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2. Rock and Fluid Properties (2 hrs.)

B Rock Properties
B Fluid Properties
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B Volumetric.
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B Reservoir Simulation

4. Reservoir Volumetric (4 hrs)
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B Hydrocarbon Pore Volume Maps
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B Recovery Factors and Reserves.
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B The Havlena and Odeh Method of Applying The
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B Abnormally Pressured Gas Reservoir.

B Limitations of Equations and Errors.
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Structure of the Earth consists of
1.1.1 Lithosphere consists of rigid, solid rock from 65 to 100 km. thick
and includes oceanic crust and continental crust in its upper layers and
the uppermost part of the mental.(Fig. 1.1). SIMA (silicon and
magnesium) and SIAL (silicon and aluminum) combine to form the
crust, it has specific gravity of 2.6- 2.65.

1.1.2 Mantle is beneath the lithosphere and approximately 2900 km.
thick and includes in its upper part the asthenosphere, which is about 200
km. thick. Temperature and pressure are balanced so that the
asthenosphere is very near the melting point and can flow when
subjected to stress. Iron and magnesium-bearing silicate mineral make up
the mantle, which has a specific gravity of 4.5-5.0.

1.1.3 Core Iron and nickel (gravity of 10.5) are the predominant
constituents of the core of the earth. The core is approximately 7,000 km.
in diameter and consists of an outer liquid portion about 2,200 km thick
and a solid inner core with the diameter of 2,600 km. Rotation of the
earth is thought to create circulation currents within the liquid core that
generate the magnetic field around the earth.

Basic Elements of Plate Tectonics
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Causes of Continental Motion
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Rock Cycle.

How Long Does It Take to Make Oil?
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Classification of SEDIMENTARY Rocks
+ Clastic sedimentary rocks are classified by particle size:

Rock Name Average Particle Size (mm)
Conglomerate Greater than 2mm
Sandstone 1/16t02 mm

Siltstone 17256 to 1/16 mm

Shale ~ Less than 1256 mm

* Carbonate rocks are classified according to their chemical
composition;

Rock Name Mineral Present
Limestone . Calcite, CaCO3
Dolomite Dolomite, Ca Mg (C03)2

Figure 1.12 Classification of Sedimentary Rocks

Clastic Sedimentary Environments

ENVIRONMENT

Alluvial
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Classification of SEDIMENTARY Rocks
» Clastic sedimentary rocks are classified by particle size:

Rock Name Average Parficle Size (mm)
Conglomerate Greater than 2mm
Sandstone 1116102 mm

Siltstone 17256 t0 /16 mm

Shale Less than 17256 mm

* Carbonate rocks are classified according to their chemical
composition:

Rock Name Mineral Present
Limestose Cakite, CaC03
Dolomite Dolomite, Ca Mg (CO3)2

Figure 1,12 Classification of Sedimentary Rocks

Clastic Sedimentary Environments
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The Origin of Sedimentary Rocks
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Reservoir Fluid Properiies
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Structural Hydrocarbon Traps
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1.11 Reservoir ROCK PROPERTIES

POROSITY
PERMEABILITY
SATURATION

WETTABILITY
COMPRESSIBILITY

FORMATION FACTOR

Reservoir Rock Properties

A. POROSITY
= @ = volume of pore
Bulk volume

= Absolute porosity

= Effective (interconnected) porosity
= Primary porosity

= Secondary porosity

Sw = Volume of water/Volume of pore
So = Volume of oil/Volume of pore
Sg = Volume of gas/Volume of pore

1. Porosity
A. Absolute porosity
B. Effective porosity

Figure 1.18 EfMective, non-effective and total porusity

Definition of Porosity

* Porosity (¢) = fraction of a unit volume
occupied by the pores

V fluid

¢ =
V total




Porosity

+ Porosity depends on grain packing, notgrain size

+ Rocks with different grain sizes can have the same percentage
porosity

LA R A A
A AL L

Fluid Saturation
* Fluid saturation is defined as the fraction of
pore volume occupied by a given fluid

V\pu( ific fluid

pore space

saturation =

Definitions
S, = water saturation
S, = oil saturation
Sg = gas saturation
Sy, = hydrocarbon saturation =S, + S,

1

afs ')
Permeability Darcy’s Law
5 P L P
* The rate of fluid flow through a reservoir
depends on q =
—Pressure drop ] -
—Fluid viscosity Direction of flow py—A
—Permeability
= Permeability is a measure of the ease at which a
fluid can flow through the reservoir =, L e
-Latrge grains lead to high permeability and large flow A (p— Pz) q =flow rate
rates Py Py = pressures
~Small grains lead to low permeability and small flow k = permeability A= surface area
rates (measured in darcies) 1= viscosity
* Permeability and porosity are related
0 Pk R s C.PERMEABILITY K= X
=3 ﬁ: h%m - Absolute one fluid phase in pore=k=413md ; k, @S,= 1.0
Mgy Lmta ork, @8S,=1.0

Figure 1.24 Permeability Q'mm:ﬂ‘

Size + shape
) Arrangement %
Compaction
Cementation
Grain kind
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- Effective 2-3 phases in pore; k., @S, =0.7, k=248 md, k

=50 md. == i
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D. WETTABILITY
- Water wet
- Oil wet
E. FORMATIOM COMPRESSIBILITY
Cf=1.87 X 10 X ¢2415 by Hall Humble
= _(LYa¥
-71%)
F. FORMATION FACTORS
F =Ro/Rw = a/¢™




Rock Properties

i
|

F

E. FORMATIOM COMPRESSIBILITY

= BSe) S
L. Q@ @ @:.:._,:..:_-

Cf=1.87 X 10¢ X ¢-0415 by Hall Humble

_(LYar

v

Consolidated Sandstone
- 97.32(10)"°

I (1 +55.872]¢)1‘42859

Limestione

o 0.853531
7 (142.4664(10)° $)° %

¢

T'acre = 43,560 ft
1 bbl =42 gal =561 cufi
1 acre-ft = 43,560 = 7758 bbl
5.61
It is then obvious that the pore space within a rock 1s equal to

“  T758x¢ =V, (bbl/acre— fi)

T iy o e ok I i, Pt sty 8 s by gy 2.6 st i e wel-Aroe ket fipsations of OF b

17158 45, 7758 ¢ (1-8,)
- BB

N = Tank oil in place, bbl/acre-ft

1 acre-ft = 43,560 ft

S’ = Fraction of pore space occupied by oil (the 01l saturationy

J GW,+V, =V,

| NB, +7758 ¢ 5, =7758 ¢

from which
Sw = The water saturation 7758 ¢ (l —S,)barrels/acre— fi
B = The formation volume factor for the oil atthe reservoir pressure )N = B
barrels reservoir space/barrel tank oil R i . 2
e Angacolrnlag
Reserves Estimation Methodology Volumetric Estimates

Volumetric Calculation

Reserves = lulkVoiIne.f.So.Bu.ﬂ

* Reserves = Reservoir Volume x Porisity x Oil Saturation 2
Recovery Factor' x Shrinkage to Surface Conditions
* In oilfield units:
Reserves =[7758 x Ax hx ¢ x (1-8 ) x R]/Bo
where Or 43560 for gas orBg
7757 = bbls/gcre-ft
A =area (sq. ft) or Acre
h = net thickness (ft)
¢  =porosity (fraction)
§, = water saturation (fraction)
R = recovery factor (fraction)
Bo .=formation volume factor
Bg = Gas formatiom volume factor x‘




Reservoir Fluid Properties

« KEOGEN TYPES & PETROLEUM
GENERATED

e TYPE I Saturated HC + low gas — oil
Ratio paraffinic oil

« TYPE II Naphthenic + aromatic oil
high sulfur

« TYPE IIl Some Paraffinic to Paraffinic —
napthenic oil

» TYPE IV Possibly gas

GAS PROPERTIES,

LGASLAW
H PV = nzRT
B PVT or PHASE Diagram

B 5C = Molecular Wt./ 28.97(alr = 1)
B Density = M.W.* P/(z*R*T)

3. GAS COMPRESSIBILITY FACTOR
iﬂmm!wm
Bt = VauCont.

= 0.02829 z*T/P cu.fiJSCF

= 0.00504 z*T/P bbL/SCF

= 35.35 P/(z*T) SCFleu.ft.

= 198.4 P/(z"T) SCFibbL
5.GAS COMPRESSIBILITY
6. GAS VISCOSITY y,

P = 14.7 psia, t = 60° F

i P
Pus = Py B0 O.H"[ﬂ T?l'
8.DRY GAS (CH¢>90%). WET GAS

19, HEATING VALUE
IL.THERMODYNAMIC PROPERTY

IDEAL GAS LAW

Pressure-Volume-Temperature (PVT) behavior of gases are
called Equations of State.

where,

p is absolute pressure ( psia) (P1 KV1 IT

p*V = n*R*T
N9
V is total volume, cubic feet : 2 VZITZ)
n is moles, 1b- moles( pound-moles)

T is absolute temperature in degree Rankine( 460+°F)
R is gas constant = 10,73

From Boyle’s and Charles’s laws,

REAL GAS LAW

*n*R*T

p*V = z' g f ‘
Supercompessibility Factor, (PLII:!;UZ15;10rt:n-:n; 21){2,12:1.2]

Compessibility Factor. or Gas Deviation Factor.

Specific VoLumE

PSEUDOCRITICAL PROPERTIES

Reenvoin TeMPERATURE, ToF
Fig. 2.3. Pressure-temperature phase dlagram of a reservoir fluld

IDEAL GAS LAW

V= u*R*T
where,
p is absolute pressure { psia)
V'is total volume. cubic feet
n is moles, Ib- moles( pound-moles)
T is absol P in degree Rankine( 460+°F)
R s gas constant = 10.73

The ideal gas law was developed from Boylc's and Chasles’s
laws, whiZh were formed from experimental observations.

The pctrolcum industry works with a2 set of Standard
Conditions—usually 14.7 psia and 60°F. When a volume of gas
is rcported at these comditions, it is given the wmits of
SCF(standard cubic feet). Sometimes the letter M will appear in
the units, e.g MCF or MSCF, this refess to 1,000 standard cubic
feet.

1 5 Eiample L.1. Caiculiting ihe contents of a tank of etfiane in moles,




P = p, foc all values of r iy
Outer boundary condition: "\
For an infinite aquifer:

PEpatr==
For a finite aquifier:

?"ﬂsr-r.
ar

ﬁpﬁ.ummiﬁiymﬁu-mo[hﬂhﬁg
distenaonless parameters:

e . kt
Dimensionlcss time: :,-umnw-;; (8.6)

Dh:ml:nndin:r.ar[
¥

Dimcasionless p-mu:p,-'u_‘__pd
-huek=au:ng:aqﬁh-pﬂ'-ﬂhﬁy. md; ¢ = time. hours: & = aquifer
ponosy.

ity. fraction: g = water \my.qa:q-qnirawuﬂ;.pﬁ":
a™ reservorr radius, feet. Wich these dimensionlkess.

paramicters. the dif-
wsitity equation becomes:

Tpa, Liva _don

b rpdry atp @
vaa Everdingen and Hurst their 0 dim cumu-

mwmtﬁmwhwﬂeh:mﬁ-
bere given in Tﬂu&l-ﬂllﬁrmﬁmn&dqﬂkrmmw&m.
expressed by the ratio of their radii, 7, /ry. Figures £.7 o 8.10 are plots of some
of the tsbular valucs. The data are given in terms of dimensionless time, £,
Woa. 30 that one set of values suffices for all
lq&::whnﬂnrinrmhewhlkﬂﬁlhnufudi-
Jusivity equanion. The water influx is then found by using Eq. (3.8):

W, = B'ApW, (8.5)
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TABLE 8.1.
Infinite aquifer vaiues of dimensionless water influx W, for values of dimensionless time [,
Dinvere- Dimen- Dimen- Dimen- Dinten- Dimen-

i L In Wo In Won in W [ Wp in W
000 0000 » 35.697 455 150249 1190 340843 3250 816.090 35.000 6780.247
oM a1z fa 36.058 460 151640 200 343308 3300 R27T.0R8  40.000 T650.096
095 428 81 36.418 465 153029 1210 345.770 3350  838.067 S0.000 9363.099
0.10 G404 2 36.777 470 154416 1220 348.230 3400 849.028 60.000 1L47.299
a1 0520 8 37.136 475 155801 I225 349460 3450 859974 70000 12,708.358
0.2 0.606 &4 37.494 480 157.184 1230 350688 3500 870903 75.000 13,531.457
0.3 0689 &5 37.851 485 158565 1240 35314 3550  881.816  BO.000 14.350.121
0.3 0758 6 38.207 490 159945 1250  355.597 3600  B92.712  90.000 15.975.389
040 0898 &7 38.563 495 161322 1260 358.048 3650  903.5%4  100.000 17,586.284
s 1020 &8 8919 500 162698 1270 360496 300 914.459  125.000 21,560.732
060 1140 (] ¥ 510 165444 1275 361.720 3750 925309 L5(10)°  2.538(10)"
07 1251 Q 39.626 520 168.183 1280 362942 3800  936.144 20" 3.308~
08¢ 1359 91 39.979 525 169549 1290  365.386 3850  946.966 25" 4.066"
09 1469 92 40331 530 170914 1300 367.828 3900 951.713 30" 4.817°
4 1.569 93 40.684 540 173639 1310 370.267 3950 96B.566 4.0 6.267
2 247 9 A1.034 550 176.357 130 37274 4000 99344 50" 7.699°
3 3.202 95 41.385 560 179.069 1325 373922 4050 990.108 6.0" 9.113"

4 3.893 9% 41.735 50 181.774 1330 375.139 4100 1000.858 70" a5y’
5 4.539 97 42.084 575 183.124 1340 377.572 4150 1011595 80" 1.189"

6 5.153 9% 42433 589 184473 1350  380.003 4200 1022.318 90" 1.326"

7 5.743 9 42.781 590 187.166 1360 382432 4250 1033.028 1LW0)* 1462
8 6.314 100 43.129 600 [89.852 130 384,859 4300 1043.724 155 2.126"

) s 610 ; 45 10540409 207 271"
£ 7.940 115 48.277 a3 196,544 1390 3®9.705 4450 1075000 EX L 40647
12 8457 26 49.968 630 197.878 100 9215 4500 1086.390 440" 5.313"
13 8.964 125 SL648 640 200.543 1410 394,543 4550 1097 (04 sq- 6544
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For aquifers 99 times 25 1arpe 25 the reservoirs they sarround, ocr, ira = 10, this 5 % - ILLLL
means that the effect of the aquifer baits ar¢ aeglipble for dimensionless time z 1 : '-:-‘ -
valkes wader 15, and that it is some time before the aquifer limits affect the g 1] [F .+t st
water jaflux appreciably. This i 2ko ilusrated by the comcidence of the T !n-!ﬁﬁ‘ i T
curves of Figs. 8.7 and .8 with the infinite aquiler canve for the smaller time EEil 3 -
values. It sbould 280 be noted that unhike 3 steady-state system. the values - T =t
of water influx calculated in Ex. 8.1 fail to double for 3 doubling of the time. S T
While water is entering the reservoir from the aquifer at a declining rate, = 111 H

in cespoase 10 the first prossur 1 4p = p =p. ket a second. sudden C
;“_.ﬁq:\p:sp -p:lm;?;he:npﬂ:d a1 the reservoir boundary P ST .M'smcrs’mi. 1™ Mo
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mmatically, this means that Eq. (§.10) ean be used to calculate the ! ! 1 1 I’;‘j‘;’]
water influx: } H i § Tha

- 8EApW, @) 3 T AT T
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This calculation is illustrated in Ex. Prob. 5.2 fal i s

= &K

wumh& 8.1 at the end of 100 days the reservoir N o j- nes

bound. ddealy drops 1o p; = 2704 psia (Le., Ap;=m—p:=20 g, ?l[l!_

pu.nup, p.-mm).m&:w-hxulm Vs 111 | il
The water influx due to the Girst pressure drop Ap; = 10 psi LR R st T 1y

was calculated in Example £.1 to be 89,590 bbl. This will be the Sven T,

though 2 second pressure drop occurs at 100 days and continucs 10 400 days.  rig. £5. Limacd aguder vatuey of dimemionles infius 5, for salus of dimession-
This second deop will have acted for 300 days, or a dimensionless time of 43 1me f 28 aquer lmuts pres by the st v, e

1= 0.0588 x 300 = 17.6. From Fig. “mTable&!hrr,/r.nm Wa=11.14

for £5 = 17.6 and the water wnflux s

AW = B % 392 % Wpe = 6445 (3 1114 = 133,600 bb1
W= AW, + AW, = B X Ap, X W + B" X Ap- X Wpy = B EApW,,
=644.5 (10 x L3+ X x i1.14)
=$9.590 + 143,600 = 233,190 bbi
Example 8.2 ill the calculation of water influx when a second
pressure drop occurs 100 days after the first drop in Example 8.1. A con-
tingation of this method may be used to calculate the water influx into reser-

voirs for which boundary pressure histories are kaown, and also for which
sufficient information s known about the aquifer to calculate the constant 8

and the dimeasionless time 15,

“The history of the reservoir may be apy i das
Mn“ﬁamdmmmm@tm}
as illustrated in Fig. 8.12. The best son of the p history is

mumwwmmwawmqﬂwhn{uf&e
dmp-nhepzmmﬂntuepluhﬁafﬂudmphlhmg
period of time.* When are not known, average
feseTvoRt may be substi -nt!ﬂoule duction in the of
the results. fn addition. for best v. the b v p
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ig- £.12. Skech thowisg the mse of step pressunes 10 approximate the presusce fime
curve.

Example 8.3 illustrates the caloulation of water influx at two successive tme:
values for the resenvoir shown in Fig. 8.13.

Essmple 3.3. Calculate the water influx at the third and fousth quartér
vears of production for the reservoir shown in Fig. 8.13. Use & =0209;
& =175 md (average rescrvoir permeability, presumed the same for the aqui-
fer); e =0.25cp; =6 % 107* psi~"; k= 19.2 fr; arca of reservoir = 1216 ac
estimated area of aquifer = 250,000 ac; § = 190°. . s

3 5 o
SOLUTION: Sines the reservoic i agaist a fault A and: 1
gttt 4 o A’a.ﬁh
. _DI6x43360
TN
rg= 3807 ft

For £ =913 days (onc-quarter veas or one period): &m“w
% 773
fo= - KEX 10V =150

B = 1.119%0.209 x 6 % 10™* x (S807)" x 19.2 x (180°3607)
= 455 bblipsi

-
-

mumum?m-nmm-—dmm.
for a comsiderable tme the be used. Table 23
e = @ & x bid.
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2. Fig 8. Infinite squiler valucs of dimemionlew influx W.o for values of dimensionlesy
TABLE 8.3. e 1y, — .1 R ——— -

\
Boundary step préssures ard ¥l values for Ex. 83 F" s.q
p. Avg P AVE.

Fmc Tiee  Dimongiviess Reservoir  Boundery  Ap, Seep
% Perisd i Oaye  lews Time, Previsre,  Presiure, Pressure,
i . I Woo puia i pii
- a [] ] (1] 3 3m3
L 513 s 0 I 3788
=3 106 E7] 3768 3T~
3 3
47 )
565 7 343 %57 3680 340
6 S8 %0 »s X0 360 30

*fafaine 3gaiter YIRMEIFsg 4.9 or e £1.
/ ik =
wel™ = B = AP Wulletyy )
mum«ﬁ'&wmﬂmwammmm‘n
periods. The caloutation of the step pressares Ap is Wustrated in Fig. 8.12. For

Ap:=i{p, - pi)= { (3788 — 3748) = 20.0 psi

Tablec 8.3 4 calcglation of $Ap ¥ W, at the end of the third




]
ap=as mﬁ“
TABLE 8.4. APwS . o
Water inficx 3t the eng of the third quarier Jor 2
in > Ap Ap xWo
e n9. 25 51.3
R 874 95 1587
15 10.0. 2.0 2000
TABLE 85.
Water influx at the end of the fourth quarter for Example 8.3

e ks ;5, : 3p % Wa
“ =7 is s
us 29 95 276
E 167 200 3340
15— (0. 5 3250

2%«
and fourth petiods. the vatues bemng 416.0 and 948.0, respectively. Then the
correspondiag water mflax at the end of these periods is

x.%;

Ex®3 (‘li
it the ondof fifih quaviy
+ Wed A xlea
=
it Wy 435 TN,
at a4 o0 4':3‘
30 T 35 - :*,‘ 20
: _'_5____"_1_’—"—‘1-17-;-:11'——
we (5*1“"*")= B F aPx\ed

< assanas =773 100 #l

At fhe ond of sich gt

mation. but a compicte recaloulation. as shown in Tables 8.4 and 8.5,
You should show that the water influx values at the end of the fifth and

________-——f
W, (3ed quarter) = B'E3p x W, = 455 X 416.0 = 1§9.300 bbl > AP AP"M
i i uk ._..—-"—_ N-]
W, (4th quarter) = B'S8p x W, =435 x 948.4 = 431,500 bbl o ::.: :-: Sire
{m caiculating the water influx w Ex. 8.3 at the end of the third quarter, I: v 40,0 T4
it should be carefully noted in Table 8.4 that since the first pressure drop, = 2.8 3% oy AT
Ap, = 2.5 psi. had been operating for the full three quarters (1p =45). it was *% €67.%
uiiﬂ-ndby W5 =229, which ponds 10 (p = 45. Si , for the 39 %7 3ye ~
“ourth quarter caleulation in Table 8.5, uz_spmmwbgw..- 1€ ke e 3
28.7, which is the value for 1p = 60. Thus the W, values are i d 50 that < .\E’.B
uumnmmmn itiplied by the first »
drop, and vice versa. Also, in calculating each lue of 22p X Wa, (g (. f"’iu)-.‘l.M
it is mot simply 2 matter of adding a new Ap X W, term to the former sum-

= aBSX 43S 1,201,000 bbl

Fo ) Wistor infiyy
TADLE 8.4.
Wator influx: 3 the end of he thisd quarter for Grample 33
In W L A v W,
" ne 25 %74 i
ln 6.7 95 8.7
15 woa 00 08

TABLE 85,

Wstor fiux 4L TV nd of e fourh quaner for Exarple 8.3
11 Wa Ap @ Wp
@ T
5 ATH
0 e
15 5a

and furth pervods, the valucs bang 4160 and M8 0, repectively. Then the
corroypondiag water mflux of the cnd of these penods is

W, (ded quanter) = 51" Zap X W = 458 X 416.0 = (89,300 bhl
W, (dth quarter) = f"S4p ¥ Wy = 255 % $48 4 = 431,500 bbi

i calculating the water mflux in Cx. 8.3 at the cad of the thied quarter.
ot should be carcfully noted m Tuble 8.4 that since the first drop
Ap, ~ L5 pu, had been operating for the full throe quarters (1, = 45), it was
multplied by B, ~ 229, which ds o 1, = 35, i for the
fourth quarter calculstion in Table 8.5, ﬁt’ﬁ”“mwwa
28.7, which 1s thie value for ¢, = 0. Thas the W, salwes acc inveried so that
the ene correspondmg to e longet Ume s multiplicd by the fird prevsure
drop, and vice versa. Alsa, in cakulating cach sucocssive value of Eap x W
it o8 ot sdmply & matter of adding a aew 3p % #;, term to the former swm:
mation, bat 2 camplote rocalculstion, o5 showsn in Tables 8.4 and 8.5,

Vou should show dhat the wator influx valucs at the end of the filth and
setlh quariors acc 773, 100 and (.20 600 bbi, respectively.

[rom the prcyun drawason it i cvideat that it n posible o caloulaic

af the bntocy of the
mm‘ﬁw s shown by Chatas” Although steicthy
speding, the van Everdingen uamm»*mqmu-
spply only 30 ceostar iy by b 'a;‘
L cular Cor infimige) pquidcrs of cussepnt thickness, porossy; permesbility,

chpl«l Sects. 7.3 and 4.2
Because of the many i
qda&ahdmdmdn
5 somcwlut
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i hrwdllﬂammlhe\ﬂnﬂdw,. I, a0 11y feom Tables
authors have

3.2, Bottom-Water Drive
b _Ew-dlmwm-hmmu

MwMﬂeﬂulde&llnyh

aquifer behaves evsentially as of o

unrcliable For mstance

against which the recnoir accumulated was of lange (acnaally infinie
;, and unce the permeability of aaly the reservor rock was known, @ was
that the average permcatulity of the aquiter was abeo 275 mwd. There

of materal balance
n Ex. £3 it was assumed that the

" arcas, and
dmcnnmmdmumm
As Ex. Probs 81,82, and 8.3 suggest, lhemmmw

wath these

storage required whea wsng the computer i calcalations of water mflux.

To accoumt for the fow of water in 2 vertical direction, Coats and later
and Cheen, added a term 10 Eq. (7.35) to weld the following:

£ is the ratio of vertical 10 horizontsl permeabality, '

K .
'535 mmmtar




3.2. Bottom-Water Drive

The van Everdingen and Hurst model discussed in the previous section is
based on the radial diffusivity equation written without a term describing
vertical flow from the aquifer. In theory, this model should not be used when
there is significant movement of water into the reservoir from a bottom-water
drive. To account for the flow of water in a vertical direction, Coats and later
Allard and Chen, added a term to Eq. (7.35) loyieidthefolw‘ing

¥p lap ‘5""' L 3.10
F F‘-- .0002637% ¢ (8.19)

where F is the ratio of vertical to horizontal permeability.** Ky

s
Using the definitions of dimensionless time, radius, and pressure and in-
troducing a second dimensionless distance, z,, Eq. (8.10) becomes Eq. (8.11):

v

z —

%= Fm ﬁ = Kh
i s fe,‘l (8.11)

arg r., arp  dzp

Coats solved Eq. (8.11) for the terminal rate case for infinite aquifers.” Allud
and Chen used a oumerical simulator to solve the problem for the terminal
Pressure case. a water flux constant, B', and a dimensionless
water influx, W,p analogous to thase defined by van Evc:dmgen and Hurst
except that B does not include the angle &:

B =1.1198kc.r} (8.12)

The actual vasucs of W, will be differend ivon those of the vaa Bverdngen ami
Hurst model because W), for the bottom-water drive is a function of the
vertical permeability. Because of this functionality, the solutions presented by
Allard and Chea, found in Tables 8.6 to 8.10, are functions of fwo dimen-

Using the definitions of dimensionless tme, radius, and pressure and in-
troducing a second dimensionless distance, zp, Eq. (8.10) becomes Eq. (8.11):

Kv
2t O RIRE™ ¥

f£5+l'3Pn ¥po_ %0

ary rpdrp 9z dip

(8.11)

Coats solved Eq. (8.11) for the terminal rate case for infinite aquifers.” Allard
and Chen used a numerical simulator to solve the problem for the termy

Mnﬂux constant, B, and a dimensionless
water influx, W, analogous to those defined by van Everdingen and Hurst

except that 8" does not include the angle 8:

B = 1.119¢kc.r?

(8.12)

The actual vases of W will be differen ivom those of the van Lverdagen ana
Hurst model because W, for the bottom-water drive is a function of the
vertical permeability. Because of this functionality, the solutions presented by
Allard and Chen, found in Tables 8.6 to 8.10, are functions of dimen-

sionless parameters, rp and zj. W es= sS4 PM.

m=_ (8.13)

h
=5 Fl- = E_! (8.14)
Kw
The method of calculating water influx from the dimensionless values ob-
tained from these tables follows exactly the method illustrated in Exs. 8.1 to

8.3. The procedure is shown in Ex. 8.4, which is a problem taken from Allard
and Chen.!




Exzample 8.4. Calculate the water influx as a functicn of time for the
reservoir data and boundary pressure data that follow:
Given:
rg=2000 ft re=x
k=200 ft k =50 md
E=0.04 & =0.10
nh 5 r=0.395cp ¢=8x10"psi’?

() ‘» (o) * &
0 000 -
»0 - “\‘ 30 ” 2956 T L
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4. PSEUDOSTEADY-STATE MODELS 70 ﬁﬂ‘w d,‘ \C/

mwwmﬂu mcadymmhndsdlmedm&n
for

o tend to be h m'g.'h"’""""*""'-dwmwu“u
-ﬂﬂuehemuehwbmmmmwmmmem A = -
The most popular and gly accurate method is one developed by Fetko- o ar T T

e 1 v’ =
vich using an aquifcr mascrial babsnce and sn cquation that describes the flow T — oy =
rate from the aquifer.” The equations for flow rate used by Fetkovich are
similar to the productivity index equation defined in Chapter 7. The produc-

Evity index -equired pseudostzzdy-stale fiv conditions. Thus. this methad
ueglects the effiects of the transient period in the calculations of water influx,
which will obviously iatroduce errors o the calculations. However, the
method has beea found to give results similar to those of the van Everdingen
and Hurst mode! im many applications.
Fedmvﬂﬁmm:nmnllnhmuqummmem‘ﬁm

constant wmrnd rock compressibilities as b
(B=F)wei
:-\2.. -PE :\: P=-(flwer B P:

where 7 is the average pressuce in the aquifer after the removal of W, bbl of
m.p,uﬂwnﬁulpremcdl‘h:aqufer and W, mhcmm:lmmduble
water in place at the initial p F h next d d rate

equation »
& dw m - %
9B =IF-pa B t' (8.16)

where g8, is the flow rate of water from the aquifer, J is the productivity
ni:xdltxquf“d nm(moflhemufcrzmrypul‘ﬂle

= SCF-P)

GOATER T e
! \Van EVERDINGEN + HURST

.\r.u.&u. DLr ‘:

p—

K'Miuf_w

s S SNpT

Rendostendy-Sh
/_\ dosis "] e

v M
[~ )
\ \._/\ \ Feflanjsh
L4 o snunt e e st
n«mmn‘};‘;f}y-ﬂ b ddving potemeist of e qymezs
== i =
T T g g L o




T elwovich ’ﬁ;eg&o:%m —S‘hﬂl

Ne eL A?ov ?"P; =z

We = U«’e\(?‘_?) -___®

win Compressi [m\d'y

ADCJl wihion 0{— Pl"ududu”*'

Gt = 5(?—?,.) = d'“ -®

o ®at”
Tn’hsv«*& E% C33

n@"Pﬁ-\

st

_sb. (_'.f.e:‘
(R-Pad

SC?-PF) —_@

=35 av

B e DRive  Undlindy-Siee
T EVERD\NE““ 4 HURST

.u.&.hbm‘
@ |
oy

o vt ¢ She et T
N, Rendofendy-Sht]
N e 0

e L Foh‘b!h‘cln

A P-I‘E - 17
lﬂ P'“\ - Sfpn - _?F - Wei i
mu&:m«p&m and mi, is 1o
?‘.P'~ w., durj_uhm w'““ scate flow region. Equati mr—dﬂm
b ing eq (see 15 and 16 for the
- : E =
@-P‘.\ e%‘ W.=I'(n—ra)(l-e ‘E) ®.17)
CP' P\ Lo This was derived for comstant p at both the reservoir-aquifer
N F boundary, py, and the average pressure in the aquifer, 7. At this point, w

- L3

5-?‘ = @* 'P') c“"“_sﬁ
—%)ue-\-ﬁ-ﬂ =P-f)e o
P
Blue = R-R)=(p-p)ew
[XTH]

. 1]

We = 9—“(?:-?&“ &)

Cohe\’tsul‘ily J____ Uk\
B - e’
s e G PrYY 4’(3;@

rinciple of il showed that by calcolating the water
mhammmu-ﬁam aquifer pres-
sure, ﬂammmhﬂhmmm
lation over again for 2 mew period and new pressures, superpasition was not
needed. The following equations are used in the cabculation for water influx

with this method
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‘where n represents a particular interval, 7., is the average aquifer pressure %
at the end of the n —1 time interval, P, is the average reservoir-aquifer

boundary pressure dusiag intecval #, and W, is the total, or cumulative, water
Iﬂmlﬂlswby
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Example 8.5. Repeat the water influx calculations for the reservoir in
Ex. £.3 using the Fetkovich approach.

TABLE 8.11. "l
indices for radial and linear aquifers (taken from reference 15) K LN 1
\ww,f
Type of Quier Aquifer
Bowndary Radial Flow" Linear Flow®
: a.cmm(%) 0.003381kwh
Finiog=po o ¢ = plnrfra) — 0.75] ey
(s
- Phabions 7 2 0-001127kwh
le—coastant pressure Siatrn)] = <
*Units are in nosmal field unis with & in millidarcies.
* 4 is width and L is leagth of uiter.
SoLLTION: " Ye "
area of aquifer =%-m‘3 or .= [%% =83.263 ft
2
amoftcservoir=%1m’. or rﬂ=[-@%%f;‘m] = 5807 ft
Q
q(ﬁ)?{f?“fi)hm
W.=
= 5.615
ar, !180 2 3 ¥
6(10)| 3¢5 (83,263 ~ 5807°)19.2(0.209)3793
W= G =176.3(10)° bbl
(i]
0.00708kh (350) 0.00708(275)(19. 2)(360) .
u[ln(rJrg 0.75] 83,263 ’
0.25| ln|—=———=1-0.75
5807
" Inideg ﬂ
=—2(f,- 1—e Wei »
o (Pa-1— Fun)( ) c& v J ?
Juesqopr o - -RORR
=5 3793 n-1 ﬁkn) e
w.%
AW, =3435(p, ~ prs) W (8.22)
ZAW,
o128
1 £ ‘Vﬂ '“
i e _ZAW,,
ey = 37931 - i) o (8.23)




'P'i\ = Pa,., “‘P..

328 pqn B 3”3 [‘ )
Solving Eqs. .22) and (8.23), we get Table 8.12, 1Ne.3 % W
” e\ A (Wew = D38 c wer” an)
Time Pz \Fx- Pa-t —Pas AW, We Pa
Q 0 0 3793/
8,600 8,600 Ne )
2 @ 40,500 49,100 %
_ 106,100 155200  3789.7
612 210,000
Gz Hef By
1169 40,600 107 3769.8

The water influx values calculated by the Fetkovich method agree fairly
closely with those calculated by the van Everdingen and Hurst method used
‘nEx. 8.3. The Fetkovich method consistently gives water influx values smaller
than the values calculated by the van Everdingen and Hurst method for this
problem (Fig. 8.14). This result could be becatse the Fetkovich method does
not apply to an aquifer that remains in the transient time flow. It is apparent
from observing the values of p,_,, which are the average pressure values in the
aquifer, that the pressure in the aquifer is not dropping very fast, which would
mdu:ate that the aqu:fcr is very large and that the water flow from it to the

$in natirs

indicate that the aquifer is very large and that the water flow from it to the
reservoir could be transient in nature.

1,500,000
& van Everdingen - Hurst Method
]
1.200,000 [ Fetkovich Matfiod i
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3 900,000
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300,000 :
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0 2 4 [ 8 i
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Ein @ 14 Wacolre of water influx caleulatione from Ex. 8.5




HMaterial Balance Eguation:

The various forzs of the Water Influx equation cas be

§
uduummumw.umhuw:nfthm. This ‘.‘
additional informazion ds incorporated into ome form of MBE ‘ oA i
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Reservoir Engineering I, 2012
HW NO 8 Due date: Friday, August 24, 2012

Chapter 8: 8.5(a) to (q), 8.6. 8.8 3
ANSWERS TO THE PROBLEMS w

8.5;(a) re= 2006 ft.,rR =2501ft.
(b) Ct=7*10-6 psi-1, dv = Ct *V= 116120 ft3/psi

(c) N=191.9 MM ft2 (d) 1653 psi

(e) Itd = 0.219t(day) (f) B’ = 646.2 bbl/psi

(g) @ 100 days We = 420,000 bbl
200 days We = 649,431 bbl

800 days We = 969,300 bbl

8.6; We at 5th quarter = 773,100 bbl




13. CHAPTER %napter 9

DISPLACEMENT

The Displacement of Oil
and Gas

OIL AND GAS

This P includes a ion of the disp of oil and gas both by
external flooding pr and by i l disg P It is not
meant to be an exhaustive treatise but oaly an introduction. Several good
books cover the ial in this p more ively.* " The reservoir

g d be d 10 these concepts because they form the basis for

i nda and tertiary flooding techniques as well as some
i mechanisms.

enderstanding
primary recovery
Z RECOVERY EFFICIENCY

The overall recovery efficiency E of any fluid displacement process is given by
the d: of the pic, or vol ic disy fhicis 5 By
and the mi ic displ: effici Ey

{2 Y-

E=E.E, {9.1)

| = Rctoromoss throughout the text are given at the end of each chapter.

9 8.3.1 Injection Efficiency and Definition
Chapter The total efficieacy is
tota ¥ is the recovery factor (for the
M ing) in reservoir conditions: e
: E=leB
E..E4080pk
— w
E — v | with S at the start of ‘Clooding.
\ The total efficiency E of flooding can be defined product
/ h lowing three cfficiencies (Fig. 8.8a): ey 1
M Migre
(=" E=E, .E E,
with
DI ia mel'lt Of oi' E, = .lm.l m:p_ efficiency (in the samec phase as the bed),
I he sl, ce Ev = :runl of invasion efficieacy (in vertical cross-section),
= displacement efficicacy, -
a Gas = .fmi“")- efficicacy, at the scale of the pores (miscrosq
1. INTRODUCTION
= A i of the disg ofoioldpi:{ﬂlby
external flooding processcs and by intemal displacement processes. It is rot
meant 1o be an exhaustive treatise but oaly an introduction. Several good
‘books cover the matenial m this chapter mofe exteasively.” ' The reservoir
engincer should be exposed 10 these Goncepts because they form the basis for
5 dary and tertiary ing techniques as well as some
primary secovery 3
2 RECOVERY EFFICIENCY i‘
=3, 3 Eolaay fuid & process is given by
:;“‘““ ";‘“ﬂ:’ ox v o - © 8.3.2 Areal Sweep Efficiency E,
A on |, Ey fareal sweep cificiency] = A3 swept by the fromt
Total arca
* Refereaces tuoaghout the lext are given at the end of cach chapter
o 72 R
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B sacmmuv‘mn ENUANCED OIL RPCOVERY QECUVERQ Ea\'c.;wc_)-
Wl e

'Tuwdmlmmwdhammtuhungplne),

" For a five-spot patiom, for cxsmple, the diagrams in Fig. 5.8 show the E = Ey El\\.’ Eg
Sfrom1” at m: tmes, for 3 bemogescous medium and draw off at four
Ev - Ea

equal wells.
= Macwscn\:ir.'D. % Microscopdq
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The ares sweep efficiency is written: L N, “ %‘E S ?E
Ay A A,
Eae s e o 2. PerMesniLiTy
e o N Ty ool cxio ot 3. Tofer focial Tension
jection and 2 production well,
e et 2 4. Wettahiliy
P - . Capillaey R
A 5+ apillavy Ressove.
tant, the pressure gradiest is

higher (shonor distancs), and
the speed of the fromt is greater
©n the direct Line, Hence, if 3
balge is formed in the fromt,
A teads 10 leagthen and the
fioed fluid is produced before
the zone between the injection
3ad production wells is tho-
Toughly swepl

L coeex 2 HE

PERMEABILITY K= Q 1‘ 3
- Absolute one fluid phase in pore =k = -ﬂfié md;k, @S, =‘\1% -2
ork, @S,=1.0
- Effective 2-3 phases in pore; k,, @ S,,=0.7, k., =248 md, k_,
=50 md.

- Relative: Krw= Kew B Kk,

k
D. WETTABILITY k
- Water wet
- 01l wet

E. FORMATION COMPRESSIBILITY

Cf=1.87 X 106 X $0415 by Hall Humble
= _(1Yav
’(F dp)
F. FORMATION FACTORS
F = Ro/Rw = a/¢™
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a single fluid is called the absolute permea?)ﬂiﬁ of the rock. If a core sample
0.GJ215 ft® in cross section and 0.1 ft long flows a 1.0 cp brine with a formation
volume factor of 1.0 bbI/STB at the rate of 0.30 STB/day under a

psi
pressure differential, it has an absolute permeability of Al 5e ‘ UTe K

k ML . SR ) o]0
w 0.0011274,4p  0.001127(0.00215)(30)

If the water is replaced by an oil of 3.0 cp viscosity and 1.2 bbl/STB formation
volume factor, under the same pressure differential the flow rate will be (.0834
STB/day. and again the absolute permeability is

5 gBapl. 0.0834(1.2)(3.0)(0.1) i
Ke k= S0011274.4p ~ 0.001127(0.00215)(30) 13 md

If the same core is maintained at 709 water saturation (5. = 70%) and
30% oil saturation (S, = 30%), and at these and only these saturations and

— .
& 4
* Mievestopic mphw%
under the same pressure drop it flows 0.18 STB/day of the brine and 0.01 B
STB/day of the oil, then the effective permeability to water is E& I \

7,

=248 md AL
; ‘..‘:$

fr g-Bop L . 0.18(1.0)(1.0)0.1)
~ 0.001 127A.Ap 7 0.001127(0.00215)(30)

and the effective permeability to oil is' 2 i
1 - 1

0.01(1.2)(3.000.1) !

GoBop.l. LSy

001127AAp  0.001127(0.00215)(30)

k=3

The effective permeability, then, is the permeability of a rock to a particular
fiuid when that fluid has a pore saturation of less than 100%. As noted in the
foregoing example, the sum of the effective permeabilities (i.e., 298 md) is
always less than the absolute permeability, 413 md.

When two fluids, such as oil and water, are present, their relative rates
of flow are determined by their relative viscosities, their relative formation
valume factors and their relative sermeabilitics. Relative permeability is the
ratio of effective permeability to the absolute permeability. For the previous
example, the relative permeabilities to water and to oil are

k., 248
el T
LS ot
ko % 413 0.12

: mﬂwiagm-qﬂnﬁozt@?enoifoqndmapen@mtz:vh—
Oor




2. Recovery Efic.ancy o)

o, kot qﬂmmmm.upmm-&in'
e ‘rasio is more ly used. For the previous example:

P

Mm-n»ﬁuﬁudn&wd-m:ﬂod3ﬂn
relative ey vatio of 5, both of which favor the vater flow. m
ﬁmmmmmnwdmm-u
#mum.nmnmﬁyhhmﬂ

Eipune 9.1 shows  typical plot of oil and waier relative permeabiity
curves for a panticular 7ock 25 a function of water saturation. Starting a1 100%

mﬂhm“ﬂa“hwwbm :

sstheoll : T is also calied uvﬁe
below which the oil saturation cannot be reduced in an oil-water This

| L R
J ==l l‘\.l i R Bl I
T EIEEY ;
=¥
e
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oz o4 o ~ os\ L]
nwwﬂ SATURATION, FRACTION OF PORE SPACE
#ig. 9.1 Water-oil relative permeability curves

M0 Trve Despracerint o D5 8 Gy

connate water saturation i XV for this particular rock, them Mm,,
{rom the partion of the reservoir invaded by hpfi-prosure water influx &

imitial-final  0.8D

snatsal

Recovery

Experiments show that eiseatially the same relafivg pérmeability cone,
ste obtained for 4 gas-water system as for the oil-water Syfeny Wheeh 1%
mcans that the critical, or residual, gas saturation will be the Samd Faaers, |
maore, it has been found that if both oil and frec gas arc present, the redes bl
hydrocarbon satuzation (ofl and gas) will be about the ame. in this case 157
Supponse, then, that the rock is imvaded by water at a pressuse below saturar,
pressure 5o that free gas is present. I, for example, the residual free gas sarg
ration behind the fload front i 107, then the oil saturation s 3%, and neglea
ing sotall chamges in the formation volume facton of the oll, the recovery i
increased 1

s

Retuming 0 Fig. 9.1, ax the water saturation decresses further. the
relative permeability 10 water continucs te decreass and the relative perme
ability to ol incacases. AL 20T wiater saturation, the (connate ) witer § immo
bite, and the relative permeabiity 10 off is quite high, This explams why some
rocky may contain as much 3s 5% onsate water snd et produce water-froe
oil. Most reservoir rocks arc preferentially water wet—that i, the water phase
and not the od phisse is next 10 the walls of the pose spaces. Because of thn
at 204 water saturation the witer pocapies the fnas favorable portions of the
pote spacce-—that . as thin layers about the sand grains, as thin layers oo the
walls of the pore cavitics, and in the smaller crevices and capillanes. The od
which oxcupses M5 of the pore spac. 18 m The mant favorable portioms of the
pore spaces. which m indicatéd by a relatine permeability of 93% . The cunes
further indicate that about 107 of the pore spaces contnbute nothing 10 ¢
permeatility, for at 10% waler saturation, the relative permeahbility to o i
ewsentially 10075, Conversely. on the other end of the curves. 5% of b
pote spaces comtnibute H% of the permeshility, (o an mcrcase m ofl saturs
ton from 2210 1o 15% reduces the relative permeability 1o water from 100
o 0%

In describing two-phase flow mathematically, it is always the relatn®
P hility ratio that enters the eq Figure 9.2 is a plot of the ref
permeability ratio, k /&, versus water saturation for the same dataof Fig. @ '
Because of 1he wide range of k. (k, values, The relative permeabiliny rate =
wsually plotted on 1he Jog scale of semidog paper. Like many relative per™
ability ratio curves, the central or main portion of the curve is guite near. A

341

ratght ine or somilog papes; the Telative permeabilic
__-nhmbnnl rl,‘-u.nM vu-t-mt!‘_\ﬂ e

s &1 k)
L5 9.3)

N

& I~
,-n. mu‘d}gaﬂckkmlmmMMIniwyl

ey it b ned from simoltancous equations. At S, = 0,%
ol & 3 andvS. < 070, &k, = 0.04. Then X ebloes

Hw gpram and 014w ge ™
mg simultancously, the intercept @ = 1220 and the shope b = [3.0. E
hy . 3.0. Equa:
pn (9.3} indicates that the relative permeability ratio for a rock is & function
oaly the relative saturations of the fluids present Although it is true that
viscosities, the interfacial tensions, and other factors have some effect on

e r\nﬂ'ﬂc{n v,.l;.- 222
SRGEA
100 A\ i
S8 !

a

RELATVE PERMEABILITY RATIO, K, /K,
5

Fig. 9.2 Scrulog plet of refative permcatility ratie vora Aaturation




hase permeability only 1o 2 limited extent. S-:hmn

'cupies the central or larger pore Openings iy o
juid flow through the reservoir, however. a small nonwetting phase satu-
tion will drastically reduce the weiting phase

penmcability.
Figure 5-1 presents a typical set of relative permeability curves for a
atcr-oil sysiem with the water being considered the wetting phase. Fig-
¢ 5-1 shows the following four distinct and significant points:

PegenA Tiegon B fegon €
Ol Flaw il +~ Waner Warer Flow

10, 10

/

Fle
L~

1A
7

F
Retatne Pormaabity ta Water b

o e e L\‘-
R

< Pelnt 1
Point 1 on the wetting phasc relative permeability shows that af
saturation of the nonwetting phase will drastically reduce the rd
permeability of the wetting phase. The reason for this is that th
wetting phase occupees the larger pore spaces, and it is in thesd
pore spaces that flow occurs with the least difficulty.
= Point 2
Point 2 on the nonwetting phase relative permeability curve
that the nonwesting phase begins to flow at the relatively low san
of the nonwetting phasc. The saturation of the oil at this point is
critical oil saturation S
= Point 3
Point 3 on the wetting phase relative permeability curve show
the wetting phase will cease to flow at a relatively large saturatior

of connate waler saturation S—both terms are used interchange:
* Point 4

Point 4 on the nonwetting phase relative permeability curve

that, at the lower saturations of the wetting phase, changes in thy

momenon at Poimt 4 is that at the low saturations the wetting phasq
mumﬂtmwmuﬁmmm
flow, and theref the n these small pore o
‘has a relatively small effect on the flow of the noawetting phase.

Thpmmuhnhmdwhmhn-w
should be noted that this i oil as ng and
ammmmm:uwmmﬂw

Water Plus

K
i i \\
A B
] n LL "s.l:sq. 5‘ = » W

Figure 5-2. Gos o reltve permackalay corves.

\\/

and gas, it appears to make little dilfference whether water or oil that

Note that the relative permeability curve represeating oil changes
‘completely from the shape of the relative permeability curve for oil in the
water-oil system. In the water-oil system, as noted previously, oil is por-
mally the nonwetting phase, whereas in the presence of gas the off it the
mmmt&mdtﬁd’.hd*

tive permeability curve takies on an S shape whereas in (he presence of

o b= ling phascs and may be mentally’ reversed 4 vismslize the behav
o an oil-wet system. Note also that the total permeability to both pl
/l/ X Kpw + K i o35 than 1, im regions B and C.

5 P X e The sbove discussion may be also applied to gas-oil relative p
0 2 © ] © %0 ability data, as can be scen for a typical set of data in Figure 5-2}
——— WaiwSsuatn 5, - > Liat this might be termed gas-liquid relative permeability since it if

100 © @ © 2 ° 3 ted verses the liquid saturation. This is typical of gas-oil relative
So i ability data in the presence of connate water. Since the connate
Figuen 5-1. Typicol two-phase flow behovior ducible) water normally occup pores in the | 1

= ol W] J |

E Rentrvoss Lapiaprring flane 7 £ Eetamiee Fermashciey omrpts 21
£ Another i phenomencn sssociated with fluid flow throug)

cible fluid is displacing another, it is impossible 1o reduce the saturatic]
of the displaced fluil 1o zero. At some small saturation, which is pr

sureed to he the at which the displaced phase ceases to be corf
finvous, flow of phmﬁneun.mmhdu
referred to as the saturation. This 1£ an important concept

dnmnnu\hy-: whhmc&m.m
_musy, & cerlan mimmum saturation before the phase will begi|

from an examination of the relative permeabilit]

n Figure 5-1. The satwration at which a Muid will juy
is called the crirical saturation.

Theoretically, the critical saturation and the residual saturation shoul|

be exactly equal for any fluid; however, they are not identical. Critics

4 In the direction of & g |

e e B of

thom, Thus, the saturation histories of the two measurements are different.

decrrasing the saturation whily

flowing nonwetting fuid (c.g.. oil) in the core, the process is classificd af
drainage or desaturation.

If the data are obtained by mhm-ﬂkmh

jphase, the process is termed s

ture is consistent with that used in Z Hﬂﬂy

mm-mmmummm
Y Sinx permeability are subject 1

h is, it s i 1o duplicate, in the y. the

hﬂydhm

Oruinoge Process

s gencrally agreed that the pore spaces of “servoir rocks were orig
imally filled with water, after which oil moved into the rescrvoir, displac.
ing some of the water, and reducing the water 10 some residual satura
tion. When discovered, the reservoir pore spaces are filled with a connasd
waler ion end an oil If gas is the displacing agent, ther]
a3 moves into the reservoir, displacing the oil.




24e Resoroess Empemseriog Hondiosk
This caime history mhwmnu:mmyhdmmh

effocts of hysteresis. The laboratory

m-ne.hduﬂ.u--ﬂ?nlunmmummm-

wmnnmldlhg-ﬁw.u-ﬂin;:.hplﬂhmhhps

drive depletion process, the iug phase fluid is conti y
smmmmﬁ-.mmumdmym
imbibition Process

Tkmﬂnmmm«nhmh&ehhuuyhfwnm‘
ﬂwcmﬂhwumtmmxmmhmhu
Priihg ey injoction oil, This e

':mm:;w . The wetting phase (waier) is reintroduced into
ihe core water (wetting phase) 15 continuously incrersad. This is
tk%mﬂhmhmh ive permeability
d-ﬁmdedfwm&imumﬂmﬁudum i
F:m&lkam;iﬂmmlklﬂ\kmiulhhmd
imbibition of ing relative p bility. It is noted that
the imbib hnique causcs the ing phase (oil) 1o Jose its
wubwuﬁngdusdwmmmmmndmﬂuw
pmaThmummhmsinﬂ.dﬂ‘mnshemﬁ-;
{m;m.mwwmmvaﬂﬂumnuhbnh
mﬂyuﬁ;hnvmdwm-ﬂmmmmm&nuiﬁ-

bitron method. o T \“;u
Mﬂ_mmm MMM&&M&.M
'
tnmmmmﬁwmmmmmrmh
mmuymuu.m.mhumham ; 5
19 obsain the desired relative permeability data in some other mans o o o ofthe proposed comelutions e the ffective phase
Fickd rehmive permeabilty data can wsually be calculited 25 the prove. e frating parsmeter. The effoctive: phase saturation is
dure wil be discassed more fully in Chapter 6. The fie d de e defincd by the following set of elationships:
wmhmmm.wmmmh
tw.lml methods have been developed for calculating relative et (5-1)
y relationships. Visrious have been used 1o caku: " less
mnm-ummmmuw =
< Residual aond feitlat % st o= Sx=Sx 5.2
* Capillary presvure data 1=8,
]
289
288 Kraersoee Engiastriog Homdtnsd

G-

where s;s:.s;-dmmmanaianmmm
5.8, S‘-ml.madwummku.quy. .
Sue = connme (irreducible) water satration | |
1. Wyllie and Gardner Correlation :
Willic and Gardner (1958) observed ihat, in some rocks, the relation-
Ahip between the reciprocal capillary pressure squared (1/P) and the

effective water saturation S is lincar over a wide range of saturation.
|mau.(:mrmmwwmwwm
below:

lations ax shown
Drenoge O Water Beitars Prrmngh o)

Trpe o formasaam [ S
Uncoaundtated sond. wrll sonad =50 =y 54
Vacomolalated samd, poorly soried U-£F0-54h &5
Cementol sanistone, oolitc Bmestone (1 - S2F (1 - 521 mr [

Crnogs Gas Od Felsivs Fermeniaing

Trpe of formuton e, by [EVES

Uncomsolidaned somd, wel sevied (- =t e o7
st pooety soned S a-sra-s =5

¥ emmentcd semdtone. ootetic Hanesone,

ks mih vepular porosity m (=57 0-52 o

Wyllic and Gardner have also d the fc ng two
Mﬁahndmnmﬂhiwpﬂwﬁthﬂilﬁh:

= Oil-water system

koo = (SL) -t_[‘—_’a] (5-10)

(511

w-t‘wn(l”ll 'ped a simple exy
the relative permeability of the oil phase in a gas-oil system. The expres-
sion permits the cakculation of ky, from the measurements of k. The

A 12
i ""[u-s,‘i(’!u-cs.‘)'r] o

The above expression is very useful since k,, measurements are easily
made and k,, measurements are usially made with difficulty.

3. Pirson's Carrelotion

From petrophysical considerations, Pirson (1958) der't ed generalized
relationsbips for determining the wetiag and nomweting phase reistive
mhmm-ﬂ&rm‘mm

For the water (wetting) phase

K, =52 5 (5-13)
processes.

For the noawetting phase
+ Imbibitiva

o]




e L ) g (5-15)
where S, = saturation of the nonweiting ph

S, = waler satutation

$ = effective water saturation as defined by Equation 5.2

Example 5-1
Generate the drainags relative permeabilify dats for an uncomsolidated

el sorcd sand by using the Wl 3od Gardoer method.
following critical y ; Assume the

Relasivs Formeatebay Comoopts mn

N ’;'—"l.’;_ e BP kgefl-sp
e Lo Qg a8 7T
e 048 0367 068t Abat
[ nss o 0% 00i9
et e e (5113 D064
b d o 0467 a2 ais
i Lo 03 0oy 02%
060 s 0200 0008 nsiz
Lh Al 20w, 0000 [
Example 5-2

Resolve Example -1 by using Pirson's correlation for the water-ol

S.=03, S_=025, S, =005
" Selution
Gmﬂ*lheoa-wmmmmmq data by applying Equation i Lk bt sy AT =
54 in conjunction with Equation 5.2, to give: - ' kmi-selp- 5 52
o 00000 000 ™"
SR 0% et e fm
5 e LSy ) P 035 > fi s am
0608
i anom 100 P ;e 2 m s
- Q0667 F x o
o :;‘!';: g:;; ::: *” qﬁ m s
- 020§
BB 8 W - -
g_ - v ) & Corey’s Method
= e Corey (1954) proposed a simple mathematical expression for generat.
R ing the relative permesbility data of the The i
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where the effective gas saturation S; is defined in Equation 5:3.
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5. Relative Permeability from Capillary Pressure Data

Bruce {1949) showed that capillary pressure p, is 2 measure
u(':;:eu-'& ‘} : of the fi jon and could also be
-tdnmm&:uluivcpm-dimnm:*u“uxmnlhg»
tuosity, Wyllie and Gardner (1938) ped £ -
:drxmhmhmnﬂ-wm“pm-
ty Trom capillary pressure data:
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authors considered the connate water as part of the roc|
matrix 10 give: A
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oil and gas relative permeabilitics in the presence of the connate walg
saturation. The
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Example 5-4
“The lalloratory capillary pressure curve for a water-oil sysica. beiwed

the connale water saturation and a walcr saturation of 100% is rejreser)

od by the following lincar equation:
P=22-208,

The connate water saturation is 30%. Using Wyllic and Gardser med
ods, gencrate the relative permeability data for the oil-water system.

i Selution

Step 1. Integrate the capillary pressurc cquation, to give:
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1 Fig. 9.5(b). The photographic history of a direct-line-drive fluid-injection system
under steady-state conditions, as obtained with a blotting-paper eclectrolytic model
' (Afier Wyckoff, Botset, and Muskat )
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Fig. 9.6(a). Five-spot flooding network.
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3. [MMISCIBLE DISPLACEMENT PROCESSES
3.1. The Buckley-Leverett Displacement Mechanism

- Oil is displaced from a rock by water somewhat as fluid is displaced from a ;
 cylinder by a leaky piston. Buckley and Leverett developed a theory of
 displacement based on the relative permeability concept.® Their theory is
" presented here.

