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Chepter 1

Introdaction

bs a result of the high percentages of oil left in an oll reservoir after
primary recovery methods have been completed, 1t has become gpparent that
nature has provided an Insufficient amount of energy to expel a major portion
of petroleum originally in place., With the realization thal petroleum
deposits in the Uhited States arc approaching economic exzhaustlon, the
petroleum industry has become increasingly actlve in finding methods for
maintaining this energy where 1t has not been depleted and alse methods for
recovering oll left in place after the original energy has been depleted.

Weter flooding had a late start az a sscondary recovery method becsuse
the lntroductlon of water into an oll sand was prohlbited by law mtil aroumd
1907 when the New York end Fennsylvania legislatures permitied the practlce,
Bafora this time very few deteils on water flood can be found because of the
secrecy of the cperations.

1 or more of oll remain in fields dis-

An egtimated 100 bi1lion barrels
covered and produced, Of this, an estimated 7 billion barrels are recovel-
able by secondary recovery methods., Since the total national reserve has
been estimated at 20 BM1lion barrelaz thia has the effect of inersasing our
natlonal reserves by mpproximately 35 percent,

Water flooding as a method of secondary recovery has recelved a grest

1 Torrey, Paul D. "4 Review of Secondary Recovery in the United States,"
Secondary Recoverv of Q4] In the United States, 1950. Chapter 1, p. 1.

? "Mid-Year Engineering "conomic Report," 04l and Gas Journal. (July,
1950),
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deal of attention in the last few years, and a considerable amount of lah-

ratory research has been made on thig specific problem, Il is hoped that

[6]

this work, "The Effect of Varying Viscosity Ratios on Displacement of 0il by
tater in Porous Media with Comnnate Waber," will he of some use in the further
development of the theory of fluid displacenent during secondary recovery

operations.




Chapter II

Review of Previous Investigations

The first actual analysis of the flow of fluids in a porous medium was
done by H, D'Arcy, a French physist in 18656, Due to the small velocities
characteristic of flow through porous media the mathematical difficulty of
applying the Stokes~-Navier equations for the flow of viscous fluids in free
vessels were practically insurmountable, so D'drcy had to resort to an ex
perimental study of the problem, The results of these experiments gave the
simple result that the rate flow of water through the porous medium was
directly proportional to the area of the sand and to the difference between
the fluid heads at the inlet and outlet faces of the bed, and inversely
nroportional to the thickness of the bed, :

This pioneering work and its application to the petroleum industry was
overlooked during the early days of petroleum production, however, since
1920 considerable work has been done on the mechanics of o0il production and
a rnuch clearer picture has been gained,

In recent years the trend of investigations has been toward a better
understanding of reservoir performance with the conservation of reservoir
energy being stressed and, vhere this energy has been depleted,with the
application of secondary recovery methods. ¥With the new techniques develop-
ed, the production of oil is becoming a more exact science rather than the
triel and error methods used a few years back.

In 1926 NuttingB conducted a series of analyses on movements of fluids

in porous solids, In this work he analyzed only pores of tubular type. The

Mutting, P, C, "HMHovement of Fluids in Porous Solids." Oi
Journal. (December 23, 1926), pp. 26, 125,

3




active force was taken as a resultant of cgpillarity, hydrostatic head,
atmospheric pressure, pressure of trapped gases and the weight of the liquid
itself. In order to check his formulas, Nutting conducted experiments on sand
in a half-inch vertical tube,

4

Plumer, Hunter and Timmerman™ conducted a series of experiments in 1937
on the flow of mixtures of oil and water through sand. The arrangement of
their core was to check the proportional flow of oil and water when the core
was partially submerged in each, and to check the effect of decreasing the
interfacial tension on coning of water in a core. They found that decreasing
the interfacial tension caused the flow of water to almost stop.

Earlougher5 conducted a series of experiments on the relationship between
velocity of displacing fluid, oil saturation, and flooding efficiency during
water flooding operations by using actual cores taken from the field and he
concluded that:

1. For any given oil saturation there is a critical maxdimum velocity

above which the recovery efficiency by flooding falls off rapidly.

2. Recovery efficiency by flooding is largely dependent upon two

factors; percentage of oil saturation at the béginning of the flood
and the velocity of the floodlng water.

Buckloy and Leverett® describe the mechanism of fluld displacement in

sand as occurring in two distinct phases, the initial stage where the dis-

b Plummer, F. B., Hunter, J. C. and Timmerman, E, H, "The Flow of
Mixtures of 0il and Water Through Sand." Q0il gnd Gas Journagl. (&pril 8, 1937).

> Earlougher, R, C, "Relationship between Velocity, Cil Saturation and
Flooding Efficiency", Transagtlons, American Institute of Mining and Metal-
lurgical Engineers, Petroleun Division, (1943), 151, 125.

Buclley, S, E. and Leverett, M. C. M"Mechanism of Fluid Displacement
in Sands." Transactions, American Ingtitute of Mining ond Metallurgical
Engineers, (1942-1943), Vol. 146, pp. 107, 123.
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placing fluid is almoet 10C percent effective and the subordiazte phages auring
vhich the permeability of sand to oil will continuously decrease and the ner—
meability of sand to water will continuously increase, wntil during the latter
stages of displacement large volumes of displacing fluids will only effect
slight removal Qf additional oil, In their article, DBuckley and Leverett have
worl:ed out a taooretlc 2l method for calculating the distance the initlal phase
moves for a piven quantity of injected displacing fluid and the saturation of
the two fluids at a specified distance along the flood. Earlier worl along
this same line was done by Wyckoff, Botset, and Muskat7 who used an analogy
between D'Arev's law and the law of electrical conduction by means of which
they set up electrolytic models.

