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Summary mination of capillary pressure appears to be valid, but is ex-
A new procedure for obtaining oil/water saturation functions, i.ettemely time consuming for low permeability materials. The
capillary pressure and relative permeability, of tight core samplsteady-state and unsteady-state methods for determination of rela-
uses the pronounced end effect present in flooding experimentstive permeability are experimentally viable, but must be coupled
such material. In core material with high capillary pressure, the computational procedures to account for the saturation gradi-
end effect may allow determination of the saturation functions fants caused by capillary pressure. Classical Buckley-Leverett
a broad saturation interval. A complex coreflooding scheme pritreory does not account for capillary pressure.

vides the fluid distributions and production data from which the The method to be presented is based on a parameter estimation
saturation functions are computed for both drainage and imbitbechnique, utilizing saturation data obtained from a complex ex-
tion by a least-squares technique. A chemical shift NMR teciperimental coreflooding procedure developed by Nietses 1# It

nigue is used for fluid distribution determination. An undesirablases the prominent end effect that is caused by the strong capillary
interdependency of the saturation functions is avoided by thdarces of rocks with low permeability and allows calculation of
calculation from different data sets. Killough's method is emboth drainage and imbibition saturation functions. The method
ployed to account for the scanning effect in hysteresis situatioassumes capillary continuity of the fluid phases, and homogeneity
for both capillary pressure and relative permeability. The procef the sample with respect to the saturation functions.

dure is demonstrated on chalk samples from the North Sea.
experimental time is intermediate between the centrifuge and
rous plate methods.

Tg?perimental Technique
Pfhe method depends on experimental data on the distribution of
fluids during flooding experiments. A one-dimensiondD)
nuclear magnetic resonan@¢MR) imaging technique is used for
guantification of the fluid distributior This technique is re-
Introduction stricted to rocks with NMR spin-spin relaxation constants above
Petrophysical parameters are an integrated part of every sim@proximately 6 ms, encompassing many types of limestone, but
tion study concerning displacement processes in porous mediagcluding nearly all types of sandstone. Fortunately, the compu-
prerequisite for meaningful modeling is reliable petrophysicahtional method is not dependent on a specific technique for quan-
data. Simulations and models rapidly evolve in the direction aifying the fluid distribution. Gamma-ra)/ attenuatith x-ray
more details and greater precision, and the underlying petrophysbmputerized tomographyCT) scanning%vl or microwave scan-
cal data should evolve accordingly. Several workers have prging technique$® may be suitable.
sented methods utilizing coreflooding techniques in combination
with computer simulations to determine saturation functions &ample Material. The material used in the experimental work is
rock sampled:® The aim of the present work is to develop archalk of Maastrichtian age from the Dan field in the Danish sector
experimental method, which is particularly suitable for determin@f the North Sea known to comply with the NMR requiremehits.
tion of the oil/water capillary pressure and relative permeabilitResults are presented for two samples. Both are cylindrical 38 mm
for samples of chalk for both drainage and imbibition. Inherentlyplug samples, drilled with the cylinder axis parallel to any visible
chalk has high capillary pressure, and laboratory determinatiobsdding or layering, to minimize effects of sample inhomogeneity
of saturation functions on such material are complicated by strong the flooding experiments. 1D signal intensity profiles indicate
scale effects, particularly by the capillary end effect. This capithat samples M113 and M16H are homogeneous within experi-
lary retention of the wetting phase in displacement experimentgental scatter, while two-dimension@D) spin-echo images re-
results in a saturation gradient through the core sample. Althougéal the presence of minor hairlines. The samples were cleaned by
being a problem in many traditional core analyses, the end eff&bxhlet extraction with methanol and toluene prior to the flooding
actually contains detailed information about the saturation funexperiments. The samples are strongly water-wet. Basic param-
tions of the sample, and can cover a large saturation interval. Téters for the samples are givenTable 1.
idea of the work is to make use of this information to calculate
relative permeability functions and capillary pressure curves. Fluid Data. A synthetic formation brine with a salinity of 7% was
Conventional methods for determination of saturation functionssed. The brine is similar in composition to formation water from
are mainly developed for rocks of lower capillary pressure aritie Dan field.N-decane was used as the nonwetting oil phase. A
higher mechanical strength than chalk, and their application pserequisite for the parameter estimation technique and the NMR
chalk may be questionable. The mercury injection method foneasurements is that the fluid system can be described as a two-
capillary pressure determination uses a fluid system with wettimase system. It is thus essential to avoid the presence of a free-
characteristics and surface tension much different from the ogjas phase. This was accomplished by degassing of all fluids.
water fluid system of an oil reservoir. The centrifuge method for ) ) ) )
determination of capillary pressure is largely unsuitable due to ti¢ooding Experiments. Information for calculation of both drain-
low mechanical strength of chalk, as well as the difficulty of obage and imbibition capillary pressure functions, as well as drain-
taining the necessary high rotational speed. In addition, no gene®dp and imbibition relative permeability functions is obtained
agreement exists on the flow equations for deriving capillary pre§0m a complex coreflooding procedure. The procedure consists
sure from centrifuge datd:'% The porous plate method for deter-of @ sequence of five flooding experiments as follows:

