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Summary are most important at the outlet end of the core and over the

Relative permeabilities are important characteristics of multiphagaturation shock front. To suppress capillary effects, the experi-
flow in porous media. Displacement experiments for relative pef2ents are performed at a high flow rate. Usually, these rates are
meabilities are frequently interpreted by the Johnson—Bosslegignificantly higher than those experienced in the underground
Naumann method neglecting capillary pressure. The experimeff§ervoirs during exploitation. Another major disadvantage is that
are therefore conducted at high flooding rates, which tend to be muéhative permeabilities only can be calculated for the spreading part
higher than those experienced during reservoir exploitation. Anott@r the saturation profile, because the theory is not valid in the

disadvantage is that the relative permeabilities only can be determiivéginity of the saturation shock where capillary effects are signif-

for the usually small saturation interval outside the shock. We preségant. In a water/oil system, the saturation-shock interval is fre-

a method to interpret displacement experiments with the capilla@yently more than 50% of the total mobile-saturation range. This
pressure included, using in-situ measurements of saturations and piiagans that relative permeabilities cannot be determined for a
pressures. The experiments can then be run at low flow rates, &tdstantial range of saturation. Extrapolating the estimated relative
relative permeabilities can be determined for all saturations. Thermeability curves into the saturation interval corresponding to the

method is demonstrated by using simulated input data. saturation shock can be very difficult. _ _
A better alternative is to reduce the flow rate in the experiments,
Introduction and include capillary pressure in the analysis. In this work, we use

Relative permeabilities are important characteristics of multiphagg fact that a reduced flow rate will lead to a spreading of the shock

flow in porous media. These quantities arise from a generalizati :acgli;\rh?/vg\?gtc)rvglstt?t::ﬁlzi}g (\:':t?”:r fl);g;eflcgpio(dc?:;fieivs a
of Darcy’s law, originally defined for single-phase flowRrelative 9 pitary prop

permeabilities are used as input to simulation studies for predicti ethod to calculate relative permeabilities for the traveling-wave

the performance of potential strategies for hydrocarbon-reservﬁ 't of the prof!le_. We consider a displacement experiment per-
exploitation. ormed at a sufficiently low rate such that the shock front is spread

The relative permeabilities are usually determined from fIO\}()/ut into a traveling wave. By this method, relative permeabilities

experiments performed on core samples. The most direct wayct%n be calculated for a substantially larger saturation range than is
measure the relative permeabilities is by the steady-state mbth&?ss'ble with the standard JBN method. Calculation of relative

Each experimental run gives only one point on the relative pe[?-ermeabIIItIeS from the stab|!|zed capillary zone has also been
meability curve (relative permeability vs. saturation). To make erti(})rtrngtd tﬁif\goufcl,ﬁcﬁué;n&gg gnlyli:g f%?pt:g;(rlm\?vtg. ag];sﬁesgﬁ d
reasonable determination of the whole curve, the experiment ha %ee- hase reIaFt)iE)/e- ermeabilit eggmation P

be repeated at different flow-rate fractions. To cover the saturati P P Y )

plane in a three-phase system, a large number of experiments ha\}éI th.'s approach, we will use only in-situ measurements of
to be performed. The method is therefore very time-consumin afurations and phase pressures. In recent years, techniques have

Relative permeabilities can also be calculated from a displa jeen developed for in-situ measurement of saturations of the fluids in
ment experiment. Typically, the core is initially saturated with € core, which has a potentlal ’.[0 enhance our understanding of the
single-phase fluid. This phase is then displaced by injecting t gw In the parous medium. In-S|'tu saturation r%easurements can be
other phases into the core. For the two-phase case, performed by various tech_nlq_uFes. X-ray atéfg‘ua. ORray c%n;puter
how to calculate the ratio of the relative permeabilities from a diégmograph)?, gamma emrlls{?sgo ,uItr_esour_l + MICTOWaVes, and
placement experiment. Effdsvas the first to calculate individual huclear magnetic resonanceln addition, in-situ pressa;g élneasure-
relative permeabilities from displacement experiments. Later, JohndBfts have been performed by several experime - One
et al* presented the calculation procedure in a more rigorous mannee)fr.)e.ctS that, through use of thin water-wet and oil-wet membranes, the
and the method is often referred to as the Johnson— Bossler—Nauna |qual phas? pressures can be meaeured.

