saturation

residual water saturation

iv
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NOMENCLATURE {Cont)

dreskthrough time

viscosity of oil}

viscosity of water

viscosity of displacing fluild
viscoslty of in-place fluid
viscosity ratio (ug/u,)
water injected

water produced

water-oll ratio

pore volume

porosity
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CHAPTER X
INTRODUCTION

Secondary recovery methods have been used for decades
by the o1l industry on a limited dasis, but only in recent
years have technological advances, coupled with the scaring
costs of finding new o1l filelds, made large scale secondary
recovery operations economically attractive,

The advances in secondary recovery have come none tco
soon for the petroleum industry. It currently costs an

(1)

This cost 1s up from 90 cents a barrel 10 years ago. Further,

average of nearly $1.18 a barrel merely to find new oil.

the chances of the indusiry making any spectacular new dise
coveries of oll in the United States are rapidly diminishing
and consequently greater attention 1s being directed toward
recovering more of the known reaerve,

Although there is plenty of o1l in the world at this
time, ¢rude is becomling narder and harder to f£ind in the
Unlted States, Petroleum exploration is now being inten-
sified in offshore arecas and in remote geographical loe
cations, The difficulty of reaching theae areas and
maintaining facllities adds conziderably to both the cost
of exploration and production,

(1) Bibliography on Page 132,
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For these reasons, most of the major o1l companies are
stepping up thelr secondary recovery operations, The end
result of these accelerated operations 1s an increasing
demand by management for predicted forecasts of current
reservolr performances, These forecasts must include the
ultimate hydrocarbon recovery, recovery at breakthrough or
at any specific producing ratio, the amount of injection
fluld needed to obtaln such recoveries, payout pericd,
profit, ete,.s In brief, a complete fluid displacement
history 1s required for any secondary recovery operation,

The displacemnent of fluld from porous medla has led to
the development of many methods and theorlies, Perhaps
the most common or well known, is the Buckley-leverett
Frontal Advance theory‘2)¢ Since it 1s widely accepted
in the Industry as being representative of fluid displace-
ment in a homogeneous sands, a brief summary will be
glven,

The Buckley-leverett theory corresponds to a rigorous
solution for two phase flow of immiscible, incompressible
fluilds in & system of homogeneous permeability., The
method ylelds a continuocusly changing producing ratio
after breakthough for simultaneous two phase flow,

Aocording to thila approach, the behavior of the flood
i3 as followst ahead of the displacing water front only
0il is moving, At the front there is a very rapld increase
in the dilsplacing fluid phase saturation, Behlnd the front



there 13 & reglion of continuously increasing displacing
fluld phase saturation extending all the way to the in-
Jectlion point, At the injectlion point the o©il saturation
is at 1ts residusl value. Throughout the region of chang-
ing saturation behindi the front both oil and the dise
placing phase flow simultaneously, Thils region behind the
front increases with time. At the producing well only oil
flows until breakthrough occurs, After dbreakthrough

there is a very rapid increase in the production of the
displacing fluid compared to the production of ths oil,
Pollowing the very rapid increase In the water-oll ratio
at breakthrough, there is a period of a gradually increase
ing water-oll ratio in the total fluid production, This
period last; until the economic limit of the well ia
reached,

Although thias method 1s an excellent representation
of immiscible fluld displacement in porous media, 1t still
has one disadvantage, Thls dlsadvantage 1s that most
reservolirs fail to conform with the main assumption =
homegeneous permeabllity. It has been noticed that many
reservoirs consist of a variation in permeablility; in
fact, it may be considered as an exception to the rule to
find a homogeneous permeable reservolr. Thls reservolr
characteristic has been recognized, and different technigues
have been published concerning thils permeabllity stratie
ficatlion.



A REVIEW OF CURRENT FLUID DISPLACEMENT
CALCULATION TECHNIQUES
Stiles Method

The Stiles msthod(3) ia an epproximate procedure for .
making water flood calculations in casea where vertical
varlations of permeability must be taken into account.

In this method the reservelr 1s lmagined €0 be a layered
system, one layer placed on top of the other (stratified),
It 13 assumed that the permeabllity does not vary within
a given layer, but that it can change in going from one
layer to the next (see Fig., 9, Page 72), The nature of
the basle fluid flow assumption is as follows: 1t 1is
assumed that in each layer there is 8 pilstonelike displaces
ment 80 that after breakthrough in any layer thers is no
more oil production from that layer, If there were no
permeabllity variations, the above assumption would imply
that there would be no gradually changing ollewater ratio
alter breakthrough, It is only because the front has
advanced different distances in the layers of different
permeablilities that there is a c¢ontinually changing
water-oil ratio after breakthrough, It is also assumed
that there is no crossflow from one layer to another,
1,04, it 13 imagined that there 1is an impermeable barrier
between layersa, Also, the forces due to caplillary ime
bibition and gravity are assumed to be insignificant,
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and the mobility ratio (ubkrw/hwkrc) » the porosity, and
the residual fluid saturations are assumed to be the
same in each layer,

Stiles giveas the recovery, expressed in barrels, as:
Np = (COVERAGE) (Spq = S,,)V,

where So1 18 the average initlal oil saturation, sor the

average residual oil saturation, Vb the reservolr pore
volume in barrels, and COVERAGE the fraction of the
reservolr swept by water,

The expression for the producing water-oll ratioc
(WOR) 1s:

WOR = (COVERAGE/1-COVERAGE)M

where M 1s the mobility ratio.
It 4s noticeable that the recovery and WOR depend
only on the COVERAGE, which, derived by Stiles, 1is:
N

COVERAGE = .0 4 1 N
T o h

* gsee Table of Nomenclature, Fage iv
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where N is the total number of layers, n/N 1s the fraction
of layers that have been completely swept, and kn is the
permeabllity of the layer that has Just been completely
swept.,

Obviously, Stiles has assumed that the distance of
advance of the flood 1s proportionsl to the permeability;
this, however, 18 incorrect unless the moblility ratioc 1is
one, and the porosity is the same in all layera, It will
be shown in a latter section (Page 42 ) that wherse the
mobility ratic 1s not unity, the solution to the permeability
stratification problem 18 consideradly more complex than
for Stiles' solution. The effects of porosity on the
advance of the displacement front is very important, and
cannot be disregarded, This may be proven quite easily,

Let it be assumed that there are two homogeneous
beds, each having the same permeablility, k1 and ka. but
different poroasities, 51 and 8,, where §2<E13 also,
that the in-place and displacing fluld are the same, and
there 1z a constant pressure differentlal acrozs the
entire flow systenm,

The fractional flow rate in layer No, 1 (ql/hT) is
thent

Q1o = ky/( +k,)



Since k1 - ka, the fractional flow rate 1s Just one-half
of the total flow ratey therefore, the fractional flow
rate in layer No, 2 is alsc one-half of the total flow
rate, Now, according to the Stiles method, the advance
of the flood front would be the same in both layers, but,
layer No. 2 has & smaller pore volume than the other
layer, and since the total flow yate 1s constant, the
advance of the flood front will be greater in layer No, 2.
This becomes quite important when the mobility ratio
differs from unitys then the fractional flow rate depends
not only upon the mobilities of the fluids, but also upon
the relative distance of the advancing flood front in
each layer,

In summary, the Stliles method may be employed only in
stratified reservoirs with a constant porosity and whosae
fluids have a mobllity ratlio near unity, Outside of these
limits, this method will prove unsatisfactory.

Dykstra-Parsons Method

The Dykstra-?araons(“) method 1s similar to the

Stiles method, The only exception is the calculation of
the advance of the flood front in different layers, With
the Dykatra-Parsons method, mobllity ratios differing
from unity are handled in a better way than with the
Stiles method,



In this method, Dykstra and Parsons have assumed
that the permeability distribution could be represented
by a straight line on log probability paper when the
permeability is plotted on the log scale and the per cent
of the permeabllity exceeding each tabulated value 1s
plotted on the probability scale. A quantity called the
Tpermeablility variation® was then defined az the medlan
permeabllity minus the permeability at 84,1 cumulative
per cent divided by the medlan permeability. Then
as far as calculations are concerne&; it i3 only necessary
to palculate the permeability variation since Dyksira
and Parsons cumputed curves giving the coverage as a
function of the permeability variation and mobility
ratio for four different water<oll ratiocs (see Fig. 1,
Page 9)., However, in order to try to make the calcue
lations agree more closely with experimental behavior,
the authors presented a correlation of the fractional
recovery with the caleulated recovery., This correlation
was obtained from measurements on small laboratory cores,
Further simplifications have been 1ntroduced(5) by
calculating curves gilving the fractional recovery as &
function of the permeability variation and mobility ratio
for the four values of the producing water-cil ratio,
thus eliminating the intermediate step of finding the

coverage.
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The above correlations and simplifications are
based on the equation for calculating the coverage, which

1s:

A
_ne(N-n)u | 1 Z J12s &, (1-M42)
COVERAGE 1 D) S Eﬁ

where N i1z the total number of layers arranged in order
of decreasing permeablility. Then, when the nth layer
has broken through, all the layers with permeability
greater than that of the nth layer will also have broken
through, Hence the fraction of the reservoir for which

the layers have been completley flooded out 1is %m The
remaining layers, which have permeabllitlies less then the

nth layer, will be only partially swept out, Thus, the
COVERAGE will give the fraction of reservolr which has

been invaded by water in the Jth layers (J>n) when the

nth layer has brokean through,

Although this formula takes different mobility
ratios into consideration, 1t stlll does not include the
varying porosities of the different layers (the import=
ance of porosity was discussed in the Stiles method,)
Another interesting facter to note, 13 the dlsplacement
efficiency. It 13 obvious that the displacement efficliency
of any displacing fluid is not 1004 - nor is it the same
in layers of different permeabilities and porosities,
This too, must be included in calculations involving the
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advance of the flood front.

The basic fluild flow assumptions in this method are
almost identical with those in the Stiles method, The
Dykstra-Parson method assumes that the reservolr consists
of horizontal layers packed one on top of the other with
each layer having a constant uniform permeabdililty,
although the permeability may vary from one layer to the
next., There 18 no crossflow between layers, Further
more, since only all oll or all water is flowlng, there
1s a piston~like displacement in each layer, so that
after breakthrough of any layer no more oll is produced
from that layer, It 18 also assumed that the mobility
ratio, the poroslity, and the initial and reslidual oil

saturations are the same in each layer,

Besides the absence of a displacement efflciency and
the assumptions of a constant porosity and residual fluid
saturations involved in calculating the coverage, the
Dykstra<Parsons method has one disadvantage which limits
its application, In this method it 1s possible to obtain
the recovery only at the four water-oil ratios for which
curves were computed., Since the lowest water-oll ratio
for which curves are avallable 1s one, 1t is necessary
to extrapalate the curve to a low water-oll ratio to
find the breakthrough recovery.

Although the Dykstra-Parsons method includes mobllity



ratios differing from unity, it still has some dise
advantages which limit 1ts application; this method is

most sultable when a very rapid calculation 1s desired.
Hurst Method

" The Hurst method(6) may be used for making water
flood calculations in five-spot patterns 1f the water-oil
mobility ratlo 1s one, Unlike any of the other methods
discussed, the Hurst method introduces areal sweep into
the problem, It 1s this introduction of areal sweep
that limits the method to its use for five«spot patterns,
Actually, the Hurst method is Just an application of the
Stiles method to the fiveespot patterny however, due to
the unique procedure in determining the displacement
history = by comblning the area swept with the vertical
coverage « it is felt that a brief summary should be
given,

In this method the flulds are assumed to move along
the streamlines calculated from single~phase steady state
flow, A knowledge of relative permeabllitlies or vise
cosities 18 not necessary since in all the calculations
it 1s assumed that there 1z a piston~like displacement
and that the mobllity ratlos are one, Through the use
of a steady state pressure and streamline distributions,
it is possible to derlive a generalized curve which holds

for all five~spot patterns, Thls curve makes computa«~

12



i3
tions by the Hurst method quite easy, Essentially what
the curve gilves is the ¢overage, 1.e,, the fraction of

the total area swept by water va the fraction of the area
that would have been swept 1f breakthrough had not
occurred (see Fig, 2, Page 14), The latter number may

be greater than one since 1f breakthrough of water did
not occur, the area swept would sooner oOr later become
greater than the area of the five~spot. The area that
would have been swept 1f breakthrough had not occurred is
called the area processed, The basis of the Hurst method
is, then, the coverage-area processed curve, Since the
coverage is easentially proportional to the oil produced,
and the area processed is essentially proportional to the
water injected, it 1s seen that the basic coverage-area
processed curve essentially gives the reecovery vs the
water injected, From this curve the recovery as a function
of water lnjected or the water-oil ratio may easily bde
found,

'In order to show howkga use the areal coverage vs
area processed graph (C vs Ap), the computations involve
ing a single sand of uniform permeability will be cale
culated first, and then layered sands will be taken into
consideration,

The recovery from a single sand 1s given by Hurat as:

Ny = C(so1-S0r)V,
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where £ 1s the areal coverage,

The water injected, Wi, is:
Wi = Ap(Soi-Sor)Vb

where Ap 1s the area processed,
The water produced, then, must be the difference
between the water injected and oil produced,

Wp = (Ap-E)(Soz-Sor)vp = WieNp
The water-oil ratio, WOR, is glven Dby:

Wp
Np
In the calculations for a layered system, it will
be assumed that the permeabllity in any layer is uniform,
Furthermore, since the Hursat method assumes that the
mobllity ratlio 13 unity, the ratio of the areas proe
cessed in the varlous layers will be the same as the

corresponding permeability ratios, 1.e.,

Api ki

Apd kJ

It 18 notlced from the graph of areal coverage vs
area processed that the breakthrough of any layer 1isi
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{Ap) breakthrough = ,7260

Thus the water injected, Wi, when the Jjth layer has
broken through is (n layers in all):

0.7260(Soi-Sor)Vp &  kn

Wiy - n H=)
kg

assuming that each layer has the same thickness,
The recovery, Np, when the jth layer has broken through,
iss
(SOI-SOI‘)VP

n
Npj = L. Cm
Pd = 1 J

Eﬁj 1s the coverage of the mth layer when the jth layer
has broken through. To find {mJ 1t is necessary to use
the E va Ap graph. Now,

Apm3 = 0,7260 Xy
E;.

