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ABSTRACT

Relative permeability and capillary pressure data from both centrifuge and coreflooding
experiments on the same Berea sandstone will be analyzed using both analytical and simulation
techniques. A linear two phase simulation model of fluid displacement from a core will be

built. Capillary, gravity, and viscous effects will be included.
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1. INTRODUCTION

Measurement of relative permeability from laboratory data has become an increasingly
important subject in reservoir engineering as the need has arisen for more accurate forecasting
of production and ultimate recovery. Engineers now recognize that the shape of the relative

permeability curve is as important as the endpoint saturation.

Several methods of measuring relative permeability are available, but the Johnson,
Bossler, and Naumann (JBN) unsteady state coreflood technique has predominated over other
methods because of it's simplicity and relatively short experimental time. This method essen-
tially floods a saturated core plug with a nonwetting fluid at a constant rate. Cumulative
recoveries of the wetting and nonwetting phases versus time are measured at the outlet face.
These recovery versus time relationships are converted to relative permeability curves using a

graphical technique developed by Jones and Roszelle.

Relative permeability for the wetting phase can also be measured from centrifugal data
using a method developed by Hagoort. An oil-saturated core is placed in a centrifuge with gas
introduced at the inlet face. The centrifuge is rotated at a constant speed, and cumulative
recovery vs. time is measured‘ at the outlet face. This data is then converted to relative per-

meabilities using a log-log plot to determine Corey coefficients for the wetting phase.

The relative permeability curves from cemrifuging and coreflooding often differ in both
shape and endpoint saturations. Centrifuge curves cover a wider range of saturations and have
a tendency to exhibit lower residual wetting phase saturations. Coreflood curves require extra-
polation to residual saturation endpoints, and measurement error often results from the graphi-

cal determination of slope.

The objectives of this research are to:
1. Build a generalized coreflood/centrifuge model for determining relative permeability.

2. Compare laboratory relative permeability data from the same rock using the Jones and
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Roszelle method for coreflooding versus the Hagoort method for centrifuging,

3. Use a simulation model, a least squares algorithm, and laboratory data to history match
Corey parameters for both centrifuge relative permeabilities and coreflood relative permeabili-
ties.

This problem was investigated from two different perspectives:

1). Experimental analysis of laboratory data - Coreflood and centrifuge relative permeability
experiments on Berea sandstone samples were completed by Chevron Oilfield Research Com-
pany (COFRC). This data was processed using the Jones and Roszelle method for

coreflooding and the Hagoort method for centrifuging. Relative permeability results were com-

pared.

2). Simulation models - Linear coreflood and centrifuge simulatiop models were built that
Aincluded terms for capillary pressure and centrifugal force. A least squares: algorithm that
adjusted the coefficients in the Corey equations was used to match experimental data with
model data. The experimental relative permeability curves from "é:oreﬂooding é.nd centrifuging

were compared with the history match relative permeability curves. -

By comparing relative permeability curves from coreflooding versus centrifuging, the key
parameters that influence the relative flow of oil, gas, and water through porous media are

identified. This, in turn, will improve the application of raw laboratory relative permeability

curves to large scale engineering problems.
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2. LITERATURE REVIEW

This literature survey is divided into three sections: 1) capillary pressure, 2) relative permea-
bility, and 3) simulation of coreflood and centrifuge displacement. A reference list at the end

of this survey provides relevent papers for these topics.

2.1 Capillary Pressure

Capillary pressure was chosen as the initial subject for the literature survey because it
provided a detailed microscopic and mechanistic perspective on fluid flow through porous
media. A classic paper by Leverett in 1940 is the basis for most modern theory on capillary
pressure. The most significant idea proposed was the concept of a characteristic distn'bution of
interfacial two-fluid curvatures with water saturation. Three general occurrences of water in a
porous solid vs)ere discussed: 1) a saturation region, 2) a pendular region, and 3) a funicular
region. Experimental determination of the curvature/saturation relationship was described. The

existence of an outlet face capillary pressure boundary effect was noted, and it’s significant
ary 2

effect on small scale flow experiments was emphasized.

A more detailed paper on the mechanism of fluid flow through porous spaces was
prepared by Mohanty in 1987. This paper reported on the physics of pore level events when
water displaced oil in an initially -oil-filled porous rock. These displacements were controlled
by pressure distribution, capillary pressure, local pore geometry, pore topology, and PVT pro-
perties. A simple rock model, represented by a square network of pores, analyzed the physics
of oil advancement and disconnection- at the pore level. The capillary-controlled oil displace-
ment processes of choke-off, jump, and oil-blob formation were .described. The results gave
insight into residual oil saturation and it's dependence on pore geometry and capillary number.
As capillary number increased, the residual oil saturation decreased and oil blobs tended to be
smaller. As pore size distribution became wider, the decrease of residual oil saturation with

capillary number became smoother.
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The standard experimental technique for the determination of capillary pressure from a
centrifuge was developed by Hassler and Brunner in 1944. Their initial discussion focusedA on '
describing two older methods of determining capillary pressure (capillary diaphragm and grav-
ity drainage) and discussing their shortcomings (too slow and inaccurase at high displacement
pressures). The centrifuge apparatus and laboratory procedure were described in detail, The
100% saturated core was centrifuged at increasing rates and the average saturation was meas-
" ured at each rate with a stroboscopic device. It was shown that accelerations and saturation
values could be converted into a capillary pressure versus saturation plot. Final capillary pres-
sures curves compared favorably for all three techniques. Strengths (speed, simplicity) and

weaknesses (no hysteresis data, experimental inaccuracy) were noted.

Slobod and Chambers (1951) compared the centrifuge with other methods for determining
capillary pressure. The primary advantages of the centrifuge were: 1) rapid establishment of
‘ equilibrium, 2) better precision and reproducible results, 3) availability of a high pressure
difference between phases, 4) simple operational procedure; and 5) ability to complete experi-

ments in one day or less.

Hoffman (1963) proposed a variation of the Hassler-Brunner method that was faster and
provided an analytic method for the conversion of centrifuge data into capillary pressure data.
The technique differed from the Hassler-Brunner method in that the centrifuge was slowly
accelerated frc;m zero to the maximum speed rather than being held at constant, progressively
higher speeds. Both techniques were described in detail, and capillary pressure results from
the same piece of core compared favorably. Shorter experimental time was an important
advantage of the Hoffman technique over the Hassler-Brunner method. However, the Hoffman
technique was not widely used because of experimental error in the dynamic measurement of
recovery data, but it may have new applications with the introduction of more accurate centri-

fuges.

More recent articles on capillary pressure investigated the interrelationship between capil-

lary forces, viscous forces, and saturations. New mathematical methods quantified these vari-
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ables into functional groups with parameters that could be optimized for history matching.

Melrose and Brander (1974) described the macroscopic displacement process as a sudden
and rapid pore-to-pore movement called rheons. This mechanism accounted for hysteresis in
capillary pressure and relative permeability curves, and also justified the existence of residual
(yet still mobile) saturations. T}}is article is useful for describing the mechanistic factors which
influence pore-to-pore movement. Their summary inevitably leads to the proper conclusions:

reduce capillary forces, reduce residual oil saturations, and improve recovery.

Bentsen and Anli (1977) discussed parameter estimation techniques for the determination
of capillary pressure from centrifuge data, and proposed a modification to the Hassler-Brunner
technique that did not require numerical or graphical differentiation of experimental data. A
mathematical model of capillary pressure was combined with a least squares estimation of non-
linear parameters to match experimental data. After these nonlinear parameters were derived,
the ca‘pillafy pressure model was used to derive a smooth capillary pressure curve. When com-
' pared with the Hassler-Brunner graphical method, the capillary displacement pressures using
the parameter estimation methods were considerably lower than the values that were obtained
by extrapolating data from plots. Two explanations for this discrepancy were proposed: 1)
measurement error; and 2) end effect boundary conditions resulting in a different saturation

distribution at the outlet face.

The latest improvement in the measurement of capillary pressure is the result of a new,
more accurate centrifuge designed especially for displacement tests. Firoozabadi, et al.(1986) |
prepared a paper on the measurement and simulation of capillary pressure using this centrifuge.
The unique feature of this centrifuge was that the roék sample was always in contact with the
wetting phase at the outlet face. The improved accuracy in measurement of expelled fluids
gave higher quality experimental data, and the outlet face saturation condition made the centri-
fuge boundary condition more accurate. Their paper discussed the mechanism of gravity
drainage and noted that its two primﬁry components were relative permeability and capiflary

pressure. Basic equations used for deriving capillary pressure were presented. A nonlinear
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least squares statistical package was used to curve fit data and build a capillary pressure model
that included terms for water saturation, interfacial tension, threshhold pressure, and centrifugal

force.

2.2 Relative Permeability

Relative permeability is the basis for multiphase flow through porous media. The litera-
ture search concentrated on: 1) the mechanistic theory of fluid movement from pore-to-pore, 2)
the derivation of flow equations and boundary conditions, and 3) the experimental procedure

for measuring relative permeability from both the coreflood and the centrifuge.

The concept of relative permeability and its effect on the movement of gas, oil, and water
through porous medium was first described by Buékley and Leverett (1942). They discussed
the dynamics of oil displacement by either gas or water? and proposed the (at that time) new
concept that water was a better displacement fluid than gas because of more favorable mobility
ratios and less significant relative permeability reductions. Although they ignored capillary
pressure effects in their calculations, they noted its importance in determining water/oil contacts
at equilibrium and analyzing gravity drainage rates. The paper ended by recommending
moderate production strategies in areas of potential coning so that relative permeability reduc-

tion from water influx would be minimized.

The Buckley-Leverett method was modified by Welge in 1952 when he derived an
analytical method for computing average saturation. Darcy’s LaW was used for both wetting
and non-wetting phases, and then combined with a material balance equation that resulted in
equations describing saturation distributions in the core. With this method, the movement of

the saturation front in a linear core could be tracked, and the average saturation behind the

front could be calculated.

Corey (1954) presented a method for caiculaﬁng oil relativé permeabilities from measured
gas permeabilities. The Kozeny-Carmen equation and the properties of the capillary pressure

desaturation function were used to relate pore volume and tortuosity to capillary pressure. He
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compared measured data versus calculated data from 40 samples and found a good correlation
with about two-thirds of the experiments. Experimental error was noted in cores with consid-
erable amounts of dolomite or in cores with pronounced stratification. He proposed a relation-
ship between capillary pressure and saturation:

1 (Sa - Sar)

P~ Ca-s) | 8D

P, capillary pressure

S, oil saturation
S,r = residual oil saturation

C = constant

He also proposed important expressions for gas/oil and oil/water relative permeabilities:

| (Sa - Sar) ¢
kro = 1T e . (2.2)
(1=S4) ' :
k _ 1 (So - Sor) g 1 So - Sor 2 ) 3)
o (Sg - Sor) 1 - Sor k &
)cm = oil relative permeability

1

keg gas relative permeability

Sg = gas saturation

Chierici (1984) proposed four- and five-parameter equations for gas/oil and oil/water rela-
tive permeability curves. He claimed that his relative permeability model reproduced initial

points and end points more accurately than the Corey relationships.

In(k,,;) = — A S =S| | 2.4
rog) = 1-5,.-5, (24)

In(k,,) B [I-S”‘—SS]M (2.5)
n(k,,) = - — L.
$ Ss'Sg

[+



In(k,,) = — A |—2 " Swi : (2.6)
o) = 1= Sor — Sw "
In(k,,,) B L= Sy =S, |" Q.7
n = -B |——— .
row Sw _ SWl )
where: A,B,L,and M = positive empiricél constants

k.., = relative permeability to oil (drainage)

k,, = relative permeability to gas (drainage)>

k,, = relative permeability to oil (imbibition)
k.ow = relative permeability to water (imbibition)
S, = irreducible water saturation

Sgc = critical gas saturation

A paper that described factors which affected laboratory measurement of relative permea-
bility was prepared by Osaba and Richardson (1951). Results of laboratory measurement of
relative permeabilities on small core samples were presented using five different methods -
Penn State, single core dynamic, gas drive, stationary liquid, and Hassler techniques. The
influence of factors such as boundéry effects, hystefesis, and injection rate were discussed,
The most significant boundéry effect influencing coreflooding was the capillary pressure effect
at the outlet face of the core. Because of the capillary forces within the core, the rock tended
to retain the wetting phase at the outlet face. This resulted in a higher water saturation at the
outlet face. To minimize this boundary effect error, high rates of flow were recommended. To
remove hysteresis effects, coreflooding in only one direction was recommended. The results
indicated that all five methods yielded essentially the same relative permeabilities to gas. For
‘oil/water relative permeabilities, the Hassler-Brunner method ‘gave consisténtly lower residual

oil saturations than other methods.

The classic paper on determination of relative permeability from experimental coreflood

data was prepared by Johnson, Bossler, and Naumann (JBN) in 1958. It used the theory ini-
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tially proposed by Buckley and Leverett (later modified by Welge) to calculate individual rela-
tive permeabilities. JBN theory made three important assumptions: 1) the flow velocity Awas
the same at all cross sections of t.he{ linear porous body, 2) flow velocity was high enough to
achieve Buckley-Leverett displacement, 3) capillary effects were negligible at high injection
~ rates. To verify theoretical proposals, JBN relative permeability curves from small core plugs
were compared with steady staie relative permeability curves from whole cores. It was con-
cluded that the JBN method was faster, required smaller core samples, and reproduced steady

state coreflooding effectively.

Jones and Roszelle (1978) developed a graphical technique for determining relative per-
meability from unsteady state displacement experiments. A plot of average water saturation
versus the reciprocal of pore volume injected was made. With this plot, the fractional flow of
oil was equal to the inverse slope of the tangent line at any given saturation. Fractional flow
was then converted to relative permeability using an effective viscosity plot. The Jones and

- Roszelle technique was used in this research to derive coreflood relative permeability curves.

Tao and Watson (1984) analyzed the JBN relative permeabilities by using a Monte Carlo
technique to investigate the effects of different experimental operating conditions on the accu-
racy of relative permeability estimates. They found that different viscosity ratios and different
flow rates did not significantly change the shape of the curves. They also analyzed the
different algorithms used for curve fitting with the JBN method. Resulté show that the algo-
rithms could be ranked in order of decreasing accuracy: 1) linear regression, 2) optimal spline,
3) fixed spline, 4) cubic least squares, and 5) quadratic interpolation. Lincar regression was

preferred by the author, although fixed spline techniques were simplest and relatively accurate.

Bentsen (1976) investigated scaling requirements during measurement of relative per-
meabilities and proposed several simplifying assumptions for determining boundary conditions
and mobility ratios. He began by deriving the basic flow equations and converting them into
dimensionless variables. He then proposed that the dimensionless function for &, kpmy» and

capillary pressure were directly related to S,,, provided that the transition zone between the
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displacing and displaced phase was sufficiently small. This allowed him to normalize the rela-
tive permeability curves to S,, end points of. 0.0 and 1.0 . He also proposed a method for

estimating the mobility ratio by using the average water saturation behind the displacement -

front.

Development of dimensionless functions .for ‘saturatidns and preSsures, and optimization
: of these functions to match éxperirr{éntal data has been the most recent frontier in relative per-
megbility analysis. Kerig and Watson (1987) presented a paper using a parameter estimation
approach to estimate relative permeability curves from two-phase displacement data. Func-
tional mathematical groups were chosen to represent relative permeability curve equations, and

adjustable coefficients (aq, by, a,, b,) were then used to least squares fit actual experimental

data.

- Kerig and Watson's equations are as follows:

r b b
1-S8,-8,+ ° ° ;
kro = a, ( or w E) ~oa, E (28)
. _(1_Sar—Swi+E)_ . (I—Sa’—Sw"*_E)k
[ ;S-+E) 18 E b
ky = a, L. - a, 2.9
(l—Sor—Swi+E) (I_Sar_swi+E)
ag, by, a, b, = adjustable cgefﬁcients

E = empirical error function

;rhe cubic spline fﬁnction was chosen because it was the ldwest order spline that yielded
visual smoothness. The algorithm was used to solve two test cases that confirmed improved
accuracy when compared with the Corey relationships. This method was useful for non-
dimensionalizing relati\ié 'perm’eability curves and solving’unknown parameters/coefficients
implicitly. | |

An important method for measuring oil relative pérmeability using centrifugal gas/oil.dis-

placement data from small éores was develo;ﬁed by Hagoort (1980). He derived the basic flow
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equations for a linear coreflood, then non-dimensionalized these equations to allow for curve
fitting of experimental data. He concluded that relative permeability to oil is a critical factor in
the gravity drainage process. A graphical technique for deriving the wetting phase coefficients
for the Corey equation was presented. This methodology was used to determine the wetting
phase relative permeability curves from experimental centrifuge data. Hagoort’s assumptions
included insignificant capillary bressure effects and large differences in mobilities between the

wetting and nonwetting phases.

2.3 Simulation of Corefloods and Centrifuges

The final topic examined in this literature survey is a fairly recent development that began
with the use of reservoir simulators to examine production history. Archer and Wong (1973)
were the first to use a reservoir simulator to model laboratory coreflood tests. Their model
used basic core properties (porosity, permeability, water saturation) and trial-and-error relative
permeability curves to match coreflood production history. The three Corey coefficients were
used as the matching parameters. A one-dimensional, two phase model was used with constant
rate inlet face boundary conditions and constant atmospheric pressure outlet face boundary con-
ditions. Uniform permeability, porosity, and saturation were assumed. Capillary pressure was

also assumed to be equal to zero because of high injection rates.

Sigmund and McCaffery (1979) updated Archer and Wong’s work by including terms for
capillary pressure in the finite difference solution of the Buckley-Leverett two phase flow equa-
tions. Relative permeability curves were characterized by two parameters that reflected the
shapes of the wetting and nonwetting curves. These parameters were used in a nonlinear least
squares solution to match simulation data with laboratory data. Boundary conditions were the
same as with Archer and Wong, but the capillary pressure function required that the minimum
outlet face saturation be equal to the wetting phase safuration at zero capillary pressure.
Results showed that the least squares history match method provided a good representation of
laboratory data and that capillary forcés could significantly effect pressure and recovery éata,

especially at low injection rates.
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The parameter estimation technique and least squares minimization methodiology were cri-
ticized by Chavant and Cohen (1980) as leading to large errors, especially near endpoihts.
Instead, they proposed a special discontinous finite elements method which separatéd relative
permeability and capillary pressure curves into distinct linear unknowns. This gave great flexi-
bility to the shape of these curves (especially at the endpoints), and a very accurate, but poorly
conditioned solution. A gradier;t was calculated by applying an optimum control technique to

the discretized solutions. This gradient was minimized until a satisfactory history match was

obtained.

Watson and Kerig (1986) took the parameter estimation technique one step further. They
claimed that the accuracy of the methods proposed by Archer/Wong and Sigmund/McCaffery
depended not only on the matching of the two exponential Corey coefficients, but also on the
actual definition of the saturation function being exponentiated. Two main sources of error
were defined: 1) a bias error which was the result of the use of functional groups that were not
representative of the true relative permeability/saturation relationship, and 2) variance error
which was the result of experimental error. Both a variable saturation function and a variable

exponent were used to match laboratory data and minimize this bias error.

