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* Definition (ABW, Ref: API 27)

* ... permeability is a property of the porous medium and
is @ measure of the capacity of the medium to transmit
fluids

* ... a measure of the fluid conductivity of the particular
material

* Permeability is an INTENSIVE property of a porous
medium (e.g. reservoir rock)
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Sources for Permeability Determination

* Core analysis

* Well test analysis (flow testing)
* RFT (repeat formation tester) provides small well tests
* Production data
* production logging measures fluid flow into well
*Log data
* MRI (magnetic resonance imaging) logs calibrated via
core analysis

The quality of the reservoir, as it relates to
permeability can be classified as follows
k<1 md poor

1 <k<10md fair This scale changes with time, for
10<k<50md moderate example 30 years ago k< 50 was
50 < k <250 md good considered poor.

Ghasemzadeh 5

250 md < k very good "

Examples, Typical Permeability-
Porosity Relationship
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From Tiab and Donaldson, 1996
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Darcy’s Apparatus for
Determining Permeability

* Darcy’s “K” was determined to
be a combination of

. k, permeability of the sand
pack (porous medium, e.g.
reservoir rock)

. L, viscosity of the liquid

k=X

)
qQ__kdo

vV =—= — —

A u| ds

@ : fluid potential with dimension of pressure

Dr. Hasan Ghasemzadeh

Darcy Units

* Permeability is a derived dimension based on Darcy’s

Equation
k=(apL)/(AAp)

m?2 in Sl units

* The unit of permeability is the Darcy [d]
* The oilfield unit is millidarcy [md]

* The Darcy is defined from Darcy’s Equation, where:
q [cm3/s]
u [cp]
;[[Cc’:jz] s 1=9.86%107 e
Ap [atm]
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Flow Potential

* Flow potential includes both pressure and gravity terms,
simplifying Darcy’s Law , @ = p - pgZ

_q_ kfd®
sTAT T ulds

* The generalized form of Darcy’s Law includes pressure and
gravity terms to account for horizontal or non-horizontal
flow

Js k |dp dz
Vs = T 7 ulas TP

. z+i«; z is elevation measured from a datum

Dr. Hasan Ghasemzadeh 9
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Radial Flow, Incompressible Liquid

* 1-D Radial Flow System
e steady state flow
eincompressible fluid, q(r,,<s <r,) = constant
e horizontal flow (dZ/ds=0 .. ® =p)
*A(r,<s<r.) =2nrh where, h=constant
e Darcy flow (Darcy’s Law is valid)
ek = constant (non-reactive fluid)
esingle phase (S=1)
eisothermal (constant p)
eds =-dr

q -
*Qoy >0, ifp,>p, u In(r /r,)
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Radial, Parallel Flow

* Permeability varies across several
(3) horizontal layers (k,,k,,k;)
* Discrete changes in permeability
h=h,+h,+h;=> h,

* Same pressure drop for each layer

N

e P eSS
o

3

!
I}
)

P.-P, =Ap =Ap, = Ap, = Ap,

* Total flow rate is summation of flow rate for all layers

q=q,+q, tq; =

* Average permeability results in correct total flow rate

2nkh
p In(r./ry,)

Radial, Parallel Flow

* Substituting,
2nkh Ap
p In(r./r,)
2nk, h, Ap 2nk, h
pin(rr) o In(rr,)

2nk;h,
+ [ A A,
p In(r./r,)

* Rearranging,

— >k -h,
~  h

» Average permeability reflects flow capacity of all layers

Petroleum GeoMechanics
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. . ] R, of_ this
Radial, Serial Flow figures 1 of
Permeability varies across two verti
concentric cylindri yers o,
[k(r,<r<r,) =k, k(r,<r<r,=k,] 2
F

* Discrete changes in permeability
r,—1,=Ar, +Ar, = Z:Ari
* Same flow rate passes through each layer

q=49q, =4,

* Total pressure drop is summation of pressure dr¢

p.—P,=Ap, +Ap, =) Ap,

* Average permeability results in correct total pressure drop

_quln@,/r,)
pe pw 27[Ehm .

san Ghasemzadeh 17

Radial, Serial Flow

* Substituting (r,=r,, 1, ,I.=T3),

qu In(r/r,) _ qu In(ry/r,)  qp Inr/ry)
2nkh 21k, h 21k, h

P.-Pw=
* Rearranging,

In(r /r,)
Z (ln(rl:l/ri)