? Consider a linear bed containing oil and water (Fig. 2.7). Let the total
| throughput, ¢ = ¢.B.+ ¢,B, in reservoir barrels be the same at all cross
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The subscript x on the derivative indicates that this derivative is different for |

each element. If f, is the fraction of water in the total flow of g, barrels per M
day, then f.g, is the rate of water entering the left-hand face of the element T
dx. The oil saturation will be slightly higher at the right-hand face, so the

fraction of water flowing there will be slightly less, or £, — df.: Then the rate

of water leaving the element is (f. —df..)g.. The net rate of gain of water in

the element at any time then is .
0—x o

dwW
2 = U= dl)e - fq) =—qidf.
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Equating (9.7) and (9.8),

fwr Ty -difyy
(a_s_) __5.615¢/ (1) Fie. 9.
at:fy - bA - \axt: "’

Now for a given rock, the fraction of water f, is a function only of the water
saturation S, as indicated by Eq. (9.5), assuming constant oil and water
viscosities. The water saturation, however, is a function of both time and
position, x, which may be expressed as f, = F(S,) and S, = G(¢, x). Then

seaee ALTrONdSw=0




Now. there is interest in determining the rate of advance of a constant satura-
tion plane, or front, (dx/df)s_i.e., where S, is constant. Then, from Eq. (9.10)

1
(&) - @ ©.11) s
al.” T (@s.ax), W
s/
Substituting Eq. (9.9) in Eq. (9.11),

(i]_x) _ 5.615q; (df.lax), 9.12)
als,  &A. (35./3x),

But

(@ffax), _ (af.)

(aS.Jax), \as.

35 (9.13)

Eq. (9.12) then becomes

(ax)fm(i&), (9.14)

ar A, \as.

Because the porosity, area, and throughput are constant and because for any
value of 5, the derivative df_/35,, is a constant, then the rate dv/dr is constant.
This means that the distance a plane of constant saturation, 5., advances is
directly proportional to time and to the value of the derivative (3£, /35, ) at that
saturation, or

36150/ (af.) B

SA.  \aS./s.

e 5.615¢,1 (g;)‘ (9.15)

éA, \as.

We now apply Eq. (9.15) to a reservoir under active water drive where 1‘
the walls are Jocated in uniform rows along the strike on 40 ac spacing, as N4
shown in Fig. 9.8. This gives rise to approximate linear flow, and if the daily -u
production of each of the three wells located along the dip is 200 STB of oil “\ j
per day, then for an active water drive and an oil volume factor of 1.50 S
bbi/STB, the total reservoir throughput, ¢,', will be 900 bbliday.

The cross-sectional arca is the product of the width, [320t, and the true
formation thickness, 20 ft, so that for a porosity of 25%, Eq. (9.15) becomes

__S5615x900x¢ ( J
T 025X 1320 x 20 \a5. /s,

x

If we let x =0 at the bottom of the transition zoae, as indicated in Fig. 9.8,
then the distances the various constant water saturation planes will travel in,
say, 60, 120, and 240 days are given by:

Fig. 9.8,

xg= 46 (3f.135.)s.

xm= 92 (3L43S5.)s,

o= 184 (BfA0SL)s, (9.16)




The value of the derivative (3f./35.) may be obtained for any value of
water saturation, §.. by plotting f, from Eq. (9.5) versus S, and graphically
taking the slopes at values of §,. This is shown in Fig. 9.9 at 40% water
saturation using the relative permeability ratio data of Table 9.1 and a
water-oil viscosity ratio of 0.50. For example, at §, = 0.40, where k. /k. = 5.50

(Table 9.1),

s A
= {Tis0%55

0.267

The slope taken graphically at 5, = 0.40 and [ =0.267 is 2.25, as shown in

Fig. 9.9.

The derivative (3f./35.) may also be obtained mathematically using
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{ TABLE 9.1.
1 Buciley-Leverett frontal advance calculations ¥
T ) @ ) (sa;f () 7 1.
‘ X af. of. S
e, P P —
3 AR o g g M
i ks - 3S. (60 days)  (120days) (240 days) = meerw
5. kB4 05 Eq.(1) Eq (009 Fa 916 Eq (O.I)
1020 iaf. (.000 0.00 a 0 0
f030 170 0.105 1.08 50 100 200
L040 550 0.267 225 104 208 116
E; 0.50 170 0.541 2.86 131 262 s24
0.60 0355 » 0.784 195 89 179 358
0.70 0.17 0.922 0.83 38 76 153
080 00055 0973 0.30 14 28 55
090 0.000 1.000 0,00 Q9 0 0

| and the water saturation. Differentiating Eq. (9.16), we obtain

e _ _ (notpo)bae -

(/)b (k k)

aS. [1+(euoae F 1+ (n i)k sk )]

3. _0.50%115x5.50
35, [1+030x530F

2.25

- Eq. (9.3) to represent the relationship between the relative permeability ratio

(9.17)

For the k./k. data of Table 9.1,a =540 and b = 11.5. Then, at §, = 0.40, for
example, by Eq. (9.17).
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WATER SATURATION, PER CENT
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2.86; so by Eq. (9.16), at 60 days the 50% watersaturation plane, or front, will
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Fig. 9.10. Fluid distributions at initial conditions and at 60, 120, and 240 days.
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S, MULTIPHASE FLOW

Sy = Pore waler samration (odl zome).
S,p = Waler 1muration at from
Sew = Masimem water samniion = [ - 5

Sym = Aversge waler saivtstion behind the froat.

Fig. 4.7h

¢ speed of the front is thus obtained b

y calculating ﬂ_.'ds_ from e
(Fi~ 6.7b). The calculation of the slope of

the Welge tangemt gives:

It can be shown that S, 35 the value of the average saturation behind the

fromt.

This leads to the second application of the Welge tangeat: the value
of the average sataration bebind the fromt §_. is obtained from the
intersection of the tangent with T, = L. Hesce the equation:
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This relationship at some time after breakthrough
can be seen inFig. 7.10. Since
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[(g';) ~0.00694 p, cos a] 9.18)

The total velocity is v, , which is the total lhroug!lpﬁt"ﬂtf: 4/ dmde:i !al:hc
cross-sectional area A, The reservoir gas densgty. Pe is in Ib./t". When
capillary forces are neglected, as they are in lhls' application, the prcss&;:e
gradients in the oil and gas phases are equal. E‘Equatmn (7.1) may be solved for
the pressure gradient by applying it to the oil phase; or

()4

Substituting the pressure gradient of Eq. (9.19) in Eq. (9.18),

T8

CC R o 00604 p, o8 o
0.001127K, 2

(9.19)

0.001!271:‘[_ [
i 0.001127k,

+10.00694 (p, — p,) cOs u] (9.20)
Expanding and multiplying through by (k./k.)(ie/1t.),

L2

f;[k,p.,

But vy, is the fraction of oil flowing, which equals 1 minus the gas flowing,
(L —£)- Then, finally,

v, 7821010 kLo, —p)cos

(9.21)
v, [

L
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ok [7.82!(10")’(,(04 = Pg)cos a]
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(9.22)

The relative permeability ratio (k,,/k,,) may be used for the effective perme-
ability ratio in the denominator of Eq. (9.22); however, the permeability to
ail, k., in the numerator is the effective permeability and cannot be replaced
by the relative permeability. It may, however, be replaced with (k, k), where
k is the absolute permeability. The total velocity, v, is the total throughput
fate, g,, divided by the cross-sectional area, A.. Inserting these equivalents,
the fractional gas flow equation with gravitational segregation becomes

- [7.821(104)&,4((% - p,)cos u] (k_,.,)
o o qr
’ 1+ k"——"’

kg,

(9.23)

If the gravitational forces are small, Eq. (9.23) reduces to the same type of
fractional flow equation as Eq. (9.5), or

fe= (9.24)

L

-

i [7.821( 10 N300} 1.237(10)*K48.7 — 5.) cos T2.5° ( k.,

132 11,600/
fe= | 003
£(1.32)
[ 12 ©35)

74 +o.o|:11{§2|
3

The valucs of f, have been calculated in Table 9.2 for three conditions:
(a) ing negligible gr wonal segregation by using Eq. (9.24); (b) using
the gravitational term equal to 2.50 k., for the Mile Six Pool, Eq. (9.25); and
(c) assuming the gravitational term equals 1.25 k,, , ot half the value at Mile
Six Pool. The values of f; for these three conditions are shown plotted in Fig.
9.13. The negative values of f for the conditions that existed in the Mile Six
Pool indicate counter-current gas flow (i.c., gas updip and oil downdip} in the
range of gas saturations between an assumed critical gas saturation of 5% and

about 17%.
The & of adv of any gas ion plane may be calculated
Lo
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Fig- 9.12. Relative permeabilines for the Mile Six Pool, Peru.
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Fig. %.13. Fraction of gas in seservour stream for the Mile Six Pool, Peru.

for the Mile Six Pool, using Eq. (9.15), replacing waler as the displacing fluid
by gas, or

61547 (ﬁ)
. \as)y,
In 100 days, then,

5.615(11.600(100) ( 3
= i ooy )
=224 {%‘)&

(9.26

that the position of th
a secant from the origin as shown in Fig.

|__tanecnt 1o the lowes cucue 20 JO% sas cotusation Tham i Tia 014 sea teonl raigs croduction Gics and cumulative recoveries. including the (reatment

Mile Six Pool Reservoir data and calculations
Avg. Absolute permeability = 300 md 3 Reservoir oil sp. gr. =0.78 (water=1)
Avg. hydrocarbon porosity = 0.1625 Reservoir gas sp. gr. = 0.08 (water=1)
Avg. connate water =0.35 Reservoir temperature = 114°F
Avg. dip angle = 17" 30" (« =90° — 17°30") Average reservair pressure = 850 psia
Ave. cross-sectional area = 1,237,000 sq ft Average throughput = 11,600 reservoir bbl per day
Reservoir oil viscosity = 1.32 cp Oil volume factor = 1.25 bbl/STB
Reservoir gas viscosity = 0.0134 cp Solution gas at 850 psin = 400 SCF/STB
Gas deviation factor =0.74
LA 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60)
kolky inf. 8 8.80 3.10 1.40 0.72 0364 0210 0.118 0072 0024 000
Gravity term =0
fe a 0.720 0918 0969 098 0.993 099 0998 099 1.00 1.00 1.00
af,las, 7.40 L20 060 0.0
x =32 3f,/35, 237 38 19 10
= Gravity term = 2.50 X k.,
ke 0.77 0.59 0.44 0.34 0.26 0.19 0.14 0.10 0.065 0040 0018 0.00
2.50 X ke, 192 148 110 0.85 0.65 048 0.35 0.25 0.160 0.10 0.045 0.00
1-25 ko —0.92 048 —0.10 0.15 0.35 0.52 0.65 0.75 0.84 0.90 0955 1.00
& o -0.29 —0.092 0145 0345 0516 0647 0749 0840 0900 0955 1.00
af.das, 3.30 440 430 360 300 250 195 160 120 080
32 af/a8, 106 141 138 115 96 80 62 51 38 26
Gravity term = 1.25 x k..,
125k, 0.96 0.74 0.55 0425 0325 0240 0175 0.125 0080 0050 0023 000
1-1.25 k. 0.04 0.26 0.45 0575 0675 0760 0825 0875 0920 0950 0977 100
G A 0.190 0413 0557 0666 0755 082 0873 0920 0950 0977 100
a1 aS, 4.00 3.60 2.40 190 L.50 1.20 1.00 0.80 0.60
32 af las, 128 115 7 61 48 38 32 26 19
w0 00 B i
;“ oo "J PvTRABLE aﬁ-lﬂ AT \'m
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Fig. 9.14. Pluid distributions in the Mile Six Pool after 100 days injection.

water saturation. as indicated by the dashed line in Fig. 9.9. This is
maamwmdw‘i Referring to Fig. 9.10, the 240-day front
& seen 10 occur at (0% water saturation. Owing 1o the presence of an initial
transition zone, the fronts at 60 and 120 days occur 2t slightly lower values of
waler saturation.

The much greater displacement efficiency with gravity segregation than
without is apparent from Fig. 9.14. Smthepumﬂﬂuywodkmﬁﬂy
e10 at 0% gas the recovery by
gravity drainage is 60% of the initial oil in place. Amﬂymmlm
sbility 0 il exists at even very low oil saturations, which cxplains why some
fickds may continue 10 produce at low rates for quite long periods after the
pressure has been depleted. The displacement may be calculated
mmﬂlwkmdmﬁtm&em
efficiency at Mile Six Pool with full gravity scgregation is in excess of

Area B

Recmery = A B " O 4T4%
1 the gravity segregation had been half as effective, the recovery would havd
h?:mm mtbuuymtympnon mcmuyuoddh-:beu
only 24%. These of the

od.lnmmofﬂ:wndodmphu.lhctmmodym;sh':o
| 52.4, 36,0, and 14.4%, respectively. Welge, Shreve and Welch, Kern, and
mmmmmmMmAMmmmam
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Fig. 9.13. Fraction of gas in reservoir stream for the Mile Six Pool, Peru.

for the Mile Six Pool, using Eq. (9.15), replacing water as the displacing fluid
by gas, or

-

= 5.615¢,1 (ift)
&dA. a8, /)5,

In 100 days, then,

- 5.6(5(11,6(!))([(0'(3{1)
© 0.1625(1,237.000) \aS,

x =324 (:‘sr) (9.26)

B

UMAECOVERABLE OR ¥pqtO AT 5,060 “‘

SATURATION
g
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Fig. 9.14. Fluid distributions in the Mile Six Pool after 100 days injection.

conmate water saturation, as indicated by the dashed line in Fig. 9.9. This is
gent at 2 water ion of 60%. Referring to Fig. 9.10, the 240-day front
is seen to occur at 60% water saturation. Owing to the presence of aa initial
transitioa zone, the fronts at 60 and 120 days occur at slightly lower values of
water saturation.
The much greater displacement efficiency with gravity segregation than
without is apparent from Fig. 9.14. Smoubepcnneab-hy:omluammdy

zero at 60% gas saturation, the maximum y by gas displ.
my&wn%d&emoﬂ-p{m Mualysomemllpum:
ability to oil exists at even very low oil which explains why some

fields may continue to produce at low rates for quite loag periods after the
pressure has been depleted. The displacement efficiency may be calculated
from Fig. 9.14 by the measurement of areas. For ple, the displ
efficiency at Mile Six Pool with full gravity segregation is in excess of

AraB 33
Arca A +Area B4 17+ 325

Recovery = =0.874, or §7.4%
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SCTTSATTT CUUTC TOCT)- SUTTCTITITCS T TCTICT 17 W I apjrear
the units, e.g MCF or MSCF, this refers to 1,000 standard cubic
feet.

is, molecules, and SCF.

TR

H l":.‘ Given: A 500 cu ft tank of ethane at 100 psia and 100°F.

%{@SOLUTIOH: Assuwing ideal gds belhavior:

-

L

100 x 500
Moles = 10.73 % 560 8.32
Pounds = 8.32 X 3.07 =250.2

Molecules = 8.32 x 2,733 x 10 =22.75 = I(F"

SCF = 8.32 % 379.4= 3157
ate solution using Eq. (1.4):.

_nR'T 832 x 10.73 x 520
= I = 14.7

* SCF =3158

7% Eample 1.1, Calculiting the contents of a tank of ethane in moles,

Example 2-5. A gas reservolr has an area of 4 sq mi and a net pay
thickness of 10 ft. The porosity is 10%, connate water is 25%, reservoir
temperature of B5°F, and regervoir pressute i« 700 psia. Calculate the volume
of gas in place at. 14 65 psinand 80" and ne gas remaining-in place when
the reservelr pressure has been weduced o 50 s The'gas composition is
given as mass fractions 1 the following tible’

) 5 3 4
Mass Malecular Maoaie
Component Fracha . Waight Moles/) Fraction _.-_-
Mothane (C,) 05 15042 863 D473
Ethane (G} 005 30070 0.02100 ool?
Propane {C.) 002 44.097 000045 0107
n-Butane {c-Ca) 001 58,123 000017 0.003
Total 100 0.06021 1000
5 1,007 b
Molecular weight = o = —=_ = e oy b
moles  0.06021 : N
@ |16.043 M
® = . 3 ® = @ _oosssn
&) O.0Loa)  ©:.0kda)

= ledd

=omgé‘




Gas Density

Fime! e velmme of Hiree pemmds ndutans &t 120 F and 60 psld

M PV = n.R.T, V = n.R.T/P
" ass
* Density = m/M.W)RT
¥ Volume Ve = ___P_( W)

=nM/V Vin (3/58.123) (11:;;3)(12 0+460) =5.35cu.fi

= PM,/zRT
* Gravity(y,) = My/My,,

=M,,/28.97 [Find (he denslity of taree peunds nbutzne &t 120 F and €0 psiq
Density = m/V = Q’%ﬂ
Density = mm“‘f’”"”) = 0.5616/ cu. ft.
Gas Deviation Factor

PV = n.R.T, V = n.R.T/P

v, = @M.W)RT. (1lb-mole)(10.73)(520)

= 60 : ik 2

=379.4scf | Ib — mol i 33 E s :
s | ’I LEE bke == z e
i f
is the velume per ehe Uunit masy £ g
v=Vm= KD 1 g H

= P*MW " density

V= osgy = 1T0cu-ft1b. r*f‘"_.___m .

-t

Wi

Tcrmod pusesic Properties of Rescrve__ luids =
T T, Fig.23. Schemaric of the bebavicur of
it 4 #he gas devicsion factor (1) a1 differess
// lemperatsres. Ty = Bople inversion
p’ towperaoare
G sompie.
mesarwerd
- e ot ey
IDEAL Gas
Pv= nRYT
-
ﬂfj | vt
“ermeovcl
PRESSURE. P
Pv= 2ZnRT
2 = TV
WRT
w2 X ‘:;?::m*"'
Vidad 3 ;

Gas Compressibility Factor

actual

¥

ideal




Gas Compressibility Factor

Since the volume of a gas will be less than what the ideal gas volume would be, the gas is said to be supercompressible. The number, x,
which is a measure of the amount the gas deviates from perfect behavior, is sometimes called the Supercompessibility
Factor, usually shortened to the Compessibility Factor. or Gas Deviation Factor. The z — factor must be
introduced into Equation 2-1 to account for the departure of gases from ideality. The equation has the following form?
pV=znRT = mRT (2-11)
Where the gas compressibility factor z is a dimensionless quantity and is defined as the ratio of the actual volume of n-moles of gas at T
and p to the ideal volume of the same number of moles at the same T and p:
V

A\’ I AN
Vactua (IIRT) /p

ideal
Studies of the gas compressibility factors for natural gases of vartous compositions, for most engineering P
purposes, the two dimensionless properties have 1o be applied.
@® Pseudo-reduced pressure P —P

(2-12) T

[® Pseudo-reduced temperature T, = _T

Pc

analysis on the raw data and obtaincd the following equations over the rnge

of specific gas gravitics with which lie worked—0.57 <y, < 1.68:
Pre=756.8= 1310y, - 3.6%; (L8
T, = 169.2 ¥ 349.5v, — 74.0y; (19

tlaving obtained the pseudocritical values, the pseudoreduced pressure and
temperature are calculated. The gas deviation factor is then found by using the

correlation chact of Fig. 1.5.
Example 1.2. Calculating the gas deviation factor of the Bell Ficld gas
from its specific gravity.
Given:

Specific gravity =0.665 -
Reservoir temperature = 217°F
]Rucnmr pressure = 3250 psia

Sorunion: From Fig. 1.4 the pseudocritical pressure and temperature «
{are
. Pe=668psia  and e = 36°R

Using Eq. (1.8) and (1.9), the pseudocritical values are
Pre=756.8 — I31.O(.665) — 3.6{.665)° = 668 psia -
T = 169.2-F 349.5(.665) — 74.0(.665)° = 369" .

iI"ut 3250 peia and 213°F, the psevdoreduced pressure and temperature are

. L3290, -0 - =
B " MmN TR T Tre

Eater Fig. 1.5 with these valucs. Find z =0.9i8.




Gas Compressibility Factor

Since the volume of a gas will be less than what the ideal gas volume would be, the gas is said to be

mpressible. The number, z,

which is a measure of the amount the gas deviates from perfect behavior, is sometimes called the Supercompessibility

Factor, vsualy shortened ta the Compessibility Factor, or Gas Deviation Facior. The z ~ factor must be

introduced into Equation 2-1 to account for the departure of gases from ideality, The equation has the following form?
pVY=znRT = mRT (2-11)

Where the gas compressibility factor 2 is a dimensionless quantity and is defined as the ratio of the actual volume of n-moles of gas at T

and p to the ideal volume of the same number of moles at the same T and p:

z = = V = V
Vactual (nRT)“_/p

ideal
Studies of the gus compressibility faciors for naturnl gases of various compositions, for most engineering
purposes, the two dimensionless properties have to be applied. P
@® Pseudo-reduced pressure Por ———'P
== pc
(2-12)

|® Pseudo-reduced temperature T ="/

.02 &1 5. Review of Gas Properties 7
— o
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Fig. L4, Pscudocritical properties of natural gases. (Afier Sutton.™)




Gas Properties from Gas Composition

Ye = f_Zl Yei(yi)
Tpe = i; Tei(yi)

Poc = ltzl Peilye)

NHV 2_‘,1 NHV,(y,)

GHVD = ‘_Zl GHVD;(y,)

Esample [.3. Calculating the gas deviation [acior of the Bell Field gas
from its composition. . :

Given: The composition Col. (2), and the physical data Cols. (3} to (5)
taken from Table 1.1,

|
® (';li:a 3 \ 'q;Pf; i;ﬂ;‘;

il , ® Mole Mol ) (47} 6) (7)
Component W Fracr.  We  p, T @xGl @xE @ xo)
Methane 08612 16.04 &3 M3 I138I 579.59 29530}
Ethane ° 0.0591 0.07 WR 550 1.78 4184 3251
Propane 0.0358 4w 617 666 1.58 200 23.84
Butane 00172  58.12 550 766 1.o0 9.46 13.18
Pentanes Q0050 7215 M0 86 036 2.45 423
0, 00010 4401 1070 S48 004 1.07 0.55
N; QU7 2802 092 21 058 10.18 470
1.0000 19.15  666.68 4.0

Sowumion: The specific gravity may be obtained from the sum of Col,
(6), which is the average molecular weight of the gas,
19.15

=gy 7 0661

The sums of Cols. (7) and (8) are the pseudocritical pressure and temperature,
respectively. Then at 3250 psia awd 213°F, the pseudoreduced pressure and
temperature are

3250 3
7 i Lt v

.80
The gas deviation factor using Fig. 1.5is z =0.9L =
Wichert and Aziz have developed a correlation to account for inaccuy

Lariss iy




The sums of Cols. (7) and (8) are the pseudacritical pressure and tcmperature,
respectively. Then at 3250 psia and 213°F, the pseudoreduced pressure and
temperature are

3250 673 :
o T T
The gas deviation factor using Fig. 1.5 is z =0.9L e g

Wichert and Aziz have developed a correlation lo account for inaccu
racies in the Standing and Katz chart when the gas contains significant frac-
tions of carbon dioxide (CO,) and hydrogen sulfide (H,5).” The Wichert and
Aziz correlation modifies the values of the pseudocritical constants of the
natural gas. Once the modified constants are obtaincd, they are used to calcu-
fate pseudoreduced propertics as described in Ex. 1.2 and the z-factor is deter-
mined from Fig. 1.5 or Eq. (1.10). The Wichert and Aziz correlation equation
is as follows:

e=120(A"" — A% + [5(8°* - 89 (1.15)
where,
. A =sum of the mole fractions of CQ; and H;S in the gas mixture
B = mole fraction of S in the gas mixture

. The modified pseudocritical properties are given by:

Ne=T.—e¢ (1.15a)

1 Pre== Pecdy o
i "= (T + B(L- B)e) (1.15h)

5.5 Isothermal Compressibiiity

Th‘c changc in volu'mc with pressure for gases under isothermal cond
which is closely realized in rescrvoir gas flow, is expressed by the real g

V=an T

or V"= constant x =

Sometimes it is useful to introduce the concept of gas compressibility
must not be confused with the gas deviation factor, which is also refen
as the gas compressibility factor. The above equation may be differen
with respect to pressure at constant temperature to give

dv qu'Tii _amR'T
dp p dp ‘

r
_(an'I)ldz (an'r) I
Y e L il -
p Jzdp piny A
o Lodv_tde 1
% Vidp zdp p
Finally, because
1dV
& e Y
V dp
& etz :
-~ p zdp (

For an ideal gas z = 1.00 and dz/dp = 0 and the compressibilityis simply
reciprocal of the pressure. An ideal gas at 1000 psia, then, has a co
pressibility of 1/1000 or 1000 x 10" psi~'. Examplc 1.4 shows the calculati
of the compressibility of a gas from the gas deviation factor curve of Fig.
using Eq. (1.19).
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Figure 3-1. Correotiom factor chatt for sour gases (cowtesy of GPSA)

Exasmple 4.2. Given the compasition of wmixture 1£ shown on Table 1.6, fiud the
<ompressibiliny facsor 21 1623 psia (11.208P3) 3nd 100°F (37.8°C). The meassced

Z 3 0.F21). The the Weitha! mud Aziz adjnament facior method [4-76] and the
Swnding and Kz cean.

Solution. hmhhevqal crmicu) Iomperzure andd pressine data in Table 4.4, Then.
for the mixtore 3« showw in Table 4.6
anFr' 19 tradxlrmﬂmadmufa:- using QO
:di!-(mxhﬂmm = The

angd pressste ave

T.=T, =€ = 3815 - 20 = 363 5R

Lt F48.3 % 369.5
P = s ’
FT R IR B | 45 T 00730 - 00735 > 39 0o PSR
M.ﬂ:mamﬂmt-ﬂmrm :
LE. B L ()
Tiwe- - 153 oy e S
T s e TR i

TABLE
Htoie fractions and critical properties for mixture 15 & = °-°'ﬂ‘
Compuaent - § IR 3T, F,, psia .
Na 0081 269 . ] 4.0
i £33 3433 2850 6731 389
Q0. el 439 0.7 1073 ™3
& a0 w3 21 7083 9.2

a3s 6724 »Na 1306
c Y @4 _ea

Te SR Te 7383psia

q [0 3

€, =120(. \%1‘«-.\%1\)1&("*— .on's>
< o

Te = \.S& ,?‘- = 2.39

F'\‘S-Lj = Za=0%2




6..GAS FORMATION VOLUME FACTOR

P.zT
- L

V,

Reservoir

(anTIP)R X
B - V - RTI ) ESErvoir
g std.Cond.  @RT/P)g cona.

= 0.02829 z*T/P cu.ft./SCF

= 0.00504 z*T/P  bbl./SCF
= 35.35 P/(z*T) SCF/cu.ft.
= 198.4 P/(z*T) SCF/bbl. m

TABLE 2-2. Propertics of different natural gas constituents

Constituent, § T L b NHY, GHY,
Nitrogen, N\, 05672 227.30 4G3.00 O o
Carbon dioxide, CO, 1.5195 547.60 1.071.0 Q ]
Hydrogen sulnde, H.S 11765 7240 1.306.0 S585.0 6i7.0
AMethane, €, 4,55%9 4304 667 .8 909.1 1.009.7
E£thane, 10352 549.70 07.8 16178 17688
Propane, C; 1.5223 663,68 A6 2 M6l 25174
Isobutane, -, LIK6GS 734463 529.1 50011 3,252.7
N-Butane, n-C; 20068 765.32 550.7 30104 3,262.1
lsopentane, 3-C. 24911 828.77 4904 16883 4,66 3
N-Pentane, n-C; 24911 BAS A0 4866 3.707.5 40095
N-Hexane, a-C, 24753 91340 4369 4403.7 4,750.1
N-Heptane, n-C; 34596 97230 3968 5.100.2 5,502.9
N-Octane, n-Cy 39439 1.023.89 isle 5.796.7 6,249.7
N-Nonane, n-Cy 414282 1.070.35 V20 64933 69966
N-Decane, n-Cy 449125 1L11L.BO 3040 7.18686 74423
Chaypen, O, 1104 ITR AN 79 1] O
Hvdrogen, H, 006960 59.50 188.1 254 324
Helium, He 0.1380 9.50 339" 0 o
Water Vapor, H,O 0.6220 L165.30 3,208.0 a Q@
GHVW = 0.9826(GHVDI (2.22)

where v, is the mole fraction of the ith component in the mixture, ¥, is the gravity of the Ith
ocomaponent, T, is the critical temperature of the ith compaonent, p,, is the critical pressure of the ith
e SRS o ke oo b ipoaalue ol the gt Lin BTUASCE aod GERT o ihe onas




The reciprocal of the gas formation volume factor is called the gas
expansion factor and is designated by the symbol E, or:

s, =35.37 B, scf/f® e
E, s (2-55)
In other units:
p
=198.6 2, scf/bb : X
Eg=198.6 . scf/bbl (2-36)
Example 2-12

A gas well is producing at a rate of 15,000 ft’/day from a gas reservoir
at an average pressure of 2,000 psia and a temperature of 120°F. The spe-
cific gravity is 0.72. Calculate the gas flow rate in scf/day.

Solution

Step I. Calculate the pseudo-critical properties from Equations 2-17 and-
2-18, to give:

Tpc=395.5°R  p,. =668.4 psia

Step 2. Calculate the p. and T

. 2000 5.0
#6634

600 . .

=152
Te=3053

Step 3. Determine the z-factor from Figure 2.6:
z=0.78
Step 4. Calculate the gas expansion factor from Equation 2-33:

2000
(0.78) (600)
Step 5. Calculate the gas flow rate in sef/day by multiplying the gas flow

rate (in ft’/day) by the gas expansion factor E, as expressed in
sci/fe:
Gas flow rate = (151.15) (15,000) = 2.267 MMscf/day

B,=35317 =151.15 scf/ft®




55 momermal comresstitty (535 |sothermal Compressibility:
The change in volume with pressure for gases under isotftermal cond
which is closely realized in rescrvoir gas flow, is expressed by the real g

R
V=z—"—rur V'=constant x =
r A P

Sometimes it is useful to introduce the concept of gas compressibility
must not be confused with the gas deviation factor, which is also refen
as the gas compressibility factor. The above equation may be differen
with respect (0 pressure at constant temperature o give

dV _nR'Tdz 2nR'T 1 1 dZ

g p dp p?
(an' ldz fznR'T\ 1 g p—" rRETTER
=f|—] e - | —— X —
p Jzdp

I3 P 5 g e
e = p5-%-+ |sothermal cﬁmmssﬁﬁlw
Finally, because
e=p Cpr

awl il

-t p zdp -
For an ideal gas z = 1.00 and d2/dp = 0 and the compressibility is simply pc
feciprocal of the pressure. An ideal gas at 1000 psia, then, has a co

ility of 171000 or [000 x 10~ psi~'. Example 1.4 shows the calculati
the compressibility of a gas from the gas deviation factor curve of Fig.
ing Eq. (1.19).

| Example 1.4. To find the compressibility of a gas from the gas deviation
!hﬂw:-.rw.

Given: The gas deviation factor curve for a gas at I50°F. Fig. 1.6.

Sowumon: At 1000 psia, the slope daidpr is shown graphically ia Fig. 1.6
as — 127 x 10 Note that this is a ncgative slope. Then, because 2z =0.83:
1 1 =
<= o000\ 127X

= 1000 x 10 *+ 153 x 10~* = 1153 x 10~ "psi *
At 2500 psia the slape dz/dp is zero, so the compressibility is simply:

SLOPE AT 1000 PRA

100 “-%--azr-n‘l’:&’“-ﬂ

|

3000 4000 3000 G000
PRESSURE, PSIA

Fig. L.6. Gas compressibility from the gas deviation factor versus pressure plot. (See
Example 1.4) )
At 4300 psia the slope dz/dp is positive and as shown in Fig. 1.6 is equal u
110 x 10~ %psi~ . Since z = (.90 at 4500 psia:

1 1 -
- — 0= [0
€= 3500 o0 (10

=222 % 107" = 122 > 10 % = 100 > 10" *psi *
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GAS VISCOSLTY

Viscositv of natural gases. stmbol p,, ut resenoir pressure and tempea c stimuated
from correlations developed by Carr ¢t al. and '*rcxcnwd in Figures 2—3 and 2-5." Thie correlations
require gas gravitv or molecular weight. preudoreduced pressure and temperature. and reservoir
pressure and temperature. If the gas contains any contaminant gases. the viscosity read from Figure
2-4 must be corrected using the correction factors trom the insers. The correction factors may be
calculated using Fquduu'b rl.lnl through (2.15¢). The gas viscositv is reported in centipoise (cp)

B % v oo BV (7701000 0 i‘eservou Temg‘

Seep 1. Lsing gas "r.nn\ or nm.....ula. weight (MW = ~  x 28.97) und Figure 243
viscosity (§t,) at atmospheric pressure and reservoir temperature

Step 2. Correct (py) for contaminant gas, it any, u-.:in: insets in Figure 2— or Eguations (2.15a)
through (2.155). Corgected b, = p, lur._n'T ed) =N correction — H,S correction + CO.
comeion. 2. C OTTECE u for sour gas

Step 3. Read viscosiny ratto (/) from Figun ]5 and convert gas visco 4t almospheric pressure
{from Step 1 or 2) to reservoir pressure using the following equation.

gas

= (W) X @ (2.15)

3Read.pqdpand cal. e b g ] he s viscosty ez one

-ﬂml‘l?ﬂt'fl mn Lk"!‘ll‘.!‘k‘l'L. EL}U ations used o compuic correction factors are:

N:correction = .. 848 ¥ 107 log (y,) - 239 x 107} (2.15a)
CO; correction = v, 9.08 ¥ 107 og (v,) + 6.24 x 1077 (2.15b)
H.S correction = v 849 % 10 log(v,) + 3.73 % 10 ° (2.15¢)

Example 2-5. Estimate gas viscosity ., for the gas in Example 2-3.
Solution:

T. = 1.6%

P = 3.54

¥ o= 07

pr = 2,500 psia
1 180°F

Step 1. Read p, from Figure 2-4. using v, = 0.70 and T; = 180 °F.
w, = 0012 «¢p

Step 2. No contaminants are present, 0 proceed to Swep 3.

Step 3. Read the ratio (/) from Figure 23, using T.. and p;.. Compute p, using Equation (2.15)
as

W, = 1.48 (from Fig. 2-3)
P, =148 x 0.012
= 0.01776 «¢p
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Figure 2-5. Fflect of pressute ard temporatute on g viscosity (4 SPE. Trans. ADIE. 199

e | FiN Wi @ atm P, reservoir Temp]
::mia&-m Rand by ol ATM Fiy 14

coreedtion g 2 25C0ITECE U4

d‘“l. NJ-) H;S“f

om pramitin[OT SOUT ZAS

=>lkp X
m(ﬁ_\m 3.Read p,/p and
Fiy 110 cal n= ul*(u/ul)
Tren cal. pn
Pt

= pe (B

#e = 0.0117 cp 32 ome stmosphere (Fig. 1.9)
‘Comection for C0.=0.0000 cp (Fig. 1.9, imser1)

w2 = 00117 + 0.0003 = 0.0120 <p (corvected for OO}
£-Bere £ 2B,

3 =
Bl = 160 (Fg- 1.16)
o .60 0.0120 = 0.0192 cp at 21TF and 2608 puia




The Lee-Gonzalez-Eakin Method
Lee, Gonzalez, and Eakin (1966) presented a semi-empirical relation-
ship for calculating the viscosity of natural gases. The authors expressed

the gas viscosity in terms of the reservoir temperature, gas density, and
the molecular weight of the gas. Their proposed equation is given by:

Y
p
u,=10"" Kexp [X (_L62.4) ] (2-63)

where

g 94+002M,) T

2-64

209+19M,+T } )

X=3.5+§§+0.01M - (2-65)
T 3

Y=24-02X (2-66)

oy P=2680 psia T =672°R

Given: !
Reservoir = 2680 psi 'y % »
mesmernris ESAOMNT 6 |
Well fluid specific gravity = 0.90 (Air = 1.00)
Wmmmmtm 7 :O. 82
s 'm"'mm j-?:;t- Step 1. Calculate thie gas density from Equation 2-16:

(268t (26.1)

- =11.83m/6°
P~ o6 208D

Step 2. Solve for the parameters K, X, and Y by using Equations 2-64,
2-65, and 2-66, respectively:

Y
= p (9.4+002(26.1)] 672)*°
=10 K x| = =125.5
He “"[ [au] ] K="205 + 826104672 ~ 12

whers X =35+ ,001(26.1)=523
672

_(94+002M)T"

209+19M,+T Y=24-0265.23)=1.354

Step 3. Calculate the viscosity from Equation 2-63:
X=3.5+%+0.01M,

354
3 11.83 Y
= 55 gag i 2 [ 2
=107 12 _)cxp[ 13(62.4 ] .022 cp

¥Y=24-02X




P = 225 density 2t reservoir pressure and temperature, Ibife®
T = reservoir temperature, °R
M, = apparent molecular weizht of the 2as mixmre
“The proposad correlation can rredict viscasity values with a standard
daviation of 2.7% and a raximum deviation of 8.99%. The correlation is
1255 pecuraic for gases with higher specific gravities. The authors pointed
out that the method cannot be wsed for sour gases.

Example 2-14

Rework Example 2-13 and calculate the gas viscosity by using the
Lee-Gonzalez-Fakin method.

Step 1. Calculate the gas density from Bquation 2-16: P=2000 pSia

- QoL (035) _ 3 .
""(10.73;(600)(0.73) e Ma"‘z O . 8 5
Siep 2. Solve for the parameters K, X, and Y by using Equations 2-64,
2.65, 2nd 266, respectively:

L T =600°R
M,=20.85

x=35+%+om (20.85)=5.35
Y=24-02(535)=133
Step 3. Calculats the viscosity from Equation 2-63:

83 133
}l£=lﬂ"'(llg.72)exp[5.35 (3—2:) 1:0.0173.:9

P = g2s density 2t reservoir pressure and temperaturs, I/&?
T = reservoir temperature, °R
M, = apparent molecular weight of the gas mixture
“The proposed comelation can rredict viscosity values with a standa-d
deviation of 2.7% and a manimum deviation of 8.99%. The correlation is
less acourai- for gases with higher specific gravities. The authors pointed
out that the methed canno! be used for sour gases.

Example 2-14

Rework Example 2-13 and calculate the gas viscosity by using the
Lee-Gonralez-Eakin method.

Step I. Calculate the gas density from Equation 2-16:

p, = O (2045)
7 (10.73)(500) (0.78)

Step 2. Solve foc the parameters K, X, and Y by using Equations 2-64,
2-65, and 2-66, respectively:

9.4 +0.02 (20.85)] (600)°
209 + 19 20.85) + 600

=33/’

=119.72

X =3j+%£— +0.01 (20.85)=35.35
Y=24-0.2(5.35)=133
Step 3. Calculats the viscosity from Equation 2-63:

1
1,210 (119.72) exp 5,35 [B%) m]-mm o




1.Find p, @ atm P, reservoir Temq

s == 1.1, =0.0114 cp.
Fnia 2.Correct
|2 for sour gas
- B T =600/395=1.54
: P, =2000/670=3
§ |
F{i B Read 1 /p = 1.47 and
e p= (W)
T e T = 1.47%0.0114=0.017 cp

| Homaperrement

i b i ibiiis

p= B :pbr o)




LIQUID PROPERTIES
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where,
AN Y= AT = 001250, 1
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previously releosed

] Spoce ccoupied by gas on
v B\ pressure reduction

@«
<
:-L_) w; R‘!‘I"'E‘Q
. N [%| Peteve
W N W 1
. \l “Yoe % %
0 1 : all .
Pressure—s
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Plasse Volo ' at g

ard V, = 2
o v & (see Fig a6n). -

B, =+ BAR,.— R,.) (1.28)

Above the Lubblc-poinl. press = R, — KR.» and the single-phase and two-
phase factors are equal. Below the bubhle paint. however. while the single-
phasc factor deorcasces as pressure decreases, the two-phase (actor inceeascs
owing to the sclease of gas froon solution and the continued expaasion of the
gas refeased fronn solution.

The ﬁnglc»phn_we nnd two-phase volume factors for the Big Samndy reser-
increases and the pressurce consequently muoast decreage. At 2500 pein. which
i= the bubble-point pressurc. the 1 volume has expanded ta 1.333 bbl.
Below 2500 peia. o gns phase appenrs and continues 1o grow as the pressure
dectines. owing 1o the release of pas fom solution and the expansion of gas
already released: converscly. the lguid phase shrinks because of loss of solu-
tion gas, 10 1. 210 ) ar 1200 pin. At 1200 psin and 16071 1he liberated gas has
a deviation factor of (L89G, and therefore 1l as voalune factor with reference
o standard conditions of 14,7 psia macd 60 ix

2 _-71[71"771 lLi{\X! > JILT73X > 620

8, 7 = RAT9.A > 1200
— (LU 3N cu (USCE

= O AO2316 bSO

Figurc 1.11 shows an in 1 solution gas of 567 §
SCE/STI. the difference 2300 17 heing the gas
The volume of these 230 SCT is

/STB and at 1200 psia 337
iberated down o T200 psin.

V= 230 ¥ 0,013 — 2. 990 cu-1t

This free gas volume. 2 990 cu f1 or (L5533 LLLL plus the liguid volume., 1.210 bbi,
is the total volume. or 1.743 BHUSTHB—the two-phase volume.factor at 1200
psia. It may also be oblained by Eqg. (1.2R8) as:

= 1.210 + 0002316 (567 — 337)
= 1.2100 ¢+ O.S33 — 1.743 bBLI/STHB
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B, =, + BAR,.,— R,.) €L.28)

Abave the Lubble-point. pressure R, — &% and the single-phase and two-
phase factors are equal. Below the bubble paint. however. while the single-
factor decreases as pressure decreases, the two-phase factor increases
owing 1o (he selease of pax rom solution and the continued expansion of the -~
2as released fromm solution.
The =ingl fiase aned two-ph ] factors for the Big Sandy reser-
increases nnd the pressure consegquently must decrease. At 2500 pein, which ‘

iz the bubble-point pressure. the liquid volume has expanded o 1.333 bbbl
Below 2500 psia. a gas pha<e appenrs and continues 1o grow as the pressure
declines. owing to the reloase of gas irom solhution and the expansion of gas
already refeased: conversely. the liguid phase <he = brrause of loss of solu-
tion gas, 10 1210 DHY ar 1200 psin. A 1200 psin and 160017 1he Jibe wed pax has
a deviation factor of LR850, and therefore the gas volume factor with reference
o standard conditions of 14.7 psia and of is

-

_ IR OHB0 > 10.73 > 620

” 379.a = 1200
= O0.01300 cu (USCE
= .O02316 bbBU/SCE

n,

Figurc 1.11 shows an in on gas of 567 SCF/STB and at 1200 psia 337
SCE/STHB. the difference 2 I being the pas liborated down to 12000 psin.
The volume of these 230 SCF is

8L — 230 >~ 0LO13HY — 2,990 cu-ft

This froe gas volume. 2. 990 cu 1 or (.533 bibl, plus the liquid volume. 1.210 bbl.
is the ol volume. or §.743 LLHSTB—the two-phase volume.factor at 1207
psia. It may also be obtained by Eg. (1.28) as:

7, — 1.210 4+ 0002316 (567 — 337)
= 12710 4 0,532 = 1743 LLUI/STHB
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O formation volume factor. symbol B,
is defined as rhe ratio of the liguid volume at
Teservoir conditiens to the liquid volume st ftocks
tank (standard) conditions. This factor is used 10
convern reservoir barrels to stock-tank barrels.
Figure 2-12 or Equation (2.36) developed by
Standing is used to estimate B, at or below the

pressure,

bubblepoint ) PR
‘““)‘ £ 1175 Bmw B&
. =y I_4_7 TE = 3
B, = 0972 + - [(3,) \/m ; l‘.2>(Tal] . )

“h2ie Be, is she formaiion volume factor at the bubblepaoint pressure (s) in RB/obl and Ty, is reservoir
emperature in °F. If the reservoir pressure is above the bubblepoint pressure, then Equarion (2.37)
is used to compure B, This equarion requires oil isothermal compressibility 1o be discussed in the
next seccion.

B, = Bugiih ™ AB““ BIP

where B, is the oil formation volume factorar P22 p.inRBMbland e, isthe oilisothermal compressibility
in 1/psia.

(2.37)

- kg
6. Review of Crude Qfl Properiies

1200 psia. At 14.7
Figure ") shows these separate and total volumes at
: :-;'ll.sdﬂ‘F“J (D). the pas volume has increased o 676 cu Tt a-:mnue ?‘ﬂ
P-whmhsm to 1.040 1ibl. The total liberated gas volume, N ;u N
160PF and 14.7 pria, is converted 1o standard cubic feet al 60°F and 14.7 ps;l
:i-gllneiukal gas law to give 567 SCF/STB as shownin (E). Corrqnndm'lb y
1.040 bbl 31 160°F is converted to stuck tank conditions of 60°F as shawn by
i STB in (E).
" ('1!:::, -t |mto¢mﬁ:-m\1:::: l'.::m) may be cstimated from :,l:le
i i . the API gravity of the tank oil,
solution gas. the gravity of the g:ﬂ-uon gas & pe s“mﬁ--&“ qu..
and sodarvilc lcmpestiors wdag & carreintons py

e ; ‘%m"l:mdu j

B, =0.972 + 0.000147F' "™ (1-29)
.

F-g,(‘!e]’:p 1.25T
= ; 1415
7. = oil specific gravity <37~ —

T = temperature. °F -

etror d i lation with |I|¢nnted-|lhue_ 5
:hy Mu‘ Beges inhd:m e gas-ratio lation was L1797
T p > &

B8, =B exp [clp—p)] o (1.30)

where, -
B = oil formation volume factor al the bubble-point pressure
¢, = oil compressibility, psi~*

able iation i ir fluid

_Zshuwsﬂsemmlhewm_lmenflms

‘Cdﬂli:‘t' lalthe' bble point of 2695 psig, as measured in the
= These relati ! 1 (RVF) may be converted tu. fo-_'-
ol if the jon volume fagtor at the bubble point is




. : A Vity and crude ¢
vater = 1) are relared by the fallowing cql.ia(ionf.

141.5
e
1315 + APl
API E“Am O 14.;5 .

OIL DENSITY DETERMINATION

The knowledge of oil density at various reservoir pressures and a reservolr rempemaure is
guired for most resenvolr engineericg calculations. An equation for oil density is

P 3507, + 0.0764+R,
¢ 5.6158,

aere 350 = deasity of water at stacdard conditions (RvSTB). p, = oil density (Ib/(t’}. R, = solution
dissolved gas (SCF/STB), and 0.0764 = density of air at standard conditions (b/SCF).

 thie case when Py = py. the p, is given by
Ps = Pa exp [cdpa — pul]
DISSOLVED GAS/OIL RATIO

To estimate oil viscosity and formation volurne factor at resenvoir pressure below the bub-
epaint pressuce {Px < Pyh. the free gas must be considerad. The gasivil matio below the bubblepoing

bll'lllllﬂ! CHANGE FROM STANDARD TEMPERATUE

Vy =V[l+ B(T - 60)]

Vigo = Veo[1+0.0004(160 — 60)| = 1.047,

__MASSingm. _ 1415
" VOLUME.incc 131.5+°API




§ 2
correlation gi results for the following ranges of data: 5 effiect of solution gas. Egbogah lation for dead oil at [ ]
e el § or equal to the bubble-point pressure is
126 < p (psig) < 9500
1.006 < B, (bbUSTB) <2.226 loguliogulia + 1)] = 1.8653 — 0.025086p, an — 0.5644lcg(7) (134
9.3<GOR, gas-oil ratio (SCF/STB) <2199 ki
ogﬁ:"‘;"ig;m(”"s U e dead oil viscosity, p
e T = temperature, °F
6.4. Viscosity The Son was devel
- ped from a datsh: the i
The viscosity of of under reservoir conditions is ly d in the ranges: & Cutat e following}
laboratory. Fig. 1.14 shows the viscositics of four oils at ir tempera-
uu.lhmnmdhdﬂbubbk—pdﬂ!mﬂdwﬂle_h_bbhpmﬂ.\hc N<T(F <176
Mydmmuﬁ&imﬂmmqhhmmnf!a i S Tow (F)< 5
mmmmmmmmmmqwmﬁ o
i ing pressure. 5.0 <p, an (CAPT)<58.0
When it is necessary 1o cstimate the viscosiry of reservoir oils, correla- y 3 e
tions have been developed for both above and below the bubble-point pres- . Beggs and Robinson™ developed the live oil viscosity comrelation that
sure. Egbogah p da {ation which is o an average error is used i conjunction with the dead oil correlation given in Eq. (1.34)
of 6.6% for 394 different oils.” The correlation is for what is referred to as =
“dead™ oil, which simply means it does not contain solution gas. A second Bo=Apoy (1.35)
jon is used in conjuction with the Egbogah lation 1o include the
.' Ihﬂg,
A =10.715 (R,, + 100) -5
B =544 (R, +150)- 2™
The average absolute error found by Beggs and Robinson while working with
2073 oil samples was 1.83%. The oil samples contained the following ranges:
— ¥
N1 : 0<p (peig) <3250
8 W<T (F) <295
A 20<GOR, gas-oil ratio (SCF/STB) <2070
H 16<p.an CAPI} <58
_— y For pressures above the bubble point, the oil viscosity can be estimated
k_ by the following correlation developed by Vasquez and Beggs:
L o
i . D ‘% = s (plpa) (1.36)
) where,
e m=2.6p"" exp [~ 11513~ 8.98(10)* p]
Fig. L.14. The viscosity of four crude oil samples under reservoir conditions. s = 0il viscosity at the bubble point-pressure, cp

[B- Raviow of Crucs U8 Properies

Y : o
of soluti . E b i 'P
P e AR T

] ogsflogalie.. + 1)] = 18653 — 0.025086p,. nr — 0.564410g(T) (1.34)
3
{where,
oy = dead oil viscosity. ¢p
T =temperature. *F

5.0 < peam CAPL) <580

'_l'h: coir C was ped from a datab containing the following
§ ® -

i 59 < T (°F) < 176G

H . —58<T,.. ("F)<59

i

Begys and Robinson™-** developed the live oil viscosity correlation that 2
is used in conjunction with the dead oil correlation given in Eq. (1.34; o ?°LIV\"‘

o= Apels 535’ (1.35)

jwhere, - P Pb
A = 10,715 (R,, + 100)~ "=

B =5.4% (R, + 150) °** g‘s“""&:a 3

The average absolute error founil by Begps and Robinson while working with
2073 oil samples was 1.839%. The oil samples contained the following ranges:

0= p (psig) < 5250

70< T (°F) <295

20 < GOR. gas-oil ratio (SCF/STB) «< 2070
16 < paars (CAPI) < 58

For pressures alove the hubible point, the oil viscosity can be estimated
: e o o

by the folfowing Beggs:

e = o (pipy )™ (1.36)
where, ? 7% %.*LF 'kd.
m=2.6p"" exp [~ 11.513 — BUR(I0)~% p] _

#es = 0il viscosity at the Lubble point-pressure, cp




= e —— e e T = |

absolute this correlation of Isothermal compressibility, .-
Vasquez and Beggs found an average error for i
7.54% for 3143 oil samples that iavolved the following ranges: e B
126.< p (peig) <9500 From Eq. (1.33):
0.117 < p () <148.0 N
9.3 <GOR, gas-oil ratio (SCF/STB) <2199 B (SRt 1727 — 1180y, + 12.61 py are = M33(p(10)))
153 < pusn CAPI) <595 €= (5(772) + 17.2(180) — 1180(0.80) + 12.61(40) — 1433 )/(4000(10)")
0.511 <y, <1.351 = 12.7010)"* psi-*
mm#mmw-dmmmhﬂ P =2000 psia (p <py)
—— et o From Eq. (132):
gl L Loy sicomuien: et 1n &= — 0.664 — 1.430 1n(p) - 03951 (ps) + 0.390 1n(T)
at pressures of 2000 psa. AR s
s T=180F 1n €, = — 0,664 — 1.430 1n(2000) — 0.395 1n(2500) +0.390 1x(180)
+0.455 12 (772) +0.262 1a (40)
=2500
:-m# & =183 (10) * psi*
Pusn=40APL 4 Formation volume factor, B,:
e p = 4000 psia (p >p)
SoLrTion: Solution gas-oil ratio, Rt From Eq. (1.30):

P =4000 psia (p >ps) 8,= By exp [epu—p)]

— e

Tk than the bubble-point pressure, R, = Rus, therefore . B, is calculated from Eq. (1.29)
from Eq. (1.26): B = 0.972 + 0.000147F™
where,
R Ru= l(lﬂ)';] o
¥, = 0.000917 ~ 0.0125%, o = C.00091(180) ~ 0.0125(40) = = 0.336 Fra()" e a5t
B R ml—’:ﬁ"-mm r:m({—%}“umum-m

B, =0.972 + 0.000147(985)""™ = 1.456 bbUSTB
B, = 1.436 exp [12.7(10) 42500 ~ 4000)] = 1.429 bbUSTB
P =2000 psia (p <py)

p = 2000 psia (p <ps)
K= ’{Titzlb')"] ""'{llum" SRS

Vasquez and Beggs found an averape absolute crror for this correlation o
7.54% for 3143 oil samples that involved the following ranges:
\
126 < p (psig) <9500
017 < e (7)< 1480
9.3 < GOR. gas-oil ratio (SCF/STB) < 2199
158 <p. an ("API) < 595
0.511< y,<1.351

The fi i 1 blen ill the use of lhr:wnhliunnhuluw
been p‘m foc the varivus ol propertics.

{
Exawple 1.7. Use of correlations to cstimate valwes for liquid propertie
at pressures of 2000 and 4000 psia.

Given: 1 2
T = 180°F
= P»™= 2500 psia
¥ = 0.80
Poar = APAPI
+. =085

Sorumion: Solution gas-oil ratio, R,.: i

p = 4000 psiz (g2 > )
hmmlhnlhb-hﬂe-mp!m - .!Euﬁm
frow Eq. (1.26): Ray = 0.0342%, B e?lsfnﬁ )

e i
¥, =0.00091T —0.0125, .,.-nmu(lm) 0.0I25(40) = — 0336
Ro= R""""[lmm—-m_l =772 SCF/STB
P = 2000 pn- r <,-..)
R.= v, “m’ . u{ mr" syoscr-asm

— 0.0552X0% (2005 O e ats \ = Sho P
S'rs
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fluid h:v'-u.ﬁndby:efuring!nﬁpl.l!_.vﬁdu:h._dn-_dn
MH..-i..,l'ludl.u.ﬁp l.lJ(A?}huthmm!m:w
iﬁlﬂymﬂuljlﬂbﬂdl&hﬂwm}dﬂmuuﬂm{
ksure of 3500 psiz and 160°F. Mlﬁ:phglswhdrm.uu_vdqu
leases and the pr quently must At 2500 psia, which
uwpm.mmmhwml.mw.
nlﬂpﬁ.lp#w-ﬂwﬂm'w-wc_pm!
.uﬁuhﬂeuﬂn:dplhwnhbluﬂﬁecp—wdp
nw;mu.ummmwaudm
up.m!.zmwxlxnpiLMmph-dlm&eth
mmam.-ammpmmmm
Ltandard conditions of 14.7 psia and 60°F is

aR'T  0.890 x 10.73 x 620
B=— " Imaxum
= 0.01300 cu fUSCF
=(.002316 bbUSCF
1.11 shows an initial solution gas of 567 SCF/STB and at 1200 psia 337

,mwmscruiuuepwm:nmﬂ;
volume of these 230 SCF is

¥, =230 x 0.01300 = 2.950 cu ft

hhis free gas volume. 2.990 cu ft or 0.533 bbl, plus the liquid volume., 1.210 bbl,
umﬁum,« 1.743 bbUSTB—the two-pliase volume factor at 1200
lsia. It may also be obtained by Eq. (1.28) as:
B, = 1.210 + 0,002316 (567 ~ 337)
= 1,210+ 0.533 = 1.743 bblSTB

g balos % m » o] » o
:.g"m i ;-ﬂ.;m AT PRA

£-1%00 PSIA  PuE00 PSA

-1 (]

TwieoT raot

Eaalanz ot

v

+ known. For example, if 8., = 1.391 bbUSTB, then the formation volume]
" tor at 4100 psig is

Figure 1.13 (C) shows these scparate and total volumes at 1200 psia. At 1
psia and 160°F (D), the gas volume has increased 1o 676 cu ft and the|
volume has decreased to 1.040 bbl. The total liberated gas volume, 676 cy
at 160°F and 14.7 psia, & dard cubic feet at 60°F and 14.7
using the ideal gas law to give 567 SCF/STB as shown in (E). Corresponding
1.040 bbl at 160°F is converted to stock tank conditions of 60°F as shown)
Eq. (1.27) to give 1.000 STB, also shown in (E).

The si formation volume factor may be estimated from

solution gas, the gravity of the solution gas, the API gravity of the tank
and reservoir temp usinga lation prepared G _oh*
P Standing’ for the oil formation volume factor in equaf
form as:
Forp =p,:

B,=0.972 + 0.000147F' ™ (1
where,

s
.F-R..(,k') +1.25T
= e | K ;

Yool mackc aaviy IS t
T = temperature, “F
The error d ined from this with the same datal

average
used by Standing and Beggs in the solution gas-ratio correlation was 1.1
Forp >py;

B, = B exp [cps=p)] Qa
where,

B4 = oil formation volume factor at the bubble-point pressure
€, = oil compressibility, psi~'

mation volume factors if the formation volume factor at the bubble pod

» Infroduction 10 Feservolr Engineering
TABLE 1.2.
Ralative voluma data

w @)

Prexssure, pug RVF* V.,
5000 L]
4700 0978
44 09799
4100 09529
3800 0.9862
3600 0.9886
3400 0999
o 0.9934
3000 0.99%60
2900 0.99m
00 0.9985
205 1.0000

¥, =volume relative 19 the volume at

the bubble-point premare V. Labotatory

data

6.3. Isothermal Compressibility

Sometimes it is desirable 1o work with values of the liquid compressibility
rather than the formation or relative volumne factors. The compressibility, or

the belk modules of elasticity of a liquid, is defined by:

14V

T Va [LB}]
Because JVidp is a negative slope, the pegative sign converts the compres-
sbility ¢, into a pasitive number. Because the values of the volume ¥ and the
slope of dVidp are different at each pressore, the compressibility is differeat
- ing higher at th Average shalies

may be used by writing Eq. (1.1) in the difference form as:

s o Ll

) 3n

The reference volume V in Eq. (1.31) may be ¥, ¥;, or an average of V; and
reported for refe to thy hat i

V. I by is, the
volume at the higher pressure. Thea the average compressibility of the fluid
of Table 1.2 between 5000 psig and 4100 psig is

0.9829 —0.9739

=T (5000 - 4100) 1027 X 107 P

i)

& Review ol Cruda Od Properties.
Between 4100 psig and 3400 psig,

0.9909 - 0.9829
0989 (@100 - 3400) ~ 1163 X107 pui™

And between 3400 psig and 2695 psig.

