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PREFACE 

The need for research in the secondary recovery of oil 

is growing with the ever increasing demand for petroleum 

products. A g:rea t deal of work ha.s been done in this field, 

but much remains to be discovered. 

The purpose of this study was to determine the effects 

of mobility ratio on the performance of a steady-state fluid 

injection project. The method of attack was a stepwise use 

of an electric analogue. 

Several acknowledgments are in order. First, I wish 

to thank my adviser Dr. Mefvin A. Nobles for his continued 

advice and guidance during the study. I also wish to thank 

Professor Rollo E. Venn for awarding me an industrial re­

search fellowship in Mechanical Engineering which made this 

study possible. 

I am greatly indebted to my wife, Helen, not only for 

typing this ·thesis, but also for helping in certain phases 

of the experimental work. 
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CHAPTER I 

INTRODUCTION 

The secondary recovery of oil from petroleum reser­

voirs is becoming of greater importance as the demand for 

petroleum products continues to increase. Currently, the 

solution gas-drive mechanism is the only means of primary 

production for many petroleum reservoirs, as was true for 

the majority which have been depleted in the pasto M:uskat 

(1), page 516 9 has calculated that the .ultimate physical re­

coveries by the solution gas-drive mechanism for a reservoir 

with an initial pressure of 2500 psia and given permeability 

saturation relations are from 14 to 32 percent of the 

initial oil in place, depending upon the physical proper­

ties of the reservoir fluid. Although the actual recovery 

varies with reservoir conditions» this indicates that only 

a small fraction of the petroleum originally stored in the 

reservoir can be produced by primary methods of recovery. 

Primary recovery is the expulsion of oil by nature's 

forces aloneo On the other hand, secondary recovery im­

plies that external forces are used to move the oil to 

recovery wells after the natural energy has been dissipatedo 

A common method of secondary recovery is the injection of 

fluids, such as water or gas, into the reservoir through 

1 



injection wells, which forces the oil to production wellso 

The flow of a homogeneous fluid through a porous media 

obeys Darcy's la.w ·,;. . DarcyJs law c·an be expre·ssed. mathe­

matically as follows: 

where 

(1-1) 

Q: the flow rate of the fluid per unit area 

k: the permeability or conductivity of the 

porous media 

u - the viscosity of the fluid 

G 

dp/dx: the pressure gradient in the direction of flowo 

The term k/u, permeability-viscosity ratio, is called 

the mobility of a fluido The mobility of a reservoir fluid 

determines the flow capacity, per unit area, of a petroleum 

reservoir when the pressure gradient is unityo 

Each phase of the reservoir fluid has a different 

mobility which is a function of the fluid saturationo The 

mobilities of the phases present in petroleum reservoirs may 

be expressed as k0 /u0 , mobility of the oil phase; kw/uw, 

mobility of the water phase; and kg/ug, mobility of the gas 

phaseo 

In secondary recovery, it is the mobility ratio and 

not the mobility of a single fluid, which is importanto The 

mobility ratio may be defined as the ratio of the sum of the 

mobilities of the fluid phases flowing ahead of the flood 

front to the sum of the mobilities of the fluid phases flow­

ing behind the flood fronto 



Mobility ratio may be written as follows: 

M = (ko~uo + kw~uw t kg7ug) ahead . 
(k0 u 0 t kw uw t kg ug) behind 

3 

(1-2) 

In water flooding, when it is assumed that there is only 

one fluid phase flowing on each side of the flood front or 

oil-water interface, the mobility ratio is the ratio of the 

mobility of the oil phase flowing ahead of the flood front to 

the mobility of the water phase flowing behind the flood 

fronto The mobility ratio can be expressed as: 

M = (k u) oil 
- k u water 

(l-3) 

The areal sweep efficiency is the percent of reservoir 

area swept out by the injected fluid when the injected fluid 

first breaks through into a producing wello The areal sweep 

efficiency is important in determining the value of a sec-

ondary recovery operation 9 since the amount of oil recovered 

is determined by the area of the reservoir swept out by the 

injected fluid. 

In a water flooding or other fluid injection project, 

the areal sweep efficiency of a uniform reservoir depends 

upon the mobility ratio and the geometrical pattern formed by 

the injection and producing wellso Muskat (l),page 705, in-

dicates that from a physical point of view it seems reason-

able that injection rate and pressure would not effect the 

ultimate recovery of a flood; however, results from labora­

tory experiments are not in agreement as to the effect of 

velocity on recoveryo 

Because areal sweep efficiency is so important in 

evaluating secondary recovery projects, a considerable 
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amount of research has been devoted to the study of the 

effects of well pattern and mobility ratio on sweep efficien­

cyo The problem has been attacked by analytical methods and 

by model studieso 

The purpose of this study was to determine the effects 

of mobility ratio on the behavicbr of a steady state fluid 

injection projecto The study was made with an electrical 

analogue and was restricted to the five-spot well pattern. 



CHAPTER II 

REVIEW OF THE LITERATURE 

Early investigators applied electrical models to the 

cases involving a mobility ratio of one or a single fluid 

caseo Researchers recognized the importance of mobility 

ratio, but also realized that if the effect of mobility 

ratio was taken into consideration a very tedious stepwise 

procedure is requiredo 

As early as 1933 Wyckoff, Botset, and Muskat (2) pub­

lishe~ the results of an electrical model study of water 

floodingo A model consisting of blotter paper saturated 

with an electrolyte was used to study the effect of well 

pattern on the behavior of the advancing flood front during 

water floodingo The blotter paper was shaped geometrically 

similar to a symmetrical element of the well pattern as 

illustrated in Figure lo The negative electrode of the model 

represented the injection well and the positive electrode 

represented the production wello The electrolyte contained 

an ion indicator, such as phenolphthalein; which changed 

color as the OH ions advancedo The advance line of the 

colored area corresponded to the flood fronto Photographs 

were taken at various stages of the flood to show the be­

havior of the flood fronto The colored area, of the photo-

5 
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graph taken at the time when the front first reached the 

positive electrode, was measured with a planimeter anq com­

pared with the total area in order to determine the areal 

sweep efficiencyo A detail description of the model was 

given by Wyckoff and Botset. (3). 

The electrolytic models illustrated the shape of the ad­

vancing flood front very clearly, but a simple metal sheet­

conduction model was found to be more satisfactory for deter­

mining the total resistance of the flooding networks and the 

potential distribution within the networko (4)o The con­

ductivity or the steady state producing capacity of a well 

network pattern per unit pressure difference between the in­

put well can be determined from the resistance of the modelo 

Muskat and Wyckoff (5) found that the conductivity of a 

water flooding project depended upon the well patterno The 

areal sweep efficiency of several well patterns was calcu­

lated by measuring the potential distribution of a sheet­

conduction model and then using graphical means to obtain 

the streamline distribution and the advancing flood fronto 

The work thus far reviewed was based on the assumption 

that the displacing fluid and the displaced fluid were of 

equal density and viscosityo Muskat (6) has solved, by means 

of potential theory 9 the simple cases of linear and radial 

encroachment of water into an oil sand for two miscible fluids 

of different viscositieso 

Fay and Pratts (7) applied the relaxation method of South­

well to the calculations of the areal sweep out efficiency of 



a five-spot pattern for a single fluid caseo The case for 

mobility ratio equal to Oo25 was also solvedo For the later 

case a value of 45 percent was obtained for the sweep effi­

ciency in contrast to the single fluid value of 72 percento 

8 

The earliest reported work of determining the effect of 

mobility ratio on the flood pattern with an electrical model 

was that of Aronofskyo (8)0 The effect of mobility ratio on 

the flood patterns and sweep efficiency of a direct line drive 

well pattern was studied by a stepwise use of an electrolytic 

model and by numerical computationso The model was a tank 

shaped to correspond to the well pattern under studyo On 

the model the mobility ratio was varied by changing the depth 

of the electrolyte on each side of the flood front. 

Slobod and Caudle (9) applied an X-ray shadowgraph 

technique to the study of areal sweep efficiencies. A porous 

plate of fused Alundum, 1/4 inch thick, was usedo During the 

experiments the plate was saturated with the oil and then the 

oil was displaced by watero One of the two phases contained 

an x~ray absorbing materialo A uniform field of X-rays was 

directed against one face of the plate, and a photographic 

film placed on the other side of the plate recorded the trans­

mitted x~rayso Thus a photographic history of the advancing 

flood front was obtainedo The well patterns investigated 

were the five-spot and the direct line driveo 

Dyes, Caudle and Erickson (10) extended the X-ray shadow­

graph study of the effect of mobility ratio on water flooding 

performance to the study of oil production after breakthrougho 



9 

Craig, Geffen 1 and Morse (11) conducted a series of both 

water and gas pattern floods to study the performance of oil 

recoveryo Consolidated sandstone models and X-ray shadow­

graphs were used in the experiments. A method was developed 

for calculating the mobility ratio for water flooding and gas 

drives in a five-spot pattern. A method was also presented for 

predicting the oil recovery performance of five-spot pattern 

wa.ter floods in uniform sands a.fter breakthrough occurs. 

A recent approach to the problem of the effect of mo­

bility ratio on areal sweep efficiency is the use of the fluid 

mapper model. (12). The fluid mapper is a model consisting 

essentially of two horizontal parallel plates spaced a very 

small distance a.pa.rt. The plates are shaped to correspond to 

the well pa..ttern under study. The theory of the fluid mapper 

is that for steady flow of a viscous fluid between the parallel 

plates, the effect of the viscous shear in the vertical plane 

is of such magnitude that the flow in the horizontal direction 

is laminar or streamline. Cheek and Menzie (12) reported the 

results of an investigation which was made with the fluid 

mapper model to determine the effect of mobility ratio on the 

areal sweep efficiency for the five-spot pattern and for the 

direct line pattern. The 9xperimental results indicated that 

for the five-spot pattern the areal sweep efficiency ranged 

from 51.8 percent for a mobility ratio of 0.093 to 89.1 per­

cent for a mobility ratio of 24.4 

Other model studies dealing with oil reservoirs have 
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been madeo For example» models have been described for the 

study of cycling patterns of condensate reservoirs, but these 

need not be considered in this brief background of analytical 

and model studies of secondary recovery projectso (13) (14) 

(15)a 



CHAPTER III 

THE THEORY OF ELECTRICAL MODELS 

A .. Theory 

Electrical models are of great importance in the study 

of flow problems in petroleum engineering because of the 

analogy between the flow of electricity in a homogeneous 

isotropic conductor and the flow of a fluid in a homogeneous 

isotropic porous mediumo (16)o 

Darcy's law for the flow of a fluid in a porous medium 

and Ohmus law for the flow of current in a conductor are 

respectively: 

and 

where 

q = 

i = 

k .9:1?. 
u dx 

1 dv 
r dx 

(3-1) 

(3-2) 

q ~ the flow rate of the fluid per unit area is 

analogous to the flow of current, i 

k/u = the mobility is analogous to the reciprocal of 

the resistivity 9 1/r 

dp/dx - the pressure gradient in the direction of flow 

is analogous to the voltage gradient, dv/dxo 

Certain problems of fluid flow in a petroleum resBrvoir 

can be solved if the pressure distribution is knowno Because 

of the analogy between fluid flow in porous media and the 

11 
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flow of electric current in a conductor, the pressure dis­

tribution of a petroleum reservoir can be found by the use of 

an electrical model. Equi-voltage lines of the model corre-

spend to the equi-pressure lines of the reservoiro Both 

equi-pressure lines and equi-voltage lines can be ref.erred to 

as equipotential lineso 

The electrical properties of the model must correspond 

to the physical properties of the reservoir rock and fluid 

in order for the analogy to hold true. For example, to study 

the effects of mobility ratio on a water flooding project 

with an electrical model, the ratio of the conductivity ahead 

of the flood front to the conductivity behind the flood front 

of the model must be numerically equal to the mobility ratio. 

In mathematical terms this can be stated as: 

M _ (k u) oil 
- k u water 

Bo Fluid Movement 

= (1 r) ahead 
1 r behind 

(3-3) 

Fluid flows between two equipotential lines in the 

direction along which the potential gradient is the greatesto 

The paths of greatest potential gradient are normal to the 

equipotential lines and are called streamlines. After the 

potential distribution has been found from the model, stream­

lines can be plotted orthogonally to the equipotential lineso 

Calhoun (17), section 132, gives the derivation of an 

equation for calculating the time required for a particle of 

fluid to move from a higher equipotential line to a lower one. 