All Layers i

k=

Petroleum GeoMechanics
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Gas Flow vs. Liquid Flow

* Gas density is a function of pressure (for isothermal
reservoir conditions)

* Real Gas Law \V4 \V4
K{g_ _(»V.
ZnT reservoir ZnT standard conditions
* We cannot assume gas flow in the reservoir is incompressible
* Gas density determined from Real Gas Law M
p _ p yg air
£ zRT

* Darcy’s Law describes volumetric flow rate of gas flow at

reservoir conditions (in situ)
nzﬁc_k{@}
A n, Lds

Dr. Hasan Ghasemzadeh 19

Gas Formation Volume Factor

*Given a volumetric gas flow rate at reservoir
conditions, q,, we need to determine the mass flow
rate, g

* B, has oilfield units of [rcf/scf]

* scf'is a specified mass of gas (i.e. number of moles)
* reservoir cubic feet per standard cubic foot

* (fts)reservoir conditions / (fts)standard conditions
Vres _ (ZnRT/p)res _ pscTZ ./ _1
® V., (RTp), pT, *
qg = qg,scBg

Petroleum GeoMechanics
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Linear Gas Flow

*1-D Linear Flow System

* Steady state flow (mass flow rate, q, ., is constant)

* Gas density is described by real gas law,
P=(PYM,ir)/(zRT)

* Horizontal flow path (dZ/ds=0 .. ®=p)

* A(0<s < L) = constant

* Darcy flow (Darcy’s Law is valid)

*k = constant (non-reactive fluid)

* single phase (S,=1)

«Isothermal (T = constant) —

Linear Gas Flow

* Darcy’s Law: v = e _ _L[d_p}
A w, [ ds
q,ds = —&dp

‘ By,
"di2>0 ifpi>p; g, ds=-kA (T—J P ldp
Tp. )| zn,
L P2
ngCJdS=—kA( L J I P dp
br. Hlsan Ghasemzaden T psc p Zug
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Integral of Pressure Dependent Terms

* Two commonly used approaches to the evaluating the integral of the

pressure dependent terms: -
* (2, )=Constant approach, also called “p? Method” |1 = J P dp
* valid when pressure < 2,500 psia P ZU,

* for Ideal Gas a subset of this approach is valid
¢ z=1;valid only for low pressures
M, depends on temperature only

* Pseudopressure approach

* the integral is evaluated a priori to provide the pseudopressure
function, m(p)
* specified gas gravity, v,
* specified reservoir temperature, T
« arbitrary base pressure, p,
« valid for any pressure range

Dr. Hasan Ghasemzadeh 23

(zp, )=Constant
* Assumption that (z, ) is a constant function of pressure is
valid for pressures < 2,500 psia, across the range of

interest, for reservoir temperature and gas gravity
gz for 100 °F
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(zp, )=Constant
* At other temperatures in the range of interest
yuzfor?.OO“F
10"E T
yngarauo"r
10“5 T
H H Tarnpara:!ura=200"F 1
10' 10? 10° 10 10°
Pressure, psla

Reservoir Temperature Gradient

H H
PETTY TR RTTTY |

Temperature =300°F ]
IETITH BRI R TITT

dT/dZ=0.01°Fit ., L “w ¢ 0 o

Pressure, psia

10°

(zu, )=Constant, Linear Flow

* If (zp, )=Constant

P2 P2 2 7] P2
=[P dp = ! pdp = ! P
2

5 ZH, (zp,) (zp,) o

P

* Gas Flow Rate (at standard conditions)

qg,sc=kA(T“] ! (p2-p2)

L \Tp. /) 22zn,

valid when pressure < 2,500 psia=17.5 MPa=175 kg/cm?
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Real Gas Pseudopressure

* Recall piecewise integration:
c b c
j f(x) dx = jf(x) dx + j f(x) dx
a a b
the ordering (position along x-axis) of the integral limits a,b and c is arbitrary

* pseudopressure, m(p), is defined as: p 2p'
m(p) = IZ— dp’

Po g

* Piecewise Integration of the pressure dependent terms:

P2 |25 ' 191 '
p Lif2e o (20 1
I= dp=—| | ——dp'- ) ——dp'|=—|m(p,)-mp,)
l;.:zug 2 lg[zug J.zug 2[ : 1]

Po
Dr. Hasan Ghasemzadeh 27

Real Gas Pseudopressure, Linear Flow

* Recalling our previous equation for linear gas flow

L T P>
qg,scgdS:—kA(T;C j J.l P dp

* And substituting for the pressure integral

Qg =k—A( L J(lj[m(pl)—m(pz)]