e Step 1: Threshold pressure experiment.
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90
TABLE 1-NMR PARAMETERS
Sample (ID) M113 M16H 8
T, (ms) 500 70 (7 N A A M A e A A AT l
T, (ms) 106 0
NMR profile length (mm) 90 90 80 Normal flow
NMR profile resolution (mm/pixel) 0.35 0.35 direction
NMR profile acquisition time (hour) 6 9 T 50 e
NMR frequency window for integration (Hz) 500 500 <
t, (s) 6.0 9.0 & w
No. of ¢, value 7 7
Minimum ¢, value (ms) 25 2.5 30 \
Duration of rf pulses (ms) 0.1 0.1 \'\'
Pow 0.9759  0.9759 20 A /
Pp.o 1.0185  1.085 ~-. ;74
Reproducibility (1 s.d.) (p.u.) 2 2 10 e
Accuracy (pixel saturation) (p.u.) 5 5 - L~
Accuracy (bulk saturation) (p.u.) 2 2 0

0 10 20 30 40 50 60 70 80
== Primary drainage 10 ml‘h Position (mm)
Internal imb. 23 mi/h reversed
Forced imb. 5 mi/h reversed

The steady-state situation at the end of a primary drainage expt
ment allows calculation of the drainage capillary pressure and t
drainage oil relative permeability. The water relative permeability

is calculated from the unsteady-state data obtained during the Fig. 1-Measured saturation profiles for sample M113.

transient part of this experiment. After a flow reversal, a new end

effect develops at the opposite end of the core by an internal

imbibition process, which at steady state allows calculation of the ) )
spontaneous imbibition capillary pressure and the imbibition dihbibition capillary pressure curve of the sample, leading to erro-
relative permeability. Following a change from oilflooding to waneous calculation of's, and dependent parameters. The station-
terflooding, the forced imbibition capillary pressure is calculateary flow internal imbibition data set is measured, whep,  is
from transient pressure drop measurements. stable, and water production has ceagak, e.g., Fig.)1 Again,

A nonmagnetic Hassler-type core holder connected to a MobNMR is used to monitor thes,, profile. The data are used for
Flooding Unit? is used to allow NMR measurement during thesalculation ofk!™ andk!™®, together with the capillary pressure
experimental steps while sustaining fluid flow through the samplecanning parametex:

Step 1: Threshold Pressure Experimenthe sample is satu-  Step 5: Forced Flow Imbibition Experimentin the last ex-
rated with brine, and a drainage experiment is set up with a vepgriment step, a forced imbibition process is produced in the
slow linear upramping of the inlet oil pressure, while displacedample by flooding the sample with brine. During the transient
fluid volume is recorded. A plot of the inlet oil pressure vs disflooding periodAp,, 7, as a function of time, is measured. When
placed fluid volume shows a distinct break at the point when thke static flow situation is reached, NMR is used to monitor the
oil phase enters the sample. The inlet pressure at this point is theter saturation profile from which the value of irreducible oil
threshold pressurpy, . saturation is determine@ee, e.g., Fig.)1 The data set is used to

Step 2: Transient Flow Drainage Experimenifter the Calculatepicn}gmed.
threshold pressure experiment, the sample is cleaned and resatu- ’
rated with brine. Then, a transient flow drainage experiment is
conducted at constant ragg with monitoring of fluid production NMR Measurements

andAp, 1 as a function of time. The data are used for calculationsrgware. A 4.7 T SISCO experimental NMR scanner is used
of the drainage relative permeability to watkfy, . This experi- for the NMR work. It is equipped with a 130-mm-diam insert
ment is similar to a conventional unsteady-state Buckley-Lever@]t.tadiem set, capable of producing magnetic gradient up to 100
experiment, but the use of the resulting data set is different. mT/m along any of three orthogonal directions. The gradient rise
Step 3: Stationary Flow Drainage ExperimenDuring the rate is 2<10° mT/m-s. A radio-frequency(rf) coil of a slotted

transient flow drainage experiment the flow is sustained at cofihe resonator design is used. It has a good signal homogeneity
trolled temperature and flow rate until a stalilp, 7 is obtained, yntjl a maximum length of 90 mm.