The equation is: 

&t = !£ u 
(As)2 
.6P 

( 3-4) 



where .b t ::: time required 

t ::: porosity of the reservoir formation 

k/u ::: mobility of the reservoir fluid 

AS = distance between equipotential lines as 

measured along a. streamline 

AP - potential difference between two successive 

equipotential lineso 

There follows a derivation of equation (3-4) as given by 

Calhoun (17)o 

Darcy's law of the velocity of flow is given by: 

(3-5) 

A particle traveling through a porous media would 

travel a distance (ds) in a period of time (dt) where: 

ds :: f d t . (3-6) 

Solving equation (3-6) for velocity and equating the 

results to equation (3-5) gives the following: 

V :::::: k ~ = p ds 
u ds dt 

(3-7) 

or 1 ds = k dt 
dp/ds ru 

or rs2 
1 ds = k (t2 - t1) _)31 dp/ds Tu (3-9) 

Equation (3-9) can be integrated graphically or the 

13 

solution can be simplified by approximating the integral by 

replacing the differentials of equations (3-8) by increments. 

If this is done equation (3-8) can be written: 

(LiS) 2 
~p 

= k ru 
.6 t (3-10) 
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which is the same as equation (3-4)o 

In many studies, models are used to determine the effect 

of a single variable such as mobility ratio or well pattern, 

with-out reference to a specific petroleum reservoiro For 

this purpose actual time cannot be calculated since actual 

values of pressure, viscosity, and permeability are not 

knowno In this event, equation (3-4) is used to calculate 

relative times and is written: 

Lit ex. <tis) 2. (3-11) 
L\P 

Co Types of Models 

Electrical models are of many different types and can 

be very complex in their constructiono Bruce (18) described 

a device which is suitable for analyzing the performance of 

an entire oil reservoiro But in this paper only the simplest 

models are describedo 

Basically electrical models are of two types: conduction 

models and electrolytic models. (16)o 

Conduction models consist of thin sheets of metal or other 

solid conductor through which electrical current can be 

caused to flowo The model is given the same geometrical 

shape as the well pattern to be studied and the current in-

put is analogous to the injection well or wells and the cur-

rent output is analogous to the production well or wellso 

Equipotential lines can be determined by measuring the po­

tential distribution of the model or by mounting one probe 

of a galvanometer on one end of a pantograph and mapping the 

equipotential lineso 
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Gel models are a type of electrolytic model which are 

made by putting a small amount of an electrolyte in gelatine 

The gelatin can be cast in molds or cut from a large mass of 

congealed jelly in order to obtain the desired shapeo 

'An improved electrolytic model was described in some de­

tail by Botset (19)o The model consisted of a transparent 

conducting layer of one percent agar gelatin solution con­

taining Ool normal zinc-ammonium chloride. For studying a 

two dimensional representation of a field the gelatin model 

consisted of a uniform thin layer approximately 1/16 inch 

thicko The gelatin layer was placed up on a one foot square 

glass plateo The auxillary equipment consisted of a trans­

forming-rectfying system for converting 110 volt alternating 

current to direct current of any desired voltage up to 1000 

volts. The equipment included provisions for 20 wells, ea.ch 

was individually equipped with a milliamrneter, a switch, a.nd 

a rheostat~ The wells were made of 1/2 inch transparent 

plastic tubingo The wells rested on an opaque white plastic 

cover through which the tips penetrated into the gelatin 

fieldo The input wells were filled with a 0.1 molal sol­

ution containing lo 5 percent agar. The output wells con­

tained the same solution as the gelatin field except that 

the agar concentration was lo5 percent instead of one per­

cent. 

Gelatin models have several advantages over conduction 

models in that they can be shaped any way desired and beds or 

zones or different permeabilities can be simulated with themo 



For example, beds of different permeabilities can be repre­

sented by pouring several different layers of gelatin, each 

containing a different concentration of electrolyte, into a 

moldo Another advantage of gelatin models over other types 

of models is the speed with which results can be obtainedo 

From conduction models only the potential distribution can 

16 

be obtained and lengthy calculations are required to determine 

the shape and position of an advancing flood fronto With 

gelatin models visual flood patterns which can be photograph­

ed are obtainedo 

A very convenient and simple electrolytic model consists 

of a wood or bakelite tank filled with an electrolyteo The 

tank can be shaped in such a way that the electrolytic bath 

will be geometrically similar to the isopac map of the 

reservoir formation to be studiedo A model of this type 

together with a suitable power source and a pantograph for 

equipotential mapping has been used for experiments in 

recyclingo (15)o 



CHAPTER IV 

SCOPE OF THE STUDY 

The purpose of the investigation was to study the 

effects of mobility ratio on the performance of a steady­

state fluid injection projecto An electric analogue was 

used for the investigation. 

The scope of the study was: (A) to determine the effect 

of mobility ratio on areal sweep efficiency and compare these 

values with those reported in the literature which have been 

found by X-ray shadowgraph studies; (B) to determine how the 

equipotential lines and the streamlines shift with the ad­

vance of the flood front at various mobility ratios; and (C) 

to determine the influence of mobility ratio on ideal reser­

voir behavior of steady state water injection projects, i.e. 

determine the change in injection rate at constant injection 

pressure and the change in injection pressure required for a 

constant injection rate with the advance of the flood front. 

The study was restricted to the five-spot well patterno 

The mobility ratios investigated were: 1/6, 1/4, 1/2, 1, 2, 

4, a.nd 60 

Direct field application of the results of laboratory 

model studies assuming steady state conditions cannot always 

be madee During water flooding there is a. transient period 

17 
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while the injected water fills up the reservoir space left 

void by the produced oilo Only after the end of the fill up 

period do steady state conditions prevailo The time required 

for the fill up period is dependent upon the oil saturation, 

well spacing, and the injection rate. 

An additional limitation of the study was the assumption 

of two dimensional flowo !n·the field two dimensional flow 

can be assumed only if the reservoir formation is relatively 

thin so that the effect of gravity may be neglected. 

Ideal behavior cannot be expected from many reservoirs 

because of the variation in porosity, permeability, and for­

mation thickness. But for uniform formations, ideal reser­

voir behavoir as predicted from model studies should serve 

to reveal some of the deviations in the behavoir of flooding 

operationso These deviations from ideal behavoir may indi­

cate channeling, pinchouts 11 plugging in the formation or 

around the well bore, etc. 



CHAPTER V 

DESCRIPTION OF THE APPARATUS 

The experimental apparatus consisted of (A) the 

analogue and (B) the power supply. Measurements were 

made with a (C) voltmeter and an (D} ohmmeter. Each 

unit will be described separately. 

(A) The Analogue 

The basic unit of the experimental model consisted 

of a network of 840 resistors fastened to a sheet of bake­

lite mounted on a wooden frame. The dimensions of the 

bakelite sheet were three by three feet. The resistors 

were fastened to the bakelite sheet at mesh points by 

means of snaps. The mesh pointsv 441 in number, were 

arranged in a s qua.re pattern 30 by 30 inches, spaced at 

intervals of 1 and 2/3 inches. 

The snaps fasteners permitted several resistors to 

be "stacked" in parallel. By adding additional resistors 

to the basic unit 9 the specific resistance on each side 

of the flood front could be varied. 

The square network of resistors represented one of 

the four symmetrical elements of a five-spot well pattern. 

The current input was analogous to an injection well and 

the current output was analogous to a production well. 

19 



(B) The Power Supply 

The power supply was essentially a full wave trans-

former~rectifier system for converting 110 volts alter­

nating curr~nt to direct currento The direct current 

voltage could be varied from 4lo43 to 290 volts in steps 

of 41043 volts by selecting the proper outlet jackso The 

major components of the power supply were: a Triro power 

transformer, R-11-A; a dual 5Y3 vacuum tube; two gas filled 

OD3 tubes; and a Triplet Voltmeter, model 227-1, range 

0=500 doCo voltso The power supply circuit appears in 
', 

Figure 3o 

(C) Voltmeter 

The potential distribution of the analogue was de­

termined with a Keithley Electrometer9 Model 2109 #185, 

manufa.ctured by K,eithley Instruments 9 Cleveland, Ohio. 

(D) Ohmmeter 

A Heathkit vacuum tube Voltmeter, model V-6, man-

ufactured by the Heath Company 9 Benton Harbor, Michigan, 

was used to measure the total resistance of the analogue. 

The experimental apparatus appears in Plate I. 

Figure 2 gives a schematic drawing of the analogue and the 

experimental circuit diagramo 

20 
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Plate I. The Experimental Apparatus 
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Figure 2o Circuit diagram and schematic drawing of the· 
' electric analogue. 
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CHAPTER VI 

EXPERIMENTAL PROCEDURES 

The effect of mobility ratio on a five-spot steady 

state~ fluid injection operation was determined by adva.ncing 

the "flood front'' on the electrical analogue from an initially 

assumed position and shape 9 to "breakthrough" in five or 

six incrementso On the analogue mobility ratio was deter-

mined by the ratio of the conductivity ahead of the flood 

front to the conductivity behind the flood front. The flood 

front wa.s advanced in increments by the following approxi­

mate method: 

lo An initial radial flood front was assumed and the 

potential distribution ws.s determined by measuring the volt­

age drop between the current input and each mesh point on the 

analogue with a vacuum tube voltmetero 

2. The equipotential lines were drawn and the stream 

lines were plotted orthogonally to the equipotential lineso 

3. The potential distribution was assumed to remain 

constant while the flood front was advanced to a new position 

corresponding to some increment of time, /J. t by use of the 

relationship: 

/J.t (4S ) 2 
6P 

(6-1) 

24 



where 4S ~ the distance between two equipressure lines 

measured along a streamline 

AP: the potential difference between two equi­

potential lines 

~t: relative time. 

25 

4. After the flood front had been advanced, the resist­

ances on the analogue were changed to correspond to the new 

flood front and the potential distribution was again de-

termined. 

5o The entire step-wise process was repeated until 

"breakthrough". 

The area swept out by the flood was determined.by 

pla,nimetering. 

The total resistance of the network was measured for 

each increment except for the mobility ratio of 4 and the 

first two increments for the mobility ratio of 1/4. 

The total resistance of the analogue was determined 

either by direct measurement with an ohmmeter or by an 

alternate method. 

The procedure for the alternate method was as follows: 

1. A known resistance was connected in series with the 

analogue and the vol ta.ge drop across the ana.logue and the 

known resistance was measured while a small current flowed 

through the curcuito 

2. The volta:ge drop across the known resistance was 

mes.sured. 

3. The total resistance of the analogue was determined 



from the relationship: 

where 

R1: (V1/V2) R2 - R2 (6-2) 

R1 : the resistance of the analogue in ohms 

R2 ~ the known resistance in ohms 

Vi_ the voltage drop across the two resistances 

in series, in volts 

V 2 :: the vol ta.ge drop across the known resistance 

in voltso 

The Analogue 

+ 

Power Supply 

Figure 4. Circuit diagram for the alternate method 
of measuring the total resistance of the analogueo 
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CHAPTER VII 

RESULTS AND DISCUSSION 

The results of the study are in the form of a series of 

flow nets showing equipotential lines and streamlines fdr each 

mobility ratio studiedo A table showing the potential distri­

bution follows each flow neto The flow nets are the steady­

state homogeneous-fluid equipotential contours and stream­

lines in a quadrant of a five-spot-network elemento The po­

sition of the flood front at the time the potential distri­

bution was measured is indicated on each flow net 

The flow net for the mobility ratio of one is plotted 

in Figure 5. The mobility ratio of one is a. single fluid 

case and therefore the potential distribution remains con­

stant as the flood front advances. The flood front at break­

through is indicated on the flow neto Table I is the corre­

sponding potential distribution. 

The flow net for the mobility ratio of one was considered 

a standard with which to compare the flow nets of the other 

mobility ratios. 

The equipotential lines and streamlines changed very 

little with the advance of the flood front for mobility ratios 

near one. One very noticeable feature of the equipotential 

lines was a gradual shift toward the production well as the 

2? 



Figure 5. The flow net for the mobility ratio of 
one. The numbers represent percentages of total 
pressure differential between the injection and 
producing wells. The flood front at breakthrough 
is indicated by the broken linesQ 
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TABLE I 

POTENTIAL DISTRIBUTION FOR THE MOBILITY RATIO OF ONE 

100 79.5 70 2 64 7 60.4 57.1 54 7 52.8 51.3 50.6 50.2 . . . 

