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Abstract

The main objective of this research project is to investigate dispersion as a method of
quantifying geological characterization and defining reservoir heterogeneity in order to enhance
crude oil recovery. The dispersion of flow of a reservoir rock (dispersion coefficient and
dispersivity) was identified as one of the physical properties of a reservoir rock by measuring
the mixing of two miscible fluids, one displacing the other in a porous medium.

A rock was 100% saturated with a resident fluid and displaced by a miscible fluid of
equal viscosity and equal density. Some specific experiments were performed with unequal
densities.  Produced fluid was analyzed by refractometer, nuclear reaction, electrical
conductivity and X-ray scan.

Several physical and flow characteristics were measured on the sand rock sample in order
to establish correlations with the measured dispersion property. Absolute permeability, effective
porosity, relative permeability, capillary pressure, the heterogeneity factor and electrical
conductivity were used to better understand the flow system.

Linear, transverse, 2-D and 3-D dispersions were measured and used to characterize the
rock heterogeneity of the flow system. A new system of measuring dispersion was developed
using a gas displacing gas system in a porous medium. An attempt was also made to determine
the dispersion property of an actual reservoir from present day well log data on a producing
well.
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Executive Summary

A significant part of the remaining hydrocarbon reserves of the United States remains in
developed oil fields where the oil cannot be produced economically by primary production . Oil
production from these pressure depleted reservoirs is increasing due to recently accelerated
developments such as water flooding and other enhanced oil recovery methods. Non-uniform
permeability of a oil reservoir (flow heterogeneity) is a major factor in the recovery of oil.

This study investigated the use of dispersion measurement as a method of defining
reservoir heterogeneity and its effect on oil recovery. An important objective was to develop
innovative methods to measure this property of the reservoir rock. The research was performed
as eight tasks over a four year period.

Task 1 To investigate various methods of measuring dispersion, dispersion coefficient,
and dispersivity of a reservoir rock;

Task 2 To develop a new method of evaluating dispersion in a miscible system using
Oxygen-18 water and nuclear reaction analysis;

Task 3 To relate the dispersion flow property to other properties of a rock such as
relative permeability and capillary pressure;

Task 4 To attempt to obtain the dispersion flow property of a reservoir rock by using well
log data;

Task 5 To study the interconnection of linear, transverse, 2D and 3D dispersion;

Task 6 To study the differential equations describing dispersion flow;

Task 7 To develop a new method of using X-ray scan to determine dispersion along the

length of a rock;

Task 8 To use a gas of one composition to displace a second gas of a different
composition in order to measure a flow property of a porous medium.

The various tasks were investigated over the four year period of the research project.

The report presents a summary of the entire study including tasks 1 to 8 and contains a record
of all work and findings of this contract.

xiii




CHAPTER 1

Introduction

Recovery of oil and gas from complex reservoirs is inefficient because our understanding of
the pore structure of reservoir rocks is inadequate to explain and predict internal variability and the
paths of fluid flow in reservoirs. Improved recovery of hydrocarbons will require significant
advances in our ability to characterize the reservoir rocks. Many parameters have been defined for
this purpose such as porosity, permeability, specific surface area, formation resistivity factor,
tortuosity, capillarity, pore size distribution and so on. All of these rock properties are used in the
oil industry to describe a reservoir rock.

However, none of the above parameters can uniquely characterize the mixing ability of
miscible fluids within a reservoir rock. The mixing process is relevant to many problems involving
underground flow such as the migration of fertilizers towards aquifers, leaks of chemical or nuclear
wastes stored in low-permeability rocks, the spreading of chemicals, and miscible flooding for
enhanced oil recovery. This latter process is usually termed the dispersion phenomenon. A
knowledge of the mixing ability of the miscible fluids in a porous rock will add a new dimension to
reservoir characterization. This is critical to improve the efficiency of enhanced oil recovery.

The unsteady state mixing of two miscible fluids displacing one another in a porous rock is
governed by a dispersion phenomena. In a heterogeneous porous medium, two basic mechanisms
drive the dispersion process. This is a result of the chaotic nature of the pore level velocity field
force on the flowing fluids. In a heterogeneous porous medium, flowing streamtubes are dissipated,
continually break-up and rejoin together at the junction of flow channels. This leads to a variation
in length of streamlines across the porous system. This accounts for the kinematic mechanism of
dispersion in rock. Changing pore geometry, pore orientation and local permeabilities across the
rock cause a change in flow velocity. These mechanisms cause a concentration front of fluid
particles to spread as flow takes place. The extent of the spread of the concentration front of the
fluid mixing is a measure of dispersion. This experimental investigation was designed to develop,
measure and study dispersion, the dispersion coefficient, and dispersivity to determine their
correlation with other rock properties in order to be able to predict oil recovery.




CHAPTER 2

Determination of Dispersivity and Correlations with Rock Properties

2.1 Introduction

Dispersion is a common problem in ground water hydrology, chemical engineering processes,
and enhanced oil recovery techniques where an injected fluid displaces the reservoir oil. There are
two types of dispersion in relation to the direction of gross fluid flow: i.e., longitudinal and
transverse. Research on dispersion began in the early 1950’s and a great deal of literature is
available on this topic. The reference list at the end of this report includes available dispersion
reports.

There are two possible extremes for the form of the dispersion coefficient D: (1) directly
proportional to velocity, and (2) proportional to velocity squared. Put mathematically, respectively:

and,

D = a,U? (2.1.2)

Experiments seem to indicate that the first of these forms corresponds to physical reality.
This implies that there is no mixing of material on adjacent streamlines. The constant ¢, with the
dimension of length, has been termed as dispersivity. The dispersivity is expressed as the quotient
of the dispersion coefficient and interstitial fluid velocity. Local dispersivities are of the order of
102 to 1 cm for laboratory experiments and range from 10" to 10? m for tracer tests in porous media
as calculated in the field"™. Some typical values for local longitudinal dispersivity are also shown
in the order of 102 to 1 m®'. Values in the range of 3 to 200 m have also been reported®®, but these
values may not be physically meaningful. In order to obtain meaningful predictions of contaminant
movement at existing sites and to apply advection-dispersion models to new or proposed sites, an
accurate way of quantifying dispersivity has to be developed. The values calculated in the field
tracer tests are biased by the scaling effect. It appears that dispersivity increases with distance from
the injection point.

