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ABSTRACT

There are at least two key aspects of simulating multi-phase flow experiments. One is the
actual estimation of multiphase flow properties from measured data, and the other is the
representation of the unknown functions for relative permeability and capillary pressure. It
Is essential that the representation of these functions has sufficient degrees of freedom to
model the measured data whilst remaining straight forward and easy to communicate.

For two-phase flow, this has been achieved and reported in several publications the last
decade. The situation for three-phase flow has so far not been that conclusive. The most
widely used methods for three-phase flow are based on methods of combining two-phase
relative permeability tables. At the outset this makes them very attractive and applicable
for all kinds of two-phase relative permeability data. However, this generality and the lack
of empirical parameters makes them less favourable when trying to reconcile and match
experimental three-phase flow performance. A smooth and flexible correlation for three-
phase relative permeability and capillary pressure has been developed and is presented as a
replacement for currently adopted industry standards. This correlation has a sufficient, but
limited number of three-phase flow parameters to match experimental three-phase data,
and is straight forward to utilize for full-field applications.

The strength of the new correlation is demonstrated by the utilization of steady-state
experiments performed at reservoir conditions on core samples from the Norwegian
Continental Shelf. This also includes three-phase end-points for injection relative
permeability and paths for residual oil and gas saturations in the three-phase saturation
region.

INTRODUCTION

Two-phase relative permeability and capillary pressure for full-field application is quite
well understood and is routinely determined from laboratory data at initial reservoir
conditions. Even though a large number of well-acknowledged studies have been done
within three-phase flow, they are not as conclusive as they are for two-phase flow, see i.e.
[1] and its references. A common assumption when three-phase flow models are defined is
that only oil relative permeability depends upon two saturations, while gas and water
relative permeability are assumed to be only a function of their own saturations. This may
be the case for strongly water-wet systems [2,3], but this assumption has been shown not to
be valid for three-phase experiments performed at reservoir conditions [4,5] for weakly
wetting media as well as for the theoretical considerations described in [6]. Hence, there is
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a need to represent all relative permeabilities as functions of two saturations, preferably by
being smooth and flexible with limited parameters.

This paper thus suggests a consistent representation of the three-phase flow properties
depending on two saturations based upon several three-phase steady-state experiments
performed during the last 5-6 years at reservoir conditions.

The approach for this work has been to design three-phase experiments based upon the
actual field-situation [4,5] and then to utilize the presented correlation for providing three-
phase surfaces as tables suitable for full field simulation by Eclipse. We do not claim that
these relative permeability surfaces are unique or that they capture all possible hysteresis
paths. However, the aim is to provide a pragmatic representation for full-field application
based upon the experiments performed for the specific field situation.

NEW CORRELATION - LET

Although it is more common to use the ratio of relative permeabilities for gas/condensate
[7] systems than for oil/water systems, we will model the ratio of relative permeability for
oil/water as the ratio of their asymptotic behaviour, see Figure 1.
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It is commonly accepted [8] that the sum of relative permeabilities is less or equal to one.
Kiow+ Ko = A= A(S,,,) <1 )]
Solving for oil relative permeability gives:
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to zero. This simplifies the presentation and Figure 1: Ratio of relative permeabilities



SCA2013-034 3/14

further discussion. The simplest way to model such asymptotic behaviour, is to use a
general power law. For oil relative permeability we get:

Krox - Krow EOWS\-II—V%W
- Low )
Krow (1 - Swn)

This is the flexible and well-suited LET correlation [10] for oil relative permeability of a
two-phase oil/water system. As the parameters Lo, and T, are real numbers, this is not a
rational function, so we call this type of function a super-rational function. The logarithm
of Eq. 4 is linear in the empirical parameters L, log(E) and T, and linear optimization can
be used. This gives a linear system of equations for L, log(E) and T which can be solved
explicitly and analytically.