79.5 74.4 68.3 63.7 59.9 56.7 54.3 52.7 51.0 50. 2 __ 14 9.8 

70.2 68.3 64.8 61.6 58.6 55.5 53.4 51. 8 50.3 49.6 4: 9.0 

64. 7 63~7 61. 6 59.1 56.6 54.1 52.1 50.~-- \4lL_L_i!l, ~~- 7.5 

60.4 59.9 58.6 56. 6 -- 54.6 52.6 50.4 148. 4 kl:7.1 46. 2-kh 5.9 

57.1 56.7 55.5 54.1 52.6 50.2 48.2 146. O 44. 7 ---~3.5 __ 14: 3.2 

54.7 54.3 53.4 52.1 50.4 kl:8. ~- 46_..__J_ ¥J, 'Q_.._J__ ___ KU. 9 ___ ~0.6_ 13 9.4 

52.8 52.7 51. 8 50.3 48.4 16.0 43.7 !l:1.0 ~8.3 35. Q ___ 3 4.1 

51. 3 51.0 50.3 48.8 47.1 44.7 41. 9 38.3 34.2 30.8 2 8.5 

.50.6 50.2 49.6 -- 48. 2 46.2 13. 5 40.6 35.9 B0.8 24. 9 __ l 9.2 

Fin.2 49.8 49.0 47.5 45.9 43.2 39.4 34 .1 .~8. 5 19.2 b 0.0 
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flood front advancedo In the latter stages of the flood the 

shapes of the equipotential lines were distorted considerably 

for mobility ratios less than 1/2 a.nd greater than 2o Due to 

this distortion it was not possible to d.raw in the streamlines 

orthogonally to all equipotential lines. 

itom the shapes of the equipotential lines for mobility 

ratios greater than one it was evident that the streamlines 

were almost radial away from the injection wello In the 
. ',. 

vicinity of the flood front the streamlines broke toward the 

production well. This effect became more pronounced with an 

increase in mobility ratio. 

For the mobility ratio of one 9 half of the pressure drop 

between the injection and production well will occur half way 

between the wells. For mobility ratios greater than one the 

majority of the pressure drop is near the injection well and 

for mobility ratios less than one the majority of the pressure 

drop is near the production well. The reason that the majority 

of the pressure drop is near the injection well for mobility 

ratios greater than one is that the resistance to flow is 

greater behind the flood front than ah~ad oi the flood front. 

For mobility ratios less than one the resistance to flow is 

greater ahead of the flood front than behind the flood front. 

Therefore, the majority of the pressure drop is near the ~ro-

ducing well. 

Figures 6 and 7 show the location of the 50 percent equi­

potential line on the center streamline in terms of a fraction 

of the distance from the injection well to the production well 
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Figure 6. L6catioh of the 50 percent equipotential lines on 
the center st,reamline as a function of mobility ratio and 
area swept out by the flood front~ 
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for all the mobility .ratios investigated as a function of the 

area swept out by the flood front. The gradual shift in the 

direction of the production well with the advance of the 

flood front is apparent. 

The areal sweep efficiency at breakthrough is plotted 

versus mobility ratio in Figure 8. The solid line is the re­

sults of this study and the broken line was taken from Craig, 

'eto alo (11) and is the result of X-ray shadowgraph studies. 

The value of 71 percent for the mobility ratio of one as de­

termined in this study agrees very well with the value of 

7lo5 percent which was determined analytically by Muskat (1), 
I . 

page 660. At the lower end of the curve the values for areal 

sweep efficiency as determined by this study were higher than 

those determined by X-ray shadowgraph studies and at the upper 

end of the curve the results were just th~ opposite. 

The flow between the injection and production wells is 

of such nature that some of the fluid particles must travel 

further than others. Because the center streamline is 
. I . 

shorter than the other streamlines the fluid particles ,trav­

eling this path reach the production well before the parti­

cles traveling a.long the longer streamlines. In addition 

the potential gradient is greatest along the center stream­

line and consequently the flow velocity is greatest along 

the center streamline. These reasons account for the cusp-

like appearance of the flood front at breakthrough. 

The potential gradient along the flood front is a maxi-

mum at the center streamline and decreases away from the 
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center. '.l1his decrease in potential gradient a.wa.y from the 

center streamline was much greater for mobility rB.tios less 

than one. For the higher mobility ratios the potential gradi­

ent was almost uniform along the flood front·during the greater 

part of the flood. This indicates that as the mobility ratio 

is increased the velocity of the fluid particles along all the 

streamlines tend to become equal. Thus an i~crease in mo-

bility ratio tends to suppress the fingering effect of the 

floom. front caused by the higher velocity along the center 

streamline and tends to increase the area swept out by the 

flood front at breakthrough. A decrease in mobility ratio 

tends to exaggerate the fingering effect of the flood front 

and to decrease the area swept out by the flood front at 

breakthrough. 

Figures 9 and 10 are a plot of the progress of the flood 

front in terms of fraction of the distance between the in-

jection and production wells along the center streamline as a 

function of mobility ratio and dimensionless time t. The di-
I 

mensionless time tis equal to the cumulative time of the 

flo6d divided by the breakthrough time for mobility ratio of 

one. The breakthrough time of a flood with mobility ratio 

greater than one is longer than the breakthrough time for a 

mobility ratio of one and increases with an increase in mo-

bility ratio. For example the ~reakthrough time for a mo­

bility ratio of 6 is 3.28 times greater than for a mobility 

ratio of one if the pressures for both cases are equal and 

remain constant. A reason for this increase in time is tha.t 
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areal sweep efficiency increases with an increase in mobility 
. ', 

I,. 

ratio. A second reason is that the i~jectjon rate decreased 

due to an increase in resistance to flow as the flood front 

advanceso Similarly, for mobility ratios less than one the 

time of the flood decreases with a decrease in mobility ratio 

because of a decrease in area.1 sweep efficiency and an in­

crease in injection rate due to a decrease in resistance to 

flow as the flood front advances. Constant injection pressure 

is assumed in all cases. 

The velocity of the flood front was determined by gra~h­

ical differentiation of the distance versus time curves plot-
'1 

ted in Figures 9 and lOo The velocity of the flood front 
. . . . I 

dS/dt versus fraction of the distance between the injection 
f 

and produ9ing wells along the center streamline is plotted in 

Figures 11 and 12. In all cases the velocity of the flood 

front decreased to a minimum as the distance away from the 

injection well increased. For the mobility ratios greater 

than one the velocity increased only slightly as the produc­

tion well was approached. T?e increase in velocity was,ac­

aelerated with a decrease in mobility ratio as the production 

well was approached. Tfe ve:1.oci ty cur,ve for the mobility 

ratio of one is also the steady state velocity profile of 

the fluid particles along the center streamline. 

The flow equation for both electrical and ·fluid·~low 

can be written in the form: 

or 

Rate _ Driving force 
- Resistance 

Q:Kl 
R 

07-1) 
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where Q = the flow rate -
p = the driving force or pressure 

R - the resistance -
K - a proportionality constant.~ -

If the flow equation for the initial conditions is divided 

into equatiol'.). (7-1) the following results are obtained: 

Q/Q· = p Ri i Pi . (7-2) 

where the subscript i indicates initial conditions. 

If the injection pressure during a flood remains con­

stant, equation (7-2) be6omes: 

(7-3) 

41 

Equation (7-3) indicates that the ratio of the flow rate at 

any time to the initial flow rate is equal to the initial re­

sistance of the flood network to the resistance at any time. 

Figure 13 is a plot of Ri/R versus ·percent of the area 

swept out by the flood fronts for several mobility ratios. 
. · .. .. J· ·. 

These curves indicate that the injection rate at constant 
'• I.• 

pressure for ~obility ratios less than one increase with the 

advance of the~flood front and decrease fcir ~obility ratio~· 

greater than.one. The curve for mobility ratio of 6 resembles 

the intake-decline curves for several injection wells in the 

Bradford field which have been published by~D~o}Fey 1~nd 

Andr~sen (20).~ 

If the flow rate in equation (7-?) is kept constant the 

follow.in~ results are obtained: 

P/P1: R/ii, (7-4) 

Equation (7-4) indicates that the ratio of the pressure at 
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any time to the initial pressure is equal to the ratio of the 

resistance at any time to the initial resistance~ Figures 14 

and 15 are a pl_ot of R/Ri ver~us the area swept out in percent 

for several mobility ratioso T_\ese figures indicate that at a 

constant injection rate the i~jection pressure would increase 

with an increase in mobility ratio and decrease with a de­

crease in mobility as the flood front advances. 

The ~.ata used in plotting the curves in Figures 6 

·through 15 are tabulated in Tab:Les II, III, and IV. 

The most serious limitations of the study arising from 

the assumption of two dimensional, steady-state flow have 

been discussed. However, other limitations and sources of 
', 

errors axis tE;3d. 

First of all it was not possible to duplicate the cal­

culated flood front on the analogue very accurately. This 

would cause an error in the potential distribution near the 

flood front. 

During the stepwise process the pot_ential distribution 

was assumed constant while the flood front was advanced an 

increment of time. The magnitude of the error caused by this 

assumption would depend on the size of the increment used. In 

this study five steps were used for most of the mobility 

ratioso The ~oou.raoy of the results would be increased if 

more steps were used in advancing the flood front across the 

analogue. 

It is believed that some error was introduced in the 

potential distribution because the analogue is not a contin-
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uous conductor» but a. network of resistors. The error in 

potential distribution would be greater near the edges a.nd 

near the current input and output terminals of the a.nalogue. 



CHAPTER-VIII 

CONSLUS'IONS 

The results of this study of the effeots of mobility 

ratio on the performance of a steady-state fluid injection 

project lead to the followin~ oonolusions: 

lo The method of attack, a step~ise use of an electric 

analogue 9 was·satisfaotory but the aoouraoy of the results 

would be improved if more steps were used. 

2o The shapes,of the equipotential lines and stream­

lines change very little for mobility ratios neat one~ 

3. ln the latter stages of a flood the equipotential 

lines are distorted considerably for mobility ratios less 

than 1/2 and greater than 2. 

4. The time required for a flood at constant injection 

pressure increases with an increase in mobility ratio. 

5o The average velocity of the flood front decreases 

with an increase in mobility ratio. 

60 The injeotion rate at constant injection pressure 
·•; ' 

increases for mobility ratios less than one and decreases 

for mobility ratios greater than one. 