1.0000 - 0.
= 9900 (3 = 00107 gt

‘Awdﬂmxm‘n“-:-lh(hmdl
#Wdrﬂnwiﬁhum“hxnﬁﬁmd
ary 2 ¥ of oils from 5 10
100 x 10~ pai~", being higher for the higher APT or th
T o, ot e B higher gravities, for the greater
‘“mwawhmmnuuu&'m
e is good for p b Point pressure and is given

In(e) = - 0.664 - 1.430 Ln(p) - 0.395 ta(p,) +0.390 1n(T)
+0.455 1n(Rus) #0262 In(poan)  (132)
where,

T=F

The o
m“mm:mmhm-

3L0(10) "< c, (psia) < 6600(10)~*
500 < p (psig) < 5300
763 <py (psig) <5300
< T(F)<30
L5 <GOR, gas-oil ratio (SCFISTB) < 1947
60<p, xn CAPI) <520
058<y, <120

Vasquez and Beggs presented 2 correlation for estimating ;
hmmuu&ﬁm«um ""’_q':"ﬁl

&= (0 Ry #1727 — 1180y, + 12.61p, an— M3V % 10)  (1.33)




TABLE 1.2.

Retative volume data
«aj i
Prezsure, psig RVE* Y,
5000 09739 V'
A700 0.9768
09829 V.
3100 .

- o Ooeer W= vi
3600 0.9886 " 4
3400
= i -
3000 0.9960
2900 0.9972
2800 0.9985
%95 1.0000

- "M-:Khnntht&ul

the bubblc-pat pressuze Vi, labacatory
data

6.3. Isothermal Ccmpressibility
Somemnulludmnbk lo-uck-uhrluso[lhelqmdwcﬁhhzy

rather than the fo or factors. The compressibility, or
the bulk modulus of clasticity of = liquid, is defined by:
14V
c_-—T,‘,P a.n

Be:m:dvupuan:gum;hpc the negative sign converts the compres-
sibility <, into a positive number. Becnm:lh:valunol’ the volume V and the
slope of dVidp ave dJiff at each ihility is dilferent
at each pressure, helnghnglu(uulnbuet,_

P ibilitics
may be used by writing Eq. (1. 1} i the difference form 2s:
N Y N S :
R e 7 F%Q L),
» )
ThenfemuwhmeEq (ISI)mMH‘P&.Uan“
Kl"‘a“k P the smalles volume—that is, ib=
volame Hﬂu‘ "hmmen o of the fluid
gmlzm-mp.am-um;;: B\
('VL ¥
.9829 - O
€. 3479 ( 1027x 10" psi?

Between 4100 psig and 3400 psig,

~ 0.9909-0989 ¥ W Y
S DTS (4100 — 340y S 9P

t
1
{ | And between 3400 psig and 2695 psig.
i
- 10000 =08909 e,

! = 35909 (300 — 2695) 103 107" psi

A compressibility of+-13.03 X 10 *psi™" mcans that the solumc of 1
wiillion bacrels of reservair fluid will increase by 13.03 bbls for a reduction of
1 psiinp The P ibility of .| d oils 1ges from 5 o
100 3 10-° psi~ . being higher for the higher APl gravities, for the g
quantity of snlutm gn and fcr lligher lemperl(ults

Villena-Laazxi ia <, far black oils.* The
mmsgmdhrpttmmlkam:b-but re and is given
by: e L
An(c,) = —0.664 — 1.430 In(p) —0.395 lu(r) + 0.390 1n(7)
Wy 4 0ASS 1a(R,.) +0.262 1a(p, am) (1.32)

" & -

Tr="F [,
The fation was developed from a datal ining the following
fANges:

3LO(10) *=<c, {psin) < 6600(10) *
-- 500 < p (psig) < 5300
763 < py, (psig) < 5300
78 < T (F)<330
1.5 < GOR. gas-oil ratio (SCF ISTB)< 1947
6.0 < pars (CAPI) < 52.0
0.58 <, < 1.20

V-mnzandBcw d a correlation for ing the comp L

P above the bubbl point pr “"'%wglllkm is

T €= (5 Roa + 1727 — 1180, * 12.61p. an ~ 1433)/(p % 10°)  (1.33)




From Eq. (1.29):
B,=0.972 + 0.000147F"'"

0.80 \0s
= B/ = — —
F=R, (1—5)1.251 590 (0_825) +1.25(180) = 806
B,=0.972 + 0.000147(806)"'™ = 1.354 bbl/STB

Viscosity, p,:
p =4000 psia (p > p,)
From Eq. (1.36):
Ho = Wob (P/ps)"
m =2.6p"'" exp[— 11.513 — 8.98(10)°p]
m = 2.6(4000)"' exp[— 11.513 — 8.98(10) ~(4000)] = 0.342
From Egq. (1.34):
logioflogio(paba + 1)] = 1.8653 — 0.025086p, 4p — 0.5644l0g(T)
logioflogio(iees + 1)] = 1.8653 — 0.025086(40) — 0.5644l0g(180)
Hopa = 1.444 cp

From Eq. (1.35):

Peob = A Poha
A =10.715 (R, + 100) %5 = 10.715 (772 +100)~%** =0.328

B =5.44 (R,o; + 150)7°*% = 5.44 (772 + 150) "3 = 0.541
Pos = 0.328(1.444)°! = 0.400 cp
o = 0.400(4000/2500)"*4 = 0.470 cp
p =2000 psia (p <p;)
From Eq. (1.34), p,, will be the same as Hoba:
Hoa = 1.444 cp

Ko = A l-"gd
A =10.715 (R, + 100)~ %1 = 10.715(590 + 100) %55 = 0.370

B =5.44 (R,, + 150) %3 = 5.44(590 + 150) "% = 0.583
Mo = 0.370(1.444)*5 = 0458 cp




7. Boview Of FSSSICON VaisT PIOpEress ey
7. REVIEW OF RESERVOIR WATER PROPERTIES

The propertics of formation waters, like crude oils but 1o a much smaller
degree, are affected by temperature, pressure, and the quantity of solution gas
and dis solids. The ibility of the or waler
s iy s the production of vol "
above the bubble point and accounts for much of the water influx in water-
drive irs. When the 'y of other data it, the p i
of the connate water should be entered into the material-balance calculations
on reservoirs. The following sections contain a number of correlations ade-
‘whmhwm

7.1. Formation Volume Fector
McCain™* developed the following tation for the =
ume factor, B. (bbUSTB):

Bo= (1+ AV +AV,) 137

‘where,

AV, =—1.00010 x 107+ 1.33391 x 10”* T + 5.50654 x 10~7 T*
AV, =—1.95301 x 107° pT - L.72834 x 10~ p’T - 358922 x 107 p
—2.25341 x 107" p?
T = temperature, °F
P = pressure, psia

For the data used in the development of the correlation, the correlation was
found 10 be aceurate 1o within 2%. The correlation does not account for the
ﬂnnydnmdmbm«plﬂy.huummwum

errors to be within
the estimation of the B, of reservoir brines.

a“ Introduction to Rleservoi Engineering

where
5 = salinity, % by weight solids
T = temperature, F
L,xduhnpmmmrnﬁn.m
higmwmmwhmx
Rep=A +Bp+Cp? (1.39)
where,
A =8.15839 — 6.12265 x 1077 T+ 1.91663 x 107 TP -21654x 1077 T*
B =1.01021 x 103 —T.44241 x 107* T+ 3.05583 < 10" T*
-294883x 10°° T
€ =—10"7 (9.02505 — 0.130237 T+ 853425 x 107 ¥
—234122 %107 T* + 237049 10 ' T9
T = temperature, “F
The correlation of Eq. (1.39) was developed for the following range of data
and found 10 be within 5% of the published data:
1000 < p (psiu) < 10,000
100< T (F) <340
Eqg. (lja]md:nbpedhr\kﬂnwﬁqwdm-dwhk
accurate to within 3% of published data:
0<§ (%)<
< T (F)<250
7.3. tsothermal Compreasibility

ww.mmmmmm.c.h
MMMMWF"IM.‘WWI

Solution Gas-Water Ratio (] PR Y SIS 7
Hau:: . e A.[ap). [71033p + 541 5Cnuc — SIT.0T + 403,300] KL
mﬁ&ﬁtw!m;?mhmmpnmm.kﬂ ]

Crg = salinity, g NaCliliter
= "B
,:-;'_lm-_;r-n-. (1.38) T = temperature,
L] Introduction 1o Aessrvarr Engineering 7. Review of Resarvair Waler Propertios )
where The was developed for the following range of data:
:-u_,.iby:ﬂpiﬁ 100<p <30
0 0 < Coara (g NaCliliter) < 200
= solution gas to pure water ratio, SCF/STB.
R, gas to pure Wi vz
R..., is given by another correlation developed by McCain as: ¥ 54
water isothermal compeessibility has been found to be alfocted
i G s et
whese, SappeIod e o for belaw or cqual 1o the bubble-point
A= 815839 - 6.1265x 1077 T+ 1.91663 x 10~ T* - 2.1654 x 107" T* ir!

B =1.01021 x 16~ - 744241 X 10°* T+3.05583 x 107" T*
-294883x 10°° T*

€ =—10°" (9.02505 - 0.130237 T + 853425 x 107 T*
“2HIBRXW T +2.3749 %10 7 T

T = temperature, ‘F

of Eq. (1.39) was developed for the

The range of data
and found 10 be within 5% of the published data:

<=-ala) w5, am

The first term on the right-hand side of Eq. (1.41) is simply the expression for

€ in Eq. (1.40). The sccond term on the right-hand side is
cosining £, (19 wih rexpoct 0 possurs or S

(5, -0+

« g where

1000 < p (psia) < 10,000
100 < T ("F) <340

Eq. (1.38) was developed for the following range of data and found 1o be
accurate to within 3% of published data:

0<S§ (%) <320
W<T(F)<250
7.3, isothermal Compressibility
oﬂw:mnu-—umw.c.h
pressures greater than the bubble point pressure.*! The equation is
1 faB.) 1
‘*'“E(’Sp*),'{rnnp_"Tsauq...,—m.nr?‘mm sl -

where,
Crug = salinity, g NaCllliter
T = wemperature, “F

B and C are defined in Eq. (1.39).

*hpn:;“ngsg.[ldl)&m‘—nlua,“hm
agas a gas gravity of 0.63, which represents a gas composed mostly
dmﬂl-dlwﬁd—.mm:mwﬁu-
:-un'n-, ;;_ "l'h values of . with pub data, 5o there is
guaraniee of accuracy. This suggests that Eq. (1.41) should be used
for gross estimations of c,. el i

TA. Viscosity

B1ses is belioved to cause & minor reduction in viscosity. McCain developed
hl “"‘mhtﬁmﬂw!—au‘m

B = AT* (142)




[ 7 T O NSOV WOy PIOpaies a7

&
was

loped for the ing range of data:

1000 <p (psig) < 20,000
0< Graa (g NaCQliliter) < 200
200< T ("F)<270

mmmwmumhﬁmkwym

@ Introduction 1o Reservoir Engineering
where
A =109.574 —8.40564 § + 0313314 $* + 87213 x 1077 §*

B = - 112166+ 2.63951 x 10~ § —6.79461 X 107* 5~ 547119 % 107* §*
+1.55586 % 10°* §*
T =temp F

by the presence of free gas. Therefore, McCain using the following
xp for ting c_. for below or equal to the bubble-point
pressure:
L[ B
-zl 25, aa

Thﬁlthumﬂeri‘h—lndiden(ﬁq.{l.ﬂ]ii-p[yﬂuw' for
:,i_:_E].(I.(J). mmmmmm-hﬂ:ﬂeimhyiﬂd-
catiating Eq. (1.39) with respect to pressure, or:

() a0

where
B and C are defined in Eq. (1.39).

In proposing Eq. (1.41), McCain d that B, should be
ﬁquﬁm:pmudw.uﬁmammwdmdy
Itll:thn:ndanilmmo(ﬂhm.mnmummi&mhu-
pression by comparing calculated values of o with published data, so there is
No guaraniee of accuracy. This suggests that Eq. (1.41) should be used only
for gross estimations of c,.

74, Viscosity
The viscosity of water i with decreasing temp and in general
With increasing pressure and salinity. Pressure below about 70°F causes a
mh-v‘—ﬂy.ﬂdmuh@vl..lmmmmum
w.ﬂwﬁﬁumwmmmdmm
m-gwun—:.wmnm.wm
the following correlation for water viscosity at atmaspheric pressure and res-

PR (1.42)

§ = salinity, % by weight solids
Eq. (1.42) was found to be accurate to within 5% over the following range of
data:

100<T (°F) <400
0<5 (%) <26

The water viscosity can be adjusted to reservoir pressure by the following
corvelation, again developed by McCain:

—E=mm +4.0095(10)%p + 3.1062(10) “*p? (1.43)
This correlation was found to be accurate to within 4% for pressures below
10,000 psia and within 7% for pressures between 10,000 and 15,000 psia. The
temperature cange for which the correlation was developed was between 86
and 167 °F.

8. SUMMARY

1.1 Calculate the volume 1 lb-mole of ideal gas will occupy at:
(@) 147 psia and 65°F
(@) 14.7 psia and 32°F
(e} 14.7 plus 10 oz and 8OF

$0) 1500 pia and SF

Reservoir Engincering [
HW NO [; Due date: Friday, June 22,2012

ACHAPTER I; [.3, L5, 1.6, 1.10, [.21 and .27

B.C.CRAFT and M.F. HAWKINS; “Applied Petraletum
Engineering”, 1991.

ANSWERS o the prablems

Reservair

HW NO.1 Chapter 1

1.3 wetetr i - 3063 DUIG ATG: Friglay 22 June 2012

2 1.5.83.44, and $15.4 (Hint; 16 oz = b}
3; 1.6 (2} 3.9 min, (b) 64,147 Ib, (¢} explain(Hint; 16 oz = | Ib}
4; 1.10. Pipsiaj = 300, 750,

Z = 096 0914

0.36 084 091

1500, 2300, 4000, 5000, 6000
099 1.08

B fen. fWVSCF)= 0.05613, 0.0214, 0.0098, (.0059, 0.004, 0.0035,0.0032

5 [21 ANS=B,(Bo)=L.515 bbl/STB

6 L.27; Ga) dw=4.7T cc (bjdw 4.67¢c (c} dw=16.3 ce (d} p,= 0.36072 cp

AND HANDOUT
7; The Satun Gas consists of mole % as follows

Mole% MW Pe  T¢ NHV

(psia} (R} (BTUSSCF)

Methane(CHs}  69.0 16 668 343 909
Ethane C;Hj 100 30 778 550 (618
Propane CyHe 6.0 44 6lG6 666 2316
Iso-Butane iCy L3 38 59 735 3001
o-Butane oy 1.1 58 350 766 3010
o-Pentane nCs 04 12 490 346 3708
n-EHexane nCg 02 86 40 914 4404
Carbon dioxide (2.0 44 W71 S48 Q

Determine; 7. p, . @ 3000 psia, 340° F, and NHV

£, Use of comelations to estimate values for ail properties; R.., C,, B..

andl p, at pressure of 2100 and 3800 psia: Given
T=200"F, Pb=2500 psia, v, = 0.8, p, = 40 °APL v, = 0.83




* 3. Reserve Calculation
* 4. Gas Reservoir

i

Reserve Calculation Methods ¢

Qi R

-
i
ot
v

1 Volumetric METHOD

2 Material Balance METHOD

3 Monte Carlo Simulations .
,/ Cumdlatie production
4 Stochatic(Statistic) & Deterministic 1
Comparative Volumetric Performance dalo,
e
5 Reservoir Performances - oo

Figare 11.1. Schematic presentation of runges of recovery estimates made
during the life of a producing property. (Afler Arps?)

5.1 Decline Curves mm
* 5.2 Reservoir Simulations
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Figure : CCOP Petroleum Resource Classification Chart of Recoverable Resources I

PETROLEUM
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PROVED RESERVE

o Commercially Recoverable

— Geological, Engineering And Economic Data,
Rule & Regulation

— Operating Methods
— Developed/ Undeveloped
— Price, Cost, Time Span Of Development

— Deterministic (High Degree Of Confidence)
— Probabilistic (90% Probability >= The
Estimate)

PROBABLE RESERVE

¢ More Likely Than Not To Be Recoverable

o Step-Out Drilling/ Inadequate
Subsurface Control

e Well Log/No Core Test/No Analogous To
Proved Or Producing Area

« In Fill Which Can Be Proved If Approved

« Improved Recovery/Adjacent to Proved
-Area/Workover/Incremental From
Volumetric Estimation

« 50-90% Confidence




PROBABLE RESERVE

Separated From Proved Area By Faults
And In The Higher Structure

POSSIBLE RESERVE P

Less Likely To Be Recoverable
10-50% Confidence

Supported By Geo/ Eng/ Eco Data But
Beyond Probable Areas

Log /Core Not Productive @ Commercial
Rate

-Infill Drilling Subject To Uncertainty
Improved Recovery




POSSIBLE RESERVE

o Adjacent To Proved Areas, Separated By
Faults But In Lower Structure

Depurtmient of Reseevoir Engincering

EXPLCRATION CONCESSIiUN BOUNDARY\} i)

?os s.lh(Q QL 4

?ﬂ L.L ‘i :
(s

9.5 PRIMARY PROSPECT

PROPOSED LOCATION
/

DP = DEPENDENT PROSFECT
IP = INDEPENDENT PROSPECT




‘The gas volumetric calculation can be performed as follows: Reserves (SCF)= é\xrlixQ_x (l-S.,)Ingx(UB')
: I

! I
(a) Determine volume of rock containing gas{or hydrocarbons) from the Bulk Reservoir Volume + : 1 |
structural and isopach maps. — T 1
(b} Determine void space in rock; average effective ( (porosity) Pore Volume -G !
(c) Determine volume percentage containing gas(or hydrocarbons) \_W\’/ [ [
- fluid saturation Sy =1-5y ; Gas Volume in Reservoir | '
(d) Determine recoverable gas (or hydrocarbons) by multipling with 1
recovery factor (Fy ) Recoverable Gas Volume I
(¢) Determine reserve volume in standard condition by dividing with gas
formation volume factor (B ). Recoverable Gas Volume in SCF

SCF = Standard Cubic Foot ( at standard condition)
Axh  =reservoir volume in cubic foot
= porosity expressed as a fraction of bulk volume

3 S, =water saturation expressed as a fraction of void space
Gas VOIumetrIC FR:RNMWWSlmamm
B, = formation volume factor in cu.ft reservoir/ SCF surface
If A (s expessed in Acre-ft. the above formula will be

Reserves(SCF) = 43,560 A x h x ¢ x (1- S,) xFp x( 1/ By)

OIL Reserve= 7758Ah¢(1-S,,)(1/ByF,

Reserves Estimation Methodology

Volumetric Calculation

Reserves = Bulk Volume . ¢ So . Bo . Rf

Bo = Volume Factor
Rf = Recovery Factor




Gas Volumetric X

]
The gas volumetric calculation can be performed as follows: Reserves (SCF)= Axhx¢x (I-8,) x Fp x(1/By)
Sl 1 I {
(a) Determine volume of rock containing pas(or hydrocarbons) from the 3 ‘ b5 5
di L Bulk Reservoir Volume E i :
(b) Determine void space in rock; average effiective ( (porosity) Pore Volume . | [
(c) Determine volume percentage containing gas{or hydrocarbons) . S [ 1
- [uid saturation §,=1-5, Gas Volume in Reservoir | '
(d) Determine recoverable gas (or hydrocarbons) by multipling with (LSRR T f
m:mu?'l'lm(}'ll - ] . Recoverable Gas Volume |
(¢) Determine reserve volume in standard condition by dividing with gas
formation volume factor (B ). Recoverable Gas Volume in SCF

SCF = Standard Cubic Foot ( at standard condition)
Axh =reservoir volume in cubic foot
§ = porosity expressed as a fraction of bulk volume
Sy = water saturation expressed 25 a fraction of void space
Fr =Recovery factor expressed as a fraction of total in-place
By, = formation volume factor in cu.ft reservoir/ SCF surface
If A (B is expessed in Acre-ft. the sbove formula will be

Reserves(SCF) = 43,560 A x h x ¢ x (I- S,) xFg x( 1/ By)

OIL Reserve= 7758Ah¢(1-S,,)B,F,

Volumetric Estimates Q

* Reserves = Reservoir Volume x Porosity x Oil Saturation x
" Recovery Factor x Shrinkage to Surface Conditions
* In oilfield units:
Reserves =[7758 x Axhx ¢ x (1-S ) x Rl/Bo
where Or 43560 for gas or Bg
7757 =bbls/acre-ft
A = area (sq. ft) or Acre
h = net thickness (ft)
@ = porosity (fraction)
S, = water saturation (fraction)
R = recovery factor (fraction)
Bo .=formation volume factor
Bg = Gas formatiom volume factor “




Fig, 43. Isopay map for a hydrocarbon-bearing pool

Amax
fll da=
°

i = PAY VOLUME

PAY THICKNESS (m)

AREA (m?) CONTAINFD WITHIN THE ISOPAY CONTOUR

Fig. 44. Graphical method for the calculation of the net pay volume. From Ref
permissian of Kluwer Academic Publishers and of Prafessors Archer and Wall




‘ig- 8.3 Top aand structure Map, Rough gas fleld™™,

Iructure CONtour Maps arc used o connect points
qual is map structurc
he top and base of pnn'nl:y anl;the map indicates

external . map
buund-riﬂ ms a fluid

- Fig® 8.1 shows the
ﬁ pcro-hy limit to reservoir quality rock and
The intervals are r!.l.ll.-l‘
be

re The map would
.Iloa rop sand, bave :-ndorl:;elcr o a grc.-me-l
h-dm_n_r’l‘:‘nn—w-xar contact and the top of the
icture is known as the closure or he t of the

‘rocal n column. Structure maps of the top
Thistle oil reservoir' and the Rou, gn
dv are shown in Fi 8.2 and schematic

s B8.3. A
u-aoctlon of the Rough field is illustrated in Fig.
'h‘n arca contained within cach structural contour

be by h ical i

_‘nzn .‘(’n)

water contacr

g “~  Carboniferous
sands

Fig. 8.4 A schemaltic cross-section of tha Rough fletd. (aftar's)

5 S
A :
.oy % -
E - i
=t 2
2 24 &
AREA CONTAINED BY THE CONTOUR (n.)

-Fig. 4.2. The hydrocarbon-bearing 1, plocted depth. From Ref. 4. reprinted with pern
of Khuwer Academic Publishers and aof Professors Arch_cr and Wall




How To Calculate Formation Volume 1

Simpson’s rule(if the numbers of contours are even)

Ve =h/3[(oty) 4@ rtystetynd Y2049 st tPnd]

Trapezoidal rule(with some what less accuracy)
Ve =h[120gty)tyriyste.atynil
Pyramidal rule(if 4,.,/4,<0.5)

VB =h-/3 (Au+An+I + I'AnAnH)

How To Calculate Formation Volume '
(Cond.) S

a0 son’s nuke:
e .
\,-‘]—w-u.‘uvwpe«u-u-m-lhvzms-u.;

50
"";l")&) + 4024 + 103) + (2 x 46)]
= 12267 x-&
11 zoidal nie:

Vo = 50{ 1120 + 136) + (24 + 46 + W)]
= 12050 &

niddal rule:

0
’.=?sto+|m+ W+ 46+ 103) + VI X 88 + VB8 % 309 + VI X 318
= V3 x 106 - Vo6 X 392}
=196 ack

0 " 200 300 400 500 600
Acon Enclosed by Contour

Figure 4-2. mhhmwr‘_u.




Reserves Estimation Methodology

Material Balance

P/Z

Economic Limit

Cumulative Production ‘1 :

Material Balance for Gaa Reservolrs wﬂ

-l ce
GB_, ~ (G - G5, (5-145)
GB,, = (G -~ G,IB, * (W_ - W) (5-146)
P=pP P=p
No
water G B_; = (G-Gp) B
drive o BTl
With (G-Gg) B
water G Bg; = ! 9
drive - =
P S N
Water Water
With
attached G Bg; (G-GplBgy
oil zone
oil Gas-cap expan;;n-

“Flgure 5-141. Schematic of material balance equations for a dry-gas
Feservoir [187].




PRODUCTION FORCEAST TECHNIQUES
Material Balance

30,000
sours P/ Cum.Prod{
Date (kPa) z (kPa) (106 m3)
65/11 24,067 89M 22,800 73
f J5/08 14858 oave 18761 1029
26/10 14846 0902 G451 1MA
o, g . /1l 15306 0%01 598y IMd
\20,000 y 77/08 13831 0906 1504 1623
& ™~ 78/09 13604 OPI0 1RSI 1905
o~ ~ mfor 13411 Q90 14577 273
o % 5/05 &£936 0929 R418  Jeas
N /08 K55S 0812 RIS I3RS
Q K sl el e
10,000 sl e e T T
................. Eronomic Limit ____ \\\\!\
[ S - $00y R

0 100 200 300 400 500 600 700
Praved Proved + Probable Cumulative Production (10° m )

OGIP < KN x 105 K 2. O e E25xi0en *
Accorves =SS0 Mem 3 Rtovwd = S0 Wam 5

Imitiml reservoir il volume == NB,
il volume at time 7 and pressure p = (N — N, )B.
O Change in oil volume = NB., — (N — N)B. (2.1
hew 1~ &L Volume
mmham ‘olarne:

=

: to initial oil volume ]-’?'—NB'.-
R g : .3
~iiF Ivisial free gas volume — GBy = NmB,,
gl sc:rn-]_[ SCF initial gas, ]__[scpm]_[s«:lvmmng
S i gas at free and dissolved produced } « An solution

G [MB2=+ MR ] - VR — 1V — NoR-D

[oemnrmn ey ] - PR v — o — v o]

CD [Crmrmints™] - i~ [ s e — vt — 0 = ]

.2)
Change in Waser Volurne:
Exmiti voir A > — W
> " prodt d at r = W,
Reservoir ve . of Iative produced water = B_.W,

\/ of ter <33 "':‘-“5

@ [m-:a *W_(W+“5—3-“;+W¢-AP)——H‘.’--B.:HL—WW) !
. “ @.3)

Charnge in the Void Space Volume: - ’

&3 et volume | = V= U= ViGap) = veap




mu.e."m.':tw& -"‘"‘x@ siSace Ve

[mck i'olumﬂ] = rVorAP | - @9
bini + in vwater and rock into m single term, slields

tbeﬁouawlns G E [

= — W+ B.W, — Wc.AP — Vic, AP
Recognizing that W = ¥;S,. and that ¥ = ﬁ-‘ﬁl%’-;:"'ﬁ and substituting, the
following is obtained:

- — W B, — | D Bat HmBa

1—5. (Cow Sev+ <) AP
or
- — W+ B.W, — (1 + m) NB., 531—3-_8';'4 AP @.5)
Equ.dngthechﬂﬂmmtheoﬂ.ndﬁu.ﬂﬂvalmhthem&veof
the changes in mmwrkw!ummdupmmmw

N Bay— N B+ NoBo+ NrtBo — i"’%“i’l — N ReuB,+ N.R.B,

+ NB R — NpBo By = W, — BuW + (1 + m)N Bu, | S55= | ap

Now sdding and cubtracting the termm N B R,

N Bo— N Bo+ N Bo+ NmBo, — [N'"B-_.] — N RewiB, + N R F, + NFR,. _

— N B Ry + NpB o Ros — NpByRons = W — a.,w-—(1+m)Nn_, &—ﬁ;—_“l ap

‘Then grouping terms:
NEBo+ NrtBo— N[B. + (Reoi — Ruo) Byl -+ Np[Bo + (Roo — Rou) Bl

. . . S,
+ (R, — ReDB N, — N_"‘BB“L: -V, — B.W, + (1 + m) N D, r—-——‘!‘:l:s_‘ aAp
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3.6 Stochastic(Statistic) & D inisti

Regarding the probabilistic method, Mente Carlo type simulation may
or may not be uses, but most schemes Stockastic Method for probabilistic
reserve classification specify the following.

Proved - better than 99% chance of being recovered.

Proved plus Probable - better than 50% chance of being recovered.

Proved plus Probable plus Possible ~ better than 10% chance of being
recovered.

About 20 years ago, some engineers and geologists observed how to
get Proved plus Probable Teserves to be Proved Reserve by adjusting some
probabilistic distributions upon the available geologic information. This new
method called deferministic method.

Since early 1990, some peoples have developed the mixed methodology
between stochastic and deterministic and now so-called “Semi-
Deterministic’.

N s+ ML »

0x P
0 40 BO 120 160 200 240 280 120 360
CALCULATED RESERVES (M BBLS)

Fig. 2—Melbod la ciessily revaives caiculsted with probebilitic methods.

“The different
approaches to reserve
estimation and
classification—
deterministic vs.
stochastic—have
contributed to the
problem of developing
global standards for
reserve classification.”

Stochastic & Deterministic
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Reserves Per Well

100
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DeperRROBABILIIN- 6

DEFINITIONS

Swanson’s Mean (SM) - a quick approximate method to estimate the mean value of & log-normal
distribution which can be used mstead of the statistical mean if the ratio of the reserve at the P90 level
over the reserve at the P50 level is less than five.

SM= (030 x P10) + (04 xP50) + (0.3 x P90)

where,
P10 = the leve! for which there is a 10% probebility of occurrence,
P50 =the level for which there is a 50% probability of occurrence.
P90 = the level for which there is a 90% probability of oocurrence.,

Probabilify of Success (POS) - the possibility of getting onto the reserves distribution or range of
outoomes being used i the evakation, nd i  furcion of the ik (gologc, mechaical i) of e

project.
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Reserves Estimation Methodology

Probabilistic Evaluation

PROBABILITY Cumulative RECOVERABLE RESERVES
DENSITY Probability vb=f*R*(1-Sw)* 1/Bhc * RF = RESERVES

s+
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RECOVERABLE RESERVES

HC, VOLUME FACTOR (MMBBL)

i

RECOVERY FACTOR
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Department of Reservair Engineeriag
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100
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Table Bl - Gas-in-Place Estimates

Ap cF GIP
{(psi) (1/psi) (Gscf) Comments
7.70 6x10-6 - 433 No communication wit
Nam Phong 2
4.47 6x10-6 744 90% confidence interval
10.93 6x10-6 304 90% confidence interval
T.70 6x10-5 249 High formation compressibitit]
6.00 6x10-6 S65 Communication with Nam Phong 3
i Ing;udes gas volume of botH
wells

Values for other variables used in the equation:

Gp : 0.3267 GscT

z = 1.140082

Az/Ap : 0.0000707/psi
. Sw : -0.25

Cw : 0.0000034/psi

w-
Y

- i

£ i

* -

8 2

2 g

: g'i

g L

§ é;_
sk

V l_— ____________________________

40

Figare 11.7. Harmonic decline example. (a) Rate versus time on log-log
plot. (b} Rate vesus cumulative on semilog plot.




372 Reservair Simulations What Reservoir Simulationis _
o A RESERVOIR Simulation is a mathematical model that

What Simulation is represents the physical phenomena of a reservoir

o Simulate =1to give the appearance of m a reservoir it

 Simulation involves the ulization of a model 10 obtain Reserves Estimation Methodology
some insight into the behavior of a physical process.

o Simulation has long been recognized in many applied Reservoir Simulation

science disciplines as the final resort; as Wagner aptly says: “ =
When all else fails,.... simulate.
© [n operations rescarch, extensive use has been made of
simulation studies; some examples are:
1. Transportation model networks
2. Stock market performance

3. Telephone system design
4. Supermarket checkout counter

5. Engine Simulation
6. Other Simulations

ek ]

be

Reservoir Simulation

Fluid Flow Equations
Governing Equations
- Mass Co‘anervatlon {(Material Balances)
 Darcy’s Law
— cans-rv-tlolp of Momentum (Navier stollzc Eqguation)
— Conservation of Energy (First Law of Thermodynamics)
» Equation of State
|
Darcy’s Law
C-%a .

or if we assume pressure gradient reducing in negative sign
and we rewrite in a differential equation form.

Ve ————

4 Ox i

Substitute v In Mass Balance Equation
{consider only x-d‘_nctk:n)

o-L2,) -
P
—gh —

ax




What is reserveoir simulation?

'%H ui;‘ = A reserveoir simulation is a mathematical
X model that representthe physlcal
rhenomena of a reservoir.

Why do we need a Reservoir
Simulator?

- Because a reservoir simiulator is a powerful
tool and not expensive . We can predict
- what is going in the reservoir and a amount
of production from alternative operations.

Types of Reservoir Simulation

 Black Oil Simulation -
= Compositional Black Oil Simulation

= Coupled Fluid Flow /Geomechanic

Simulation
GOMIN A" PLATFORM
Unrisked ros - Risked

Well 56) Reserves(BCE)

Gomin-3 4.89 1.00 4.89

Gomin A-10 3.73 0.71 2.66 omit firom economics
Gomin A-5 3.73 0,81 3.02

Gomin A-2Z 3.73 0.90 3.36

Gomin A-9 3.73 0.77 2.85

Gomin A-6 3.73 0.81 3.01

Gomin A-12 3.73 0.70 Z2.61

Gomin A-4 2.80 0.90 2.52

Gomin A-13 2.80 0.80 2.24

Gomin A-8 1.87 0.80 1.49

Gomin A-7 3.43 0.81 2.77 omit from economics
Gomin A-3 3.43 0.81 2.77 omit from economics
Gomin A-11 3.43 0,72 2.48 omit from economics

total 45.03 36.67

GOMIN 'B' PLATFORM

Unrisked POS Risked
Well EBeserves(BCT) %)
Gomin-5 4.10 1.00 4.10
GB875A S. 436 0.70 3.08 omit from economics
G875A ML 4.36 0.60 2.62 omit from economics
G875A N. 4.36 0.60 2.62 omit from economics
G860A N. 2.18 0.90 1.96
GS865A S. 4.36 0.90 3.92
G865A S.M. 4.36 0.90 3.92
G865A N.M 4.36 0.85 3.71
G865A M. 436 0.85 3.71
G8SSA N. 436 0.86 3.73
G855A M. 4.36 0.81 3.52
GB8S55A S, 4.36 .31 352




Why do we need a Reservoir
Simulator?

Types of Reservoir Simulation

. Because a reservoir siiiulator is a powerful * Black Oil Simulation

tool and not expensive . We can predict

what is going in the reservoir and a amount ,

of production from alternafive operations.
Fluid Flow Equations
Governing Equations

» Mass Conservation (Material Balances)
.+ Darcy’s Law

- Mdmmej
- wﬁmmmo{w

+ Equation éfState

lL"" :

Compositional Black Oil Simulation :

* Coupled Fluid Flow /Geomechanic
Simulation
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CONCEPTS IN RESERVOIR MODELLING

- ‘ S

o

P o™ 3 b
Weite emmtors for flewr in o oot of gozh boct.

Figure 3.23 Methadology Figure 3.24 Individual ccll or grid block
properties.

EQUATION OF MULTIPHASE FLOW

These will be illustraled in a finear system for Simplicity. An exténsion
theee dimensions simply comsists of adding terms in Xy and &z
acoment for gravity effects.

iz

For a conservation term in stock tank weits (broadly equivalent to
mass, and idensical if dhe AP gravity is constant), we can write for the cell
iMustrated in Fig 2.25

ixsax
¥im m

xi ax g
e 5
=
Figure 3.25 Unit Cell.

Mass rate in — Mass rate out = Mass rate of accumulation

For the oil phase we have
The equations presented here show that at any point in space there are
at least six unknowns, namely P,, Py, Py, Sa, Su, Sp. In order to provide a 3
solution we therefore require three further linking equations defining \&._.!;

saturation and capillary pressures of the ail-water and gas-oil system
SHS, 8, =1 , Pg=P. -P, ,"P =P, P,
For three-dimensional svstem shown in Fig.3.26

(9-)i—!l,—.ﬂ,+ (‘h)i-x‘ - (9-};-: + (Go)ias
# (@i, + (@edisnon,

-1 (i

ety

Figure 3.26 Flow in the cell i from neighbors in different geometries.
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RESERVOIR DESCRIPTION IN MODELLING

Whether a complex of simple reservoir model is being applicd, a number of

steps in analysis and data requirements are common, and illustrated in Fig.

3.29. The validity of the initialization reservoir model is largely dependent

on geological model and the flow performance is linked to reservoir and
dection englncesiog SEEioy.

*Shope of reservoir —length, mdth
ity .

[RESERVOIR PERFORMANCE]

Figure 3.29 Steps needed to build a reservoir model.
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3-4th WEEK (June 6-17, 2012)

* Reserve Calculation

VVolumetric

Gas Volumetric

The gas volumetric calculation can be performed as follows: Reserves (SCF)= Axhx¢x(l-s.)‘xi‘,x(un')
SMrtiact t 1
(a) Determine volume of rock containing gas(or hydrocarboas) from the - : AT
J and imopach mags. Bulk Reservoir Volume f I :
(b) Determine void space in rock; average effective ( (poresity) re Vi v
(¢ Dtemin volame percetae coainin o ydrocboes) ke
- Muid saturation Sy =15y . Gas Volame in Reservoir | '
(d) Determine recoverable gas (or hydrocarbons) by multipling with [
recovery factor (Fy ) Recoverable Gas Volume I
(e) Determine reserve volume in standard condition by dividing with gas
formation vohume fictor (B, ). Recoverable Gas Volume in SCF

SCF = Standard Cubic Foot ( at standard condition)
Axh = reservoir volume in cubic foot
§ = porosity expressed as  fraction of bulk volume
S, =water saturation expressed #s a fraction of void space
Fy = Recovery factor expressed as a fraction of total in-place
B, = formation volume factor in cu.ft reservoir! SCF surface
If A(bis expessed in Acre-fR. the sbove formula will be

Reserves(SCF) = 43,560 A x h x ¢ x (1- 8,)) xFg x( 1/ By)

OIL Reserve= 7758Ah¢(1-S,,)B,F;




4g- 8.3 Top sand structurs Map. Rough gas Mold"™,
fructure cCOnNtour Maps are used to connect points
-qual <l i [l J to map structurc
e top and base of porosity and the map indicates
external gecomctry of the rescrvoir. map
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Reserves Estimation Methodology

Volumetric Calculation

Reserves = Bulk Volume . ¢ So.Bo .Rf

Bo = Volume Factor
Rf = Recovery Factor

Volumetric Estimates \ai.g
« Reserves = Reservoir Volume x Porosity x Oil Saturation x
" Recovery Factor x Shrinkage to Surface Conditions
* In oilfield units:
Reserves =[7758 x Axhx g x (1-S)) x RI/Bo
where Or 43560 for gas or Bg
7757 = bbls/acre-ft
A = area (sq. ft) or Acre
h = net thickness (ft)
@ = porosity (fraction)
S_ = water saturation (fraction)
R = recovery factor (fraction)
Bo .=formation volume factor
Bg = Gas formatiom volume factor x‘

5
N/
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4.3 Basic Data for the Volumetric Calculation of Reserves
431 Equations Used

The following equations are used in the volumetric calculation of reserves:
For oil reservoirs: '

=S Ah, (1 —8§,) =
N =j.L‘hi(B.—)Eu.edxdy= _M(E.——) B, @.1a)

For gas reservoirs:

1-8, Ah,$(1 —8§,) =
6=, M(T,} Enodxdy =205 g, @.1b)

where N, and G, are the oil or gas reserves (the estimated cumulative produced
hydrocarbons at the time of abandonment of the reservoir, when the reserves are
exhausted), measured at stock tank (ic. standard) conditions of 288 K and
0.1013 MPa.

h,. ¢ and S, are, respectively, the net thickness of the hydrocarbon-bearing
formation (pay), the effective porosity and the water saturation: all these para-
meters may vary spatially, and are therefore functions of the coordinates (x, y)
within the area A of the reservoir. .

B, and B, are the volume factors of the oil (B, = B, Sect. 2.3.2.1) and gas
(Sect. 2.3.1.1) and Eg is the recovery factor. These too are a function of position. The
bar over each term in the equations indicates the average value.

A is the area of the reservoir. It will correspond to the proven, probable or

A




4.3.3 Net Pay Thickness

Within the reservoir interval, there are almost always intercalations of shale or
other rock, which, owing to their low ¢ and k or high S,, do not contain
recoverable reserves.
We should therefore subtract the cumulative thickness of these non-productive
strata from the gross thickness h, of the reservoir to obtain the net pay thickness hy.
The estimation of h,, and the net to gross ratio hy/h,, is a critical stage in the
evaluation, as it will have major implications for the volume of reserves.

— s T e R s W s e

S S S I S R, . S
T W Ve W e B e i ¢
——— — — — — —

— e e G —

O WELL

Fig. 4.1. Isobath contour map of the top of a hydrocarbon-bearing pool
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Wac Dt for the Volsmatra: Calculataon of Rescnves

PAY THICKNESS (m)

permesns of Klaxer Acodrms: Paidishers and of Prfesaes Arcer wod Wall

Fig, A% Tasporsecrs s for @ v sorbare-tssrsng ol

net pay.
inFig 45
weighted mean of the well porosities $.:

;_H,Mdld;

Fig. &L Graphivel mertbod for the clenlao of the vt oy o, From Ref. 4. roprinted with

¢y bomg the log-derived porosity over 2 smal section, of thickness b, . vnl]un;hg
mwdﬁ_mmmwﬂwmlkwml) map showa

The average porosity of the roscrvoir, , is then computed as the volume

ws) 3

Mn—nmmdammdmmulmmym

Fig. 46, [sassmrativn (S_ ) map for o bhrdvocarion-duaing pos

435 Calcalation of the Water Saturation, 5_, and Mean S,

As we have seen, in a given lithok the water S, on thef
wm;ﬁ&g“\«hﬂﬂﬁsmmhﬂmmhmirklup
of recrvoirs which have water in contact withs odl or gas.

Firstly, lkavmmrmmmms. S.(h) must be established
versus beight & This can b d by mter ion of log (CP1}-derr
S.mdalumdapnhs -ﬂdnvdl;ot where cores arc

CP1 of cach well which may be anomalous with respect 1o their height above thy
frec water level

The next siep is to calculate the average water saturation S, . in cach well
taking the volumc-weighted mean acrvss only thase intervals classed as pay:

.):‘S..nh'l-.a
= E .6}
% wo o
Thess valuss of S_.. can now be plotted on the reservoir map and coatouts of
S ) cted (Fig. 4.6)

The average S.is as the mean of these satura)
mwﬁwlwmmmthmdlkm

H_. o Pulia dxdy

*h )
=

This requires preparation of a contour map of muwml “water lhlﬂk-m
.S . before Lhe integral can be The g follow

the same procedure as described in Sect. 433

436 Calculation of the Volume Factors of Oil (8,) and Gas (B)

The volume hﬂotﬂmLLlndupmall’“l‘.ﬂaldlnmﬂmmud
within a reservoir. An exp usually Eailin|
whchuncdlhecnrrﬂztnnsdw,bwdnmmzw.lu(ll'Hl,!mbemd

RF

=0.114-0272log k +0.256 §,

— 1.3384 — 0.00035 £

For k=1000 md. §, =025, .,

RF = Q.114 - 0.272 xTog MO0 +(.256 X 0,15~

log

‘here.

RF = recovery factor

For sandstone and carbonate reservoirs with solution gas drive:

(35
G
2.0 ¢p. & =0.20. and & = 10,
0.1367 |
2—1.538 X 0.20 — 0.00035 x 10
(.642 or 64.2% (of initial stock tank oil)
For Sandstone
I_( 0.0979 0.1741

11 _ ¢ y]0.1611
B, =0uig1s[ 2L )
i Bob

For sandstone reservoirs with water drive:

”9‘5(1 e .ST )10.0421

Eg . = 0.54898 B,

Hop

i—(pwi

-0.136 log i,

(§,)%3722 Py . (43a)

a

0.0770

-0.2159
(§,)-0-1903 b
W

(4.8b)
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441 Determinitic Method
S41.1 Method of Mews Vs

The mean valves b, ¢, .. B, for l,l.s-d Eulor E‘_mehﬁh
guAnuh-Mduaidnsm-luﬁ'l The following two equalions

4102}

10y

4412 Equicalens Hyboosrbon Columm
s-_n—-zm-sdb.g.aﬂs“m.nm-dlmuj
‘ypothetical thickness of

Volumetrs: Method for the Evaluation of Reervs

Being the quicker of the two
a practical point of view.

442 Probabilistic, or Mente Carlo, Method

The

definitions of “proven”, “p s
wﬂlhmwynlmhmumm e
The distribution curve shown m Fig. 4.10 expresses the probability b
reserves will have a volume equal 1o or greater than any chosen value on the x-axis.
“This carve itsell is based va the probability distribution of each of the para-
meters appearing in Eq. (4.10). The likely range of values that cach parumeter could
assume must be decided, and a

The

mnulamnulul..r the integral of £, is the actual probability distribution of thel

ds. the EHC is a

probabilistic, or Monte Culo.“‘ me:\hod nzphm the nced for the rigid
s ibed in Scct. 4.2, with the|

that the|

probability assigned to the values within this range.
probability density curve, £ in Fig. 4.11 has been normalised so that there is}

435 we calcalate the of the colamn of
-nﬂdhnm&:md—im:ﬂpununhhdw
hydeocarbon colemn. or FHCE
EHC = hdull —Sou) “win
Thﬂlfduﬂ-dnyhﬂduﬂ:mﬁtma‘rb‘un—ﬂ[
contours are constructed (Fig- 491

Nmeuu -pmnbhbrmummhmhmhruanph,nlhm
xmwwumnuhmmmﬁaﬂmmmmmm
and
S“Wh:ﬂnu\h:mnn:dodymmmhﬁummkwmdm
interrelated @ in this P variable i
burlhc pProp lmsd—wQJwaam
ing the Monic Carlo aubl:o(randonnumbcrsudnnu'

The total volume of hydrocacbons ¥y af reserrvir p and Tis Jculated from

Ya= r ENCdxdy 1)

ely for the proven, probable and

puuﬂmmmkwm-m.hdmmujhh
‘We then have:
Vaz
s_-.iz._, .13a)
130}

Iorn:hmd.vpmlﬂ: punmmEq ll.ln;lnn:huﬁ:.lbcmnmmum
minimum values of the

RESEAVES

Fig.

Mompe Corley swacefuod. Chassifcatoonss
with permisvion of Kiavr Acudeosic Palisters und of Professoes Archer asd Weall

and their p

=

PROBABILITY YHAT VALUE 18
GREATER THAN GIVEN YALUE

The: Dranamon of O and Gas Rewerves

Fig d1L i3 crample of S profutiliee diseri-
Bt fior reverrear ane, s it ve vl Monte
Carlr resers e crscadacions

with thosc assumed for the peramctcr ascll. Random aumber gemcsation can be

‘haodied rapidly by readily available computer programs.
Amﬁhwammu&uﬂ:hm’

and N, for G,)are

Clasalicaticn of Ficlds in Terms of H

API Classification®
Major field:

Class A fiel:  oilficld with reserves between 8 and 16 x 10° sm® (50—100 Mbbl, or
T-14 Mty
gas  ficld with roserves between 85 and  17x 10° sm®
(300600 Geuft).
Class B field: oilficld with reserves between 4 and 8 x 10® sm® (25-50 Mbbl, or
35 Ty
ficld with reserves between 42 and 85 x 10 sm*
(150300 Geuft)h
Class C field: oilfield with reserves between 1.6 and 4 x 10® sm?® {10-25 Mbbl, or
1.4-3.5 Mk

Class D ficld:

Volume

oilficld with reservesin excess of 16 x 10° sm? (100 MbbL or 14 M1k
sas fickd with rescrves in cxoess of 17 x 10* sm® (600 Geuft).

gas ficld with reserves between 1.7 and 42 x 10® sm® (60-150
Geuft)

oilficld wi
al14-14

reserves between 0.16 and 1.6 x 10* sm™ (1- 10 MbbL or|

ol far et o) gas fickl with rescrves between Q.17 and 1.7 x 10 sm® (6-60 Geul)
Thes = repeated many lmes (ol keast 5000, cch case being calculated for  Clasy E field:  oilfield with reserves less than 0.16 x 10° sm® (1 Mbbl or 0.14 Mik
a randomiy sekected st of values from the tables. gas ficld with reserves less than 0.17 x 10” sm® (6 Geulfi).
Mﬁ:mﬁ*ﬂﬂmwhn:h’mdmm Class F field: any ficld abandoned during the year of its discovery, even il it bad
lnupd m;ﬁ-ﬂﬂrm e ey - o
m density determined. The prebabil- = < o -
icy distribution for the reserves can then be computcd from this, as in Fig. 410, il S cignc I il Wby wow. coliered 1 s TRITAR AL
The arc defined as follows: i fication® of “Giant Fields™
PRI PRI, S Vet 0% o8 BC  Super-giant oilfickl with reserves i excess of 800 10°sm® (5 Gbbl, or
curve. Siehd 00 MU
probable reserces: 1o the b 50 and gas ficld with reserves in excess of 850 x 10” sm® (30000 Geuft) |
907 probability on the diswribution curve, Giant fiekd: oilficld with reserves between 30 and 800 x 10* sm? (0.5-5 Gbbi|
pussible reserres. ponding 1o 1 b Wand o 7% -G MAE
507 probability o the distribution curve. gas fickd with reserves between 85 and E30x 107 sm’|
(3000 30000 Geult)
The —uhndh-n: of the of .

':“::""' m’ reducing d;‘"‘ 'z Potentially udﬁeﬂmwh_&mnmﬁdﬂwmﬂ
wdtkmmmhnﬁdhmm e rz:nw*m’u%%‘ ‘::,n‘-‘.e:
remains 3 highly subjective process. the dogres y < ik the i of theis]
45 Classification of Fields in Terms of Hydrocarbon Volume “Comy " aficld ing at least 40 x 10° sm™ (250 Mbbl, or 35 M1) of

géant vilficld uﬂmp‘—nmaﬂxlﬁl—’lmmotnlﬂld
Towes sets of standanis are in current wse for the classilication of fickds acconding to it ThS Sl e ‘mﬂmh"""
the volume of reserves they contsin. The first, proposed by the APL is applied h“'ﬂ S . Loy
to ficlds of small to medium size. The second., which has been in common use for -
many years although it has never ised officially by any body, Figure 4.12 iades idea of the of oilficlds
applies 1o “giant™ fickds. of




134 The Evaluation of Oil and Gas Reserves
\Wj
GHAWAR BURGAN [ ®
400 Miss FESCATEn B ' ' ' ' 0 :
QR
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Fig. 4.12. Distribution of the world’s approximately 30000 known oilfields in terms of the size of their
reserves. More than half the world’s reserves are contained in only 33 oilfields (0.1% aof the 30000
totalj; a further 26% of the reserves are found in roughly 0.8% of the rotal. Overall, 0.91% of the
world's oilfields hold 76.4% of the 1otal oil reserces

AREA CONTAINED BY THE CONTOUR (n.°) -

-Fig. 4.2. The hydrocarbon-bearing £ plotted agai deprh. From Ref. 4. reprinted with perrn
of Ehunver Academic Publishers and of Professors Archer and Wall




Vertical Slice Method
The vertical slice method sums the volumes of verrical slices through the depicted reservoir vol-

ume (Fig. 14-41). The method is sometimes referred to as the donut method because the individ- w
ual areas used to determine the reservoir volume fall between successive contour lines and \‘—--'j
commonly appear to be donut-shaped. Many people consider this method to be less confusing

than the horizontal slice method, particularly if isochore maps have a number of thick and thin

areas. The equation for the verucal slice method is

Volume = h{dg—A) +hid) —Ap +. . A, =A,) + fpld,,) (14-3)
where
h = Average thickness between successive contour lines
Ap = Zero contour line
A, = Next higher value, or next successive, contour line
A,, = Highest value contour line
b, = Average thickness within A,

Figure 14-41 and Table 14-2 illustrate the procedure for volume determinations using the
vertical slice method. The reservoir used for this example is the same one used for the horizontal
slice method (Fig. 14-40), so the results can be compared. The difference in calculated volume
between the horizontal and vertical slice methods, for the example in Figs. 14-40 and 14-41, is
less than | percent.

How To Calculate Formation Volume '

Simpson’s rule(if the numbers of contours are even)

Ve =h3[poty 4@ riyste..tVnd) 207304Vl ]

Trapezoidal rule(with some what less accuracy)
Ve =h[12(yoty )ty rtystecctynr]
Pyramidal rule(if 4,,.,/4,<0.5)

VB =h/3(Au+An+I Z & "Agnﬂ)
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SCALE IN FEET

Figure 14-80  Cross sechion and nal pay isochore map of an idealized reservoir. The cross section
shows the depicted solid divided into 5-i-thick horzortal shices. (Craft and Hawking 1959, Reprinted
by permission of Prantice-Hall. Inc.)

Tabie 14-1
Area Ratio Interval av

Area 8q. In. Area Acres  of Areas H Feel Equation Ac. F.
Ay 19.64 450 = = - -
A, 1634 kril 083 5 Trapozoid 2063
A, 13.19 303 0.80 5 Trapezoid 1695
Ay 1005 n 0.76 5 Trapezoid 1335
Ay 669 154 0.67 5 Trape2oid 963
Ay 322 73 048 5 Pyramid 558
Ay 000 0.00 4 Pyramid 9

v Total ac. fit. 6713

“The percentage diianence in acre-loe! botwean tha horzontal and vercal shoe methodsiis less han 1%,

Horizontal Slice Method

One way to determine volume of a reservoir is to horizontally slice the depicted reservoir solid.
and sum the volumes of the layers to calculate total volume of the reservoir. For the horizontal
slice method. two equations are generally used to determine the volume from a net pay isochore
map that has been planimetered (Craft and Hawkins 1959). The first determines the volume of
the frustum of a pyramid.

1
Volume=-5h(Aﬂ+An+l+JA,,..1,,+1 (14-1)

where

h = Interval thickness between isochore lines
A, = Area enclosed by lower value isochore line
A, . =Area enclosed by higher value isochore line

This equation 1s used to determine the volume of a layer between successive slices, which
are based on vertical thickness and represented on the map by net pay contour lines (Fig. 14-40).
The total volume of the reservoir is the sum of these separate volumes.

The second equation used in the horizontal slice method determines the volume of a trapezoid.

1
Volume = -z—h(A,, +An41)




1
Volume = )—ht:\,,, +An41)

or, for a series of successive trapezoids,
; 1
Volume = ;hHO +2A1+ 24524, +Ay) Higpedy (14-2)

1
where

Ay = Area enclosed by the zero isochore line
A, Ay . A, = Areas enclosed by successive contour lines
I3y = Average thickness ‘wnhin the maximum thickness contour line

The pyramidal équation usually provides the most accurate results; however, because of its
simplicity, the trapezoidal equation is commonly used. Since the trapezoidal equation introduces
an error of about 2 percent where the ratio of successive areas is (.5, a common convention is
used to employ both equations. Wherever the ratio of the areas within any two successive isochore
lines is smaller than 0.5, the pyramidal equation is applied. Wherever the ratio of the areas within
any two successive isochore lines is larger than 0.5, the trapezoidal equation is used. Computer
programs, for calculating reservoir volumes from net pay maps, are capable of combining the
pyramidal and trapezoidal equations in the manner described. However, the programs may vary in
the cutoff ratio that is used, so that ratio for a given program should be determined by the user,

Figure 14-40 and Table 14-1 outline the volume determination using the horizontal slice
method. Take a few minutes and review this example to obtain a good understanding of the
procedure.

PAY THICKNESS (m)
L.

i : @ Ara
: hda= |
- E (] !
i | =PAY VOLUME |
== . - : =

AREA (m?) CONTAINFD WITHIN THE ISOPAY CONTOUR

Fig. 44. Graphical method for the calculation cf the net pay volume. From Ref
permission of Khuiver Academic Publishers and of Professors Archer and Wall




AVG. 21

AVG. 17.5"

Figure 14-41 Cross section and net pay isochore of an idealized reservoir. The cross section
shows the reservoir divided into vertical slices. (Craft and Hawking 1959 Reprinted by permission of

Prentice-Hall, Inc)
Table 14-2
Area Difference in Average v
Area Sg.In. Area Acres Areas A~ A, Thickness Feet  Ac. Fi
Ag 19.64 450 =2 3 @
Ay 16.34 s 75 25 187
Ay 1319 303 72 75 540
Ay 10.05 231 72 125 900
Ay 669 154 7 175 1347
Ag 322 74 80 225 1800
Ay 0.00 ] 74 270 1998
Total ac. ft. 672"
“The

| mmmmﬂtmmmmalm»nnlmmhzw than 1%

Sed

0. 44 at
Hlﬂll&dghﬂ&w&wmhﬂm a
Ml&.mmmmiﬁmh& 10-14, and reservoic
csaditions are given in Tabie 10.1.
Sﬂc&ﬁl&m-mﬁﬂwm“mwu—d
mliiplying by average thickness between contours.

Cowntour interval ~ Area, acres Mm., Velume, acre - R

as 15137 25 e,

10 14275 75 106

035 167 s "’“:

5 128.3% V1.3 L

%25 183,58 ns I &

g i gl = usle

i s it N

P proyi i s 185132

] wia 315 05529 - E

s ) 24 i IR

Frie o 14 10459

Tt 2286.36 5.6 - =
Gas seserve:

G=a3 5 T 1

= 43, 560Ahd<) .7];'3.2

Giesm 1,

= 43, 560(%9, 861 ¥0.28)(1 -0.3imm_m,

= 153.9 Bel
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How To Calculate Formation Volume
(Cond.) Kol

I son's rule

0
"|=Tlﬂ*Uﬂ!’ﬂll"ﬂn'ﬂ‘h‘ﬁ*iﬁlviuiifé.!li

= %[tl!ﬁ] 404 + 103) + 2 x 46)]
= 12267 -k
1 =oidal nle
Vo= SO{I40 + 136) + (4 + 46 + 10))}
= 12050 acdt
nidal rule

50
A= THOH 1614 204 + 96 £ 103) + VINX 88 + VBB X 109 + VI % 308
= VAT X 106 - V66 % 143}
=196 ack

Area Enclosed by Contour

Figure 4-2. m&udh;;hmminﬂpl-l.
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Figore 5. Be=ple grid for hand integratir~ of contowr Zaps.

