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gas reservoir without crossflow that has produced for
over 20 years at effectively a constant wellbore flow-
ing pressure, The study demonstrates that a rate-time
decline curve exponent °b* value ranging between 0.5
and 1 (harmonic) is a predicted response of a layered
gas reservoir without crossflow. The actual rate-time
performance data for the individual wells examined,
and the field as a whole, exhibit a decline exponeat b
of approximately 0.9.

By means of graphical presentations of rate-time and
pressure-cumulative production, this paper illustrates
some of the depletion performance characteristics that
identify no-crossflow layered reservoirs. These
graphical presentations show very clearly  the effect
of changes in the layer volume, permeability, and skin
(s) on the depletion performance of no-crossflow lay-
ered reservoirs.

Rigorous and simplified approaches to the problem
result in essentially the same results. Both constant
vellbore pressure and constant rate depletion perform-
ance are examined as a part of this study.

INTRODUCTION

0f all the papers written about noncommunicating lay-
ered reservoirs, only a few have attempted to deal
with the subject of depletion - long term production
forecasting. W. Tempelaar-Lietz1 originally published
an internal Shell report in 1953 on the effect of oil
production rate from a volumetric reservoir with more
than one layer. It was later published in the March
1961 SPEJ along with the claasgic Lefkovits et al.?
paper on layered reservoirs. Lefkovits et al. modi-
fied the Tempelaar-Lietz constant rate two-layer
single phase liquid depletion equations to account for

References and illustrations at end of paper.
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ABSTRACT two layers of unequal thickmess. Petkovich,3 in 1974,
o applied the constant wellbore pressure single phase
Based on actual field data, this paper presents a |liquid solution to rate-time production data from a
study of the depletion performance of a two-layered |layered reservoir to demonstrate that when two non-
each characterized by a single

communicating layers,
phase liquid exponential decline, b = 0, were produced

commingled, the result was an increase in b to 0.2.

Hypothetical solution gas drive reservoilr studies for
noncommunicating layers were conducted by Keller
et al.? in 1949 to investigate the effects of recovery
efficiency and gas-oil ratio behavior and by Gentry
and McCray® in 1978 to study the effects of producing
noncommunicating layers on the decline exponent, b.
Both studies used single cell models that did not
include transient effects. In addition, both used a
conventional productivity index relationship, PI =
f(Ap), for defining a rate equation, instead of an IFR
relationship that is a function of the difference in
pressures squared, i.e., PI = £(Ap?). By their
nature, more sophisticated multiphase flow studies
would still have difficulty in assigning realistic ke,
and k., relationships for each layer. Further, the
difficuity in obtaining the necessary £ield data such
as individual well measured oil rates, gas rates, fre-
quent bottomhole shutin pressures, and a non-linear
P-Np relationship presents a serious problem in veri-
fication. A similar problem exists for a single phase
liquid situation in that few oil reservoirs are total-
ly or even highly undersaturated and produced to aban-
donment by simple liquid expansion. Those that are
highly undersatursted often develop strong water
drives because of the large reservoir pressure decline
with small production volumes. Such fields are often
immediately placed under waterflood. The single phase
liquid solutions of Tempelaar-Lietz, however, could
find application in very high-pressured gas reservoirs.

To date, we know of no published field case history
that illustrates depletion performance characteris-
tics, other than RFT layer pressures, to identify no-
crossflow layered reservoir behavior. Single phase
volumetric gas fields and wells offer the best oppor-
tunity for detection of layered reservoir responses in
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(gg ¢ Juax as correlating parameters im our study. By conven-
qg(t) = " . (3) tion, layer 1 is always the more permeable layer.
iggll!ﬁl t+1 Assuming for simplicity that py; = pi2 and (HCt)yy =
Gy (HCt )12 and substituting reservoir variables as
illustrated in Reference 3,
Note that the exponent 2 is equal to the Arpsa expo-
nent 1/b or b = 0.5 for Eq. 3. 472 e
k) /ey |1n < )‘02
The pseudosteady-state backpreasure equation with (QQi)MA£] Ty rezz
which Eq. 1 was derived is usually written as = ° ) . (10)
Gy _|R (.1.72 :,,) Tei
Kglwz In + 8y
Ty

. (4)

qq = (;2 - p'fZ)I'I

with a = 1 and pyf = 0, Eq. 4, expressed in terms of
reservoir variables, becomes
kh (Piz)
(agiduax = <. 05
— 472 e

1424 (p2) T |{1ln ——————-> + 8

. %
Combining Egs. 2 and 3 for the rate-time performance

of a two-layered system with a common wellbore flowing
pressure of zero we have

CPERTTYS (9g 1 uax2
qgr(t) = > + )
) (Qg i uAx1 (CPERTTSY
: t+1 t+1
Gy1 Gi2
e L 6)
only 4if (qqyduaxi/Giy is equal to (qgiluaxz/Giz will

the b value of 0.5 for each layer yleld a composite

rate-time b value of 0.5.
(g4 )uaxy + (dgiduaxz

O ] LT

For the limiting case in which (qqi)yaxz approaches 0
in the low permeability layer, the total rate-time
profile will, of course, be identical to that of the
high permeability layer; each will have a b value of
0.5.

(7

(qg i IHAX

Gy

defined in Reference 3, the ratio of decline curve
dimensionless time to real time, typ/t, is equal to
(qqiduax /Gy. Layers having similar values -of tgp/t or
{(qginax) /Gy will deplete at the same rate and could be
treated as & single equivalent layer. We will use the

ratio

As

(CEERITY S

(qg 1 Juax Gy
. (8)

Gy (qg 4 duax2
G2

and the volume ratio

Vi Gi1
Vg o — = — )
A Gy2

Similar ratios were mlso suggested by Raghavan9 except
for the inclusion of the skin and r, terms. It should
be pointed out that the assumption of equal initial
pressures is not necessary for the constant wellbore
pressure cases since the layer production rates are
independent of each other.

Cumulative-Time Equations

The cumulative production-time equation for a gas well
producing £rom any one layer ageinst a constant well-
bore pressure of zero is

1
(1-2n)
Gp (£) (CPERITY
= 1 - /(2n-1) ... (1)
Gy . Gy
For n = 1, Equation 11 reduces to
Gp(t) 1
s 1 - ..o (12)
Gy (CPRRITY
t+1
Gy
Materianl Balance Eguation
The material balance (M. B.) equation for any one
layer is
Pn Gp (t)
- a = |1 - s e . (13)
z 24 Gy

For a two-layer system with equal initisl pressure and
fluids, the M. B. equation is

P Py Gp](t) + sz(t)
- 2 — |1 - _—— ... (18)
z%7 7§ Gjpp * Gy2

Por pressure-cumulative production analysis of =&

layered reservoir, each layer P/z and the total system
(P/z)1 are all plotted versus the total well cumula-
tive production, Gpy, where

o o0 (15)

GpT(t) = Gpl(t) + sz(t)

LAYERED.RESERVOIR PERPORMANCE FORECASTS

In order to better understand the depletion perfomm-
ance of our noncommunicating layered reservoir, a one
well two-layered system was set up using reservoir
variables from our field of study. The following data

31




SPE 18266

M. J. FETKOVICH, M. D. BRADLEY, A. M. WORKS, and T. S. TERASHER

-285-
5

| Constant Rate Cases

e e ettt

To investigate the effect of rate sengitivity on dif-
ferential depletion, three different constant rate
forecasts were made along with a constant wellbore
presgure case asguming Kp = 0, Vg =1, and equal
layer skins, Initial rates of 300 Mscfd based on a 1
MMscfd/S Bscf rate of take, 175 Mscfd based ona 1
MMscfd/8.6 Bscf rate-of-take, and 10 Mscfd repre-
senting an economic limit rate were forecast,

The P/z vs Gpy graph, Fig. 10, demonstrates that dif-
ferential depletion is not.rate gensitive for our
practical rates of interest. This is a result of the
gas flow rates being a function of kh and a difference
in pressures squared, i.e., gg = f(Apz). As the flow-
ing pressure approaches reservoir shut-in pressure (4p
—»0), as is the case for the 10 Mscfd forecast, the
gas rate becomes a function of a difference in pres-
sures, 4i.e., = £(Ap). Tempelaar-Lietz! found that
for the single phase liquid case, where go = f(Ap),
differential depletion was sensitive to all rates of
flow and that as the constant rate q approaches zero,
both layers deplete equally, i.e., layer 1, layer 2,
and the total system pressures are all equal. Obvi-
ously, very high pressure gas wells will behave 1like
the single phase liquid case, q = f(Ap), and solution
gas drive reservoirs below the bubble point should
behave like the low pressure gas cases since oil well
inflow performancel® yields g, = £(Ap?).

Figure 11 presents individual layer and composite flow
rates for the above cases. Initially, layer rates are
a function of kh. When the constant rate cases go on
decline, the rates again become a function of kh. The
300 Mscfd case is not shown for clarity of presenta-
tion since it lies between 175 Mscfd and the constant
Py¢ case. Note that only for the 10 Mscfd case do the
layer rates approach being equal, the constant rate
definition of pseudosteady state for two layers of
equal pore volume. At practical rates of production
that eventually decline to the economic rate of 10
Mscfd, pseudosteady state is never achieved. Also
included on this figure are the results obtained using
the simple forecasting program based on gas material
balance and a stabilized backpressure curve for each
layer. The results are identical to the model re-

sults.

Field Shut-in Pressureg
Routine field data available from layered gas wells

consists of monthly commingled production rates, Qqr,’

total system cumulative production, Gp7, and commin-
gled shut-in pressures. In our field of study, 72-hr
gshut-in pressures are taken annually. Based on
approximate field reservoir parameters (K = 10/1, Vg
= 1/2, and 8; = 8y = -3) annual 72-hour shutin and 48-
hour drawdown pressures were simulated using a two-
layer radial reservoir model containing 50 cells in
each layer. The constant wellbore pressure case
results are shown in Fig. 12, and a 175 Macfd con-
stant rate case, based on a 1 MMscfd/8.6 Bscf rate-of-
take, is shown in Fig. 13. As expected, both figures
demonstrate that the commingled shut-in pressures,
divided by z, basically follow the Plz curve of the
more permeable layer. The 72-hour pressures for the
constant wellbore pressure case are initially somewhat
lower than those for the constant rate case because
the 72-hour shut-in begins from a much lower flowing
pressure prior to shut-in. After about 0.4 Bscf of
recovery, the 72-hour pressure begins to exceed the

more permeable layer pressure due to interlayer well-
bore backflow. Note that trend plotting of the late-
time 72-hour shut-in pressure points would overesti-
mate the total original gas-in-place, Gyy.

Fig. 14 serves to illustrate the effect of a reduction
in pyf on the shape of the pressure-cumulative produc-
tion plot. In this case, & constant puf of 192 psia
(p/z = 200 psia) was maintained for the first 50
years, followed by a constant pyf of 14.7 psia (p/z =
15.0 psia) thereafter. With this exception, all fore-
cast assumptions are idemtical to those employed in
Figs, 12 and 13. For a single layer gas reservoir of
moderate to high permeability, a change in backpres-
sure will not profoundly affect the shape of the
pressure-cumulative production curve. For a layered
reservoir without crossflow, however, the effect is
dramatic as two distinct differential depletion enve-
lopes become evident. Note that a flattening of the
72-hour shut-in points can be seen both before and
after the backpressure change. Eventually, the 72-
hour pressures asymptotically approach the minimum
flowing wellbore pressure oI abandonment pressure.
Observed in peveral wells in our field of study, this
flattening of measured shut-in pressures appears to be
a characteristic signature of commingled layered res-
ervoirs with contrasting layer permeabilities. It is
further magnified when the more permeable layer has a
smaller volume than the less permeable layer. Shown
in Fig. 15, Well L exhibits a flattening of 72-hour
shut-in pressures before and after a line pressure

change from 60 psig to 20 psig.