and until water production has ceased. At steady state, a stable
fluid saturation gradient is present in the sam(see, e.g.Fig. 1), Pulse SequenceThe objective of the NMR measurements is to
and the stationary flow drainage experiment is conducted, wighbtain fluid saturation information, that is spatially resolved along
monitoring of theS,, profile. The data set is used for calculation othe direction of fluid flow through a sample. This is accomplished
k4" andp?". The fluid saturation profile is measured by NMR. by using a one-dimensional chemical shift pulse sequence named
Step 4: Stationary Flow Internal Imbibition ExperimentThe TST*® Assuming homogeneity of the sample, the flooding experi-
oil flow direction is now reversed and the water contained in thments are essentially 1D experiments, and the use of a 1D pulse
end effect is displaced through the sample towards the formsrquence is appropriate.
inlet, where a new end effect evolves due to the capillary retentionIn the investigated samples the contents of paramagnetic and
of the water. By this flow reversal one part of the sample undeierromagnetic minerals are low, and the main magnetic figld
goes a drainage process and another an imbibition process. filas good homogeneity across the sample. The linewidth of the oil
buildup of the new end effect follows a spontaneous imbibitioand water resonances lies between 100 and 200 Hz full width at
process because the oil pressure is higher than the water prestate maximum(FWHM), with the two resonances separated by
during the displacing of the end effect. The flow rate must b&00 to 800 Hz. Mutual interference between the two resonances is
large enough to create a water production from the sample. If thelow 5% of the total signal intensity. The interference is signifi-
flow rate is insufficient to cause water production, the water satcantly compensated by an interference correction procedure using
ration measured in the downstream part of the sample may ibgerference factors determined on single-fluid profiles, where mu-
controlled by the availability of water rather than by the boundintyal interference is absent.
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Data ProcessingA data set from th&'STpulse sequence repre- The success of the single-exponential model may be explained
sents a stack of spectra at consecutive spatial positions. The fof- low surface relaxivity caused by the high static magnetic
lowing data processing steps are necessary to transform this f&d>’ and low contents of paramagnetic matetfalyhich creates
data set to a quantitative 1D saturation profile: approximately single-exponential relaxation by fulfilling the con-
ditions of the fast-diffusion regim&:° The condition may be

» Step 1: Frequency dimension elimination. enhanced by an environment with relatively homogeneous pore

e Step 2: Relaxation c_orrection._ structure.
 Step 3: Proton density correction.
* Step 4: Calculation of saturation. Limitations and Accuracy of the NMR Method. Spin-spin re-

The saturation profiles have 256 pixétiata valuesand are, laxation and resolution of the NMR resonances restrict the choice

typically, 90 mm long. The time requirement for a high-qualitny sample_s sui.table for NMR saturation profile measurement. The
saturation profile is approximately 2 hours. Compliance wjth samples in this work havé, values around 10 ms and good
(repetition time, resolution, number of values fog (echo time, res_olutlon of the _NMR resonances. Comparlson of the mean satu-
phase cycling, and spatial resolution may bring the acquisitiéAtions of saturation profiles with conventional bulk saturation de-
time for a saturation profile down to 5 minutes, and still retain #rminations indicates an accuracy for the NMR method of 2 p.u.

fair signal-to-noise ratio. Readers interested in the NMR data pr@D the mean saturatio3The accuracy of the pixel saturations is
cessing procedure are referred to Olseral1® inferior, probably around 5 p.u., but dependent on the setup. The

reproducibility of the pixel saturations is 2 p.u., as estimated from
Relaxation Correction. The effect of spin-lattice relaxation is replicate analyses and saturation profile smoothness.
eliminated by selecting, at least five times as long as the longest
T, component of the sample. With this convention, it is assur L .
that the error on signal intensity due to differential saturation %?arameter. Estimation Technique o )
the NMR signals is less than 1% of the detected signals. The (_axperlmental data used for the determlnatlon of the satura_tlon
Spin-spin relaxation of an inhomogeneous system is a compl@&E‘Ct'Onsv are the pressure data and saturation profiles obtained

process, which in principle follows a multiexponential behavioffom the complex flooding procedure. The saturation functions are
according to determined as analytical functions of the saturation.

The flooding experiments are divided into a drainage case and
M(t)=M(t=O)J P(a)exd —t/T,(a)]da, (1) two imbibition cases. Inlet flow rates are constant within each
case. The flow directions of the two imbibition cases are reversed
where M(t) is the magnetization at time P(a) is the volume relative to the drainage case. The origin for the length scale is the
probability density function for pore siz& andT,(a) is the spin- Sample inlet in the drainage case. In flooding situations with re-
spin relaxation constant for pores of siaé’ versed flow direction the origin is the sample outlet. The length
The spin-spin relaxation of a sample is compensated by a ®&ale is thus fixed relative to the sample. o
laxation modeling on an array of data s&f?*The array of data __ Like the experimental procedure, the parameter estimation
sets is acquired, with identical acquisition parameters, except f§Fhnique is divided into drainage and imbibition parts, as de-
different values oft,. A spin—spin relaxation modeling is thenSCribed below. Elaborate information on initial and boundary con-

performed for each pixel array, producing 1D data sets of tiitions for the mathematical model can be found in Betfal. !

fitted parameters, which include the magnetization at time ZeBF . The drai initial diti d
M(t=0). Thet, values of the setup are selected for optimal defl2'@inage. The drainage case lInitial conditions correspond to a

nition of the relaxation. Downwards, the settingtgfis restricted CO'€ Plug saturated with water. The plug is drained by injecting oil
by system hardware constraints. Slightly dependent on the setgga constant rate. Given enough time, flooding the sample at

the smallest possible, value,t, i, is 2.5 ms for theTSTpulse hstant rate results in a steady-state situation, where only the

sequence. The smalletvalue is usually selected to be close tdliSPlacing fluid is flowing. The Darcy equation for the water
t, in, in order to trace the relaxation path as close to he phase shows that the pressure gradient in the displaced water