T:e equatiocns to be used m-T’SS’XA )C-"A ﬁ[‘

il i n.ﬁ2<aﬂ s B/53) (¥5) -8 P o
= o)

e ;3.352«5.:%:4 G B UoBe) -
435005 =  B8q

subscript indiu'!j.ng velue froo the jth eleceat,
ares, acres,

gross pay thickoess, feet,

Tet-to-gross ratie, fracticm,

yorosity, fractiom, .

average weter ssteratiom, fractioa,

o1l formation voluze fecter, res. barrsls / STB, and

gas forzation velume factor, res. cubic fget -

WohlhNEbN

FPP 0B

i
]

{B) and (%) are better spproximatrioas then are equaticns (1)

s

(2) to the sctml weli—s ¢f hydrocarboss ia place. The reasons coeme Iyom

‘ig. 8.3 Top sand structure map. Rough gas felc™,

fTructurs CONtour maps are usad to connedt poinis
rqual el o It is 1o map structure
he top and base of porosity -n-!!bc map indicates

external geometry of the rescrvoir. The map
- Fig. 8.1 shows the boundarics as a fluid

porosity limit to reservoir quality rock and
ndaries. The contour intervals are regular

bydrocarbon—-water contact and the top of the ik,

icture is known as the closure or t of the & Ao
‘rocarbon column. Structure maps the top D i i)
ds of Thistle oil reservoir™ and the Rough gns
@1 are shown in Figs 8.2 and 8.3. A schemaltic
-‘ﬁ-uct!on of the Rough field iz illustrated in Fig. ‘o wall contral

"he aren i 1 i cach 1 Fig. 8.2 Top sand
be measured by various mathematical techni-

e

Temative

water contaar

Fig. 8.4 A schemaitic cross-saction of tha Rough fisld. (after®v)
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ORIGINAL-GAS-IN-PLACE ESTIMATE

NAM PHONG TECHNICAL REVIEW
NOVEMBER 1934 =

YOLUMEY RIC ESTIMATE
STANDARD CALCULATION:

RESERVOIR ROCK VOLUME 4.79 M acre-feet L‘

AVERAGE NET/GROSS a% - eooiX lse =

AVERAGE POROSITY 1%

AVERAGE WATER SATURATION 25%

RESERVOIR GAS VOLUME FACTOR 304 SCFAR -

- 4300 g anw'y e 03 ¥ f N .

CALCULATED OGIP = 510 GCF

ORIGINAL RESERVOIR MODEL CALCULATION: OGIP = 602 GCF
MATERIAL BALANCE ADJUSTMENT

RESERMMDE.ADJUWFORHISWMATC&OGP= 639 GCF

e

AREA CONTAINED BY THE CONTQUR (m?)




2. Better Way .
This method assumes that there have been encugh wells drilled to be able to

tepare each of the following types of maps for this reservoir:

{a) structure top map,

(b) gross isopach map,

(c) mnet-to-gross ratio map,

(d) iso-porosity map,

(e} iso-water saturation map,

(£) water-oil contact map (if WOC is npt constant), and

(g) gas-oil contact map (if the GOC is not constant).

Reservoir Pressure* /"z" Factor* -psia

Nam Phong Fieid

PRESSURE vs PRODUCTION
(Northern Developed Area)
:“
o
\t‘-\
\‘\.\:“ k
i .". K‘w Proved Reserves
NS % « Northern Area 390 GCF
D, 2 « NP#3 _5
g"‘l,} . %% Total 3985 GCF
B
Est'd Abandonment Pressure- & &
EUR =390 GCF. | 3 25 /OGIP&«;?BG(:F
1 ! 1 \ D o, I
100 200 300 400 500 600

i Omgeiis Cumulative Production - GCF

700

-

A




Reservoir Engineering I
HW NO 1; Due date: Friday, June 11, 2010. ."

s mmenmieerece I NO.1 ChiaIEY 1
i ey Due Date: Friday 15 June 2012

1; 1.3 Molecular weight = 30, specific gravity= 1.034

2; 1.5, $3.14, and $15.4 (Hint; 16 oz =1 Ib)

3; 1.6 (a) 3.9 min, (b) 64,147 Ib, (c) explain(Hint; 16 oz = 1 Ib)

4; LI0. P(psia)= 300, 750, 1500, 2500, 4000, 5000, 6000

Z = 096 0914 08 084 091 099 1.08

By(cu.fi/SCF)= 0.05613, 0.0214, 0.0098, 0.0059, 0.004, 0.0035,0.0032

5; 1.21 ANS=B(Bg)=1.515 bbl/STB

6; 1.27; (a) dw=4.77 cc (b)dw 4.67cc (c) dw=16.3 cc (d) p= 036072 cp

AND HANDOUT

7; The Satun Gas consists of mole % as follows
Mole% MW  Pc Tec NHV
(psia) (R) (BTU/SCF)
| Methane(CH,) 69.0

668 343 909
Ethane C;Hg 10.0 778 550 1618
| Propane Cillg 6.0 616 666 2316
Iso-Butane iCy 13 529 735 3001
n-Butane nC; .1 550 766 3010
n-Pentane nCs 0.4 490 846 3708
n-Hexane nCg 0.2 440 914 4404
Carbon dioxide  12.0 44 1071 548 0

Determine; 7y, Py .};@ 3000 psia, 340° F, and NHV

8. Use of correlations to estimate values for oil properties; Ry, Co. Be,
and p, at pressure of 2100 and 3800 psia: Given
'T=200°F , Pb= 2500 psia, v, = 0.8, p, = 40 °APL, y,= 0.83

R T

Reservoir Engineering I
HW NO 2; Due date: June 22, 2012. t
1.Determine the gas in place in the given net gas isochore map; \13_,.!,

° 10007
ey

Figuse 1413 {ai Net gas isochore map hasec on equaly and proporionaly spaced conours (3
Yiet g@s isochore map with the confowr spating based on waking Welis Mo 2 and 3 through the
wedge. Cormganc #is map 10 that shoam m Fig. 14-1%a (From Tearpock and Harrs 1987, Published
by permission of Tenneco O Compang §

=020, §,,=0.25, B, = 300 SCF/ res cu.ft




1. Determine the gas in place m the given nel gas 150chore
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€=020, S, =025, By~ 300 SCE/ res cu.t
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i 4.5 3%),3<0
20 4.5% 19.S=21> 437,500
o 315-1-3:%3_ ‘;*\11\‘:,&(",
o SA7=154 z;,u\}h'.-_(‘_,
© 1§44t =438 4 57,5c0

2. 2.1 Find the rock volume of the SUT OIL RESERVOIR IN FIG.2.

- \ 3 3

OIL /WATER S—
CONTACT-7450
75T ]
e e Seale 0.5 cm= 400 &
= =] 0.255q cm= 160,000 2.2
A 0 |
A3 4“! 1 = 4 m‘ |
e S A [
(-7 =
. <1300 T e

FIGURE 2. Geological map on top and base of the SUT OIL RESERVOIR

2.2 Find oil inplace in the SUT OIL reservoir if the average; ¢ = 0.20, Swi =0.25,
Bo = 1.3 res bbl/ STB, and recovery factor of 0.4.




Reserve Calculation

Material Balance for Gas Reservoirs
Materiai Balance Equations

GB,, - (G - G)B,_

GB, = (G - GIB, * (W, - W)

P =p; p=p
No
water G B_; = (G-Gx)B
drive - L
With
= B
water G Bg; = Senen 9
drive . -
__:__fa“_+
Water Water
With
attached G B_: =
. qgi
oil zone
Ee— s sl
ot Gas-cap expansion

(5-145)

(5-146)

(G-gy) By

Figure 5-141. Schematic of material balance equations for a dry-gas

:-T!mrvolr [187].




MATERIAL BALANCES IN GAS RESERVOIRS B, &p o R Ve

p), Sp,%p Tse Bl &1 o
Re 2T = P AT
. e S
V{ =V; - N‘.+B._P~‘, s B, = Rl f‘f.ne -
Comsmvation of Maa. - T"p* ) .
o] = FEA B TR W s
[M-‘ “IM . . ) 35‘ o %_5__1-? ?,T P*_
"_bcp,'
“-? = n -w - M(LL EQ‘(\\ be comes
RGGP = P % Pivf # BS;C:? = 3_5_‘35.6 - 63;-@
Tse &T T 5

= PV pvicwernyg) PSP =BG -Bya.
Vo\u-qt"‘wn'c Ru?n;‘z:,- 'V;_ -':i: é‘Ba; ” (G—G_e')%

RS = DV _ RV 2
Tae T -.":;-'F b= Tivi e i o
G = b—wn[T¥ 7 Ty B -
e (G ), dide GBaBy) = Gyby

TS S TESTTTONS, TR Z3% COMpressibity 1erm 15 much gicale
M;:— ion and water ilbsilidi mdlhe%mmonlh
left-hand side uqu 2.10) bemues negligible A
653 ._’m JE(;,- 30+ W,=G,B,+ B.W, G15) 4 )'

When 1eservoir pressures are abnormally high, this term is not negligible and
should not be ignored. This situation is discussed in a later section of ts

Winw!h:ind&:rmmwhti:mmwm
from a reservoir of inferes:, the reservoir s said to be rolumetric. Foc 2
- vol imetric gas resecvoir, Co. (3.15) reduces to:

G(8;- B,)=G,B, G
l}m.Eq (1.16) and substituting expressions for B, and B, into Eq. (3.16),
the following is obtained:
rL =g B=T
Noting tk* pfoduction is fally an i I process fi.e., the reservoir
P MEq ﬂlr)lsm&:wdu
o(3)-e (3] =°‘4,)
Rescrasss 3
S W p
T :JGG'+=, S
Pis 7,2 awl G are. for a given rezerveir, Eq. (3.18" sugges®
nzpuown.r_ dinate versos 7, a5 thy 553 would vield a straigh |
’ {
= . A ‘
slope G
yw-&

= .
This phot is shown in Fig. 3.6. |




Table B1 - Gas-in-Place Estimates

Ap cf GIP
{(psi) (1/psi) (Gscf) Comments
7.70 6x10-6 . 433 No communication wit
Nam Phong 2
4.47 6x10-6 744 90% confidence interval
10.93 6x10-6 304 90% confidence interval
7.70 6x10-5 249 High formation compressibili t
6.00 6x10-6 565 Communication with Nam Phong 3
= Includes gas volume of bhotH
wells

Values for other variables used in the equation:

Gp : 0.3267 Gscf

z : 1.140082

Az/Ap : 0.0000Q707/psi
. Sw : 0.25

Cw : 0.0000034/psi

tume £ The change in the mcktnlumc is.;;:pr_;u::.:s ..a:h‘;
space volume. which is simply the negative of the change in th:
In the development of the general material balance equation.
terms are wsed:

Initial reservoir oil. STB a P
Initial cil formation volume factar, bbUSTB > 1.9
Cumulative produced oil, STB

il formation volume factor, bbysTB @ P -
Initial reservoir gas, SCF e G @ 0;
Initial gas formation volume factor, bbUSCF @, P;
Amount gas in the reservoir, SCFG@. F
Initial solution gas-oil ratio, SCF/STB @.T;
Cumulative produced gas-oil ratio, SCF/STB é..:f
Solution gas-_il raio, SCE/STB. & P i Mf L1, Crass section of 3 combimation dive reservair. (Afier Wondy and Moscrip.”
Gas formation volume factor, bbUSCF &P s ADIE )

Initial reservoir water, bbl

PET RPIRIPPRAPOPAREP

Cumulative produced water, STB * Recerveirs undev Simatfiuews Dives
Water formation volame factor, BbUSTE >1.9% * Pl = P
Water influx into reservoir, bbl ; L 4
Water isothermal compressibility, psi~! [
Changs ia average reservoir pressure, psia Py = P s Aw
- Initial water saturation wATER, Fivia %
Y. Initial void space, bbf .
c:: L S Fthcommi compresaiiy. o= @ change tn O Velume.

P
-




b The Genaral Matarial Balance Equation
[hange in the Oil Volume:

Initial reservoir ofl volume = NB..

Oil volume at time rand pressure p = (N — N,) B,

Change In oil volume = NB.~ (N — N,)B, @1
[ hange in Free Gas Volume:

Ratio of initial free gas| ___ GBy
to initial cil volume NBs

nitial free gas volume = GBy= Nmi.

prres] [ st | [xnam) . [rosi)

= [Mote 1 e |- ) - 00— Mam]
e e b
o e o e )
IChange in Water Volume:

water = B.W,
Volume of water encroached at £ =W,

[ Change in ]Kw_(w+u_,_w_+wc.ap)=—W.+H.§V.-W=-M)

2. Derivation ol Material Balance Equation L
z-im_‘hﬂmil‘ﬁwﬁm‘-lkmﬂmmiﬂ

[ amne= e |« vt af
mmm‘n::mnmwmm—umamm.m
= — Wt BW, - We AP - Vicdp
ngﬁnguhw-vﬁ.,mdmuw="u;t::""ndmwn&m

SRS o S

= nw [t s s

= =W+ BLW,~ (1+m) NE, ‘—‘,S:'—;_“]» @5

quilglhdnﬂgﬂinlkuimdﬂupsvdmmlhm' of
thedlmgulnlh:utermdn:kmlumudmmm

NB.-NB,+N,.B, — (RmBaBy|

+N,B, + NmB,. [ z, J N R.B.+ N,R,B,

. + NB R~ N B R = W,— BW,+ (1 +MJ”3¢[&|€:—;_“ AF
Now adding and subtracting the term N,B,R,.

N B.~NB,+NB,+Nnb— M—',.;.]_
+N,B,+ N [ By 4|~ M BBt NRB, +NER.,

Now writing B..= By and [B, + (Res— Ru)B,} = B, where I, ix the two phase
mmmmﬁm_-mw&-lﬂ -

B,
N(By— B)+N[B.+ (R~ Ro)B] + M’(l 5 3:)

,H_g_\g+(1+nlﬂh%§ﬂﬂ 2.6)

This is the general volumetric material balance equation. It can be rearranged
into the following form that is useful for discussicn purposes.

+
NGB~ B+ 2558, B+ (1+m) N B, e
=N,[B, +(R,~ R+ B.W, (27

Mmamﬂ-ﬁﬂd&.@?}ﬁmﬁhamﬂmﬁ
id production, and each term on the right-hand side represents an
:iul:lydmabolotm 'I‘heﬁmmmmlhc‘hnlnndﬂd:
mlhﬂtapnﬁmdmyodandlmgumﬂmﬂlhm
‘The third term accounts for the change in void space volume, which is the

ion of the i d water. The fourth term is the amount
of water influx that has occurred into the rescrvoir. On the right-hand side, the
first term represents the production of oil and gas and the second term repre-

the water production. P
mmnnm&mﬂwqﬂymmydmdm:u_mm
types discusscd in Chapter 1. Without eliminating any terms, Eq. (2.7) is used
for the case of a saturated oil reservoir with an associated gas cap. These
reservoirs are discussed in Chapter 6. When there is no original free gas, such
as in an undersaturated oil reservoir (discussed in Chapter 5), m =0 and
Eq. (2.7) reduces to:

N(B,~B)+NB, "l—-s_‘;_'ﬁ}apm
=NJB.+ (R, —R)B,| + B.W, (28)
For gas reservoirs, Eq. @ﬂmhmhmMN&-G,
and that NmB, = GB,, and substituting these terms into Eq. (2.7):

Sut g
N(8,— B))+G (B,— B,) +(Nﬂ.+GB,)["1_;: AF + W,

=N,B.+ (G, — NRu) B+ B.W,  (2.9)

@3 = N B Rt N BB N,B Roem Wom BWy+ (L4 m) N B, [5‘,—’%“]»
T
Change in the Void Space Volume: ; :
BT NB+ B~ NIB, + (R~ R)B]+ NJB.+ (R~ R.)B,]
Chsmge in woid] _ g,y vie.ap] = Viei4P + (R, ~ Ru)B,N, - "'L"—’"]-m—a.wmmwa cedatalyy,
space B, 5 1-5.
- o Material Balance Equation 2. Dosivation of Malerial Balance Equation [

mm&h.w&tpmmﬂu:hniuuiﬂoﬂmumm,
mdﬁ,nqulmncm.mwwhmmﬁmhap
Teservoir can then be obtained

G(B~B)+ Gﬂ.[‘%’;‘%}» WGBABW, g

This ion i dis d in ji jon with gas and gas- d
m:wmsuu. s =
i mmam:m“pmwywmm
upgngchmddqﬂeﬁmdﬁu,pup&in,udm&h,kiu
pra interest to d inc the relative i of each of these mech
mlhll:.""lﬂﬂn,"mn ged the materia
Hpuﬁuman-fuﬂommnﬁnmﬁmwm“im
which he called the d:iu'-dnmnp.mem(pn
& ﬂ;

v depletion

index (SDI), and the water-drive index (WD)

5 When all three drive mechanisms are ing to the prod:
il and gas from the reservoir, the compressibility term in Eq. (2.7) i
qﬁenﬂmh_ﬁpond.hhr'm;lhemu i ur::qlo(lhnh:lm
side of the equation, the following is obtained:

N8~ 80+ S5 0, ) - B = 1B+ - BB

Wchwwmmmmmm%«uqm

NmB,
N(BL-B) B, BB

N8+ Ry~ BB * N, + (R, — R)B]
f

w-nw)
M T

The of these three fractic MMm&ehﬂ-hﬂiﬁdeo(Eq
(le)mtheesp-ﬁmu(&:ini&lnﬂm,lh;up-uind:ki-ﬂilw
i Th d i is the
% is
of the gas and oil production expressed at thd
@mm-ﬁmhmduﬂym-k&zmﬁhmndd}mm
sions plus the net water influx. Then, using Pirson's abbreviations:

3
DDI +SDI+WDI=1

&h;ﬁemmmhmp&uﬁmﬂmnbwﬂumm
arc




P volume. Well tests are often useful in locating
"ﬂ"‘:h"'ﬁ'm,-.-s- elermination of m. In some cases, these
. ‘but are tilted owing 10 water movement in

fields, it is doubtful that the cumulative gas and water production is kaown (0
.au"u.u;-uhmmmm—:hm-wﬂﬂ
of natural gas and because more of the gas associated with the oil

is being sold, better valucs of gas production are b -

-

4. THE HAVLENA AND ODEH METHOD OF APPLYING
THE MATERIAL BALANCE EQUATION

. L
dﬂ:m‘hﬁiﬁﬂdﬂ:mmmmhhpﬂ
portion of the ir. That is, in their devel pressibility term
k-ﬁpﬂmhﬂuﬂmby#(n-].mﬁq.(z.lzl.lhw
migﬂﬁpﬁdh”(”n)huﬂpﬂuﬂ.hum“m“f
the (1 -+ ar) multiplier in parti pp Havlena and Odeh defined
the following terms and rewrote Eq. (2.12) as:

F=NIB.+(R,~ BB+ BW, - W~ G,
E,~B— By

F _|aSaty

e=[525]er

E,=B,-B,
F-Ns.m(nnw.&n[%]s.w @
InEq. (2.13) Frep the net production from the o By amt

E, represent the expansion of oil, formation and water, and gas, respectively.

F=NE, 2.19)

Tﬁwm-ﬁhllphdfahym-dﬁurk:
WMMIMEMW”U‘W.@H”M

varisble. .
*umwhwmﬁaunmmqmmm-
ten as:

NJ{B.+(R,—R.)B,) +B.W,—W,— G,B,

- N[(l.-l.}+ l..(nu)(%‘-‘f)ap +%(a,— 3,)] +W, @12

The terms W, cumulative water injection, G, cumulative gas injection, and

8, formation yolume factor of the injected gas have been added 1o Eq. (2.7).
m*ihmmommuww,mqumummm

. Une. Part Il—Feld Cases,” Jour. of Petroleum:

,%'MLM#MM(MMM

'—::nheduhednwmkmilﬁwé.
M.mmmmw.mmmum-.

Ppredictive tool for estimating future production. Examples are shown in subse-

qu-tdupunhll-mul&applhﬁ-dlh_mm

*
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Where Are the World's 0il Reserves?
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World Gas Reserves
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2845
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Source: BP Slatistical Review of World Energy Outiook 2010




1,333 MMMBBL
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\V/'
Coal is the major WESEEH Coal 52¢
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[In 2010 Primary commercial energy consumption = 178 MMbpdoe
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o Single-Prase Gas Reservoirs

2. CALCULATING GAS IN PLACE 8Y THE VOLUMETRIC
METHOO

mwﬁ&mdmhawmapmwﬂﬂm
ﬁkmwl,ml,kqe;d-_‘.‘:‘mhigw
culvic foot. As the wolnme facsor B, changes with pressere 17,
@ '.‘:-_,._an“ P - dectines. The gas pore volume V.
'ﬂnudmg'q.n&.umhl—i‘ol_hm.m'-w
mﬁﬂdu&m«u.wwwﬂmmg_e

43,560 V(1 -S.)
T
(]

G

Tise arcal extent of the Bell Feld gas reservoir was 1500 acres. The average

mmnn.sqummmmm“wmg»aﬁ:w
¥ 2%, s connate water was 3%, 2, 2 mitial

pososity == :.a_:::m = .

G = 43,560 % 60,000 % 0.22 x (1 - 0.23) +0.00533
=£3.1 MMM SCF

Bocaose the volume factor was calculated using 14.7 psia and 60°F =
uhdmzm.hiiﬁlmiﬂuidnmwedth
e data from ebeciric Jogs. cores, and drill-stem and production 1ess. A
m_ﬂmhmwdwmrm
&mdammﬂmﬂ:‘:pﬁm!\mm
o B e
Gve volume of the roserwoir. The comtour map i used ia propasing the iso-
m-m-hmackudw.mofp‘s:iml:h
contact line i the zero sopach line. The vola 5 y plasumete
“’ uader = s " » ‘r n prep =
ﬂmmdmiﬂlm&_&sﬂh‘s
E:Eqdmpu-ﬂmmdmﬁddadﬁdbghlﬂmu—
tacts. faults, or permeashility barriers oa the subsurface comte s map.

|- Bgfipeneec sovupbent e o 2c grvem ot he o8 of ool SEopet

2 Calcuising Gas in Place by the Volumetnc Method n

Teo cquations are ly used to & wne the vol-
v of the productive zone from the planimeter ings. The volume of the
fruntum of 3 pyvamid is givea by:

L
Mr’.’-i(-'\.i'd...*\r'd-ﬂmi 32
alere AV, 15 the bulk volame ia acre-foet, A, is clased by the lower |

mopach line i acres, A, is the arca caclosed by the upper isopach Jiac in
scves, and ki s the infeqval between the isopach lincs in feet. This equation is)
scd 10 determing the volume between sucoessive isopach lines, 3od the total
volume & the sum of these separate volumes. The volume of 2 trapezoid is:

]
AV =54+ A

or for 3 seies of sacoessive trapezoids:

v.-%(.-mla.fu,,..u..,+A.:ﬂ.,A. (33

A, 1k area enclosed by the zero isopach line in acves; As. As. .. A, are the)
areas enciosed by sucoessive sopach lines in acres; £, is the average thicknes:)
above the 1op of maximum thickness isopach line m feet; and & it the isopach)
imerval.

For best accoracy the pyramidal formula should be used. Because of ity
simpler form, b the idal formels s wsed, but o
miroduces am crror of 2% when the ratio of successive areas is 0.50. There|
Jore, 3 commonly adopted rule in wnitization programs is that whercver the
nbo of the areas of any tve isopach limes s smaller than 0.5, th
mﬁmamm&uﬁnd.emduym
sacoessive sopach lines rs found 10 be karger tham 0.5, the trapezaidal formul
= agplied. Exampie 3.1 shows the method of calculating the volume of a g

1eseTvour from an sopachoes map, Fig. 3.1. The volume berwecen arcas A, and
Ajby the idal equation is 520 ac-f1, with the moce

figure of 558 ac-ft by the edsl When the & 7 rathey
uniormly

developed and there is pood well control, the crzor in the net bul]
eservoir volume should not exceed 3 few percemage points.

_En*ll. Calculating the act volume of an wdealired reservour frong
the sopachous map.

Given: The planimetered arc~s i Fag. 3.1 within each isopach Ene. A

iy iz, cli. and the DialRcts COASTARL




_ Example 3.1. Calculating the net volume of an idealized reservoir from \
the isopachous map. X
Ko
. Given: The planimetered areas in Fig. 3.1 within each isopach line, Aq,
iy, dj, ete. and the pianimewr constant.

o SFT 1

— < "TeneaL
-~ —~

> L —~

Fig. 3.1. Cross section and isopachous map of an idealized reservoir.

Fig. L1, Cross section and isopachous map of an idealized i ctervoir.

Yo

SCALE W FECT

SoLumon:
Producnive Area” Area Ratio of  Imserval AV
Arca Sq in. Acres® Arcas h, feer Equanon ac-ft
Ao 19.63 450
A, 1633 s 083 5 2083
Az 13.19 W03 080 5 Trap. 16855
Ay 1005 31 076 s Trap. 1335
As 669 154 0.67 s Trap 563
As an 74 0.48 3 Pyr. ssut
Aw .00 o 0.00 4 o
6713 ac-t
* For 3 map scale of 1in. = 1000 11 1 5q in. = 22 96 ac

'al’-;ml‘l}ll-m ac-ft
£
'Al‘-iil’l*’l—\liﬁlnl-mw-ﬁ

4
TAV == (74) =99 acft




2 Caiculating Gas in Place by the Volumetsic Method P

mmn&dﬂmmdamm
water. The two terms.
nﬂmwhm Mwihmtm
ecasec it reds space avail lnml-d,undklho
the
mu—h-ﬁhum-mwamﬂmu
ﬂmub*mhhe“ﬁhnmnﬁ 33.

P in any vols JOR 5
what of i the i at any time after initial pro-
mﬁﬂzuklmmmwdhmﬂnth
Schuler Field.* B. of the dient from cast ta
ummwﬂhndhm;ummr
m Thmhmﬂhuxmm-ﬂm average

P or average vol P
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Well averape pressure = '" (i.4)
2pA,
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Fig. 3.3. Typcal capillary pressuse curve

Fig. 3.4, Rowervoif Peessors sunes c.h\m isobatic fincs drann from the measured
hortom-bole pressures. (After Kaveler.! Trans AIME)




Well average pressure = ';— (1.16)
ip;:l.
Areal averige pressure = & (117)
T4
.
Ipidd

V. e -2

olumetric average pressiure - TR (l63.6)
°

where x is the number of wells i Eq. (1.16) and the number of rescrvoir
umits in Eqa. (1.17) and {L.18). Because we are interested in olitaining the
avesage pressure of the hydrocarbon contents, the volumetric average,
Eq. (L.18), should be u:ed in the vol ic and tal-halance calc:la-
tions. Where the pressure gradients in the reservoir are small, the average
pressures obtained with Eqs. {1.16) and (1.17) will be very close to the
volumetric average. “‘bﬂrdwmdmumhmthmwayhem
siderable

differences. For ple, the Tie of the
J'au-ndm\-!nl:u.l.nl&Smumpund-ﬂhlmmonaﬂ i
average well basia

The caleulations in Table 1.6 show how the average pressures are
obtained. Thefrsim(?nl. (1) are the estimated drainage areas of the

Table 1.6. Cucrranios or Avenicz Ressnvorn Pacssurs

Well  Prossure Drainage Est. 8d.

Na. pria AreaAaes pxd Thck. pXAXk AXA
1 bz 160 40,000 2 8,500,000 a2m
2 2580 125 135,00 N 8,375,000 3125
3 2840 190 30,000 % 14,029,600 ®e
4 T 135 2930 3 12,136,500 ]

10,970 &0 1,706,100 #3311,100 15,700

Well average preseure = '-—°’:‘° = 2743 peia

e

—

Areal average pressure = "'“um = 42 peia
Vel metric svetage pressure -“’n'.- = 2780 psia
. 15780 {
zr00 P
: &
§ N’
3...., a
IOFT WFT _ 1GFT Q
ISOPRCH LINES
Fig 3.5 Seqioa of 2a ischanc and ropachous map.
TABLE 3.2.
of reservoir pressure _
i o (L] (2] [AT] L
Pressere
Ases Acres”® i LY. Axh pxAxk
A -2} a -] 637.5 13313.00
D 15.1 e (L] 265 62 I8R.000
C =S x9 b -] 12605 3599813 000
o o2 x5 15 4530 129.105 000

25795 726.519.000

*Planimcsered avex ol g 15
THI19 000
Ascrage prowere on 3 ilmne ban = S5k

-2617 peia
3. CALCULATION OF UNIT RECOVERY FROM
VOLUMETRIC GAS RESERVOIRS
hmgmﬁuﬁk“\k&v&pﬂlpﬂ,l&h&
volume is not known., hhmtslmcwmm:cmm
am 2 unit bass, ssually | ac-ft of bulk rescrvoir rock. Then one unit. or Lac-fi,
of bulk reservoir rock contains:

Comnate water: 13560 x & xS cuft
Rescrvoir gas volume: 43360 x & (1 -5, ) cu ft




TABLE 3.2.

Volumetnic calculalions of resenvoir pressurs

VOLUMETRIC GAS RESERVOIRS

of bulk reservoir rock contains:

() 2) 3 ) o) (6) Kl
Pressure —
Area Acres* psia h fi Axh pxAxh
A 25.5 2750 25 637.5 175,313,000
D 15.1 2750 15 226.5 62,288 000
C 50.5 2850 25 1262.5 359,813,000
D 30.2 2850 15 453.0 129,105,000
25719.5 726,519,000
* Plammetered areas of Fig. 3.5
; 726,519,000
Average pressure on a volume basis = 2‘55'19.5
= 2817 psia

3. CALCULATION OF UNIT RECOVERY FROM

In many gas reservoirs, particularly during the development period, the bulk
volume is not known. In this case it is better to place the reservoir calculations
on a unit basis, usually 1 ac-ft of bulk reservoir rock. Then one unit, or 1 ac-ft,

Connate water: 43,560 X ¢ X S, cu ft
Reservoir gas volume: 43560 x & (1= S,) cu ft
Reservoir pore volume: 43,560 X & cu ft
[T viial sandand cubue feet of £35 m place m the wait & TTie gav voreme Tactor i e Bell Gas Ficld ot miial TeseTvor prenoie ]
180.00533 ca fUSCF and a1 S00psia i1 is 0.03623. The mitial unit reserve or umt
3560 (6K1 -5.) T y based o volemetric pezh atan of 500
G R, SCFlac-ft GF) puais 35.. - 8053 catkce® P =22
G i standard cubic feet when the gas volume factor B, is in cubic fect ; 2 21— [—'—-;] /
standard cublc foot Eq. (1.17). The standand coaditions are those wsed in the U ety R 02201~ 0.23) X | oo~ e
cafculation of the gas vohume factor, and they may be changed 10 any other ~nsnascraen ¥ A %la
ﬂ_h'lh_'-mdﬁedalp:_ln‘sj.mm&ismemdul 0.00533
hnndmh*“.u_dﬁcmmws,unfmﬁmnf hmgtxwr*lm[l-—'-'—,]
ﬁepunh-e!-‘ura ender C L, there is no change 0.8
._um-uiud\‘-au.m:hemﬁrpsmuumum.us, = B5%
is the g > (acton at the ahaad, P then thestandard cubic
fect of gas remamng ag abandonment is: These v caleul are vabd ided the unit neither drains nor is
i GNP dramcd by adjacent wi
i - = Serac s G8

':tw-&:-ﬁﬂﬂmhﬂmmmyiﬁweﬂﬂ-m
mamag a0 ahund, r (ie.. that produced at abandk
pressure). or

1

Ut recowery = B 560S K1 — s"’[ﬂL—F— SCFacft a9
s By

T umit cocovery i€ aba called the indtial unit reserve. which is penerally lower
than the insial unt in-place gas. The remaming reserve at any stage of de-
pletion is the difleremoe between this imitial reserve and the wait production a1
“at stage of depletion.. The fractonal recovery or recovery Gactor expressed
=1 2 pesecatage of the matal m-place gas s

1 1
:m[—-—
100G -G, 8, s,,l
Recovery &W!%A 1 i3 (3.10)
8,

Rocovery lacla-l@ll-%J

Expencace wih wlmnetne gas ndi that the will
range from 80 1o %% . Some gas pipcline compamics se an shandonment
pressure of WG pei per 1000 7 of depth.

4. CALCULATION OF UNIT PECOVERY GAS .
Under initial conditions one unst (1 ac-ft) of bulk reservoir rock contsins
Connate water: 3 SOXSXS_ cuft
Revervour gas volume: 43.560% & x(1-S.)cufr ®
T Surface wnits of gas: 43,560 x & % (1 -5.) + B, |

<

In many reservoirs ander water drive, the pressute suffers an wmitial decline,
afzer which water emters the reservoir at a rate 1o equal the production, and

the pressure stabilizes. In this case the stabulized p 7 the alx
pressure. If B,, i the gas volume factor at the abandonment prewsure and S,
is the residual gas i d 2% 3 fraction of th volume, after

water invades the unit, then under abandonment conditions 2 usit (1 ac.f1) of
the Tevervoir Tock coatains ;u - ‘_sa‘_
Hﬂ!éx(l—sfla‘l} \ (
BI0xsxS, catt AW Y v
43,560 x & X 5,, + #,, SCF

Wiater volume:
Reservoir gas volume:
=y units of gas:

Unit y = the diffe b
units of gas, or:

G

Unia recovery in S\’.‘F'n-p-u.ﬂ(ﬂ[‘—;’-"-gl] @i
- -




the Boll Gas Field is produced under a water drive such that the
presure stabifizes at 1500 psia. 1f the residual gas saturation is 245 and the
_nswhemamﬂisﬂ.ﬂllﬂnum.lhﬂlhiiﬂuhmr

e Partial water drive

. (1—-023) 04
Unit recovery = 43,560 x0.22 X [—-—-—“ s ool

= 1180 M SCFac-fi
The recovery factor under these conditions is

i ll -023 oM

_oowas “umu] e

Under these particular conditsons. the recovery by water drive 1S the same as

the rearvery by wolmmetric depletion, Moarated in Sect. 3. I the water drive

i very active 30 that there s essentally no dechine 1 reservorr pressure, uait

Uait recovery =43.560 x & x (1 — 5.~ S0 + B, SCFacdt  (3.13)
1005 - 5.~ 5.0 .

Recavery factar =—— — 3.14)

For the Bell Gas Fickd. assuming a residual gas saturation of 4% vmmmm

Unit recovery = 3560 x 0.22 x (1 =025 —0.24) + 0.00533

« 933 M SCFacft

e unogzy | ETEINSSSING=S Dl
(1 =023

=%

Recoven factor

Recasse The residual gas saturation 1s mdependent 0f 1h.c pressure. the reaw-

The residual gas i be d in the repre- Incalculating the gas reserve of a particular i il
Jentative core samples. Table 3.3 gives the residual gas saturations that were e recovered by the WUE) o0 the omms s Fr s A Bt
wum*maﬂdmmdum inisially ing the lease, SSRis "‘:'hmf

by adjacent wells. In volumetsic re- where beneath
the e
i ?i_‘-l‘nm:mtmm]m:eh-mﬂ:
" -ilbelmlhn-‘-l‘ L 'uu»--u-;eu.hmu'-
lhciu.. 3 lh“ﬂ;_.- e wmm;ﬁ.

m‘m;h—m-.le-m' will divide its initial recov-

. s

uﬁ:ﬂﬂ*-ﬂkk&ﬁmﬁtmﬂ;ﬂm-‘ih
dip are drilled at the updi of their units, which are

lﬂ-ltrlep_gmam =3 erpratoniy
pressure below the initial reservoir
= pressure, the recovery factor will be i

has reservoirs do have the advantage of maintaining higher flowing wellhcad Examplc 3.2 shows ik son of the initial

bressures and higher well rates compared with depletion gas irs. This by volumetric depletion, partial of 2 160-acre unit
;d:.urmhh_hl—-mdh'ﬁu_\oimuuudl 2 walcr drive, and complete water dri
o . it et
TABLE 3.3. = P
Resiciual gas saturation after water lood as moasured on core phags Given:

(Afler Gefien, Parish, Haynes, and Morse™ )

Average porosity = 2%

. F Reswdusd Gas Saturasion,
P Maserial Formation  Percentage of Pore Space  Remarks Connate water = 23%
| T — 16 e A
; (13-t Colusmn) Residual gas saturation after waler displacement = 34%
-“ml = a (1 Core) B, =0.00533 cu WSCF at p,= 1250 psia
Prosutc comebdund & do B, = 0.00667 cu fUSCF at 2500 psia
Novton Alendust E]
m——i—— Prosisi {1 Core) =0.03623 cu (USCE at 500 psia
[Comotidatcd - 3 Cares) Arca = 160 acres
Frio 0 {1 Coeg) Net productive thickness
Nellie Bly - (12 Cores) B
Froatier 31-34 (3 Cores)
n__“ nn—- 3 Coven) Sovumion:
(14 Gores)
%a FPore volume = 43,560 x 0.22 160 X 40 = 61.33 x 10" cu ft
Torpedo -3 | Initial gas in place:
. 0

Gy = 61.33 x 107 x (1 - 0.23) + 0.00533 = 8860 MM SCF




“denienion 0 Zo0U BSia | |
v"-‘iﬂhmaﬁam

ta 2500 psia !‘
G-,-ﬂ_uxm*xu-omhom?m-ymmscr ‘ !
Gas in place after volumetric depletion to 500 psia: mt‘m

G3=6133 x 10° x (1 - 0.23) + 0.03625 = 1303 MM SCF

v ) Gasi afeer Rt .
Ach'e in place wates invasion 38 3250 psia: S v W
G‘-Glﬂllﬂ'x&?"&m-nizmé mmm
Pdtal c.,..m...umm‘.t.tmw AT T ST~ TIgED

Gljlxlﬂ'xl)!lvﬂmTIJIEHMSCF

tnitial reserve by depletion to 500 psia: depiztion tn HO® psin
hb& G — G = (8860 — 1303) x 10° = 7557 MM SCF

st s by s drve w 20 peee D UGDIGMON P=3.250 pela

Ae“h Gy — G = (8860 — 3912) x 10* = 3948 MM SCF

il e by st deive 4 240 pi depietion to 2,500 psin
fdld (G: — G:) = (8360 — 3126) X 10° = 5734 MM SCF

If there is onc undip well, the initial reserve by water dnve at
psia is
4(G: - G:) = (8860 — 3912) x 10° = 2474 MM
The recovery factors calculate to be 85%. 65%. and 565 for the cases

of no water drive, partial water drive, and full water drive, respectively. These
mnﬁ!&wﬂnﬂmhw'lhmw As

water iavades the rescrvoir, the intained at a higher
level tham if there were no water encroachment. mmwmm
“mhlﬂu-dnue irs. the main

ir s that of depiction. or gas Tecoverics
xeln-:tln mE‘ 3.2

‘-‘(O‘U"mlﬁm mmwg&nn to 2500 psia:

JiE G:=6l.§!xm‘x(l—¢.13]+0.€n,$‘l-PWSCF denletion 10 2,500 psia L
I Gas i place after volumetric depletion to 500 psia: \\&'_‘J._/

G =61.33 x 10° x (1 —0.23) + 0.03623 = 1303 MM SCF
. o , depietion to 500 psia
Ach'e Gsnpbn:aﬁcr-mamq_z.'_ﬂ_m Ssr

G:=6133 x 1 % 0.34 + 0.00533 = 3912 MM SCF

Mfaﬂ g,hmmq-m?;?n’a;nmiﬁx: ﬂﬂm'ﬂ':I:

Ge=6L33x I6* KES“"‘GM’JMWSCF
it s Bruu ke s e 2S00 | RE)
Instial reserve by depletion 1o 500 psia:
Vo Lo, G, — Gy = (8560 — 1303) x 10° = 7557 MM SCF
4111 | A Iniiak ceserve by water drive ar 3250 peia:
Gy— G = (8860 — 3912) x 10° = 4948 MM SCF -“mn

Initial resecve by water dove at 2500 psia:

?J" (G — G) = (8860 — 3136)  10° = 5734 MM SCE

H there is one undip well, the initial reserve by water drive at 3]50
puiais

(G, - G.) = $(8860 — 3912) x 10* = 2474 MM SCF. '

z . . it I e well
water invades the -, the p is mgi d at a higher nmwm“ﬁmuﬁmﬁmﬂl
level than if there were no water ch This leads to higher abands Hﬂuhmﬂmammmumm
ment for water-drive irs. By the main mechanism of weoovery factor will be improved for the wells bow on strucnere.

i P — e e that of dopletion. oc gaa > g wumumamm—maf.m-g

ey ““’"‘,_&31 deplesion., partial water drive, and complete water drive.

= e ——————————————




= e Poams Gas Pissaris g g

d bt = attempted in the field and has been found to be successful. Matthes, Jackson,
Gas i place aflex ] e Schuler, and Marudiak showed that ultimate increased {rom 69 10
- 5 0.00667 = 7080 MM SCF T4% by increasing the field production rate from 50 1o 75 MM SCF/D in the
GeeLI X P x(-0T)+ Mmﬁddhwﬁumy.’luﬁ-;.m.-dnﬂn-!f
. . ic depletion to 500 psia: ported an B.5% increase in ultimate recovery with an increased
Gas i place sz B raic in a strong water-drive Gulf Coast gas rescrvoir.®
Gy = 6133 % 10° (1~ 0.23) + 0.03623 = 1303 MM SCF L8 et g, -t L. e i
X ter invasion at 3250 psia: ﬁwmd'-d‘-; hmmmﬂ
Gasin p ex B Mwﬂkmnh“ﬂu‘mnmuww
G=61.33 % 10° % 0.34 + 000533 = 3912 MM SCF m-dll ﬂe&qﬁwnmuﬁ
i ub-mednep :‘n cxhidonds for the -
- ik ;. water u!nnp—-m-& water because the
Ot i lasy W oo m-mmm*mm&-ﬁ-d&-np
Gy=61.33 x 10° x 0.34 + 0.00667 = 3126 MM SCF ductive gas zones in th ing the useful p :
nnmummmupmmdwmtk
2e depletion to 500 psia: average pressure in the reservoir, allowing for more gas cxpansion and there-
Al s—ce by s fore more gas ion. Third, when the average reservoir pressure is
G, — Gy = (8860 — 1303) X 10° = 7557 MM SCF m»ﬂﬁﬂn&wwo{ﬂnmﬁmﬂb
Initial reserve by water drive at 3250 psia: s totally invaded by water. Arcaro and Bassiouni the impr

b ﬂnmﬁuﬂinﬂﬁhhlﬂ—ﬂﬂhm
G~ Gy (8360 ~ 3912) X 10° = 4948 MM SCF 7 mmmmm—;mwuﬁpﬂdm

Initial reserve by water drive at 2500 psia: mwach more detail in Chapter 8.
(G, — G} = (8860 — 3126) X 10° = 5734 MM SCF

- 5. MATERIAL BALANCE
I there is onc undip well, the initial reserve by water drive at 3250

~ In the previous sections, the initial gas in place was calculated on 2 unit basis
s f 1 act of belk productive rock from 2 knowiedge of the porcsity and
—GJ)=}(8860— - SCF - connate water. To calculate the initial gas in place on any particular portion
I(G‘ G l 3912)!1!? N ;ﬂam.lnm}bhq in addition, the bulk volume of that
The recovery factors calculate to be 85%, 65%. and 56% for the cases ";;H*-oflMW;ﬂmwr.m-{:_m.-ﬂukm'd-
of no water drive, partial water drive, and full water drive, respectively. These | umes are not known with any reasonable precision, the methods described
recoverics arc fairly typical and can be explained in the following way. As cannot be used. In this case, the material balance method may be used to
water invades the reservoir, the reservoir pressure is maintained at a higher alculate the initial gas in place; however, this method is applicable only to the
level than if there were no water encroachment. This leads o higher abandon- Teservoir as 4 whole, because of the migration of gas from oae portion of the
ﬂmhmﬁuwm&uuﬂ_d Teservoir to another in both volumetric and water-drive reservoirs.
inagas ir is that of depletion, or gas I | The gencral material balance fora gas derived in
are lower, as shown in Ex. 3.2. Chiapner 2.
Agarwal, Al-Hussainy, MMM:WMM b
s iy | ooy [E s weGaenm @
than the f

wa and water and the
H—hd!dfdﬁq,(llﬂ]bwm‘b& G(B.-8,)+GB, [——-———-J AP +W,=G,B . +B.W, (2.10

TS+
&%'Ltﬂ* G(B,~B,) + W,~G,8,+ B.W, G1s)

When neservoir peessaces are abnore.ally kigh, this term is not negligible and
Mﬂ*mm:-—nusduman-mmuu.

mm:mmmmmwm
from a reservoir of interest, the reservoir is said 0 be volumerric. For a

volue setric gas reservoir, Eq. (3.15) reduces 1o:
G(B,~B,)=G,B, . (3.15)

:}:; a.‘(LLG)#-Wr.gm for B, and B, isto Eq. (.16

(e ) -l -alen (8D

MMMBmaMmmﬁ_e_.ﬂgm
P ). them Eq. (3.17) is reduced to:

o()-¢(3)-a(3)
Reamaaging: |1 s 3*&

T Y SN, W
P = L' = G & i

&,
n.g-df‘.aumhamrm Fq. {3.i8) suggests
:auudyzsn-uﬁnmc amﬁn—-n:u(,ud'-mﬁm

s‘-:‘e--—;% - b
¥ imterecep: =L
z

This pioe is shown in Fig. 3.6.




Rearranging: q:b +o. t
> ! 2 ] s M’
' el

= Z,_G Z (3.18)

Pi. 2, andt €.are constants for a given reservoir, Fq. (3.18) suggests
that a plot of p/z as th= ordinate versus G, as the abscissa would yield a straight
line with: _

« i ==
sic,e== '-b
G 7,G

¥ interecept =g .
5 Material Balance 3
This piot is shown in Fig. 3.6. 3000
ML 7_mb?-u-um_ : s
. - oo e [
N = TN
o, {:._._=] eal NG
| B SN e : eEER :
.c = \;‘- \‘h i oo sm ‘,-: =1
® LN S & e —-.D\\| H
i RN o e i
* s 3
: » e n-mn._nu--r\ z
E = - I o 5 i > N
i et e /-’ ] RAMAATRE  PRODUCTION, tarscr
_'__"-:'.:--'-- .—m -_ P -;:F 3 o mgﬁ:mazmﬂtgmmxxdr-dy:mdwm

. — L T
Equation (2.10) could have been derived by applying the law of conservation J o 4
of mass to the reservoir and ity term is much greater
For most gas reservoirs, the gas : term on the s 4000 =
ﬁm‘iﬂ‘wmwmmmw € ) pr—
et hane! sde o Eq. (2.10) bcomes negligtie ¢ \\ :“w’-“
G(B,~B)+ W= G+ B.W, L 1 : R i
6 vs Mz
F are ab ';‘iﬁ-ﬁ‘.ﬂniﬂﬂz am . \ K A
should not be ignored. This situation is discussed in a later section ‘ H""x"l\ N 3
" i neither water encroachment into nor water production. - g NN |
m?uw;h.m,mmkﬁmhwma il{ g = ;
volumetric gas reservoir, Eq. (3.15) reduces to: ? z I"' g &
G(B,~ B,) =GB, Q5 Culau aTve " ProouCTIon, Maniscr
7 omti ions for B, aod B, into Eq. (3.16). ison of theoretical values of p and
ll:llﬁfl;('-::)“‘_"":“‘“"'lw 4 MMC:::.-: i eovhald Ppiz plotied versus cumulaf
L g F
Pl _ - (B2 @.1n (7 1£ piz is set equal to zero, which would represent the production of
G(% “G(np‘ C\Tr  the gas from a ir, then the corresponding G, cquals G, the initial
; ' in place. The plot could also be P d 1o any aband: pizto
Noting that production is ially an isothermal (Le., the reservoir ~ the initial reserve. Usually this extrapolation requires at least three years
» remains constant), then Eq. (3.17) is reduced to: H P depletion and gas production data.
& Figure 3.6 also ins a plot of ive gas production G, vers|
6(5)_G(ﬂ)=a,(_s_) . pressure. As indicated by Eq. (3.18), this is not linear, and i
P P. P 3 from the pressure-production data may be in considerable error. Because 1f
3 -ﬁﬁ-vﬂuduﬁhhﬁubmrpnunlymmmﬁ.u
extrapolations will be low for pressures abave 2500 psia and high for pressur]
i  below 2500 psia. Equation (3.18) may be used grapbically as shown in Fig. 3
Po_Pig B (3.18) %h&d&mnhﬂmuuumnuymhmm
T wOTN ~ aband For e, at 1000 psia (or piz = 1220) abando

pran

i, Eq. (3.18) suggests Mm.l&iﬂﬁmi‘.ﬁmﬂ.mmﬁaﬁrp’:

Because constants for a given reservoir, Eq. (3. ~ 3130), the (remaining) reserve is 4.85 less 2.20—that is, 2.65 MMM SCF.
M;J&;:gef:mmﬁpﬂﬂm“uw'm' % In water-drive reservoirs, the relation between G, and piz is not lines
line with: - a5 can be seen by an inspection of Eq. (3.15) and (3.18). Because of the watf
influx, the pressure drops less rapidly with production than under volumetr

8 | control, as shown in the curve of Fig. 3.6. Consequently, the |
o 0 Tindhdetnsutdainagy ) ettt et e

v q\ = P
& P Where there is water influx, the initial gas in place calculated at successiy
¥ interecept = _ Stages of depletion. assuming no water influx, mw i




L Single-Phase Gas Reservolrs.

ion (3.15) may be d in terms of the initial pore volume, ¥,
by recognizing that ¥;= GB,, and using Eq. (1.16) for B, and B,:

[ ] Er&zh,,u;_g (3.19)

For this cquation can be reduced and rearranged 1o
give:

B M X @20)

The i ! b illustrate the use of the various equa-

mu-:wmmqnpmam

Example 3.3. C'almlmnglleumﬂpmﬂlu-dlbehmnlm
of a gas reservoir from data for .
Noullullhebmptwuunismim

Given:
Initial pressure = 3250 psia
Reservoir temperature = 213°F
Standard pressure = 15.025 psia
Standard temperature = 60°F
Cumulative production = 1.00 x 10" SCF
Average rescrvoir pressure = 2864 psia
Gas deviation factor at 3250 psia = 0.910
Gas deviation factor at 2864 psia = 0888
Gas deviation factor at 500 psia = 0.951
SoLumon: Solve Eq. (3.20) for the reservoir gas pore volume V;
15025 x1.00x10°  3250x Vi 2864 V,
520 0.910x 673 0.888 x 673
V,=56.17 MM cu ft

3

5. Meterial Balance
‘The initial gas in place by the real gas law is:
G L* = 3250 x 56.17 x 10* x 520
> p.. 0.910 x 673 x 15.025
=10.32 MMM SCF

The gas is:

g at SO0 psia aba:

G oV T 500 X 56.17 X 10° X 520
v I.T h 0.951 x 673 x 15.025

=1.52 MMM SCF

The initial gas reserve based on a 500 psia abandonment pressure is the dif-
ference between the initial gas in place and the gas remaining at 500 psia, or:

G,=G -G, =(1032-1.52) x 10°
=8.80 MMM SCF

2 E:-q:l:!(ﬂhﬂnmlhuu(th-mm&:mhﬂu
whﬂ&elinll“uplueltmlt 50 sh method of

is still the
. sidual gas saturation, Mmhaﬂumwm
Teservoir.

1 3.4 Calculating water influx and residual gas saturation in
* water-drive gas reservoirs.
Given:

Bulk reservoir volume, initial = 415.3 MM cu ft

Average porosity = 0.172
Average connate water = 0.25
Initial pressure = 3200 psia

umxlmxm‘ 2Sox ¥

: Sud

l ng zas
! ir from Juction data ot a vob L
7 Ncu that the basc pressure is 15.025 psia.
!
i Given:
.
P t  Initial pressure = 3250 psia
b
4 ¥ Reserveir temperature = 213°F
i . -m‘ Standard pressose = 15.025 psia
THC  Standard tcmperatire = 60°F
G Cumulative production = 1.00 x 10 SCF bcag
Pi_ Average reservoir pressure = 2864 psia
H -, Gas deviation factor at 3250 psia =0.910
1 = Gag deviation factor at 2864 psia = 0.888
=23 Gas deviation factor at 500 psia = 0.951
—

SoLuTion: Solve Eq. (3.20) for the reservoir gas pore volume ¥

2864 ¥,

BSe _ Vi BV
N v s B 2T
'mp;ambgdumu,-:u—m

G =PV T 3250 X 56.17 x 10° x 520
2T P 0.910 x 673 x 15.025

= [0.32 MMM SCF

gas remaining at 500 psia abandonment pressure is:

_e x T SU0 > 56.17 > 10° x 520
‘l' Pu 0.951 x 673 x 15.025

= L.52 MMM SCF
initial gas reserve based on a 500 psia

G =G —G.=(10.32 - 1.52) x 10"
= 8.80 MMM SCF

~ 0910673 Gess %673
_(3 e X

abandonment pressure is the dif-
s muwmmmwhmnmhmntmpﬁm.

e V)
Bja
vi

—

&=
e B




A s

=T g water influx and residual gas saturation in

3.4 Calculati i
r-drive gas reservoirs. wc

Bulk reservoir volume, initial = 415.3 MM cu M
: —

Average porosity = 0.172 T.a'S

Average connate water = 0. S Ty ..

Initial pressufe — 3200 psia

B, = 0.005262 cu f/SCF, 14.7 psia and 60°F
Final pressure = 2925 psin
B=0.005700 cu f/SCF, 14.7 psia and 60°F

Ci ive water production = 15,200 ggt (sucface)
B.= 1.03 bbl/surface bbl
= Gy =935.4 MM SCF at 14.7 psia and 60°F
gulk volume invaded by water at 2925 psia = 13.04 MM cu ft
X i pumasas
SouuTioN:
4 ~ 415.3 x 10° x (172 % (1 — G.25)
Initial gas in place = G = 00052632

— 10,180 MM SCF at 14.7 psia and GO°F
Substitute in Eq. (3.15) o find u,.&(&s—is)—\-f-b= 2, "‘3&4"?
W= 935.4 < 10* X 0.005700 — 10,180 x 10°
(0.005700 — 0.005263) + 15.200 > 1.03 = 5.615
- 960,400

This much water has invaded 13.04 MM cu ft of bulk rock that initially of
tained 2556 connate water. Then the final water saturation of the flood
portion of the rescrvoir is

5. - Connate water + Water influx — Produced water
o Pore space

_ (13.04 x 16° x 0.172 X 0.25) + 960.400 gﬁ 200 x 1}“!"
13.08 < 10° < 0.172
~0670c67% SHB. [P = |—;3-( S

Then the residual gas saturation S, is 335¢. == ‘_‘ - /_.

88 Single-Phase Gas Reservoirs 5. Material Balance )
B, =0.005262 cu fUSCF, 14.7 psia and 60°F “The initial reservoir pressure was 4200 psia, with a temperature of 180TF. The
. mhmmfummmmmmm
Fanal pressure = 2925 psia made at different times.
g'-DMwm‘SCF, 14.7 psia and 60°F piz (psia) G, (MMM 5CF)
Cumulative water production = 15.200 bbl (surface) 346;:1’] 0
s 1
B, =1.03 bbsurface bbl € 2008 3
G, =935.4 MM SCF at 14.7 psia and 60°F s x s :
£ What wil cumulative gas produced when the average reservoir
Bulk volume invaded by water at 2925 péia = 13.04 MM cu ft (‘)mhﬂdmwodlom;ﬂ
.  (b) Assuming the reservoir rock has a porosity of 12%, the water saturation
SoLUTIoN: } is 30%, and the reservoir thickness is 15 ft, how many acres does the
z % 4153 % 10° x 0.172 x (1 - 0.25) reservoir cover?
Tnitial ges in place =G = 0005262
SoLumon:
- 14.7 psia and 60°F
10,180 MM SCF at pua r & o -
Substitute in Eq. (3.15) 10 find W, Methane 15 673.1 332 5048 874
Ethane 020 083 5048 141.7 100
W, =935.4 % 10° x 0.005700 — 10,180 % 10 n-Hezane 005 440.1 9142 -1 45.7
4 Toeals %] [IENY

(0.005700 — 0.005262) + 15,200 x L.03 % 5.615
= 960,400 cu ft ~ i

{2) To get G, at 2000 psia, calcolate z and the p/z. Use psendocritical
[propertics.

