Geo2Flow: Compartments, Saturations, and Permeabilities
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1. Identifying flow compartments.
2. Calculating 3D saturations that honor logs.

3. Estimating permeabilities constrained by saturations.

Dr. Daniel J. O’'Meara
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Look How Little You Need To Get Started...

Output

I Porosity logs I

3D oil, gas, water saturations and volumes

“ . . . .
g_l Water saturation/resistivity logs I

Archie Exponent logs

c
EI Geomodel (Grid) I ‘ 3D net-to-gross and net porosity ‘
|
=
o
CDI Fluid densities I . .
oc 3D horizontal permeability
I 3D Porosity I
‘ 3D vertical permeability ‘
Lab cap. pressure curves
Lab poro-perm data ‘ Fluid contacts ‘
)
3 Detailed geomodel
L= ‘ Reservoir compartments
Tcg Permeability logs
o)
e Facies or “Indicator” logs J Faci K
8_ acies Log (Rock Types)
Reservoir pressures (MDT)
Detailed PVT ‘ Improved Permeability Log ‘
3D Facies or “Indicator” ‘
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Main Reasons For Using Geo2Flow

Compartments 3D Saturations 3D Permealbilities
* How connected? * How much? * How fast?
* [dentify free water levels. * Honors physics of capillarity.||* Constrained by saturations.
* Multiple data sources. * Honors saturation logs,  Takes advantage of well-
* Core data. within known errors. behaved J Functions rather
* Logs. * Flexible reinterpreting of than noisy poro-perm.
* Pressures. resistivity logs. * Calculates horizontal and
* Closely linked to Petrel: * Estimates relative vertical.
* Fault segments. permeability curves. * Upscales: core, log, geocell,
e Zones. gridblock.

« All three must be modeled together because they are coupled.

* Typical modeling is “silo-ized”.
> Reservoir engineers interpreting MDT to determine free water levels.
» Petrophysicists using saturation-height functions.
» Geologists using geostatistics with noisy poro-perm correlations.

 Workflows encourage “what if” scenarios to explore uncertainties.
* Brings together geologists, petrophysicists, and reservoir engineers, naturally.
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Upscaling Saturation

10 Log Measurements What is average saturation?

1. 0.4

2. 0.6 Volumetric

3. 0.2 Correct

4. Haven’t a clue.
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Free Water Elevation

GEZOFLOW Pore Volume
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A Little History...

=>» At Shell, beginning in 1986.
® First geomodeling: PROFAM -> Monarch -> GeoCap.

® GeoSim: 4 million cell unit mobility flow simulation: sweep

=» With Stratamodel, 1992-2002.

® StrataSim: 36 million cell model of Ekofisk (1996).

=» Worked with Gocad, RMS, and Petrel.

=>»Expect models to honor observations and physics.
=>» “How do we check that 3D saturations honor Sw logs?”
® “We don’t”.

® Devised the following plot to check.
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Peer Review: Does 3D Saturation Match Upscaled Sw Log?

« Use Geo2Flow’s “Compare Upscaling” plug-in to check whether your 3D saturation
matches the pore volume weighted Sw log.
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Saturation Comparison: Why Not Match Every Time?

=» Imagine history-matching with a noisy match.

=>» Cheating: a perfect match can be obtained by treating saturation like
porosity ...purely geostatistically.

® Non-physical saturations: not matching J Functions.

® Good match is a necessary but not sufficient sign of a good model
=> A poor match can be caused by:

® /ncorrect free water levels (compartmentalization).

® Saturation-height functions that do not depend on permeability

® Assumption that lab functions apply to upscaled geomodel.

® Failure to use a pore volume weighted saturation log.
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Einstein’s Maid — The Far Side by Gary Larson

=>» Dimensional Consistency

p=mc My <£)3

T? T

2 4
E=mc* ML (=M L
T? T

2 2
E=mc2 ML (L
T? T

=>If Einstein were a petroleum
engineer...