7. The injection pressure required to keep a constant 

injection rate decreases with mobility ratios less than one 

and increases for mobility ratios greater than oneo 
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8. Beoause stea.dy-state flow is not frequently en­

countered in the field, the results of this study can be 

used only for predicting tendencies of flooding operations. 
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TABLE II 

TIME REQUIRED FOR EACH STEP AND THE LOCATION OF THE FLOOD FRONT ALONG THE CENTER STREAMLINE 

Step Incremental Cumulative Dimensionless Loca.tion of the Location pf P = 50 
Number Time Time Time Flood Front Fraction of Distance 

t t .t Fraction of Distance Between Wells 
Between Wells 

M = 1/6 
.1 4.84 4.84 0.115 00209 Oo78.3 

2 3.89 8.73 0.207 Oo.324 Oo8.3 

3 3o46 12.19 0.290 00413 Oo84 

4 5.42 17.61 00418 0.538 0.862 

5 4.10 21.71 0.515 o.666 o.877 

Break- 5.45 27.16 o.644 1.000 
through 

M = 1/4 
1 4084 4.84 0.115 0.209 0.753 

2 4.06 - 8.90 0.211 0 • .335 0.802 

3 7.00 15.90 Oo.377 0.464 .Ch817 

4 6.75 22065 00538 o.635 0.840 

Break- 6087 29052 0.700 1.000 
through 

OI 
~ 



- -- --·-

TABLE II (Continued) 

Step Incremental Cumulative Dimensionless Location of the Location of P = 50 
Number Time Time Time Flood Front Fraction of Distance 

t t t Fraction of Distance Between Wells 
Between Wells 

M = 1/2 
1 4.84 4.84 0.115 0.209 o.684 

2 4.83 9.67 0.229 0.341 0.714 

3 4.13 13.so 0.327 0.429 0.729 

4 6.40 20.20 0.402 0.5.35 0.741 

5 8.00 28.20 o.669 0.75.3 0.778 

Break- 3.69 31.89 0.757 LOOO 
through 

M=l 
1 4.84 L1- .. 84 0.115 0.209 0.500 

2 10.84 15.68 0.372 0.412 0.500 

3 6.25 21.93 0.520 0.506 0.500 

4 9.67 .31.60 0.750 o.659 0.500 

5 8.38 39.89 0.948 o.854 o. 500 

Break- 2.13 42.11 1.000 1.000 0.500 
through 

01 
~ 



TABLE II (Continued) 

Step. Incremental Cumulative Dimensionless Location ::if the Location of P = 50 
Number Time Time Time Flood Front Fraction of Distance -

t ,t .t Fraction of Distance Between Wells 
Between Wells 

M=2 
1 4.84 4.84 0.175 0.209 0.176 

2 8.45 13.29 0.315 0.315 0.200 

3 10.11 23.40 0.555 0.458 0.214 

4 10.37 33.77 0.801 0.553 0.229 

5 16.,06 49.83 1.182 0.706 0.251 

Break- lJ.02 62.85 1.490 1.000 
through 

M=4 
1 4.84 4.84 0.115 0.209 0.089 

2 11.67 16.15 0.391 0.341 0.108 

3 20.00 36.51 0.866 0.464 0.127 

4 14.50 51.01 1.210 0.535 0.130 

5 18.40 69.41 1.,650 o.658 0.155 

Break- 32.55 101.96 2.420 1.000 0.273 
through 0, 

0, 



--- ·- -· -
Steji Incremental Cumulative 

Number Time Time 
t t 

M=6 
l 4.84 4.84 

2 10064 15048 

3 18.63 34.11 

4 23.90 58001 

5 24.04 82005 

6 27.40 109.45 

Break.:.: 29.16 138.61 
through 

TABLE II (Continued) 

Dimensionless Location of the 
Time Flood Front 
t Fraction of-Distance 

Between Wells 

0.115 0.21 

00368 Oo33 

Oo84 0.38 

L28 00505 

1.95 00592 

2.60 0.764 

3.29 1.000 

Location· or P = 50 
Fraction of Distance 

Between Wells 

00082 

0.100 

Ooll2 

0.125 

0.134 

0.146 

01 
0) 
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TABLE III 

.AREA BEHIND THE FLOOD FRONT .AND THE 

RESISTANCE OF THE ANALOGUE 

Step Area Behind .Area Swept Resistance ··R/R· Ri/R 
Number Fl'ood Front Out In Megohms 

. . 1 

. . 2 % R in. 

M : 1/6 R· 1 = 805 Megohms 

l l6o'l 7o2 0063 Oo78 lo28 

8 37ol l6o5 6~00 Oo7l lo42 

3 59ol 26o3 5o72 Oo67 lo49 

4 8806 39o4 5.08 0.60 lo67 
,. 

5 11206 50o0 4.60 0.54 ·10 85 

Break- 14001 62o2 
through 

M = i/4 Ri =·4o25 Megohms 

1 16ol 7o2 

2 38,,8 17.2 

3 69.6 31.0 2.68 0.63 lo58 

4 108.4 48.2 2.44 0.57 1.74 

Break- 147.0 65.4 
through 



58 

TABLE III (Continued) 

Step Area Behind .Area Swept Resi1s.Lt'anoe R/R1 R1/R 
Number _ :ll1:l:,o~d ~:rant 011-t. . rn·Megohms 

in. % -. R 

M ... 1/2 R~, ': 4o 2~ Megohms -
'\ 

1 l6ol 7.2 3,.58 Oo84 1.19 

2 38.9 17.3 3.42 0.80 1.24 

3 60.1 · 26.7 3.33 0.78 1.27 

4 92.3 41.1 3.251 0.76 1.31 

5 13306 .59.3 3.21 0.75 1.32 

Break- 149.l 66.-3 
through 

M ... 1 R· : 4o25 Meghoms ... J. 

Break- 160.1 71.0 4.25 loOO 1.00 
through 

M - 2 Ri = 8,.5 Mrgohms -
1 16.1 'l O 2 2.42 lol4 0.88 

2 38.8 17 .3 2.59 1.22 0.82 

3 68.4 30.0 2.92 1.37 Oo73 

4 96.4 42.8 3 .. 08 1.45 0.69 

5 13808 6L7 3.17 1.49 0.67 

Break- 181.0 80.4 
through 
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TABLE III (Continued) 

,Step Area Behind Area Swept Resistance R/11i R,/R 
Number F,ic,od :B1ront Out In Megohms 1 .. 

ino 
2 . . (fl R iD 

M = 4 

1 16.1 7o2 

2 36.'7 16.3 

3 66.8 29.7 

4 93.4 4L5 

5 141.2 62.7 

Break- 195.8 87.0 
through 

M ::: 6 Ri = 1.42 Megohms 

1 16.1 7 0 2 4.0'7 2.8'7 0.36 

2 37o2 16.5 4.60 3.24 0.31 

3 53o7 23.9 4.80 3.38 0.30 

4 84.3 37.5 5.00 3.52 0.28 

5 114.6 50.8 5.00 3.52 0.28 

6 157.5 70.0 5.56 3.91 0.26 

Break- 207.2 92.0 
through 
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TABLE IV 

VELOCITY OF THE FLOOD FRONT 

Distance Time Velocity Distance Time Velocity 
s . t · · dS/dt · s t· a.s/at' 

M = 1/6 M - 1/4 -
OoO OoO 3o20 OoO OoO 3o20 

Ool 0.04 lo75 0.1 0.04 lo75 

Oo2 Ooll lo35 Oo2 0.11 lo35 

Oo3 Ool9 1.15 0.3 0 .. 19 1.15 

Oo4 0.29 loOO 0.4 0.29 0.85 

0,,5 Oo38 1~15 0.5 0.40 1.00 

0.6 0.46 1.30 0.,6 Oo50 1.15 

0.7 0.54 1.,60 0.7 0.58 1.35 

0.8 0.59 2.20 0.8 0.64 1.80 

0.9 0.63 3.40 0.9 0.68 3.20 

1.0 Oo64 1.0 0 .. 70 28.00 

M : 1/2 M : 1 
\_ ·-

o.o 0.,00 3.20 . o.o o.oo 3.20 
' 

0.1 0.04 1.75 O~l 0.04 1.75 

0.2 0.11 1.35 0.2 Ooll 1.15 

0.3 0.19 1.15 0.3 0.21 0.81 

0.4 Oo29 0.85 Oo4 0.35 0.65 

Oo5 0.42 0.80 0.5 Oo5l 0.65 

0.6 0.53 0.70 0.6 0.67 0.65 
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TABLE IV (Continued) 

Distance Time Velp9ity Distance Time 1:!1~ii;y s t'· dS/dt s t 

Oo7 Oo63 1 .. 20 Oo7 Oo81 Oo80 

008 0.70 1.75 008 0!191 0.20 

0.9 Oa74 3o00 0.9 0.97 lo75 

loO Oo75 l3a00 loO 1.00 3.20 

M ': 2 M = '4 
, 

o.o o.oo 3.20 OoO o.oo 3.20 

Ool 0.04 lo'15 0.,1 0.04 lo75 

0.2 0.11 1.15 0.2 0.11 1.15 

0.3 0.24 0 .. 60 0.3 0.27 0.43 

0.4 0.44 0 .. 48 0.4 0.57 0.28 

0.5 Oo 68 0.38 0.5 1.03 0.21 

0.6 Oo97 0.35 0.6 1.45 0.26 

0.7 1.17 0.61 0.7 1.74 0.33 

0.8 1.30 0.85 0.8 2 .. 06 0.43 

0.9 1.40 1.00 0 .• 9 22.7 0.52 

1.0 1.49 1.30 1.0 2.42 0.80 

M • 6 M = 6 (continued) 

OoO o.oo 3.20 006 1.98 0.25 

0.1 0.40 lo75 0.7 2 .. 40 0.26 

0.2 0 .. 11 1.15 008 2.76 0~30 

0.3 0.27 O.o43 0.9 3.06 0.38 

0.4 0.96 Oo12 loO 3.29 0.48 

0.5 11115 0.20 
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APPENDIX B 

FLOW NETS AND POTENTIAL DISTRIBUTION 



Figure 16. +11l;e flow net for the mobility ratio 
of 1/6, .s.tep 1. The numbers represent percentages 
of total pressure differential between the in­
jection and producing wells. The flood front at 
an initially assumed radial-position is indicated 
by the broken line. · 
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T,ABLE V 

POTENTIAL DISTRIBUTION FOR THE MONILITY RATIO 

OF, 1/6, STEP 1 

64 

100 95.4 93.2 91 8 85.7 80.9 76.8 73.8 72.1 71.1 70.2 . 

95.4 94.1 92.7 89.7 83.7 79.6 76.1 73.2 71.2 70.1 69.3 

93.2 92.7 91. 5 86.1 81.7 78.1 74.3 72.1 70.1 68.7 68.1 

91. 8 89.7 86.1 83.6 79.4 75.3 72.6 70.2 68.0 66.6 65.9 

85.7 83.7 81. 7 79.4 76.2 73.0 70.2 67.9 65.2 63.8 63.2 

80.9 79.6 78.1 75.3 73.0 70.2 67.6 64 .4 62.l 60.5 59.8 

76.8 76.1 74.3 72.6 70.2 67.6 64.5 61. 3 58.7 56.3 55.3 

73.8 73.2 72.1 70.2 67.9 64.4 61.3 57. 8· 54.1 52.2 49.3 

72.1 71.2 70.1 68.1 65.2 62.1 58.7 54.1 ~9.0 43.6 40.8 

71.1 70.1 68.7 66.6 63.8 60.5 56.3 52.2 ~3.6 35.3 27.4 

, '10. 2 69.3 68.1 65.9 63.2 59. 8 55.3 49.3 40.8 27.4 00.0 .. 



Figure 17. The flow net for the mobility ratio of 
1/6, step 2o T,~e numbers represent percentages 
of total pressure differential between the in­
jection and producing wells. The flood front at 
the second position is indicated by the broken 
line. 
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TABLE VII 

POTENTIAL DISTRIBUTION FOR THE MOBILITY RATIO 

OF 1/6, STEP 2 

66 

100 94 8 92 4 91 1 90 0 87 6 83 6 81 0 78 6 77 2 76.7 . . . . I . . . . . 

94.8 93.4 91.7 90.6 89.7 86.9 83.3 80.3 77.9 76.6 __ 7 6.2 

92.4 91. 7 90.9 90.0 B9.2 85.5 82.0 78.6 76. 7 75.3 7 4.6 ---" 

91.1 90.6 90.0 89.3 87.1 82.9 79.8 7 6. 5 74.4 _73.1 ___ 7 --~-~---- 2.6 

90.0 E39. 7 89.2 87.1 83.6 80.3 76.5 73. 5 _ 71.Q_ _'70 .1 __ 6 9.3 

87.6 86.9 f35. 5 _8_2. 9 80.3 76.4 73.2 70.6 68.1 ·- 66 .4 6 5.2 

83.6 83.3 82~_Q_ 79.8 76.5 73.2 69.8 6606 6;:5. 9 61. 8 6 0.7 

Bl. 0 80.3 78.6 76.5 7 ;:3. 8 70.6 66.6 63.3 59.2 5~~ 5 3.8 

78.6 77.9 76.7 74.4 71.3 68.1 63.9 59.2 5:1. q_ 48 .__Q__4 4.6 

77.2 76.6 75.3 73.1 70.1 66.4 61.8 53.9 ll:8. 0 38.3 2 9.8 

L.7 76.2 74.6 72.6 69.3 65.2 60.7 53. 8 . 44.6 29.8 0 o.o 



] 1 igure 180 The flow net for the mobility ratio of 
1/6, step 3. ·. T};le numbers represent percentages 
of total pressure differential between the in­
jection and producing wells. The flood front at 
the third position is indicated by the broken 
line. 
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TABLE VIII 