A —Aqueous

The three-phase situation is more complex and

regions of interest are sketched in Figure 2. Regions ‘Sg‘m‘k
A + C will capture most immiscible saturation paths - rcluded
of a grid cell starting at the oil apex with Sy

present, i.e. an oil leg/field cell. Region B + C will
capture most immiscible saturation paths of a grid
cell starting at the gas apex with Sy, present, i.e. a
gas cap/field cell. Region D contains grid cells with
paleo-hydrocarbons. Region E is by definition
excluded as the water saturation is regarded as truly , ‘ ‘ )
immobile at Syir. The blue line is Syir while the |sl.0° = 0 04 0 00 07 20 %% gl

Water safuration

green is the Sqr-path and the red is the Sg-path. Figure 2: Three-phase regions

Equation (4) models the two-phase oil/water system along the water saturation axis in
Figure 2. The same discussion for a two-phase gas/oil system will give a similar equation,
and hence models gas/oil flow behaviour along the Sy-axis. It is reasonable to demand that
a three-phase model or function for oil relative permeability must reduce to its two-phase
formulation when the normalized gas or water saturation approaches zero. This leads to the
three-phase equation (5):
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The subscript xt3 means that the formula inside the parentheses should be extended to 3
phases. The term Djy is the interaction term that involves both gas and water saturation. As
the denominators in both parentheses are describing the oil phase in their original two-
phase context, the denominators are extended to an oil phase construction, B, similar to
Stone 1 formulation as extended by Hustad & Holt [12]:

Bon = Scln-ri0 (1_ SWn)LNFL30 (1_ Sgn)Log_L3o (6)
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Bon is also a denominator in the interaction term. Considering the numerators which model
the associate phases, the simplest three-phase extension is again a power law. However,
now it contains the other associate phase which disappears in the two-phase reduction, and
gives the following:
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An interaction term must have its maximum impact on the K, formula when both the
associated gas and water saturations have significant values. A simple function that shows
this behaviour is a parabola-like construction which interacts with or involves both
numerators in equation (7). The interaction term is:

Don = D3o 2 EowEog * S\Tvsr;)W (1_ Sgn)N3°W/2 * S;ﬁfg (1— Swn)N3°g/2 (8)
where
T30W = M3ow *Tow/2 and TSOQ = MSog *Tog /2 (9)

The empirical parameters that are specific three-phase parameters have subscript 3, and
there are altogether six parameters. They all have their merits and limits. However, a
subset of the parameters can be optimized and combined with default values for the
remaining ones. The N3 parameters with D3, < 0 tend to increase Ko, while D3, > 0, with
softening or spreading parameters M3 tend to decrease K,. The Hustad & Holt parameter
L3, influences the lower part of oil relative permeability.

The two S, paths initiated from either Serw Or from Sery do not generally coincide.
However, it is generally accepted within the reservoir simulation community to use only
one Sor path. The choice is often a combination of the path initiated at S,y and the path
initiated from Sy, Or the path is just a continuation to Serg. This combined path is generally
non-linear, and often has a minimum value Serm lower than Serg. A simple function that is
showing this behaviour is a parabola-like construction with two general powers, i.e. a
super-parabola. A convenient correlation for the Sy path with 3-4 empirical parameters is
presented in Appendix H.

If the flow in a core sample or grid cell starts in the oil apex and proceeds into the ternary
region, it is not obvious what the residual oil saturation is or should be. We need to point at
a residual oil saturation value when the saturations are at a general saturation point in the
ternary diagram (red dot in Figure 3). A pointer is needed, and there are three candidates:
1) the simple pointer, 2) the ray pointer of Hustad & Hansen [13] and 3) the hysteric
pointer.

The hysteric point is intuitively the most correct pointer. However, the Sy-value and thus
the oil relative permeability value, is no longer unique, but dependent upon the saturation
path because hysteresis occurs. One pragmatic drawback is that a table cannot be used to
represent three-phase relative permeability as the S, values depend upon the pointer used
to generate the table. A functional representation like the LET-family of correlations
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[9,10,11] must be implemented in the reservoir simulator code. However, we leave this
topic, and just state that the ray pointer is further used in this work.

To further outline the benefits of the three-
phase  LET-formulation, the LETx-
correlation [11] is considered. Water
relative permeability is now extended to
water saturation equal to one, and gas
injection relative permeability is extended
to gas saturation equal to one minus
irreducible water saturation, see [11]. Using
similar arguments as for LET above the
following is achieved:

Simple

B
08 / >
— KrWX BWX (10) f P “ é Hysteresis point
" B,+E,+D P
WX WX WX SU=10 0.1 0.2 03 04 05 ?6 0 08 0.9 Swé1.0
o Weater saturation

