Reservoir/Compartment
Categories

- New infield reservoirs

o UntaQQed
rese_rvoir/comgartments

or

Incompletely drained
reservoir_compartments

- Bypassed reservoirs
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" Figure 8

. Example 2
Production History - Well 77

Completion A
1000 JRate vs Time Semi-Log Plot
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~ Series of well
tests helps
determine
remedial
action

Raj K. Prasad

Petroleum Consulting
& Engineering Inc.

Sugarland, Tex.

(-~ Short duration well tests, conducted
at various states of depletion, when
analyzed together can provide excel-
lent reservoir characterization. Such
may not be possible from convention-
al analysis of the individual tests.

This observation can be demon-
strated by the analysis of two build-up
tests and one shut-in pressure survey
conducted at various stages of deple-
tion in Well X.

e’ This well was completed in the

=, Wilcox (Lobo) trend, a series of

¢ geopressured, low permeability

s sands. Fracture stimulation resulted in

improved deliverability which deteri-

orated with time. o

A study was undertaken to evaluate ‘

remedial procedures for improved de-
liverability; therefore, it was important
to identify the reservoir system.

P/Z vs. cumulative gas production

data indicated the following possibili-

( ties: -
’ 1. Water drive gas reservoir

2. Donut-shaped composite reser- -

voir with deteriorating permeability’
3. Layered reservaoir. ‘

\ If the reservoir is a water drive gas
reservoir with limited reserves, possi-
bly no workover is needed. If, on the
other hand, it is a donut-shaped com-
posite reservoir with deteriorating per-
meabilities and sufficient reserves, re-
Trac is necessary. Last, if the reservoir
is found to be layered with most re-
serves present in the damaged lay-
er(s), then cleaning the damaged per-
forations is all that is required. .

Data analysis, with the aid of a well
test model, showed that the layered
reservoir system (most reserves in the

p . | damaged layers) resulted in the best

‘(7| match of the performance data.
: Such a conclusion was not evident
from the individual build-up tests as

56 Oif & Gas Joumal, Feb 23, 1987 TECHNOLOGY
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they were not run fong eno_ugh.?
Similar results can be obtained by a
single long-term well test; however, it
is usually uneconomical to run such a
test. Based on the above conclusions,
the well was simply cleaned, which
resulted in a four-fold increase in pro-
duction rate from 200 Mcfd to 800

Mcfd. -
well X. Well X was completed in
October 1976 in the Wilcox (Loba)

R S N T LT G S T

trend. Pertinent welf data are present-
ed in Table 1. ]
Initial well tests indicated an abso-
lute open flow potential (AOFP) of
2,200 Mcfd. After a frac job, the well <—
was tested at a rate of 8,156 Mcfd on
a 16/64-in. choke with a calculated
AOFP of 32,500 Mcfd.
Postfrac gamma-ray log indicated
only the top two sets of perforations
(9,756-68 and 9,808-20 ft) were ef-
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Production profile

Fig. 8
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dimensions. In addition to the stan-
dard features, the model includes well
bore storage and skin damage, hy-
draulic fractures, and implicit distribu-
tion of flow between layers (cross flow
between layers can be handled),

Donut-shaped composite. A donut-
shaped composite reservoir with dete-
riorating permeability rings (Fig. 4)
was considered. :

Permeability of 0.95 md calculated
from the 1977 build-up test was used
for Segment 1 (near the well bore);
permeabilities within other segments
were varied to match the calculated
pressures with the measured pres-
sures. Model pressures do not match
the measured pressures (Fig. 5). In

fact, in the model the well is unableto -~

produce after 3 years of production,
which precludes the possibility of a
donut-shaped reservoir.

Layered reservoir. Postfrac gamma-
ray log indicated that only the top two
sets of perforations (9,756-68 and
9,808-20 ft) were effectively frac-
tured, and the bottom four sets of
perforations- (9,849-55, 9,880-86,

. 9,904-10, and 9,926-32 ft) were dam-7

60 Oil & Gas journal, Feb 23, 1987 TECHNOLOGY
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aged. A two-layer model was consid-
ered with top layer representing the
top two sets of perforations and the
bottom layer the bottom foursets of
perforations.

Size and skin of the layers were
varied to match the performance data.

The model (Fig. 6) that resulted in
best match indicates only 187 MMcf
of OGIP in the high deliverabilty (skin
= +2) layer; and 3,397 MMcf of
OGIP in the highly damaged (skin =
+147) bottom layer. Model pressures
are in excellent agreement with the
measured pressures (Fig. 7).

Well and layer production rates are
shown in Fig. 8. From this figure, the
following observations are made:

- @ Initially, the bulk of the well pro-
duction is from the top layer because
of its high productivity. After the top
layer is depleted, the well produces
mostly from the bottom layer at a
lower rate.

® During the shut-in periods, the =

top layer is charged by the bottom
layer through the well bore.

® The charging of the top layer is
completed in about 3 years of shut-in.

The author...
L Raj Prasad is a

"1 reservoir engineer-
ing consultant

with over 20 years
" of industry experi-
ence specializing in
. reservoir simula-
tion, well test analy-
sis, and enhanced
oil recovery tech-
nologies. He has
published several
technical papers,

. Prior to becom-
ing independent, Prasad was a vice-
president with H. J. Gruy & Associates
in Dallas. He holds an MS degree in
petroleum engineering from the Uni-
versity of Tulsa, He is a registered
professional engineer in Texas and a
member of SPE. : : :

Performance match was obtained
by considering the bottom layer to be

possible if the bottom layer is partially
damaged and/or has lower permeabil-
ity. If the bottom layer is severely
damaged but has permeability compa-
rable to the top layer, only well bore
cleaning is required to improve pro-
ductivity. However, if the bottom lay-
er is partially damaged and/or has
lower permeability, well cleaning fol-
lowed by fracturing through the bot-
tom sets of perforations will be neces-
sary to improve productivity.
Performance predictions, To evalu-
ate effects of well conditions on well

severely damaged. A similar match i?
&

performance, two forecast runs were

made: under current well conditions
with severely damaged bottom layer
(skin = +147), and under normal
well condition (skin = +2).

These runs were made for a mini-
mum wellhead flowing pressure of
1,000 psia.

Predicted well performance (Fig. 9)
indicates that about 2,000 MMcf of
remaining gas can be recovered in 6
years if the well is properly cleaned
{skin = +2); whereas, under the cur-
rent condition {severely damaged bot-
tom layer) only 700 MMcf will be
recovered in the same period.

Summiary. Results of this study indi-
cate:

1. Well X is communicating to a
layered reservoir with no flow be-
tween layers other than through the
well bore. .

2. Very little gas (less than 1
MMcf) is contained in the high pro-|
ductivity layer(s). Bulk (about 2,660
MMcf) of remaining gas is in layer(s)
with low productivity.

3. About 2,000 MMcf of remaining’
gas can be recovered in 6 years if the
well is properly cleaned and frac-
tured; otherwise, only 700 MMcF will
be recovered in the same period. =

>
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Changing Concepts in Carbonate
Waterflooding—West Texas Denver Unit

Project—An Illustrative Example

W. K. Ghauri, SPE-AIME, Shell 0il Co.
A. F. Osborne, SPE-AIME, Shell Oil Co.
W. L. Magnuson, SPE-AIME, Shell Gil Co.

Introduction

Carbonate reservoirs demand special attention, par-
ticularly for drive projects, because of the gross non-

uniformities that normally exist. Often nuperougi

stributed

thm ‘pay intérvals of varyin g' qyah

over thxck vertlcal sectlong of several

deposition insure that the rock encountered m a

single wellbore will have marke:

wellbores, Th
of rock propertles m't
Pprojects can lead to economic faitures.”

Carbonate waterflooding in the Permian Basin has
a relatlvely short history. The major impetus of proj-
ect initiations did not occur until the late 1950’ and
during the 1960’s. This long delay can be attributed
primarily to the lack of economic incentives — spe-
cxﬁcally, low oil allowables and depressed crude oil
prices, Other contnbutmg factors included skeptxc:sm
over success, difficulties in arriving at acceptable uni-
tization agreements among the usually numerous op-
erators, a dearth of injection water, and the sheer
magnitude of the engineering task ‘because of the
large size of the fields.

A narrowly focused look at current waterflooding
in carbonates would likely miss the significant evolu-
tion that has taken place in the engineering design
and field operation of these projects. Major changes
continue to occur in our concepts of the geologic,

hundred feet, i/ She

reservoir, injection, and production aspects. Because
of our greater expenence there much of the informa- _

should be emp
sented here i

Geologic Concepts
A significant development of recent years has been
the better understanding of the geology of carbonate
reservoirs. Geologists now investigate in detail, using
both surface and subsurface information, the environ-
mental conditions that controlled deposition, Termi-
nology routinely includes such depositional terms as
supratidal, intertidal, subtidal, and marine, Such in-
vestigation depends not only on re-evaluating older
available data, but also on obtaining new data in the
form of cores (including detailed special analyses),
and open-hole and cased-hole logs. The attitude to-
ward acquumg new data has changed from reluctance
to a recognition of necessity,

£ to o
depth of 5,100 ft. ‘Later in the waterﬂood operation,

Greatly improved carbonate reservoir definition with detailed geology and reservoir
simulation has led to confident, full-scale waterflooding. Projects now use closely spaced
patterns and very selective means of well completion to improve flood efficiency and
increase ultimate supplemental recovery. Producing 133,000 BOPD, the Denver Unit

shows the beneﬁts of improved waterﬂoodmg concepts.
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detailed subsurface geologic and
lation work showed that. the
ided into 10 individual |

ral well
N TAmE apparent 1rom this wo
/ pay members were discontinuous and would not be
flooded at the 40-acre well spacing then existent in
ognized th eré
i 7 :

L
¢'pay m
"his gave rise to the concept of

$_ggsebminimum of cross
- Teservoir to another.:
P 4~ “continuous” an “poncontinuous” pay (Fig. 3) and
,,/25— prompted infill drilling on 20-acre spacing-— 2 plan
that was instituted on a major scale in 1969. Detailed
correlations of new log and core data began to high-
light the discontinuity of the pay, which indicated
\_that infill wells would exploit a substantial percent-
<\°bbage of pay not floodable with the existing 40-acre-
) 23" Ipaced wells.
2ot J A novel approach to further delineating the per-
Y AN&°  meability distribution and reservoir continuity of the
) Permian San Andres carbonate shelf environment of
the Denver Unit consisted of studying outcrops in
the Guadalupe Mountains of New Mexico, These
mountains are situated some 120 miles southwest of
the Wasson field (Fig. 1). Normal well spacing control
cannot supply the data that can be acquired from a
continuous outcrop exposure, and it is this between-
well information that is critical in accurately recon-
structing the subsurface reservoir for optimizing flood-
ing operations, Our investigation was focused on the
coftinuity that can be expected between an injector
i and a producer —a distance which, for Permian
Basin waterfloods, is generally about [ 13201t ie.,
40-acre spacing. The exposed rocks closely resemble
subsurface producing strata, both in their regional

[£3

-

setting on & broad. carbonate ' shelf, 'and in their
detailed petrographic and petrophysical. properties.