L great many ewperiments have heen run in the past without considering

[y

the effect of connave water, hut Dicley and Bossler  seem to thinl that the
recsults of tests that do not include the effect of connate wabter cannot be
applied to normal field operation,

Dunlap9 investigated the influence of connate water on permeability of
sends to oil and concluded:

1. Ac woter saburabion ercecds approxdngbely 15 nercent of the pore

b¥)

i‘)

n.._

volume, the nermeability of sands to oil decreases rapil

B

2. 1Mtingte recovery could posgihly be increased if methods could he

oG to rerove water freom the sand irmediately surrounding the

7 Wyckoff, &, D., Cotget, I, G., and Muskat, M, he lechanics of
Porous Flovw Applied to Watcr—Ilooding Problens, Transabulogﬁg Xmorican Ingti-
tute of I%ning and Hetallurgical E:qlneeru, (1933) Volume 103, pp. 219, 249.

Pl

(@]

I

Dickey, Parlte 4, and posslﬂr, Roherty Be '"Role of Connate Water in
Secondary Recovery of Cil,." Transgctions, American Institute of Mindng and
Metgllurgical Engineers, Volume 155, pp. 175, 183,

? Dunlap, £, Il. "Influence of Connate Water on Permeability of Sands
to 0il", Transactions, American Institute of Mining and Metallurgical Engi-
esIS. ’1030) Volume 127, pp. 215, 225,




well.

3. It is possible that unconsolidated oil bearing sands with water
saturations as high as 50 percent can produce 100 percent oil with
no water,

There is some doubt in the authors' mind as to the direct applicability
of this test to an actual reservoir since flow waec verticolly downward, high
permeability sands were used, lerosene instecd of crude oil was used, sands
verc wnconsolidated, and distilled vater wees used instead of brine. The
differences between e:periment and proctice appecar secondary and the con-
clusions seert to he justifiable.

Schilthuist® also ran some experinents on connate woter in oil and gas
sands and stresced the fact that utmost precaution shovld be used in con-
sideration of connate water,

48 1t now stends, the effect of changing operation varishles or the
gpecific influence of operating paranenters is still not fully understood.
More experimentel worlz will be nececsary hefore accurate quantitative daba

will be available,

10

actiong, American Ingt
Volure 127, pp. 199, 2

Schilthuis, R. J, "Comnate Water in 0il and Gos Sands,." Trans-
ute of ining and Metollurgicel Engineers. (1938),

it
14,




Chapter III

Statement of Problem

The object of this thesis is to show the effect of comnate water on dis-
placement of oil by water in porous media with oil to water viscosities varying
from 1 to 1 up to 10 to 1, This range would cover most of the viscosity ratios
actually found in practiceo

The experiments were undertaken to try tc obtain a correlation with work
done by previous investigators who neglacted the effect of connate water,

The information to be obtained was of fundamental nature and it was deemed
advisable to keep as many varilables constant as possible, These variables are
viscosity of fluids, specific grevity of fluids; physical characteristics of
the porous media, chemical charscteristics of the porous media and differential

presczure or rate of displacement,




Chapter IV
Experimentel Apparains and Material

The use of a gynthetie core was deemad advisable in order to elimingte
chemlcal reaction and to obtain s undform porosity and permesbillity.

The sand used in the fabrication of" this core was an outerop of the oil
creek formation obtained from the Sulphur 51lica Compamy, Sulphur, Oklahoms
which was made up of essentially pure guarte grains in 1ts original con-
dition, In preparing this sand for use in the core, 1t was first careflly
sieved. Sand grains that passed through a 65 mesh screen and were caught on
a 100 mesh screen were used for this core. The slzed sand was then washed
by jetting tap water up through the sand, this was done until the water
efflox was ressongbly clear. The send sample was then washed in a boiling
hydroehloric acid bath to remove aeld soluble materlals,

After the neid batl, the sand sample wae again ymshed. This tine dlis-
tilled wmter was used, It was found that three wmshes left the sand suffi.-
clently clean for the next operstion which was the addition of concentrated
sodium hydroxide to a boiling suepension of the sample in distilled water,
On the addition of sodium hydroxide a eritical point wae reached vhere the
elay particles on the sand grains broke loose and the mixture took cn a
cloudy appearance. After the basie bath, the sand sample wes washed in dise
t1lled water ontil o o of 7 wes obtained. The oleaned sand was then placed
in an oven and dried.

A Lueite tube 3 3/16 inches in diameter and 4L inches long was used to
consolidate the sand by the use of silica solutiona. For the consolldstien
of the sand, rubber stoppers were fitted in the Lucite ftube with glaes

tubdng inlets and fine mesh screen to keep the sand from passing out through



the tube, the stoppers were held in place by two ¥ inch eleel tie rods,

To inpure wilform conselidation of the core a wooden platform was cone
structed to support the Luclite tube. This platform with the Lucite tube wms
then placed on an electricel vlbrstor., During the operation of the vibrator,
the entire assembly was rotated at specific intervele during the consolidation
process. Next, 83,"t‘n:r!::l wag poured into the tubs from the top wntil it filled
the tube to a height of four or five inches. BSand was then allowed te flow
Into the tube in s elow steady stream, witk sdditional Syton being added during
the process to keep the f1uld level four or five inches above thé eand, in
this manner, similtanecusly f11ling the core with Syton and sand, The additlen
of sand and Syton wam continued until the core was completely filled. Then hot
dry air was passed through the core for one=hundred twenty hours te drive off
all vapor present,