The purpose of the present study was to obtain data from laboratory core displacement tests
and to calculate the dispersion coefficient and dispersivity in order to characterize the reservoir rock.
Using both cores and plugs taken from Berea sandstone, such rock properties as porosity, absolute
permeability and the heterogeneity factor were measured. Using Brigham’s®® method, the
dispersivity values for each core and plug were determined. In a manner similar to the correlation
of reservoir fluid property , which is well developed in the literature, an attempt was made to
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correlate dispersivity with the rock properties listed above. Using a non-linear multiple regression
technique, dispersivity values were calculated and their scattering pattern on a cross-plot was
simulated by the Monte Carlo method. A statistical analysis is presented to determine the validity
of the regression models developed in this study.

2.2 Experiment

This section contains the method and equipment used in performing the miscible displacement
experiments for calculation and testing of dispersivity for Berea sandstone cores.

2.2.1 Experimental Method

The experimental setup and apparatus is shown in Figure 2.2.1. The plug and cores used
were 1 and 2 inches in diameter with lengths ranging from 2 to 6 inches. A block of Berea
sandstone was obtained from Cleveland Quarry (Amherst, Ohio) and the 6 inch long cores were cut
from that block. The 1 inch diameter plugs with a length of 2.5 inches were taken from a 224 feet
thick Red Fork sand reservoir. '

Air permeability was measured with a dry air source. The liquid permeability was measured
to establish the final value of permeability since it is purely a rock property and does not depend
upon the type of fluid used (air or liquid).

In the displacement run, naphtha, crude oil, iso-octane, and a combination of all these fluids
were used as the displaced and displacing fluids. Thus the displacement process was miscible. The
combination of the fluids was chosen so that the fluids had equal densities and viscosities.

During the displacement run, the effluent concentrations of the displacing fluid were
determined by measuring the refractive index of the effluent fluid. The displacing fluid was injected
until its concentration in the effluent reached 100%.

2.2.2 Calculation of Dispersivity
The calculation of dispersivity and the interpretation of the data were performed by plotting

the concentration values against the volumes injected and also by plotting the parameter A versus
the displacing fluid concentration on probability paper. The parameter A is defined as:

(2.2.1)
‘_K
VP

where, V,= pore volume, cm’,
V = volume injected, cm’.




In the plot of A versus effluent concentration, a straight line was drawn and from this straight
line the values of Ay and A\, corresponding to 90% and 10% displacing liquids concentration,
respectively, were read. The dispersion coefficient, D, was then calculated by the following
equation:

UL (Ago-3,,)?

D= (2.2.2)

3.6352

where, U = average interstitial velocity, cm/sec,

L = length of plug or core, cm.
The dispersivity o was then calculated as follows:
D
= = 2.2.3

€ = 5 ( )

The heterogeneous system is defined as one in which the recovery at one pore volume solvent
injected in a matched viscosity flood is less than 99%. The degree of heterogeneity of a system is
given by the factor H. Koval defined H as follows:

K
H=Z (2.2.4)
where, K = parameter characterizing the viscosity effects,

E = effective viscosity ratio,

Vi = pore volume injected for complete or 100% displacement,

K = V,;=H*E (2.2.5)
E = (0.79 + 0.22 V 4l4 2.2.6)
Vr =p residcnt/ ”‘disp]acing (22-7)

Table 2.2.1 is the database for plugs and Table 2.2.2 is the database for cores. Note that
one data point consists of an individual value for dispersivity, porosity, absolute permeability and
the heterogeneity factor. There are 37 data points including both core and plug databases.

The databases are obtained exclusively from calculations based on laboratory displacement
data. Unlike fluid property correlation® (e.g. bubble point pressure for crude oil), there is no known
method to smooth the measured data before using them for establishing correlations. Nonetheless,
an attempt was made in this study to see if the permeability data could be adjusted by means of a
single variable correlation with the porosity. If such a correlation exists, the correlated permeability
values may be considered in place of the experimentally determined permeability values, and the
former may then be used to fit in the proposed regression model for dispersivity.




Table 2.2.1 Plug Data

Serial Fluid ) k o
Number Property Run # Plug # (%) (md) H (cm)

1 IDN 35 1 14.70 18.00 3.03 0.157
2 IDN 36 2 13.40 13.00 2.81 0.2105

“ 3 IDN 37 3 17.90 26.00 2.04 0.1357
4 IDN 38 4 14.82 14.00 2.15 0.1858
5 IDN 39 5 15.54 8.80 3.38 0.0526
6 IDN 40 6 17.09 29.00 2.36 0.3249
7 IDN 41 7 9.85 26.00 2.39 0.3574
8 NDI 45 7 9.85 26.00 4.26 0.2865
9 IDN 42 8 15.63 58.00 2.00 0.2010
10 NDI 46 8 15.63 58.00 2.30 0.2791
11 IDN 43 9 16.06 33.17 2.14 0.1208
12 IDN 47 11 18.12 35.00 1.833 0.2234 |
13 IDN 48 12 11.90 72.00 2.658 0.2042
14 IDN 49 13 13.15 119.0 2.476 0.0626
15 IDN 52 19 13.15 6.45 3.5313 | 0.8042
16 IDN 53 20 15.20 225.0 2.182 0.0852
17 IDN 54 21 16.90 125.0 2.383 0.2505
18 IDN 55 22 16.50 200.0 2.156 0.1160
19 IDN | 57 | 24 16,07 170.0 2.427 0.1979

IDN = Iso-Octane 89% diesel oil 11% displacing naphtha,
NDI = Naphtha displacing Iso-Octane 89% diesel oil 11%,

¢ = Porosity, %,

k = Permeability, md,

H = Heterogeneity Factor,
o = Dispersivity, cm.