(JBN) method. The analysis has also been extended to three phases. > PaPEr 1S organized as follows: First, the theory for the
In this approach, relative permeabilities are calculated at the outlet ﬁavellng wave solutlo_n for three-_phase flow V.V!t.h gravity is devel-

of the core; saturations vs. time at the outlet end is determined fr ed to allow caleulatlon of relative permeabilities from measure-
the cumulative volumes produced and time derivatives of the cunficnts Of saturation and phase pressures. A method based on
lative volumes produced, and relative permeabilities vs. time ?8““'0”5 of a linear least-squares problem, including regulariza-

calculated from measurements of pressure drop over the core an e 1 used to avoid dlffere_ntlatlon of me_asured quantities. Th'$
time derivative of the pressure drop. eads to a more stable solution. The new interpretation method is

Although the JBN method is frequently used for relative pelc_iemonstrated on artificially generated data from simulation of a

meability determination, it has several drawbacks. The method!40-Phase displacement experiment. Pointwise and integral calcu-

based on the Buckley—Leverett theory of multiphase flow in porot&UONS are compared, and noise is added.

media® The main assumption in this theory is that capillary

pressure can be neglected. In homogenous cores, capillary effects

Methodology

In a displacement experiment, the phases are injected at fixed rate
fractions into a core initially saturated with one or all phases.
Copyright 1998 Society of Petroleum Engineers According to the Buckley—Leverett theory, the saturation profile
Original SPE manuscript received for review 25 October 1996. Revised manuscript ~ will, in general, consist of a shock and a spreading part. When
received 14 January 1998. Paper peer approved 20 January 1998. Paper (SPE capillary effects are important, the shock will be spread out, and is

36684) first presented at the 1996 SPE Annual Technical Conference and Exhibition, ) A X
Denver, Colorado, 6-9 October. called a traveling wave. A traveling wave solution has the

* Now with RF-Rogaland Research
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form*13.14 consist of a combination of a traveling wave and a spreading wave.
In a two-phase system having a typical S-shaped fractional flow

S =8, E=x—Vvt ... (1) curve, the traveling wave will have higher velocity than the spread-
ing part of the saturation profile. The expressions in Eq. 10 are then

Substitutingg = x — vtinto the conservation equation, still valid because they only involve quantities ahead of the trav-

au aS eling wave. This is also true for a three-phase system.
— —=0, i=1,2,3, ... 2
dX ot
_ _ ) Integral Equation. The relative permeabilities may be determined
and integrating gives from Eq. 10 by differentiation op;(t). However, the numerical
- _ differentiation process will magnify errors, and oscillatory solu-
U=C+va=uG+ws), ... ®) tions may result. We can reformulate Eq. 10 as an integral equation,
whereC* is a constant of integratioi;, = C*u, u = =, u,, and considering Phase 1 here:
Vp = ¢V/u. Inserting Eq. 3 into Darcy’s law, t
P,
Kk [ op; . J T dt =pi(t) —p(0), .. 12)
Ui——ﬁa—pigx, |—1,2,3, ................. (4) 0
we obtain the pressure gradient along the traveling wave part of #{B€re Pu(t) is the pressure in Phase 1 as a function of time
saturation profile, measured at a point, andp,(0) is the pressure at the start of the
traveling wave profile. Inserting from Eqg. 10 and neglecting gravity
p; miu . for simplicity in the notation only, we get
=117 GC+wS) +pg, =123 .......... (5)
X ki k -
Note that the expression for the pressure gradient only involves thef P9) [Ci+ WSt =put), ... (13)
relative permeability of one phase. The const@ntan be deter- 0

mined fromC, = f — vp§", where }

o 4

- ad
N whete 5.0 = | p.0 - p0) ~ w2 (S|
fi :)\l<l+ugx EA]APU)' ........................ (6)

ji Eqg. 13 is a Volterra integral equation of the first kifidand

represents a class of inverse problems.

