RESERVOIR STUDY
NORTH VIRIBN SCALLION PIELD, MANITOBA

The Californis Stendard Compeny
Engineering Division
My, 1958



TABLE OF CONTENTS (1)

Page
Teble of Contents (1)
List of Tables end Figures (i1)
List of Appendixes (111)
Summery ' 1
Report:
History 3
Geology 3
Completion Technigues 4
Porosity end Permeabllity Profiles 5
Isopachs 6
Special Laboratory Investigations 7
Bottom Hole Pressures 8
Reserves and Primary Performanoce 8
Methods of Secondary Recovery Avallable 9
Prediotion of Reocovery by Water Flooding 9
Possible Sources of Injection Water 12
Unit and Cross Line Flooding Agresments 12
Pilot Water Flood 12
Full Socale Vater Flooding 14
Referenocen 15
Appendix I 16
Appendix II 22

Figures and Tebles



(1)
LIST OF FIGURES AND TABLES

~Figures follow Page 29 at back of report:

Pigure 1
Figure 2
Figure 35
Figure 4
Figure 5
Figure 6
Figure 7
Mgure 8
Figure 9
Figure 10
Figure 11
Figure 12
Figure 13
Figure 14
Figure 15
Ficure 16
Figure 17
Figure 18
Figure 19
Figure 20
Figure 21
Figure 22
Figure 23
Figure 24
Fipure 25
Figure 26
Figure 27
Figure 28
Figure 29a
Figure 29b
Plgure 259¢
Pigure 29d
Figure 30
Figure 31
Figure 32
Figure 33

Table I
Table II
Table IIX
Table IV
Table V

Stretigraphic Seotion of Producing Zones

Structure Contours on top of Missiseippian

Contours on Oil-ater Interface

Porosity and Permeability Profile, Scallion 12-16
Eleotric Log, Soallion 511

Cherty Zone, Isopach of Net Effective Pay

Cherty Zone, Isopach of Porosity Thickness

Oolitic Zone, Ysopech of Net Effeotive Pay

Oolitic Zone, Isopach of Porosity Thickness

Crinoidal Member, Isopsch of Net Effective Pay

Crinoidal Member, Isopach of Porosity Thickness

Average Water Saturation va, Ky/Ko

Production Water Cuts, dJune, 1957

Areas of Open Fraoturing and Leached Porosity

Total Production Rate vs, Cumulative Production

Rate, Water Cut & Wells ws, Time

Parformance Curve, Field«Wide Flood

Pilot Water Flood

Performance Curve, Pilot Water Flood

Zones of Completion

Air Permeability-Water Saturation Correlation, Cherty Zone
Permesability Distribution, Cherty Zone

Permeability Distribution, Oolitic Zone

Air Permeability vs. Water Saturation, Oolitioc Zone
Permeability Diatribution, Crinoidal Zone
ifater Permeability vs, Air Permeability
Fraotional Flow va, Vater Saturation
W.0uR. vss Displacement Efficiency
Permeability Variation vs. Recovery, W.O.R.
Permesbility Verietion vs, Recovery, W.O.Re
Permeebility Variation vs, Recovery, WsO.R.
Permesbility Veriation vs. Recovery, W.O.R.
0il Permesbility vs, Air Permeability
WeOuRe va, Coverage

WeOuRe vs, Areal Sweep Efficiency

Water Flood Recovery

Easan
n
wi

Bottom Hole Pressure Survey Results

Averaging Ke/Ko vs. Sy Curve, Cherty Zone
Prediotion of Water Flood Recovery by Welge's Method
Combining Bq, Ey and E4 to Prediot Flood Behavior

 Prediotion of Flood Bshavior After Breakthrough



Appendix 1

Appendix II

LIST OF APPENDIXES

Reserves and Primary Performsnoe

A,

B,

Original Stock Tank Oil in Place

Primery Performance

Injectivity and Flood Prediction

A,
B,
Cc.
D,

.

Injectivity Caloulations

Welge's lListhod of Flood Prediotion
Dykstra=Parsons! Prediotion of Recovery
Areal Sweep Efficlency of Water Flooding

Water Flood Recovery Efficiency

22
22
23
26

27
28

(111)



RESERVOIL STUDY
NORTH VIRLEN SCALLION FIELD, MANITOBA

May, 1958
SUMMARY
I. Stetement of Problem

To analyze the primary performsnce, and to investigate the possib=-
ility of secondary recovery of oil from the Missiseippien limestone
in the North Virden Scallion Field, Manitoba,

11, Findings

A, The discovery of oil saturation and commercial production in the
Lodgepole formation of the Mississippian at California Standard
Soallion 3=11 during Decenber, 1953, led to the development of
the North Virden Scallion Field (formerly North Virden field) in
Manitoba,

7 Be The original oil was an undersaturated crude at approximetely 900
/5 Ip' psig. oontaining 70 cublo feet of gas per barrel of residual liquid, s
A with a bubble point pressure of 145 psig, ol

Ce The estimated oil in place from volumetrio caloulations is 163,000.000
barrele for the entire field.

D, Primary performance from decline ocurve analysis indicates & recovery
of 20,000,000 barrels, This indicated recovery is 12% of the oil
in place, Cumulative production to February 28, 1958 is 5,574,038
barrels, or 3.7% of the estimated oil in place, The recovery by
fluid expension down to the saturation pressure would only aooount
for 046/, - ' :

Es The bottom hole pressure is declining rapidly, as evidenced by the
7! Mt z 15 psi, per month decline at Sun 4=23, This pressure drop is . ., '~
reflected in the average well production decline of 11 BOPD per /-

year,

F. VWater Flood caloulations indicate a total ultimate primary and
secondary reocovery of 35,900,000 barrels for the field, or 224 of
the oil in place,

G, A field-wide water flood would necessitate building a pipelins to
the Assiniboine River, This would cover a distance of approximately
4 1/2 miles end would cost an estimated §$124,000, Pilot flooding
could be served by produced salt water,

He Unitization or cross=line flooding agreements would require
negotiations involving twelve operators,
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I. The estimated capitel costs of a field-wide flood are 1,5 million
doliare, This assumes development on an BO-acre 5=spot pattern,

g 19 would recover an additional 1,340,000 barrels over primary

,Ju / 4{;/ '/ / Jo A double five-apot pilot water flood located as showmn in Figure
: 1."1{’1 ,r%a
/ “r performance,.

II1. Conolusions

ls Ultimate recovery in the North Virden Scallion fisld ocan dbe
substantially inorsased by water flooding.

2¢ A double 80=acre 5=spot pllot flood should be initiated as soon
as possible in order tot

a) Aoquire acourate injeotivity date,
7 v and inorease production in the
vicinity of the pillot flood.

