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An oil well is producing at a constant flow rate of 300 STB/day. The properties

of the reservoir's rock and fluids are listed in TABLE Q1.

TABLE Q1: Reservoir Rock and Fluid Properties

PDB3023/PEB2053/PFB2043

Properties Value Unit
Oil formation volume factor, B, 1.25 bbl/STB
Oil viscosity, p, 1.50 cP
Total compressibility, ¢, 12 x 107 psi
Permeability of reservorr, k, o 80 mD
Reservoir thickness, h 15 ft
Initial reservoir pressure, P; 4000 psia
Porosity, ¢ 0.20
Wellbore radius, 7, 0.25
Drainage radius, 7, o 3000

Determine the bottomhole flowing pressure 700 hours after the production

starts. Round the pressure to the nearest 0.001 psi.

[20 marks]
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A gas well, featuring a wellbore radius of 0.3 ft, is currently producing

gas at a steady rate of 20,000 scf/day during transient flow condition.

The initial reservoir pressure (shut-in pressure) stands at 3,200 psia at a

temperature of 140°F. The reservoir exhibits permeability and thickness

values of 65 mD and 15 ft, respectively, with a recorded porosity of 0.20.

For reference, the pertinent properties of gas are provided in TABLE Q2.

TABLE Q2: Gas properties at different pressure

. Gas viscosity, u, Compressibility
Pressure, P (psi)
(cP) factor, z

0 0.01270 1.000
800 0.01390 0.882
1600 0.01680 0.794 B
2400 0.02010 0.763
3200 0.02340 0.797

Determine the real gas pseudopressure (m(p)) at the respective

pressure. Assuming that the ¢, = 3 x 107* psi™, calculate the p,,, after

4 hours.

[12 marks]
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The underground withdrawa! of fluid at times t and t + At can be

expressed mathematically as

o Ft - fot[QoBo + QB + (Qg — Q,Rs — QWRW)Bg]dt

and

t+At
* Ft+At = fo

[QoBo + QwBw + (Qg ~ QoRs — QWRW)Bg]dt
respectively.

Explain the term (Q, — QoRs — QwRy )B, that appears in both equations

above.

[8 marks]
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The material balance method is a simple tool in estimating original
hydrocarbon in place and understanding reservoir dynamics. The
classical material balance method is based upon law of conservation of
mass and a homogeneous reservoir. Material balance method can also
be represented graphically using the straight-line equation of Havlena
and Odeh.

Iris Field has been producing for four years. The reservoir pressure is
still above bubble point and the field is located in shallow water. There is

a small aquifer underneath the field.

i. Express the straight-line material balance equation for this field.
Please state any assumptions when writing the equation.

[8 marks]

ii. Sketch the plot of the straight-line equation and show how it can
be used to estimate the original oil in place.
[7 marks]
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The change in water volume in a reservoir and the change in grain
volume can be expressed mathematically as shown in Equation (1) and

Equation (2), respectively.

Changein 71_ 3 _ .
water Volume] = =W, + B,W, - WC,AP Equation (1)
Changein 7 _ _ .
[grain volume] = —VrcrAP Equation (2)

Show that the change in water and rock volume can be written as:

Change in waterand ] _ _ [ewSwiter] A5
[ rock volume = ~We +B,W, — (1 +m)NB°‘[ 1-Swi ]AP'

[15 marks]
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The production history of an oil well is tabulated in TABLE Q4.

TABLE Q4: Production History of the Oil Well

Time, Rate, Q Cumulative Qil
t ' o9 | Production, N,
(year) (STB/day) (STB)
0 750.0 0
1 265.5 155,776.3
2 | 1613 230,530.1
3 115.8 280,192.3
4 90.4 317,438.3
5 74 .1 347,251.1
6 62.8 372,109.7
7 54 .4 393,428.3
8 48.1 412,090.6

Let 1 year = 365 days

The plot of log rate versus cumulative oil production is shown in FIGURE
Q4a, and the plot of log rate versus log time is shown in FIGURE Q4b.