wherer; = Ki/u;, Ay = 2 A, andApy = p; — py. The unknown functionh(t) = 1/k,,(t), is expanded by B-
The velocityv of the traveling wave is the same as the velocitgplines,

of the shock:14

_uff -7 @ (D) = D OB (Fh D oevve e (15)
BE G e s

Here,* and ™~ denote the states to the right and left of the travelinghe saturationS,(t), will be measured directly. However, to deal
wave, respectively. The velocity of the traveling wave can also ¥éth measurement errors in discrete measurements, we use B-
measured directly by monitoring the saturation profile at twsplines expansion also here:
different positions along the core. ns
Away from the traveling-wave part of the profile, we can assume _ Spm (¥,
that the gradient of the capillary pressure can be neglected. Thesl(t) z GBSHYs U v (16)
pressure gradient for this part is then the same for all phases,
ip_u i hipy

ax_—m-i-gx N i=1,2,3. ... .. (8)

\

Inserting Eqg. 15 into Eq. 13 we get

The pressure gradient at the traveling wave part of the saturation '
profile, Eq. 5, must necessarily follow the traveling wave. Using

Nh ti
pu(t) = >, cr[cl f (%, t)dt’
j=1 0

%X»t):%(%vﬂ' --------------------------- ©  tWw f | hm,j@h,t/)sl(t')dv}, ................... a7)

0
we get (see Appendix) whereS, (t) is given by Eq. 16. This equation has the linear form
P VU ¢V p; AX = b, where the unknowns; are the coefficientsjh. Both the
— = G S) =g tVv__(§) ... (10) integral of a B-spline and the inner product of two B-splines can be
at ki k X 5 X -

calculated exactly; and henceA can be determined analytically.
for each Phasg where The vectorb is found through Eq. 14.
To determinén(t), and subsequently, the relative permeabilities,
we solve the linear least-squares problem

u

p
&(S*) S CONSE. ot (11)

minAX — Bl ..o (18)
is the pressure gradient in Phasat the constant initial saturation X
S’. The constant€; are related by; C, = 1 — v5. Whenap,/at
is known, the relative permeability of Phaisean be determined
explicitly, independent of the pressures in the other phases. GX = XC.

Note that if Phase is absent initially, we havé,* = 0, §" =

0, and henceC; = 0. The dimensionless velocity, = v¢p/u is These linear inequality constraints ensure t(@} is positive and
then given by the saturatiod and the fractional flowf,” at the monotonic; see Watsagt al*® for details of the structure @& andx”.
left side of the traveling wave. In general, the saturation profile will It is also possible to write the integral equation with saturation

subject to linear inequality constraints
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as the independent variable, zero, being large for media with relatively uniform pore sizes and
small for media with wide pore-size variation. The commonly

S 1 dt - encountered range faris between 2 and 4 for various sandstones.
M(S) [Ci + bS] as dS=pu9. ............. (20) The capillary pressure/saturation relation is
S+
A
Here, we shall determine the functionkl/(S), which we may S = (%) , for pe=pps e (26)
C

assume is a positive, decreasing, and convex function. The con-
vexity criterion would probably have rendered sufficient smoothy, erep, is the threshold pressure, a8t = (S, — S,,)/(1 — S,,)
ness, and addltlonallreg.ularlzatlon would not ha}ve been requirgdy,q n?obile wetting phase saturation. Relative permeabilities are
However, this equation involves the determinationrd&dt, and iven by
differentiation of measurement data usually introduces relative%/
large uncertainties. We will therefore proceed with Eq. 13 using k., = (S5)@3Vh (27)
time as the independent variable.
and k,=(1—-SHAL—(SH@MN. ... (28)
Tikhonov Regularization. To obtain a suitably smooth solution . . i .
of the problem in Eq. 17, we amend the linear least-squares problep}’Sing this model, the integralin Eq. 24 can be calculated for
by using Tikhonov regularizatiol® The Tikhonov regularized different values ofA. We assume a drainage process where the
solutionx,, is defined as the solution of the least-squares probleffitial saturation isS; = 1.0.Fig. 1 showsl/p, as functions of\
for three different viscosity ratiog,/u,. The integration is taken
min{||Ax — BH2 ALY (21) from(S; +0.01)to S — 0.01) toavoid singularities. The value
% of 1/p, decreases with increasing and with decreasing viscosity
ratio. The parameters andp,, are found from measurements of
rr}:apillary pressure. The value of the integrabs then found from
ig. 1. Using this in Eq. 23, the length of the profile can be
operatoll . This means that we expecik/vs. time to be relativel 0_fi‘alculated. Note that the capillary pressure and relative p_e_rmeabil-
P ' P ) y ity models in Egs. 26 through 28 are not always sufficient to