3¢ Negotiations for unitization and/or co=operative flooding agreements
should be initiated as soon as possible,
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RESERVOIR STUDY
NORTH VIRDEN SCALLION FIELD = MANITOBA

HISTORY

The discovery well, Californis Standard Soallion Prov, 3=l11,
located % miles north of the town of Virden, in LSD 3, Seotion 11, Township
11, Range 26, Vi,PuM. was spudded November 28, 1953, O0il saturation was
encountered in the Orinoidal Zome of the Lodgepole Formation and further
coring and testing indicated commerocial production from the five Oolitiec
gzones, Casing was set at the top of the First Oolite, The open hole was
acidized with 500 gallons, Flowing and swabbing yielded 143 bbls, at a
finel rate of 6 tbla/hr. The hole was re~acidized with 500 gallons and
swabbing ylelded 170 bbls, in 26 1/2 hours, outting Ow6% water, A third
acid job with 4,500 gallons gave 357 bblas, in 41 hours at & final rate of
5 bbls/nr, cutting 8-16% weter, Tubing, pump, and rods were run and the
well was put on production December 31, 1953, Initial produotion was 75
BOPD outting 20% water, Production had decreased to 20 BOPD, outting 7% by
April, 1956, when a Crinoidel rework was attempted, This was thought to be
unsucoessful, Produotion haed decreased to 13 BOPD, ocutting 3T% by November,
1957,

Subsequent offset and stepout drilling by Californie Standerd and
other compenies continued rapldly through 1955 when et year end 113 wells
were producing, By September, 1957, there were 216 wells producing,
including 100 California Standerd wells, Peak field production was reached
in July, 1957, at 6,846 BOPD of which 3,590 BOPD was produced from California
Stendard wells., Drilling is continuing presently et a mich slower rate and
is oonocerned with the extension of west and eest flanks,

GEOLOGY

Note: The following discussion and observations are based on a paper
"Virden=Rosgelea end North Virden", prepared by C. A, Berg, formerly
Development Geologist, Virden Distrioct Office, The paper was given at the
Williston Basin Symposium, October 10+12, 1956, and the abstrect e.ppears
in the publication of the Williston Basin Geological Committee,

The North Virden Field lies on the northeast flank of the Willias=-
ton Besin, direotly north of the town of Virden. The field is basically
& stratigraphic trap in the Mississippian, the limits partially controlled
by & structural nosing,

The reservoir rocka are part of the Lodgepole Formation of Lower
Mississippian age, and are underlain by Ordiviocian, Silurien end Devonian
sediments, The overlying deposits are Juressic and Cretaceous sediments,
and glacial drift. The reservoir rocks are mainly oclastic limestones, sub-
divided by thin interbeds of argillaceous limestone, The Lodgepole Formation
hes been subdivided into three members - the Socallion Member, the Virden
Member and the Whitewater Lake lMember in ascending order (see Figure 1), All
three are oil bearing in the Virden area, although the Whitewater Lake ilember
is not o0il bearing within the limits of the North Virden Scallion Fielid.
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The Scallion Member is predominently a finely orystalline cherty
limestone conformeble with the underlying Bekken Formetion, and is approx=
imately 200 feet thick within the field area., The upper productive portion
of the Soallion Member, commonly known as the "Cherty Zone™ hes been leached
over & portion of the field (see Figures 3 and 14) inocreasing the permeability
end porosity and destroying much of the structural and textural features of
the rock, The leaching by ground weters during en erosion period has taken
place regionally over mich of the Lodgepole but the most noticeable effect
is in the Cherty Zone of the North Virden Scallion Field.

The Lower Virden Mewber consists meinly of oolitic limestones
interbedded with argillaceous limestone or caloareous shale, Hence its -
common nems == the Oolitic Zone. These colite bends are oyoclic in nature .
and total four in the area =~ the Fourth, Third, Second and First Qolites
in amocending order, A Fifth Oolite or Fifth Fragmental has been desoribed
but generally blends into the Cherty Zone and within this study has been
included as & part of the Cherty Zome. Overlying the "Oolites" are
argillaceous limestones and shales.

Above this lies the Upper Virden Member, & bioclastic limestone
mainly Crinoidal debris, somstimes orystalline = the "Crinoids" or "Crinoidael",

The overlying 7hitewater Laske Member is not important within the
soope of this report and will not be elaborated on, It is generally doioe
mitiged within the field and the rocks up to the top of the Lodgepole
Formation are variably argillaceous, dolomitic and anhydritic,

As mentioned before the field is pertially controlled by atrusture,
This is in the form of a true structural nosing, reflected somewhat by the
Lodgepole erosion surface (see Figure 2)., WVells in which the Lodgepole
Formation is struoturally high generally show the effeot of post=Lodgepole
movement, This results in a fraoture system, in some places being anhydrite
infilled, There is little evidence of my degree of movement along the
fracture plenes, The breccies gones within the Soallion Member are thought
to be due to infilling of oracks extending to the erosion surface during
the Amaranth trensgression end are not fault breoccias, The structures are
thought to be low angle folds and the maximum dip of struocture is only five
degreas,

CQMPLETION TECHNIQUES

The original technique employed wes to set 7" ocasing at the top
of the Oolite Seotion, leaving the Oolites and Cherty Zone open, total
depth beinz somewhere near the oil/water contact in the Cherty Zone, An
a0id wash with mud acld and a sgueete with regular acid was used to stimulate
the wells, which were then swabbed for a short evaluation, Bottom hole pump
end rods were run in 2" tubing and the well placed on production. Some wells
flowed initially,
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Further stimuletion was employed, particularly in the scuthern
portion of the field. A section opposite the Crinoidal was perforated
with jets and bullets and a small size (10,0004 end less) sandfrac was
used to stimilate this zone, The open hole below was temporarily plugged
offe The sand carrying agent is wiscous orude (loocal orude with additives)
in this sand=cil process..

Recently, the trend has been toward casing through the entire pay
seotion, setting the float collar 5! below the base of staining in the
Cherty Zone. All wells are cored through most of the pay seotion and down
to the base of oil staining, The zones which appear favorable on cores and
logs are selectively perforated through the casing and are stimuiated,

Also a change of ldeas on stimulation teohnique has teken place, It is
thought that e sandwoil or sand=acid fracture treatment will more completely
stimilate this type of reservoir and this then, is the method commonly used
now, Yhere any evidence of open fracturing (mainly in the Oolites or Chor'Ejr‘\
Zone) is shown, the treatment is generally restricted to an acid jobs The—
unfavorable feature of the frasoturing treatment is that induced fractures
tend to extend dowmweard, and where sets of perforations are relatively oclose
together, the primary cement job gives wey establishing ecirculation between
the perforations outside the ocasing. For this reason experimenting with
posmix, gel and latex oement, end with cementing procedure has been carried
out,

POROSITY AND PERUEABILITY PROFILES

) During the course of the North Virden Scallion Reservoir Study

\f’ a number of porosity and permeebility profiles were drawn from the available
' joore analyses, From these & north=south axial oross-seotion and a number

,\f ' lof east=west seotions were drawn, The sections showed that although the

" Mjpeservoir was layered within the different pay zones, bands of similar

~ ' |permeability were not traceable throughout the length of the fisld, This

\’ . was espeoially noticeable in the Cherty Zone, with the possible exception

éof & rather thiock and permeable lens near the top.

Ons profile, that of Californie Stenderd 1216 (LSD 12, Section
. 16, Township 11, Range 26, V,P.li.) which was cored through the entire basal
- oarbonate to the top of the Bakken Formetion, revealed a number of interesting
items (see Figure 4), The Scallion Member here, as in other wells in the
y;field whioh penetrated its totel extent, attains a total of approximetely
\i - 200 feet of vertical thickness. The porosity was quite high (up to 35%) in
Ly the leachsd zone near the top of the Cherty Zone, Although the porosity did
Svt 7 deorease with depth, the Cherty Zone remained continually porous all the way,
ranging from 8«15% porosity., The horizontal permeability profile suggested
8 leyered reservoir and aquifer, The maximum permeability of the more
N permeable layers decreased with depth, and the separate layers became as far
epart as 20 feet, compared to one foot and less in.the pay zone,

The Oolites showed moderately high permeability, up to 300 md,
where developed, ZEach Oolite bend was definitely seperated from the next
by dense bands,
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The Crinoidal was fairly contimuous with low porosity (10-15%)
and very low permeebility, around 5 md. For the latter two zones this
observation seems to be borne out in other wells,

3
¥
) \\‘ The main portion of the reservoir, the Cherty Zone, seems to L :
RN b\} have enough permeability and vertical oommegtion from lens to lens to be Locdirite
H\? I \ reasonably effiolently swept by any seocamndary recovery progrem, '
v ..“
\ \!(_f-;' *ff ISOPACHS
‘l F-’ é:_i*“ The largest single variable faotor seems to be the “effeotive
A" pay" thiclmess, and thenoe oil in place, 8o this feature was examined in
as mich detail as possible, It was decided to treat the reservoir as
three separate zones for oil in plece caloulations, The best pguide is the
oore analysis and approximately one well out of four has had the core analyzed,