E=5.4 x10 15mc?

z & -.;..,.-M-:;_f 'EXEEEE | m [=] pou nd-mass
“Now that desk looks better. Everything's squared away, C [=] feet/ day
£i yessir, squaacaaared away."

E [=] British Thermal Units
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Dimensionless Numbers

=>The sound barrier. Supersonic flight.

Speed of object

Mach Number = Vobjex. -
V

sound

Speed of sound
=>» Turbulent flow; swirling eddies.

Inertial
Reynold’s Number = pVvL

Hn Viscous

=» Chemical flooding: decreasing residual oil saturation.

uV Viscous Forces

Capillary Number =

GEO
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J Functions Are Dimensionless

k|2

— [=] Dimensionless
c cos O )
\

F/L

J(Sy) =

=»Seem obvious? What’s wrong with the following?

F/LZ |_Zn
P, ok |P
J(S,) = _ [=] L2
G cos O )
F/L o
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Quick J Function Review — Why Use Them?

Capillary Pressure
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Water Saturation (Fraction)

0.1 02 03 04 05 06 07 08 05 1
Water Saturation (Fraction)

=>» Dimensionless J Function collapses many capillary

pressure curves.
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But Do They Work for Carbonates?

Capillary Pressure J Function
(0.01-3400 md.) (per rock type)
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GED =>»Dimensionless J Function collapses many capillary
@ pressure curves.
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Geo2Flow: Fitting Capillary Pressure Data
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Geo2Flow: Grouping by Indicator
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Geo2Flow: Bracketing Capillary Pressure Data
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Geo2Flow: Relative Permeability
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Geo2Flow Uses Log-Derived J Functions

Qc =Apg(z-2,) >< Correlation or Log >

) (Sy) =

Gmm Log

GEO
ZFLOW

= o cos 0: not necessary with log-
derived J Functions.




Can You See J Function Patterns in This Field?

Highly faulted model How many J Functions?
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=>» All of the scatter leads translates directly to errors in reserves.
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Geo2Flow Reveals Compartments

=» Three compartmentalizing fault blocks in one zone.

10 Wells, Zone 1 26 Wells, Zone 1 5 Wells, Zone 1
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=>» Worst of the scatter removed because compartmentalizing faults
have been identified.

=>» Remaining scatter due to differing rock types.
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J Functions versus Saturation-Height (Carbonate)
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=>» Remarkably well-behaved J Functions (right).

=>» Log-derived J Function data (points) fit within core-
derived J Functions (curves).

=> lll-behaved height vs. saturation (left).
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Exploring the Data: Equilibrium Regions and Dependencies
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Water Saturation (Fractin)

Wil Thassa e Il
| B 3
. i) 35
B #mind WAy

*

W Fiey 1P Cepm i 16

""'—._._-‘-h""'hq
Certified

Partner




Free Water: -3117 m.

One Free Water Elevation or Two?

Free Water: -2973 m.
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=>» Color-coding by well.
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—ifunction_|
B wintert
B winter2
B winter3

{ >

=>» Note: Better match of core-derived J Functions on

right.
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Water Saturation From Resistivity Compared With J Functions
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Using MDT and J Functions simultaneously
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Why is the Contact Not Flat?

=>» Assume a single J Function.

® Equation for contact (z) above free
water:

J Function

! o Ccosd ¢

J
] U e Key Point: If permeability and
porosity vary in 3D, then so does

. height of the contact above the free
Water Saturation water elevation.

DSU.l 0.2 0.3 04 05 06 07 08 09 1
WIr
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ldentification of Free Water Levels for Compartments

.

Free Water Elevations

=» Note: oil-water contacts are significantly
shallower than free water levels.

GEO
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Use Log-Derived J Point To Estimate Free Water Elevation

=» Estimate z, that puts point on curve.

Jocos8 [
Apg Nk

J Function

=>» Points near steep portion of curve
introduce more error.