The form of the Coréy relationship usually used is:

b,
k“' = C" S"‘ (210)
i = wetting or nonwetting phase
b; = Corey exponent
S ; : : S:"Sir
i = normalized saturation functional group = 1=
O

Ci = constant for wetting or nonwetting phase

Watson and Kerig modified this equation to give:



krl' = q; S,'i (211)

b; = Corey exponent
S; = saturation functional group

a; = variable for wetting or nonwetting phase

O'Meara and Crump (1985) built a centrifuge simulation modei that calculated relative
permeability simultaneously with capillary pressure. The model was one-dimensional and con-
tained terms for variable centrifugal acceleration and nonwetting mobility. Darcy’s Law with a
term for centrifugal force was combined with material balance equations for the wetting and
non-wetting phases. Capillary pressure and the total wetting and nonwetting superficial velo-
city were defined and included in the flow equations. The solution to these equations was car-
ried out using a forward finite difference scheme. Boundary conditions assumed a vanishing
capillary pressure at the outlet face, and zero velocity of the wetting phase at the inlet face.
Saturation endpoint data was used only to estimate the capillary pressuré and as a starting point
for the history match. Corey’s equations and the capillary pressure term were parameterized.
History matching consisted of using a least squares technique to find the parameters which
minimized the difference between simulated data and measured production data. The major
advantage of this method was that the near-equilibrium §,, vs. P, data and the transient cumula-
tive recovery data were both used to solve the flow equations. This was a significant improve-

ment over previous methods which only used final cumulative recovery as a match point. This

research uses O’Meara and Crump’s methodology to derive flow equations for the centrifuge

model.

' Firoozabadi and Aziz (1986) used an IMPES reservoir simulator to model centrifuge
laboratory tests. Their model followed the methodology of Hagoort, but included terms for
capillary pressure and mobility ratio. Corey’s equations were broken into two functional
groups (wetting and nonwetting) -and three parameters (two exponents and the coefficient of the

normalized saturation function for the nonwetting phase). A nonlinear, least squares approach
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was used to match production history. The equations used were:

kny, = (S))" | (2.12)

krn = Kpwe (1 = S:a " (213)
* Sw - ch

= —— 2.14

o= T (2.14)

ny, ny, k. = variable coefficients to be optimized
k,, = wetting phase relative permeability

k,, = nonwetting phase relative permeability

Production data from a coarse-grained limestone core and a fine-grained dolomite core
were analyzed using the new model. Non-unique but accurate history matches were found
using both laboratory capillary pressure data and inappropriately low capillary pressure data.
Modification of wetting phase Corey relative permeabilities at low wetting phase saturations
was recommended to minimize endpoint cumulative recovery error. Chierici’s five parameter

model was also used with no significant improvement in the history match.

2.4 Summary

The first two parts of this literature survey reviewed the mechanism, theory, and experi-
mental procedure for capillary pressure and relative permeability. It was found that the two
processes are uniquely interrelated: every capillary pressure measurement is influenced by rela-
tive permeability, and every relative permeability measurement is influenced by capillary pres-
sure. Early relative permeability experimental calculations such as the JBN method assumed
zero capillary pressure effects because of high injection rates, but more recent literature sug-

gests that capillary pressure effects cannot be ignored, particularly when using small core sam-

ples or low injection rates.

Two graphical techniques for determining relative permeability from experimental data



-15 -

were reviewed - Jones and Roszelle for unsteady state coreflooding and Hagooﬁ for centrifug-
ing.

Several coreflood simulation models withAsophisticated history matching‘ algorithms were
discussed. Most models used some form of the Corey relative permeability relationships to
history match production data. Firoozabadi and Aziz noted that a non-unique history match
solution can be obtained using different relative permeability models or different combinations

of relative permeability and capillary pressure curves. O’Meara and Crump built a centrifuge

simulation model that accurately represented their experimental data.
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3.1 Experimental Description

Experimental data was supplied by Chevron OQilfield Research Company (COFRC).
Coreflooding and centrifuge displacement tests were performed using Berea sandstone cores.
All tests were performed in the drainage mode‘with gas (nitrogen or air) displacing white oil or
with depolarized keroséne displacing a glycerol/brine mixture. For each Berea core, the fol-

lowing experimental procedure was followed:
1). Air permeability and helium porosity were measured using the long core (4.5" by 1").

2). The core was saturated with the wetting phase, then an unsteady state drainage relative

permeability test was performed.
3). The long core was cleaned and dried, then cut into four equal segments (1" by 1").
4). Air permeability and helium porosity were measured on each of these segments.

5). Each core was saturated with the wetting phase, then placed in a centrifuge for drainage

capillary pressure measurement.
6). The core plugs were cleaned, then air permeability was measured.

7). The core plugs were saturated with the wetting phase. Transient wetting phase production

was measured at several rotational speeds (1000, 2000, 3000, 4000 R.P.M.)

A summary of the data (Appendix E) indicates that two coreflood (gas/oil and oil/water)

and eight centrifuge tests (six gas/oil and two oil/water) were run,

Centrifuge capillary tests were run on all samples. P, versus S, plots for the gas/oil sys-
tem showed residual oil saturations ranging from 0.10 to 0.25. The water/oil system showed
more consistent residual wetting phase saturétions of about 0.10. Each of these capillary pres-

sure curves was converted into a simple functional form using the relationship:
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Sw - Swir |
P,=Aln [TS_W_,:]+PM (311)
P, = capillary pressure (atm)

P, = entry pressure (atm)

A = constant obtained from cubic spline fit of experimental data

The gas/oil coreflood test ran for about 80 minutes and displaced 6.0 cc. (0.48 pore
volumes) of oil. The production versus pore volume injected plot (figure IA-1) showed con-
sistent displacement data. Additional early time recovery data would have been useful for his-
tory matching.

The water/oil coreflood ran for about 8 hours and displaced 8.0 cc. of the wetting phase
(0.666 pore volumes) with a total injected pore volume of about 40. Breakthrough took place

at about 2.4 minutes. The production versus pore volume injected plot (figure IIA-1) showed

slight inconsistency in early time.

Both gas/oil and oil/water centrifuge data was slightly irregular in early time, probably
due to measurement error. Higher RPM runs resulted in residual saturations as low as §,,;, =
0.16 for the 3000 RPM gas/oil run and S,,;, = 0.13 for the 4000 RPM water/oil run.

Rotational speed versus time data was supplied for the centrifuge so that history matching
could account for acceleration from zero to a stabilized RPM. This data was quite ‘useful for

history matching, since the amount of production during this initial acceleration period (50-60

seconds) was significant.

This experimental procedure provided the raw data necessary to calculate unsteady state
coreflood relative permeability, cenLrifL;ge relative permeability, and capillary pressure from the
same rock sample. Coreflood and centrifuge simulation models were used to history match the
production data by using a least squares minimization technique to modify the coefficients in
the Corey equations. This allowed comparison of Corey coefficients obtained from
coreflooding and centrifuging. History match relative permeability‘ curves were also compared

with results obtained from the graphical techniques of Jones and Roszelle for coreflooding and



Hagoort for centrifuging.
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3.2 Relative Permeability from Coreflooding (Jones-Roszelle)

The Jones-Roszelle graphical technique for determining relative permeability was a useful
way to provide an initial guess for history matching and also to verify the final history match
solution using a non-simulation technique. Two plots were necessary: 1) average nonwetting
phase saturation (Sna.,) versus pore volume injected (PV,), and 2) effective viscosity versus
pore volume injected. Average nonwetting saturation was calculated using:

N

e
v, 3.2.1)

Snavg =
S.wg = average nonwetting phase saturation
N, = produced water (cm®)

V, = total pore volume (cm’)

Snwvg Was plotted versus pore volume of oil injected on a Cartesian scale (figure 3.1). The |
saturations at the outlet face of the core were determined by drawing a series of tangents to the
curve. The intercepts with the ordinate axis were the outlet face saturations. These outlet face
saturations were converted to fractional flows, which were then converted to relative permeabil-
ities.

Effective viscosity was determined from:

A= p,,-ﬁ%bq—q” (3.2.2)
A1 = effective viscosity (cp)
u, = viscosity of fluid used to find absolute permeability (cp)
Ap = pressure drop across core (psia)
Ap, = pressure drop when finding absolute permeability (psia)
q = injection rate (cc/sec)

g, = injection rate used when finding absolute permeability (cc/sec)
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A Cartesian plot of effective viscosity versus pore volume injected (figure 3.2) was
prepared. Using the same tangent method as previously described for the Snavg VEIsus pore
volume plot, a series of tangents to the average viscosity curve were extended to the axis. The

intercepts with the ordinate axis were the outlet face effective viscosities (AZ}).

Fractional flow for the wetting and nonwetting phases was determined using:

§ vg Sru'n
fu= = (3.2.3)
inj .
fa=1-f, (3.2.4)

fw = fractional flow for wetting phase
fa = fractional flow for nonwetting phase
Swin = outlet face wetting phase saturation

PV,;,; = pore volume injected

Point values for relative permeability were calculated from:

k= T (3.2.5)
A
k= fi_l (3.2.6)
A
kn, = wetting phase relative permeability
k., = nonwetting phase relative permeability
K. = wetting phase viscosity (cp)
K, = nonwetting phase viscosity (cp)

A= outlet face effective viscosity

Values for the oil/water coreflood from the Berea sandstone are plotted in the Results and

Discussion section (figure 5.1).
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3.3 Relative Permeability from Centrifuging (Hagoort’s Technique) -

Hagoort derived a graphical technique for determining nonwetting phase relative permea-
bility using the Corey relationship. He assumed an insignificant capillary pressure effect and a

large mobility difference between gas and liquid phases.

Measurements during centrifuge displacement gave production versus time data. These

were converted to dimensionless values:

cumulative production

N,= AL (3.3.1) .
N Ap g8kt
== | ;, (3.3.2)
0" =¢ (L= Suir=Sor) - o - (3.3.3)

N, = pore volume produced

t; = dimensionless time

¢" = reduced porosity

S, = oil saturation

S.ir= irreducible Qater saturation

S,, = residual oil saturation

Ap, = density difference between oil and gas phases (g/cc)
g = gravitational factor = 4n’fr, |
f= rotational frequency (cycles/min)

rm = length of rotational axis (cm)

k = permeability (Darcys)

U, = viscosity of oil (cp)

A = cross seétional area (cm?)

L = length of coreplug (cm)

1= time (sec)
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A plot of In(1 - N,) versus In(z,) was used to determine coefficients for a modified form

of the Corey equation:

So - Sor "

k% = wetting phase factor

n = wetting phase exponent

The exponential coefficient n was determined from the slope of the resulting straight line

using the relationship:

d In(l - N,) 1

slope = 1000 == - (3.3.5)

The factor k% was obtained from the intercept of 1;=1. Hagoort noted that k% is a
dimensionless curve fitting parameter and does not have any significance with respect to the

endpoint of the oil relative permeability curve.

Experimental data for the 1000, 2000, and 3000 RPM gas/oil centrifuge systems are plot-
ted in figures 3.3, 3.4, and 3.5. Two distinct slopes occur. The first slope represents the
acceleration period from startup to constant R.P.M.. The second slope represents centrifugal

displacement under constant acceleration, and is used to determine the Corey coefficients,
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- 4.1 Centrifuge Model Deécription

The centrifuge model is a linear one-dimensional multicell model that simulates a
nonwetting phase displacing a wetting phase (drainage mechanism) in a coreplug under centri-
fugal acceleration. A 1" by 1" coreplug initially 100% saturated with the wefting phase is
accelerated from 0 to 3000 RPM, then centrifuged at a constant RPM until recovery of the
wetting phase is insignificant. "Accurate measurements of centrifuge speed, recovery, and time
are important throughout the run since shape and endpoints of the relative permeability curves
are quite sensitive to these parameters. High permeability samples are quite sensitive to the
initial acceleration period because a significant pore volume is displaced before the centrifuge

“reaches a stabilized rotational speed.

Important assumptions in the derivation of flow equations for the centrifuge include:

1). An incompressible rock system

2). Homogeneous porosity and permeability
3). Incompressible fluids

4), Linear Darcy flow

5). Two phases - wetting and nonwetting

 An approach similar to the one described by O’Meara and Crump is used to derive the

two phase flow equations. A detailed derivation can be found in Appendix A.

The centrifuge model consisted of 40 cells with intercell flow controlled by Darcy’s law
and an additional term for centrifugal acceleration. This modified form of Darcy’s law was
combined with the continuity equations to solve for saturation. The saturation solution was
discretized, then solved explicitly. To maintain model stability, timestep size was automatically
reduced if the saturation change in any cell exceeded 5%. A material balance check was also

included to monitor solution error.

Flow of the wetting and nonwetting phases takes place according to relative permeability
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and fractional flow equations using the Corey relationships.

C1 )
Sw - Swir
"'"=[1""—-s. ] (4.1.9)
Sw—swir @
k= C3 [1 - m—] 4.1.10)

k., = nonwetting phase relative permeability

k., = wetting phase relative permeability

C1, C2, C3 = Corey constants used in history matching experimental data
S,, = water saturation

S.ir = irreducible water saturation

Capillary pressure effects were also included in both centrifuging and coreflooding
models. Experimental capillary pressure data from the rock samples was curve fit using a non-

linear regression program and defined using the simple exponential relationship:

Sw_ Swir '
PC:AI“[I——&]+P‘h (4110)

P. = Capillary pressure (atm)
A = Capillary pressure factor

P,, = Entry/threshhold pressure (atm)

Boundary Conditions for the Centrifuge

Centrifuging is performed under a drainage mode, so the core is initially 100% sawrated
with the wetting phase, then displaced by the nonwetting phase using centrifugal force. There-
fore, since only the nonwetting phase is entering the coreplug, the velocity of the wetting phase

at the inlet face is zero.

Uy inter = 0 (4.1.11)
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At the outlet face, several important assumptions are made. Since no production of the
nonwetting phase takes place in centrifuging, it is proposed that the outlet face is ldO%
saturated with the wetting phase. The nonwetting phase displaces the wetting phase throughout
the core except at the outlet face, which remains 100% wetting phase saturated. Within the
core, the wetting phase saturation gradually decreases until only the irreducible saturation
remains. This leads to the cor;clusion that capillary pressure is zero at the outlet face (see

Appendix A for more detailed discussion).

Sw,outlet =10 (4112)
P outer = 0.0 (4.1.13)

It should be noted that this model is accurate for oil/water displacement, but may not be

representative for gas/oil systems because of the assumption of incompressible fluids.
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4.2 Coreflood Model Description

Coreflood model equations were defined using the same methodology and assumptions as
the centrifuge derivation, except that the term for centrifugal acceleration was excluded from

Darcy’s law. This derivation can be found in Appendix B.

A 40 cell linear system was used to simulate the 1" by 1" coreplug. To verify the model,
saturation profiles at various times were generated and compared with Buckley-Leverett calcu-
lations (figure 4.1). Breakthrough from the Buckley-Leverett f, versus §,, plot (figure 4.2) was

Svwbreatihrough = 0.76 while the model showed initial breakthrough at S,, preakthrougn = 0.72.

Additionally, a commercial simulator (black oil BOAST) was run using similar input
‘data. Figure 4.4 compares the saturation profiles at two different pore volumes. Although
breakthrough times were the same for both models, the saturation profiles are different because
the BOAST model is more implicit and automatically adjusts timestep size: Numerical disper-

sion was much less in the explicit model than it was in the IMPES BOAST model.

Boundary Conditions for Coreflooding

Initial conditions for coreflooding under a drainage mode assumed the 100% wetting

phase saturated core being displaced by the nonwetting phase at a constant injection rate.

Sw,initial = 1.0 4.2.1)
qinj = constant 4.2.2)

Before breakthrough assuming an incompressible fluid, the nonwetting phase injection
rate at the inlet face equals the wetting phase production rate at the outlet face.
Upw(x=0,1) = u,(x=L,1) 4.2.3)

After breakthrough, the nonwetting phasé injection rate at the inlet face equals the wet-

ting phase production rate plus the nonwetting phase production rate at the outlet face.
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Up (=0,1) = Up, (x=L,t) + u,(x=l1) 4.24)

The outlet face of the coreflood allows production of both the wetting and nonwetting

| phases according to Corey relative permeability and fractional flow relationships.
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4.3 Least Squares History Matching

The Corey relative permeability relationships were used to obtain an accurate history
match of production data. The functional form consisted of three coefficients and two parame-

ter groups for the wetting and nonwetting phases.

Cl
Sw_Swir
Kkny = [T—-—E::] 4.3.1)
k= C3|1 $u= 8] | 432
™ - l_Swir ( o )

k., = wetting phase relative permeability
k., = nonwetting phase relative permeability
- §,, = wetting phase saturation
S.., = irreducible wetting phase saturation
C1 = exponential factor for wetting phase
C2 = exponential factor for nonwetting phase

C3 = factor for nonwetting phase

A least squares history matching algorithm similar to the Firoozabadi and Aziz methodol-
ogy was used to identify the optimal Corey coefficients that would best match experimental
production data. The solution for the Corey coefficients was obtained by minimizing the least

squares error defined by:

E___i .qu:_Rqalcz 4.33
Wil j (4.3.3)

=
E = sum of the difference between observed and calculated recoveries
w; = weighting factor at time j
R> = observed recovery at time j
Ri#¢ = calculated recovery at time j

C.= Corey coefficients C1, C2, C3



-38 -

m = number of history match points

The derivative of this error was taken with respect to each Corey coefficient:

X 2
"aaEE' - a?: ij [qubs _ R;ach =0 x=123 (434)
x X j=1

A first order expansion of R{* resulted in a 3x3 matrix which was solved using Cramer’s
rule. A detailed description of this least squares minimization procedure can be found in

Appendix C.

The methodology for history matching consisted of calculating an initial guess for each of
the three Corey coefficients using the Jones-Roszelle or Hagoort graphical techniques. The
irreducible water saturation (S,,,) was obtained from capillary pressure curve. endpoints from

each coreplug. Capillary pressure curves were input into the model using Equation 3.1.1.

Each iteration of the history match consisted of four separate model runs: 1) an initial
base case run for C1, C2, and C3, 2) an increment of C1, 3) an increment of C2; 4) an incre-
ment of C3. Dibfferences between the initial guess and incremental runs were calculated, and
then compa%ed witiu the difference between the initial guess and actual experimental data.
Derivatives were calculated and substituted into the 3X3 matrix. The resultant solution to the
matrix provided new incrementing values for the Corey coefficients. If each of the increment-
ing values was within a given tolerance limit (1072PV), then the history match run was con-
cluded. If any of the coefficients was greater than the tolerance limit, then a new iteration
would begin with updated Corey coefficients.

Another analytical approach for determining the derivative of calculated recoveries [a—g'J

x

S, | . . :
in equation 4.3.4 can be obtained by calculating [—ac—] in the explicit numerical model, Know-

ing the change in saturation with respect to the change in the Corey coefficient, the change in

recovery can be calculated for each incremented coefficient. Using this method, the model
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only needs to be run once for each iteration, since the derivatives for C1, C2, and C3 can be

explicitly calculated.
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5. RESULTS AND DISCUSSION

This section is separated into four different parts. First, the graphical analysis of
coreﬂoc;d and centrifuge data will be reviewed. Secondly, simulation model behavior and sen-
sitivities to timestep length, cell size, and capillary pressure will be discussed. Thirdly, relative
permeability curves derived from Hagoort’s and Jones-Roszelle techniques will be compared
with relative permeability curves obtained from history matching. And finally, coreflood rela-

tive permeability curves will be compared with centrifuge relative permeability curves.