Table 2.2.2 Core Data

Serial Fluid ¢ k o
No. Property Run # Core # (%) (md) H (em)
1 NDC 4 1B 22.6 225.0 2.0 6.17

2 NDC 5 2B 22.6 15.0 2.37 1.45

3 NDC 7 3B 18.1 90.0 2.20 3.30

4 NDC 10 4B 19.6 98.0 1.72 3.39

5 NDC 12 5B 19.8 143.0 2.26 3.93

6 NDC 14 6B 22.8 680.0 2.00 6.30

7 CDN 8 3B 18.1 90.0 330 | 0.7

8 CDN 9 4B 19.6 98.0 3.40 0.08

9 CDN 11 5B 19.8 143.0 5.57 0.12
10 CDN 13 6B 22.8 680.0 3.30 0.13
11 NCDIS 6 3B 18.1 90.0 1.93 0.37
12 NCDIS 19 7B 17.1 8.40 1.80 0.11
13 ISDN 31 10B 21.5 300.0 1.75 0.142
14 NDIS 32 1B2B 18.9 163.0 1L72 0.477
15 DODN 34 11B 20.2 68.0 2.00 0.0784
16 NODIS 28 8B 21.7 250.0 1.57 0.09
17 NODIS 3 9B 20.3 215.0 1.7767 0.1893

__18 NODIS 3 B 1172 93.0 1.2510 0.0089 |

NDC = Naphtha displacing crude oil,

CDN = Crude oil displacing naphtha,

NCDIS = Naphtha 90% diesel 10% displacing iso-octane,

NODIS = Naphtha 80% diesel 20% displacing Iso-Octane 89% diesel oil,
ISDN = Iso-Octane 89% diesel oil 11% displacing naphtha,

NDIS = Naphtha displacing Iso-Octane 89% diesel oil 11%,

DODN = Diesel oil displacing naphtha,

¢ = Porosity, %,

k = Permeability, md,

H = Heterogeneity Factor,
oy = Dispersivity, cm.




2.3 Regression of Experimental Results
2.3.1 Fitting of the Non-Linear Regression Models

The goal of the present study was to correlate dispersivity, oy, with porosity, ¢, permeability,
k, and the heterogeneity factor, H. In order to accomplish this, the following types of non-linear
regression models were envisaged:

(a) Direct non-linear multiple regression:

a, = a¢Pk°H? (2.3.1)

(b) Iterative non-linear multiple regression:
a; = ad®ktH? (2.3.2)

Equation 2.3.1 is direct because the non-linear can be removed by logarithmic transformation
resulting in Equation 2.3.3. The least square method has to be applied only once to determine the
regression parameters a, b, ¢ and d.

Log(a,) = Loga +bLogé + cLogk + dLogH (2.3.3)

In contrast, a logarithmic transformation of Equation 2.3.2 did not readily linearize the
equation. In fact, there is no known transformation method to linearize Equation 2.3.2 in terms of
the unknown parameters a,b,c and d. To fit the regression model represented by Equation 2.3.2,
the following iterative procedure was used. Equation 2.3.2 can be written as:

Log(a,+HY = Loga +bLogd+cLogk (2.3.4)

Assuming arbitrarily a value of the parameter d, Equation 2.3.4 becomes linear in terms of
the remaining regression parameters. Therefore, the method of least square now can be applied to
determine parameters a, b and ¢. Another value of d was assumed and the process was repeated for
a few hundred times automatically using a FORTRAN code developed to perform the calculation.
The purpose of this iteration was to find the optimum value of d for which the coefficient of
determination, R?, is maximum. Thus the iterative non-linear regression involved multiple use of
the least square method for the determination of regression parameters.

It was felt that smoothing of the permeability data by establishing a permeability-porosity
correlation, if feasible, could result in a better correlation for dispersivity. For the k-¢ databases
used in this study, correlation of the type:




k = a, o™ (2.3.5)

was observed. In the regression models represented by Equation 2.3.1 and 2.3.2, both experimental
and smoothed ¢ data were used separately.

2.3.2 Solution Method and Results

The regression model represented by Equation 2.3.1 or 2.3.3 can be readily solved by using
the SAS package or LOTUS spreadsheet. To solve the iterative model represented by Equation 2.3.2
or 2.3.4, however, there is no procedure in the SAS package. The use of the LOTUS spreadsheet
is also not possible. Therefore a FORTRAN program was developed to implement the iterative
algorithm as outlined in section 2.3.1. The program is general and strong in the sense that it
incorporates an automatic switching algorithm to select the variable that appears in Equation 2.3.2.
Later an analysis of the fitted model suggested that the use of a random number and the Monte Carlo
simulation might result in an improvement of the model. Exploring this idea, another FORTRAN
program was developed.

The results of the regression models are presented in Figure 2.3.1 through 2.3.6. These
are the various cross-plots of the experimental ¢, plotted against the calculated o, The chaotic
scatter of data in Figure 2.3.1 resulted from the use of unsmoothed porosity (or permeability) data
in the regression model. When the porosity (or permeability) data was smoothed using Equation
2.3.5, the dispersivity cross plot showed a marked improvement, as shown in Figure 2.3.7. Later
in section 2.3.3, it will be shown that the regression model using smoothed porosity (or permeability)
data can be further improved by the application of the Monte Carlo technique. Using the parameters
a,b,c and d, the two types of correlation for dispersivity finally take form, as represented by
Equation 2.3.1 and 2.3.2, respectively:

@y = 1.4217 09918 ~0.3113 ;0.5429 (2.3.6)
and,

ad - 1_91192¢—0.130611k-0.004_H—O.OOG (2.3_7)

Equations 2.3.6 and 2.3.7 are based on the data obtained from the plugs. The parameters
are different for data obtained from the cores. These Equations are shown below:

@y =1.21%10°8¢5- 3k 0-0541.07 (2.3.8)

and,




o

&y = "2743*10-3¢2.12181k0.00251 —H°-72 (2.3.9)

If the cores and plugs are used together, the regression equations become:

&y = 0.0025 *-2404 jp~0.0153 f-0.6007 (2.3.10)

and,

¢a = 0_3568¢o.sszsko.ous_Ho.us (2.3.11)

A modified version of Equation 2.3.1 was also studied. The parameter ¢ associated with
permeability k was fixed as 0.5 in order to maintain dimensional homogeneity of the equation:

&y = 0.0558 08313 0.5 pr1.7073 (2.3.12)

The results are shown in Figure 2.3.8. As the results show, there is no obvious gain in the value
of R?, but the cross plot in Figure 2.3.8 has shown some improvement over the model represented
by Equation 2.3.1.

2.3.3 Discussion of the Regression Models

To find a measure of a linear model which fits a set of data, the multiple regression
equivalent of R?, the coefficient of determination was used. It is defined as:

- 2
p2o1-2 V1Y) _ . 8SE (2.3.13)

Y vy 88y,
where, y; is the predicted value of y; for the model.

