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Conversions and Constants Sedimentary Rock Properties Clay Mineralogy

1kPa=0.1450 psi|1in=254cm |1acre= 43560 ft?|1 m3=6.2898 bbl| R = 459.67 + °F |11b,, = 453.59 g
1 MPa = 10 bar 1ft=0.3048m |1 m2=10.764 ft> |1 bbl =5.6146 ft3 |K=273.15 + °C Class Formation Name | Mineralogy | p (g/cc) —

. . o o 1cp=1mPa-s Kaolinit 1:1

1 atm = 14.696 psi|1 mile = 5,280 ft 1bbl=42USgal |°F=18°C+32 Clastic |Rock fragments compacted| Sandstone] _ Quartz 2.65 Smectite 21

1 atm = 1.013 bar |1 mile = 1,609 m 1 ft? = 7.4805 gal aSHC 1 and cemented together | Shale |Clay minerals| 2.2-2.7 Tite 71

1 bar = 1x 10° dynes/cm? 1 Darcy = 9.8692 x107° cm? | Gas Constant = 10.732 psia - ft3/Ibmol - R Carbonate Dissolution and Limestone|  Calcite 2.71 Chlorite 22

1 Newton = 1x 105 dynes |1 mD/cp = 6.33 x 1073ft2/psi—day| ~ Water density at SC = 62.37 Iby,/ft? precipitation of calcite | Dolomite | Dolomite 2.87 2:1 structure lacks hydrogen bonding

1 dyne = 2.248 x 1076 Ib¢ 1 1b,,/gal = 0.052 psi/ft Molar Mass of Air = 28.966 g/mol Gypsum | Gypsum 2.32 m
V,If = 379.3 scf/Ibmol @ 14.696 psia Evaporite| Evaporation of water | Anhydrite| Anhydrite 2.98 /

Clay Group| Structure | Swelling

— 60° = 14. i i [ Aumina |
Standard Temperature = 60°F| Standard Pressure = 14.696 psia Salt 187203 Al

Single Phase Flow Coal 0.64.093 T Water can enter

) ion of organic
Continuity Equation Darcy’s Law Organic etria Peat -
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Mass balance leads to Continuity Equation q Diatomite 0.224 rong hydrogen /

Alumina

k Fluid flows from higher potential bonds between layers
= =— =——V} igher potential
(Mass of) _ ( Mass of) _ ( Fluid ) P=Ptpgh | u A v u to lower potential (not pressure) P .
Orosl
@ = flowpotential g = flowrate[=] L?/t

fluid in fluidout/ ~ \accumulation
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u = fluid velocity[=]L/t  p = viscosity ratio of pore volume to bulk volume Cubic Packing ' Hexagonal Close Pack

e = permeability[=]1? by _é ¥ = solid V, = (2r)* = 8% Ve = 6(Vipnere) = 873
_ . . i A volume _
A = cross sectional area perpendicular to flow _\‘ v, = (4/3)mr3

[N Effective Porosity

A porous medium has a permeability of interconnected porosity =1 4/3)nr3
19(pru F) 1 Darcy ifa pressure gradient of 1 atm/cm residual ¢ = ¢ = Py — - 8r3

_10Grun) 0 || velority of 1 mysec for a1 cp fluid. @, > d; ¢=dr=dr=95

r or at Water flows towards oil zone ¢r = total orabsolute ¢ = effective ¢ =0.476

1-Dimensional Flow Effect of Compaction ) Lab Measurement of Porosit;
Porosity Values (%) Isothermal Gas Expansion Method

Incompressible Fluid = Flowin: Slightly Compressible Fluid Effective stress P, = pore pressure Sandsand o Boyle's Low
Horizontal flow at steady state 0, = overburden stress — typically on the order of 1 psi/ft || _Sandstones PVy = PV,

. 19V 1adp a = poroelastic constant — usually assume it's 1 Limestonesand| o _ o
A P M prainage | Compressibility ¢ = VP~ por |]ncreasin the effective stress, decreases orosiry| Dolomites
. Boupdary p g : £ Wide Grain Size

I L p = poexp(cAP) = py + pocP Compressibility Distribution

1 oV Similar Grain

kdP Rewrite Darcy's Law pore volume ¢, = —3-=— P ~2x107° — 50x10~psi~! Sizes

= p Cff

ndx __kApdP _ kA(dp
Dy =P, pa= uodx pc\dx
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Top View gmrd
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Horizontal Flow Non-Horizontal Flow Radial Flow
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Random Close
1 9% ||packof spheres| 3¢ ~ 40 Most common method for measuring ;
inuity Equati u
Continuity Equation 0% _

V00, PV = V) = Py(V =V, + 4V)
reducesto o 1= P+ pg(Lsing) =- A =2mrh s e peeama The Bundle of Tubes Model
s
kA AP koo kAl kadp  2kh(h, - Ry

g=—-2 . g=-2 @ = kAP —Py) Hagen-Poiseuille Porosity and Permeabili Blake-Kozeny Equation
AL Wox I | KAl mew =TT L Flow in a single tube sa 2wl 2
Bundle of Tubes: — = —— =—
v o omril r

bulk ¢, = —(1/V,,)(avb/aae,,)i matrix ¢, =

PoreVolume _ n(mr?l)

Deviations from Darcy’s Law _mrtap Total Volume AL

qi = . . .
8ul AL Packed bed of sph 1 particle
High Flow Rates Non-Newtonian Fluid Klinkenberg Effect " _¢ ackedbedo’ spherical particies