The rate-time companion plot of Fig. 14 is displayed
in Pig. 16. The effect of the reduction in py¢ is
equally pronounced. Interestingly, the total system
production response following the backpressure change
has the appearance of - but is not - an infinite
acting transient spike. Figs. 14 and 16 also demon-
gtrate the excellent agreement between results
obtained f£rom the backpressure curve-material balance
program, a purely pseudosteady state approach for each
layer, and results obtained from the 2-layer 50-cell
radiel model. As expected, with the ratio of py¢/P
being different for the two periods, the total system
rate-time curve through the first 50 years exhibits a
somewhat lower b value than the b value obtained by
reinitializing the curve after the decrease in well-
bore flowing pressure.

BACKPRESSURE CURVES

A stabilized backpressure curve and a material balance
equation are frequently used to prepare long term pro-
duction forecasts £or single layer systems. The
gtabilized backpressure curve is only utilized during
constant wellbore pressure production, 4i.e., the
declining production period. A single stabilized
backpressure curve relationship for multi-layer sys-
tems has never been defined, mainly because previous
investigations of multi-layered systems are based on
constant rate production - the rate never experiences

decline. -

Constant Wellbore Pressure

pepicted in Fig. 17, several different backpressure
curvas were developed from a radial model <forecast,
assuming Vg = 1/2, K = 10/1, §; = §; = ~3, and a con-
stant p,¢ = 42.8 psia. Annual 72-hour shut-ins, each
followed by a 48~-hour drawdown, were also simulated to
represent typical official test requirements, test
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of the type curves developed by Da Prat!! for single
layered naturally fractured reservolrs. The early

depletion of the high permeability layer appears anal-
ogous to fracture volume depletion; the late depletion
of the low permeability layer can be considered
analogous to matrix depletion. When attempting to
identify a naturally fractured reservoir on the basis
of double-depletion rate-time behavior, one must
therefore consider the possibility of layering with no
crossflow. In Monterey reservoirs, for example, the
degree of fracturing is highly lithology dependent and
any intra-layer fracture-matrix response may be over-
whelmed by the layering response among lithologically
dissimilar zones of contrasting permeability.

Recall from Fig. 9 that when two separate layered sys-
tems have the same gas-in-place, share the same values
of Vp. and (qypax/Gi)r, each system will overlay the
same plz - Gpy curve. (As long as (qyax/Gylg ds

constant, each system may have different layer permea-
bilities, porosities, and skins.) Fig. 20 demon-
strates that such systems will also describe similar
rate-time -curves. In this case, Vg = 1/ and By =

For the system shown using
and S, = +5, resulting in
For the system represented by
and 5; = 0, yielding

10/1 for both systems.
open symbols, 8; =0
(quax/Gidg = 15.9.
closed symbols, §; = =3
(gyax /G¢)g = 15.5. Log rate versus log time type
curves for these systems, based on radial model
results, exactly match with a slight shift of both
axes due to differing layer skins. Only a minor dif-
ference is evident between the profiles of the low
permeability layers; the undamaged layer traces &a
lower re/rw, stem during the transient period. Note
that the total system profiles, shown with square sym-
bols, exactly overlie, each tracing a b stem of 0.8
through 100 years of production. Similar results are
obtained using the pseudosteady state gas deliverabil~
ity program.

similar results for two other
systems of equal (quax/Gj)p. Both systems assume Vp =
1/2 and Ky = 10/1 approximating the walues for our
field of study. The open symbols refer to the system
in which §; = +5 and 5, = 0, yielding (agyax/Gilg =
6.3. The closed symbols identify the system in which
§ =0and §; = -3, resulting in (quax/Gjlg = 6.4.
Again, composite profiles exactly coincide, this time
approximating a b stem of 0.9.

Fig. 21 illustrates

Figs. 20 and 21 reveal that different values of Vp and

(qyax /63 )p  produce different values of b. The com-
plete spectrum of possible Arps b values for various
All

differential depletion cases is shown in Table 2,
these results are based on a constant flowing pressure
equal to 10 percent of the initial shut-in pressure,
Several values of (quax/Gj)p, including 1.0, 3.0, 5.0,
10.0, 15.5, 30.0, 100.0, and 1000.0, were investigated

in combination with volume ratios of 2/1, 1/1, and
1/2. Predictably, for any given Vp, the b wvalue
increases as (qypx/Gy)p increases, l.e., as the con-

trast in layer properties, primarily permeability,
becomes more pronounced. For very large values of
(quax /Gy )p,» however, the double depletion decline

develops and a constant b stem cannot be maintained.
At both ends of the (qgay/Gy)g spectrum, therefore,
the composite curve collapses to a single layer pro-

file with a b of 0.4. The highest b wvalues obtained

b of 0.80, and & Vg of 1/2 yields & b of 1.0.

yields a
however, a constant b stem

For very low volume ratios,
is again impossible to maintain,

22 is a type curve overlay of six (auax/Gike
including 1.0, 3.0, 5.0, 10.0, 15.5, and 30.0,
Fig. 23 is a similar overlay

Fig.
cages,
all premising Vp = 1/2.

of five Vg cases, including 2/1, 1/1, 1/2, 1/5, and
1/10, =all assuming (guax/Gi)p = Kz = 10/1. 1In both
figures, the axes of each individual rate-time plot
are shifted so that all cases can be presented on a

Arps depletion type curve. Note in Fig. 22
that the radial model results generally begin to fall
below s fixed b stem at late time. The higher the b
gtem indicated by the early depletion performance, the
earlier in resl time this drop-off occurs. For Vg =
1/5 and 1/10, shown in Fig. 23, the total system pro-
file briefly exceeds a b of 1.0, only to fall back to
a lower value of b later in depletion. Eventually,
only the low permeability layer contributes to the
total flow rate and the b value migrates to that of a
single layer. Normal wellbore deterioration, liquid

loading, etc., experienced even by a single layer com-
to this migration.

single

pletion, may, in fact, contribute
With the exception of cases involving low volume
ratios, however, our results demonstrate that a fixed

b stem will be sufficient for predicting flow rates to
a practical economic 1imit. Nevertheless, caution
ghould be exercised in using a fixed b value to pre-
dict reserves at late time for layered systems. We do
not advocate the use of b stems greater than 1.0 for

forecasting purposes.

A final point concerns the type curve matching proce-
dure used on the curves generated in Figs. 22 and 23,
We were unable to analytically predict exactly where
to match each composite rate-time curve based on a
total system kh. An approximate match could be ob-
tained by first estimating qqp using khy and 8, and
then shifting the curve from left to right along the
time axis in order to match the appropriate early time
re/tw, stem, The best manual fit q4p was in every
cage 5 to 10 per cent lower than the calculated gqup-
The problem lies in estimating the time to pseudo-
steady state for a layered system, making the tq4p
match point difficult to evaluate. Further, the total
system pore volume cannot be exactly estimated based
on & type curve match of the total rate profile. If a
gas well exhibits a b wvalue greater tham 0.5, indi-
cating the presence of a layered system, individual
layer pore volumes may be estimated by graphically
desuperposing the total system curve from the high
permeability layer with a b = 0.4 using a triel and
error procedure.

DISCUSSION

Most reservoirs consist of several layers with resger-
voir properties varying to some degree between layers.
Vhether crossflow exists or does not exist between
layers may be of considerable importance in long term
forecasting. If crossflow exists, adjacent layers can
be combined into a single equivalent layer using the
average reservoir properties of the crossflowing
layers. Even if crossflow does not exist, layers can
still be combined into an equivalent single layer 4if
each has the same diffusivity properties, or gyax/Gy.
It should also be possible to reduce multi-layer

in our study are for (quax/G;) ratios between 10 and | systems into equivalent two-layer systems for rate-
20, Further, for any given (quax/Gy)p, b increases as | time analysis or production forecasting. All but the
Vg decreases. Assuming (qyax/Gj)p = 10.0, for | most permeable layer may be combined into a single
instance, & V; of 2/1 yields a b of 0.65, a Vg of 1/1 | layer of lesser permeability. We have made a few
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8.) Shut in pressures obtained for layered reservoirs
will track the pressure of the most permeable layer.
Extrapolation of a shut-in Plz versus Gpy curve may
possibly underestimate the gas-in-place, Gyy, at early
times and overestimate the gas-in-place at late times.
Similarly, semilog extrapolation of early rate-time
data will underestimate recoverable reserves. Contin-
uing to extrapolate late rate-time data along a fixed
high value of b may overestimate recoverable reserves.

9.) The total system stabilized backpressure curve of
a layered system is not a straight line. Annual
deliverability tests, however, when plotted in the
form of a depletion backpressure curve, will define a
straight line. The slope of this backpressure curve
is less than that of the individual layers.

10.) For our field of study, a simplified approach
using a stabilized backpressure curve and a material
balance equation for each layer yields the same basic
results and conclusions as obtained from a radial

model study.

NOMENCLATURE

b = reciprocal of decline curve exponent

B = FVYF, res vol/surface vol

¢ = gas compressibility, psi-! [kPa-1}]

Cy = total compressibility, psi-! (kpa-!]

c = gag-well backpressure curve coefficient

CAOF = calculated absolute open flow, Mscfd

e = natural logarithm

Gy = initial ges-in-place Bscf [std m3]

Gp = cumulative gas production Bscf [std )

h = thickness, ft [m]

J = productivity index, BOPD/psi [std m [kPa}

k = effective permeability, md

kp = layer permeabllity ratio

n = exponent of backpressure curve

Np = cumulative oil production, STB

Npy = initial expandable oil-in-place at pressure
Py, STB (Eg. A-5)

P = average reservoir pressure, psia [kPa]

Pe = wellhead shut-in pressure, psig

Py = initial reservoir pressure, psia [kPa]

Puf = wellbore flowing pressure, psia [kPa)

(qi)ypax = initial surface rate of flow from the
stabilized curve

(4*)upx = Eq. 16

q(t) = gurface flow rate at time t

qr = total constant rate from layers 1 and 2

Te = external-boundary radius, £t [m]

Twa = effective wellbore radius, ft [m]

Ty = yellbore radius, ft {m}

8 = gkin factor, dimensionless

5.G. = gas specific gravity

Sy = water saturation, fraction

t = time, days

tdp = decline-curve dimensionless time

T = reservoir temperature, °R

Vi = layer volume ratio, (Eq. 9)

z = gas compressibility factor, dimensionless

i = viscosity, cp (Pa*s]

] = porosity, fraction of bulk volume

SUBSCRIPTS

g = gas

i = initial

o = oil

T = total of layers 1 and 2
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TABLE 1 e
TASLE 3
INITIAL ISOCHRONAL TEST RESULTS

(Qlaax?
DECLIXE EXPOMENT b AS A FURCTION OF AXD V
R

ey 9
. hy/hy = 1/2
3 HOUR |3 =~ 10/1
WELL TEST VHSI?  _ISQCHRONAL TESTS
DATE B, CAOF ¥h h % . Ky K, . v
—_ e——— .palg  _mefd _Sloped mdfr £ 0 oAl o —Bd. B [N)nn T T T
A 10-19-60  384,5 16000 1.00 1498 64 23.4 4.6 59 5.9 o _Jw 3 3 2
B 12-07-60  383.7 14600 | 1.00 1761 29 60.7 -5.2 152 15.2 1 .4 " .4
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ABSTRACT

Phillips Petroleum Company conducted a reservoir
modeling study as one part of a comprehensive study
evaluating the merits of recent infill drilling
activity in the Kansas Hugoton Field and evaluating
possible infill drilling in the Oklahoma Hugoton
rield. This papar describes the development and
application of a three-dimensional gas reservoir
model in history matching and forecasting the
reservoir performance of a layered, no croseflow gas
reservolir which haas produced at essentially a
constant rate over forty years. The multiwell,
multilayer model wae developed with reservoir
variables from twelve contiguous sections within
Phillips acreage in the southern portion of the
Oklahoms Hugoton Gas Pield. Unlike conventional
history matching techniques, the model gimulated
surface shut-ins and flowing pressures from actual
tests to history match forty years of official annual
ghut-in and deliverability test data.