The value R? =0 implies a complete lack of fit of the model to the data, and R? =1 implies
a perfect fit, with the model passing through every data point.

For Equation 2.3.6, R? =0.1541 and for Equation 2.3.7, R? =0.14. Although these values
are very small, it is too early to say that dispersivity cannot be correlated at all with such reservoir
properties as were used in the present study. This speculation stems from the fact that although
permeability k usually is correlated with porosity, there are many cases where these properties cannot
be correlated at all. Using the core data used in this study, a k-¢ correlation of the type of Equation
2.3.5 was investigated, where a, and b, were determined to be 2.366*10 and 5.929, respectively.
The corresponding R? value was equal to 0.27 which was low as in the case of Equation 2.3.1 and
2.3.2. Thus for the cores studied, k cannot be correlated with ¢. Further study could be conducted
to determine what happens to the dispersivity correlation when a good k-¢ correlation exists for a
given type of rock.




The test statistic used to test the overall model was the F-test. This test statistic is defined

as:

F = Mean sum of square of deviations from mean/ Mean sum of square of errors (2.3.14)

The upper tail values of the F distribution are given in the standard table. This test statistic
is defined as:

Rz
K3
F = 2.3.15
{(1-R?) ( )
[n-(3+1)]
where, n = number of data points,
6 = number of parameters in the model - 1.

The F test statistics become large as the coefficient of determination R? becomes large. To
determine how large F must be at a given value of o, at which the model is useful for predicting y,
the rejection level set is given by:

Foe > Fy (2.3.16)

Like the R? analysis, the F-test was calculated for both the k-¢ model and the o, model. The
values of the one-tailed test statistic-F were calculated using Equation 2.3.15 for 10% probability of
Type 1 error. For the k-¢ model:

R?=0.27 6=1 n=15
Therefore,
Rz
P, -— 8 -4 (2.3.17)
(1-Rr?)
[n-(d+1)]
where as, " Fyqo = 3.14 (from F-table)

Thus F,,. > F;q, which means that the k-¢ model has an overall utility.

For the oy model represented by Equation 2.3.12, R? = 0.35,6 = 2, n = 13, F, . = 2.72,
Fy10=2.92, and F . < Fy,, which indicates that the model does not have an overall utility for
prediction purposes. It may be noted that F; ,, = 2.67 for n = 19, i.e., if the number of data points
is increased from n = 13 to n = 19, the model is most likely to be valid. Since an increase in n
is also attended by an increase® in R?, a glance at Equation 2.3.15 shows that for n = 19, the F,,
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will also be greater than 2.72. The F-test thus suggests that in order to use the model represented
by Equation 2.3.1, more than 13 data points are necessary. The results of the F-test for the other
oy models are shown in Table 2.3.1.

Table 2.3.1 Testing of Overall Utility of Dispersivity Models

I

Data
Type Model R? n 8 Fos ) S Remarks
Plugs 1 0.1541 17 3 0.7892 2.56 Needs
Cores 1 0.1380 18 3 0.7476 2.52

Combine 1 0.0960 35 3 1.0977 2.27 more
Plugs 2 0.2351 19 3 1.5377 - 2.49 data
Cores 2 0.1328 19 3 0.7131 2.52

. ' points

Combine 2 0.1072 37 - 3 1.3208 2.26

Plugs Modified 0.3519 13 2 2.7147 2.92

From Table 2.3.1, it can be seen that the F-test does not imply overall validity of the models.
For all the data types and/or models, probably more data points are needed in order to determine the
model parameters.

The dispersivity cross-plot (Figure 2.3.7) shows an interesting feature. It may be observed
that as dispersivity increases, the relative scattering of the calculated dispersivity also increases. This
indicates that the regression model may be more accurate at lower dispersivity values than at higher
ones. Although there is no distinct mathematical trend in the scattering, it can be seen that almost
all the points are contained within a conical section generated by a line measuring 8, degree above
the perfect fit 45° line and another at -6°, below. Obviously, if 6, ,=0° then it indicates a 100%
correlation, which is, of course, not attainable in a realistic sense. On the other hand, if §,=45°
and/or -8,=45°, then there is no correlation at all. Therefore, the ratio v>=6/45 provides a measure
of goodness of the correlation developed. Therefore v’ 0 implies a good correlation, -1 shows
no correlation. In our case, v,2=0.19 and v,>=0.11, which are closer to 0 than 1. Although these
numbers seem to be good, a concrete assessment of this measure of goodness of correlation will
necessitate the application of the calculated dispersivity values in a reservoir simulator to study the
sensitivity on history matching.

By measuring the angle 8, and 8, and assuming that the data scattering is somewhat random
within these two limits of 6, a random correction factor, w, given by:

11




_ 1
@ = T 15510) (2.3.18)

may be applied. Then the modified regression model may be written as:

ay = (aPk°HI) *0 (2.3.19)

The correction factor, w, is generated by the Monte Carlo simulation which is facilitated by the
assumption that & may be chosen at random'*. Using Equation 2.3.19, a set of oy values were
calculated and the cross plot was superimposed (Figure 2.3.9) onto the crossplot obtained without
applying the correlation factor. It is observed in Figure 2.3.9 that the data scattering has reduced
to some extent, indicating an improvement in the correlation.

Instead of calculating a single value of o, from Equation 2.3.19 for a set of ¢, k and H
values, a large number of «, values can be calculated using the Monte Carlo program. These oy
values should display a mound shaped distribution with a mean located somewhere near the middle
of the vertical line segment CD. To obtain this point, about 225 dispersivity points were calculated
using Equation 2.3.19 and the arithmetic mean was taken. The procedure was repeated for each of
the observed dispersivity values. Using these calculated statistical average values of dispersivity, a
crossplot was made (Figure 2.3.10). Obviously Figure 2.3.10 has better reproducibility than Figure
2.3.9.

2.4 Conclusions and Recommendations

- Based on the review of literature and work carried out in this study, the following conclusions
and recommendations are made.

2.4.1 Conclusions

(1) - Comparison of results from the regression models showed that the use of smoothed
porosity or permeability data resulted in a considerable improvement of the correlation.