T

mmmmmuumuadmmmmu

tained 25% connate water. Then the final water saturation of the flooded p,*mxln
portion of the reservoir is 668.5
5 Connate water + Water influx — Produced water ;-‘_ul-lg
Pore space bk
uamxlﬂxnmxus]ww.m 15,200 % 1.03 ¢ z
13.04 X 10° X 0.172 pft=—--2ﬂ‘l
=0.67 or 61%
i A lincar of the data in Fig. 3.7 yields the following,
Then the residual gas saturation S, s 33%. hm‘b'::m s Pm‘:ﬁ:& equation
Example 3.5, mmﬂzﬂwmm-eyumm S ahaiae
A dry gas reservoir contains gas of the following composition: N Pz %10)°°G,
Mole Fraction Substituting a value of piz =2500 in this equation yields:
Methane 075 i
Ethane 020 9(10)7°G, + 4600

ik 005 G,=233(10/'SCF  or 233 MMM SCF




Sunghe-Phase Gas Reservors
8, =0005262 cu f/SCF, 14.7 paaa 2ad 60°F
Fmal peessore = 2925 psia
8= 0605700 cu f'SCF, 14.7 psia and 6U'F
Camelative water production = 15,200 bbl {surface)
£_= 193 bhl/surtace bbl
G, =935.8 MM SCF . 1.7 peiz and €0°F
Bulk volrme invaded by water at 2925 psia = 13,08 MM ou ft
Soumnon:
5 - 4153 x K" x 0,172 x {1 - 025}
Yl gas i place = G =~ gmiaE T
= 10,180 MM SCF st 14.7 psia and 40'F
Subsieste in Eg. [3.15) to find W=

W, =935.4 x 1* x 9.005200 — 10,180 x 0*
£0.905700 - 1.005342) + 15,200 x 1.03 x 5.615
=968 300 cu f1

Thes moch water has mvaded 1344 MM cu fi of balk rock 1hat initially con-
taized 25% connate water. Then the final water suturabon of the fooded
portiam of the reservoir i
s “mmivﬂham-m.ﬂuﬂa
Ty Pore space
_{13.08 X I8* X 0.172 % 1).25) + 560300 — 15200 ¥ 1.03
2 1303 K10 <0172

=867 or 67%
Thea the seudusl gas sasrasion S, is 33%

Exampée 3.5. Using the p'z plot 1o estunase cumskitive gas production
A dry gas reservoir contans gas of the following composition:

Fracs
Micthane .75
Ethane .20
n-Hexsne o

Example 3.5. Using the piz plot to estimate cumulative gas production.
A dry gas reservoir contains gas of the following composition:

Mole Fraction
Methane 0.75
Ethane 0.20
n-Hexane Q.05

Theinkiﬁr&nuirpmmmﬂlbpﬁa.ﬁﬂllwmpmmeoﬂm.m L) °s
reservoir has been producing for some time. Two pressure surveys have been "l
mxlendiﬁetemtim-ls » 1o

plz (psia) g;,(mmsm Bl

4600

3700 1 Be

2
& a.%%

(a) What will be the cumulative gas produced when the average reservoir
pressure has dropped to 2000 psia?

(1) Assuming the reservoir rock has a porosity of 12%, the water saturation
is 30%. and the reservoir thickness is 15 ft, how many acres does the
reservoir cover?

SoLUTION:
P, 7. YP. s 7 g
Methane 0.75 673.1 M2 N 504.8 2574
Ethane 0.20 708.3 504.8 141.7 110.0
n-Hesane 0.05 440.1 914.2 22.0 45.7
Totals 668.5 413.1

el e MO0 acia caleulate 7 and the piz T7 . szeudocritical




Example 3.5. Using the p/z plot to estimate cumulative gas production.
A dry gas reservoir contains gas of the following composition:

Mole Fraction
Methane 0.75
Ethane 0.20
n-Hexane g.08
s et

‘The initial reservoir pressure was 4200 psia, with a temperature of 180°F. The 0.0%
reservoir hias been producing for some time. Two pressuce surveys have been _'_5
nurkntdi&remﬁm.ls
plz(psia) G, (MMMSCE) - -0
4600 Q

3700 1 Be
R az.‘l‘l
(a)mm‘llbethec:mﬂaﬁvcgupmduccdwhmthemngcmwoir
pressure has dropped to 2000 psia?
{b) Assuming the reservoir rock has a porosity of 12%, the water saturation
is 0%, and the reservoir thickness is 15 ft, how many acres does the

reservoir cover?
SoLUTION:
Pe T i o T
Methane 075 673.1 32N S04.8 2574
Ethane 0.20 708.3 304.8 141.7 110.0
n-Hesane 0.08 40.1 914.2 22.0 45.7
Totals 668.5 413.1

PR

0t 000 ngiacalculate > aod the plz T1 yzeudocritical

S

SoLUTION:
P, T. YP, ¥rI.- ,!.
Methane 075 673.1 3432 % S088 2574 A8
Etfine 0.20 708 3 5048 1417 110.0 N
n-Hexane 0.0 1401 914.2 22.0 157 5
Totals w85 KRR

(@) To get G; at 2000 psia, calculate z and the piz. *"_._ pseudocritical
properties.

2000 :; b |dlsepivC, onid
i fm =296 o ope CHEA 300 (18:9F= 2183}
640 . A e
s s s (R
413.1 I
=08 ; .
i i i
o0 |
pf - ﬁ = m I =I‘

A linear regrescion of the data plotted in Fig. 3.7 yie.Is thelollowing equation
for the best straight fine through the data:

F = -slpexgt B
" plz =-9(10)7G, + 4600 2 T ‘} &
Sabstituting a value of p/z = 2500 in this cquation yields:?-‘- e Eew';! * .E‘:
i 2,
24 (31%)

2500 = — 9{10)”'G, + 4600

G,=233(10¥,5CF or  2.33 MMM SCF




Example 3.5. Using the p/z plot to estimate cumulative gas production.

A dry gas reservoir contains gas of the following composition: t
Mole Fraction -
Methane 0.75
Ethane 0.20
n-Hexane 0.08

T v
mhﬁﬂrmnﬁrpremmwas&mm.wﬂhlmmnflm.ne 0.0%
reservoir has been producing for some time. Two pressure surveys have been ‘-__S
made at different times. q
plz (psia) G, (MMM SCF) = 1.9
4600 Q

3700 1 Be
AR a3

(a) What will be the cumulative gas produced when the average reservoir
pressure has dropped to 2000 psia?

(b) Assuming the reservoir rock has a porosity of 129, the water saturation
is 30%, and the reservoir thickness is 15 ft, how many acres does the
reservoir cover?

SoLuTion:
P. T: YP. -
Methane a.7s 673.1 M2 N 504.8 2574
Ethane 0.20 708.3 5048 141.7 110.0
w-Hesane 0.0s 4401 914.2 2.0 457
Totaks 6685 ika
Lo T ot o sz WO ocia Lonal - | l [ LAl i itical
SOLUTION:
P. & YP, T, .!.
Methane 0.75 673.1 432 % 504.8 257.4 M
Ethane 0.20 708.3 304.8 1417 110.0 —
n-Hexane 0.05 401 914.2 22.0 45.7 i
Totals 668.5 4133

(@) To get_G, at 2000 psia, calculate z and the piz. T'_. pseudocritical

e
PIOP I lept a AiSEDIRS, "’"J
- Aper)
p’_m ~2.9¢ oo il shpﬂuiusrv:?mvalo =
- o N i /_/ \3_\— | g
=iy~ i e
=08 l
pr=5e= L

A linear regression of the data plotted in Fig. 3.7 yie.Js theiollowing equation o
=-$l 6*%“" L
2 i1 &

Substisuting a value of p/z = 2500 in this equation yields:::"r- - g%@[ G+

: J 20

2500 = —9(10)”°G, + 4600 ey (319) :
G,=233(10F SCE  or  2.33 MMM SCF

plz = -H10)7'G, + 4600
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Jig- 3.7. p/z versus G, for Ex. 3.5.

1 T =3
e L -7
\\ Slepe = ‘,9___&604_;._!5__9:_ 9nie
wam t ‘
\x - 31700 3tve
- e -\ni-‘ Hi}i
gﬂ" o | w\_ i
= A

25 1w 15 £ Y b |
= 3.0 1!

Fig. 1.7, p/z versos G, for Ex. 35,

(b} Substinuting a value of p/z = @ wia the strmght-ine equation. ~zaid vield
the amount of produced gas if all of the initial =25 were prodaced: there-
fore, the G, 2 this piz is equal 1o the initial - 3 in place.

0= —9(10) "G, + 4600
G gz =M=G=511(10)'SCF  or  5.11 MMM SCI°

i ecognizing that V=GB, and thot B, = 0.62829 (z.p)T:

K-cs,-s.u(m:[%y] =20.1(10V cu f1

Vi=Abdl~5) = A
201007 2
"'Tm’“"’(“r“’ or 366 acres
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* GAS EQUIVALENT

* GAS STORAGE
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* ABNORMAL PRESSURE
GAS RESERVOIR
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f{piz 1wt the stragint dine cquation, wauld weld

rod o i 2l oof the imitial pas avse prodaced ; there-
/2 i equal to the initial g i place.
WM G 4 e

AU SHF or .11 MMM SOF
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§, THE GAS EQUIVALENT OF PRODUCED CONDENSATE

AND WATER

I the study of s reservain in the procoding sectn, @ was implicitly -
stwied that the flasd in the resenwar at all prossures ax well i oa the surface
was i A wagfe (gas) phase. Most g reseovains, however, produce some
Igdrocarbon haquil, commonly called comdentatc, m the mage of a few w a
hnndied or more haels per million stagslied calwe foot. So long as the
cezervoe Tluid remains in 2 ingle (gas] plose, the calodations of the previous
saxctis sy be used, privided the arelative g productam 6, is modificd
1 mdude the coadeasute ligud prodaction. On the ather hand, if 4 bydra-
carban yund pluse develups in the neservoir, the methods of the previous
sectioms are not applicable, and these remograde, gas-oumdensale mcrviirs
wust be treated spedally, as describod i Chapter 1.

The resenvonr gis prodection €, 1ned in thie previsuy sections must
aeclude the separmter g production, the stock tank s production, and the
steck tank Nquid production ¢ It il gas o . wwmbol GF,
Tweare 3 R ilhrstrates two common sepacation schemes, Fimare 3.80) shows 2
e sage s)pimtion system with a prmary sepasator, 2 seondiry separa-
tor, and 3 stock tank. The weh fluid 15 mtroduced inte the primary separator
whoere most of ihe produced g &5 obtaimed. The liquid (rom the prmary
seyaratar s thea sent 10 the secombuy separator where an additionsl amaunt
ol gax is abtamed. The liquid froes the seoondary separator is then Bashed into
the sock 1ank., The liquid from the stack taak s A, and any pas from the stock
tank n adibed 10 the prmary and secomdary gs Lo arrise at the total produced
~elace pas, Gy, Figure 3.8(b) shows a twostage separmtion process similar
e the one shown i Fip. 3.8(a) wathoat the secandacy separator

P . ol T e Blpsrt
ael
el of Paraey Sy Sk
Spamaton Sepaavar Tank
p—n,

(a) Threexlage weparation sysiem

T Yo

[

.
]
tud ey ek
T sevanar Tamk
b ] u,

e
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P ¥ bon liquid is 10 its gas eq

it behaves as an ideal gas when vaporized in the produced gas.
Taking 14.7 psia and 60°F as standard ions, the gas equivalent of one
stock tank barrel of condensate liqy

nR'T
P=

s
10.

GE=V= M14.7)

=0zt @21

The gas of one barrel of condensate of specific gravity of 0.780
(water = 1.00) and molecular weight 138 is 752 SCF. The specific gravity may
be calculated from the API gravity. If the molecular weight of th

is not measured, as by the freezing point depression method, it may be esti-
mated using Eq. (3.22).

M=

5954 o
P T T s Pl
The total gas equivalent for N, STB of condensate production is GE(N,). The
total reservoir gas production, G,, is givea by Eq. (3.23) for a three-stage
separation system and by Eq. (3.24) for a two-stage separation

G, = Gyn+ GE(N,) = G + Gu+ G+ GE(N,)

G, = Gy + GE(N,) = G + G+ GE(N,)
If the gas volumes from the low-pr 7 and the stock tank
measured, then the correlations found in Figs. 3.9 and 3.10 can be used w0

estimatc the vapor equivalent of these gas volumes plus the gas equivalent of
mmhs.yih.mwm.m

Gm)
(39

the
Fig- 3.10 is for a two-stage scp system. The are based on
pro that arc routi d (i.c., the primary sepa-

rator pressure, temperature, and gas gravity), the secondary
perature, and the stock tank fiquid gravity. The total reservoir gas production.,
G,, is given by Eq. (3.25) when using the correlations of Figs. 3.9 and 3.10.
G, =Gt Vo) (3.25)
‘Whea watcr is produced on the surface as 3 condensate from the gas
phase in the reservoir, it is fresh water and should be converted 1o a gas
by and added 1o the gas production. Since the specific gravity of water

is 1.00 and its molecular weight is 18, its gas cquivalent is

JBR'T, 350.5x100 1073 x 520

e T T

=7390 SCFsurface barrel

e st s  PE

VapOr state at scparator temperature pressure, most of which must bej
by dehydration to a level of about six pounds per million staadard)

Urnrad
s

Tt
t
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8. ABNORMALLY PRESSURED GAS RESERVOIRS
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Bemard has proposed a method of anslyzing the piz curve for abnor-
maily pressured reservoirs 1o determine initial gas in place and gas reserve as
a function of abandonment p/z. ™ The method uses two approaches. The first
imvoives the carly production life when the piz plot exhibits lincar behavior.
mw:m«ﬂhhmdmiﬂn-amd
apparcat gas in place as shown in Fig. 3.13.

The apparent gas in place is oblained by the carly, lincar
Piz data. Then, by entering Figure 3.13 with the appareat value of the gas in
place, the ratio of actual gas in place to apparent gas in place can be obtained.
The correlation appears to be reasonably for i
Bermard studied. For later production times, when the p/z data exhibit noa-
lincar behavior, Bernard defined a constant C' according to Eq. (3.26)

Ea-cem-t-Lq, 626

9 3 M @ M0 WD U0 MR
APPARENT GAS-IN-PLACE. BCF

Fig- 3.13. Correction for initial g=s in place. (Afier Bemard.™)

(PNESEES e T

State and Capital
e [+ A N A D A
: 7-_. MAIE
- - - ¥
WASHINGTON L Superier o o
o HONTANA e s SERMONT GRS,y spcaiiRE
S oy ®  NINNESOTA e db"w Povicenot
PRI i PO “NEW ISLAND |
;“lrm T * WISCONSING micioa @ — CONNECTICUT
- BT Loty PENNSYIVANIAeTrentn
WYOMING Pigtra X MEW JERSEY
v,
Cheyere y
R . & Richmond
Sacrameno NEVADA 3
U COUORRCD
CALL ORinA ki L O LR
Sama Fe
i sl CARCLINA
PACIFIC i
. NEW MEXICO :
OCEAN Phoews ATI.‘NT“; Y
OCEAN
i MEXICO rofM.‘i‘;a
A G ul
CANADA & | pStsgee B 8
P memaer s Soumary
Geean  Saeem L ‘ S Bounaar, o
e | |l 5
e | & i Caphal
" Single-Phase Gas Reservoirs 9. Limitatons of Equations and Erors. =
samplcs taken from abnormally pressured reservoirs, Jogi, Gray, Ashman, whare.
4 nt bk ve i the I]::Zl.ni(lw“pi".“ C’ = comstant 4
values are fepresentative ical values at and = 3
mmw& s ““wm pressurcs _:-;l Ap = total pressure drop i the reservoir, g, — p
shad showed that in some cases the pz data could be adj i ight- .
= b’? T:w:::m x Mhﬂy’cﬂm : :.E;Cl.x).gzl;:bm“c .‘-ua.au-.uwmaq
lincar bebavior could be due to water influx from shales.™ I f A A

L

Bpipis) TSt
I i .
Ikli;:x;ndu:punﬁhﬂzud(},.hﬁ‘ and G can be calculated from
G=2BIBMm-3(8Y

IA'B' -TATEm
C'=X4Y +{é)z B'in

9. LIMITATIONS OF EQUATIONS AND ERRORS
e cochiia or ot




ARTERIAL BALANGE LINTTATIONS &
NSRRI

Table BI - Gas-in-Place Estimates w
=

ap i GIP
(s  (uefn) (Gzer) Comments 4 AP= 6460-6452.3=7.7 }

7.70 433 No communication
Nam Phan:

o e | AP= 6460%0.9995-6452.3=4.47

SROEET W 8 e
’-"w’wwo*l.mos-mszs:10.@

BT - Rk e X
Values for other variables used in the equat E
| : 1.140082
axz/ap : 0.0000707/pst
. Sw : 0.25
(=) : 0.0000034/psi
Reservoir Engineering I, 2012 : 4
HW NO 3; Due date: Friday, June 29, 2012. \g__,,)/
Chapter 3; 3.2, 3.4, 3.9, 3.12, 3.15

«ANSWERS TO THE PROBLEMS
«3.2; (a) 4038 psia, (b) 0.9; 249 SCF/cu.ft., (.c) 33.8 MMM SCF

3.4; (a) 433 x 106 cu.ft.,, (b) 2.43 MMM Ib., (.c) 48.9 MMM SCF
(d) 29.3 MMM SCF, (e) 32 psi , (f) 24.8 MMM SCF@
750 psia abandonment pressure.

3.9; (a) 289 MMM SCF, (b) 1000 Acres, (.c) 22.8 MM bbl

*3.12; (a) 1.83 MMM SCF , (b) 17.1 yrs, (.c) 67.24%
(d) 24.24%

¢3.15; 6.134 MM SCF (use Mo = 6084/(API-5.9) formula to get
this number)




7. CHAPTER 4 GAS-CONDENSATE RESERVOIR

5-6* WEEK, 22 June -8 JULY 2012 “
£ -3
Tahle 2. Classification of Reservoir Fluids: Table 3. Classification of Reservoir Fluids:
GOR, 0il and Gas Gravities Composition (mol% C.,)
GOR APIGravity GasGravity Mydocabon € € G G & Ce
(scf/Bhl} (AP} {air =1) Dy gas ‘L x P l‘_ 1 ‘
Sege (NC DN RN WAL Golwwe: W i 5 & 4
Cobinigw . TUIN PN UMEE o Wkt W] & § ¢ a3 &
Vogtesd 300 4080 06508 poogaesd 41 3 5 5 & &
Nonvolsileed 1002500 040 080N L. @ 3 1 1 & @
o ... SR - < g 100
Tardbitumen a <10

Table 4 C;, Fraction, 0il FVF and Color of Typical Reservoir Fluids

Nonvalatile Oif Volatile Ol Candensate Gas Wot Gas Dry Gas
Plasesysiom _ Bubblepoint Bubblopaint Dewpot Devrpoint Na change
GO0 %  0»s%  <ush T ea% cus%
E—.‘_IIP.‘_ <2 Ty >2 o e | . = -
Coor  Dak Colorad Light color " Clear, white No liquid
18, 0l formaticn velumme tsvter
4000

|
gsooo- 51
e 11
b
2500 |- 2
g &
& I
= 1
6zmm/ / §
- N
- | 3
g
sy
S |
000 | /)l’ o L
i lg, |
""/ 1'/ |
m L I 'l L L I
[ 50 100 150 250 300 350




|
GAS-CONDENSATE RESERVOIR ‘.
"%".ms{
k“-.—..--‘f
TABLE 4.1. < Sing
Mole composition and other properties of typical single-phase resenvoir nmds’
: SATUN
Black Volatile Gas- g
Component oil LKU  gif Condensate Dry Gas WETGas
G 488354 6436 87.07 95.85 £6.67 70
Ci 275 4 7.52 4.39 2.67 7.77 10
G 1932 474 2.9 034 295 g
C, 1.60 1 412 1.74 0.52 l.'?.'_*‘ 1.3
Cy 1.15 1 2.97 0.83 0.08 0881.1
Ce 1.59 3 1.38 0.60 0.12 0.1
04 42,1542 1491 380 0.42 0.5
100.00 100.00 100.00 l(lg.tl} 100.00
Mol. wt. C7 225 181 112 15
ng. SCF/bbl 625 2000 18,200 105,000 nf 33000
Tank gravity, “API 34.3 50.1 60.8 54.7 50-54
Liquid color Greenish  Medium Light Water
black orange straw white
g i 7 i 1T

TABLE 4.2. GAS in GOT has condensate yield=30bbl/MMSCF

: Range of gas-oil ratios and tank oil gravities for 172 gas and gas-condensate
fields in Texas, Louisiana, and Mississippi ,‘.5 L
&

o7

| & Range of Range of Number of Fields
| Liquid-Gas Gas-Off Ratio Per Cent ™
 Ratio, GPM® M SCFIbbl = Texas Louisiana Mississippi  Total  of Total

L <0.4 >105 38 12 7 57 33.1

[ 04t00.8 52.510 105 33 18 4 55 32.0

‘ 08t 1.2 350to52.5 12 15 5 32 18.6

120 1.6 26.2t035.0 1 8 1 10 5.8

1.6t02.0 21.0to 262 1 3 1 5 2.9

>2.0 <21.0 2 5 6 13 7.6

87 61 24 172 100.0

Range of Stack
Tank Gravity,
*API

<40 2 1 0 3 1.8

40-45 4 2 0 6 3.6

45-50 12 12 0 24 14.6

50-55 23 17 7 47 28.5

55-60 24 13 12 49 29.7

60-65 19 8 3 30 18.2

>65 3 1 2 6 3.6

rg 87 54 24 165 100.0

*Gallons per 1000 SCF.




well fluid is given by Eq. (4.1):

Yo =

133,316v,
R, + 77

where,

LS
Yoo poan + 1315

Ryyy +4602.y, + Ryyy

+ Ry

average specific gravity (air = 1.00) of the total well fluid, which is presumably
being p_mdumd. initially from a one-phase reservoir. Consider the two-stage
separation system shown in Fig. 3.8. The average specific gravity of the total

@.1)

Ry, Rr—producing gas-oil ratios from the separator (1) and stock tank (3)
Y1, yr—specific gravities of separator and stock tank gases
Ys—specific gravity of the stock tank oil (water = 1.00). This is given by:

(4.2},

M, —molccular weight of the stock taok oil that is given by Eq. (3.22):

M,..—molecular weight of the Hock tank oil that is given by Eq. (3.22):

954 42

M= 88 1008

Gn)

Exampie 4.1 shows the use of Eq. (4.1) to cakulate the initial gas and oil in
gas-condensale reservoir from the usaal i

oil in place.

Example 4.1. Calculate the initial oil and gas in place per acre-foot for

h pas-condensate reservoir.

Glven: Because the volume fraction equals the mole fraction in the gas state, the
25 2740 peia fraction of the total produced on the surface as gas is
[Reservoir temperature OFF
|Average porosity 5% _R‘_.@A_.
Average connate water 0% £i= LS 1 T, X e |
Daily tank oil 242 STB i mtn, R R
it gravicy, 60°F EPAM _ 394 394 M.,
Mymp’ 3100 MCF |f" 12810 4%
gas gravity 0650 3 34 34
ly tank gas 120 MCF a hi= gy = 0.951
E:m 120 S TW A I

o ————
e

[ —

- Then the total initial gas in place per acre-foot of bulk reservoir is

5954 243y
. = . 32
M= 8811 L08-¥, i
*’,‘%—'_f)w 42, SoLUTION:

1415
= Wo+ i 08

5954

M Ay W
= peAm—B8I1 48.0-8811

=151.9
R= 3.1:11!!‘ 12,810

120,000
e e

12,180(0. !
o LI 20700+ 6L2)
12810+ +496

151.9

From Fig. 1.4, . = 423°R and p, = 637 psia. Then T, = 1.60 and p, = 4.30, fron)

which, using Fig. 1.5, the gas deviation factor is 0.525 at the initial conditions

DAY _ 3 aaay3san0.25

1-0.30)
R'T

G 0.825(10.73)(675)

= 1326 MCFlac-ft




Example 4.1 Calenlaie the imiti] oil susl gas in place per acre-foot for

t gas-condiemsate feseovwir. FromFig 1.4, T, = 23R and p, = 637 psia. Then T, = 1 60.and p, = 1.30, from
which, using Fig. 1.5, the gas deviation factor 159,825 a1 the initial conditions.
Given: Then the total initial gas in place per acre-foot of bulk reservoir is
i1 temperatere A5F 3794 pV i
_3NApY 3T ATMONAISEN0.25 KL - 0.30) e
faserage porasity 1% S e [ETRETTE) 1326 MCFlac-ft
Peerage oonnate waker e
STB
Mgu.‘d 24.3].” Because the volume fraction equals the mole fraction in the gas state, the
it gravity. S¥°F RN fraction of the total produced o the surface a5 gas is
[Danly separatar gas 3100 MCF
Separatar gas gravity 0.650 - =
v tank gas (20 MCF iR
< ma A4
E&wgﬂfs 120 f,=;'—:‘-.—'- . 1) - 4.3)
SoLUTION: matmata,
LS 12810 396
YT Eo+ 51 0788 s 94 394 P
L T
5954 954 M4 M4 519
M= = ol = 1519
e.an— 8811 480-88I11
3,100,000
R, = T 12.810
120.000
R;=T=m
_ 12,180(0.650) + 4602.(0.788) + 496(1.20) -0.59%
£ I “A o
12.810 + M + 496

1519

FromFig. 1.4, T, = 12¥R and p, = 637 psia. Then T, = 1.60 and p, = 4.30, from
whach, wsing Fig. 1.5, the gas deviation factor is (.825 at the initial conditions
Then the total mstial gas i place per acre-foot of bulk reservoir is

. _ 5194 pV 379 HT46HAIS60H0.25K1 ~0.30) A
C==&T 08210 72)675) =N Mt & Wi
s Y

Bocause the volume fraction equals the mole fraction in the gas state, the
fraction of the total produced oa the surface as gas is

RI + RI
394 394
i ¢ : o9
matmmat
Then

L;f_l:h% ? Initial gas i phice = 0.951(1326) = 1261 MCFlac-ft

fe=Tigw_ % om0 161010%)
M4 394 1519 Toicial ol in place =T g~ gg = M8 STBlUcSt

io_-.__' Because the gas production is 95.1% of the total mwles produced, the total
u daily gas-condensate production in MCF is

=1_n-951 3G, =l gas _3WO+1I0_ 4o e Fiday
=§Ph_ A e,

The total daily reservoir voidage by the gas law is

. 69514 7H0.525)) _
.w-mmn( ooe) ) 00 o friday




Initial gas in place =0.951(1326) = 1261 MCFlact

[ntial oil i place = %‘i@a-usﬂm‘cﬂ

|Because the gas production is 95.1% of the total moles produced, the total
daily gas-condensate production in MCF is

_daily gas 3100+ 120 _ .. MCFiday

4G, =51~ 0951

The total daily reservoir voidage by the gas law is

AV =3386,000 (—Hﬂ—%) = 19,450 cu fiiday

Th:pidmlmhﬁoro“h:wulw:ﬂmndnmrlﬂnpennn
can also be cals d from its The
&em]n!lﬂuﬂ-nhlhmd&mnlbeanlymo(mepmdm'u(u)md
liquid by recombining them in the ratio in which they are produced. When the
composition of the stock tank liquid is known, a unit of this liquid must be
mhdwhhmmn(n(u}hm&emm:)md&e

stock tank, each of which has its own comp When the

!upudhquﬂun&:ﬁnwwmnnnmkm the
shrinkage the separator liquid undergoes in passing to the stock tank must be
measured or calculated in order to know the proper proportions in which the
separator gas and liquid must be combined. For example, if the volume factor
of the separator liquid is 1.20 separator bbl per stock tank barrel and the
measured gas-oil ratio is 20,000 SCF of high-pressure gas per bbl of stock tank

liquid, then the separator gas and liquid samples should be recombined in the
proportions of 20,000 SCF of gas to 1.20 bbl of separator liquid, since 1.20 bbl
of separator liquid shrinks to 1.00 bbl in the stock tank.
Elmpk41mmedudnmo(mmwimoﬂmmfw1
voir from the f the high pressure gas and liquid,
mlh:uﬂ&ndmbﬂhemuthemmuﬂwd The calculation
is the same as that shown in Ex. 41em:puhu:b:;ndemtmﬁumdﬂ:
reservoir fluid is found from the pseud: and p

o

Given:
Reservoir pressure 4350 psi
Reservoir temperature a7y
" Hydrocarbon porosity 17.4 per cen)

R

TRT

PBEUDO CRITICAL
TURE, *R
-
LALRL T
1
I N
H
1

by
g

.
méﬂu“
REN NN
I
soo ST
55.-...:— =
33 . T
] T -
INEENENEEWN] ]
e g ot 8
MOLECULAR WEIGHT
Fig. 43. C charss Sor o of the p
sure of heptanes plus fractions from molecular weight and specific gravity. (Afie)

ined from the composition of the total well fluid rather thag
fmmuﬂpauﬁcpmy Figure 4.3 presents charts for estimating the pseudol
critical of the b

plus fraction from its moled
ﬂ:rwcn;h{mdq)mﬁcm

Example 4.2 Toalcullulhewnﬂ#saulmlmphuﬁmthecmr
positions of the gas and liquid from the high-pressure separator.

Given:

= 217

Reservoir temperalureT
Hydrocarbon porosity

Example 4.2. To calculate the initial gas and oil in place from the com-
positions of the gas and liquid from the high-pressure separator.

Reservoir pressure 11_ & 4350 ?SI&
¢= .4 '/-

’ (-]

Std. cond. B = 15.038 ?"A,'l;,-ums-w psia, 60°F
Separator gas 842,600 SCF/day

Stock tank oil 31.1 STB/day

Mol. wt. C7 in separator liquid 185.0 ¥

Sp. gr. C; in separator liquid 0.8343

Sp. gr. separator liquid at 880 psig and 60°F 0.7675
Separator liquid volume factor B° .1.235 bbl at 880 psia/STB, ,

both at 60°F '

Compositions of high-pressure gas and liquid  Cols. (2) and (3), Table 4.3

Molar volume at 15.025 psia and 60°F 371.2 cu ft/mole.

SoLuTion: (column numbers refer to Table 4.3):

Zoleulde th wole. profe tows

4350 psia
21TF
17.4 per cent

Soricanbiaihs

or
G Z A\l

qud.




e Gas Condensate Resenors 2. Calculation of Iniial Gas ard Ol 17

Sl 1 15.025 pvia, 60°F mwlwmn!ll!ﬁm:l.ﬂsq BOELSTE ea thar o
Scpazator s £42.600 SCFday separator prs-oil ratio &
Suck ok ol 311 ST Ny e
Sal. wt Cf in scpacaror Bquad i T Tn T ™ 2190 5CF sep. gastbl sep. liuid
Sp. gr. € in separton 7 TS
Sp. gr. sepasator ligwid at $30 psig amd 6F°F 0.7
il slasve Gxcvac 1.235 bbi at $80 psiaSTH, §  Because the 21,940 SCF s 21 9447371 2, or .11 moles, the separator gas and
‘hoth at 60°F ﬁmmhw-mmu{wu-dggmmlm-ﬁ:
Compasitions of high-prewsre g1s and lquid  Cobs. (2 and (3}, Table 4.3 of liquid
Mioker volme 3t u’uﬁp‘h SFF 3ITE2 rw fivmole. L the specific gravity of the separator liguid is not avuilabie, the male per]
Tarred Gggure my be cakeulated as follows. Multiply e mole Gaction of cac
Sonpmian: (oolsms numbers refer to Table 4.3): #, in the liguid, Gol. {3). by its harrel per male Bgore, Col. (6}
. Calexfate the oole s which to the obytained from data in Table 1.1 and enter the peadwet in Col. {7} The sum of
Fadmw:hmkmdmmﬂ-*‘ﬂ“’ Col. (7). U676 is the number of barrels of separator quid per mole o
Cul. {3}. by ivs molecular weight. Col. (4}, od ented thee prodwcty ia Col. (5} separator kquid, and the reciprocal is 2141 molestbl (vuws‘lﬁ'lm
This emi of - 5 & e mulexsoc woght of e g by el sured)
specific separate i 07675 mie
m‘* FM”""‘ 2. Recomhine 59,11 mokes of gas and 2,107 moles of liquid. Maltiply the
males -&ﬁag;n;lnclmw-hgn.m 2}, by 59.11 moles, amd
B.7675 x 350 Tishl £3 enter in [8}. Multiply the mole fraction of cach componcnt m the liqud. |
e e o the e Q. (3], by 2107 ke, and emcer in Col. (9). Esmser the wam af the males of
TABLE 4.3, t
< for Example 4 2 on gas T s i
K “ s - I ) J 343 g tiy an (] e asy
Sfoles ¢ Moles Avdes
Mate ) %@ of Each { of Goch  of Bach
Compuvine bidaf  Comp § G Ty Lol Paruial
of Sepasasse Liguid Gach 391 | 207 smGlI7  Compesition Critionf Penal
Pl BaZisle Moder of | Molevof MolesofGas  of Tatel  Cricioal  Precame, Ceitiosd  Crivent
@ ) Mal (i x@)  for Gack  por Molcof Gas i Liquicd  snd Liguid  Well Flid  Pressuve,  poia Temp.  Fomp. R
Gas  Eiid  we  Mwcle Compemcws  wp fig. Q) x5901 L= G207 @14t A0 ~8IUT  pis (I XA R I < AN
€O, LM oAms L] ’j SR T e 0als 1920 1241 £ 636
C,  mMed €34 M 119 BIA1T aeess 33 587 B RS seans onwm 71 15 EPUR T
C. oaIs GMer 3047 LASS BT B.0085Y 183 T Lem Lsuso nas1y b 2a =0 ITEL
€. QAMS Ol MM LI elew 00T 052 L mnesy asa Dol w7 [ 6 [
G, UORA Q43 S oy 04 aa9333 [NE- B0 o.5s nax = 13 s 198
a-C, DAXI 46196 W12 1.1 [ L La& a3 |LTTI ooy 50 1e k] i
iC, Oedie JH% 7135 47 i A.05TL [ 5s 0 ¥ s G S Nl 488 053 o astL
2-C. 48M3 A0TM TLIS  LIIT 43064 DS 1L - | Boass eS8 0.0 L] s s 0w
C. NON3 4084 357 3 [ %33 AN aa77 20809 01519 LEL e LR L EE
€7 Q0T 14I3§ &S0 193 AW 439017 Bl 12975 1335 Lo 3or &5 1P WSy
LaE)  § 127 a8 R4EHS .18 Iwm €. Lousa LS w23
+ 185 Somoke + (08343 X 330 Tlbi} = 0,623 bhlmole = “From Fig. 4.0, sfer Mabcwy, Rolesd, ond Kate Sor Mol wt. G =45 aad wp.

IABLE 4.3. s G i i
Calculations for Example 4, on gas-condensate fluid ; w ! it
) @ o ©, ) ) Swnveo bl d'l‘i"
- . Moles : boo
Mole s G)x@ _\WfEwk =‘q¢i X
Composition B bblof . Component
oqux'uor Liguid. Esﬁ in 59.11 3 R 5__1_3.\35_ :
bbilmole Component Moles of é"‘“ ST
m._ R Mol. (3)X(4) for Eack per Moleof  Gas i
Gas  Liquid wt.  Ibimole Component sep.liq. (2) x59.11 | ‘SCF”‘i
CO: 00120 0.0000 . SSVan 0709 = J.\)'l_ﬁ- A &
C, 09404 02024 1604 3247 01317 002666  55.587 ' ~\-1
g: g.% g.gm m.g 14557..!40.1711 0.00857 1.803
Y 0312 44, 1.376 ** 0.2480
o iam iAo ce | il
n-Co 00023 00196 5812 1139 *®02840 000557 0.136
i-C; 0.0006 00159 7215 1147 03298  0.00524 0.035 37' e
Elmuen moam o= o
ICa. ; 0.
G 00007 06158 1850 113923 (0.6336) 039017 &3{{ _SQ i h"" :
1.0000 1.0000 .  127.480=M8), 0.46706 59.110 ‘“l"‘!g"l
| 185 ib/mole + (0.8343 350 Ib/bbi) = 0.6336 bblmole. ¥ W\ bbl wﬁ! 350
Fow = I oaa =Jfe B oo
M , -
\awd @S . _ 3SoXoIS Bl a7 s
Ague @ M = 7.6 Vo/mole




The separator iiquid rate is 31.1 STB/day X 1.°.55 sep bbl/STB so that the
separator gas-oil ratio is

842,600 =
Iix1.235 " 21,940 SCF sep. gas/bbl sep. liq 1id

* Because the 21,940 SCF is 21,940/371.2.© moles, the separator gas and
mmmo 9-11 moles of gas to 2.107 moles
of liquid.

If the specific gravity of the separator liquid is not available, the mole per
barrel figure may be c: Iculated as follows. Multiply the mole fraction of each
component in the llqmd Col. (3), by its barrel per mole figure, Col. (6),
obtained from data in Table 1.1 and enter the product in Col. (7). The sum of
Col. (7), 0.46706 is the number of barrels of separator liquid per mole of
separator liquid, and the reciprocal is 2.141 moles/bbl (versus 2.107 mea-
su-cd).

2. Recombine 59.11 moles of gas and 2.107 moles of liquid. Multiply the
mole fraction of each component in the gas, Col. (2), by 59.11 moles, and

enter in Col. (8). Multiply the mole fraction of each component in the liquid,
Col. (3), by 2.107 moles, and enter in Col. (9). Enter the sum of the moles of

(10) (11) (12) (7 &) (14) (15)
Moles : .
of Each ‘ ﬂ ‘Q .L\’. _TI ’ -rf r'(f e
Component ole A Partial
" in61.2I7 Composition - Critical LR Partial

dles of Molesof Gas  of Total Critical  Pressure, Critical  Critical
Liquia and Liquid  Well Fluid - Pressure, psia Temp. Temp.°R
X2.107 (8) +(9) (10) =61.217  psia 11)'x(12)  °R (I1) > (14)

0.7090 0.0116 1070 12.41 548 6.36
56.0135 0.9150 673 615.80 343 313.85
1.9050 0.0311 708 22.02 550 17.11
0.6277 0.0102 617 6.29 666 6.79
0:1658 0.0027 , . 529 1.43 735 1.98
0.1773 0.0029 550 1.60 766 2.22
0.0685 0.0011 484 0.53 830 0.91
0.0538 0.0009 490 0.44 846 0.76
0.1579 0.0026 440 114 914 2.38
1.3385 0.0219 300¢ 657  1227° 26.87
61.2170  \1.0000/ - P -668.23 T, = 379.23
Fig. 4.3, after Mathews, Roland, and Katz for Mol. wt. C; =185 and sp.

& 3%
' ‘
= 5 66%.23
v
P E S




Reservair gas volume: 43,560 x & (1 —5.) cu ft

3. Find the gas and oil {condensate) in place per acre-foot of net reser-

A.\
voir rock. From the gas law, the initial moles per acre-foot at 17.4% hydro- i ;
carbon porosity is: ~

pV_ _ 4350 x (43,560 x 0.174)
ZRT 0.963 x 10.73 X 677
Gas mole fraction = ;(;—l—‘:-?-;!%—m—? = ().966
0.966 x 4713 x 371.2
1000
(1 -10.966) x 4713
2.107 x 1.235

= 4713 moles/ac-ft

[nitial gas in place = = 1690 MCF/ac-ft

Initial oil in place = =61.6 STB/ac-ft

Because the high-pressure gas is 96.6% of the total mole production, the daily
gas-condensate production expressed in standard cubic feet is

. Daily hp gas 842 600
AG,=="0066  JHOWE6

= §72,200 SCF/day

The daily reservoir voidage at 4350 psia is

677 15025
AV = 872,200 x 20~ B0 x 0.963 = 3777 cu fuday

3. THE PERFORMANCE OF VOLUMETRIC RESERVOIRS

The behavior of single-phase gas and gas-condensate reservoirs has been
treated in Chapter 3. Since no liquid phase develops within the resérvoir,
where the temperature is above the cricondentherm, the calculations are
simplificd. When the reservoir temperature is below the cricondentherm,
however, a liquid phase develops within the reservoir when pressure declines
below the dew point owing to retrograde condensation, and the :1eatment is
considera’/ly more complex, even for volumetric reservoirs.

One solution is to duplicate closely the reservoir depletion by laboratory
studies on a representative sample of the initial, single-phase reservoir fluid.
The sample is placed in a high-pressure cell at reservoic temperature and

ond onalysiz
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Fig- 4.18 Schematic PV 7T analysis._
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Fig. 4.38 Schematic PVT analysis.
TABLE 44. -
Volume, composition, and gas deviation factors for a retrograde condensate fluid
m @ @ @ 6 © 7 6 9 (10} (1) 212
Produced  Retrograde Retrograde
Composition of Produced Gas Increments, Gas, cucm Liguid Volume, Gas Deviation|
Mole Fraction at 195°F  Volume, cucm  Per Cent of Factor at
| Pressure and Cell  Cell Volume, Hydrocarbon  195°F and
psia G G G G G G G  Presure 947.5 cu cm Volume Cell Pressure
2960 0.752 0.077 0.044 0.031 0.022 0022 0.052 0.0 0.0 0.0 0.7
2500 0.783 0.077 0.43 0.028 0.019 0.016 0.034 175.3 62.5 6.6 0.794
2000 0,795 0,078 0.042 0027 0.017 0.014 0027 2270 .1 82 0.805
1500 0798 0.079 0.042 0027 0.016 0.013 0.025 340.4 75.0 1.9 0.835
1000 0793 0.080 0.043 0.028 0.0i7 0.013 0.026 544.7 67.2 7.1 0.875
500 0768 0.082 0.048 0033 0021 0.015 0033  1080.7 56.9 6.0 0.945
Volume, compasition, and gas dewviation factors for a retrograde condensale fiuid
TR - R </ el < Rt ) R TR I 9) (r0j i 2
Produced Rewrograde
Comp of Produced Gas irc Gas. cu cm Liquid Volume,  Gas Deviation
Mole Fraction ar [95°F  Volume, cu cm Per Gent of Factor at
Pressiere and Ceil Cell Volume, ~ Hvdrocarbon 195°F and
i GG TG - G S s T Pressure 9475 cu cm Volime Cell Pressure ‘)
60 0752 0077 04 0031 0022 0022 0052 0.0 00 0.0 0.771
2[00 0783 0077 043 0028 0019 0015 0034 175.3 62.5 6.6 0.794
000 095 0078 0042 0027 0017 00M 003 2270 7.7 82 @.805
1500 G.M8 4079 00662 0027 0016 0013 0025 3404 5.0 79 G.835
1000 G793 €080 043 0028 0017 0013 0026 5447 67.2 7.1 0.875
s00 0768 0082 0648 0033 0021 0015 0033 10807 56.9 6.0 6945
TABLE 4.5.
Gas and liquid recoveries in percentage and per acre-foat for Example 4.3 2
o e ‘3" A4 e @ (&4 ® @ an oy
2 jal = - o
?\ T -g :- = i?::\i - § L. o ’j‘: é‘?
£8 a8 dp 8 3% E%% . g F
3= %% B3 L s %y AUSEL Dol REo
i %2 38 Sy EF Gy 5 oRBE xR 3R iS
H ] 33 z ¥ inf A% pis® 3ES 338 ¥p
2 y = = = g = - = =
£ 3l 8 35 R ofgh 31 fg1r 35S ot
=< c& 5= O <u&¥ S8 Sdg Jd&E8
2960 a o= 0 0 a 0
600 2401 2401 051 25.1 153 15.3 :2:':: 12 2 e ,3 2
000 2453 853 223 4574 131 X4 1IN 307 339
1500 2660 513 x28 7102 13.3 47 19.010 476 93 o
06 - 08 T e D cwe B e el ws
500 287 1270.8 2330 12001 159 L6 14,650 0.4 833 00
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Fig. 4.4. Variations in the composition of the produced gas phase material of a retro-
grade gas-condensate fluid with pressure decline. (Data from Table 4.4.)

-emoved from a PVT cell in each of five increments, as previously described.
Table 4.4 also gives the volume of retrograde liquid in the cell at each pressure
and the gas deviation factor and volume of the produced gas increments at cell
pressure and temperature.

The liquid recovery from the gas increments produced from the cell may
be measured by passing the gas through small-scale separators, or it may be
calculated from the composition for usual field separation methods, or for
gasohne plant methods e Liquid recovery of the pentanes-plus is somewhat

ants tha aing field scparation, and much
g;reater for the pmpanes and butanes commonly called liquified petroleum
gas (LPG). For simplicity, the liquid recovery from the gas increments of
Table 4.4 is calculated in Ex. 4.3 assuming 25% of tl.e butanes, 50% of the
pentanes, 75% of the hexane, and 190% of the neptanes-plus is recovered as
liquid. - o=

Moo surernent
ond onolysiz

7]~

Gas ot Mercury pumpg
Fig- 4.18 Schematic V7 analysis.




SoLuTIoN: (column numbers refer to Table 4.5):

L. Calculate the increments of gross production in M SCF per ac-ft of
net, bulk reservoir rock. Enter in Col. (2):

Vie = 43,560 x 0.25 x (1 = 0.30) = 7623 cu ft/ac-ft
For the increment produced from 2960 to 2500 psia, for example,

175.3 cu cm 4
AV =7623 x T 1410 cu ft/ac-ft at 2500 psia and 195°F

_3194pAV _ 379.4 x 2500 x 1410

Gy = 1000 zRT ~ 1000 x 0.794 x 10.73 X 655

=240.1M SCF

Find the cumulative gross gas production, G, = X AG, and enter in Cal. (3).

2. Calculate the M SCF of residue gas and the barrels of liquid obtained
from cach increment of gross gas production. Enter in Col. (4) and Col. (6).
Assume that 0.25 C,, 0.50 Cs, 0.75 C,, and all C7 is recovered as stock tank
liquid. For example, in the 240.1 M SCF produced from 2960 to 2500 psia, the
mole fraction recovered as liquid is

An; =0.25 x 0.028 + 0.50 x 0.019 + 0.75 X 0.016 + 0.034
= 0.0070 + 0.0095 + 0.0120 + 0.034 = 0.0625 mole fraction

As the mole fraction also equals the volume fraction in gas, the M SCF
recovered as liquid from 240.1 M SCF is

AG, = 0.0070 % 240.1 + 0.0095 %240.1 + (.0120 x 240.1 +0.034 x 240.1
= 1.681 + 2.281 + 2.881 + 8.163 = 15.006M SCF

The gas volume can be converted to gallons of liquid using the gal/M SCF
figures of Table 1.1 for Cy Cs and C,. The average of the iso and normal
compounds is used for C; and Cs.

For C;

114 b/lb-male
0.3794M SCF/Ib-mole x 8.337 Ib/gal x 0.755

= 47.71 gal/M SCF

0.3794 is the molar volume at standard conditions of 14.7 psia and 60°F.
Then the total liquid recovered from 240.1M SCF is 1.681 x 32.04 + 2.281
36.32 + 2.881 x 41.03 + 8.163 X 47.71 = 53.9 + 82.8 + 118.2 + 389.5 = 644.4
gal = 153 bbl. The residue gas recovered from the 240.1 M SCF is 240.1 x
(1 —0.0625) = 225.1 M SCF. Calculate the cumulative residue gas and stock
tank liquid recoveries from Cols. (4) and (6) and enter in Cols. (5} and (7},
respectively.

3. Calculate the gas-oil ratio for cach increment of gross production in
units of residue gas per barrel of liquid. Enter in Col. (8). For example, the
gas-oil ratio of the increment produced from 2960 to 2500 psia is

225.1 x 1000

TR 14,700 SCF/bbl




4. Calculate the cumulative recovery percentages of gross gas, residue
gas, and liquid. Enter in Cols. (9), (10), and (11). The initial gross gas in _
place is: l‘

3
3794pV _ 379.4x2960%x7623 [’
1000 zRT ~ 1000 0.771 x 10.73 x 655 _ 00 M SCFlac-ft
Of this, the liquid mole fraction is 0.088 and the total liquid recovery is 3.808
gal/M SCF of gross gas, which are calculated from the initial composition in
the same manner as shown in Part 2. Then
G = (1 —0.088) x 1580 = 1441 M SCF residue gas/ac-ft
N =288 1432 bbrac e
100 x 240.1
Gross gas recovery = e 15.2%
Residue gas recovery = &}—;—:j—lﬁ——l = 15.6%
Liquid recovery = %%53 =10.7%
TABLE 46.
“Two-phase and single-phase gas deviation factors for the refrograde
gas-condensate fluid of Example 4.3
1) (2) ) {4) () (6)
' Gas Deviation Factors
Pressure, G, (G-Gy) Iniial  Produced
psia M SCFlac-ft M SCFlac-ft  Two-phase®  Gas® Gas®
2960 0.0 1580.0 0.771 0.780 0.771
2500 240.1 1339.9 0.768 0.755 0.79%
2000 485.3 1094.7 0.752 0.755 0.805
1500 751.3 828.7 0.745 0.790 0.835
1000 1022.1 55719, 0.738 0.845 0.875
500 1270.8 309.2 0.666 0.920 0.945
*Data from Table 4.5 and Example 4.3. :

*Calculated from the data of Table 4:5 and Example 4.3,
“Calculated from initial gas composition using correlation charts.




Vb1 = Sui = Sy)BF _ (1= Sui~ Sg)F
Va(l-S)B;  ~ (1-5.) 4.4)
neees. ACTIVE WATER §&iVEF Ro-tj'ﬁn

Recovery factors for complete water-drive reservoirs based on Eq. (4.4) "?’h&,
S, S. F=4# F=60 F=8% F=% F=100

20 10 31.1 46.7 70.0 @'
o % 30.0 45.0 61.5 0

Recovery =

286 42.8 64.3 1.4
40 26.7 40.0 53.4 60.0 66.7
Q 10 26.7 40.0 53.4 60.0 66.7
? 350 375 %:P - 56.3 62.5
ns 34.3 . 514 57.1
40 200 30.0 40.0 45.0 50.0
40 10 22 333 4.4 50.0 55.6
0 20.0 30.0 40.0 45.0 50.0
30 17.1 AN 342 38.5 428
40 13.3 20.0 26.6 30.0 333
50 10 17.7 26.6 355 40.0 4.4
20 15.0 25 30.0 3:8 375
30 11.4 17.1 228 25.7 28.5
40 6.7 100 < 136 15.0 - 16.7
TABLE 4.9.

Compariso. of gas-condensate recovery by volumetric performance,
F drive, ial water drive (based on the data of Tables 4.4
strong k= 4305, =308 S, =S, + S, = 20%; F =80%)
Co
Recovery

Recavery Gas Recovery Gross Recovery
Per-

Per- Per-
Mechanism bbllac-ft  cemtage > iCFlac-ft centage MCFiac-ft centage
Initial in-place 1432 | 100.0 1441 100.0 1580 100.0
Depletion to 500 psia 716 500 1200 83.3 ] 80,4 <
ater drive at 2960 psia Ry 511 823 57.1 902 S7.1 +
P * 1 (a) Depletion to 2000 psia 28.4 19.8 3L7 $ 30.7
() n‘ (b) Water drive at 2000 psia 312 218 84 5 370
Total by partial water
drive, (a) + (b) (59.6} 41.6 1010 70.1 1069 67.7 o
N

obtained from 4.3 and Tables 4.4 and 4.5. Under complete water drive,
the recovery if 57.199)for a residual gas saturation of 20%, a connate water of
30%, and a fractional invasion of 80% at abandonment, as may be found by
Eq. (4.4) or Table 4.8. Becaus there is no retrograde loss, this figure applies
equally to the gross gas, gas, and condensate recovery.

When a partial water drive xists and the reservoir prissure stabilizes at
some pressure, here 2000 psia, the recovery is approxima:ely the sum of the
recovery by pressure depletion down to thc stabilizatior >ressure, plus the

& 5N
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CONDENSATE CAS RESERVOIR

Ry. W3—Optimam single-stage condensate separation
{Couriesy Worin Ou.  June, 1951.)

Rg. 183—Retrograde condensation of liguid from gas in a reservoir.
{Courtery Women Ot —June. 1951 )

gas recycling :
in gas-condensate reservoirs

& CYCLING - HIGHM PRESSURE-
HIGH CONDENSATE YIELD

Fig. 144—Cydling vs straight production—so water drive,

Fig. MS—Cyeling oo straight production  watee Jeite
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Reservoir Engineering I, 2012
HW NO 4; Due date: Friday, July 6, 2012.
3

Chapter 4; 4.1, 4.3, 4.8, 4.13, 4.15
ANSWERS TO THE PROBLEMS \%W

1. 4.1; $2100, $1330
2. 4.3; (a) 0.727, (b) 20,700 SCF/STB, (.c) 140.5 (d) 0.868, (e)

0.865, (f) 3883 Ib-mole/acre-ft, (g) 0.966, (h) 1,423
MSCF/acre-ft, 68.8 STB/acre-ft
3. 4.8; (a) 53.72 MSCF,48.5 MSCF, 5.86 STB@3500 psia
(b) 891.6 MSCF, 125.1 bbl
(.c)@605 psia 768 M SCF, 739.5 MSCF and 29.8 bbl
76.8%, 82.9%, and 23.8%
(d) 675 M SCF, 650 MSCF and 26.14 bbl
4. 4.13; Answer in Table 4.5
5. 4.15; 1968.5 MMSCF, 674 STB




OIL RESERVOIR 7-8t weeks 9-20 JULY 2212
Chapter S Undersaturated Oil  Reservoir @ )

Chg&tem Saturated Oil Reservoir
T 4.1.

Mole composition and other properties of typical single-phase reservoir fluids

Black Volatile Gas- SATUN
Component oil LKU  oif Condensate Dry Gas WETGas
C, 488354 6436 87.07 95.85 86.67 70
C, 275 4 752 4.39 2.67 7.77 10
C 193 2 474 2.9 0.34 295 g
C. 1.60 1 4.12 1.74 0.52 1.731.3
(‘, 1.15 1 2.97 0.83 0.08 0.881.1
Ce 1.59 3 1.38 0.60 0.12 0.1
Cs; 421542 1491 3.80 0.42 0.5
100.00 100.00 100.00 100.00  100.00
Mol. wt. C; 225 181 112 157
GOR, SCF/bbl 625 2000 18,200 105,000 nf 33000
Tank gravity, “API 34.3 50.1 60.8 547 50-54
Liquid color Greenish  Medium Light Water
black orange straw white
. GAS—‘CONDF‘NSATE RESERVOLIRS
40C.J

Formation Pressure, PSIA

BUBBLE POWT
on

E
k

SLpeseavn gy LK _.’i

xE
-
1

Ay
I
! ‘I

L ¥e
1+ =0 100 IS0 - 200 250 300
= RESERVOIR TEMPERATURE, °F
Fig. 2.;. Pressure-temperature phase diagram of a reservoir fluid.
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TABLE 4.1. v
Mole composition and other properties of typical single-phase reservoir fluids
. Biack ( yq)Volatitc Gas-
Mﬂw il ¢ Oil Condensate  Dry Gas Gas
C, £53 50 61.3% 87.07 o585 86.67
G 275 7.52 4% 267 17
& 193 474 29 034 29
- 160 412 L7 ' 0 LB
€; L15 297 0.83 008 058
C, 159 1.3 0.60 0.12 s )
G 0 L1543 1 .80 .42 X
weeo 10000 100.00 oo 10000 |
Mol wt. C; 25 181 1 157
GIRSCEMBL - 625 1398 2000 18,200 105,000 of. 33333
Task gravity, APIJe 343 36" 501  Se/Sh03 547 55-54,
Liguid color Greeash  Medium Light Water |
black orange strav white i
i
darzdar | apr Yus

Hd\m 3 )ﬁ)au u“ 30 a = lr)t“ Do SC

s/f-,{g

5

IRSENOT L 3 compasitions and properties (/

Laborator:  inc.)

w Kennery,” courtesy Core

Souwth  North West Souwsh
Component or Property  Calif. Wyo. Texas  Texas  Tevas La.
M Methane 262 U8 4804 2563 2863 65.01
Ethane 1.69 241 33 5.26 10.75 7.84
' l Propune 081 28 194 1036 995 642
\ ! iso-Butane 051 D86 043 1B4 436 214
. n-Butane 038 28 075 567 416 291
oW  soPeutanc 019 168 038 314 203 L6S
n-Peatane 019 217 | 073 1.91 183 0.83
Hexanes L I 1| 279 426 .0 235 1.19
Heptanes-plus 299 8L60 AL18 4193 339 1201
Density heptanes-
| \ plus: gice 0957 0920 080 0843 0792  0.814
W Mol. wt. heptancs-plus 360 29 198 231 7= a7y
o:\ S;‘?“ " S:zmpl‘mg: depth, fect 2980 3160 R0I% 4520 12300 10600
Heservoir temperature,
F 141 108 210 141 02 241
S goﬁ Saturalion pressure, psig 1217 95 3600 1208 1822 4730
- : GOR, SCFSTB 05 2 750 480 %95 4053
°‘)A‘: Formation volume
= factor, BHI/STB 1065 L1031 1428 L35 1659 3610
- g do o  Tank oil gravity, "APY 163 25 348 40.6 435
l Gas gravity (air = 1 () 0.669 0715 1832 LISI D8R0
— r..d it e Bl T T T S s et T3
omn wo‘l Il‘
57&"’.1&1\.‘6— o crnwfoaria nevil litine cnmmemabalm o2 2 -
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GAS—CAP GAS
AND OIL PRODUCED

LIGHT COLUMN HIGH
TUBING PRESSURE

o A

Lt
: -
¥
BOTTOM-HOLE < BOTTOM-HOLE

PRESSURE 8 PRESSURE

A

Fig. 80—FEffects of water and gas-cap production on tubing-head pressure.

TS VOIRmIeIric nielhiod [Of CStaung Ol (il Dlace A O 10 Tl
&yj%e to determine the bulk volume, the porosity, and the fluid satu-
ratons. on fluid analysis to determine the oil volume factor. Under initial

conditions 1 ac-ft of bulk oil productive rock contains ‘\‘

Interstitial water 7758 x b xS, g {5
Reservpir oil TISB X & % (1—5.) ku

@ Stack tank oil FHtial %) ‘Bx L) %)

where 7758 barrels is the equivalent of 1 ac-ft,  is the porosity as a fraction
of the balk volume. 5. is the interstitial water as a fraction of the pore volume.
and B, is the mitial formation volume factor of the reservoir oil. Using
somewhat average values. & = 0.20. 5, = 0.20, and B, = 1.24, the initial stock
tank oil in place per acre-foot is on the order of 1000 STB/ac-ft, or

7758 % 0.20 % (1 —0.20)
.24

= 1000 STB/ac-ft

For oil reservairs under volumerric canirol, there is go water influx o
fqbc&epm&wdoﬂ.mitr@%ﬂ%%ohﬁkh
increases as the oil saturation decreases. If § s the gas saturation and B, the

oil volume factor at abandonme=nt, then at a::n::;mem conditions 1 ac-£ of

bulk rock contains A CQV\J;'}‘I'.VL—

Stock tank oil =

on
Tnterstitizl water T8 xd xS,
Reservoir gas TISEx b XS,
Reservoir oil TIBxédx(1-5.-5,)
<8 —5.—
e tank ol 77.ax¢x’§l 5.—35,)
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. i 3, = i,
0_9 Recovery = 7758 « b[ja—]-Lﬂ—w (5.1)
! the fractional recovery i 1erms of s1ock tank barrels is R_F - —'.- b
(1-5.-5) B. “
o~ - ——_ == 5.2
0 o Reconvery = 1 T-50) B (5.2)

¢ 1otal free gas saturation 10 be expected at ab

m the 0il and water saturations as reporied in core analysis.” This expecta- RN
1 is based on 1he assumptien that. winle being removed from the well. the
¢ 1% subjected 10 Thuid removal by the cxpansion of the gas liberated from
residual oil. and that this process is somewhat similar wo the depletion
wczss n 1he reservoir. o a stody of the well spacing problen. Craze and
w sollected a large mwount of statistical data on 103 oil reservoirs. 27 of
nch were censidered o be producre vader volumetric control.* The final
5 saluration in mast of these reservorrs ranged from 20 to 307 of the pore
e, with an average <atumtic 3o, 30 477 Recoveries may L.so be calculated
depletion performance 1iom 3 knowtedge of 1he 4 opertics of the reservoir

ok and fluids.

