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Conversions and Constants Reservoir Fluids
1kPa=0.1450 psi |1in =254 cm |1acre = 43,560 ft?| 1 m®= 6.2898 bbl| R = 459.67 + °F |1 cp = 1.0 mPa-s 1 . L B.(1—R, R+ B,(Ry — R,
1 MPa = 10 bar 3048 m |1m?=10.764ft2 |1bbl= 56146 ft3| K =273.15 + °C Reservoir Conditions . Swrface Big= %‘;(“”)

1 atm = 14.696 psi| 1 mile = 5,280 ft 1bbl = 42 US gal | °F = 1.8 °C + 32 Isothermal
1atm = 1.013 bar 13 = 7.4805 gal 11b,, = 453592 g P>BP  P<BP m + -

1 Newton = 1x 10° dynes 1 Darcy = 9.8692 x 10 cm? Standard Temperature = 60°F
1dyne = 2.248 x 10 Ibg 1 Darcy = 1.0623 x 1011 ft? Standard Pressure = 14.696 psia
1g/cm? = 62428 Ib,, /ft? Euler (y) = 05772 =In(1.781) | Water densityatSC = 62.37 by, /ft3
1mD/cp = 6.33 x 103 ft?/psi-day | Gravitational Constant = 9.806 m/s2 | Molar Mass of Air = 28.966 g/mol
1000 kg/m? = 0.4335 psi/ft | Naturallogarithm base = 2.71828 | Vi¢ = 379.3 scf/Ibmol @ 14.696 psia
1 kg/1 = 8.347 b, /gal Gas Constant = 8.314 Pa- m®/mol K | Univ. Gas = 10.732 psia - ft/lbmol - R Component Concentrations ToAR
Reservoir Pressure and Temperature Legend |.J_;| .

Reservoir Engineering — Primary Recovery

Capillary Pressure creates
transition zone between phases  By(1— RyR) + By(Ryi —

_ 1.1 - Free Gas

Mass Balance leads to Pressure P = Pgyrface + apz 1.2 - Volatilized 0il [= ]
Continuity Equation _ Normal 2.1 - Solution Gas i + m STB
a( » N /Prezsure z=depth ap=psg sg S, Sop 2.2~ Free Oil

p ; Gradient == i[=]—= |1 - Gaseous Phase (Gas + Volatilized Oil)
~7(pu) = \ - Gas psi B, B, 2= Oleic Phase (0il + SolutionGas) | Bol=1"%/s75 | RI=1* fsrp | By[=] TCf/sCf | Rol=15T5 oo
Kick 0.433 — iffreshHp0
\ ap = ft ) Compressibility Factor Pressure Dependent Fluid Properties Specific Gravity
SL
_LoGru) _0Gpd) _9(puo) _ 0(p¢) 04652 ifbrine PV = zNRT :
r or at x ft Yo = (&)
o=

5 k Pw/sc
Introduce Darcy’s Law ~ u, = —;VP = T = Tsurface + arz

ayisusually 0.01 —.02°F/ft

0.03
Relate By to z-factor

M,
AT A 021, _J*|ve = (p—g> =
sf Pair) ¢ Mair

Pl=lpsia T[=]R *| o API Gravity

B, =——
Introduce Formation Volume Factor B = =€ 9 Ts¢

Increasing

Compressibility Factor, z

Introduce Compressibility ¢, = ¢f + Criuia V, = Ah¢ 001 1
. + lo.01 1. L h s

V, = reservoirporevolume | S, = average oil saturation 400 800 1200 1600 400 800 1200 1600 | gpje = w5 1315
14

i) a1 T M = Pressure (psi Pressure (psi
= ¢<BP> Crluid = Bﬁ(ﬁ) sopach Map Pressure (psi) ure (psi)

Black Oil Phase Diagram Undersaturated Reservoir Key Properties

k 9 Fluid Type il Neoi] G, | N, | R
Introduce Diffusivity Constant a=——- EBubble Typ foi D D v

