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ABSTRACT

This paper atempts to evauate the effects of capillary number, viscodty-ratio, wettability and
heterogeneity on the measured rdeive permesbility, by assuming a s&t of reative permesbility
curves for a 1D black-oil amulation modd smulaing unsteedy-state experiments. The relative
permesbility in each case, caculated by Jones and Roszdles (JR) method are compared with the
input relaive permesbilitites The trends of measured relative permesbilities, water relative
permeshility end-point and breskthrough recoveries for different wettability, capillary numbers,
viscosity ratios and heterogenety were obtained and studied.

INTRODUCTION
Reative permegbility measurements in corefloods are prone to some errors due to varied
interaction of different forces respongble for flow, namely, Viscous, Capillary and Gravity Forces.
While gravity forces dmog play no role a the corescae (mesoscopic scae in centimeters),
capillary forces are active at the core scde, which have to be evauated and quantified while
interpreting the measurements done in laboratories. The Jones Roszdlles method [1] for caculating
relative permegbility from unsteedy state experiments are based on the following assumptions,
which are often violated :

The capillary forces are negligible

The core is homogeneous

The sengtivity of these assumptions on the relaive permegbility measurements were sudied by
smulating experiments.

LITERATURE SURVEY

While there were severd works indicating increase in oil recoveries with increasing rates of water
injection, there were 4ill others who reported low recoveries with increese in injectiosn rates.
Rapoport. L.A. and Leas. W.J[2] presented a dimensonless form eguation for lineer
waterflooding process using dimensionless varigbles defined as
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The second term in equation (2) being the viscous term, the third term is the capillary term, The
third term may become more prominent, in case if the coefficient of the derivative in the terms
becomes large enough. For a medium and a pair of fluids (say oil and weter), permesbility and
mobility ratio are fixed. Thus the factor N. (=Lm,q,,i/A) contrals the influence of the capillary
term in the solution of the linear waterflood. They aso presented a generdlised form of scaing
coefficient as
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It was found that the (Lm,d,in)/A Can be used as a scding factor and al floods performed at a
scding coefficient higher than a critical vaue would yield identica recovery curves In fidd
conditions, L is very large and thus the second term in equation (2) could be safely neglected. But
they are attive in playing a rale in laboratory scae waterfloods. Thus the capillary forces should be
ether bypassed while doing the experiments or taken care off, before gpplying the laboratory

measured reldive permeshilitiesto field scale smulations.

Sgmund, F.R[3] obsarved tha the recovery curves were responding to change in capillary
number, the ratio of viscous to capillary forces, R, given by
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The recovery curves of imbibition experiments were not sensitive to R p greater that 1, and those
of drainage were not sendtive to R, greater than 10. However, another way of expressing the
ratio of viscous to capillary forces using the Leverett's expression for capillary pressures
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which will give Capillary number Ca, to be redefined as
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The “scding coeffcient” suggested by Rapoport and Leas [2], is being used to scde core-scale
flow to sgnify the effect of capillary forces. Though this is being used widdly, it suffers from the
disadvantages such as

having units

not reflecting the comparison of capillary forces with respect to other forces, which will

actudly determine the extent of perturbation of capillary forces on the flow modd.

Batycky. JP. et d. [4], have presented a discusson on capilllay number and arived a an
expression that removes the disadvantage suffered by the one defined by Rapoport and Less. He
defined a dimensionless capillary number, Caas
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SCALING COEFFICIENT
The Rapoport and Leas [2] Scding Coefficient, N, = erquA'"" as a parameter to design flooding

experiments is commonly used in the industry. The experiments are done at rates confirming the
condition

Lm, —qu”" 31-5 ®

This condition might imply very high flooding retes, often higher than the reservoir rates by an order
or two, thus are non-representetive of the reservoir conditions. Sometimes these high rates are not
achievable in laboratory. At higher veodities, the fines in the core may dso trave, severdy
disurbing the experimerts. The study of capillary forces could be a guiddine to make meaningful
interpretation to labarotary measured quantities and design laboratory experiments to obtain the
desred parameters.

METHODOLOGY

Simulation Model

A homogeneous core of dimensions 745 cm x 3.45 cm x 3.45 cm was Smulated using 102 X 1 X

1 black-oil modd in ECLIPSE [8,9] smulator. Typica vaues of Ky, T, Swi, S, A(Sy) Were taken

to be the parameters of the core (Table 1). The mid-100 block represent the core under study.