Field work consisted primarily of defining Taterally §

contmuousbedgﬁ and then sampling these beds at

L ey
1
yoaKuM | &
counry I
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Fig. 1—Location map, Denver Unit,
Wasson San Andres field.
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¢ gie Felative permeability” cur

“ditions. 8

- ever-decreasing intervals, The §tidy ind1catedthat7

thie' rock sequendes are Well bedded nd that imper-{
_ meablé mudstone - layers. have relatively ide areal ::
“extent; The permeable layers. exhibited the highly 7

————e— e
yarying permeabiiity; commof ear
bonates; and -no ordered aniso " detected;

These facts suggest that waterflooding in-the Denver
Unit should be extremely efficient, but that, with the;
vertical barriers] unfloodéd oilqEnzedycould result if
all ¢orrelative intervals Were fiot perforated in' bothy
injectors and producers!; o

Reservoir Engineering Concepts

Associated with improved geologic understanding
came more detailed reservoir engineering work and
new  metligds” of " prediéting; féservoir” performance:
The numerical simulator has played a major role in
the development of infill drilling programs in the Den-
ver Unit,where it has been employed to study various
well patterns in specific regions of the Unit. Large
field size, heterogeneity, and parameter adjustments
tiade @ full field stiidy unwieldyZ Therefore, models
of field elements were utilized to detetmine the basic
information required for expansion or alteration of
flood design. Fig. 4 shows the outline of the Den-
ver Unit, an area of prime infill interest, a two-
dimensional (2-D) horizontal simulation area, and a
three-dimensional (3-D) simulation area. As'statet
eatliey, thie Denver Unit Sar Al

~

posed of 10 correlatable pay’ JIn view of
this layering and the unique characteristics of each

layer, a 2-D ‘horizontal simulation (6fi§ 1a§€r) by
itself would have been inadequate. At the same time,
a 3:D ‘(layered)’simulation covering an areal extent
necessary to incorporate the irregular well pattern
within the area of interest would have been extremely

costly. A way out of this dilemma was to yse-psen

PRt s

!

layer model. to” “simulate
The multilayer, 405-grid-blo 5
¢led a four-well element of symmetry
to study production performance sensitivity to (1)

relative permeability relationships (core curves and
pseudo curves), (2) interlay amupication; and (3)
injection profilé conformance;

to core-determined relative permeability data were
necessary to match actual waterflood performance.
With the knowledge gained from the 3-D simula-
tion study, a 487-grid-block, 2-D horizontal model
was constructed to simulate an area covering 2,160
acres, 107 well locations, qu;lgyeﬁﬂf’gﬁeﬁgﬁéfé.?The
main objective of this model was to optimize any
infill drlling that might be carried out in the area.
In this sense, the model was a “typical element.” Fig,
5 shows the model grid and the well locations. The
irregular well pattern exhibited by the Base Case is
rather typical of small lease drilling before unitiza-
tion. A _material balani¢e Within year:

itio ix different modes of opera
gated with this model: (1) Base Case — continuation
of existing operations (40-acre spacing). (2) Case 1 —

on wells only
ansion; of existing’ inj

N i o >7

77

As stated

regular 20-5

Case 2 — infilling with mostly production wells fo a
regular 20-acre spacing, moderate expansion of exist-
ing injection. (4) Case 3 —predominantly a staggered
line drive with 20-acre spacing, (5) Case 4—predomi-
nantly a direct line drive with 20-acre spacing. (6)
Case S — an inverted nine-spot pattern (studied with
areal permeability anisotropy ratios of 2 and 4) with
20-acre spacing.

Analyses of the production functions and related
profitability data indicated that the inverted nine-spot
pattern (Case S, Fig. 5) was preferable to the others
studied. This is the basic pattern strived for in our
infill development program in the Denver Unit; (he/

.

pr ! uces and

24 xisting Pro=i e

g!s‘ € pro- okt
I ol

with decreasing GOR, increasing reservoir pressure,
and higher daily Unit oil rate, The curves of Fig. 6
display the Unit performance. At présént, the infill'y
§ are producing more than 40 ) ie total f
3 1At the same time, as shown by a
composite production history of 115 wells in the area
of initial infilling (Fig. 7), rorigifi

wells. ha nced no. adverse ¢
filling operations. 4§ YAvrumdiedhdu

The original 2-D study was completed in early
11971, and actual. production since:then hag matchied ¢/
the siinul4fion” prediction’ quite W 4 The

model has been recently updated and used in devel-
oping our latest infill program — a 1973-74 program
that will add 106 new production wells and 15 new
injectors, and convert 27 existing production wells to
injection. The positive aspects of the results to date
suggest that our infill predictions are valid.

In our analysis of additional supplemental oil re-
covery for the 1973 infill program, we have viewed
the total Unit as comprising three main segments:
(1) the pre-1973 infill area, (2) the 1973 infill area,
and (3) the Western area. Production functions have
been constructed for each of these main areas, with
the Unit total being the sum of the three functions,
With the completion of the 1973 infill program,’infill

3-8 SUGLATION

\
]
|
i

=\

TRACT 47 AREA
199 ALRES, 37 SRID SL

Fig. 4—Pre-1973 Infill and reservoir simulation
areas, Denver Unit.
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Base Case - Before Infill Development

Case 5 - 487 Active Cells in 784-Cell Grid
At End of 1972 Inf{11 Developrent
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Fig. 5—Two-dimensional reservoir simulation grid and well locations, Tract 47 area.

drilling will add an estimdtéd 5 1 ‘million" bbl of .oil’ Before infilling 29 percent
to the Unit’s ultimate recovery. This represents ap-_ With pre-1973 infilling 31 percent
proximately 200,000, bbl of oil per iifill prodiction With 1973 infilling 32 percent

well.Predicted Unit ultimate recovery efficiencies ex-

increased accordingly:

pressed as a percent of the original oil in place have
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Fig. 6—Production and Injection performance curves, 9"}
Denver Unit,
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The Unit recovery factor in terms of stock-tank bar-
rels per net acre-foot of pay will be about 160, The
average production well rate in the Unit is currently
230 BOPD and 70 BWPD, and the average injection
rate is 1,500 BWPD per injection well at 1,050 psig
surface pressure, The current monthly produced-oil/
injected-water ratio stands at 0.4, the produced-water/
injected-water ratio is 0.1, and the injected-volume/
produced-volume is slightly more than 1. Ultimate
supplemental recovery will be about 0.9 of primary
recovery.

Future plans include (1) a simulation model of the
Western area of the Unit to analyze its infill potential,
(2) a simulation model of the original gas cap region
to optimize the blow-down of this asset, and 3)a
surveillance model of the entire Unit,

Thus, the Denver Unit has undergone a great
change in reservoir management, Progress has been
made from recovery predictions based on generalized
sweep relationships to predictions based directly on
models of the subject reservoir. Such sophistication is
warranted, however, only when the control of rock
and fluid properties is adequate and the profitability
potential is sufficient to justify the detailed study.

lnjef:ﬁon Concepts

U

cepts’ seen most clearly when one comp
he injection scheme used initially with the | odified
Scheme of recent years, The grossly generalized res-j
ervoir models existing at the time this project was
Cartod encouagéd the use Of peripheral injection. ]
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Perfordiance] however,§oon indicated that for several
reasons peripheral ﬂoodmg would be madequate Edge
wells, often located in poor quality reservoir rock,
became the water input wells; hence, injectivity was
poor and the drive nominal. If the Zone ‘Being flooded"s -
Had multlla)'er pay offnoncontinuous zones, peripheral
injection failed'to influence significant voliies of the §
Tésetvoir. iAdditionally, the distance from an edge
injector to an interior producer was often excessive.
Interior producers were as much as!3'to 4"mﬂes from
the initial injectors along the periphery.Re¢ YOnse was
#idnd restricted in voliifiie because’ of be lack of

PR WA et
M drive backup, with the flood fronts tending to stall

at the first row of producers.

As the need for pattern flooding evolved, it also

becamc ‘apparent that more vertical control _«sfeilec-ﬁ

tivity was requrred.g:‘Early injectors “were gmply
rodu

versions of existing. rS -

>

rs 2 generally.
completions. Obviously, little profile control could be
exercised in this type of well. The original general-
ized concept of the reservoir model led to the theory
in several projects that if water were injected below
the oil-water contact or along the flanks, it would
create a bottom- or edge-water drive, or both (Fig.
3). Presumably, this drive would provide a fidod front
vertically and laterally through the productxve zone.
id not happen. We now  believe injection must)
4 dirécted into correlative, continuous pay members;/
and that profile control at the mjectxon -wellbore is
‘essential?

Our expenence is that currently the simplest and
inost positiveé: means’ of controlling. injection” ‘profiles;
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meable ‘_amers t6 crossflow among the productive:/

s;’layem Mechanical design began to improve when for-

mation packers were used. in ‘open-hole completions

167 direct  the 'water- toi"spectﬁe. ay :

‘packers were limited in usefulness by a lack of good

packer seats and by frequent tool failures. The next
. lme b

en sxgmﬁcantly xmproved (Fig. 8). ek »
Alteration’ ‘of stifiitlatio inifues has unproyed@“ﬂ,
injection profile ‘nfod nce. In the Denve
have attgmpted to maint: 2
mtervals and across xmpermeable barders’
: i ' The goals are good
proﬁles m 3 mjectors, n ronal stimulatici
produgers, &and contmued ﬂe

after treating pressures were

intervals were acidized between straddle packers (30
to 60-ft spacmg) Most recentl -our: techmque in2
‘spaced tive perfor—

with centralizers and scratchers across thé' pay'-zones,“
(2) circulating a low-water-loss preflush ahead of low-
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water-loss cement, and (3) reciprocating the casing

turing the formation, In
gfter fillip’ have often improved the pr
ithat have been selectively perforated ar
It is estimated that in the pre-1973 infill
Denver Unit the attainment of an fided

gj;éﬁlif(é, rofile that matchés th

uld fiiciedse oil récovery: by some 20
tnillion bbl. The profile improvement realized in th
past 2 years in the Denver Unit is illustrated by
Fig. 10.

