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INTRODUCTION

This study was done on an abnormally pressured gas res-
ervoir containing five wells, Some wells produce natural gas,
condensate and water; while the other wells produce only
natural gas and condensate. Figure 1, 2, 3 and 4 show the
performance of the field prior to this study.

The current available data on this reservoir was:

1) Flowing well head pressure

2) Daily gas production rate, scf/day

3) Daily condensate production rate, bbl/day

4) Daily water production rate, bbl/day

5) Some logs on all wells

6) Structural maps of the field.

From those data the following were determined:

1) Bottom hole flowing pressure for each well as a
function of time

2) Average reservoir pressure month]y intervals

3) Initial pressure of the reservoir

4) Original gas in-place

5) Size of the water aquifer,

Based on these data, future predictions were made for
the following conditions:
1) Prediction 1 - When QW/Qg > 0 shut well in

2) Prediction 2 - When no 1imit on water production
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3) Prediction 3 - When QW/Qg > 0.002 bb1/scf shut well
in

4) Prediction 4 - When QW/Qg > 0.004 bbl/scf shut well
in

5) Prediction 5 - When Qw/Qg > 0 set gas rate at
1 x 106 scf/day.
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2)

3)

The
The
10°
scf

was

The

RESULTS

following results were obtained:

original gas in-place was determined to be 220.00 x
scf by material balance equation, and 200.24 x 109
by volumetric method. The material balance value
used for all predictions,.

ratio of aquifer radius to gas radius (ra/rg) was

calculated to be 2.39.

The

ultimate recovery determined for the various predic-

tions are:

a.

9

For Prediction 1, 21.4 x 10”7 scf gas and zero bbl

water were produced in 39 months (field abandon-
ment). Table 4 shows the results.

For Prediction 2, 56.99 x 109 scf gas and 484.11 «x

3

10° bb1l water were produced in 39 months, and

9 3

76.03 x 10 scf gas and 2053.09 x 10~ bb1 water

were produced during 320 months (field abandonment).

Table 5 shows the results.

For Prediction 3, 56.98 x 10°

3

scf gas and 379.38 «x

10 bbl water were produced in 39 months, and 74.18

9

x 10° scf gas and 1624.55 x 105 bbl water were pro-

duced during 220 months (field abandonment). Table

6 shows the results.

9

For Prediction 4, 56.99 x 10 scf gas and 484.11 x
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3

10° bb1 water were produced in 39 months, and

74.19 x 10° scf gas and 1635.38 x 10° bbl water
were produced during 220 months (field abandonment).
Table 7 shows the results.

For Prediction 5, 25.22 x 10° scf gas and 123.96 x

3

10 bbl water were produced in 39 months, and 54.24

X 109 3

scf gas and 1938.27 x 10° bbl water were pro-
duced during 320 months (field abandonment). Table

8 shows the results.
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RECOMMENDATIONS
As a result of this study, the following is recommended:

Install equipment to handle produced water.
An economic evaluation be performed to determine if the

field should continue to be produced after 39 months.
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PROCEDURE

In this study, the net gas pore volume was determined

6 cu ft. from an isopach map. This map was

to be 588.0 x 10
constructed by contouring the top and the -bottom of the
formation (Figures 5 and 6) which were obtained from logs.
One of these logs is shown in Figure 7. Using the method
of reference (5), the isopach map, Figure 8 was constructed.
Since only 5 points were available and only one well indi-
cated a gas-water-contact, a dome-type structure was assumed.
The maps were constructed based on this assumption.

Based on core and log data, the range of porosity was

22% to 31%. The average porosity was calculated using

Equation (1) and resulted in a value of 26%.

- n.z neZ
. = L h., ¢../ £ h. (1
i . .
B SR LD 55 )
where:
®; = average porosity, percentage
j = index

n<Z = number of zones
h = zone thickness, ft

®. = zone porosity, percentage.
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From lTogs, the water saturation was determined to range
from 15% to 44%. The average value for water saturation was

calculated to be 30% by using Equation (2):

- n.Z
Swi = [z Swij/n°Z (2)
j=1
where:
Swi = average connate water saturation, percent
swi = connate water saturation in the zone, percent.

But if Equation (3) is used for determining average

hydrocarbon pore volume:

):/ T h, (3)

= I h. .
= ¢ wi%J j:l J

. j (1-S

1J

and Equation 1 for 51, then an average value of gwi is cal-

culated to be 31.0%.
Only one value of bottom hole shut-in pressure was
available, this value was measured in Well No. 4 on June 25,

1977 and determined to be 7791.0 psig. Therefore, bottom

hole flowing pressures were calculated in order to determine
the behavior of reservoir pressure with time. To determine
bottom hole flowing pressure for the wells, the condensate
was assumed to be produced as a gas from the reservoir and
condensated at the surface. The produced condensate was

converted to its gas equivalent (4) using Equation (4):
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GEC = Qc x 133,000 x YC/MC (4)
where:

Mc = 6048/ (API - 5.9), and

Yo © 141.5/(131.5 + API).