3.1 Results from the Jones-Roszelle and Hagoort Techniques

The Jones-Roszelle graphical technique was used to analyze the oil/water coreflood data
(figure 5.1). The curves were skewed toward higher water saturations with the nonwetting
phase having higher relative permeabilities than the wetting i:)hase. This could be due to the
large variation in viscosity between the wetting phase (7.12 cp) and the nonwetting phase (1.5

cp). A plot of average nonwetting phase saturation versus 1/PV,, (figure 5.2) extrapolated to

i

p‘l/ = 0 indicated an irreducible wetting phase saturation of about 32% which is considerably
inj

higher than the capillary pressure measurement S,,; = 10%. A longer coreflood run or higher

injection rates may be necessary to obtain a more accurate S

wire

Gas/Qil Corey Coefficients from Hagoort’s Technique

Sample  Centrifuge Speed (RPM) n Ko, Spir
BA-1A 1000 16.96 0.80 0.10
BA-1A 2000 6.07 1.2 0.10
BA-1A 3000 5.16 1.3 0.10

EXpen’mental data from the centrifuge for the gas/oil system was processed using
Hagoort’s graphical technique. This methodology supplies a wetting phase exponent (n) simi-

lar to the wetting phase Corey exponent (C1), and also an additional wetting phase factor (2,).
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Sw - Swir]'l

= 10 1
k,,, k,,,[l_sw (5.1)

The residual wetting phase saturation (S,,;) was obtained from capillary pressure measure-
ments and was consistently in the range of 0.09 - 0.13. Centrifuge production data from the
gas/oil system was obtained at 1000, 2000, and 3000 RPM. Plots of In(1 - N,) versus In(ty) for
2000 and 3000 RPM runs were consistent (figures 3.4 and 3.5) and gave similar exponential
coefficients and factors. The plot for the 1000 RPM case (figure 3.3) had a higher exponential
coefficient and lower factor. All runs exhibited two distinct slopes - an early time slope asso-
ciated with acceleration of the centrifuge to a stabilized RPM, and a late time slope associated
with stabilized centrifugal displacement. The late time slope was used to calculate coefficients
for Hagoort’s calculations. The slope and intercept for the 1000 RPM case was more difficult

to determine because of a smooth transition from the accelerating phase to the stabilized centri-

fugal displacement phase.

To verify Hagoort’s model, plots of experimental versus calculated data (figures 5.3, 5.4,

5.5) were made using the equation:

1
1 1 |1 »
N,=1- [1 - ‘;} [k,o’lld] 5.2)

N, = cumulative production as a fraction of PV (pore volumes)
n = Hagoort’s exponential coefficient
k,, = Hagoort’s relative permeability

t; = dimensionless time

For all cases, the late time history match is adequate, but the early time match is poor
because of centrifuge acceleration and the limitations of the functional relationship. This can

also be verified by examining the In(1 - N,) versus In(t;) plots and noting that the straight line

fit matches late time data but not early time data.



-42 -

5.2 Coreflood and Centrifuge Model Sensitivities

Sensitivities to timestep length and cell size were tested on both the coreflood and centri-
fuge models to determine operating limitations. The coreflood model was ‘stéble for timesteps
up to 5 seconds (figure 5.6) and showed an increasingly dispersed front as cell size increased.
The centrifuge model became upstable (figure 5.7) for timesteps greater than 0.2 seconds. This
-instability was due to the explicit nature of the solution and was caused by large changes in
saturation, relative permeability, or capillary pressure for indi\;idual cells. An internal check
was installed to reduce timestep size if the saturation change was greater than 5% in any cell.
An increasingly dispersed front was noted for both coreflooding and centrifuging as cell size

increased (figures 5.8 and 5.9).

Model sensitivities that examined capillary pressure sensitivities showed that capillary
pressure has a significant effect on both coreflooding and centrifuging, especially in early time
before the advancing front has reached the outlet face. Capillary pressures caused dispersion of
the advancing front for coreflooding (figure 5.10). Because centrifuging does not allow pro-
duction of the injected phase, both frontal dispersion and delay of the advancing front was

noted when capillary pressures were included (figure 5.11).

Sensitivities to variations in each of the Corey coefficients were run using history
matched values for the 4000 RPM oil/water system. Each Corey coefficient was incremented
by a fixed value while the two other coefficients remained constant. Results are summarized in
figures 5.12, 5.13, and 5.14. The production seemed most sensitive to the wetting phase

coefficient C1 and least sensitive to the nonwetting phase factor C3.
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5.3 History Match vs Graphically-Derived Relative Permeability Curves

Centrifuge History Match Summary

Sample  System Centrifuge Speed Cl1 C2 C3 Swir

BA-2A  water/oil 4000 426 1243 .10 0.10
BA-2A  water/oil 4000 | did not converge 0.32
BA-2C  water/oil 3000 5.0 100 1.0 0.10
BA-2C  water/oil 3000 did not converge 0.32
BA-1A gas/oil 1000 4.99 852 095 0.10
BA-1A gas/oil 2000 521 11.11 095 0.10
BA-1A gas/oil 3000 5.02 864 095 0.10

Tiie coreflood and centrifuge models were history matched using initial guesses from the
Jones-Roszelle and Hagoort graphical techniques. Tolerances were varied between 1072 and
107® PV and irregular history match points were smoothed to allow the model to converge
within a reasonable time limit. Most centrifuge model ruﬁs converged within 20-25 iterations
or came within a reasonable error limit. Plots of experimental data versus simulation history
match data for both the oil/water (figures 5.15, 5.16) and gas/oil (figures 5.17, 5.18, 5.19) sys-

tems show good matches in both early time and late time.

A plot of experimental pressure drop across the core versus model pressure drop (figure
19a) shows that the model pressure drop is lower than experimental pressure drop. The
coreflood model history matched only the fluid production data. The relative permeabilities
obtained by the history matching algorithm were used to calculate the pressure drop in the
core. This indicates that further adjustment of the relative permeabilities is needed to properly
account for the change in pressure across the core. This can be implemented by including an

additional term in the least squares history match algorithm that accounts for pressure drop

across the core.
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An additional set of water/oil centrifuge runs were completed that used the irreducible
wetting phase saturation from the Jones-Roszelle coreflood displacement analysis (S,,;, = 0.32).
The 3000 and 4000 RPM runs did not have did not-have sufficient wetting phase volume for

an accurate history match.
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Coreflood History Match Summary

Sample System C1 C2 C3 o Swir
BA-2 Oil/Water 3.66 1.87 1.0 0.10
BA-2 Oil/Water 1.71 0.40 0.30 0.32

Oil/water coreflood runs were more difficult to history match, particularly early time data.
Although a good match was obtained for late time data (figure 5.20), early time matching was
difficult even after curve smoothing the input data. More early time coreflood data and meas-
urement of injection rate, breakthrough time, and production data for both the wetting and
nonwetting phases would verify whether the model’s assumption of constant injection rate was

correct,

The oil/water coreflood run using the Jones-Roszelle S,;, =0.32 gave a worse history
match (figure 5.20A) than using the endpoint saturation form capillary pressure tests

(S.; = 0.10). This implies that the §,,; obtained from the Jones-Roszelle technique is too high.

A comparison of oil/water history matched Corey curves for 3000 and 4000 RPM (figure
5.21) showed that the lower RPM system had a higher C3 factor on the nonwetting phase
term. The wetting phase curves for both RPM’s matched adequately. The gas/dil system
curves at 1000 and 3000 RPM (ﬁgufe 5.22) matched closely for both phases. This close match
can be explained by thé small variation of the wetting phase coefficient C1, since the simula-
tion model response is much more sensitive to this parameter than it is to C2 and C3. The

2000 RPM nonwetting curves match is average, probably due to the curve smoothing of irregu-

lar data in early time.

A comparison of Jones-Roszelle relative permeability curves versus history match relative
permeability curves (figure 5.23) for the oil/water coreflood showed a good correlation with
both sets of curves skewed toward higher water saturations. The major difference between the
two sets of curves was the lower relative permeability of both phases for the Jones-Roszelle

analysis. This is probably due to measurement error of tangent point saturations and effective
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viscosities.

The gas/oil history matched centrifuge curves for 2000 and 3000 RPM compared favor-
- ably with the wetting phase curves derived from Hagoort’s method (figures 5.25, 5.26). This
favorable match is due to the fact that both approaches use the same relative permeability
(Corey’s formula) and have similar exponential coefficients (n = C1 = 5.0). The 1000 RPM
curves were a poor match, probably because of the difficulties associated with determining the

proper slope and intercept using Hagoort’s method.

5.4 Comparison of Coreflood versus Centrifuge Relative Permeability Curves

The final comparison between centrifuge relative permeability curves and coreflood rela-
tive perméability curves (figure 5.27) showed a very good correlation for the wetting phase
curves, but completely different shapes for the nonwetting phase curves. The Jones-Roszelle
~ graphical technique implied a much higher irreducible water saturation for coreflooding than
centrifuging (Swircoreftood = 0.32 VEIsus S, cenmifuge = 0.10). This difference in endr;voints has a
large effect on the shape of the nonwetting phase curve. It may be necessary to run the centri-
fuge at an injection rate comparable to the coreflood displacement rate. This could be accom-
plished by running the centrifuge at a lower RPM (500-1000) and using the centrifuge history
match model to determine an average production rate throughout the run. This average pro-

duction rate could be used as the injection rate for the coreflood experiment,

The most significant difference between coreflooding versus centrifuge relative permeabil-
ity curves appears to be the irreducible water saturation (S,,;). Does centrifugal acceleration
apply abnormally high force to the pore spaces and reduce S,,, to unrealistically low values?
Or does unsteady state coreflooding. leave a residual S,,, that is too high because the experi-
ment is not run long enough? It appears that the Jones-Roszelle core.ﬁood S.ir 1S too high, but
this answer is inadequate because we do not have good understanding of the physics of pore-
to-pore mqvement of oil, gas, and water. A model that includes compressible fluid effects
- would provide a more accurate simulation of both coreflooding and centrifuging for the gas/oil

system. Also, CATSCANs of experimental coreflooding and centrifuging at various times
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throughout the run may give useful insights into saturations profiles before and after break-

through.
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6. CONCLUSIONS

1. A coreflood and a centrifuge model was derived from the same initial set of equations using

different boundary conditions.

2. Coreflood and centrifuge data was obtained from the same Berea coreplug for gas/oil and

oil/water systems under the drainage mode.

3. This experimental data was processed using the Jones-Roszelle graphical technique for
coreflooding and Hagoort’s graphical technique for centrifuging to obtain relative permeability

curves.

4. A least squares history match algorithm was used to derive Corey relative permeability

curves from both centrifuging and coreflooding.

5. The ‘graphically derived Hagoort curves compared favorably with the history match curves

for centrifuging.

6. The graphically derived Jones-Roszelle curves compared favorably with history match
curves for coreflooding. Endpoint irreducible wetting phase saturations (S,,;,) obtained from the

Jones-Roszelle extrapolation technique may be too high.
7. The wetting phase curves compared favorably between coreflooding and centrifuging.

8. The nonwetting phase curves were different in both shépe and irreducible wetting phase sa-
turation endpoints (Swircorefiooding = 0-32, Swircentrifiging = 0.10) between coreflooding and centrifug-

ing.
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7. RECOMMENDATIONS

1. Modify the coreflood model to include pressure drop across the core in the history matching
procedure. If larger timesteps are desired to reduce computer time, a more implicit solution is

recommended.

2. Analyze data from other types of sandstone coreplugs to see if relative permeability relation-

ships between coreflooding and centrifuging are consistent.

3. Run centrifuge displacement experiments at 500 and 1000 RPM. Accurately measure centri-
fuge speed, pressure drop across the coreplug, and production rate. Run the coreflood at an in-
jection rate equivalent to the average centrifuge production rate, and continue running until the

irreducible water saturation is comparable to the centrifuge run (if possible).

4. CATSCAN coreplugs at various times throughout the centrifuge and coreflood runs to deter-

mine saturation profiles.
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Continuity equations assuming two phase, incompressible flow: ..

oS ou
—_ ™ A.
o T 0 (4.3)
oS, odu,
Yo tm 0 B
Definition of capillary pressure:-
P.=P,,-P, ’ : ‘ (AS)
or, solving for P,,:
P, =P, +P, | (A.6)
Substituting equation A.6 into equation A.1
oP. oP, i s T , \
U, = —kh,,, {-a—x + _aT - pmmlRa(x)B(t)] » (A7)

Adding equatioﬁ A.7 and equation A.2 and assuming uy = u,, + u,, :

oP, oP, oP,,
ur = —kh,,, [ﬁ— ts pmm%Ra(x)B(t)} f kA, [_a}' - pwm%Ra(x)B(t)} (A.8)
Defining: o
A=A, +A,, , , L?(A-9)
fo = %"’- V (A.10)
‘ | }‘nw ’ ‘
Jow = T ) ‘ (Al 1)
Dividing both sides by &) :
u oP., oP,
-l:)% = —fnw[j;' + -—a'x— - pnwm%Ra(x)B(t)J v (AIZ)
Substituting f,, = 1 - f,,,
u oP. 0P, . or,
k_{' = —f E - _a'x— + (O%R(I(X)B(I) [fmpnw =~ Pw "fnwpw] ’_fw [—a;— - pwuﬁRa(x)B(’)} (AIS)
Rearranging: '
or, u - oP, :
Fya k{ = fow Fya oiRo(x)B(1) ,.wpnw+prw] - (A.14)

Substituti\ng equation A.14 into equation A.2:
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i = -kx..[ ot + GIRECIBO [ + i) = Pt Ra(x)B(t)] a1
Defining Ap = p,, — pme and substituting:

u,=fu [ur + kA, [—3:7‘ + w%Ra(x)B(r)Ap]] (A.16)

Substituting into the continuity equation for the wetting phase:

oP,
¢-§- +a Pwur + fbkApi—=— % +f..1¢lwmfRa(x)B(r)Ap] (A17)
Substituting f,, A, = fi A into the second and third terms:
B 2 ..‘.A..i‘- A0?R Ap|=0 A.18
O3+ 5 Tt K5 + KAl a@)BnAp| = (A.18)

Boundary Conditions at the Outle; Face for Centrifuging

An important outlet face boundary condition assumption for the centrifuge model is that
an infinitely small wetting phase layer exists at the outlet face of the coreplug. This allows the

wetting phase saturation just inside the outlet face to be 100%.

S, = 1.0 at the outlet face ' (A.19.)

Another boundary condition consideration is the capillary pressure. Just outside the core,

it is very small relative to the capillary pressure within the pore spaces. This can be explained

with the following diagram:

Sand Grain

Sand Grain
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The capillary pressure is related to the curvature of the interface by:

P, = Y[R—l + 7?—2-] (A.20)
P = capillary pressure

Y= interfacial tension

R, and R, = principal radii of the curvature of the interface

Capillary pressure decreases as the radius of curvature for the interfaces increases.
Within the core, the capillary pressure is finite and a function of the pore throat diameter. Out-
side the core, the pore throat diameter (radius of curvature) becomes infinitely large, so the

capillary pressure must become infinitely small. Therefore, the capillary pressure boundary

condition for the outlet face is:

P.=0  at the outlet face (A2])

Boundary Conditions for the Inlet Face

If only the non-wetting phase enters the inflow end of the core, then the superficial velo-
city of the wetting phase (u,) must equal zero at the inlet face (x =0). By examining equation

A.22 we can see this condition can occur in two ways:

c

oP
u, =fy [ur + kA py [—a-x- + mfRa(x)B(t)ApH =0 (A.22)

>’|g>’

For this equation to be true, either f, = =0, or the second term is equal to zero. For

fw to be zero, k,,, must equal zero. This occurs only at residual wetting phase saturation. Since
inflow saturations are variable, the assumption (f,, = 0) is improper to use as a boundary condi-

tion.
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The other inlet face boundary condition is more viable and can be defined és :

oP
ur + ki, [—af- + m%Ra(x)B(t)Ap] =0 atx=0 (A.23)

This says that the inlet face total superficial velocity is equal to the capillary pressure gradient
plus a term for centrifugal acceleration. With this information a term for total superficial velo-
city can be derived. This total velocity is substituted into the continuity equation, and saturation

at any location within the coreplug is solved for.

Total Superficial Velocity Using O’Meara and Crump’s Methodology

Assuming the inlet and outlet faces of the core are immersed in the non-wetting phase, then the

non-wetting phase pressure drop across the core is equal to the hydrostatic pressure drop out-

side the core.

L N
PpulL) = P (0) = pp,@iRB [ () (A24)
0
: 1L x
where: o(x) =1 R + A
Substituting for o(x) in Equation A.24 and integrating:,
¥ L X
- = 2 - 4 = ldx
ProfL) = Pp(0) = ppuiRB() (j) [1 =t R} (A.25)
or:

&

An alternative method for obtaining the pressure gradient for the nonwetting phase uses the

previously derived equation A.14 for the wetting phase:

an _ ur aP,_. 2R - A 77
aX —_-I:x —fnw ax + 7 (l(x)B(l) [fnwpnw+prw] ( e )

Substituting P,, = P,, - P, and f,, = 1 - f, and solving for the nonwetting phase:
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a(in - P.:) _ ur ) .
ox - kA [ f“’} + (l)lR(l(x)B(l) P nw +prw] (A28)
Rearranging:
oP,, ur P, ,
= o +fw 5 QRGO faPmw + prw] (A.29)

Integrating with respect to x :

oP, L
PruL) = Pp(0) = j - L ffw e+ GIRBO) [ [+ PuSJ0G0EE (A30)
0

Equating equation A.24 and equation A.30 :
L ap,
PR j aode = [ fte+ oiRp f [Pt + ] o0 (A31)
Rearranging and solving for the total velocity (ug):

L L
—{ = g dx + WIRB() I [annw + Puf = p..w] o(x)dx (A.32)

Oty I~

Substituting f,., = 1 - f., and Ap = p,, — P, a term for total velocity (u7) can be derived:

L oP L
[ fumsrdx + GIRBO) [ £ Apax)dx
> —  (A33)

I&

This integration problem is solved numerically using the trapezoidal rule.

Uur=

Discretization of Flow Equations for Centrifuging

Beginning with the continuity equation for the non-wetting phase:

¢o— +——=0 (A34)

Using the first order forward difference approximation:
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3s, _ (Su' - Su)

ER (839
Evaluating the velocity term using the central difference method:

' oP, ) :

u, = fu |t + khp, = ApwiRa(x)B(f) (A.36)

Taking the derivative and discretizing:

fo.a-f 1
ou,, vty W 1 Peivn — P Pejot = Pey
x I A [k)”’“"f]i% T 7 [kx"“fw]";' a "

LN [nttrpetRocopo) 1 - [afaoutrocap), (A37)
A).’ x+-2- K -i

Using upstream weighting:
| [x,“fw]‘% =[5 (A.38)
[l w]‘.__l_ =f[Sw~_1] - (A39)

Substituting the discretized form of the velocity term and saturation term into the continuity

equation:

i _ogn _ AL - " AL [ ] Pein — Pej [ } Py — Py
St = S - [fw% fw._%] - ), _;[ ot | () [

e [[klmeApm¥Rq(x)B(t)]i+% - [kka»APm?Ra(x)B(t)]i_%} (A.40)

This explicit solution to the saturation equation is used in the centrifuge model.
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APPENDIX B

DERIVATION OF FLOW EQUATIONS FOR COREFLOODING

Flow equations for the coreflood model can be obtained by simplifying the previously
derived centrifuge equations. Beginning with Equation A.16 and dropping the centrigugal

gravity term:

u,, "'fqu+w _fw[uT""k}"nwaaP ] (Bl)

Substituting into the continuity equation:

= [fwur+fwk7»m ] -0 8.2

Defining capillary pressure:

P.=P,,—~P, (B.3)

or, taking the derivative:

oP, oP,, OP,

ox  ox o (B4)
For a two phase system:
Syt Sm=1 (B.5)
or, taking the derivative:
oS, 9dS..
—a-;'— + -—al =0 (86)
dS., oS,0P. S, |0P, OP,
_aT=§:'E"aPc[at - at} ®.7)
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Substituting equations B.4 and equations B.7 into equation B.2:

as.[or., op.] 3  [erm]l e
P | | ek | M AT T (B.8)

Boundary Conditions at the Inlet Face for Coreflooding

The injection point at the inlet face of the coreplug is defined as a constant rate injector.