& vacuum pump was conhected into the top and the core was completely
evacusted. As a means of checking the dryness of the core, the vacuum pump
wae clamped off to see that the vgemm did not change, which would Indicate the
presence of vapor., With the core evasuated, alcohol was introduced into the
bottom of the core wmtil ocompletsly saturated and the aleohsl was in turn
displaced with tetraethyl orthosilicate by pressure,

The tetraethyl orthoailicete wes then displaced and dried with hot dry
air. The core was then agaln evacusted and saturated egein with aleohol and
tetraethyl orthosilinrgte, dried and then the process repested again for the
third time. The ocore was then comsldered consclidated emough for the
experiment to be run,

After the consolidstion was completed, four inches was cut off of each

#*

Obtalnable from the Monsanto Chemical Company, Boston, Massachusetts,
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end of the core to eliminste any clogging of the ends during the consolidation
process. Lucite end plates snecially machined with Neoprene gaskets to seal
the ends were [itted on the core being held in place by means of four steel
tie rode. The core weos then tapped at eleven inch intervals for bhoth elee~
trical end nressure comnections to facilitate the talidng of pressure drep and
electriccl potential readings aolong the core., Lucite fittings were machined
for the Lucite end plates so that pressure taps, as well as inlet and outlet
connections, could be taken off of each end. ILucite fittings were machined
for the prescure taps along the core, Tygon* tubing was used in’making ¢conm
nections from the core to the mercury nmanometers, Inlet and outlet conm
nections were also made of Tygon tubing since it would stand a fairly high
pressure; and was flexible and transparent which enabled the sperater to
observe any air or other undesirable substances in the lines,

In malzing the electrical taps, a hole was drilled in the Lucite tubing

&L

just into the core proper. Then this hole was filled with het Voods metal,
to insure good contact with the sand face;, and again drilled to a given depth
to allow for threads to be tapped so that the electrical tap, which was a
brass screwv with an electrical wire soldered to one end of it, could be
tightened against the Woods metal contact. After screwing in the electriecal
tap, plastic tubing was used to insulate the outside of the tap and the
electrical wiring frem the water bath,

Two aspirator bottles with a capacity of two liters each were used as
reservoirs to contain the fluid that was to be forced into the core., The
bottom cenncetion conducted the fluid to the core. A piece of glass tubing

was extended down through the stopper in the bottles to admit the incoming air

*

Obtainable from Centrel Scientific Supply Company, Oklahoma City,
Oklahoma,
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et a point near the bottom of the bottle, The outlet lines from the bottles
were directed to a three way valve to facilitate the changing the fluid fliow
from one bottle to the other., Typgon {ubing was used in making all connections
since a pinch clamp could be used %to step off flow so that either bottle could
be refilled without disturbing the operation of the other, thereby, allowing
the test to be carried on without interrmmtion,

Pressure from the laboratory air supply at 150 pounds per square inch was
reduced to the desired pressure by a one stage pressure regulator,

Before entering the core, the displacing fluid was passed tﬁrough appro

mately two and one-half feet of tubing submerged in the constant temperaturs
bath to bring it wp to temperature,

The end connection of Tygon tubing was cut to the desired length to 2llow
it to extend over the constant temperature hath and down to the same level on
the other side wvhere the efflux from the core was caught in a graduated
eylinder,

After the core was completed, porosity and permeagbility runs were nade.
The porosity was checked by two methods., The first method was to subject the
core to pressure and recording the pressure then bleeding off a recorded volime
of air and recording this new vnressure. Then by use of the perfect gas law,
the amount of void space was caloulatad,

The second method was to completely dry the core h it and then to
saturate it completely with distillsd walter and again weighing. 3y taking the
welght difference, the volume of water was calculated and tha voild space was
again calculated. 4 close agreement was found between the tin methods of
obtaining the poresity velue of 32,6 percent, which was vsed for this experi-
ment,

A series of permeability tests were then made on the core and it was
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found 1o Te uniform, having & water permeability of 6 darcys,

e oils used in this experiment were Apnco 476, Naptha, SAE 20 weight

JOURC o L | K. ]
nixbures of the above, Viscosgi

notor o0il and he ¢ile usca were
determined by means of 2n Ostwald viscosimeber and densities with the Westphal
Balance,

The temperature of the water bath was maintalned constant by heating it

in a rectangular, metal lined, insulated tanlk with thermostatically controlled

Fte

mmersion heater,

The electrical potential across the core was provided by means of a
twenty=four volt half wave rectifier which was stepped up to 375 volte by
means of a dynamotor., Conductivity across the core was measured by means of
three stepned areters with twe selector switches whish were used in seleche
ing the electrodes and the ammeters, The pressure manomelers werse mounted
on a panel board attached to the back of the constant temperature bath., A4n
extra manometer for messuring the vacuum during the cleaning process was

also mounted on the panel bhoard,




Chorter ¥

Experimental Procedure

4t the end of each run the core wms flushed out with spproximately two
and cne~half pore volumes &f white gasoline to remove the heavier residual
cil fractions, then the gasoline and remsining water was forced out with hot
dry =zir and the c¢ore waa allowed to dry for twenty-foor hours,.