Forecast results show that no additional reserves are
added with an additional well on 640 acres. At
abandonmant, infill wells do not deplete any of the
high pressure layers more than that resulting f£roa
one producing well per 640 acrea, A long producing
life (108 years) is predicted for the study area and
results from both a low field rate of take and m@more
significantly the depletion behavior of a layered, no
crossflow reservoir.

INTRODUCTIOR

on April 25, 1986, the Kansas Corporation Commisasion
(KCC) issued an order' that allows infill drilling in
the Kansas portion of the giant Hugoton Gas Field.
The order allows producers to drill a second gas wall
on each of the 4163 elx hundred forty {640) acre
proration units. Based on geological and engineering
testimony, the KCC ruled that an additional 3.5 to §

References and illustrations at end of paper.

Tecf of additional reserves could be recovered by
drilling an infill well on most of the current 640
acre proration units. Initial and remaining gas-in-
place in the Kansas Hugoton Field, indicated from
pressure-cumulative production data presented at the
hearing, were 30 and 12 Tecf, respactively.

In view of the infill drilling order in Kansas, the
Oklahoma Corporation Commission (OCC) initiated a
proceeding to determine whether it should develop a
plan to authorize the drilling of increased density
walls in the Oklahoma portion of the Hugoton Gas
rield. A January 30, 1987, OCC notice of inquiry
requested all interested parties to submit answers to
16 questions related to infill drilling potential on
the present 640 acre spacing pattern. There are
currently 1340 active walls in the Oklahoma Hugoten
Field. Cumulative production to March 1, 1989, s
5.0 Tecf with an indicated 1.5 Tscf of remaining
racoverable reserves.

Phillips Petroleum Company’e investigation of the
impact of inf£ill drilling on gas production and the
potential of recovering additional reserves from the
Oklahoma Hugoton field includaed four different
studies.?: 3.4 one of the more comprehensive studies
wag a reservoir simulation etudy which is the subject
of this paper. A thres-layer, no croseflow, three-
dimensional reservoir model was developed to simulate
the performance of original and infill wells in a 12
section study ares of Phillips Oklahoma Hugoton
acreage in the seouthern portion of the Oklahoma
Hugoton Gas Field (sea Fig. 1). We demonstrate how a
unique hietory-match of performance data of the
original wells on a section was obtained with
virtually no adjustment to the log-calculated input
variables which determine original gaa-in-place and
model performance. Any volumetric gas-in-place
adjustment would, of course, be crucial to the
evaluation of infill drilling potential. The
performance data that were history matched in our
model study included: 1) over 40 years of official
state test annual wellhead shut-in pressure va.
cumulative production data, 2) official state test
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annual- 72 hour deliverability test rate and flowing
pressure data, 3) individual layer pressure dats
obtained froam an expendable well drilled in the 12
section study area, end 4) pressure-cumulative
production and deliverability test parformance data
of a replacement well in the 12 section study area.

The history matched model was used to 1) calculate

the study area’s total recoverable reserves &nd
individual layer reserves with and without infill
wells and 2) forecast production rates for the study

area with and without infill wells at the current
market demand and with all wells produced wide open.
Study results show that a second wall on a 640 acre
proration unit does not improve the drainage or
recovery compared to the current 640 acre epacing
pattern and that the long life, 108 years, associated
with the Oklahoma Hugoton field is to be expected
because of its layered no crossflow nature.

GEOLOGY

Cyclical sedimentation within the Hugoton Basin
produced a Lowar Permian section comprised of
successive cycles of laterally continuocus and
mappable, shallow marine carbonate intervals
(Florence, Towanda, Ft. Riley, Winfield, Krider, and

Herington Limestones), each capped by reddish-brown
terrigenous @iltstones, mudstones, and shale
intervals (Oketa, Holmesville, Gage, odell, and
Paddock shahl).s polomitization of the carbonates
produced a continuous intercrystalline pore system
that promotes good areal continuity of resarvoir
porosity and permeability within each of the
dolomitized carbonate intervals. This indicated
-areal reservoir continuity ie eupported by our
various reservolir studies. Bacause of their low
permeability and high threshold entry pressures, the
intervening argillacecus units act as barriers to
vertical flow between the carbonate units. Different
pressures measured in individual layers by various
operators confirm vertical heterogeneity or the
layered no crossflow nature of the reservolir. FPig. 2
illuetrates N-S and B-W cross-sections through the
Phillips 12 eection study area showing the basic
layering and the continuity of the layers.

In the southern portion of the Oklahoma Hugoton Field
whera the Phillips study area is located and our
geologic studies focused, the principal producing
reservoirs are the Herington, Krider, and Winfield
members . They constitute three no croesflow gas
producing layers in our reservoir simulation model.
All other geologic layers below the Winfield and
including the lower portion of the Wwinfield in this
portion of the field are wet.

A more in-depth discussion of the geology of the
study area and the rest of the Oklahoma Hugoton Pield
can ba found in Ref. 5. The geology and similar
Lower Permian layering within the Kansas Hugoton
Field can be found in the testimony and exhibite
presented in the Kansas Hugoton hearing.

MODEL STUDY AREA

our model study area includes eectione 26-28 and 33~
35, T2N, R1SE and eectione 2-4 and 9-11, TIN, R1SE
located in Texas County, Oklahoma, (see Pig. 1). In
gelecting a study area, we looked for a location that
was central to our block of acreage in the Oklahoma
Hugoton Field and had at least one deep well drilled

each of the 30 sections
eurrounding and including the 12 section study area.
The deep wells were drilled in the early 1960‘e and
logged with a suite of modern logs through the Chase
formations. Layer correlations and reservoir
parameters ¢, h, and §, were ultimately developed
from log analyeis calibrated to core data for input
into the reservoir eimulation model. The 12 section
study area also includes, within its boundaries, one
section on which & replacement well was drilled 225%
ft. from the original well in the extrems southwast
quarter of its 640 acre section (Fig. S). History
matching of the performance of a previously drilled
replacement well with several years of production
performance should be equivalent to verlifying the
ability of our model to realistically predict the
performance of any infill wells drilled on a 640 acre
section within our study area. A further
consideration used to locate a representative study
area was to select an area where the outer boundaries
of the 12 section study area reasonably coincided
with no flow boundaries determined by proportioning
offset well producing ratee.

below the Chase on

LOG ANALYSIS

from the Chase producing wells drilled and

in the 1940's and 1950‘s, conaisted of SP and
only and were not adequate for
These loge were used,

Logs
loggaed
resistivity logs
inclusion in the log analysis.

however, in correlating formation tops for crose-
sactions.

Modern loge from 39 wells from the 30 section region
(rig. 1) were analyzed to define porosity, groes

thickness, and water saturation values for input into
the model cells. Typical loges from the 239 wells
include induction electric, dual induction-laterolog,
eonic, and in a few wells, density logs. The Strat
Ho. 2, a replacement wall located within the etudy
area, was drilled in 1981 and logged with Dual
Induction-SFL, BHC sonic, and density/neutron logs.
T™wo of the wells, the Buf No. 3 and the Sheil 2R,
both located within the 12 section study area, were
drilled and logged in 1987. Logs from these two
walls include Dual Induction-SFL, BHC aonic,
lithodensity/neutron, and RFT loge. These two wells
were cored through the Chase interval. Individual
layer DST’e were also performed on the Buf Ho. 2.
FPigure 3 is a type log which includes individual
layer preseures from the DST's. The type log also
includes SP, gamma ray, and Dual Induction-SFL traces
over the Chase interval from the Buf No. 3.

performad on one-inch diameter plugs
provided
equation

Core analyses
from the two cores taken in the study area
data for the calculation of Archie
parameters a, m, and n for subsequent water
saturation calculations. Whole core analyees
provided poromity data for the calibration of log
porosity to core porosity. shale travel-time and
neutron log shale porosity were both used to correct
porosity for ehale content. Water reejistivity was
obtained from water eamples produced from study area

walle.

The model was constructed as a gross modal. only
pay thicknesses, excluding thicknesses of the

gross
ehale formations seeparating the productive layers,
were calculated. The log analyses yield gross
thickness values, with porosity reductions for shale

content providing the only eventual hydrocarbon pore
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volume correction. Porosity or water saturation
cut-offs were not used to alter the grose thicknesses
or groes hydrocarbon pore volumes in the productive

layers.

MAPPING OF RESERVOIR PARAMETERS

Porosity, thickness, and water saturation values from
log analyses on the 39 walle in the study area were
used to generate grid cell values for model input.
The mapping extends over thirty 640 acre sections,
including the 12 modeled sections and the 18 sections
surrounding the modeled sections. See Pig. 4 for the
mapped values of porosity for the Krider layer in the
30 section region of our etudy area.

Permeability values calculated at the 39 well
locatione for the Herington zone, from core o~k
correlations callibrated to the Herington DST results

taken on the Buf No. 3 well, were mapped into the
original well locations and also into each of the
grid cells for model input. Krider layer
permeabilities were then calculated for those wells
completed only in the Herington and FKrider by
subtracting the ¢-k derived Herington kh from the
total well kh obtained from multipoint test analysis.
The resulting Krider permeabilities in the 18 (7 in
the modeled area, 11 in the perimeter gactions)
Herington-Krider wells were then mapped and grid
point values for model input obtained (see Pig. 4).
The resulting map extrapolated Krider well
permeabilitiee at the 12 (5 in the modeled area, 7 in
the parimeter sections) Winfield completion wells
were used along with the Rerington permeablilities and
the total well kh from multipoint test to calculate
and map Winfleld permeabilities for model layer

input.

WELL DELIVERABILITY AND LAYER PERMEABILITY DISTRIBU=
ZION

Total well kh and skine for 30 wells were calculated
from initial multipoint flow after flow tests
obtained on each well after their initial completions
in the late 1940°s, All layere in each well were
separately etimulated thru perforations with an acid
frac without proppants, using bridge pluge between
@ach successive treatment. After all layers were
stimulated, the bridge plugs were drilled out and a
final commingled acid treatment conducted. The wall
was generally blown for cleanup and rested for at
least a week bafore a commingled multipoint test was
conducted. The flow after flow teste ganerally
consisted of three or four 24 hour or 3 hour flows.
At the time theee initial testse were run, the shut-
in pressures within each layer should have been
essentially equal at or near their initial values.
This is a significant point with regard to pressure
transient test interpretation values of kh and ekin
obteined in no croseflow layered reservoirs when
layer pressures are not equal (see Ref. 7).

Our analysis of the multipoint tests consisted of a
semi-log drawdown and log-log type curve analyeis of
the first flow of each of the multipoint teste. The
drawdown data for all wells analyzed for kh and skin,
8, were found to fit the constant rate infinite
conductivity type curve solution. A superposition
anslyeis was then performed to utilize and fit all of
the flow after flow test data. A zero non-Darcy flow
term was ultimately ueed in our final suparposition
analysis; this lack of a non-Darcy flow term will be

emphasized again later in this  paper. The
superposition analysis was most useful with the three
hour flows eince the semi-log period was not present
in a single threes hour flow. Table 1 sumnarizes the
pressure transient analysis results in terms of the
total well calculated kh and skine for those walls
located in the modeled 12 section study area. Right
of the twelve wells required no adjustments in ekin
to history match all of the 40+ years of officlal 72
hour deliverablility tests. As seen in Table 1, only
slight changes in ekin were required to match the
remaining four wells’ deliverability tesets. In no
caee was the total well test kh adjusted in our

history matching efforts.

