Flow in Porous Media

Module 3.c

Fundamental of Two Phase Flow in Porous Media
Two phase flow in gas condensate reservoirs
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Gas Condensate Reservoirs- Composition

Dominant composition: C1

Heavier composition< 15%

TABLE 2.1—COMPOSITION AND PROPERTIES OF SEVERAL RESERVOIR FLUIDS

Composition (mol%:)

( Gas ) Near-Critical
Component Dry Gas  Wet Gas | Condensate Oil Volatile Ol Black Oil
COg 010 1.41 237 1.30 0.93 0.02
Mz 2.07 0.25 0.3 0.56 0.21 0.34
Gy a86.12 92.46 7319 69.44 58.77 4.62
Ca 5901 318 7.80 7.88 757 4.1
Cq a.58 1.01 3.55 4.26 4.09 1.01
-Gy 1.72 0.28 0.7 0.89 0.91 0.76
n-Cy 0.24 1.45 214 2.09 0.49
I-Cg 0.50 0.13 0.64 0.90 0.77 0.43
n-Cg 0.08 0.68 1.13 1.15 0.21
cﬁis;- 0.14 1.09 1.46 1.75 1.61
Cr, 0.82 2.2 10.04 21.76 56.40
Properties
Mcn 130 184 219 228 274
Yo, 0.763 0.8186 0.839 0.858 0.920
ch? 12.00 11.95 11.98 11.83 11.47
GOR, sct/STB oo 105,000 5450 3,650 1,480 300
OGR, STB/MMsct 0 10 180 275
VAPl 57 49 45 38 24
g 0.61 0.70 0.7 0.70 0.63
Psat, PSia 3,430 6.560 7,015 5,420 2,810
B, ft3/scf or bbI/STB 0.0051 0.0039 278 1.73 116
Poge Ibm/ft3 961 \ 267 ) 30.7 38.2 51.4

(Monograph vol. 20, SPE)




Gas Condensate Reservoirs- Field Indicators

(McCain, 1990)

GOR, Surface Yield, Type
SCF/STB STB/MMSCF

3,300 300 Highly Rich
150,000 7 Highly Lean

*GOR > 50,000 treated as a Wet gas



Ternary Visualization of Hydrocarbon Classification
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Condensate Drop-Out

1. Reduces the condensate recovery (immobile oil phase)
2. May result in poor well deliverabilities due to condensate blockage

*The effect of condensate blockage depends on:

(1) relative permealbilities,

(2) PVT properties, and

(3) how the well is being produced (constant rate vs. constant BHFP).

*The reduced wellbore deliverability due to condensate blockage is only
important when BHFP reaches a minimum (dictated by surface pressure
constraints) and the well is forced to go on decline.



Why Condensate Drop-Out is important?

1. Lower condensate recovery (immobile oil phase)
2. May result in poor well deliverabilities

Condensate dropout without severe productivity decline

(Schlumberger 2005-2006 report)

*In high productive or fractured reservoirs
*Vuktyl GC field in the Komi Republic, Russia
Loss of valuable intermediate and heavier components (855 million bbl)

Condensate dropout with severe productivity decline

(SPE 28749, 1994)

*Arun Indonesian giant GC field; 23000 acres

*Thick limestone formation; local thickness of 1,000ft

*Rapid decline after approximately 10 years; some of productivities decline
down to 50%.

* Confirmed through pressure transient response and Pl test



Shift in Phase Envelope of Gas-Condensate Mixture as the Heavier
Components Are Dropped Out in Reservoir

In reality the composition of the overall reservoir fluid does not remain constant.
This result in a shift in the phase envelope, and leads to less revaporization at
lower pressures
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Gas Condensate Reservoirs- Experimental Work

1. PVT Sampling
»  Captured at single-phase period

v'Conventional surface (Recombination method)

v'Novel down-hole sampling (Schlumberger, 2001)

2. Lab Experiments:

» CCE
v I:)dew
» CVD
v" Liquid dropout curve
v' Single phase gas deviation factor, directly measured
v' Viscosities, directly measured
v’ 2-phase gas deviation factors, indirectly calculated
v' Vaporized oil-gas ratio below P, indirectly calculated
v' Material Balance calculations (L.P. Dake, 2001)

Highly important in EOS tuning and reservoir fluid characterization
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Constant Composition vs. Constant Volume
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Drawdown Behavior

Fluid flow towards the well in a gas condensate reservoir during depletion can be
divided into three concentric main flow regions, from the wellbore to the reservoir
(Fevang, 1995):

UNear-wellbore Region 1. Around the wellbore, region with high condensate
saturation where both gas and condensate are flowing simultaneously.