At the end of twenty-four hours, the core was then evacuated and tested
for dryness by clamping off the vacuum pump and seeing that the vacuum did
not change, With the cors completely ewacualed and in a vertical peeiticn
and the vacuum pump connected at the top, waber was admitted at the bottom
under spproximstely fifteen psi until ths core was complelely saturated. The
vacuum pump was then shut off and two or three pore volumes of distilled
water were allowed to pass through the cors under pressure to clean out any
residue that might be left in the core,

dfter the core was completely saturated with distilled water, this was
in turn flooded out with the oil sample on which the test was to be run.
The flooding out of the wvater by oil was continued wntil the wmier percentage
in the efflux was one-hslf of a percent or less, When this point was resched
the core was conglderad saturated and ready for the test.

The amount of water displaced from the core during the saturation with
oll was carefully measured and recorded, since this was the exact amount of
ell left in the core.

The constant temperature bath was brought wp to a predetermined tempera-
ture and the core was submerged in the bath during the saturgtion with water
and subssquent flooding with o1l to insure tempersturs equilibrium between

the core snd bath.



After the core was saturated, the end connections were clamped and the
reservoirs were filled with distilled water and brought up to the pressurs to
be used during the run,

In preparation for starting the test; the manometers were connected in by
neans of valves and the clarp on the inlet line was removed and the core brought
up to pressure, After a check of the apparatus to see that everything was
ready, the outlet clamp was removed and the displacement of the oil by the
water was started, The efflux was caught in a graduate and recorded at
specified time intervals.

The pressure and hemperature were kept constant throughout a run., The
amount of fluid, both oil and water was then plotted against total amount of
efflux to eliminate pressure fluectuations in the analysis of the data since
both are functions of pressure.

o

Yiscosity measurements wers rade ucing a standard Ostwald viscosimete

&

nd dengities were obtained bty means of a Westphal baiance,

£

Time of efflux on the Cstwald and densities with the Tkstphal halance
were taken at several terperatures between 80 and 130 degrees Fahrenheit,
By using semi~log paper time of efflux versus temperaturs plot as a straight
line and using coordinate paper densitles versus temperature plot as a straight
line,

Viscosgities were obtained by using the equation:

. giw G) ’
(pr =)
where; G = Calibration constant determined with water,
8 - Constant determined by design of instrument.
t o Time of efflux in seconds.
() = Density of fluid in grams per cubic centimeter,

M = Viscosity in centipoises,




Visccsities from the above equation were plotted against the reciprosal
of absolute temperature which gave a straight line plot on semi-log paper

when viscosities are plotted on the log scale.
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Temperature = 98°F
Viscosity of oll = 2.6 ¢p
Viscosity of water = 0,71 cp
Dete of run = May 5, 1951

TABLE I

Run Number 1

Amount of oil in core ~ 1245 cc
Type of o0il in core - Blend Number 1 ~
Displaecing fluid - Distilled water

Pregsure - 15 psi

16

Time
(min) vt Tt vo Vo ™ v vo/vw Q

2 98,0 9840 97.0 97.0 1.0 1.0 99.00 0,058

4 93.0 191.0 91,0 188,0 2.0 3.0 98,00 0,112

6 89.0 280,0 gl.0 269,0 8.0 11,0 91.00 0.165

8 91.5 3715 7005 33905 21.0 32,0 7700 0,218
10 91.0 462.5 62.0 401.5 29.0 61,0 68420 0,272
12 103.0 56545 5940 46045 44,60 105.0 57430 0,333
14, 107.0 67245 5340 51345 5440 159.0 48,60 0.396
16 111.0 78345 4740 56045 64,40 223.0 42430 0.461
18 116,0 899.5 42,0 60245 7400 297.0 36,20 04528
20 120.,0 1019.5 38. 641.0 8le5 37865 32,00 0,600
22  124.0 1143.5 29.0 670.0 95.0 4735 23440 0.674
2, 130,0 1273.5 26.0 696.,0 104.0 577 45 20,00 0,750
26 137.0 1410.5 2040 716.0 117.0 6945 14460 0,830
28 139.,0 1549.5 19.0 735.0 120,0 81l4e5 13,70 0,910
30 T 145.0  1694.5 17.0 752.0 128,0 94265 11.70 1.000
32 146.0 1840.5 14.0 766.0 132,0 107465 9.60 1,080
34 146.,0 1986.5 10.0 776,0 136.0 1210.5 6.85 1,170
36 14600 213205 800 784.0 13800 134805 5048 10250
38  146.0 2278.5 6.0 790,0 140.0 1488,.5 4010 1,340
L0 147.0 2425.5 5.0 795.0 142.0 1630,5 3440 1.430
M 29008 271603 708 80208 28300 191305 2068 10600
48 287.2 3003.5 6.0 808,8 281,2 21947 2.09 1,770
52 300.5 3304.0 543 8l4.1 295.2 2489.9 1.77 1.950
56  300.2  3604.2 3.7 8i7.8 296,5 278604 1.23 2,120
60 295.0 3899.2 460 821.8 291.0 30774 1.35 2,290
6L 283.5 4182.7 265 824.3 281.0 335844 0.88 2470
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TABLE IT