POTENTIAL DISTRIBUTION FOR THE MOBILITY RATIO 

OF 1/6, STEP 3 

68 

,100 95.6 91.9 90.4 89 4 88.6 86 7 83 9 81 8 80 5 79.7 . • • . • 

95.6 93.9 91.4 90.0 89.0 88.3 86.3 83.5 81.4 80.2 79.2 

9}o9 91.4 90.5 89.5 RR.6 87.9 85.4 R2.7 80.1 7R.7 77.9 

90 4. 9fl_ 0 R9.fi RR.A RR. 1 R'7_?i R?i_f., A()_f., 18_._? 1'7 r-,---3__ 75.8 

R9.4 R9.0 RR.F. RR. 1 A ')'__.__3___ LB-5 __ .___2 ____ lBl_._9_ l!l__B__.__1_ ___ ~ '7?i.3 ---- 72.5 

88.6 88.3 8__'L____9_ R'7.?i Rfi.? Rl . ? '7'7.'7 74- ?i .1l.4 69.2 68.5 

86.7 86.3 85.4 83.6 81.9 77.7 73.8 ~_&_ __ _§_B .o_ --6_4. 4 __ 63.6 

83.9 83.5 82.7 80.6 78.1 74.3 70.2 66.4 62.0 58.4 56.4 ----·-

81. 8 81.4 80.1 78.2 74.9 71.4 68.0 62.0 56. 2 50.0 -~---- 46.6 

80.5 80.2 78.7 76.3 73.3 69.2 64.4 58.4 50.Q_ &Q.Ij_ 31.0 

79.7 79.2 77~9 75.8 72 •. 5 68.5 63.6 56.4 46.6 31.0 oo.o 



Figure 19. The flow net for the mo"b'ility ratio of 
~ -1/6, step·4~ The numbers represent percentages 

of total pressure differential between the in­
jeition and producing wells. The flood front at 
the fourth position is indicated. by the broken 
line. 
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TABLE IX 

POTENTIAL DISTRIBUTION FOR THE MOBILITY RATIO 

OF }/6, STEP· 4 

70 

100 94.2 91.6 89.8 88.8 87.9 87.3 86.2 84 6 83.5 i83.2 . 

94.2 92.7 90.9 89.6 85.5 87.8 87.1 85.9 84.2 83.3 82.6 

91.6 90.9 90.0 89.0 88.1 87. 3 86.6 85.3 83.3 82.1 81.3 

89.8 89.8 89.0 88.2 87.3 86.5 85.9 84.1 81.6 80.1 79.3 
·. 

88.8 85.5 88.1 87.3 86.5 85.9 85.3 83.2 80.1 77.3 76.3 

87.9 87.8 87.3 86.5 85.9 85.1 84.2 79.2 75.9 73.5 72.7 

87.3 87.1 86.6 85.9 85.2 84.2 79.5 75.1 71.4 68. 6 67.8 

86.2 85.9 85.3 84.1 82.2 79. 2. 75.1 70.5 65.5 61.7 59.8 

84.6 84.2 83.3 81. 6 80.1 75.9 71.4 65.5 59.'7 54.8 49.8 

R3.5 83.3 82.1 80.1 77.3 '73.5 68.6 61. '7 54.8 42.9 33.8 

I 
183.2 .82. 7 81.3 79.3 76.3 72.7 67. 8 59.8 42.9. 33.8 00.0 
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Figure 200 The flow net for the mobility ratio of ,_ 
··· ·1/6, step 5~ ~rhe numbers represent percentages 

of total pressute differential between th~ in­
jection and producing wells. The flood front at 
the fifth position is indicated by the broken 
line. The flood front at breakthrough is also 
indicatedo 



TABLE X 

POTENTIAL DISTRIBUTION FOR THE MOBILITY RATIO 

OF 1/6, STEP 5 

72 

100 93.7 91.0 89.3 89.1 87.1 86.6 86.2 85.3 84.3 83.8 ,-

93.7 92.2 90.4 89.0 87.9 86.9 86.4 86.0 85.0 83.9 83.4 

9lo0 90.4 - 89.3 88.3 87.0 86.5 85.9 85.7 84.3 83.2 82.7 

89.3 89. 0 88.3 87.5 86.5 85.8 85.2 fil_._5 83.] 81.5 81.8 

88.1 87.9 87.0 96.5 85.9 85.1 84.4 83.'7 81.2 79.7 78.7 

87A] 86.9 86.5 85.9 85.1 84.2 83.5 82.7 79.1 76.8 75.5 

86.6 86.4 85.9 95.2 84.4 83.5 82.5 81.4 76.2 72.1 70.4 

86.2 86.0 85.7 84.5 83.7 82.5 81.4 77.4 70.9 65.9 63. 5. 

85.3 85.0 84.3 83.1 81.2 79.1 76.2 70.9 64.3 57.2 52.9 
I 

( 

84~3 83.9 83.2 81.5 79.7 7 6. 8 72.1 65.9 57. 2 46.0 35.6 

_83. 8 83.4 82.7 81.8 ,78. 7 75.5 '70.4 63.5 52.9 135. 6 



Figure 210 ,The flow net for the mobility ratio of 
1/4~ step 1. The numbers represent percentages 
of total pressure differential between the in­
jection and producing wells. The flood front at 
an initially assumed radial position is indicated 
by the broken line. 
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92.'7 

. ' ~ .• ~t· 

A9.6 

87.6 

'810 9 

77.'7 

73.4 

"/1.0 

69.2 

68.9 

6.7 .4 

TABLE XI 
' 

POTENTIAL DISTRIBUTION FOR THE MOBILITY RA~IO 

OF 1/4, STEP l 

92.7 89.6 R'l.6 RL9 ,'77 .. '7 73o4 71.0 69.2 

91.l 89ol 8*100 8_ 0--.a.!7 _ 7-th8 'HL 1 '7Q.fi F.806 

89.l 88.3 A3n7 17R. 9 174. 6 '71 • 9 lfi9. 5 fi'7. '7 

I 

87.0 83.7 79.5 7508 7206 69.8 67.7 65.3 

80.7 78.9 75.8 73.5 70.0 67.7 65.0 62.9 

76.8 74.6 72.6 70.0 67.4 64.4 62.3 60.2 

73.1 71.9 69_. 8 67.7 64.4 91._7 58.3 5_5.7 

70.6 69.5 67.'7 65.0 62.3 S8. 3 55.3 50.9 

68.6 67.7 65.3 62.9 ::>O. 2 55.7 50.7 i5.7 

67.7 66.2 64.1 6L4 58. 0 )3. 5 is.o io.s 

67.1 65.9 63.8 ::,1.4 :,7. 8 :,2.4 i5.7 37.3 

7.4 

68.9 6 

'· 

67. r/ 6 '7 .1 

F,F, ? 6 5.9 

54. l 6 3.8 

:>1.4 6 1.4 

58.0 5 7.8 

53.5 5 2.4 

t8.0 4 5.7 

to. s 3 7.3 

32. 4. ~ 4.8 

24. 8 ;;> 
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Figure 220 The flow net for the mobility ratio of 
·1/4:1 step 2. The numbers represent percenta.ges of 
total pressure differential between the injection 
and producing wells. 'J.ihe flood front at the 
second position is indicated by the broken lineo 

75 



. ... 

92.4 

···-· 
89n23 

87.3 

85.8 

83n} 

179 A 5 

77.0 

75o2 

73.4 

1'7 2. A 

TABLE XII 

POTENTIAL DISTRIBUTION. FOR THE MOBILITY RATIO 

OF 1/4, STEP 2 

76 

92 4 89 3 87 3 85 8 83 1 79 5 ~7 0 75 2 73 4 ~2.8 0 • • . __ o ... ~_, 0 . . • . 

i 
! 

90.3 88.5 87.0 85.4 82.5 78.9 75.9 74.0 72.8 7 

~ " . 

RRnfi Rf;_ R Afi.fi ALL. 3 80.5 77.7 r75.2 '72 0 8 r?l.6 7 1.0 

87.0 85o5 84.8 82.2 '78.9 75.2 73.4 '71. 0 69.8 6 

85.4 84.3 82.5 \78.1 75.9 73.4 70.4 68.6 67.8 6 6.2 

A2.1 A(L fi '78n9 75.9 7208 70.4 67 .4 65.0 63o2 6 

78.9 7'7. '7 1'7 5 _ 2 7~-4 7() _ 4 r.'7. 4 ... 3. 8 60.8 !:;A• 9 5 8.3 

75. 9 75.2 73.4 '70. 4 67. 4 63.8 60.2 55o9 52.3 ~ 9.9 

74.0 72.A 7J.O 6R.6 65.0 60.8 55.9 50.5 44.4 kb 1.4 

72.8 71.6 69.8 6'7.8 63.2 58.9 52.3 44.4 36.4 3 2.5 

1'7 2. 2 1'71 _ 0 Ir.A. A t;f;_2 62.h fiR i,; ka.9.9 41.4 l'.32.5 .o 



Figure 230 The flow net for the mobility ratio of 
· 1/4, step 3. The numbers represent percentages 

of total pressure differential between the in­
jection and producing wells. The flood front at 
the third position is indicated by the broken 
line. 
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TABLE XIII 

POTENTIAL DISTRIBUTiON FOR THE MOBILITY RATIO 
' 

OF 1/4 9 STEP 3 

100 9108 8803 8600 84.4 83.3 82.5 79.9 78o0 76o'7 1'76 0 2 I -

9108 89o9 8'7.3 85.6 83.9 83nl 820 2 1 9 0 5 7'7.4 76.1 '7 5.4 

88.3 8'7.3 86.2 R4.8 R3n5 R2o4 R0.9 1 Rn7 76nl •4 0 8 7 

86.0 85.6 84.8 83.9 92.6 81 0 8 19 Q 2 7/;.3 74°3 •2 n 1 7 L9 

84.4 83.9 83.5 82.6 810 8 30.8 76.8 1 40 0 71.3 )9. 8 6 

83.3 R3.l 82.4 Al.f3 R0.8 7'7 ._3__ 1~1 1 0n 7 5'7. 9 )6. 2 6 5.3 

82.5 82.2 80.9 79.2 7 6.8 74.1 70.4 ::>7. 1 53o9 31. 7 6 0.5 

'79.9 79.5 78.'7 76.3 - 74. 0 70n7 S'7o1 ·13. 2 --t5_8. 5 )5o 3 5 2.6 

78.0 ~7.4 76.1 74.3 710 ;5 67.9 53.9 58. 6 56.7 • 701 4 2.8 

76o7 76.1 74.8 73.1 ::>9 n R ~602 ,)1 n'7 55n 2 '.).7 nl ',7 0 5 2 
I 

L.4 '7_6_.,_2______J 75.4 74n?5 7L9 69 o 2 h5n3 t10. 5 52o7 r!,2.,8 :) 
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'78.5 

Figure 24. The flow net for the mobility ratio of 
1/4, step 4. The numbers represent percentages 
of total pressure differential between the in­
jection and producing wells. The flood front at 
the fourth position is indicated by the broken 
line. The flood front at breakthrough is also 
indicated. 
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TABLE XIV 

POTENTIAL DISTRIBUTION FOR THE MOBILITY RATIO 

OF 1/4, STEP 4 

100 9lo5 87o7 85o3 83o7 82o4 
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70 

65 

Figure 25. The fJ.ow net for the mobility ratio of 
·· 1/2, step 1. The numbers represent percentages 

of total pressure differential between the in­
jection and producing wells. The flood frorit 

. at an initially assumed radial position is indi­
cated by the broken line. 
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TABLE XV 

POTENTIAL DISTRIBUTION FOR THE MOBILITY RATIO 
I 

OF 1/2, STEP 1 

100 R'7-9 R1 _;; ''7fLn '7?._fi -~-8...._Afi g F,~ R F.1 6 r-.n_ q -5 

I 

87o9 85o0 80o7 '76.6 '7108 68.4 65.6 63.8 61.3 60o4 5 9.8 

81.6 80.7 '78. 3 '73.5 69.8 66.'7 64.2 61.6 60.0 U:>9.9 5 

'78.0 t76.6 73.5 '70.8 57.4 64.7 62.5 60.0 58.4 15'7.2 5 
i 

7.2 0 5 fi'lo 7 69.8 6'7. 4 64.7 62.3 59.8 157.6 55.8 54. 6 fi 3.9 

68.8 6804 G6.7 64.7 62.3 59o7 5706 55o3 54.4 51.8 b 

65.9 55.6 64o2 62.5 159.8 ~'7. 6 55.3 52.4 50.3 kl:8.3 11 

6308 53.4 6106 60o0 57 0 6 p5.3 b2.5 i9o 0 45.8 9:3.3 a: 
-

61.6 51. 3 50. 0 58.4 55.8 )4.4 50.3 15.8 il.7 37 oO t3 3.,8 

hQo9 ;o _ .a. FiFL 9 Fi'7 - ?. 140 6 )108 l-80 3 '.l:3. 3 37. 0 2901 ~ 

I 

' 