The Herington layer permeability distribution used in
our model study was based on a ¢-k relationship
derived from core data taken on two walls drilled and

cored in the study area in 1987. The Herington
porosity-permeabilicy plot wae calibrated with a
Herington layer DST pressure buildup calculated

permeability conducted on cne of the cored wells, the
Buf No. 3. This calibrated ¢-k relaticnehip was
then used with the log-derived porosity to obtain
Herington layer permeabilities for the 39 wells in
the study area. The buildup test calculated
parmaability was approximately equal to that
indicated from the ¢-k correlation, 0.38 md and 0.37

md, respectively.

MODEL DEVELOPHENT

A review of the various
presented in the RKansas Hugoton infill drilling
hearing wae made. Several one-well multilayer
gtudies fixed in all layerse the no flow outer
boundaries. All layer volumes were based on a 640
acre proration unit. These fixed drainage boundaries
resulted in apparent history matched gae-in-place
numbers being less than model input volumetric
numbars. This difference 4in gas-in-place wase
interpreted to indicate the pr of 1 or
pods of trappaed and undrained gas. A multiwell,
sultilayer model study that did account for offeet
well drainage affecte did not attempt to match well
deliverability =~ parformance, oOr more crucially,
individual layer pressures. By not matching layer
pressures, the multiwell study also came up with a
similar difference between volumetric and pressure-
cumulative history matched volumas as did the one
wall fixed outer boundary eingle well model studies.
Although the conclusions ware the game, the
differences were a result of two different effects.
led us to the conclusion that no valid model

model setudy testimonies

This

study wae performed to have correctly evaluated the
in£ill drilling potential in the Kansas Hugoton
Pield.

It wae therefore concluded that to realietically

evaluate and predict the future performance and
production from infill walls in the Oklahoma Hugoton
Fleld, a multiwell, multilayer simulation atudy muet
be daveloped that should attempt to history match all
of the following historical performance °r reserveir
data, including: .

1) each well’s annual official test shut-in
pressure cumulative production data
2) each well’s official 72 hour deliverability

tests
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3) Herington, Krider, and Winfield layer pressures
in at least one wall in the multilayer etudy

ares

4) performance match of (1) and (2) on one or mcre
replacement welle drilled on a 640 acre section
in the multiwell study area. HWe considered that
a replacemant well’'s match of several yeara of
performance history would be equivalent to
verifying the ability of the model to predict
the performance of future infill welle that may
be drilled anywhere on a sectlion.

The grid (27 =x 36), layering, and number of wall
locations (12 original walls, 1 replacement and the
DST-cored well) used in our Oklahoma Hugoton model
study ie shown in Pig. 5. Each of the original 12
walls are located in the center of a 640 acre
proration unit. Each 640 acre section is modeled
with 81 cells (9 x 9) for each of the three (3)
layers. The number of cells per 640 acre eection,
81, was what was required to correctly eimulate the
official 72 hour shut-in and subsequent 72 hour
drawdown teste. Model verification used a single
well on a B50-cell per layer radial model with
identical reservoir properties. Both the radial and
9 x 9 one well test models were developed with three
no crossflow layers and were able to handle, without
instability, the interlayer wellbore backflow that
occurred batween differentially depleted layers
during surface shut ins. The negative skins obtained
from well stimulations were treated eimilarly in both
models by including the =skin, 8, in the well cell
productivity index.

HXISTORY MATCH

layer thicknees, h,

As  previously discuseed,
8,, input inte

porosity, ¢, and water saturation,

the wmodel for each layer ware obtained froa core
calibrated log analysis. There wers never any
changes required to ¢, h, or 8, to obtain tha final

history match. Layer parmeability, k, ekin, 8, and
total well dellverabilities were developed from
initial completion commingled wall pressure transient

tests. Since each layer in all walls wae
individually stimulated using bridge plugs, all
layere ware aseumed to have been successfully

etimulated and skins for each layer completed in &
given well were assumed equal to that obtained from
the commingled well test analysis. Three wells in
the 12 well etudy area ware completed in all three
layers, Berington, Krider, and Winfield. MKost of the
other wells initially were tested and etimulated in
the uppsr few feet of the Winfield, but were then
plugged off because following etimulation the
Winfield wae considered too wet to commingle with the
Herington and Krider layers. Only a minor adjustment
in skin wae required in four of the 12 welle to match
individual well deliverability curves (eee Table 1).
Monthly production rates for individual wells were
also baeic input into the model.

We have found that in layered no croseflow reservoirs
the moet critical aspect in confirming a unique
history match is to match layer pressures. Leyer
pressures obtained at the Buf No. 3 expendable well
located 1780 ft. NW of the Buf HNo. 1 and layer
pressures at the Buf No. 1 well were:

- that
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Buf Mo, 3 Buf No. 1
Packer Test
11 Day
DST Shut-In Hodel
Layer Pressures Pressure Layer
—Dpeja —Reia k-md
Herington 314 222 0.1
Krider 121 9.0
} 118
Winfield 141 3.3

The 193 psi difference in pressure between the
Herington and Krider layers at the Buf No. 3 location
clearly demonstrates differential depletion in our
layered no croesflow reaservoir. The gradient
pressure between the Buf No. 1 and No. 3 over the
1780 e, ie commensurste with the layer
permeabilities. Initial reservoir pressure in our
study area was 490 psia in all layers.

PRESSURE-CUMULATIVE AND DELIVERABILITY CURVE MATCHING

With the multiwell model we history match individual
wall 72 hour (96 hour after 1975) surface shut=in
pressures calculated to bottomhole and the subsequent
final 72 hour drawdown flow rate and flowing
pressure, calculated to bottomhole, The shut-in and
drawdown pericds represent annual official tests
taken at mid-year and used by the Oklahoma
Corporation Commission to allocate allowables within
the Oklahoma Hugoton Field. 1In the model study, all
wells are simultanecusly shut-in then flowed at thair
official test rates using eight 9-hour time steps to
simulate the actual 72 hour ehut-in and drawdown as
conducted in the field.

The p/z vs. Total Gp plot of the Buf Ho. 1 well (Fig.
6) illustrates ons of the key well matches froa the
final history match of our multiwall model. The 34
field shut-in

trianglees represent 44 years of
pr re perfor data. The model shut-in is
effectively a wellhead ehut-in that allows wallbora

backflow between the differentially depleted layers
during the period the well is shut-in. The eimulated
shut-in pressure values obtained with the model are
shown as circles on the figure.

The eolid 1lines shown on the p/z vs. Gy plot
represent the volumetric average layer preseures and
the total system average pressure over the 640 acre
unit plotted against the total cumulative production,
Gy produced from all layers. The _lOH'lt curve
represents the layer average pressure, P, of the most
permeable Krider layer followed by the Hinfleld
layer, the total system volumetric average pressure
of all three layers, and finally, the upparmost curve
represents the low psrmeabllity Herington layer
average pressure. Also shown on this figure is the
excellent match of layer pressures at the model
location of the Buf HNo. 3 expendable well located
1780 feat from the Buf No. 1 producing wall.

The total well 72 hour transient deliverability curve
match of the Buf No. 1 well is shown in FPig. 7. The
34 triangles represent 44 years of field well
performance test data presented as a bottomhole
backpreseure curve plot. No reservoir or stimulation
deterioration since initial completion ie indlcated
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from this data. The circles represant the model
simulation of the actual test eequence durations and
test flow rates. The quality of the overall match is
reflected by a model point to test point overlay.
Because the total well kh and @ are now correct in
along the

the model, model points will also lie
backpressure curve established by field data even if
a poor match of reservoir shut-in pressures, P, is
obtained.

This matching of the 72 hour test based on model
input variablees developed from an analysis of initial
3 hour and 24 hour flow after flow tests, with only a
minor adjustment of skin in a few walls, is quite
remarkable. It speaks highly of modern wall test
analysis mathods applied to high quality test data
taken in the mid-1940°s. A significant point to note
from the backpressure curve plots of field and model
data is that a backpressura curve slopa of n = 0.886
is obtained, even though the model has no non-Darcy
flow component in any of the layers for any wall in
the model. The Mutual No. 1 wall offsetting the Buf
No. 1 has the lowest value of slope n = 0.799 (see
rig. 11).

REPLACEMENT WELL MATCH

A history match of the performance of the Strat No. 1
and 2 wells located on a 640 acre proration unit in
the south central portion of our model study area was
an attempt to demonstrate the ability of the history
matched model to accurately predict the results of
drilling an infill well. The Strat No. 2 wall was
drilled in 1981, some 2259 ft southwast of the Strat
No., 1 well, as a deep test. The No. 2 well was®
completed as a replacement well for the No. 1 well in
the Herington and Rrider layers. The Strat Ho. 1
wall was plugged and abandoned upon the completion of
the Mo, 2 well. The permeabllities, thicknesses,
porosities, and water eaturations at the Ko. 2 well
cell were those previocusly assigned froa our initial
model description, (no preesure transient testing wae
conducted on the No. 2 well after it was completed).
The skin used for the No. 2 wall was that value
previously assigned to the No. 1 well, 8 = -4.66, At
the completion of the Strat No. 2 well, a pumping
unit was installed for continuous dewatering of the
wall. The replacement wall was completed in the
Chase because the No. 1 wall was beginning to load up
with water, as was seen on the backpressure curve
parformance plot (Fig. 9) and its rate-time plot (not
shown).

The p/z ve. Gy match of both the Strat Nos. 1 and 2
with a combined 44 years of history is shown on Pig.
8. Note the match of the change in slope and
excellent match of the No. 2 well test pressures
compared with the model test value. Ho changes or
adjustments to any of the reservoir parameters of the
No. 2 well were made.
well constituting 8 years of parformance data since
ites replacement of the No. 1 well, tenda to confirm
the model’s ability to predict the performance of a
well drilled within our hietory matched 12 section

study area.

The history matched deliverability curve(s) of the
Strat MNo. 1 and 2 are illustrated in Fig. 9. The
early 72 hour performance of the No. 1 wall and the
current 72 hour performance of the No. 2 well, with
pumping jack, show esgentially the same
deliversbility curve location for both walls. Thie

This matching of the No. 2

indicates that the replacement wall, equivalent to
drilling an infill well within the 640 acre section,
is no better or worse than the original well. Ref. 3
compares the results of infill drilling to date in
the Kansas Hugoton FPield, showing that the average
infi{ll well backpressure performance curve ie
approximately 10 percent baetter than the original

wall. Besed on a freguency distribution, however,
the result is that the infill well will
be only 85 parcent as good as the original well.

4 similarly illustrates that when the original
or restimulated,
ba virtually

Ref.
well has been properly stimulated,
the infill well performance will
identical to the original well.

In our early attempts to estimate the daliverabllity
performance curves of infill wells, it had been
a d that dern  stimulation technology could
possibly result in a 3- or 4-fold increass in the
deliverability curvae of an infill wall when compared
to an original well. coneidering the relatively
successful negative ekins we later found on the
Phillips 12 well study area wells, averaging -5.0, it
is highly unlikely that new infill wells can improve
on the stimulation results obtained on our original
walls. rurthermore, with the differential layer
depletion currently existing, diversion techniques
other than mechanical bridge pluge would tend to be
lese successful than when all layer pressures wera

equal.

12 SECTION STUDY AREA MATCH

An excellent history match was obtained on all welle
with the multiwell no crossflow three layered model.
There were virtually no changes to the original
reservoir input variables. There was abeolutely no
adjustment to the pore voluma input data. A alight
departure in observed vs. elightly lower calculated
shut-in pressures wae evident on the Christine,
princees, and Oslla wells on the east side. Attempts
to fine tune the match on these three velle were made
using the concepte and equations in Ref. 6, including
investigating the effect of expanding the size of the
study area. It waa noted that the magnitude of kh in
the Princess and Oella walle, 999 wd-ft and 850 =d-
ft, respectively, was puch higher than the other
Krider completions and closer in magnitude

Herington

to those wells perforated and completed in the
Winfield. (Use of the equations of Ref. 6 alseo
confirmed the need for five completions in the
Winfield.) Pig. 10 shows the final p/z ve. G, match

of all 12 wells with five wells having Winfield

production, including the Princess and Oella., Recall
that the Buf leasa also matched the model layer
pressures to the layer DST data. The overall match
covers a pariod of 44 years of performance data.