LdCondensate buildup Region 2: Region where the condensate is dropping out
of the gas. The condensate phase is immobile and only gas is flowing.

dSingle phase gas Region 3: Region containing only the original reservoir gas.

55 4 3 @ d
lGas o) @06 @ )

Sc >Sccrit
Condensate

Fig. 1. Dynamic phase behavior in a gas condensate reservoir.
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Region 1

dRegion 1 will always (and only) exist when P, (BHFP) is below the dew point.
A short transition period is required to build up steady-state saturations in Region
1.

LSize: The size of this region varies with time and richness of the initial
reservoir fluid. The size is typical 50-100 feet (15-30 meter) for leaner gas
condensates and 200-500 feet (50-150 meter) for richer gas condensates.

QOil Saturation: The saturation in Region 1 is usually in the range of 40-60%.
The oil saturation is established such that the oil dropping of the reservoir gas
has enough mobility to move together with the reservoir gas (no accumulation).
QThe flowing composition (GOR) within Region 1 is constant throughout. That
means that the single phase gas entering Region 1 has the same composition
as the produced well stream mixture.

UThe main source of flow resistance, and thus deliverability loss in gas
condensate wells. The deliverability loss depends mainly on gas relative
permeability in Region 1, and the size of Region 1.

Region 1 increases as a function of time, and its outer boundary moves
gradually outward. The liquid saturation close to the wellbore first increases
upon initiation of production and early depletion stages (lowering P, but starts
to decrease later in depletion (decreasing CGR).



Region 2

LRegion 2 will always exist together with Region 1 after reservoir pressure
drops below the dew point.

USize: The size of this region depends on size of region 1 and reservoir
pressure (relative to dew point pressure.

USaturation: The saturation is approximately the same as the CVD saturation
(corrected for S,).

The pressure in this region is lower than the dew point pressure of the initial
reservoir fluid. The oil condensing from the reservoir gas has no or negligible
mobility. This region has a net accumulation of condensate.

UThe deliverability loss in region 2 is usually limited as gas relative permeability
Is usually high (often S-shaped gas relative permeability) at low oil saturations.
For well deliverability calculations, the condensate saturations in Region 2 can
be approximated by the liquid dropout curve from a CVD experiment, corrected
for S,

UThe important consequence of Region 2 is that producing wellstream
composition (GOR) is leaner than calculated by a simple volumetric material
balance (e.g. CVD measurements).

Region 2 has only a small effect on net condensate recovery. The effect is
small on oil recovery calculations because of the relatively small difference
between the producing oil-gas ratio (r,=1/R,) and solution oil-gas ratio rg of the
producing wellstream (evaluated at average reservoir pressure).



Region 3 will always and only exist when the reservoir pressure drops is above
the below the dew point of the original reservoir fluid.

Coexistence of Flow Regions

PPy | PR<P; | Py <P, and
Pr ~ P4

Region 1 X

Region 2 (X)

Region 3

X exist
(X) may exist




Proof of the Two-phase Steady-State Theory for Flow Through
Porous Media (SPE14472)

Production from the well

!

Bottomhole pressure (BHP) falls below the saturation pressure
of the reservoir fluid.

Condensate liquid accumulation occurs near a wellbore

!

The formation flow capacity to the gas phase becomes less than
the formation flow capacity to single-phase gas flow.



*This theory predicts saturation and pressure distribution in the vicinity of a producing well and
total fluid production rate as a function of the BHP.

|t was based on the" assumption that, at any location within the two phase region the ratio of the
volumetric flow rates of the two phases equals the ratio of the volume fractions of the two phases
as given by constant composition expansion (CCE) at the, corresponding pressure.