The volume of gas flowing in the tubing was calculated

using Equation (5):

Q6, = Q, + GE (5)

where:

M_ = molecular weight of the condensate

API = API gravity of the condensate

Yo = specific gravity of the condensate
GE. = the gas equivalent of the condensate, scf/day
Q. = condensate flow rate, bbl/day

Q. = surface gas flow rate, scf/day
QGt = well stream gas flow rate, scf/day.

A vertical flow equation,published by Katz (6),was used
to calculate the bottom hole flowing pressure based on the

" surface flowing pressure, the calculated well stream gravity
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where:

and the calculated well stream gas flow rate, Equation 6.
A J/Qqetz +4 x 10% x A x H x 2.7183% x P?)
(4 x 10% x A x H) (6)
= 5/(2.7183° - 1.0)

Ps

L0375 x v, x X/(TxZ)

RY +

( g 4584 y_)/(R + 132,800 y_/M_)
Ds/(yw x T xZ x F x X)

30.9208 x 1073 x B/ug"065

-.065

Yw

the pressure at the bottom of the interval (X),
psia

the pressure at the top of the interval (X),
psia

well stream gas gravity

depth interval, ft

temperature at the bottom of the interval

depth,°R

gas compressibility factor
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R = initial surface gas-condensate ratio of the
production, scf of dry gas per barrel of con-

densate

Y. = average specific gravity of the gas produced
from the surface separator (s), air = 1.00
D = inside diameter of the tubing, inch

“g = gas viscosity, cp

Equation 6 is solved incrementally until total depth is
reached, at which time PS is equal to the bottom hole flowing

pressure.
When a well was producing free water, a two phase flow

equation was used to calculate the flowing bottom hole

pressure, Equation 7.

p p k=100
= + Z -
BHF WH k=1 APCk (/)
‘where:
1 o + Tf
4 =
Pek = | 147 - X

2
1-W
t qg/4637 Ap p

q
t + Vb + Ap
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= 4.0509 x 1073 «x Q,

= qg/379 X Y, X 28.97

= 3.27 x 1077 06, x Z x T/P

= P + APa/Z

k-1
=W /a

= 6.49 x 1072 «x Q,

= 1488 Py dh Vb/u1

= 1488 0y dh Vt/u1

6

= (.546 + 8.74 x 10~ NRe) /ﬁah for Nb< 3000

11
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2 ________13‘59 "L for 3000 < N_ <8000
Vg =% Vg VT or ;

PLV%h

=
|

-6
bi = (.251 + 8.74 x 10 NRe) vgd,

(.35 + 8.74 x 1078 N, ) /gd~ for N_ » 8000
Re 9 h

P

r = [(.013 Log uL)/dh1'38} -

.681 + .232 Log V, - .428 Log d; for V.< 10 and

r > -.065 Vt

r = [.0127 Log (u, + 1)/dh1'415} - .709 - .162 Log v,

.888 Log dh’ for Vt > 10, and

The terms were defined as follows:

k

depth increment

v}
|

BHF bottom hole flowing pressure, psia
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WH

APck

well head flowing pressures psia

calculated pressure drop within the depth

interval, psia
average fluid density, 1b/cu ft
total mass flow rate, 1b/sec

liquid mass flow rate, 1b/sec

water flow rate, bbl/day

gas mass flow rate, 1b/sec

corrected gas flow rate, cu ft/sec
temperature at depth (X) OR

assumed pressure drop within the depth
interval, psia

water density, 1b/cu ft
water flow rate, cu ft/sec
gas density, l1b/cu ft

total volume flow rate, cu ft/sec

flow area of pipe, sq ft
the bubble rise velocity, ft/sec
acceleration of gravity, ft/sec2

Reynolds number

13
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Nb = bubble Reynolds number
HL = water viscosity, cp
T = the wall friction-loss, 1b/sq ft/ft
f = friction factor
vy = total fluid velocity, (qt/Ap), ft/sec
9 = gravitationa] constant,
ft']b(mass)“b(force) - sec”
I = liquid distribution coefficient, ft/sec

When the calculated pressure drop (APCk) was less than
the assumed pressure drop (APa) it was necessary to decrease
APa. The solution required that the two values of AP be
within .001 psi before the calculated values were accepted
as being correct. Equation (7) is solved incrementally until
total depth is reached.

After calculation of bottom hole flowing pressure for
each well as a function of time, the values were screened.
More weight given to the values of flowing well head pres-
sure measured by dead weight tester and to reported change
in value after a reported sequence of constant values.

These screened bottom hole flowing pressure values were
plotted against cumulative gas well stream production for
each well (Figures 9, 10, 11, 12 and 13). Plots of cumula-

tive gas well stream production for each well as a function
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of time are presented in Figures 14, 15, 16, 17 and 18.
These figures were used in selecting values of bottom hole
flowing pressure for each well at common times. The calcu-
lated bottom hole flowing pressure for each well and the
flow rate of each well were used to determine the drainage
volume and the drainage volume average pressure for each

well. Equation (8) was used to determine these values.

DVj = Cj x Exp [(Aj X (Pe2 - ijz)/QGj) + 1] (8)

where:

2

Cj = 3.14159 x ¢ x hj X rwj

A, = .00708 x 5.615 «x hj x k

j X Ta/(ugj X Z. x P_. x T)

gJ J a
Everything is known in Equation (8) except (Pe) and
(DVj) at common times for each well. Since Pe is the same
for all wells at the same instance in time, therefore assume
a value for Pe and solve Equation (8) for DVj. Equation (8)

was solved repeatedly with assumed value of Pe until

Equation (9) was satisfied.