L {Tp 2

SC

Petroleum GeoMechanics 14
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Radial Gas Flow

* The radial equations for gas flow follow from the previous
derivation for liquid flow and are left as self study

. (ng)=Constant
2ntkh T 1
qg,sc: = (pj_p\z’\/)
In(r,/r,)\ Tp, ) 2zp,

* Pseudopressure

_ 2nkh ( L J(lj[m(pe)—m(pw)]

ese = In(r,/r,)\ Tp, \ 2

Sample Size

1” or 1 1/2”

Plug D 3 - SK

Most Common

[A}
N

.-

Slab Taken for
*Photography
*Description

*Archival
Full Diameter<> > > >

Heterogeneous

whotoGore ] )

Heterogeneous

Dr. Hasan Ghasemz: adeh 30
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WHOLE-CORE METHOD

» Uses selected pieces from the full or whole core
» Core sizes 2 1/2 to 5 1/2 inches in diameter

» Several inches to several feet long

* Most applicable approach for very heterogeneous
formations.

* Additional expense limits the practical number of
tests.

CORE PLUG METHOD

* Most commonly applied method.
*Uses small cylindrical core samples

*3/4 inch to 1 1/2 inch diameter

*1 to a few inches long

*May not apply to heterogeneous formations.

Petroleum GeoMechanics 16
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| lla

Different
Lithologies
Require
Careful
Selection of
Suitable Core

\

Plugs or g\i
Require %
Full RN
Whole-Core Pameter Soogk?
i
Analyses = DA
OQ' S Fracture
Fizd k and ¢?
Whole Core
Analysis
Dr. Hasan Ghasemza den  (2-3 ft) 33
WHOLE CORE

Whole Core Photograph,
Misoa “C” Sandstone,
Venezuela

Photo by W. Ayers

Dr. Hasan Ghasemzadeh 34
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LAB PROCEDURE FOR
MEASURING PERMEABILITY

* Cut core plugs from whole core or use sample
from whole core

*Clean core and extract reservoir fluids, then
dry the core

* Flow a fluid through core at several flow rates
*Record inlet and outlet pressures for each rate

PERM PLUG METHOD
LIQUID FLOW

*Measure inlet and outlet pressures (p, and p,)
at several different flow rates

« Graph ratio of flow rate to area (q/A) versus
the pressure function (p, - p,)/L

* For laminar flow, data follow a straight line with
slope of k/n

« At very high flow rates, turbulent flow is
indicated by a deviation from straight line
through origin

Dr. Hasan Ghasemz: adeh 36
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Laboratory Determination of Absolute
Permeability, Liquid Flow

Darcy Flpw | » Non-Darcy Flow

ISSUES AFFECTING LABORATORY
MEASUREMENTS OF PERMEABILITY

* Core Handling, Cleaning, and Sampling
* Fluid-Rock Interactions

*Pressure Changes

* Rock Heterogeneities (Fractures)

» Gas Velocity Effects (Klinkenberg)

boze o)l 4 mle (e Sl o5 09800 @le 5l i S e pdydeds o5 slaes 5o
S5 o it oS (6204058 by lgSim 10 5 35 pb S iSlS 31 S el il

Dr. Hasan Ghasemzadeh 38
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CORE HANDLING PROCESSES AFFECT
PERMEABILITY MEASUREMENTS

 Core Handling
*Cleaning

*Drying (Clay Damage)
« Storage (Freezing)

« Sampling

aaaaaaaaaaaaaaaaaa

FLUID-ROCK INTERACTIONS
AFFECT MEASUREMENTS OF
PERMEABILITY

* Fresh water may cause clay swelling, reducing
permeability

* Tests may cause fines migration, plugging
pore throats and reducing permeability

*Reservoir or synthetic reservoir fluids are
generally preferred

Dr. Hasan Ghasemzadeh
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PRESSURES AFFECT LABORATORY
MEASUREMENTS OF PERMEABILITY

« Core alterations resulting from loss of
Confining Pressure during core recovery

« Core testing may be conducted by applying a
range of net overburden pressures

aaaaaaaaaaaaaaaaaa

CORE HETEROGENEITIES
AFFECT MEASUREMENTS OF
PERMEABILITY

* Naturally-fractured reservoirs
* Core plugs represent matrix permeability
* Total system permeability (matrix + fractures) is
higher

» Core Mineralogy problems (Salts, Gypsum)

Dr. Hasan Ghasemzadeh
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Laboratory Analysis of Gas Flow
Mean Pressure Method

* Beginning from (zp, )=Constant Equation for Linear Flow

>
’ qg’“:kLA( = ][221;1 J(pf—pg)

2 Tpsc

9
1

* From Real Gas Law, we can evaluate q at any pressure

4. =221 =kLA( Lo J[ 1 ](pf—pi)

zp, T p. T 27 .
* where,
5 — (pl + p2 )
* and, 2
(zpn,) = Constant, = Z.It, .