Thus, with the calculated ApmJ value, Cmj may be found
from the ¢ vs Ap curve.
The wateyr produced, Wp, 1s:

Wp = Wi-Np

and the WOR is:



Wi

Np

Prom these relations all the desired results may be

found,

17

The Hurst method may be used for a layered system in

a way quite similar to the Stiles or Dykstra-Parsons
method, It 1s lmagined that the reservoir is made uwp
of a number of layers stacked vertically one on top of
the other, In each layer the permeabllity 1s taken to
be uniform, although it may vary from one layer to
another, It is assumed that no creossflow occurs between
the layers, 1,e,, 1t 13 imagined that there is an ime
permeable lamina between the layers, The basis for dis~
tributing the injected water detween layers is that the
quantity of water injected is proportional to the
permeability. This follows, since 1t is assumed that
the mobillity ratio i3 one,

The Hurat method 1a useful 1f the displacement is
taking place in a fiveespot pattern when the mobllity
ratio of the flulds 1s very close to unity., Il these
conditions are present in the reservoir then the Hurst
method 13 more sultable than the Stlles or Dykstrae
Parsons methods, since it includes areal sweep in the

caleculations,
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Park Jones Method
(1)

The Fark Jones msthod 18 a unique technique for
predicting the displacement history of a reservoir, Since
this method does not appear in literature, a more dee
talled summary will be given.

In this method, Jones defines the degree of strati-

fication of the permeabllity by the following equations

Kydy = Kody(1~y)"
Rydp ~Kds

where y 1s the Yelative thickness measured from top to
bottom of a given pay, 1.6.; 0-y <, where the total pay
thickness is designated as unity; %y—ia the differential
relative thickness; Kody is the highest relative
differential capacity},%gxfd Kydy is the relative differen=
tial capacity at any level ;ﬁd%he flow system, The
exponent b is referred to as the "coefficient of stratifie
cation® and 1s evaluated from fleld data on the relative
rate of production (the determination of b will be shown
later), Then, by integrating the above equation, the

following relationship 1s obtalned:

Ko/(14b) =K
k
‘\
where K 1s the effective permeability to the in-place fluld

(this value is determined in the field by the drawdown
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or bulldup test of a well,)
Jetting S be the fractional distance advanced by the
dlsplacing fluid in the interval at the y level, and qy
the fractional flow rate at the y level, the Darcy's
equation may be written asi

. _1.27TARyPdy
[u,8+ uy (1-8)] L

8

L

&

BA
Since qy = g:aig-Lds (porosity is assumed to be constant)
¥y may be solved for in terms of S and the viscosity ratio
»

/
(ur - ur/hd). a /b
;. 1{2urs +(1u_)S ] A
1+ur

Now considering the dlaplacement of water by water
or oil by o1l for which the viscosity of the in-place
fluld uy 1s equal to the viscosity Uy of the displacing
fluid, then at the time of breakthrough the area under
the y curve will be the amount of in-place fluld recovered
(€

/b 1
Cou™ S (1.7 ")as = T
0

Thus Cy,, 1s the breakthrough displacement factor
for water, The breakthrough displacement factor cb for

an oil or gas reservolr 1a obtained by ecorrecting cbw



20

for the effect of caplllary pressure,

The coefflicient of stratification for a flow system
b=(1~Cbw)/Cyy 18 eimply the ratio of the volume of remain-
ing in«place fiuld to the volume of the displaced fluld
within the flow system at breakthrough time for a unit
viscosity ratio.

The eoefficient of stratification (b) 1s now determined
in the following way. The type curves, y vs S, for
various assumed values of b are plotted on one gheet of
graph paper, The fleld data (values of the relative flow
rate at certaln intervals) are plotted on the same size

sheet of transparent paper, This 1s done by the following

relationshipt
A
S8 - K%—
“a

where 4q 1s the relative flow rate in the Ay interval and
Sa, the average relative distance, plotted at the mide
level of each Interval, The transparent paper is super-
imposed on the type curves, The y curve which beat fits
the mide-level points defines the coeffllicient of stratifie
cation,

After dreakthrough the fractional content of the
displacing fluid in the outflow sectlon increases pro-
gressively from zero at the time ¢ = tb to T at the time

t >tb. Jones then derived the distribution of the
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displacing fiuid as:

y= J,~-(1--~'r)s:l/b

The area under this curve,

) §
CW = S yds = 1;2: = Cow+(1~Cbw )T
0

L:'Vf"
defines the displacement factor Cw for all viscosity
ratics at any time after breakthrough, The displacement,
C, for an o1l or gas reservolr 13 Cw corrected for cape
illary pressure, ’Fb? miseible flow, € 18 equal to Cw,

The relativ%ﬂggie of the in-place fluild (qi/ﬁr) is
derived by Jones to be:

1

ay/ag = (190) § (192 @y = (1omy

T
{(unit viscosity ratio)

When the viscosity ratio ia other than unity, the
flow rate for & fixed drawdown elther increases or decreases
with respect to time, depending on whether ud is less or
greater than Uy

Now, the distribution of the displacing fluild at the

time of impending breakthrough 1ss

Ju 1o [ 20, S+(1ou, )52 T/b

14y
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The general solution for the breakthrough displacement

factor becomess

Cow = l-(1+u x,)"1/1‘ [zursﬂl-»ur)sa ]Vb as

The breakthrough displacement factor Cb for displace-
ment of 01l or gas by water 1s obtained when Cbw is
corrected for the capillary pressure effects,

The relative flow rate for all viscosity ratios and
coerricienﬁxor stratification 18 given by

Vb(1~T)1+b

Y/, = Y+(Vp=1) (1-T) 1+

where Vb 1s the viscosity ratio effect,

The reservolr barrels of displaeing fluid required
per reservolr barrels of in-place fluid (Cw+Cdw) is equal
to the total production of both flulds, This 1s defined

832
1-Cbw

CW+Caw = [b(vbd)m(z—'r)'b -1]

£ rc ?Vb '
w4 !&
The caplllary-pressure effect 1s now determined by

Jones in the following manners consider the displacement
of an undersaturated oil by water in a reservolr for
which the 1lrreducible water saturation is Sw expressed

as a fraction of porosity., Then, due to the residual
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oil saturation, Sor, the displacement factor, C, for
reservoir o1l by water 1ls less than the Cw for water by
water, Jones contributes this lesser fractlonal dise
placement of o1l as the capillary-preassure effect,

The total relative capacity of a rock to transmit
a fluid is denoted by unity. The fracticonal porosity
{1-Swr) is assumed to be occupied iy hydrocarbons ahead
of the advancing water front, The relative capaclty to
the reservoir oll ahead of the water front is less than
unity by the amount

—

3 13w
(2+0) g (2-9)° oy~ S (® oy = g2+
° 0 - ‘{QV

—

This equatlion defines the relative capacity to water in
the Swr fraction of the porosity.

Imbibition of water from larger to smaller pore sizes
at the water front reduces the sectional reservolr oll
content from (1-~Swr) to some smaller fraction such as J,
This 13 evaluated by assuming that the relative capasity
to water in the (1-3Swr) region increases from zero to 3wr1+b
after completion of imblbition, The Sro is obtained from

[t *®] /1% 1/(1+0)

- Swur = (2 ~1)Swr

In other words, the fractional pore volume which has the
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relative capacity 23&r1+b less the fractional pore volume
that would be occupied by the irreduclidble water eontent,
Swr, 1s equal %o tho residusl o1l sautration, Sro,

The mobile (displaceable) fraction of the initially

in-place reservoir o1l 1s then defined by

1-§wr - 1e [21/ (1”’)-1:] Swr

Jones has calculated the composlition and total pro-
duction versus cumilative recovery curves for three
coefficients of stratification (4, 1 and 2). All that is
necessary to determine the displacement history of a
reservolir 1s to calculate the coefficient of stratification,
and determine the viscosity ratio and water saturation,

The Park Jones mehtod 1s a vast improvement over the
Stiles and Dykatra~Parsons methods, In this method,
viscosity ratios differing from unity are taken into cone
sideration, and, unlike the Dykstra<~Parsons method, there
i1z no need to extrapolate the recovery-composition curve
to determine the breakthrough recovery at different vise
cosity ratlos, Also, it is noticeable that Jones has
disregarded the mobility ratio in his derivationi here,
the author argues that the assumption of a constant
mobllity ratio in different layers 1s invalid, and the
determining of the coefficlient of stratification, b, will
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compensate for any reduction in permeability caused by
the flow of two immisclible flulds,

The eocefficlent of stratification 1s defined as the
ratio of the volume of remaining in-place fluld to the
volume of the displaced fluld within the flow system at
breakihrough time for a unit viscosity ratio, In other
words, it is a measure of the degree of stratification of
permeabllity within a glven flow system., By incorporate
ing this coefficlent of stratification, the assumption
of a conatant porosity is Jjustifled since the coefficient
of stratification determines the rate of advance of the
displacing fluid at breakthrough for a unit viscoaity
ratio, However, can this coefficlent of stratification
also Justify the absence of a dlsplacement efficlency
factor in e¢ach individual layer during & miscibdle
viscous displacement? Investigations in literature(a'g'
10,11,312) have shown that miscible displacements depend
not only on the viscoslity ratios but also upon the pore
size and permeablillty of the sand, In the case of
immiscible displacements the author has corrected the
recovery for capillary effects by employing the average
residual water sautration; but here again, the same

arguements concerning the displacement efficliency factor
for the individual sands are preaent.(13’1u'15)

/%7‘<:

ﬁg’v)‘lk _J/c/ }H’t }7:c=uar( b'

)

£



26
CHAPTER XX
THEORETICAL ANALYSES
MISCIBLE DISPLACEMENT

Unit Viscosity Ratio

The following 43 a8 mathematical derivation of fluid
displacement in a stratified reservoir under the assumption
that the ineplace and dlsplacing fluld are miscidble and
have the same viscositles,

Let there exist a finite number of beds in the vere
tical direction where each bed has a different porosity,
permeabllity and thickness so that the Jth layer will bde

deslignated as & k3 and hJ where J = 1,2,3,5000, HNoW

J.
suppose these layers of beds are saturated with a fluid;
then let pJ(r,t) denote the preasure drop in the jth layer

at a position r and a time ¢, 1.e,,

Pi(rst) = py ~ pylr,t)

where p, is the initlal pressure and pJ(r,t) is the pressure
in the jth layer at position r and time ¢,
Then from Darcy's law and the principle of Conservation

of Mass: “9‘[%&9.5“0/“ oF
1/r OFlor J 3 351'

must be satisfied for each layer J (J=1, 2, 3, sees n).
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At t = 0, the preasure 1is uniform throughrnt the entire
reservolr and wqual to PQ; hence the pressure drop everye
where is zero,

Thens Pj(r,o) = O for all J and r, r4rirg

At ¥ o0 there 1s a constant flow rate of the same
fluid across the outer boundary (re). Thuas

%%thwé = £(q) = a constant

The pressure at the outer radius (ré) is the same in
all layers., Thus, if P& denctes the pressure drop at
the outer radius, then P;(ré.t) = P, where P, is independ-

ent of J. Also, since

§E§§. = a constant
T rer,

oP
then for 50, 3Pe:’we = 0 and s8¢0 55.1—. - 0

Since the pressure 1s independent of time, the Aiffusivity
equation may now be wirtten as:

1/r E%" [;Eggdéi - 0
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At tx2oand r= T? the press re in the well bore is
the same in all layers and 13 also independent of j, If
Pw denotea the pressure drop function at the well, then

.PJ(I") = Pw at J = 1,2,3,00eane

dp -
Thus E?] row- g, a constant,

S8ince the pressure gradients at the external boundary
and at the well bore are equal to a ecnstant, then at any

r, the pressure drop in each layer is equal, 1l.e,,
PI-P2~P3#-."-Pn

Solution
The total production rate 1s constant and equal to
Gps Then, from Darcy's law, the production rate from
layer 3§ 1s:
9
q - -2 kghyr/u g;i. (a solution of the
diffusivity equation), Nows