2 Exploiting the trend of the data scattering in the dispersivity cross-plot, a method for
applying a correlation factor to the correlations was derived. In this, the Monte Carlo
technique was also utilized.

3) The statistical analysis of the fitted regression models indicated that probably more
experimental data points are needed to determine the regression parameters in order to
facilitate prediction of dispersivity in terms of rock properties used in this study.

©)) The value of dispersivity can not exclusively be calculated by using reservoir rock

properties used in this study.




2.4.2 Recommendations

M

@
&)
@

Laboratory experiments as outlined in this study should be redesigned for better
reproduction of experimental data. This will help in reproducibility and sensitivity of
data.

Besides rock properties, some fluid properties may also be included in the regression
models.

The study may be carried out for various types of sandstones. The phenomenon of
dispersivity may also be studied for limestone.

More than non-linear additive terms may be included in the iterative type regression
models. This will necessitate the development of a new mathematical approach to
determine the regression parameters.

2.5 Nomenclature

D
E

igslies |

calc

5 o R

dispersion coefficient, cm?/sec

effective viscosity ratio

value of F-test statistics from tables
value of F-test statistics calculated
heterogeneity factor

parameter characterizing viscosity effects
permeability, md

length, cm

number of data points

coefficient of determination

sum of squares for error

sum of squares of deviations

average flow velocity, cm/sec

volume injected, cm®

pore volume, cm®

pore volume injected, cm®

viscosity ratio of resident fluid to displacing fluid
dependent variable

estimator of the mean value of y

Greek Letters

>e >R
<

€= 2

dispersivity, cm

number of data parameters in model 1
porosity, percent

value at 10% of displacing liquid concentration
value at 90% of displacing liquid concentration
viscosity, cp

correction factor
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Figure 2.3.1 Cross Plot (Model 1: Berea Sandstone Plugs)

0.9+

0.8

0.7+

0.6

0.5

0.4

0.3

0.2

CALCULATED DISPERSIVITY, em

0.1

Oo

O g

1 1
02 0.4 0.6 o8 1
MEASURED DISPERSIVITY,cm

Figure 2.3.2 Cross Plot (Model 1: Berea Sandstone Cores)

15




CALCULATED DISPERSIVITY, cm

7 T
0 0.2 0.4 0.6
MEASURED DISPERSIVITY,.cm

Figure 2.3.3 Cross Plot (Model 1: Berea Sandstone Plugs and Cores)

0.8+
0.7+
0.6+
0.5+
0.4+

034 o o a

CALCULATED DISPERSIVITY, cm

024 5§ g o

I I
0 0.2 04 06 0.8 1
MEASURED DISPERSIVITY,cm

Figure 2.3.4 Crossplot of Dispersivity (Model 2: Berea Sandstone Plugs)




CALCULTED DISPERSIVITY, cm

QD‘PGD

&

[l T T 7 7 T
i) 2

MEASURED DISPERSIVITY, cm

Figure 2.3.5 Crossplot of Dispersivity (Model 2: Berea Sandstone Cores)

5 3-
>
) 2.5
2 i
w
a
173
S
g
o
pus
g 1.5 -
(&
Ctrm
1 & o o a
DD o O
,:,_5-@1:%3
DD
ol = T T T T T T T
1 2 3 4

[x]

MEASURED DISPERSIVITY, cm

Figure 2.3.6 Crossplot of Dispersivity
(Model 2: Berea Sandstone Plugs and Cores)

17




1

0.9 -

0.8
g .7 -
2 as-
X
ui
o
1 0.5 —
[aY #
o e
[} _ o
’:' 4~ //
3 e o
:t" n.x -7

Lo — -
© o L o

B
2 -
s o B oo
,
.'Q/ o o
DO <
[l T T T T T T T T T
0 0.3 0.4 0B DB i

MEASURED DISPERSIVITY, cm

Figure 2.3.7 Crossplot of Dispersivity
(With Smooth Porosity for Berea Sandstone Cores Using Model 1)

1

0.3 —

3.8 —
E Dl ///
< d
= 0.6 ~ //
v e
i
w
(% 0.5 -
=
&

04 —
5
3 \o &
;t' 0.x — o o
3 o

.2 =~ g e o

- s
a ,U/ L= 1] o
DO = o o

MEASURED DISPERSIVITY, cm

Figure 2.3.8 Crossplot of Dispersivity
(Dimensionally Homogeneous Model for Berea Sandstone Plugs)

18




1

1.9 -

0.8
E a7 =
2
kA 0.E = +
t‘
& |
2 0.5 + B
z +
B 0.4 — + 0O
5 +
» +
-} 0.3 -

8]
Q ] a
+
2.2 —
o + o
t o
a.1
-+
a T T T 1 Y T T T T
Q 0.2 0.4 0.6 o8 1
Weosured Dispmrsisity;, cm
a Without Corractlon ) + With Corrmction

Figure 2.3.9 Crossplot of Dispersivity (With Correction Factor)

3.3

3.F —

a6

2.8

Calculated Dispesrsivity, <m

u T T T T T T T T T
] 0.2 04 0.£ a8 1

Muozsured Dizperszi-dte, cm
a Withiaut Correctlon + With Avg Carrection

Figure 2.3.10 Crossplot of Dispersivity (With Average Correction Factor)

19




CHAPTER 3

Measurement of Dispersivity by Nuclear Reaction Analysis

The dispersion of water in a consolidated porous medium was measured using the
B0(p,a)** N nuclear reaction. A reservoir rock core was saturated with water enriched to 0.56 atom
% of 0 . During a miscible displacement of the resident '*0 enriched water by a brine solution
with natural 30 abundance, effluent mixtures of the fluids were collected as a function of time and
pore volume injected. The targets used for the nuclear reaction analysis were prepared by anodic
oxidation of tantalum at constant voltage. The 7a,0; film was bombarded with 0.73 MeV protons
and the resulting reaction alpha particles were recorded. The number of the reaction alpha particles
proportional to the 30 concentration in the effluent mixture was used as the concentration index for
the determination of the water dispersion profile and rock dispersivity.