Snce we were going to study the effect of capillary forces on rdative permestiilities, the relative

permesbility were taken to be afunction of normdised water saturation S,*, as given bdow
=1-s,)° ©)
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The £ and 102" blooks had been assgned (Figure 1) ath|d<neas of one-tenth of the numerical

blocks representing the core, porosity of 1.0, permegbility of 10" timesthat of the core, sraight line
relative permesbilities and zero capillary pressures. These endblocks were meant to minimise the



capillary end-effects as suggested by Maas. J. and Schulte. A.M. [7]. The recovery and pressure
drop across the core are observed to be insengtive to the number of endblocks. The water and ail
properties are given in Table 2. The sdient smulation parameters are given in Table 3.

SIMULATION RUNS

The sengitivity of following parameters were studied

Flooding Rate : The flooding or injection rates were changed in such a way that the scaling

coefficient N ischosento be 0.1, 0.2, 0.5, 1, 2, 5 and 10. The scaling coefficients of N, of 0.1, 0.2,
05, 1, 2, 5 and 10 corregponding to dimensonless capillary number (Ca) of 0.00045, 0.00091,

0.00227, 0.004, 0.009, 0.022 and 0.045 respectively.

Viscosity Ratio : The viscogty of ail is changed in such away that the viscosty raio (my/m,) were
chosento be 05, 1.23 and 5.

Wettability : The JS,) function considered for water-wet and mixed-wet cores are given in Table
4,

Heterogeneity : Apart from homogeneous cores, smulations were done on hetergogeneous cores
having a log normd permesbility digtribution characterized by Dyksra-Parson coefficient (Vpp).
Smulations were carried out for V pp vaues of 0.1, 0.5 and 0.8. (Figure 13)

INTERPRETATION OF SIMULATION RUNS
The smulator output file .RSM [5,6] was used as input for calculating relative permesbility deta by
Jones and Roszdlles method for further comparison with the input relative permegbilities

OBSERVATIONS

Homogenous Water Wet Cases

Figures 2 and 3 shows that the measured k, and k., are higher for higher flow rates (higher
capillary scaling coefficient) as observed by Heavesde J. and Black C.JJ[9]. Further the
behaviour of caculated k., against the assumed k,, (the input) at different rates for water wet
cores and mixed wet cores are Smilar to those observed by Odeh A.S. and Dotson B.J. [8] (fig. 2
and 3

The calcuated k, are found to be underestimated severdy at low saturations. Figure 2 shows that
the higher viscosity ratios and higher scaling coefficient (high flow rates) give a better estimate of
k., & intermediate and higher water saturations. The k,, cacuated are overestimated at low
saturations (fig. 3). It is observed that the higher scaing coefficient and higher viscosty retios leads
to best possible estimates of k,,. Thus these observations on cadculated k, and k,, shows that their
best estimates, which are obtained only a higher saturation ranges, are possible at higher viscosity
ratios and higher flooding rates. (Figures 4 and 5) At lower flooding rates the estimate of k,, is
close to that of the true k,, a lower sturations. But at higher saturations, the caculated relative
permeshilities to water are very much underestimated. With higher viscogty ratios the caculated
k., are more close to true k., than those measured with low visocity ratios. Further, the range of
saturetion (at higher sde) a which the cdculated k., is close to the true k,, is large for high
viscosity ratios (figure 5)



It is observed thet the lower viscosity retios leed to higher recoveries a breskthrough implying a
more pigortlike displacement. The observation that the breskthrough recovery remains practicaly
condant a higher scaing coefficient is not a sufficient condition to obtain the correct relative
permesbilities throughout the whole saturation range (figure 6).

Homogeneous Mixed Wet Cases

The behaviour of measured k,, against the assumed k,, at different rates for water wet cores and
mixed wet cores are Smilar to those observed by Heaveside J. and Black C.JJ. [9] (figures 7 and
8). The k,, is underestimated at lower sturations and overestimated at higher sturations. The k,,
is overetimated a higher satuations and underestimated a lower saturations. However, the
meesured relative permegbilities a higher velocities are the closest but ill not dose enough to the
true (input) rdaive permeshiilities for the whole range of saturations.

The measured k,, tends to approach the true k., a higher flooding rate and higher viscosity retios.
Even a higher flooding rates the errors are larger a lower saturations, in spite of higher viscogty
ratios. But a higher water saturations, the measured k, are very close to true k, (figure 7). The
measured k,, are higher than the true k., a lower saturations. The higher the viscosty retios, more
close are the measured k., to the true k,, at lower saturations. But the low rate k,, are closer to
true k,, a lower water saturations (figure 8). Though highly underestimated, the measured k., are
close to the true k, for higher viscogity raios. The measured K, are serverely understimated a
low flooding rates (figure 9 and 10). However, the endpoint k., depends on the flooding rates rather
then the viscosty retio (figure 11)

The breakthrough recovery behaviour with the scaing coefficient at different viscosty ratios are
shown in figure 12. It is observed that the lower viscogty ratios leads to higher recoveries a
breskthrough implying a more pisgon-ike displacement. However, the obsarvation that the
breskthrough recovery remains practicaly congtant at higher scaing coefficient is not a sufficient
condition to obtain the correct rdative permegbilities through out the whole saturetion range.