P2 kb r/u
3‘1 JJr/uQr -qT



Then QJBT « 2r/akhdp,/ar

2 r/u J%lii 4nyaR,/dr
Since dPJ/Br = a constant,

Now breakthrough occurs when the flulid in the most
permeable bed « with the lowest storage capacity -~ reaches
the well bore, Then the layers of beds are rearranged
in order of thelr breakthrough, and this may be denoted
by letting § = m where m = 1,2,3,4.so0ts Thus the first
bed to break through occurs whenm = 1, So,

. =~ o
1 AR

n

J:lJJ

Since this displacement occurs under the displacing steadye
state conditions, the flow rate of fluld in the m » 1
bed 1s
qy = rgiyDyhy
)
where D1 is the displacement efflclency in the m = 1 bed,
and tp7 1s the time required for the displacing fluld to

reach the well bore.
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Solving for the breakthrough time
..._...15.. Z:hk
“o1 kyap =0

The cumulative production, Npm, at the time m « 1 will be:

Np; = dptyy = Goltypy = ¥no)

where q, and t,, are equal to zero. (The reason for in-
cluding 9, and tbo ia for eonvenience in expressing the
general equation of Npm.) The composition of production,
(ag/aplys 183

(93/a0); = (ap = 95 )/ap

where q 1s equal to the flow rate of the ineplace fluid,
Row when the fluld in the m « 2 layer reaches the
well bore, this time will be:

2

T 5222
A - € 3.1 Jkd

b2 k2qp
Thus at t = tba' the composition of production will then bes

(ay/ap)z = [ap = (ao%y) ] /oy

The cumulative production will bes



Npy = Qptya- (90 (tpa."po)+a3 (tp2=tr1)]

Similarly, the fluld in the next layer will have the
breakthrough time of tb3’ where

tp3 = D3l ra ;glkdhj/k3qr
The compoaition will be:
(a1/a5)y = (ag=laote tay) ] /ag
The cumalative production is then:
Npy = %‘bs‘[%(tbr”bo)*ql(tbs‘tbx)‘qa(tbs‘tba)]

Now the fluld in the nth layer will have a breakthrough
time of tbn’

2 n
&, r
tyy = %ﬁ Eln Y

The composition is:
(ag/ap)n = [ap=(aotay +aztaghe wetay) ] /aq

n
Since  gotq1HQptesstqy = ;Elqj = qp s then

Q1/qp = O for t = &y,



However,
Ra, - B
- - -+
T it

then the compaltion of production at the impending break-
through of the nth layer will bes

1
(a1/ap)n = {ap = 7. Q4.
1/9p)n [’1‘ J._1.131]/‘:"1'

The cumulative production at the ¢ = tbn is:

NPy = qpbpn - Lgc(tbn'tbe)+ql(tbn”tbl)+q2(tbn‘tb2)+
Q3(tbn'tb3)*--**qn-l‘tbn‘tbn*l)]

- ince qn(tbn'tbn) = 0, Now, the expression in the brackets
may be rearranged in the followlng way:



o Spn=tpo )=ty (b =ty )44, (658 11 (8, =8 0040 By =ty e e ety (tpn=ty, 5)

q =ty )= a9y ety Mg (=t )oay (bt Jeceday (b ot )
G tpa=ta)= %(%B‘tba)*qe(%u‘tba?*‘“*“2“1;»{'%:;.-1) '
a3(bp-tys)= ~ Byt e oetd by ot )
e (tyn-tyn.1 )= | | 91 (Fon=tpn-1)

Then by addings .
W=ty [0ty =tpo) Hao*ay ) Bty J+la tag+ay) (8,508, o) +(a +ay +ap4a,)

(tyy=tyg)teeot( oty Hap+dgtee oHn.1) (¥ =tbn.g )]

€€
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Since Sqo = q,
Sq = %9,
52, = 4,%9, %9,

* L

Sq ™ Gty Hgteesta

where qu-l is the partlal sums of the j-1 terms., Now
the cumilative production at ¢t = tbn or when m = n is:

n
£t - -
NPy = ppn ngsqg-l (ty5~tng-1)
Thus, the fractional recovery at any m will be:

m
q’l'tbm - Jasqa“l(tb3~tb3~1)

Np, =
113 an

Also, the composition of production at any m will be:

) 11
q
-1
(a/ap)y = 2 = o

The total production {C) of both flulds is simply the total
flow rate timea the breakthrough time, Thus, the total

productlion at any m 1s:

C = q'l’tbm
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Now, the total production expressed in pore volumes isi

Cmu&lt-m-

Np“

Now, by substituting the values for qJ and ”b,j* the
formulas for the cunulative recovery, composition and total
production may be expressed in terms of the porosity,
permeabllity and displacement efficlency of the different

layers.
ﬁ’.mé thJ Js: Shiks.y (_é.l .J.Ta_-li._
Npm -
Dnii [ﬁ Dy . 83.105.17
n
E.lh_j..;;_k,j..),
(a)/a), =1 =
2 hyk
J=1
3
.?%:.‘.‘ﬁ... thJkJ

It should be noticed that the above equations are dew

rived on the assumption of a piston~like displacement, i.e,,
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after breakthrough in any layer, only the displacing fluld
is flowing., Thus, when the second layer breaks through,
the composltion 1s Just the total flow rate, minus the
flow rate from the first layer that broke through, divided
by the total flow rate, It 13 assumed that the flow rate
from the first layer is 100 per cent displacling fluld, In
some cases, this assumption will be invalid; thus the
following correction may be applied in order to alleviate
this condition,

First, 1t will be assumed that samples from the differw
ent layers have been taken and analyzed in the laboratory
for their respective permeadbility, porosity and displacement
values, In order to determmine the dlsplacement efficliency,
the core must be saturated with the reservolr "luid and
displaced by the dlsplacing fluld, The per cent recovered
at breakthrough is the displacement effleiency (DJ), Now,
if a graph of % Recovered vs Pore Volumes InjJected were
plotfted for each core from each layer, the entire displacew
ment history of each layer will be obtalned {sece Fig, 3
Page37 )« With these curves, the following correction may
be applied to the theoretical ealculationa,

When the second layer breaks through, the cumulative
recovery willl be lp, and the total production, Cy.  From
the total production, (Cp), the amount of fluid injected
into the first layer may be determined from the following
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relationshipi
k
q, /qT = n;
2, ky
J=1

Thus, the amount of pore volumes injected into the first
layer 1s calculated; with this value, the # Recovered may
be obtained from the % Recovered vs Pore Volumes Injected
graph for the first layer,

Now, the true composition of the first layer may dbe
found since

Ae . 9 b § - 1
ATp 9 (q,/73,;) 15¢% 1ayer

where A C 18 the difference between the pore volumes injected
in the first layer when that layer broke through and the
pore volumes injected irt o that same layer when the second
Jayer broke throughi ANp is the corresponding difference
on the & Recovered vs Pore Volume Injected graph.

Solving for the composition after breakthrough in the

first layer

b
(a4/97)1st 2ayer = 5T .
Amp 1

The difference ian the cumulative recoveries from the
firat layer may be added to calculated cumulative recovery,
(Npa)s The composition (qi/q'l‘)a 18 corrected in the fole
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lowing ways
qr = 4o + q1{l~q,/ap)1st layer
(Qi/q:r)a - ap
Since (1-q, /) - 2
- + 20 Zposition of the displaci
=44/ E_cp_ \couposition ﬁgm)sp acing

the correction for the composition of the displacing fluild
from the first layer when any layer breaks through may be
desipgnated asg

1

i (ZES%P')p,l

where P refers to the slope measurements and 1 refers to the
graph of the first layer, Thus, the correction for any
layer will bei

1
1 (%'}CQ) ps m=l

For example, when the second layer breaks through,
the composition will bes

1
1 = hok + bk (:‘14-(%1%13) 11]
Ti
e
2

(qi/‘lr)g -



The third layer:

1 = ngky + Byl [-1 *?ﬁ‘éﬁ) ]“‘2"2{1—‘7}%}_
(a/ap)5 = -

n
K

The fourth layer, (“1/%)2; = ¢

1 = Bkt | “(m*’% ] [‘*(z%‘f% ]“‘s"s @" €3 13]
Ef‘a“:

The nth layer, (q.t/q'r)n “ 3

1-nk mlkl{”@ p.ll {hégp’)p-l,a]"_‘"“‘n"lkn"l@@,nj

2 nge,

.‘M
Therefores
1~ 1-1'131[“ -]
(qi/qT)m - J (E%ijm 1
'Eihakd

where P = 1,%,3,400
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Thus, additional recoverlies after breakthrough from
any layer may be accounted for, and pince the miscible dis~
placement process is at a unit viscosity ratlo, the capile
lary and gravity forces may be neglected., The next step
in determining the displacement history would be to cale
culate the sweep efflciency ., This may be accomplished by
applying the same procedure in the Hurst method, Although
the Hurst method involves only five-spot patterns, there
are sweep efficlency patterns In 11teratura(16) involving
other configurations,
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Viscoaity Ratlos Differing From One

it will be assumed that the conditions exlsting in the
reservoir from the previous derivation will be the same with
the exception of the viscosities of the displacing and
in-place fluld, Gravity forces will also be neglected,
For the sake of convenlence, the following derivation will
be performed using linear instead of the radlal flow
equations,

Conslder first the determination of the flow-rate of
the front in the Jth layer, By Darcy's law:

kg dp kA dp
Wt e Mt -

where qij‘ qd;' uy and u, are the flow yate and viscosities
of the in-place and displacing flulds respectively,

How suppose the flood front is located at Xys and let
P14 be the difference in pressure between the point x and
the influx end of the layer, Then

klAdyll

35 ™ Uy X,

The difference in pressure between the efflux end of
the layer and xa 1ss
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PJ - ?13

vhere rJ iz the difference in pressure bétween the efflux

end of the jth layer and the influx end. Hence
q 3
i uy [x:xaj

where L 18 the length of the Jth layer,
Solving for PJ

UgdgRs + 843, 4(L-xy)

Ay*s

PJ

However, since Qg 3 - q, 3 it follows thats

kiAJPJL
ugxy + “1“"",;)

QJ"‘

Letting Sy = f%. , and substituting:
AP
q [
J [“1(1'3.1) + udsa] L

k,A,P

[sJ(ud -w) + u:‘] L
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It 1s ob:lous from the above equation, that if the
pressure difference is constant, the flow rate will decrease
or increase depending upon whether gV “.t Or U, (U, Also,
the change in the flow rate will depend on the relative
distance, (33), of the flood front, Thus, if the relative
rate of change of ths flow rate 13 not the same In two
adjacent layers, there will be crossflow from ¢ne layer to
the other, The direction of this crossflow depends entirely
on the viscosity ratio. If the viscosity ratio (u;-ur/hd)
13 less than one, then the relative rate of changse of
flow rate will be greater in the more permesable layer.

Since the flow rate 1s decreasing, there willl be a croase
flow from the more permeable layer to the less permeable,
When the viscosity ratio is greater than one, the flow

rate will be increasing, hence, the c¢rossflow is from the
less permeable to the more permeadble bed (actually it is
the relative distance of the flood front and not the
permeabllity that will determine the direction of crosse
flow; the importance of porosity in the individual layer
can now be seen to be a significant factor in displacements,)
Thus the problem to be solved 1s to calculate the relative
flow rate in any layer at any tims for any distance of the
flood front, This may be done by imposing eertain boundary
conditions on the syatem thereby limiting the direotion of
flow to one direction (along the x-axis), Thus the prodlem
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will be greatly simplified by eliminating the calculation
of crosaflow from each layer, These boundary conditions
are as follows:

At t>0, and for SHOs

PJ-?luPauPsu...ul‘n
this condition will eliminate any crossaflow between layers;
in order t¢ compensate for this, further restrictions must
be appllied to the system, At £)0, and for 53 = 01

PJ;‘PJ_;‘?Q;‘P3;‘.¢';‘?”