In the case of reservoirs under frydraulic conirol. whete there is no ap-
ccrable g 3 re, water X 15 cither mward aﬂ'par-
<1 10 the ding planes as found in thin. relatively steep dipping beds
dge-water drive). or upward where the producing ol zone (column) is un-
‘rlain by water (hottom-water drive). The oil remaining at abandonment in

0<e portions ﬁf the rﬁﬁ; X hﬁrrcg}:ari r%c-fom. st

Résenvoir oil TISEx xS =3 P;

: : ol
@ Stock tank o [RXA XS ol R-nmm:s

here S is the dual oil " e after water die o
nee it was assumed TRAT The reseroir pressure was maintained 3t its mitial
-lue by the water inflax, no free gas saturation develops in the ol zone and
1¢ ¢l volume factor at abandonment temains B . Tne recovery by active
ater drive then is

TISE xSl =5, Ny,
—@ Recovery = —————— " “=lgTfacft (5.3)
® 8y x ‘

ad the recovery factor is

(54)

et )

TABLE 5.2 _-‘: :
Correlation b2tween reservoir il viscosity, average reservoir permeability,
and residual oil saturation (After Craze and Buckley” and Arps’)

Reservair Qi Viscosity Residual Oif Sawration g
{in pt . (percentage of pore space)
0.2 Y3
035 32
1.0
- wsea » 4AS
10.0 435 2
2. 64.5 7.5
Deviaiion of Residual Ol
Average Rescrvoir 1 rrmeability Saturation from Viscosity
{in tred) Trend (percentage of pore space) 5
s0 r2-+AN = 5290
T + 9
20 + 6
& > 8or=37m
7 —
2300 —~ 4.5
Su00 ]
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RF=0.113-0.272 log k =0.256 §. — 0.136 log p,
— 15384 — 0.00035 &t (5.5

h
Lir [

For k = 1000 md. §, =025, w, 2.0¢p. & =020, and & = 10 ft,

RF - Q.114 = 0.272 X log 1000 + 0.256 < 0.25 - 0.136"|
log 2 — 1.538 x 0.20 — 0.00035 = 10

0.642 or 64.2% (of initial stock tank oil)

here, For Sandstone

RF = recavery factor

For sandstone and carbonate reservoirs with solution gas drive:

s s 0.1611 / j \0.0979 _ Biai
Eg , = 041815 ¢( ) O (§,)0-3722 Py

By, 4 Lo Pa

For sandstone reservoirs with water drive:

(4.8a)

0.0422 (., )\0.0770 _ \ -0.2159
Er, = 0.54898 d’(l S.) kﬁ 2 (§,)0-1903 b (4.8b)

-ﬂmd-kh-mmhmau.

In this case it would be bave B, or at
different depths. The mimmannum weighted by the
hydrocasban voleme [$¢{1 — S.)¥] a1 cach depth.

437 Recovery Factor £,
mﬂndhdmmknmlhmmu
olumetne method.

L

schedule of each well, possiblc iom of imp hamlsmdyo(ﬁuzudﬂu:ﬂqsm-dvnwm
An 2 ur factor 15 only accessible through the use  Guthrie and Gi e ung P
ofa i . This is rarely feasible 3l the followis lati water-drive andﬁve iabl Ilﬂ
ﬂuﬂuh—dumdﬁ“&h&wﬂm& affect et rh o,
Evaluation of £, , thercfore usvally bas 10 depend on final recovery figures “‘”"'3"’ ARV
achieved clwwhers in 2 comparable reservoir - in the sume
sedimentary basin - where the oil, and the drive mechanism, are of the same type. RF=0.114+0.272 log k +0.256 S_—0.136 log p..
Using fimal recoveries achicved im reservoirs in which the oil properties and
petrophysical characteristics are well kmows, 2 aumber of corrclations have besn. —1.538$ —0.00035 & (3)

mmm_-!y-dcfﬂn:mqﬁibylhmn
Petroleum astinute"

For sundstone end corbonate reservoirs with solution gox drire

e 5 B L .|
Faa aums[%ﬂf ....&). .l.f.b‘-"“‘ L r G (4383)

For smdstome reservairs with waser drire
- [3"_5_, mx(_i“_“)uvu&'_..m[&:-n.ukr
S Ered where,
In botl these cquations,  asd 5, ane decimal fractions, k is in Darcy, aad gtin
<P The subscript b indicates “value at bubble point™, i is “initial value™ and p,is  RF = recovery factor
the abandonment pressure fpicied rescrvoir). The two formulac are derived from.
2 staistical analyas of data from, respectively. 80 and 70 reservoirs.

The duzcibotion of Ey. S, ffor water deive) and S, ffor solution gas drive) are
shown i Figs. 4.7 and 43 for the roervoirs in the survey.

fog 2 — 1.538 x 0.20 — 0.00035 x 10

2 shhould bhe thatima 2 the APL
doabts about the accuracy of these correlations, and recommended they be wed
with caution”

mmyh«hﬁm&,n:h-‘hmrympmﬁu.
For expumsion drive rescrvoirs (without water drive),
Sevel set for the % 'n-mm.kpmdsn-
‘the mimmem acxccptable wolibcad pressure.

E, PaZa
B 1= “oa)

For k = 000 md, S.=0.25, p,=2.0 cp, & =0.20, and k = 10 ft,

RF =0.114+0.272 x log 1000 +0.256 X 0.25—0.136

0.642 or 64.2% (of initial stock tank oil)
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N F - e O s :
N(B Bs—-—;;-qlﬁ B+ (1+m) N B|==01a5 = W,

=N[B*(R.-R.IB]* B.W, Q7 “

3. MATERIAL BALENCE IN UNDERSATURATED i
o RESERVOIRS W
The material balance ‘..(t\.‘mon for undersaturated reservoirs was developed in

Chapter 2and s 4 & = e% 27
& Q+m) B (33 BJ.)

N(B, - B}+3\'B[M].1p+w N,[B, + (R, — R.) B,] + B.W, 28 ?

Neglecting the change in porosity of rocks with! the change of internal fluid
pressure. which is tre ated later, reservoirs with zero or negligible water influx
are constant volume or volumetric reservairs. I the reservoir oil is initially
undersaturated, then initially it contains only connate water and oil, with their
solution gas. The solubility of gas in reservoir waters is generally quite low and
is considered aegligible for the present discussion. Because the water produc-
tion from vclumetric reservoirs is generally small or negligibie, it will be
considered as zere. From initial reservoir pressure down to the bubble point,
then. the resesvoi- oil volume remains a constant, and oil, is produced by
liguid expansion. I co ragng these assumptions intg l:q (2;8); we get
: QJM = IniHl mmm:)
- . N[B - B = NJIB:+ (R, - R‘,.)B} (5.6)

siics "“&"M ol

beomes P Ag°“" g‘i E? = Eto = E“; b
N(B,- B,)=N,B, 57

— his can be rearranged to yield fractional recovery. RE. as

_N, B8
RF",\T‘—BI (5.8)
Fig. 3. Diagraes shorving that the ol slurstics remmina
b “1eTi d a5 a fraction of the initial stock Sy Vb vewresic ponduciag Yy Syl -
i n-vimphce TthV’l‘dmﬂonheJ -A-2 recervoir.of a field is given in . R sl gt
I 52. mh—hlﬁkﬂkm&.hﬂumﬂrﬂmma
The fomtion uhmcﬁcarr‘-‘--iml--z 5.2 i the singlephase oo and ol is produced by Fyd 2t inlicated in the die-"
emation volume factor, B, The hasbeen derived  grms of Fig. 3.6, Equating lhe initia) yohume to Che finsl volame,
mmmmum B,B.Andﬂ,mmlawdhy NBa= (¥ —N)B. = N‘b"w"
e 1.28] a
4( . ) v‘:ll‘ ?3&_" g Npbe= }JL—F“
8,=8,+BAR..— R.) (1.28; B.—Ba
should be appareat that B, = B above it use R,,
constant and equal to

~— hw:ﬂhmﬂmmalmmnmm
ceosure 4400 psia and 1.600 bbUSTB at the bubble-point pressure of 3550
ia. Then by volumetric depletion, the fractional recovery of the stock tank
r‘luﬁﬂpmbyﬁq G3)is

1.600—-1.572
— RF-T-O.OI?SM 1.75%

- the reservoir produced 680,000 STB when the pressure dropped at 3550
sia, then the initial oil in place by Eq. (5.7} is

— 1.600 x §80.000

N Ly = A STE

Below 3550 psia a free gas phase develops: and for a volu:nctric, under-




Figure 5.3 shows sch ically the chang occur by mitial reser, |
pemue.mlsnmprmrchdouheh:hhkm The free-gas phase dc
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A2 rescrvoir at 196°F.
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Fig. 5.3, Dhagram sh he formuutn S » ffeepas phace m o volumenic ress
below the bubble poim
\,"h = V° 4 \fj %
5 ES —Reoy 3 hematicaihy Tt occut b il pesers
?_ ‘g‘ N(&-B*') - NP(B-t (R" R&lfﬂj-ﬁb, mmmmmlﬂulxm‘mm Theftl‘f.-ﬁﬂ
N = NJB. = (R, -R.)8]
g @®,-B.) G
Beow B.P. gr=Y___ B,-B) o

N [8,+(R,~R.B]

bk 51<w‘1
cumulative aroduced gas-ol ratio R, ¥ the quotient of all the gas
Mmumc a-ddltbea&mﬂ Iummm
yuirs, some of the produced gas is d w the same s0 that the
upmchmdsssulylhl-hchnmmumedmtkm Whea all
the produced gas is retumed (o the resenwir, R, is zero.

An inspection of Fy. (5.11) indicates that all the terms except the pro-
duocd gas-oil catio, R, are functicas of peessure ouly and are the properties
*f the reservor fuid. Becausé the nature of the fluid is fived, it follows that
she fractional secovery RF is fixed by the PVT provertics of the reserwir fluid
and the produced gas-oil ratio. Since the prodiced gas-oil ratio occurs in e
demronimeen- of By (T '1). Lage gas-oii mati-+ Jve La fecoveric - und vice
versa.

msl.wnmmmaumw
ratio R, on fra FeCOvery i

Given:
The PVT data for the 3-4-2 reservoir. Fig. 5.3 CMuGb‘
~umalative GOR. at 2900 psia = 3300 SCESTB. Rr i
Reservoic temperature = 196°F = 650°R. CQ\‘.O‘
Seandand conditions = 14,7 psia and 60°F.

Sowtiow: R,.,= 1100 SCFSTB: 8, = | ST2bbUSTB; R, at 2900 psia =

00 SCFSTB: 8, at 2800 psis = 1.520 bbuSTB: R, =3300 SCF/STB:; and 8,
at 2800 psia calculated as

=mR'T nmuunxm_ ﬂF
= 565p SEI5x3M4x280 ""mmmxﬁ
B,=8,+BAR,.~R.}

B,= 1520 + 0.00102( [ 100 — 900) = 1.724 bbUSTB

Peahos 3 BT, s-r"ﬁﬁfﬁ -ﬁw 'E: wiies

i =
H 1 e
31 11
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Fig. S.LPI'\T data for e 3-A-2 recrvoir at E‘IT‘F%

&N Lexb¥ofo0 = IR T
N == et :
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Fig. 5.3, Dvugram shoning 1he formationt of & free mas phise m 2 volumetnic ress
below the bubble point
= “+
Vo = Vet Vg :
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& N(Bt-Bti) = NpLBTF( Rp-Re, B Y Bt Fmessm ¥ thc changas that Socer Betwoen mitil vesers:

“,=.\' 8. +(R,-R,.\8, ot necessarily rise ko form an ansificy . g the. L
MO el 6100 Beanwm Bo= 1375 G6 SBeso Benires
Bc\chia.?. =N (8,—B.) T ERnT TBEmE
l RFE=S B ®-RIB] e R
msnlmum il raio R, & the quatient 15 : S
gas-oif ratio R, i the quotient of all the . srm -
produced from the reservoir G, and all the 0l produced N,. In some reser. z g
voirs, same of the produced gas is d 10 the same ir, so that the i r e
mpr@d‘ssqulyﬂudichkmsmnthmwtmﬂ s ==t §
ll-c,h‘ sl_s-qu d to the oir, R, is 2210, ¥ S ;""‘
nspection .(5.ll1in|iaheidnulthemmqruhe =
MWﬁP&:R,nhnimdﬁ:meuﬂyadmmr P L5 g- T A ;“
*f the reservanr aid, Becuose the matsre of the fivid is fixed., it follows that 5 DN 3
:&umxwkrnmbymmmmmhcwm 3 3 SESSERE: : 152
d’_ﬂem-dmﬁmn-mmgmmmmam fa s et 3
ere-aimeas of Eq. (5 “{). Lape gas-oii ti-c Zve L recoverie . und vice = Mimd' Edebecoe =d
" 1 IATEEEREREI 1 1T
VeTSL AERRE RERE R A I 5 .
s e -
mm;ummmmmwmmmm _ Gt Hif
n . = A 1 o+ < WO MO0 2000 400 OO WO 00 “a.n =
C v ’\.-‘ sogiieT, Pia o
3 m_S-LPi"\TJ.Ai.\I'MI'Iu 2-A-2 reervoir  19GF
o _B.N Aubiofe0 = IRE MY
The PVT dara for the 3-4-2 reseevoir, Fig. 5.0 Ciom G N = Be-B; -|-l--|.s7.|-.
~bmalative GOR at 2800 psia = 3300 SCF/STB. RP e '
Reserwic temperature = 19°F = 650°R. Cuw 0:l

Standard conditions = 14.7 psia and 60°F.

Sowwnox: R,.,= 1100 SCF/STB: 8, = LS72bbISTB; R, at 2800 psi
900 SCESTR: &, ar 2800 peiz = 1.520 bbUSTB: R, = 3300 SCESTD: sud B,
e 0 g STB: R, = 3300 SCF/STB: and 8,

_IR'T _ 0.8Mx 10.73 %650
B S4T5p ~ 815 % 373 x 3900 ~ 00102 bBUSCE ¢ p-la g Vi = Vot* Vg

B,=8,+BAR.~R.}
B,=1 +0.00102(1100 —900) = 1.724 bbUSTB

Then it 7800 psia M 2 H; P=IS"7

-DJ_? RF = +1:724—1.572- ;
N R Wy e x&ié:

-

If two-thirds of the produced gas had been returned to the reservoir, at the
same pressure (i.c., 2800 psia), the fractional recovery would have been

1.724 - 1.572 = Q!*\’M\'O

R =1733+0.00102(1100 - 1100) SM\M‘ 'S
=0.088. or 8.8% ﬁeg \\eo SEF
sTa

wation (5.10) may be used to find the initial oil in place. For example, if
1.486 MM STB had been produced dawn to 2800 psia, for R, = 3300 SCF/

~the mital oil in plﬁ % ¢ Be+ Ba(Rp-Rsa) i Np=).a%

N o 1486 X 1071.724 + 0.00102(3300 — 1100)]
i 1.724 —1.572

=38.8 MM STB By Bl

The calculations of Ex. 3.1 for the 3-A-2 rescrvoir show that for R, = 3300
SCE/STB the recovery at 2500 ps i 3.8 ., and that if R, h=d bec.. only 11C2
SCE/STB, the recavery would have heen 8.80%. Neglecting in each case the
* 75% recovery by liquid expaasion down to the bubble-poiat pressure. tre
effect of reducing the gas-oil ratio by one-third is approximately to triple
| _the recoveiv. The produced gas-oil ratio can be contralled by working over




ravity desmage, and there nety be 1 "
Mhmudumﬂimwuﬂumdwkm
T th Fodk that allows the material balsuce
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. KELLY-SNYDER FIELD, CANYON REEF RESERVOIR
e Canyon Riecf reservocr of the Kelly-Sayder Field, Tevars. was 4 :

Nolly Srydder Fiold, Texss (Courtesy, The OF and Gas Joumal'}

Tmitial reservoir pressure 3102 peag (at 4300 ft sobuca)
Bubble-paust pressure 1725 puig {2t A3 1) subsca)
AVErage CeSCTVO lemperaiue 5F
Aserage porosty 1T%
Avermpe conaatc waler X%
Critical g satwration (eximased} 10%

Uiseratsom Anahvaes of 3 femon boile Sarple from the Stasd wd 06 Gom-

E Dafferewtial
 peay of Tems Ne. -1, 1. W, Browa, ai 15F

1 be used., or demc shatap

program wnuld ot be succesful.

Mﬂmmmm»ﬁkhwm

Jquent vears, the allowy wiich de in 1950 by reservoir

jengincers, arc based oa daty aailable in 1950, Table 5.3 gives the basic

m&&mwwwm Wmmm
ic (L. that there would b

water influx), nmm-uzmn-mum lfall\

weater entry shoukd occur, n:mnmﬂbcmmlu&cmlnac

loprimistic., that . there would be mare Y af any

The reservoir was undercarurated, mhmyﬁwunﬁ!ptumm

tubble-pot pressure is by liquid cxpansien, and the {ractional recovery at the

bubble poet s

14509 — 14235

BB
&t B, L4509

=0418% or L9%

Based on a0 mitial contens af [.4235 rescrvoir barrels oc 1.00 STB, this =
rooonery of 0183 STH. Because the solution gas remains at §85 SCESTB

;mumummdmtﬂemmlmm . Presee B, 8, Sofution GOR 8,

gl were o 3 S605TO SEESCF SCHRSTS bbi;STE

J*nduruum-be xpected of 2 wol T 1428 . s 14338
heservoiz with an mitial presware of 3112 psig and a bubblc-point pressure of . m 14350 =5 1429
ity 1725 prig. both ¢ a danum of 4300 fi subsea.” Their cakulatioas further 2w Lo S 14370
L bowed that whea the int pressate is reached. the pressure decline L] LA4HE e L -1 Lids
L saold be much fews rapil., and that the reservoir could be produced without 173 L4 S 145
boovne muinteasnce for many yeans tereafter without peejudice 1o the 1o LHes 00013 8% 14595
ity adapted. In the meantime, with e L3 0001 42 14952

hdditional pressune drop znd pradction. furthes rescrvoir studics could eval L res AL, Qe m LS
e the lities of s, graviy g, and | . 4o LR Q87 m 15944

These, e cores ta determine

; Below 1725 puig, 2 frec gas phase develops in the resenuir. Ax lomg s
this gas phase remains immobile, it can acither flow to the well boses nor
mewfm&vdnpngnaphmmaﬁmmw

declines. Be

-

. CANGON REEF
Aeservoln ook and Huid propeties for the Canyon Aeet Resenvolr of tha
Kally-Sorycler Field, Texas (Courtesy. The OF and Gas Jounal ™)

3112 psig (ar 4300 fi subsaa)

1725 psig (a1 4300 fr subsca}

Aversge teservaly tompersture 15°F
Averzge porasty T
Average coanaie witer 0%

Diferential Libcrmwa Aaalyws of 3 Bamom-bole Samplc from the Standerd Od Come
pamy of Tewas No. -1, 1. W, Broam. = 125°F

Presnare a. 5, Solaion GOR ;
pei ST bal SCF SCEST8 bb1 ST

e 34235 —sss 132

3 - 2800 13290 885 14299
ﬂuﬂn 14570 L4370

1422

LT
14952

13003
13944

MMBMMWWMthMtM

reservoir pressure declines at 2 much lower rate below the bubble point. [t was
Mu&ﬁ-&mwwwﬂdmm
ﬂﬂﬂp‘mmﬂda‘*ﬂm\ﬁdhmm ‘Whea
dcnlat lex (see Chap-

solution gas-oil ratio R,, 3t the pressucc. sinee the only gas that reaches the
well hore is that in solution, the free gas being immobile. Then the average
producing (daily) gas-oil ratio between amy TWO pressures p; and p; is
approximatefy

g+t Ros

Ry === 3 (5.12)

RESExvor i

_-HHL.BU"U‘

P

e.0\
;s

RF=(B-B;)/Bx

(1.4509-1.4235)/1.4235

RF=0.0189 or
1.89%
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RODESSA FIELD, Louisiand.
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b 1 GAS CxPANSION RfGDN i
i3 %m/mmn:ummn 2600
§ ] Cul BACK B¢ 5 ;;
6 iz,t s PRODUCTION 2400 W
s g" \{‘m://\ &\ \'_wm“wm 220
B gt Ea. ooog
g 8 / }(WM Mﬁ.“_-
£438 = o 1600
¢ 3, Wl ik
g N/ 3
Z5  6— | Riswg oany oL 1200
= 25 DUE TO DEVELOPMENT \ \ §
254 ol N N ,
3 g .“ﬂ #ﬂ"’ \\ m!
23 / \ \ \\ 600
152 25 S S 400
: ] \\:\ 200
o805 ; 2“‘}1 -

CUMULATIVE. PRODUCTION, 47 BOLS.
Fig. 5.6. History of the Gloyd-Mitchell Zone of the Rodessa Field plotted versus

cumulative rccovery.
®- vy

18

The capid increase in grs-oil ragios in the Rodesst Fiekd hed ta the cnace- as at B0 psig: hemoc, the surface gas-oil y declioe and vet the of
et of 3 gascnasenation ceder. bn this ouder. oil and pas production were the rate of flow of gas o the rate of Bow of oil wnder nevervair conditomng
albocatad panly om 2 volemetric bases 1 restrict productinn from wells with (8 continucs ta increase. It may alw be reduced by the accurrence of som
il s ol rtios. The basic ratio foc oil wells was wct at IR0 SCEAbL. For | B gregation, and also, from 3 quite praciical point of view, by t
ferses an which. e wells pradaacd more tham 3000 SCFSTB, the allowabic failure of operators ko MEasure oF report gas production on wells producing
hqupﬂ-ﬂ.hﬁmwmm_mwww Mthvd-mnt’h-meﬂ. !

3000 apd divided by the gas-oil oitia of she well, This cut in production ‘I The resulas of 1 dilferential gas-iberation et on a bottam-hole swply
peaduced 1 dauble famy in the daily productice curve. 4 muﬂ%ﬂmm“ﬂmﬁhﬁﬂu&mﬂlﬂm

lxmmnwmﬁwmmmm.hk 8 whtich is i exoellent sreement with the initial producing gas-oil ratio of 624
usmally devirablc 10 hawe 3 graph that shows the hastory ploticd SCESTB." ln the abscnce of ga-liberats bottam-hale sampbe, thd
wersas the qenalsve produced od. Figere 5.6 is such a plot foc the Glowd- imitial gus-oil ratia of 2 properly completed well in cither a dissolved g dirine]
Mitchell 2ome data xad i akso obtained from Table 5.5. This graph shows some s cap drive, o e Seeniinm. o
features that do not 2ppear in the tme graph. Foc cxample, 2 study of the | imitial solution gav-oil rtio of the resenoir. The extrapoltions of the pocs)
peservoir pressuce curve shows the Gloyd-Mitchef] mne was producing by © sure, oil rate, and peoducing gas-oil ratio the lative ail plot al
mmﬁﬂmmmmmwm“ indicate an ultimate recowery of about 7 million bbi. Hosever, no voch extrap)

4 by a period of provh by gas cxpansion with a lmised smount of clation can be made on the tme plot. It is also of interest that wherers th
free gas flow. Whea approximtely 3 million bl had been prodwced, the gas daily producing rate is cxponcatial oa the time plot. it is chose 10 a straight lind
mmm_gjmmmﬁnimhuqﬂmuzn - on the cumulative oil plot
mp:d:ﬁxhﬂemdﬁud.kﬁ-ﬂmbmve‘nﬂda The average gas-oil ratio during any peoduction interval and the cumu|

5 then dedined 25 the gac was depleted and the e 8 Intive gas-oil vatio may be indicated by integrals and shaded areas on a typical
Mmmmm-pﬁﬂmwmm - daily gas-odl ratio verss ive stock tank oil production curve as shows)
2.5 millices bl weve pradaced was duc niainly 10 the expansian of the fowing in Fig. 5.7. If R represents the daily gas-oil ratio at any tise, and N, thd

iz gas 25 p doclined. Thus the same gas-oil ratio in " i stock tank productmon at the same time, them the production durf

jhic fiact per day gives approtmately twice the reservor flow rate a1 500 psig (3 ingx short interval of vime is dN,, and the total volume of gas produced during
- that production i R N, The gas produced overa loager pediod whe
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ol |t e | AG, = RdN, (5.18
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in Fig. 5.7. If R represents the daily gas-oil ratio at any time, and N, the

cumulative stock tank production at the same time, then the production dur- \
ing a short interval of time is 4N, and the total volume of gas produced during ‘:
that production interval is R dN,. The gas produced over a longer period when } A

the gas-oil ratio is changing is given by Lo W
" ﬁ = Rﬁ"_’j v
AG, = L"R an, AN? (5.18)

The shaded areca between N,; and N,, is proportional to the gas produced
during the intezval. The average daily gas-oil ratio during the production
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Fig. 5.7. Typical daily gas-oil ratio curve for a dissolved gas drive reservoir.

nlerval eguals e atca Under The gas-oil Taho curte Between N,. and V.- W
units given by the coordinate scales. disvaded by the oil produced in the interval
(N,= — Nyi ). and ?_‘70

(%2 ¥

{ "®an, 'l

R, =g SE S A
* = W W) Y ,
The cumulative gas-oil ratio. R, .5 the total net gas produced up to any period \ j
divided by the total oil produced up to that period. or e
: = ANp xR
F SR =

R,

NP(s.m

N,

The cumulative produced gas-oil ratio was calculated in this manner in

< * (1) of aNcSS h'uwmaﬂc Ho(thdpcmd

a__sxumu 750 % 15,200 + $75 % 21250 _ __
= 2060 15.200 + 2020w =TIIICES=8

ANG,+ AN, T ARIP3

6. CALCULATIONS INCLUDING FORMATION AND
WATER COMPRESSIBILITIES

In Chapter 1. it was shown that hoth formation and water compressibilities are
functions of pressure. This suggests that there are in fact no volumetric
reservoirs—that is, those in which the hydrocarbon pore volume of the reser-
voir remms conﬂaut Eal slwwod the magnitude of the effect of formation
reservoir caleulatiuns.'® The term volumetric,
ho..over, smmmum“mnm'ﬂuchthemum-um
influx but in which volumes change shghtly with pressure due 1o the effects just

mentioned.

The cffect of compressibilitics above the bubble point on 1 for
N are incd first. Equation (2.8). with R, = R, above the bubble point
ecomes

N(B,— B,)+ N B, ['—S-ﬂ].;p + W, = N,B,+B.W,  (5.21)

his eq ¥ may be nged 1o solve for NV

N NcB oW B W (5.22)
B, - B,-v»ﬂ.—'—_"—‘.:fép
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sad Rt= B& +3hC.dP
B.=Bu+B.cAP AT

4-Finition of _mwmmm.mu
:uumwmmsum-emmam

the bubble point, 8,=B,. If Eq. (SJJ)sMuuolheﬁnlm-
Eq(SJ.l!. theresak B

mﬁu\+ [ 2 =NB WA B, 5)

B+

dving both the i dll:mﬂl
;,-h—-yts,. ninq;h(m l;:bbie nnpsm
5.~ | —S., Eq. (5.28) becomes i- ,x

e _%—j]» il w;; = -5,
-

Nﬂ.iwiéﬂ =NE-W+BW, (5.5

"wem,-

expression in brackets of E (5.25) is called the effecive fluid com-
&mq‘mmﬁmmammm the conmate ‘bu
water, and the formation, or "e: c“
P

eSS FeSatg 5.26)
i -5 Ce C. <
Finally, Eq. (5.26) may be writtea a8
NB,c, AP = N,B.— W, + B.W, G.19)
For volumetric reservoirs. W, = 0and W), pg«\cﬂﬂyneﬂm zndEn!, G.27)
can be rearranged to solve for N “CQ-Cb
; Ne (85
e (528)
fcl’ '8, B1-8¢ :

. Bt. -Nf
i _B.—B, =
Above B.P: geay N it
Example 5.3 shows the u<e of Eq. (sn}ad(s.zsluﬁudmemndﬂ-
mﬁmdup:mu&ptm of a reservoir that all geologit cvi-

()e. it is by d m:llﬂdcsbvlmpcmnbie
mdu) B tte are basically ik they give the same
Mmﬂfn'ﬂﬁﬂ,"! 73 MM STB. Anlulhmnn:lmnddzdmshm
that an crror of 61% is introduced by neglecting the f ion and water

mﬂﬂ!ﬂhhm

Esamgle 53. Calcalation of initial ol in place in 2 volumetric, under-
saturated reservoir.

Given:

5y - 135969 BOUSTS

B, a# 3600 psig = L3ZQ000ISTE Py

Connate water =0.20 ]‘.‘q ‘L’

€= 3.6 (10)" psi~?

B.9300 pg =104 WD | sTe
Z=1

&=5.0 (10)~ psi-

P, =5000 psig
N, = 125 MM STB
A8 at 3600 psig = 00 pst
-r»=31.000 STB
w,=0
SoLuTIoN: ituting into 5.
W (BEX B+ wp B
I,Hﬂ.ﬂn(l_'i‘r!l))+31m)(1m) €. 595
,_‘,,m 35409 25007 ')(uzo)+so(m*)}"m
.

.-v B chﬂ;l.l

The average compressibility of the reservoir ofl is

B.-B,_ _ 1315-1354 _ e
B3p 135469 (3000~ 360q) ~ 071 (10) " ped

Ca=




&S, e S, o
1-5. (5.26)

,,.dr_hedfeqneﬂmdmmpmﬁhﬂnyb\ Eq. (5.26) is A:
10 s(m 1) +03G.6) 5 )10

= 3 &
. s 0y S?

N pSt +3q‘:f T

C=

Then the initial oil in place by Eq. (5.28)is N =

Q‘t.CQ,A:P
. _ 1.250.000(1.37500) ~ 32.000(1.04) _
N A6(10) () TS5k~ 173 MMLSTB

If the water and formation compressibilities are neglected, ¢, =c,, and the
initial o1l in place is calculated to be

 1.250,000(1.37500) + 32.000(1.04)
=T 1071010)(1400) L 35469 - 623 MM STB

As can be seen from the example calculations. the inclusion of the compressi-
bility terms significantly affects the value of N. This is true above the bubble
pomt where the oil-producing mechanism s depletion. or the swelling of
reservoir fluids. After the bubble point is reached. the compressibilitics have
a much smaller effect on the calculations.

When Eq. (2.8) is ccarranged and solved for N, we get the following:

k. .L‘ v o N8~ (R.—R.IBJ — W~ B.W, s
N= | (5.29)
B,-B. B, I‘ ].\p

This is the general material halance equation written for an undersaturated
reservorr below the bubble point. The effect of water and formation compres-
sibilities are accounted for in this equation. Example Problem 5.4 compares
the calculations for recovery factor. ALIN. for an undersaturated reservoir

and the cffective fluid compressibility by Eq. (5.26) is o
0.8(10.71 - !
_[0.8010.71) + 002§3 DELL TR PSP ‘l
Then the initial oil in place by Eq. (5.28) is - W‘
place by Eq. (5.28) K’/
_ 1.250,000(1.37500) + 32,000(1.04)
N = T 786010) () L3sa60  —>)-73 MM STB

[f the water and formation compressibilities are neglected, ¢, =¢,, and the

initial oil in place is calculated to be R
NeBtabl
1150000(1375m)+32000(1my

As can be seen from the example calculations, the inclusion of the compressi-
hility terms significantly affects the value of N. This is true above the bubble
point where the oil-producing mechanism is depletion, or the swelling of
reservoir fluids. After the bubble point is reached, the compressibilities have
a much smaller effect on the caleulations.

When Eq. (2.8) is rearranged and solved for N, we get the following:

N NAB (R, R,a)5|~w,+3,.w,

B lviella) IY s*.,ﬁ]“""'

(5.29)

This s the general material balance cquation written for an undersaturated
reservoir below the bubble point. The effect of water and formation compres-
sibilities are accounted for in this equation. Example Problem 3.4 compares




siom of N, N for ant UAGETSAILIIES ICT o Wit P gy
ample 54 o inie water influs. The calculation is periormed 174

:F-:M inclading W Assume that the
1 i the aifect of compressibilities. AS
:gmmka&machedmﬂaﬁ:rﬂumnwprmdmps !
-_ 0 aens —— I
i PF - - iwm @ = 10% M_ i/
Sews 6= 10%
= ———rmzmEy
Pressure R., B, 3,
P SCFSTB LI SCE wisce bbl/STB
B 1000 0.00083 13000
e oy 0.00133 13200
o 0 000142 1395
8 S0 0.00148 14180 »
0 850 0.00151 « LR

Sowumion: The calculations are performed first by including the effect
or~ “ressibilities. Equation (5.22) is used to calculate the recovery at the

bic point.
{c.s.,+ AL.* BP
&_s,—a,fa. --—‘il =5 |P
N B,
3(107%0.3 + 3(107%)
N, . 1.32-1.30~ I.N[T] 1300

N = =0.0276

m the bubble point. Egs. (5.29) and (5.13) are used to calculate the

very.
y o-seafsz], BelowBP
N . B~RER.B .

[TCroveTy: = _"—' ":! V-

PR
B~ B, 4B, “‘T"“I AP 0.22782000

Ba t (R; = RM’BI‘ i T

%
Y

g < ZANIR EANNIR
, NN

A
During the pressure increment 2500 — 2300 psia, the calculations yield

3= 5(10°
1.3952— 130+ 1.;«[&“‘-’1'530‘—5‘—'—’] 1700

N,
N »RL —1000)0.00144 I 2et1301a 20 BIIGOT] "
R o?:%(m:q D07k o (3 T b S T i 5
N,IN # 11032805 ‘ 1337622 < 000120
Zo s 13982+ —X 1000 000143 N
where R,..; equals the average value of the solution GOR dug -‘T,
From 2,500-2,300 RRIR. 920
R = ——5—— =960
Solving these three equations for N,/N yiclds P 176"
N,
From 2,300-2,250 pSif =0.08391
Repeating the calculations for the p in nt 2300 — 2250 psia, the
NN is found 10 be _

From 2,250-2,200 fiac.urss




T BdwuB?
C..S., , ola A ']
N B:-(R, oy, 1“
Can ;
‘%".”36
ALK _SANNR N
=N, NN
During the pressure increment 2500~ 2300 psia, the cilculations yield
= T(10*
- Lm—m+13[£%£lllm
v 00)Q.0004+
% el o 0.0276°1000 + (0.08391-0.0276)960-+| 2. 910w,
0023610005 + (NN 2D.02T6)R.... f2300-2250psia; R, = i g +[" 0.W9l}l0=5m5+ N
R, N 5 X, N,
N N
where R, equals the avcrage value of the solution GOR during the pressure /
merement. -
"(10 ¥0.3 - %10 ) -
o 52005 gw‘\" ‘1"8-18'\.’ 0.007833
< . o 52995+ — 288 — =0 3
[ oot sorddrs | s 2205 oo
2 —qnma1 1| e |
A TS -
V 1 0. 138"'w 0.007843
From 2 250 2 200_1 =0.11754 N o 0.100663
ks N 1.2848
Ty

=1

E(ANER ZAN/NR
NN

J

Durig the pressuce increment 2500 - 2300 psia, the calculations yield

Mhmkhm\dudmﬂmﬁﬂkdumg

00.3 = (10
L3952 130+ 13!)[&4L(——j 170 e
% §-03 14412 -13+13 "“—" 10.3 = 51074 ] k500 .
i ”““h})s'l — 1000)0.00144 X, l 1-03 1 ; 0160923 =2
0.02%(1000; + (NN * DOTI)R. .. (N]° 731276+ 2005 178122 2 g onroes
& NN + 13912 — N 1000 0.00131 N

Ty )
From 2250- 2 2%9&3 (T3 Oz $“°
0.0276* 1000~ (0.08391- 0.0276960~ (0.100663- 008391910~ | %—mms 890 73376 20N,
3L I : N
| 2250-2200psiz R, i = L
N ~
Repeating the 2RI jucRan P30y ia, the
¥,V is found 1o be 4 3 s
N, 0.160923-0.011042
X 2 _ : = =0.117544
e N 1.2751




Below TBC DUNOR PO, B4, (5. 117 280 (5. 37 af¢ 5ed 10 Cllci=ie N,V

- Neo ;
N, 5-8. i
g E T meu*&nli) 1‘
ad -ﬁ‘“\ . P
SANJR AN, MR Below B M&
e T il

Tor the pressure increment 2500 — 2300 psia
N, 1.3952-1.30

2 0.01515(1000) ~ (N./N —0.01515)R ...

R, i
NN

viere Ry is given by

R 1000 +920

2
Lﬁvg these three equations vields

From 2,300-2,250Mpsia Y

2
N

960

=0.07051

Reneating the calculations for the pressure increment 2300 —2250 psig:
3 N _

From 2,300-2,500 psia 2: moosw

the pressure increment 2250 — 2200 psia

From 2,250-2,000 psia

/] =0:10377

Now, the czl-gutai'm are petiormed by assuming that the efiect of including
the ili i igiblef For this case, at the bubble point. the
recavery can be calculated by using Bg. (35.8) “

No compressibility term N, _8-B,_132-1%

N =T Tsz-—-—=ﬂ.ﬂlil§ y
kWJ

Below the bubble point. Eq. (5.11) and (5.13) ate used to calculate N, iV

Ny e BB
N T B.+(R,- R.)B,

and

S@AN)R _S(QAN,NR

N,in

R.=
o
ror the pressure increment 2300 — 2304 peia
ot 6t
N, _ 1.3952 - 1.30

N T 13952+ (R, — 1000)0.00155
_ 0.01515(1000) = (N,/N —0.0I515)R,,.,

& N.IN
where R, is given by
1000 + 920
R.,= T 960

Solving these three equations vields

From 2,500-2,300 psia N
“—\é:o.:mﬂ




TEe calculations suggest that there 1s a very significant difference in the
results of the two cases down to the bubble point. The difference is the result
he fact that the rock and water compressibilities are on the same order of |
maznicude as the oil compressibility. By inclading them, the fractional recov- l‘
ery has b_ccn significant'y affected. The case that used the rock and water t
eemproaithines omes closer (0 simuiniag cal picuuciion above ‘i bubble - ‘W
point from this type of reservoir. This is because the actual mechanism of oi! ! \‘m....,.‘

f 4

- 4

AP
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Reservoir Engineering I, 2012

HW NO 5; Due date: Friday, August 9, 2012. & ;g
Chapter 5; 5.2, 5.6, 5.9, 5.13and 3.21 N

ANSWERS TO THE PROBLEMS

5.2; (a) %Recovery at 3550 psia = 1.75%,
at 2800 psia = 8.8%, at 2000 psia = 21.7%,
at 1200 psia = 44.6%, at 800 psia = 61%
(b) %Recovery at 3550 psia
at 2800 psia = 3.83%, at 2000 psia = 8.5%
at 1200 psia = 15.4%, at 800 psia = 19.5%

1/3 times
(a) N = 246 MMSTB, (b) Gf = 31.8 x 109 SCF
(c) So = 0.69 (d) Np = 89.8 MMSTB

(a) N = 10.75 MMSTB, (b) N = 10.8 MMSTB
(c) We = 46,000 bbl
5.13 Recovery Factor at 1700 psia = 0.0097
at 1500 psia = 0.0505, at 1300 psia = 0.1071
at 1100 psia = 0.197, at 900 psia = 0.33
at 700 psia = 0.55, at 500 psia = 0.89




Saturated Oil Reservoirs

1. INTRODUCTION
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" V-I = Vo.'l' V.l_- - 2 (:i
Figure 3.8 shows schematically the changes which occur beav.an in
bz -

Fig. 3.8. Diagram showing the formation of a free gas
phase in & volumetric reservoir below the hubble point.
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5. Under favorable conditions. the oil recaveries are hi

and is as follows:

NmB,, 5 -
N(B.— a..p—-’;:‘i B~ B+ (l+m) N Bu[-"f%—s—-"].\js ‘W ‘“ll'

=N[B,+(R, - R..\B;] + B.W, .n
Equation (2.7) can be rearranged and solved for . the initial oil in place:
- NAB.+ (R, ~RB] - W+ B, i
i i, EL’.S‘. ~c ©1)
G BB = B (1 | 2o —].\E

B‘ﬂuapmsiuummthuoth'mmmbilﬁiesonhefomaﬁonandmn- |
wate water can be neglected. as they wsual’y are in a sarurated reservoir, then
Eq. (6.1} becomes

(6.2)

E _aple 6.1 shows the application of £q. (6.2) to the calculation of initiz] oit
hmmammwm“wnﬁww.mmsm
dmeombymnvmﬁn‘aﬂhmduniummbi:fmuniumdmemmg
dlﬁabi:&e(mmhmﬂmhs.lldacsmtmmrwhﬂsaafuﬁtsislued.
only that each team in the quation is istent. Problk i arise
bemgpsiormioumhmemmdthurcpomdhtmm
bbl‘SC.‘.Uaﬂlywiuumingttxnuﬁuwmr:equﬁmfwabgnl
mﬁ.wmmmmremhm‘mmh
making sure that the units are correct.

h and fmmﬁﬂ/ \

toSI% ofthe ol inpare. ) g @‘ZM o "l
2. MATERIAL BALANCE IN SATURATED RESERVOIRS M'

The general Schilthuis material balance equation was developed in Chapter 2 i




Example 6.1 To calculate the stock © il initially i
o i ank barrels of oil initially in place
Given:

Volume of bulk oil zone = 112,000 ac-ft
Volume of bulk gas zone = 19.60¢ ac-ft

Initial reservoir pressure 2710 psia Pl

[nitial FVF = 1.340 bbUSTB DY, &

Initial gas volume factor = 0.006266 cu [USCF 55‘

Tnitial dissolved GOR =362 SCFSTB Do

il produced during the interval =20 MM STB N7

Reservoir pressure at the end of the interval = 2000 psia

Average produced GOR = 700 SCF/STB Qf

Two-phase FVF at 2000 psia = 14954 bblSTB ' 4

Volume of water encroached = 11.58MM bbl Wé

Volume of water produced = L.GSMM STB

FVF of the water = 1.028 bbUSTB

Gas volume factor at 2000 psia =0, cu f'SCF bb,
T

S.
Saanoxz In the use of Eq. (6.2): S
S. 121
B,=1.3400 X 5.615=7.5241 cu ft/'S7 8 oo ! 2
B.=1.4954 X 5415 =8.3967 cu [t/STH
W.=1138 x5.615=65.02 MM cu 1t
W, = 1.05 x 1.028 % 5.615 = 6.06 MM res cu ft

noate water for the oil and gas zones:

Assuming the same porosity and connate water for the oil and gas zones:

19,600

=m =0.175

nt

Substituting in Eq. (6.2):

N

5o

20 X 10°(8.3967 + (700 - 362)0.008489] (65,02 — 6.06) x 106 ¥

i
=

s

( 7.5241

8.3967 — 7.5241 + 0.175 (——) (0.008489 — 0.006266) € mit

0.006266

=98.97 MM STB WS STe

If B,is in barrels per stock tank hairel, then B, must be in barrels per standard
cubic foot and W, and W, in barrles, and the substitution is as follows:

v

Wol 1495613400+ 0.175 (5'-(':)%) (0.001510 — 0.001116
=98.97 MM STB
B Deammss 5 Dot e el cusiiais  le

? _Jple&.l shows the application ot iEq. (6.2) ml caleulation of initiz] oil

‘f’
1

| &
v < 20X 10°[1.4954 + (700~ 562)0.001510] — (11.58 — 1.05 > 1.028) x 10%




Figoee 6.1 shows the pressure and production history of the Conroe Freld. and
gmzw:upxdm-ﬁ-uoﬂmﬂ\dwewmm
reservoic fluids. Table 6.1 contains other reservoir and production data and

izes the calcnlatioas in col form for three different periods. !\

0 4
1Y <] “mnrae—
_r'r‘-..q = 3'
-l o - !i
g™ _
i i "}
'l" + & 1 -
ii ki = T,
= | L~ | L]
B.—-ﬁ‘d—/ 1
ann e 2
Fig. 6.1. Reservoirggaggure and production data. Conroe (After Schilthasis’,
Trans. AIME.)
B+
TWO-Fraze On VOLUME FACTOR. Cu FT PER_ 3T8 —
N
9
- N N
=it E
T RS
3 i AN
: 1 Nun
1

008 o8 oo o2 o
8253 voLume FACTOR, CU FT PER SCF

Fig- 6.2. Pressure volume relations for Conroe Field 1] and original complement of
i gas. (After Schilthuis.> Trens. ATME. )

TABLE 6.1.
Malerial balance calculation of water infiux or o4l in place for oil reservoirs below the bubble-point pressure

For Conroc Field: B, = 7.37 cu t'STB mB. /B =239 SCFSTB

B,, = 0.00637 cu f'SCF R... =600 SCF/STB &
Example 6.2 | iz
wild &
¥ o A8L.225 ach ~0.224

510,000 ac-ft
fae = Months after Star1 of Production
N Quantity Units 2 18 2 30 36 -

1 N, MM STB 9.0 234 32.03 40.18 4824
2 R, SCFSTS 1630° 1930 [ 995

3 ? psig 43 éms 2098 g 2m

+ B, u fSCF 0.00676 0.00687 0.00691 0.00694 0.00693
3 8, ca WSTB 7.46 7.51 751 7.53 152,
6 1M N.R, MM SCF 14,500 34,400 48,100
7 K.-R.. ., SCFSTB 100 % .

£ (R,~R..)B, cu fUSTB 6.95 X ﬁ
= (5) +{8) cu fUSTB 1441 10.75 - 10.26
10 a B.-B, cu fifSCF 0.00039 006054 0.00056
1 (.0) % (mB,./B,) cu f'STB 0.101 0.137 0.145
2 Ee B,-B. cu [USTB 0.09 a.14 0.Is
3 2 {11y +(12) ca fUSTB 0.191 0277 0.295
1 (1) % (5) MM ca ft 1Be 45, 495
15 W-W, = MM cu ft Rk 178 320
16 (14) - (15) MM cu fi 7.5 167 T
17 N = (I6)(13) MM STP 415 602 594

NRC Fraction 0.285 0.244 0.180

Whs ool
¥ 0% sDI Fraction 0320 0239 0.174
xn: \&§ WDI

i Fraction 0395 0.515 1646




oil in place is 415 MM STB, and the value ol@;{ﬂ, +(R,— R,,,)B,l given in !I
fine 14 is 131 MM cu ft. Then

poL B X CA6=T3n oo - N {Bt —Rh !?.L;f

131 x¢

415 X 10°x 0.224 X 7.37 * Nw8t: (84~8)

(0.00676 — 0.00637)
_ 0.00637 d i ®
Dk 131X 10° 033
wor=3L5x1e_o oo We = 8w e
131 x 10° *

These figures indicate that during the first 12 months 39.5% of the production
was by water drive. 32.09% by gas cap expansion, and 28.5% by depletion
drive. At the end of 36 months, as the pressure stabilized, the currenr mech-
anism was csseatially 100% water drive and the cumuwlative mechanism in-
creased to 64.6% by water drive. If figures for recovery by each of the three
mechanisms could be abtained. the overall recovery could be estimated using
the drive indexes. An increase in the depletion drive and gas-drive indexes
would be reflected by declining pressures and increasing gas-oil ratios, and
might indicate the need for water injection to supplement the natural water
influx and to turn the recovery mechanism mare toward water drive.

2. MATERIAL BALANCE AS A STRAIGHT LINE

- InChapter 2 Sect. 4, the method developed by Havlena and Odeh of applying
the genereal material balance equation was presented.“* This approach de-
fines several new variables (sece Chafter 2) and rewrites the material balance
equation as Eq. (2.13):

NmB,

F = NE,+ N(L= m)B, _,__u.a.-[ ) ]E,w; (2.13)

£t

This equation is then reduced for a particular application and arranged into a
form of a straight line. When this is done, the slope and intercept often yield
valuable assistance in determining such parameters as N ana m. The use-
fulness of this approach is illustrated by applying the method to the data from
the Conroe Field example discussed in the last section.

For the case of a saturated reservoir with an initial gas cap. such as the
Conroe Field, and neglecting the compressibility term. E;.. Eq. (2.13)
becomes

NmB,, _
R,, 4

F=NE, + E.+W (6.3)

o




If N is factored out of the first two terms on the right-hand side and both sides
of the equation are divided by the expression remaining after factoring. we get

" W = a+bn
=N+ : i (6.4)
B ik

o * Bgi £ o Bg, '8

For the example of the Conroe Field in the previous section, the water produc-

tion values were not kngwn. For thy n, two dummy parameters are
defined as F' = F — W,B,.and W', =W, — W,B,))Equation (6.4) then becomes

F ' w;
i E+MB'FE_.NI?E+mB'iE R (6.5)
g R P
3 [

Equation (6.3) is now in the desired form. If a plot of F'/[E, + mB,E,/B,] as
the Jrdinate and W J/[E. + mB_E,/B,] as the ahseissa is constructed, a straight
line with slope equal to 1 and intercept equal to N is obtained. Table 6.2
contains the calculated values of the ordinate, line 3, and abscissa, line 7, using
the Conroe Field data from Table 6.1. Figure 6.4 is a glot of these values.

-,

If a least squares regression analysis is done on all three data points
calculated in Table 6.2, the result is the solid line shown in Fig. 6.4. The line
has a slope of 1.21 and an intercept, of N, of 396 MM STB. This slope is
significantly larger than 1, which is what we should have obtained from the
Havlena-Odeh method. If we now ignore the first data point, which represents
the earliest production, and determine the slope and intercept of a line drawn

Jugh the remaining two points (the dashed line in Fig. 6.4), we get 1.00 for

>

TABLE 6.2.
Tabulated values from the Conroe Field for use in the Haviena-Odeh method
Eiiii Manths afer Start of Production
No. Quantity Units 12 24 36
) B MM cu ft 131 345 495
(72 BteBi cu fUSTB ° 0.09 0.14 0.15
3 E, cu f/SCF 0.00039 0.00054 0.00056
2
I 4 Estmz=E, cufuSTB 0.171 0.28) 0.295
(d
5 ’ (1)i(4) MM STB 686 = 122 = 1678 =
1S6 W; MM cu ft 51,50 178 320

7 9 (64  MMSTB 270 = 636 & 1085«




If a least squares regression analysis is done on all three data points
calculated in Table 6.2, the result is the solid line shown in Fig. 6.4. The line
has a slope of 1.21 and an intercept, of N, of 396 MM STB. This slope is
significantly larger than 1, which is what we should have obtained from the i’
Havlena-Odeh method. If we now ignore the first data point, which represents
the earliest production, and determine the slope and intercept of a line drawn
sugh the remaining two points (the dashed line in Fig. 6.4), we get 1.00 for

TABLE 6.2,
Tabulated values from the Conroe Field for use in the Haviena-Odeh method
Ftne Manths afer Start of Production
No. Quansity Units i2 24 36
1 1K@ & MM cu ft 131 345 495
1ZE BeB = cu f/STB - 0.09 0.14 9.15
13 Q’.?', E, cu ft/SCF 0.00039 0.00054 0.00056
By
1B 4 wtmz2E, cufUSTB 0.171 0.28) 0.295
(J
s ’ (1)/(4) MM STB 686 = 122 = 1678 =
156 w: MM cu ft 51.5e 178 320
7 9 (6)(4) MM STB 270 - 636 & 1085«
900 /o §
o
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Havlena for the Conroe Ficld. Solid line represents jine drawn
m}nuu;od"h et Ko represss linc drian thtough data goiass from

N, the in . This value of the slope meets
::opemmyﬂwﬂ ‘E':rihcml-lmknamr -Odchmmﬂhod for this case. We should now
mke:hcquaﬁm:&nwjmﬁfyignotingthcﬁm?@mﬂfwercﬂiumaun
production represents less than 5% oftlwirﬁliaiodmp!memdthefacuha_l
we have met the requirement for the slope of 1 for this case, then there is
justification for aot including the first point i mdm%mnd(ﬂeﬁi;:l
our analysis that the initial oil in plac= for the Conroe .




¥xter Inilicx

In ficld vaits where penneability is m mb, time in
Teacs. presinre 1 D, lesgthm fen. rate m resenvair
Barrchs per dav

U= 1399 4Zr7 Whlpsi  (radiad wiem)

=01 wL k0Tbbpd  (mearsisiem)

I = 230002 | Ghgeiv C} {radizl cymiemn. 1inyear )

In=2300z [ (peRL7)  (Wmear sysiem_timveses)
I water ingeNon s cmplaved @ 2 sesarvoer then

musural water infut may sl occur of the prossore at

5. W, 30d G, are comulative wiesiian volemcs
xnncklﬂk&&u.

Seamos G{By), = mM(B,}: R, = G,N,20d G, =
Gl + 1G,) e canwrne

FaN(E, < mE, +(1+m}) Eo)

+ W v W B +G.B,-W,8,)

o

F=NE, =W,
wbere: Fa N (B, + (R,-R)3,)

E.= (B, ~(B..}) = (R}~ R} 8,

(o SN
wy !

E,= (8.

o sl formulanion the subseripes ¢ and s refer in v = (1= )8 jap[SSmt
28 e £ candinins o e 24 2y = =5
Er=E.+mE, <E,.
T e R
Gas Net Rockand | |
ap water connsic Imjecied
opansion | isflux ey volomes
= =l ,emmn:- | |
[.\Xl,j—(.\' -A\'f.k_—(a_,k] | |
v

[‘U—(G,.I,Ilﬂr = Gi_n,t,l =

N=

NAB, - RAAL,) + lG,.m,),—{m — G\ W8~ GiB, .H w,

v |

el |

(R

ME) Il"ﬂh"[

1-35.

(B~ (80} + (R, = R, 18,0~ (B, ))AP




F/ ET o

N

- “ a5

S e o o e

{ We + WiBw + GiBg-WoBw |

-

)

~

131

)
-

Fig. 10.10 Combination drive, Havlena-Odeh plot.

fiy. 43— Labarstary q&ﬁﬂc‘-[’-’d’)dp from od.
Diw—dprd, 1953,

{Crartery Wowin

-

8§

¥ig. 46—Lodoratory differential Eheratioa of geu from ol

{Conctesy Wonrs Ow—Aprif, 1951.)

Differential gas liberation

ol vOLUME
b3 b

"
>

Fig. 42—Difierential and cquilibrize: shrinkage of bigh shrinboge oil.
Wouto Ow—April, 1952.)

(Courtesy




=
Fim. 122 Tedwrior of tujee) swerven ol anphe v raibermal
P Todictiee, {43 194 st 201 oragiie] peeTvole o
tieww, AUl gax ic i eduten aed wil sederrulurafed snee
P L LU ] Taewse e ponligeed Lu g 100 o siug morcony [T

O wizosdy (g = comlgones

e ool Fisd juddde of gz eveupecs foam 2 won, denee | H :
TuddJe gusimt <o sl s iliegs poeste of er sl 1gaie] vl [ i - —|l - }
jeanded Sgleh, (O Tesaxe is redie] o 4 H

Inve gas Lo evvilond. [apuid cabiiee lus s [N B » R
colatile froetients. () Prosure s mow atwasgls Prease — 308

vorl see B sdm el L U 1he @il vndiane at the wveervalr Honpwent- o

fare, and 107 ot Cioliveg: thix ol Lo slasdand temperalun

COF Y pemailin 3 i duisabinng S an amount ATy 1o the talk ol

vahime, 1y
7 1%, [af rack posearne)
' 7
AT N\ 11 Selatien meeoil ratio s n functioa of prsmne, (0 0l viswsity o
3 : “""-’-ﬁ\'i!f\\r_‘w: ) = funclion of Jressme,
8.5 i
~ A5 5
S <.‘3'-’»
B

Fig, 13 Graghicd qoventtan of fluid prguerties abegicted 3
Fie 12 (A) Furmation whine: factor fe adl s funetio of g

Reservoir Engineering I, 2012
HW NO 6; Due date: Thursday, August 10, 2012,

ANSWERS TO THE PROBLEMS M

6.3; %Recovery= 58.42%
6.6; N= 223 MMSTB, Gi = 80.61 MMMSC,
Wel = 26.63 MMft3, We2 = 37 MMft3,
We3 = 49 MMIft3, We4 = 63 MMft3

g};g' (a) We = 863,000 STB, DDI = 0.39, SDI =
WDI = 0.19, We = 46,000 bbl
6.12; N=150 MMSTB
Gi= slope = NmBti/Bgi = 66.9 x 109 SCF
Solution gas = N*Rsoi= 76.5 MMMSCF
(Hint: Since gas cap is unknown so plot
F/Eo VS Eg/Eo, From equation
F/Eo = N+ NmBti/Bgi (Eg/Eo0)




'10. Chapter7  chapter 7
Single Phase Fluid

 Flow in Reservoir '
| 19-10t week; 23 JULY-11 August 2012

Single-Phase Fluid Flow in
Reservoirs

In the previous four chapters, the material balance equations for cach of the
ﬁ-mmdeﬁnd-ﬁwlmdcwlq:d These material

y be used to calculate the p ion of oil and/or gas as
nmdmmﬂ:mwhﬂm-ﬂ&
to know the production as a function of time. To learn this, it is necessary th
develop a model containing time or some related propesty such as flow rate.
“This chapter discusses the flow of fluids in reservoirs and the models that
arc used to relate reservoir pressure to flow rate. The discussion in this chapter
is limited to single-phase flow. Some multiphase flow are
presented in Chapters 9 and 10.