1 1
———————————————————————————————————————————————————

T e . =>Weight points according to inverse
slope.
Water Saturation
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CDF and PDF for Multiple Free Water Elevations

=» Multiple free water elevations.
® Constrain be shallowest oil down to.

® Constrain be shallowest free water up to.

1- 0,025
1

0.3 0.0225 - -
H

0.8 0.02 I
0.71 0.0175 1 }
 J

o
fa

[}

2
Probability Distribution
S
B

0.0075 1

ar’

Cumulative Distribution
]

=
o
) A

0.1 0.0025 135
0 . . . . . . | o S 2. 4F Ly :
-3150 3100 3050 3000 7950 7900 2850 ~7E00 -3150 -3100 -3050 -3000 -2950 -2900 -2850 2500

Free Water Elevation (Meters) Free Water Elevation (Meters)
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Tilted Free Water Surfaces in Geo2Flow

=>» Geo2Flow estimates surfaces in equilibrium regions, defined by
zones and blocks.

GEO
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Two Log-Derived J Functions Have Been Identified

10—

Consider four data points
pictured here.

oo
|
|

h
]
|

=>»How do you explain
mismatches?

.|'.'|.
T I T T T

Leverett ] Function ( Dimensionless)

=>»Consider errorsin S, and J.

co bz be s bs 1o ® What reinterpretations would
Wetting Phase Saturation (Fraction) you m ake?

GEO
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With Error Bounds, Move Points

=>» Modify the Permeability
® Poro-perm plots are notoriously noisy.

® Vertically moves points to J Functions.

=» Modify the Irreducible Saturation.
® NMR logs claim to measure variable S,,;..

® Horizontally moves J Functions to points.

=2 Modify Archie’s exponents of Sw logs.

® Horizontally moves points to J Functions.

GEO
ZFLOW
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Move Points With New Free Water Elevation

= Modify the Free Water Elevation.

® Free Water Elevations are partition-dependent, not well-
dependent.

® |Infer new compartment from fault blocks or zones.

FWE=-1687 m. FWE=-1659 m.

GEO
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Alternatives to Moving Points

=>»ldentify a new J Function.

® Correlate with lithologies, if they are described
in geological model.

® | aboratory capillary pressures?

® |ikelihood of not encountering new rock type in
coring program.

=>» Discard data point.

® | ast resort: outside error bounds.

Leverett ] Function (Dimensionless)
A N

0.2 04 0.6 0
Wetting Phase Saturation (Fraction)
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Resolving Permeability, Archie Exponents, And Irreducible
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=2 Emphasizes governing equations.

Geo2Flow 3D Modeling

® Geostatistics is assigned to handling variability around equations.

® “Bracketing” captures variability around equations.

100
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J Permeability {Millidarcy)
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0.001
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Corrected Saturation (Fraction)
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Upscaled J Function

=» Upscaled into Petrel cells.

www.geo2flow.com




Permeability: Core vs. Upscaled - Equations

From Core log k

i VvV, logk,
i=0

>V,
i=0

Geometric Average
Permeability

AN

Upscaled ]()g E

GEO
ZFLOW

a+bd

>V, (a+b )

>V,
i=0

Volumetric Average
Porosity

/

— a+b¢
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Upscaling Permeability: A Simplified View

Horizontal Flow Vertical Flow

Q
H, l
T : )
Ha

Q) K1 //

K
K
// 2 W
K3
W

Arithmetic Average Harmonic Average
Kn — HII<111 + H21<12l
H, +H,

=»Harmonic (n=-1) < Geometric (n=0) < Arithmetic (n=1).
® Horizontal (well test) permeability - Arithmetic.

® Vertical permeability — Harmonic.

GEO
ZFLOW
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3D Permeability in Geo2Flow

=>» Geometric Average: called J Facies Permeability.

® Best for upscaling J Functions (most scale invariant).