Run Number 2

Temperature - 90OF Amount of oil in core - 1245 cec
Viscosity of oil - 3.85 cp Type of oil in core = Blend number 2
Viscosity of water - 0.79 cp Displacing fluid - Distilled water
Date of run - Mgy 7, 1951 Pressure - 15 psi
Time
(min) vt vt Vo Vo W Vv vo/vw Q
2 61.0 61,0 61 .0 61.0 0.0 0.0 100.00 036
A 67.0 128,0 66,0 127,0 1.0 1.0 98,50 075
6 71.0 199.0 66,0 193,0 5.0 6.0 93,00 0117
g 74,0 273,0 57.0 250.0 17.0 23.0 77 .00 -.160
10 83.0 356,0 52,0 302.0 31.0 54,00 62,60 2210
12 8¢ .,0 bl o0 45,0 348.0 42,0 96,0 52.30 261
14 93.0 537,0 4240 390.0 51,0 147.0 45,20 0315
16 99.0 £36.0 41.0 431,0 58.0 205.0 41.40 0374,
18  106.0 742 0 40.0 4710 66,0 271.0 37.80 o436
20 111.0 853,0 32.0 503,0 7960 350.0 28,80 .500
22 106.0 959,0 20,0 523.0 86.0 436.0 18.90 o564,
2, 119,0 1078.0 28,0 551,0 91.0 527.0 23,50 0634
26 228.,0 1206,0 25.0 576,0 103,0 630,0 11,00 »710
28  131,0 1337.0 21,0 597.0 110.0 740,0 16,00 »787
30 131.0 1468.0 18,0 615.0 113.0 853.0 13,70 K12
32 133.0 1601.0 16.0 631.,0 117.0 970.0 12,00 0945
34 140.,0 1741,0 20,0 651,0 120,0 1090.0 14.25 1,025
36 144.0 1885.,0 18.0 669,0 126,0 1216.0 12.50 1,110
38  141.,0 2026,0 10,0 679,0 131.0 1347.0 7.10 1,190
40  140.0 2166,0 8.0 687,0 132.0 1479.0 5070 1.270
Ly  296,0 2462,0 18,0 705.0 278,0 1757.0 6,10 1.450
48 317.0 2779,0 23,0 728,00  294,0 2051.0 7026 1.635
52  309,0 308£.,0 13.0 741.,0 296,0 2347.0 4620 1.815
56 307.5 3395,.5 10.5 751.5 297.0 2644..0 3,41 2,000
60 320,0 3715.5 8e5 760,0 311,.5 2955.5 2.65 2.180
6,  314.0  4029.5 6.0 766,0 308.0 3263.5 1.91 20370
66 178,0  4207.5 2,0 768,0 176.0 343965 1,12 2,470
75 1095,0  5302.5 15.0 783,0 1080.0 £519,.5 1.37 3.120
85 717,0 6020,0 22,0 805,0 695,5 5215,0 3,07 3.540




TABLE 11T

Run Number 3

Temperature - 90°F Amount of o0il in core - 1272.5 cc
Viscosity of o0il = 1.6 cp Type of oil in core — APCO 467
Viscosity of water = 0,79 cp . Displacing fluid - Distilled water
Date of run - May 10, 1951 Pressure - 15 psi
Time
(min) vt vt Vo Vo W T vo/vw Q
2 229.0 229.0 225,0 225.0 40 4,40 98,50 0.135
4 214.0 44340 179.0 404.0 355 3945 83,70 0,260
6 215.0 658,0 134.0 538,0 8045 120.0 62,30 0.388
8 226.0 884.0 98,0 636,0 128,0 242.0 43.30 0,520
10 228,0 1112.0 20,0 716,0  148,0 396.0 35.0 0.654
12 235.0 1347.0 60,0 776,0  175.,0 571 .0 25450 0,794
14 235.0 1582,0 30.0 806,0 205.0 7760 12.80 0,932
16 242,0 182L,0 17.0 823.0 225.,0 1001.0 7,02 1.G75
18  242,0 2066,0 16,0 839,0 226,0 1227,0 6.62 1.220
20 240.0 2306,0 14.0 853,0 226,0 14520 5.83 1.360
22 243.0  2549,0 8,0 861.0 235.0 1687,0 3429 1.500
24 241.0  2790.0 4.0 865,0 237.0 1925.0 1,66 1.640
26 250.,0 3040.0 3.0 868,0 247.0 2172,0 1.20 1.790
28  247.0  3287,0 3.0 871.,0 244.0 2416,0 1.21 1.940
30 247.0  3534.0 3.0 874.0  244.0 2660,0 1.21 2,080
31.5 175.0 3707.0 2.0 a76,0 173.0 2833.0 1.14 2,180
34 357,0  4066,0 1.0 877,0 356,0 3189,0 0.28 2400
36 252.3 4318,3 2.8 879.8  242.5 343845 1.10 2540




Temperature - 90°F
Viscosity of o0il ~ 0.83 cp
Viscosity of water - 0.79 c¢p
Date of run - May 19, 1951

TABLE IV

Run Number 4
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Amount of oil in core -~ 1200 cc

Type of oil in core - Naphtha

Displacing fluid - Distilled water

Pressure - 5 psi

Time

(min) vt Vt 70 Vo v Tw vo/vw Q
2 105 105 105 105 0 0 100,00 0,062
4 88 193 88 193 0 0 100,00 0,114
6 100 293 100 293 0 0 100,00 0,173
8 97 390 97 390 0 0 100,00 0,230
10 102 492 100 490 2 2 98,00 0,290
12 95 587 87 577 8 10 91.50 0.345 .
14 85 672 62 639 23 33 73,00 0,397
16 85 757 53 692 32 65 62.40 0445
18 79 836 37 729 42 107 46,80 0,492
20 70 906 20 749 50 157 28,60 0.533
22 77 983 15 76/, 62 219 19,50 0,578
24 82 1065 13 777 69 288 15,85 0.627
26 82 1147 10 787 72 360 12,20 0,675
28 83 1230 9 796 7. 434 10.85 0,725
30 28 1318 9 805 79 513 10,20 0,775
34, 185 1503 1 819 171 68/, 7.57 0,885
39 223 1726 15 834 208 892 6.7, 1,015
46 255 1981 13 847 242 1134 5,10 1,170
50 281 2262 9 856 272 1406 3,20 1.330
56 290 2552 9 865 281 1687 3,10 1,500
60 205 21757 8 873 197 1884 3.90 1.620
65 212 2969 6 879 206 2090 2.83  1.750
70 245 3214 5 884 240 2330 2,04 1,890
75 240 3454, 4 298 236 2566 1.67 2,030
80 232 3636 3 892 228 2794 1.72 2,170
0 468 415/, 4 896 L6/, 3258 0,86  2.450
100 462 4616 2 898 460 3718 0.43 2,720
110 461 5077 2 900 459 4177 0,43 2,980
405 5482 1 901 404 4581 0.25 3,230