= -0.00000290x + 2.87506126
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FIGURE Q4a: The plot of log rate versus cumulative oil production (rate
in STB/day and oil production in STB)
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4
Time, t (year)

FIGURE Q4b: The plot of log rate versus log time (rate in STB/day and

time in years)

I Identify the best decline curve type to represent the decline.
Justify your answer by deriving and verifying the appropriate

equation.

[10 marks]

ii. Estimate the oil production rate and cumulative oil production for

years 9 and 10.

[11 marks]
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b. Reserves and resources can be classified according to their uncertainty
and risk. Differentiate between proven reserves, probable reserves and

possible reserves.

[9 marks]

- END OF PAPER -
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22 (rlwp]) = (¢>p)

ror
k op ap
rar( [uar D p¢cfat+¢
p 4 100 _ dckdp
arz ' rar kot
F
V- (pu) = -5 (¢p)
_ kop
—uar
—19p
pap
v_0001127fa—”
o Where,
e ¢ = porosity

e p = density, Ib/ft3
e v = fluid velocity, ft/day also known as Darcy velocity

e v = Volumetric flow rate, bbl/day

%p  19p _  ¢au  dp
arz | ror  0.000264k 9t

e where,
e k is permeability in mD
e ris radial position in ft
e pis pressure in psia

e ¢, is total isothermal compressibility in psi-!

e tis time in hours (if in days, replace 0.000264 with 0.006328)

e ¢ is porosity in fraction
e uis viscosity in Cp

p(r £) = p; + [70 GQOuoBO] E, [_ 943¢:toccfz]

e p(r,t) = pressure at radius r in ft from well after ¢ hours,

e (@, = flow rate in STB/day
Ei(—.x') = — j'°°

x3
E (—JC) = [lnx——+ﬁ— 3(3!)+ ]

e %du

E;(—x) = In (1.781x)

13



PDB3023/PEB2053/PFB2043

kh(pe-p
Q, = 0. 00708“—:”,;’)
HoBoIn ( )
P = Pe—Pwf
D — (5(}}1030 )
0.00708kh
—Te
Tep = :‘;
¢ = 0.000264kt
D™ puery
¢ 0.000264kt (ﬁ)
DAT “giea D\
= T
D=

*pp s dpp _ dpp
a?‘g rp drp dtp

Harmonic DCA

4
1+D;t

e N,= g—iiln (:—i)

Hyperbolic DCA

® ;=

qi
1
(1-+bD;t)B

~ la- b)ol[ ]

Exponential DCA

* ;=

¢ g =qe
e Ny = _qi;jt

NB,; + NmB,;
Rsz) -

By =B, + (Rep — Rs)Bg

- N[Bo + (Rsi r Rs)

NmByiBy CwSwitcr

= W, — ByW, + (1 + m)NB,; [“22] 4P

Bygi 1=Sy

F = N(E, + Ep\, + mEy) + W,

o F =N,[B;+ (R, — Rs;)B,| + B,W,

e E,=(B,—By)+ (R, —Rs)B,
o E, =B, (— — 1)
gi
wSwitCrl =
o Epw=(00+mB, [C 1—5fwt f] ap

14
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po vs. tp—Infinite-Radial System, Constant-Rate at the Inner
Boundary (After Lee, J., Well Testing, SPE Textbook Series.)
{Permission to publish by the SPE, copyright SPE, 1982)