smopth_ functions. .__.. represent real data. In such cases, other representations must be
It is important to choose a proper value for the regularlzatloased (splines, polynomials, etc.)
parameter\. A variety of methods have been proposed. Hafi%en ! O

recommends the L-curve method wherés chosen from a plot of If th_e saturation profile consi_sts pf both a spreading part and a
A% — BH vs. |LX]. Yang and Watscf choose the largest Valuetravellng wave part, the saturati®] in Eq. 23 will not be exactly

: ’ . ; . the “shock front saturation,” but rather, the saturation at which the
of A that does not compromise the fit between simulated a@%reading part and the traveling wave part are connééted.
measured data. The expression in Eq. 23 has also been used by Potter antPLyle
) ] o ) to estimate the length of the stabilized zone. They only used qualitative
Length of the Traveling Wave Profile. Itis important to estimate estimates and did not explicitly calculate the length of the zone.
the length of the stabilized zone; the profile must be wide enough
so that measurements can be made, but the length should be sBaII

compared with the length of the core. For the traveling-wave partescr'pt'on of Example

Here, A is the weight given to the minimization of the seminor
[LX|| of the solution relative to minimization of the residual nor
[AX — b||. We will use the second derivative as the regularizati

of the saturation profile we have, following Marte, To determine the relative permeability of Phageom Eq. 13, we
need to measure the saturation and pressure of the phase as a
0S UM+, 1 function of time at one position along the core. Only data for the
X K M dp/dS [Cot VoS v (22) traveling wave profile can, of course, be interpreted by Eq. 13.

We also need to determivg andC, in Eq. 13. If the saturation
where we again have neglected gravity for simplicity. By integraprofile only consists of a traveling wave, the velocity is determined
ing Eq. 22, we get from the initial and boundary conditions by Eq. 7. In general, the
saturation profile will consist of a spreading wave and a traveling
e (23) Wwave. From in-situ measurements of saturation (or pressure) at two

ulpz positions along the core, the traveling-wave part of the saturation
rofile can be identified, and its velocity can be determined. This
ill be necessary in most cases, because we rarely will know if the
saturation profile only is a traveling wave, or if there is a spreading
part in addition.

whereXp, is the length of the traveling wave normalized with th
lengthl of the core, and is the integral,

| = S k2(0pd/9S,)
< (CL + VoS + (Keopralkiun)) — 1

ds. ........ (24)

1 N

This is the same expression as given by Jones-Parra and C&houn : A . ?
if we use 09 : ol O/ =0.8 f 1
o, 08 \0\ -8 -plu=1.0 _
L S VD e (25) : ~ T RkE1S
S . 07 ; S ;
in the stabilized zone. The integration is taken over the whole 08 ¢ e < \ ~~~~~ g
saturation range of the traveling wave. However, the integrands 05 | S 1
singular at the limit$S;” andS; . The integration should, therefore, g T~ ]
be performed over a slightly smaller saturation interval to avoid 0.4 L e 2 -
problems with the calculations. . B Y
To calculate the integréland estimate the length of the traveling h: , : ]
wave before the relative permeabilities are estimated, a model of 0.2 Lo L :
capillary pressure and relative permeabilities is needed. Brooks and 1.5 2 25 3 3.5 4 45