DV. (9)

DVTC g
1 J

™3

J

where:
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J = well number
QG = gas flow rate, scf/day

h = thickness of pay zone, ft

k = gas permeability, md
T. = reference temperature, or

T = formation temperature, °R

Pa = reference pressure, psia
Pw = bottom hole flowing pressure, psia
ra = drainage radius, ft
rey = well bore radius, ft
DVTc = total drainage volume for the reservoir.

When the total calculated drainage volume was less than
the volume determined from an isopach map, it was necessary
to increase the assumed value of Pe‘ Equation (9) was re-
quired to converge to within one million cubic feet.

The average pressure in a well's drainage volume 1is

given by Equation (10):

- Tej Tej ,
P. = 2m P . r. dr./ S 2T r. dr, (10)
I ri T3 i ey i

The approximate distribution in a flowing well's drain-

age volume is given by Equation (11).
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in(r./r )
- - 2 J__wj (11)
Prj = pwj * (Pe ij ) x 1n(rej/rwj)

Solving Equation 11 for pressure and substituting into

Equation 10 results in an expression for P in the gas well's

drainage volume.

r_ . i .
- €J J/ 2 2 2 ln(rj/rwj) :

J er Y‘e\j/er

(rej2 rwjz) (12)

The integration for P can be accomplished by graphical
or summation of the following terms as a multiple of an incre-

mental r.

- In{r./r .)
f(r.) = 2r. x V{/.z + (p 2. 2 J’ wj
J J wj (Pe Pug ) In(res7r,5) (13)

f(r.) is evaluated at different values of rj until rj

is equal to roe The area under the curve is calculated by
Equation (14):
100 f(r.

(YJ)k + f(rj)k_1

Area. = %
k=1 2

x ({ry)y - (ri)pq) (18)
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This area was substituted into Equation 12 for the integral
and the average pressure in the well's drainage volume was
determined. After calculating P for all the wells, the
average pressure of the reservoir was obtained by using
Equation 15:

No. of wells _

= jzl Pj X DVJ./DVTc (15)

Paverage
These calculated values of average reservoir pressure are
tabulated in Table 1 and plotted in Figure 19 (see Computer
Program Number Two).

Average reservoir pressure over deviation factor (P/Z),
was plotted as a function of cumulative gas production
(Figure 20). The extrapolation of the curve of P/Z = 0

9

gave a value of gas in-place of 440 x 10 scf. Extrapola-

tion of the curve to Gp = 0, gave a value of Pi/Zi = 6165.6
psia. By trial and error solution, initial reservoir pres-
sure (Pi) was obtained to be 7300 psia, this value is less‘
than the reported value of 7791 psia, but will be used in
making prediction because it fits the generated pressure data.
The original gas in-place was calculated by the volume-

tric method using the pore volume from the isopach map and

the estimated initial reservoir pressure.
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G = 35.35 x (Pi/zi)/(T) X hydrocarbon pore volume
G = 35.35 x 6165.6/(640) x 588 x 10°
G = 200.24 x 10° scf.

This value of original gas in-place is much smaller than
the value obtained from the P/Z - Gp plot. Because two wells
are already producing water and the large difference in the
two values of gas in-place, one would expect water influx.
The presence of water influx prohibits the use of P/Z - Gp
plot for determining gas in-place (10). Hence, another
verification of the gas in-place value must be found.

Since the magnitude of the water aquifer is unknown, a
rearranged version of the material balance equation was used

as the alternate method.

VA Z.
J 1
6lps - 7)) 6z, -
J LN ! C. S, : * Col+(—==-1)(C.+C )
p. - P P.(1-S ) wotwi o T2 fow
i~ 0 i wi g
Zj 5
(GpJ 5} + A x 5.615 x ij Bw)/(Pi - J-)
(16)
where:
A = Ta/(Pa x T)
G = initial gas in-place, scf

o
1]

reservoir pressure at time t, psia
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Pi = initial reservoir pressure, psia

C, = average water compressibility, psi'1

Cf = average formation compressibility, psi'1
ry = radius of the aquifer, ft

rg = radius of the gas reservoir, ft

Gp = cumulative well stream gas production, scf
wp = cumulative water production, bbl

B, = water formation volume factor, res. bbl/

surface bbl

Equation 16 can be rearranged so as to represent an

equation of a straight line (9), such that:

Y = mX - a (17)
where:
= . . . . . - . 19
X (GPJ ZJ/PJ + A x 5.615 x pr B,)/ (P PJ) (19)
Z5 2 2
a = x [(C. S . +¢C + -
Py l1=5y5 [ wiwi ¥ Ce) /gt - 1) x

(20)
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The slope of the straight 1ine is the reciprocal of
the original gas in-place.

Values of (X) and (Y) were calculated from past perfor-
mance data and are presented in Table 2 and Figure 21. The
points which fit the straight line were extrapolated to get
the value of the intercept a. Only the straight line por-
tion was used because it indicates that the aquifer has
reached pseudo steady state flow conditions. From the
straight 1line portion, the value of gas in-place was found
to be 220.0 x 109 scf and the intercept (a) equal to

-12.6 x 10°. Using Equation 20 with Ce = 6 x 1078 psi=1 (13)

- -6
and Cw = 4 x 10

psi'1 (4) the value of (ra/rg) was found
to be 2.39.

In order to determine the rate of advance of the water
front, it is necessary to determine the residual gas satura-
tion in the water invaded zone. Well No. 3 started producing
water during the sixth month of operation, therefore the
cumulative water influx at the end of six months of produc-

tion was calculated using the Hurst Van Everdinger unsteady

state water influx relationship, Equation 21.