; as flow at low pressure =nr? wrl A Ts 6(1-¢
viscosity not constant T # py 8 P A=mr =1 =—(—=
L= |k ! b mrtaP\ (AL _ kAAP ¢ [

3 Power Law Fluid ky =k, (1 n p_> 24P qr = kil Pl
m

— 8ul nr2l uL
n— - u=
Forcheimer Equation apparentviscosity  Happ = a7 ! slope = kb Bl
7 = shearrate  a = consistencyindex | kg =gask k. =liquidk k For ‘’ parallel tubes, - ¢T2’ (5)2 T k= ¢r’ ¢ [dp( > z r : ( ’ )
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Equate the two models above

dP  u
——==C 2 . . ~8r
dx K u+ ppu n = flow behavior index — typically 0.4 — 0.7 b factor important the total flow rate 8 \l 8t 8t 3
henk < 10md 4
B = inertial flow coefficient e o ar = ("T AP),, 25 d2p®

8ul Empirical Approximation T = =T =)

P depends on pore structure Py, = mean flowing pressure

Interfacial Tension

Parallel Layers Layers in Series Force Balance Contact Angle
Radial Flow Linear Flow

Tos = Oys + 00y COsO:[=] Force/Length cosf, = Tos ~ Ows
Tow oil T o
K, ks oil 6. = contactangle 0il

Oil-Wet Surface Intermediate-Wet | Water-Wet Surface
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T, oj; = interfacial tension between phasesiand j Ops < Ows Ops = Oys Oos > Oys
Wellbore
Average Permeability

If horizontal and vertical variations, can use Lapl E : Capillary Ri: Qapillaru Pressure Curves for Rocks

Radial flow and linear flow produce -
k Geometric Average k = (kikiyq...kn)¥/™

same k when have parallel layers

+—
Ry Ry
Darcy’s Law Relative Permeability Curves R = radius of curvature

kk,; (dP; Lo : Capillary
_ ”rj (d_x] Spherical Interface . Tube
J
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Ry =R, =——

1 1 27 cosf -

06 i Liquid

p= 0_( 1 1 ) P.=20/R M s 20cosf P.(Sw) = Pyw — PRy,  nw =non-wetting phase
¢ T = Rcos@ 9 r 10

non-wetting phase
displacing wetting phase

u; =

) j = phase

drainage

k;
k

kyj = -~ = relative permeability

imbibition

T

Wettability

the strongest influence on k,;

wetting phase displacing

Capillary Pressure, Pc

P, = (20c0860) /1 = (4pfiuia) gh
(acos) | non-wettingphase
ke = (Ucose):ez [ h = (20c0s8)/ (TgApfluid) !
a
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i ater ~Soi iqui - Influence of Pore Size Distribution 5
o weon 1-Spirrw weon Liquid 1-Sgcon Water Saturation (Sw)

Saturation Sicon  Saturation

Relative Permeability

Water-Wet Oil-Wet

Frequency

P, curves are closely related to pore size distribution Depth vs Water Saturation Curve

Pe(Sw) = (pw — po) gh

Oil-water contact is depth at
which S,,, first deviates from 1

rmalizin illary Pr I rve

Pore radi ) ) )
ore radius Water-Wet Rock: S,, > 0.5 when curves intersect and kf, < kg, (inverse for Oil-Wet)

Non-wetting phase i
larger pores so it flows easier Influen n Relative Permeabili

Effect of Pore Structure B l)Effect of Interfacial Tension
-Ph: Permeabilif High Perm 1o _Low Perm .
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W: wetting phase
IW: intermediate

NW: non-wetting | g, . . \ Pore radius Water Saturation JSw) = Fe |k P _ka/$a

Frequency

e
Wi INW ! X . g Uniform pore size distribution creates sharp capillary pressure curve aJe Pez A% ki/$1
Py di . o
ore racues Elastic Properties of Rocks
0 02 04, 06 08 : 6 04 02 04, 06 08 Basic Definitions Linear Elasticity Subsurface Stresses
w

Kriw (Sws Snw)  Krnw (Snw) Sw Hooke’s Law o E 0y, Ohmax » Opmin are the principal stresses
Low k has negative effect - NW phase less sensitive to grain size Decreasing g, reduces Sy, & Sy Bulk modul K=
N ) — AL 3(1—2v) | o, =verticalstress g, = ppgh  p, = bulkdensity
Effect of Hysteresis Lab Measurement of Relative Permeabili == Neal
; "
Wetting phase stays connected Steady State (more reliable) and Unsteady State (more common) methods L &= (1 + “) o _K(Ux R Uz) :egcte.fn'i'c‘g 6. =00 =gy = ( v )ﬂ +p (1 __v )
during PD and IM cycles E = Young's Modulus[=]psi E E 7 stresses | L M-y TP 1-v
Steady State flows two i=xy orz -
=== krw,pp = Kyw,im == fluids simultaneously ~ o v = Poisson’s Ratio i oy = horizontal stress  F, = pore pressure

pumps ——{  core Separator . ‘
NW phase becomes disconnected Unsteady State displaces a .__' transversal expansion Shear modulus G = E Tectonic stresses create differences between oymin & Oymax
L s pww—— = - - —
=mm b > Ky, == fluid by injecting another axial compression 2(1+v) [Fracture orientation controlled by direction of Gy min|

Created by James Riddle with guidance from Dr. Matthew T. Balhoff tact balhoff@mail.utexas.edu with comments/suggestions

ky is only a function of S,