Water channeling between wells has been experi-
enced in many carbonate waterfloods. As a rule, the
poorer the rock quality, the more likely it is that chan-
neling will occur. The presé o
fractures, however, is unprove
the evidenee of induced fracture i
The most practical way to combat channeling is to
design an injection pattern that takes advantage of
the in-situ directional conductivity. This concept is
becoming common in the poorer quality carbonates
of the Permian Basin (for instance, the Permian Clea
fork reservoirs). ‘An inverted ‘niné-spot. pattem pro-
jides: channgliag protection. since’ i
line drive, In the Denver
rmance to date suggests that

~anisotropy:ig ¢onsidérably

s is also inconclusive.!

e

project,
Horizontal

L
7

7

, ' yi_say, an east-
west/no permeability ratio of 1.3/1.0/ins
tie individifal pay membérs a€ contrasted with a ratio
of 2.0/1.0.°

Production Concepts

With the geologic, reservoir, and injection concepts
previously discussed as a basis, specific techniques
have evolved for well completions and workovers in
the Denver Unit. These methods bave given the Unit
the ability to produce oil at high, sustained rates. The
extensive infill program and a continuing workover

program involving the expenditure of _$160,000/
month has Proyided an épportunity to evaluate diffe: o
eht techn

rilling procedures,

Items of specific interest include d procedure
i pérforating, stimulation,

well depth, zonal separation; pet
scale treatments, and Water shuto

The, drilling: of fiew San Andres wellgjpresents 10
mechanical problems, but increased efforts are being
made to use mud systems that will yield improved
hole rugosity, better logging conditions, better cement

jobs, and les§ formationi damagey The desired over-all
result is improved completions and wells with a longer
mechanical life. The basic system has been to use a
simple native mud and to control the water loss to
less than 20 cc while drilling the pay interval. Chalk
emulsion mud has demonstrated some improvements
but has economical limitations. It is planned that for
wells drilled in the immediate future salt-saturated
brine or oil-base mud will be used.
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A general principlé being followed is tobeceﬂ.am i/ been done with temperature and radioactive-tracer
that wells are deep enough to exploit all potential pay. '/ tools to “see” water entry and with tools having elec-

New wells have been drilled and cased to a depth
about 50 ft below the oil/water contact. Exigting open-:*
i6l& ‘wells have béen déepéfied to a densé séction’?
tbelow. the ¢ontact. A gamma ray-acoustic log combi-
nation has been quite useful for correlation,
‘Because the reservoir is layered, ¢onsideiable effort,
Ras béen made to keep zones separated

or proper.
stimulation and, in the. case. of new wells, for pred
yention - of_“behind The pipe”[ crosstiow]for  futuges’
oduction-contral] As explained under “Injection
ncepts,” §EParation in fiew wellsiis attempted by
cementing rough-coat ing ‘through the pay in-
terval, selectively-pér to 25 widely
fforat

ifdfly perforations) stimulation is chemically diverted
— normally with, benzoic. acid «(in 200- to 300-Ib
stages, mixed at 1 to 2 Ib/gal in gelled carrying fluid).

Perforating is done in acid with casing-carrier
select-fire guns using deep-penetrating charges. Per-
forations are located in correlative porous streaks.
The fluid medium is either crude oil or fresh water
and there is a pressure overbalance on the formation.

(mderbalariced perforating has effected no Hioticeable:

improvement.) Most perforations’ will not take (ory

ve ‘up) fluid before stimulation: /It is likely that

“tistics indicate that the spacirig betwee
forations musf exceed 30 ff. to maintain
The basi¢ stimulation fluid i

.15 percent HCl,:containir g‘rc_gr‘rovsiqq inhibitor and a
nonemulsifying agent. Higher-strength acid has been
used, ‘but results. have been no’ bettér./Enough acid
is used to theoretically stimulate a radius of 5 to 7
“ft of porous rock, The amount of acid to inject through
each perforation or between open-hole straddle
packers is calculated by using porosity and net pay
data. Normally, 100 to 150 gal per foot of porosity
has given optimum results. All acid is pumped at
pressures less than fracture pressure.

If the presence of CaSO, scale (gyp) is known or
suspected, the wellbore is prepared for acidizing by
circulating a scale solvent (500 to 1,000 gal) and a
hydrocarbon solvent (1,000 to 2,000 gal) by swab-
bing or by using artificial-lift equipment for 6to024
hours. The solutions are then squeezed into the for-
mation and swabbed back before selectively acidizing.
Another effective use of the solvents is as a preflush
to each acid stage, taking care to separate the scale
solvent and acid with water or hydrocarbon pads.
Such treatments have proved effective and normally
have led to sustained production increases.

Because water is just beginning to break through
in certain response producers, our experience with
water-location devices as well as with water shutoff
is limited. Most Denver Unit production logging has

cautiously, causes communication behind casn}gsta%;
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“75 mechanical devices, indivi
‘cement o chemicals, of, if

‘presénts great problems. To date, only seven a
have been made i

“breaking down” these perforations, even though,

trical circuits to locate oil entry. We recognize that
this type of information is open to question because
of the well equipment changes required (removal of
tubing anchors, raising of the tubing, and perhaps the
use of smaller tubing), and because of the difficulty
in log interpretation. Nevertheless, it is essential to
know where water enters if corrective action on prob-
lem wells is to be effective.

Another method being used to help determine
probable sources of water breakthrough has been to
monitor injection volumes into each zone, A theoret-
ical water-bank radius for each zone in each injector
is calculated from profile survey data, cumulative
injection, and net pay information. Bubble maps have
been constructed by individual zones, thus identifying
potential problems. This technique has proved quite
useful.

Assuming that the point of water entry has been

correctly ascertained, the next step is to shut the water
off. Cased’and. cemented. Wells allow jthe "use of ;
é i

shutoff and reopen

mary problem with any’

musication behind pipe) _—
Shutting off water froman open:holé bréakthrough

pts4

the Denver Unit, and{only:
been in the lower, more permeablé z ~Thus
all shutoff attempts in open hole have been’
breakthrough water. Methods used have included:
(1) setting an open-hole retainer and pumping small
volumes of cement across the offending interval at
pressures less than fracture pressure (fOUf triés; twoy:
sucéesses), (2) setting an open-hole retainer and cap-
ping with Calseal (one try, Tic ss}, (3) €overing'
‘the bottom of the hole with'sand (one try, no s ,
and (4) setting an open-hole retainer an
polymer into the suspect zone (one
Likely: causes fot failure ‘include
pwn-hole crossflow. during the' job, excessh

tivity in picking retainer seats or zones to be shut off,
and perhaps incorrect log information or interpreta-

tion.
Artificial Lift ‘
Of salient interest in the production aspects of a

waterflood is the lift efficiency of the response pro-
ducers in the project. It is Tmperative thiat the produc:

& ¢/ Fig ;
idealized concept of backflow occurring in a Denver %
Unit producer, with loss or deferral of response oil
production as the water fronts continue to advance at
varying rates and at different pressures in the indi-
vidual pay members. ‘T8 Eoiticide with:the Thajor infll¥
diilliig ‘progtam; a study was undertaken to deter-
mine the economics of Tiii wa:s Ve i CaE g strings
'ag TElAted to Tift efficiency. A kh (md-ft) contour map
was constructed on the basis of pressure falloff tests
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‘in injection wells to delineate areas of high productive
capacity; i.e., areas with kh values in excess of, say,
500 md-ft. The objectives of the study were to deter-
mine (1) gas separation efficiency in the 7-in. and the
515.in. casing strings, (2) the producing capabilities
of the two casing strings in wells of different capac-
ities, and (3) present-value economics of the two
strings in high-capacity wells. Data on a number of
high-volume pumping wells were analyzed. These
data consisted of producing bottom-hole pressures,
producing liquid rates, tubing and casing gas rates,
dynamometer runs to determine pump fillage, and a
statistical correlation of kk and producing capacity.

Separation of dispersed gas bubbles is known to be
controlled by the downflow liquid velocity in the
tubing-casing annulus. With the larger casing size, the
downflow liquid velocity can be decreased to assure
adequate gas separation for good pump fillage. It was
estimated that the average annular downflow liquid
velocity had to be approximately 0.3 ft/sec to obtain
a bottom-hole producing pressure of about 200 psi.
A 5 -in. cased well with production rates in excess
of 400 B/D cannot be produced at bottom-hole pres-
sures lower than some 200 psi. From outflow perform-
ance curves for 7-in. and 5%-in. casing strings, oil
production is accelerated by using 7-in, casing. On the
basis of this analysis, most of the new infill producers
are being cased with 7-in, strings. A statistical anal-
ysis of lift performance indicated that approximately
70 percent of all wells in the Unit that have 5% -in.
production casing strings and that are currently
pumping in excess of 300 B/D of gross fluid have
fluid levels of 2,000 ft or more above the pump. (I
is recognized that some of the fluid at these levels
may be foamy.) By confrast, some 65 percent of all
wells cased with 7-in. strings have pumped-down fluid
levels at pumping rates of 400 to 500 1b of gross fluid
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per day. Gas/liquid ratios in excess of 500 cu ft/bbl
have tended to reduce pumping capacity in the 5%-in.
cased holes, whereas the 7-in. cased holes do not show
this detrimental effect at GLR’s up to 1,000 cu ft/bbl.

Another new approach that has permitted better
natural down-hole gas separation is to drill and case
infill producers to a depth below the oil/water con-
tact, thus providing a sump in which to place the
pump (Fig. 9). Extensive deepening of existing open-
hole producers has accomplished the same purpose
while insuring that all oil-bearing pay is open to
production.

Poorman gas anchors (a 30-ft-long, 4-in. slotted
pipe with a 20-ft-long, 2-in. dip tube or 3-in. slotted
pipe with a 1%-in. dip tube) have been used exten-
sively. Their utility, however, is still open to question.
Scale buildup in certain wells would imply that an
additional pressure drop can occur at the anchor.
Also, diagnostic sucker-rod techniques and equip-
ment changes have indicated that as the GOR de-
creases and fluid production increases, this type of
anchor can restrict the flow of liquid to the pump. As
wells respond, a general policy now is to replace the
Poorman anchor with a simple 4-ft mud anchor and
place the pump very near bottom. Production has
increased significantly.

Because waterflood production varies widely with

- time, from well to well, in volume, and in type of

fluid produced, and because average per-well produc- -
tivity was estimated to be 500 to 600 BFPD at an
average well depth of 5,100 ft, the decision to use
beam pumping equipment was straightforward. It was
recognized that higher-volume wells and Denver City
townsite wells would require submersible pumping
for efficiency and safety, and for ecological soundness.

The sucker-rod pumping installations were designed
in conformance with techniques developed by Shell
Development Co. and later published in API Bul-
letin 11L.3. By mathematically simulating pumping
conditions, load and stress ranges and torques could
be calculated for any point in the system for a given
set of producing conditions if a conventional prime
mover was used. This design method, modified by
considering the calculated inertial torque available
by using high-slip electric motors as prime movers
(discussed below), resulted in the following size
recommendations:

Liquid Pump Strokes  Stroke
Rate Size Per Length
(B/D) Beam Size (in.) Minute (in.)
300 228-246-76 2 14 74
400 320-246-86 2 15 86
500 456-304-120 2 13 120
600 640-304-144 214 11 144
Gradient = 0.45 psi/ft

Life depth = 5,000 ft
Efficiency = 65 percent
Rod string = 3 taper (1-in. to % in. to % in.)

More than 60 percent of the beam units in opera-
tion now are API 456 or 640 units. Most of the units
purchased in 1972 and to be purchased in the future

are 640's.
High-slip electric motors are extensively used as
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- prime movers in the Deaver Unit; 460 are currently
in service. Field tests indicated that these motors
allow, for specific designs, the use of a gear box
one API size smaller than would normally be re-
quired. This reduces capital costs of new installa-
tions. Another advantage is less severe rod loading
and hence longer rod life because of reduced acceler-
ation of the rod string. Inasmuch as the use of the
high-slip motors is relatively new, a detailed discus-
sion of operating principles and experience follows.