A permeability out=off of 1.0 md., was selected for all zones,
Isolated permesble stringers of low vertiocal extent were ignored, Other
techniques of pilecking effective pay were oonsidered, including log inter-

pretation and core desoription. The finished isopachs, however, were baged
mainly on the ocore analysis results,

The Cherty Zone proved to have the most complete information
except in the southernmost area, A questlonable factor was the establish=

4 ment of en ollewater conmtact, Tmmxmgnnmum and
W can be seen on some electrical loges (mee Pigure 5)., Attempts at meking up

ﬂ" ,; ‘poilewater contact siructure maps from D.S T. results and from logs did not
l\} Ny :merove on the existing map. This ma; meinly on wisual examination
* a of oores and i8 shown in Figure 3 al:ii‘ornia Stenderd Producing Department

5 Mep ~7985=B6). The top of the Cherty Zone is readily determinable
from core snd log picks. Where the core analysis did not extend to the
‘. ollwweter interfece a percentage of net pay %o gross pay from the cores
o analyzed throughout the field was used to extrapolate, From these walues,

(' end with the aid of logs and core desoriptions, an isopach was drawn (see
“ Figure 6),

Using average porosity figures from the snalyses availeble
combined with pay thiokness indicated on the isopach, & porosity-thickness
map was produced, This gives the pore volume snd is used later to oeloulate
the oil in place (see Figure 7).

Iy Mach the same teohnique was used for the other zones, The Oolitic
Zone had more complete informetion and the total section wes analyzed in
most cases, Thus it was not necessary to depend on extrapolation to such
e lerge degree to permit drawing of isopachs and contours of porosity footage
(see Figures 8, 9)s The procedure for the Crinoidal was similar, although

f i ‘;u' the oomplete section was not always analyzed (see Fi 8 10, 11
¥} \.r:-
{ o E—
TR
ot \JQ .
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SPECIAL LABORATORY INVESTIGATIONS

A,

Water Flood Tests (C.ReCe Project 24,029)

Water flooding tests were run on twelve core samples from California
Stendard Soallion wells by Celifornie Research Corporation. The distri-
bution of these samples according to sone and permeabilities was as
followst Cherty Zone, seven samples, 3,7 to 98 md., average 32 mdj
Oolitioc Zone, three samples, 9.3 to 192 md,, average 68 md; Crinoidal
Zone, two samples, 3.2 to 16,1 md,, average 9.6 md, The pertinent
results of the tests are shown below:

Cherty Oolitio Crinoidal

¥
)

Zone Zone Zone
1, Average residual oil
saturations (infinite WR) 34% 40% 25% 1y
2. Ini J T m" . t
3¢ Average oil saturation ‘ N
at breakthrough 48% 62% 428
4, Average oil recoveries _ F \
at breakthrough 365% 20% 365% 3

Relative permeability ratio versus saturation ourves were given
for each sample., These are averaged for the Cherty Zone and shown in
Figure 12 (see Appendix II B), Also included in the report wea a
water permesbility at flood end versus air permeability ourve (shown
in Figure 26),

Subsurface Fluid Analysis

Reservoir fluid studies have been carried out by Core Laboratories
Inc, on three North Virdsn Soallion field wells, Oalifornia Standard

Soallion wells 3=21, 4=11 and 10=16, The first two wells mentioned /““ """

showed comperable results. These tests were run July, 1956 md June, '

1954 respectively. The third well, 10=16, which was tested March,

1956, shows quite different results. The averege figures from the ., ./~

other two tests were used and the results are as follows:

1. The average saturation pressure of the fluid at reservoir
temperature was 145 psig, This indicaetes that the reservoir
fluid exists in a highly undersaturated condition (see section
on bottom hole pressures).

2, The fluid yislded 70 stenderd cubic feet of vapour per barrel
of residual liquid. The average initial formation volume
factor was 1,045 bbl/bbl,

3. The average fluid viscosities were 3,52 centipoises at satur-
ation pressure, and 5.74 centipoises at atmospherio pressure,

o £k

e
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U it gty 2 Lo S 2
v oS0 /1)”,,,, :
G
\! ', BOTTOM HOLE PRESSURES
- : “w
?,/Jc*‘r' The bottom hole pressure on Californis Standerd Scallion 9=16 NS

wes 906 psige in April, 1955, This was the first acourate survey taken
in the field, A survey in September, 1955, shows 859 psig, No further <
pressures have been obtained, The well which has been surveyed, the most
often, Sun E, Hutchinson 4=23, shows an average drop of 15 paifmonth
since it was drilled, This well has never produced any oll and is on the .}
osast flank of the field. At this rate, Soallion 9«16 would have decreased & .
to 425 psig. by December, 1957, The long shut=in time required to obtainj i:j' Iy
-]

Leos ,//3

a._complete build-up with its resulting loss in produotion is the biggest
drawbaok to running bottom hole pressure survefs in this field, The =t N
poor control and questioc results posgilble to state any

definite trends, The pressures are highsr on the western flank but are
dropping moderetely fast throughout the field. The results of all

availeble surveys are shown in Table I, Proiesrom ke l@ ke
Y . bar o
RESERVES AND PRIMARY PERFORMANCE meldie mpzale b e
L Aa o e oon e o e "\.,-'I" s
Original 0il in Place AT O

M estimate of the original oil in place was made by the volumetrie
method and was oalculated to be 163,000,000 barrels for the totel field,
Of this, 131,000,000 barrels are in the Cherty Zone, 18,000,000 barrels in
the Oolitea, and 14,000,000 barrels in the Crinoidal., The following field
average values were useds )\Q}-

font

¢ 16 A
et voge . r:: we ¥ ChBrty Oolitio Crinoidal ‘j‘ *

R Zone Zone Zone AVE

' 1, Footage weighted . 6\
average porosity 12,9% 11,2% 104 7% |

::,k:‘r'g_( Effeotive pey thickness 22,11 545 3.5 77 I

3, Initisl oil seturation 5% 53%, agh.

¢ 4o Formation volume factor 1,045 tbl/bbl,

e

~
4

e &

In_oaloulating this totel oil jn plece. ihe. Crinoddal only. do
the gouthern part of ihe fiold wes gonsjdered, See details in Appendix
I A, A map showing the oompletion gone for each well is shown in Figure
20,

Primary Performence and Decline Curve Analysia

A well=by-well analysis of decline ourves snd extrapolation of
rate=cumilative ocurves gave primary recoveries renging from 3% = 28% but
everaging around 1(fs. The difficulty in predioting performance on an
individual well basis is that many of the wells have not yet shown &
definite trend in their rate~cumulative ourve, Also 1t is diffioult on an
individual well basis to prediot which of the zones are contributing to
produotion. The wells near the flanks (especially on the western edge)
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mey be showing higher percent recovery due to the edge-water expansion.
Pesiodio production water out meps seem to substantiate this, (see Figure
13), The fracture system has been studied and is shown in Figure 14.
Productivity is higher in this area as is evidenced by individual well
decline ourves,

]

deoline curve analysis seem to becomo less obvious and somewhat masked in
a total field deoline ourve analysis, Hers the rate-per well= |
oumiletive curve shows a trend as does the water out (see Figure 15). v |
The latter is thought to be influenced by the edge wells which are producing w