2. DARCY'S LAW AND PERMEABILITY \
In 1856, 3s 3 result of experimental studies on the flow of water through

movement of other fluids, including rwo or more immiscible fluids, in consol-

2. Dercy's Law and Permeability 2

idated rocks and other porous media. Darcy's law states that the velocity
a homogeneous fluid in a porous medium is proportional 1o the driving fod
and inversely proportional 1o the fluid viscosity, or

v —nmun.—t[g —0.433 y'cas u] a
where,

w= the apparent velocity, bbis/day-ft’

k = permeability, millidarcies (md}

p-nuidViwa_ﬂy.ql

P = pressure, psia
5 =distance along flow path in ft
f-umm(ﬂwmwm}
@ = the angle ise from the vertical fo
positive 5 direction
and the term
[i—u.uafm.]

force. mmmuyumwu
yndhu:(um-gmu)
gradients, although alwy

drainage ch are i
jportant, and must be coasidered.

The apparent velocity, v, is equal to gB/A, where g is the volumetric
rate in STB/day, B is the formation volume factor, and A is the sppareat
total cross-sectional area of the rock in square feet. In other words, A
hnd&mmnd.&nﬂhmum
. dpids, iuumhm.mu-ndq T

law is valid. Darcy’s law does not apply to flow within individual pore chann{

v = the apparent velocity
a
A

159,000 cc/bbi

q bbl /d x
24x3600 sec/d

The following conversion factors are needed:
1 darcy =1000 millidercys | ft=30.48 cm

74{!: ﬂ'x3048°— mwfi aoou[ %’:}tp

Q= 3332 ol Faw, ec/see.
4P: Presvore iiferestial, Atmesphares
Az

t: Flaid Yiseasity, Centipoisa

v=

1 barrel = 159,000 cc
1 atm = 14.7 psi

v= the apparent velocity, bbls/day-fi®
& = permeability, millidarcies (md)

"‘d”ﬁ’amﬂ' .= fluid viscosity, cp
A P’PW. psia
_ 0.001127(2.ﬂ.rh)k " dp i s = distance along fAow path in ft
& Rdi. 2

H dr, 0 500 cc =
g botrax g T i *i""jgg[" ]

. Ac. 2 B 1000 md 45 ==

y=-0.001127%| 2 A% [ron) i

H

k E’E]
= -, prich
v 001127 p.[d.'s




The Classification of Reservoir Flow System

The fluids flow in reservoir may be categorized upon the
characteristics as follows. v l.
¢ TYPES OF FLUID

1. .Incompressible Fluids (Water). \‘-»-—"'L";
2. . Slightly Compressible Fluids ( Oil).
3. . Compressible Fluids( Gas).

FLOW REGIMES (TIME DEPENDENCE)
1. .Stead-State Flow

2. .Unstead-State (Transient) Flow.
3. .Pseudostead-State Flow S %
e RESERVOIR GEOMETRY u.;e.a RADIAL  SPHERICAL

1. Linear Flow
2. Radial Flow
3. Spherical and Hemispherical Flow

Fig. 7.1. Compon flow geometrics:

« NUMBER OF FLUIDS IN RESERVOIR

1. Single-phase Flow( oil, water, or gas)

2. Two-phase Flow( oil-water; oil-gas, or gas-water).
3. Three-phase Flow( oil-water-gas).

e View

Figura.4.3 Linear flow —_—

Figure.4.4 Ideal linear (low into vertical fracture

[ L

B gt ey e

Weitoe

=
Sde Vew __‘E Pur| b * Fow Unes
/'

Figure 4.6 Spherical flow
Viglhore
Vis'oowe

Side View RSP FissrLows
,

- [} |
Sice View /‘m Fiow Lines

Figure 4.5 [deal radial flow into a wellbore

Figure.4.7Hemispherical flow




(7.4)

. i
where k is the effective permeability of the flowing phase, & is the total effec-
tive porosity,  is the fluid viscosity of the flowing phase, and ¢, is the total
compressibility. The total compressibility is obtained by weighting the com-
pressibility of each phase by its saturation and adding the formation com-

pressibility, or:

CG=CS;+C S, +c.S. o

(7.5)

1 An estimation for the time when a flow system of the type shown m
. Figure 7.2 reaches pseudosteady-state can be made from the following
~ equation

l!(:)r; s l!ll):gu'tr; .6

where [, is the time to reach pseudosteady-state expressed in hours.” For a
well producing an oil with a reservoir viscosity of 1.5 ¢p and a 1otal compressi-
bility of 15 % 107 psi~', from a circular reservoir of 1000-ft radius with a
permeability of 100 md and a total effective porosity of 20%:

_ 1200(0.2)(1.5)(15(10) *}(1000°)
g 100

. This that approxi 1y 54 hours, or 2.25 days, is required for the flow
in this reservoir to reach pseudosteady-state conditions after a well located in
its center is opened to flow, or following a change in the well flow rate. It also
means that if the well is shut in, it will take approximately this time for the
ptessm\: to equ.llue throughout the drainage area of the well, so that the

face p eqlulslh!mmcdwmammof

L=

=5 hr

: ﬂn well.
i This same criterion may be applied approximately to gas reservoirs but
with less certainty bnamthcpsﬁmmmmp(cmuc Fougasvmtyof
0.015 cp and a compressibility of 400 x 10°° psi !,
1200¢0.2)(0.015)(400(10) ")(IM!‘)
ol 100

Thus, under somewhat comparable conditions (i.c., the same r, and k), gas
uu-nm‘rs reach pseudosteady-state oonditiom more rapidly than do oil reser-

_ 1200¢0.2)(0.015)(400( 1) )(2500°) _
- 1

=144 hr

= 9000 hr




l}ntmmﬂmdmmpfeﬂibﬂiq Ontheothﬂhmd,w-dhlmmﬂ;
dntbdnnwldﬂms:dnllheuheufnmrﬂlyn]uwfwmwdls
than for oil wells, thus i the time

state. mlywmmmnmmb-ndmmmwm are
associated with sands of low . 1f we consider an 7, value of 2500
ft and a permeability of 1 md, which would represent a tight gas sand, then we
calculate the following value for fu:

i 1mo.zxo.o:sxl4mno)“')m’) 9000 hr

‘The lations suggest that reaching p inatyp-
ical tight gas reservoir takes a very long time compared to a typical oil reser-
voir. In general, pseudosteady-state mechanics suffice when the time required
to reach pseud dy-state is small with the time between substan-
tial changes in the flow rate, or, in the case of reservoirs, small compared with
the total producing life (time) of the reservoir.

4. STEADY-STATE FLOW SYSTEMS

Now that Darcy's law has been reviewed and the classification of flow systems
has been discussed, the actual models that relate flow rate to reservoir pres-
sure can be developed. The next several sections discuss the steady-state

dels. In this di both linear and radial flow geometries are discussed

types of fluids (i.c.,

since there are many applications for these types of systems. For both the ation in permeability with net overburden p for several sand
Ilnrmdrdﬂmeqummmdewhpedfo:nﬂmmwnl mmmnmumwumwmm
slightly compressible, and of p bility with is

flow rate across any cross section, 50 that,

»-fi-—o mm‘.‘—gﬂ
Separating variables and integrating over the length of the porous body;

ﬁgfdx =—n.m1m-§£'dp

e -&cmmmr—"i‘-ﬂ_.{’-"h—;1532 &)

For example, under a pressure diffcrential of 100 psi for a of 250
md, a fluid viscosity of 2.5 cp, a formation volume factor of 1.127 bbUSTB, 4
length of 450 ft, and a cross-sectional area of 45 sq [t, the flow rate is

(250)(45)(100)
q =o.w1m-(-l-_——35-~—_ ) [1'-5)(431)= 1.0 STB/day

In this integration B, ¢, p, and k have been removed from the integral sign.
~ assuming they are invariant with pressure. Actually, for flow above the bubbid
- point, the volume, and hence the rate of flow, varies with the pressure a

expressed by Eq. (7.2). The formation volume factor and viscosity also vary

with pressure, as explained in Chapter 1. Fatt and Davis have shown a varij

1. Linear Flow of Incompressible Fluids, Steady State

Figure 7.3 represents linear flow through a body of constant cross section,
where both ends are entirely open to flow, and where no flow crosses the sides,
top, or bottom. If the fluid is incompressible, or essentially so for all en-

g

inlh:daﬂhwumus Because none of these effects is serious for a few
bundred psi difference, values at the average pressure may be used for mos|
purposes.

N

ummummm
Steady State

The equation for flow of slightly compressible fluids is modified from what was

just derived in the previous section since the volume of slightly compressibid

~ Ouids increases as deumEulnrnﬂnﬂ-meq(TJ)w

- derived which describes the and volume for 4

ﬂldnlymptunbkﬂmd Tbepmdtuoﬂheﬂwnu defined in STB unils,

hmehummhmmhuwﬂudmd:mmmmdu
by

[

4B =qu[1 +c(pe—p)] (7-8‘

‘.‘l. mmﬁ

4. STEADY-STATE FLOW SYSTEMS

Now that Darcy’s law has been reviewed
has been discussed, , the actual m

and the classification of flow system

Figure 7.3 represents linear flow through a body of constant cross section

where both ends are mlrrclyopcn to flow, and where no flow crosses the sides i w
top, or bottom. If the fluid is incompressible, or essentially so for all en ‘\ .Jj

that relate flow rate to reservoir pres !
Fluids, y State

o

Ik

rate across any cross section. so that,

u—gf

g =0.00L127

-ring purposes, then the velocity is the same ar all points, as is the total

raung vaciables and integrating over the leagth of the porous body:
g8 J' i e
22 [ ax =—0.001127 Ldp
= kA(py=p3)
g =0.001127 Bl
cxample, under a pressure differcntial of 100 psi for a permeability of 250
a Muid viscosity of 2.5 cp. a formation volume factor of 1.127 bbVSTB. a
th of 450 ft, and a cross-sectional area of 45 sq fi. the flow rate is

(250)(45)(100)
(1-127)(2.5)(450)

dsapropration A g g and & have becn removed Irom the integral sisn.

&k dp
= —0.001127 oy

= 1.0 STB/day

*® B0

.7




4.2. Uinear low of Compressible Fluids,

Steady State = gplire (R-PI)

equation for flow of: uyenmprmsibhuuidsismdiﬁndﬁumwhum
"-_' d in the previ i simel.h_evt_xlmngcfslightlyw

TR ~ nwe o, - B ﬂs‘ s
wﬁnmbrmknsc.mﬁabhupnmed,mdthcmdﬁngequdminwgnmd
mﬂwhﬁhuﬁthcpa:mbody.ﬂefoﬂawiugisobuipui:

LY e Kl ST it
Acf ee= iy uf: L+e(pa=p)

0.001127kA,. . [1 +e(pr—ps)
= wLe h{l +clpn —px)] o5
This integration ac ibility over the entire pressure

. .l-hrcnnp{e.undaaptmuﬁﬁumtﬁ]cfl&?pdforapenmhiﬁty
ofﬁﬂnﬂ,aﬁﬁdvismﬁqof!jq:,:lengthotm&.amwimﬂaru
ofiSqu,awmntmmmsihﬂityofﬁi(m")pﬂ“,andchoosingp.asl.h:
reference pressure, the flow rate is

(0.0011 45)  [1+65.<10%000)] - :
’q'-aﬂ—é;(%%h[—l_—-_i 1.123 bbl/day

mmmmm—mmmmnmmm.q.a
found 1o bhe *%roons dus to tha oLt s of 2 slighaly Compressibic iiumu
the calcifation rather than an incompressible fluid. Note also, that the flow
rate is not in STB units because une calculation is being done at a r2fevence
~ e that is oot the standard pressure. If p, is chosen to be the 12ferenc:
oressure, thea the result of the catculati-n will be 42, and the value of the
caleslated flow rate will be different still because of the volume dependehce
on fhe reference pressuce:

(0.001127)(250)(45) 1 1
=@ 5)Esayes % 109" [1 Teswi0-(=05) | = L-131 bbliday

The calculations show that ¢, and q; are not largely differcnt, which cnnﬁmu
“vhat was discussed" earlier: the fact that volume is not a strong function of
pressure for slightly compressible fluis. .

4.3. Linear Flow of Compressible Fluids, Steady State
i {;:\ 4.4 (SM SMQ)
Bl

L0y
a
»

Fig. 7.3

B kdp
Substitating in Darcy’s law: =it e—oomn 22 7

" i k

Totore, = -0001127 2

Separating variables and integrating;
GPhelzin - A 1
(s.smmmmmm,f ol L pdp =3(pi~p3)
Famally
0. =
g = 2OIS LA (51~ ) i

PeTzlp
Fouxgmpk.whmc!;=6?£d,=45:qﬁ,k-u.5md,p = 1000 psia, py =
300 psia, p.=14.7 psi;, T=140°F, 2 =0.92, L =450 R,Iand unl}.ﬂl?q:
0.0031 43)(125) (1000° — hr0n

g== T 7(60)0.92) GR0)0.055) = 1267 M SCEiday




- ih
F"‘:’cd:tm‘:iem the properties of the flowing gas a;:obszuﬂl‘iﬁm
F gl ,mmmmmmthauhepmducmzipismmn
wzip constaat, the following is obtained: a ‘1
P/ . nng wip) 2 —w&
(5.515}(0.001127)&;4,1[ T o % =P1=p: s
_O006328K . A (s — )
Pelzip) L L

- .:zu?o_____; _T:—uq_;: ~ ecoo 2000 10000
- L E— -
B ==—Fig, T4. Tsothermdl VATIAtIoN DL s with pressure:
- ‘ e g o
— = - S——

4.4. Permeability Variations in Linear Systems
_Consider two or more beds of equal cross section but of unequal lengths and \
" permeabilities (Fig. 7.5) in which the same linear flow rate g exists, assuming 1‘

an incompressible fluid. Obviously the pressure drops are additive, and
(pe—p) = (p1=-p2) + (P2~ p3) + (B3P R
Substituting the equivalents of these pressure drops from Equation (7.7),
__gBple  _ qiBuLl, & @Bul, g:8 l'.-LJ
G.001127k, A, 0.001127k,A,,  0.001127k;Aa 0.001127k3 A
N 4 = k& abraly
M P B bea r_‘ih 5 g
] { __L

o Kan® g tike.

Q- 4 =

“. KI KS i

e e

Fig. 7.5. Secies Lov. i~ iinear beds.




4.4. Permeabllity Variations in Linear Systems

R 14 7 g
1 ] 1
ey
Ko K, Ky
— L Ly Ly

Fig. 7.5. Series flow in linear beds.

(Pi—pP) =(p— P~ (pi—pd) + (pi—pd)
B Tal GRTep Ly QBITap La | qRTp L3
= — ™3 K<
@ﬁ.mmq o 'K, © 2 LD 3

L, Ly La £ Ls

—_——— e —

kmxkakzz

L, L

ke =L L LTk S
B e by kK&

i ‘The a;rcrage permeability of 10 md. 50 md, and 1000 md beds, which :
%, 18 ft, and 40 ft in length. respectively. but of equal cross section, wt
iced in series is

s _ 6+ 18+ 40 _
ket =51k~ 6710+ 18730 = do7iao0 ~ °0 ™4

"L L L ELAK @12)

age p bility as def 4 by Eq. (7.12) is that permeability o
cha ber of beds of vari ge ies and p bilities could be
l#.andyﬁlhenmemlﬂwnwuﬂerthemappﬁedpmm
p could be obtained.

Feuation (7.12) was derived using the incompressible fluid equation.
3. _ the permeability is a property of the rock and not of the fluids flowing
mghi,umptﬁxmnhwpmm,lhcmcnoep«wbﬂiwmmbe
ally applicable to gases. This requi be de d by observ-
that for pressures below 1500 to 2000 psia: . ME?7

(F—p) =(p—p)+(pi—-p) +(F—pd)

2stitating the equivalents from Eq. (7.10), the same Eq. (7.12) is obtained.

1?$1m_¢gmh'ﬁwaﬂﬂmd,50md.lndlmmdbeds.wlﬁdlm
¢, 13 fr, and 40 ¢ in leagmn, respectively, bt of equal cross section, waen
ved in series is

=L 6 + 18 +40
kax=F Ik, ~ 6710 + 18/50 + 4071000

=64 md

Comsider two or more buko(aqunilenghhmuneqmlm:u:liom
dpu’mubiﬁﬂﬂﬂuwiﬂglheumeﬂnidinliﬂﬂrﬂowunderﬂump:u-
e drop (p: to p;) as shown in Fig. 7.6. .
:viau!ymmulnowisdumohheindiﬁmm.m

G=q+q:+q

rd

kugAs(pr=p) _ Ky Aa(p:—p) | kaAalps =27 Al —pa)
Bl Bul Bpl : BplL
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Cancelling

kpe=

ta their thicknesses.,

—
Fig. 7.6. Parallel flow in lincar beds.

kngAd = kl Ad * kZAG T k&-"r.‘
X klAﬂ
E Aa

And where all beds are of the same width, so that their areas are proportional

L

N

(713}

udp'duhh—u:mudmdlbeﬂmdfmm-mbemn

beds. Because the mobility of the oil (k./js,) ahead of the
bood front is differeat from the mobility of water (k./j..) behind the flood
Font, the pressure gradients will be different. In this instance, there will be
mmmmmum“mwm
pck,

flow will take place the beds if they are not separated
ly impermeable barriers. Mmm&xﬁ 13) and (7.14)
re not strictly app and the bility changes with the stage

f displacement. Mrmyalmmﬂonlhmpﬂmﬂemlhhs
uuub;-mbyuﬂqm which further complicates the study of

T Lo

b shens hade ol 10 md S0 aed and 1000 cad

kb
ke = 7.14
= Th (7.14)
©  and 6 ft, 18 ft, and 36 ft respectively in thickness but of equal width, when/
placed in parallel is
m 10 x 6+ 18 x 50 + 36 x 1000
frn= 6+18+36 =filhod
4.5. Fiow Through Capillaries and Fractures
m&mmwﬂm&m“m smooth-}
walled capillary tubes of itis often ient and instruc-
~. tive to treat these pore spaces as if they were composed of bundles of
~ capillary tubes of various diameters. Consider a capillary tube of length L and|
inside radius r, which is lowing an incompressible fluid of . viscosity in)
Fig. 7.6. Parallel flow in lincar beds. laminar or viscous flow under a pressure difference of (py — p;). From fluid
dynamics, Poiscuille's law, which describes the total flow rate through the
capillary, can be written as:
Fancelling ""(E_El
KugAa=kiAat kiAot ksAs L T G2
o n TR o .13) Dasey's law for the linear flow of e fluids in p beds, Eq|
ZAq an, Mw:\hwbrnmap!ﬁﬁcﬂudapluyﬂw&ﬂﬂ).
knd where all beds arc of the same width, sa that their areas are proportional T e i
their thicknesses, &
B q-ea.mm*"‘(—BLE'l an
Ik«h @.14) =
Th Writing A =wr} for arca in Eq. (7.7), and equating it to Eq. (7.15);
Where the parallel beds are homogeneous in permeability and fluid content, g
he pressurc and the pressure gradient are the same in all beds at equal k=115010)""8 164

ﬁidmmmﬁmm(‘u.lhﬁsmﬂ the

Thus the f bility of a rock d of closely packed capillarics, cach)
mtlﬂ-d‘ l'l'(lﬂ]“l'nm(ﬂn.) is about 200 md. And if only]

A ion for th flow of is it mﬂ“w
smooth fra of width may be ob
'w" -
o =700y TAABZP) o1

In Eq. (7.17), W is the width of the fracture, A, is the cross-sectional area of]
the fracture, which equals the product of the width W and lateral extent of the|
ellern e ot s sl ee e o o]

Sangtuse and ihe.




4.5. Flow Through Capiilaries and Fractures

Although ine spaces within rocks seldom resemble st._migh, s_mogm-
Wapﬂhyﬁdmlﬁamm,ﬂkdmwﬂmmdmm-
lhmm&mmwuﬁﬁymm@ﬁb&d&su{m
mdmmmwnmmmdhﬂa{,aﬁd
inside radius r, which is flowing an incompressible fluid of p. viscosity in
ina. or viscous flow under a pressure difference of (p, — pa)- From fluid
dynamics, Poiseuille’s law, which describes the total flow rate through the

capillary, can be written as:

a= 1.30(10)"“—@(8 = C“?}"'ﬁ(?-li)

s law for the linear flow of incompressible fluids in permeable beds, Eq.
g‘.;)cfmd Poiscuille’s law for incompressible fluid capillary flow, Eq. (7.15).
ave awite similar:

q =o.mm@v‘%’ﬁﬂ Dafh‘ @

Vriting A.==7} for area in Eq. (7.7), and equating it to Eq. (7.13);
) T k= LI5S0 (7.16)

Thus the permeability or a rock composed of closely packed capillaries,
having a radius of 4.17(10)° foot (0.00005 in.), is about 200 md. And if only
25% f the rock consists of pore channels (i.e., it has 25% porosity), the
permeability is about ope-guarter as large, or about 50 md. )

An equation for the viscous flow of incompre sible wetting fluids through

smooth fractures of mnslannt. v::‘_dth_;::;y(b'coslﬂukr;g & AP
. g PALPL=P) = 0.5 (’]‘[-7,
f-——"4 q =8.7(10} —-'—B‘LT— 8~ ¢ :

4.5. Flow Through Capiilaries and Fractures

Although the pore spaces within rocks seldom resemble straight, smooth-
walled capillary tubes of constant diameter, it is often convenient and instruc-
tive to treat these pore spaces as if they were composed of bundles of parallel
capillary tubes of various diameters. Consider a capillary tube of length L and
inside radius r, which is flowing an incompressible fluid of p. viscosity in
laminar or viscous flow under a pressure difference of (p, — p,). From fluid
dynamics, Poiseuille’s law, which describes the total flow rate through the
capillary. can be written as:

g = 1.30( l())“'lr.‘:%:%p_:l (7.15)

Darcy’s law for the linear flow of incompressible fluids in permeable beds, Eq.

(7.7), and Poiscuille’s law for incompressible fluid capillary flow, Eq. (7.15),
are quite similar:

E kALp, — p)
q —o.muz?————au = 7.7

Writing A ==r; for area in Eq. (7.7), and equating it to Eq. (7.15);

k = 1.15(10)"r} (7.16)




Thus the permeability of a rock compaosed of closely packed capillaries, each
having a radius of 4.17(10) * foot (0.00005 in.), is about 200 md. And if only
25% of the rock consists of pore channels (i.e., it has 25% porosity). the
permeability is about one-quarter as large, or abbout 50 md.

An equation for the viscous flow of incompressible wetting fluids through
smooth fractures of coastant width may be obtained as:

g =8.7(10 “%.’:‘T—P—' @.17)

In Eq. (7.17). W is the width of the fracture, A, is the cross-sectional area of
the fracture, which cquals the product of the width W and lateral extent of the
fracture. and the pressure difference is that which exists between the ends of

the fracture of length L. Equation (7.17) may be combined with Eq. (7.7) 10
obtain an expression for the permeability of a fracture as:

ko= T7.7(10)*W* (7.18)

The permeability of a fracture only 8.33(10) * ft wide (0.001 . ) is 53,500 md.

Fractures and solution channels account for economic production rates
in many dolomite, limestone, and sandstone rocks, which could not be pro-
duced economically if such openings did not exist. Consider, for example, a
rock of very low primary or matrix permeability, say 0.01 md, but which
contains on the average a fracture 4.17(10) * ft wide and 1 ft in lateral extent
per square foot of rock. Assuming the fracture is in the direction in which flow
is desited, the law of parallel flow. Eq. (7.13) will apply. and

o 20011 - (1)4.17010) ] + (7.7010) (4. 17(10) *){1(4.17(10) )]
s 1

K,y =558 md

®m [ ]
. 4.6. Radial Flow of mcnmpmslb!e Fluid, Steady State

Cosict mum fiow toward a vertical wellbore of radius r, in a horizontal
stratum of uniform thickness and permeability, as shown in Fig. 7.7. If the
fluid is incompressible, the flow across any circumference is a const” - = -

be the pressure maintained in the wellbore when the we!l is flowi.g
and a pressure p, is maintained at the external radius r,. Tet the i
any radius r be p. Then at this radius r

e L i | A kdp
v g 0.00112‘!ﬁ;

where positive ¢ is in the positive r direction. Separ
gxaung'bctween any two radii, r; and r;, where the
respectively

= 1
B dr b
R i Ph g [
ry &Wrh < W . -:‘:-’A’r
_ _ 0.00708 kh (p:—py

o wB In (ryry)
The minus sign is usually dispensed with, for where Pz is greater than py, the

flow is known to be negative—tlia: is, in the negative rdirection, or toward ...e
wellbore: : e )

g = 200708 kit (= py)
whB In (rs/ry)




28 Sangle-Phase Flusd Flow i Resenvors.

whe fracsare of kagh £ Equanon (7.17) may be cxmbined with Eq. (7.7 10
ohtam am expocssion foc the permeablity of 3 fractuse a<:

I

& =T W {7.18) 38 + .
The perancability of 2 fescmre cmly 8 (MY ™ fi wide 01001 in | is 53,90 md i —
and wioninn channels acocam for i I Fates % —= i — 1 - H :__§
i maary dobouns and rocks, which could ant be pro- H n 1 3

duced econamucally if suclt openings did not cxit. Consder, foc example,
rack of wery fow primary or mainy permeabidity. sy 0.01 md. but which
oo on Yhe averape 3 fractare 4. ETU0) * f1 wide and 1 1t in lateral extent
per squase foat of yock . Assuming the fracture s the decnaon in which Now
% desized, the Lo of paralliel fow, Eq. (7.13) will apply. and

_Lh[f — O ETCY 4 + (TICL0) A 10m 1 170e) )
T

Fig. 7.0,

- or drainage radius r.. Then

_ Q0008 ki (p, - p.)
wlf In (rr.)

L
= 558 sl

4.6, Aadisl Flow of incompreasible Fluid, Steady State

Conadec radisl fow towand a vertical wellbore of radiss r, in 2 horisomal
siratom of uniform thackness and permeabalicy. 2 shown i Fig. 7.7. I the
Duid 1< moompressitie. e (low across any crcemierenae is a constant. Let p,

-mmﬂwu&diﬂanequmuﬁunndm:m

.M

‘b the presnre mamtamned i the wellhons when the well s flowing ¢ STB/day
and x peeweure p, 36 maintuned st the external racias .. Let the pressure at
any cadii r e p. Then at this radies r

48 _ a8 dp o, 2 1310 2000 i quite commonly vsed for rir, .
p=tom = -0 i
A, 2arh radr i the value of the logaithm.
The external pressure p, used in Eq. (7
corvected fo the middle of

where pasitive 4 i in the pousive r direction. Sepurting variables and imle- the

m}mm.y—anﬁ.r.ma.-mumuep.aﬁp.
respeciively

; mrﬁmmmnuﬂuaﬁﬁtnﬂmﬂkq—?:
o hmhl@,lﬂﬁtmh&mﬁn’ﬂmw:S!%

Wlir-lﬂly. taken as the static

Samce In 2000 i 7.60

J‘!:T:' - ~ae01127 f;;-

m Inirr)

The mrisss sign % wanily dipensed with, for where p; is greater than p,, the
fow: it knows 16 be acgative—that %, in the negasiv: rdirection, oc toward the
welthare:

5 . 3 _.Mﬂ:ﬁlmaﬂn‘!!hmﬂwﬁ
s _ 000908 b (p: - p.) _mmmw.mﬂw.m‘wmhnm?;

on (7.3) 1s again used 10 cxpress the )
coapressible Musds. If thrs

00008 &k (p;~ps!
Darcy’s Law, the Sollowing is

5T R n ()

equation is substituted into te radial form
obtained:

4.7. Mumusswycﬂmmumsm
State

tion (7.3} is .again used to express the volume dependence on pressure for
ly compressible fluids. If this equation is substituted into the radial form
Darcy’s law, the following is obtained:

_aal te(pe=p) 1 kdp
qﬂ— L 2 0.(!)[!2?""’

2mrh

Separating the variables, assuming a constant compressibility over the entire
pressure drop, and integrating over the length of the porous medium,

_ 0.00708 kh I [l +elpr—p2) (7.20)

= pe In (rdr) L1+ ce(pe—p1)

S’




4.8. Radial Flow of Compressible Fiulds, Steady State
The flow of a gas at any radius r of Fig. 7.7, where the pressure is p, may be
expressed in terms of the flow in standard cubic feet per day by:

__anTx
B=35651p

Substituting in the radial form of Darcy’s law

kdp

qpTz 245 &
n.ﬂnurrp_ =

56151, pQQarh)

Separating variables and integrating

Ptz ar
5.615(0.001127)2=) Tkl )y ¢

or
gpTzi o -
JoesTh ™ (rn) =P
Finally

g ~OOISTh = )

peT(zp)in (r/r)

: P
']d'=—J:Pdp=5(m—pal

RADIAL

(7.21)

kn(p; - p)

q #°'7°3kh (pez = p‘.v‘z}
BZTénr .,

Q, =

1422 T (, 2),,, In ( 2]
T

RADIAL
Q7031

_ Z7B i (0" — p)
BEZT,€nr i,

2
qg= 307_4?;0"‘;#).

) ’i:ﬁl:.z‘—‘ \g i:.
=

where Q, = gas flow rate. Mscf/day

Q[ e kh (p -l )
T

g EZ T logr/r., k= permeability. md
g:wtuﬂeyatf&gpﬁandm
5= Hmen g o MM r=00drg =10 md
P, = pressure ot exemal tacius, 1, pei. 2
Pe=FESmeatinermdive,z,. pein | b o o T
Ptz Lo T, = 50 fQes
T ’ tor, ratio .
.= M’S’M&.‘F+m I, = 2540k
I = mdins ft r.=025%
Pe = 3.000 psia
P.= 1000 psia
(g 55 calculated to be 11.708 Mcig)
: 1,633 Mscn/hy

g = sF32% 0% 20 % (Be0d—|ood)
0.02X0.4X 580 % ’Aﬂg-’-‘_&s-?

= 11,633,000 -"C'/ds/




Radial Flow of Gas in Pseudopressure Form

For more accuracy. the radial gas flow equation may be expressed in 'l‘
pseudopressure fonm. (as pseudopressure, y(p), is defined by the integral

= 4
wip)= 2, ;‘;dp T
Where p; is some arbitrary low base pressure.
Rearrange Eq.(4.25)

) YzT» "
S, 2.~ o0t m.mn

Assuming that T, = 320°R and p,. = 14.7 psia

[TQ dr 0702{ }d N

Imegrating £q.(4.28) from the wellbore cm\dmuns (r. and pay) 1o any
point in the reservoir (rand p)

"j (%]"’ _0.703j (

\
dp (4.29)
2.2

"‘
The term _[ [ )dl’ canbe c\p:nd-.dlo give:
X

Py

(22, [—P}, [2_91
T(22)e - (22} T2 )

Combine the above relationships 1:q.(4.29) vields:

(BE)- em 1N 2

)dp 1 30y

P

g2
The integmlj 2z )dp is called the real gas potential or real gas
0 . :

b
2p W '
el
Kz
Equation (4.30) can be written in terms of the real gas potential to give:

70\ (r
e l 1= -
[ i } “(r‘) 0.703 (v - w.)

W

o<
" V= ¥T0703kk ) \r,

0.703kA(Y - ¥.)

or 0, = T'ln [a (4.31)
T,

w

The gas flow rate is commonly expressed in MSCF/D and r =r. then

»
pseudopressure and it is usually represented by m{p}or v = I
L]




k(¥ -¥)

g, = (4.32}

1422TIn %

5 !
Example 4.1 The following PVT data from a gas well in the Anaconda w

Gas [eld is given below:

p (psi} | u, (cp) z
0 t 0.01270 1.000
; 400 0.01286 0.937 |
E 200 ‘ 00139 © 0.882 |
5 1200 0.01530 : 0.832 |
, 1600 001680 | 0.794
3 2000 0.01840 ‘ 0.770
2400 0.02010 ! 0.763
2800 0.02170 0.775
‘ 3200 ‘ 0.02340 ! 0.797
1 3600 0.02500 : 0.827
s 1000 , 0.02660 ‘ 0.860
4400 - 0.02831 0.89%

The well is producing at a stabilized bouom-hole flowing pressure of
3600 psi. The wellbore radius is 0.3 fi. The following additional data is
available: )

k=md h=151t T=600R
P = 4400 psi r.= 1000 it

Calculate the gas flow rate in Msef/dav.

Solutian.

20 'l‘

£ |
Stepl. Calculate the term | —_ | for each pressure as shown below: w&‘
mz) o

} ppsi) I 1, (cp) i z [gp][m‘hJ

: i R %A J cp ‘

L 0 EE | 1eo0 ] 00 1

| 400 | ooss | 09y | e |

| 800 0.01390 0882 | 130508

L 1200 001530 | 0832 188537 |
1600 : 0.01680 | 0794 l 239894
2000 .‘ 0.01840 | 0770 | 282326
2400 | 002010 | 0763 | 312983
2800 ‘ 0.02170 | 0775 | 332986 |
3200 0.02349 | 0.797 343167 |
3600 0.02500 0.827 348247 |
4000 } 0.02660 0860 349711 |
4400 | 0.02831 0.896 346924




for each pressure as show below: M(p)=(££-kdp
b
8
m(p) = ((0+66391)*400/2)= ,W
m(p)=13278200+((66391+130508)*400/2)= 52658000
m(p) = 52658000+ ((130508+138537)*400/2)= 116467000

1, (cp) z 2p [ E-_’.'EJ 202153200
p (psi) uz\ cp 308597200
) 0.01270 1.000 0 i
400 0.01286 0.937 66391 AL
800 0.01390 0.882 130508 690083400
1200 0.01530 0.832 188537 828366200
1600 0.01680 0.794 239894 967957800
2000 0.01840 0.770 282326 1107284800
2400 0.02010 0.763 312983
2800 0.02170 0.775 332986
3200 0.02340 0.797 343167
3600 0.02500 0.827 348247
4000 0.02660 0.860 349711
4400 0.02831 0.896 346924

Step 2. Plot the term | 22_ |~ versus pressure as shown in Figure ste.

Bz
Step 3. Calculate numerically the area under the curve for each value ¢ §¢
of p. These areas correspond to the real gas potential W Ko,

at each pressure. These l// values are tabulated below

versus p is also plotted in the figure

W B Tgirning sk P=400p5ia, M(P)= 13278200
o T P=800psia, M(P)= 52658000
2 A P=1200psia, M(P)=  11s4s7000

== P=1600psia, M(P)= 202153200

| it | S i 306597200
i ¥ ,e_{ 5 [ 425659000
i / el 554852800
o 7/ ‘ 1 1 690083400
W § 157 o i e 828366200
TREL L T4l 967957800
. T P=4400psia, M(P)= 1107284800

Fagore 61 Bocd 3o Srwdoprrviare dats for Erample £7 P Dobuse !
Sk, 1923




Step «Calculate the flow rate by applying Equation
_0.703kh(y -y, ‘1

4 lnf“ S’

w

p, =816x10° p, =1089x10°

Q

Dewracer Engencerimg ifantivnt

(65)(15)(1089 —816)10°

¢ (1422)(600) In(1000/0.25) e /
37,614 Mscf/day | =7 1/ i

2. Tao0 /L A0
L A oAl
Al s - 1
1 H / |
B
gLl et 5l
a0 7 —] 00 —

Rl // T 5 o

| | .

a 1000 2000 ACH0 4700 S0%0 4000 200

B tomia) ——am
figure 6-16. Rl gon seevdopressure dot or Example &7 1ASer Doactun and|
Freia, 1950} ‘

Approximation of the Gas Flow Rate

24'-

the integral as a constant. It should be pointed out that the z is
considerad constant only under a pressure range of <2000psia.

TO ] 2 )
[—"i\ﬂﬂ(—r }; 0.703(-—] [ pdp (4.33)
[ o H.Z ),

(9
The Eq.4.29 can be approximated by removing the term LF outside

4
Perform the integration and let @, = Mscf/d the equation becomes
__ _h(p’-p)
0= 14227 (u,2)_, InGr, /7,)
The term (uz).,, is evaluated at an average pressure

e

Y 2

(4.34)




Example 4.2 Using the data given in Ex.4.1, resolve for the gas flow
rate by using the pressure-square method. Compare with the exact
method(i.e. real gas potential y solution)

5
b
Solution.
Stepl. Calculate the arithimetic average pressure.

- P 2]
p= [&;3&00_} = 3020

Step2. Datermine gas viscosity and gas compressibility factor at 4020 psi.
. =0.0267
z=10.862

Step3. Apply Equation 4.34
(65)(15)(4400° - 3600°)

=7 (1422)(600%0.0267)(0.862) In(1000. 0.25)
=38.314 Mscfiday

Step4. Results show that the pressure-squared method approximates the
exact solution of 37,614 with an absolute error of 1.86%. This
error is due to the limited applicability of the pressure-squared
method to a pressure rang of <2000 psi.

¥ _—

b

4.9. Permeabhility Variations in Radial Flow

i i : i that may vary
Many producing formations are mmposefi of strata or stringers
wide{y!;; permeability and thickness, as illustrated in Fig. 7.8. If these strata
are producing fluid to a common wellbore under the same drawdown and from :
the same drainage radius, then

G=Git @t T
(.00708 kgl d P — Po) =0.00?08 ki p.—pe) +0.00?08 kahis(pe — pol +

— a1

— etc.
wB luo (r.ir.) wB In (r.ir.} @8 In (r.dr.}
Then cancelling
[ kyﬁl=klhf+k2h1+°“+ku"n
B ; s z_zk_:ﬁ a.13)

ky

L

:
5

- a3

g g =5

== Radial flow in paralial heds

Fig. 7.8. Radial flow in paralfel beds.




Gt Hm= ez T enr A 5N ‘rﬁ;ﬁ;-k;ﬁ;] B8
? - h"“ vobe Tol¥ ( f‘.&.f ) it ‘_%
= neTg bmge
;;: Ukyy = Jeahy + ohy)
(hy = h: + hy)

mﬁlp.’—p.‘lt{

&10)

where the bar over the symbcl indicates an average value. In 2 more-gensral
foon, the Tesuk is:

kb,
k= e-11)

We now consider a radial tiow system ot constant thickness with a perme-
bility of k, between the drainage radius r, and some lesser radius r,, and an
ftered permeability k, between the radius r, and the wellbore radius r. as ‘l‘
1own in Fig. 7.9. The pressure drops are additive, and

] < 1
(p.=p) =(p.—p) + (p—p.) w
Teen from Eq. (7.19)

gy Bla(rfr)) _quB In fr_lr.i LauB In {r.fr,)
000708 kogh 000708 kX 0.00708 kh

__ kka(uin)
Kot = Kt () + ke (i) -24)

‘v “iom (7.24) may be extended to include three or more zones in series.
. _quation is important in studying the effect of a decrease or increase of
ermeability in the zone about the wellbore on the well productivity. _

Tk
RS

Tin T8 Dadisl o in hade in errioe




[ BERDIAC TCOUW U GAS IR TARARALLEL BDEUS

If one considers radial flow in parallel beds as illustrated in Figure 4.11, X
the flow through cach of the separate beds is as follows: “
3 &
’M_.x

_0.703hk(p," - p.})
s ET, W, /r)
_0.7030k(p," - p.")
T @ la(rIr)
_0.703%k(p,’ ~ p.*)
‘T @I, n(lr,)

Then
070%p, -p.’) ol
gy =t P My p kR k] (o

Qr =q¢ "2 +qu ‘Trln(glr_r){ 2 ] (4.35)

" B kh +kh, +kh
(fe, =i, + I, i (8
or o) X .
- [ s
i zkf‘; ke P : -] Pe
e ks c—gq
P =

RADIAL FLOW OF GAS IN SERIES BEDS

If one considers radial flow in series beds as illustrated in Figure 4.12, “

_07030k(p,” ~p")
ET (. ir)

Figure 4.12 Radial flow in series beds

£z lnfr ir)
‘“t lagr, Ir}+ }i" Infr,/r.)

Ll

Bm - s, 2 3 - L3
@ -prH T —pa 1= - ) (137)
In neral form the result is:
Then monegc I
qp.2. T, (e ir) qEIT,IN(ric) qEZIT, In(r,/r,) o
0.703 bk . 0703k, 0.703kk o BEIntir)

the flow through each bed is as follows:
_ 07035k (p.’ ~ p)) L 0T0mkp i .y j 3
BT EZT In(rir) %5 Gar ngir) ‘w




ThS Ticady siaie llow cquatiom—Darcy 5 o for specific

5y -
SoalySubigy -—— o -
m— | w ),
aia{r/r,
- 5 g
> _oomeip, -p.)
o ’ £ I(V’u-vr.) =

0.00354 - !
S-potwaeiood: g, e ()

= aadfr, —0.619)

- 5 awnip, -p.,) «s
p{indfr, -0.569)
2
For gas reservolrs:
I~y
e 0.003164T, kA(2p/p2), (7 = P:)
Linear (using p: % TL = L
=ty
Q.003GST, kA7 - p})
Licar (using P2\ e Ll
Prls) T L
Q.003164T, -
o B L wr)-wlr) ®3)
PTiL 2
0.0198317, {2pjpz)_ (r. - 2.}
Radial using p - = 9
Gl el - pudpiln-r)
0.0158817, -pl
Radia (wsing " A ey

o ebm) Ty
e gy ¢, -2 vn)-vir)] -

pT, {5 /r)
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Reservoir Engineering I, 2012

HW NO 7 no.1, Due date: Thursday, August 16, 2012 1‘
Steady State Flow
Chapter 7; 7.2, 7.5, 7.7, 7.10, 7.16 w

7.2; () 343 psi, 686 psi (b) 0.156 ft/day
(c) 0.587 f/day (d) 2555 days
(e) 0.229 psi/ft (f) What will be the effect%?
(2) q=gg(1+c(Py-P), 2.23 BPD k dP
(h) Derive g=q,(1+c(Pp-P)=-0.001127 & A —
, AP=347 psi i dx

(i) q = 102.26 bbl/day

7.5; (a) 3271 psia. (b) 2.01 psi/ft
(c) 2.27 psi/ft (d) 368 fi.

7.7; (a) 125md. (b) 16:1:3
(c) Your ans. (d) 100 and 100 psi., 76 and 124 psi
(Hint; K must be in Darcies in eq. P,>- P,>=900L/K)
(€) 29 md.

7.10; (a) 973 STB/D (b) 962 psia

7.16; _ 7.08ke,r, (P.-P,)
& ‘BO(re 'rw)

Hint: Surface area of semispherical flow = 2mr2)




The radial differential equation, which s the g I difte ral
wscd to model ime-dependent Mlow systems, is now developed. Consider the
wolume clement shown in Fig. 7.10. 'I"Meicmcmhual.lictms.l_l-udis

= volume flow rate. STB/day for incompressible and slightly compressible
Auids and SCF/day for comgressible fluids

p = density of flowing fluid at reservoir coaditions, Thife®
r = distance from wellbore, ft

= porosity, fraction

k = permeability. md

g = fowing fluid viscosity, cp

these assumptions and defimiti a mass bal <an be wri di

volume clement over the time interval Ar. In word form, the mass balance
s writien as:

T

o
“lael,

!

h

!

T.18. Volume clement usod in the development of the radial differential eguation.

€ redr

e’

= formation thickness, ft
w = velocity of fowing fluid,. bblday-f
£ = hours

The mass entering the volume element during Ar is given bh £ ﬁ"’
Yend r+4YJ &l

Mass Bleatono). , ~2a; + Yu.61524) 7.29)

The mass leaving the volume element during A3 given by:

Wese dlaawng - 0p), — 2erhouts 62524, (1.26)
The rate at which mass accumulates during the interval Ar is given by: .
Mara Ace. Zar Arh[(ép)e s — ($p)] e

v (7.27)

Combinirz Eqs. (7.25), (7.26), and (7.27), as suggested by the word “equa-
~ written above,

MASS EnTER— MASS LEAVING = MASS Acc,

2u(r + A pu(5.61524), ., — 2rrh (ro(5.615724)), = 2= AT (o) — (S0)]
alrh(@v:o.aduyeuge Al (@rasy)r

i both sides of this equation are divided'by 2ar&rh and the limit is taken in
eac te:masﬂraqdﬂamo'?churb,thefoﬂmingis obtained:

= 0.234m) + 1 (0.234p) = & (&)

6 vk(pﬂo.ni—: AWarkv.a39=sTrhfpve.ssy) ,
=

EEL2 iy =2 (m) . 028

Equnionms}ssmemmm;_mmandismﬁdfmmyﬁuwsysumof




Single-Prase Flud Flow in Reservoirs.

l'htmmll:ml—:dmum.n-wm

(@Bpl.s. = 2nlr + A)rk(pu(3.61526))..0r a5
The ouess leavinyg the solume clement during Af is given by:
(48 p), = 2avk(pe(5.61524) ). 7.36)

The rate at which mass acoumelates duricg the interval Af s given by:

2arsrh) 3. (o]
Ar

Combiing Egs. (725} (7.26). and (7.27). = suggested by the woed “equa-
fioa™ writtea abave,

a.m

2mr A |do). o = (bpk]
A

Txir + Arjl (poiS.S1524)), .5 — 2ork (po(5 SIS

Khﬂlﬂudﬂnwmmnhhuﬁmh-ﬂzﬂ-
each term 35 3 and Af ap ch zera, the

1 2
2 @zsipe) ¢ 1 OB = (9

I @ A %
o el = 5 ) @)
quation {7.28) i the i and is valid for any fow system ol
nﬁmmmhnﬂwmﬂuwﬂh#

Sy Sor Time-dependent models, models, pressare must be imtruduced and & elini
nated from the partial derivative term oa the tight-hand side of Eq. (7.28). ™
a-n-.mwsm—hw»mua—lm-wv
RS QISR

A3
o=tz -

o Besisiac s e sice: e oo be doopped fom Dureyy cwesion oo

.28

0.2M
. ;,(‘Wlmir-ﬁ—%(dﬂ @.29)
porasity from the partial derivative werm oa the right-hand side is elimi-
ted by expanding the ﬂdﬂhdiﬂcbyuthgmunum
ETCORTE R @
' can be shown that porasity is e & by the
-1 o

Eq. (7.31) isto this equation
d
FRter
.+ substituting this cquation inta Eq. (7.30) and the nesult inw Eq.

_Eﬂl(tmlw_,.-l)-mi*,,! -

tion 7.32 is the geaceal pactial differential equation used w describe the
dmlﬂhﬁgn-uﬂuﬂﬂm-mnﬁ.hﬂmn

TESCIVOIL pressure:

-

v=—c 001127 £ 2P
. . Ror

qeation into Eq. (7.28): S

a2 (u 001127 -,-32) 2 m)

‘e pocasity from the partial decivative term on the right-hand side
aed by expanding the right-hand side by taking the indicated ‘s

2 s, ¥
2 ©0) Qa:*vi'

=-"MMMiMummm.’_

a &

\
porous media and substituting Darcy's 7y'$ €quation because

» substituting this equation into Eq. (7.30) and the result into Eq.

°'—m—-! (murf -.r!) 'MIH'!P

.29

(7.30)

4P
2 (131)

@32)




5. TRARSTENTFIOWSTSTEN—— —2; ; s
6.1. Radial Flow of Slightly Compressible Fluids, de - ce¥

Transient Flow
If Eq. (7.2) is expressed in terms of density, p. which is the inverse of specific
volume, then the following is obtained:

p=peetsra) (7.33)

eI Pg is some reference pressure and py s the density at that reference
¢ essure. [nherent in this <quation is the ass: mpdor that the comoressibility
of the fluid is constant. This is nearly always a good assumption over the
pressure range of a given application. Substituting Eq. (7.33) into Eg. (7.32),

0.234 9
¥ .or

k d, a
(0.(!)[127 ":[P‘ !‘(’-"’l r%’ =[pae’” ‘{’l?]“,i +dé E [p;e‘““’"]

To simplify this equation, one must make the assumption that k and p. arc
constant over the pressure, time, and distance ranges in our applications. This
*< rarely true about k. However, if k is assumed to be a volumctric average
<rmeability over these ranges, then the assumption is good. In addition, it
has been found that viscosities of liquids do not change significantly over
typical pressure ranges of interest. Making this assumption allows &/ to be
brought outside the derivative. Taking the necessary derivatives and sim-
sl
kuy « capivap. [l 08 Gk a
F*FE%“[?#] = 50002657 1 )

or
" @13 L [l _épe  ap
St ‘_[E] = 0.0002657k ar i
V = Vpetrxs) (7.2)

where
R = reference conditions. SLIGHTLY CoMPRESS\BLE

Equati i i i ich defines
tion (7.2) may be derived by iutegrating Eq. (1.1),'wh.1ch
compressibility between limits, assuming an average compressibility ci as

i -l oV
[ F0C= T ap
(pe-p=mlzr) € (P-R)=n .zs

iR ——‘i C‘P.&\ v
[ o v;‘ e - _v_.l =&
V = Va(etrn ) ctpp)

But e* may be represented by a scries expansion as ro-:@,ﬁ:.

P e o %"

e’=l-!-x+ﬂ+-3—!+..-n!

Wherc x is small, the first two terris, 1 +x, suffice, and where th= exponent
x is €( pr — p)- the equation may be written as =

@.3)

e ST 2 N




"‘_,g : _dpc Ctv\‘h“ul'
rar T 0.0002637k 9c E%_

.35)

:quation is the diffusivity equation in radial form. The name comes from

plication to the radial flow of the diffusion of heat. Basically, the flow of

the flow of electricity, and the flow of fluids in permeable rocks can be

ibed by the same mathematical forms. The group of term: duc, /k was

omhd:ﬁmdnohequltouq where q is called the diffusivity constant

Sect. 3). This same d in Eq. ﬁﬁ)lmthcrexl- it

1ent time.

To obtain a solution 1o Eq. (7.35), it is necessary first to specify one

ia o boundacy conditions. The initial condition is simply that at time -~

', the seservoir pressuse is equal to the initial reservoir pressure, p: The

bomdasymdiﬁonis‘iwubynuw‘ssualm:fmsmqmmd t there

constant rate at the wellbore: Cerd. to ©
L

kh ap 2
g = —0.001127 — (2=r) (£ Firet boundevy Con .
Bp. (ar).,._ ‘_ m (1Y

d t dary condition 1s given by the fact that the desired solution
.. 7 L remeient =oricA. For this period, the reservoir behaes as if it were
niccmazc This sug3csts that at r = %, e reseivnr soidam: wil remein
a? “0 the mitial reservoir pressure, p,. With these mndilions.-Matlhvws and

wc: ¢ the following solution: mwﬂb‘
” Y=ol Pap;
70.6qu8 Sper B )
plro)=p, I"" ~ 0.00105 m” o=

kh

cre all vaniables are consistent with units that aave peen defined previ-
sly—that is, o (r,2) 2nd p, are in psia. g isin STB’(lay. pisin cp, B (forination
fume factor) is ic Lol/S (B, &k is in md. /isin &, = is in psi™, risin ft, and
5 in Ar.* Equation (7.36) is called the lin* source solution to'hedv.ff\unmy
uation and is used to predict the reservoir press.re as a function of time and
sition. The mathematical function. £, is the sxponeatial integral anu is

fined by:
' e 0.1770-\- T < ‘4
e “ du x. B [+
E(—x)= _!. S Eln x—a xr) 1(.“, + etc. ] w“
e b T X X TS 2 0
Bl = Euronuﬂa.l Wﬁqd‘hu&o%’w
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e R I - W o (e
x -&(-x) x —E.(=x) x —E(-x)
0t 13192 43 0.00263 85 0.00002 ¥
0.2 1.22265 14 0.00234 86 0.00002
03 0.90568 45 Q.0097 87 0.00002 “
04 0.70238 46 .08 85 0.00002 '\ §
05 0.55977 47 0.00164 89 0.00001 2 s 5
a6 04568 48 0.00145 9.0 0.00001 b W
0.7 037377 49 0.00129 9.1 000001 s
o8 0.31060 50 0.00115 92 0.00001
09 0.26018 51 a.on02 93 0.00001
1o 021938 52 0.00091 94 0.00001
Ll 0.18599 33 0.00081 95 0.00001
2 015841 54 0.00072 9.6 0.00001
1.3 Q13545 55 0.00064 2.7 0.00001
L4 a.162 36 0Q.0057 98 0.00001
L3 10002 57 Q.0051 39 0.00000
L0 G.08631 58 0.00045 100 0.00000
12 0.01465 39 0 ™00
L3 006471 60 000036
19 0.05620 61 0.00032
2L 0.04890 62 0.00029
21 0.04261 63 0.00026
22 0.03719 6.4 0.00023
23 0.01250 &5 0.00020
24 Q0844 6.6 0.00018
25 0.02491 6.7 0.00016
7.6 0.02185 6.8 0.00014
27 oaneLs 59 000013
25 0.01686 7.0 0.00012
29 oous2 7.1 0.0m10 =
30 0.08305 72 0.00009
i1 0.01149 13 0.00008
32 0.01013 74 0.00007
a3 000894 75 n g7
34 0.00789 16 0.00006
35 0.00697 .7 0.00005
- 36 0.00616 78 0.00005
37 79 0.00007%
38 0.00482 80 0.00004
39 0.00427 31 00003
49 0.00378 82 0.00003
4.1 0.00335 83 0.00003 3
42 0.0097 * €1.00002
b Radal Flow Through Porous Mala
IS Radial Flow Through Porous Media:
Shightly Compressible
n
|51 Intreduction ¢
mhm-hm-u—_v::ﬂ:dmﬂ-‘!ﬂ::; Fig S Diagrenss shureing - ciocberiansioes of wesss b i
vestical wells and - An I radial
Im:mmlwmnaphlwmlhmm Thecefore,
M&I‘:—d wﬁkhﬁhﬁnﬂ-ﬂdﬂ.m}.-ﬁn‘ @phea — le.-md's(ﬁ.ﬂl i 51

diglely
propertses are linle affected by chaages m pressure; and highly compressible fluids

idry and wet gas, condensates). which are very seositive to the pressure, will be
rcated

In ths chapier. we will cxannne the bottom-hole pressure bebaviour obscrved
-:hhdﬁt-lh—ﬁ:kh—mumu-‘:.::l:‘v:s;
(production or isjection testsk and during the period following.
‘mﬂ—m‘&mdhhﬂwuﬂo‘m

52 Eguation for Single Phase Radial Flow

mﬁ-—a——t'—uma#mwmm

5 ingandk andis and of uniform
mﬁm:mﬁ. A% . g
- there are 2o salueation m the case of the Bow of oil, its saturation is

constant 2ad egual o (1 — 5.} everywhere. the waler phase being immobile; in
the case of the florw of water, its saturation is everywhere > (1 — S) and the oil
plase 6if presemt) 15 immobile.
~ the pressure throughout U revervou 15 above the bubble point of the fluid,
the fuid propertics arc sniform over the thickness of the reservoir, so that
gravitational effects can be ignored,
- the well bas been perforated over the eatire reservour thickness, 3o that inflow is
borizomial radial

Comsider of o in Fig 5.1 An s
dhw-ﬁh-mnamrh&mdmﬂﬂ
s of thickness dr, with fluid flowing across it as indicated. Applying the principic of
the conservation of mass lo 1k volume

imas flow rate w) — mass flow rate ovt) = (ralc of change of mass i the

incremental volumel

where (2nrh dr) is the volume of the increment, p is the density of the mobile fuid,
¢ is the porosity. As was explained in Sect. 3.4.3, ¢ is pressurc-dependent, given that
the geostalic siress § remains constant.

Recalling that:

c s
@Phesr = (@p). + = ‘“"dr =

equation (5.1) becomes:
Hap) _ o ép) .
éar &

For a cross-sectional area 1o flow of 2rrk. and a pressure gradicnt of Cp/ér,
Darcy's law can be writien as:

g2tk le =3
" or
Furthermore, we have:
a = d6p) 2p (5.4a)
en ="
with:
digp) _ dp ‘2, L o Lde (5.0
“ap B PHT e e
ll‘“dcﬁn:hwmpmhhyn(lhcmntdax
Pl 54c)
pdp’
we have, by substituting from Eq. (3.8¢):
D) e+ cd = e (5:50)




medism for a single phase fluid in horizontal mdial fow. It is called the general
diffasiciny equation.

)B:a-hwpﬁdﬁuum -un—hrhuu-:‘.hr,
2 and g ase 2l pr solution is
wﬁ&“hﬂW*Mq—uﬂlwummﬂ:m
dependence of the parameters.

53 Lincarisation of the Dilfusivity Equation for Horizontal Radial
Flow — Case Where the Rock-Fluid Diffesivity is Indepeadent
of the Pressure

Eﬂhﬂﬂmkwaﬂ
PR YLYELS dp {p’ k rp k_&p i
Q@ 2 a@) 2eF i)l on
h?ﬁfr-d.’wﬂ-_ﬂsmmwhm
(:v) % i”r

Timcaciuativs of the Dilasivay Eomition T s Waddial Flow Theweph Poroes Medo)

Hiere, ¢, represents the rotal system comprexsibility (rock -+ pore fluid). I the pores Rearranging:

comiain only water (5, = I ¢ = ¢, and we bave
G=cta =1 (=50l l_"a;( )t lp 5.104
If, o the other hand, there is ol P f ible (and non-mebile) & e

water, we can write the le approai where
=+ €S =0 F e~ €IS - k -

From these rwo casrs we can detive 3 more gencral form for ¢, E-'-Mm’ Lol
=05, + ¥ 5. 535c) Bmmhwﬁxu—lmdmmk_'ndpm
From Fqr. (5.2 (5.3% (5.4) and {5.5a) it follows thac ""“Eq (1::&::0- < dim of-tmrL“l"l

2ork ¢
h( - 5l) Py 3 can mmtmummnhm;mﬂh,
o This can now be solved analytically. One approach is to take advantage of thd
which simplifics to: similarity between it and the thermal diffusivity equation:
|l L3 ..
.a- ) ey S8 1L ra—r)-’%g. e

'imp-ﬂlmrktm!-dmdlhmwmm

Equation {5.6¢ describes the pressure at any time and at 20y point in the porous m?:wm‘“(ﬂ‘ﬂ'

m»mum&.m“,umm
have been
Heut in Solids.*

Dranchuk and Quoa” have shown that the linearisation process just described

s only valid when:
ap<€l.