Temperature = 90°F

Viscosity of oil = 5,92

Viscosity of water = 9,79 cc
Date of run - Mgy 22, 1951

TABIE V

Run Number 5

Amount of oil in core - 1388 cc
Type of 0il in core = Blend number 4
Displacing fluid - Distilled water

Pressure - 5 psi

20

Time
(min) vt vt vo Vo W Vv vo/vw Q
5 33.8 33,8 33.8 33,8 0 0 100,00 0,020
10 38,8 72,6 38,8 72 .6 0 0 100,00 0,043
15 44.0 116.6 400 116,.6 0 0 100,00 0,069
20 4645 163.1 46.5 163,1 0 0 100,00 0,096
25 49,0 212,1 49,0 212,1 0 0 100,00 0,120
30 50,2 262.3 46,2 258,.3 L 4 92,00 0,154
35 54,0 316.3 35.5 293,8 18,5 22,5 65,70 0,187
L0 57,0 373.3 32,0 325.8 25,0 4765 56,20 0,220
45 59,0 43203 28,5 35403 30,5 7840 48,30 0,255
50 62,0 494,.3 26,0 380,.3 36,0 114.0 42,0 0,290
55 69,0 5633 24,0 404,03 45 .0 159,0 34,80 0,330
60 76,0 639,.3 23,0 427.3 53,0 212,0 30,30 0,376
65 81,0 720.3 21,0 48 .3 60,0 272 ,0 26,00 0,424
70 84,0 80403 19,0 467.3 65,0 337,0 22,60 0,473
75 86,0 290,3 16,0 483.3 70,0 407.0 18,60 0,524
20 90,0 930,3 17.0 500,3 73,0 480,0 18,90 0,577
85 95,0 1075,.3 15,0 515,3 80,0 560,0 15,80 0,634
90 100,0 1175.3 16,0 531,3 84,0 644, 0 16,00 0,692
95 104,0 1279,3 15,0 546.3 89,0 733,0 14.40 0,750
105 220,0 1499,3 25,0 571 .3 195.0 928 ,0 11,70 0,882
115 260,0 1759,3 23,0 59403 237.,0 1165,.0 8.85 1,030
125 283,0 2042,3 23,0 617,3 260.0 1425.0 8,13 1,200
155 790,0 2832,.3 65,0 6582,3 725,0  2150,0 8,23 1,670
185 260,0 3691,3 52,60 73403 808,0  2958,0 6,05 2,170
215 940.0 4632,3 30,0 764,03 910,0  3868,0 3,20 2,730
245 965.0 5597,3 25,0 78943 94,0.,0  4808,0 2,60 3,300
275 1075.0 6672,3 25,0 81443 1050,0 5858,0 2.33 3,930
305 1120,0  7792,3 2540 839,.3 1095.0 6953,0 2:23  4o570
325 775.0 8567.4 5.0 8L, o3 770,0  7723,.0 0 65 5,100
335 1132,0  9699,3 2.0 84643 1130,0  £853,0 U.18 5,700
365 1192.0 10891,3 12,0 858,3 1180,0 10033,0 1,00 6,400
395 1290.0 12181,3 10,0 868,3 1280,0 11313.0 0,78  7.160
425 1277.0 13458,3 7.0 875,3 1270,0 12583,0 0055 7,930
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TABLE VI