With these boundary conditions, the syatem may be
imagined to be composed of n layers, each having 1ts own
permeability and porositys the first boundary condition
inplies that there 1s no crossflow between layers ~ hence,
the fluld is flowing in one direetlion; the second boundary
econdition shows that the flow rates at the influx end are
not equal = thus at the influx end, a manifold is imagined
to exist with n regulators for the n layers, Then, 1f the
relative flow rate in one layer increases or decreases, 1t
wlll decrease or increase in the other layers, The proe
blem now may easily be solved,

The flow rate in the jth layer of a finite number of
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beds 1s¢
N
[;J(uduui) + ui]n
aince ay = é{vol, of dézéplacing fluid)

where & I DJ and AJ are the porosity, dilsplacement efficlency
and Jross-sectional area of the jth layer, Therefores

kP
&L

(ol [s3(u,-u) + u,]L

1 .
b

e § st oy
SH0 -k

where tb 15 the breakthrough time for the Jjth layer.,
Integratings
k
i3

2 1l
£33 (ugeuy )+ uiSJ] o W ty

or ty, = & (u c-mI )&mDmLa

kP
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In order to find the relative distance of the Jth
layer when the nth layer has broken through, the following
expression 1s Integrated:

34 kP Yt
SQ [83(agoz, )+ ul s, = 3}%2%3— So at

& JD Jk“

é-s% (uduui)«t- u,S 3

Ps
—tmm]l gince P, o P m P w 4o mP

u
Lot u, = ";:f;-" s therefore:

sf;‘ (1-u )+ u s, = 1+ u)) k8 D
aJDJk m

Solving this quadratic equationt

W i’\\u?. + ky8.D (1«?)\

[ ] JD ka

(2, = 1)

33' o

when J = n X u, 1
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Hence, the minus sign must be chosen, Thus when the mth
layer has broken through,

Uy, "\!“i + kg8 D, (10a2)
B Dk,
{u, - 1)

SJ'S

glves the relative distance of advance of the flood from
the Jth layer,

Thus the recovery, Npm, &t breakthrough ia the volume
of displacing fluild in the n layers when the m = 1 layer
breaks through, 1.2,

3
pm “_‘1251 J J

280,

jar 3

-1
%:ﬁa Dy + anaacur-du,.«p k!amn (1u ) )
B3P s

(uy=1)

or Npn =

é“f’;

In determining the composition of production, the same
procedure will be used as in the previous derivation (where
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U = 1)
The flow rate in the Jth layer isi

[s J(l‘urH ur] L uy

Then the total flow rate from 2l1) the layers will be:

Y 5,0 )+ u,

Y, _KiAs
J=1 Sy(1-a,) +u,

At breakthrough, the fractional flow rate of the most
permeable layer (i.e., when J = m) will be:

k
qm/q,x, » m%l since § = 1,
kA n

J=1 8, il-ur) + g,

The composition of production (qﬂ./q’.l‘) will be 100 per
cent at lmpending breskthrough; but, when the next layer
breaks through, the composition will be less, owing to
the influx of the displacing fluld from the previous
layer that had broken through,
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Thus the composition of production (qi/q,r)m when any
layer breaks through will bes

(a3/ap), = o %E-- (a/a, = 0)

a
le k ;IAJ*I
or (qi/q'l‘)m - = J

n
K
J=l ug + gy gDy (1-uF)/8,D4kc,

where Bt m 1,2,35440s010

From the previous derivations the composition has been
found as a function of the cmmlativ_e recovery. I the
reciprocal of the composition was plotted againzt the rew
covery on rectangular coordinates, 8 curve would be obtalned
which looks something like that in the following sketch,
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Now the composition is given by

b,
at AP
(a1/a0) o o " @
i—— m
at

where Npm is the cumilative recovery and Cm 18 the cumilative
total production, The question then may be asked: What

does the area undsr the l/mifq*r)m vs Np, ourve represent?
The area 1s Justs

me 1 {7 ac
0 (/) T " = u

« qhua the area under the curve is Just the total pro-
Quetion produced up to the glven recovery Npm, l1.e.,

’ip‘“ :
°" % Tafapy  'a

However, this may be approximated:

Cw .....E'B.L.-— + 1 - i - ) 3 -l
CWRN crvon e “""‘*[(wwa @7y | P

1 1 1
Np,=Np,) + & - -
* o a)e MR [(%/%)3 (ql/%k] Hip3-iatees




Then

- NPy (Npg-Npl ) . (NP;‘NPQ )
(/ap); & Ua/ap), Wa/ag),]  4la/ag); +a/ag) ) "

¥py + 2?1 (Npp=Npy_y )
(/ag)y B2} [(ay/ap),, /) )

In correcting for the recovery after dbreakthrough,
the same procedurse concerning the correction for unit
viscoasity ratio may be followed,

The amount of fluid injected into the first layer
when the second layer breaks through may be determined by:

. N4
% & _ M

J=1 SJ(I-ur) +u,

The corrected composition when the second layer breaks
through will be:

1

J=l SJ(lour) + 0,

(Q1/§T) -
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or the general form will be:

l -

n 1

oo | ]

J=1 a1 '?l%g)p,m-l

2k

J=1 | ug + RJ%_lvm.ltl-ug)/aJn ka-x l

(qi/q'l')m -

The corrected cumulative recovery (Hp;) vwill dei

Npm - Hpm + Np,m"l



IMMISCIBLE DISPLACEMENT

In immiscidble flow, the displacement efficiency is
drastically reduced through the action of the interfacial
forces between the in-place fluld, displacing fluid, and
the pérous media. The immlscibility of the fluilds results
in a residual saturation of the ineplace fluid., Thus
equations derived in the previous section on miscible flow
will be valid for lmmiaclible displacement, provided the
displacement efficlency is corrected for this residual
saturation,

The amount of in-place fluld displaced 1as

n
35&‘333
If the in.place fluld 1s o1l the displacement efficlency

will be:
Dy = (l-SorJ~SwJ)

where Sorj is the residual o1l saturation, and SWJ 1s the
water saturation of the Jjth layer, However, thias displaces
ment efficiency cannot be used to predict the relatlive
distance advanced in different layers since it does not
include the amount of interstitial water dlasplaced, A
previous investigation(ls) had shown that the amount of
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interatitial water displaced lan the presence of ¢il was
about 9% per cent, This value, however, seems a little
high; the determination of the dlsplacement efficiency
for the relative distance advanced will be discussed in
a later sectlon,

when a fluid 13 flowing in the presence of an immise
¢idble fluild, the permeability of the porous medla 18 somew
what reduced(17). This reduced permeabllity is referred
to as the relative permeability (k). Thus if oil 1s
flowing in the presence of connate water, the relative
01l permeabllity will be krn’ and Af water 1s flowing in
the presence of resldusl oil, its relative permeabllity to
water will be krw' These two numbers combine with the
viscosity ratio to form & single number, the mobility
ratio

Krutto
Ko

B~

where u, and u, are the viscosities of oll and water
respectively,

This mobllity may not be the same for all layers, but
the differences may ba considered to be insignificant in
actual computatlions.

The cumulative recovery (Hpm) is:
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J(I—Sw gSor )+ z & (I-Sw 4-sor, )(n—\‘m«maas D (1-42)
B3P g
M-l
o = _ (#-1)
iéan(l‘SwJ‘Ser)
The ¢ompositiont
m
E‘;k-f'lka-l
(4,/ag)y, = 2 kyhy
=12 4 k8, 10 (2)/ 5 D,
The total productions
Np & 2(yp ~Np )

CnewlNp 4Wp = o  m)
nTRC (yfan)y  mer (ay/ap)gHlefag),

The composition of production and cumulative recovery
may be corrected in the same manner as the misclble displaces
ments, The resulting equations will give a ¢lose reprge

sentation of actual reservolir conditions,



CHAPTER IIIX
DESCRIPTION OF EXPERIMENTAL EQUIPMENT
AND EXPERIMENTAL PROCEDURE
LABORATORY EQUIPMENT
Sand Model

For the laboratory phase of the work, & plexi.glaas
core retainer was constructed. Thls core retailner conw
tained slx different unconsolidated sands, The permeability,
porosity and other physical characteristics of each sand
were measured independently; thus the displacement
histories of the system were predicted for various vise

coslty ratlios,

Core Retaliner

The core retainer consisted of two sheets of plexie
glass "welded" onto two strips of the same material
(sece Fig. 5, Page 59). 'The dimensiona of the vold space
between the sheets of plexi-glass are 6§ feet by 6 inches
by ¢ inch, The small thickness of the model minimized
the effects due to the gravity forces during a displacew
ment, The transparency of the plexi-glass made 4t possidble
to visualize the actual displacement process, The actual
construction of the model was a very simple tasky after
obtaining the proper pleces of plexi-glass and assembling
them in thelr proper position, carbon tetrachlorilde was

"aquirted® by means of an eye dropper dbetween the surfaces
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Figure 5

PLEXI-GLASS MODEL

END CLAMP
UNCONSOLIDATED SAND

END MANIFOLD
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that were to be sealed, A few hours after this applicae
tion, the sheets were firmly welded. Four strips (8 inches
by 1 inch by ¢ inch) were welded at the ends of the plexie
glaass sheets in the same manner as deseribed adbove; the
purpose of these atrips was to act as a brace for the
clamps that held the end manifolds in place.

End Manifolds

The end manifolds (see Fig. 5, Page 59 and Fig. 6,
Pace 1) were constructed from two solid brasa bars,
each being 8 inches by 1 inch by 3/4 inch, The purpose
of these manifolds, was to distridbute the injected flow
of the displacing fluilds evenly across the unconsolidated
sands, The manifolds were constructed by drilling a 1/8
inch hole through the length of the bar (tapped at the
ends for 1/8 inch NPT fittings), On the 1 inch face of
the bar, a # by 6 inch groove was milled out, approximately
4 inch deepy the groove and the $ inch hole were then

connected by a4 V-alit, A fine wire cloth was placed on

top of the V-sllt, and this was followed by packing the
groove with 60 mesh sand, In order to insure & smooth
contact between the manifold and model, another groove,
1/16 inch deep, was milled out surrounding the previous onej
then & retaining wire cloth 'was placed over the sand,
resting on the bottom of the recent drilled groove, A
separate plece of bdrass was conatructed in the shape of
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Figure 6
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the latter groove {this plece had a space milled matching
the inside dimensions of the model)s this separate plece

of brass was inserted on top of the wire cloth and soldered
under pressure until the two pieces of brass were "sweated"
togethery then the face of the manifold was mllled to a
semooth surface, A rubber gasket coated with stopoock grease
was placed between the purfaces of the model and manifold
face to lnsure & tight seal, Throughout the entire displacee
ment runs, there were no leaks f{yom the manifold, nor from
the plexi-glass model, '

End Clamps

The end clamps (aee Fig. 5, Page 59 ) were welded
pleces of steel shaped In the form of a U, The main
purpose of these clampas was to hold the manifolds firmly
in place, This was accomplished by four 1/8 inch machine
screws which pressed the manifold against the model, These
clamps were braced against the 8 inch strips previcualy
deseribed in the section on the ¢ore retalner,

Flow System
The flow system was assembled ao as to meter the ocute
put of fiuida, The schematic drawing, Flg. 4, Page 58,
1llustrates the layout utilized,



Reservolr Tank

The reservolr tank in which the driving fluid was
stored, was a 4% 1liter pyrex glasa flask. The driving
£luid used in each displacement was either a watere
glycerine nixture or a weak godlum-hydroxide solution
with an added phenolphthaleln indicator, In elther
case, the displacing fluid was prepared just before the
displacement, For the immiseible displacement, a 0,85

spacific gravity red menometer oll was used, Table 2,
Page 77, shows the relationship between displacing and
in-place flulds, A £ inch glass tubing connected the

driving fluld to the displacement pump,

Injeetion Pump

A Mlltone-Roy mind Injection pump was used in making
the displacements, The flow rate of thia punp was cone-
trolled by a screw adjustment, The MiltoneRoy mini pump
provided a maximum rate of 660 milliliteras per hour at
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pressures up to 500 pounds per square inchy the range of
rates used in the displacements were from 180 milliliters

per hour to 48 milliliters per hour (the reason for this
gpeclifie range of rates is given in the sectlion on the
determination of porosities and permeabllities).

Preasure Maintenance

A constant pressure differsntial was maintalned over
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the model by means of an open end mercury manometer, This
manometer was connected to the flow line between the ine
Jeetion pump and the influx manifold, A 10 inch capillary
tube was inserted betwsen the manometer and flow line in
order to compensate for the pulsating motion ¢of the dise
placing fluid caused by the positive displacement pump,
The pressure reading on thls manometer was stabllized at
14 inches of mercury throughout the entire displacements,

Tubina lLavoub

The tubing layout is shown in schematic form in
Fiz, 4, Page 58, A { inch saran tubing connected the ine-
Jection pump with & ¢ inch swedge lock tee which branched
off to the manometer and the influx end of the model,
At the tee a 1/3 inch reducer connected a lucite valve
with & 1/3 inch pipe tee; at the tee, two 1/8 inch brass
tubings were connected to both ends of the manifold¢ This
reduction in tubing size helped to reduce the pulsating
aotion of the pump, By the time the displacing fluid
had passed through the reservolr and sand fllter in the
manifold, all pulsations were completely eliminated,

Fluid Meterina
Volunmes of 01l &and water were measured in graduated

cylinders or allowed to collect in larger containers on
some extended runs. During miscible displacements,
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samples were taken at certain intervals of production and

measured for composition,



EXPERIMENTAL PROCEDURE
Determination of
Sand Constants
In order to predict a displacement process, it is
necessary to know the physical characteristies of the
sand, In this experiment the characteristiecs or conatanta
of six mands had to be measured independently, The
problem that arose was not the measurements of the sands,
but instead, making sure that the independently measured
values of the six sands were identlcal with the same six
sands in the model, Unfortunately, %o achlevethis 1dentity,
a tedious procedure had to be developed, Table 1, PageT2,

shows the measured values of the six sands,

Porosity
The unconsclidated sands were of Dowell washed

Ottawa sand, ranging from 50 to 140 mesh. The specific
gravity of the sands, measured by means of a Iechateller
specific gravity bottle, was determined to be 2.65.
During the porosity determinations, it was noticed that
the packing pressure had little effect upon the porosity
when the sand was packed dry; the effect of dlfferent
packing preasures on the permeability are shown in Fig. 8,
Page 70, It 1s obvious, then, that it 1s not the packing
pressure that has any appreciable effects on the porosity,
but rather the confining pressure, especlally if the sands
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are saturated with a liquid, Then by eliminating the
confining pressure, any differential change in porosity
will be due entirely to the change in fluld pressure,