C
- e , = n (Aot Az PointLine™, |Dry Gas 0 1 >0 1 010

1D Diffusivity Equation 2 Dew Wet Gas 0 >0 >0 | Ryj
P ad/ op o otp 5 “4Foint Line Condensate 0 >0 | >0 | >0
=75 (r 5) 5 =33 VS, L3 Volatile Oil >0 >0 >0

o Lo B b BlackOil >0 | >0 | >0

— = a(V?P) Each contour line represents a line of Undersaturated 0il >0 >0
ot constant thickness in the reservoir Dead Oil

Well Testing
Drawdown Test Analysis Buildup Test Analysis
Semi-log Plot (k & s) Semi-log Plot (k & s)
0

By — ByR, -
') oy s
. GroiFy + NpoiFo + WEy + Vs + W, =(Gp—Gy) W, + (Wp = W)B,
ke = 1626 Locek Y == o o 1—RyRg —RyRy ) ————2
= [psi/log cycle] Free-gas Freeoil  Free-water  Rock Water Net water withdrawal

4 *'7’ - expansion expansion  expansion  expansion  influx Net gas withdrawal Net oil withdrawal

~o_my =[psi/log cycle]  _ P,
Y —s|ich 323

< s=1 og +3. Grg; = Original free gas[=]scf I Npo; = Original free oil[=]STB I W,[=]RB I Gp = Cumulative Gas Produced[=]scf I = Gas Injected[=]scf
B¢> Aquifer Models

5 Ww = LSt Eyy = ByiCydP E= % p ~cp=—(7p i
= PSS Flow. . ce[=lpsi™" | P[=]psi | rw[=1ft ‘/ " B w = BwiCw = ot = g NCP7¢ op). AP Aq 1tfarta ats, 197
1 100, 1000 10000 1000 100 1 st;r;zsdlix;ie“x;m:eous response
tlme (hours) Horner time (t,, + At)/At Can combine free-water expansion and rock expansion into composite expansivity wo=w
e = W'(cs + cy)AP
i q W )
Linear Plot (A& C4) | 8P || _consistentunits e = 162.6[LecBelt Eows = Eo + BoicrAP Egwy = By + Byicr AP Eows ~ Eo Fetkovitch (1
|cchgmys \ My - Assumes SSSrelationship
_ 162.6B|qsc|n log ty + At E, = Byo — Broi Eg = Btg — Btgi Egwsr = Eg - Notapplicable for transientresponse
K At ¢ + CwSui ave _
Cr=—FT"7—""
T 15,

ko
~ Imr| HoCeTivp

vesonage | 70y Ld=jmd]acc[=15TB/day (=] e[ ul=lep

== Transient Flow|

Pressure
Pressure

Imr|
A, r2[=]fc? | ++mT from semi-log plot || = _ 151[ ws1 ~ Pur “log—e_ 43 23]
Ml 8 ot Tw¢
— - - By — BoR By — ByRs - Constant terminal-pressure solution
Cy =31.62 __1.4 . Cy =538 I 9 oty 0 ons p
- (O 4 =17t | =1k [P[=lpsi]asc[=15TB/day|| GraiEqws + NroiFows +We = F = (G = Gp) (71 RR, ) +Np (71 ) ) + (Wp = WD)By ||-Time based (superposition principle)
time (hours) ECA =3088 | 12[+ ¢, =226 — ul=lep |k[=lmd| cil=lpsi-t - for transientand SSS flow