=0) condition as possible. The largdstvalue in at, array is Phase is zero. In other words, the water pressure is uniform
- t%Houghout the sample. If the functional relationships of relative

permeability to oil and capillary pressure with respect to water
saturation are known, then the water saturation profile of a hori-

An important issue is the choice of spin-spin relaxation modgfontal core plug can be calculated from the following equation,
Single-exponential, biexponential, and stretched-exponential m@ESUMINg constant porosity and fluid densities:
els were tested by Kiret al,* while Kenyonet al* tested biex-  ¢s,, do Qo 1
ponential, triexponential, and stretched-exponential modeling. Thed—: Tk A doo
conclusion of Kimet al. is that biexponential fitting is preferable, ro Pe
while Kenyonet al. find that stretched-exponential fitting is pref- ds,
erable. Working on chalk samples, OI$efinds thatM (t=0) in  The functional relationships of the oil relative permeability and

chalk is confidently determined by single-exponential fitting. Ifhe capillary pressure are assumed to be uniquely described by
the present project single-exponential modeling is used, i.e., o sets of parameters

single-exponential , relaxation constant, at which time the mag
netizationM(t) has declined to 5% of th®l(t=0) value.

)

M(t)=M(t=0)exp —t/T,)+E, (2 Kro(Sw) =fa(@1,a2, ..o, Sw), %)
whereE is the signal levelnoise att=c. For nearly all pixels _
the extrapolation of the fit fronVl (t=t¢ yin) to M (t=0) is short, Pe(Sw) = fo(D1,0z,.. bnc, Sw)- ®)

because the ratid (t=t, )/M(t=0) is above 0.5. For a large To determine the drainage capillary pressure and the drainage
majority of pixels modeling by Eq. 2 results in good precision forelative permeability to oil, data from the stationary flow drainage
the estimation oM (t=0). Failure to produce good fits mainly experiment is used, i.e., step 3 of the experimental procedure. In
occurs at the ends of a sample, where susceptibility contrasts thés experiment the steady-state saturation profile of the sample
stroy the homogeneity of the magnetic field. These inferior find the oil-phase pressure at the inlet is measured. The unknown
cannot be improved by choosing another relaxation model. Tharameters;, i=1,no andb;, i=1,nc are determined by means
validity of the single-exponential model is confirmed by goodf a parameter estimation technique. For a given set of coeffi-
agreemenfaround 2 percentage unifs.u,)] between bulk satura- cientsa; andb; in Egs. 4 and 5 the water saturati&y, the oil

tion determinations by integration of NMR profiles and converrelative permeabilitk,, , and the capillary pressupg, are calcu-
tional methodgDean-Stark extraction and gravimetric determinalated from Eqs. 3—5. The coefficierdg andb; are determined so
tion). that they minimize the following least-squares objective function
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M M
31@6:; [Se(Xi) = S(x) 12F a1+ (ApS 1= ApGi) F 2y Jeﬁ,ﬁe):; [SS(x)— Si(xi)12F2,

+ (P~ Pt *F i+ (PG out™ Pooud “Fraa- ®) +(ApgT— AP *Fs. )
Imbibition Case Il (Experimental Step 5)Finally, in order
The squared residuals are scaled by means of weight fd€fots to determine the forced part of the imbibition capillary pressure,
make their contribution to the objective function similar in size.the core plug is flooded with water in the forced flow imbibition
The objective function Eq. 6 is minimized by use of a standarekperiment, i.e., step 5 of the experimental procedure. The capil-
nonlinear least-square solviioL2 (Ref. 32]. lary pressure is represented by a functional relationship similar to
In order to determine the relative permeability to water, theq. 5. The coefficient®; are determined so that they minimize
transient flow drainage experiment is used, i.e., step 2 of the @Xe following least-square objective function:
perimental procedure. The relative permeability to water is also

represented by a functional relationship of the water saturation: N

3a(b)= 2, [APG(t) = APG (1) (10
Kew(Su) =TelC1,C 1. Lo Su)- @ Analytical Representation of Saturation Functions. The satura-
tion functions are given as functional relationships of the water
'thuration.