The difficulties which becoms troublesome in individual well )U_) ﬁ

large emounts of water and does not represent s typical well in the central
portion of the field, Individually, these well.n&_rsjarting to deoline
and are not showing high water outs, A rate per well verbus tims turve
has been shown in Figure 16, Using all these other curves as a guide the
rate=~time ourve has been extrapolated to give the primary reserves. The ) LLM
primary reserves for the field have been estimated at 20,000,000 b&rrela.r;l«ﬁ}/w
This is 12% of the original oil in place.
Ly Sapf s 37 S,
The oumulative fisld production to February 28, 1958 is 5,974,038 7,47’&
barrels, or 3.7% of the estimated oil in place, The recovery due to T
expeansion of the oil with a pressure drop down to the saturation pressure
is lese than one percent, This indicates some additional source of energy
--{see Appendix I B?. '

METHODS OF SECONDARY RECOVERY AVAILABLE

In order to inorease the reccvery from 12%, it bocomss necessery
to analyze the methods of secondary recovery aveilable,

There are & number of these methods == water flooding, air or
gas injection, and underground combustion, Water flooding has been selected
as the most applicable in this field,

A pilot flood based on an 80=-scre 5-spot pattern would conform
with the 40=acre well spacing and ocould be expanded to includs all the
K floodable eres, Pattern flooding can be instituted in e field with op
I

without unitization,

= PREDICTION OF RECOVERY BY WATER FLOODING

The secondary regovery under water flooding was predicted using
& oombi:za ion of Welge's(lg displecement efficiency oonocept, Dykstre and
Parsons vertical sweep efficiency or permeability variation efficiency,
and the concept of areal sweep efficiency in pattern floods as explained
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by Ceudle, Erickson and Slobod(3), The Stiles Method, an alternative
solution to the Dykstre=Parsons Method, is not used here beocsuse it is
applicable only where the mobility ratio is unity, a situation which is
not the oase here, A brief disoussion of the ideas and limitations behind
each method is presented here and detailed cailoulations are shown in
dppendix II.

Vielge lMethod

The Vielge Method is basiocally e simplified method for computing
the o0il displaced from & homogensous reservolr rock by a fluid whioh oan
be considered incompressible and soible with the oil. It is based on
relationships derived by Leverett(4) and by Buokley and Leverett(5), The
mathematicel equations needed, the frastional flow and frontal advanoce
rate formilae are derived by applying Darcy's law to the flowing phases
and by material balance considetdtions, A treatment of this type will give,
for any exploitation time considered, a plot of oil saturation against
distance in the reservoir, This method brings forth an analyticel method
of caloulation of saturation, henoe o0il recovery, requiring no integration
of the srea under the plot, A knowledge of the relative permeabilities is
required only over a limited intermediate range of saturations. As stated
before, one of the limitations is that the driving fluid is considered
incompressible and immisoible with the oil, Thie is not too serious, The
reservoir is considered to be a linear section in Welge's Miethod. The
section is oconsidered to have a length the distance between injeotion and
producing well, & depth equal to the pay thiockness, and breadth to give the
required volume - the same as the wolume of oil in place, This gives a
reasoneble approximation,

Other reasonable assumptions which are inherent in the relation~-
ships aret visoous flow, funiocular distribution (continuous) of both
phases, affective permeabilities are functions of saturations only, and
two fluids flowing,

Limiting essumptione are steady state flow, and homogeneous
rock section,

From the celculations displacement effioiencies are found for
various water saturations, Water=-oil ratios are oalculated from the
mobility ratios (henoce oil fractions flowing) at the same water saturations.
Displacement efficiencies are found as a function of waber=-oil ratios.
Detailed cslculations sre shown in Appendix II B,

_l?ykstra and Parsons lethod

This method of calouletion of water flood recovery attempts to
predict the vertical aweep efficiency considering permeability variations
in the reservoir rock, It assumes statistiocal distribution of permeability
throughout the section., That is, the logarithim of the permeabilities
will show a linear relationship with the percentage on a probability scale.
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It is assumed that there is no orossflow between layers, Alsc, relative
wator permeabilities behind the interface are considered equal for all

strips and, similarly, relative oil permeabilities shead of the interface
are equal for all strips, This is not striotly true in ell ocaeses, but
theoretiocally relative permeabilities are funoctions of saturation for a
particular reservoir rock, From the oaloulated permesbility variation end
mobility ratio, ooverage or vertioal sweep efficiencies are found for various
weter-oil ratics as shown in Appendix II C,

Areal Sweep Effiociency

Due to the configuration of flood patterns there will be portions
of o0il unswept at any partioular time in the life of the flood, This
efficisncy will inorease with time and thus with inore g water-oil ratio.
Prom & method discussed by Ceudle, Erickson and Slobod{3) and results of
x=-rey shadowgraph studies on models, eareal effioiencies can be caloulated,
Onoe again conditions have been idealized where reservoir thickness and
permoability are uniform and reservoir boundaries are considered as
impermoable barriers. From the mobility ratio areal sweep efficiencies
ocan be found for various producing ratios, thus for various water-oil
retios, For deteiled ocalculations see Appendix II D,

Water Flood Recovery Efficienay

The various effiociencies are found as functions of water ocut,
0il ocut or water=oil ratio, The recovery efficiency of the flood lss

R = (Displacement efficiency) x (Coverage) x (Areal sweep efficiency)

If all three vary similarly with W,0.R., ie6s 28ll increese with inoreasing
W.0eRe, then the effective recovery efficiency of the flood is & ocombination
of the three and can be applied to the oil in place to give an expected
recovery., This is what is done here, and detalled caloulations are shown
in Appendix II B, the end product being an oil ocut versus recovery curve for
an 80-acre 5=spot pattern as hypothesized for the North Virden Seallion
water flood.

The results of the flood caloulations are shown on Figure 33. At
water breakthrough 10% of the oil in place at beginning of flood has been
recovered, Assuming water flooding commences Ootober 1, 1959, the total
ultimate oil recovery is estimated at 35,900,000 barrels, This 1s made up
of 9,890,000 barrels estimated oumilative produotion to Cotober 1, 1959
pius 26,010,000 barrels under flooding. A performance curve of a field
wide flood is shown in Pigure 17,
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POBSIBLE SOURCES OF INJECTION WATER

The most probable source of injection water for a field=wide flood
would seem to be the Assiniboine River, approximately 43 miles eas’ of the
North Virden Scallion field. This river is a geolozically mature stream with
a wide meander belt and moderate flood plain, A preliminery investigetion
of the river installation has been made in order to obtain cost estimates,

A 6" 0,D, asbestos cement line oould handle the trensportetion of
water from the river banks to an injectlon plant, However, the 250' drop
from river banks to the river would necessitate oeygﬁ-_]ge\’ steel, For
greator detail see estimated costs on page 13.

Underground sources for injection water ocould inolude the
producdd watsr from the field itself, This would probably be suitable for
a pilot flood but the amount (1,522 barrels per day in September, 1957)
is not sufficisnt to hendle the requirements of & field-~wide flood
estimated to be in the order of 10,000 barrels per day, A 6" line would
hendle up to 17,000 BPD,

A second underground source of water is the Ashville (or Viking)
Send which is lmown to be water bearing in many parts of the area and has
flowed water to surface in the East Virden area of the Assiniboine River
Valley in Seotions 28 and 29, Township 10, Renge 25, V.P.i.

A third underground source is in the glacial drift along the
River in this seme East Virden aree, This gravel zone encountered at
a depth of approximately 100' has flowed water in moderate amounts, but
its extent and capacity is unknown, Compatibility with formation water
would have to be considered with all these sources,

In all, the surface fresh water source in the Asainiboine River
seems to be the most attractive; and it is the source assumed in the
section on field-wide flooding,

UNIT AND CROSS-LINE FLOODING AGREEMENTS

Expansion of the pilot flood could not be made without the .

co=~operation of other operators, Field-wide flooding would require
unitization or oross=line flooding agreements, The pilot flood would not
pre judlce future unitiszation or cowoperative flooding,

PILOT WATER FLOOD

A pilot water flood is proposed to test the feasibility of water
flooding in North Virden Scsilion. This proposed pilot water flood would
be in the form of a double 8Q-sore five spot (ses Figure 18), It would
involve conversion of six producing wells to water injeotion and would
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direotly offset eleven producing wells. The location of the pilot flood
has been chosen for several reasons, which are listed bslows

a)

b)

o)

d)

e)

£)

following:

1)
2)

3)

to bes

The pay zone in this area represents reasonsbly saverage conditions,
with & moderate eection of Cherty Zome pay which is the main zone
under consideration,

Wells with good initial production respond most rapidly to flooding.“"y?