=>» Horizontal permeability.

® |Linear correlation with J Permeability at

wells.

® Always greater than J Permeability

=> Vertical permeability.

® |Linear correlation with J Permeability at

wells.

® Always less than J Permeability

GEO
ZFLOW

www.geo2flow.com
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3D Calculation and Outputs
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Define Simulation Case
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What Do You See In Geo2Flow?

“Your aim determines what you see.” — Jordan Peterson

=>» Scientifically strong: patented.
=>» |dentifies reservoir compartments.
=>» Matches simulation models to saturations logs.

=» Constrains permeability with saturations.

=>» Stronger history-matching from physically consistent inputs.
=>»Helps assess true uncertainties, not just easy ones to study.
=>» Stimulates interdisciplinary cooperation through workflows.

=»Voluminous documentation and videos for training.
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Extensive Documentation: www.geo2flow.com

=» Science plus technology.

=>» Detailed Glossary (over 200 entries).

=>» Frequently Asked Questions.

=> Whitepapers.

=>» Instructional videos.

Home | Glossary | Aeronvms | &S - Kew words ("2";«;@

Frequently Asked Questions for "J Function”

The falloving Frequently Asked Questions (FAQs) contain the abave key words

1. Howy do | ensure that there is no fuid movement just sfter the initialization step in the fow sinulator merely because of inconsistencies between the
input eapilary pressure curves orJ Functions and the initisl saturations that are required to match the volumetrics of the geologicsl model?

2. Wy should refit J Functions in the Initisl Saturation 30 dislog, using the “Fitting Blocked Data™ option? Doesn't this seem to wipe out 3l the
meticulous work | did identifying ) Functions earlier in the J Functions - Logs dislog and using them in the . Facies: Caloulate dialon?

3. Wy is it that the blocked J Function data that | see in the |nitial S sturation 30 dishog, using the "E isting | Facies" option, do not match the J
Functions that | defined in the J Facies: Calculste dialog?

4. | use the Catalog: J Funetions dialog to plot eataloged J Functions on 3 log-derived . Function Plot in the J Functions - Logs dialog. When | sort the:
plot by porosity, is there any conespondence between the colors of the cataloqued.) Functions and the log-derived.) Function data?

5. Why isn't there & more automated way of fitting of J Functions in the J Functions - Cores dislon? 1| have 20 capilaiy pressue curves, why can't | fit
them al at once?

B. Wwhat is the significance of negative values of the J Function? |5 the water saturation always equal ko 100%7

-

‘why would ireducible saturations of log-derived | Functions be less than any of the ineducible satuiations we see in capillary pressure curves un
with either ai-mercury. oilvater [centifuge], o airwater

=)

Dol use ome core-derived J Function for each zone in my geological modsel?

w

If I fit & J Funclion from core data in the J Functions - Cares dialon at a specific depth in a specific well, then should | use it at other depihs and at
ather well locations when | select.] Functions from the catalog in the Catalog: J Functions dialog?

=

‘why can't | sort by Xand Yeoordingtes when | am inspecting log-derived J Furction dats in the J Functions - Logs dislog?

“within the GeozFlow warklow, is each J Function defining aJ Facies inthe J Facies: Calculate dialog limited to one ineducible saturation or does
the option exist to assign [mavbe denormalize is 5 better word] the J Function with some ather ireducible saturation tied to a rock property such as
porosity or Leverett pore diameter?

m

s any functional curve fit of J Fumction data will typicaly have dependency on the ireducible saturation, does Geo2Flow provide the fitted equation
coefficient paranmeters in the event that the user wants to vary the ineducible saturation outside of Geo2Flow,

® 2005, 2006, 2007, 2008, 2003 O'Meara Consulting, Inc.

above the displacement pressure ol beging to enter smaller and smaller pore throats.
Capillary Pressure Curves

When such experiments are done in the laboralory using core samples of reservoir 1ok, we obtain so-called capillaty pressure curves relating the capillary
pressure to the water [or o] ssturation, the fiaction of the pore space that is filed with water for o, More generally, apilary pressuie curves relate capilary
pressure to the wetting phase or nor-wetting phase saturations. In a water-oil experiment. the water is (usually) the wetting phase 1n & mercury-air experiment.
the ait it the welling phace.