Stages of Flow
1. Infinite Acting/Transient Flow imati Original Free Oil Estimation I r-Tra 19 ]
5 - Constant terminal-rate solution

qu . (_ ¢[,4c-rr2> - Incorporatestransientand SSS flow

| oge, =1 PP Pys =
ogCy = ogm-%— 0.87s + ws )
- w *if cy and cf are neglected

Pressure

Egur(=1RB/g | Equr[=] RB/STB| F = Reservoir Voidage[=]RB | N, = Cumulative Oil Produced[=]STB w, = BZ APQy(tp)

o

Py =P+ s - Preferred model for simulators

Drive Indi

Pressure

Dnt |Ei(—x) ~ In(e?x) . . [slope = Ny
n(n) Valid if x < 0.01 4

Ei(—=x) =In(x) +y —

GrgiE,
% =lgg Gascapdrive

n=1

162.6q5.B k
Pyp(t) ~ P — k‘}ilsc dat [log(t) +log <—#¢C r2> - 3.23]
Field Units ew = ,c. Zero WE,, VpiEr -1 Formation
2. Transitional /Late Transient Flow 2% intercept F + F_ fwd  drive

- When pressure disturbance first approaches boundary Eowf
F

a=J(P-"Py) - Short time period and difficultto model mathematically | P NE ( )
= NeoiEows (Grgi =0
L Drive Indices must add up to 1.0

= (B, — py;. Je~ At - Stabilized Flow
q=J(B, - Pym)eA(=t%) 3
Pseudo/Semi SS s S [.SS—I.] i i Recovery |Plot app].icab]e for undersaturated reservoirs.with “Differentdeﬁnit‘i(.)r{ can be user_j to
N Actual ~ factor Volatile, Black, Undersaturated, or Dead Oils account for an artificial water drive
Closed drainage | 1 Performance Open drainage — < =
boundary I boundary Decline Curve Analysis

Time f=0

D; (¢ t
_ Is e = =] ._144_ oo @0 2 gr=_ (20 =f de
Np = qptp + E(Pp_Plim) [1_9 (¢ t”)] p ] . ODE: Di (fli) i0=4:0=0; q{’ t=0 i =0q()

ol
3

NgoiE,
% = I;q Solution gas drive

<= Lywa Natural water drive

nfinite acting Nlow

Qosc =

N
P 1oBy (ln i (Arps,1940)| b-factor Rate (q) Cumulative Recovery (N,) [Decline Rate (D),

_@i-a
=5

**For gas flow, replace pressure with pseudopressure: jPj T 277 4 Exponentiall b =0 q = qie” D =D;

P 2p .
m(P) = f —aP L L —— 9 % - q
v, cV, Prop HZ 1 4A Hyperbolic [0 <b < 1| q = N, = (q-1 b _ ql_b) D= D‘(f
ty =g, (Pt~ Pum) =2 v w5 [ (i) + (b0t 7 Db o
v

2 2
qu rn (A=-H|(n T2 i " . @ - -
P —P,= {1 a_ Z Y ] is constant after transient flow period Harmonic | b =1 q= i N, = %ln (ﬁ

Time 2mkh 2 Te Formation Skin (1+Dit)
AscBu

_p _GschB (1 44 2mkt (+)Skin q L} APy = s
PSS: Pur (D) = P =500 {2 " 17816,m2) T gnera TS 2mkh

/

\ 0f=b=05]=b=1

. ==Economic Limit
(=)Skin q 1 APy = 0.869|m|s ~
4. Depletion Flow m = transient slope

- Py limit reached; well’s BHP held constant
- Well’s flow rate begins to decline Astim - Jstim - ln(re/rw) + Sorig
- ial decli be derived (equations shown to the left) Qorig  Jorig  n(e/T) + Sstim

Economic Limit EL
[=b=0[=b=05]=b=1] ! [=b=0]=b=05]=b=1]

0 Cumulative Recovery (N,) Time

Production Rate (q)
Production Rate (q)

- Hyperbolic b-factor is empirical (refer to Decline Curve Analysis) Skin is unitless and specific to each well

Created by James Riddle with guidance from Dr. Matthew T. Balhoff and contributions from Jenny and Matt Mlynski ntact balhoff@mail.utexas.edu with comments/suggestions
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Relative Permeabili Darcy’s Law for Multiple Phases Mass Balance for Multiphase Fractional Flow Derivation

= . if constant ¢, p; Up + U, 0P, 9P, 0P,
kl - kle P 1D flow of oil and water —— = 1 Introduce capillary pressure —— = —> — —