The 72 hour official deliverability test matches for
each of the wells are shown in Pig. 11. The matches
are excellent on all wells. As mentioned previously,
minor adjustments to skin values ware made in four

welle to obtain the deliverablility curve matches (eee
slopes of backpressure

Table 1). Hote that the
curves range from a lowof n = 0.799 to a high of
n = 0.908. -

., The average of all
the backpresesure curve slopes n is equal to 0.872.
This compares to that of 0.850 aseigned by the
Oklahoma Corporation Commiesion original field rulee
order of 1943 to be used for all walls for
deliverability and allowable calculations.
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CLOSING OF THE SECTION LINE BOUNDARIES
To illustrate the danger of attempting to
infill drilling potential of a

using single well model studies or single well
analytical solutions, no flow boundaries were placed
between all of the eection lines. This converts the
matched 12 well model into twelve separate one well
studies, anyone of which could have been selected to
study 4inf{ll drilling. Because flow rates from each
individual layer are not available to proportion no-
flow boundaries for each layer, one must assuma for
individual well studiese that the drainage radius, Iy,
for each layer ere equal and moat likely to ba that
of the proration unit spacing.

study the

Pig. 12 eshows tha results of closing all section line
boundaries. The history match is destroyed. Recall
that input data are based on and consistent with all
known reservoir data and geological interpretations.
The resulte clearly show that there was areal
communication throughout the study area. Only the
Mutual, Princess, Oalla, and Strat leases appsar te
have preserved their match with the original basic
reservoir description, and a layered no croeeflow
system. The Mayoe, Buf, and Luman lease® could have
been exactly matched by assuming crossflow batwean
all layers, whereae the Vantine and Chrietine leases
would have required an increase in pore volume and
the Dakar and Atar would have required a decrease in
pore volume to have obtained a match. Any decrease
in pore volume could then have bean interpreted as an
indication of trapped or bypassed gas, thus
justifying & need for infill drilling as wae
concluded from the Kansas Hugoton one well studies.

CROSSFLOW CASE

A seemingly good history match of p/z vs. G, was also
obtained assuming crossflow between all layers. A
xv/kh of 0.00S between all the layers wae used. This
case illustrates the necessity of obtaining and
matching layer pressures in a no crossflow layered
reeervolir. Pig. 13 shows the p/z ve. G, match
obtained on all wells with crossflow and & 20

percent reduction in pore volume. The pressure-
cumulative production match on all walls appears
excellent. Similarly, the individual wall

deliverability curve matches, not shown, appear to be
as good as those obtained for the final no crossflow
history ematch. There are, however, no point to point

matches of the test and model data. Llayer pressures
for each of the three layers and ths total systea
pressure are indistinguishable on Pig. 13 becauee

they are equal and all overlay each other.

Layer pressuree at the Buf HNo. 3 waell location for
the cromsflow case are:

Hodal DST

Pressure Pressures

_laver  _psia = __pBia
Herington 100 314
Rrider 97 121
Hinfield 98 141

It may be coincidental, but the 208 pore voluzme
reduction necessary to match the p/z ve. Gy data is
jdentical to that found in a Kaneas Hugoton Fleld
multiwaell study that matched only preseure Vva.
cumulative production data. It was the 20 percent

difference bstween volumetric derived gas-in-place
and history matched gas-in-place (referred to ae
*target® or "bypaseed® gas) that wae used eo a basis
to justify infill drilling in ths Kansas Hugoton
rield.

FUIURE PERFORMANCE PRERICTIONS

The history matched msultiwell model (with lateral
communication and no croseflow) wae used to forecast
future production with and without an infill well
drilled on each of the twelve 640 acre proration
units. Infill wells were located in the center of
the MW quarter of each of the 12 sections and
completed in the sams layers as the original wells.
the eeme stimulation skin ae wae used for the
original well was used for the infill well. All
infill wells were premised to begin producing January
1, 1990, The average allowable production was
specified as a constant rate for each well until they
eventually went on dacline producing againet a
limiting 1line pressure of 20 psia. For the inflill
wall case, the section allowable remalned the same,
i.e., ®each well produces half of the single well
section allowable. The Oklahoma Hugoton Field well
allowable is based on acres times daliverability. It
ie unlikely that the field market demand will
substantially increase in the future.

The total 12 section production rate used for
prediction was 1740 HMecfd, which corresponds to &
rate-of-take of 1 MMecfd/29 Bacf of original gse-in-
place. This rate-of-take defines a time periocd of
79 years. A limiting case assuming the original well
and infill well are both baing permitted to produce
wide-open was &leo run. pasad on the 3-D model
predictions, economic analyses were performed to
evaluate the economics of infill drilling. Even with
the very optimistic production echedule of producing
wide-open, the econcamic analyeis results of
sccelerated recovery froa drilling infill wells were
found to be unacceptable.

The m®ost eurprieing result of our studies is that
there i@ no incresse in recoverable reserves ae a
result of each unit containing an infill well.
Purther, the high aband t pr re of the low
permeability Herington layer remains unchanged as a
result of drilling an infill well on the section.
Table 2 summarizes the principal resulte obtained
from the 12 section model study forecasts projected
to a per well abandonment rate of 10 Hecfd, The
results indicete a cumulative production of 45.12
Becf to the year 2085 for current operationa and
current spacing and 45.05 Bscf to the year 2023 where
each unit contains en inflll well. Thie represents a
recovery of 88.6% and B8,5%, respactively, indicating
no Aincrease in recoverable reserves &s & result of
drilling an inf£ill well. Hote also from Table 2
that, to an abandonmant rate of 10 MHecfd/well, an
infill well does not deplete the low permeabllity
Herington layer (average preasure of 142 psla at
abandonment) any more than that resulting from one
producing well per 640 acres.

Continuing the current method of operations resulte
in a total producing life for our study area of 108
years, or 65 years beyond 1969. Drilling an infill
well will reduce the remaining life by half te 33
years, but thie is not econcmical and will result in
v Va8 . Ae for the

potential of contacting isolated pods or pocketes of
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undrained gas, neither. the geological studies,’ our
replacemant well lcudy,z nor our comprehensive model
history match support such a concept as was
postulated in the Kansas Hugoton hearings.

With the history matched model we waere able to test
two limiting cases - 1) produce the study area with
one well per section wide open from the start of
production (1946}, and 2) drill an infill well in
each gection and produce both wells wide-open
starting from 1946. Table 2 summarizes the results
obtained for these two cases. Both cases result in
recoveries that are slightly lese than that cbtained
by current operations (88.6%): 88.2% and 88.3%
recovery producing wide-open aince 1946 without and
with 4infill drilling, respsctively. Further, at
wide-open production starting in 1946, the total
producing life for one well per 640 acres would have
only been reduced from 108 years to 82 years. jil-]
Vi
W W, v

producing livee. The moet significant observation to
be made from the wide-open production results is that
the Herington layer pressure at abandonment ie soms
10 pei higher, 2 to 3\ lese recovery, than constant
rate or current operation results. This indicates
that the current operatione with one well per 640
acres is effectively and efficiently draining the
Oklahoma Hugoton field. The layer p/z vs. cumulative
production of the study area ie sensitive to the rate
of production (see Fig. 14).

EFFECT OF LAYERING ON DEPLETION AND TIME IO
ABANDONMENT

Two significant characteristics of no cropsflow
layered reservoirs having layera of contrasting
permsabilities are 1) the low permeability layar{s)
at well abandonment can have relatively high
abandonment pressures and 2) the producing life of
these types of layered reservoirs can appsar to ba

excessively long. Bither. one or both of these
terms of

characterietice can be mislesding in
appearing to justify infill drilling. Table 3
sumnarizes depletion times and sbandonment praessure

results calculated for the Buf Ko. 1 wall wutllizing
the simple rate-time and cumulative-time equations of
Ref. 6. The 3~D model parameters used for the Buf
No. 1 well and 640 acre drainage for each layer are
used for these calculations. The calculated times of
78, 24, and 21 years for the Herington, KRrider, and
Winfield, respectively, are the producing times to an
abandonment rate of 10 Mscfd. For this calculation,
each layer is assumed to be produced separately and
wide-opan against a O psia flowing pressure. For a
commingled well producing all thres layers and
produced wide-open against O psia flowing pressure,
it would take 89 years to reach ths 10 Mecfd
abandonment rate. Clearly, the long producing time
of B89 years for the commingled well ie dictated Dby
the low permeability layer. The calculated
abandonment pressures of the Krider and Winfield
layers are 10 and 15 psia, respactively, while the
Herington layer abandonment pressure 1ie rolatively
high at 211 peia. The initial layer pressure was 490
peia for all three layers, Because of the different
pressures in each layer and because field measured
shut-in pressure usually reflects that of the high
permeability layer, it ie difficult to define an
"abandonment preseure.*” Abandonment rate is
therefore used to define recoverable reserves for no
crossflow layered reservoirs.

The eimple equations in Ref. 6 (for single wall
application) are resadily applied to multiwell
problems with good engineering accuracy by simply
summing the peeudosteady state (qgjlesx values of
each well in a layer and using the total layer gas-
in-place, G;. The calculated depletion times to an
abandonment rate ueing the simple equations compared
to 3-D model resulte for the limiting case of wide-
open production are shown in Table 4. Also shown in
this table are the times to an abandonment rate after
the 43 years of constant rate production or current
operations. Hote that the total life of 108 years is
only 26 yeare longer than what the life would have
been under completely wide-open production from the
beginning. The long producing life, therafore, is
primarily due to the no crossflow layered nature of
the reservoir and not simply the low rates-of-take
set for the field.

Limiting case calculations using aimple equations can
be eaeily made for any number of layers in a no
crossflow layered reservoir to obtain initial
estimates of producing times and layer abandonment
Pressures. Also, the effect of infill drilling on
times to abandonment and layer pressures can be
readily calculated by representing (qgilagx 26 the
sum of 2 waells on 320 acre spacing. This will rasult
in reducing the time to abandonment to half of that
achieved with one well on 640 acres; howaver, the
layer aband t pr res will be identical to
those obtained for one wall as the [(Q)g,x/G;j] ratio
does not change with an infill well.

CONCLUSIONS

All of the follewing conclusions are applicable to
our study area. Based on other studies that are
fieldwidet:5 or even in the Kansas Hugoton,3:% it
appears that most of the conclusiona would ba
applicable to other areas within the Hugoton Fields.

1. To realistically predict the future performance
and production from infill wella in the Oklahoma
Hugoton Pield, a multiwaell multilayer simulation
study has been used to history match:

A. each well’'s official test ehut-in pressure
cumulative production data

B. each well‘'s official 72 hour deliverability
tests

C. layer pressures in one well in the multiwell
study area

D. psrformance match of one or more replacement
wells drilled on a 640 acre section in the
sultiwell study area.

2. Because of wallbore backflow batween layers, a

valid history match of a layered no croasflow

raservoir should provide for the actual
gimulation of the shut-in preesures for p/z vs.

Gp performance matching. Aleo, the flow periods

and rates should bs eimulated for well

productivity performance matching.

3. A single wall reservoir simulation model cannot.
realistically be used to evaluate the infill
drilling potential in the Oklahoma Hugoton Field
beceuse of drainage effects from offset wells.
No flow boundaries between walls cannot ba
reasonably assigned to each Aindividual layer.
Bach layer can have a different radius of

drainage, r,.
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Ho trapped or bypassed gas exists due ¢o areal
haterogeneity in tha 12 section study area since
wa guccessfully history matched layer pressures,
all test performance data of the original wells,
and one replacement wall without any adjustment
to the log calculated input veriables which

determine original gas-in-place.