~0.3 )9 Q8 58.4 ,56.'7 )3.9 )lo3 i'7. 4 Fl:1.0 J33.8 ~2.1 b 



Figure 260 The flow net for the mobility ratio of 
1/2, step 2. The numbers represent percentages 
of total pressure differential between the in­
jection and producing wells. The flood front ,at 
the second position is indicated by the broken 
lineo 
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TABLE XVI 

POTENTIAL DISTRIBUTION FOR THE MOBILITY RATIO 

OF 1/2, STEP 2 

84 

100 87 3 81 2 76 7 74 7 71 3 68.2 6600 64 1 63 0 62o5 . . . . . " 0 

87o3 8306 79o7 76o0 73.9 70o9 67.9 65.3 63o3 62o7 3 
-

81.2 79.7 76o5 74.8 72.5 69.3 66.7 64.0 62.5 61.5 _6 
·.;>;.~:.: 

?6n7 76.0 74.8 '12. 4 70o2 67.1 64.5 62.5 60o3 59.7 _5 9.0 

74.7 73.9 72.,5 70.2 67.9 65.0 62.7 60.4 58.5 67.3 :> 6.7 ·-

71.3 70.9 69o3 67.1 65.0 62.6 59.8 57.6 55.6 154.,3 5 3.3 .-

68.2 67o9 66.7 64.5 62.7 59.8 52.2 54.5 52.9 b0.6 _ i 

6600 65.3 64.0 62.5 60.4 57.6 54. 5 51.1 47.9 14. 8 }± 

64.1 63.3 62.5 60o3 58.6 5506_ __ Q_~. 9_ _ ~7_o5 __ ~2_._6 38o3 3 

63o0 62.7 61.,5 59.7 57.3 54.3 5006 f44.8 38.3 29.5 2 

62a5 162. 3 i6L1l 169!!0 56.7 ,53.3 49.4 43.,3 35.0 22.'7 0 o.o 



Fi~re 27., . The flow net for the mobility ratio of 
1/2 9 step 3. 11he numbers represent percentages 
of total pressure differential between the in­
jection and producing wells. The flood front at 
the third position is indicated by the broken line. 

85 



,100 

8607 

80o7 

76.3 

73.5 

71.1 

68.6 

66.7 

lfi4. 9 

63o7 

63.3 

TABLE XVII 

FOTENTIAL DISTRIBUTION FOR THE MOBILITY RATIO 

OF 1/2, STEP 3 

8607 80.7 76.3 73~5_ 7_1~1 __ §_8. 6 56o7 64o9 

83ol 79.7 76o0 '73o3 70o9 6803 o6.3 o4o4 

79.7 '76.6 74o7 72.4 69. 7 66.9 S5o l 53.3 

76.0 74o7 72.4 7006 68.0 65 .• 2 ::>3.3 51.5 

73.3 72.4 70.6 68.6 65.5 62.9 nl.O 19 0 2 

70.9 69.7 68.0 65.5 ~2.8 ~0.0 57 0 9 55.9 

68.3 66.9 55.2 62.9 60.0 57. 2 55.0 )2. 3 

66.3 65.1 t:>3.3 61.0 57.9 55.0 5lo7 8.4 

74.4 63.3 bl.5 59.2 55-L~ 52o3 1:8.4 13.6 

62.9 61.9 50. 2 57.6 54.4 50o2 '5 0 0 38. 6 

62.7 51. 6 . )9. 8 57.3 54. l 1:9. 0 l2.8 55.1 

86 

63.7 6 3.3 

::>2. 9 6 

51. 9 b 1. 6 

J0.2 5 9.8 

::lb • .5 1 7.3 

54.4 5 4.1 

)0. 2 i:: 9.0 

54. 0 .~ 2.8 

38.6 B 5.1 

:;;n.4 8 

84. 2 p o.o 



Figure 29. The flow net for the mobility ratio of 
1/2, step 4. The numbers represent percentages 
of total pressure differential between the in­
jection and producing wells. The flood front at 
the fourth position is indicated by the broken 
lineo 
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TABLE XVIII 

POTEMTIAL DISTRIBUTION FOR THE MOBILITY RATIO 

OF 1/2 1 STEP 4 

88 

100 86 5 79 9 76 0 73 4 71 0 69 6 67 6 66 3 65 1 ~4.6 . . . .. • . 0 . . 

86.5 82.4 78.4 75.0 72,5 

79.9 78.4 75.8 73.7 71.9 

76.0 75.0 73.7 71.7 70.1 

73.4 72.8 7l.9 70.1 68.9 

.71. 0 70.7 69.8 68.6 67.3 

69.6 68.8 68.5 67.0 65.3 

67. 6 67.4 66.7 65.0 63.3 

66.3 65.8 65.0 63.4 61.4 

65.1 64.7 63.9 62.2 60.0 

64.6 64.2 63.3 61. 6 59.4 

70.1 68.8 67.4 65.8 64.7 64.2 

69.8 68.5 66. 7 · 65.0 63.9 63.3 

68.6 67.0 65.0 63.4 62.2 

67.3 65.3 63.3 61.4 60.0 59.4 

65.5 63.3 60.3 58.0 56.7 56.1 

63.3 60.l 57.1 54.5 52.2 50.8 

60.3 57.1 53.8 50.1 46.7 44.5 

58.0 54. 5 50 .. 1 44.8 40.0 36.4 

::::-r:::-::::-r:::: :::::-1 
23.9 

Lloo.o 



Figure 290 The flow net for the mobility ratio of 
1/2, step 5o The numbers represent percentages 
of total pressure differential between the in­
jection and producing wells. The flood, front at 
the fifth position is indicated by the broken 
line. The flood front at breakthrough is also 
indicate·d. 
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TABLE XIX 

POTENTIAL DISTRIBUTION FOR THE MOBILITY RATIO 
. I 

OF 1/2" STEP 5 

100 85 8 78 5 74 7 71 6 69 4 67 5 66 4 65 '7 64 8 64o0 0 0 e 0 • 0 . . . .. 
e 

85.5 31.9 77.5 74.0 71 .1 69.2 67.3 56.2 o5.l ::,4.4 6 3.8 

,_';';'··· 

78.5 rt7.5 75.1 72.4 70.6 68.5 66.7 65.6 64.2 . 63. 8 6 3.1 

74.7 74. 0 72.4 70.8 59. 2 62.4 o5. 5 54.4 53.3 . 52. 5 5 1.8 

71.6 71.1 70.6 59. 2 57. 9 165. '7 54.0 52. 9 51.4 50. 5 6 0.5 

69.4 59. 2 68__!._5_ g_7.4 55.7 63.8 52.0 60.7 :,9. 3 :,7. 8 5 '7. 3 

67.5 67.3 66.7 65.5 54. 0 62.0 oO. l :>8 .4 55.9 )3. 8 5 2.5 

I 

66.4 56o2 65.5 64.4 52. 9 60. '7 58.4 55. 9 )2. 3 rn .4 ~ 

65.7 5501 64.2 63.3 61.4 59. 3 55.9 52.3 ~6.9 _Ll:~ 3 ··- 8.0 

64.8 54.4 63.8 ·62. 5 50. 5 57.8 53.8 18.4 1. 6 33 .1 2 5.2 

~63.l 61.8 oO. 6 57. 3 52o5 1:5. 8 BB.O 26.2 D 



Figure 300 The flow net, for the mobility ratio of 
2i step lo The numbers represent percentages of 
total pressure differential between the injection 
and producing wells" The flood. front at an 
initially assumed radial position is indicated 
by the broken lineo 
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TABLE XX 

POTENTI.AL DISTRIBUTION FOR THE MOBILITY RATIO 

OF 2 9 STEP 1 

100 6805 54.8 450 8 4208 40o4 3806 37o0 36o0 35o2 3 
! 

j, 

6805 6008 5106 45o3 42o0 39o9 37.9 36o4 35o3 3406 34.4 

__ _,_,,_ 

5408 5106 46ol 43o5 4lol 39o3 37o3 35o7 3408 34.0 3 

' 

4508 45o3 43o5 4108 3908 3708 36o2 34o9 3306 32 .. 9 3 2.5 

4208 42.0 41.1 39.8 38o2 36o2 3408 33o3 t32o2 ~1. 5 3 1. () 

40o4 39o9 39.3 3708 36.2 34.8 33o2 3108 30.4 £9o4 2 

38.6 37.9 37 o3 36.2 3408 33.2 31.8 ~o.o 28o2 27ol 2 

25'7 0 0 3ho4 ?ifL '7 ?i.1.9 ~3o _::;s 3108 30o0 ?.'7o9 2fio9 P.4o 2 2 

36o0 35.3 34.8 33.6 32o2 30o4 38o2 25o9 23_9-_Q__ .. ~0.4 1 8.7 

35o2 34.6 34.0 32.9 31.6 29o4 27ol .24o2 20o4 t15o7 11.5 

34o9 34.4 33o7 32o5 ?lloO 29Al 2hofi 2201 18o7 1lo5 K) o.o 



Figure 310 The flow net for the mobility ratio of 
2 9 step 2. The.numbers represent percentages of 
total pressure differential between the injection 
and producing wellso The flood front at the 
second position is indicated. by the broken line o 
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48n9 
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39.6 
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TABLE XXI 

POTENTIAL DISTRIBUTION FOR THE MOBILITY RATIO 

OF 2 9 STEP 2 

'7(L ?i fi'7n2 4An9 42o4 ,39. 6 36al 34o9 34.0 
; 

63o3 5406 47o7 41.7 38.,0 35o9 3408 33o7 

54.6 49.5 44o'7 40o0 37.1 35.3 34.3 33.3. 

4'7 0 7 44.7 40.9 37.4 35.6 34.4 33.2 32.2 

4ln8 40.0 3'7.4 35n'7 34.2 32.'7 32.0 30.8 

38.0 37.1 35.6 34.2 32 .. 9 31.4 30.2 29.1 

IJifi n 9 35 n ?i ?i.d.. 4 l?i2 n 7 31.4 30n0 28.6 2'7.2 

34.8 34.3 33.2 32.0 30~2_ .fil3 0 6 27 .. 3 25o2 

?i?i A 7 33.3 33n2 t7,n" R 39nl 127 .2 25.2 22.'7 

33.0 32.5 31.8 ;30.2 28.5 26.0 23.5 20.4 

32.4 32.1 ·zt.o 39.6 3'7. 6 35.2 22.5 18.3 
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33.4 32.8 

33.0 

32o5 

31.8 31.0 

30.2 29.6 

28.,2 27.6 

26.0 25.2 

23.5 22.5 

20.4 

15.'7 11.6 

llo6 oo.o 
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Figure 32-0 The flow net for the mobility ratio of 
· 2~ step 3. The numbers represent percentages of 
total pressure differential between the injection 
and producing wells. The flood. front at the 
third positJon is indicated by the broken line. 
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100 

71.0 

58.7 

50.7 

44.7 

40o0 

35.7 

34.7 

33o4 

32.,6 

.32o 1 

'TABLE XXII 

POTENTIAL DISTRIBUTION FOR THE MOBILITY RATIO 

OF 2 9 STEP 3 

7LO 68.7 50.7 44.7 40o0 35.7 34o7 33.4 

63.8 55.5 49.1 43.5 39.2 35.4 33.8 32.7 

55.5 51.2 46.1 4108 38.l 34.6 33.4 32.4 

49.1 46.1 42.3 39.4 36.0 33.5 32.2 3lo4 

43.5 41.8 39.4 36.4 3308 32o2 31.() 30n 1 

39.2 38.1 36.0 33.8 32.4 3008 ;:,g O 6 2R.fi 

35.4 34.6 33.5 3,202 ::SO" R 29.7 2?. 8 26.'7 

33.8 33.4 3202 3lo0 29.6 27.8 26o4 24.2 

32o7 32.4 31.4 30.1 28o5 26.7 24.2 21.9 

32.2 31.8 30.8 29.5 27o7 25 .. 2 <;)2 0 6 19.4 

3lo9 31.5 30.2 28.9 27.4 24.6 2L8 19.0 

96 

3206 3 2.1 

32.2 3 1.9 

31.8 3 L5 

30.8 3 

29.5 2 8.9 

<;>YJ.'7 2 

;)fi.2 12 

22.6 2 LB 

19o4 1 .. 