Figure 3: Pointers to residual oil saturation

This function, see Appendix C, covers the entire ternary diagram except the excluded zone
E, see Figure 2, and the same goes for the extended gas injection relative permeability. The
LETx version of oil relative permeability is identical to the LET version with standard
saturation normalization for lower WAG cycle flow. For higher WAG cycles the LETx oil
relative permeability is extended to the oil apex. For LETx it is only the relative
permeability of the production phase that explicitly involves either oil or gas residual
saturation. The endpoint values at the residual saturations, which for three-phase systems
are curves on the relative permeability surface in the ternary diagram, are simply ordinary
points on the injection relative permeability surfaces for LETx. This acknowledgement has
a significant impact as it simplifies the modelling of three-phase flow considerably as well
as simplifying the WAG modelling tremendously. The important issue is that the extended
version of Ky, and injection Ky is independent of residual oil saturation as well as the fact
that the endpoint-values Ky, and Ky are not present in the LETx correlation. As this is
valid for both two- and three-phase systems, it follows that neither K., nor K4 restrict any
movement of the current saturation point in the entire ternary diagram. This means that
crossing the Syr path is possible within the LETx formulation. For two-phase systems such
as Sor crossing may occur due to oil vaporization, while for three-phase systems such
crossing may also occur when changing the injection (or invasion) phase when Sy is
reached. Note that the oil saturation remains at its residual value of the previous time step,
but the change in saturation path of the grid cell moves the current saturation point behind
the Syr path. The LETx formulation handles this behaviour just as easily as it handles an
ordinary saturation point. Conventional formulations with standard saturation
normalization must treat this behaviour with an extra-ordinary action such as shift to
another functional formula or another model.
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For completeness the water injection relative permeability for the LET version of K, with
standard saturation scaling is derived. A grid cell, which is initially located at the oil apex,
will never move immiscibly to the gas/water axis of the ternary diagram. We will therefore
move the gas/water axis-boundary in the LETx formula to the Sq-path in the LET version,
see green line in Figure 2. This is done by replacing the extended saturation normalization
with a standard normalization, and hence the LET version of water injection relative
permeability is achieved. The LET correlation of water relative permeability has the same
mathematical structure as the LETx correlation, except for the saturation normalization.
The maximum value of LET water relative permeability is now the endpoint value of the
two-phase oil/water relative permeability. Along the residual oil path, the LET water
injection relative permeability becomes the equation below.

orw Tug
Krwr — Krwr — EWQSG” (11)
Krwr (1_ Sgn)ng

The three-phase end-point value K, curve is not used as an entity in the LET correlation
of Ky It is the numerator and the denominator of eq. (11) that is included non-linearly in

the Ky, function. It is actually the two-phase oil/water end-point value K’ '"that is also

rwr

used for three-phase systems. Relative permeability formulas are shown in Appendix A-G.

In a reservoir simulation there are usually only a small or medium number of grid cells that
enter deep into the interior of the ternary diagram. Also, the capillary pressure has
generally only a small effect on the reservoir simulation results, and three-phase capillary
pressure measurements are rare. We therefore recommend using two-phase capillary
formulas with three-phase saturations replacing the two-phase saturations and no, or a
minimum number of specific three-phase parameters. Two-phase capillary pressure
increases or decreases steeply when approaching a residual (or irreducible) saturation, and
three-phase capillary pressure should do the same along the corresponding residual paths.
We generalize the finite LET capillary pressure functions [10] to three-phase, and follow
the same hysteresis philosophy as for relative permeability, see Appendix I-K.

Being finite, the LET functions try to avoid very steep curves. Thus, the LET capillary
pressure model is also less prone to giving numerical simulation problems. A situation that
we expect to benefit from this gentle behaviour is the crossing of the Sy path. A LET
model describing the behaviour after crossing the S, path is presented in Appendix K. It is
a gas apex model, with steep parts at the Sg-path and the Sy;-path, supplemented with a
special purpose oil apex term and saturation normalization for the capillary pressure after
entering into the B region. An alternative model is to have hysteresis in the So-path (where
you, for example continue with a constant residual oil saturation S, >S, ) and rescale

the oil apex P (originating from P¢,,) to the new Sy-path. You still have to consider the
gas apex Py (originating from Pcg,) which becomes positive and steep towards the Sy
path and negative and steep towards the Sg-path. Another approximate model for the
crossing into B region is a LETx model where the oil apex Py (originating from Pcoy) is
extended to the ternary gas axis. This model is continuous and smooth in the entire ternary
diagram, and it can be used if crossing into B region is not a big issue for the simulation.
The LETx model for the oil apex P, is presented in Appendix L.
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INTERPRETATION OF THREE-PHASE SCAL EXPERIMENTS

To demonstrate the three-phase LET-formulation, it has been utilized on three-phase
experimental data performed as steady-state at reservoir conditions [4,5] on a sandstone
composite core sample from the North Sea. Core and fluid properties are given in Table 1
and the three-phase experimental trajectories are shown Figure 4. All experiments have
been simulated with a two- and three-phase steady-state simulator corrected for any
capillary end-effects [14]. Data from the Se-path, Sy-path and the two three-phase
trajectories DDI-1 and DDI-2 have been used in the analysis to provide three-phase
saturation tables applicable for Eclipse.