Run Number 6

Temperature - 90°F Amount of oil in core - 1319
Viscosity of oil = 11,48 Type of oil in core = Blend Number 3
Viscosity of water - 0,79 cp Displacing fluid ~ Distilled water
Date of run - May 24, 1951 Pressure = 5 psi
Tinme
(min) vt vt Vo Vo W Vw vo /v Q
10 73,0 73,0 735 73.0 0 0 100,00 0,043
20 82,0 155.0 82,0 155.0 0 0 100,00 0.091
30 75,0 230,0 75,0 230,.0 0 0 100.00 0,135
40 82.0 312,0 82.0 312.0 0 0 100,00 0.184
50 20,0 £02.0 20.0 £402,.0 0 0 100,00 0,236
55 52.0 454,,0 4,645 43 82 5.5 5e5 89,50 0,267
60 55,0 509,0 30,0 478.5 25,0 30.5 54050 0,300
65 56.0 565 .0 25.0 503.5 31.0 61.5 44,70 0e332
70 61,0 626,0 22,0 525 39,0 100,.5 36,00 0,368
75 66,0 6720 23,0 54845 43,0 143.0 35,00 0,395
80 66.5 75845 16.5 565,0 50,0 193,0 24,80 00446
g5 71.0 829,.5 16.0 581.0 5540 248,0 22,60 0,487
90 77.0 06,5 15.0 596,0 62,0 310.0 19,50 0,533
95 72 .0 978.5 12,0 608.0 60,0 370,0 16,70 0.575
100 74.0 1052.5 11,0 619.0 63,0 433.0 14.90 0,620
105 79.0 1131.5 11,0 630.0 63,0 501.0 14.0 0,667
110 8.0 1215,5 9.0 639,0 75,0 576,0 10,70 0,717
115 87,0 1302.5 9.5 68,5 7765 654..0 10,90 0,766
120 90.0 1392.5 10,0 658.5 80,0 734.0 11,10 0.820
125 90,0 1482,5 9.0 667,5 81,0 815.0 10,00 0,874
130 90,0 1572.5 8.0 67545 82.0 897.0 8.90 0,925
150 374.0 1946.5 27.0 702 .5 347.0  1244.0 7.22 1.150
170 420,0 2366.5 25.0 727.5 395.0 1639.0 5.95 1,390
190 432.0 2798,5 25,0 75245 407.0  2046,0 5.80 1,650
210 470.0 3268,.5 22.0 7745 48,0 2494.0 470 1,930
230  497.0  37€5.5 20,0 79445 477.0 2971.0 4,00 2,220
250 512,0  4277.5 17.0 811.5 495.,0  3466.0 3.32 24520
270  548.0  4825.5 14.5 826.0 533.5 3999.5 2.64 2,840
290  543.0 5368.5 11,0 837.0 532,0  4531.5 2,00 3,160
310 557.0 592545 10,0 847,0 547.0 5078,5 1.80 3,480
330  548.0 6473.5 9,0 856,.0 539.0  5617.5 1.6 3,800
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TABLE VII

Composite Data

Viscosity Ratio Percent 0il Produced Total Pore Percent 0il

0il/Water During the Initial Phase Volumes Through  Recovered
1,050 62,5 3,23 75,0
2,025 47,0 2454 69.5
3,670 36,1 247 66,2
40,820 34e5 354 64,7
7,500 34.0 3,80 6403

14.530 30,3 7.93 63,7
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Chapter VI
Analysis of Problem

Tn making a theoreticsl approach to the problsm at hand, Buckley and
Leverett? alﬂ analysis on mechanism of fluld displacement in sande was need
in caleulating the theoreticel results that would be cbbtained on such a
problem as this,

In taking into consideration only wmidirectional fiow through & small
element of sand within a contirmuone sand body the following materiasl baleance

may be set wups:
2 9% (f
%ﬂuzﬁf(ﬁﬂ (1)

- Si = gsturstien of dieplacing fluid
8 = time
7 = distance slong path of flow
Qs = total rate of flow through section
* = poroelty

4 = crospesectional aresa

£ = fraction of flowlng etream comprisirng
¥ displecing fluid

Which can be transformed to:

595" ;} cgé:),n (2)

This equation indicates that the rate of advance ¢f = plane of fixed
sgturation is proportionsl to the change in composition of the flewing
stresm caused by s mmsll change in the saturation of the displacing fluid,

10
Buckley and leverett; Loc. Git.
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By neglecting effects due to gravity and caplllary pressurs difference,
f, the fraction of the displacing fluid in the flowing stream can be expressed
in terms of the properties of the system by the equationi

fam —% y (3)
AL
Where: E, = permeability of the sand to oil
R = permeability of the sand to the dleplacing fluid.

H, w viscosity of ofl
M, = viscosity of dtsplacing fluid,

Since time and the necessary squipment were lacking to determine completely
the relations between relstive permsabilities to oil and water at respective
saturations, 1t was decided to uss the end polnte obtained during the Ileoding
of the core to determine the zers relative permesbilities gnd saturstiens ab
this point for the core, This residval saturation was obtained when the
peroent of flooded fluid in the efflux was zero, or when the ralative permes—
bility to the flooded fluid was zerc.

By using the end points obteined as explained and Puckley and Leverett's
ourve, which wae drawn from ssveral experiments on various sands, a relativs
permeability curve, Fig. 14 was constructed which should be fairly vepresente.
tive of the core used in this test,

With squation (3) and the relative permesbility curve described sbove,
the relation between £ and S may be derived and subssquently betwesn L?;-:
and B" for & given system, In the assumed sondition of no gravitational
or espillary effects, f£_for a given gend and fleids varies only elightly with

£
factors other thml',mditwhnumﬁth;t unde= these mm_litionu%ﬁi

w
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is also uniquely related to S, being constant for fixed S . Referring back

W’
to equation (2), a plane, at which the saturation is Su’ moves along the path
of flow at a constant velccity equal to ¢— -EH The basie equation relating

position along the path of flow, saturat.on, and time then may be written:
Au-gu—m 6 (%)

or in terms of Q, the total amount of displacing fluid entering the syster:

Au= % (g_%) (5)
As an example of the application of equation (5) a qualitative deter=

mination of the process of displacement was carried out on Run No. 4.

Fig. 14 shows the relation between permeabilities of the sand to the oil and

the displacing fluld, which in this case was water, in a sand containing only

oil and water. Fig, 15 shows a plot of fw and Sw obtained by means of

dar

equation (3) and the properties of the system used. ;TEK versus S , as

CUTVE o

W
shown in Fig, 16, was obtained by taking slopes from the f,, versus Sw

For comparison with the experimental results obtainsd in this work,
percent o0il in efflux versus quantity of water injected wss calculatzd for
Run No,. 4 by means of equation (5). The above relationship was obtained by
graphical methods as showm in Fig, 17, In making these n~alwulations, the
quantity of water injected was assumed and the relationship between S,w and
was plotted. By means of this initial calculation the percentage of water
saturation was obtained for the initial phase of the displacement.