Porecast resultcs show that no additional
reserves are added by infill drilling an
additional well per 640 acres starting in 1990.
This conclusion also applies even 1if infill
drilling were to have bsen initiated in 1946 and
the wells produced wide-open froam the beginning
of production. Although infill walls do
accelerate production, the shortensed life is of
no significance if the infill well is not
economic to drill.

Study raesults demonstrate that the indicated
long 1life of the study area (108 years) is a
characteristic of a layered no crossflow reser-
voir having contrasting layer permeabilities.
In addition, this unusually long life is due, in
part, to the low historical rate of take from
the field.

The basic hetercgeneity of the Oklahoma Hugoton
Pield ig that of layering, with no crossflow
betwean layers. This layering effect may result
in eignificant differences baetwean layer
pressures and in the reservoir recovery baeing
rate sensitive. :

curvee developed for the full 12
area under current operating
producing wide-opan from the
beginning show that effective and efficlient
drainage of the reservoir layers has been
oceurring. The layer pressure differences are
less under current operating conditions
thay would have been under wide-opan
production.

The P/z ve. Gy
eaction atudy
conditions and

E

LY

*f;ﬂﬂl'ﬂﬂgql’:’

?

SN Than
o <

g4 laex

initial gas-in-place Becf

cumulative gas production Beef
thickneses, ft

effective permeabllity, md

effective vertical permeasbility, md
effective horizontal permeability, md
exponent of backpressure curve
pressure, psia

average reservoir pressure, psia
wellbore flowing pressure, psia
surface rate of flow, Mscfd

initial surface rate of flow from the
stabilized curve, Mscfd

abandonment flow rate, Hescfd
external-boundary radius, £t

skin factor, dimensionless

water saturation, fraction

time, years to abandonment rate

gas compresesibility factor, dimensionless
porosity, fraction of bulk volume

than

SUBRSCRIPTS

g
i

= gas
= initial
e abandonment

ACKNOWLEDGMENTS

Ve

publish this paper.
and the other Great
for their valuable assistance on thie project.

Petroleum Co. for permission to
We aleo wish to thank D. R. Wier
Plains Region reservoir engineers
The

thank Phillipe

necessary model logic changee required to conduct
this study were made by L. K. Thomas and log analysie

for all the study wells was done by J.

8. Williams.

Special thanks to Sheryl Baughman and Kay Patton for
the preparation of the figures and typing.

REFERENCES
1. Ransae Corporation Commission Order Docket Ho.
c-164, July 18, 1986.
2. Ebbs, D. J., Works, A. N., and Petkovich, H. J.:

A Pield Case Study of Replacement Well Analyeie
Guymon-Bugoton FPield, Oklahome,” paper SFE 20785
2990 Annual SPE Pall MNeeting, New Orleane,
September 23-26.

McCoy, T. P., Petkovich, H. J., Needhas, R. B.,
and Reese, D. E.: “Analysis of Kansas Rugoton
Pield 1Infill Drilling, Part I: Total Field
Results Analyzed by Oparator,® SPE 20756
praesented at the 65th Annual Technical
Conference, Hew Orleans, LA, September 23-26,
1990,

Fetkovich, M. J., HNesdham, R. B., and McCoy,
T. | 4% ] “Analysie of Kansas Hugoton Infill
prilling, Part II: fwalve Year Perforeance
History of Pive Replacement Walls," paper SPE
20779 1990 Annual SPE Pall Meeting, Mew Orleans,
Septembaer 23-26.

Siemers, W. T. and Ahr, W. H.: “Reservoir
Pacies, Pore Characterietics, and Flow Units -
Lower Permian, Chase Group, Guymon-Hugoton Pisld,
Oklahoma,” paper SPE 20757 presented at the 1990
Annual SPE PFall Mesting, Hew Orleans, Septeaber
23-26.

petkovich, M. J., Bradley, M. D., Worke, A. H.,
and Thrasher, T. $.: “Depletion Performance of
Layered Reservoir Without Crossflow,® paper SPE
18266 presented at the 1988 SPE Annual Fall
KHeeting, New Orleans, October 2-5.

Larsen, L.: "Helles Producing Commingled Zones
with Unegqual 1Initial Pressures and Reservoir
Properties,” SPE paper No. 10325, presented at
the S6th Annual Pall Technical Conference and
Exhibition in San Antonio, TX, October §-7
(1981).




First

Gas

10/46
11/46
11/46
9/47
6/48
11/46
8/47
1/47
11/46
8/47
8/46
1/47

{ ) indicates no change in skin, s

INITIAL FLOW AFTER FLOW TEST RESULTS,

Well

Mayoe
Buf
Mutual
Vantine
Sheil
Christine
Dakar
Luman
Princess
Atar
Strat
Oella

Date
of

Test

10/46
10/46
9/46
4/47
9/47
9/46
8/47
1/47
3/47
4/48
1/47
3/47

No.
Flows

B bbb WhH S LD A AW

TABLE 1

Length
of Each
Flow

{hrs)

24
24
24
3
3
24
3
24
3
3
24
3

Pressure Transient
Analyeis Results

Commingled Well
kh

md-ft

637
589
436
1340
489
615
395
650
999
703
527
850

-5.15
-5.44
-5.33
~5.05
-5.08
-4.69
-5.42
-5.24
-4.49
-4.65
-4.66
-4.49

12 SECTION STUDY AREA

72 Hour
Deliverability Curve

History Match Skins

-]

-5.55
(=5.44)
(=5.33)
(=5.05)
(-5.08)
-5.15
~5,00
(=5.24)
(=4.49)
(-4.65)
(-4.66)
-4.70




8JA |y 8JA 28
XE°88 9677y %2e L6
5% 166 \ 74 5% 866 €2
%6766 L1879 12 %0°9%6 8892 1e
xy°0L <9700 141 %669 65701 199}
E 7958 o915 'd % T wisd 'd
oy % - oy 9 -

FEYCS] FEV.CR]

sJA €€ sJA 69
$JA 91 sJA gol
%5798 S0°SY %9°88 2L sy

%" % 066 12 x2 56 %6 g2
%L 66 (Y28 14 114 %9°S6 92" 92 74
%6 %6704 27l ) 7472 06°01 k41
% 4958 wysd 'd % FEN] Bjed 'd
32y nu = <29y au -
J24e Jadey

TSR 111jui/n TR 143Ul ON

TR WHUI/R T19R 113Ul ON

9961 woi}
(0 = 1 39 uisd gz = 3"d JueIsUO]) LOINPOId USO-IPIA

(eysd gz = 3d 03 21ey IueIsSUOD) SUopIBID VLN

SLINSIY AGNLS 1300H NO11J3S 2I 40 AUVHRNS

2 eVl

%679 §0°€8  £6°0S

Wau Wl 901

%69 076l 0982

%Ly O0£°9 60°S1

3 3958 3958

*29y g ty
68/

6361 wo1y (%)
961 woay (%)
‘11 /p)OsK 01 - 238y
fususicpusqy 0} Wil

wa1sAS 18301

PI2LIULA
JapLan
uo3BuU I

JIAR



TABLE 3

BUF #1 WELL

EFFECT OF LAYERING ON DEPLETION AND TIME TO ABANDONMENT RATE OF 10 MSCFD

(d9i )max (dgi )mex
Layer k h kh  skin  (Qg;)gax G; G; G;
640 acres _md ft  md-ft Mecfd  MMgcf _x 10°°
Herington 0.1 s8 6 =5 47 1144.7 41.1 50.4
Krider 9.0 50 452 -5 3581 1728.9 2071 1.00
Winfield 3.3 40 131 -5 1038 884.1 1174 1.76
Total 4.0 148 589 =5 4666 3757.7
@ 10 Mscfd
* Commingled Well
te Gp/Gi ta Qlayer Gp/Gi Pplayer
aver yrse actio yrs Mscfd fraction psia
Herington 78 0.54 89 8.5 0.57 211
Krider 24 0.95 -}] 0.8 0.98 10
Winfield 21 0.90 89 0.7 0.97 15
10.0 0.85

* Times and fraction recoveries as if each layer produced
separately to an abandonment rate of 10 Mscfd
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KRIDER POROSITY

KRIDER PERMEABILITY

4 Study area (30 sections) permeability and porosity maps of the

Fig.

Krider layer




OKLAHOMA HUGOTON
12-SECTION STUDY AREA

2916 CELLS

E

3-D MODEL GRID

CELL DIMENSIONS:
587’ x 587° x h

arid with oriainal and reolacement well locations

5 ftudv arsa modal
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ABSTRACT

replacemant wells drilled in 1977 in the Ransas
Hugoton gas field located in southwast Kanwas. The
purpose of the test program was to determine if
increaved reserves and deliverability could be
obtained by drilling an additional well on each of
the five 640-acre spacing units. This paper
analyzes the 10 years of data obtained on
performance between the original and replacement
walls. Advances in the theory of the production
performance of no-crossflow, layered reservoirs
with contrasting layer properties allow for a
better understanding of the data obtained and
reported on these 5 replacement and original well
pairs.

IRTROOUCTION

In 1977, Mesa drilled and completed 5 replacement
wells in the Kansas Hugoton Field to establieh the
performance of these wells in relation to the
original wells.!':2 sSpecifically, the cperator was
interested in determining it increased
deliverability and reserves could be achieved with

undrained pay stringers within the Chase group, 2)
encountering a higher reservoir pressure in a
different part of thae 640-acre eection, and 3)
improving stimulation procedures by eelectively
perforating and controlling hydraulic fracture
treatments. The location of theee 5 test wells is
shown in Figure 1. Cross seections were generated
by the operator using porosity logs for each
replacement well and the adjacent wells. Thege
crose sections indicated laterally continuous
producing zones with little discontinuity between
wells. From individual layer pressure and
flowmater data, the operator concluded that the

References and illustrations at end of paper.

This paper reviewa the performance of five

the replacement walle by: 1) encountering’

Krider, Winfield, Uppar and Lower Fort Riley zones
are separate and distinct producing horizons within
the Chase formation, having different ' reservoir
pressures and depleting at different rates. Using
the results from flowmeter tests, it was determined
that wellbore backflow between zones occure when a
well 4is shut in. It wase also concluded that a
commingled wallhead shut-in pressure on these wallas
reflects the pressure in the layer with the lowest
pressure. one unique aspact of the replacesent
wall study was that the original wells were shut-
in for an extended period of time and used as
observation wells. Honthly wellhead shut=-4in
preesures ware recorded and reported to the Kansase
Corporation Commission for almost 10 years. The
initial wvallhead shut=in preseure for the
replacement walls averaged 14.4 pel higher than the
original walls. tnitial official deliverability
tests averaged 753 Hucf/day per well higher in the
replacement wells when compared to the original
walle. No conclusions were presented in Hesa's
original work! indicating that the replacement
wells had encountered any additional gaa-in-place.

During the Kansas Hugoton infill drilling hearings
in 1988, saveral witnesses presaented their
interpretation of various aspects of the
parformance of Hesa's 5 replacement walle.
opponents of infill drilling concluded: 1) that
the replacement walls did not encounter any
additional gas-in-place that wasn’'t already in
pressure communication with the original well, 2)
the 14.4 psi higher pressure obsarved in the
replacement wells was due to the pressure gradient
caused by flow toward the original well, and 3) the
initial "official deliverability" increase of 753
Mecf/day per well wae temporary. Proponents of
infill drilling concluded that the S replacement
walls would increase the total raecovery for the §
proration unite and that, due to the heterogenecua
nature of the reservoir and the different layer
pressures, infill drilling would increase the
recovery of gas from the Kansas Hugoton.
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As part of an extensive reservoir study to evaluate
the infill drilling poesibilities of the Guymon-
Hugoton gse field,3:¢:5 we undertook a study of
Mega‘s 5 replacement wells bacause of the large
amount ©f high quallity data collected and the
similar geclogic and producing characteristics
batween tha Oklahoma end Xansae portions of the
Hugoton Field. Recent advances in the theory and
understanding® of the production performance of no-
croseflow, layered gas reservoirs allow for a
better analyeis and understanding of the reported
long time performance data on these 5 replacemsnt
and original well paire.