Figure 1 belaw shows twa such curves, depicting diferent shapes and displacement pressures. Curve & has the lower displacement pressure and the sharpest
curvature. Going back 1o the coffee stiaw analogy, this sample has effeclively a single pore size: once the displacement pressue is exceeded, the rock is filed
with cil down o what is called the iireducible water saturation (which in this case is 0.1]. Curve B has a higher displacement pressure and a widr distibution of
pore sizes. One of the challenges of reservoi characterizalion is to relate these kinds of curves tathe more qualiative desciplions of the geclogist. For example,
curve A& might be described by a geologist 35 & facies of welksonted. ripple-laninated sand: whereas. curve B might be called & poor-sorted mudclast
GieoZFlow helps you ta make these connections between quantitative and qualkative descriptions.
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Figure 1. Two capillary pressure curves. Curve A depicts a rock with a lower displacement pressure.

s you can see. Gapillary pressure curves offer a way to “fingerpint” rsssrvair rocks by quantitatively descibing their pare size distributions. That is both the
g00d news a5 well a5 bad nevis: good because it uniquly characterizes arack. bad becauss characterizing a teservalr requires & mulpliciy of capillany
pressure curves. Far a reservair madel containing millians of combinatians o parcsities and pemmeabilties, we wauld need (in principle) millins of capilary
PIESSUIE CUIVES,

Calculating Capillary Pressure in the Reservoir

Now, let's retum to the calfes cup sxample. Here we ses that cofee. in spite of its being heavier than ait. works its way up the straw, Thus. sapillar forces
campete with gravity: the latter pull the caffes downwards and the farmet pulls |t P thiaugh the siaw, This sar of thing happens in reservoirs. Generally, o is
lighter than wiater [akhough we have used GeadFlaw to analyze & Canadian reservait in which ol s heavier). Sa, you might sxpest that rack that is 100% filed
with oil might be superposed on top of rack that is 100% filed with water. However, this does nat happen. Above the 100% water fled zone, you will find
increasingly greater saturations of oil, but the change will be gradual rather than dramatic. In fact, the change in saturation is just like what is shown in the
canillan reccnre curae in the Fiaure Cock asslationchin can he anderetond fiom o cteaiokboruzrd aoolication of Marcu's | e foc o flos condibione and e

~
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J Function Models

\We use several J Function modefs or fiing functions] in order to parameteize J Functions, You might imagine that.J Function models would describe /a5
a function of saturation. which s the natural thing to do. However, i turns out that tvi of the best fitting modets. the 0'Meara urimodal and bimadal, can be
analytically expressed anl when saturation depends an /, Cansequently, all of our J Function models desciibe the dependence of saturation an /.
Speciicaly, they desciibe the dependence on v/af the reduced saturation, which is defined as fallaws:

s, -S
Semd —

Here &, denotes the water saturation, 5, denotes the ireducible satuation, and 5. dentes the end-point saturation, which for fractional units is 1.0 and for
percent is 100%. This saturation is scaled so that it equals 1 when the welting phase is at its end-point value and 0 when it is equal to the ireducible:
saturation. This sealing of saturation makes it easy toensure that all of the J Function models confarm to the follawing conditions:

+ §is equalto 1 when iz less than or equal ta the J Function Displacement value:
+ Jappioaches infinity as S approaches zer

Solving the above equation for the water saturation obtains the following
5y =S(1-8; 5,

S0, to calculate the water saturation for a walue of Jbegin by using one of the following modeds to calculate the reduced saturation and then use the above
equation ta ranslate from the reduced saturation to the actual water saturation.

