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Max 1, 1972

Mr. George Parks
Kerr-McGee Corporation
Kerr-McGee Building

Qklahoma City, Oklahoma 73102

Dear Mr. Parks:

In response to your request, we are transmitting the results
of our engineering study of the Arbuckle reservoir communicated to the
Kerr-McGee Corporation No. 1 Sequoyah Waste Storage Well, Sequoyah '
County, Oklahoma, i

In summary, our study reveals the reservoir to have five
major layers having a totalpore volume of at least 860 million barrels,
A reservoir description of the Arbuckle reservoir based on data taken
during an injection profile and pressure fall-off test program is detailed
in the attached report. A ten-year injection well performance is pre-
dicted based on an injection program furnished by your staff.
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Yours very truly,
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H. /. Gruy ahd Associates, Inc,
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H.J.GruUY AND ASSOCIATES, INC.

I. CONCLUSIONS

An accurate detailed description of the Arbuckle reservoir
which is pressure communicated to the Kerr-McGee Corporation No. 1
Sequoyah Waste Storage well was achievedutilizing actual field injection
test data and a three-dimensional, single-phase numeric reservoir sim-
ulation model in ahigh-speed computer. Thedata analyzed included the
pressure response resulting from water injection tests of known flow
rates, injection profile tests incorporating both radioactive tracer and
temperature surveys, pressure fall-off response during injection shut-
in periods, electric well logs, core analyses and regional geological
studies.

The model studies indicate that the reservoir is divided into
five significantlayerstotaling a pore volume of at least 860 million bar-
rels (3.6 x 1010 gallons) and with three of the five layers definitely
bounded on all sides. The other two layers are bounded top and bottom
and on three sides, and the areal extent investigated inthese relatively
low permeability sections was such as to define the minimum distance
to the boundary on the fourth side. (See discussion in Sections III (A)
and III (F) and Figure 1.)

Our analysis indicates that there are no significant boundary
leakages, no vertical interconnections between layers forming the res-
ervoirs and no significant horizontal heterogeneities within each layer.
(See discussion of these items in Sections III (A), III(G), IIL(H).)

Our study, utilizing the numerical reservoir simulation model,
indicates that the pressure increase at the wellhead over an injection
period of five years considering the planned injection rate will be 161
pounds per square inch gauge and that the calculated maxirnum distance
of travel of injected fluid fromthe wellbore in this five-year period will
be 900 feet. Thus, for this period of injection, the injected fluids will

1 be confined within Kerr-McGee property limits, (See discussion ofthese
‘ items in Section 1IT (A).)

’

i

. II. INTRODUCTION

i We have performed an engineering study of ‘he Arbuckle res-

ervoir communicated to the Kerr-McGee Corporatio~. No. 1 Sequoyah
Waste Storage Well, Sequoyah County, Oklahoma. Qur study has in-
cluded detailed injection pressure and pressure fall-off testing and
injection profiling through the use of radioactive tracers.
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H.J.GRUY AND ASSOCIATES, INC.

The testing program data have been used to develop a three-
dimensional, single-phase reservoir model compatible with the injection
profile data and with the analysis performed on the pressure fall - off
data. The numeric model was calibrated to the reservoir system by
adjusting the geometry of the system until the calculated pressure per-

formance from the model matched the pressure performance observed
during the testing program. A predicted ten-year injection performance
was then calculated using the numeric model and an injection schedule
as furnished by Kerr-McGee Corporation.

1L

DISCUSSION

(A) General Approach and Results

QOur study reveals the reservoir tohave five major layers
having a total pore volume of at least 860 million barrels. The
layers exhibit different permeabilities and no effective communi-
cation between the layers except in the wellbore. Layer 5 (the
bottomrnost layer) with a permeability of 2, 480 millidarcies and a
thickness of 34 feet is calculated to have an area of only about 645
acres. Layers 1 and 2 having effective permeazbilities of 2, 469 and
2,279 millidarcies, respectively, and thicknesses of 24 and 8 feet
are calculated to extend under 8,804 acres. Layers 3 and 4 ex-
hibiting effective permeabilities of 964 and 1,709 millidarcies,
respectively, and having thicknesses of 26 and 24 feetare calculated
to extend at least under 19, 580 acres and may be even larger. The
geometry as presented in Figure 1 is based on the calculated dis-
tances to the layer boundaries. The direction and orientation of the
boundaries cannot be determined from the calculations although
certain boundary distances are compatible with faults inferred by

surface and subsurface geology.