Thus pllot flood results can be assessed in the shortest time. ,
w

The location is close to the present salt water disposal plant ¥ V’*‘E

located in LSD 9, Seotion 16, Township 11, Renge 26, WePelis, and )" ¢ '

existing facilities could be utilized conveniently. The water u:"’f M

requiremente could be supplied by salt water from this plant, ,,r“ M ':'pab
w7t

A double five=spot was chosen to give more conoclusive results in

the same period of time, end would cost very little more than a

single fivewspot flood,

All the proposed injeotion wells are open to the Cherty Zone,

~and only one is cased through; therefore a minimum of rework

time and expense would be involved for conversion to injection,
The injectivity informetion obteined from the pilot flood mey
indlcate the feasibility of & more efficient pattern for flooding
the north pert of the fisld (e.z. 2n axial line drive),

Flood predictions on the doubls fiwve=spot pilot flood show the

Total recovery under flooding is 2,440,000 barrels,

Recovery faotor is raised from 9,5% primary to 21% of the oil in
place with water flooding. 7

e hic PRI
The increase in reserves is 1,340,000 barrels, . "7%°F

This sssumes water flooding commences Ootober 1, 1958,

The ocapital costs involved in such & pilot flood are estimated

Additions to salt water disposal plant $32,000
Conversion of wells to injection 28,000
Injection lines 25,000

Indireot expense

7,000
Total $9§ .000

This considers using salt water disposal plant facilities

wherever possible, including settling pits and pump, See Figure 19 for

performence curve of the pilot flood.
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FULL SCALE WATER FLOODING

The pilot flood could be expanded to inolude most of the field,
if desired. The nature of co-operative agreements between the various
operators would determine the form of expansion.

As mentioned previously under "Sources of Injection Water",
field-wide flooding would in all probability require building a pipeline
from & central injection plant to the Asainiboine River, a distance of
some 4 1/2 milea, Cement-lined steel would be required to negotiate the
250" drop from river banks to the river bed and a pump installed at the
base, Water clarification facilities would probably be needed here if raw
river water was used, 6" O,D, asbestos~cement line seems suitable for the
majority of the line from river banks to injeotion plant. At the plant
storege facilities, filters, backwash pumps, electrical controls end settling
pits would be needed, aas well as an injeotion pump, The injeotion system
has been considered as a diagonal grid of 2" and 3" 0.D. cement-lined steel

pipe.

The flood caloulations, as outlined previously, show the following
results when applied to the total field under flooding:

1) Total ultimate recovery, primary end secondary is 35,900,000 barrels.
2) The recovery faotor is raised from 12% primery to 22% with flooding,.
3) The inoreese in reserves is 15,900,000 barrels,
/ 4) The secondery recovery life is estimated at 18 years.
These predictions assume that unitization and/or oross-line
flooding agreements have progressed to the stage wherein all wells designated
for water injection under & five=spot pattern will be injecting by October
1, 1959, Also, the number of wells is essumed to remain constant at 23%0
(as of February 28, 1958). The decline is based on the present downward
trend in the BOPD/well curve in Figure 16,

The estimated capital costs involved in this project are as

followss
Injection plants _ $170,000
Conversion of wells 480,000
Injection lines 450,000
Water supply 124,000
Field expense and contingencies 276,000
Total i,. gw ,ﬁ

These estimated ocosts assume a common water supply system, the
costs of which would be prorated among the operators; regardless of the
type of co-operative agreement reeched,
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APPENDIX I

RESERVES AND PRIMARY PERFCRMANCE

Original Stock Tenk 0il in Place

The originel stock tenk oil in place was caloulated from the

eguation:
N = 7,758 ¢ Ah 8oy 1
3
where N = satock tank oil in place, barrels
¢ = average footage weighted porosity, fractional
A = gurface area, aores
h = effeotive pay thickness, feet

1)

So; = initiel olil saturation, fractional
/4 "= formation volume factor, bbl/bbl,

Porosity, Area and Thickness

The isopach maps previously mentioned were planimetered to
give average pay thiocknesa; and the porosity-feet maps plani-
metered to give average porosity feet. From these an average
porosity can be found by dividing the average porosity-feet by
the average pay thickness, The footage weighted porosity was
also calcoulated avereging all the core analysis footage available
in the different pay zones, The results are as follows:

Average Pay Average 0 Average § from

Zone Thicknese from Map Core Analysis
Crinoidal * G4 7 10.67% 10.48%
Oolites 5445 11,23% 11.39%
Cherty 22,10 12,92% 14.33%

% Notet As mentioned previously the Crinoidael Zone is thought
to be effective only in the southern portion of the field
where 1t is open and this portion only is considered in these
caloulations (see Figures 10 and 11},

Comparing the avereage porosities found by the two different
methods, it was decided that the figure derived from the porosity
thickness map represented & better statistiocal average, It
incorporates the total field rather then merely the wells which
had the core anaslyzed and this figure was used in calculation
in each case,
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The term "@ A h" cen thus be obtained from plenimetering
the porosity~thickness map for each zone, Following are the
results along with the average individual faotors found in this
operationt
Average OAbR
fverage Porosity Surface Arsa  Thickness Porositys

Zone freactional aores feet Aoree-feet
Crinoidal 041067 =~ " ! 3,49045 9ed7 3,525
Oolites 0.1123 ' 7, T2%.6 5445 4,710
Cherty 01292 10,448,0 22,10 29,83%
Total 2 702 3850
- - 1N

0il Saturation

The average initial oil saturations (Soi) for each zone were
caloulated as follows:

a) Cher Zonef'h uﬁ.l“,l@bn-..u(s:-' ¢ araled cated /d?' 1. :iu( g matd

The basis of oconnate water determination (end thus oil
saturation) was the analysis of the core from California
Standerd Soallion 9=23 (LSD 9, Seotimn 23, Township 11,
Range 26, WoPeMe)s The coring fluid wes orude oils Disregsrd-
ing shaly and fractured semples the laboreatory water satura=
tione (assumed to be true water seturations) were plotted
against the corresponding air permeabilities for each sample,
The logarithim of the permsability shows a atraight-line
relationship to weter saturation, therefore putting a best
fit straight line on the plot on semilog paper gives a
permeability versus water saturation plot (see Figure 21).

The average air permeabllity of the Cherty Zone was
found in the following menneri

Taking ell enalyzed samples 1,0 md (maxioum horizontal
air permeability) and over in the field and grouping them
in permeability ranges, & permeability distribution plot is
obtained, The summation of footages in each permeability
range are used to affix a percentage of the total footapge
to each group. Plotting the logarithim of permeabilit{
ageinst distribution (plotted es "percent grester then®)
on probability paper will give a straight line as discussed
previously under the Dykstra=Parsons method of predicting
water flood recovery, This will be true if enough semples
are taken and if the reservoir does not have two or more
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distinet lithologic components, Eliminating fractured samples
means the ourve shows the relationship for matrix permeability
and does not teke into account local areas of fracturing,

The median sir permeebility on this plot is defined
es the "SO% point", Here one~half the rock has permeability
greater then this 50% value and half therefore has a value
less than this value, This point represents then a reason-
able average of effective reservoir permeability. The ourve
for the North Virden Scallion Cherty Zone is shown in Figure
22,

The peroentage scale (or probability scale) is linear
in aspect, as is shown by the faot that two percentages
numerically equally separated from the 50% point (for example
20% and B0%) are plotted equidistent on either side of that
nmidpoint on e graph. Thus, teking a permeability corres=
ponding to each equal increment of percentage and erithmet=-
ically averaging the saturations corresponding to each of
these permesbilities (from & permeability versus saturation
ourve) would give the same result,

The medisn air permeebility in Figure 28 is 10.5 md
and this corresponds to & water saturation of C.4l1 or an
initial oil saturation of 0459 or 5%.