A properly designed beam pumping system equip-
ped with a high-slip motor can yield a 20- to 35-
percent motor speed change (slip), as torque loads on
the motor and gear reducer increase. This change in
speed allows the rotating counterbalance masses
(cranks and weights) to decelerate. As these masses
decelerate, they yield kinetic energy and torque, help-
ing to drive the rod string. The torque derived from
the decelerating counterbalance masses is not trans-
mitted through the gear reducer. Thus, the gear re-
ducer needs to be large enough only to transmit the
torque from the motor (passing through the reducer)
to the rod string, ’

Maximum reduction of gear box torque is achieved
by (1) increasing the inertial torque of all rotating
masses on the polished rod side of the reducer, (2)
decreasing the inertial torque of all rotating masses
on the prime mover side of the reducer, and (3) using
a prime mover that allows maximum slip. Item 1 is
accomplished by using the longest practical crank
arms and counterbalance weights, and locating them
as near the end of the arms as possible. Because
rotating inertia is proportional to the radius squared,
maximum crank-counterbalance inertia may be ob-
tained by always placing one counterbalance weight
at the end of the crank arm and adjusting the other
weight to attain balance. Item 2 is accomplished by
using the smallest possible motor and unit sheaves.

As mentioned previously, the torque characteris-
tics of a high-slip motor-beam system results in less
severe rod loading. Peak rod stress and peak torque
often occur nearly simultaneously. Because the high-
slip motor decelerates during peak torque periods,
the upward as well as the downward acceleration and
velocity of the rod string are reduced. This results in
lower peak rod stress and higher minimum rod stress;
a 10 to 15 percent reduction of rod stress range has
been measured in many installations. This reduction
should prolong rod life and reduce repair costs.

Experience with high-slip motor-beam installations
in the Denver Unit has revealed evidence of some
gear-box overloading. A study of beam unit torsional
loading suggests that these conditions are due largely
to a lack of accurate surveillance tools to determine
the actual gear-reducer torque. Used in this study to
evaluate torque were (1) direct measurements with
strain gauges, (2) torque factor calculations including
inertial torque, and (3) the sucker-rod diagnostic
analysis.

The Shell Development torque measurement
technique (Method 2 above) utilizes strain gauges
mounted on the gear box output shaft. A small FM
transmitter (mounted on and rotating with the shaft)
sends the strain gauge signal through a loop an-
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tenna (attached to the gear-box housing) to a strip
recorder. Precise, recorded measurements of gear-
reducer torque can be made from start-up, continuing
throughout the pumping cycle. It was interesting to
observe in the Denver Unit measurements that the
maximum gear-reducer torque during the starting
cycle was not significantly different from that during
the normal cycle. The practice of pumping in short

_cycles (stopping the pumping unit once every 15 min-

utes) did not impose any significant overload torque
on the gear reducer. It was also learned that under
stabilized operating conditions the pumping units
should be counterbalanced in such a way that the
downstroke motor current is equal to or as much as
5 percent greater than the upstroke motor current.
The purpose of this is to prevent unnecessarily over-
loading the gear reducer.

Gear-reducer torque was also calculated from
torque factors, applying the inertia of the rotating
cranks and counterbalances to the API torque for-
mula. Data used were manufacturer’s polished-rod
position and torque factor data, a continuous strip
chart of polished-rod load and displacement, and a
strip chart of motor speed. Peak torque could not be
calculated precisely by this method because the manu-
facturer’s data are published for only each 15 degrees
of crank rotation. A few degrees of error in crank

.position in the peak torque portion of the stroke

can result in a significant error because the torque
factor and counterbalance effect change rapidly. This
method would be more accurate if manufacturer’s
data were published for each degree of crank position.
Additional work is being done to include the rotating
inertia of the pumping unit gears and the articulating
inertia of the pitmans, beam, etc., in the gear-reducer
torque calculations. Articulating inertia might coun-
teract as much as 25 percent of the rotating inertia.

The gear-reducer peak torque calculations of the
standard Shell diagnostic technique have been found
unreliable when the unit is equipped with a high-slip
motor. Torque factors calculated by the program are
disparate because of the variations in polished-rod
velocity as the motor changes speed during the stroke
and because the polished rod and counterbalance get
out of phase when the upstroke and downstroke times
are unequal, Mathematics for high-slip motors is
being incorporated into this diagnostic technique.

The results of our torsional loading study show
that we currently have no practical, reliable torsional
analysis method for the routine surveillance of pump-
ing units equipped with high-slip motors. The Shell
Development strain gauge method is precise, but is
too time consuming for frequent use. Therefore, for
routine pumping unit torque surveillance, the Permis-
sible Load concept as proposed by Bethlehem Supply
has been adopted. Permissible Load is defined as the
difference between the maximum and minimum
polished-rod load (PRL) before the torque capability
of the gear box is exceeded. Table 1, which gives
permissible loads for Denver Unit pumps equipped
with high-slip motors, is currently in use.

Rod strings are designed using the same mathe-
matics mentioned above. A 5,000-ft Denver Unit
string might include 1,350 £t of 1-in. rods, 1,550 ft
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of %-in. rods, and 2,100 ft of %-in. rods. Class KD
rods (1.5 to 2.0 percent nickel for corrosion protec-
tion) are used. Industry-established proper rod handl-
ing techniques are employed, ‘and rod problems to
date have been minimal, (One continuous rod string
is being field-tested now.)

Because of the large number of beam pump instal-
lations, the increasing amount of fluid being lifted
(current average: 300 BFPD/well), gas interference,
and pump corrosion, down-hole pump changes are
numerous, Early pump seating problems were cor-
rected by exclusively using API seating nipples.
Redesign of the collet adapter also overcame a failure
problem experienced in initial installations. Corrosion
is being counteracted by coating pumps with paint-on
inhibitor. A seemingly undue number of cases of
pump sticking and bent barrels have occurred. These
problems occur most frequently in newly stimulated
wells — possibly as a result of an initial inflow of
formation fines and solids from wellbore buildups of
scale and hydrocarbons. Remedies being tried include
increasing pump clearances to 0.004 to 0.005 in,,
using chrome-lined barrels, and using plunger shields.

Large volumes of fluid inflow from waterflood re-
sponse producers can exceed the lift capacity of beam
pumping systems. Advances in well surveillance
methods and equipment innovations have led to the
increased use of submersible (down-hole electric cen-
trifugal) pumping systems. Submersible pumping is
best suited to high-volume, low-GLR wells at rela~
tively shallow depths under moderate temperature,
pressure, and corrosion conditions. Initial capital cost
for a submersible installation is usually less than for
a long-stroke (144-in. or greater) beam pumping unit
with a high-torque-rated (640,000 in.-ib or greater)
gearbox. In environmentally sensitive areas, submer-
sible installations have been preferred over beam in-
stallations for safety and aesthetic reasons.

Currently there are 14 submersible pump installa-
tions in the Denver Unit. Nine of the units were
installed originally in 1970. An additional five units

TABLE 1—PERMISSIBLE LOADS FOR DENVER
UNIT BEAM UNITS
(Operating with high-slip motor)

Maximum
Stroke Permissible  Allowable
Unit Length (in.) Load (Ib) PRL (Ib)
640-304-144¢ 144 17,500 22,000
456-304-144* 144 12,000 17,500
456-304-144 124, 1221, 15,000 20,500
456-304-120 or 120
320-256-100 100 13,000 19,000
320-256-100 89, 86, 85 16,000 20,000
320-246-86
228-246-86 74 14,000 19,000
228-200-74
160-200-74 64 13,000 17,000
160-200-64

NOTE: Torque on the unit should be checked If the difference

. between the maximum PRL snd the minimum PRL exceeds the

permissible load. Torque should also be checked If maximum
PRL excesds maximum sallowable PRL value, even though Per-
missible Load may be in limits.

eFor American 640-304-144 and 456-304-144 units with the TF-
143, TF-143H, or TF-143J cranks and Lufkin units.
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were installed in late 1972. The over-all performance
and especially the recent performance of these units
has been good. The average run time between fail-
ures (for six of the original nine units that have failed
at least once) has been 388 days (1.1 years). This
average includes several unduly short runs in three
of these wells caused either by continued operation
of oversized units or by inferior power cables —
problems that are discussed below and are being cor-
rected. For the three units that have not had sizing
or cable problems, average run time between failures
has been 680 days (1.9 years). The longest pump run
to date has been 1,202 days (3.3 years).

Several problems bave hampered or limited the use
of submersible pumps in the Denver Unit. Perhaps
the most important problem is that submersible sys-
tems are designed to pump efficiently only in rela-
tively narrow ranges of fluid volume and pressure
gradient. For continued successful operation, there-
fore, a submersible outflow system must be designed
to closely match the well inflow. This inflexibility
presents problems under waterflood conditions be-
cause inflow performance parameters such as reser-
voir pressure, GLR, and water cut are continually
changing, If inflow performance is miscalculated or
if it changes significantly with time, the submersible
system should be replaced by one of more suitable
capacity to prevent early and expensive failure. Qur
experience indicates that a straight-line PI (produc-
tivity index) adequately describes inflow performance
above bubble-point pressure. The Vogel IPR equa-
tion best describes inflow performance below the
bubble point.

Another significant submersible pumping problem
has been that of inadequate gas separation in high-
GLR wells (greater than 1,000 cu ft/bbl). As cur-
rently designed, submersible pumps are susceptible
to “gas locking.” This causes the unit to shut down
and then restart after a programmable time has
elapsed. Cycling causes undue wear on motor and
pump, thus is 2 common cause of low fluid production
and early unit failure,

The best solution to gas separation problems in
most artificial-lift systems has been to locate the pump
intake a practical distance below the producing inter-
val. This is not easy to achieve with a submersible
pump. For proper operation, the unit requires the
cooling effect of continuous down-hole fluid move-
ment past the motor. To move the unit below the
producing interval, a “shroud” must be placed
around the unit to divert fluid past the motor before
it reaches the pump intake, Wellbore diameters less
than 7 in. will not permit adding this shroud. In
open-hole completions below 7-in. or smaller casing,
a unit of suitable Lift capacity is usually too large for
the wellbore. Because of the motor cooling require-
ment and wellbore size restrictions, submersible units
have been placed above the producing interval. In this
position, any gas separation attained must be mostly
mechanical, Suppliers of submersible pumps have
developed mechanical, generally cup-type gas separ-
ators. Under producing conditions in high-GLR wells,
these separators have failed to eliminate the gas lock-
ing problem.
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: Good submersible pump operation requires effi-
cient down-hole gas separation, a condition difficult
to achieve. Recently, a centrifugal gas separator has
been developed. The separator section takes the gas-
liquid mixture in and centrifugally separates it into a
gas column and a liquid column by means of an
impeller connected to the main pump drive shaft.
The impeller then directs the gas column through
ports to the pump-casing annulus and feeds the liquid
to the first pump stage. This separator was success-
fully field tested in a 1,500-GLR Denver Unit well
with a history of submersible gas lock and cycling
problems. The centrifugal separator eliminated the
gas-locking and cycling problem and allowed a 30
percent increase in oil production. Submersible units
in several more Denver Unit producers are being
equipped with this gas separator for further field test-
ing. Successful development and testing of this separ-
ator may extend submersible capabilities to higher-
GLR wells.