Table 1: Core and fluid properties for the SCAL experiments

Core properties Fluid properties
Length, core [cm] 28.78 Viscosity, water [cP] 0.332
Diameter, core [cm] 3.66 Viscosity, oil [cP] 0.293
Kk, (S,:) [mD] 4981 Viscosity, gas [cP] 0.030
Syi [frac.] 0.119 Temperature [°C] 90.5
Porosity [frac.] 0.31 Pore pressure[kPa] 29 000

The three-phase trajectories have been compared with standard correlations for Stone-1 and Baker.
Figure 5 shows the model of the So-path. The LET-formulation matches the experimental
saturation data very well. The path is provided as a base-case with optimistic and
pessimistic cases measured by eye. Similar behaviour is experienced for the Sq-path.

—a— DDH1
— ID-1
a— DDH2
o— ID-2

,
S g S Ly yy .
0 wroo02 04 06 08 1 0 01 02 03 04 05 05 07 038 0.9 1
Water saturation Sui Water saturation 1-8g0,

Figure 4: Three-phase trajectories Figure 5: Match of the S,-path

The relative permeability to water, oil and gas has been determined through three-phase
simulation of the two three-phase trajectories in Figure 4. Standard correlations like Stone-
1 and Baker calculate the three-phase relative oil-permeability through methods of
interpolating two-phase relative permeabilities (represented by tables) in the ternary
region. Hence, the prediction by these correlations should preferably mimic the three-phase
relative permeabilities determined in the three-phase region. The results from Stone-1 and
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Baker are compared with the experimental data together with the LET and LETX
formulation that takes into account the actual three-phase information covered by the
experiments.

Stone-1, when implemented for a water-wet scenario, assumes that water- and gas relative
permeability only depend upon their own saturation, while Baker assumes that his
saturation weighted arithmetic interpolation between the two-phase boundary versions of
water- and of gas- relative permeabilities are sufficiently accurate. This may be the case for
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Figure 6: Water relative permeability Figure 7: Gas relative permeability
s =10 S =1.0
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Figure 8: Water relative permeability isoperms Figure 9: Gas relative permeability isoperms
strongly water-wet samples, but Figure 6 and Figure 7 demonstrate that this assumption is
not valid as neither Stone-1 nor Baker predict the measured three-phase water- and gas
relative permeabilities. The LET and LETx correlations that assume water- and gas relative
permeability depend upon two saturations, and actually use the information in the three-
phase region, match the experimental data very well. Relative permeability isoperms by
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using the three-phase LET formulation are shown in Figure 8 and Figure 9 for water- and
gas relative permeability respectively. These figures show that there are significant internal
structures in both water and gas relative permeability surfaces that are captured in the LET
model. The relative permeability surfaces are further provided as the saturation tables
SWF32D, SOF32D, SGF32D suited for Eclipse.

CONCLUSIONS

e A new analytical correlation for three-phase relative permeability has been
developed; the LET function with an extended version LETx

e Using six parameters specific to three-phase systems, the function is able to
describe a span of relative permeability surfaces

e We have demonstrated that the three-phase LET family of relative permeability
functions gives an excellent match to laboratory results

e Despite the addition of parameters, the LET correlation remains easily accessible
and applicable for full field reservoir simulations and engineering

e A flexible and convenient saturation function for three—phase residual oil and gas
saturation has been presented

e A pragmatic and convenient three-phase capillary pressure model has been
presented
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NOMENCLATURE

A-E | Parameter, Function, Region | P Capillary pressure

F Shape function R Parameter, Function

K Relative permeability S Saturation

L-N | Parameter T Parameter
NOMENCLATURE SUBSCRIPT AND SUPERSCRIPT

a Boundary saturation q Extended normalization for gas production

b Boundary saturation r Residual, Relative

c Capillary S Spontaneous

f Forced t Threshold

g Gas u Upper

ir Irreducible w Water

m Minimum X Maximum, Extended normalization

n Standard normalization y Turning point for hysteresis

0 Qil z “Boundary” saturation where P is zero

p Extended normalization oil 3 Three-phase
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APPENDIX A: Miscellaneous Information
The general LET functional form for three-phase relative permeability is

AB
Ky=—"7"=
B+D+E
The elements A, B, D and E will be described in each K, appendix. Parameters or

functions with subscript 3, among other subscript letters, are three-phase empirical
parameters, physical parameters or functions.