Corey presented a model that connects drainage-capillary pressure A
and relative permeability to pore-size distribution through a singRig. 1—The integral / in Eq. 24 divided by p,, as a function of A for
parametei.”® Theoretically,A may have any value greater thardifferent viscosity ratios p,/p,.
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The constanC, = f; — v, S/ is determined from the initial 08
saturation in the core and the corresponding relative permeability. ’

If the core is fully saturated with Phase 1, we h&e= 1 — v, 07 block 100] / B B
andC, = 0 if the core is saturated with Phase 2. If the core initially PR S SR block 300 I
contains both fluids, the relative permeability can be determined r /

from the steady-state value at this saturation. 05 [

If the traveling-wave saturation profile is distorted by the enas” E
effect, the measurements will be erroneous. The end effect must 04 ¢
therefore be minimized. If the core is much longer than the spread

0.3 F

of the traveling wave, measurements can be taken in the middle of T J
the core. oo b
As an example, synthetic data from a numerical simulator were i
used as input to the analysis. We performed a one-dimensional 0.1 Fo - , ‘
simulation of a horizontal coreflood where a water/oil mixture 0 50 100 150 200 250
displaces oil. The fractional flow of water at the inlefjs= 0.79, Time (min)

and is chosen such that the saturation profile consists of onlyrgy. 2—water saturation vs. time from simulation, taken from

traveling wave. In the simulation, 400 uniform gridblocks wergjocks 100 and 300. To match the curves, the time scale for data

used. The dat&,(t), p,(t), andp,(t) were taken from Block 100 from Block 300 is shifted with the time delay At = Ax/v between
at 12.5 cm from the core inlet. The parameters used in the SiM{e measurements.

lation study are given iTable 1. The relative permeabilities are
Corey-type exponential functions of saturation. The capillary-

pressure curve is linear froP(S; = 1.0) = 0 toP,(0.22)= 6 T NN T ‘ -‘
kPa, but it is much steeper for lower saturations. i A ......... fine grid

0.8 | i coarse grid |
Results L \A\ Ky — — -true curves
The simulated dat&,(t) taken from Block 100 and Block 300 are 06 L VA ¥
shown inFig. 2. The time scale for the data from Block 300 is _ i Ve ~
shifted with the time delajt = Ax/v between the measurements;* [ RS
Ax is the distance between the measurement positions; antthe 04 + ,—\\/\7‘
velocity of the front. The match between the curves is very good, . i’{’Y}v« M
validating that the profile indeed is a traveling wave. For each of 02 L e g
the saturation- and pressure-data series, 660 data points were used. i \ ,,,o‘*'m..,*
In the following, we demonstrate the calculation of the relative L W,‘—M
permeabilities both by the pointwise and the integral-equation 001' : 02 } '03‘ ' 04‘ = ‘05' - '05 — '07 -
method. We consider artificial data both with and without exper- ’ ’ ’ ) s ’ ’ '

imental errors added. In cases with errors, we have used normally !

distributed errors with zero mean and a standard deviation repRég. 3—Relative permeabilities for Phase 1 and Phase 2 from

sentative of experimental uncertainties. pointwise calculation. Fine grid is 400 blocks, whereas coarse
grid is 100 blocks.

Pointwise Method. The relative permeability can be calculated

directly from Eq. 10. This involves differentiation, and errors are,

ified. O fi ing the situation is th h i tegral Method. To avoid differentiation of measured data, we
magnified. One way of improving the situation is through Smoothc, - 14t the relative permeability from Eq. 13. We represent the
ing of experimental dataFig. 3 shows the resulting relative

ermeabilities when taking the derivative between successive rme_asured saturations by a B-spline expansion and determine the
2 re data witho tsmoothgn In this case. we use no'se-freegl Sefficients through the solution of a linear least-squares problem.

u withou Ing. : Lweu ! flis enables a good approximation of the saturation measurements,
only the numerical errors from the calculations are present. AlSo,. "\ i measurement errors present. The B-spline expansion is

shown are the results from a coarse-grid (100 blocks) simulationy, ,enjent when performing the calculations for solving the
Whereas the results from the fine-grid simulations are relative Y ear system in Eq. 17 with respect to the coefficiemjts

smooth, just the numerical errors present in the coarse-grid SIMUTirst,'we show the result without any errors in the saturation or
lations result in significant oscillations. The oscillations are largest <« \re measurements. To have sufficient flexibility, 50 knots are
in the oil-relative permeability at low water saturation. The oiE ' !

ressure is approximately constant. and the calculati s sed in the partition of the time interval. No regularization is used
P S app y ’ . oi_:pzo in this case. The resulting relative permeability curves for both
very sensitive to errors becaude,/dt ~ 0 in the denominator.