Based on an injection schedule furniched by your staff, we
calculate that a wellhead injection pressure of 161 pounds per
square inch gauge will exist after an injection period of five years.
‘The wellhead pressure after aninjection period of tenyears is cal-
culated to be 371 pounds per square inch gauge. The approximate
maximum distance of injected fluid from the wellbore for the five
layers studied at the end of the five years is as follows:
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Injected {faximum
Volume Distance

,(,b wrrels ) A~|f}-("l”
165, 200 700
62, 700 750
440, 600 900
500, 300 900
22, 600 140
The above distances a ume no alteration of the

resulting from chemical reaction between the injec ted
the reservoir rock. If cavities are created by the inj
distance that injected fluids will disperse will be le
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the initial static reservoir pressure, injection rate schedules,
pressure fall-off time periods, injection fluid properties, fault
boundary distances as indicaled by geological and pressure fall-off
data, plus values of effective permeability, porosity and thickness
of eachlayer. Boundary distances of each layer were systematically
altered in the model executions until an acceptable match was ob -
tained between calculated pressures and pressures measured dur-

ing the long-term pressure fall- off test period from July 6, 1971

£
]

through July 12, 1971. Severz2]l model runs were required before a
reasonable match was obtained. The best match obtained in this

tudy is presented gt hically in Figure 2, a plot of shut-in pres-

ures measured and calculated during the long-term fall-off test
ndard deviation of this match is ¥ 0.75 pounds per

This standard deviation compares with the precision

rement of 0. 55 pounds per square inch on the

r the fall-off tests.

=

A description of the reservoir system derived from the

match achieved is presented in Figurecs 1

lual layer preperties is cont 1ined in
g 1

ss of each layer are derived from

Fifective ;‘c:?:wﬁf?.‘i!i 28 are
ion ¢f the long-term pressure fall-ofi
dis.ributions of the injection profiles.
ted from electric log and core anal-
each layer in Figure 3 results
Figure 2. Figure 1 prescnts an
areal »w of each permeabil rer and the boundary distances
fron : st w vhich res est pressure match. Some
control onboundary distances is ilible fromthe measured pres-
sure fall-off data and ¢ f: n analysis of the early
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pressure match., Therefore, the reservoir area investigated dur-
ing the injection and pressure fall-off test periods is contained
within a maximum distance of approximately 30,000 feet fromn the
test well and any boundary located beyond this distance in Layers
3and 4 remains undetected. The otherlayerboundaries arelocated
within this distance. Theseboundaries are reasonably substantiated
by the pressure match, the geology, and the nearest boundary re-
flection on the measured pressure profile of the long-term fall-off
test. Therefore, the calculated value of reservoir pore volume in-
vestigated by the long-term fall-offtest is approximately 860 million
barrels. This volume is contained within an average reservoir
area of 11,060 acres and it is considered to be a minimum value
since total closure of reservoir boundaries was not reflected dur-
ing the long-term pressure fall-off test for Layers 3 and 4,

The reservoir description and the minimum value of pore
volume determined in this study were used in the numeric model to
predict a ten-year performance of injection operations. A plot of
the predicted bottom-hole and wellhead pressure performance is
presented in Figure 4. The injection rate schedule used for the
predictions was givenby Mr. Foley's letter of July 29, 1971 and it
consists ofaninjection rate of 652 barrels par day for the first five
years followed by an injection rate of 848 barrels per day for the
remaining period of injection. Calculated wellhead injection pres-
sures are 161 and 371 pounds per square inch gauge at the end of
the first five years and ten years of injection, respectively, while
injecting at these rates. The calculated reservoir pressure dis-
tribution after the firstfive years of injection is presented as Attach-
ments 5 through 9 for Layers 1 through 5, respectively. The res-
ervoir area affected by the injected fluid at the end of the first five
years ofinjectionis cross-hatched on each of the pressure distribu-
tion plots. The gridarea on eachof these plots represents aportion
of the respective layer area. The positions of the injected-fluid
frontas shownin Figures 5 through 9 range from a minimum of 140
feet from the well in Layer 5 to a maximum of 900 feet from the well
in Layer 4.

The voluminous technical details involved in the study are
not included in this report; however, they are available from our

files on your request,

(B) The Numeric Model

The model used in this study incorporates a finite differ-
ence solution of the partial differential equation describing single-
phase, three-dimensional flow of a compressible fluid in porous

Page 5
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media. Such models havebeen in widespread use by the petroleum
industry for several years.