Assumptions: . .
«No Dispersion, Linear system  Radial system
*No Capillary, el (V- 8) 13
) = —X @) = Za(r )
eNo Gravity effects (V-4) 3% r r
Component Material-Balance Equatlons
oMz; 20y - 828 24y = L3 . 30
v {?-an+h_g}’.)?p+q;==¢T' i=1...n. ... v = 05 (@) = = (x5
Overall hydrocarbon material balance = gas-phase mobility times density (kgp,/n )
aM ?u = oil-phase mobility times dms.ily koPo/Bo)
?-(ha+h3]?p+qf:-»¢-ﬂ?. ................. {2} M = wm“ hj'ﬂl'ncil‘hﬂll mantlty (Pgsa +p‘ !)

ll 77

Concept of Steady State: At steady state, there is no accumulation of component “i” at any location

in the reservoir and no accumulation of overall mass of hydrocarbon.

aMz;
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There is no component molar production except at the producing well.

e e R e e R e e e i e B e "
| -E—Mr—z'-—==ﬂ, i=1...n, |
B VO NN L. SR Y b |
| RoxitAgy)Vptqi=é—>=, i=l...n. ... mm=( g 4t hy)Vp=0. .oeeverenieinnnnen. (5 |
' 4 '
| - . |
| C; is the molar flux of Component i MoXiFR¥DVP=Ci. o oriviriiiiniininnnn, ©)|
L _________________________________
| aM .l
' aM Che |
Iv'{hg+h3]?p+qu¢-ﬁ—. ................. (2) e V-, FAIVP=0. ... (N |
| ‘ |
- ! |
| C, is the overall molar flux . |
I PoFAg)VP=Cpy «ooreerriinnnnns e ®
NN I S S S S S S S S S S S B B B S B S B S B S B S B S B S S S S . .- J
ApXi+A
Ll 9)
No+Ag
By taking the dot products of Eqs. 6 and 8 with a unit
vector and then dividing the molar flux of Component i, ~<
|C;l, by the overall molar flux, |C,|, we obtain e NoXitheyi (10)
‘f —Lﬂ-l'_hg s *r e+ 4 s e e s

C,; = overall flowing composition for
- Component i
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| The overall flowing composition reflects what the composition would be if one were to sample the |

| flow streams in the reservoir. |
NoXi+ApV I

I z;;=M=c,-,,. ................... (10)

I Aot+hg |

h — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — l

| The overall in-place composition is defined as

: Soxi+0gSgyi
g=BonetiTPeiedi . an
pﬂsa+pgsg

| The overall in-place composition at a given location would be obtained if one were to analyze the
| core at that location in the reservoir.

tt

sure greater than the saturation pressure) is in the single- T _
phase region. Because no composition variations take i -
place in the single-phase region, the fluid flowing in the i
shgh—phmmmunhmﬂmsamemmp&niﬁmuthein-
place reservoir fluid composition before depletion. Eq. 7
10 implies that the steady-state overall flowing composi-
tion of any component is constant with respect to distance. I oil
Therefore, the steady-state overall flowing composition, : |

We assumed that the upﬂream end of the aym (Pfﬂ' i \; Reqio; ??Qion 2 i ;:ReBIon 3 I

04 BER

Qil saturation

Z;#, in the two-phase region is also the same as the over- " ' Racus () '
original reservoir fluid composition, z;,:



Thernfufq,fq =V,/Vg. A common engineering as-
sumption is that ﬂm m-piac: gas and liguid phases are in
equilibrium in the reservoir. According to the phase equi-
librium concepts, the flowing fluid must be in equilibri-
um because it is derived from, the equilibrium in-place
gas and liquid phases. The CCE equation for the flowing
fluid in equilibrium can be written with Eq. 10.

2ip=Lai+(1=Lpyi, -ooevveeeennnnoenn.. (14)
where
Mo
L= (15
YT )
ar
_ N
I—Ly= . i (16)
Ao+,

The CCE equation for the original reservoir fluid in
equilibrium can be written as

Zio=LocgXip+ (1 —LecelVio- -+ cvvveeneen (17)

Because the overall flowing composition at steady state
equals the original reservoir fluid composition (Eq. 12),
the liquid- and gas-phase compositions of the flowing fluid
equal the liquid- and gas-phase compositions of the origi-
nal reservoir fluid, respectively, if both fluids are flashed
at the same pressure and temperature:

Xi=Xjg +ressrenarenstnesarnassanonsnnsns (18)
and
ViTVior wrevennrrannnnnrananeaaiaann (19)

Lm =mnlefrncuunufthehqu1dphmma
) - constant composition expansion of the
ongmalﬂ!ud in./(in. 'F)_ [m/(m~K)]

x; = in-place mole fraction of Component i in
the liquid (oil) phase

x;,, = liquid-phase mole fraction of Component i
in a constant-composition expansion of
the original fluid