The smulation runs were done for high flooding rates with capillary pressures as zero, hence the
cdculated relative permeabilities were close to those of input curves. The base case is shown in
figure2 and 3.

Heter ogeneous Water Wet Case

As a common feature the measured relative permesbilities are different from the true rdaive
permeabilities by two or three orders. At hgh saturations the measured relative permesbilities are
closer to the true relative permeshilities (figure 14 and 15). However, they are dose to true rddive
permesbilities only at high flooding rates (high capillary number).

The measured oil relative permesbilities, k, for dl cases of heterogenety are close to the true ail
relative permesbilities when the viscosity ratio were chosen to be high (figure 16). The measured



water redtive permesbilities are closest to true water relative permesabilities when the viscosity
ratios were chosen to be low (figure 17). Thisis evident that the end point k., approaches the true
K w=0.46, & high capillary number (lower rates) for lower viscosity ratio cases, than the higher
visocity ratio cases (figure 16). For a given flooding rate, the measured endpoint k., breskthrough
recovery and total oil recovery for Vpp=0.1 and 0.5 are close to each other (figure 18). However in
case of Vpp=0.8, endpoint kw, breskthrough recovery and totd oil recovery are highly reduced.
Thus the deviation in measured parameters caused by heterogeneities ranging from smdl to
medium (Vpp=0.5) ae less and are of amilar order. However, the deviations in messured
paameters are large in high Vpe cases. The deviaions or erors do not increase linearly as
expected. The errors are smaler at low Ve and larger & high Vpp.

Interegtingly, the breakthrough recoveries show very dight increase, with increase in
heterogeneities (at lower Vpp), a dl viscosty ratios. At very low rates the breskthrough recoveries
are higher for the lower heterogeneity factor Vpe. At higher flooding rates, the breskthrough
recovery is higher for a core with higher heterogeneity factor Vipp, However, for samples with
large heterogeneity factors the breskthrough recoveries are very low. For a given heterogeneous
core sample, the breskthrough oil recovery and the total oil recovery decreases for increase in
flooding rates (increase in Ca) and then increases for further increase in flooding rates ( further
increase in Ca) (figure 18). For a given viscosty ratio and flooding rate, the tota il recovery, taken
a 10 pore volume of injection, decreases with increase in hetrogenety factor. However, the
reduction in recoveries due to increase in flooding rate are obsened to be more in case of high
viscosity ratio and in cores with larger heteroegendties.

The ail used as diplaced fluid should be moderately viscous in case of heterogeneous samples. In
case of higher viscosity, we measure erroneous ki, (figure 19) but the measured k, isvery doseto
true k,. Thusthe choice of the viscogity of oil isnot straight forward.

Heter ogeneous Mixed Wet Cases

The measured k, are close to the true k, a higher flooding rates and higher viscosty ratios (figure
20). However, the shape of measured k., curve are totdly different from that of true k,. The
measured k., shows largest deviation from the true k,, (figure 21), for moderately heterogeneous
cores, say Vpp =0.5. But for cores with lower and higher variation of permesatility, Vpp= 0.1 or
0.8, the measured k. are nearer to the true Kw.

The measured endpoint k,, shows least deviation for lower viscogty ratios. At lower viscosty
ratios the measured k,, are highly erroneous for a large range of water saturations. At higher
viscosity ratios the measured k., are close to the true for a large range of saturation. The error in
the endpoint k. for the best design (in terms of flooding rate and viscosty ratio) is larger in
comparison to that of the waterwet core, even a highest flooding rates (figure 22). For a given
capillary number, increase in heterogeneity decreases the measured k. But at higher ranges of
heterogeneity factors the increase in heterogeneity increases the measured k,,. The errors on
measured rddive permesbilities increases as the heterogeneity incresses. But for higher
heterogeneity factor the errors reduces (figure 22).