15o2 1 0.8 

10.8 0 0.0 



Figure 330 The flow net for the mobility ratio of 
2 9 step 4. The· numbers represent percentages of 
total pressure differential between the injection 
and producing wells. The flood front at the 
fourth position is indicated by the broken line o .. 
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TABLE XX.III 

POTENTIAL DISTRIBUTION FOR THE MO BILI TY RATIO 

OF 2 9 STEP 4 

aoo 72n7 .59. 6 51.6 4601 41.4 38.4 34.6 33.6 32.9 I 32.7 
I 

72.7 65.2 56.5 5006 45.4 4lo2 3708 34.6 33.6 32.9 32.5 

59.6 56n5 52o0 47.8 43.5 40o3 37.0 34ol 33.2 32.5 3L9 --

El "r, 50.n 47.8 44.0 41.2 38.6 3408 32o9 32.0 31.3 

4i; _ 1 LLi::._4 43.5 41.2 38.9 36o0 33.1 31.5 30.3 29.6 29.4 -· 

i41 .4 41.~ 40.3 38.6 36.0 34.1 31.2 30.1 29.2 28.3 28.0 

38.4 37.8 37.0 34.8 33.1 31.2 29.4 28.5 27.3 26.0 25.3 
----·-·--··--···-

34.6 34.6 34.1 32.9 31. 5 30.1 28.4 27.5 25.1 24.6 . 

33.6 33.6 33.2 32o0 30.3 29.2 27.3 25.1 22.8 20.2 19,2 ---

32.9 32.9 32.5 31.3 29.6 28.3 26.0 24.6 20.2 16.7 13.1 

32. "l 32.5 .31. 9 30.5. 29.4 28.0 ,25. 3 22.6 19. 2 13.1 00.0 



Figure 34. The flow net for the mobility ratio of 
2 9 step 5. ,The numbers represent :percentages of 
total p~essure differential between the injection 
and producing wells. The flood front at the 
fifth position is indicated by the broken lineo 
The flood front at breakthrough is also indicated. 
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100 

'74.1 

61.9 

53.7 

la.o 
43.8 

a.o. o 

37.4 

34.8 

b4.1 

l3.9 

·TABLE XXIV 

POTENTIAL DISTRIBUTION FOR THE MOBILITY RATIO 

OF 2 9 STEP 5 

'74ol 61.9 53o7 4.So Q 43.8 40.0 · 37 o4 34. 8 

66.6 58.5 51. '7 4'7. 3 43.1 39.5 36.6 340 3 

58.5 53.4 49.3 i4. 8 12.2 38.8 36.0 34.1 

5lo'7 g,9. 3 46. 3 i3. 1 iO. 0 3'7.4 34.3 320 8 

47.3 i4. 8 43.1 i0.7 38.4 35.2 33.2 31.1 

43.1 i2.2 kl:0.0 38.4 35.3 33.3 32.0 ~9.4 

39.5 38.8 3'7.4 '.1fi. 2 33.3 30. 2 29 0 0 27.3 

36.'7 36.0 34.3 33. 2 32.0 ~9.0 26.6 ~5.0 

34.3 34.1 32.8 31.1 29.4 ~7.3 25.0 22.8 

33.9 33.4 32.2 30.0 28.6 ~6.1 23.8 20. 3 

33.5 32.9 31.5 28.8 28 .1 l25.2 23.0 19 .1 

100 

34.1 3 3.9 

33. 9 3 3.5 

33.4 3 

32.2 3 1. 5 

30.0 2 8.8 

28.6 3 8.1 

26.1 2 

23.8 2 3.0 

20.3 1 9.1 

16.5 1 3.1 

13.1 ~ o.o 



Figure 35. The flow net for the mobility ratio of 
4 9 step 1. The numbers represent percentages of 
total pressure differential between the injection 
and producing wells. The flood front at an 
initially assumed radial position is indicated 
by the broken lineo . 
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TABLE XXV 

POTENTIAL DISTRIBUTION FOR THE MOBILITY RATIO 

OF 4i . STEP 1 

102 

100 58 '7 39 6 26 9 24 4 22 9 21 4 20 8 20 0 19 6 9.2 0 . ' . 0 . • • • i • 11 
I 

58.'7 46.8 34ol 25.9 24ol 22.3 21.5 20.6 19.9 19.5 1 9.0 

39.6 34.1 2'7.5 24.8 23.5 22.3 2lo3 20.2 19. 5 19. 2 1 8.7 

26.9 25.0 24.8 23.3 22o3 21.9 90.5 19.9 19.0 lA.2 1 8.1 

24.4 24.1 23.5 22.3 ~L5 20. 5 19.9 19.3 18.4 18.0 1 '7. 2 
r 

22.9 22.3 22.3 21.9 20.5 19. 6 19.Q 18 .1 17. 2 16.4 1 6.3 

.21.4 21. 5 21.3 20.5 19. 9 19. 0 17. 8 1 '7. 1 16.3 15.4 1 4.9 

20.8 20.6 20.2 19.9 19.3 t8.l 1'701 16o0 15.4 13.4 1 3.0 

20.0 . J.9o9 19.5 19.0 18.4 7.2 16.3 15.4 13 .o 11.8 1 0.3 

l9.6 19. 5 19 0 2 8.2 ~8. 0 6.4 15.4 13.4 11.8 10. 0 D '7. () 
-- ---~ ..... 

19. 2 19.0 18.'7 '0.8ol ·~ 7. 2 603 14 .9 •13.0 J().!3 0'7. 0 n 0.0 
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Figure 360 The flow net for the mobility ratio of 
4~ step 2. The numbers represent percentages of 
total pressure differential between the injection 
and producing wells. The flood front at the 
second position is indicated by the broken lineo 
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TABLE XXVI 

POTENTIAL DISTRIBUTION FOR THE MOBILITY RATIO 

OF 4, STEP 2 

104 

' 100 61 4 44 2 33 5 25 0 20 8 19 5 19 0 18 3 18 0 17.6 0 • • . . . . . . . • 

6lo4 52.2 41.0 31. 6 24.0 20.7 19.5 18.6 18.0 17. 7 1'7.6 ·-

44.2 41.0 35.5 2'7.0 21.5 20. 2 19.5 18.6 1'7.6 17.4 17.2 

33.5 31.0 2'7_,_Q !'JL '7 !:)(). 0 l~Q 1 R. h 18.0 tJ.. 7. 4; l~ 16.8 

25.0 24.0 21.5 20.0 18.4 18.1 l '7. 8 17.0 16.2 15.8 15.8 

20.8 20.7 20.2 19.0 18.1 L '7. 8 16.8 16.3 15.4 15.2 15.0 

!19 .5 19.5 19.5 18.6 l '7. 8 6.8 15.'7 15.4 14.2 L3.9 13.2 

19.0 lR.6 lR.6 118 .. 0 1 '7. 0 6.3 1 R.4 14.2 12.8 Ll.8 11.5 
f 

18.3 11 R.0 17.6 11'7. 5 ]6.2 5.4 14.2 112. 8 10.6 10.2 09.4 

1A 0 0 17. '7 ] '7. 4 116. 8 1 fi. 8 15.2 1!'3.9 111. 8 1n.2 DR.4 05.4 

I 
l '7 6 ,17 0 6 17.2 116~8 15.8 5.0 13.2 . 11.5 b9.4 J5.4 00.0 
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Figure 37. The flow net for the mobility ratio of . 
4, step 3. The numbers represent percentages of 
total pressure differential between the injection 
and producing wells. The flood front at the third 
position is indicated by the broken line. 
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TABLE XXVII 

POTENTIAL DISTRIBUTION FOR THE MOBILITY RATIO 

OF 4, STEP 3 

100 66.2 19.6 18.4 17.6 17.0 ~6.6 

15.0 

23.6 23o0 22.3 20.2 8.0 16.0 15.8 14.6 14.2 13.8 

19.6 18.7 18.2 17.4 16.6 5.8 15.2 13.3 12.8 12.8 

18.4 17.8 17.2 16.8 16.0 15.4 14 5 
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Figure 380 The flow net for the mobility ratio of 
4 9 step 4o The numbers represent percentages of 
total pressure differential between the injection 
and producing wellso The flood front at the 
fourth position is ind.icated by the broken line o 
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TABLE XXVIII 

POTENTIAL DISTRIBUTION FOR THE MOBILITY RATIO 

OF 4, STEP 4 

J 100 65 6 49 4 39 6 32 3 26 2 21 2 18 7 ·17 6 16 9 16.4 0 0 . 0 • --i---·-· ·- . 0 '~- '-- 0 ..... 

65.6 56.5 46.8 37. 8 31.2 25.5 20.6 18.0 17.5 16. 6 1 6.2 

49.4 46.8 40.8 34.8 28.5 23.8 1 9. 6 116. R 15.6 1n.fi 1 4.8 

39.6 37. 8 34.8 29.6 25.7 22.4 18.5 16.0 15.3 15.0 1 4.6 

32.3 31.2 28.5 25.7 22.6 19.2 16.0 11 n .4 1.ti. 6 114. 0 1 3.2 

26.2 25.5 23.8 22.4 19.2 17.3 ]4.8 114. 2 13.4 112. 6 1 2.6 

21. 2 20.6 19. 6 18.5 16.0 14.8 13.5 13.0 12.6 12.2 1 1.8 

18.7 18.0 16.8 16.0 15.4 14. 2 13o0 12.5 12.1 llo3 1 1.0 

17.6 17.5 15.6 15.3 14.6 13.4 12.6 12.1 10.5 09.6 0 8.7 
: 

16.9 16.6 15.6 15.0 14.0 12.6 12 .. 2 11.3 0906 08.2 :) 5.6 
i I 

16.4 16.2 14.8 14. 6 . 13.2 ~--J.LJL~tll. 0 08o7 b5o6 n o.o 
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Figure 39. The flow net for the mobility ratio of 
4 9 step 5a The numbers represent percentages of 
total pressure differential between the injection 
and producing wells. The flood front at the fifth 
position is indicated by the broken line. 
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;36o 0 

30_0 
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22.0 

}805 
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TABLE XXIX 

POTENTIAL DISTRIBUTION FOR THE MOBILITY RATIO 

,66n7 

58.5 

48n7 

40.fi 

33.9 

?.9 - 3 

2fi O 2 

2lo'7 

l8o5 

l '7o 2 

l'7o3 

OF 4~ STEP 5 

__,fi~o2 42o0 36o0 .30o_O 25o'7 .22o0 180 

I I 05.~P, 4.B_. 7 140_.,_5.__t'"i~ n 9 129 n 3 

44o4 38o0 33o0 28.7 f4,8 __ ,2_10 5 l8o I 1'7o2 1'7.0 

3R-O .. 32o4 29o2 25o7 l22n4 19" R 160 9 15.L.8_, 15 0 '7 

33o0 29o2 2_tk_~_ 23o0 20 0 2 -- l110 6 -- JJ5....\L. 

2Ro'7 25o'7 23o0 2lo0 l8o5 l6ol l3o 8 l~__g_Q ___ 13 0 3 

24.8 22o4 20o2 l8o5 l6o0 13&_ 8_ llo __ 11.7 lll_L_ 

2lo5 19.8 1'7.6 l6ol =·--- l3o0 _ llo 9 _ 10 o _ 6 __ 10.4_10.0 

l8o5 l6o9 16o5 1308 1108 lo.6 . .QB o 

l'7o2 1508 l4o 6 l3o3 11.~_0o4 oa. 