W recommend using the following J Function models:

1. D'Meara Unimodal Mods|
2. D'Meara Bimodal Model
3. Thomeer Model

4 BrooksCorey Model

6. Bentsen-Anli Model

B. Skelt-Harrison Modsl

Fiarely have we found experimental data that cannet be fit with the funcions preserted here. |n fact, if you have trauble fitling your dsta with thess functions,
it may b an indication of expermental emrors in the measurement of the undetying capllary pressure curves.

Generall, for primary drainage mode J Funclions (the ones needed for iitial saturation and reserves calculations), the disolacement value is greater than zero.
Whenever, we see zem displaement values, they are usually connected to rapidly fising curwes in the neighborhaod of high welting phase saturations. Such

If we relas our assumption of a single J Function, there is even more reason for the elevation of the contact to vary because we now couple heterogeneities in
porosiy and permeatilty ta heterogeneities in J Function displasement walues Thus, if you think of reservoirs that are descrbed by multple.J Funclions,
heterageneaus poro-pem distibutions. and complex fluid propaties. the likelihaad of encountering a flat cantact is practicaly nil. The more rare situation of
Howw in the aquifer 3dds an additional reasn for variabiliy in the contact suiface. Indeed, flow in the aquiferis the arly reasan far variabilty in fiee viater
surtace, which i+ franslated directl ta the fluid contacts

Multiple Contacts
The following figure shows multiple contacts within the same field due to thies eservoil compartments. This exampie underscores the need to confine the
definition of a contact to a single squibrium region

B ¢ D

Water

Thiee oil-water contacts in thiee superposed reservairs.

Ho, let's go back to taking imagina ips up wellbores from the battom up. In the abave figure. well D has not encountered s contact because it has only
seen al. The lowest slevation or depth at which the oil s seen would be referied 1o ¢ an "aikdannto” (00T level, Wells & and C have bath encauntered
single ail-water contacts, albeit at different levaks. In and of itsel, this information would nat canclusively indicate the presence of mulliple compartments.
There could be flow in the aauifer from the direction of well & to well C. consequently elevating the free water sutace and, thereby, the oil-water contact,
i the neighborhood of wel &, Or, there could be variabilties in 10ck qualiy whereby poorer quaity rack, having higher J Function displacement values, are in
the neighborhood of well & and better qualiy rock i in the neighborhood of wel B, thus causing wariable slevations of a single sontact, as we discussed
shove, Wil B begins with water =t its bottom, then upwards to ol then water, and cansecutively oil. water, and oil Ve, even with this well, we need ta
vesirain oursetves (sspeciall with the figure in hand] from jumping to the canclusion of multiple companments. Well B could be interpreted as having 2 single
cantact abowe which there are altemaling gaod and bad intervals of rack, where water saturstions are high in the bad rack

The above discussion demonstiates some of the pitfals of interpreting saturation data in a disintegrated way. in isolation from other sources of infarmation. The
explanations pul foith above for explairing variablity in contacts due to differences in rock types couid be buttressed or deflated with additional data such as
potasity logs, flid pressures, visual inspection of cores, diil cuttings, or laboratory capillry pressure measurements. I, for example, wels & and C were shonn
1o have similer gore-derived J Functions and dissimiler log-detived ) Functions when referenced to a common fies waer elevation. the case for
compartmentalization would be butliessed, ven in the absence of pressure data, Beware though, when putting tagether an integrated interpretation, of the
ilusions of data that add or detract from your case. For example, the author aftended a conference where 2 techrical presenter proudly pointzd out that one
could see a pronounced J/shape on ane of his wel logs, thus supparting his claim thatJ Funclions worked in his field, On has to wonder whether His faithin
J Functions would have been shakenif such a shape had nol appeared in a single log. Oftentimes, log-derived J Funclion pattems do nol appear on isclated
logs but reveal themselves when considering cluster of welks within close prosimity.
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