For a given capillary number or flow rate the breakthrough recoveries increase for increase in
heterogenaty varidion in permegbility of the core. But on further increase in heterogeneity, the
breskthrough recoveries decease for large heterogeneity factors (figure 23). It is worth noting that
the core heterogeneity will promote ingability (hence segregated flow) in the physicd USS
experiment often leading to severe interpretation difficulties. Thus 1D numerica smulation will not
be able to capture this properly.

CONCLUSIONS

The following condusions were drawn in light of the results obtained :

v The best estimates of k,, in generd, are obtained when the displacements are done a high
capillary number and high viscosity retio. It is widdy observed that the errors are large at lower
saturations. The range of saturations (at high saturations) for which the best estimates are
obtained, increases with viscosity ratio.

v The best estimates of k,, in case of homogeneous cores are obtained when the displacements
are done a high capilllary number and high viscosty ratio, while those for heterogeneous cores
are obtained a high cgpillary numbers and low viscosity ratio.

v The measured endpoint k., is equd to the true endpoint k,, in case of homogeneous waterwet
cores

v The shape of the k, curves obtained from experiments conducted at low capillary number, in
homogeneous waterwet cores and heterogeneous (water-wet and mixedwet) cores, are
severdly perturbed, because the measured endpoint k., are lower than the true end-point k,,.

v The errors in measured quantities, in case of heterogeneous water wet cores, do not differ much
a lower range of permeability variaions, say for 0.1 < Vpp < 0.5. But the errors are large in
cae of high permestiility variations, say for V pp~0.8.

v The errors in measured quantities, in case of heterogeneous mixed wet cores, are less for cores
with very high and very low permesbility variaions (Vpp ~ 0.1 and 0.8), in comparison to those
with intermediate values of V pp (~0.5).

v The Unsteady-gtate technique is very prone to experimenta and interpretation errors
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NOMENCLATURE
English Symbols
A Areaof Cross Section, perpendicular to flow
ab Parameters in the expression for Relative Permesbility
Ca  Dimendonless Caoillary Number defined in eq.(7)
f Fractiond Flow



H Height of the System

J Levertt Jfunction Vaue

k Permesbility

L Length of the linear system

N Caaillary Scding Coefficient by Rapaport and Leas

P Pressure

q Rate

S Surdion

T Dimensonless Time

t Time

Vv Vdodity of flow

VR  Visosty Ratio

Ve  Dykstra-Parsons Coefficient

X Dimensionless Digtance

X Digtance from the Injection end
Greek Symbols

f Porosity

F Potential

I Mohility

| *ni  Reative Mohility of phasel

m Viscosity

g?  Contact Angle

? Dengty

s? Intefacid Tenson
Subscripts

end endpoint

in Injection

nv  Non-wetting phase

o] Oil

or Resdud Oil

r Redative

w Water or Wetting phase
Super scripts

true  True Quantity

*

Normdised Vadue of Saturation
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Table 1 Rock Properties of the Simulated Linear

Waterflood Model

Table 2 Fluid Properties

Lenqth of the core cm 7.45
Width cm 3.3588 Water Oil
f Density g/cc 1.000 0.831
HEIqht - cm 3.3588 Viscosity cP 1.102 0.551 (VR=0.5)
Equivalent Diameter cm 3.79 1355 (VR=1.23)
Porosity fraction 0.176 i 5.51 (VR=5.0)
Absolute Permeabilit: md 415 Form_anun Volume Fgctor VIV 1.000 1,000
- _V " Solution Gas-Oil Ratio WA 0.000 0.000
. - : _f_La_rt!(‘m of PV 0271 Interfacial Tension between mN/m 50.000
Residual Oil Saturation fraction of PV 0.202 Water and Oil :
Table 4 Leverett J-Function for Water Wet and Mixed
Wet Cores
Normalised Water Saturation| J(S,) Water J(Sw) Mixed
Sw Wet Cores Wet Cores
Table 3 Simulation Parameters 0 1 6.365
0.1 0.738 1871
0.2 0.544 0.921
0.3 0.406 0.437
Solution Method IMPES 0.4 0.312 0.089
Maximum length of Initial Time Step (hr) 1.00E-04 0.5 0.25 -0.141
Maximum length of Next Time Step (hr) 0.05 0.6 0.208 -0.315
Minimum length of all Time step (hr) 0.05 0.7 0.174 -0.489
Minimum choppable Time step (hr) 0.15 0.8 0.136 -0.868
Maximum Pressure Change in a time step (atm) 0.1 0.9 0.082 -1.978
Maximum Saturation Chanae in a time step (fr) 0.01 1 0 -6.316
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Figure 19 End-Point Relative Permeability of Water Phase Vs.
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Figure 22 End Point Relative Permeability of Water Phase Vs.
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