The basic equation solved by the model is:

wWie
St

d d a .__0
*'a;-(vx) + "”é’;;" (VY) + —"a""‘ (vz) q = dt (

z

where:
d = Partial derivative
x,Y,% - Coordinate directions
v = D~rey velocity, defined below
q = Fluid production rate per unit volume
t = Time
¢ = Porosity
B = Fluid formation volume factor, the volume of reser-

voir fluid required for a unit surface volume of fluid,

The Darcy velocity is defined by:

Ck
RREL U i %
¢ B dx ox
where:
C = Constant for units conversion
k = Permeability
Boo= Viscosity
P = Pressure
£ =  Fluid density
g = Acceleration of gravity
h = Height above a horizontal plane

Analytic solutions of equation (1) are not presently possi-
ble for general cases. A finite difference technique is used in this
model for its solution. In this technique, the reservoir is divided
intoblocks. Equation(1)is writtenin finite difference form for each
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block, resulting in a system of algebraic equations which must be
solved simultaneously. There is one equation in this system for
each block in the reservoir system. Practical sulution of thislarge
system of simultaneous equations requires a high-speed computer
and an efficient solution algorithm. The solution algorithm used in
this model is in widespreaduse, It is called the "Strongly Iinplicit
Procedure' or SIP and it is published in: Stone, H. L.: "terative
Solution of Implicit Approximations Of Multidimensional Partial
Differential Equations', SIAM J. Numer. Anal., Vol. 5, No. 3,
September, 1968, p. 530-558.

(C) Model Validity

One verification of validity of the actual model was made
by using the model to calculate drawdown pressures for a two layer
system for which analytic solutions from literature are available.
The permeability ratio of the system was 5, that is, the permea-
bility in one layer was five times that of the other layer. The re-
sults of the calculations compared to the analytical solution pub-
lished in: Cobb, William M. : "A Study of Transient Flow in Strati-
fied Reservoirs with Commingled Fluid Production", Ph. D. disser-
tation, Stanford University, Stanford, Ca. (1970) are tabulated
below:

Cumulative Pressure By Pressure By
Time Analytic Solution Model Solution Percent
Days psi Bsi Difference
0.00 1,000.00 1,000.00 -
0.82 959. 50 959. 55 0. 005
3.29 935.71 935. 89 0.019
8.23 892.02 892. 52 0. 560
32.90 707.08 707. 45 0. 523
82. 30 353.63 353, 81 0. 509

The excellentagreement between the analytic zrd numeric
model solutions clearly demonstrates the validity an< czzbility of
the model.

An additional check usually made on this type rmodel is a
material balance. The material balance is calculate” =zzch time
step in the model. Excellent material balances were --.zintained

in all runs.
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Model

(D) The Reservoir
Preliminary examination of test results indicated the pro-

posed storage system was made up of several layers in communi

cation through the wellbore only. Sucha system was simulated by

having vertical permeabilities of zero millidarcies except in ti

wellbore block. In the wellboreblock a very high vertical permea

bility was assigned. In addition, an iterative technique was devel -

oped to proportion the injected fluid among layers so that the verti

cal flow }l"f"h'll:] in the wellbore .".i)l;r';.".(}‘('t‘i zero,

Il'r(’ 1" s€ed { 1 pI theée re: ~""’y'!'_ "af‘;l

y Ol
layer was divi led into 13 blocks in the X-direction and 14 blocks in
‘.(,’

the Y-direction. Altogether, 910 blocks were usedto represent t

reservoir system. Variable Xand Y dimensions were used.

AX's and AY's were used away from the injection pc
small AX's and AY's were used near the injection poi
and gradients are much greater near the injection point.
of Ux

(,:.nn_’v:
The variable grid spacing allows better areal resolution

potential and hence pressure distributions.

] in the model are sented in the

14}

of the best match of model calcu I ssures wilt

The sSpec ific data usec

Certain data are required

of the: data » fairly rt')zu.!»‘,‘)
Usually reasonable 3} can
may vary.
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Porosities ofeachlayer, again near the wellbore, were established
from core analysis and electric log interpretation. Effective per-
meabilities were calculated analytically from the early portion of
the long-term pressure fall- off test data and the input rate distribu-
tions of the injection profiles. The initial pressure was measured
with a Sperry-Sun subsurface pPressure recording gauge having a
sensitivity of * 0. 55 pounds per square inch gauge. The pressure
and measured formation temperature were used with very reliable
correlations to obtain water viscosity and compressibility.

The geometry of the system was not welldefined, butthere
was some control. Regional geology indicates the well is located
between two major faults which are essentially parallel. One of
these faults is about one mile southeast of the well and the other
about five miles northwest of the well. In addition, analysis of the
fall-off data indicated a nearest boundary some 1, 164 feet from the
well.

Thus, the main parameters that could be varied inhistory
matching were geometry and rock properties away from the well
site.