3.1 Introduction

Radioactive and non-radioactive tracers have been applied in the study of dispersion of water
in porous geological material’®®”, Tritiated and deuteriated water, soluble ions, or a combination
of these, have been identified as satisfactory water soluble tracers®®. !0 enriched water and the *0
(p,o)SN nuclear reaction were used to measure the dispersion profile in an oil reservoir core and the
dispersivity of the core. The resident fluid (**O enriched water) was displaced by a diluted brine
solution in a miscible flooding process. When miscible fluids move through porous material, mixing
of the two fluids takes place both as a result of molecular diffusion due to spontaneous mixing, and
convection due to the dynamic motion of the fluids and the existing concentration gradient®®'®, This
type of mixing is defined as dispersion and may be influenced by differences in the viscosity and
density of the miscible fluids, fluid velocity, and the pore-size distribution.

The detailed derivation of the basic equations for isotope tracer analysis by nuclear reaction
and the mathematical formulation of the dilution process based on two compartment kinetics is
presented in ref.[177] Here only the result is given by expressing the 0 concentration of the
effluent fluid as:

R, (ES) -C(BS)

Cg(2%0) = 1G58

(3.1.1)

The quantity R (ES)=N_(E)/N(S) is the ratio of the alpha particle count rate N_(E) obtained
from the Ta,O;targets prepared from the effluent fluid and N,(S) the alpha particle count rate from
targets prepared from the 0 enriched water used to initially saturate the core. The quantity C (BS)
is the ratio of the ®O concentration of the displacing fluid, C,, (brine in this case) and the 20
concentration of the enriched water, Cs, initially used to saturate the core. The concentration Cgand
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C; are proportional to the alpha count rate N,(S) and N,(B) respectively. The concentration ratio
C (BS) =C4/Cz = N_(B)/N(S) can be determined by measuring the alpha particle rate N_(B), from
targets made from the displacing fluid before it is injected, and N,(S).

Expressing the %0 concentration of the effluent fluid as given in Equation 3.1.1 has the
advantage that only count rate ratios appear so that no absolute calibration is needed. In order to
readily compare the resuits of the nuclear reaction analysis (NRA) with the results of the
conventional method of oil reservoir dispersivity measurements, where the index of the refraction
of the displacing fluid is the indicator, it is convenient to introduce the "brine" concentration of the
effluent fluid defined as:

Cy(B) = 1-Cx(*°0) (3.1.2)

This definition assumes that the *O concentration of the displacing fluid (brine) before being
introduced into the core is C, and the 'O concentration of the resident water in the core is C;.

The expressions for the dispersion coefficient and the reservoir dispersivity as given in refs.
[36] and [165] are respectively:

UL (Ag, -2,,) o Ky
K, = ’ = = , 3.1.3
P (3.625)32 ®= 7 ( )

The average interstitial velocity U = g/A¢, q is the average injection flow rate, A4 the cross sectional
area of the reservoir core, L the length of the core, and ¢ the porosity of the core as a fraction of
the pore volume. The quantities, Ay, and A, A=(R,1)/sqrt R,) represent 90% and 10%
concentration of the displacing fluid, respectively. R, = V/V, is the ratio of the effluent volume
injected at any time during the displacement and the pore volume of the core.

3.2 Experiment

The core sample was saturated with *0 enriched water (C; = 0.56%), after the porosity,
permeability and pore volume had been determined!®'%. The resident '*0 enriched water was
displaced using 8% brine solution which had an index of refraction equal to 1.3358. Fluid samples
(about 5 cc) of the effluent mixture were collected as a function of time and pore volume injected.
The index of refraction of the effluent fluid samples was measured with a refractometer. . The
displacement of the '*Q enriched resident water continued until the cumulative displaced fluid reached
more than 1.5 times the pore volume and the refractive index matched that of the brine solution.

The nuclear reaction analysis was done using a proton beam with an energy of 0.73 MeV
from the University of Oklahoma Van de Graaff accelerator. A beam current between 200 to 400
nA and an average dose of about 100 uC on target was used. The targets were prepared by
anodizing pure tantalum metal foil at a constant applied voltage of 100 V and an initial current
density of 10 mA/cm? in 2 cc of the effluent fluid mixture for 10 minutes of oxidation time. A
complete description of the technique is given in ref. [177].
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3.3 Results and Discussion

The data and results of the miscible displacement measurement are summarized in Table
3.3.1. Column (3), labeled R_(ES), gives the ratio of the alpha particle counts from the 7a,0; targets
prepared from aliquots of the effluent fluid and the '*O enriched water initially used to saturate the
core sample. It is expected that R (ES)=1 at the beginning of the miscible displacement. This is
observed to be the case within the 1% experimental uncertainty.

Table 3.3.1 Data for the Miscible Displacement of 0.56 Atom % %0
Enriched Water by An 8% Brine Solution at a Pressure of 42 psig
Through A Berea Sandstone Core Sample

(1) _(2) _3) 4 (5 (6) (D
Injection Pore C(B) (%)
Time Volume Index of
(10%sec) Injected R(ES) Refraction NRA Ind. of Ref. A
0.868 0.06 0.996 1.3340 0 | 0 -3.837
1.447 0.13 0.996 1.3340 -2.413
2.183 0.23 0.995 1.3340 -1.606
2.883 0.33 0.995 1.3340 -1.166
3.583 0.43 1.004 1.3340 -0.869
4.233 0.52 0.969 1.3340 4.9 -0.666
5.023 0.64 0.989 1.3340 1.7 -0.450
5.648 0.73 0.987 1.3340 2.1 -0.316
6.234 0.83 : 0.962 1.3340 6.0 -0.187
6.853 0.90 0.911 1.3340 14.0 -0.105
7.515 1.00 0.766 1.3348 36.8 44 .4 0
8.077 1.08 0.608 1.3350 61.7 55.6 0.077
8.631 1.17 0.522 1.3355 75.2 83.3 0.157
9.410 1.26 0.479 1.3355 82.0 83.3 0.232
10.213 1.39 0.439 1.3356 88.2 88.9 0.331
11.213 1.50 0.432 1.3358 89.3 100 0.408
L1163 | 150 | o404 13358 93,8 100 0.468 ||

Berea Sandstone Core:

Pore Volume=54.7 cm’® Bulk Volume=308.9 cm®
Porosity=17.71% Permeability=3.1 md
Fluid Velocity=0.0021 cm/s Core Length=15.24 cm
Core Area=20.27 cm?
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After the volume of the injected brine solution is 1.5 times the core volume, the index of
refraction of the effluent fluid is equal to the index of refraction of the injected brine. If this
indicates complete replacement of the resident water by brine, then, assuming a natural concentration
Cz= 0.204 atom% '*0 for the brine, one would expect that R (ES)=C(BS)=0.364. A measurement
of this ratio from brine and resident water before the beginning of the miscible displacement gave
N_(B)/N,(5)=0.36 in good agreement with the expected value. However, the observed ratio
R_(ES)=0.40 after the fraction of the core volume injected had reached 1.59 indicates a small
amount of resident fluid still present in the fluid mixture collected during the late part of the
injection period which can not be observed by the refraction index method. The concentration
obtained via the index of refraction method is based on a calibration curve which assumes that the
observed index of refraction at the end of the displacement (after 1.5 pore volumes have been .
injected) indicates the effluent fluid to be 100% brine.