11'700 15.'7 l4o5 ---~-
lL'IJQ._Q____ o_b5~_oo.o 08._._ 



Figure 400 The flow net for the mobility ratio of 
4 9 step 60 The numbers represent percentages of 
total pressure differential between the injection 
and producing wells. The flood front at break­
through is indicated by the broken lineso 
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74o0 
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TABLE XXX 

POTENTIAL DISTRIBUTION FOR THE MOBILITY RATIO 

OF 4 A'T BREAKTHROUGH 

,74o 0 ,62o 5 ,54. 8 49o3 44o4 40.8 38o4 ,36o 3 

l 
I 

67o4 60o0 53.2 48.7 44~4 40.8 38.4 33o9 

60o0 55.8 51.0 4608 43.2 39 0 9 37.4 B5.9 

112 

34o2 ~ 3.6 

04o2 

I 
.b 3.6 

B4o2 l 2o4 

'.l:4.4 44.4 i3o2 i1.1 39.1 3'7.2 34.7 33o0 t31.l 29.6 e8.l 

:w. 0 8 4:008 .39 0 9 38.5 36.5 34 0 7 32.4 31. 2 29.0 c::,r;. ~--e 6.4 

I 
t::sR. 4 t'i£3. ~ b'7.4 ?56.0 34.7 ~3.0 ?51.2 28.'7 ;).6.8 __ 24. 8 ____ 8 3.6 
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Figure 41. The flow net for the mobility ratio of 
6, step lo 'rhe numbers re1)resent percents.gos of 
total pressure differential between the irijection 
and producing wells The flood front a.tan initially 
assumed radial position is indic~ted by the broken 
lineo 
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TABLE XXXI 

POTENTIAL DISTRIBUTION FOR THE MOBILITY RATIO 

OF 69 STEP 1 

.100 57o2 36.1 22o3 20.6 19.4 18.5 1706 l7ol l6o7 16,6 

57.2_ M.7 33._2 __ 12 •.. 6 20.2 ___ 19.1 __ 18._2 ___ 17._4 ___ 16_. __ 9 ____ 16.7 ______ 16.6 

:,:,,2 .25.2 2.0.9 __ 13_.5 __ 18.7 __ 17.7 ... 17.0_J.6 .. 7 ··t6.5 16.4 

22.3 21.6 20.9 __ 19.8 _19.0 :i:~_Q 17.2 __ 16.6 ___ 16_._2 __ __116._0 _15.7 

20_.6 ___ 20.2 _19.5_ 19 •. 0 18.2 __ 17.2 _ 16.7 ______ 16.l ___ 15.6 ___ 14.9 __ 14.6 

19 • 4 19 • 1 1 s . 7 1 s • o __ 1 7 • 2 __ 16 • '7 16 • o ___ 14 • g 1 Lk..!L 14 . _ 2 ·-·· 14 • o 

lJ 5 Uh .. 2 17. '7_1_7...£._2 l..6. 7 __ 16_. o 14. 9 14. 3 __ 13 ._1 13. o ___ 12. 4 

.11_._.6 _____ 1.1.L.i: _17_QJ) ____ 6_Q_6__ __ l_6_ • ..l 1_4_._9 L.3 ... 3.2 __ 12.2 ___ ll_.7 ____ 11.2 

---- Lll 21..5_9__6.__ 4~4 ____ 13_,,__7 _____ 12 92 __ 110 :3 ..... 0.';:z .• 13-. .... 09. 0 

16.6 16.6 16.4 14.6 14.0 12.4 11.2 09.0 05.5 00.0 



Figure 43P The flow net for the mobility ratio of 
6, step 2. The numbers represent percentages of 
total pressure differential between the injection 
and producing wells. The flood front at the 
second position is indicated by the broken lineo 
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TABLE XXXII 

POTENTIAL DISTRIBUTION FOR THF! MOBILI~rY RATIO 

100 60.4 42.4 30o5 2106 l7ol 1606 15.9 l5ol 14.7 14.5 ~-~--- -··---
I 

I 
60o4 50o0 38ol 28.6 2LO 1608 l6o4 __ _15. 5 __ J.J5 o_Q_ J-4_Ji __ Jl4.4 
42o4 38ol :no 2 24.6 l9o0 1606 160:L 15.2 l4o4 14.4 14.2 

30.5 28.6 24.6 19.6 16.7 16.3 ··-JJj__d__ .J4 0 4 ___ J._'fl~L_ 1-4.LL 13.9 

I 
21. 6 21.0 19.0 16.7 16.4 15.4 l4o4 14.1 1~3. 6 13.&_ 12.8 

17.1 16.8 1606 16.3 11 •· Ll o.± 14. 4: 14 o_Q __ J.3. 1.___ __ 12 0 9 __ 12. 0 _ 11. g 

16.6 l6o4 1§~1 __ J,5.4 14.4 l,±E__Q__, l_3A_. 12 0 l ____ Jl~jL __ 11._Q__ 1L2 

15.9 15.5 l5o2 l4o4 l4ol 13.4 12.1 11. B 10.9 09.-2-8_ 09.5 

15.1 15.0 l4o4 14. 2 13.6 12.9 11.9 10 • ~- -1(22_,_'7_ 013_,,_5__ _07 .3 

14.7 l4o5 14.4 14.1 13.2 12.0 11.6 09,~li__ 06. 5_ 

1130 9 14.5 14.4 14.2 1208 1L9 1L2 09.5 !07. 3 0408 

04.8 

.oo.o 



Figure 430 The flow net for the mobility ratio of 
6 9 step 3o The numbers represent percentages of 
total pressure differential between the injection 
and. prod.ucing wellB o The flood front at the third 
position is indicated by the broken lineo 
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14.8 

114 .4 

14.1 

13.8 

13.5 

TABLE XXXIII 

POTENTIAL DISTRIBUTION FOR THE MOBILITY RATIO 

OF 6, STEP 3 

62.2 44.8 '33.4 25.6 .18.6 14.8 14.4 14.1 
I 
i 
l 
I 
I 

52.4 40.8 31.5 23.8 1'7.8 14__g_J 14.3_ ..l._3-2..9 

40.8 34.1 2'7.6 21.5 16.6 14. 2 14.1 13.6 

31. 5 2'7. 6 21. 6 18.6 14.4 13.9 13.5 12.'7 

23.8 21.5 18.6 14.4 13.9 13.1 12.'7 12.1 

1'7.8 16.6 14.4 13.9 13.2 12.3 11.9 11.9 

14.'7 14.2 13.9 13.1 12.3 11.9 11. 5 10.9 

14.3 114. 1 13.5 12.'7 110 9 11. 5 10.'7 09. '7 

13.9 13.6 12.'7 12.1 11.'7 10.9 09.'7 09.0 

13.5 13.2 12.1 ll.9 11.4 10.0 09.3 0'7. 3 

.13.1 12.8 12.0 . 11.9 11.0 b9.'7 09.0 06. 9 
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13.8 

13.5 13.1 

13.2 12.8 

12.1 12.0 

11.9 11.9 

11.4 

lOoO 

09.3 

0'7.3 06.9 

05.7 05.2 

05.2 oo.o 
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F~gure 44. . The flow net for the mobility ratio of 
· 6 9 step 4o The numbers represent percentages of 

total pressure differential between the injection 
and producing wel1s. 'rhe flood front at the fourth 
position is indicated by the broken lineo 
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TABLE XXXIV 

POTENTIAL DISTRIBUTION FOR THE MOBILITY RATIO 

OF 6, STEP 4 

lOO 64ol 47.6 36o9 28.7 22.7 17.5 14.4 13.9 13.6 13.Q 

64.1 54.7 43.7 34.7 t7.9 ~L9 16.8 140 2 13.8 13.1 
.. 

47 0 6 43.7 t~7 0 9 31.2 9 5.6 20 0 7 l6o4 13.9 13.4 12.7 12.6 

36.9 34.7 3L2 26.6 22.5 18.8 14. 5 13.1 12.4 12.0 11.9 

2/'i.? 27.9 25.6 22o5 19 0 5 16.2 13.9 12.2 1L9 11.8 11. 7 

22.7 21. 9 20.7 18.8 16.2 12. f3 12.0 11.8 11.5 11.2 
' 

17.5 16.8 16.4 14.5 12.9 l2o0 11.9 11.2 10.5 09.9 09.6 

14.4 14.2 13.9 1;3 .1 12.2 1L8 1L2 10.0 09.5 09.1 08.5 

13.9 13.8 13.4 12.4 11.9 11.5 10.5 09.5 08.5 07.3 06.7 --· 

13.6 13.1 12.7 l2o0 11.8 11.2 09.9 09.1 b7.3 JQQ. ti -- 04.5 
.. 

113. 0 12.9 12.6 11. 9 11.7 10 0 8 09.6 [)8 0 5 06.7 :04. 5 I 00.0 
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Figure 450 The fl9w net for the mobility ratio of 
6 9 step 5o The numbers represent percentages of 
total\pressure differential between the injection 
and producing wells. '.I1he flood front at the fifth 
position is indicated by the broken lineo 
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TABLE XXXV 

POTE1JTIAL DISTRIBUTION FOR THE MOB I LI TY RATIO 

OF 6 1 STEP 5 

100 65 1 49 4 39 8 32 1 26 1 21 3 16 8 14 3 14.0 13.7 0 . . . 0 0 0 . 
·" 

65.1 56.1 46. 0 37.8 31.1 25.4 20.7 16.7 14.2 1:3. 8 1 3.6 ------ ----·-- -----·- ·-r-------·-··------- -·-·---------
' 

49.4 46.0 40.5 34.4 213 0 4 24.0 19.6 16.0 13.8 13.6 1 3.0 --·-··-- 1---------- ._,_,. ______ 
!--·--·-----r------------·----·-·- ----.. ·~--··-- --~-----·" ____ 

39.8 37.8 . 34. 4 ..... 3Ch_4_ ___ 25 0 6. 2L8 18. :3 15. Q ___ J!;S_2.l_ __ 12 !!_EL __ 1 2.6 

32-_~L 3LL .. _ 2 8. 4 --- 2 5-_~_6 23.3 19.2 16.3 13.3 12_._l) _____ ll_L9_ 1 1. 8 

26.1 25.4 24.0 2L8 19.2 16.7 14.1 11.8 11 ._§ _____ 11.4 1 ------------ 0.8 

21.2 20.7 19. 6 __ 18.JL_ 16. ~3 14.1 11. '7 __ 11. 2 10.5 09.7 0 9.5 

16.8 16.7 16.0 15.0 1:3 0 3 11.8 11. 2 10.0 09.5 09.1 0 >------ 8.1 

14.3 14.2 13.8 13.1 12.0 11.5 10.5 09.5 08.5 Q7 ._2 __ 0 

14.0 13.8 13.6 12.8 11.9 11.4 09.7 09.1 07.2 05. 7_0 4.7 

13.7 13.6 13.0 12.6 11.8 10.8 09.5 08.1 P7.0 04.7 0 0.0 



/l!1 igure 460 The flow net for the mobility ratio of 
6~ step 60 The l}U.inbers represent percentages of 
total pressur~ differential between the injection 
and producing wellso ~he flood front at the sixth 
position is indicated by the broken linea 'T~e 
flood front at breakthrough is also indicated~ 
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TABLE XXXVI 

POTENTIAL DISTRIBUTION FOR THE MOBILITY RATIO 

OF 6~ STEP 6 

11 on hh,17 ::5L7 41. 7 34.5 28.7 24.4 20.2 1.6. 6 14.4 14.1 
I 

66.7 58.3 ~9.3 40.1 33.3 28.1 23.6 19. 5 16.4 14.1 14. 0 

51. 7 (l:9.3 4:2.2 36.2 31. 2 26.4 7 2. 5 19.0 15.3 1~__...!._8_ 3.6 

k.1:1. 7 4:0.1 36.2 32.3 28.5 '24. 3 21.0 17.8 14.,_2 __ 12. 6 __ 12.5 

~34. 5 B3.3 31. 2 28.5 25.5 21. 9 19.0 16. 6 3.1 11.9 11.8 --

28.7 28.1 26.4 24 0 3 89.9 19. 5 17 0 2 14.4 ·- J .• 9 ---10 0 8_ .... - 0.2 

24.4 23.6 22.5 f~LO 19.0 17.2 14.5 12.1 09.8 09.4 09.3 -------- ·---·---·--

20.2 19.5 19.0 17 0 8 16.6 14.4 12.1 10.2 07.9 -- 07.JLfL 07.4 

16.6 16.4 15.3 14. 3 13.1 11.9 09.8 07.9 )701 06.5 05. 9 --------f-------·-

14.4 14.1 13.8 12.6 11.9 __ 10.JL_ Q.9 0 4 __ 07.5 06.5 04.7 .04. 3 

11401 14.0 13.6 12.5 1L8 10.2 09.3 07.4 05.9 04.3 loo.o 
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