This paper applies basic no-crossflow, layered
reservoir concepts to the interpretations of the
history of the 5 replacement well proration unite.
The effect of variatione in rate, shut-in periode,
and restimulation on the wshapa of the 72 hour
wallhead shut-in pressure vs. cumulative production
curve are presented. The obeervation wall
pressures allow for an snalysis of the continuity
©of the most permeable layer between the preducing
wall and the observation wall, We ueed ocur hietory
matched Guymon-Hugoton 12 section wmultiwell,
multilayer sodel 3 to simulate the Hesa
replacement~observation wall expariment. The
simulated observation waell calculated bahavior is
virtually identical to that obtained in the MNeea
cbservation original wall experiment. Using the
simple analytical equations of Ref. 6, the effect
of layering on layer sbandonment preseures and the
long p:oddcinq times to an abandonment rate are
calculated. No evidence is found indicating that
new gas~-in-place was encountered by the replacesmaent
wells. Due to the long producing life of a layered
no-croseflow reservolir, infill walle preoduced to
the same abandonment rate as the originel walls do
not add any incremental reserves.

ARRLYSIS OF REPLACEMERT WELLS

A summary of the development history and geological
description for the Kansas Hugoton FPleld is
presented in Part I7 of this study. The first of
the 5 replacement walls drilled was the Gano 1A

located in Sec. 20 T298 R37W in Grant Co., KS8.
Since this was the only replacement well with
complete individual layer preesure buildupe and

flowmeter test results, ite performance wae

analyzed in detail.

Gane 1. Oxiginal Well

The Ganc 1 was spudded on August 1 and completed on
August 28, 1951, by Hugoton Producing Company.
This well was completed open-hole in the Krider,
Winfield, and Upper and Lower Fort Riley layers
with & 54" slotted liner. The original etimulation
treatmant consisted of 14,000 gallona of 15% HCl
over the entire open hole interval. Initial shut-
in wellhead pressure was 434 psmia with an absolute
opan flow potential of about 33,000 Mecf/day. In
1969, Mesa Petroleum Co. purchased the Gano 1 from
Hugoton Producing Co. and in 1970 restimulated the
well with 150,000 lbe. of sand and 150,000 gallone
of water. This reetimulation resulted in a four-
fold increase in productivity. When the wall was
shut in as an observation well on April 13, 1977,
the cumulative production was approximately 6
BSCF.

was flowed to clean up and obtain

Gano 15, Benlacement Wall

The Gano 1A was spudded on April 4, and reached a
total depth of 2960 on April 7, 1977. Seven inch
casing was set and cemented at 2677' through all of
the productive intervals. Starting with the Lower

Fort Riley, each layer was individually acidized
using 3600 to 8000 gals. of 15% HCl and ball
sealers. After each layer was acidized, the well

etabiliszed teet
flow rates. A bottomhole pressure bomb was run and
the well shut-in for a pressure buildup test.
After each layer had been individually perforated,
acidized, and tested, a final cosmingled preesure
bulldup was run. All four layers ware then sand
frac'd together using 200,000 gallons of gelled
water with 200,000 lbe. of eand.

Calculated permeability and bottomhole pressure
from the individual layer preassure buildup teste
for the Gano 1A are indicated on PFlg. 2. Log
calculated porosities also appear on the figure.
The individual layer buildup tests clearly indicate
that each layer has different permsabilities and
pressures. The eost paermeable layer, Krider, hae
the lowest pressure, 188 psia, and the lowest
perweable layer, Lower Fort Riley, has the highest

pressure, 284 . psia. The greatest amount of
depletion has occurred in the more permeable
layers. Prom a commingled buildup test with all
layers open to the wellbore, the buildup pressure
of 190 peia reflects the pressure in the oost
permeable Krider layer. buring the commingled
buildup the operator indicated! that wallbore

backflow wae occurring from the lower permeability
layers to the high permeabillty layer during the
test.

In order to aseess the contribution of flow from
each layer and confirm that wellbore backflow
betwean layers was occurring during shut-in, the
operator ran & Differentisl Temperature Log and
Plowmater Survey on the Gano l1A. The production
wae ostabilized at 1200 Mscf/day for seeven daye
prior to the survey with & flowing wellhead
preseure of 158.4 peia. (The survey tool was run
into the wall without shutting the waell in.) The
flowratas from each layer determined from the
flowmeter are shown on FPig. 2. The Rrider layer
contributed 47% of the total flow while the Lower
Port Riley only contributed 2¢. After the flowing
well eurvey was completed, the well was shut in to
check for wellbore backflow. This survey indicated
that during ehut in, the lower two layers, the
Upper and Lower Port Riley, continue to produce gas
into the wallbore, backflowing inte the upper two
layers, the Winfield and the Rrider.

Pigure 3 ie a plot of wallhead shut-in pressures
va. cumulative production with a wellhead
backpressure curve and a location plat insert for
the Gano Leasa. The eolid circles represent 72
hour shut-in pressures for the original well, the
open circles represent 72-hour shut-in presesuras
for the replacement well. The plua aigna repreeent
wall pressures when the original wall was kept
shut-in as an observation wall. The location map
in the upper right hand corner of Pig. 3 shows the
relative location of the two welle. The distance
between the two wells is 2150 feet. The wellhead
backpressure  curve. is a plot of the 72 hour
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official deliverability test data. The shift to
the right in the backpressure curve for the
original wall corresponds te a sand frac
restimulation performed in 1970. The backpressure
curve for the replacement well lies slightly to the
right of that of the original well restimulation
indicating slightly better stimulation results in
this replacement wall. The waellhead sehut-in
pressure ve. cumulative production curve has
several apparent slope changes making it difficult
to properly extrapolate to-a gae-in-place. The
producing rate and/or duration of shutting a well
in prior to the official deliverability test, the
overall production rate and the no croseflow,
layered nature of the reservoir all play important
roles in interpreting and evaluating the wellhead
shut-in pressure ve. cumulative preoduction curve.

Figure 4 is a plot of wellhead shut-in pressure and
monthly production rates vs. cumulative production
for the Gano 1 and 1A lease. Plotting the monthly
rates on the wellhead shut-in pressure vs.
cumulative production curve aids in evaluating the
pressure response. The sand frac conducted in 1970
on the original well substantially increased the
official deliverability resulting in a much higher
allowable for this wall. The increased downward
slope represented by the two wellhead shut-in
pressure points after the frac Jjob appsar to
indicate a decrease in remaining gas-in-place for
this wall. Nearly all of the wells in this part of
the fleld were frac‘d during thie time, therefore,
the drainage area for this well should not have

. dramatically changed. Although the wellhead shut-

in pressure typically reflects the pressure in the
more permeable layer, the cumulative production
from the wall reflacts production from all layers.%
The ghapse of the wellhead shut-in preasure vs.
cusulative production in a no crossflow layered
reservoir with a eignificant contrast in layer
propertiee is rate sensitiva. If there is a
eignificant contrast in laysr volume, the wellhead
shut-in pressure ve. cumulative production plot
will have eome curvature (concave up). On the
other hand, regardless of the contrast in layer
properties, as the rate of production approaches
zero, all of the layers will deplete at the oama
rate and the wellhead sghut-in pressure vs.
cuzulative production plot will result in a
straight line.® The change in slope of the
wellhead ghut-in pressure ve. cumulative production
plot after the frac job in Fig. 4 is caused by the
change 4in the rate of production due to the
increased allowablea as a result of the
restimulation and does not reflect a change in the
drainage volume for this well.

Another important consideration in evaluating the
shape of the wallhead shut-in pressure va.
cumulative production plot ie the effect of any
large rate changes, including extended shut-ine,
prior to the official deliverability test. The
rate of production decreased prior to the 1976
official deliverability test with the well aleo
being shut in during the month for an extended
period of time immediately prior to the officlal
test. The effect of rate and a "rest period” can
be more clearly seen in the rate, pressure ve.
time plot of Fig. 5. The resulting wellhead shut-
in pressure in 1976 is clearly higher than that of
the previous test in 1974. In the Kansas Hugoton,

an official deliverabllity test consists of a 72
hour flow followed by a 72 hour shut-in with the
rate and flowing pressure being recorded at the end
of the flow and the wellhead shut-in pressure being
recorded at the end of tha shut-in. Resting a well
prior to an official deliverability test will allow
the 72 hour shut=-in pressure to build up from o
higher preessure than if the well had been producing
prior to the test. The wellbore backflow from the
high pressure layer(e) to the low pressure layer(s)
that occure during shut-in also cauees the wall to
build up to a higher pressure. (In the Kansas
Hugoton, wallhead ehut-in pressure is an important
factor in the calculation of allowables, the higher
the weallhead shut-in pressure, the higher the
allowable will be.)

Taking into account the expacted curvature of the
wellhead shut-in pressure ve. cumulative production
curve in a layered no-crossflow reservoir with
contrasting layer propertiee and the effect of the
rate and shut-in periodes on the shape of this same
curve (see Figs. 3 and 4), it is concluded that the
replacement wall is producing from the eane
drainage area as the original well. The wellhead
shut-in pressuree for the replacement wall fall on
the wallhead shut-in pressure trend started by the
original well (Pig. 3).

observation Well Pressures

The observation well pressures provide a great deal
of insight into the behavior of the pressure
gradient in the most permeable layer connecting the
two wells. Fig. 6 detalle the production and
pressure history for the Gano Lease after the
replacement well was drilled. The first pressure
on the obearvation well is 148.5 peig and was taken
after the well had been ehut-in for one week.
Wellhead shut-in preseures taken on the replacesment
woll for several weeks after the sand frac while
the well was walting for an official deliverability
test are denoted by inverted triangles. Note that
through time, prior to the start of production from
the replacement well, the observation wall pressure
builde up to the pressure in the replacement well.
This indicates that prior to any production from
the replacement wall that the pressure in the moat
parmeable layer ie basically the same between these
two walls.

Once the replacement well begins to produce, the
subsequent 72 hour wellhead shut-in pressures from
the official deliverability tests fall balow the
cbeservation well pressures. The difference baetween
the firet obeservation wall pressure on the original
wall and the first pressure on the raplacement well
is 10 pai. Approximately one year later, at the
time of the official deliverabllity test for the
replacement wall, the pressure difference between
the two wells ig 12.9 psi. Although the absolute
pressure difference is basically the same, the
pressures for the two walls have traded poeitions
with the replacement wall pressure being lower than
that of thas original well. Or invaersely the
preseure of the original well ie now higher than
that of the replacement well. Thie confirms that
the pressure difference is simply a reflection of
the pressure gradient baetween the two wells in the
rmost parmeable layer while one is ehut-in and the

othar producing.
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Ueing the steady state, radial flow equation in a
bounded pystem (Bg. 1) and the results from the
layer buildups and the flowmeter test, wae can
atteapt to calculate the pressure at the
observation well, P,,,.