Oolitic Zone

The distribution plot of Oolite samples, constructed as
desoribed sbove is shown in Figure 23, The Oolite samples

~ in the oil base core from 9-23 show little relationship

between air permesbility and water saturation. Most of the
values fall between 40% and 60% water saturetion and show

no trend in the relationship (see Figure 24), It was assumed
thet saturation was not & function of permeability in the
lentioular, permeable Oolite bands and en arithmetical
averaging of the values gave a water saturation of 0,49 or
49%. Assuming this to be the best answer available the oil
saturation is teken as 0,51 or 51% in the oil in plece
oeloulations, This was checked with South Virden results

as for the Crinoidal.

Crinoidal

The Crinoidel zone was not well developed in California
Standard Soallion 9«23 and therefore not cored end analyzed
for water saturations. The Crinoidal has been cored in oil
in the South Virden field, however, and it is thought to be
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lithologically similar here a distance of some 8=9 miles
away, &demples teken from oil base cores on California
Stendard South Virden 15~11 (ISD 15, Seotion 11, Township
10, Renge 26, W.P,Ms) and Californie Stendard South Virden
12-1 (LSD 12, Seotion 1, Tomship 10, Range 26, W.P.M.) in
the Crinoidel member show an interesting relationship. MNost
of the points fall near the best-fit line constructed for
North Virden Scallion Cherty Zone on & log: permeability
versus water seturation plot., Although mich less permeeble
on the average the Crinoidal must be lithologiocally similer
to the Cherty Zone, at least in regard to water saturation
verying with permeability (see Figure 21), The median air
permeability of the Crinoidal is 3,0 md., as shown on the
distribution plot, Figure 2%, Using this median value and
the Cherty Zone saturation plot the water saturation is 0,52,
an oil saturation of 0.48 ar 48%, This is thought to be &
reasonable snswer and is used in the calculations as shown
la-'bar.

FPormation Volume Faotor

/3 , the formation volume factor was caloulated by averaging
the results of subsurface fluid snalyses of samples from Californie
Stendard Scallion Prov. 4=1l, and California Stendard Socallion
3=21, The results are as follows:

Scallion Well No. /8 bbl/bbl.
4w=l) 1,047
w2l 1,044
Average 1,045 bbl/bbl,.

The originel oil in place caloulations for each of the three
zones are as followss

v

Cherty Zons // L L -
N = (7,758) (39,833) (0.59) _ 1

«0

N = 131,000,000 barrels/entire field

or, using average fipgures
YR

N = (7,758) (0.,1292) (40) (0.59) 1
) ) ) T.045

= 22,600 bbl/f+/40 acre lease
or ¥ = (7,758) (042292) (0,59) _1

= 566 bbl/acre.ft.
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Qolitic Zone
N = (7,758) (4,70) (0,51) 1

0.

« 18,000,000 barrele/entire field

or N = (7,758) (0,1123) (40) (0,51) _1
e

= 17,000 bbl/ft/40 acre lease
or N = 425 bbl/acre.fts

Crinoidal Zone

N = (7,758) (3ﬂ525) (0,48) 1

ALl G
= 14,006;000 bbl/entire fisld
or ¥ = (7,758) (0.1067) (40) (0.48) 1

= 15,200 bbl/ft/40 ecre lease
or N = 380 bbl/acre,ft.

A pummary of the oil in plece and their relative amounts are es

follows:
01l in Plece Paroent of Total
Cherty Zone 131,000, 000 -
Oolites 18,000,000 A%

crmidal S A eat 14 000 000
Total 163,000,000 I%

S s 500 e
Be Primery Performence

The primary reserves of the North Virden Scallion field have
been estimated, as previously explained, at 20,000,000 barrels, This
represente a recovery fastor ofi

RF = 20,000,000 = 12,3%

FE SR I



or, on an average well basis (completed in all zones)

AN = 0,123 [(52,600) (22,10) + (17,000) (5.45) + (15,200) (9.47)]
= (04123) {736,000) = 91,000 barrels,

These figures are from the above oil in place caloulations and
rofer to a well dreining all zones, and with average thicknesses, The

C?;rty Zone on an average would contribute 61,000 barrels of this or
601

The recovery due to oil expansion during a pressure drop from 900
pai (considered original) to 145 pei {saturation pressure) is:
%ﬁ = Hg =731
31

where 4?8 = formation volume factor at saturation pressure,
/341 = original formation volume factor.

or AN = 1.p51"1-045 - 0.5%
T 1,045
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APPENDIX II

INJECTIVITY AND FLOOD PREDICTION

A, Injectivity Calcoulations

The weater

Q =

-whare Q

Ky

h
L>P

Aw
d =

Ty =

injectivity rates were caloulated from the formulas

"1.54 (kg) (b) (AF)
M w (Log1p _8 = 04269)
Tw

in jection rate, bbl/dey.

reservoir permeability to water, darcies ; ..

vertical seotion, feet .. "

pressure differsatiel (Pgyrrace * Pwell?ore = Pregervoir)
visoosity of injeoction water at reservoir conditions,
centipoises

distence from injsction well to producing well in
pettern flood, feost

effective well bore radius, feet

This is derived from Darcy's flow formula, applied to a five-spoil
flood, The formula is applied to an average North Virden Soallion well
assuming the followings:

Pub
Pinj
Preg
AOP

e

- Q =
! 744

Thereforse,

0,433 psi/ft x 2,100 ft, = 900 psi.

1,100 psi, (not to exoeed overburden pressure).
500 pei. {average over flood life).

1,100 + 900 -~ 500 = 1,500 pei.

0,864 op. at reservoir temperature

1,320 feet for an 80-acre 5 spot.

25 feet (radius of fracturing assumed)

.00 1,54 (ky h) (1,500)
(0.864) (logyg 1,320 = 0,269)
. ?f oo 10 T

Q =" 1464 BPD/md, x Fb.

Applying this to average permeabllities and pay sectionss

Chertx Zone

Q =
Q =

1484 ky b _
(1.84) (2055) (22,1)
105 BWFD

(Average Kgip = 23.4 md., see Figure 26)
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Oolitic Zone

Q = (1.84) (27) (5.5)
= 275 BWFD

Crinoidal Zone

Q = (1.84) (0u34) (9.5)
- 5) BWED (Total = 385 BWPD)

This figure merely represents the order of magnitude of the stab-
ilized rate, since all three gzones are variable both in thickness and
in permeability, It may be noted that in the pilot flood srea the
Cherty Zone permesebility is better than the field average and thus
injeotivity could be of the order of 200-300 BWPD. In addition the
Oolites, where present, will not have the same effect sinoce the perm=-
eability is lower than averages Thus the Oolitic Zone injectivity
could be of the order of 50~75 BWPD in the pilot flood areea.