Relative PermeabilitiesThe relative permeabilities are repre-
sented by power laws. The water relative permeability is given by
the following expression, which is used both for drainage and

The coefficients are determined so that they minimize the follo
ing least-squares objective function, by use of the same nonlin
least-square solver as above:

N
imbibition, i.e., no h resis for the wetting-ph rmeabili
JZ(E):iZl [ApgT(ti)—Apg‘,T(ti)]z. ® ocgubr;o , i.e., no hysteresis for the wetting-phase permeability
krwzcl(s\f\/’dr)czf (11

For a given set of coefficients;, the relative permeability to
water is calculated from Eq. 7. The relative permeability to oil antfnere
the capillary pressure are known from above. Sw—Siw

The transient part of the drainage process is computed byS\’,‘\,‘dr:l—. (12
means of a commercial reservoir simuldtecLiPse 100(Ref. 33]. ~Sw
The extraction of results from trecLiPseoutput file is performed The oil relative permeability is given as
by means of software developed by Frand¥efihe objective .
function Eq. 8 is minimized by use of the nonlinear least-square Kro=2a1(S5)%, 13
solver referenced above. where hysteresis is taken into account by
Imbibition. It is assumed in the present work that the water rela-
tive permeability exhibits no hysteres®® In other words, the S*,drzi (14)
relative permeability function determined for the drainage case 1-Sw’
also applies to the imbibition cases. In order to determine the S
imbibition part of the saturation functions, the experiment is con- S*me:ﬂ (15)

tinued in two steps: ° 1-So—Sw

Experimental step 4: The end effect is shifted to the opposite  Capillary PressureThe capillary pressure function is di-
end of the coreX=0) by reversing the direction of the oil flow. vided into a drainage and an imbibition case. In the drainage case

Experimental step 5: The plug is flooded by water injectethe capillary pressure is represented by the following functions:
through the facex=L.
The experiments are simulated by meansa@fiPSE

Imbibition Case | (Experimental Step 4)The development of
an end effect at the new sample outlet follows an internal imbibi-
tion process, while the old end effect is broken down by aninter- ., f2
nal drainage process. The saturation profile at the new sample ¢ S, ,+b,
outlet can be used in the calculation of the saturation functions for . . .
the imbibition process. Recall that the bounding saturation curve/ Pieces of the curve are used in order to permit a proper
are obtained under the initial condition &,=100% andS, '€Presentation of cases with a point of inflection.
—S,, for the drainage and imbibition processes, respectively. The The parameters, to f are determined in such a way that the
reversed drainage process violates this condition and scannfi@pillary pressure function Egs. 1617 satisfy

b
pczm"r fi if S,= S\(l)v’ (16

+f5, if §,>S0. (17

curves between the bounding saturation functions will, therefore, N
- - - pC(SIW) pC max? (18)

control the process. The scanning process is described by a ’
method developed by Killoug#f. The scanning curves are depen- pc(ﬁv): pg, (29
dent on the local saturation history of the sample.

Data from the stationary flow internal imbibition experiment, Pc(1)=0, (20
i.e., experimental step 4, are used to determine the imbibition d d
relative permeability to oil, the spontaneous part of the imbibition (M) :(M) . 21)
capillary pressure, and the scanning parametavhich controls S-S0 as, Su=0

how the primary drainage and spontaneous imbibition capillary

pressure curves are weighted to form the scanning curves. In thlge capillary pressurep‘c) at S\N=Sa, is a sixth unknown. The
experiment the total pressure drop and the saturation profile @epressions for the parametdesto f5 are given in Olseret al3’
measured in the steady state, which follows the reversal of the Wile define the threshold pressure as

flow direction. The imbibition relative permeability to oil and the
imbibition capillary pressure are represented by functional rela- Pin=p°+ de)
tionships similarly to Egs. 4 and 5. The coefficieats b;, ande th=Fe 1 ds, _
are determined by the least-squares solver so they minimize the S
following least-square objective function: In the imbibition case the capillary pressure is given as

(1-S0). (22
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TABLE 2—-PLUG M113 PARAMETERS
L=74.7mm no=0.92cp 4
A=1124 mm? S,=0.28
$=0.264 S,,/=0.064 2
k=0.70 mD Sw,sp=0.68
C,=1.76x10 % atm™! Pe max=5.527 atm 0
pw=1.049 g/mL Po,out=1.0 atm —_ .
pu=1.12cp Pir=1.836 atm £ .
C,=4.58x10"°atm? qg'=10.0mL/h ° '
po=0.73 g/mL imb— _230ml/bh | . '
C,=1.16x10 *atm™! gim=—5.0mL/h ) :
-6 T
e, , -8 :
Pc:erez, if Sw=<Swspt: (23 '
-10
= —d,)® i
Pe=e3(Su—dz)™+es, i Sy>Swspt: 24 0.0 0.2 0.4 0.6 0.8 1.0
The parameterg; to es are determined in such a way that the[ = Dbrainage Pc S |mbibition Pc Sw (fraction)
capillary pressure function Egs. 23—24 satisfy Hg 1 drainage Hg 1 imbibition
-------------- Hg 2 drainage creeseenennes Hg 2 imbibition
P(Sw)= Pe. max: 25 |====--- Centrifuge forced imb.
pc(S\N,spt)zov (26) Fig. 2—Measured and calculated capillary pressure functions
for sample M113.
p(l—=Sy)= Pc,min 27
d \ d \
(p;;qzs) =(p;Lq'24) . (28 Imbibition, Results.The calculated imbibition capillary pres-
Sw Su=Suspt Sw Sw=Sw,spt sure and relative permeability to oil are shown in Figs. 2 and 3.