- m2n 2
e 55T NCleTg ©

ne~Mm3

Q(tDn - tDj-l)(APj) (21)

j=1
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Vv = shape factor

C_=CS4# C

e w f
tD . 006328 kt?” t in days
u, ¢ Cg rq

P. - P

(P, , - P.)
8P = j-2 J° for 332

2

Q(tD) = dimensionless water influx function

The water influx at the end of six months was determined
to be 3.722 MM bbls, or 20.896 MM cubic feet.
The pore volume invaded by water at this time can be

estimated by Equation 22.

AV = [wei - We, - (wpi Bwi - wpo Bwo)]/(l'sgr'swi)
(22)

From the plot of the fractional producing capacity, Figure

23, the minimum depth of zero producing capacity was selected.

The cumulative pore volume of originally gas saturated rock
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below this depth was determined from Figure 24. The depth
at which the producing capacity equals to zero is 9632 ft,
the volume of originally gas saturated pore space below this

6

depth was 44.3 x 10 cu ft. Substituting these values into

Equation 23 and solving for Sgr results in a value of 22.8%.
Based on the value of gas in-place, initial reservoir
pressure and the size of the aquifer calculated in previous
steps, a future prediction for the reservoir was done. The
method of prediction was based on the water influx calculated
from material balance equation and the water influx from the

unsteady state equation (Hurst and Van Everdinger (12)).

Water influx from material balance equation is:

Z5 Z. 1
1 = —J . .
Wem Gpj X p= * A x 5.615 x ij x B - G[(F% - ﬁ;) +
J ;P
2
T - 5.7 % (G Syi + Ce)(Py - Pj)J / (A x 5.615)

(23)

The calculation of future performance was performed as
follows:
a) A contract gas flow rate was set for each wel]
b) A minimum flowing bottom hole pressure for each
well was calculated based on the predetermined
rate and for a well head flowing pressure equal

to 975 psig.
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c) The specific productivity for each well was

determined by Equation 24 from past production

data.
C.. = Qgas,/((P.2 =P 2) xh_.) (24)
PJ J e W g9J
where:
ij = specific productivity index, scf/day/psi2 - ft
ansj = gas flow rate, scf/day at some pressure, Pw
h_: = number of feed perforated above gas-water-

9J contact, ft.

d) The gas production rate for each well was calcula-

ted using Equation 25.

(25)

where:

hgrj = remaining number of feet perforated.

The data used to determine the values of Cp are pre-
sented in Table (9).

Based on the data of Table (9), the specific producing
capacity of each well was calculated and presented in
Table (10).

A cumulative producing capacity curve above a given

depth was generated using the specific producing capacities

and the location of each well's perforated interval as shown
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in Figure 22, The reservoir was divided into nine
unequal vertical intervals, A through I. The
producing capacity of each interval was calculated
and is shown in Table (11).
The fractional specific producing capacity

above a designated depth is shown in Figure 23.
For the purpose of calculating future production
rates, data in Table (12) were assumed for each
well.

e) The cumulative gas produced from the reservoir was

calculated from Equation 26.

(26)

[}
n
—~~
™

. . i + G_.
D] i QGJ) x delta time pi-1

new = number of wells

f) The water production rate for each well was cal-

culated by Equation 27.

Cos Kus Mgi Ly Py T

Qi = h . - 27
Wi T Ryy M, X 5.615 x T_ X Myj (Pe = Pring)  (27)
where:
hw' = number of feet perforated below gas water
J contact

g) The cumulative water production was calculated by
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Equation 28:

w

=

L[]

~~
[ e I

ij) x delta time + W (28)

pi-1
h) The height of the present gas-water-contact had to
be calculated at each future time step to determine
the water and gas producing capacity. The cumula-
tive pore volume invaded by water can be calculated

using Equation 29.

n
v = I AV .
L wj (22)
where:
j-1 v K
(5.615) + | = 25 (Bg, - Bg._ ){/
A ) ng grk J Jj-1

(1 - SWi = Sgrj) (30)

ng = gas formation volume factor at pressure Pk,
cu ft/scf.

After calculating V data of Figure 24 were used

wn?
to calculate the height of the gas water interface

at that time.
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i) From a plot of kr and krw as a function of water

g
saturation in the literature (8), a relationship

illustrating the effect of saturation changes on
effective permeability to gas and water. The value

of k at 30% water saturation was determined to

rg
be .85 and the value krw at 77% water saturation

was determined to be .35. Using these values,ab-

solute permeability was calculated to be 353 md and

P —

water permeability in the invaded zone was deter-

mined to be 123 md.

Predictions were made for five cases of projected well
flow conditions. The cases are:

Prediction 1: The produced water could not be disposed
of so that a well was shut in when it
first started producing water (Table 4).

Prediction 2: It was assumed that a well could produce
all the water that entered the well bore
(Table 5).

Prediction 3: It was assumed that a well would not
flow with a liquid-gas ratio greater than
1/500 (bb1/scf) (Table 6).

Prediction 4: It was assumed that a well would not
flow at a liquid-gas ratio greater than

1/250 (bbl/scf) (Table 7).
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Prediction 5: It was assumed that when a well started
producing water, its gas rate would be
reduced to 1 MM scf/day (Table 8). The
resu]ts‘of the above cases are shown in
Figure 26 through 40.

Figure 26 shows the reservoir pressure behavior of
Prediction 1. The average reservoir pressure was 4744 psia
after 39 months at which time the reservoir was shut in.