Thus the porosities were measured after the sands were
subjected to a specific fluild pressure, This same fluid
pressure was maintained over the sandas in the model during
the displacemenuts. The procedure for determining the
poroslity followst A welghed sample of unconsolidated
sand was packed in a 6 inch lucite core holder, Circular
wire cloth was placed at both ends in order to retain the
sand, Two holes, ten centimeters apart, were drilled and
tapped for 1/8 inch NPT fittings, Thus the pressure
difference across the sand was measured, After sublecting
the sands to 8 fluld pressure of 26 centimeters of Number
3 manometer fluld, the core was weighed and its fluid
volume calculated, Thus, knowlng the sand graln volume,
the porosity was detemilined, These values were later

checked against the measured pore volume of the model,

Permeabllity

The permeablility of the unconsolidated sands was
determined along with the porosity measurements., The
layout of the apparatus 1s shown in schematie form in
Fig. T, Page €9, After the porosity was determined, the
flow yrate for various pressures was measured (see Fig. 8,
Page 70), This was accomplished by moving the lucite
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core holder to varlous levels below the water reservolr,
Then, plotting the flow rate as a function of the pressure,
the permeabllity, was determined by Darcy's law from the
slope of the resultlng straight line, 1.9,,

AQ UL AR
K= N wherse g is the slope,

Evaluating the constanta and the pressure Iin terms of
¢.G,3, units, the permeabilities were then calculated,
The graph of Fig. 8, Page 70 , shows the permeability
for two different packing pressures, The first slope
{designated by O) indicates a negligible packing pressure
1.¢,; the 3and was Just poured into the lucite holder,
The second slope {designated by [1) indiecates the most
extrema paclking pressure that could be applied, 1.¢.4
the sand was vigorously packed at various pouring 1ntér~
vals, The average difference in the two measurements of
permeablility is about 10 per cent. However, the ratlo
of permeabilities and not the absolute values i3 used in
the actual calculations, and since the model was packed
in a vertical position, the latter of the two measured
values was used Iln the calculations, A3 & final check,
the average permeabllity of the model was measured and
determined to be T.43 darcys. This value was within
1.8% of the average measured values from the six une
consolidated sands,
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Residual Saturations
The residual saturations were determined for sach
sand in the following manneri the lucite core holder

was packed with sand and saturated with watery the
amount of water required for this saturation was measured
{see Porosity section), Thiz water was then displaced
by the 0.85 specific gravity red mancmeter olly the
amount of water dlsplaced wan measured and subtracted
from the total amount of water ordginally in place,

This figure, divided by the pore wolume, gave the frace
tional water saturation for that particular sand, The
red oll was then displaced by water., The amount of oil
displaced, subtracted from the original amount of oil
in place and divided by ths pore voluma of the sand gave
the fractlional residual oil saturation. This procedure
was carried out for the slx unconsolidated gandsy the
results are shown in Table 1, Page?7? .

Preparation of Equipment
Packing of Model
The packing of the model was probably the most
4ifficult task in the entlire experiment. The problem
encountered was the even distribution of the slx layers

of unconsolidated sands, Thls was accomplished by ine
serting five G-foot long brass atrips (& inch by 1/8 inch)



TABLE )
PHYSICAL CHARACTERISTICS OF THE UNCONSCLIDATED SANDS

¥esh Porosity Permeability Residual 011 Interstitial VWater
(%) (darcys) Saturation (%) Saturation (%)
50 43 12.7T 25 19
(] 42 10.4 22 21
65 41 .8 13 23

1 4 73 15 >
00 | 3. 12 | 30:2
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inslde the model, The brass gtrips were spaced at 1
inch intervals, Then the model was placed on its end in
a vertical position; previously, an eénd clamp and manie
fold were lnserted at the end of the model, The six
unconsolidated sands were placed in plastic contalners
and walghed, The sand was then poured into 1ts allotted
gpace, After a portion of the model was filled, the
brass strips were pulled out to a few inches below the
level of the sand, This procedure was repeated until)
the model was packed. The remalning manifeld and end
clamp were inserted on the open endg the model was then
evacuated for 12 hours by a vacuum pump, Afterwards,
water was introduced Inte the models the measured vole
ume of water was 735 milliliters, and the weight of the
packed sand was approximately 2,800 grams and 1,160 cubile
centimeters respectively; the measured porosity was 41
per cent = in excellent agreement with the average
individuslly measured values from previous tests,

Preparins Water-Glycerine Mixtures

In order to introduce varlous viscosity ratlos for
the miseible displacements, water and glycerine were
mixed together. The relative viscosities of the mixtures
to water were determined by the Ostwald viscoaimeter,
Spot checks during displacementa gave ldentical results.
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The data are shown in Table 2, Page 77,
Displacement Techniques

Miscible Displacement

In the first run, dlstilled water was displaced by
& weak sodium hydroxide solution., The prepared sodium
hydroxide solution had a concentration of 0,0153 normal,
Phenclphthalein indicator was added to give the displace
ing fluld a deep violet color, Previous to the displace=~
ments, &8ll lines leading to the model were filled with
the displacing fluld; this was done by disconnecting the
swedge-lock fitting in front of the 1/8 inch lucite
valve, During the displacement & sharp front was

noticed; no abnormalitlies were observed for all miscibdle
displacements whose viscosity ratlios were greater or equal
to one, At breakthrough, the displacing front was drawn
on the plexieglass model., The production from the efflux
end of the model was measured in graduated cylinders,
After breakthrough the composition of production was
determined by titrating a measured sample, at specifie
intervals of production, with a standard 0.01 normal
hydrochlori¢ acid solution, The floods were terminated
when the displacing fluild was no longer present in the
effluent or in such small quantities which could not de
reduced appreciably with further flooding. For the other
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Figure 9
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miscible displacements, the pressure difference was
kept econstant and the flow rate was varied by adjusting
the turning screw on the injeotion pump; otherwise, the
samg procedurs as previously described was followed,

Imiscible Displacementa

In thia type of displacement, the same procedure was
followed with the exception of determining the composition
after breakthrough, Here the effluent was collected in
graduate cylinders and its composition determined by
fluld aeparation. In the oll by water displacement,
the flood front at breakthrough could not be traced; this
was due to the strong preference of the plexi-glsss model
for the red oil,



TABLE 2

DISPLACEMENT PROCEDURE

Order of Runs w, Concentration of In-Place Fluid
Displacing Fluid
1 b X 0,0153«N -
2 - 0.0153-N
3 2 0.0150=N -
1/3 - 0,0150=-N
5 3 0.,0133-N -
6 0.275 IMMISCIBLE SPECIFIC GRAVITY
7 3,63 «0 .85
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CHAPTER IV
DISCUSSION OF RESULTS
UNIT VISCOSITY RATIO

In this water by water dlsplacement, the breakthrough
was measured to be 59 per cent of the pore volume in the
model, The per c¢ent recovered, measured from the frace
tional area contacted by the drive at breakthrough, was
found to be larger than the ceorresponding 59 per cent
recovery, For a perfect plston-like dlsplacement, these
quantities would be equal, The area contacted in approxw
imately 61,2 per cent of the total pore volume (see Fig., 10,
Page T9). This difference in recoveries has been described
in literature as a measure of the mixing zone.(la'la’lg)
Actually, though, this mixing gone may also be conaldered
as a measure of the displacement efficlency. Thus, if
a piston-like displacenment did exiast, the area contacted
at breakthrough would be equal to the measured recovery,
and the displacement efficlency would be 100 per cent. In
this case, the recovery measured from production is 96 per
cent of the recovery determlned from the area contacted,
Hence - inatead of determining the displacement efflciency
for each individual sand -~ the recovery, as derived in
the theoretical section, will be determined for a 100 per
cent displacement efficlency and then corrected by using
the displacement efficiency calculated from the differences
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in recoveries,

Table 3, Page 81, shows the theorstical calculations
of the cumulative recovery, total production amd composition,
Fig. 11, Page 82, i3 a comparison between the experimental
and calculated recoveries, The calculated breakthrough
recovery 1s 53 per gent of the total recovery; this ia
within 2 per vent of the experimental value of §9 per
cent - such a difference may be considered to be ine
slgnifleant,
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VISCOSITY RATIOS GREATER THAN ONE

Miscible Displacements

In displacements where the in-place fluld 1s more
viscous than the dariving fluid, the recoveriea will be
less than the recovery from & displacemenﬁ vhers the ine
place and displacing fluld have the same viscosities,
Thiz, as discussed in the theoretical section, 1s due to
& smaller dlsplacement efflcliency and to the unfavorable
ercssflow from the least to the more permeable beds,
Thus, not only 1s less fluld being displaced from the
microscopic pore volume, but also, the coverage encountered
in the system 13 somewhat reduced,

For & viscosity ratio equal to two, the recovery
obtained from production was £1,3 per cent of the total
fluid in~placey the recovery estimated from the area
contacted was 55,8 per cent (see Fig, 9, Page 75). This
implies that the dlsplacement efficlency was 92,9 per
cent, The recovery calculated from core data was 51,0
per cent (see Table 4, Pages 84,85), A comparison
between the experimental and caloulated recoveries as a
function of the composition and total production i1s sghown
in Fig. 12, Page B6, Calculated values of the composition
and total production are shown in Tables 5 and €, Pages
87, 83 ana 89.
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TABLE 4 (CONTINUED)
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TABLE 5
CALCULATION OF COMPOSITION FOR u, = 2

1 m n \‘ 2 )
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TABLE 5 {CONTINUED)

(1) (2) (3) (%) (5) {6) {7)
m=d
1 12 Y - 12 .z 12 .Z Q?65 23 05
P Lk IR sz BT
5 3'78 1.58 2.33
6 2.55 .72 1.
Mu5 :
1 12. - 12 cz 12 .7 ;90 10 '0
2 10. - 10, 10.4
P i £, 13
262 1.00 62 .62
R ?"%ag 3732
=5 *
) § 12, - 12,7 1z, +95 5.0
2 1?.8 - 10.3 18.8
I O
3 2.55 1.39 1,84 :



TABLE 6
CALCULATION OF TOTAL PRODUCTION FOR u, = 2

¢ = Wy/lay/ag)y+ 2 20,5 )/ (8 ap)Ha /o)y

(3) (4) (5) (6) ) () (9)
Wpa  (2D=(3)  (q/fagdp (9/a)pa .‘.2%*;@.2. WA c

W &L O

A - 1‘00 ' - - - ‘51
«591 <51 081 .gg 1.00 .815 0992 .6092
«702 «591 «111 . «63 +205 221 »8302
.gso «702 +O43 +235 »38 «3075 -156 .9822
L70 .T50 »120 »100 +235 «1675 .72 1.7062
.929  .870 «059 -060 <100 ~0800 «T35 2.4412

68



Obviously, as the viscosity ratios increase, the
recoveries at breakthrough decrease; thrus for ur=3, the
recovery measured at breakthrough was found to be 46 per
¢ent of the total pore volume, Similarly the recovery
caleulated from the area contacted by the displacing fluld
w8 50,2 per c¢ent « the displacement efficiency was also
leas « 1ts valuer 91.2 per cent. The calculated recovery
(see Table 7, Pages 91 and 92) waa 47 per eent of the total
pore volumes, Reaults of both the experimental data and
caleulated values are shown in Fig, 13, Pagze 93, Cale
culations involving the composition and total production
are shown in Tables 8 and 9, Pages 94, 95 and 96,

Throughout the miscible displacements, a small
degree of fingering was observed in the initial flood
stagea; thls, however, scemed to dlssipate as the flood
front advanced, Other than this, there were no unusual

observationa,
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TASLE T
CALCULATION OF CUMULATIVE RECOVERY FOR up = 3

n-l n —\
.1?163 + E@iﬁj(ur - )/uf. + xJﬁm(l-uﬁ)/ P

| D
(w,-1)
NPy = -
2, 3y
3=
DATA: uyp=3, n=f, D=0,912, inaj m 2,46 and ¢ = kj&m(1~u§)/ﬁjgm
(1) (2) (3) (8) (5) (6) (1) (8) (9)

3 ke o Beo  JB uels) a6)/e1) Hags (1) b)Y 1a, (#)
J r J Up 213 fo1 4

) § ag.g 8,00 1,00 1,00 2,00 430 330 47,0
2 24, 6.70 2,30 1.52 1.438 «310 »310
g 19.0 513 3.87 1.97 1,03 211 «211
16.2 4.38 62 2.1 +85 JA74 T4
5 9.45 2459 6.45 2. R +092 »092
6 €.52 1,76 T«24 2.69 31 2061 4061
me2 ’
h | - - - - - - 'a3o 56'
2 22" .5 8 .OG 1 000 1 .00 2 .00 0“20 .&20 7
3 19.0 6.12 2.83 1.69 1,31 268 2638
5 16,2  5.22  3.78 1.5 1.05 217 217
; ik M o B E @
' . . » . « »
B3 )
1 - - - - - - 430 67,
2 - - - - - - .1420 7 9
2 19.0 8.00 1.00 1.00 2,00 4110 410
1602 6c82 2018 1.41 1153 ’313 9313
5 9.5 3.99 5.01 2.2 76 152 +152
6 6,52 2,75 6.25 2.50