Up(x = 0,0) = constant rate for the nonwetting phase (B.9)

Boundary Conditions at the Qutlet Face for Coreflooding

P.=0 at the outlet face after breakthrough : (B.10)

See discussion of centrifuge outlet face boundary conditions for more detailed explanation.

P(x=L,t) = consiant pressure at the outlet face (B.11)

Before breakthrough, assuming an incompressible fluid, the nonwetting phase injection rate at

the inlet face equals the wetting phase rate at the outlet face.

Uno(x = 0,8) = u,(x=Lt) (B.12)

After breakthrough, the nonwetting phase injection rate at the inlet face equals the nonwetting

phase exit rate plus the wetting phase exit rate.

Upu(X = 0.5 = ug(x= L) + u,(x = L,t) (B-13)

Discretization of Flow Equations for Coreflooding

Beginning with the continuity equation for the wetting phase:

o 4+ —= =0 (B.14)
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Using the first order forward difference approximation:

aSW 1 [ ntl n]
== Sl _ gn. : (B.15)
Evaluating the velocity term in equation B.1
oP, ' ‘
u, =f, [uT + k’"nw?] ) (B.16) ‘

Taking the derivative of the velocity term and discretizing using the central difference method:

auw fw,i+-;— —fw'i —% 1 Pc,i+l - Pc,i V Pc,i—l - Pc,i .
rr — ur+ == (kAndf), 1 | T @b 1 || |(B1T)
2 2

Using upstream weighting:

wl =

2

()"rmfw)i 1 =f8wi1) - (B.19)
2

Substituting equations B.15 and B.17 into the continuity equation B.14:

Al n P i+1 _Pci " At P -1~ Pci "
SHl = §n. — - —— [ ] ot [ ] U
i S. i A q) PWH_E fw,i—-;—] ur A ¢ klnnfw 2 [ A ] A q) kxnwfw __ A

This solution to the saturation equation is used in the coreflood model.

Discretized Boundary Conditions for Coreflooding

Before nonwetting phase breakthrough at x = L for outlet block i

Ui = 0 ° . (B.21)
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q. .
Uy = -f (B.22)
where: g, = injection rate '
A = cross sectional area
u,; = wetting phase velocity at outlet face

u,,; = nonwetting phase velocity at outlet face

Discretizing the continuity equation using a one-sided difference method for the velocity term:

9 [cn n 1 n n V
"Zt' [Snﬂ - Snwt} + -A_x [unwi - unw,i—l] =0 ‘ (B23)

Since u,,; = 0, the new outlet face function becomes:

0= 0S5} ~ Sp ~ At (B.24)

From equation B.16:

Pc -1 Pci
Unwi-t =F yur+ (hdp) 1 [——l——]
"2 2

A (B.25)
Substituting equation B.25 into equation B.24 and solving for saturation:
At At Pc -1 = P "
Snn+w1i=S:wi+__- nw’l uyp + ——(k nwn —_ B.26
qu)(f)‘._%_r qu)()»wf)‘._%[ A ] (B.26)

This saturation is solved explicitly in the model.
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APPENDIX C

Derivation of Equations for Least Squares History Matching Algorithm

Using Firoozabadi-Aziz Methodology

m N DR || ORek m R;*c
wj|—=—|—— |Ax; = Y WARI—L
o v v S P
. aRcalc
where Ri% = R¥e% 4 Syl Ay,
Fl an

0 _ pobs _ plcale
AR; = R] R;

R, = observed recovery
R.a = calculated recovery for x; + Ax,

Roca = calculated recovery for x,

m = number of recovery observations to be history matched

N = number of Corey coefficients =3
w; = weight factor for history match data

Ax, = increment factor for Corey coefficients

Matrix Form of Least Squares History Matching Algorithm

= [or)(ar,] = [ar)[3r,] = [or;)[oR)
N RN R K e

~l \ 4 gaxl J ~l . J\ J J=1 \

» [ar)[or,] = (or)[or) = [ar](a3r
IwilsElsE | Twistlist] Twis|s
naxIJ naxza Fl ~ax2J Laxzd =l sax34 saxzu

n [ar)[or,) = [or)[aR) =~ [ar](ar.)
DI e v w5 2wl =
A oen o) F o (on ) g (0x | on )

(C.1
m w oaR;;aIc
Z:; AR; ox,
m aRcalc
wARO—1
3w
$ o OREaE
5 w/AR; 0x;
o d
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Appendix D.1 - Coreflood Model
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implicit real*8(a-h,o-z) !
dimension x(100),8w(100),8n(100),£w(100),pc(100)
dimension 8nold(100),swold(100)

dimension fn(lOO),flamn(lOO),flamw(lOO),flamt(lOO)

COREFLOOD MODEL (DRAINAGE) WITH COREY RELATIVE PERMEABILITY CURVES

open(ll,file=’timepvcore’,access=’sequential’)
rewind(11) -
open(12,file='mbcore’,access='sequential’)
rewind(12)
open(l4,file='swcore’,access='sequential’)
rewind(14)

Read in constant parameters

print *,’Input POROSITY (fraction), PERMEABILITY (Darcys)’

read (S, *)phi, perm

print *,’Input NON-WETTING VISCOSITY (cp), WETTING VISCOSITY (cp)’
read (5, *)viscn, viscw

print*,’Input FLUID DENSITY DIFFERENCE BETWEEN TWO PHASES (g/cc)’
read (5, *)drho

print *,’Input COREPLUG LENGTH (cm), X~SEC AREA (sq. cm.)’

read (5, *)cplength, area

print *,’Input INJECTION RATE (cm/sec)’

read(5,*)qginj

print *,*TIMESTEP SIZE (sec), TEND (sec), NUMBER OF MODEL CELLS’
read(5,*)dt,tend, ncells

dx=cplength/dfloat (ncells)

print®*, ’Input CAP PRESSURE COEFFICIENT, ENTRY PRESSURE (atm)’
read(5, *)sig,; pe

Initialize arrays

For drainage coreflooding, the sample is initially 100% saturated
with the wetting phase and is displaced by the non-wetting phase

do 1 i=1,ncells
x(i)=dx/2.d0+dfloat (i-1) *dx
sw{i)=1.0d0
sn(i)=0.0d0
pc(i)=0.0d0
continue
beta=l,0d0
porveol=0.0d40
pvw=0.d0
pvnw=0.d0
time=0.0d0
nstep=0
cumnprod=0.d0
cumwprod=0.d0

Calculate mobilities (flamn, flamw, flamt) and fractional flow (fw,fn)
using the Corey relative permeability relationship

coreyl = exponential factor for wetting phase

corey2 = exponential factor for non-wetting phase

corey3 = relative permeability factor for non-wetting phase

swC = connate water saturation

akrwi = wetting phase relative permeability

akrni = non~wetting phase relative permeability

print*,’Input constants and coefficjents for Corey relative perme
&ability’ :

print%,’ ¢

print*,’COREY]l = exponential factor for wetting phase’
print*,’COREY2 = exponential factor for non-wetting phase’
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print*,’COREY3 = relative permeability factor for non-wetting pha
&se’

print*,’Swc = connate water saturation’

print*,’

print*,’Input COREYl, COREY2, COREY3’
read(5,*)coreyl,cozeyz,coxey3

print*,’Input connate water saturation, Swc'’

read (5, *) swc

Calculate mobilities (flumn,flamu,flamt) and tractional flow (fw, fn)
using the Corey relative permeability relationship

do 44 i=1,ncells

temp= ( (sw(i)=-swc)/(1.d0-swc))
if(temp.le.0.d0)then
temp=0.d0

sw(i)=swc

endif

akrwistemp**coreyl

templm= (1.d0-(sw(i)~swec)/(1.d0-swc))
if (templ.le.0.d0)then
templ=0.d0

sw(i)=1.d0

endif

akrni=corey3* (templ**corey2)
flamn (i)=akrni/viscn
flamw(i)=akrwi/viscw

flamt (i)=flamn(i)+flamw(i)
fw(i)=flamw(i)/flamt (i)
fn(i)=flamn(i)/flamt (1)
sn(i)=1.d0-sw(i)

continue

Calculate Capillary Pressure Data
Using Log Function

do 99 i=1l,ncells
temp2=(sw(i)=-swc)/(1.0d0-swc)
if (temp2.le.0.d0)then
temp2=.0001

sw(i)=swc

endif

pcli)=-sig*log (temp2) +pe

if (pc (i) .eq.pe)then

pc{i)=0.d0

endif
if(sn(i).lt.0.d0)then
pc(i)=0.d0

endif

continue

Calculate initial velocity

ut=ginj/area
© print*,‘INITIAL VELOCITY = ’,ut

Calculate change in saturation for first cell from injection
using source term ut

sw(l)-sw(l)-(dt*ut)/(phi*dx'O.SdO)-(pérm*dt)/(phi*dx*O.SdO)*
& (flamn (1) *fw (1) * (pc(2)-pc (1)) /dx) .

Begin stepping forward in time

time=t ime+dt
nstep=nstep+l
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Calculate mobilities (flamn, flamw,flamt) and fractional flow (fw,fn)
using the Corey relative permeability relationship

do 4 i=1,ncells
temp3=((sw(i)-swc)/(1.d0-swc))
if(temp3.le.0.d0)then '
temp3=0.d0

sw(i)wawc

endif

akrwiwmtemp3ttcoreyl
tempd=(1.d0-(sw(i)~swc)/(1.d0~swc))
if (temp4.le.0.d0)then
temp4=0.40

sw(i)=1.d0

endif

akrnimcorey3* (temp4*+corey2)
flamn(i)makrni/visen
flamw(i)=akrwi/viscw

flamt (i)=flamn (i) +flamw (i)
fw(i)=flamw(i)/flamt (i)
fn(i)=flamn(i)/flamt (i)
an(i)=1.d0-sw(i)

continue

Calculate Capillary Pressure Data
Using Log Function

do 88 i=]l,ncells

tempS=(sw(i)-swc) /(1.0d0-swc)

if (temp5.1e.0.d0)then N
tempS=.0001 :

sw(i)wswe

endif

pPc(i)=-sig*log (temp5) +pe

if (pc(i).eq.pe)then

pc(i)=0.d0

endif
if(sn(i).1t.0.d0)then
pc(i)=0.d0

endif

continue

Pc(ncells)=0.d0

For coreflooding, total velocity is constant

Increase timestép size if time > 100
if (nstep.eq.200)dt=1.0d0
Increase timestep size if time > 1000

if(nstep.eq.1100)dt=2.0
do 9 4=1,ncells
snold(3)=sn(j)
swold(3)=sw(3)

continue

Solve saturation equations explicitly

sw(l)-sw(l)-(dt/(phi*dx*o.SdO))*(fw(l)'ut+perm*£lnmn(1)*fw(l)*
& (pc(2)=-pc(l))/dx) )

do 6 i=2,ncells
sw(i)-sw(i)-(dt/(phi'dx))'((tw(i)-fu(i—]))*ut+perm*flamn(i)*

& fw(i)*(pc(i+1)-pc(i))/dx+perm*flamn(i-l)'fw(i—l)*
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& (pc (i=1)=pc (1)) /dx)
6 continue

Outlet face cell water saturation always equals 1.0
if capillary pressure is included

if(sig.eq.0.d0)go to 16
sw{ncells)=1.0d40
16 continue

Outlet face boundary condition
Production from the core is determined using fractional flows
coming out of cell (ncells-1) :

uw39=fy (ncells-1) * (ut+perm*£lamn(ncells-1)*

& (pc(ncells)=-pc(ncells-1)) /dx)
rod=uw39*area

gnprod=ginj-qwprod

Calculate wetting phase pore volume produced
porvol-porvol+qurod*dt/(cplength*area*phi)
Material balance check for wetting and non-wetting phases

recmbl=0.0
do B i=1l,ncells-2
racmblerecmbl+sw (i+l)
8 continue :
recmb=(1./(ncells~1))* (2.*recmbl+sw (1) +sw(ncells})*0.5
recmb=1.-recmb
recsnl=0.0
do B0 i=1,ncells-2
recsnl=recsnl+sn(i+l)
B0 continue
recsn={l./(ncells-1))*(2.*recsnl+sn(l)+sn(ncells))*0.5

Print results and go back to next timestep

cumwprod=cumwprod+qwprod*dt
cumnwprod=cumnwprod+qnprod*dt
weght=1.0
write(1ll,*)time, racmb
write(l2,*)'time porvol f,time,recmb
write(12,*)’mbsw mbsn ‘,recmb,recsn
write(6,100)nstep,time, recmb, qwpred, gnprod
100 format(/,’ step ‘,i7,’ Time ’,£11.5,' PV ’,£6.5,
& ' Water ’,f10.7,' 0il ’,£10.7)
if (nstep.eq.l)then
write (14, *)nstep,time,porvol,qwprod, gnprod
do 101 i=l,ncells
write (14, *)x(i),sw(l),pc(i)
101 continue
endif
if (nstep.eq.100)then
write (14, *)nstep, time, porvol, qwprod, qnprod
do 98 im=l,ncells
write(l4,")x(i),sw(i),pc(d)
98 continue
endif
if (nstep.eq.1000)then
write (14, *)natep,time,porvol, qwprod,gnprod
do 102 iel,ncells
write (14,*)x(i),8w(i),pcld)
102 continue
endif
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if(nstep.eq.2000)then

write (14, *)nstep,time,porvol,gwpred, qnprod
do 103 i=l,ncells
write(l14,*)x(i),sw(i),pc(i)

continue

endif

if (nstep.eq.5000) then

write (14, *)nstep, time,porvol, qwprod, gnprod
do 105 i=1,ncells
write(14,*)x(4),sw(i),pc(l)

continue

endif

if(time.le.tend)go to 2

write (14, *)nstep,time,porvol, qwprod, qnprod
do 104 i=1,ncells .

write (14, *)x(4),sw(i),pc(i)

continue
close(10)
close(1l1)
close(14)
close(12)
stop
end

¥
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Appendix D.2 - Coreflood Model with Least Squares History Matching
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implicit real*s(a-h,o-z)

dimension x(100),sw(100),8n(100),fw(100),pc(200)
dimension snold(100),swold(100)

dimension tn(lOO),flamn(lOO),flamw(lOO),flamt(100)
dimension timo(lOOO),obrec(lOOO),erc(lOOO),cnlcrec(lDOO),
& cnlcrqco(lOOO),ddobrec(lOOO),drecw(lOOO),drecn(lOOO),

& dreck(lOOO),cnlcrecw(lOOO),

& calcrecn(1000),calcreck(1000),

& weght (1000)

COREFLOOD MODEL WITH COREY RELATIVE PERMEABILITY CURVES
HISTORY MATCHING ALGORITM USING LEAST SQUARES

open(7,file-’hmdatacorebaZ',nccess-'aequential')
rewind (7)
open(ll,file-'timepvcore',accesa-'aequential')
rewind(11)
open(12,file-'mbcore',nccess-'aequential')
rewind (12)
open(67,file-'itercoreba2',access-'aequentiul')
rewind (67) -
open(14,£ile-’awcore’,access-'aequential')
rewind (14)

Read in constant pa:ametérs

print *,’Input POROSITY (fraction), PERMEABILITY (Darcys)’
read(5,*)phi,perm

print *,’Input NON-WETTING VISCOSITY (cp), WETTING VISCOSITY (cp)’
read(5,*)viscn,viscw

print*,’Input FLUID DENSITY DIFFERENCE BETWEEN TWO PHASES (g/cc)’
read (5, *)drho

print *,‘Input COREPLUG LENGTH (em), X-SEC AREA (sq. cm.)’

read (5, *)cplength, area

print *,’Input INJECTION RATE (cm/sec)’

read (5, *)qinj

print *,"TIMESTEP SIZE (sec), TEND (sec), NUMBER OF MODEL CELLS’
read(5,*)dt,tend, ncells

dtinitmdt

dx=cplength/dfloat (ncells)

print*,*Input CAP PRESSURE COEFFICIENT, ENTRY PRESSURE (atm)’
read(5, *)sig, pe

Calculate mobilities (flamn,flamw, flamt) and fractional flow (fw,fn)
using the Corey relative permeability relationship
: coreyl = exponential factor for wetting phase
corey2 = exponential factor for non-wetting phase
corey3d = relative permeability factor for non-wetting phase
SWC = connate water saturation
akrwi = wetting phase relative permeability
akrni = non-wetting phase relative permeability

print*,’Input constants and coefficients for Corey relative permea
&bility’ o

printx,* ¢

print*,’COREY] = exponential factor for wetting phase’
print*,’COREY2 = exponential factor for non-wetting phase’

print*, 'COREY3 = relative permeability factor for non-wetting phas
&e’

print*,’Swc = connate water saturation’

print*,r ¢

print*,’Input COREY1l, COREYZ, COREY3’
read(S,‘)coreyl,coreyz,corey3

print*,’Input connate water saturation, Swc’

read (5, *) swc
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Read history match recovery data

read (7, *)nobs,dcorey, toll
read(7,*) {j,timo(j) ,obrec(3),waght (), I=1,nobs)

Initialize arrays

For drainage coreflooding, the sample is initially 1006 saturated
with the wetting phase and is displaced by the non-wetting phase

k=l

kkk=1

iter=0

continue

do 1 i=1,ncells
x(i)mdx/2.d40+dfloat (i~1) *dx
sw(i)=1.0d0
sn(i)=0.0d0
pc(i)=0.0d40
continue
beta=1.0d0
porvol=0.0d0
pvw=0.d0
pvnw=0.d0
tima=0.0d0
nstep=0
dt=dtinit

Calculate mobilities (flamn, flamw, flamt) and fractional flow (fw,£fn)
using the Corey relative permeability relationship

do 44 i=1,ncells

temp=( (sw{i)~swc)/({1.d0-swc))
if (temp.1lt.0.d0)then
temp=0.d0

sw({i)mswc

endif

akrwimtemp**coreyl

temple (1.d0-(sw(i)-swe)/(1.d0-awc))
if(templ.lt.0.d0)then
templ=0.d0

sw(i)=1.0d0

endif

akrni=corey3* (templ**corey2)
flamn(i)=akrni/viscn
flamw{i)=akrwi/viscw

flamt ({)=flamn(i)+flamw(i)
fw{i)=flamw(i) /flamt (i)
fn(i)=flamn(i)/flamt (i)
sn{i)=1.d0~sw(i)

continue

Calculate Capillary Pressure Data
Using Log Function

do 99 i=1,ncells
temp2=(sw(i)-swc)/(1.d0-swc)
if(temp2.le.0.d0)then .
temp2=.0001

sw(i)=swc

endif
pcli)=-sig*log(temp2) +pe

if (pc (i) .eq.pe)then
pc(i)=0.d0

endif

continue
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Calculate initial velocity

ut=qginj/area
print*,’INITIAL VELOCITY = /,ut

Calculate change in saturation for first cell from injection
using source term ut

aw(l)-sw(l)—(dt*ut)/(phi‘dx*O.SdD)-(perm*dt)/(phi'dx'O.SdO)'
(£lamn (1) *£w (1) * (pc (2) ~pc (1)) /dx)