Sw,spt is the saturation where the imbibition capillary pressure i h? ica?rllﬁg ptaragw?t(tertwas etstlmaied tt(.) be 023|75f 'lll'he_reSLiIk']ung
zero. It is assumed here thg}, 5,; is known. The expressions for atch of the steacy-state water saturation profile following the
W,Spt, 37 reversal of the oil flow direction is shown in Fig. 4. The general
the parameters; to e5 are given in Olseret al: : : P .
curve shape is predicted well. This is, however, not the case with
Test of the Parameter Estimation TechniqueThe parameter the transient pressure drop during the reverse waterfloo8igg,
estimation technique was tested on a numerical core plug chargcThe calculated pressure drop is smaller than the measured one.
terized by a set of synthetic saturation functions. The drainag@e reason for this behavior is not clear. It may be that the relative
case and imbibition cases | and Il were simulated by means gérmeability to water is overestimated for the upper part of the
EcLIPSE The resulting fluid saturation distributions and pressufgater saturation interval. This in turn could indicate that the as-
drop curves were treated as measured experimental results in gigption of no hysteresis in the water relative permeability does
synthetic case. not hold. Another supplementary explanation could be that the
Excellent agreement was found to exist between the calculateectional form, Eq. 11, is not satisfactory. It might be better to
results and the specified saturation functions demonstrating that
the present procedure for calculating saturation functions from
saturation profiles and production data is valid for ideal synthet ™ 1.0
data.
It was found that it is important to know the threshold pressur
If the threshold pressure is not available the simultaneous ite
tions on oil relative permeability and capillary pressure may col 08 \

verge towards an erroneous solution. This is because the we
saturation gradient, Eqg. 3, is a function of the product of the ¢

relative permeability and the gradient of the capillary pressu’g \
with respect to water saturation. An additional fixpoint of thgg 06
capillary pressure curve is needed other than the two end poin@

Perm (

Results and Discussion

For two plugs labeled M113 and M16H, saturation functions afg 04 /
presented, as determined by use of the five-step flooding prom /

dure and the parameter estimation technique.

Plug M113. The M113 plug parameters and some experiment 02 N
conditions are given iTable 2 and the measured saturation pro: \
files in Fig. 1.
Primary Drainage, ResultsThe calculated capillary pressure 0.0 / S~

as well as the relative permeabilities to oil and water for the drai

age case are shown Kigs. 2 and 3 0.0 _ 0.2 04 _ 06 0.8 . 10
The resulting match of the steady-state water saturation prof m== Drainage krw Drainage kro Sw (fraction)
and the transient total pressure drop are showRigs. 4 and 5 — Imbibition kro

Good agreement exists between the calculated and measured satu-
ration profiles. For the pressure drop some deviations exist but g. 3—Calculated relative permeability functions for sample
general curve shapes are similar. M113.
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Internal imb., measured Internal imb., calculated Pressure drop, calculated

Fig. 4—Measured and calculated saturation profiles for sample Fig. 6-Measured and calculated pressure drop for sample

M113. M113, forced imbibition case. At 0.5 h the flow rate was re-
duced from 10 to 5 mL /h.

use a combination of two different exponential functions, an ex-
ponential function and a straight line or perh&psplines as sug-
gested by Nordtvedit al” As pointed out by Kerig and Watsdén, curves are scaled by LeveretiSunction using a standard value
the exponential function is rather stiff. We have been using it heeg 480 mN/m for the interfacial tension for the mercury/vapor
primarily to test the parameter estimation technique. In the futuggstem and a measured value of 38 mN/m for the oil/water sys-
we will be looking for more flexible analytical representations ofem. No correction for contact angle is applied as the sample was
the_re!ative permeabilities. At the same time, howgver,_we will tYtrongly water-wet® The drainage part of the capillary pressure
to limit the number of unknowns as far as possible in order t@rve is similar in shape to the mercury drainage curves, but the
reduce computation time as well as the risk of arriving at fal§gercury injection data have a wider and more flat plateau. A
solut!ons. A small objective function is no guarantee for a goagpilar situation has been reported previouSty? The spontane-
solution. . . ous part of the capillary pressure curve shows a significant devia-
The dete_rmlned capillary pressure Ccurves are compa_red Wffg with respect to the mercury curves. The mercury injection
results obtained from a standard mercury injection technique hnique gives a much lower capillary pressure at wetting-phase

centrifuge method on the same plug, Fig. 2. The mercury InJeCtI%'&turations below 0.15, together with a lower irreducible satura-
tion. The lower irreducible saturation for the mercury injection
technique may be caused by the high mercury drainage pressure,