Figure 27 shows the gas production behavior of Predic-
tion 1. The gas produced during this 39 months was 21.4 x
10% scf.

Figure 28 shows the water production behavior of Pre-
diction 1, in this prediction no water production was per-
mitted.

Figure 29 shows the reservoir pressure behavior of
Prediction 2. The pressure was 3670 psia after'39 months
and 3072 psia after 320 months.

Figure 30 shows the gas production behavior of Predic-

9

tion 2. The amount of gas produced was 56.99 x 10~ scf

after 39 months. The maximum amount of gas produced was
76.03 x 109 scf after 320 months.

Figure 31 shows the water production behavior of Pre-

3

diction 2. The amount of water produced was 484.11 x 10~ bbl

after 39 months. The maximum amount of water produced was

3

2053.09 x 10~ bbl after 320 months.
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Figure 32 shows the reservoir pressure behavior of
Prediction 3. The pressure was 3670 psia after 39 months
and 3139 psia after 220 months.

Figure 33 shows the gas production behavior of Predic-
tion 3. The amount of gas produced was 56.98 x 109 scf
after 39 months. The maximum amount of gas produced was

9

74.18 x 107 scf after 220 months.

Figure 34 shows the water production behavior of Predic-

3

tion 3. The amount of water produced was 379.38 x 10~ bb]l

after 39 months. The maximum amount of water produced was

1624.55 x 10°

bb1 after 220 months.

Figure 35 shows the reservoir pressure behavior of
Prediction 4. The pressure was 3670 psia after 39 months
and 3139 psia after 220 months.

Figure 36 shows the gas production behavior of Predic-
tion 4. The amount of gas produced was 56.99 x 109 scf
after 39 months. The maximum amount of gas produced was
74.19 x 10° scf after 220 months.

Figure 37 shows the water production behavior of Pre-

3

diction 4. The amount of water produced was 484.11 x 10~ bb1l

after 39 months. The maximum amount of water produced was

1635.38 x 103

bbl after 220 months.
Figure 38 shows the reservoir pressure behavior of
Prediction 5. The pressure was 4664 psia after 39 months

and 3701 psia after 320 months.
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Figure 39 shows the gas production behavior of Predic-

9

tion 5. The amount of gas produced was 25.22 x 10” scf

after 39 months. The maximum amount of gas produced was

51.39 x 109 scf after 320 months.
Figure 40 shows the water production behavior of Pre-
diction 5. The amount of water produced was 123.96 x 103 bbl

after 39 months. The maximum amount of water produced was

3

1939.27 x 10> bbl after 320 months.
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DISCUSSION

Prediction 1 is not a desirable result, because only
21.4 x 10g of gas are recovered. Predictions 2,3 and 4 in-

9 scf of gas can be recovered

dicate approximately 56.99 x 10
if water production is permitted. This production procedure
represents an increase in recovery of 35.54 x 109 scf of gas.
Prediction 2,3 and 4 are approximately the same and they
appear to be feasible. The rate of water influx into the
wells is such that the cut off value of 4 bb1/Mscf and the
maximum case (Prediction 2) essentially identical. The pro-
duction cut off value of 2 bb1/Mscf caused the wells to be
shut-in two months earlier. Preciction 5 may be the most
realistic because it may represent actual well performance.
Based on Prediction 2,3,4 and 5 it would be necessary

to have water handling equipment to handle from 1 x 103 bb1

3

to 2 x 10° bbl water per month. From these predictions, it

would appear that the gas recovery in the first 39 months is

9

between 25.22 x 109 scf and 56.99 x 10° scf.

9 scf of

Based on Prediction 2,3 and 4 only, 17.2 x 10
gas will be produced in the time between 39 months and aban-
donment at 220 months. Prediction 5 indicates that 20.49 x
109 scf of gas will be produced in the time period between
39 months and 220 months. An economic evaluation needs to
be made for this 189 month period to determine if the reser-

voir should continue to be produced.
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In Prediction 2 and 4, the wells watered out in the
following sequence: Well 3 at 8 months; Well 2 at 24 months;
Well 4 at 43 months, Well 5 at 90 months; and Well 1 at 220
months. The economic evaluation of the period after 43
months, when only two wells are producing, is absolutely

essential.
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Figure 5. Top of the Formation
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Figure 6. Bottom of the Formation



ER-2562

SPONTANEQUS POTENTIAL

MU0t

SR

LT L]

oof6

soné

96

ostl

Figure 7. Sample

RESIS“V"Y Orms v »

AMP. SHORT NORMAL

CONDUCTIVITY |

s v e

SHORT NORMAL A ¢ -&

6FF 40 INDUCTION




ER-2562 39

1000 Feet

Contour interval - 10 feet 0

Figure 8. The Isopach Map of the Rescrvoir



ER-2562

7000 8000

6000
®

3000
o

4000

3000

Bottom Hole Flowing Pressure, psia
2000

1000

0|0 4.0 8.0 12.0 16.0 20.0
A L i b 1 J

I A B i
9

L

0

Cumulative Gas Produced, x 107 scf

Figure 9. Past Performance Pressure for Well No. 1

40



ER-2562

[
]
=
oo}
o
o
O 4
I~ ® »n
u R
B, ) X
2 "5,‘
O-A
s E
7 §
o _j L
- [wo]
v )
53— o %
n o 8
w
<3 -
~ -
-
c) -4
- -+
=
2 _
T
o 4
o ™
(@]
X —
o
E ¢
- o 4
4 N
(@]
o
]
o
o 4
]
0] 1 2 3 4
| i ; I i R i 1 i 1 j 1 F U J
© 9
Cumulative Gas Produced, x 10° scf
Figure 10. Past Performance Pressure for Well No.

