Equation-of-State Approach to Model Relative Permeability Including Hysteresis and Wettability Alteration
Saeid Khorsandi?, Liwei Lit, Russell T. Johns!?

1- John and Willie Leone Family Department of Energy and Mineral Engineering, Penn State University, University Park, PA
2- EMS Energy Institute, Penn State University, University Park, PA

PennState

1 BACKGROUND

o Objectives
) Problem definition » Develop an equation-of-state (EoS) to model robustly and continuously the

» Commereil aenmpueieL simlieies Egaly Cole flels of e relative permeability as functions of phase saturations and distributions, fluid

relations requiring phase labeling. g :
quinng p : J .. . compositions, rock surface properties, and rock structure.
Dorn o Soneve e waten « Phase labeling iIs discontinuous for complex miscible or near-miscible

] | displacements with multiple hydrocarbon phases. Resulting discontinuities in
o | relative permeability cause simulation inaccuracies and instabilities. Wettability Rock structure
S ;‘Lx. * Phase relative permeabilities should capture effects of hysteresis, tluid ok, ok 'E’:r_‘ ok, ok,
e \ - ¥ - composition variations and rock wettability alteration. dk, = s aS+ 55k l+ a1 U gy, dNea 57 dh
g‘m -\ ﬂLNﬂ&SW Phase dis!cribution Capillary number
§sc T : ? 1 )
:, %p‘ _ L. — “ | %, - Eliminate all phase labeling.
§ M = g | : * Phase distribution and connectivity is handled through the Euler characteristic
“ 20 Nt s el | with a new method of normalization.
T | gmme, o ) e  The new model reduces to the same form as conventional relative
o m % dow w0 W W — gof==r > . L permeability models and can be tuned to typical experimental data.
f; == i ) j * The new model offers the pott_entlal for m_corporatmg results from CT-scans
Figure 1: (left) Wyckoff and Botset (1936) experimental apparatus and results for first o] —Y—n | & ., T | and pore-ne_twork _models to field S(Eale SlmU|at|0n_S- _
measured two-phase relative permeabilities. (right) In-situ measurement of trapped phase o m o e e com e « The model is applicable to all flow in porous media processes, but is
distribution and contact angle using CT-scanning (Andrew et al. 2013, Klise et al. 2015). g especially important for low salinity polymer, surfactant, miscible gas and
Figure 2: Phase labeling based on density thresholds causes significant differences in the water-alternating-gas flooding.

simulation results. The dashed line represents the threshold phase density for each case.

2 METHODOLOGY
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Figure 5: Schematic representation in a water-alternating-gas cycle.

Normalized Euler characteristic: is only a function of ganglion topology and

. . Table 1: Euler characteristic evolution functi
independent of saturation and measurement scale. aDIE &, EUIET CNATACTErISte SVOTULION TLNCtons
as as
dj op ds 07 a " a’
----- -_— z — o
-I'--?-\--"u\u{'}\hl_,__-lt\_ BN N -Fl.-\_f’:\u-{f?:(;??-t\-cl-li-.l‘:_f‘:'?' E_Elmbibitiona’ 8_82 f (Nca’ | ’A’Z’S) . &y 7-1 1
S I R %5 o
|\\|\\\|‘l|\\|\\\[‘\|\\| N ! \1\\\|‘\[ \]\\|I\|\\|‘\| 3 .
R ok N & T N TR O WS R O e N TR e TS Tuning procedure:
X b el et et i vl wimd e «  Simult ly include hysteresi illary desaturation and relati bility dat
== Xnax -4-- :\-‘k-r*:-ﬁc-«”a;-*:-%——cb-: l|<>q——<>;\—‘<>\——‘<>;—{}\—4;\[-#;-*\--4.- imultaneously include hysteresis, capillary desaturation and relative permeability data.
7= S - _‘*_h_ AN _4__(51 T - —\-r}——‘é\—'lii—\—%-—\é—  Fitto CT-scan measurements and/or initial - residual saturation curves
— I\\I\\I\I\\I\\I\\[\I\\l II\[\I\I\\I\\I\I\\I‘\I
— R R N SRR R S Y S TR N R N N Y I Y )
A BRVENR RSN RN i braara ar et RV o (say s
|‘\\|\\|\||‘\ |‘\\|‘\ 1N |\\\: :4—2 |‘\\|\\|\ N |\\\|\\\1“\ |\\\| XZ(XO_]-) S 1 +1 )2= n+1 1 B 1 L oot n+l
BN N S N Sl 0N N PN S N N 4 ’ C-mis™ s ) 7
R It HE R
Figure 4: Ganglion distribution across the micromodel. Normalized Euler Implementation IN reservolir simulator

characteristics remain the same values for both cases.

The IMPECX scheme is developed to estimate flux between grid blocks and update Euler characteristic.

3 RESULTS AND CONCLUSIONS
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Figure 6: Distribution of oleic and aqueous phase in Figure 7: Tuned Euler characteristic and relative nCio ool NCe o . . . .
drainage and imbibition processes permeability functions. ° 02 e 3 1

Figure 9: One-dimensional simulations: new EoS model avoids the unphysical discontinuities of conventional relative
permeability models.

2 Euler characteristics tuned to hysteresis data
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S 6 Conclusions
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S 02 904 We developed a framework for modeling relative permeabilities as a function the phase state in porous media, where
© o 3 02 effects of wettability, hysteresis, and compositional variations are incorporated.

"o 0z 0e o6 o8 1 T o o e o « Phase relative permeabilities are independent of labeling and saturation paths.
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» Impact of phase compositions on relative permeabilities was implemented by modelling phase wettability and

Figure 8: Tuned Euler characteristic and relative permeability functions. : . . .
Interfacial tensions compositionally.

Table 2: Tuned parameters for case2. » Hysteresis effects on relative permeability model were added by defining the phase distributions and phase
| Eulercharacteristic__| ____Relative permeability __| connectivity.
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