The unreliability of the submersible power cable
has been a problem. Early power cables, constructed
with low-density rubber or polyethylene insulation,
could be invaded by gas or well fluids, causing elec-
trical shortouts and motor failures. Low-density poly-
ethylene insulated cable in three 1970 Denver Unit
installations failed within 6 months, apparently as a
result of gas invasion. Currently used electrical power
cables for submersible pumps incorporate copper
conductors with either polypropylene-ethylene or
polynitrile insulation protected by galvanized steel
tape-interlock armor. Cables of this type normally
withstand temperatures up to 180°F and pressures up
to 2,500 psi in moderate corrosion environments. We
haye had no significant problems or failures with these
newer cables.

Chemical Concepts .

Chemically oriented problems that require attention
in the Denver Unit include corrosion, scale, and poor
water quality.

Corrosion is being effectively controlled without
large expenditures for continuing chemical inhibition
programs because effort was concentrated early on
coatings and metallurgy. Flow lines and valves are
protected with epoxies, polyester-modified epoxies,
epoxy-modified phenolics, or polyurethane coatings.
Injection tubing is coated with polyvinyl chloride
plastic and injection lines have cement lining. In-
teriors of tanks and treatment vessels are coated with
zinc-filled epoxy paint. In production wells, corrosion-
resistant Class KD rods are used, and down-hole rod
pumps are protected with a commercial paint-on
inhibitor. The degree of corrosion experienced to date
does not warrant an extensive program of pumping
chemicals down the tubing-casing annulus.

Cathodic protection has had limited use, Wellheads
and casing strings have not been cathodically pro-
tected, mainly because of poor experience elsewhere
in Shell’s operations, Spurious potentials have caused
deleterious corrosion effects on other lines and equip-
ment in the vicinity of the cathodically protected wells.

External corrosion of new casing strings in both
injection and production wells is now being prevented

JUNE, 1974

by cementing to the surface. More than 100 casing
failures have occurred in the existing wells unpro-
tected by a cement sheath, Repair consists of cement
squeezes in 5%-in. casing and squeezes or 5-in. liner
installations in 7-in. casing (depending on over-all
casing condition as determined by inspection logs).
A few wells have been irreparably damaged and will
need replacement,

Internal corrosion of casing above the packer in
injection wells is guarded against by placing inhibited
fluids in the tubing-casing annulus. However, the

* problem of insuring long life of the casing across the

injection interval (a necessity if attempting to main-

_ tain segregated zones) has required other solutions

because the makeup injection water is oxygen satur-
ated. A recent, significant development introduced in
the Denver Unit has been the use of fiber glass liners
and casing strings (3%, 4Y%, 5%, and 7 in. in diam-
eter) cemented across the pay interval to provide zonal
separation and to control both corrosion and fill.
Handled very similarly to steel, fiber glass strings are
being installed in both new wells and existing open-
hole injection wells; to date, 122 of 238 injectors have
been so equipped. Completion techniques differ little
from those in steel-cased wells except that cup straddle
packers instead of slip-type packers are used during
stimulation. The injection packers set in fiber glass
are cup type and inflatable type.

The formation of scale is seemingly inevitable in
a waterflood, and the Denver Unit is no exception.
Comparatively, the problemi is not severe, although
significant reductions in production have occurred in
localized areas, and the presence of scale is increasing
as more of the Unit responds. In passing through the
San Andres formation, the injection water becomes
saturated with CaSO, (gyp), and the drop in pressure
and temperature at wellbores in which the pressure is
being drawn down for efficient production is often
sufficient to cause precipitation. Calcium carbonate
and iron sulfide scales usually occur simultaneously,
although in lesser amounts. As discussed under “Pro-
duction Concepts,” chemicals designed to remove the
gyp, followed by acid, will restore production. Re-
cently, water samples were collected from every pro-
ducer making measurable water. This survey has (1)
located the wells with scaling tendencies, (2) provided
a basis for preventive measure studies and more
effective remedies, and (3) given base data for moni-
toring water breakthrough. Scale inhibitors thus far
have been used only experimentally, Introduction of
chemicals into the annulus of all production wells is
not economically warranted in this flood, particularly
since many wells cannot be pumped down enough for
the inhibitor to effectively contact the producing in-
terval and equipment. The squeeze technique, by
experience and laboratory test, has not yet proved
suitable. The inhibitors return to the wellbore too
rapidly to give lasting protection and, even more sig-
pificant, form precipitates that may seriously damage
formation permeability. Prevention of scale is fore-
most in our minds, and experimentation will continue.

Injection water quality has always been of interest,
but it has assumed a much greater importance with
an increased need for larger volumes of water. Water
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. quality becomes more critical as reservoirs of poorer

quality are placed under flood because such reservoirs
are more susceptible to plugging both with precipi-
tates and with carried solids. Denver Unit makeup
injection water is excellent quality Ogalalla water
that is chlorinated and passed through desanders;
accordingly, few problems have been encountered to
date. However, as a protective measure, all fresh-
water injectors in the Unit are equipped with a 50-
micron mesh filter at the wellhead.

Surveillance Concepts

Waterfloods require constant, detailed surveillance.
The need is compounded in a project as large as the
Denver Unit, Therefore, computer programs are
advantageously used for a wide range of surveillance
applications to pinpoint significant changes. Individ-
ual well production tests are computer-arranged in
sequences of ascending or descending oil rates, water
cut, and GOR. Individual well performance curves
are generated by a computer-controlled drum plotter
from data stored in computer history files. Prepared
periodically are bubble maps of injection water bank
radii based on computer calculations from injection
and profile history data stored in these files. Reservoir
voidage resulting from production is computer-calcu-
lated by well, pattern, and project, and compared with
injection volumes. The GOR’s of all production wells
are checked monthly with those of wells having GOR’s
exceeding 3,000 cu ft/bbl or having increasing GOR
trends shut in to await either remedial action or drive
response.

Surveillance of the sucker-rod pumping installations
is carried out by keeping accurate production records,
by regularly checking sonic fluid levels, by studying
well-pulling records, and by using the sucker-rod
diagnostic technique. Each month, 20 to 25 of these
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diagnostic surveys are run, and at least 75 percent
result in profitable equipment change recommenda-
tions. Continuous motor-amp charts, fluid levels, and
bottom-hole pressure device readings taken in con-
junction with production tests are used for routine
surveillance of submersible pump installations. These
data are used to monitor the inflow performance of
the well and its effect on the submersible pump out-
flow performance.

Summary . ,

The evolution of carbonate waterflooding in engineer-
ing design and execution has been presented, using
the West Texas Denver Unit waterflood (one of the
largest supplemental projects currently operating in
the U.S.) as an example, If the reader can glean from
this paper innovations ot Rrossslqz?s.%pf to:his
own' supplemeiital fecovery ‘Operations, the purpose

of the paper will have been served.
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Team redevelopment a SUCCESS
is' Tilden reef reservoir

Steven E. Baker Philip H. Carlisle Deminex u.S. Oil Co. Dallas

at illing

he purpose of this pa-
per is to demonstrate a
successful redevelop-
ment of a mature oil field.
The subject field, original-
ly developed in the 1950s, is
a heterogeneous reef reser-
voir that has been re-evalu-
ated using a team approach.
The reservoir manage-
ment team combines the
geological and engineering
disciplines to undersiand
e Bl o he
and to apply new technical
thinking to drilling location
selection, completion de-
sign, and remedial activity.
Recent activity, using this
technique, has resulted in a
substantial field production
increase.
Regional setting
Some of the most intrigu-
ing yet elusive targets in the
Tlinois basin are the’reefsfof
mostly Silurian age found in
what is often thought of as
the basin’s hingeline trend.
Studies of zeelsith the ba-
sin indicate grow# originat-
ed during deposition of the
St. Clair (Niagaran) and con-
tinued during deposition of
the Moccasin Springs (Nia-
garan) and into the Upper
Silurian Bailey (Cayugan)
and possibly into Lower De-
vonian. Regressive Devoni-
an seas ended reef growth

along the rim of the basin.

A number of younger sed-
iments produce from struc-
tural closure caused by
drape over Silurian reefs.
About 92 million bbl of oil
has been produced from the
Silurian and associated
drape structures of Missis-

sippian and Pennsylvanian
T T 5

Ti
Randolph County, Ill.,, near
the updip limits of produc-
ing reefs, on the western-
most edge of the Illinois ba-
sin (Fig. 1).

Tilden is one of Illinois’
most prolific Silurian fields,
largely due to its geographi

i hil

p
Silurian age reservoirs asso-
ciated with the Tilden reef,
and more than 5 million bbl
e_been produced

Jet Oil Co., predecesss t)é
Deminex U.S. Oil Co.

The exploration method
leading to the discovery of
Tilden field was the subsur-
face mapping and subse-
quent evaluation by drilling
a structural high on the No.

Sy

L

& th
producing wells drilled on

9}%\‘&&

0GJ)

6 coal. Jet used this method
to evaluate as many as 60
anomalously high coal struc-
tures before the Tilden dis-
covery.

Tilden field’s develop-
ment history can be divided
into two periods. The first is
the original development of
the field by Jet, and the sec-
ond period is the modern re-
development initiated by
Deminex in 1984.

Earfier development

The discovery well, the Jet
1 Carl Easdale, was complet-
ed pumping oil at the rate of
b/d in October 1951
5 ﬂmﬁ; gt ﬁ,‘l

20 acre spacing had been
completed. Initial potentials
ranged from a low of 7 b/d in
an edge well to a high of 600
b/d in a reef core well.
Development drilling con-
tinued, consisting mainly of

S ucing
wells were completed. Initial
potentials of these new
wells, with one exception,
were less than 50 b/d. Most
of the new wells were in
flank positions, and due to
their relatively disappoint-
ing results the field was con-
sidered fully developed.
S Tk Tt T

alls The step-
AR B osito wells were
drilled deeper than the reef

g 55 2
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core wells due to their struc-
tural position.

Hydrocarbon shows were
noted to depths of nearly
2,300 ft (approximately
—1,800 ft subsea). A subsea
of -1,800 ft was assumed as
the fieldwide oil-water con-
tact.

In the late 1950s a deepen-
ing program was com-
menced that continued for

early 1980s the operator di-
rected its attention to other
areas, and Tilden field pro-
duction followed a normal
decline. By mid 1984, field
production had declined be-
low %0 b/d.

il
Two of the 10 acre infill wells
were successful with initial
potentials in excess of 50 b/
d, but the flank wells drilled
had relatively poor results.
Information gained from
initial redevelopment sug-
gested 10 acre spacing was
more appropriate for field
development. Therefore,
two additional development
wells were drilled in late
1987 followed by two more
in mid-1988. ‘
During the 1988 program,
a reservoir management
team was assembled consist-
ing of a geologist and a pe-
] ineer. The team

EXPLORATION

Fig. 2

Al Tocation selection

{ and comletion practices.

In early 1989, a thorough
review of completion prac-
tices resulted in major

| changes in completion tech-
¥l niques.