Begin stepping forward in time

continue
time=time+dt
nstep=nstep+l

Calculate mobilities (flamn, flamw, flamt) and fractional flow (fw,£fn)
using the Corey relative permeability relationship

do 4 i=1,ncells
temp3=((sw(i)~swc)/(1.d0-swc))
if (temp3.1t.0.d0)then
temp3=0.d40

sw (i)=swc

endif

akrwi=temp3**coreyl
tempd=(1l.d0-(sw(i)-swc)/(1.d0~swc))
if (temp4.l1t.0.d0)then
tempd=0.d0

sw(i)=1.0d40

endif

akrnim=corey3* (tempd**corey2)
flamn(i)=akrni/visecn
flamw(i)=akrwi/viscw

flamt (i)=flamn(i)+flamw(i)
fw(i)=flamw(i)/flamt (1)
fn(i)=flamn(i)/flamt (i)
sn(i)=1.d0-sw (i)

continue

Calculate Capillary Pressure Data
Using Log Function

do BB i=1,ncells
tempS=(sw(i)~-swc)/(1.d0-swc)
if (temp5.1e.0.d0)then
temp5=.0001

sw(i)=swc

endif

pc(i)=~sig*log (temp5) +pe
if(pc(i) .eq.pe)then
pc(i)=0.d0

endif

continue

pc(ncells)=0.d0

For coreflooding, injection rate and total velocity remsin constant

Increase timestep size if time > 500
if(nstep.eq.1000)dt=1.0

Increase timestep size if time > 1000
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if (nstep.eq.1500)dt=2.0d0
print*,’TOTAL VELOCITY = ’,ut
do 90 j=1,ncells

snold (3)=sn ()

swold (j)=sw(])

continue

Solve saturation equations explicitly

sw(l)=sw(l)~-{dt/ (phi*dx*0.5d0))*{fw(l) *ut+perm*£lamn (1) *£fw(1l)*
& (pe(2)-pc(l))/dx)

do 6 i=2,ncells-1

sw{i)=sw(i)-(dt/ (phi*dx))* ((fw(i)~-fw (i~ 1))'ut+perm*flamn(1)'

& fw(i)*(pc(i+1)=-pc(i)) /dx+perm*flamn (i-1) *fw(i-1)*

& (pc (i- 1)-pc(i))/dx)

continue

Outlet face cell water saturation always equals 1.0

if (pe.eq.0.d0)go to 16
sw{ncells)=1.0d0
continue

Outlet face boundary condition
Production is calculated using fractional flow
from cell (ncell-l)

uw39=fw(ncells-1)* (ut+perm*flamn(ncells-1)*
& (pc(ncells-1)-pc(ncells)) /dx)
gwprod=uw39*area

gnprod=qinj~qwprod

Calculate pore volume produced

porvol=porvol+gwprod*dt/ (cplength*area*phi)
rec=porvol

Material balance check

recmbl=0.d0

do 80 iel,ncells-2

recmbl=racmbl+sw(i+1)

continue

recmb= (1.d0/dfloat (ncells-1))*(2.d0*recmbl+sw(l)+
& sw(ncells))*0.5d0

recmb= (1.-recmb)

Print results and go back to next timestep

write(l1l,*)time,porvol
write(l2,*)time,porvol, recmb
write(6,100)nstep,time, porvol, gqwprod
0 format(/,’ step ‘,1i7,’ Time ’,£11.5,' PV ’,£6.5,
& ' Water ’,f£f10.7)

Compare times for history match check

if(k.gt.nobs)go to 105
diftimm=timo(k)-time

if (diftim.le.0.d0)then
calcrec (k)=recmb

erc (k)=recmb

k=k+1

endif

105 continue
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c write(67,1009)k, recmb, rec
if (time.lt.tend) go to 2
write(67,104)kkk

104 format(‘end of run ’,43)

‘Least Squares History Matching

on0oo0ono0

’ write(67,40)coreyl, corey?,corey3

40 format(5x,'c1-',f12.6,'c2-',f12.6,5x,'c3-’,112.6)

c wzite(67,41)(j,timo(j),obrec(j),erc(j),calcrec(j),

c & weght (), j=1, nobs) )

c 41 formac(i3,5x,£12.6,5x,f12.S,5x,£12.6,5x,£12.6,5x,f12.6)
summ=0.d40 )
ssumm=0.d0
do 30 3=1,nobs

30 ssumme=ssumm+ (obrec () ~calcrec (J)) #*2

c 30 summe=summ+ (obrec (j) ~erc () ) *#*2
write(67,*)’residual mb calcrec !, summ, ssumm
if (kkk.eq.l)then
do 7 3=1,nobs
write (67, *)’nobs timo (nobs) 'yItimo ()
write (67, *)’obrec (nobs) calcrec(nobs)’,obrec(j),calcrec(j)
calcreco(j)=calcrec (j)

7 ddobrec (j)~obrec (j)-calcreco (3)
write(67,*)'cl c2 c3 ',coreyl,corey2,corey3
coreylp=coreyl+dcorey
temp7=coreyl
coreyl=coreylp
kkk=2
k=1
go to 999
endif
if (kkk.eg.2)then
do 8 j=1,nobs
calcrecw(j)=calcrec(3)

8 drecw(j)-(—calcreco(j)+calcrecw(j))/dcorey
corey2p=corey2+dcorey
tempB=corey2
coreyZ=corey2p
coreylstemp?
kkk=3
kel
go to 999
endif
if (kkk.eq.3)then
do 9 j=1,nobs
calcrecn(j)=calcrec(j)

9 drecn(j)-(-calcreco(j)+ca1crecn(j))/dcorey
corey3p=corey3+dcorey
temp9=corey3
corey3=corey3p
corey2=temp8
kkk=4
Joml
go to 999
endif
if (kkk.eq.4)then
do 10 3=1,nobs
calcreck (j)=calcrec (j)

10 d:eck(j)-(-calcreco(j)+culcreck(j))/dco:ey
corey3=temp$
endif
iter=iter+l
all=0.0d0
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al2=0.0d0

2al3=0.0d0

822«0.0d0

a23=0,0d0

233=0.0d0

bl=0.0d0

b2=0.0d0

b3=0.0d0

do 11 3=1,nobs
all=all+(drecw(3)**2) *weght (J)
al2=al2+ (drecw(d) *drecn(9)) *weght (j)
al3=al3+(drecw(J) *dreck(j)) *weght (J)
a22=a22+ (drecn(j) ®**2) *weght (3)
a23=a23+ (drecn(3) *dreck (j) ) *weght (J)
a33=a33+(dreck (3) **2) *weght (J)
bl=bl+(ddobrec (j) *drecw(])) *weght (J)
b2=b2+ (ddobrec (J) *drecn(3) ) *weght (J)
b3=b3+ (ddobrec (j) *dreck ()) ) *weght (J)
write(67,888)iter

888 format (’ iteration = 7,15)

write(67,1000)all,a12,213
write(67,1000)a222,a23,a33
write(67,1000)bl,b2,b3

1000 format (5x,’'coefficients=’,3el2.5)

50

60 -

81
555

a31=al3

a32=a23
a2l=al2
solution of dcl,dc2,dc3

aaaa=all*a22-al2w*2

bbb=a32%a2l~a22*a3l

ann=(b3%a2l-b2*a3l) *aaaa~-(b2*all-bl*a2l) *bbb
dnn= (a33*a2l-a23*a3l) *aaaa~(a23*all-a31*a2l1)*bbb
dcorey3=ann/dnn

rmm= (b2*all-bl*a2l)-dc3*(a23*all-al3*az2l)
dcorey2=rmm/aaaa

rmmme=bl-al2*dc2~al3*dc3

dcoreylmrmmm/all -

factor=.20

if (iter.gt.2)factor=.5
coreyl=coreyl+dcoreyl*factor
corey2=corey2+dcorey2*factor
corey3=corey3+dcorey3*factor
write(67,*)'dcl dc2 dc3’,dcoreyl,dcorey2,dcorey3
write(67,%) ' new ¢l ¢2 ¢3 ’,coreyl,corey?,corey3
write(67,%)? 7

if (coreyl.1t.0.2d0)coreyl=0.2d0

if (corey2.1t.0.2d0)corey2~0.2d30

if (corey3.gt.1.0d0)corey3=0.95d0

if (corey3.1t.0.3d0)corey3=0.3d0

if (abs(dcoreyl)-toll) 50,60, 60

if (abs (dcorey2)-toll)70,60,60

if (abs (dcorey3)-toll)Bl,60,60

continue

k=1

kkk=1

if(iter.gt.25)then
go to 555
endif

go to 999

continue

astop
end
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Appendix D.3 - Centrifuge Model
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implicit real®8(a-h,o0-2)

dimension x(100),sw(100),sn(100),£fw(100),alpha{100),pc(100)
dimension snold(100),swold(100),tx1(100),omegaxl(100)
dimension £n{100),flamn(100),£flamw(100),£flamt (100)

CENTRIFUGE MODEL WITH COREY RELATIVE PERMEABILITY CURVES

open(11,£ile-'timepvccnt',nccess-'aequential')
rewind(1l)

open(12,file='mbcent’ ,access="sequential’)
rewind(12)

open (14,file='gwcent’ ,access=’sequential’)
rewind(14)

open (B, file='omegax14000’,access=’sequential’}
rewind(8)

Read in constant parameters

print *,’Input POROSITY (fraction), PERMEABILITY (Darcys)’

read (5, *)phi,perm

print *,’Input NON-WETTING VISCOSITY (cp), WETTING VISCOSITY (cp)}’
read (5, *)viscn, viscw

print*,’Input FLUID DENSITY DIFFERENCE BETWEEN TWO PHASES (g/cc)’
read (5, *)drho

print *,’Input COREPLUG LENGTH {cm), X~-SEC AREA (sg. cm.)’
read(5, *)cplength,area

print *,’Input CENTRIFUGE SPEED (rpm) , CENTRIFUGE RADIUS (cm)’
read(5,*)omega,x

omega=omega* (2.d0%3.1415940/60.d0)

print *,/TIMESTEP SIZE (sec), TEND (sec), NUMBER OF MODEL CELLS'
read(5,*)dt,tend,ncells

dx=cplength/dfloat (ncells)

print*,’Input CAP PRESSURE COEFFICIENT, ENTRY PRESSURE (atm)’
read(5,*)sig,pe

Initialize arrays

For centrifuging, the sample is initially 100% saturated .
with the wetting phase and is displaced by the non-wetting phase

do 1 i=l,ncells
x(i)=dx/2.d0+dfloat (i~1) *dx
sw(i)=1.0d0

an(i)=0.0d0

pc (1) =0.0d0
alpha(i)=1.d0~cplength/(2.d0*r)+x(i)/r
continue

Input rotor acceleration data for centrifuge
Beta is acceleration factor for gravity term

read (8, *)nxl

do 23 i=1,nxl
read(8,*)txl(i),omegaxl (i)
omegaxl (i)=omegaxl (i) *(2.d0*3.14159d0/60.d0)
continue

me=1

beta= (omegaxl (1) /omega) **2
porvol=0.0d0

pvwe=0.d0

pvnw=0.d0

time=0.0d0

nstep=0

Calculate mobilities (flamn,flamw,flamt) and fractional flow (fw,fn)

using the Corey relative permeability relationship



anooooo00

nooo

o000

o000

44

99

108

coreyl = exponential factor for wetting phase

corey2 = exponential factor for non-wetting phase

corey3 = relative permeability factor for non-wetting phase
8swWC = connate water saturation

akrwi = wetting phase relative permeability

akrni = non-wetting phase relative permeability

print*,’Input constants and coefficients for Corey relative perme
&ability’

printx,* ¢

print*,’COREY]l = exponential factor for wetting phase’

print*, COREY2 = exponential factor for non-wetting phase’
print*, COREY3 = relative permeability factor for non-wetting pha
&se’

print*,’Swc = connate water saturation’

print*,’ ¢

print*,’Input COREY1l, COREY2, COREY3’

read(5, *)coreyl, corey2, corey3

print*,’Input connate water saturation, Swc’

read (5, *) swc

Calculate mobilities (flamn, flamw,flamt) and fractional flow (fw,fn)
using the Corey relative permeability relationship

do 44 i=],ncells )
temp=((sw(i)=-swc)/(1.d0~swc)}
if (temp.le.0.d0)then
temp=0.d0

sw(i)=swc

endif

akrwis=temp**coreyl
templ=(1.d0~- (sw(i)-swc)/(1.d0-swc))
if (templ.le.0.d0)then
templ=0.d0

sw(i)=1.d0

endif

akrni=corey3* (templ**corey2)
flamn(i)=akrni/viscn
flamw(i)=akrwi/viscw

flamt (i)=flamn (i) +flamw (i)
fw(i)wflamw(i) /flamt (i)
fn(i)=flamn (i) /flamt (i)
sn(i)=1.d0~sw(i)

continue

Calculate Capillary Pressure Data
Using Log Function

do 99 i=1,ncells
temp2=(sw(i)-swc)/(1l.d0-swc)
if (temp2.le.0.d0)then
temp2=.0001

sw(i)wswe

endif
pc(i)=-sig*log(temp2)+pe
if(sn(i).1t.0.d0)then
sn(i)=0.do

sw(i)=1,0d0

pc(i)=0.d0

endif

continue

pc(ncells)=0.d0

Calculate initial velocity

call totalv(uti,sw,omega,pc,fw,fn,flamn,flamw,flamt,ncells,dx,
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perm,cplength,drho, r,beta,time,nstep)
ut=uti - ]

print*,’INITIAL VELOCITY = ’,ut

Calculate change in saturation tdi fizst cell from injection
using source term ut

aw(l)-sw(l)-(dt*ut)/(phi*dx*O.SdO)-(éeim*dt)/(phi*dx'O.SdO)*
(flamn (1) *fw (1) *(pc(2)-pc(l)) /dx+9.867d-07*flamn (1) *
fw(l) *drho* (omega**2) *beta*r*alpha(l})

Calculate capillary pressure boundary condition
Non-wetting phase penetrates core to length (xe)
Sw = 1.0 for x > xe

if(pe.eq.0.d0) go to 17

s=cplength/r

ani=1013250.d0%pe/ ((omega**2)*r*cplength*drho)
xe=0.5d0~1.40/9+((1.40/8=0.5d0) **2+42.d0* (1.d0-anj)/s)**0.5d0
xpe=cplength*xe

continue

Begin stepping forwazrd in time

time=time+dt
nstep=nstep+l

Check time to see if centrifuge has accelerated to full speed
if(time.ge.txl (nxl))then

beta=1.0d0
go to 21
endif

if(time.le.txl(m))then
beta=(omegaxl (m) /omega) **2
endif

if(time.gt.txl (m))then
mem+1

endif

continue

Calculate mobilities (flamn,flamw,flamt) and fractional flow (fw,fn)
using the Corey relative permeability relationship

‘do 4 i=1,ncells

if(sw(i).ge.1.0d0)then
sw(i)=1.0d0

sn(i)=0.d0

endif

temp3= ((sw(i)~-swc)/(1.d0-8wc))
if(temp3.1t.0.d0)then
temp3=0.d0

sw(i)=swc

endif

akrwi=temp3**coreyl
tempd=(1.d0-(sw(i)~-swc)/(1.d0~-swc))
if(temp4.lt.0.40)then
temp4=0.d0

sw(i)=1.d0

endif

akrni=corey3* (tempd**corey2)
flamn(i)=akrni/visen
flamw(i)=akrwi/viscw

flamt (i)=flamn (i)+flamw (i)
fw(i)=flamw (i) /flamt (1)
fn(i)=flamn (i) /flamt (1)
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sn(i)=1.d0-sw (i)
continue

Calculate Capillary Pressure Data
Using Log Function

do 88 im]l,ncells

tempS= (sw(i)=-swc)/ (1.d0-swc)
if (temp5.le.0.d0)then
sw(i)=swc

temp5=.0001

endif
pc(i)m-sig*log(temp5) +pe
if(sn(i).1t.0.d0)then
sn(i)=0.d0

sw(i)=1.0d0

endif

continue

pc(ncells)=0.d0

For centrifuging, total velocity varies with angular velocity (omega)

utold=ut

call totalv(uti,sw,omega,pc,tu,fn,flamn,flamw,flamt,ncells,dx,A
& perm,cplength,drho, r,beta, time,nstep)

uteuti

Increase timestep size if time > 100
if(time.gt.99.d0.and.time.le.100.40)dt=dt*2.40
Increase timestep size if time > 1000

if(time.gt.998.dO.and.time.le.lOOO.dD)dt-dt*S.dO.
print*,/TOTAL VELOCITY = /,ut

print*,’BETA = ’,beta

do 9 j=1,ncells

anold(j)=sn (3}

swold(j)=sw(3j)

continue

Solve saturation equations explicitly

sw(l)-sw(l)-(dt/(phi*dx‘O.SdO)ﬂ'(fw(l)*ut+perm‘flamn(1)'fw(1)*
& (pc(2)-pc(l))/dx+9.867d-07*perm*£flamn (1) *fw (1) *drho*
& (omega**2)*r*alpha(l)*beta)

do 6 i=2,ncells~1
au(i)-sw(i)-(dt/(phi'dx))*((fw(i)-fw(i-l))*ut+perm'flamn(i)*
& fH(i)‘(pc(1+1)-pc(i))/dx+perm'£lamn(i—1)'fw(i-l)' )
& (pc(i-1)~-pc (1)) /dx)

tempé6=(9.867d-07*dt *perm*drho*r*betat*

& (omega**Z))/(phi‘dx)*(flamn(i)'fw(i)*alpha(i)—flamn(i-l)
& *fw(i-1)*alpha(i~1))

sw(i)=sw(i)-tempé6

if(sw(i).ge.1.0d0)then

sw(i)=1.0d0

sn(i)=0.d0

endif

sn({i)=1.0~sw(i)

continue

Outlet face cell water saturation always equals 1.0

if(pe.eq.0.d0)go to 16
sw(ncells)=1.0d0

16 continue
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Outlet face boundary condition

Only the wetting phase is produced

Non-wetting phase build up in the cozeplug until
total velocity decreases to zero - :

uw39=fw(ncells-1)* (ut+perm*flamn(ncells-1)*

& ((pc(ncella-1)~-pc(ncells))/dx+

& 9. 869d—07‘drho*(omega*'Z)*r'alpha(ncells 1)‘beta))
quwprod=uw3S*area
gnprod=0.d0

Calculate pore volume produqéd o
porvol=porvol+gwprod*dt/ (cplength*area*phi) :
Material balance check

recsl=0.do0
do 8 i=l,ncells-2
zecsl-recsl+sw(1+1)
-8 continue -
recs=(1.d40/(ncells-1))*(2. dO*recsl+su(1)+sw(ncells))*0 5d0
recs-l do- -recs

Prxnt :esults and go back to next time:tep

weght«=1.0
write(ll,*)time,porvol
write(12,*)time,porvol, recs
write (6, 100)nstep,tlme,porvol qwprod ’