10 up to 2,000 bar. This may cause failure of the matrix as mercury
penetrates into pore space, which previously was isolated for the
9 nonwetting phase, as suggested by ChristoffetSahis may also
8 7 Qf\_ explain the lower wetting-phase saturation obtaine@.at0 for _
the mercury curves compared to the presented spontaneous capil-
7 / lary pressure curve. The forced imbibition capillary pressure
o curve compares reasonably well with a curve determined by the
- 8 / centrifuge technique, Fig. 2. The shape indicates strong wetting
E / preference to water. This is also verified by the measured satura-
g, 5 tion profile for the waterflood, Fig. 1, which shows an almost
E I uniform water saturation. The centrifuge data do show a lower oil
o 4 residual saturation, which may be explained from the performance
of the centrifuge experiment. The primary drainage of the centri-
3 fuge experiment was not completed, i.e., there was water produc-
tion at the last pressure step applied in the centrifuge. Therefore,
2 the oil residual saturation, for the centrifuge data, is obtained by
scanning curves from an incomplete primary drainage process,
1 which will give a saturation betweenS,=1.0 and
S,=1-S5,,.3% A primary drainage capillary pressure curve
0 could not be calculated from the centrifuge experiment, because
0.0 0.5 1.0 1.5 20 25 the Hassler and Brunner calculation mdfeloes not apply when
= Pressure drop, measured Time (h) water production has not ceased.
Pressure drop, calculated
Plug M16H. The M16H plug parameters and some experimental
Fig. 5—Measured and calculated pressure drop for sample conditions are given iTable 3, and the measured saturation pro-
M113, drainage case. files in Fig. 7.
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TABLE 3-PLUG M16 H PARAMETERS 6.0 - IE
L=73.4mm 1o=0.92 cp 5.0 1%
A=1113 mm? S6=0.23 4.0 “\
$=0.333 S,i=0.05 N
k=1.1md Su.api=0.75 30 % ———
C,=1.76x10"% atm~! Pe,max=4.708 atm 20 £
pw=1.049 g/mL Po,out=1.0 atm
wa=1.12cp Pn=1.678 atm £ 1.0
C,=4.58x10"%atm™* q¥=10.0mL/h 8 00
po=0.73 g/mL qy°=-250mLh | ©
C,=1.16x10"*atm™* mb=—10.0mL/h 1.0
-2.0
-3.0
-4.0
Primary Drainage, ResultsThe calculated capillary pressure 5.0
as well as the relative permeabilities to oil and water are shown
Figs. 8 and 9 6.0
The resulting match of the steady-state water saturation prof 0.0 0.2 0.4 0.6 0.8 1.0
and the transient total pressure drop are showkigs. 10 and 11 mm—— Drainage Pc s Imbibition Po Sw (fraction)
The drainage capillary pressure curve for plug M16H is als Hg 1 drainage Hg 1 imbibition
compared to mercury data obtained on the same plug, Fig. 8. T |.c.cee.e. Hg 2 drainage --erveveees Hg 2 imbibition

results are very similar to plug M113.
Imbibition, Results.The calculated imbibition capillary pres- Fig. 8—Measured and calculated capillary pressure functions

sure and relative permeability to oil are shown in Figs. 8 and fr sample M16H.

The scanning parameter was estimated to be 0.0265. The resulting

match of the steady-state water saturation profile following the

reversal of the oil flow direction is shown in Fig. 10. Again, thezgnclusions

general curve shape is predicted well. This is, however, not the, A procedure to determine saturation functions for low-

case with the transient pressure drop during the reverse waigérmeability rocks by a complex flooding procedure combined

flooding, Fig. 12 The calculated pressure drop is smaller than tgith a parameter estimation technique has been developed. The

measured one just as it was in the case of plug M113. This Sufincedure utilizes the strong capillary retention of the wetting

ports the possible explanation that the relative permeability Khase in such rocks. Capillary pressure functions and relative per-

water is overestimated for the upper part of the water saturaligfeapility functions, which are unbiased by capillary end effects,

interval either due to an unsatisfactory analytical representationge produced for both drainage and imbibition situations.

because the assumption of no hysteresis in the water relative per; The procedure is based upon the following assumptions:

meability does not hold. 1. The plug is homogeneous.
The determined capillary pressure curves are compared with 5 The experiments reach a steady state.

data obtained from a standard mercury injection technique, Fig. 8. 3. The analytical functions used are able to represent the
Again, the results are similar to those of plug M113. saturation functions of the plug.

10
90 \\ /
0.9

S e e e P A /
- G R \S /

60 Normal flow \ /
direction 0.6 \
|
s — A\ /
0.5

Sw (%)

40 \ 0:4 \\ /
oI\ os ) /
o \\\ A s N\ //
10 . 0.1 P

RelPerm (fraction)

— o

0 0.0 e
0 10 20 30 40 50 60 70 80 0.0 02 0.4 0.6 0.8 1.0
== Primary drainage 10 mlh Position (mm) e Drainage krw Drainage kro )
Internal imb. 25 mi/h reversed —— Imbibition kro Sw (fraction)
Forced imb. 10 mi/h reversed

Fig. 9—Calculated relative permeability functions for sample
Fig. 7-Measured saturation profiles for sample M16H. M16H.
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Fig. 10-Measured and calculated saturation profiles for sample
M16H.

e The procedure possesses the following advantages:

5
E 4
s
2 -
e 3 \ B =N
2
1
0
0 10 20 30 40 50 60
= Pressure drop, measured Time (h)

Pressure drop, calculated

Fig. 12—Measured and calculated pressure drop for sample
M16H, forced imbibition case. At 52 h the flow rate was in-
creased from 5 to 10 mL /h.