o Po tp Po to Po

0 0 0.15 0.3750 60.0 24758
0.0005 0.0250 0.2 0.4241 70.0 2.5501
0.001 0.0352 0.3 0.5024 80.0 26147
0.002 0.0495 0.4 0.5645 90.0 2.6718
0.003 0.0603 0.5 0.6167 100.0 27233
0.004 0.0694 0.6 0.6622 150.0 2.9242
0.005 0.0774 0.7 0.7024 200.0 3.0636
0.006 0.0845 0.8 0.7387 250.0 3.1726
0.007 0.0911 0.9 0.7716 300.0 3.2630
€.008 0.0971 1.0 0.8019 350.0 3.3394
0.009 0.1028 1.2 0.8672 400.0 3.4057
0.01 0.1081 i4 0.9160 450.0 3.4641
0.015 0.1312 20 1.0195 500.0 35164
0.02 0.1503 3.0 1.1665 550.0 3.5643
0.025 0.1669 40 1.2750 600.0 3.6076
0.03 0.1818 5.0 1.3625 650.0 3.6476
0.04 0.2077 6.0 1.4362 700.0 3.6842
0.05 0.2301 7.0 1.4997 750.0 3.7184
0.06 0.2500 R0 1.5557 800.0 3.7505
0.07 0.2680 9.0 1.6057 850.0 3.7805
0.08 0.2845 10.0 1.6509 900.0 3.8088
0.09 0.2999 15.0 1.8294 950.0 3.8355
0.1 0.3144 20.0 1.9601 1,000.0 3.8584

30.0 2.1470

40.0 2.2824

50.0 2.3884

Notes: Fortp < 0.01, pp =2 Zrjk.
For 100 < t5; < 0.25 2, pp = 0.5 (In 15+ 0.80007).

* FortD < 0.01: pD=2\/%

«  FortD > 100: pp = 0.5[In(tp) + 0.80907]
* For0.02 < tD < 1000:
* pp =a; +a;In(tD) + as[In(tD)]2 + a,[In(tD)]3 + as(tD) + a4x(tD)? +

as(tD)? + a,(tD)3 + (—fﬁ

15
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where
a; = 0.8085064 a, = 0.29302022 a; = 3.5264177(1072)
ay = -1.4036304(10%) a5 =-4.7722225(10%) as = 5.1240532(1077)
a7 =-2.3033017(107'9) ag =-2.6723117(10°%)

APPENDIX 1

Pp vs. tp—Finite-Radial System, Constant-Rate at the Inner Boundary
{After Lee, J., Well Testing, SPE Textbook Series.)
(Permission to publish by the SPE, copyright SPE, 1982)

tep= 1.5 T = 2.0 =25 ro=3.0 rep = 3.5 T = 4.0
i Po b () ip Po tp P b P b P

606 0251 022 0443 040 0565 052 0627 0 0802 135 0927
0.08 0288 024 0459 042 0576 034 0636 1.1 0830 16 0948
010 06322 026 0476 044 0587 0356 0645 12 0.857 17 0968
0.12 0355 028 0492 046 06598 060 0662 13 882 1.8 0588
0.14 0387 0630 0507 048 0608 065 0683 14 0906 L9 1.007
016 0420 032 03522 030 0618 070 0703 i5 0929 20 1025
@18 0452 034 0536 052 0628 075 672 16 0951 2.2 1059
020 0484 036 0351 054 0638 08 06740 17 0573 24 LO92
822 0516 0638 03565 056 0647 085 0758 1.8 0994 26 1123
024 0548 040 0579 058 0657 09 G776 19 L0114 28 1154
026 0580 042 0593 0660 0666 095 0791 2.0 1034 30 1184
028 0612 044 0607 065 00688 10 0806 2285 1083 35 1.253
030 0644 046 0621 070 0710 32 0865 250 1130 40 134
035 0724 048 0634 075 013t 14 Q920 273 1176 45 1392
040 0804 050 0648 080 0752 16 0973 30 1221 50 1460
045 0884 ¢Ge0 0715 085 0772 20 1076 40 1401 55 1,527
650 0964 00 0782 05 0792 30 1328 5.0 1579 60 1.594
055 1044 086 0849 095 0812 40 £.578 6.0 1757 635 1.660

066  1.124 09 0915 1.0 0832 50 $.828 70 1727
065 L2410 9982 2.0 1215 80 1861
670 1284 20 1649 3.0 1.506 S0 1994
075 1364 30 2316 40 1.977 1090 21427