Substitution of Egs. 15, 16, 18, and 19 into Eq. 14 and
derivation to Eq. 17 by virtue of Eq. 12 yields

Ao Mg
Xjp T Yio
(Ao t+Ag) o +Ag)

=LocpXio ¥ (1~LeCE)Vir «-vnvenvennss (20)

and by rearrangement,

( ;\al ~L )x +[ Ae
Nothg /T TLN, A

A
- FLCCE. .......................... (22}
No+g
or
hg =1-LCCE- ...................... (23)
Agt+Ao

Dividing Eq. 22 by Eq. 23 gives

k
No= "p"| ........................... 25)
Ba x;
and
h,=k“°‘ e 26)
. F; ¥;

where compositions below the vertical bars signify com-
positions at which densities and viscosities are evaluated.
By definition,

L':C:E= apa B Tttt (21)
and
l—LCCE=V!pg|h, ...... ST @8)

where V, and ngmcvulumc&acﬁonsufthel'iquid
and gas phases, respectively, during CCE of the original
reservoir fluid. Because x;=x;, and y; =Y, at steady
state,



Po|x;=Po |xpr wrrrrnrrr e {29a)

Py ?:_p‘l}’b’ ......................... (29b)

Bol g =bo|zys <rrrrrrr (29¢)
and

p‘lh #31.?» ......................... (29d)

Substitution of Egs. ZgathrouthQdmtnEqs 24
through 28 yields

k, )
o’ =E ......................... (30)
l:, ) vV,
Kg
or
@ _Yo @31)
9; Vg

Thcvmnblaaqnandq,mﬂmmola:mmﬂuw
rates of liquid and gas phases, respectively. These rates
are also equivalent to the reservoir flow rates expressed
in terms of surface units.

Hulll.nnhhll'.
_C = number of components
Cgﬂmnlarﬂuxofﬂmnponmt:
~C = overall molar flux
~ Cd.-wmllﬂowingmmpnm"onfnr
Component i
C = number of components
F = degrees of freedom
-k.‘=effecti\repenmabllltytugas,md .
= effective permeability to oil, md
' Lccg=moleﬁacnmufﬂnhquidphmma
* constant composition expansion of the
' original fluid, in./(in.-°F) [m/(m-K)]
Lf definéd by Eq. 15 :
M = overall h}'mmmwﬂs +p‘ Sg)
u—vamblefornumb&rofmmponmts
.. -p = pressure, psi [kPa]
Pa = pressure at dewpoint
Pe = external pressure
pwy = flowing BHP . ° -
* P = number of phases
= gverall hydrocarbon molar production rate
per unit volume, Ibm mol/sec-ft3
[kmol/s-m?3]
qg = mmmrﬂuwntcofgasphmcxprmsed
in terms of surface units, Mcf/D [m*/d)
q;=molnrinjacﬁonmteperunitvolmof
Component i, Ibm mol/sec-ft3
[kmol/s-m?]
q, = reservoir flow rates of liquid phase
expressed in terms of surface units,
ft3/(sec-fi?) [kg/s-m?]



S, = gas-phase saturation
S, = oil-phase saturation
Vg =volum=framunofth=gaaphasema

constant-composition expansion

V, = volume fraction of the liquid phase in a
constant-composition expansion

x = mole fraction

x, = length of external boundary, ft [m]
x; = in-place mole fraction of Component i in
the liquid (oil) phase

X, = liquid-phase mole fraction of Component i

in a constant-composition expansion of
the original fluid

x; = length of the two-phase region, ft [m]

¥i —m—pMcmlefrmonofComponem:m'
the gas phase -

Yip = gas-phase mole fraction of Component i in
a ¢onstant-composition expansion of the
original fluid ' '

Z; -mml]m-placemolefrm‘af
Component i

zifnuvmllﬂowmguwitﬁ‘muf
Component i

Zio —GmallmolefrmmnfCompuumtim
the original fluid .

Ag = gas-phase mobility times density {k‘plfn,)

A, = oil-phase mobility times density (k,p,/10)

* pg = gas-phase viscosity, cp [Pa-s] -
o = oil-phase viscosity, cp [Pa-s]

pg = gas-phase density, ibm mol/ft* [kmol/m3]

po = oil-phase density, Ibm mol/ft® [kmol/m?)