Figure 3.3.1 shows the dispersion profile for the Berea sandstone core sample. The
concentration Ci(B) is plotted against the pore volume injected. The solid circles represent the
concentration values based on the index of refraction measurement using the method described by
Menzie et al in ref. [164). The open circles are the concentration obtained from NRA. It is evident
that the two methods predict breakthrough at the same pore volume injected. The shape of the
curves is typical for a zone in which mixing of two miscible fluids is taking place. However, the
points based on NRA show a "tailing", beginning at 0.5 pore volumes injected.

The observed flow pattern may be expected in certain porous systems during the displacement
of two miscible fluids. It has been argued’, however, based on data obtained for Berea cores, that
tailing may not be a characteristic of all porous systems. If that is true for the Berea core used in
this study, then the fact that the tailing is absent in the index of refraction method seems to point out
that observation of tailing may depend on the sensitivity of the method used in determining the
dispersion curve. The NRA method is based on the isotopic dilution of the resident *0 enriched
fluid by the displacing brine solution, and is very sensitive to small concentration changes during the
mixing of the two fluids.

The A-values given in Table 3.3.1 can be used to determine A;, and Ay, by plotting them
against the effluent brine concentration on a probability coordinate paper®s. The extent of the mixing
during the displacement may be determined from the straight line region of such a plot. The values
of A determined from the intercept with the 90% and 10% effluent "brine" concentration were
found to be 0.20 and -0.10, respectively. With the A values so determined the dispersion coefficient
and the dispersivity are determined as 0.00022 cm?/sec and -0.104 cm, from Equation 3.1.3 for both
methods.

The measurement we have described shows that water labeled with O can be used as a
resident fluid in the experimental determination of oil reservoir rock dispersivity. The high sensitivity
of the method allows the observation of small concentration changes. The necessity of an accelerator
for the analysis may not be a serious detriment to the method since the oxide targets are easy to
prepare and very stable and can be transferred to an accelerator laboratory for analysis.
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3.4 Nomenclature

p

Greek letters

cross section area of reservoir core, cm?

80 concentration of displacing fluid

30 concentration of enriched water

concentration of effluent fluid

the ratio of the 720 concentration of the displacing fluid to the ‘%0 concentration of
the enriched water

dispersion coefficient, cm?/sec

length of the core, cm

alpha particle count rate obtained from the 7a,0; targets prepared from the effluent
fluid

alpha particle count rate from targets prepared from the ‘%0 enriched
water

average injection flow rate, cm®/sec

the ratio of injection pore volume to pore volume, V/V,

the ratio of the alpha particle count rate obtained from the Ta,O; targets prepared
from the effluent fluid to the alpha particle count rate from targets prepared from the
80 enriched water '

average interstitial velocity, cm/sec

injection pore volume, cm’

pore volume of the core, cm®

dispersivity, cm

porosity of the core, %

A value at 10% concentration of the displacing fluid A=(R,-1)/sqrt R,)
A value at 90% concentration of the displacing fluid A=(R,-1)/sqrt R,)
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CHAPTER 4

Dispersion Characteristics and Determination of Flow Characterization

One of the most challenging aspects of reservoir engineering in the petroleum industry is to
evaluate the flow system in a heterogenous reservoir. The purpose of this study was to develop new
knowledge whereby the flow characterization in a porous medium or reservoir can be determined
using dispersion measurements.

A series of miscible displacement tests were conducted on Berea and Brown sandstones with
different permeabilities, system lengths and heterogeneities. The analytical methodologies were
utilized for dispersion measurements; (1) X-ray computed tomograph (CT) method, (2) X-ray linear
core scanning method, and (3) refractive index method. This research provides new knowledge and
background that can be used to assist reservoir engineers to define the flow system in a
heterogeneous reservoir.

4.1 Introduction

Dispersion is an important phenomenon known to depend fundamentally on the properties
of porous media and flow conditions. When a solute is injected into a saturated porous medium, the
solute will move along the flowing channels of the media at different velocities depending on the size
and shape of the pore channels. Menzie and Dutta (1989) have shown that the dispersion coefficients
can be correlated with the rock properties of the media. This discovery has brought attention to
dispersion research using laboratory and field dispersion measurements in the area of determination
of the flow characterization of a porous medium or a reservoir. In order to develop a method to
determine the flow characterization from dispersion measurements, a fundamental understandmg of
the dispersion phenomena in a small-scale heterogeneous rock is needed.

The specific objectives of the study are as follows:

(1) To develop different laboratory methods which can be utilized to study the dispersion
characteristics in porous media. These methods should be able to measure (a) the local heterogeneity
or variation of porosity and permeability of a porous medium, and (b) the in-situ and effluent
concentration profiles of the displacing fluid flowing through porous media during miscible
displacement.

(2) To develop a fundamental understanding of the features of dispersivity in a porous
medium from laboratory experimental results.

(3) To determine the relationships between dispersion, permeability, system length and
heterogeneity using small-scale heterogeneous porous media.

(4) To develop a method to determine the flow characterization in a reservoir using the
dispersion measurement.
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4.2 Experimental Methods and Apparatus

Three laboratory experimental methods were used to study dispersion and the characteristics
of rocks in this study. They are (1) X-ray Computed Tomograph (CT) method, (2) X-ray linear core
scanning method, and (3) Refractive index method.

4.2.1 X-Ray Computed Tomography

X-ray Computed Tomography (CT ) scanning is a powerful tool for studying small-scale rock
heterogeneities of core samples and visualizing fluid displacement inside of cores. The CT scanning
method gives computer enhanced X-ray photographs of cross-sectional slices of an object.