080 1444 50 3649 5.0 2398

=45 rgp=50 10=6.0 ft=7.0 r0=80 =90 rp=10.0
P B po % pPo b o b p b P b P

20 1.023 30 Li67 40 1275 60 1436 80 155 106 1651 120 1.732
21 1040 30 180 45 1322 65 1470 85 1382 1035 1673 125 1750
22 1.056 32 1192 50 1364 70 1501 90 1607 110 14693 13.0 1.768
23 L702 33 124 S5 1404 75 1531 95 631 115 LT3 135 1784
24 1.087 34 215 60 1441 80 1559 100 1653 120 1732 140 1.801
25 1102 35 1227 65 1477 85 .58 105 1675 125 1750 145 13817
26 1116 36 1238 7.0 1511 90 1613 110 1697 130 1768 150 1832
27 1130 37 L249 7S 1544 95 1.638 15 L1717 135 L786 155 1847
28 1044 38 (259 80 1576 100 1.663 128 1737 14.0 1803 160 1.862
29 1158 39% 1270 85 1.607 110 1,711 125 1757 i45 1819 170 1890
30 1171 40 128t 90 1638 120 1.757 136 1776 150 1835 IBO 1917

16
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Tep = 4.5 Tl = 6.0

Teb =

8.0

=90 1p=100

) b= 7.0
b P B P b P b Po )

T = 5.0

Po

5 Mm b p

13.0
14.0
150
16.0
17.0
18.0
19.0
200
22.0
24.0
26.0
28.0
30.0

13.5
14.0
14.5
15.0
17.0
130
21.0
23.0
25.0
30.0
350
400
45.0

1.668
1.698
1.757
1.815
1.873
1931
1.988
2.045
2.103
2.160
2217
2.274
2.560
2.846

1.810
1845
1.888
1.931
1.974
2.016
2.058
2100
2,184
2.267
2.351
2.434
2.517

32 1197 4.2
34 1222 44
lo 1246 406
38 1269 48
40 1292 50
45 1349 55
50 1403 6.0
55 1457 65
6.0 1.510 7.0
70 1615 75
80 1719 RO
9.0 1823 9.0
10,0 1.927 10.0
11.0 2.031 110
12.00 2135 120
13.0 2.239 130
14.0 2343 14.0
15.0 2.447 5.0

1301 95
1.321 t00
1.340 110
1360 12.06
1.378 13.0
1424 140
1469 150
1.513 160
1.556 17.0
1.598 180
L.641 190
1.725 200
1.808 250
1.892 300
1.975

2.059

2.142

2225

1.795
1.813
1.831
1.849
1.919
1.986
2.051
2.116
2.180
2.340
2.499
2.658
2817

1.943
1.968
2.017
2.063
2.108
2.151
2.194
2,236
2.278
2319
2,360
2.401
2.604
2.806
3.008
3.210
3412
3.614

15.5
160
17.0
18.0
19.0
20.0
20
240
260
28.0
300
340
380
40.0
450
50.0
60.0
70.0

1.851
1.867
1.897
1.926
1.955
1.983
2.037
2.906
2.142
2.193
2.244
2.345
2446
2.496
2.621
2.7146 80.0
2.996 900
3.246 100.0

19.0
20.0
220
24.0
260
28.0
300
320
340
36.0
380
40.0
30.0
60.0
70.0

Notes: For ty, smaller thon values listed in this table far a given r,g, reservoir is infinite acting.

Find py, in Table 6.2,
For 25 < 1y and 1y larger than values in 1able.