The combination of im-
proved drilling location se-
lection through an under-
standing of the reef com-

locations with a total of eight
wells being drilled.
Geologic modeling and
detailed log analysi :
alsoled t S

< a"field production
through mid-1991.
Reef geology
Tild eef is more
than} fits core.

its associated detrital debris
extend laterally for approxi-
mately 1,200 acres, although
few productive boundaries

have been found. More than
100 ft of structural closure is

plexities and improved com-,
pletion techniques has since
led ‘to several ‘successful in-'
fill ireef coré and step-out

present on top of Silurian.
The pinnacle reef is re-
flected as structural-highs in
the overlying sediments. Im-
mediately above the Silurian
age reef is a thin (less than
10 ft) interval of New Albany
shale. A major source of hy-
drocarbons is present in this
extremely organic rich shale.
Above the New Albany
shale, another thin (also less
than 10 ft) layer of Chouteau
lime is overlain by a 350 plus
ft section of Borden silt-
stone. This sequence of
rocks provides an excellent
vertical seal to trap hydro-
carbons within the underly-
ing Silurian. Lateral seals are
provided by the presence of

tight non-reef cherty limes.

During reef building,
framebuilders adapt to sea
level changes and localized
areas of preferred develop-
ment occur within the reef
core and the flanks. As the
reef core grows higher, the
flanks begin to receive large
amounts of reef-rubble con-
glomerate, especially during
large storms.

Core analysis indicates
that reef core organisms col-
onized in localized patches
with varying intensities. As
environmental conditions
changed, adaptation oc-

curred, resulting in diversifi-
cation or possibly a reduc-
tion in the number and type
of species. This has had sig-
nificant effects on creating
localized areas of primary
i ithin the
han

o ; =
role in creating signi

reservoir potential within

o ¥
Banded calcite is evident

dent in several cores, and
samples often indicate fairly
major periods of weathering

ficant fracturing oc-
curred as a result of subsi-
dence and differential com-
paction. Fracturing created
fluid migration pathways
throughout the reef.

Evidence in cores suggests
considerable primary and
secondary porosity was de-
stroyed by post depositional
fluid migration. Vadose de-
position occurred through-
out the reef building proc-
ess, creating large cavities
where sediment infill oc-
curred. Secondary calcite
healed fractures and filled
pore spaces.

The upper 100 ft of the
reef has some of the best
preserved primary porosity.
This could largely be due to
the growth of the frame
building organisms during
the late Silurian and into the
early Devonian being trun-
cated by the regressing De-
vonian seas. A period of
non-deposition occurred
during early to middle De-
vonian. The original matrix
porosity was not as adverse-
ly affected and secondary
porosity was enhanced dur-
ing this period.

Lithologic correlations are
difficult in a reef environ-

ilden

ber of cores.

occurred. This led to com-.{

partmentalized reservoirs of
arying fater’ Iyertical

ety et A ST T T T T T I e 4 o pr———
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EXPLORATIUN

100,000

10,000

Bbl/month

Initial dgvelopient drilling

1960

Déeperings

1965 1970 1975

1980

Redevelopment

990

o3R8ELB
Number of wells producing

1985

ment without the aid of de-

tailed studies. Although core '}

studies are helpful in under-+

standing ) ,
stratigraphy, lateral changes
occur so rapidly that the hor-
izontal resolution is almost
limited to core diameter!

Because lateral variations
are so significant, produc-
tion data have been used as
an aid in understanding the
geologic complexities. Cor-
relations made using logs,
cores, and samples are high-
ly interpretive. When sup-
ported by well production
history data, verification of
expected reservoir continu-
ity or discontinuity can often
be confirmed.

Cores were taken on all
pre-1984 wells. Generally,
fossil assemblages were de-
scribed in limited detail, so
meaningful lithologic corre-
lation is difficult using this
information. The main ob-
jective in coring wells during
original field development
was to aid in making pipe
setting dedisions.

Recent development has
been done without cores.
Sample analysis identifies
general lithologic changes,
although detailed analysis
can only be made from
cores. Fossil assemblages are

localized vertical

“Net thickness 2,250-2,300 ft. Contour interval § ft

o Visk dridied bty 1984
A ik diiied aar I

© Vel penetszting satre
el ocs

difficult to identify in sam-
ples, making recognition
possible only to those highly
skilled in analysis. Samples
are collected and evaluated
every 10 ft through the reef.
A sample log is prepared
indicating general lithologic
descriptions, drilling time,

fluorescence, and cut.
Development history

Original wells

Tilden field’s original de-
velopment wells were
drilled to the top of the reef

and cored 50-75 ft into the § 5

of drilling o}zzt the shoe with
cable tools and swabbing the
well to allow it to clean
up before placing it on
pump. Some wells were ca-
pable of flowing for a short
time before being placed on
ump,
If the production rate was
insufficient, the wells were

were also subsequently aci-
dized with good results._ oo resuls
Early Deminex worrk

and a

bridge plug to separate the
intervals for acid breakd

The fracture treatments
consisted of high rate (40
bbl/min downhole rate)
foam sand fracs. An average
treatment consisted of
60,000 gal of 75 quality nitro-
gerv/gelled water foam carry-
ing 60,000-80,000 Ib. of 20/40
or 12/20 mesh sand.

The wells were flowed
back, cleaned out, and put
on pump. The average well

Later development

Development wells drilled
more recently benefited
from improved location se-
lection an M’ktlbrx’te_c_l_y_
niques.

New well loca
on eologi

tions based

cidized in one to threel,
stages using a retrievable

]
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- property and frac-height cal-

lation techniques, namely
fracture addizing, have led
to higher initial potentials
and faster payout times.

Drilisite selection

Open  hole analysis. One
of the keys to development
at Tilden has been wellsite
geology. -

During the original devel-
opment, wellsite observa-
tions of cores were used al-
most exclusively for pipe
setting decisions. Today,
modern logs replace much
of the information provided
by cores, but wellsite analy-
sis of cuttings for lithology
and hydrocarbon show are
still important to pipe set-
ting and completion design
decisions.

Modern logs have made a
significant impact on Tilden

particular well gr interval.
This ability has enhanced lo-
cation selection by providing
the tools necessary to “mod-
el” the field.

Tilden development wells
currently use four logging
passes. The first pass con-
sists of a dual induction,
spontaneous potential, and
gamma ray. The second pass
consists of a compensated
density, compensated neu-
tron, microlog, caliper, and
gamma ray. The third pass is*
a diélectric used to help dis-:
tinguish produttive intervals’
from water bearing inter-*
vals, 'while the fourth pass is
a dipmeter used to help se-
lect offset locations.

Long-spaced acoustic logs
were run during 1989 and
1990 primarily to make rock

culations. These logs were
important to the completion
practice study performed in
1989. They are no longer run
because fracture property in-
formation was found to be
fairly consistent throughout
the field. This consistency is
probably due to the homo-
geneous nature of the rock
material itself since the frac-
height calculations are un-

able to account for heteroge-
neities caused by secondary
porosity.

The dipmeter has replaced
the acoustic log particularly
in the step-out or reef edge
locations. The dipmeter in-
formation is important in
these wells to assist in defin-
ing depositional environ-
ments as well as aiding com-
pletion interval selection.
Offset locations, especially
step-outs, are then further
defined without the addi-
tional expense and risk of
coring,

Reservoir evaluation. One

ore, g able
dequately address the
heterogeneity of the field
has been difficult.

The creation of a digital

sy ale. g8 7o WY

¢ atabase was considered to_

critical in

Zzing 10
sonal computer based log
analysis package was the
first step in creating a de-
tailed database.

A large percentage of the
development wells at Tilden
are modern (post-1984) and
are well dispersed through-
out the field (Fig. 2). Old
logs are used in a qualitative
manner, i.e. to determine if
a well or interval is in a
reservoir identified by the
isopach mapping. Core de-
scriptions are more useful in
identifying porous oil reser-
voirs that can be correlated
to isopach mapping.

Digital land grid data was
imported into a PC based
mapping and software pack-
age. Well locations and basic
well data were also input
into the mapping package.

After the database had
been established, base case

servations made from recent
completions, in particular,
the 1989 completions that
had been thoroughly pro-
duction tested. Detailed log
analysis was performed on
each well for net pay thick-
ness, average water satura-
tion, and average porosity.

data for a per-

EXPLORATION

+
L 4
+
+
4s
+ §
o CUF
*Average watsr saturation zmzﬁ'm"ﬁomo;rmds 0G/]

AR o

o 9
*Average Porosity 2,250-2,300 ft.

The results were then im-
ported into the mapping
software.

Isopach maps are used to
identify individ £r

tion at Tilden, a method had
to be devised to account for
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tion study, modemn
enerall g

] > S ;
helps insure proper stimula-
tion of each interval instead

the lowest pressure zone
¥ (typically the more depleted
‘ Upper Silurian).

2 predlchon is
quahtahvely estimated from
the reservoir model and geo-
logic analysis. Absolute val-
ues of pressure are not as
important in completion de-

is not economically

feasible to identify and sepa-

ed for each layer for three
parameters; net thickness,
average water saturation,
and average porosity. Exam-
ples of maps for the layer
2,250-2,300 ft are shown
(Figs. 4, 5, and 6). Individual
maps were edited to more
closely conform with geolog-
ical and engineering princi-
ples. When the individual
layer isopach maps were
complete, oil in place maps
were created.

Individual reservoir analy-
sis based on isopach map-
ping indicated that while
some reservoirs have lateral
extent, the majority are pro-
ductive in only a few wells
and some only produce in a
single wellbore. This obser-
vation is not surprising be-
cause of the complexity of
the field and randomness of
reservoir distribution.

Individual reservoirs were
correlated with modern
open-hole logs in stratig
graphic cross-sections. Onc§
the correlation betweerg

wells is made, additional off-"

15 C. Easdale
Gamwed wy Sacre el Koo T
(1K -,
‘ o I . NE NW NE 16-4s5-5w
v e [} CIE] g
Iraziboun
E] fE
g .
o~ "~
<
J Perforated at 2,194-2,330' with 106
S - 3 holes overall; breakdown treatment
i 4] 3500 gal 15% HCH selectively; frac
ey with 31,000 gal crosstinked gellod
waler, 15,000 gal 20% & 15% HC!
—
1
Perforated at 2,348-2,409' with 53
- holes overall; breakdown ftreatment
— 2,500 gal 15% HCI selectively; frac
with 15,000 gal crosslinked gelled
) water, 8,000 gal 20% and 15% HCI
! Commingled Initial potential 126 bid
of o, 189 b/d of water, and 76 Mcld
of gas
foct)
Isopach maps were creat- | set development drilling can

be analyzed on an oil-in-
place basis for the reservoirs
that would not likely have
been penetrated.

Completion technigues

Multiple stage comple-
tions. All phases of comple-
tions were reviewed and re-
vised by the reservoir man-
agement team.