50 .093 038
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TABLE 7 (CONTINUED)

O\t Ja ) i O 350 N )= ?ﬁ OV £ O W i

(1) (2) (3) (8) (5) (6) (7) (8) (9)
- - - - - - 430 73.0
- - - - - - .kao
- w - -~ - - +410
16,2 8.00 1,00 1,00 2,00 2110 <310
oo oW #

- - - - - - L1130 85.2
- - - - - -~ '420
- - - - - - 410
- - - - - - LA410
g,hﬁ 8,00 1,00 1.00 2,00 LH00 100
+52 5.51 3.49 1.87 1,13 »220 2220
-~ - - - - - ‘ESQ 9l.2
- - - - - - 420
- - - - - - <310
- - - - - " 410
- - - - - - .uoo
6.52 8.00 1.00 1.00 2,00 »390 -Egg



93

100
Figure 13
90 | TOTAL PRODUCTION
AND
COMPOSITION
vsS
80 | CUMULATIVE RECOVERY
FOR u,=3
O EXPERIMENTAL
(O CALCULATED
70 -
60 oy 3
1
&
H
S —
3 S
01 & <
8 o
2 £
=
EH
<
o
40 =) e A
—
<
&=
[®)
e
O
30 S
20 1
10 -
Np (CUMULATIVE RECOVERY - %) -
| 0
0
40 50 60 70 80 90 100



TABLE 8
CALCULATION OF COMPOSITION FOR u, = 3

m n
(9y/ap)n = 2= Ky )/ Jz;lkﬂ vig o (1el)/Ege,

a (2 (3) @ () (6) (7)
3 ey g, QB /) Tk, G)/IM) (ay/ey), (9
m=1 | 100.0
=2
1 IE.X 1.00 12, 12.7 ) 56,0
2 10, 1.52 6.83
2 7.8 1.97 3.95

6.62 2.1 3.02
g 532.'%2 2'69 1.4
me=3 '
1 12- ol 12 12. 0688 3102
2 10.8 %.gg lg o 10,
Poge L 2 S
é 2:55 2.62 .

%6



TABLE 8 {CONTINUED)

(4)

At SN g‘ ONLELS ) ?n O\ & ) i 4;:-
T

ey

12,
10,
5
.62
3.78
1,

(5) (6)
] -1

5

12, +932

12,7 96.8

&6



TABLE 9
CALCULATION OF TOTAL PRODUCTION FOR u, = 3

= Moy /Mag/ag); + I 2(am,0m0, 1)/ (ay/ag)e (/0N

(1) (2) (3) () (5) (6) (N ] (8)

a M W, (2-03) (aap), /ey, SR wan
1 gh?O — - L] - - -

2 <567 LAT0 O97 «56 1.00 .ZSO <124

3 <679 +50T #112 +312 5 <136 .25

4 « T30 579 +051 .égg «312 2005 2

5 «052 =130 «122 . 189 »1285 +945
6 «912 852 060 032 <068 <0500 1.200

%6
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Immiscibie Displacement

When o1l 1s displaced by water in a porous media,
there is a residual oll saturation due to the immiscibllity
of the two flulds, The fractlion recovery of the oil ine
place is then easily calculated - 1f this residual o1l
saturation 13 known, This, however, 1s easily calculated,
But the problem that presents itself is determining the
amount of interstitial water that is displaced by the ade
vaneing flood. Investigations by Brown(ls) show that the
residual interstitial water saturation 1is chiefly dependent
on the oil viscosity and column length, ’Therefore,
rolloﬁing this relationship, & displacement efficilency
(DJ) for the advance of the flood front in any layer may
be roughly approximated under the following assumption:
when the flood front dlsplaces o1l in a microscopic pore
volume, the amount of interstitial water left behind will
be the sams amount when the water displaces a miscible
fluld having the same viscosity as the oil, Thus, in the
previous miscible displacement (“r'3)' about 90 per cent
of the in-place fluld was displaced leaving behind & 10
per cent residual saturation. Then the displacement
efficlency for an oll-water u,=3,63 will bes

Dy = 1-SOry=SW s +SW g<1+4D

where D=10 per cent residual saturation, (l-Sor-Sw) is the
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fraction of oil displaced and (Sw-14D) is the fraction of
interstitial water dlsplaced. Thus,

DJ = D=Sor 3

In determining the mobility ratio (M), the relative
permeabllity to 01l and the relative permeabllity to water
were assumed to be equal {in this case, the assumption
was verified; the relative permeabllities of the model,
when all oil or all water was flowing, were almost lden-
tical).

Fig. 14, Page 99, shows the comparizon between ex-
perimental data and calculated values for recovery vs
composition and total production, The recovery at breake
through was 44,5 per cent of the total recoverable oilj
the calculated recovery was 47,2 per cent, At higher
recoveriea there 1s a slight discrepency between the cale
culated and experimental values, This was due to the red
cil clinging to the surfaces of the oll-wet plexi-glass
model, Thus, not only was the recovery reduced by the
added residual oll saturation, but also the displacing
front of water was obscured at breakthrough, Another
interesting observation was the effects of capillary
imbibition of water inte the tighter layers. This
imbibition added to the increase in recovery, especially
at breakthrough, It can be noticed fromrthe cumulative
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recovery graph that the differences between the experimental
and caleulated values 13 almost & constant for compositions
below 40 per cent; shove this value, the two curves seem
to colncide, If there weéere no capillary effects the two
curves would be in juxtapcsitian to each other at an
equal interval for the entire recovery curve, Hence,
the recovery due to imbibition of the water into tighter
layers, may be visualiged, -

Calculationa of recovery, composition and total proe
duction are shown in Tables 11, 12 and 13, pages 102,
103, 104, 105 and 106,
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TABLE 10
DETERMINATION OF DISPLACEMENT EFFICIENCY
FOR ur - 3.63

DJ - D—SOI“J

(1) (2) (3) (4) (5) (6) (7)

3 53 SwrJ Sm‘J ﬁJ(I-»SwJ-SOrJ) 6(1-3143) D~Sor"
1 A3 +19 25 w242 «348 65
2 J42 21 .22 +239 332 +68
2 41 23 .18 242 «315 72

- Wil .2 17 «246 »315 73
2 0 28,5 .1 2226 «286 oT5

39 o300 . 216 1272 .76

® *
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TABLE 1)
CALCULATION OF CUMULATIVE RECOVERY FOR w, = 3.63

nel n

JZElﬁJ(l»Sw J-Sord) + EM’J(]"S"J”&”J)(%‘ )/uf, + kjﬁmnm(luug)/ﬁjbja)
(w,-1)
Npp = n
ZLEJ(I—SWJ-SorJ)

J=1 .
n
2
DATA? u,=3,63, uﬁ = 13,2, ;Elﬁ3(1-8w1~30r3)~1.411 and ¢ = kéﬁmgm(luur)/ﬁabdkm

1) (2 (3 (5)  (6) (7 (8) ] (9)
2 ]
1; - - - - -
3 kJ/EJDJ e ug-o y(4) u.~(5) EJ(J S g Soré)(é) ;E&&a(l S?J Sor:)+ 3%&(7) (8)/'g§iﬁa(1~8w3~3crj)
(up=1)
p 45,4 12.20 1.00 1,00 2,63 o242 282 §7.2
2 36.2 9,82 2.38 1.84 1.79 162 Jd62
g 26. 7‘12 008 2.“6 1.1 .ogg . Qogg
22,2 5,96 T.24 2,69 o9 . : .
P wh o8B BB o
n=2 )
h | - - - “ - - ;2“2 57.8
2 35 .6 12 020 1 .00 1 ;00 2 .63 !239 .239
3 26;"‘ 8‘79 Q.&l 2.10 1.53 Ql“‘o .1&0
22,2 Z.38 5.52 2,42 «121 11 11
¢ Bt o 2% ;2 1038 *S%n
me3 ’
1 - - - - - - 242 73.3
2 - - - - - - 239
3 26.5 12.20 1,00 1.00 2.63 242 242
4 22,2 10.25 2,95 1.74 1.89 «179 +«179
g lg.g 5.83 T37 2.7} W92 079 Q79

3.97 923 3.04 +59 2043 .033



(1)

(2)

(3)

(%)

(5)
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TABLE 11 (CONTINUED)

(7)

(8)

(9)

OV SN i OWR S - 3’ OV Bl PO i

22,2
12,6
8.6

]

it

2.6
8,6

+eEs 8

8.6

12,20
6.92
haT3

st

12.20
8.32

t 12 4 s

L od

2,20

O\:-‘le
8

28
8.47

f‘t"‘!lll
88

3818

VR R L B N ]
’O‘J'.
288

[ R adt S BE 2R |

ot BN IR N |

oLt e

154

2

| ad

.63
Wil

242
» 239
w242
»2U46

T

242
«239
242
246
226
+116

[ 4

242
+239
242
+246
2226
2216

*

80.2

92.9

100,0



TABLE 12
CALCULATION OF COMPOSITION FOR up = 3.63

(a3/az), = 1- jiki‘l/,éxk"/ Vol + k8, 3 (1-u2)/8 k.

(1) (2) {3) (&) - {5) (6) (7)
3k Ry (1ead)/Eg . (2)/(3) Lk BV/IM) (e, ()
m=l 100,00
mne=2
1 12. 1.00 12.7 12, o4 0
2 1ook 1.84 5.66 4 ? ot
E 7.8 2.46 3.17.
6.62 2.69 2.4

25 B
m=3 ’

1 12.7 - 12.7 12.z « 732 26,8
2 10.g é.gg lg.ga 10, o

8oL - 38 2.74 3

2 3.78 3.00 1.26

2.55 3.2 .E?

%01



TABLE 12 (CONTINUED)

(1) (2) (3) %) (s) (6) {7)
- 12.7 1207 0838 16&2
I 0 lg.g 3.0.2 ?

1.74 e w3
2.71 1.43
3.04 .
- 12,7 IZ.Z »SUS 5.5
- lg.g 10.8
© 1,00 6.62 &:62
g.gg 1.5 »
- 121 120 - 00
- 7.8 7.8
- 6.62 6.62
1,00 3.78 .73

2,21 1.1% K%:&

S01



TABLE 13
CALCULATION OF TOTAL PRODUCTION FOR u, = 3.63

C = Npl/(qi/q,r)l-t-ée?(ﬂpm-xpm_l)/ (ay/a,) + (9y/00)

(1) (2) (3) (4) (5) (6) (7)6 (8) (9)
m Npy  MNp, ., (2)-(3) {ay/a), (qi/q,)m_lf-f-’-)-g-g-—-’— ()/(7) ¢
1 AT72 - - 1.00 - - - AT2
2 578 472 «106 51 1.00 755 150 612
3 .gga 578 2155 «268 <51 .339 400 1.012
8502 .gg3 +069 «162 «268 o2l ) 320 1.392
5 929 «302 «127 055 .162 +1005 1,162  2.494
6 1.000  .929 071 030 055 .0425 1.165 3.659

501
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VISCOSITY RATIOS LESS THAN ONE

When a more viscous fluld displaces & less viscous
fluid there 1s a ecrossflow from the higher permeable
beds to the lower permeable beds, This crossflow of
displacing fluld will increase the coverage and thus
increase the recovery at breakthrough, In the three dise
placements where the viscosity ratio 1s less than one,
the calculated values differ from the experimental resulta.
For & viscosity ratio equal to one~half, the measured
recovery was T7 per cent (see Fig, 15, Page 110), while
the calculated recovery at breakthrough was only 60,4
per cent (Table 14, Pages 114, 115). For a viscosity
ratio of one-third, the difference was still greater; the
values of the recovery at bdbreakthrough for the experimental
and the theoretical calculations are 86,2 per eent and 63
per cent respectively., Even for the lmmiscible dlzplace-
ment, where oil is displacing water, the dlscrepency 1s
very large. After each displacement the model was thore
oughly checked for any alzns of sand compaction, and none
was found,

Tha experimental and c¢alculated data were then com-
pared with other results reported in literature, In
Flg. 18, Page 113, five curves were drawn showing the
relatlionshlp between the mobillty ratio and per cent