APPENDIX B Kro production LETX
K. function for oil out-flow with water and gas inflow in a cell in region A+C, and no oil
flow in region B.

where y=w,0,g (A1)

Spr% and S, % and SQD:l—Sj%SOr (B1)
A=K, and Tu, =My, *T,, /2 and T, =My *T, /2 (B2)
B=Si{1-S,, ) -5, ) (B3)
D=D,,2/E, E,, *Sksi(-s, =218, ' (B4)
E=E,, S-S, ) +E, St (t-S,, )= (B5)

APPENDIX C Krw injection LETX
K, function for water inflow with potential gas and oil out-flow in a cell in region A+C+B.

S, S S S,

w=—2— and S, =—2 and S, = (C1)
1- Swir 1- Swir 1- Swir
A=K, and T, =M, *T,./2 and T, =My, *T,/2 (C2)
3w —Law LWQ —Law
=Sk (1-5,)" " (1-S,,) (3)
D = D3W2 EWOEWQ * St-)rf(m S;f(w (l_ ng) Naro 12 (1_ Sox)N3Wg 2 (C4)
E= EWOS;IJ-X (1_ ng)NBWO + Ewg gx (1 Sox)Nswg (C5)

APPENDIX D Krg injection LETx
K, function for gas inflow with potential water and oil out-flow in a cell in region A+C+B.

S, —S,; S S
S,=—2—wr and S, =—2 and S, =—3
WX 1_ S ) 0X 1_ S ) gx 1_ S (Dl)

wir wir

wir
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A=K, and T, =M, *T /2 and T, =My, *T /2 (D2)
B=S,(1-S,,) ™  (L-S,) ™ (D3)
D = Dy, 2,/EguEgo * Sund S (L= Sy) ™" * (1= 8,0 ™" (D4)
E =E,, S (L S,0" " + EoSer (1= S,,0) " (D5)

APPENDIX E Krw injection LET
K function for water inflow with potential gas and oil out-flow in a cell in region A+C.
Residual saturation S, is applied in cases of hysteresis.

Sun :1—32—_381"- 5 and S, :1—820—_882:— 5 and S, :1-539—_58:- 5 (E1)
A=Ky and T, =M, *T,/2 and T,,, =M, *T,/2 (E2)
B=Sk(1-S,, ) (1-5,, ) (E3)
D = D,,2,/E 0By %S5 S5 (1= S) 2 (1= S,,) (E4)
E = E,oSar (1= 8;0)"" +E, g (1=S,,)"™" (E5)

APPENDIX F Krg injection LET
K. function for gas inflow with water and oil out-flow in a cell in region A+C. Residual
saturation Sy is applied in cases of hysteresis.

SW _Swir So _Sor Sg _Sgr

Sn=1"5 s, - S, and Se=175 s, - Sy, and Sy =175 s - S, (F1)
A=K7? and T, =My, *T, /2 and T,, =M, *T,/2 (F2)
B =S5 (L=Se) ™ (L=S,,,) ™ ™ (F3)
D = Dy 2,[E, E,y *So S (1 S,n) ™ 2 (L= S,) ' (F4)
E = E;oSo (1 S,) ™ + Eg, Sy (L S,) ™" (F5)

APPENDIX G Krg production gas apex LETx
K, function for gas out-flow with potential water and oil inflow in a cell in region B+C.