100 format(/,’ step ’,17,” Time ’,fll 5,' PV ',f6 S,
& ' Water ’,f£f10.7)
if (nstep. eq 100)then
write (14, *)nstep, time, porvol, qwprod, xpe
do 101 i-l ncells
urite(ld,*)x(i),sw(i),pc(i)

101 continue
endif -
if (nstep.eq.1000)then
write(14, *)nstep,time,porvol,qurod,xpe
do 98 i=1,ncells
write (14, *)x(l),sw(l),PC(i)

98 continue

endif : ’
if (nstep.eq. 2000)then : oo
write(14, *)natep,time,porvol,quxod,xpe‘
do 102 i-l,ncells
write(14,')x(i),sw(i),Pc(l)

102 continue
endif
if (nstep.eq.5000)then v
write (14, ')nstep,tlme,porvol,qurod,xpe
do 103 i-l ncells
write(ld,')x(i).sw(i),PC(l)

103 continue
endif
if (time.le.tend)go to 2
write (14, *)nstep,time,porvol, qwprod, xpe
do 104 i=1,ncells
write (14, *)x(i),sw(i),pc(i)

104 continue
close(10)
close(11l)
close (14)
close(1l2)
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stop
end

aubroutine totalv(ut, sw,omega,pc,fw,fn,flamn, flamw, flamt,
& ncells,dx, perm,cplength,drho, r,beta, time,nstep)
implicit real*8(a-h,o-z)

dimension fw(100),£n(100),pc(100),£flamn(100),
& 8w {100),x(100),flamw(100),flamt (100)

Calculate distance along core

do 2 i=}l,ncells
x(i)=dx/2.d0+dfloat (i-1) *dx
2 continue

Calculate Capillary Pressure/Fractional Flow Function (cpr)

cpr=0.d0
h=cplength/dfloat (ncells~1)
do 4 J=2,ncells-1
cpr=h* (fw(j) * (pc (J) ~pc (j~1)) /dx) +cpr
4 continue
cpr=cpr+(h/2.d0)* ((fw (1) * (pc(2)-pc (1)) /dx)+fw(ncells) *(pc(ncells)
& -pc (ncells-1)) /dx)

Calculate Gravity Term

grav=0.d0
h=cplength/dfloat (ncells-1)
do 6 j=2,ncells-1
grave=grav+h*fw(j) *(1.d0-cplength/({2.d0*r)+x(j)/x)
6 continue
gravegrav+(h/2.40) * ((fw (1) *(1.d0~-cplength/(2.40*r)+x (1) /r))+
& (fw(ncells)*(1.d0~cplength/(2.d0*r)+x(ncells)/r)))

Calculate transmissibility term

h=cplength/dfloat (ncells-1)
alamx=0.d0
do B j=2,ncells-1
alamx=alamx+h* (1.d0/ (perm*flamt (§)))
8 continue .
alamx=alamx+(h/2.d40)*(1.d0/(perm*flamt (1))+1.d0/ (perm
& *flamt (ncells)))

Calculate Total Velocity (ut)
ut=(cpr+9.863d-07* (omega**2) *r*beta*drho*grav) /alamx

return
end
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implicit real*8 (a-h,o0-2)

dimension x(100),8w(100),8n(100),£fw(100),alpha(100),pc(100)
dimension snold(100),swold(100)

dimension £n(100),£flamn{100),£flamw(100),flamt (100)
dimension timo(1000),0brec(1000),erc(1000),calcrec(1000),
& calcreco(1000),ddobrec(1000),drecw(1000),drecn(1000),
& dreck(1000),calcrecw(1000),
& calcrecn(l000),calcreck(1000),
& weght (1000),tx1{(100), omegaxl(100)

CENTRIFUGE MODEL WITH COREY RELATIVE PERMEARILITY CURVES
BHISTORY MATCHING ALGORITM USING LEAST SQUARES

open(7,file='hmdataba2a’,access=’'sequential’)
rewind(7)
open{ll,file=~’'timepv’,access=’sequential’)
rewind(11)

open{l2,file='mbcent’, access='sequential’)
rewind(12) .
open(67,file=’'itercentbaza’,access=’'sequential’)
rewind (67)
open(l4,file=’swcent’,access=’'sequential’)
rewind(14) )
open(8,file=’'omegaxl4000’,access~’'sequential’)
rewind(8)

Read in constant parameters

print *,’Input POROSITY (fraction), PERMEABILITY (Darcys)’

read (5, *)phi,perm .
print *,’Input NON-WETTING VISCOSITY (cp), WETTING VISCOSITY (cp)’
read (5, *)viscn, viscw

print*,’Input FLUID DENSITY DIFFERENCE BETWEEN TWO PHASES (g/ce)’
read(5,*)drho

print *,’Input COREPLUG LENGTH (cm), X-SEC AREA (sq. em.)’
read(5,*)cplength, area

print *,’Input CENTRIFUGE SPEED (rpm), CENTRIFUGE RADIUS (cm)’
read (5, *)omega,r

omega=omega* (2.d0*3.14159d0/60.40)

print *,’TIMESTEP SIZE (sec), TEND (sec), NUMBER OF MODEL CELLS’
read(5,*)dt,tend,ncells

dtinitedt :

dx=cplength/dfloat (ncells)

print*,’Input CAP PRESSURE COEFFICIENT, ENTRY PRESSURE (atm)’
read(5,*)sig, pe =

Calculate mobilities (flamn,flamw,flamt) and fractional flow (fw,fn)
using the Corey relative permeability relationship

coreyl = exponential factor for wetting phase -

corey2 = exponential factor for non-wetting phase

corey3 = relative permeability factor for non-wetting phase

swc = connate water saturation

akrwi = wetting phase relative permeability

akrni = non-wetting phase relative permeability

print*,’Input constants and coefficients for Corey relative permea
&bility’

print*,’ ¢

print*,’COREYl = exponential factor for wetting phase’
print*,’COREY2 = exponential factor for non-wetting phase’
print*,’COREY3 = relative permeability factor for non-wetting phas
‘el .
print*,’Svwc = connate water saturation’

print*,’ ¢

print*,’Input COREY1l, COREY2, COREY3’

read (5, *)coreyl,corey2, corey3
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print*,’Input connate water saturation, Swc’
read (5, *)swc

Read history match recovery data

read (7, *)nobs,dcorey, toll
read(7,*) (j,timo(j),obrec(3),weght (j), =1, nobs)

Initialize nrrayé

For centrifuging, the sample is initially 100% saturated
with the wetting phase and is displaced by the non-wetting phase

k=1
kkk=1
iter=0

Inpﬁt rotor acceleration data for centrifuge
Beta is acceleration factor for gravity term

read (8, *)nxl
do 23 i=1,nxl
read (8, *)txl(i),omegaxl (i)
omegaxl (i)=omegaxl (i)*(2.40%3.14155d0/60.40)
23 continue
999 continue
do 1 i=1l,ncells
x(i)=dx/2.d0+dfloat (i~1) *dx
sw(i)=1.0d0
sn(i)=0.0d0
pc(i)=0.0d0
alpha(i)=1.d0-cplength/(2.d0*r)+x(1i)/r
1 continue
k=1
mel
. beta=(omegaxl(l) /omega) **2
porvol=0.0d0
pvw=0.d0
pvnw=0.d0
time=0.0d40
nstep=0
dt=dtinit

Calculate mobilities (flamn,flamw,flamt) and fractional flow (fw,fn)
using the Corey relative permeability relationship

do 44 i=],ncells
temp=((sw(i)-swc)/(1.d0-swe))
if(temp.l1lt.0.d0)then
temp=0.d0
sw(i)=swc
endif
akrwistemp**coreyl
templ=(l.d0~(sw(i)=swc)/(1.d0~swc))
if(templ.1t.0.d0)then
templ=0.d0
sw(i)=1.0d0
endif
akrni=corey3* (templ**corey2)
flamn (i)=akrni/visen
flamw(i)=akrwi/viscw
flamt (i)=flamn(i)+flamw (i)
fw(i)=flamw(i)/flamt (i)
fn(i)=flamn(i)/flamt (i)
sn(i)=1.d0-sw(i)

44 continue
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Calculate Capillary Pressure Data
Using Log Functiecn

do 99 i=1,ncells
temp2=(sw(i)-swc)/(1.d0-swc)
if (temp2.le.0.d0)then
temp2=.0001

sw(i)=swc

endif
pc(i)=-sig*log(temp2) +pe
continue

pc(ncells)=0.40

Calculate initial velocity

call totalv(uti,sw,omega,pc,fw,fn,flamn, flamw, flamt,ncells,dx,
& perm, cplength,drho, r,beta)

ut=uti

print*,’ INITIAL VELOCITY = ’,ut

Calculate change in saturation for first cell from injection
using source term ut

sw(l)=sw(l)~-(dt*ut)/(phi*dx*0.5d0) -~ (perm*dt) / (phi*dx*0.5d0)*
& (flamn (1) *£fw (1) *(pc(2)~pc{l)) /dx+5.867d-07*flamn(1)*
& fw(l)*drho* (omega**2) *r*beta*alpha(l))

Calculate capillary pressure boundary condition
Non-wetting phase penetrates core to length (xe)
Sw = 1.0 for x > xe

if (pe.eq.0.d0) go to 17 R

s=cplength/r

anj=1013250.d0*pe/ ( (omega**2) *r*cplength*drho)
xe=0.5d0~1.d40/3+((1.d0/3-0.5d0)**2+2.d0*(1.d0~anj)/s)**0.5d0
xpe=cplength*xe

continue

Begin stepping forward in time

continue
time=time+dt
nstep=nstep+l

Check time to see if centrifuge has accelerated to full speed

if(time.ge.txl (nxl))then
beta=1.0d0

go to 21

endif

if (time.le.txl (m))then
beta= (omegaxl (m) /omega) **2
endif

if (time.gt.txl(m))then
mem+1

endif

continue

Calculate mobilities (flamn,flamw,flamt) and fractional flow (fw,fn)
using the Corey relative permeability relationship

do 4 i=1l,ncells
if(sw(i).ge.1.0d0)then
sw(i)=1.0d0

sn(i)=0.d0
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endif
temp3={(sw(i)=-swc)/(1.d40-swc))
if (temp3.1t.0.d0)then
temp3=0.d0

sw(i)=swc

endif

akrwi=temp3**coreyl
tempde(1.d0~- (sw(i)~swc)/(1.d0-swc))
if (temp4.1t.0.d0)then
temp4=0.d0

aw(i)=1.0d0

endif

akrni=corey3* (tempd**corey2)
flamn (i)=akrni/viscn
flamw{i)=akrwi/viscw

flamt (i)=flamn (i)+flamw(l)
fw(i)=flamw(i)/flamt (i)
fn(i)=flamn (i) /flamt (i)
sn(i)=1.d0-sw(i)

continue

Calculate Capillary Presasure Data
Using Log Function

do 88 i=l,ncells
temp5=(sw(i)-swc)/(1l.d0-swc)
if (temp5.le.0.d0)then
temp5=.0001

sw(i)=swc

endif

pc(i)=-sig*log (tempS) +pe
continue

pc (ncells)=0.d0

For centrifuging, total velocity varies with angular velocity (omega)

utold=ut

call totalv(uti,sw,omega,pc,fw,fn,flamn, flamw,flamt,ncells,dx,
& perm,cplength,drho, r,beta)
ut=uti

Increase timestep size if time > 100 seconds
if (nstep.eq.1000)dt=0.2d0

Increase timestep size if time > 500

if (nstep.eg.3000)dt=0.5d0

Increase timestep size if time > 1000

if (nstep.eq.4000.)dt=1.0d0
print*,’TOTAL VELOCITY = ‘,ut
do 90 j=1,ncells
snold(3j)=sn(3)

swold(3)=sw(3j)

continue

Solve saturation ecuations explicitly

sw({l)=aw(l)-(dt/(phi*dx*0.5d0)) *(fw(l) *ut+perm*flamn (1) *fw(l)*

& (pc{2)-pc(l))/dx+9.867d-07*perm*flamn (1) *fw(l) *drho*

& (omega**2)*r#*alpha(l)*beta)
do 6 i=2,ncells-1
sw(i)=sw(i)=-(dt/ (phi*dx))}* ({fw(i)-fw(i-1))*ut+perm*flamn(i)*

& fw(i)* (pc(i+l)-pc(i)) /dx+perm*flamn ¢i-1) *fw(i-1)*
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& (pc(i~1)=-pc(i)) /dx) :
tempé=(9.867d-07*dt *perm*drho*r*beta*
& (omega**2) )/ (phi*dx)* (flamn(i)*fw(i)*alpha(i)~flamn(i-1)
& *fw(i-1) *alpha(i-1})
sw(i)msw(i)-tempé
if(sw(il).ge.1l.0d0)then
sw(i)=1.0d0
sn(i)=0.d0
.endif
6 continue

Outlet face cell water saturation always equals 1.0

if(pe.eq.0.d0)go to 16
sw(ncells)=1.0d0
16 continue

Outlet face boundary condition

Only the wetting phase is produced

Non-wetting phase build up in the coreplug until
total velocity decreases to zero

uw39=fw(ncells~1) * (ut+perm*flamn(ncells-1)*

& ((pc(ncells~1)-pc(ncells)) /dx+

& 9.869d-07*drho* (omega**2) *r*alpha (ncells-1) *beta))
gwprod=uw39*area

gnprod=0.d0

Calculate pore volume produced

porvol=porvol+gwprod*dt/ (cplength*area*phi)
rec=porvol

Material balance check

recmbl=0.d0
do 80 i=1,ncells-2
recmbl=recmbl+sw (i+1)
80 continue
recmb=(1.d0/dfloat (ncells-1))*(2.d0*recmbl+sw(l)+
& sw{ncells))*0.5d0
recmb=(1.d0-recmb)

Print results and go back to next timestep

write (11, *)time,porvol
write(12,*)time,porvol, recmb
write(6,100)natep,time,porvol,qurod

100 format(/,’ step ’,1i7,’ Time ’,£f11.5,’ PV r,£6.5,
& ' Water ’,£f10.7)

Compare times for history match check

if (k.gt.nobs)then
go to 105
endif
diftimetimo(k)-time
if (diftim.le.0.d0)then
calcrec(k)=recmb :
erc(k)=recmb
write(67,*)’k time timo(k) ‘,k,time, timo (k)
write (67, *)’obrec (k) calcrec’,obrec(k), rec .
k=k+1
endif

105 continue R

. if(time.lt.tend) go to 2
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write(67,104)kkk

104 format(’end of run ’,13)

41

Least Squares History Matching

write(67,%)’cl= ’,coreyl,’c2= ‘,corey2,’'c3= ’,corey3
write(67,41) (J,timo(3) ,obrec(]),erc{j),calcrec(l),
& weght (J), 3=1,nobs)
format (i3, 5x,f12 6,5x,£12.6,5x,f12. 6 5x,£12. 6 5x,£12.6)
summ=0.d0
ssumm=0.d0
do 30 3=1,nobs

30 ssumm=ssumm+ (obrec(j)~calcrec(j))**2

30 summ=summ+ (obrec (j)=~erc(j))**2

write (67,*)'residual calcrec ’,asumm

if (kkk.eq.l)then

do 7 j=1,nobs

calcreco(j)=calcrec(3)

write(67,*)’nobs timo(nobs) /,3,timo(J)

write (67,*)’obrec(nobs) calcrec{(nobs) ’,obrec(3),calcrec(j)
ddobrec (§) =obrec (j)-calcreco(3)

coreylp=coreyl+dcorey
temp7=coreyl
coreyl=coreylp

kw2

k=1

go to 999

endif

if (kkk.eqg.2)then

do 8 j=1,nobs
calcrecw(j)=calcrec(j)
drecw(j)-(-calcreco(j)+calc:ecw(j))/dcorey
corey2p=corey2+dcorey

tempB8=corey2

corey2=corey2p

coreyl=temp?

kkk=3

kel

go to 999

endif

if(kkk.eg.3)then

do 9 §=1,nobs

calcrecn(j)=calcrec(3)
drecn(j)=(-calcreco(j)+calcrecn(j))/dcorey
corey3p=corey3+dcorey

temp9=corey3

corey3=corey3p

corey2=temp8

kkk=4

k=1

go to 999

endif

if (kkk.eq.4)then

do 10 j=1,nobs

calcreck (j)=calcrec(j)

dreck (j)=(-calcreco(j) +calcreck(j))/dcorey
corey3=temp9

endif

iter=iter+l

all=0.0d0

al2=0.0d0o

al3=0.0d0

222=0.0d0

a23=0.0d0
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a33=0.0d0
bl=0.0d0
b2=0.0d0

"b3=0.0d0

do 11 j=1,nobs
all=all+(drecw(3) **2) *weght (3)
al2=al2+(drecw(j) *drecn(3)) *weght (3)
al3=al3+(drecw(]j) *dreck(j)) *weght (3)
a22=a22+ (drecn(j) **2) *weght (J)
a23=a23+(drecn(3) *dreck(J)) *weght ()
233=a33+ (dreck (3)=*2) *weght (4)
bl=bl+ (ddobrec (j) *drecw(3)) *weght (J)
b2=b2+ (ddobrec{]) *drecn (J)) *weght (3)
b3=b3+ (ddobrec (3) *dreck (3)) *weght (3)
write (67,888)iter

888 format(’ iteration e 7,i5)

write (67,1000)all,8l12,al13
write(67,1000)a22,a823,a33
write (67,1000)b1,b2,b3

1000 format (5x,‘coefficients=’,3el2.5)

50
70
60

81
555

&

a3l=al3
a32=a23
821=al2

Solution of dcl,dc2,dc3 using Cramer’'s Rule

aaaa=all*a2l2-al2wx2
bbb=a32*a2l-az22*a3l
ann=(b3*a2l1-b2*a3l) *aaaa-(b2*all-bl*a21) *bbb
dnn=(a33*a21-a23*331) *aaaa-(a23*all-a31*a2l) *bbb
dcorey3=ann/dnn :
rmm= (b2*all-bl*a2l)~dc3*(a23%*all-al3*a2})
dcorey2=rmm/aaaa
rmmme=bl-al2*dc2-al3*dc3
dcoreyl=rmmm/all
factor=.20
if (iter.gt.2)factor=.5
coreyl=coreyl+dcoreyl*factor
corey2=corey2+dcorey2*factor
corey3=corey3+dcorey3*factor
write(67,*)’decl dc2 de3 ',dcoreyl,dcorey2,dcorey3
write(67,*)'new ¢l c2 c3’,coreyl,corey2, corey3
write(67,*)’ ’
if(coreyl.lt.0.2d0)coreyl=0.5d0
if (corey2.1t.0.2d0)corey2=0.5d0
if (corey3.gt.1.0d0)corey3=0.95d0
if(corey3.1t.0.d0)corey3=0.3d0
1f (abs (dcoreyl)-toll) 50, 60, 60
if (abs(dcorey2?)-toll) 70, 60,60
if (abs(dcorey3)-toll) 81,60, 60
continue
k=1
kkk=1
if (iter.gt.l)then
go to 555
endif
go to 999
continue
stop
end

subroutine totalv(ut,aw,omega,pc,fw,fn,flamn,flamw,flamt,
ncells,dx,perm,cplength,drho,:,beta)
implicit real+*8(a-h,o-z)
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dimension fw{100),£fn(100),pc(100),flamn(100),
& sw(100),%(100),flamw(100),£flamt (100)

Calculate distance along core

do 2 i=1,ncells
x(i)=dx/2.d0+dfloat (i~-1) *dx
continue

Calculate Capillary Pressure/Fractional Flow Function {cpr)

cpr=0.d0

h=cplength/dfloat (ncells~1)

do 4 j=2,ncells-1

cpr=h* (fw(3j) *(pc(3)-pc(3-1)) /dx)+cpr

continue

cpr=cpr+(h/2.d0) * ((fw (1) *(pc{2)-pc (1)) /dx) +fw(ncells) * (pc (ncells)
& =pc(ncells~-1))/dx)

Calculate Gravity Term

grav=0.d0

h=cplength/dfloat (ncells-1)

do 6 j=2,ncells-1
gravegrav+h*fw(3) * (1.d0~cplength/(2.d0*r)+x(3) /r)

continue

grav=grav+(h/2.d0)* ((fw(l)*(1l.d0~-cplength/(2.d0*zr)+x(1)/xr))+
& (fw{ncells) *(1.d0-cplength/(2.80*r)+x(ncells)/r)))

Calculate transmissibility term

h=cplength/dfloat (ncells-1)

alamx=0.d0

do 8 j=2,ncells-l
alamx=alamx+h* (1.d0/ (perm*£flamt (3)))

continue
alamx=alamx+(h/2.d0)*(1.d40/ (perm*flamt (1))+1.d0/ (perm
& *flamt (ncells)))

Calculate Total Velocity {(ut)
ut-(cpz+9.569d-07*(omega*'2)‘r'beta*drho'qrav)/llamx

return
end
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Chevron 0Oil Field Research Company
A Chevron Corporation Subsidiary :

1300 Beach Boulevard, La Habra, California
Mail Address PO Box 446, La Habia, CA 80633 0346

May 3, 1988

LH-1705-1
COOPERATIVE RESEARCH PROJECT

Dr. Khalid Aziz

Dept. of Petroleum Engineering
Stanford University

Stanford, CA 94305-2170

Attn: David Shimbo

Dear Dr. Aziz:

- Attached for your information are sets of coreflood and

centrifuge production data from experiments on Berea
sandstone samples. The data may be useful for comparing
relative permeabilities derived from both types of experi-
ments. Similar data on two other types of sandstone may be
available in the near future.