108

recovere&. It 1s noticed that the curves are in excellent
agreement in the reglon of unit mobility ratic, but
deviate at both high and low mobility ratios, The rea-
son for his deviatlon ia the differences in the exe
perimental systems, In the potentiametric(lg) and the
electrical resistance network(zo) models there 1s no
tortuous flow through porous medium, In the Xx~ray
Shadowgraph(ZI'aa)

unconsolidated sands were used, Now, the last curve 1

techniques, actual porous models of

the result of a consolidated sand model, It may be now-
ticed that the experimental data follows the same trend as
the potentiometric, resistance network and x-ray Shadowe
graph curves, while the ealculated results are in line
with the eurve from the consolidated model, This brings
up the question of whether there is a difference in 4isw
placements between consollidated and unconsolldated sands
in the laboratory., If thers is a difference, then why do
the experimental and caleulated results azree so well for
mobility ratios greater than one? One answer is that for
mobility ratlos greater than one the displacing fluld and
not the in-place fluid is crossflowing from the least
permeable bed to the more permeable bed, and the amount
of coverage that is developed 1a certainly less than the
resulting coverage when the mobllity ratio is less than

one; in this case, the more viscous fluid is crossflovwing
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from the more permeable to the least permeable beds,
Thus if high recoveries are encountered, it can only
imply that the displacing viscous fluid 1s not cbeying
Darcy's law, 1.e,, there is no tortuous flow through the
porous medium. Experimentas involving the comparison of
consclidated and unconsolidated sands should be undere
taken in the laboratory., This is probably the only way
to Cetermine AL such a difference exists in a viscous

displacement,
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TABLE 14
CALCULATION OF CUMULATIVE RECOVERY FOR u, = 0.5

mel V >
{ ﬁ‘ﬁj + Y.“J(“r"’ up + k ii (1~u )/E.1 ' ); D
(u,~1)

Npac

n
Exa"

n
DATAs ur—O.S. nwd, D=l1,000, ;EIGJ w 2,86 and ¢ = k & (1 ur)/h k

1 @ 3 W (5)  (6) m ., ® )
2
§okymy e wpee ) ue(s) (O nE v (D) 8/ nE; (9
1 29.5 .75 1.000 1,000 ,500 430 430 68 4
2 24 .8 g »83 939 L439 «368 «368
3 19.0 o 3 o733 B850 .35 «292 292
4 16.2 12 671 820 .320 .262 262
5 9.45 «240 #U50 +T00 +200 «160 +«160
6 6.52 «166 16 L5 G145 112 .112
T.02%
M= _
1 - - - ) - - ‘}}30 72.9
2 gg.g .7?“ 1. ggg 1.003 '283 .ggg .geg
3 16.2 3 “ThO ‘200 -360 2 :2§g
2 2‘22 ’f?? 2 ? g T 'iso 'iso
mn=3 :
l - " - - - - 1130 8.2
2 19,0 .Zg 1,000 1.000 ,500 4310 410
16,2 » 890 »S44 YY) «364 +364
5 9,45 » 37 .623 +790 200 2232 232
6 6.52 .2 .503 0712 0212 .16’" 16&*
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TABLE 14 (CONTINUED)

(7)
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410
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TABLE 15

CALCULATION OF COMPOSITION FOR u, = 0.5

m n
2 2
(a,/9,), = 1-;1& 5—1/321".1/ NuZ + kg8 (1-u2) /8 Faa

(1) (2) (3) (%) m(5) (6) (7)
3 ry NuBegBaa(-ud)/Egg,  (2)/(3) Ik VI (/g (9
M=l . 100.0
=2

1 12.7 1,00 12.7 12.7 25,2 74.8
2  10.4 939 11.1

3 7‘8 * 56 9.1

N N e

6  2.55 L644 .
m=3 .

1 12, 1.00 12,7 12,7 . 48,5 51.5
2 10, 1.00 10,4 10,4

‘::, 7.8 «907 8.6 .

6.62 B77 7.55
5 3.78 <732 5.1%
6 2,55 668

91t



TABLE 15 (CONTINUED)

(1) (2) {3) (4) (5) ¢ (6) (7)
=l
1 12.7 1.00 12.7 12.7 6.8 33.2
s Bl E 4l
70 ™ - -
i 6.62 SglY 7.01 .
5 3.73 « 790 .78
3 3055 712 .53
m=5 i :
1 12.7 1,00 12.7 12.7 82.3 17.7
2 10.4 1.00 10.4 0.4
3 7.8 1.00 7.8 7.8
& 6.62 1.00 6¢62 6.62
g gvgg "?gg n‘og? af =
mab y
1 12.7 - 12.7 12.7 . .923 7
g 6:6§ : é:sg 6:63
3.7 .00 T %.7
6 2.55 0768 L

L1t



CALCULATION OF TOTAL PRODUCTION FOR u, = 1

TABLE 16

C = Np, /(a3/qp)y* éz 2{np -t )/ (a3/ap)y* (93/ap)p

1 @ 3 (3 (5) (6) (mn 8 (9
6

nood, Wy (200 (a/ea (a/a)., O ey o
1 .66 - - 1.00 - - - 664
2 +129 <664 065 «T48 1.00 374 LOTh2 .§282
2 812 « 7129 083 «515 «T48 0532 «1310 «3092

362 812 050 «332 254 #3392 «1175 .9376
5 #9062 «862 «100 =177 «332 - «254 »392 1.3737
6 1.000 «962 »033 077 177 127 »299 1.6777

8Tt
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TABLE 17
CALCULATION OF CUMULATIVE RECOVERY FOR ur = 0.275

m-l n Vo2 > —
j§;§3(1~8wd) + }i; (1~Sw3)(ur - Yug +~k35mph(1-ur)/banakm)

(u.-1)

Npy = n

n :
DATAT u,=0,275, ui = 0,0756, EziﬁJ(l-SwJ)-l.863, DJw(1~SwJ) and ¢ = uagmpmtlnug)/zjnagm

(1) (2) (3) (4) (5) (6) (7) m{8) N é9)
2 L_J
3 kJ/BJDJ ¢ u, +¢ (4) u,.~(5) 53(1-3w4)(6)/(u,-1) —jgiﬁa(l-Swa)fj_m(7) (8)/3§353(1-3w3)

1 3602 lgzlm 1 tooo 1 Oooo 'g§5 '34'8 ,3’48 73.2
2 3l. « 7950 8706 .933 »66H 0 305 « 305
3 24.7 +6230 »6986 «83 «559 243 243
4 21,0 «5310 <5066 «T73 503 219 «219
g 13.2 «3340 4096 639 ,364 <143 o143

9,35 ~2360 »3116 55T  .282 .105 .1o§

) e S0
=2

1 - - - - - - 348 78.5
2 31.4 0244 1,000 1.000 ,725% 332 +332
E 24,7 « 7290 8046 896 621 «270 270

21,0 .6200 6956 838 .260 243 .253
5 13,2 «3900 L4656 681 ., +160 .160
6 9435 22750 +3500 592 AT 119 I‘%%%

n=3 '

1 L - - L 3 - - .348 85.9
2 24,7 To2u4 1,000 1.000  .725 Ta1s '%%?
X 21.0 Zzaao .8596 926 .651 28 "583
5 13,2 4940 .3696 o753 JATS 18 .188
6 9.35 «2500 4256 552 377 o141 L141



(1)

(2)

(3)

(5)

(6)
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TABLE 17 (CONTINUED)

(7

(9)

SN E W R g\ LB R g VLY R o E D B ) i
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13.2
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vl IR 2 BN
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9.35

L B B A
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’Eg
n
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ts 89

»9244
+6550

11883

9244

Ll BRI 2N |

Ll 2K BN 2 U |
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ol BN B |

810
696

ok 2B IR X |

854

ok I

+315
2212
<157

158108

272

89.9

97.0

100.0



TABLE 18
CALCULATION OF COMPOSITION FOR u, = 0.275

m
(ay/ogn = 1~ Elks-l/ .élki/ Vg + k 481 Dy (1-uF) /8,0

(1) (2) (3) (4) m(5) - {86) (7)
3k NuBeB, g (1-ud)/mge , (2)/(3) Eksa GVIW)  (a/a), (£
M=l 100.0
ma2
b | IQ.Z 1.000 12.7 12.7 +243 75.7
2 10. +939 11.1
3 7.8 834 9.35
4 6.62 +7178 8.52
: 33 e
) ) G
m=3
1 12o7 hand 12:7 121 0465 5305
2 10.4 1.000 10.4 10,
; 208 t896 807 I
4 '62 0835 7.92
g 3.7 631 5.52

2.55 502 i )4;9_

(22



TABLE 18 {CONTINUED})

(1) {2) {3) (4) ©(5) (¢) (7)
ed}
1 12 - - 12’ 12¢7 §660 33 .0
S 978 1,00 198 108
3 6.62 .926 7.15 <+
g g{sfug ,ggg 5.00
- E 3 U;:g%
=5
l 12.7 - 12.7 12; .322 l '8
2 10.4 - 10.4 IO.Z 7
g 7’8 - 738 7.8
6.62 1.00 6.02 6,62
e 3B o5 "g'ég 3732
m=b )
1 12.7 - 12.7 12.7 <935 6.5
2 1'0( .g - 10 .g lg.g 2
g glgg oo éleg 6:6§
. ¢ Y 07 °
6 2.55 «354 . 73%:%

et



TABLE 19
CALCULATION OF TOTAL PRODUCTION FUR.ur = 0,275

1 . Y 2(Npg-Npg.)

cma
(qi/bT)m, Tenl (Qi/hm)m* (Qm/ﬁr)m,l
1) @ 3 ) (s) (6) . (8) (9)
B My Mg (-0 (W (/ephy SEEL wman o
1 732 - - - - - - .732
2 <730 .732 ~0O54 « 757 1,000 .87@5 062 754
3 8% ¥ lo73 2535 757 “646 13,907
4 <8¢ «059 +OU0o «330 «535 4325 «093 1.000
5 «S70 =899 0T 173 «330 «254 «280 1.230
6 1,000 +970 030 005 «173 .1215 o247 1.527

€et
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TABLE 20
CALCULATION OF CUMULATIVE RECOVERY FOR u, = 1/3

m-l

LA = - 8 (u “yu2 + x.,amu.u,.)/adkm)
(u,-1)
NP =
za
Jal

DATA: %'1/3' uf.uo.lll, Jﬁlﬁf@.% and ¢ = kjﬁm(l-ug)/ﬁakm

(1) (2) (3) (3) (5) (6) (7) (8) (9)
2 y () (&) n
3 ky/E, ¢ up+e (8)  uy~(5) = a + }: (m @) L3
(u-1) J=1 J=1
1 2 » ;889 11000 10000 066 '330 ‘h 68'0
2 2 .g Q7u2 853 [ ] u .531 0366 .36‘3?
3 19.0 Egl «326 .hgg »304 «304
16,2 486 .59 oITL W4 2270 «270
5 9.45 «283 +39 627 294 177 AT7
6 6.52 196 +307 554,221 «130 .1;
me? )
1 - -~ - - - - .& . gl
2 24,8 539 1.000 1,000 667 520 .ugg 1
2 19.0 «582 2793 «390 o567 «348 + 343
16,2 +530 091 832 +499 «30% «305
g gogg .ggg ’gzg . g .33 .fgg .ggg
. . » » » . E
m=3
1 - - - - - i :“30 8309
2 - - - - - .320
3 19.0 » 1.000 1.000 +667 10 U410
16,2 .ZE% +369 «930 97 0356 »366
g 9.45 . «551 .Zu2 «409 245 o245

6.52 «304 +H15 HU4 L3211 »182 »182
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(2)
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{5)

(6)
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TABLE 20 {CONTINUED)
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TADLE 21
CALCULATION OF COMPOSITION FOR u, = 1/3

m n
(1y/ag)n = 1720k /2 e/ N + iy (1-u2)/Bg,

1 (2 (3) ORI O T, %)
3 kg (BagE (1-aB)/Egk, ,  (2)/(3) Tk VIO (u/er)y (4)
n=1 106.0
m=2
1 12.7 1.000 12,7 12.7 «243 T5.T
2 10.4 «O24 11.2
3 18 .826 A5
5 3"61§ i 6'(6:35
&  2.55 554 .

5dnbg
m=3
1 12 q? had 12 .7 12 '7 ou‘65 53 05
g 1o.g l.ggg 13.?5 10.4
P & ~832 800
5  3.78 ~670 5.62
6 2,55 587 .35

get
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TABLE 22
CALCULATION OF TOTAL PRODUCTION FOR u, = 1/3

Npy o 2(Np,-Np,)
(a3/9p)y 3=m (qy/ap)pt (9y/Gplp.y
(3) (5) (5) (6) §

cmu

7) (8) (9)
+(

OWN 0 PO

6
Maga (@03 (afeda (e S myan o
680 won w57 1.000 8785  .080 €3
751 033 535 JT57 :Jga 1136 896
“839 039 357 1535 o ~934
878 ~oo1 190 “347 2685 .39 1.304
1969 w031 2065 190 1275 243 1,567

g1
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CHAPTER V
SUMMARY AND CONCLUSIONS

The most declslve variable influencing the displace~
ment of one fluid by another 1s the viecosity ratio, Al=-
though the viscous forces are important, they alone cannot
predict the displacement hlstory of a reservolr; there
are other factors that must be taken into consideration,
In the previocus methods; there was only & correlation
between the varlation in vertlcal permeability of a
reservolr and the viscosity ratlos of the driving fluld
and the in-place fluld; in the derivations presented in
this investigation, the effects of & varying porosity and
displacement efflciency, are taken lnto account, By
means of the displacement efficlency, a method is given
for approximating the recovery after a particular layer
-has broken throughs this alleviates the assumption of
a plston-iike displacement. It should be polnted out
that thia correction wans noi applied to the experiment
since the displacement efficiency was always greater than
90 per cent for the viscosity ratios used,

From this investipation of fluid displacement in
stratified sands the following conclusions are reached:

1. The rate of advance of s flood front is dependent
not only on its permeabllity but also upon its porosity
and displacement efflicliency.