ERTHUR LAKES LIBB}&B}{ -
‘COLORADO SCHOOL of HMINES
GOLDEN, COLORADO 80401

2

41



42

ER-2562

L]

444 eig9e vt

0008

17 Al
0004

T \ T T T T T T T T
0009 000%S ooy 000¢ 0002

eLsd “3uanssauad burmo|{ 9|04 wo3ljog

T
0001

o}

0

Cumulative Gas Produced, x 109 scf

3

Past Performance Pressure for Well No.

Figure 11.



ER-2562

Bottom Hole Flowing Pressure, psia

0{0 4.0

1 I

8.0 12.0 16.0 20.0

1 i i . 1 . L

Figure 12.

Cumulative Gas Produced, x 10g scf

Past Performance Pressure for Well No.

4

43



Bottom Hole Flowing Pressure, psia

ER-2562

2000 3000 4000 5000 6000 7000 8000

1000

0 4.0

i I\ 1 I

0
. i i
[en)

Figure 13.

Cumulative Gas Produced, x 109 écf

Past Performance Pressure for Well No.

8.0 . 12.0 . 16.0 20.0

5

44



ER-2562 45

O
N
—
—4
=
{8
j—

Y

Q

(%]
=

[=)])

o o

-~ -

X

Py -

o

(3]

O ©4

S e

o

o

&_ o~y

a

© -

13

(4>}

(3} —

>

or—

+ -

S,

.

>

= -

S5 v

(&)
-
-
°TT}lr]TIlTTYIXTTITTXITTYTTTIITTIVIIIY
0 6 12 18 24 30 36

Time, Months

Figure 14. Well Stream Gas Production History for Well No. 1



Cumulative Gas Produced, x 109 scf

ER-2562 46

TirlrTJ11yyryy7v7rvvr 10 v v 1 00010 v 17 7 17T 1T°70 7T 7T 7T 7T 7 1T 171

0 6 12 18 24 30 36
Time, Months

Figure 15. Well Stream Gas Production History for Well No. 2



ER-2562 47

[

Cumulative Gas Produced, x 109 scf

0.5
1

rY1rrrrrrrrrrrrrrrrrrrJyryrrrrrrrryrrrrrr1rr—

0 6 12 18 24 30 36
Time, Mbnths
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Table 1. Calculated Average Reservoir Pressure as a
Function of Time

Average
» Reservoir
Time/Days  Pressure, psia
30.08000 7251.212
60.,16000 7093.150
90.24000 6961.711
120.3200 6834.616
150.4000 6761.545
180.4800 6680.732
210.5600 6646.146
240.6400 6606.046
270.7200 6538.377
300.8000 6483.072
330.8800 6421.919
360.9600 6365.389
391.0400 6311.,310
421.1200 6243.,808
451.2000 6198.473
481.2800 6139.603
511.3600 6081.013
541,4400 6017.577
$71.5200 5973.,355
601.6009 5928.577
631.,6800 864,528
661.7600 5807.274
691.8400 5747.792
721.9200 5719.945
752.0000 5688.422
782.,0800 5660.519
812.1600 9631.947
842,2400 5603.710
872.3200 9564.724

?02.4000

5919.556
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Table 2.

Xy 103

—_—
2.804472
3.172869
3.673696
4,.017872
4,390412
4,63221%5
4,951789
5.157800
$5.224524
5.274734
$5.310455
5.355904
5.390834
54413647
5.465187
5.479871
5.9517196
S5:.547417

5.591683

5.617159
5.641369
5.682550
5.715292
5.759350
5,778242
5.805189
5.826426
5.8484652
5.868639
5.,895098

Vvalue of (X) and (Y) Functions

Y, X 10'9

9.442305
9.669654
9.845552
10.02534
10.12484
10.24942
10,29791
10.36862
10,49955
10,62302
10.75326
10.87146
10.98737
11,12667
11.22728
11.36443
11.49613
11.64318
11.75505
11.87739
12.03586
12.17787
12.33421
12.42372
12.53376
12,62659
12,72217
12.81436
12.93055
13,05623
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TABLE 10

CALCULATED SPECIFIC PRODUCING CAPACITY

Well No. Cpo scf/D/psi’ - ft
1 .0578
2 .20
3 .0247
4 .10

5 .0897
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TABLE 12

DATA FOR CALCULATING FUTURE PRODUCTION RATES

Contract Flow Rate, Minimum Bottom Hole
Well No. scf/D x 10° Flowing Pressure, P .,
psia
1 20.0 2290
2 5.6 2937
3 7.0 2243
4 20.0 2248

5 20.0 2243
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APPENDIX A



ER-2562

1.

Rock and Fluid Properties:

a.

INPUT DATA

147

Aquifer permeability (K), this obtained from core

data as f011ows:

Well
Well
Well
Well

Well

Water permeability Kw generated i ‘“e
MU aded Zent *é— S 772

Porosity (¢) from log

Water viscosity uw

AN

the amount of condensate produced and
the average value is

Formation compressibility (Cf) is

Connate water compressibility (Cw)

Connate water saturation Sw from log
Residual gas saturatfon Sgr, calculated
Gas compressibility factor (Z) has been
calculated as a function of Pr and Tr

using ZFAC subroutine.