Prediction of Water Flood Recovery by the Welge Method

As explained in the report the Welge Method is san analytical method
of oaloulating saturetion &s a function of permeability ratios, giving
fractions of each component flowing. From average saturations over a
period, residual saturations are caloulated and then displacemsnt
efficiencies which are expressed as a function of water/gi}. retios,

The steps are shown below, The basic relationship used is the freactionel
flow formula: =

fo = _h_+E(OD) g sin@ ¥o (1)
c *h Ao Vo c+h

where:

f, = fraction of oil flowing in reservoir

h = ky/ky = relative permeability ratio, oil to water

o = A{fUy = ratio of viscosity of reservoir oil to viscosity
of reservoir water

k, = relative permeability to oil

K = +total permeability to oil with connate water in place
AOD = water density less oil density

g = gravitational constent

8 = average angle of stratum dip
A, = reservoir oil viscosity

V, = velooity of oil and water stiream after leaving outlet

send faoce.
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This negleots capillary pressure gradient, the term usually being
negligible,

1. From laboratory tests by California Research Corporetion (Project
24,029) vs Sy ourves are found for the various core plugs
tested, ege curves are averaged as shown in Table II eand one
average ky/k, curve is drawn for the Cherty Zone (Figure 12),
Because some of the lo/k, curves do not extend to the lower value
of lc,,/lco used a slight periodio displacement may be noticed in the
average kw/'ko ourve, This has been compensated for as may be
noticed. From this ocurve valuss of for eny value of Sy
may be found,

Chosen values of Sy are placed in column (1) (see Table III)and
their corresponding velues of kw/fko from Figure 12 in ocolumn (2),

2. The term K (AD) & gin @ Ko which brings in the effeot of
Ao Vo c+h
ravity is usually negligible and the relationship of equation
%1) is simplified tot

£, = _h

or substituting

£, = 1
1 *fo ky (2)

The value of 4f, is calculated ¢ RS
_:7;- (’Ayiﬁ}ﬂﬂkﬂi P

ihere 4{0 is the average oil visocosity from the P.V.T. snalyses
disocussed in the report snd corrected to a reservoir- temperature
of 80° F, The viscosity of fresh water at this temperature is
0.864 CeDe

The values of ., k, can then be calculated from this value end
Un %
oolum (2) end are listed in column {3).
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The fraction of oil flowing f, is oaloulated from equation (2)
using the velues from columm ?3) for each saturation. The results
are listed in column (4) of Teble III,

A graph of £, versus Sy is plotted as seen in Figure 27, The
lower extent of the ourve is taken to be where 3, = 0,41 the
initial water saturation of the Cherty Zone,

From the relationship

Qi = 43 or _1 = dfy
owm G

where Q; = the number of pore volumes injected E]_. can be caloulated

i
from the f, versus S ourve,

Since fy = 1-f, the £y scale can be substituted for f, anly in
reverse order, (see Figure 27).

Then for each value of 8y, Ql = dfy, the slope of tho £y vs.
i
Sy ourve at that value of Sy, The values of Ql are calculated
i
end shown in columm (5) of the Table,

Since Q3 f, is the numbet of pore volumes of oil flowing at &
given time, and this is equal to the change in seturation Sgy=8y
this term ocen be caloulated for eny given saturation Sy and
shown in colum (6).

Colum (7), Sgy is column (6) Q3 £, (or 8y,~8,) plus coluwm

(1) 8.

The residual oil saturetion Sy in colum (8) is 1-84, for
each perticular 8y,

The efficiency of displacement of oil is the ratio

Soi = Sgy
i
This then can be caloulated for each valus of Sy and is shown
in column (9).
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10, The reservoir water/oil ratio is shown in colum (10) end is

calculated from column (4) using the relationship

Io
Where £, is the fraction of oil flowing at any particular

saturation Sy which now has a displecement efficiency Bg
corresponding to it,

A ourve of Eg versus WOR is then drewn and shown in Figure 26,

The Dykstra-Parsons Prediction of Recovery

The prediction of flood recovery by the Dykstra~Parsons method
a8 previously mentioned expresses the efficiency of flooding as
coverage C or Ey, vertioal sweep efficiency from the statistical
permesbility variation V.

From graphs prepared by Dykstra end Paraons(2) end shown in
Figures 29a, 2%, 29¢ and 234, the soverage ¢ (or Ev) can be found
for the various water/oil ratios knowing the permeability variation
V and the mobility ratio ¥ .

From Figure 28 the permeability verietion in the Cherty Zone is
shown to bet

V = 105 = 2455 = 0.76
10.

The mobility ratio ¥ is defined msi

T e kAo
¥ro M

where Ky = rolative permeability to water at end of flood
k., = relatlve permeability to oll at initial water
Ay = viscosity of injected water, ai reservoir oconditions
Ao, = viscosity of oil, at reservoir conditions

From date in Californie Resesarch Corporetion's report (Project
24,029) on water flood tests, & graph of oil permsability to air
permesbility weas constructed (see Figure 30), At the medisn air
permeability of 10,5 md, the permeability to oil is 4.5 md.
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From & similar graph construoted in this seme C,R,C, report, the
wator permeability is 0.75 md. at 10,5 md. air permeability (see
Figure 28).

The oil and water viscosities which have been discussed previocusly
ere as followas

4, = 3498 op. at 80° F and 600 psi,
Afy ™ 04864 op. at 80° F and 600 psi,

Therefore, the mobility ratio,?f‘, is calouleted as followat

Y = 50.752 53.98} - 0,77

From the graphs the following results are obtained:

WAR bbl/bbl, Coverage, € (or Ey)
1 034
5 0463
25 04835
100 0.92

These results ere shown in graph form in Figure 31.

Aroal Sweep Efficiency of Water Flooding

The idea that areal efficisncy will inorease with time in a flood,
the pattern becoming more completely filled out, is widely accepted.
This is discussed by Caudle, Erickson and Slobod(3) and from x~ray
shadowgraph studies on models experimental values of this efficienocy
have been obtained for various positions of a well in & flood pattern,

The efficiency is expressed in graph form for verious mobility
ratios M and for various water cuts., It will be noted thaet the
mobility ratio M is defined as

M ek Ay

' which is the reciprocal of the ratio Wf: previously expressed in the

Dykstra=Parsons method., Therefore

M =3 1 = 1w 1,30

~ Oe?
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The results show the following for a direet offset well in a 5-
spot pattern, with M = 1,30:

Y's (water out) WOR (bbl/bbl.) Eg {areal sweep eff,)
0 0 03
05 1,0 0485
0.6 1.5 Q.87
Oe7 2433 0.91
048 4,0 0.94
0.85 567 0.97
0.9 9.0 0.99

These figures are shown in graph form in Figure 32 as WOR ve Ea (areal
sweep efficiency).

Water Flood Recovery Efficiency

It may be noted that the first two efficiencies Eq and Ey are
caloulated for the Cherty Zone only, There is not enough information
evailable to evaluate the other two zones by the Welge method, The
permeebility variation in the Crinoidal is close to that in the Cherty
Zone, and although the varimtion V in the Oolites is larger the one
set of figures are used rather than everaging the twoe sets of results,
The oil in place in the other zones (approximately 20% of total) is
comparatively small in respect to the Cherty Zone and therefore any
error in one or more of the efficiencies would not greatly influence
the overall result of predictions. Therefore cne set of flooding
officiencies are applied to the total oil in place and it is thought
that any error incurred in doing so would be within the accuracy of
the prediction methods,

The three flooding efficiencies By, By and E, aye expressed as
functions of WOR and are combined in Table IV, The point of water
breakthrough is usually teken as where the fy versus 8y curve departs
from being & straight line (ses Figure 27)., However, in this case the
curve has a changing slope at all saturations above the original Sy
(0.41) which naturelly is the lower limit, Therefore the calculated
reservoir WR at this point gives the point of breakthrough in Teble
IV, The producing WOR is given by~3 x WORRgs, in colum (2) of this
Table. The recovery R is Bq x By x E,, the product of the three
fractional recoveries, The stock tank oil cut is found from the
producing WR and thus becomes