(‘/‘S] au] u ax Ox Ox
Water Wet Rock =0 . , N . -
ek (0P ot ox Combine Darcy’s Law, definition of fractional flow, and capillary pressure
K < kS, oy = — g ( + )
DU pjgsina i af; kkyo (9P, kkyrodpg
- \a J 2 Kkyo (0Fc . N, = —refg
Sw > 0.5 when k., curve Hi * + dx =0 o= 1+ U, \ 0x Apgsina it 1—Ngsina i 1 9 up,
intersects k,, curve i i - Kyolw P.=0 km/,tw a=0 Kyro/lo
;= u—ZuJ 1 T+pee L T Tl

Ky -
==L k(VP; + pjgVh)
#

1+k

a = rsvr dip angle

*0il-Wet Rock is inverse rwhHo rwho

3-Phase Permeability Fractional Flow — 1D Water Flood
Water Wet Rock Mobility Ratio S 5o xq = tafy(Sw) " 5

krw isafunction of S, _ }ﬂ _ kyrw/ bw ok 5fw as .,
kro(SorSw) krg(Sg) Ao kro/lo = = /;hm:k Front
0il Wet Rock Corey Equations . = T behind shock Sl
K (Sur So) Sw WP“
S S0 K = k@yS™ ko = k(1= S)™ oz s
X wf o
kro(So) krg(Sq) Dimensionless Distance (xg) Xaf Dimensionless Distance (xy) | Water Saturation (5,)
Mixed-Wet Rock S=1"¢5 _s_ Effect of Wettability Effect of Gravi _ Before Breakthrough

Increasin, I i ~ =
ro(Sor Su) _ creasing AT curve nereasing P T
Ferw(Sw, So) Fractional Flow

Relative Permeability

0

= Sor

Arj = relative mobility

v~ 3s,  0Sas, S

24p average S,

Draw BT
tangentline
from
mmalS

Water Saturation (S,,)
Fractional Flow (f;,)

Relative Permeability

Is
YL (fuy
fiblsy

At Breakthrough

usually 1)

T . shiftsright,
wettabilit breakthrough
occurs later
and produce
oil quicker

: L‘DS /‘ Sllr,g 05 1»ISg, .\ 10
weon Liquid 1-Sgeon 1-N(1—S)™sina i 1

Sicon_Saturation krg(Sy) = (l —5ym =5y

10 W5t T

Fractional Flow (f,,)
Fractional Flow (f;,)

=0
Capillary Pressure 1+

20cosf WW Rock

[l
|
|
- |
c | Ng":
|
|
|

tapr =

fusls
Effect of M, on 0Oil Recovery St

kkPodpg 4y kfw/ tw
—_ o~ k”/ D N
up, o/ Ho ecreasing

Important Definitions

t Pore Volumes
oL EIPVE ected

Npapr = taprfoi  for =1 fuls,,

= Breakthrough —_,

I . After Breakthrough

Pe(Sw) = Paw — Py

nw = non-wetting phase

Fe(z) = Aprgz

drainage

Npg = Sw = Swi

x
Xq =~
L wj = fwls,,

imbibition K & _ p ly 1
Decreasing M, 7 (fij usually 1)

Fractional Flow (f,)
Cumulative Oil (Npq)