1. The end effect is utilized and is, therefore, eliminated as a

problem.

e Saturation profiles are obtained from a 4.7 T NMR scanner,

2. The effects of oil and water relative permeabilities ar@ith a one-dimensional chemical shift imaging pulse sequence.

separated.

The mean accuracy of the pixel fluid saturations is better than 5

3. A consistent set of drainage and imbibition saturatiop.u., and reproducibility of pixel fluid saturations is better than 2

functions are determined.
4. Reservoir-like fluids can be used.
5. The number of simultaneous unknowns is snhlto 8.

p.u. The accuracy of the mean fluid saturation of a sample is 2 p.u.
e The drainage saturation functions are calculated from a mea-
sured saturation profile, the pressure drop across the sample, and

o« A complex five-step flooding procedure is presented frorie threshold pressure obtained during a primary drainage process.
which information for calculation of both the drainage and imbiThe calculated drainage capillary pressure curves for two chalk
bition part of the saturation functions is gained. The procedusamples are compared with scaled mercury injection data obtained
utilizes a nonmagnetic core holder connected to a mobile floodifi@m the same samples. The plateaus of the mercury data are
unit to allow saturation profile measurement in an NMR scannagonsistently located at significantly lower capillary pressures. It is

while the flooding is in progress.

dPtot (atm)
'S

0.0 0.5 1.0 15 20 25

= Pregssure drop, measured Time (h)
Pressure drop, calculated

Fig. 11-Measured and calculated pressure drop for sample
M16H, drainage case.

tentatively suggested that the mercury capillary data are invali-
dated by the highly aberrant surface tension and contact angle of
the mercury/vacuum system, compared to an oil/brine system, and
by destruction of the chalk pore structure by the high-pressure
injection of mercury. Drainage relative permeabilities for the
same two samples are calculated, but no independent verification
is available.

e The imbibition saturation functions are calculated from mea-
sured saturation profiles and the pressure drop across the sample
during two imbibition processes. The calculated spontaneous im-
bibition capillary pressure curve for two chalk samples are com-
pared with scaled mercury injection data obtained from the same
sample. Again, it is found that the plateaus of the mercury data are
located at significantly lower capillary pressures, and in addition,
the crossover pointp.=0 are located at a much lower wetting-
phase saturation. The suggestion of invalid mercury results is ad-
vanced as for the drainage case. Contrary to the mercury data, the
forced imbibition capillary pressure curve for a centrifuge experi-
ment is found to be in fair agreement with the results.

e The parameter estimation technique determines the capillary
pressure scanning parameterThe determination presented here
is based on Killough's method.

e In the present procedure, it is assumed that the relative per-
meability to water does not exhibit hysteresis. There is some in-
dication that hysteresis is present. For both plugs considered, the
measured forced imbibition pressure drop was underestimated us-
ing drainage water relative permeabilities. It may be an improve-
ment to include a determination of the imbibition relative perme-
ability to water in the parameter estimation technique.
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» The wettability of a sample can be obtained directly from the no = number of coefficientsrelative permeability to ojl
set of capillary pressure curves. nw = number of coefficientérelative permeability to watgr
o = oll
Nomenclature out = outlet of core sample
) o spt = spontaneous imbibition

a = pore size,um or coefficient T = total

a = parameter vector th = capillary threshold

A = flow area, mm w = water

b = coefficient

b = parameter vector Superscripts
By = main magnetic field, T

¢ = coefficient C = calculated

T = parameter vector _dr = drainage
C = Compressibility, atm* imb = imbibition
e, = parameter in the analytical expression of the imbibi- ™M — measured
tion capillary pressure
e, = parameter in the analytical expression of the imbibi\Cknowledgments ) ,
tion capillary pressure, atm The Danish Research Center of Magnetic Resonance is acknowl-
e; = parameter in the analytical expression of the imbibi¢dged for providing access to the 4.7 T SISCO NMR scanner. The
tion capillary pressure Danish Ministry of Environment and Energy is acknowledged for
e, = parameter in the analytical expression of the imbibifunding part of the present work through the EFP-96 program.
tion capillary pressure, atm
e; = parameter in the analytical expression of the imbibiREference$ o ) )
tion capillary pressure 1. Kulkarni, R.N.,e_t al: “Estimation of Ml_JItlp_hase Flow Functlpns

E = noise level from Dynamic Displacement Data: Applications of NMR Imaging,”

fa = _analytical representation of the oil relative permeabil- E%%?éjﬁ;ﬁﬁ:i ﬁ;ﬁ;?gtze_dzztotgfobleﬁ?ﬁ SPE European Petroleum
ity . . . 2. Kohhedee, J.A.: “Simultaneous Determination of Capillary Pressure
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J = objective function (August 1988 953.
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