The transmittal of the attached data is related to coopera-
tive research project LH-1705-1 as outlined in previous
correspondence (J. E. Briggs-K. Aziz, 12/2/87 and 12/14/87).
We look forward to hearing from you in the near future. If
there are any further questions regarding the attached
data, please contact Mr. E. F. deZabala at (213) 694-9102.

Very truly yours,

OF A4

E. F. de¥abala >,~”//

Attach: Description of Displacément Data and
Experimental Protocol
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DESCRIFTION OF DISFLACEMENT DATA A&ND EXFERIMENTAL FROTOCOL

The following datasets deszcribe the results of displacement
tests performed using Berea sandstone plugs. Two types of
displacement tests are described: corefloods and centrifuge
displacements. All teste were performed in the drainage mode,
- with gas (nitrogen or air) displacing depolarized white oil or
with depolarized kerosene displacing a glyceral/brine mixture.
The displacement results are split into two major sections: 1)
gas/o0il drainage experiments using Ferea core BA-1, and II)
glycerol-brine/oil drainage experiments using EBerea core Ba-2.

For the sake of experimental consistency amd convenience, all
of the cores (BA-1) used in the gas/oil drainage experiments
were saturated 100% with oil. No attempts were made to
establish a connate water saturation: a protocol that allows
for experimental consistency (also convenience) and comparison
of data from the two types of displacements.

CEXFERIMENTAL FROTOGOL
For each BHarea core thetﬁolluwing protocol wasz followed:

1) Heasﬁre air permeability and helium porosity for
the long core (ca., 4.3" long and 1" diameter).

<) Seturate core with wetting phase and perform an
unsteady-sitate drainage relative permeability test.
) sttract core with sequences of toluerie and

methanol and then dry the core.

4) Section the core into fouwr (4) approximately equal
seqmants (ca., 1"-long). Heassure the air
permeability and helium porosity on each segment.
The four segments of each core are denoted by tha
letters A, B, I, and D (r.g., BA-1C), with &
dennting the injection end and D dornoting the
outlet end ot the core as it was used in Step 2.

o) Resaturate the core seghnente with the wetting
phase and measure the drainage capillary precssure
in a centrifuge (Feckman LO-S50M/F wltracentrifuge).

) Clean and drv the cores for air permaabi lity
measurenents.

7) U=s=ing peraeabilily and capillary pressure curves
as ezlaction criteria, two (2) of the most 5
representative plugs are selected for further
centrituge meacsurementes.,



125

7]

Fesatwrate the cores and measure transient wottinng
phase production in the centrifuge at sevoeral
rotational speeds {(@.g., 1000, 2000, and 2000 rpm) .
atter each measurement, the cores are ¢l eaned,
dried, and resaturated for the next experiment.
EXFERIMENTAL DATA

The attached tables and figures contain all of the data that

are nececssary to model the experiments. The data are organized
according te the +ollowing outline:

1) Gas/0il Drainage Euxperiments Using Ferea Core BA-1

A) Unsteady-5tate Drainage Relative Fermeability
Test.

1) Table of Core % Fluid Froperties

) Table of Gas 0il Froduction Data

%) Figure — 0il Production vs. Fore Volumes

4) Figure — Time vs. Fore Volumes Injected
ipore volumes calculated at the

avElmage gas pressuwre 17.7 psi)

E) Drainage Capillary Fressure Tests Using Four
Core Seqments.

1) Figure - Capillary Fressure Data for
plugs EA-1A, B, C, ard D.

2) Table of Air Fermeability Data
) Capillary Fressuwe and J-function Data

for plugs BA-1A, B, C, and D.

P L) Measurcemznt of Rotor Acceleration Furiction for
Beclmnan LB=5SM/F Ultracentrifuge (3 Hee Brlow) .

1) Table of Transient Rotor Spesd Data for
for Acceleration from O rpm to 1000,
2000, I000, or 4000 rpm.
2) Figure — Rotor Speed ve. Time.
Dy Transient 0il Froduction in the Centrifuge

puring Drainage by Air (Tables and Figures).

1) Core BA-1A Tests.
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al) 19099 rpm (Figure and Table)
h) 2000 rpm (Figure and Tals) e
CJ) J000 rpm (Figure and Table)
2) Core BA-1D Teste.
a) 100C rpm (Figure and Table)
b) 2000 rpm (Figure and Table)
c) 3000 rpm (Figure and Tablel

I11) Glycerol-Krine/0il Drainage Experiments Using Reresa
Core BA-2,

A) Unsteady-State Drainage Relative PErmeébility
Test (constant flow rate).

1) Table of Core & Fluid Froperties.

2) Table of Glycerol-BrinesDil Froduction
L)at\:(- '

2) Figure — Yolume of Froduced Glycerol -
Brine ve. Fore Volumes Injected.

4) Figuwre - Fressure Drop vs. Fore Volumas
Injected.

B) Drainage Capillary Fressure Teste Usiing Four
Core Segments,

1) Figure - Capillary Fressure Data for
Berea Cores BA-24, B, C, and D.

2) Tables of Capillary Fresswe and
J-function Data.

a) Flug BA-2A
b} Flug EBA-ZH
c) Fluy EBA-2C
) Flug Be--2D

C) Transisnt Froduction in the Centrifuge Durring
Drainage by Kerosene.

1) Core EA-20 Test.

a) 40Qﬁ rpm (Figure and Tableo)
) Core BA-2C Test.

&) JO0D rpm (Figrore and Table)



127 .

% - Dur preliminary results have indicated that the initial
acceleration of the centrifuge rotor (trom O to the proset
rpm) has a profound etfect on transient production data,
especially at early times. The rotor acceleration data
may be useful for matching the early-time wetting-phase
production data (i.e., when rapid production accurs).
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SECTION 1
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TABLE IA-1. .CDRE AND FLUID FEROFERTIES FOR GAS/0IL DRAINAGE
OF EBEREA CORE BA-1 ‘

FIELD NAME (OFTIONAL?
WELL NUMBER (OFTIOMAL)
CORE DEFTH (DOFTIONAL)
CORE I.D. (OFTIONAL)

DIL VISCOSITY

GAS VISCOSITY

OIL DENSITY

GAS DENSITY

DFT FLUID DENSITY

INITIAL WATER SATURATION
BABE FERMEAEBILITY

FORE VOLUME

CORE LENGTH

CORE DIAMETER

FORDSITY (OFTIONALD

AIR FERM (QOFTIONAL)

FRESSURE DROF

DEAD VOLUME

DOWNETREAM DEAD VOLUNE
LEAI RATE

AXIS DRIENTATION

TEST TEMFERATURE (DFTIONAL)
AVERAGE OVEREURDEN FREESURE (UFTIOMNALY=

gannn

[| I I A I I I

BEREA FLUG

Feet
EA-1

15 cp
0177 cp
.B355 g/cc
L0012 g/cc
0 g/cc

0 %

S17 md
12.491 cc
11.495 om
2.526 cm
21.7 %
217 md

6 psi

0 cc

0 cc

) cc/min

O degrees
74 deorees
400 psi
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“Foint  Time 0il Froad. Gas Frod. Gaz Frod.
Number (min) (ce) (ce, 14.7 psi) (cc, 17.7 pei)

1 . B ' . 06 Q. 0.

2 .93 .11 1. ' .87
3 1.3% . 34 2. 1.66
4 2.2 . 8O 4, S
S 2.70 1.03% 4. : 4.98
& Z.06 1.17. 8. - T -1

7 Te39 ' 1.29 10, - BJ31

8 el 1.64 20, 16.61
4 22 ' 1.87 0. 24.92

10 G. 00 2,02 40, o II.ER

11 b.60 2.17 48. - - I9.86

12 7.12 2.2 &0, ' 49.873%

A 7 .69 2.3 70, v : SB. 14
14 8.08 2.48 80, &b5. 44

S 8.48 2,53 Q0. 74.75
16 B.91 S 2.e7 100, o 8I.05

7 .84 2.76 125, ‘ 107,81

18 1¢.81 2.92 150, 124,585

19 2.05 .11 200, : 165.10

20 13,37 3.28 250, ] 207.63
e 14,55 T.ad4 OO0, : 249,15
e, 14,70 .64 400, 33220
prut 18. &4 ' T.a2 500, 415,25
24 20,33 3.9 HOO, : 498,30
25 21,95 4,17 700. , 581.35
24 23,55 4,24 BOO. AGd, 40
27 24,99 4, 7z 900, : . 747.45

28 2&6. 38 4.40 1000, 830,50
29 2%.80 4,44 1259, , 10738.173
20 23.19 4.81 1500, 1245.75

1 I8. 93 5.07 2000, : 1661.00
fe) 44,18 5. 24 2E00. , 2076.25
33 49,11 5,37 OO0, ~ 2491.50
T4 57, 70 5.51 IH00, 2906.75

25 08.42 S5.65 4000, 33z22.00
36 62, 85 5.72 4500. I737.25

=7 &7 . 5 5.7%9 5000, 4152.50
I8 71.49 S. 089 5500, 4567.75

9 75.80 59.9% o e000, 49787Z.00
40 7%.39 &.00 E 6500, 5598.25

Inlet Fressure =
Outlet Fressure = 1
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Figure IB-1

GARS/0IL DRAINAGE CAP. PRESS. FOR BEREH CORE BR |
CORE SECTIONED INTO FOUR (4) 1"X1" PLUGS ™
METHOD : CENTRIFUGHTION

3 @ B 'TTHTITIT[ IlTlﬂTﬂll"lﬂ'llT]nmIITT'[TﬂTﬂ'lTr‘TTTnm lrmmnrnmtmpmmnpmnn'n
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C B
r 1
: ]
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ap F © PLUG BA_IR 1
O 2e@- O PLUG BA_IB =
- £ & PLUG BA_IC z
Eﬁ t A PLUG BA_ID -
=2 r _
m - -
A -f
r 158— 3
a- _ 6> O :
:

& C .
- £ -
R ]
— ;__ '
Ho1ee: -
5 ]
: :
" ]
L -
50 i— -
r 4@ O g
L =
b A O ]
E‘ HS O 1
g unuJmuuulpunu%uurmn@:ﬂ})u@u]uuuuduumulmuuu[lumuﬂ

P 1B 20 38 48 5@ 68 70 B0 8B 160

WETTING PHRSE SATURATION, «
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TABLE IB-1. ALR PERMEABILITY OF 1" » 1" BEREA PLUGS
BEFDRE NMD AFTER COFILLARY FRESSURE TRES

Flug 10 Ka (md) ka  tmd)
(betfore tegt (after test)
BA_1A $17.5 917.5
BA_1EH IR o913.6
Ea_1C 494.9 o28.1
Ba_1D SS.3 SO5.3
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) Tablé I8-2

Field BERER Air perm

= = S17.20 md Dencsity diss o = L8236 g/cc
Welil = Feorosity = 21.20 % fintor FRadius = E.&0 cm
Depth = £t Fore voluma = Z.1% cc KRetting angle = N.00 deg
Sample = EA_1A Length = 2.40 cn IFT (dynes/cm) = 27.10
Data Foint Fc Swi J~-Function

1 1.41 o314 - 566

2 2.51 . 258 1.007

3 10,93 . 245 4,030

4 22.61 215 ?.067

S 40,20 . 193 16.122

5 141.21 . 153 ' S&. 678

7 251.22 <137 100,767
Field = BZRZA Air porm = 577,10 md Dansity disf = woec
Wall = Foroszfty = Z21l.i0 Reotor Radiuvs = =m
L=2pth = ft Fore volume = F.20 ce Wzttirng angle = clan
Sanple = BA_IE lenglh = 2.28 am IFT (dynas/cmy =

Iata Feint Fec SwX J--Functicn

1 1.41 LSS .57

2 2,50 . 491 1.026

= 10,01 «TED 4.0%9

4 22.82 10 9.222

S 40.0= AL | 16. 395

& 140.77 273 S7.46%0

7 220.1% . 289 102,471
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Tavle 1B-3

Field = PEREA Air pea-m = 4G3.90 md Penzity diff
el = Faorosity = 21.Z70 % Fotor Radius
depth = ft Fore voluma = Z.%6 cc Vistting angle
Sample = 2A_1IC Length = 2.39 cm IFT (dynes’/cm)
Data Foint Fc Ewk J=-Funrtieon
. 1.41 . soE .557
2 2.31 L4509 . 993
= 10.04 2B 3. 929
4 22.5% 227 8.87°
s 40,14 <207 15.715
& 141.:1€ .179 S5, 243
7 23020 . 178 °B8.212
Field = EEREA Air porm = 505,30 md Nensity difsf
Well = Foresity = 21.00 % Roteor Radiusz
Tepth = ft Forae volume = .10 cc Wetting angle
Sample = E3_1D Length = 2.5% en IFT(dymos/oim)
Data Foint Fc Su¥ J-Function

1 1.91 - 4541 861
= 2.9 « 2B . 799
s 10,07 <225 T.998
4 22.8 190 B.991
= 40,13 L1773 15.931
) 141,09 2159 S6. 184
7 o0.82 S3T0 9?.881

huun

.BZ4 g/ccz
.80 zm
0.0 dag
27.10

-B871 gscc
2.40 cn
.00 dog

27.10
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Table IB-L
.Field = EREREA Rir perm = 517.30 md Density diff = .B834 g/cc
Well = Forosity = 221,20 % Rotor Radius = B.60 cm
Depth = ft Fore volume = 3.19 cc Wetting angle = Q.00 deg
Sample = BA_1A Length = 2.60 cm IFT(dynes/cm) = 27.10
Data Foint Sw_avg Pc (psi) Swpc
1 « 6550 1.41 . 926
2 . 4980 2.51 1.251
3 . 3410 10.05 3.427
4 - 2470 22.61 5.585
] « 2160 40,20 B8.68B2
&b . 1840 141.31 26.001
7 » 1690 251.22 42,456
Field = BEREA Air perm = §517.50 md Density diff = .824 g/cc
Well = Forosity = 221.20 % Rotor Radius = B.60 .cm
Depth = ft Fore volume = J3.19 cc Wetting angle = 0. 00 deg
Sample = BHA_I1A Length = 2.60 cm IFT(dynes/cm) = 27.10
Data Point Pc Sw¥ J-Function
1 1.41 . 459 . S967
2 2.351 ' . 368 1.008
3 10.05 . 224 4.031
4 22.61 . 187 9.069
S 40,20 .172 16.122
& 141.31 . 159 56.679
7 281.22 . 156 100.762

BROOKS & COREY BUBBLE FRESSURE(Fb) = psi
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TABLE IC-l. RUTOR ACCELERATIUN FOR GAS/0IL AML O1L /7HEINE DRGDHGGL
EXFERIMENTS IN THE BECEMAN LB~S5M/F UL TRACEMTIRIFUGE

Time to . to to to to
(seennds) 1000 rpm 2000 rpm IO00 rpm 4000 rpm 4000 rpm
Q. Q. Q. 0. O Q.