54 Dimensionless Form of the Radial Diffusivity Equation

The usefulness of a dimensionlcss version of the radial diffusivity equation will

becume apparent in Chaps. 6 and 7.
dimensionless

dimensionless variables are defined as follows:

boundary condiliony
in the definitive work by Carslaw and Jiger. Conduction of

ml,uulwhm-lncap-nnhraunmmm
can l units Lo suil thy

513

5.8)
535) Dimensionless radius:  rp == (5149
B—imlﬂ‘ﬂhmux -k
: Dimensionless time: - =3,
A a e o
g 5 2nkk
Dimensionless pressure:  palrp, fo) = et e (514}
= This asmasgeion is mot aecessanily salkd dlomc o the welllbore, where aeglecting the term KprF where p, is the initial static reservoir PeaiS the time ¢ and radiug
ey e SrTDOL it local extamate of 26,71 r; q is the Bow rale ar itis and r, is the radius.
Bt anar wests Tiane Useder Flomime Comnbitions re) - it Pl s b
o Thicemgh v’ M
Using the terms defined m Eq: (5.14). Eg. (5.10) can be rowriten: ey w A\ . o al  aF
1.8 épo _ éro
ra(n)- . L ez oe? (5178
which is the dimensionless form of the radial exueation. Up to this time. the pressure disturbance i flowing the well is contained
lhs&mhthnmlrur_r.-unw -rhulhﬁamgmdmﬁmr.ﬂ"‘i.l Ll =
Pk During this period, Simce ppifp.fo) has not yet been affecied by the non-
Pol L. b = po(fp) = -;—('.—'_,) (5.16a) m&mwmurﬁrﬂﬁ:mﬁ:ﬁmdym-mn&

and_ in the absence of any additional pressure drop duc to skin cffect (10 be covered
laterk

M’l\-"' Poelfol - (5.160)
mwmm&wﬂh—gmuum
for the flow of undersaturated oil towards the wellbore, with various initaal and

conditions.

55 Behavivur with Time Under Flowing Conditions
Equations such as (5.10) or (5.15) are always associated with a set of initial and
condions.

We will first comsider qualitatively the idealised case of a cylindrical reservoir of
uniform thickness k, with 2 sealing (“no-flow”) external boundary of radius r, It is
mitially in 2 static condition, with 3 uniform pressure p= p,

There is & well of madius r, at jts comtre. From time £ = 0, oil is flowed from the
well af 2 copstant rafe 4 (af rescrvoir

The assumptions fsted in Secz. 5.2 regarding the mature of the well and reservoir
arc apphed bere.

T conclusions we shall darw about this smgle well will also be valid for the
casc where there are ether wells present in the reservoir, provided their prodection
rates - which may be difficrent — do not change with time. In this situation, there is
an arca around each well within which the fuid movement is towards that well
Thus is referred 1o as the drnimage arva. A lis shape and sise depend oa a number of
mdh*d&_ﬂ-ﬁmimmmgdu

Ihmmhqdkﬂh‘ﬂ‘h&_

pressane -

W will vse the dimensionless form of the radial diffesivity equation for
coavenience.

‘Comsader 2 circular draimage arca. with production siarting at time fp = 0, and
continsing until:

r-.k“(?\}: 5178

as the peessure is concerned. This is referred 1o as i

mummandh..mm“-unﬂmhvmu“

Suill in the same arcular peometry, ket us now look at the period:

o0e(2) szon(2) .

This is a transition period between carly transicat and the next mode, and the flow

regime is referred o as Jate sransions.

Nntthllhl.mdﬁ-rh;'ﬁ:tm:w flow occurs i diffcrent - in
different drainage area goomctries; Fig. 5.7 lists

wnoumin(mrgor:.,.

Fig. 82 Ourwand difasion of o prevre ditsohamce aromsd o weli: rarls wansicnt period

(517ch

(5.18a),




Behussour wul Fime Under Flowing Cooditons =

Al il outer boundary of the drai h! dition) for any rp we have:

In other words, the pressure profile poira) keeps the same shape, and the whole
pvﬂem‘uaanéym uﬂmml’wﬁ%amd‘

times, in both real and dimension-

less terms:. The flow regime is now peemdo- dy ks called semi-steady stare).

l-mhh-ubhm'ulﬂ-ynﬁ—r

dp 4

ol i
which, m dimensionless form i

dpo . (r\

E_z Z) . {5.190)

Equation 15.19} allows us to calculale the presure distribution pir) in the
reservoir for any value of 1 > 1., provided we have one pressure profile. also
measured at a £ > f,. 10 start from.

mmdlhmh&“mn‘h—;mﬁmh
repme penods is shown schematically 54,

M,n&hm-ﬁnwh\zaw {ic. non-permeabic,
mem is the “constant

fic = ienmhed across the boundary, so that the
hmmlhlﬁumt&ehmmwwmﬂ
peried.

the late transicnt

: Fig. S Pormbo-cirants stane prossar hoaciar o the
drammape wre of o produ ey ac vk o e flrs ol
srerr=r,

™ Radul Flow Through Porous Madia

L5

aTe

where 2xrh is the cross-sectional area o flow.
Intcprating Eq. (5.20a) from r, 1o -

e W
L=

which is, in dimensionless form. for any value of r:
Poll) = polro) = Inrg , (5.20c)
where ro = | 15 by definition | Eq. (5.14a)] the dimcasionless wellbore radius.

56 Solutions to the Radial Diffusivity Equation for a Fluid
of Constant Compressibility

561 Transient Flow
368,00 Treatncnt for an fdeal Well
Earlier in this chapter it was shown that during a certain initial period when the

well is put on production {r < 1.}, the reservoir is infinite acting and the Bow regime
i framsiens.

The initial conditions are:

P=p ate=0forallr (5.21a)
The boundary conditions are:
pep atr= o foralls (521b)

;,E)h= constant forall ¢ . 1521c)

ol 5 v R Dobarvey Eopera T
M we assume that r, is negligibly small, Eq. (5.21c) smplifics to:

(5.21d)
o

“The solution 1o the mdssl diffasivity cquation under these conditions is referred
10 as the fne sowrce solstion for constant terninal rate.

Using the Boltzmann transform

" dper’

s 523y
30 that

& gpor

o .
and:

& per”

E T e
the radial diffusivity equation:

P\ _ opc. Ip
P 5 I 21

becomes, Unough iraasforming the independent variables (r.1) 10 the indepeadent
variable x

dp &3\ Oir-dr?s

faswlE T ' e
where p = pir, 7} is now only a function of s = sir. 1}
Sebstiteting from Eqs. (5.22b) and (5.22¢). Fq. (5.23a) hecomes:
1 dper d (pcs” dp dac. ducr” dp
T R T =B
which, substitsting from Eguation (5.222)
d
;(sd—:'=—s‘£ {523
or
d
L *a(r".') -2 (5230
:muu-m-.puwm.-ud.,bhu
by mecans of an ondinary diffcrential cquation
-ﬂimn-ﬁ:unm—:
dp

- S M)

[ Radial Floa Thoough Porows Mada

equabon (5.23d) s now:
dp’

P = 524b)
or

dp ds

¥ e 524}
which, whea micgrated, resuhs in the general equation:

lnp=—s—ms+Cy {5.25a)
so that:

o

F=Gisy (5.25b)

where C; = ™.

For the calculstion of C,, we need 1o refer 10 the boundary conditions at the
well We already have that

dp _ _dpis _ 24pc ot

ey w"%f—z;%-hc,‘?—zc,g-' 15.26)

and, from Eq. (5.21d):

ﬁntlf‘ae")-dl'xsﬁ—i. Gm

since when r—0, 5 —0 as well.
Substituting from Eq. {S.25b) into Eq. (5.27) we now have

528)

Equation (5.28) is integrated, at radius r, between the pressures p,(t = 0 and
pir, 1} at time r. The corresponding values of s are [Eq (5223)]:

st=0)= x

and

strp) = "' ‘s -
Therefore:

e

.l. -2 I = 1529)
from which:

dnkh )

I rel = | s (530)

The intcgral in the nght hand term of Eq. {530} is the well-known exponential
integral ei(x}, whose behaviour is shown ia Fig. 5.5.
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«ifx) can be developed as 2 seriesc

< (-1r=
)= — 05T —tax— LT
For x < 001, ignotimg the summation introduces only a very small error.' ' and
ejuaton redoocs

(331a)

L3

1 Racial [hom Theough Povots Mredia

Substitutmg ths into Eq. (530) we obtain:
s ks

an
e = - P Jam
In dimensionlcss torms, this s
2
,,,-%..[‘!(:) to] = Lonta - 2tary + 0809, G
A 2
where
532)

-;--uu-.-m.

At the well, where rp = 1 {r = ), the relationskip befween pressure and time s
Eiven by:

Polltpl = 05(lnie + 0LEO% , (5.33a)
which, in real terms, is
v( ke
P =P - I-—7+m). (5.33b)

It is important 1o realise that Eqe (5.33a) and (533b) are based on an approx-
—m[&.{ﬂlh]-&:ﬁ-oﬂ,-ﬂd-ﬁ—x(au_nhunﬂu-d
the equations) < 001, ie:

"" = <o (534a)
otherwise stated ax
‘—-—'_,: >25. (5.34b)

For values of r less than that required 1o satisfy Bq. (534} the solution
containing the full exponential integral should be used.

In most cases, Eq. (5.34) is usually satisfied after a fow minutes, or even seconds,
wfler a well starts flowing.

56.1.2 Trewtweni for a Real Well — Skin Effect
Among the initial awumplions upon which we bave based the derivation of the
above cquatk Two are of

- the porous medium is b and &
— the well is opea 1o prods over the entire

of the reservoir.

- e pescrvoir interval comsists of 3 pumber of layers of differsat permeabilities
this sitation i farther compiicated if the well it only perforated in one or some
of the layers. R
presence of fractures which imtersect the well, resubing in a Jocal increase @
Each of these factors will modify the flow arougd the wellbore, so that

um--dhxmmdhmmﬁgsﬂm-l—n

is accounted for by intruducing a quantity S, the skin factor, into the cquation

Poll.teh = 05(Inr, + 0809 + 5 535

from which we derive the followmg dassical equations:
Poll. 1} = n.su-r.+ 0509 + 25), (536a)
(5.36b)

§ s a dimensionicss parameter. and thercfore just a mumber. Depending oa
conditions, the additional pressere drop Ap, caused by the skin
‘F"ﬁ‘ 1530

may be positive [(p—
‘well). o megasice {5 —

Puc) i the real well is greater than (p, — po) i the ideal
Foch i the real well is fess than (B, — Puc) in the weal well).

Fig. 54 The e prealic clase 3n dhr wclliure bt ihe vave of fovmion davage 15 > @) and
- sutar o s dhar 2o fracuring (5 <8/

eix)= -~ 05772 —lmx (x<O0O1). 531b) 5= r. 2
the 0.57721 i v i These coaditions are not met i the following situations:
st = wnlhmmmu—nmgm_—-m
o B ton in ffrom k to k, owt to a distance 1,
We aan apres g (531b) aiematively ac — well only drilied through 3 portion of the rescrvoir thickmess (“partial
eitr) = —lng) for x <001 . =310 Lol s
Sobusions o the Rodul Difixiviey Fuynation i (233 Rusdind Flow Theough Porsas Malia
-l J wish but only d a portioa of the Ap, & positive i the case of blackage by mued Slirate. ' partial penctration of
3 : i the reservoir interval.'-* and partial perforation of the casing®

n the case of Eltratc damage. we have

15.38b)

which facalit the

This damage can be reduced by means of
removal of the filirate.

In a reservoir section consisting of zoncs of differing permeabilitics, some
dmhummanmhmxmwc’mﬁ'u
mw&mmhhhwnnmwm,whﬂ-hmu
mlh—tk-wnl'ﬂ--hnhnrnl,

possible to find a negative skin factor (4p)
\’e:hlmnmmﬁi-m.mhﬂ‘—-ﬁum'-—.hMl

(mass of fMuid lcaving the weil per unit time) = (change unit time of mass of
Nuid in the drainage area of the well) L

we have the following relationship, which also allows for the rock compressibility:

Ll d(
o= —nmlhzpd) = —xrih """=»x#u,¢."' (5393)
from which it follows that:

| T .

e 15.395)
l-m-ﬁlp.iilma-l(&m-ehvt

:r —
wer Znrthk can




| Sctusions o vhe: Rt Deoviey Expration

and, after first imtegrating with respect (o ro

Y

ALr = r., (Fpier),, = 0. 50 thar:

(540

€= 5an

2xkh”
We therefore have:

5"”‘!"( .:)

which when mitcgrated berween r, and r (cquivalent to integration between pos
and p} gives
r‘ v’)
B ""zx.u
mmvﬁj-wﬂmunmwlﬁ.&iﬂwuh
skin factor § (we Sect. 5.6.12%

(543)

r

15.44a)
an ey |
. = - & 5.44b)
Pue = +s) { i
mwwﬂm-wmmwmmpmum
cquation in terms of the arerage drainage arca pressure 5, since this can usually be
estimand.
From the radial symmetry of the system we have

1 Radesl Flow Throush Porows Media

Now, Eq. (5.46) can be used 1o calculate the average pressure in a arcular
drainage area in state flow. Duurmcnhhnﬂdby
rewriting Eq. (5.46) in 2 more general form:

2w -
g,.,_[h“:,;,m]

=p,'+k-—'-'*(h—rr3|ﬂ ¥+ 0808 rls).

where A is the area of a arcle of radius r,. and the quantity 31.62 i the value of the
Dictz shape facior C 4 for a circular geometry.

‘We now assume that A arca, of shape. The
goometry is taken inlo accoust via the shape factor; some of the values of
€4 calculated by Dictz® for a wide runge of ries are histed m Fig. 5.7. In the
same lable there are also reported valucs of tn r2 /A = Ip,, the dimensionless tme at
‘which, for a given geometry, pscudo-sicady state flow can be assumed 10 have

developed.
WnﬁhE‘ (i!nnma&mm'nﬂhm-ﬂmhﬁh
arcas, p of course that we know § in the well under

Bt 5 hw"")fs]

547)

tost (see Chap. 6}

For any distribution of wells in a fickl, once
are established, the size of the drainage arca of cach well is proportional 1o it
production offtake por umit pay thickness, ¢k This assumes that there is no)
wvariation in permeability between Lhe wells.

Consader the case of two wells a distance d apart (Fig- 5.8k

f2xrkpdr
iﬂ;} iy (545a) (5.48a)
o, ignoring the rf torm (acgligible celative 1o r) in the denominator:
i-g}j“"ﬁb‘ (5450 ntr=d, (34
Subssioating for p from Eq. (S44a): e il (5490
4 £ = e Qb +q;
"’E{".."' N [Erh:dr—zrlrr‘drj} (S45c) ‘,..T:T_;I" (549
which, when we ignore r2. becomes: The average pressurc of the reservoir fi can be calculaied as the volume,
weighted mean of the average pressures i of the drainage arcas of the wells, U
(545d)  volume being the volume of oil ¥y, ; present in each arca:
e 5 2Pl {5508
Finally. aficr simplifviag and adding the skin factor we geu - [T
Jom ae (o r 3 Toa first approximation. the production rate g, from the ith well = proportionaf
i i zxn("T. H s)‘ B i Wiorse K., comatalied i e dirnimacae anea, 30 hat we,can simplity 5q. (3,508
Exacy |Lote then ":,:‘,ﬂ" Exacy |Loan than U‘:':l:h §‘,
c, InC, ok TR errer | palution with C nC fot 1% errar fopiution with £
tor tess than P 2 g
L e L oa> s T et B
K o ‘ox” e =
(=]
@ atez2| aas3s | o1 | aos o 3 fosard 23830 | o4 | s 025 5
x o<
= - =
@ 316 | 34632 | a1 | oo0s o1 == a5141] 15072 | 15 | oso 0.8 2
L =
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A 2768 | asi7zs | 02 | oo7 o8 1 |eoves| araoe | 17 | os0 002 QI
i =
= <y =
&
E 271 | 22086 | a2 | oo7 000 ==1 3.1573) 1.1497 | 04 | ous 0,005 =
a 5 A_H'_ T =
_"& 219 | 30805 | o4 | o2 oos HiH: 0.5813) -05425 | 20 | om0 002 -E
% B
— — =
.{é{- 0008 |-223227 | 09 | 080 001§ EBEE' o.1109|-2.1991 | 30 | os0 anos 2
B posszel 34302 [ o1 | oos aos [« ¢ |sareo
: 5 15825 | 08 | o030 001
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Fig. 5.7. Values of the shape factor for different drainage area shapes, and the time limits ta the calidity of Egs. (5.36) and
(3.47). From Ref. 6. 1965, Society of Petroleum Engineers of AIME, reprinted by permission of the SPE
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S63 Sieady Sease Flow

Hmlﬁnﬁ-ﬂmia_ﬁdyni-umei—-hud

water from a Basking squir sufficent 1o maintain the outer boun

. comstant with time: or wien the reservoir & developed with injection of water or

mﬂhﬂa-nﬁ‘kmmdﬂﬁi‘—udkm-m

comstanl.
mmm#-mdauwmn

p=p,=constani sMr—r, (5.51a)
Zoo fecalirmds (5518
When these conditions apply. Eq. (5.10) becomes:

1) s
,‘;'-5:'“-.-. 552

—pu= P (- S5
P :hu(":. ’)' s

t‘mw-m;hm:uzmhsu&&ln
obtain the following equation:

[E14

Prrunhostasly 2ite

(- T vs)
+s)
1)

n (o2}

u

p-re=c(e

Facamenes

Ol (US)
Pay tanknsss n merres =) feet -
Pevmmabdiry & iy dintacy —h
Dewshole flow rate ¢ cublc metresdday  m'd)  barreluiday bl
R FPer. e - feet o
Visomity " cemtipes: e et P
Presure PP P f logramiagquarc om  (kgiom’)  presdsiquare mch  ipsit
Constast o) L

finear combination of the soh ofa s isell @ solation

that equation™.
In other words, if we combine — in a linear fashion - solutions 1o the diffusiviry
i et S 2

ysics.
g =0 at 1 =0} with
a coastan! prowure p, over the whole of its drainage arca.
The well is now pul va prodection at a rate q, which is varied with tmc (Fig. 5.9)
instead of being held vonstant. The Bow schedule is as follows:

Ph
Consider the case of a well which is initially shul in

L

;-~+Z—(hz-2ns). (558 Fleene Barasion

Table 5.1 5 flow o for steady and pscodo-steady | % e
state flow mtroduced 1a the precoding pages - g

The € term on the right-hand side i the vaits convernon cocflicent. o

o we adi wily 0 2] pon, with pim MPa. g in mPas. thea & Ga=l-3
the valuc of € would be 10™%/2x . For practical metnic snd oilficld units sysicms. “ [
the valucs of C are fsted in Tabie 5.1, along with the wnits for each paramctec. : S,

[ Equation (/.36) caa be used to find the i
: pressuce drop (p, —p) that will
hwmndﬂ.ynhdﬂuahﬁgudllmmﬂh:jwa
a raie, 4, for some time, «. For . consider a reservoic where ofl is
flowing and 072 cp; B,=1475 BbUSTB; k =100 md; k=15 f;

STBAMay for 10 days, the p of 1000 { will be:
oo . m.“?
7 =3000— [_ £ — Q-23H0-12)15(10)(1000
100(15) 0.00105(100)(10)(24
Thea hoa gREYT
=200 E(-0in OONNFRE
e...‘,

Tom Fig. 7.11, E(~0.10) = - 182 Thercfore

p =300 + 10,0 (X1.52) = 2981 % nsia

S b P =TJene = 493\
L2 ws this pressure ou the 10.day curve and shows

Mmual.m.:ﬂmwhﬂc-;hﬂ:

khb@hhhiﬂhﬂdﬂe&lﬂdnwhh

0.01 the following approximation can be made:

—E(~x)=~In (x) -0.5772

p(’!‘) =P

r=1000,t=100*24, x=0.001,E= -4 027970186
r=100,t=10*24, x=0.001,E= _g 330555279

100,t=100*24, x=0.0001,E= -8.633140372

m.cqun[_b_(_ dpcr )]
kh \ 7 0.00105 &t

m" / =
R S
:
N o
: Ing+osry
28%0 N = _w

2937=3000-63
2914=3000-86




T = 0.(!)[05&""'""

rearranging the equation and solving for ¢, the time required to make r._his
xuximztiﬂnﬂlidaf%rthcprcsmneduﬂminaﬁon 1000 ft from the producing
i can be found:

L O234QISAO 0P o6 1 100 days

0.00105(100){0.01)

. determine if the approzimation to the E, function is valid when calculating
:pmmrenthenndfuco‘.apmdncingweﬂ, it is necessary (0 assume a
Albore radius, r.., (0.25 ft) and to calculate the time that would make the
ximation valid. The following is obtained: * ‘_g‘o\ ]

= e we? e

i - s afdr W zauso

0.234(0.72)15(10) ‘(0.75)’_, 0.0002 hours < t
t X
(.00105(100)(0.¢1)

apparen i imati be

is ¢ from these calculations that whether the approximation can

sed is a strong function of the distance Emmthepressu_redx_mlrba:rmm the
siat at which the pressure determination is desired or, in t_]usca_se,ﬁomthc
roducing well. For all practical purposes, the assumption is valid when con-
dering pressures at the point of the disturbance. Therefore, at the wellbore

nd wherever the assumption is valid, Eq. (T.g;)(r:: > E::-:-S-OSW %

"""‘:J’l"” t -In (+ﬁ‘-‘l’;—l --t;_sm]

pERr £.001054
e atuting the log base 10 into this equmionlforthc lr{ .t:nf. Le:r;inging _a.:l% e
implifying, one gets: 7.0 % %3 n o.00l0% = —b. l —

= 2a3

plr :)=pr£:—hﬂ [Ios(ﬁ;;]—:s.ﬁ] ¥ o

St

6.2. Radial Flow of Compressible Fluids, Transient Flow

$0¢

In Sect. 5. Eq. (7.32)
0.234 a k-ap\_ . 9 Ql_ﬁ (7.32)
O (ooatizn Corll) =pec AT |

was developed to describe the flow of any fluid flowing in a radial geometry
in porous media. To develop a solution to Eq. (7.32) for the compressible
fluid. or gas. case. two additional equations are required: (1) an equation of
state, usually the real gas law. which is Eq. (1.7); and (2) Eq. (1.19). which
describes how the gas isothermal compressibility varics with pressure:

PV=.’J?R'T (1_7]
1 1dz

e 1.19

p o zdp (1.19)

These three equations can be combined to yield

Loy pap]_ bep  ap
rar (’ wzor) 0.0002637kz ar 7-38)
Al-Hussainy, Ramey, and Crawford and Russel, Goadrich, Perty, and Brus-
kotter introduced a transformation of variables to obtain a solution to Eq.
(7.38)."° The transformation mvolves the real gas pseudopressure, mip),
which has units of psia’cp in stundard ficld units and is defined as:

-? ‘
= £
m(p)=2 L FLZd.u ) (7.39)




WHETE pg Is 4 Felerence pressure, usually chosen to be 14.7 psia, trom which
the function is evaluated. Since p and 2 are only functions of pressure for a
given reservoir system, which we have assumed to be isothermal, Eq. (7.39)

n be differentiated and the chain rule of differentiation applied to obtain the
-.ollowing relationships:

a'"a—;”] = ';ﬁz T (1.40)
o) =a”'a—f:’) - @.41)
# = ﬂ:ﬁ(,l’_’ % (7.42)
Substituting Eq. (7.40) into Eq. (7.41) and (7.42) vields
ap _uz am(p) i

& 2n o ar
Combining Eq. (7.43), (7.44), and (7.38) vields

am(p) il am(p)  dpc  am(p) 3_‘:{45)
ar® r ar _ 0.0002637k s

Equation (7.45) is the diffusivity equation for compressible fluids, and it has

e

Equation (7.45) is still a nonlincar differential equation because of the
dependence of p. and ¢, on pressur® or the real gas pseudopressure. Thus,

there is no analytical solution for Eq. (7.45). Al-Hussaioy and Ramey, how-
ever, used finite difference t i in an approximate solution to

Eq. (7.45).” The t of their studics for pressures at the wellbore (i.c.,
where the logarithm approximation to the E, function can be made) is the
following equation:

1637(16YqT | 1
m(p.)=m(p)- k‘?’q 1bg (dm,kr:rf) = 3.23J 17.53)

interest. p,. The value of mi( p,) that corresponds with pressure, p,. is given by:

m{p)=2 (arca,)

where
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7. PSEUDOSTEADY-STATE FLOW SYSTEMS

7.1. Radial Flow of Slightly Compressible Fluids, \
Pseudosteady-State Flow “
condition used to find 2 solution to the radial diffusivity equation is that the
outer boundary of the reservoir is a no-flow boundary. In mathematical terms, 3 v
- s
- E¢.72.3S | o
—=0 atr=r. : Cown n\\\l‘lg
@ [ dpc,
4 Sl amy Eg. =

Applying these conditions to Eq. (7.35). the solution for the pressure at the
wellbore becomes

162.6qp8 44 ] 0.2339qB: 7.47)

PSR bs[1.731q.r£" Ahdc,

where A is the drainage area of the well in square feet and C;, is a reservoir

# factor. Values of the shape fact iven in Table 7.2 fol 1
':‘\Gﬁet reaching pseudostwdyu-sctatc chs\ar ?h’é‘ prtu‘:slr:lrcaat every pgmlfa

the reservoir is changing at the same rate, which suggests that the average
reservoir pressure is also changing at the same rate. The volumetric average
reservoir pressure, which is usually designated as B and is the pressure used to
calculate fluid propergies in material balance equations, is defined as:

p=t— (7.48)

where p; is the average pressure in the jth drainage volume and V/is the volume
of the jth drainage volume. It is useful to rewrite Eq. (7.47) in terms of I.E

average reservoir pressure, p: h .L' ' ‘\
(28 A
Pu =P 162qu5 log [ l.T:fC,.ri] (7:;;. w

"For a well in the center of a circular reservoir with a distance 1o the outer
boundary of r., Eq. (7.49) reduces to:

poe 252 [ (F) -15]=F- 4 23

-

If this equation is rearranged and solved for ¢,

q- 0.00708k [_p ~py _] (7.50)
VB oda e
7.2. Radial Flow of Compressible Fluids,
Pseudosteady-State Flow A
The differential equation for the flow of compressible fluids in terms of the
real gas pscudopressure was derived in Eq. (7.45). When the appropriate

boundary conditions are applied to Eq. (7.45), the pseudostead: -
tion rearranged and solved for q vields Eq. (51).51); 1k TR

- 19.@10}*&&1;[»:@ —m(E:!)] .51
Tp.. ln(r.ir..)—O.?S gt
A\ -

: S0
8. PRODUCTIVITY INDEX (Pi) ok




4.5 GAS FLOW EQUATION SUMMARY

Writing € = 0.703 kaffuT=In{r./r.)). and the power » is wrbulent flow b
effect in steady state gas flow, Equation (4.27) hecomes

0,=C(p, -p,’ ) IZET) M
s

This equation is normally called the empirical hack pressuce equation.
The power s is the turbulent effect which is ranging from low flow rate =
100 w0 absolutely turbulent = 0.500. The equation is not especially
helpful in predicting reservoir characteristics or in analyzing the
components of pressure drops. although it may be wseful in
characterizing well performance.

When multirate data are available it is more useful to revest 1o one
of the basis flow cquations in field units:

ﬁ,:-l".,f (.!.%‘a_r][ln{f'-J-DJS;SJ “.15)
Or
o, (U0 (0472 :
B _P"_(TJLIHK & *J‘S}”BQ (4.46)
{semi-steady state)
Or
14220 =T\ 5
B -p’,_,:( ﬁi'}éiln(f, —0.809}+3}+BQ‘ (4.47)
i ilr-msient]—
A} = AQ + B
Whene
14220 =T\ (047" .
A= . |l“ e (semi-sieady state) 1\
TR/ "o | 3
14220 42T \[1 M
ro Tt |
M o | —In(¢, +0.809)+ 8 | qransienn)
kh L2

And B =non-Darcy coeflficient,

I is more appropriate to use the real gas pseudo-pressure mi(p) equation:

(142201
(P, }-mip.g = k%) |:ln[:—‘}— 0.75+ S] +FQ

14220 T
{ i:gz__] {m[:_fJ -0.75+8+ DQ} (4.48)

2} (_F*i'_
D=\ Ta0or

And D@ is known as the rate dependent skin factor

Where
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o. PRODUCTIVITY WoEX ) \A¥T

The ratio of the rate of production, expressed in STB/day for liquid flow, to
the pressure drawdown at the midpoint of the producing ingerval, is called the
productivity index, symbol J. S % :

i -zp—_"‘w 'fS— ?”* 7.8

duemprescneeoffreegasamdbythcdmpinpressmat the well bore,
(c) the increase in oil viscosity with pressure drop below bubble point, and/or
(d) reduction i in pcrm:abchty due to formauon compressibility.

In

permeab
oil ntunmndum Since each of these factors mavchange fromafewm
several-fold during depletion, the PI may decline to a small fraction of the
initial value. Also, as the permeability to oi. decreases, there is a correspond-
ing increase in the permeability to gas, which results in rising gas-oil ratios.

o
Q
Q
S

@
g
> 500 lad 108
g @
400 08X
g % ("]
v A =
. 55 z

w300 06
>
= & =
200 7 042
> S
2 100 0223
= o
@
0 o®

0 200 400 600

PRESSURE DRAWDOWN, PSI
Fig. 7.14. Dedline in productivity index at higher flow rates.

Ihe injectivity index is used with salt water disposal wells and with
jection wells forsecondary Tecovery or pressure maintenance. It is the ratio
A the injection rate in STB per day to the excess pressure above reservoir
Pressure thu causes :Ig_}nj te, of

dlnyechv t

Injectivity mdex I = STB/day/psi (7.53)

Py=P

S’

e




Mcnsaunalmmmpmdm&wknssbmwbenthcnﬂlﬂﬁn«s

affecting the p v index are v the same, (hgspeafnc
umymde.xlumumsmed umduslhepmdnmmgmdc
net feet of pay, oc = 9.0070 MP.

Swﬁpcp;nmmymdex-.&-k e ,srm.,%.m(
s i =
8.1. Productivity Ratlo (PR) W

In evaluating well perf the standard usually refecred to s the produc-

Tmal to the strata, and in which no alteration in permeability has accurred
the vicinity of the wellbore. Substituting Eq. (7.50) into Eq. (7.52) we get

R . (e 155

peingr,ir.) —0.75)

The PR then is the ratio of the P of a well in any condition to the P1 of this 2
standard well:

Thus, the productivity ratio may be less than one. gratzrdlttn(
m.mmem\wmdcxd&eﬁmuwdl generally
.mtbemnme&aofmwachaummthcwusyﬂmmybem
ated from theoretical ations y models, or well tests. For

ple, the theoretical ductivity ratio of a well reamed from an 8-in.
borehole diameter to 1€ in. usdenwdbyl':‘.q (7.55):

Ju_l(r0333) ~035

PR = = (- 0667 =075

Assuming r, =660 ft,

In (6600.333) -0.75

PR = i (6600.667) =075

=111

P 5U‘PERPOS)T‘\0 N

=Ap,;+Ap:
Each of the individual Ap terms is given by Eq. (7.36), or:

7“-6%8[‘ __dper? ]
kh £ o.oomsx—;)

Ap =p.—plny=

To apply the methaed of superposition, pressuce drops or changes are added.
It is not correct simply o add or subtract individual pressurc terms. It is
obvious that if there are more than two flowing wells in the reservoir systea,
the procedure is the same. and the total pressure drop is given by the following.

Ap;=Y Ap, (1.3,
=1 ¥

Obzervation VWell

Well 2

Fig. 715, Two flowing-wzll eservoir system 10 illustrate the principle of super-
position




(3 Two flow raics. Lhe change in (he flow (aic from g, 0 g occurred at time ‘
&. Figure 7.17 shows that (he 1013 prossuie siup o gica Iy he e of
the pressure drop raused by the flow rate ¢, and the pressure Jrop caused by
the chacge n flow rate g; ~ g,. This new flow rate, ¢, — g, has flowed ur time
=1

The pressure drop for this flow rate, g — q,, is given by

-p- - 708g: ~q))uB | _ dper?
PSR kh [ E o.oomsx(;—;,)]]

As 1n the case of the multiwell system just described. superposition can also

le;;?f;d to multirate systems as well as the two rate examples depicted in
H ‘.,-.
g ———
i | ! {
“ -

Tove i
&
£
S
%

o Smge Phase Fusd Flos 0 Resenary Superposiion -

np‘-mdm-a-mmﬂ*r‘,
Mpu-- imvolved wh tham one well affects the peoy.

~EL-Qlsd) = 1.9
v of 3 peint 10 3 Fescrvair

7.0, Fax the well Lyuat shows m Fig. 7.16, caloclate the towd
mﬁamﬁnmm-‘(uﬂhmwhh X
M-tlc(-dhl.:‘..i.-lﬂlﬂﬂl“dq! The wells were shut i fory
Tomg time facliore opeaing themt 1o Dow

Ap, =41 1) = 6.6 psi
o for wells X, 4, and §

3p: = AST-E(-020] =57 pa

Given: The follouing dats apply 10 the reservorr sysieas: 8= 5 14 -EA-Q 198)] = 6.4 i

ol visoasity = 04D op A,~1.50 bbUSTB Apy=4.89]~Ef—0.162)] = 6.6 psi
&k =4Ted formaton ducknes - 50 f1
ooty = 10.2% & =1Sx10 pui! Eq. (7.57) 10 find the total poessure deop at the observation well, Well
the individual pressurce drops ane added sogether 1o grve the woal:
Drssamce b
Flow Rate Obrrvvanon well = Ap, + Ap, +
Well (STR dayt et A TAR At Ay
AT = 170
2 ™ 1928 Ap, =66 +57+84 +66=253 psi
[Le ]

Sarumpow: The mdividual presssse draps can be calculated with Bq.
(7%}, and the poul preveure deop is given by Eq. (7.57). For well |

'wl""‘w]]
¢ TS0}

Figure 7.17 shows that the total pressure
e pressure drop cased by the flow cate 4, and the preswre drp camed by
ap, in Dow sate g — ¢, This new flow rate, §; = .. has flowed for lime

Sp, = 178 ~EL-0.1631]

O MAS(AT MY
Pressuce drop for thes flow rate, g; = .. 1 given by

APERPEY NMH: [_E'(ﬂmt::(.:—l.l:}

9.1. Superpasition in Bounded or Partially Bounded
~ Reservoirs

Eq. (7.36) applics o infinite reservoirs, it may he used in conjume
with 1he superpostion praciple 10 smalate boundares of dosed o}
dosed reservoirs. The offect of boysdarics o always 10 cause greater

0 Faarg asl
@ Otmarvation Wl

Fig. 706 Wiell Liyout for Ex Preb. 7.1




9.1. Superposition in Bounded or Partially Bounded
Reservoirs

i irs, i d in conjunc-

Ea. (7.36) applies to infinite reservoirs, it may be use
mgtll: u?e (supezpo!:'?uon principle to simulate boundaries of closed or
ially closed reservoirs. The effect of boundaries is always to cause greater

pressure drops than those calculated for the infinite reservoirs. The method of
@mages is useful in handling the effect of boundaries. For example, the pres-
sure drop at point X (Fig. 7.18). owing to production in a well located 2
distance d from a sealing fault, will be the sum of the effects of the producing
well and an image well that is superimposed at a distance d behind the fault.

In this case the total pressure drop is given by Eq. (7.57), where the individual

|pressure drops are again given by Eq. (7.36), or for the case shown in Fig-
7.18:

Ap =Ap, + APy

R -6%3[_ (_ducri ]
R Z0.00105kr/

_70.6qu8 [_ ducri ]
AP =5 £ .—o.mmsru)

Fig. 7.18. Micthod of images wied ia the solton of hossdary probice

9.1. Superposition in Bounded or Partially Bounded

&
Ap =Ap; + APiase (8
_70.6qu8 [ ducrri ] ‘ > Ilﬁ
an=— |- ommsu’ o/
el dwert )
AP =3 \=gooi0w

Fig. 7.18. Mcthod of images used in the solution of boundary problems.




SHORTEN TERM
 Initial Reservoir Pressure/Temperature
* Permeability
» Active Pay thickness
e Skin Factor
* Fluid Type and properties
* Type of Flow System
* Production Rate/Problems

LONG TERM
1. Volume proving
2. Extended Investigation Radius
3. Reservoir Limits
4. Relative Reservoir shape
5. Boundary Type

A
S

Drill Stem Test

= RELATIVELY CHEAP AND FAST
— RESULTS MAY BE ADEQUATE
= WELL SAFETY NOT OPTIMUM

{PACKER PERFORMANCE IN OPEN HOLE NOT RELIABLE
(CASED HOLE FLOATERS)

DRILLSTRING UNSUITABLE FOR HIGH GAS PRESSURE AND H3S SERVICE
OFFSHORE VESSEL MOVEMENT INDUCES STRING MOVEMENT

— NO DST FROM FLOATERS WITH OPEN HOLE PACKERS
—.HARDLY EVER USED IN GROUP ORCO'S

10.4.1 Well Testing Objective

SHORT TERM - Initial Reservoir Pressure/Temperature
- Permeabilities
- Active Pay Thickness
- Skin Factor
= Fluid Type and Properties
- Type.of Flow System
= Production Rate/Problems
LONG TERM . \glume Proving
- Extended Investigation Radius
- Reservoir Limits
- Relative Reservoir Shape
- Boundary Type

10-10




10.1. Infraduction fo Drawdown Testing o
= 162.6quB - ] ¥ TRANSIENT
pir. 1) pbr Th F, 323 (7.37) <
g LATE TRANSIENT
which predicts the pressure at any radius, r, as a function of time for a given i PSEUNCSTLADY-STATE
reservoic flow system during the transient period. [f r =r,, then p(r, 1) will be [
the pressure at the wellbore. For a given reservoir system, p,, ¢, i, B, &, , & 7 —
&, 6. and r, are constant, and Eq. (7.37) can be written as s J SRS )
l‘—m_n:ti-—ummgv aleg

Pog=b + n{log(; (7.58)
where, ¥

P.y= flowing well pressure in psia l‘l ‘ B
b = coustant " om 2 E ’
£ =time in hrs = k\h
e = comstzn =_£‘_‘&1§L c 2.5
1, Lamigar, horizontal flow in a homogeneous reservoir.
2. Reservoir and fluid properties, &, &. k, c.. u. and B are independent of
pressure.
3. Single-phasc liquid flow in the transient time region.
4. Negligible pressure gradients.

The expression for the slope, Eq. (7.59).a1n be rearranged to solve for the
capacity, ki, of the drainage area of the flowing well. If the thickness is
known. thez ihe average permeability can be obtained by Eq. {7.60):

162.6qu.B
kE=— = . (7.60)

= l:;h}ei:awdownmismnducwx_i long enough: ‘or lhe:pre_sxure transients to
; me pse\.lt.!os:lady-ﬂl!c period, then Eq. (7.47) "[:"’f‘é t%‘%%y ,tl
[ 3

. _1626quB. [ 44 | 023398
S R 1.731.:,«3] Ahde, K T
» + W\J .t .

10. Inteoduction to Pressure Transient Testing b"“““""‘ U

Again grouping together the terms that are constant for a given reservoir

system, Eq. (7.47) becomes Jitwites Tet™

p_.f:b'-i'm'f {7'61)
where -3
C.a'f)‘e'?éq:}?mm
‘ = constant .
ke A B, {1.62)

Ahdc,
ofpmreversunimemregﬂarmmcsimgmphpaperyieldsa

mpé:; with slope equal to m ' through the late time data that oom:_spmd

‘0 the psendosteady-state period IfEq. (7.62) isre_ammged. an expression for

the drainage volume of the test we!! can be obmn__di{Df‘ N .VO‘UNQ,

and) _0.2339g8 (7.63)

m'c,




rad T TOTE JICTOS T SOOI Pressor T TT

auced perticaiman, -3 1hat zome Vi Srerdi ndHlmdew.-lopedu
#on for this p drog and delined E
C.cﬂhdl.le*mﬁﬂot“" 4
=Mg (7.64)
| kh
or
Apua=—051nS (7.65)
ﬁumEq ﬁﬁ)apmmvalucoi.fmammdmpud
ge Aneg; value of § causes a nega-
tive p d.opnu o a stimulated condition fike a fi No-

tice that these pressure drops cawsed by the skin factor are compared to the

pressure drop that would normally occur through this affected zone as pre-
d-udtwsq (7.37). Combining Eq. (7.37) and (7.65). the following expres-
sion is obtained for the pressure at the wellbore: ™

162. ke
Pu=p— %g [bg;‘;-'—_: -3+ 0‘875] (7.66)

256 Single-Phase Fluid Fiow m Resenvorrs

This equation can be rearranged and solved for the skin factor, §:
= Pus ki
$=1151 lf\iéquﬂ [o;——-,-a.s

Tlneulueotp..m‘uobmncdﬁmtbcmghthacmthcmmtﬂow
regioa, Usually a time mnupomimglnlhnsuscd and the comresponding

ptuwcug\enbuhe-‘ 2 g #t into this equation and
izing that the d i nflhe first term within the brackets is
:nual!;r—m.

. [P = k ]

=115 | D=0 S 4 2

) 11-51 - Iq“rr: 323 (7.67)

TL A test was d on a new ol well m 2
nmmhmﬂmmw-ﬂmmeﬂgﬂumm
dﬁﬂﬁuummwuﬂhmu Hal

10. Introduction 1o Pressure Transient Testng a7 ‘\
average permeability of the area asound the well the skin factor, 3ad the “
d;-q:mnﬂk-ﬁl \ ‘}

e m———

Pu= 4000 pria formation thickness

=20n P
i q=500STBday  G=30X10" psia”' ‘ ?
| w.=1l5cp porasity =25%
B,= 12 bbl/STB r.=0335 ft

2 me, ¢
| Flowing pressure, p.y oy ‘t
2
36 5
s 0
337 n
38 =
368 s
3s0 o
3306 150
e ot
Eer) b

SHUTRONR: Tm;?.l“ﬂm:m#d&rwh.m
| slope of the early time data, which are in the transicat time region, was wand
0 be ~86 psifycle and the value of P, was foend 1o be 3526 psia.

Eguation (7.60) can now be used to calculate the permeability:

! *--M-H_ld
The skin factor is found from Eq. (7.67):

S=1151 m’ u(ﬁr—““,"ﬁmp}“ﬂ]
S=104 ‘m == 0.5 7V 0 =
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Fig. 7.19. Plot of pressurs vorsss log tme for the data of Ex. 7.2,

Loay

= I | i ) .
drainage area. The slope of a line di
fSF - —0.373. Therefore,
E, ﬁ.’- A = 0-2339(500)(1.2)
iu- e Z= w7 T T E3m)[E0 % 10) 20)(0.25)
o,
- - e T /
e )

Fig. 7.20. Plot of presture versas time for the data of Ex. 7.2.

Rigelas Grlesun

b’

i o

%ktgmg; the -—la 'gasui g’ntz is
=2,508,000 fi’=57.6 ac d

— i

10.2. Introduction to Bulldup Testing
N,
f,=—F
r A
where. N, = cumulative production that has occurred during the time
shut-in that the well was flowed at the constant flow rate g.
Equations (7.37) and (7.57) can be used to describe the pressure
ior of the shut-in well:

(7.68)

befare k‘ A ;ﬁ
behav- ~—
s
(7.69)

- Léz_;ﬁg[ gLt 3.23] _162.6(—q)B [log har
duc,r kh duc, rs
Expanding this equation and cancelling terms,
e 162.64;38[ (1= .m]
- kh Ar
L
Fioee
Rew
e
Ll
L

]

Fig. 7.21. Graphical smulation of pressure buildup test using superposition..




where, i

p.. = bottom-hole shut-in pressure - ‘\
Equation (7.69) is used to calculate the shut-in pressure as a function of the
shut-in time and suggests that a plot of this pressure versus the ratio of & _f
(t,+ Ar)iAr on semilog graph paper will yield a straight line. This plot is S

referred to as a Homer plot after the man who introduced it into the petro-
leum fiterature.™ The slope of the Horner plot is equal to m, or

__ 1626948
kh

This equation can be rearranged to solve for the permeability:

4 = 162.6qu8
. ik

The skin factor equation for buildup is found by combining Eq. (7.67), written
for t =1¢, (Ar =0}, and Eq. (7.69):

- py(At=0)-p., ki, At ]
# Llﬂ[ m b‘é}tr,rf(r,-*m) el

(7.70)

The shut-in pressure, p... can be taken at any Ar on the straight line of the
transient flow period. For convenience. A¢ is set equal to [ hr, and p,, is taken

at that point. At a time of At =1 hr, £, is much larger than Af 10T MOSL tea,
and :,m-:, With these cousidenéons,the skin factor equation becomes

= .(Af =0)— e k 23 il
$=1.151 ’-’J————-"—m bs—wwﬂ ] (7.71)

Example 7.3. Calculation of permeability and skin from a pressure

Given: lhm! &0 e
flow: fate before shut in period =280 STB/day M

N, during costant rate period before st in = 2682 STB =
g_.,nunmorshmn Pus d¢2 ©

From the forcgoing data and Eq. (7.68). 1, can be calculated

XN, (6]
:,-;’-—-{2—3.7’24"-330;]«)&5 "‘qh‘
Other given data are sg‘g,"l
B,=131bbISTB p,=20cp
h=40ft 6=15x 10" psi~!

&=0.10 = J {
r.=0333ft - J-
time after ¢

shut in, At Pressure, p., LA
hours %% =Re #'—
 § 4 116.0 L

P ; 514 83
2584 28

v 2 2612 202 B ‘%‘
. 16 2632 154
20 2643 12.5
24 2650 10.6

0 2658 8.7 3

o




SoLuTion: The slope of the straight line region (notice the difficulty in
dentifying the straight line region) of the Horner plot in Fig. 7.22 is —170
psi/cyele. From Eq. (7.70) “

162.6(280)(2.0)(1.31) s
ke m————= " _17.5md u
= 170)(40
(=170)(40) ¢ ___;

Again from the Horner plot, py. 1s 2435 psia and from Eq. (7.71)

b 5 \
5= 1,151[£:®- tog( i | +323

=170 {0.1)(2.0)(15 x 10 )(0.333)"
§=37 = -0@7YWS

- diffeculty in identifving the straight line of the transient time region results
wetthard storage and other snomalics that coutd affect the pressars transient
data
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Chapter 8

12. CHAPTER 8 kf,;
11t week 20-24 AUGUST 2012 =

Nater Influx

WATER INFLUX

L IMTRODUCTION
slany n s are b ded on a porti otnlloflhﬂrpenpllcnesbyumt-
sumng rocks called aquifers (Latis bear). The agui-

s may be so large with the .th:-y-djom-smappenr
wfmite for all practical purposes. and they may range down to those so small
= be negligible in their cffect on rescrvoir performance. The aquifer itself
miy be entirely bounded by impermeable rock so that the reservoir and
mpifer together form a closed, or volumetric, unit (Fig. 8.1). On the other
tad. the reservoir may outcrop at one or more places where it may be
mpicnished by surface waters (Fig- 8.2). Finally, an aguifer may be essentially
)-mul-khthemlad;m-s or it may risc, as at the edge of
basins, abowve the ir 1o provide some artesian

tind of flow of water to the reservoir.™
In response 10 a pressure drop n the reservoir, the aquifer reacts 10
e, or retard, pressure decline by providing a source of water influx or
macachment by (a) expansion oflhe water: (b) cxpanﬂon of tvthcrkmn or
n the rock; (<)

pr
“References. througlout the Lext are given a1 end of cach chapter
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Flg. 8.1. A sescrvoir analyzer stady of five fiekds
Elleaburger formauon

y completed i a <losed agquifer
-‘HT&(W\hl-ﬂﬂ:’;'l =

Py FV=Comdiaton dme srune

of the aquifer rock; and/or (d) artesian flow, which occurs when the aquifer
nises to a level above the reservoir, whether it outcrops or not, and whether
or not the outcrop is replenished by surface water.

To determine the effect that an aquifer has on the production from a
hydrocarbon reservoir, it is necessary to be able to caleulate the amount of
water that has influxed into the reservoir from the aquifer. This calculation can
be made using the material balance equation when the initial hydrocarbon
amount and the production are known. The Haviena and Odeh approach to
material balance calculations, presented in Chapter 2, can sometimes be used
to obtain an estimate for both water influx and initial hydrocarbon amount.**
For the case of a water-drive reservoir, no original gas cap, and negligible
wmpressibilities, Eq. (2.13) reduces to the following:

F=NE,+W,

. Havlena and Odeh approach

F_ . W
B L

If correct values of W, are placed in this equation as a function of reservoir
pressure, then the equation should plot as a straight line with intercept, N, and
slope equal to unity. The procedure to solve for both W, and N in this case in-
volves assuming a model for W, as a function of pressure, calculating W,, mak-
. ing the plot of F/E, versus W./E,, and observing if a straight line is obtained.
| Ifastraight line is not obtained, then a new madel for W, is assumed and the
| procedure repeated.

P B W3 ™ aan il - Le




1 STEADV-STATE MODELS
| 2 = -
simplest model we discuss is the Schilthuis steady-state model, in which
rmofmrinh:.dlw&.kdud!?mhulm(p,—p),mm

% Fagey

T d at the origi * This model assumes
Steady State Hodel (Schilthuis) | tuthef at the I boundary of the aquifer is maintained at the
The simplegt nethod for characterizing water influx is due to w
Schilthuis 3, It 1is often a good idea to try this model first T
since the calculations are considerably less ianvolved than with

ecither of the other two pethods.

Ihe assuaptions inherent :in the Schilthuis wmodel are Dany,.
First, it is assumed that the zquifer is gigantic and highly
permeable. In fact, the aquifer is taken to have permeadbility so
high that the pressure gradient across the saquifer itself is
negligible. And the aquifer is so huge that the pressure within
the =aquifer mnever declines; i.e., the initial pressure, P; ,
alvays ezists at all locations within the aguifer. Consider the

Aydraunlic analog to the Schilthuis steady state model

shown
below.

dW,/dt directly propertional to (p;-p)

Then dW./dt = k*(p;-p)

SANC-FILLED Pug PRODUCTION
RESERVOIR

ACUFER

Bydraslic amalog of steady-gtate water influx into a reserveir
(from Craft & Havking¥).

STEADY SUAIE MODELg | 1 STEADY-STATE MODELS =
- AWt oc (pi=py=~ The simplest model we discuss s the Schilthuis steady-state model, in which]
i‘-‘i*hﬂﬂuhmhwth-m:yfln,mm~‘ of water influx, dW,/dr, is directly proportional 10 (p, — p), where the]
w0 the pressure diffcreatial. asumuing the water viscosity. average perme- i
ahiliry, aad aquifier geometry remuain constant, _E A N+w 5

Mod’,- wrfo-pu . Eo an B M

e g
) @2

.-

_-h-:&"_u-qmilumibuﬁgr_d-ywmmm %
:fﬁzifﬁiiifzin-auu.a.w-fﬁﬁzcu.ﬁﬁzunuha.;m hen (j\AIe/Ijt =k (F)i_F))
b:hulh-&p(lli.hnamdhm&nqxh

“servow. I during any cexsonably long period therate of production and

~CTVOIr prevsure temin substintiafly constant. it is obvious that the volu- i .
ale, or g y
Rate of active Rate of free Rate of water Toe agstfer com o elthar 5t sewtel Troes bepemdivg o2 D4
~— =/ oil volumetsic | + | gas volumetric |+ velumetric sasmetziesl comtipmratioms
woidage voidage voidage
@) Limear
In terms of single-phase oil volume factors
W e o ey —
e i i i o) m e

re dNide is e daily ol rate in STBAday and (R —wxa:&z

o 3P Th e g e R b rom e Schilthuis Sﬂ-‘y‘:‘:’fﬂt

’
in the ol volume facior B, of the o widage term. Equation (8.3) may be sy _
;u-uuuaqﬁdq-eﬂqm«p-mmhgaﬁgd AlWe= k(ﬂ )
subtracting the tevm KB AN, i, and grouping a5 ME et

AN, AW, dt “h’eg Y Ot
B enntt a2 by
and since (B, + (R — R.)8,] is the two-pluse volume factor B Tekhar u‘. C(?.-P)
aW, dN, dW, A ~
T @-ras S n T ) ¥ los ¥

e G sy
Wiaen W, et hurs Beem olbstained in termns of the voidage rates by Eqs. (8.3) or imne s e daniembedd. bt




B. Water production pe Was e 5.1
he calculation of the water influx constant k* for the Coaroe Field from

tnﬁspeﬁoddmhamdmm.lithcmmml_?' and the

awal rates are not reasonably constant, the water influx for the period

iimdprmm:mybeohaincdﬁmnﬂxt«alo". , and wal

es for the period, P oba “]q:;‘ fh i &7
AW, = B,AN, + (AG, — Rz AN,) B, + B.AW,

Ly, AN, and AW, are the gas, oil, and water produced during the
1 in surface units. The influx constant is obtained by dividing AW, by the
1wt of the days in the interval and the w (pi—p.)s
o AW,

Ar(pi—pi)

aw = K(AP)A{"

.

CE-
s T i}
H I aERAGE
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i : F 1w 3
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ii Hmv mnu:‘lnlu H
£ie ¢ o
= 1
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% ,JJ A-_um ¥E PRODUCTION
1
ii . b |
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TE YEARS
2- 8.3. Reservoir pressure and production data. Conroe Field. (After Schilthuis.®)
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Flg. 4. Pressuce relatioms

rolame
dissolved gue. (Afer Schiaa ) o oo el oil aod origiaal complemet of
Given:
.kmﬂ:h&-wﬁeﬁ.&.&-(;
=275 psig
P= 2090 psig (stabilized pressure)
B,=7.520 cu f/STB at 209 psig
B,=0.00693 cu fSCF at 2090 psig
R.= 600 SCF/STB (initial solution gas)
“Wﬂﬁ'ﬂ.hmm
AN, id = 44.100 STBAday, from production data q
AW ids =0

SoLumion: At 2090 psi xnidage raze io




s AP L) g
I‘Ng N ﬂg Rsal) +.’0;E

%-Tqu.m +(aﬁ-mmm3 44,100 +0

= 401000 cu frifay
ﬂﬁmoﬁﬁmhﬁsmxmﬁﬁdmmﬁ
tiows. by Eq. (87) 9‘._?‘
dv

dV _dW. _ oy 000 = k(275 — 2090}
]

e = 2170 cu fuidayipsi
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Fig. 8.5. Plot of pressure and pressure drop versus time.

Hoesl™ wedified T
Te Qt:\\ ﬂ/\ub W= cfj_-grﬂ - K

log ar
.ﬂ_c'( f"p) -
" cGop) g K (P=R)

where ¢' is the water influx constant in barrels per day per pounds per square
inch, (p;— p) is the boundary pressure deop in pounds per square inch, and
a is a time conversion constant that depends on the units of the time r.
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Fig. 2.5 Plot of prosurc and pressure drop verus time.

= Fig. &6, Circalar i iersa &
w‘=r.££g._gg rescrvoir imide a circalar aquitier.
og &€ ,
o _cpmp) ' lor a radial system such as Fig. 8.6, where the
di log ar &mm& m“""‘cmﬂdmw

1
3?"7‘:5 ama':! 735)

3. UNSTEADY-STATE MODELS

ax water influxing the reservoir from its Ounks with acgligible flow in the
| vemicat direction. In contrast, 3 botlom-water drive has sigaificam veriicd)
fBaw.

3.1. The van Everdingen and Hurst Edge-Water Drive
Mogal

Sh rgiNa constant and 10 the outer
Coasider a circalar reservoir of radius ry. a5 shown iz Fig. £.6, in a horizont)- 1al oil-water “1‘-:‘ ,_ﬁ‘“-’mfu‘-

cinculac aquifer of cadius r,, which it uniform ir thickness, permeability. 34
pomsity, and o rock and water compressibilities. The radial dilfusivity eq™
tion, Eq. (7.35]. expresses the relationship b 7 radius, and 19

3. UNSTEADY-STATE MODELS 3. UNSTEADY-STATE MODELS

In nearly sll applications, the steady-state models discussed in the previous
section are not adequate in describing the water influx. The transient nature
of the aquifers suggests that a time-depeadent term be included in the cal-
lations for W, In the next two sections, unsteady-state models for both edge-
water and bottom-water drives arc preseated. An edge-water drive is defined
as water influxing the reservoir from its fanks with negligibhe flow in the A
vertical direction. In coatrast, a bottom-water drive has significams vertical
flaw.

3.1. The van Everdingen and Hurst Edge-Water Drive
Model

Mauﬁ.wdnﬁn.uhnﬁ;“ ulhuum::'
hility.

P 5. i« inside 3 circular aquiter.  3+1- The van Everdingen and Hurst Edge-Water Drive

for a radial system such as Fig. 8.6, where the driving potential of the system
i the water expandibility and the rock compressibility:

1 _Suc, A
2*?% 010002637k ar (7.33)

Thmnaﬂvdm&spu?hrwhﬂnm&nedwn&em

terminal rate case. The rate case

rate at the inner boundary, thdmlhewclhmehmemhmnsofﬁm

ter 7. This was appropriate for the applications o p =constant =p, - Ap At r =ry @.5)

desirous 0 know the pressure behavior at various

because 2 constant flow of fleid came into the well -bmr,nam:ndnsqulwmemmdtkm(u the
In this chapter, the diffusivity equation is app’ 1 ). The p p must be & ined at this original

ummvudeﬁmduﬁc-mm oil-water contact. Van Everdingen and Hurst” solved the diffusivity equation

aquifer. With the interface as the inner boundary, it for this condition. lhlchwrcfelttdlns!he constant terminal pressure case,

10 remain ~a mirial and nter houndan conditions
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