¢ = porosity
V = gradient operator
V. = divergence operator

Subscripts
g = gas phase
i = Component i
o = oil phase



Compositional Model Results. Results computed with
the analytical equations derived in this paper were com-
pared with the results for the same system obtained with
a compositional model.* The compositional-model simu-
lations were carried out for a linear gas-condensate system
(Fig. 1) until steady state was achieved. A constant-
pressure boundary was maintained by use of an injection
well with a BHP of 6,000 psia [41.4 MPa]. The compo-
sition of the injected fluid was the original reservoir-fluid
composition. The producing BHP was 1,000 psia [6.9
MPa] in these simulations. Fifty grid points of uniform
spacing were selected for this system. The model predic-
tions indicated that steady state was achieved within 1 day.
An 11-component fluid system was used for all the simu-

lations.
pwf < pdew pe > pdew
Pwi Pdew Pe
| |
i
|
TWOPHASE | SINGLE PHASE ggggﬂgz
REGION ! REGION PRESSuRE
I
| |
X=0 xt xe

Figure 1. Linear System for Compositional Model Studies



The overall steady-state flowing composition in the
model is identical to the original reservoir-fluid compo-
sition (Figs. 2 and 3). This result is consistent with the
analytical result (Eq. 12). The equilibrium K-value of
Component i is defined as the ratio of the mole fraction
of the component in the gas phase (v;) to the ratio of the
mole fraction of the component in the liquid phase (x;).
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The equilibrium K-values of the flowing fluid at steady.
state are the same as that of the original reservoir fluid
by virtue of Eq. 12. Because the equilibrium K-values of
the flowing fluid are the same as the equilibrium K-values
of the m—place fluid in the context of phase equilibrium
constraints, the equilibrium K-values of the in-place fluid
at steady state must equal the equilibrium K-values of the
original reservoir fluid before depletion. The overall in-
place ion in the two-phase region (Eq. 11), how-
ever, will be different from the original reservoir fluid
composition. The equilibrium K-values for the original
reservoir fluid were obtained during CCE with an equa-
tion of state (EOS). The compositional model simulations
described earlier provided the liquid- and gas-phase com-
positions used to calculate the equilibrium X-values of the
in-place fluid at steady state. The equilibrium K-values
predicted by the compositional model are in excellent
agreement with those obtained by the EOS during CCE
(Figs. 4 through 6).
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The compositional model simulations also show excel-
lent agreement between the model-calculated g,/ at
steady state and the EOS-predicted V,/V, of the origi-
nal reservoir fluid (Fig. 7).
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Figure 7. Comparison of Volume Percent Liquid (CCE) vs.

Percent Liquid Rate (Model)

Thein-plncecompoaiﬁonpmﬁlutsteqdyst_ntuwasc&!—
culated with the analytical procedure outlined in the previ-
ous section. The comparison of the calculated composition
pmﬁleusingthisprocednrewiﬂithem” y-state compo-
excellent agreement. A comparison for Compumm 2
(methane) is displayed in Fig. 8. Similar comparisons for
other components yielded excellent agreements.
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Figure 8. Overall In-Place Mole Fraction In the Reservoir
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sefulness of the Results for Two-Phase Pressure
Ehmimtﬁnabﬁs.ﬂneufmnnmldifﬁuﬂt.mksinﬂu
analysis of two-phase pressure transi:nt@nta:stlmdeter-
mination of in-situ saturations as a function of pressure.
It is not expected that the saturation profiles predicted by
the two-phase steady-state theory will be followed dur-
ing unsteady flows. As a first approximation, however,
one can use the concepts presented in this paper to evalu-
ate a pseudopressure function? to analyze the two-phase
pressure transient data.



K. /K,

g
Modified Black Oil PVT i—"g=1:‘ff" jjﬁs. Compositional Model
k 'R, —R_\u,B,, k., U,
= (p)=| == | (p) = [——1]
e \ _?5 e J ’”0 o };a ' mC’C‘E Ju
Thermodynamic Fluid flow property Viecce=Vo/(V Vo)

property

Bgq :dry gas formation volume factor, rb/scf

R, : Producing gas oil ratio, scf/stb

R, : Solution gas oil ratio, scf/stb

I, : Solution oil gas ratio, stb/scf

V,.cce ‘Relative oil volume in CCE experiment for each pressure step
V, : Oil volume in an experimental cell in each pressure step, ft3

V, : Gas volume in an experimental cell in each pressure step, ft3
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By :dry gas formation volume factor, rb/scf
R, : Solution gas oil ratio, scf/stb
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R, : Producing gas oil ratio, scf/stb
ry - Solution oil gas ratio, stb/scf

V,occe ‘Relative oil volume in CCE experiment for each pressure step
V, : Oil volume in an experimental cell in each pressure step, ft3
V, : Gas volume in an experimental cell in each pressure step, ft3
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*k,y and k,, can each be expressed directly as a function of the ratio k/k,, when
both phases are mobile. (Evinger and Muskat).