. (%+ 258 3, -ty 270 -1
P - n Hp- IF

For wellx in rebounded reservoirs with
2ol

2p

Pp= +hr,,—t%

o

For 25 < t, and 0.257%, < ¢,

When 2, » 1, pp = =

aP _

dt

P,

P,

T

b=

_ 05+2tp  rgp(3—4In(rep)-2r2p—1)
Pop =g 2 _1)?
eD 4(r2p-1)

2 4 In(r,p) — 0.75

2
eD

_ 0.23396q

cenrZhe

_ ZiPriVi

ZiVi

xﬁr,mf

2iq;
(Pa);
G,

(5),

Pj(F);
e

= J
= —r
by aF;
A(F) = Feypr — F

o

arz  ror

la_P — 887.22qu
Ahk

17



19 (TQ) __ 887.22qu
ror\ or) nr2hk

_ 0.00708kh(Pr—Pyyy)

T )

= 162.6QBu [ 4A ]
Pur = B kh 1.781CA1
= 0.23396qt
F =P ceAhd

a*m(pP) 19m(P) _  ¢uce  dm(P)
ar2 r ar  0.000264 at
__ kh[m(Pr)-m(Py)]
Qg . Te
1422T[ln(— —0.75]
Tw

Where,

* Qg = Gas flow rate in Mscf/day
* T = Temperature in °R

* k = permeability in mD

__ n[pE-rl]

- 1422Tﬁf[|n(:—:)—{]35]

= /_"’3’;”3f

Qg

18
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Shape Factors for Various Single-Well Drainage Areas
(Afrer Earlougher, R., Advances in Well Test Analysis,
permission to publish by the SPE, copyright SPE, 1977)

Use infinite System
less Than  Solution with Less

In Bounded lh[ 7-2453] Exact 1% Error  Than 1% Error
Reservoirs __C‘ inC, 2 Ca for tps > For tps > for tps <
@ 3162 3.4538 ~1.3224 0.1 0.06 0.10
@ 316 34532 -1.3220 0.1 0.06 0.10
& 776 33178 ~1.2544 0.2 0.07 0.09
27.1 3.2095 ~1.2452 0.2 0.07 0.09
w(& 219 30865 -1.1387 04 0.12 0.08

H
,{ é ]4 0.008 23227 +1.5659 0.9 0.60 0015
° 308828 2.4302 ~1.3106 0.1 0.05 0.09
° 129851 2.5638 ~08774 07 0.8 0.03
s 45132 1070 ~0.3490 06 0.30 0025
33351 1.2045 -0.1977 07 025 001
E::]' 21.8369  3.0836 ~L1373 03 0.5 0,025
EE% 108374  2.3830 —0.7870 04 0.15 0.025
EE' 45141 1.5072 —0.3491 1.5 0.50 0.06
E%' 20769 07309 -0.0391 L7 0.50 0.02
-
E‘ 31573 LI497 —0.1703 04 0.15 0.005
2
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Use Infinite System

. Less Than  SoluBion with Less
In Bounded 1, (22458 Exact 1% Error Than 1% Error
Reservoirs C. Inc, 2 Ca fortpa> Forty, > for tp, <
EEEB‘ 0.5813  -~0.5425 +).6758 20 0.60 0.02
E% et o109 21901 +1.5041 30 0.60 0.005
E' 53790 1.6825 —0.4367 08 0.30 0.0
-
E! 26896  0.9894 ~0.0902 08 0.30 0.01
4
EE‘ 02318 -1.4619 +1.1355 4.0 2.00 0.03
A
L]
EE' 0.1155  -2.1585 +1.4838 40 2.00 0.01
[
:' 23606 0.8589 ~0.0249 1.0 0.40 0.025
3
W VERTICMLY FRACTURED RESERVORS Use (xJxg)? in place of At} for fractured systems
1]
N * ke aas41 0976 -D.0835 8.175 0.08 cannot use
1
02
aj - 2.0348 0.7i04 +.0493 0.175 009 cannot usc
1
03
1 - 19986  0.6924 +0.0583 0.175 0.09 cannot use
1
a5
L 1.6620 0.5080 +0.1505 0.175 0.09 cannot use
1
0.7
] 13127 062721 2685 6.175 0.09 cannot use
1
£}
L 07887  —0.2374 +0.5232 0.175 0.09 cannot use
IIHMW"V ALSEMOIRS
19.1 295 -1.07 — s —
o SR
250 322 —~£.20 v = -
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