Because geologic input
and interpretation of de-
tailed well log

he Trst multiple stage
completions were individ-
ually tested to determine the
effectiveness of the tech-

>observed in the pro-
duction tests within the
same well mdlcated dlfferen

rately treat each of these in-
dividual reservoirs.
Reservoirs are therefore
clustered in completion in-
tervals, and steps are taken
to insure that all perfora-
tions are open and fracture
treatment rates and pressure
are sufficient to adequately
treat the overall interval.
Perforations and break-

would be

t to insure
tion

] has been u:nplemented

of preferential treatment of

u\aw” .

out" an acid treatment due
to the large vertical intervals
being treated. Increasing

H shot density would make

this process even more diffi-
cult, so another method of
breaking down perforations

perfora-

is
he 3 ft spacing typi-
ally allows treatment of two
perforations per setting.
Breakdown and treatment
pressures are monitored and
are used in fracture treat-
ment design. During the
completion practices study,
these data were compared
with pressure estimates
from the frac-migration logs.
During the Upper Silurian
completion of the 15 C, Eas-
dale well in 1989, perforated
ptervals with significant de-

Actual breakdown
presSires in some perfora-
tions were much higher than
predicted and in some cases
were much higher than the
average breakdown pressure
for the entire Upper Silurian
interval.

The actual and predicted
breakdown pressures as gra-
dients in psi/100 ft, and their
corresponding  porosity log
readings for the 15 C. Eas-
dale are shown (Fig. 7).

High breakdown pres-
sures in these porous and
permeable i

acid will readily remove this
damage if sufficient pump

pressure is applied; and the
actual
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by the inability to create
high conductivity and long
length fractures from the
sand/foam fracture treat-
ments.

The size of the foam fracs
was small relative to the net
interval being treated. Treat-
ment pumping equipment
and fluid property limita-
tions prevented the larger
jobs with higher sand vol-
umes and concentrations
necessary to effectively stim-
ulate the Silurian reef.

Since the Silurian is a
clean limestone highly solu-
ble in hydrochloric acid,
fracture acidizing was
thought to be a better alter-
native to sand-propped frac-
tures. This change was also
implemented in 1989 as a
result of the completion
practices study.

The major limitations to
fracture acidizing are leak-
off of the treating fluid and
premature spending of the
acid. An alternating phase
treatment of acid and vis-
cous gelled water pads is
employed to control both.

The p e of the cross-
linked gelled water pad is to
create and extend the hy-
draulic fracture and control
leakoff. The less viscous acid
phase “fingers” through the
pad, contacting and etching
the fracture face as it moves
toward the tip of the frac-
ture. The following gelled
water pad phase extends the
fracture further allowing

reater acid penetration
g P o

- d production comes
from localized areas of sec-
ondary porosity (vugs and
fractures) found within the
individual reservoirs. The
goal in fracture acidizing
treatments is to reach as
many areas of secondary po-
rosity as possible in the lat-
eral direction and connect
them to the wellbore.

The major problem in
reaching these cells is main-
taining net hydraulic fractur-
ing pressure throughout the
treatment by overcoming
leak-off. High injection rates
(50-60 bbl/min) are required
to insure that sufficient net

.ing wellbo ores.

“cost of

fracturing pressure is main-

tained.
The high fluid rates choke
off the secondary porosity
leakoff channels allowing
the fracture to continue lat-
eral growth, and hopefully
penetrate additional areas of
secondary porosity.
Production  characteristics.
Modern completion tech-
niques result in high volume
production rates which are
closely monitored during
production testing to insure
the wells are sufficiently
pumped off. Pumping
equipment is often resized
based on production test
and fluid level analysis dur-
ing the testing phase.
Current development
wells have higher initial po-
tentials, some greater than
100 b/d, with less severe de-
cline rates than earlier post-
1984 wells, Comparing early
redevelopment practices
with current practices shows
initial potentials have more
than doubled since the res-
ervoir management team ap-
proach was implemented

(Fig. 8).
Remedial activity

While drilling has played
an obvious important role in

" Deepenings. Deepenings
in the 1960s were highly suc-
cessful, adding several hun-
dred thousand barrels of re-g
serves. Today, every pre-§

ROISELont ‘

ave been deep-
ened since 1984 as a result of
technical and economical
considerations. Déepeninig:
- “1‘»'» ga 1rep
well, land candidates must
be thoroughly evaluated.

n hole evaluation is
complicated due to limited
logging tools available for
slim hole applications. Com-

*| intervals for recompletion is

883888

Initial potential b/d

Remedial Production
well activity Increase, b/d
3 F. Easdale Deepening 3
4 F. Easdale Deepening 28
1 H. Edmiston Despening 0
1 F. Easdale Deepening 50
3 C. Easdale Deepenin? 13
3 Wison Pumping facility 140
12 C. Easdale Pumping facility 145
1 Bickett Recompletion 20
12 C, Easdale Stimulation 15
3 M. Bingle R j 185
12 C. Easdale Recompletion 160
16 C. Easdale Recompletion 15

tions _usially involve. oriy’
SINEE

: ey
wellbore is not available for
completion.

A slim-hole liner, set to
isolate pay zones, prevents

1 use of the selective acidizing
packer. Production tubing -

size is limited in high vol-.
ume completions which
might require larger tubing.

Workovers. Workover po-
tential exists generally in the
form of recompletion in

3 overlooked intervals in wells

drilled since 1984. Only
*these wells are cased com-
pletions and have sufficient
log data to evaluate and ef-

fectively complete over- p&

looked behind pipe pays.
The ability to isolate the

pleﬁoa,gfﬁons are also lim-
ited. ‘Muiltiplé zone comple- '

zones were originally over-
looked for a number of rea- |
4 sons, which include:

Middle and Lower Siluriag/!

uration calculations in some

| pleted intervals,

Jogh K Lopn -

These behind-pipe pay

1. Conventional water sat-

\ra

> Another -soiirce of work-
over candidates is incom-
plete or inadequately com-

Early redevelopment wells
may have unopened Degtg
rations because of
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from Michigan State Universily.

Steven E. Baker is in the Production Technology group of
Deminex Gmbh, Essen, Germany. Before moving to Germany in
August 1991, he worked as @ production engineer for Deminex U.S.
Oil Co. (Dusoco) in Dallas since 1985. Initially he was involved with
company aperations in West Texas, His responsibilities shifted in
1988 to Oklahoma and Mlinois, in particular Tilden field. He has a BS
in petroleum engineering from Texas A&M University.

Philip H. Carlisle is a geologist with Dusoco in Dallas. Working for
Dusoco since 1985, he has been involved in exploration and produc-
tion projects, primarily in linois, Oklahoma, and Texas. Much of
his time has been committed to the design and integration of
multidiscipline computer applications technigues used in the com-
pany’s exploration and development activities. He has a BS in geology

Carlisle

tential from this type of
workover candidate is diffi-
cult to quantify because of
the uncertainty of success of
the original completion.
Partial depletion of the
target workover interval is
likely regardless of the suc-
cess of the original comple-
tion, which negatively af-
fects project economics.
One of the most effective
s of workovers has been
in wells with high producing
bottom hole pressures.
Pumping down wells with
high fluid levels has had
dramatically increased pro-
duction. Producing fluid lev-
els must be i

ty show the impact of reme-
dial activity on field produc-
tion and are further exam-
ples of the effectiveness of
the team approach applied
to the redevelopment of a
mature field (Fig. 9).

. early development, geology
" of the Silurian reef produc-

onstantly moni- | ——

| This paper has focused on
ilden field discovery and

ing interval, development
drilling, completion prac-
tices, remedial activity, and
finally a brief description of
how a heterogeneous reser-
voir has been mapped using
PC based log analysis and
mapping packages.

Significant conclusions are
as follows:

2. Lateral variations wif
in the reef are extreme/ By
using proper geologic analy-
sis with the integration of
production data, a better un-
derstanding of the complex-
ities and separation of reser-
voirs can be achieved.

3. Computer aided log
analysis and geologic model-
ing have led to a more de-
tailed understanding of the
reservoirs involved. Large
amounts of data have been
used that may have other-
wise been overlooked or not
iricorporated. Selection of
development drilling loca-
tions and workover candi-
dates has improved using
the additional information
gained from computer anal-
ysis.

4. A better understanding
of reservoir characteristics
has been beneficial to im-

d high rate
ing treatments has led
to dramatic increases in ini-
tial potentials and sustained
higher production rates.

A most important conclu-
sion is that significant new
potential has been realized
from an old field using ad-
vanced ideas and tech-
niques.

A combined effort of the
team geologist and engineer
has permitted a better un-
derstanding of the complex-
ities of the reservoir, result-
ing in the capability to more

| effectively produce and de-
' velop intervals within a het-

erogeneous reservoir.
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NORTH DAKOTA

Baleron Oil Co., Billings,
said as many as seven offset
wells may be possible along-
side a discovery in a nonpro-
ducing township 10 miles
northeast of Plaza,

Balcron’s 32-22 Dyke, in
22-154n-87w, Ward County,
flowed 130 b/d of oil from
perforations in the Sher-
wood member of Mississip-
pian Mission Canyon at
about 7,000 ft, the company
said, Total depth is 7,300 ft.

Based on analogy to near-
by production, reserves
could average 200,000-
250,000 bbl/well, the compa-
ny said. Balcron, a division
of Equitable Resources Inc.,
Pittsburgh, owns an approx-
imate 35% working interest
in the prospect.

Petroleum Information
noted that Texaco had com-
pleted 34-1 Paul Ray, in 34-
154n-88w, Mountrail Coun-
ty, 6 miles southwest of Bal-
cron’s Dyke well. Uncon-
firmed reports have Texaco’s
discovery producing at rates
of 20-30 b/d of oil.

Wabek field, about 8 miles
south of Balcron’s well, has
produced about 3.8 million
bbl of oil and 2.3 bef of gas
from Sherwood in 10 years,
PI noted. Balcron estimated
Wabek ultimate recovery at
5-6 million bbl of oil.

Two well Mandan field, 7
miles northeast of Balcron’s
well, produces oil from the
Bluell member of Mission
Canyon, PI noted.

on Gas Dry < . ot
wells Footage welis Footage holes Footage  wefist Footage
Decomber 1991 . 958 3,509,545 664 3,651,803 611 3,075,516 2321 10,421,643
November 1991 1,013 4,318,200 904 4,810,442 745 3,688,695 2,750 13,080,830
Dacember 1990 o8 3,766,394 785 3,498,120 557 2,779,866 2208 10217,829
- 'TofalmlsrepodedpAdehgoecenber1991.ﬁudasolgas.add'yhoboplusmbewelsmdsuigmpﬁcsdm
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Effect of Horizontal and
Vertical Permeability
Restrictions in the

Beryl Reservoir

Cralg A. Knutson* and Ragnhild Erga, SPE, Mobil North Sea Ltd.