B, Jwls, VoNpg
P, |k WOR =2 |22 | N =
ISw) = ’ Bu|t=fuls,,] 77

Capillary Pressure, Pc
o

ns 06 08 1 12 T - .
Pore Volumes Injected (£;) S, = avg.S,, insweptarea

P JKals Well Patterns Buckley-Leverett Extension to 2-D

P o5 1| Rules of Thumb Definitions W, < Wyar Wisr < W, < Wizoo Wi > Wysg0 (Es= 1
P \Jki/1 Water Saturation (Sw) ) - w 1 — . = —t
- For viscous oil (NI/NP) < 1 LW 0317 0.30223 0 = 0 gl + age=[Eilay) — Eila)])
o o o Qi = VB~ Toles  |Easr= 0546+ == +—5——.005097Ms| Qi = Qipr ae i(a, i(ay
Permeability Variations Darcy’s Law Var - For low viscosity oil or pEa  fwls,, Ms eMs _ — g+ (W W)
condensate (NI/NP) > 1 = effective £y —_— (V £ )(§ s ) - a; =3.65E,pr Gz = ay + In(W;/Wpr
E= Y L; Horizontal = = - For similar fluid viscosities LBT PEABTJOwS ™ Swi P.BT

Z T, Variation /NPy =1 (Ayw + Aro)ls, Wisr -
ki
ki

(1’5.451')
Wii00 = Wipre\ 274

* « Wi— W,
[Ea = Easr +0274In(We/Wipr)| |07 = Qiaoo +—— %

Forcheimer . 5= s + Aro) Qipr = VE = Swr = Swi Np = Sz = SwdEaV; Sws = Swz + Q (1 = fi)
(valid at high flow rates, Re>1) Arw ¥ Aro lSWl P74 i e STy Sz T S T " WOR )

) fwlsw, = <—
op iy ' Swe=Sus=Sw Sur=Su| ONeu 1 [0274Wipr(Sus = Sui)] (i) (1= 7o) v \WOR+1

i Vertical —_— = u WOR = _
S h; Variation ox pou? I (1= fuls,) (1= aNP“/am) + (aN”“/am) Np = (Swz = SwidVp

B material constant; depends on pore structure

k=

(NI/NP) =1 Swz = Sus = Sup = Sulgm| Wi Wil Erpr(Swr — Swi)

/) Redi Klinkenberg Eff Reservoir Simulation -
k= Shntr NG Variation | (valid for gas flow at low pressure) Analytical (Continuous) Solution Numerical (Discrete) Solution Heterogeneities
Z k; b) k;, = liquid perm P D,S,, B]l

— P n = time step
) P) k, = gasperm P P(X, t) R—gnd block Ak,
yi/mn Geometric 9 .
M >

ean ki [=]ke b factor important when k < 10md > i r Variables
r— 5 . y ‘ kA _ variab]
Miscible Displacement HEEP ISR x -k (Sirt) wl H% UByAx | chaneetrom

block to block
Mechanisms of Mixing Convection - Dispersion Finite Differences Approximation Upwinding Harmonic Mean
1. Molecular Diffusion D,,, ac, 0Cp 1 9%Cy
Dy D T + % No %2 =0 Taylor Series: f(x + 4x) = f(x) + f'(x)4x + — f” ()Ax? +— f”’(x)Ax +.. K (Swis1)
D=1 = d a  Npe 0xg (ﬁ) _ JuPi)BPiy) 2kiAikiv1Airg

T Fp My o Sl
7 = tortuosity HBJ 1 ke (Sw,i) i kiAiDXisq + kip1 A1 A%

%=h@+
k= (kikiyy.. kn

by, > d;

Xqg —tg ) Type Deriv. FD Approximation Error o, > b
i i+1

2
2\/tq/N. P _ u(P)B(P)
Dispersion /e Forward | — w 0(4t)

at . .
Diffusion _ controls =— exabre ( Xa+ tg ) 204 term at Radial Solution

K, cuntro]s +— o
S ap Pt —
K = dispersion| 2 2,/ta/Np,) megligible Backward | — P - P-4 o(ar) p, = p,— JwtBu ) (A% = —J¥(Pi—Pyy) Tea
ot At 27T ok v
erfc(n) =1—erf(n)

coefficient
Ax
P P(t+46) — P(t — At %
2. Convective Mixing (Dispersion) ) Co=Cplx Centered Fr %(t) 0(4t?)
e = =
Longitudinal K, = D, + a,vFL “ ¢ 2 _n 02ax ¥ 2mh[kyky
2 _ _ Toq =Axe2=024x JI'=
Transverse Kr = D + apvFT o Centered PP | PG+ Ax) = 2PG) + P(x = 40) 0(4x?) uBW{ln(req/rW) +s}
Pulse/Slug Injection (from time 0 to t;) dx? Ax?