: . . . .~ ' phases are shown Fig. 4, together with the true relative-perme-
Using real experimental data will result in even more oscillation bility curves. For the relative permeability of Phase 1 (water),

there is good match between the calculated and true curves, whereas
there is a small deviation between the calculated and true curves for

the oil-relative permeability. The deviation is caused by numerical
TABLE 1—DATA FOR THE SIMULATION STUDY dispersion. The curves here are smoother than the results from the
Length of the core 50 om pointwise method shown in Fig. 3. _ _

i Next, errors are added to the data. Errors in saturations are
Cross-section area 1.1 cm? smoothed out well when the measurements of saturation vs. time
Kn Ky 100 md are approximated by a B-spline function. We will not discuss this
¢ 0.20 further here, but rather concentrate on the effect that errors in
s o 1.0, 1.2 cp pressure have on the solution. o
Residual saturations (S;, S,) 0.16. 0.0 To the pressure dam(t) are added normally dlstrl_buted errors

A =2 B with zero mean and variance equal to 1% of the maximum pressure.
S 0.16 This corresponds to the accuracy in the pressure measurements. No
fr 0.79 errors are added to the saturation data. We use 50 knots in the
Total flow rate 0.2 cm®/min representation oh(t). We have found that using too few knots
No. of grid blocks 400 Iead§ to problemg in sc_)lving thg integral equation.‘The solution pf

the integral equation gives the inverse of the relative permeability
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Fig. 4 —Relative permeability curves for Phase 1 and Phase 2  Ffjg. 6 —Water-relative permeability vs. water saturation from
calculated by the integral method. No errors are added to the ggtimation compared to the true water-relative permeability
data. The true relative permeability curves are shown for com-  ¢yrye, Results with and without experimental errors added, and
parison. using different regularization parameter A are shown.

as a function of time. The results are shownFig. 5 for two end effect. The whole traveling wave must pass the measurement
different values ofA. The corresponding plot of relative perme-position before it is influenced by the end effect. A long core can
ability vs. saturation is shown iRig. 6. The valueA = 1.0 is close be used to ensure that the end effect is important in only a small
to the corner of the L-curve, and should be a good choice accordifigction of the core length. The end effect is discussed further by
to Hanserf° However, oscillations are still present in the estimatetlelsetet al*”

curve, because of the extra flexibility given from the added errors. Eq. 10, which allows calculation of relative permeabilities,
High A-values have given solutions which, on average, deviat@volves the time derivative of the measured-phase pressure. Tak-
from the true solution; see Kolltve#t al?® Here, we have not ing derivatives of measured guantities will magnify measurement
investigated further the effect of using a higkvalue for different errors. We present an integral method to deal with errors in the

realization of the error vector. measurement in a systematic way. Expanding the inverse of the
relative permeability by B-spline functions reduces the problem to
Discussion a system of linear equations that is solved by a least-squares

A new method to calculate relative permeabilities from the tray- . . N S
b ons. The choice of the regularization parametds important.

eling-wave part of the saturation profile has been presented. In- hor £A will either lead t thi d
measurements of saturations and phase pressures are needed. 19 choice OIA will either jead to oversmoothing or under-
othing of the solution. Objective methods for choosing the

illary pressure is included in the analysis, and the experiments iR larizati ter h b d H diff ¢
be run at low rates. The new method makes it possible to calculé'?e%u arization parameter have been proposed. However, difieren

relative permeabilities for the saturation interval that cannot <! erzla mlgthht give dg/;er\e/\?t \;1alues fok,datr;]d le"re should I?1e Ejalr(]en
analyzed by the standard JBN method (i.e., the saturation sho choose the propet. e have used the L-curve method here