_q . S -S
Suq = SuTSur_ gng Soq = S and Sy=——a—— (Gl
1_Swir _Sgr 1_Swir _Sgr 1_Swir _Sgr
A=K, and T,, =M, *T,/2 and T,,,=M,,,*T,,/2 (G2)
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B=S,2(1—S,,)™ " (1—S,) ™ ™ (G3)
3gw 3go 3go/ 3gwl
D =D, 2,/E Eqo * S Sae (1= S,) " (1= Sp) " (G4)
Tow Nagw Tgo Nzgo
E= ngswgq (1_ Soq) "+ Egosmgq (1_ qu) ! (GS)

APPENDIX H Saturation paths MRN
Three normalized boundary saturations for use in different boundary functions

S S -S
gbn = —® and ngn =———— and Swan = M (Hl)
1- Swir - Sorg 1- Swir - Sorg 1- Swir - Sgrw

S

Super-parabolic Sor path function with normalized gas boundary saturation

Sor = Sorw(l_ Sgbn)'\/Iljr + Sorgsé\‘!;rrl + R0r2\/ SorwSorg * (1_ Sgbn)Mor/2 Sg;\lé)ﬁlz (H2)
Alternative super-parabolic version with Sy included is

Sor = (Sorw - Sorm)(l_ Sgbn)NIDr + (Sorg - Sorm)sglj\‘bcr; +R+ Sorm (H3)
R= Rorz\/(sorw - Sorm)(Sorg - Sorm) * (1_ Sgbn)Mor/ZSg’\lk;)r;/2 (H4)

Spontaneous water saturation Sy path with normalized gas “boundary” saturation

Sus = Suso (1= Sgzn)™™ +SyirSge + Rys 24/ SeoSuir * (L= Sgzn) /2 S 2 (H5)
Super-parabolic Sy path function with normalized water boundary saturation

Sur = Saro=Suan) "™ + SgruSuen + Ryr24/SyruSaro * (1= Span) " - Spn* (H6)

APPENDIX | Pcw oil production oil apex
P.w function for oil out-flow and potential water and gas inflow in a cell in region A+C.

S, — S, S,.—S S
=—w —wr_gnd § =—22—-0°_ agnd S =—-—2— 11
P 1- Swir - Sor °P 1- Swir - Sor o 1- SWir - Sor ( )
Pcw = (Pcir - Pct )Fs +(R:or - I:3:t)|:f + Pct and Pcw(sws) =0 = Es (|2)
SLsow SLwa
Fecopen W Fi=r——r (13)
Sop + ESSWp SWp + EfOWSOp

APPENDIX J Pcw gas or water production gas apex
Pew function for gas out-flow and potential water and oil inflow in a cell in region B, or
alternatively for water out-flow and potential gas and oil inflow in a cell in region B.
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Sy =Sy S S, -5

—_“w “wir  gapd § =—°  and § =—9 9 J1
" 1- Swir _Sgr " 1_Swir_sgr ¥ 1_Swir_Sgr ( )
Pcw = Pcwg = (Pcir - Pcwgt)stg + (R:gr - Pcwgt)Ffwg + Pcwgt and PCW(SWSg) =0 = Es (‘]2)
g Lo gl
Y9 and R = 33)
swg ng sqw fWg Ligw Tigw
S 4+ E 8P SEr By S0

APPENDIX K Pcw after crossing Sy,

Pcw function for gas out-flow and potential water and oil inflow in a cell in region B, or
alternatively for water out-flow and potential gas and oil inflow in a cell in region B. The
saturation path has reached S, path and is continuing in a new direction behind Sqr. The
turning point at the S crossing has saturations denoted (Swy, Soy, Sgy)-

Sw B Swir So Sg + Swir + Sor -1
Swg = and S, =5 <l and S, = (K1)
P,=P, (qu, 0q? gq) + P Froy = Powg and (Swy, oy, gy) P (K2)
S quw
Froy = = (K3)
S +E (1= S,)™

APPENDIX L Pcw oil production oil apex LETx
P.w function for oil out-flow and potential water and gas inflow in a cell in region A+C
with proposed extension to include region B, especially parts of B where S, > S_

rm*

_g . S
= Su=Sur  gng Sy = ~Se and Sy = (L1)
l_SWir 1_Swir l_SWir
P (Pcir - Pct )Fs +(Pcwu - I::::t )Ff + F::t and Pcw(sws) =0 = Esx (L2)
Pw=Cw.*P, and P,=C,,*P, and default N,, =2 (L3)
1+s, )™ S
+
log(E. ) = sl *log( E and S =—2°o L4
g( fx) (1+ Sorwxj g( fowx) orwx 1_ Swir ( )
-P
fowx |Og( Sworx) - |Og( E ) + Iog(SNUCNJ S
fo _ crr ct and Sorx —_ Yor (L5)
|Og( Sorx) 1- Swir
S Lsovw( S L own
F=——% _  and F,=—" L6
S S Lsovw + E STsuwx f S Lfowx + E Sfo ( )

SX T WX fx~ox