Summary. The Beryl formation, the
primary reservoir in the Beryl field,
has a complicated distribution of
pressures and fluids controlled by
horizontal and vertical permeability
restrictions. Horizontal permeability
restrictions, the result of extensive
faulting, divide the reservoir into eight
interrelated areas as determined by
careful analyses of pressure and pro-
duction histories and fluid monitoring.
Vertical permeability restrictions,
which are the consequence of thin
lithologic breaks within the massive
sandstone sequence, further divide
the eight reservoir areas into seven
layers, as evidenced by careful
review of repeat formation tester
(RFT) data, pressure-transient tests,
cased-hole logs, and reservoir per-
formance data. A detailed reservoir
model identified areas and intervals
of unswept hydrocarbons, resulting
in an aggressive workover and drill-
ing program. The model was an es-
sential component in the success of
the subsequent reservoir simulation.
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Introduction

The Beryl field! is located in Block 9/13 of
the U.K. sector of the North Viking graben,
North Sea. The field is estimated to contain
2100106 STB original oil in place, and
supports production from Platforms Beryl
A and B. This paper discusses reservoir be-
havior in the Beryl A portion of the field,
where a combination of a long production
history, detailed data acquisition, and a con-
centrated reservoir management effort has
given insight into complex fluid movement
and reservoir behavior. The Beryl A por-
tion of the field is a north-south-oriented
horst with hydrocarbons in six reservoir
horizons that range in age from Upper Tri-
assic to Upper Jurassic. The Middle Jurassic
age Beryl reservoir contains about 73% of
the total estimated ultimate recovery in the
area (370X 106 bbl oil). Bery! oil produc-
tion began in June 1976, gas injection in
Nov. 1977, and water injection in Jan. 1979.
The reservoir currently is managed by 16
producing wells, two water injectors, and
three gas injectors (Fig. 1). By Dec. 1990,
the reservoir had produced 285 % 106 bbl of
oil, and 490 Bcf of gas and 170 106 bbl
of water had been injected. Reserves are
estimated to be 85% 106 bbl oil and 535
Bef gas.

Fluid movement within the Beryl reser-
voir is complicated, as evidenced by obser-
vations of (1) adjacent areas in pressure
communication with apparent gas/oil con-
tacts (GOC’s) that differ by several hundred
feet and (2) water overlying oil or oil over-
lying gas in massive sand sequences. Gas
sales to begin in 1992 will have a dramatic
effect on fluid distribution within the Beryl
reservoir. A simulation model is being de-
veloped to predict the most efficient method
to satisfy the gas contract while maximiz-
ing hydrocarbon recovery. Past efforts to
simulate the Beryl reservoir have been time-
consuming and of limited success because
of incomplete reservoir models. In a reser-
voir as complicated as Beryl, a conceptual
reservoir model explaining the interplay be-
tween the geologic and reservoir data must
be developed before simulation begins. A

*Now at Mobli New Exploration Ventures—South America.
Copyright 1991 Society of Petroleum Engineers

simulation exercise can only support and
quantify the reservoir model; it is an ineffi-
cient tool for determining the parameters
that control the reservoir behavior. This
paper describes a dynamic reservoir model
developed by examining the reservoir pres-
sure and fluid histories within the confines
of recently recognized horizontal and ver-
tical permeability restrictions.

Raservolr Description

The Beryl reservoir in the Beryl A area has
an oil colamn of 1,950 ft, ranging from
9,600 ft subsea at the crest to 11,550 ft sub-
sea at the oil/water contact (OWC). The
variable reservoir thickness ranges from 150
ft on the crest to 600 ft on the flanks because
of syndepositional faulting. East of the plat-
form, the reservoir is eroded by the overly-
ing base of a Cretaceous unconformity and
is thus limited in extent to only the crest and
west flank of the Beryl A horst. From the
crest of the structure, which is near the Plat-
form Beryl A, the reservoir dips structural-
ly at 10° to 25° toward the west, northwest,
and southwest. The structure spills to the
south and appears to be filled to the mapped
structural spill point. To the north, the reser-
voir continues with limited communication
into the Beryl B area.

The Beryl formation is a Middle Jurassic
(Bajocian to Callovian) transitional del-
taic/marine system. Net/gross ratios range
from 0.8 to 1.0, porosities from 13% to
20%, and permeabilities from 50 to 2,600
md. The formation is lithostratigraphically
divided into Units 1 through 5. Unit 2 is a
50-ft shale bed that forms an effective per-
meability restriction, resulting in Unit 1
being produced separately from Units 3
through §. Unit 1 development in the Beryl
A area did not begin until 1989 and is not
the subject of this paper.

Gravity drainage augmented by reinjec-
tion of associated gas into a secondary gas
cap is the major production mechanism for
the reservoir in the Beryl A area.?2 Water
injection on the flanks, primarily in the
south, has augmented natural aquifer sup-
port. Initial fluid-property measurements in-
dicate that the hydrocarbons in the Beryl
reservoir were undersaturated, low-sulfur
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Flg. 1—Schematic of Beryl ressrvoir
showing reservoir areas and behavloral
boundaries.

crudes, with bubblepoints ranging from
3,200 to 4,500 psi.

Horizontal
Permeability Restrictions

The initial distribution of hydrocarbons in
the Beryl reservoir has been altered by 14
years of production, 13 years of gas injec-
tion, and 11 years of water injection. The
key to optimizing hydrocarbon recovery is
to understand and predict the fluid distribu-
tion. This complicated distribution is gov-
erned by simple principles.

1. The voidage in a reservoir is deter-
mined by the net influx and efflux of fluids.

2. Permeability variations locally affect
the voidage replacement efficiency.

3. The.voidage replacement efficiency af-
fects the pressure distribution.

4. Fluid flow in a system is always toward
lower pressure.

Ohservations

Voidage replacement calculations compared
with pressure histories indicate that field-
wide communication exists within the Beryl
reservoir. Diverging pressure trends and
GOC’s, however, indicate that this commu-
nication is restricted. If reservoir areas show
deviating pressures or GOC’s, they must be
separated by permeability restrictions. In the
Beryl reservoir, where permeabilities are

JPT * December 1991

“This paper describes a dynamlic reservolr
model developed by examining the reservolr
pressure and fluld histories within the confines
of recently recognized horizontal and vertical
permeablility restrictions.”
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Flg. 2—Pressure profiles of elght areas within Beryl reservoir.

relatively high and uniform, peimeability re-
strictions between areas are assumed to be
faults. The Beryl reservoir is cut by many
syn- and postdepositional faulis, Pressure
communication indicates that most faults
jeak. The larger faults with throws of 50%
to 150% of the reservoir thickness tend to
be the most effective permeability restric-
tions, but some smaller faults with throws
of only 10% to 30% of the reservoir thick-
ness are also important.

The pressure-history profiles (Fig. 2) in-
dicate three general patterns of reservoir be-
havior in the Beryl reservoir refated to water
injection, aquifer expansion, or gas injec-
tion. The wells directly affected by water
injection have relatively high reservoir pres-
sures and a fluctuating pressure profile. The
wells associated with aquifer expansion or
gas injection have lower pressures and a
gently declining pressure profile. Detailed
interpretation of the pressure-history profiles
(Fig. 2) indicates that the Beryl reservoir can
be divided into several areas with varying
degrees of communication to the water and
gas injection wells (Fig. 1). A division into
eight reservoir areas, one of which was fur-
ther divided after 1982, is used to decipher
the fluid movement in the reservoir.

The five areas with similar gently declin-
ing pressure profiles [central area (CA),
northwest flank (NWF), southern crest
(8C), and southern terrace north and south

(ST-n and ST-s) in Fig. 2] are divided by
relatively slight pressure differences and sig-
nificant variations in present-day GOC’s.
GOC’s have been monitored periodically
with open- and cased-hole logs (Fig. 3). In-
itially, a single secondary gas cap developed
in the central and southern terrace areas
where early production was concentrated.
As the reservoir was developed, differen-
tial depletion occurred and several independ-
ent gas caps were observed. In the central
area, the secondary gas cap expanded con-
tinuously and its present GOC is measured
at ~10,750 ft subsea. In the northwest(

flank, southern crest, and southern terrace '

areas, where the pressures deviate from the
central area, the GOC'’s also deviate. Rela-
tively low-pressure areas, such as the north-
west flank, have structurally deep GOC’s
as low as 11,200 ft subsea. Relatively high-
pressure areas, such as the southern crest
and southern terrace areas, have shallower
GOC’s (9,800 and 10,400 ft subsea, respec-
tively).

GOC’s are measured in designated wells.
True GOC’s must be differentiated from
pseudo GOC'’s that result from gas cusping.
This is accomplished by identifying areas of
pressure communication. All wells in good
pressure communication with the designat-
ed wells monitoring the GOC are interpret-
ed to have the same GOC. Any structurally
deep gas production from these wells is re-
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«|f reservolr areas
show deviating
pressures or GOC's,
they must be
separated by
permeabmty
restrictions. In the
Beryl reservolr. . .
permeabmty
restrictions between
areas are assumed to
be faults.”

lated to gas cusping. In the central area, gas
cusping has been observed to be as much
as 300 fi vertically (Fig. 3). If wells, such
as those in the northwest flank area, have
a lower pressure than the monitoring wells,
then structurally deep gas production can be
related to a deep GOC.

Reservolr Model

The key to understanding fluid distribution
within the Beryl reservoir is to recognize
that the voidage replacement situation be-
tween individual fault blocks has changed
through time, and consequently, pressure
differentials and flow directions between
areas have locally reversed, This observa-
tion of pressure—gradient reversals is criti-
cal to explain how adjacent arcas can have
similar pressure histories but different fluid
histories. The approach to establish a con-
ceptual reservoir model was to analyze the
data in time periods during which the flow
direction was consistent. Examination of
field pressure profiles and the development
history identified three chapters in the evo-
lution of the reservoir; rapid pressure
decline during 1976-179, repressurization
during 1979-82, and pressure divergence
from 1982 to 1991.

Rapid Pressure PDecline, 1976-79. Produc-
tion from the Beryl formation began in mid-
1976 with an initial reservoir pressure of
4,950 psi at 10,500 ft subsea. This period
was marked by a rapid fall in pressure as
the reservoir was produced by primary
depletion. In late 1977, the first gas injec-
tion in the North Sea was initiated to slow
the pressure decline. Hydrocarbon produc-
tion was limited to the central area, the
southern terrace, and the southwest flank.
By 1979, the southwest flank was depleted
to a pressure of about 4,050 psi (Fig. 2),
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while the central area and the southern ter-

race were depleted t0 =3,600 psi.
A secondary gas cap was forming during

this time, and by the end of 1978, the GOC
was interpolated from measured data in the
central area to be at 10,100 ft subsea (Fig.
3). Because the central area and the south-
pressures, gas was
assumed to be distributed in both areas. The
in the southern terrace at
10,400 ft subsea and could not
confirm the assumed GOC.

Water production during this time was
f formation water

ern terrace had equal

single well
time was at

mminimal. A slight amount 0

1976-79

o
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Flg. 4—Pressure distribution, fiutd-flow direction, and GocCforth
fied evolutionary periods.
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produced in the southwest flank indicated
aquifer

influx in the area.

In summary, fluid flow and fluid distri-

bution within the Bery! reservoir during this
early period was not yet complicated. Fluid
flow was from the high-pressure area in the
southwest flank toward the low-pressure
central area and southern terrace (Fig. 4),
where a secondary gas ¢ap was assumed t0
be equally distributed at = 10,100 ft subsea.

Repressurization, 1979-82, This period is
marked by the arrest of the pressure decline
and a general repressuring resulting from

1982-91

@ reservolr's Identi-
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