]

Numerous computer runs were made before a suitable
match between calculated and observed pressure fall-off data were
obtained. It was found during these runs that the complex nature
of backflow inthe wellbore sometimes made it verydifficult topre-
dict the direction a parameter should be varied to help match his-
tory. The determination of the quantity of variation was possible
only through trial with the model. The effects of some parameters
on the history match are detailed in a later section.

-

g

i The best match obtained with the fall- off test data measured
from July 6, 1971 to July 12, 1971 is shown in Figure 2, a plot of
! measured and calculated fall-off pressures during the test,

The model cannot predict the orientation of a system or
even the orientation of each layer relative to the other layers. The
view presented in Figure ] is consistent with regional surface and

subsurface geology.

(FY Effects of Volume Distribution and Boundary Changes
Five computer runs were made in which the X-dimension

inZones 1 and 2 was changed. In these runs, the total pore volume
of the systemn was held constant by changing the X-dimension in

Page 9
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, Zones 3and 4 on the X-boundary furthermost from the well location.
[ 43 These runs were numbered 16, 19, 28, 30 and 32. The calculated
pressure-time relationship for these runs is shown in Figure 10.
Run 22, the final run, is clearly the best match. However, the
sensitivity of calculated pressures to the X-dimension is more
clearly shown in Figure 11.

E Figure 1] shows pressure versus the X-dimension of Zones
' 1 and 2 at shut-intimes ofapproximately 5, 65 and 115 hours. The
most significant point is the sensitivity of calculated pressures to

:;3 the X-dimensionfor X between 12, 600 and 14,000 feet. In orderto

match either the 65-hour or thel115-hour observed shut-in, the X-
> e dimension must lie in a fairly narrow range of from 12,900 to
’;: 13, 300 feet. The latter value was used in the run censidered to be

the best fit. The five-hour shut-in time does notvary significantly
until the X-dimension is less than 13, 300 feet. It is clear from
e these figures that holding other properties of the system constant
the X-dimension in Zones 1 and 2 mustliein a narrow range around
fi 13, 000 feet.

The X-dimension in Zones 3 and 4 is not as well defined.

1 One run was rade in which the X-dimension in these zones was

wred arbitrarily increased 850 feet. There was less than 0.1 pounds
per square inch change in the calculated pressures. Thus, the X-

ot dimension could be any value greater than the value used in these

¥ zones, We can likewise conclude from this that it is not possible
to detect leakage at the furthermost X-boundary in Zones 3 and 4
j by comparison of the model results with observed data.

The sensitivity of computed results to changes in near

'-"’] boundaries canbe seenbycomparing the results of Runs 15 and 16,
plotted in Figure 12, In Run 15, Zones 1 through 5 had common Y-

| direction boundaries at a distance of 3, 500 feet from the injection
}".-} site. In Run 16, this distance was increased to 4, 250 in Zones 1

et through 4 and left unchanged in Zone 5. As can be seen from the
| figure, significant changes inpressurelevel arenoted. Immediately
"‘”‘ after shut-in, the results of these runs varyby 2 pounds per square
b inch, by 5-hours shut-in the difference is 1.2 pounds per square

inch, and by 15-hours shut-inthe difference is only about 0. 4 pounds
f'] per square inch.

This trend was noted in other runs. Changes in near
boundaries had greatest effect in the veryearly shut-in period, with
diminishing effect as shut-in time increased.

Page 10
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a masimum 1% * this case of approximately 40 barrels per
day. It can > conciuded that there are statistic ally significant
differences between e calculated and observed pressure data for
even this low permeability. Because the match between the calcu-
lated and the observed pressures for the impermeable boundary
case reflect a statistically significant improvement over the 0. 1
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H.J.GRUY AND ASSOCIATES, INC.

SUMMARY OF RESERVOIR LAYER PROPERTIES
KERR-MCGEE NO. | SEQUOYAH WASTE STORAGE WELL
SEQUOYAH COUNTY, OKLAHOMA

Depth Net Effective
Layer Interval Thickness Porosity Permeability Area
Number (feet) __(feet)  (dec. frac.) (md) (acres)
1 1,762.1, 786 24 0.064 2,469 8,804
2 2,416-2, 424 8 0.060 2,279 8,804
3 2,620-2, 646 26 0.089 964 5 19, 580%
4 2,711-2,774 24 0.099 1,709 $19,580"
‘j 5 2,800-2, 860 34 0.058 2, 480 645

—

#* Minimum area proved by test program

s
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PRESSURE DISTRIBUTION
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H.J.GRrUY AND ASSOCIATES, INC.