To make good measurements of saturation and phase pres use it uses directly the bala_nce_between minimizing the set of
over the traveling-wave part of the saturation profile, the traveli 51ear equations and the regularization term.

wave must be sufficiently spread out. This is accomplished b In ger]eral, the saturation profl]e will consist of a combination of
traveling wave and a spreading wave. In a two-phase system

lowering the injection rate. The response time of the pressufe : tpical S-shaped fractional-fi the t i
transducers must also be analyzed together with the velocity and ing a typical 5-shaped fractional-fiow curve, the traveling wave
il have higher velocity than the spreading part of the saturation

spread of the profile. The response must be sufficiently fast to allow .. - . . .
mpeasurementps of phase pre%sures at transient cond%tions. profile. The expressions in Eq. 10 are then still valid because they

The spread of the profile can be estimated from Eq. 23 or froﬂply_involve quantities ahead of the traveling W%i‘ Thisis alsotrue
simulation. In either case, an initial guess of relative permeabiliti&thln each wave family in a three-phase system.
and capillary pressure is needed, giving only a rough estimate of the .
true saturation profile. The spread of the traveling wave shoulf@nclusions
however, not be so wide that the measurements are affected byAheethod for calculating relative permeabilities from the traveling
wave part of the saturation profile in a displacement experiment has
been derived. In the analysis, capillary pressures are included. From
this analysis, relative permeabilities from displacement experi-
ments can be determined for the whole saturation range, in contrast

E_rocedure. Tikhonov regularization is used to ensure smooth so-

1000 ¢

2:‘;2 2:‘1’ o|1 tothetraditional JBN method, which is not valid over the saturation
noerrors |1 shock. Using the new method, it is also possible to perform the

experiments at low flow rates corresponding to realistic reservoir
rates. The experimental data needed are in-situ measurements of
saturation and phase pressure. The equations for determining the
relative permeabilities for each phase are decoupled, meaning that
the determination of relative permeability of one phase only de-
pends upon the saturation and pressure of this phase.

1/k

; Nomenclature
L e T — A = matrix, t, s
, 150 b = vector, t, s
Time (min) B = B-spline function, dimensionless
Fig. 5—Inverse of the water-relative permeability vs. time from C = constant of integration, dimensionless
estimation. f = fractional flow, dimensionless
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g
h(t)
|

= scalar component of gravity, E/tm/s
= 1/k,(t)

= Integral defined in Eq. 24, m/Et Pa
= permeability, 12, n?

length of the core, L, m

operator

number of B-spline, dimensionless
pressure, m/I% Pa

saturation, dimensionless

= time, t, s
= Darcy velocity, L/t, m/s
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Vp = V@lu, dimensionless 12. Chen, Set al: “NMR Imaging of Multiphase Flow in Porous Media,”
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= vector, dimensionless 13. Smoller, J..Shock Waves and Reaction-Diffusion Equati¢®@econd

length of traveling wave, L, m
partition vector, dimensionless
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ed.), Springer Verlag, New York (1994).
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= fluid d_enSIty, m/L, kg/n?® PhD dissertation, The U. of Bergen, Norway (1996).
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or
a[aop 1ap —0o A3
&&(X,t)+vﬁ(x,t) =U. ( -)
This implies
ap; 1ap A A
ax(x’t)+vat(x’t)_ e (A-4)

whereA is not dependent of. Atthe core outletx =L; S = S",

the phase pressure, being a function of saturation, is constant be

breakthrough of the traveling wave. This impligg/dt(L, t) = 0,
and, from Eq. A-4,

P

p;
A=&(L,t)=5($)-
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breakthrough are given by Helset al?’

S| Metric Conversion Factors

cp X 1.0* E-03 = Pa-s
ft X 3.048* E-01 =m
in. X 2.54* E+00 = cm
knot X 5.144 444 E-01 = m/s
md X 9.869 233 E04 = um?
psi X 6.894 757 B-00 = kPa

SPEREE

*Conversion factor is exact.
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