No.
No.
No.
No.

No.

1
2
3
4
5

K
K
K
K
K

Gas specific gravity G, depends on

1200

290
310
md
300 md
300 md
123 md

.26

77

6 x 10~
psi

4 x 10
psi
.30

228

md 4

/

md |

14°

<

e
va
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j. Gas viscosity (pug) has been calculated as a
function of reservoir temperature, reservoir pres-
sure and gas gravity using VISGAS subroutine.

2. Reservoir and Aquifer Conditions:

a. Reservoir thickness (H) = 50 ft
b. Shape factor (¢) = 1
c. Initial reservoir pressure (Pi)’
calculated = 7300 psi
d. Relative size of the aquifer (;2),
calculated i = 2.39
e. Initial gas in-place (Gi)’
calculated = 220x109 scf
f. Production rate (variable)
g. Reservoir temperature (T) and this
varies with depth = 640 8
h. Reference temperature (Ts) = 520 ﬁ

i. Reference pressure (Ps) = 14,7 psi
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APPENDIX B
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Covrvevorersenvasss o PROGRAM NO., 2

QJ=GAS FLOW RATE FOR WELL J +SCF/U
FWJI=ROTTOM HOQOILEE FRESSURE FOR WELL 1 «FSY
FrJ=AVERAG FRESSURE FOR WELL b =F&I
FRA=AVERAGE RESERVOIR PFRESSURE »FST
IWJ=ORATNAGE UVOLUME FOR WELL 0 oFTX#¥2
HJ=THIMNESS OF WELL .} »FT

FOSPOROSTTY »

RW =Ranlos OF WELL O »F T

REJ=RANIUS OF URAIMAGE OF WELL J «FT¥%3
T=FORMATION TEMFT. R

TO=0TANDARED TEMFT (K

FE=STaNDARED PRESSURE «FS)
CHIFERMEARTLITY -OF WEILLL J o MD
PRJ=REDUCED FRESSURE

TRI=REDUCED TEMET,

ZJ=COMFRESSTLITY FACTOR

VISG)=6AS VISCOGITY »CF

UC=TOTAL TNREAINAGE VOLUME CALCULATER « FTx¥X

UT=TOTAL DRATMAGE UNLUME MEASURET FOM TSOFACH MAF

G=5FLCIFIC GRAVITY 0OF THE 6A%

[PE=INCREMENTAL DISTANCE FROM RORE MHOHE TO RS o« F

r

FTH%3
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FROGRAM NO:2

QC=CONTRACT FLOW RATEQF THE WELLSCF/I

QRG=6AS FLOW RATE OF THE WELLs» SCF/D

QUW=WATER FLOW RATE OF THE WELIL ERL/D
FM=MINIMUM SALE FRESSURE =(ROTTOM HOLE FRESSURE
WHEN THE WELL HEAD FRESSURE =9735.0 FSI»AT OC
CE=FROTWCING CAFACITY OF THE WNELL =S5CF/D/FSTXX2/FT,FEFRF
H1+2y . =FERFORATED FT.FOR THE WELL ARQVE GAS WATER COM-<
X192y 40 o=THE DISTANCE FROM ZEFD G-W-C TO THE
ROTTOM OF FERFORATION OF EACH WELL «F7T
FI=INITIAL RES., FRESSURE sFS1

GI=INITIAL GAS INFLACE »SCF

T=FORMATION TEMFT. FE

TA=STANTARED TEMFT., R

FA=STANDARED FRESSURE » FG&I1

GF=CUMULATIVE GAS FRODUCEDN » STF

WH=CUMULATIVE WATEF FRODUCEL sEBRL

CW=WATER COMFRESSIEILITY +¢FSTXx%X-1

CF=FORMATION COMFRESSIRILYITY + FSIXx¥-1
SW=IRREDUCIBLE WATER SATUFRATION

SGR=RESINUAL GAS SATURATION

WEM=WATER INFLUX FROM MATERIAL RALANCE E0. HEL
WEU=WATER INFLUX FFOM UNSTEANY STATE EQ,HRIL
E=WATER INFLUX CONSTAMT

TIM=TIME » DAY

G=GAS GRAVITY

FO=FDOROSITY

CRG=0GAS FPERMARILITY +MD

CRW=WATEK FERMEARILITY +MD

VISG=6AS VISCOSITY »OF

UW=WATER VISCOSTTY «OF

BG=GAS FORMATION VOL .FACTOR «CF/SCF

HW=HEIGHT OF G-W-C »FT

FOI=FORE VOLUME INVADEDs FTx%2
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CSH Frogram Library
rseudo reduced rrorerties
REFERENCE NUMEER: FE:SR0O02.F4
TITLE: FSEUDLO.F4
AUTHOR: J & wridght
DATE: 29-0CT-74
SOURCE LANGUAGE: FORTRAN-40
DECSCRIFTION: thigs subroutine calculates the pseudo reduced rressure
and rseundc reduced temrerature of a8 mixture of natural sases.
the accestaple range of 906 dravitys is .95 to 1.2
CALLL FSEULIQ(FPsGs TRANNYFRHY TR)

F = INFUT: rressures Fsia
[z} THFUT!  gas arsvity (31r = 1)

TRANN = INFUT. temsreraturey dea rankire
(34 = QUIFUT: rseudo reduced sressure
TR = QUTFUT! rseudo rediced temrerature

SURFROGEAMAS USEDD nnne

FEFRRENLCESD ams.v b3s3y and whitinds rade 259 - mi1sc gases
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REFERENCE NUMEBER: FE!SROO1.F4.J0W

TITLE: ZFAC.FA4

AUTHOR: J d wraght

DATE: 29-0CT-74

SOURCE LANGUAGE: FORTRAN-40

DEZCRIFTION:
s mi.cture of
interrolation on a3 table of
interrolation 1is wused on
4-r01nt ladrarnge or limear
tem~erature.,

ratural gases.
400

the limits on reduced rressure are rero to 15.