*If the ratio of k. /k,, is known, the values of k,and k, can be calculated from the
relative permeability curves, and the pseudo-pressure integral evaluated.
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Diagnostic plots for Rich Gas A and Lean Gas B showing the variation of k., (in

Region 1) and CCE oil relative volume as a function of pressure during depletion.



Kig(KigKro) 1S the fundamental relationship controlling the reduction

In gas relative permeability in the near well bore region.

06 | 1t
C  Arco model
05 = Chierici model
—— Corey model 0.1

g
L
S
(Whitson et al., 2003)

Relative permeabilities
=
T

(.01 ¥
x 03 ° ) X k.
f : 0.001 -:%
) [ D
L]
&
f | o Arco model = \'1
01 » 0.0001 j o
' = Chiencl model a3
.‘M ‘ | | — corey modes o \
0.0 4 0.00001 4 : 2

0.1 1 10 100 0.0 0.2 o 0.4 0.6 0.8
Il saturation

Saturation dependent relative permeability curves for three different immiscible
correlations, showing in particular the region that affect flow behavior in the near-
well region (boxed area). The three correlations have the ‘same’ k., = f(k/k,)
relationship in the boxed region.
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Capillary Number

*Most gas-condensate reservoirs are found at near-critical conditions where the
interfacial tension between gas and condensate is low.

*Experimental studies have shown that as interfacial tensions (IFT) decrease,
the relative permeability curves become progressively straighter (miscible)
whereas the residual fluid saturations decrease.

*An increase in relative permeability with velocity has been demonstrated in
numerous laboratory core-flood experiments and actual field data. Danesh et al
were the first to report laboratory experiments results showing improvements of
relative permeability in condensate systems with increases in velocity or
decreases in interfacial tension.

*High velocities and low IFT’s both increase the ratio of viscous to capillary
forces and can be represented by a single parameter, called the capillary
number (Nc)

Al
O

A combination of IFT and velocity is called Capillary Number. N, =



Effect of IFT & Rate on Darcy K,

Until 1995 it was assumed that relative permeability of a fluid is mainly a
function of:

Pore size distribution

W ettability
Saturation

Saturation history
IFT

In 1995 both Shell and Heriot-Watt (Henderson) published results showing the
effect of capillary number (Nc) on relative permeability.
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«Capillary number describes the relative balance of viscous and capillary forces
(Nc - Apviscous/Pm or Nc - Vpg“glcgo)

*For small Nc, capillary forces dominate and traditional (‘immiscible’) relative

permeability behavior is found.

 For large Nc, viscous forces dominate and relative permeabilities tend to

approach straight lines or ‘misciblelike’ behavior.

*IFT change the shape of the curve

*V, shifts the curve to higher k

Velocity effect on k, = f(k,/k,,) relationship for a Berea sandstone and

a synthetic gas condensate mixture Data taken from Henderson et aI

I vs(ft/D) = 120, 30 ] i 0 1
IFT=0.4 mN/m | i 1

Stra|ght Line kr{S) Curves _

4 08

Straight-Line k«(S) Curves

vs(ft/D) = 120 |

Vs=0g/[AQ(1-S,)]

o Steady-State Data
Unsteady-State Data

30

04 -

(Fevang, 1995)
Krg
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IFT, dynes/cm
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Miscible and Immiscible K,

As IFT approaches zero the relative permeabilities approach straight lines with
zero residual saturations

Gas and Qil-in-Gas Relative Permeabilities

12
(Fevang, 1995)
1
N = A
> c
= s O
ﬁ Krg - base Nc
@ = =Ko - base Nc
E —Krg-Base Nc * 10
3“'5' v=+x= Kro - Base Nc * 10
Q@ —Krg - Base Nc * 100
r - = -+~ Kro - Base Nc * 100
E 0.4 4 —Krg - Base Nc * 1,000
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Gas saturation



Whitson and Fevang (1997)

krg — fl ' kl‘gl + (1 — fl) . krgM

I
kegm = ko, - ]
) S (kl‘g/kro)_

1
(- No)" + 1

a is a constant dependent only on rock properties « =

Transition function f; =
2. 107

k¢

n==0.7

k4 gas relative permeability at S

kig and k., are evaluated at the same value of k/k,,— not at the same

saturation.