Laboratory Analysis of Gas Flow
Mean Pressure Method

* canceling terms and substituting mean pressure
_ kA (1)(p-p3
qQq =—— | =

p, L (p 2

:%(pl _pz)

Q|

* The Mean Pressure Method is commonly used to analyze laboratory
flow (low pressure)
* flowing temperature is isothermal

* Mean flow rate is volumetric rate at point in core where pressure is mean
pressure value

Dr. Hasan Ghasemzadeh 44
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Non-Darcy Flow - Forchheimer Equation

* Forchheimer proposed a flow equation to account for
the non-linear effect of turbulence by adding a second

order term ,
—dp _H,( 9, 4,
— =2 = |4+ —_5
&k (AJ Bpg(A

* Note that unit corrections factors would be required for non-coherent

unit systems.
* As flow rate decreases, we approach Darcy’s Law (2nd order term

approaches zero)

47

Dr. Hasan Ghasemzadeh

Non-Darcy Flow - Forchheimer Plot

* Based on Forchheimer’s Equation a plotting method was developed to
determine absolute permeability even with Non-Darcy effects

* (1/kgye) vs. qg
* k .. determined from Darcy’s Law (incorrectly assuming Darcy flow) and is a

gas =
function of g,

* intercept = (1/k,,,); absolute permeability

; 2
“~  Slope = [(Bpy oo)/(11gA)] —dp _ ”g[qu +Bp (qu
g
A

ds k| A

(1/kgas),
1/md

“~ Intercept = [1/k,,]

Ag,sc

48

Dr. Hasan Ghasemzadeh
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Non-Darcy Flow - Forchheimer Equation

* Non-Darcy Coefficient, 3, is an empirically determined function of
absolute permeability
* For Travis Peak (Texas)

Travis Peak

1.0E+18 T T
. L d
1.0E+17 .\! - L ;m. 2
1.054‘15———5'. . : Zone 2
1.0E+15 — - Y =1.092™ (x)~1887
L . r2=.974
1.0E+14 " .
1.0E+13 = 3
B@Reservoiry .12 -
NOB: 1/t 1.0E+11 i!
.
1.0E+10 S NOB<Nat
1.0E+9 T Overburden
1.0E+8 o
1.0E+7
0.0001 0.001 0.01 0.1 1 10 100
K, @ Reservoir NOB: mD .
Dr. Hasan Ghasemzadeh After Amaetule et al, (1988) "

Air Permeability Measurement
* Measurement of permeability in the laboratory is most
commonly done with air
* Convenient and inexpensive
* Problem: low values of mean flowing pressure
* downstream pressure, p,m
* upstream pressure, just a few psi higher than p_,,

* At low mean flowing pressure, gas slippage occurs

* Diameter of flow path through porous media approaches the “mean
free path” of gas molecules

* mean free path is a function of molecule size
* mean free path is a function of gas density
* Increasing mean flowing pressure results in less slippage
* as Ppean—>, We obtain absolute (equivalent liquid) permeability

mean free path(%) is the average distance travelled by a moving particle between successive
impacts (collisions),which modify its direction or energy or other particle properties

mean free path for air in ambient pressure is 68nm ()\E =68 nm).

Dr. Hasan Ghasemzadeh 50

air
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Non-Darcy Flow - Gas Slippage

* Liquid flow and gas flow at high mean flowing pressure is laminar

* Darcy’s Law is valid
* flow velocity at walls is zero

* At low mean flowing pressure gas slippage occurs
* Non-Darcy flow is observed
* flow at walls is not zero

|
|
|

Klinkenberg developed a method to correct
gas permeability measured at low mean
flowing pressure to equivalent liquid
permeability

mD
8

P,=(P1+P2)/2
Kg=K_+C*(1/P,)

Measured Permeability. Ka

Dr. Hasan Ghasemzdleh 0:2 n4 0 0R 1 542 14
Reciprocal Mean Pressure 1/p

Knudsen number

K _7\
"1

The ratio of molecular mean free path <)\> to the characteristic length of porous medium<L>

» Based on the Knudsen number magnitude, flow regimes can be classified as follows :

»Continuum Regime : Kn < 0.001

> Slip Flow Regime : 0.001<Kn<0.1
»Transition Regime : 0.1<Kn<10

» Free Molecular Regime : Kn>10

» In continuum regime no-slip conditions are valid.
» Inslip flow regime first order slip boundary conditions are applicable.