Fseudo
interrolation is

Frogram Librarys
z-factor subroutire

CsSH

thi1s subroutire calculates the comrressibility factor of
the method is & table lookur and
=-factors.

4-s01nt ladrange
reducer rPressure and either
used on reduced

the 1limits

orn reduyced temrerature sre 1,05 to 3.00.

Cillt ZFAC(FRYTRY2ZoNTIME)

FR = INFUT! rseudo reduced erassure

TR = JHPUT! rseurdo reduced temcerature

2 = QUTFUT: z-factnr. set to zero 1f rr Or tr out o7
rarnge.

NTIME = INFUT! ca3ll to rtime can be daisabled by sw-rlyinsg
a nedative numeer for ntime whert the
subroutine 1s called, this will sa3ve
ayite & bit of time since two c3lls to
rtime are made 1 =fac.

QUTFUTSY crpu time of this call to =fac i1n millisec.
usually should be disasblerd as showrn 3hose.,
LUBETENGEAMS USED! f.o- lasran3e intersolation subroutine

FFFEMENCETY 2ravy and simmery 011 3nrd da3s

%57+ no 30

Jourrnelyduly 20, 1929 w0l
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SUBRUOUTINE FRICT(RN,EPS,D,F)‘

CALCULATES MOODY FRICTION FACTOR BASED ON COGLEBRQOGOK
FUNCTION FUR kd > 2000.

REFERENCE: CRAFT, HOLDEN, AND GRAVES PG 23.
NOTE: MOODY F IS 4 TIMES FANNING F.

- —— v a—

DEFINITIDNS:
RN REYNOLDS NUMBER
EPS - ASSOLUTE ROUJUGHNESS (GOUD GUESS .00065 1IN.)
D - PIPE DIAMETER
F - FRKICTION FACTOR
D AND EPS MUST BE IN SAME UNITS!

IF(RN «GTe. 2000.) GO TO 1
LAVMINAR FLOW

F = 16./RN
GO TO 3
TURBULENT FLUW
(TKIAL AND ERROR SOLUTION)
1 F1 = .005
2 F = (-1./(4.*ALUCIOSEPS/(3.72*D)&1 «255/ (RN*SQRT(F1)))))**2
G0 Tu 2
MAKE MCODY OUT OF FANMING
3 4.*F
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CSM Frogranm
water influ: s

REFERENCE NUMEER: FE:!SRO0%.FOR.JIW
TITLE: WATRAL.FOR

AUTHOR! J d wright

DATE: 10-0LEC-74

SOURCE LANCUAGE: FORTRAN-10

DESCRIFTION: this subroutime calculates water influ: based o
fitted +to the tables rreserted by van everdindger a3
this routirne followt the urnstesady st3ate curve until the
calculated 13 dgdrester than the atdma:: srecitTied in
statemerit. this has the effect of ignoring the transit
unstegdy state to pepseudo steads state flow. the
Frovide ar arraw of time ard am arraw of the corr
srexsuyres dimensioned from zTero to whatever the ma:im
of time stexs 1s.

CALL WATKAD(DELTDH M, QTIIMAX, TIME sFy Ky WFLUX)

DELTDL = IMFUT: delts daimensiornless time

= INPUT: time of interest. wou want to s
the cumulative water influ: at t
tthis 15 the 1location of the
iriterest 1mn the time 3arrau.)
that the irtial time and Frres
stored irm the cero location ain
and F 3rravs.

OTTitAA = INPUT?  for finite reservolre thais 1s thie
a-sub-td that thew can srpvide
infirnite reservoir set atdma:: to
reaative ruumber.

T14F = JINFUT an arraw (from G to k) corta
various times.

3 = IHPUT: arn 3rrag (from O tc k) conta:
various Fressure’; CArrRSFONgIng
above times.

INEUT S the si1ze of tine time arnd = arrawvs

OUTFUT? the summatinn of G-sub-td  times

1
WFLUX

it h

Library
ubroutine

n  curves
nd hurst.
a-sub~ti3

the call
ionn from
user must
esronding
um mumber

olve for
bis time.
time of
remember
cisre are
the time

mAt1mam
» for an
~erp or a

mning  the
nine  tne

to the
delts =

from Lime=0 to time=n. must De mullielied

by ‘b’ (the water inflin: coeffic
jet cumulative water influ at ta

SUEERGGRAMS UZED! nore

“EFFRENCESY craft arnrd Nawbkinsy Fage 221,
ity eserriircdeny timmermarce ardd memahory ‘aerlication
maeterial Oalarce eaustion to 3 rartial wiater draive re
retrnleum Ltransectionsy 3imes vol 198+ 1753y rage S1.

ient) to
me ni.

of the
servolr’y
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