S. 8. 120, 140, 150, 300,

10, Sk, S20. 540, S7u. 700,

15. 880, 0. 0. : 1040, 1110,
- 20, S80. 1410, 1470, 1480. 1590,
23, 1010, 18%0. 1990, 20410, 2170,

30, 1020, 1970. 2390. 2670, 2570.
2&8. 1010, 2010, 26890, T200, 1440,
40, 1000, 2010, 2580, - 2940,
45. .90, 20M00 ZOO0, =e.I0. TRIATE
50, 1000, 2000, 2010, 4000, -
g5. " " 3010, 4010, 4010,
60, U " 2990, 4000, 4000,
70, " " 3000, " "
8[‘ . " " " " 1]
ﬂ"! i1 (1] ”" " "
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Figure IC-1

ROTOR ACCELERATION FOR CENTRIFUGE TESTS
GRS/0IL AND OIL/BRINE DRAINAGE EXPTS.
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Core Id = BA-A1 PRODUCTION DATA rpm = 1000
: Table ID-la
Pore volume = 2.792 cc r2 = 8.6 cm Oil viscositly = 15 cps
Swi = 0.0% Length = 2.597 cm Ift = 27.1 dyne/cm
. Produced
Time Oil Vol- % Pore
(Minutes) ume (cc) Volume
0.00 0.00 0.00
0.50 0.40 143
1.00 0.60 21.5
1.50 0.80 28.6
2.00 0.90 32.2
2.50 1.00 35.8
- 3.00 1.10 394
3.50 1.1 39.7
4.00 119 42.6
4.50 1.20 43.0
5.00 1.20 43.0
6.00 1.28 458
7.00 1.29 46.2
8.00 1.31 46.9
9.00 1.31 46.9
10.0 1.33 47.6
15.0 1.40 50.18
20.0 1.49 53.4
25.0 1.50 | 53.7
30.0 - 1.50 53.7
40.0 1.51 541
50.0 1.51 541
60.0 1.53 54.8




Core Id = BA-A1
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PRODUCTION DATA

Produced

Time Oil Vol- % Pore

(Minutes) ume (cc) Volume
90.0 1.56 559
120 1.60 57.3
180 1.61 57.7
240 1.61 57.7
300 1.62 58.0
360 1.65 59.1
90.0 2.15 77.01
120 2.19 78.45
180 2.20 78.81
240 2.20 78.81
300 2.23 79.88
360 1.65 59.1
420 1.65 59.1
1380 1.70 60.9
1440 1.70 60.9

rpm = 1000
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~ Core Id = BA-A1
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PRODUCTION DATA

Table ID-1b

rpm = 2000

Pore volume = 2.792 cc

r2 = 86cm Oil viscosity = 15 cps

Swi = 0.0% Length = 2.597 cm

Ift = 27.1 dyne/cm

) Produced
Time Oil Vol- % Pore
(Minutes) ume (cc) Volume
0.00 0.00 0.00
0.25 0.10 3.58
0.50 0.50 17.90
0.75 0.71 25.43
1.00 0.95 34.03
1.25 1.07 38.32
1.50 1.20 42.98
1.75 1.35 48.35
2.00 1.39 49.79
2.25 1.40 50.14
2.50 1.48 53.01
2.75. 1.50 53.72
3.00 1.50 53.72
3.50 1.51 54.08
4.00 1.55 55.52
4.50 1.57 56.23
5.00 1.60 57.31
6.00 1.62 58.02
7.00 1.69 60.53
9.00 1.70 60.89
10.0 1.71 61.25
15.0 1.79 64.11
20.0 1.81 64.83




Core Id = BA-A1
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. PRODUCTION DATA

Produced

Time Oil Vol- % Pore

(Minutes) ume (cc) Volume
25.0 1.82 65.19
30.0 1.86 66.62
40.0 1.89 67.69
50.0 1.91 68.41
60.0 1.95 69.84
90.0 2.00 71.63
120 2.01 71.99
225 2.08 74.50
270 2.10 75.21
300 2.10 75.21
360 2.1 75.57
420 2.12 75.93
1410 2.20 78.80
1580 2.21 79.15
1880 2.21 79.15
2820 2.21 79.15

rpm = 2000
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Core Id = BA-A1 PRODUCTION DATA rpm = 3000
Table ID-lc
Pore volume = 2.792 cc r2 = 8.6 cm Oil viscosity = 15 cps
Swi = Length = 2.597 cm It = 27.1 dyne/cm
Produced
Time Oil Vol- % Pore
(Minutes) ume (cc) Volume
0.00 0.00 0.00
25 0.10 3.58
.50 0.85 30.45
15 1.00 35.82
1.00 1.20 42.98
1.25 1.35 48.36
1.50 1.50 53.73
1.75 1.55 55.52
2.00 1.60 57.31
2.25 1.61 57.67
2.50 1.65 59.10
275 1.69 60.54
3.00 1.70 60.89
3.50 1.70 60.89
4.00 1.72 61.61
450 1.79 64.12
5.00 1.80 ' 64.48
6.00 1.80 64.48
7.00 1.81 64.84
8.00 1.85 66.27
9.00 1.90 68.06
10.0 1.91 68.42
15.0 2.00 71.64




Core Id = BA-A1
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PRODUCTION DATA

Produced
Time Oil Vol- % Pore
(Minutes) ume (cc) Volume
20.0 2.00 71.64
25.0 2.00 71.64
30.0 2.00 71.64
40.0 2.05 73.43
50.0 2.10 75.22
60.0 2.10 75.22
90.0 2.15 77.01
120 2.19 78.45
180 2.20 78.81
240 2.20 78.81
300 2.23 79.88
360 2.25 80.60
420 2.28 81.67
1340 2.32 83.10
2780 2.40 85.97
3520 242 86.69
4230 2.42 86.69
4740 2.42 86.69
5930 242 86.69
7430 2.42 86.69

rpm = 3000
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Core Id = BA-1D PRODUCTION DATA rpm = 1000
Table ID-2a
Pore volume = 2.775 cc r2 =86cm Oil viscosily = 15 cps
Swi = 0.0% Length = 2.592 cm Ift = 27.1 dyne/cm
Produced
Time Oil Vol- % Pore
(Minutes) ume (cc) Volume
0.00 0.00 0.00
0.50 0.20 7.20
1.00 0.28 10.0
1.50 0.30 10.8
2.00 0.32 11.5
250 0.33 11.9
3.00 0.35 12.6
3.50 - 0.39 14.0
4.00 0.41 14.8
450 0.45 16.2
5.00 0.47 16.9
6.00 . 0.51 18.4
7.00 0.59 21.3
8.00 0.60 21.6
9.00 0.70 25.2
10.0 0.79 28.5
15.0 1.00 36.0
20.0 1.21 43.6
25.0 1.29 46.5
30.0 1.30 46.8
40.0 1.32 47.5
50.0 1.38 497
60.0 1.39 50.1




Core Id = BA-1D
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PRODUCTION DATA

Produced
Time Oil Vol- % Pore
(Minutes) | ume (cc) Volume
90.0 1.41 50.8
120 1.41 50.8
180 1.49 53.7
240 1.50 54.0
300 1.50 54.0
360 1.50 54.0
420 1.50 54.0
1440 1.52 547

rpm = 1000
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Core Id = BA-1D PRODUCTION DATA rpm = 2000
Table ID-2b
Pore volume = 2.775 cc r2 =86cm Oil viscosity = 15 cps
Swi = 0.0% Length = 2.592 cm ift = 27.1 dyne/cm
. Produced
Time Oil Vol- % Pore
(Minutes) ume (cc) Volume
0.00 0.00 0.00
025 | 0.10 3.60
0.50 0.30 10.8
0.75 0.60 21.6
1.00 0.89 32.1
1.25 1.09 39.3
1.50 1.19 429
1.75 1.22 44.0
2.00 1.29 46.5
2.25 1.31 47.2
2.50 1.34 48.3
2.75 1.39 50.1
3.00 1.40 50.4
3.50 1.41 50.8
4.00 1.45 52.2
450 1.49 53.7
5.00 1.50 54.0
- 6.00 1.50 54.0
7.00 1.53 55.1
8.00 1.55 55.8
9.00 1.59 57.3
10.0 1.60 57.6
15.0 1.70 61.2
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PRODUCTION DATA

Produced
Time Oil Vol- % Pore
(Minutes) ume (cc) Volume
20.0 1.70 61.2
25.0 1.75 63.1
30.0 1.79 64.5
40.0 1.80 64.9
50.0 1.81 65.2
60.0 1.85 66.7
90.0 1.80 68.5
120 1.90 68.5
180 1.95 703
240 2.00 72.1
300 2.00 72.1
360 2.00 721
420 2.00 721
684 2.02 72.8
1360 2.10 77.7
1890 - 2.12 76.4
2100 2.12 76.4
2830 2.15 77.5
4240 2.15 77.5

rpm = 2000
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Core Id = BA-1D
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PRODUCTION DATA

Table ID-2c:

rpm = 3000

Pore volume = 2.775 cc

re = 86 cm Oil viscosity = 15 cps

Swi = 0.0% Length = 2.592 cm Ift = 27.1 dyne/cm
Produced
Time Oil Vol- % Pore
(Minutes) ume (cc) Volume
0.00 0.00 0.00
0.25 0.20 7.21
0.50 0.60 21.6
0.75 1.05 37.8
1.00 1.35 48.7
1.25 1.47 53.0
1.50 1.50 54.1
1.75 1.52 54.8
2.00 1.58 57.0
2.25 1.60 57.7
2.50 1.60 57.7
2.75 1.65 59.5
3.00 1.69 60.9
3.50 1.70 61.3
4.00 1.70 61.3
450 1.72 62.0
5.00 1.77 63.8
6.00 1.80 64.9
7.00 1.82 65.6
8.00 1.82 65.6
9.00 1.85 66.7
10.0 1.89 68.1
15.0 1.90 68.5




Core Id = BA-1D
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PRODUCTION DATA

Produced
Time Oil Vol- % Pore
(Minutes) ume (cc) Volume
20.0 1.95 70.3
25.0 2.00 721
30.0 2.01 72.4
40.0 2.02 728
50.0 2.05 73.9
60.0 2.08 75.0
90.0 2.10 75.7
120 2.15 77.5
220 2.20 793
240 2.20 79.3
309 2.20 79.3
364 2.20 80.0
460 2.25 81.1
610 2.25 81.1
1380 2.30 82.9
2040 2.31 83.3
2820 2.32 83.6
4260 2.35 84.7
5700 2.35 84.7
10000 2.35 84.7

rpm = 3000
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(OFTIONAL)
(OFTIOMAL)

(OFTIONAL)

(OFTIONAL?

F1ELD MNaAME
WELL NUMBER
CORE DEFTH
CORE 1.D.

OIL
(CI215)
OIL
GAS
DFET

VISCOSITY
VISCOSITY
DEMSITY
DENSITY

FLUID DENSITY

INITIAL WATER SATURATION
EASE FERMEARILITY

FORE VOLUME

CORE LENETH

CORE DIAMETER

FORODSITY (QFTIONAL)

AIR FERM (OFTICNAL?

FLOW RATE

DEAD VOLUME

DOWNSTREAM DEAD VOLUME

LEAK RATE

AXI1S ORIEMTATION

TEST TEMFERATURE (OFTIOMNAL)
AVERAGE OVERBURDEN FRESSURE

{OFTIONAL)

ruonononni

CORE AND FLUID FROFERTIES FOR OIL DRAINAGE
GLYCEROL/ERINE SATURATED BEREA CORE BA-2

EEREA
Feet
BA-2

7.12 cp
1.5 cp
1.147 g/cc
.B63 g/cc
0 gscc

0 %

390 md
12.02 cc
11.19 cm
2.93 ©m
21.4 ¥
450 md

1 cc/min
O cc

0 cc

0 cc/min
O degreess

75 degrees F

500 psa
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TABLE  GLYCEROL/BRINE-OIL DRAINAGE FRODUCTION DATA FOR
IIA-2, BEREA CORE EA-2

FAINTY FRIZSSURE TIME
NUMEBER UROF (pz=1) FRUL.  cceo (minutee)
1 ?.8 2.4 2.42
P4 9.5 3.8 6.1
3 9.4 S 10.83
4 9.1 5.2 11.75
=] 8.6 5.4 13.67
é 8.5 6 15.58
7 7.9 6.2 19.5
8 7.5 6.4 23
Q 7.3 6.5 26
10 7.2 6.6 30
11 7 6.7 34.1
12 6.8 6.8 37.1
13 6.7 é€.9 42
14 6.6 7 46.05
15 6.6 7.1 S6.2
1 6.5 7.2 £3.5
17 6.4 7.3 76.4
18 5.6 7.4 92.34
19 . 9.4 7.45 123
20 ] 7.7 219
21 4.9 7.75 200. 1
22 4.8 7.85 318.7
23 4.8 7.95 376.2
24 4.6 e 466
25 4.6 8 484
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Figure IIA-2

CORE BA-2
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Figure IIB-1

GLYCEROL-BRINE/OIL DRAINAGE CAPILLARY PRESSURE
FOR BEREAR CORE BA 2, SECTIONED INTO 4 1"X1" PLUGS
METHOD : CENTRIFUGARTION
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Field = BEREA
Well =
Depth = ft
Sample = BA_2A
Reading RFM
1 1000
2 2000
I JQ00
4 S000
S 7300
& 10000
Field = BEREA
Well =
Depth = ft
Sample = BA_2A
Data Foint
1
2
3
4
S
&
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Table IIB-2a

‘Alr perm

Forosity
Fore volume
Length

ML QuT

40
1.40
1.75
2.00
2.10
2.15

Air perm
Forosity
Fore volume
Length

Pc

.97
3.84
.Bu70
24.15
94.75

Q4. 62

368B.70 md
20.14 %
2.41 cc

2.38 em
Pc

« 966
3.B65
B.6%6

24.1585
S4.348
F6.619

368.70 md
20.14 %
2.41 cc
2.38 em

Swx

<510
205
« 136
099
087
. 0B3Z

BROOKS & COREY BUBELE FRESSURE (Fh) =

Density diff
Rotor Radius
Wetting angle
IFT(dynes/cm)

Sw(Avg)

«834
.419
« 274
«170
- 129
. 108

Density diff
Rotor Radius
Wetting angle
IFT(dynes/cm)

J-Fuﬁctinn

315
1.261
2.818
7.884

17.740

31.537

psi

« 345
8.60
Z0.00

33.30

(Sw) (FPc)

L8086
1.620
2,381
4,109
4,991
10.424

« 345
8.60
30.00
33.30

g/cc
‘em
deg

g/cc
cm
deg



Field = BEREA
Well = .
Depth = ft
Sample = BA_Z2R
Reading RFM
1 1000
2 2000
3 3000
L) 5000
S 7500
[ 10000
Field = BEREA
Well =
Depth = ft
Sample = BA_ZB
Data Foint
1
2
4
S
é

BROCOKS & COREY EBURELE FRESSURE(Fb) =

165
Table IIB-2b

Air perm
Forosity
Fore volume
Length

ML OUT

L 3(:)
1.40
1.70
1.90
2.05

2.10

Air perm
Forosity
Fore volume
Length

Fc

« 97
.86
B.70

24.18
S54.35

96.62

3561.00
20.27
2.43%

2.328

Pc

md
%

cc
cm

. 966
3.B65
B8.696

24,155
54.348
96.61%

361.00
20.27
2,42
2.38

Swk

- 536
« 266
. 180
129
.111
« 105

md
%

cc
cm

Density dif+
Rotor Radius
Wetting angle
IFT(dynes/cm)

Sw(Avg)

.877
» 424
« 300
«.218
. 156
. 136

Density diff
Rotor Radius
Wetting angle
IFT (dynes/cm)

J=-Function

.311
1.244
2. 800
7.776

17.497

31.106

psi

« 345
8. 60
Z0.00

33.30

(Sw) (Fc)

.B47
1.46328
2.612
S.248
8.499

13.121

- 345
8. 60
30.00
33.30

g/cc
cm
deg

g/cc
cm
deg
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Table IIB-2c¢

Field = EEREA Air perm =.35%9.70 md Density diff = « 345 g/cc
Well = ; Porosity = 20.48 % Rotor Radius = B8.60 cm
Depth = ft FPore volume = 2.44 cc Wetting angle = 30,00 deg
Sample = BA_2C Length = 2.37 cm IFT(dynes/cm) = 33.30
Reading RFM ML OUT Fc Sw(Avg) (Sw) (Pc)
1 1000 S0 . 963 795 » 765
2 2000 1.50 3.851 . 385 1.484
3 3000 1.85 8. 6465 « 242 2.095
4 S000 2,10 24,070 . 139 3.354
5 7500 2.15 54,157 119 6.437
6 10000 2.15 96.278 -119 11.4472
Field = EEREA Air perm = 359.70 md Density diff = . 345 g/cc
Well = FPorosity = 20,48 7 Rotor Radius = B.60 cm
Depth = ft Fore volume = 2.44 cc Wetting angle = 30,00 deg
Sample = BA_Z2C Length = 2.37 cm IFT(dynes/cm) = 33.30
Data Foint Fc Swx J-Function
1 « 74 . 204 - 508
2 3.85 - 120 1.221
& B. 67 «111 2.770
4 24.07 . 108 76795
S S54.16 « 107 17.214
) 96.28 107 30.781

BROOKS & COREY EUEELE FRESSURE (Fb) = psi



Field = EEREA
Well = :
Depth = ft
Sample = EBA_ZD
Reading RFM
1 1000
2 2000
3 3000
4 S000
S 7500
) 10000
Field = BEREA
Well =
Depth = ft
Sample = BA_ZD
Data Foint
1
2
4
S
&

BROOKS & COREY
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Table IIB-2d

Air perm
Forosity
Fore volume
Length

ML OUT

.40
1.40
1.75
2.00
2.10
2.10

Air perm
Forosity
Fore volume
Length

Fc

97
3.86
8.70

24.15
S54.35

96.62

340.80
20.32
2.43
2.8

Fc

md

cc
cm

. P66
3.865
8. 696

24,155
S4.348
94.619

360.80
20,32
2.43

2.38
Swx

.492
. 160
. 135
.123
<120

.119

md
%

cc
cm

BUBELE FRESSURE (Fb) =

Density dif¢
Rotor Radius
Wetting angle
IFT(dynes/cm)

SwlAvg)

.835
424
« 280
- 177
« 136
. 136

Density diff
Rotor Radius
Wetting angle
IFT (dynes/cm)

J-Function

. 311
1.242
2.795
7.765

17.471
31.039

psi

. 345
8. 60
I0.00
33.30

(Sw) (Fe)

. 807
1.638
2.433
4.274
7.381

13,121

. 345
8.60
30.00
33.30

g/cc
cm
deg

g/cc

deg
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Core Id = BA-2(1)
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PRODUCTION DATA

Table IIC-1

rpm = 4000

Pore volume = 2.383 cc

r2 = 8.6 cm Oil viscosity = 1.5 cps

Wetting Angle = 30.0 deg Length = 2.38 cm

I1ft = 28.8 dyne/cm

Produced

~ Time Oil Vol- % Pore

(Minutes) ume (cc) Volume
0.00 0.00 0.00
0.25 0.10 4.20
0.50 0.30 12.6
0.75 0.30 12.6
1.00 0.50 21.0
1.25 0.80 33.6
1.50 1.00 42.0
1.75 1.10 46.2
2.00 1.15 48.2
3.00 1.20 50.4
4.00 1.30 54.6
5.00 1.35 56.6
6.00 1.40 58.7
7.00 1.50 62.9
8.00 1.65 69.2
9.00 1.70 713
10.0 1.70 713
15.0 1.7 713
20.0 1.75 734
25.0 1.79 75.1
30.0 1.80 75.5

60.0 1.81 76.0
90.0 1.88 78.9
120 1.89 ° 79.3




Core Id = BA-2(1)
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PRODUCTION DATA

Produced
Time Oil Vol- % Pore
(Minutes) ume (cc) Volume
180 1.90 79.7
240 190 79.7
300 1.90 79.7
360 1.91 80.2
420 1.91 80.2
1330 2.00 83.9
1440 2.00 83.9
1560 2.00 83.9
2970 2.00 83.9

rpm = 4000



Figure IIC-2
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Core Id = BA-2(3)
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PRODUCTION DATA

Table IIC-2

rpm = 3000

Pore volum‘e = 2.465 cc

ré = 8.6 cm Oil viscosity = 1.5 cps

Wetting Angle = 30.0 deg Length = 2.37 cm

Ift = 28.8 dyne/cm

Produced
Time Oil Vol-. % Pore
(Minutes) ume (cc) Volume
0.00 0.00 0.00
0.25 0.10 4.06
0.50 0.30 12.2
0.75 0.50 20.3
1.00 0.60 243
1.25 0.60 24.3
1.50 0.70 28.4
1.75 0.72 29.2
2.00 0.80 32.4
3.00 0.92 37.3
- 4.00 1.10 446
5.00 1.30 52.7
6.00 1.40 56.8
7.00 1.45 58.8
8.00 1.50 60.8
9.00 1.50 60.8
10.0 1.53 62.1
15.0 1.59 64.5
20.0 1.60 64.9
25.0 1.61 65.3
30.0 1.63 66.1
60.0 1.70 69.0
120 1.71 69.4
180 171 69.4




Core Id = BA-2(3)
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PRODUCTION DATA

Produced

Time Oil Vol- % Pore

(Minutes) ume (cc) Volume
240 1.71 69.4
300 1.72 69.8
360 1.75 711
420 1.78 72.2
570 1.79 72.6
1370 1.79 72.6
1880 1.79 72.6
2800 1.79 72.6
3130 1.79 72.6

#U.S. GOVERNMENT PRINTING OFFICE: 1990-761030/20015

rpm = 3000