> In transition regime (according to the literature present) higher order slip boundary
conditions may be valid.

» Transition regime with high Knudsen number and free molecular regime need
molecular dynamics.

Dr. Hasan Ghasemzadeh 52
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PERMEABILITY FROM MICRO-CT SCANS

LBM simulates the Navier-Stokes

Fluid forced through digital sample
equation in complex pore space

Density Prellssure
\ / -
puVi=-Vp+ yAﬁ+F\
!lll t

/
Velocity of flow viscosity ~ Body force

Lattice-Boltzmann method (LBM)

The pore volume and pore size determined from the CT Scan are
manipulated mathematically by simulating the Navier-Stokes equation
using the Lattice-Boltzman Method

Dr. Hasan Ghasemzadeh 53
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K, + Krg + K.y = Ow0y

——Krg=0 Kyo + Krg + Ky = 0y
oy =7 %> Krow + Krw = 0y
~og=1
—Krw=0 Kyo + Krg + Kpyy = 0y
ag =7 L> Krog + Krg =04
oy =1

[ Kro = Krow + Krw) (Krog + Krg) = (Krw + Krg) ]
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¢ Drg ¢ Drw
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o8

0.5

RELATIVE PERMEABILITY (FRACTION)
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04t
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0z

L '

s
0.2 04 06 [X:] 10

o 0.2
TOTAL LIQUID SATURATION (FRACTION}

a4 06 08 1.0
WATER SATURATION (FRACTION)

[ng =3.103583 — 2.141557 — 0.2229S, + 2621 ] [me = —8.8771S} + 16.3235; — 10.874S,, + 2-7971]

[ K,y = 2502357 — 435475, +1.9112

] [K,W = 4709153 — 5.63325% + 2.26795,, — 0.3011 ]

S, =8, + Sy
Dr. Hasan Ghasemzadeh 105
1
09
08 Krog-paper
Krog-corey

07
z ~=+- Poly. (Krog-paper)
3 o0s
©
<
£
§ os
©
2
& 04
&

03 y = 3.1035x% - 2.1415x2- 0.2229x% + 0.2621

R*=0.9997
02
01
0
0 01 02 03 04 05 06 07 08 09 1
Total Liquid Saturation
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[Stonezm =

i cle

2 clear all

5]

4= syms So

5

G Kro = 0.4;

i Sw = 0.2:0.01:1.0;

gl Sw = Sw';

9 - Answer = zeros(numel(sw), 1);

10

T for i = 1:numel (Sw)

7 5L = sSw(i)+50

Gt Krw = (4.7081%(Sw(i)*3))—(5.6332% (Sw(i)~2))+(2.2679%5w(i})-0.3011
Silae Krg = (2.5023*%(SL"*2))-(4.354*s5L)+1.9112

EL Krow = (-8.8771%(Sw(1)~3))+(16.323*(5w(i}*2))-(10.874*sw(1i))+2.7971;
16 - Krog = (3.1035%(SL~3))—(2.1415%(SL~2))—-(0.2229*SL)+0.2621;
17

18— Eq = (((Krow + Krw)*(Krog + Krg))-(Krw + Krg)) - Kro;

19— Ss = solve(Eg, So);

20 - Answer (i) = double(ss(l));

21 & 55

22 > 0.0 &8 Ss <=1 -

23

24

25

26

27~ end
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Gas Flow vs. Liquid Flow

* Gas value is appraised at standard conditions
* Standard Temperature and Pressure
* g, i [scf/day] is mass flow rate (for specified v,)

Income[$] = IPrice[$/Mscf_| " g, [Mscf/day] dt[days]

4

* For steady state flow conditions in the reservoir, as flow
proceeds along the flow path:
* Mass flow rate, Og,sc/ is constant
* Pressure decreases
* Density decreases
¢ Volumetric flow rate, Qg s increases
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