a = dispersivity K >> Kr P,

1
Cp(xgty) = 3 erfc(

Ax

Cp =05 whentg =1

wi

_ e - 1 x—v(t—tg) —vt| A
= effé difft =12 == A . e B — = o s
D, = effective diffusivity  fr Cp= 2[erf ( A (t—ts)) erf ( Explicit B"*" = B" + 4cB- (Q _r p") Boundary Condition . [(k Jh) 2% 4 (ke ) 20y ] r, 'req

3.Small Scale Permeability Variations

Implicit: P Po+ Py .. . .
At 101 == > 1Py = 2P — Py IMPES (Implicit Pressure and Explicit Saturation)

= Npe = 1000 == = Crank-Nicholson (8 = 0.5 Neumann (9P/dx = 0) Pressure (solve implicitly) Saturation (solve explicitly)

- _ 0.2 7
Effect of Peclet Number R (1‘ 1 B)‘l < 1 Dirichlet (P(0,£) = Py) (k;v/kx) /s (ke/ky) ™
= + —

iy
6 ¢p=09

ta=05 ~ S e Vi Bt o, o, (r+14q)pi=2pnig | ST = S + A7 [—T, P + Q] — Gy (P —P7)
Xalcp=01 = Xdlcp=09 = 4%a At At Ax . +1

Ax, = width of mixing zone Stability

. Explicit Method CFL Condition
o Axa=3625 2 alt **Necessary for
Nre

=Gz < 05 (D) 2x <1 stability of IMPES

Concentration Cp

T=T, +2
=Tutp?

T, S+ = Bo
o I=hetgile Q=R

02 03 04 03 06 07 03

_gn —
: X 0 Cowi = Sty +¢r) €t = CwSw + CoSo + CR
Dimensionless Distance x

Improved Oil Recovery

Stages of Recover; Primary Recovery 3D Cumulative Oil Recovery Effec; ;fT;a ledil Caplllary Desaturation Curve
| T T

T
)’-Prlmary—-l——Sacondary—*{-—Teﬂmry—-‘ l T | N, = E,EnE (S.: — S, Water-Wet Normal range (Lake, 2014)
Natural Flow Artificial Lift Hydraulic Fracturing pa = EaEpEi(Soi o) : : |, waterfloods | Wetting

Qil

w
=]

; E, = Areal Sweep Efficiency E;, = Displacement Efficiency | £

Secondary Recovery
1

E; = Vertical Sweep Efficiency

I 1
Waterflooding Pressure Maintenance

N Area contacted by fluid Amount of oil displaced
Tertiary Recovery (EOR) Ea= Ep =
|

Total area Total moveable oil

=
5

Wetting Saturation, %
w
2

)
. . Nnnwamng' Wetting //;
Cross—sectional area contacted by fluid Cnhtal[Na.)ﬂ Critical (Nyo)

Total cross—sectional area i i 0 ' L 'y 1
1077 107% 1077 10" 1072 1072
Capillary Number, N,

T T 1
Thermal Gas Injection  Chemical Other E =
- Steam - Carbon Dioxide - Alkali - Microbial
-HotWater - Hydrocarbon - Surfactant - Acoustic Soi — ~§o
- Combustion - Nitrogen Flue - Polymer Ejisa f(Ms,ty, pattern) Ep=r—"—r up . X
**0il Saturation constant during Primary Recovery 10R: Improved Oil Recovery Adapted from SPE-SPE-8490B, 87864, 4 (M5, ta.p 1= Swr —Sor Nye = s [=]) (viscous forces/capillary forces)

Created by James Riddle with guidance from Dr. Matthew T. Balhoff and contributions from Jenny Ryu and Matt Mlynski Contact balhoff@mail.utexas.edu with comments/suggestions