S.T. 0il Cu'b - 1
1+73 WhRos,

A graph of percent recovery R versus stock tank oil ocut is shown in
Figure 33. A recovery of l0% is indicated to breakthrough, at whioh
point the oil cut drops to 36%.
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This predictlon is applied to the oil in plece as followst

1) A curve of production rate versus time is drewn for the primery
performance,

2) At the point of commencement of water injection the rate is
assumed to drop by en emount equivalent to the production rate of
the wells converted to injection,

3) After this the rate steadily inoreases to an assumed maximum rate
and continues at this rate until water breskthrough. This point
is where the cumulative flood production reaches en amount equal
to the predioted recovery to breekthrough as explained above,

The fraotional predicted recoveries are applied egeinst the oil
remeining in place at the stert of flooding,

4) Production rates after weter breakthrough are calculated from oil
outs at certain recovery factors, using an assumed maximum rate
of fluid production, These rates are correlated with time as
shown in Table V,

Asguming water flooding October 1, 1959, the remaining oil in
plece is estimated at 153,110,000 barrels, The recovery to breakthrough
is 15,310,000 berrels or 10%.of this oil in place, In Table V the oil
out (eolumn (1)) is 100% up to breakthrough, At this point the oil
out drops to 0,357 (Figure 33). The oil rate is equal to the oil out
times the assumed meximum fluid rate (10,200 BPD). A4t various oil cuts
after this the performance is caloulated,

The recovery, R, comes from Figurs 33 and is shown in column (2),

The average oil rate, column (4), is the arithmetic average of oil
production over the period, The cumulative production, column (5), is
the recovery, column (2), times the oil in plece &t the start of
flooding, N!, Column (6) is the increment of production over this
period, The increment of time in days, colum (7), is column (6)
divided by the average production rate over the period, The cwmlative
time is shown in column (8) in deys, and in column (9) in years.

A% breskthrough the curve is rounded off to conform with what
happens in actusl practice, Areas are balanced to give the same
numericel result as if the curve dropped sherply off at breakthrough,
See Figure 17.
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FIGURE 26
NORTH VIRDEN SCALLION
BRINE AND FRESH WATER PERMEABILITIES
AT END OF FLOOD vs. AIR PERMEABILITY
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FRACTION CF WATER FLOWING, fw
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DYKSTRA AND PARSON'S WATER FLOOD CALCULATIONS

PERMEABILITY VARIATICN VS COVERAGE
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DYKSTRA AND PARSON'S WATER FLOOD CALCULATIONS
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PERMEABILITY VARIATION VS COVERAGE
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DYKSTRA AND PARSONS' WATER FLOOD CALCULATIONS Fig. 29«
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DYKSTRA AND PARSON'S WATER FLOOD CALCULATIONS
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FIGURE 30

NORTH VIRDEN SCALLION
OiL PERMEABILITY vs AIR PERMEABILITY
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NORTH VIRDEN SCALLION FIELD
AVERAGING Kn/K, v8 Sy CURVE

TABLE II

CHERTY ZONE
Water Saturation, Sy
43 T BT 728 B Hz B2
5740 6043 62,0 64.0 6544 6645 6846
5648 60,2 6149 6348 6543 6643 68,5
56.7 60.1 61.8 63.5 65.2 66.2 68.4
5605 60.0 61.5 63.2 65.1 66.1 68.3
56.2 59.9 61.2 63.0 65.0 66.0 68.2
56,0 597 6140 62,7 64.9 65.8 68,1
55.8 5943 60.8 6241 64.8 6545 68,0
55e2 59.0 60,2 61,7 6443 650 6749
5445 5840 5943 6045 6349 6443 6745
53el 5642 573 58,2 6247 6248 66,8
5340 5640 57.0 58,0 6245 6245 66.7
52.8 55.7 56.7 57'4 62;2 62.2 -
5203 55'1 5611 57'0 62-0 61.9 -
5240 547 5545 5642 61.7 6145 -
5107 5309 5408 55.3 6102 6009 -
5100 5209 53a8 54.2 6005 6000 -
5042 51.4 52.2 52,8 59.8 5849 -
4901 49;2 5040 5005 58n2 5609 -
4609 44,8 4542 4505 550 5202 -
4614 4349 4443 4445 54,5 51.5 -
46,0 42,9 4345 43¢5 5440 5044 -
- 41,8 42,2 42,2 - 49,2 -
- 4006 4100 4140 - 48,0 -
- 3849 391 391 o 4641 -
- 3840 3840 3840 - 45,1 -
- 35649 36.9 36.9 - 44,1 -
- 357 5.7 353 - 43,0 -
- 341 3441 338 - 41.7 -
- 32.8 32.8 32.0 - 40.0 -
- 31.0 31.0 30.0 - 38.1 -
- 28,8 28.8 2745 - 36,0 -
- 26.0 26.0 24.8 - 33.0 -

Total

443.8
442,8
44149
4407
439,5
438.2
43643
43343
428,0
417.1
415.7
34740
344, 4
341,6
337.8
332, 4
32642
31349
289.6
285,1
28043
17544
17046
16342
159.1
154,8
149,7
143,7
13746
130,1
121,1
109.8

Average

6344
63¢3
63.1
63,0
62.8
62.6
6243
6149
61,1
5946
594
57.8
57«4
56.9
5643
5544
54.4
5243
4843
47.5
4647
43,9
42,7 .
40,8
39.8
3847
37.4
3549
3444
5245
3043
2745
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TABLE IV
NORTH VIRDEN SCALLION FIELD

CRBINING Ey, Ey end Eg TO PREDICT FLOOD BEHAVICR

Stock Tank Stock Tank
Reservoir Recovery 0il Cut WOR
WOR Eq By Eq R (1/1 + W) (3x WOR)
0,88 0235 0319 +848 «064 521 0,92
Q.90 0236 0322 «850 «065 513 0.5
1.0 «239 «340 «855 «069 «488 1.05
145 +252 0418 «880 «093 «368 1458
1.7 «256 <440 «589 «100 +357 1.80
2.0 0262 2470 «898 o111 «325 2,10
25 2268 +510 #9512 0125 «275 2,63
340 2275 «540 «923 0137 v241 Je15
4,0 »285 «590 * 940 +158 0192 4,20
540 +292 «628 «955 o175 «160 5425
6.0 «298 «654 «365 «188 o137 6030
Te0 «303 +676 «975 +200 120 T35
8.0 » 307 «695 »983 «210 «106 Be40
9.0 o311 + 710 «990 «219 +096 9445
10,0 o314 o724 «997 .227 « 087 10,50
1043 0320 730 1,000 +234 + 085 10,82
15.0 0327 778 1,000 254 0060 15.75
20,0 »337 «805 1,000 «271 + 045 21,00
3040 «350 «850 1,000 »298 «031 31450
40,0 359 872 1,000 313 0025 42,00

50,0 «366 890 1,000 0326 «019 52,50



(1)

0il
Cut
0,357 BT
04300
04250
0,200

0,170

TABLE V

NORTH VIRDEN SCALLION FIELD

PREDICTION OF FLOOD BEHAVICOR AFTER BREAKTHROUGH

N = 153,110,000 bbl.

(2) (3) (4) + f5) (6) (1 (8 (9)
WeFe 04l Cum, 0il Inory of Inor, of Cums Cum.
Rec. Rate Avg, Prod,. 0il Prod, Time Time Time

R BOPD BOPD (tbl,) (bbl,) {day) (day) (yrs)
0,10 3,640 15,310,000 0 0
0,118 3,060 3,350 18,070,000 2,760,000 824 824 2425
0.135 2,550 2,805 20,670,000 2,600,000 927 1,751 4479
0,154 2,040 2,295 23,580,000 2,910,000 1,268 3,019 8,27
0,170 1,7% 1,890 26,010,000 2,430,000 1,286 4,305 11,79