EFFECT OF HETEROGENIETY™
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CALCULATED MODEL PRESSURES
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WELL TEST PROGRAM AND DATA
KERR-McGEE CORPORATION

Although a comprchensive test program had been planned by H. J.
Gruy and Associates in consultation with Kerr-McGee, the Well
Analysis Company (who would perform all in-hole measurements
except pressure), and the Sperry-Sun Well Surveying Company
(vho would provide the precision. in-hole pressure recording
instruments and pressure chart transcription), the plan was
left flexible so that details of exact flow rates, duration of
flow, duration of pressure fall off, etc. could be worked out
based on the information received to date. Thus, it was that
Phase B was conceived and run when it was determined that run-
ning temperature decay profiles in the hole during the pressure
decay portion of Phase A would affect the pressure readings of
the Sperry-Sun pressure recorder. And Phase D was conceived
and run to quantify the backflow phenomenon noted in Phase A
during the pressure fall off portion of the test.

A brief summary of the test phases and schedules as actually
performed is outlined below and a detailed tabulation of the
test data obtained on flow rates, well hcad pressures, and
timing of test events is presented in the following 24 sheets:

Preinjection Tests

1. Checked out injection pumps, flow controls and flow
meter.

2. Checked out water supply to injection pumps and
checked entire injection system for leaks.

3. Checked well head for wuter pressure. Found static
liquid level to be essentially at ground level.
By time injection was started, pressure rcading on
well head was 30 psig. Check pressure of fluid in
annulus between injection tubing and casing and
found pressure to be positive. (Pressure was checked
throughout test and it was found that it was affected
by pressure and temperature of fluid in injection
tubing, but not in a manner to indicate lecak.)

Rigged up wire line and ran dummy instrument into
hole to check that hole was clear all the way to the
bottom and would not entangle or endanger tocols.
Checked out zero point of depth gauge on wire line.

5. Made new caliper survey of uncased hole.



P

Made temperature survey which had to be discarded
when the calibration of the instrument was found to
be faulty and there was not time to redo before
start of injection.

Ran static pressure survey of fluid in-hole with
Sperry-Sun pressurc recorder. '

Set up well head pressure measuring and recording
instruments.

Phase A (Part of Phase 1 in W.A.CO. Report)

1.

Started water injection at 05:31, 6/28/71. Increased
flow from 50 to 70 to, finally, 90 gpm at 06:34,
6/28/71.

Started radioactive tracer surveys using velocity
shot and R.E.V. mecthod at 09:30, 6/28/71.

Completed surveys at 17:00, 6/28/71.

Injection flow stopped at 18:23, 6/28/71 after
Sperry-Sun rccorder had been inserted in the hole
and left at 2900°'.

Pressure fall off portion of test continued until
20:30, 6/29/71 when in-hole pressure recorders were
removed. d

Phase B (Part of Phase 1 in W.A.CO. Report)

1.

2l

4.

~

Water injection started at 20:37, 6/29/71 at 25 gpm.

Temperature survey of hole during injection started
at 08:15, 7/1/71.

Stopped injection at 08:45, 7/1/71 to make temperature
decay surveys in hole.

Temperature surveys completed at 16:55, 7/1/71.

Phase C (Called Phase 2 in W.A.CO. Report)

1.

Started water injection at 17:05, 7/1/71 at flow
rate of 90 gpm.

Started radioactive tracer surveys using velocity
shot and R.E.V. methods at 08:00, 7/5/71.

Completed tracer surveys at 14:15, 7/5/71.
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Decreased flow from 90 gpm to S0 gpm at 05:20, 7/6/71,
because of difficulties with water supply.

Inserted pressure recorders in hole at 09:00, 7/6/71.
Stopp=d water injection at 09:18, 7/6/71.

After removing pressure recorders to change full
charts and replacing recorders in hole, finally re-
moved pressure recorder at end of pressure fall off
test at 15:45, 7/12/71.

Phase D (Called Phase 3 in W.A.CO. Report)

1.
2.

Started water injection at 15:56, 7/12/71.

Ran tracer profile survey using R.E.V. method ohly
starting at 10:22, 7/13/71.

Completed injection profile measuremeits and stopped
water injection at 15:22, 7/13/71 after a total of
834,370 gallons of water had been injected in all
phases of the test.

Continued with radioactive tracer surveys during
period after water injection was stopped to investi-
gate quantitatively the backflow in the well bore
from one reserveoir layer to another. Surveys com-
pleted at 20:10, 7/13/71.

Test completed with final well head pressure reading
of 96.7 psig at 08:30, 7/14/71.
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SEQUOYAH FACILITY

DEEP WELL INJECTION TEST DATA SHEET
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SEQUOYAH FACILITY
DEEP WELL INJECTION TEST DATA SHEET
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