It only can be used for the steady-state region where both gas and olil are
flowing.



Effect of Non-Darcy Flow on K,

In near the wellbore region where the velocity is highest, any positive effect that
high N, has on "Darcy" relative permeability may be reduced by non-Darcy flow
effects.

Non-Darcy Flow: Forchheimer equation

To quantify the effect of non-Darcy pressure loss, an effective gas relative

permeability k, .«is defined.

IP u 5 ‘ _Q_P: 2y
_E:?V'I‘ﬂpv d.x kHVF

B =ak’¢° a~10-109, b ~0.5-15 andc ~ 0-55.

The correction of (3 for relative permeability effect (Blom and Hagoort ;2003b)

—b'
JBEH — JB ’ "F‘rg



Kiy nyeis defined such that the pressure drop using only two-phase Darcy’s
law with k., .- Is equal to the pressure drop using two-phase Forchheimer
equation.

Kighve [l N k- Kig

—1
* JBf:ff * pg * Vg]
Hg

kro = krgHVF /(kro/ krg)



1.0 1 (Whitson et al., 2003)
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Example of gas relative permeability variation with pressure for radial flow
geometry in a rich gas condensate well using proposed steady-state
pseudopressure model;shows effect of Nc dependence on krg and effect of
inertial HVF (‘turbulence’) on capillary number.



50000 1.40

(Whitson et al., 2003)
Hadial Well
f Capillary
40000 —— Mumber Effect 1.12
F
L=,
O "=
S 30000 084 w
= Capillary Number ‘G
Qi and HVF Effects -
= @
o m
w 20000 056 @
m 0
o, i
)
L [Immiscible Relative
10000 Permeabiliies 025
0 : : : 0.00
0 2000 4000 6000 8000

Time, days

Rate—time behavior for a a rich gas condensate radial well showing the effect of

including capillary number improvement of krg, and inertial high velocity flow
(‘turbulence’).




Gas Relative Pemreability
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Gas Condensate Reservoirs- Fluid Behavior
Near-wellbore Phenomena (Danesh, et al., 1994)
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Theory of Steady-State Compositional Flow

U the system of equations describing the flow of a two-phase multi-component
mixture in porous medium

3({”“;0') ) : k) (k)
¢ o7 + dlv(ng)(] — $)peCy + Vodspoc, ) =, =100 N)
(2.1)
kkeo (5) kkeo(s) Linear system
Ugp(1 —5) = ——gradP,,  U,ps = ————gradP, (2.2) Y
,Ll.g Ho ad
Lk k . et
s RO —ddpells & OB
. pg(] =1 S) + pos
p=pg(1—5)+ pos (2.3) Vi) - %
n;k’(Pg. C;“ ..... CéN’) = O (P, e, 0 ¢,
B B ) Radial system
(=T, N); P, = P, + Pc(s) (2.4)
P =P P 85 s &™) Pis = DolPyss e85 6 (2.5) (V-9 = i)
N N
(k) k) : '
c:’' =1, ¢, =1 (2.6)
Z 2 Z : (v¥e) = 1 E‘—'lir 22,

k=1 k=1 r ar ar



where

¢ : the porosity

K : permeability

ki4(s) and ki, (s): the relative gas and condensate (oil) permeabilities
P.(s): capillary pressure

¢ K): total mass concentration of k" component in the system

c,): the mass concentration of k' component in gas;

c, ¥ : the mass concentration of k' component in olil;

p: total density;

P, and p,: gas and the oil densities;

M, and Y, : gas and oll viscosities;

V, and V, : the true gas and oll flow velocities;

P, and P, : the gas and oil pressures;

n,® and ny(k): the chemical potentials of k™ component in oil and gas

s is not the traditional pore-volume saturation, but it represents the fraction of
flowing mixture volume

§ =Up = Uq]/(uq] -|_ Ug) — Qt\/(Q\)+qg)