The plot of u versus Sw would give a curve sinmilar tc the :ifﬂ vorsus 3

w
curve, since for a given quantity of water injected all the terms in equation

134

df
(5) would be constant except :;EHQ The initial saturation of the core wordad

v
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be plotted as a straight line on this curve, thus giving a triple valiued
funection for Sw’ which is a physical impossibility. A material balance wes
used tc find the position of the initial phase, becauss the curve must be dias-
continwous since it cannot be triple valued,

The discontinulty at the initial phase would maintain a constant water
sagturation as it moves along the core. As a result of this, only a partial
solution was carried out ot this point as this would give the desired oil
percent in the efflux. To obtain the percent oil in efflux from the above
solution, a distance along the u axis was talken corresponding tc the length
of the core and the water saturations were read for the different guantities
of water injected in calculating the curves for Fig. 17. With thess satura-
tions obtained as above, the fraction of water flowing in the efflux could
be obtained from the fw versus Sw curve, which would in turn give the oil
fraction,

A close approximation te actual conditions can be obtained from Fige. 17
by giving the initial phase line a more gradual slope at the top and bottom
because capillary pressures would cause this more gradual gradation from one

phase to the other,
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Summary

This study of the displacsment of oil by water in a partially consolidated
sandstone core was made by using a synthetic core constructed from an initially
high quartz content sand,

By constructing a chemically clean symthetic cors, using & constant
temperature bath and keeping inlet pressure constant, the effect of varying
viscosity ratios could be studied since the other properties of the system
were kept as constant as possible,

A1 displacement tests run for this work were made on an oil-filled core
vith original connate water saturations., The different viscosity ratios were
obtained by varying the oils used and keeping the water viscosity constant,

The oils used in this work were refined, low vapor pressure oils, and
distilled water was used both for the connate water saturation and the dis~
placing fluid for the oil. 0il to water viscosity ratios were varied fron
approximately 1 to 10,

The data gathered in this work was used to study tae effact of varying

viscosity ratios on the displarzenment of oil by water from porous media which
contain connate water, It was concluded that variation in viscosity ratios

°

has a greater effect upon recovery efficiencies when based upon initial ph

0
w
L

production than if based on total oil produced when =all runs were card
one percent oil in efflux, It alsc was fcund that connate water tends t»
mparsd to results obtained by previous in-

lower recovery cffiiciency as con

vectigaters
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Chapter VIII

Discussion and Conclusions

The experimental resuits as obtained from these tests are tabulated in
Tables I through VT and these tables contain the original data., Fig. 1
through 12 are plots of this data to afford a better comparison of the various
TUNS o

The efficiency of initial phase displacement is of primary interest at
the present time since it is not economically feasible to carry production
much past this phase under actual field conditions., From Fig, 19 it wvan be
seen that in the viscosity range of 1 to 4 a slight change in viscosity may
have a large effect upon the recovery =fficiency for initial phase displaggm‘
ment, also it may be seen from the same figure that this effect is considér;
ably less when recovery efficiency is based on total oil recovery,

Fig. 7 through 12 shcw the rapid decrease in perzent oil in efflux after
the initial phase of production has been completed. These graphs alss show
that percent oil in efflux drops off very rapidly on the completion of the
initial phase production as viscosity ratios gpproach 1,

The main disagreement between the calculated results and the experimental
data was during the initial phase, as illustrated by Fig, 18. The curves
- seem to be in good agreement for the secondary phases of displacement,

The decrease in initial displacement efficiency with original connate
water saturation when compared to the displacement efficiency with no
original water saturation might be explained by two effects introduced by
the original connate wafer sagturation,

1. Since the readiness with whish a fluld flows through a sand increases

with saturation, the initial water saturation would tend to decrease

the flow of cil and increase water flow, thereby decreasing initisl
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phase flooding efficiency.

2. Buckley and Leverett state that if initial water saturations are
high enough, no initial phase will be formed and only a scrubbing
action will take place. In following this line of reasoning, water
saturations uwp to this point might have the effect of decreasing the
efficiency of the initial phase while not completely preventing its
formation.

From the examination of graphs contained in this report, and the above

disoussion, the following conclusions may be drawn:

l, Variations in viscosity ratios have a definite effect upon recovery
efficlencies of displacement of oll by water during the initial
phase, with efficiencies deoreasing rapidly at first with increase
in viscoeity ratio, then tending to level off at higher ratios,

2. The lower viscosity ratios, though having higher efficiencies during
the initlal phase, displaces very little oil during the secondary
stages of production whereas the higher visccslty ratios have lower
initial phase recovery but they tend to produce more oil during the
secondary phases than the higher vliascoeity ratios,

3. It was found that the finel phase displacement efficienciee were
not so seneitive to variations in visocosity ratiss as the initial
phase dleplacement effinlencies,

4o The recovery effinsiencles obtained from this investigation were con-

siderably lowsr than those obtained by Everett, Calhoun, and Gooohll
vhan ennductingeimilar teats without oonsidering the effest of connate

Evorett, Te Poy Gooth, F, We, and Oalhoun, John €, "Liguddeliquid
Displacement in Porous Media as Affacted by the Li quid-L,‘Lquid Viseoslty Ratis

and Liquideliquid Mlaeidility." Transsations, Amerdosn Institute of Mining and
Motalluraieal Engineers, (1950) Vol. 189, pp. 215, 224.




water saturation., The recovery efficienciss obtained from this
investigation were also lower than the theoretical efficienciss

calculated by Buckley and Leverett,
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