2. When the viscosity ratio is equal to unity, the
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fractional flow rate in any layer will depend only on its
relative capacityy fLor other viscosity ratios, the frace
tional flow rate will depend not only on 1ts relative
capacity but also on the relative dlatance of the flood
front in the reservolir,

3, PFor a viscoslty ratlo greater than one, there is
a crossflow of the dlsplacing fluld from the less permeable
to the more permeable bed, and conversely, for a viscosity
ratio less than one there 18 a crossflow of displacing
fluld from the more permeable to the less permeable bed,

4, In an immiscible displacement, when water 13 dise
placing oil, there is an imbidbition of water from the more
permeable to the less permeabdble bed, Another interesting
observation noticed in this displacement was in the transe
fer of residual oll from the tighter dbeds to the more
porous beds after the displacement had been terminated,
This phenomencn of capillary imbibition had been completely
neglected in this investigation, The reason dbeing that there
is 8till no way possible to expreas capillary imbibition
in an immiscible displacement.(au)

S« The Breakthrough recovery 1s dependent on the
viscosity ratio; as the viscosity ratio decreases the
recovery increases and conversely,

6. After breakthrough in.a layer, the fractional
flow rate will decrease in that layer 1f the viscosity
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ratio is greater than one; for a favoradle viscosity
ratio, the fractional flow rate will increase,

The following areas of research resulting from this
study, which require future attention, are:

1) Experiments involving the comparison between
viscous dilsplacements in unconsolidated and consolidated
sands, especially for favorable viscosity ratlos, This
comparison will determine 4f such viscous dlsplacements in
unconsolldated sands are valid,

2) Experiments measuring the ¢rossflow between two
layers of sand of different permeabllities, This may
be accomplished by measuring the pressure differentlal
across each sandy such data will undoubtedly prove
benefliclal iIn viscous displacements,

3) Determining and measuring the imbibition forces
of different sands in an imniscitle displacement; and
alao, to calculate the transfer of immiscible flulds
from one sand to another after a displacement,
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A-l

TABLE 1
DATA: DETERMINATION OF COMPOSITION
FOR Up = 1
DpOlN”HCl
0,0153N-NaOH
Sample # voi, (m1,) Vol. of HCl  qg/ap(%)

1l 6.4 1.2 83.0
2 6.6 2.2 78.2
2 ' 64 3.2 67,4
6.6 3.8 62.5
5 6.43 o3 56.4
6 6.4 4.6 23.2
g 6.5 55 5.0
603 6.:- 36¢9
9 6.3 g;O 2T
10 6.3 o4 18.0
11 6.2 8.7 5
12 S.4 9.2 6.5
1 6,4 95 3.0
1 6.2 9-2 2.0
15 6.2 Se 1.0



TABLE 2

A-2

DATA1 DETERﬁx¥é§ﬁ§?}§§nﬁg¥¥ﬁﬁrlvx RECOVERY
FOR U, = 1

Samgle Proc(iucf%on l(dgl ) ¢(nl,) Np(%) C(Vp) qi/%(%)
"22:8 43%,0  434,0 59.0 .59  100.0
(1) ag:g 4604 462,84 62,5 628  83.8
(2) 12:3 483,1  490.,0 65.5 665 78,2
(3) 23:3 496.8  509.4 674 692 67,4
L)) 2310 513.9  536.0 69.9 .730 62,5
(5) 23:33 £32,5  S6T.4 72,5 770 56.4
(6) égzo 551,2 601.8 75.0 .819 53,2
(1) 63:0 568.2  637.3 77.2 .865 45,0
(8) 56:3 594,7  703.6 80,0 ,959  36.9
(9) 3 é:g 614,6 766,8 83.9 1,040 27.1
(10) 92:3 €35.9 1124,1 93.2 1,53 13.0
(11) 96:5 697.2 1222,3 94,9 1.66 8.5
(12) :3 704,9 1325,7 96.0 1,81 6.5
(13) 23§:g 709.1 1416,1 96.4 1.9 3.0
(1%) 323:0 714.8 1653.3 97.2 2.24 2.0
(15) 6.2 T19.6 1979.5 97.8 2.69 1.0



TABLE 3

DATA: DETERMINATION OF COMPOSITION
FOR u, = 2

0,01N=HC1
0,01505-Na0H

gample #  Vol. {ml,)  Vel, of HCA(ml,) q;/ap(%)

1 4,8 1.3 82,0
2 4,6 2.7 61.0
E 3.6 2‘“ 5!5
5 38 38 1:2
6 4.3 E.h gg.o
g a.? lu 3600
4.3 4,6 28,5

9 ‘hg 5.5 25:5
10 u" 5‘3 26;5
11 5.9 6.5 12,0
12 aqs 6.1’ 10.0
1 QOO 50% ’ 5.0
1 4,7 6. 645
15 500 7#4 100



A=l
TABLE 4
DATA: DETERMINATION OF CUMULATIVE RECOVERY
& TOTAL PRODUCTION
POR ur = 2

3331;10 Pm?ggf%on I(?tl.) C(ml.) up(%) C(Vp) q3/ap(%)

378.8 378.0 378.0 %51.3 513  100.0

(1) 22 4oh.5 40

e . 7.6 55,0 552 82.0
(2) . 121'8 4208 431,2 57,2 « 536 61,0
(3) 1%12 432.2 450,8 58,7 612 5545
(%) 5323 k41,0 468.1 60,0 635 47.5
(5) ag:g k62,6 521,93 62.8 709 33.5
(6) u:g 482,5 568,7 65.5 770 43.0
(7) 76:8 516.,5 650.3 T70.0 836 36,0
(8) 9“:8 S42.2  730.6 T3.8 950 28,5
(9) 9§:g 568.4 828.5 T7.0 1,120 25,5
(10) 92:3 594,2  927.3 80,9  1.270 26.5
(11) 4,9 612,1 1024,2 83,3  1.390 12,0

94,0
(12) ng:g 622,9 1122.,7 84,9 1,530 10.0
(13) Sh.g 654,9 1556.7 88.9 2,110 5.0
(14) 317 660.2 1650.4 89.9 2,240 6.5

669.0

{(15) 5.0 690.1 2324.4 93.9 3.1%0 1.0



TABLE 5

DATA: DETERMINATION OF COMPOSITION
FOR u, = 3

0.,01N=-HC1
0,0133N=-NaOH

Sample #  Vol. (ml.) Vol, of HC1 (ml.) qu/qn(%)

1 6.8 0.3 96,3
2 3.8 0.5 0.1
3 .3 Ota 6.6
i 4,0 2.1 60.5
5 8.4 2.8 23.0
6 3.1 2.2 32.0
g 3.2 2‘ Qo
2.2 545 20.0

9 *2 5.0 16,0
10 a.“ 561 13.0
11 4,2 50 10,0
12 5.3 6.8 4.0
1 4,0 5.1 4,0
1 4,5 5.8 3.0



TABLE 6

DATA: DETERMINATION OF CUMULATIVE RECOVERY
& TOTAL PRODUCTION

A-6

FOR Up = 3

3a§p1e Pro?:gt%on ¥£1’) c(ml.) Np(%) C(Vb) Qxlp( %)
333.3 338,0 333.0 45,0 L460 100.0
(1) g;g 353,3 353.8 48.0 .82 96,3
(2) 131? 364,3 365.6 49.5 J497  90.
(3) lg:g 377.3 380.4 51,2 .518 86,0
(8) 1#:3 389.9 398.4 52,9 542 60,5
(5) egzg 400,7 417.8 54,5 569 53,0
(6) lg:é hiy,1  Bhs4 56,2 L,60T 45,0
(7) 3.2 k22,2 463.6 57.5 .632 33,0

363.0
(8) 95:3 528.0 831,86 Ti.1 1.130 20,0
(9) 482.3 456  930.0 742 1,260  16.0
(10) 4 €16.3 1419.4 83,7 1.930  13.0
(11) 319&552 627.4 15124 85.2 2,060 10,0
(12) 92:3 €47.8 1865,7 87.9 2,540 4,0
(13) 67328 €51.7 1961.,7 83.8 2.670 4,0
(14) 4.5 679.2 2636.2 91.8 3,560 3.0



TABLE T
DATAt DETERMINATION OF CUMULATIVE RECOVERY,

COMPOSITION & TOTAL PRODUCTION
FOR “X' = 3&63

V. = 424

¢(m1.) Np(ml.) w(g) (V) Q/p (%)

188,0 188.0 M.E 5 100.0
207.“ g 48; ‘aes §O-0
222, 4 51,6 522 5,0
247.2 225. 53.0 531 73.0
261.8 228.2 56 .0 »O14 23.8
287.3 249,3 58,8 675 3.6
321.9 260, 61 4 159 32,9
346,3 26 .g 63.1 019 29.5
370,9 274, 68, 871 28,1
395,3 280.,7 66,2 9 14,2
419,.9 285.7 gg.a « 339 20,
444 .5 291, g 5 1.045. 22,
4€8,9 295, 69. 1,100 18,4
h93,4 300, 70. 1,160 18.3
518.8 304, . 1.220 16,5
533.6 308, 72.6 1.260 15.3
630,6 322, 772 1,485 15,0
728,.6 335.8 79,0 1,710 13,3
827.1 345,8 822 1.950 10.1
924.1 352,8 2&‘2 2.117 7.2
o020 358.8 5 2,420 Z.1
1122.1 364, 86,0 2.65%0 .Z
1223,1 363, 86,9 2.890 4.45
1 22,6 370.1 87.5 3.130 1.3
1421,.6 372.1 87.9 3.360 2.0
1520,.6 373.1 88,0 3, 1.0
1629.6 375%,9 88,2 3,840 1.7



A-8

TABLE 8

DATA: DETERMINATION OF CUMULATIVE RECOVERY
& TOTAL PRODUCTION
FOR u, = 3

samgle Pr?g%?t);lon (;an‘) ¢(ml.) mp(®) c(Vy) qy/ap(%)

565.0 565.,0 565.0 77.0 I7 100,0

(1) ig:g 581.2 5816 791 .792  97.0
(2) 18:3 59543 596,838 81,0 511 89.5
{3) lg:g 612,0 617.2 83,2 539 76.1
() 1?23 621.5  630.2 846 859 71.0
(5) 1$:g 633.9 640.0 86,9  .832 56.5
(6) 13255 64,0 669,75 87.5  .909 43.9
(7) eg:g 653.5  691.95 89.0 942 5.8
(8) ag:g 663.3  TR1.45 90,2 982 26.4
(s) 63:3 663,8  T4T.55 91,0 1,010 23.7
(10) 3§:g 684,7 816,55 93,2 1.110 19.9
(11) 4.3 6914  850.85 94,1 1,150 19.8
(12) Z%Eo 697.9 894,15 o4,6 1,210  12.8
(13) 32:g 103.4  939.95 95.9 1.270 11,4
(14) 7313 707.4  981.45 96,1 1,330 8.5
{(15) ngg T13.4  1065.65 97.1 1.4%50 5,9

(16) 5.4 717.1  1149.,03 97.2 1,500 3,4



A-9
TABLE 9
DATAs DETERMINATION OF CUMULATIVE RECOVERY

& TOTAL PRODUCTION
FOR u, » 1/3

sample Production  Mp C(m,) Np(2) (V) q,/q.(%)

634.0 634,0 634.0 86.2 862 100,90

(1) lgsg 641,5  652,0 87.2 890 95.5
(2) 1323 648,9 660,0 88.2 ,899 93.2
(3) 5:3 659.9 672,48 89.5 ,920 86.0
(8) %:3 €67.1  682,3 90.5 ,930 €5.0
- (5) 13:3 670.9 639.1 91,5 ,938 51.5
(6) 1?25 676.0  6€91,3 92.0 .90 k7.0
(7) 23:3 585.8 T  93.2 ,972 35.0
(8) 53:3 693.8 740,1 94,8 1,001 29.7
(9) 72:3 707.2 7951 95.8 1,080 20.0
(10) 102:8 T19.8  873.1 97.5 1.1% 13.3

(11) 10,0 723.7 988,1 98.8 1,340 3.3



DATA:

TABLE 10

DETENMINATION OF CUMULATIVE RECOVERY,

COMPOSITION & TOTAL PRODUCTION

A-10

Vb - 565ml ,
¢(ml.) Np(ml,) mp(%) (V) ay/ap(%)
499.0 §8§‘° 89,0 «890 100,.0
506.0 2 90, +905 T4.1
513.0 508.1 90,5 +920 55.
£19,5 511.1 91.5 <931 46,
5279 514,3 92.1 +950 38.1
542,1 £18,7 2,8 975 31,0
£65.1 524 ,1 94,0 1,010 23,4
£89.1 527 .6 o4 4 1,060 14,6
612.3 530.2 95,0 1,101 11.2
’é’gg.B 534,.2 95, 1.270 4,45
03 538n2 96¢ 1.&50 u.17
895.3 543.2 974 1,610 5425
93743 545.2 97.8 1,770 2,17
108 03 5"‘802 01 10960 3.1
e ®E &3 R
] &* [ - ./
1366.3 55247 99,1 2,2?,3 l.ogs
1461,.3 553.7 99.5 2.630 1,04