703 x 10°3 kh

Pobs [_“Lﬁs"_.

r2 } ZIIZ
bs [T}
in (r /T .2 b — + P 1
[ obe /Tua) 2:.2 25,2 ] n] (1)

Comparing the calculated cbsarvation well pressure
ueing Eq. 1 to the esesasured wellhead ehut-in
pressures at the replacemant well, we can contfirm
that wa are dealing with a pressure gradient. The
beet point in time to make this comparison is in
1985 as the well was not "rested” that year prior
to the official deliverability test. The wellhead
shut-in pressure for the replacement wall in
Octobar 1985 wae 127.6 psia while the pressure at
the observation well was 142.7 psia. The
difference in pressure between these two wella is
15.1 pei. Assuming the wellhead shut-in pressure
reflects the pressure in the most permwmeable layer,
we use the proparties of the moat permeable layer
(Rrider) for this calculation. The data used in
this calculation are summarized in Table 1. The
rate presented in Table 1 ie 47% of the average
rate for the replacemaent well for the ¢£iret 9
monthe of 1985. The flowmeter test indicated that
47% of the total rate comse from the Rrider. Using
the data in Table 1 with Eq. 1, we calculate an
observation pressure of 143.8 paia. This compares
very wall to the measured observation pressurs of
142.7 peia at the eams point in tiea,

Another interesting point on Fig. 6 ralates to the

effect of the resting of the original wall upon the
obsarvation well preesures. In 1978, 1979, 198),
and 1983, the replacement well wae "rested” for
approximataly one month prior to the official
deliverability test. The slope of the obeervation
wall pressures flattens out after each of these
resting periods. Thies weubtle change in alope
indicates preesure communication bstwewen these two
walls in the most parmeable layer.

In late 1986, Mesa filed an application for the
transfer of allowables froca the five replacezant
walle back to the five original wells that were
designated a8 prescure obeervation welle. The
replacement walls were then shut-in until they
later could be brought back on production as infill
walls. on December 12, 1986, the KCC granted
Hesa's request. The replacement wall (Gano lA) wae
shut-in in Septembar 1986 and the original wall
(Gano 1) began producing again in December 1986.
In January of 1988, the replacement wall was placed
back into production ae an 4infill well. The
wallhead shut-in pressurea for both welle at the
etart of 1987, after saveral months of no
production froam either wall, are nearly identical.
Note that in Pig. 6, the 1987 wellhead shut-in
pressure for the original well falle back onto the
pressure trend of the replacement well while it was
producing.

Cagter 1A, Cormwml) JA. Sbhaw )A. Thurcy 1B

The performance of the other four replacessnt
original wall pairs is very similar to that of the
Gano wall pair. Pigs. 7-10 are wellhead ehut-in
pressure ve. cumulative production plots with
wallhead backpreseure curves and a location plat
for each of the other four wall paire. The
observation wall pressure detail for each of these
four remaining well paire is preeented in Pige. 11-
14. The observation well pressures for the Thurow,
Shaw, and Carter all begin with the flowing
presgure immediately prior to shut-in followed by
24, 48, eand 96 hour shut-in pressures. Upon
reviewing these figures, one can only conclude that
the bahavior of these other four replacesent well
original well pairs is similar to that of the Gano
wall pair.

OBSERVATION WEILI SIHULATION

Using the three-layer, no croesflow, three-
dimeneional, history matched 12 eection modael
developed in Ref. ), an attempt ia made to simulate
the Hesa replacement-observation wall exparimant.
A replacement well wae assumed to be drilled in
1977 in the northwest quarter of the northern
interior eection of the 12 sgection model. The
original wall wase shut-in and used as an
obeaervation wall with wallhead sehut-in pressures
calculated 3just like the Maesa expariment. The
production history from the original wall is
transferred to the replacement well when the
original wall is shut-in in the JD model. A type
log for the original waell is presented in FPig. 15
with the input porosity and permeability at the
replacement well. The layer pressures, percent
depletion, layer flow rates, and percent of the
total rate for each layer in the model vhen the
replacemant well was drilled are also presented in
Pig. 1S,

Pigure 16 ie a calculated wellhead shut-in pressure
ve. cumulative production plot and a location plat
for the replacement wall eection. The location
plat in the upper right hand corner of Pig. 16
showe that the distance between the original and
replacement wall in the model ie 1867 feet. The
eolid circlee represent the 72 hour ehut-in
pressures for the original well, the open circlee
represent the replacemsnt well 72 hour shut-in
pressures. The plus aigne reprasant the
observation wall pressures. In this simulation,
the skine for the original well and the replacemant
walls are assumed equal. The general behavior of
these 3D model mimulated observation wall pressures
in relation to the repl t wall pr res i8
identical to those observed in the Meea replacemant
wall field experiment.

The calculated wellhead shut-in preseure and rate
ve. time for the IJD model aimulated replacement
wall section is presented in Fig. 17, Interference
effects betwsen the two welle can ba seen as the
shut-in of the replacement well in 1983 causes &
flattening and then a alight rise in the
observation well pressures. The same effact can be
seen during the pericde of reduced production and
the shut-in period at the end of 1987. The
reversal of pressure between the replacement and
original well ie again clear evidence that the
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higher initial wellhead shut~in pressure in the
replaceasnt well is ¢ 4 by the pr re gradient
due to flow.

EYFECT OF LAYERIFG CN DEPLETION AND TINME IO
ABARDORNENT

In thie section, we use the simple rate-time and
cumulative-time equatione of Ref. 6 to illustrate
the effect of laysring on individual layer pressure
depletion and time to abandonment for the Gano 1A.
Assusing equal skins for all layers, the
permeabllity for each layer was adjusted to be in
proportion with the rates obtained from tha
flowneter survey. Water saturations for each layer
are calculated froa the layer gas-in-place
estimates provided by the op-rnco:z using log
derived porosity, thickness and a 640 acre drainage
area. Table 2 gives the calculated depletion times
end abandonment pressures for the Gano 1 wall
assuming to be produced wide-open from 1977 at a
flowing bottomhole preessure of © peia. The
equations used to calculate the tima to an
abandonment rate and layer pressures at abandonment
are eusmmarized in the Appendix. The Krider,
Winfield, Upper Ft. Riley, and tha Lower Ft.
Riley layers assumed to be produced separately take
60, 63, 91, and 108 years respectively to reach an
abandonment rate of 10 Mscf/day. For a commingled
well, producing all four layers, and produced wide-
open against O psia flowing bottomhole presesure, it
would take 162 years to reach the 10 Hecf /day
abandonment rate. This time to an abandonmant rate
of 10 Mscf/day is almost double the time to the
sana abandonmant rate for the Buf ¢1 well
calculations given in Ref. 3. Thesme much longer
calculated times are caused by the addition of a
fourth productive layer in this portion of the
Hugoton Pield. The calculated layer abandonment
pressures for the Krider, #infield, and Uppar Ft.
Riley are S, 10, and 20 psia, respectively, while
the abandonment pressura for the Lower Ft. Riley ia
112 psia.

Table 3 presente the effaect of layering on
depletion and time to an abandonment rate when wa
have two wells per section but the second wall is
drilled when the layer pressure distribution is
identical to that measured in 1977 on the Gano 1A.
All of the layer properties ueed in this example
calculation are identical to those of the previous
example. The abandonmant rate now bacomes 20
Macf/day s8ince we have two walls producing in thie
section. Both wells are a d to prod wide-
open starting in 1977. The times to an abandonmant
rate of 20 Macf/day for each layer are reduced by
half, etarting when the infill wall is drilled, but
the layer pressures at abandonment do not change
compared to the single well cass. The fractional
recovaries for the one and two well cases are
identical at an abandonment rate of 10
Mecf/day/well. The infill well will accelerate
production but it will not change the recovery to
the same per wall abandonment rate. These rasulte
aseume identical layer completions and completion
efficiencies between the infill and original well.

CORCLUSIORS

Although the following conclusions specifically
apply to the Mesa replacement wall study area, most

would also apply to other areas of the Hugoton
Field and other similar layaered, no-crossflow gas
reservoirs with contrasting layer proparties.

1. The pressure psrformance data on the five (5)
replacessnt walle did not show evidence of
encountering any additional gas-in-place.

2. The observation well pressures dexonstrate
that: a) the replacement woll and original
wall are in pressure communication and b) the
presaure difference between each set of
original and replacessnt wells is caused by
the pressure gradient in the most parmeable
layar batween the two walls. The pressure
difference doms not raeflect any additional

gae—-in-place.

3. Using the Phillips history matched, 12 eection

model in the Guymon-Hugoton Flield, the MHeea

b vation-repla t wall field experiment

results ware duplicated by simulating with the

model & replacement well and using 'the
original well as an observation well.

4. A simple mathod can be used to calculate time
to an abandonmant rate and layer abandonment
pressures tor a layered, no-crossflow
reservoir. These calculations can be made for
any number of layers and wells within a
drainage area. A long producing life can be
expected for walls in a layered, no-crossflow
reservoir. Infill wells produced to the same
abandonment rate as the original walls do not
add any incremantal reserves.

BOMERCLATURE

By = gas formation volume factor, SCF/RCP

Gy e initial gae-in-place, Becf

Gg e cumulative gas production, Becf

G, = remalning gas-in-place, Bect

h = thickness, ft

k s effactive permeabllity, =d

n = numbar of layers

P = pressure, psia

qit) = surface rate of flow, Mecfd

(Fgilaex © initial surface rate of flow from the
stabilized curve, Hectd

Qe a abandonment flow rate, Mecfd

Te = external boundary radius, £t

Ty = wallbore radius, ft

Tua = apparent wellbore radius, £t

s = gpkin factor, dimensionlees

s, = water eaturation, fraction

tq = time, years to abandonment rate

z = gas compressibility factor, dimansion~
pULT]

é = porosity, fraction of bulk volume

By = gas viecesity, Cp

SUBSCRIFZS

g e gase

i = initial

a = abandonment

n = layer numbar

obs = at observation well

v =« wallbore
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APPERDIX
Eouation Jumsary
Rate time equation
(Qg4)
ate) = Selleer (A1)
(=)
Gy

Rate tima equation for 4 layers

4 (1)
qit) = ngl ( )qil Bax 2 (A2)
< [ _— ] t. * 1)

Gy

{391 )mex = 472 £
1624 B T [1n (———')0 s]

Ty

Material balance equations
. P P;
G /6 =1 =|= /[ = (A&)
2 L1

4 G
G, = r,? By I 4y (1= S, (-E) (RS}
n=l Gi{/n

Time to abandonment rate, q,

(A6)

Fractional recovery for each layer at abandonment

1
[c,/a.] 1 - (A1)
a [(qﬂ,nu]
ty ¢ 1

Gy




TABLE 1

0.01 cp T = 560 °R

28.9 md z = 0.98

34 ft s =-5

0.2539 £t f,y = Iy€'S = .2539 €5 = 37.68 ft

2150 ft g, = (0.47)(311,173 scf/day) = 146,251 scf/day

2918 f£t P, = 127.6 psia
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GAMMA NEUTRON
_rg
-5
@)
layer pressure 188 psia
KRIDER layer depletion 59.4 %

. =148 % flow rate 564 mscfd
k—28 9 md % of total rate 47 %
WINFIELD M| layer pressure 210 psia

" 4=15.0 % O layer depletion 54.6 %
k_G 06 md o flow rate 336 mscfd

= m , % of total rate 28 %
layer pressure 238 psia

UPPER FORT layer depletion 48.6 %

RILEY flow rate 276 mscfd
=149 % % of total rate 23 %
k—4 73 md ()
- 8 - layer pressure 284 psia

LOWER FORT '®) layer depletion 38.7 %

RILEY flow rate 24 mscfd
$=14.5 % % of total rate 2 %
k—1 06 md
commingled layer pressure 190 psia

Fig. 2
flowrates

00.L¢

Type log for the Gano 1A with individual layer pressures and
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SELF-POTENTIAL

RESISTIVITY

1

009¢

_

HERINGTON layer pressure 340 psia
$=9 % layer depletion 30.6 %
k=0.44 md flow rate 78 mscfd

% of total rate 39 %
layer pressure 165 psia
KRIDER - CB) layer depletion 66.3 %
f:;g«%‘d © flow rate 123 mscfd
61 %

% of total rate

08.2

Fig. 15 Type log for the Sheil #l1 with simulated individual layer pressures

and flowrates
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