A miscible displacement system was set up on the CT scanning table as shown in Figure
4.2.1. The two miscible fluids used in this study were MN919 and ID1090. MN919 was a mixture
containing 91 % naphtha and 9% mineral oil. ID1090 was a mixture containing 10% iododecane and
90% naphtha. The two liquids had equal viscosity but unequal density. The properties of both fluids
are provided in Table 4.2.1.

Table 4.2.1 The Properties of Fluids Used in CT Scanning

“ Material Density ( at 74 °F) Viscosity (cp at 74 °F)
Naphtha (N) 0.75 0.57
I Mineral Oil (M.0) 0.86 27.9
| Tododecane (1.D) 1.257 3.6
MN919 (9% (M.0)+91% (N)) 0.76 0.69
| D 1090 (10% D) +90% a9y 0.80 0.69

4.2.2 X-Ray Linear Core Scanning Method

The X-ray linear core scanning system uses the basic principle of the X-ray absorption
method. This method was developed to measure the oil saturation in a core (Boyer, Morgan, and
Muskat, 1947). This technique is currently being used by several major oil companies and service
companies to measure saturation during the measurement of relative permeability.

A miscible displacement system was set up on the X-ray table as in Figure 4.2.2 to measure
the concentration profile during a miscible displacement. In addition to the concentration
measurement, the X-ray linear core scanning system was also used to determine the X-ray intensity
curves and porosity profile of the cores. These were used to characterize the different core samples.
Two miscible fluids, MN919 and ID1090, were used for the dispersion test using the X-ray linear
core scanning method.
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4.2.3 Refractive Index Method

The refractive index method has become a standard method used to measure the dispersion
coefficient in the petroleum industry (Menzie and Dutta, 1989). This method provides an accurate,
highly qualified, and economical measurement of an effluent concentration profile.

The experimental effluent analysis apparatus was set up as in Figure 4.2.3. Effluent fluid
samples were collected using a "CYGNET" fraction collector. The refractive index of the sample
was measured using an Abbe-type refractometer which is a device that uses the optical properties of
a given fluid to distinguish the relative percentages in a fluid mixture. Isoxy and naphtha were
selected as the two miscible fluids. Isoxy was a mixture of 53% isooctane and 47% orthoxylene.
Isoxy and naphtha had approximately equal densities and viscosity, while their refractive index values
were different. The properties of these liquids are listed in Table 4.2.2.

Table 4.2.2 Physical Properties of the Liquids Used
in the Refractive Index Measurement

Material Density (at 74°F) Viscosity (cp at 74°F) Refractive Index (at 74°F)
Isooctane (1.S) 0.64 0.50 1.3907
Orthoxylene (O.L) 0.87 0.82 1.5050
Naphtha (N) 0.74 0.63 1.4192
Isoxy (47% (O.L) + 53% (1.S)) 0.78 0.63 1.4450

4.3 Experimental Results

Eighty-three experimental runs were carried out on eight types of cores in this investigation.
Of the eighty-three runs, three were measured using the CT scanner, twenty-five were measured
using the linear X-ray core scanning system, and fifty-five were measured using the refractometer.

Five Berea sandstone cores (YA, YB, YC, YD, and YH) and one brown sandstone core (YE)
were used to study dispersion characteristics. Berea cores were labeled YA, YB, YC, YD, and YH
to distinguish the different permeabilities. Cores labeled YF and YG were man-made heterogeneous
cores which were combined from a series of Berea core segments with different permeabilities.
Cores labeled YE consisted of Brown sandstone. All cores used in this study had a 3.8 cm diameter
except core YH1 which had a 5.1 cm diameter. The lengths of the cores ranged from 7.6 to 76.2
cm.

4.3.1 Experimental Results Measured by a CT Scanner

Three experimental runs using the CT scanning method were conducted on Berea core YBS8
in order to study the dispersion characteristics of the Berea sandstone.




The first CT scanning run was used to scan the dry, clean core at each half-inch increment
over the length of the Berea core which was a combination of four core segments (YB1, YB2, YB3
and YB4) with a total length of 76.2 cm. Four cross-section images were taken in the middle of
each segment at 4.8, 28.7, 40.6, and 73.7 cm of the core as shown in Figure 4.3.1 to 4.3.4. Each
image represents a 3 mm thick segment of the sample. In a CT image, the darker region represents
the lower density of the material (air), and the lighter region represents the higher density of the
material (rock matrix). The images taken at the segments of YB1, YB2 and YB3 show that the
structure of these cross-sections is relatively homogeneous, but the image taken at the segment YB4
shows that the pore spatial distribution is not homogenous at that cross-section. Comparing these
four images, the YB3 sample is less dense, and the YB4 sample is more dense. In other words,
the porosity of YB3 is the highest, and the porosity of YB4 is the lowest. Since the average
porosities of the cores YB1, YB2, YB3, and YB4 are 19.9%, 20.1%, 20.5%, and 18.8%,
respectively, the CT images represent an accurate porosity level. These CT images indicate that the
Berea sandstone is a small-scale heterogeneous sandstone.

The second CT scanning run was used to scan the core saturated with MN919. A series of
cross-sectional images recorded at every half-inch increment was obtained. Since the rock matrix
of the dry core and the saturated core were the same, the difference between the two scans was
determined to be the pore space which was filled with air in the dry core and with liquid in the
saturated core. Therefore, the X-ray attenuation coefficients which were obtained on the dry core
and on the saturated core were different. Figure 4.3.6 is a CT image of a saturated core at the 57.7
cm location. This is the same location used for the dry core image shown in Figure 4.3.5. It can
be seen that the color of the image in Figure 4.3.6 is slightly lighter than that in Figure 4.3.5
because air was substituted for liquid. The two X-ray attenuation coefficients from the dry core and
the saturated core were used to calculate the porosity at that location.

The third CT scanning run was used to measure the concentration inside of the core during
miscible flooding. ID1090 was used to displace MN919 in this run. A comparison of the cross-
section images at the same location was made among the dry core, the core saturated with 100%
MNO919, and the core saturated with 100% ID1090. The dark color in Figure 4.3.7 and the light
color in Figure 4.3.8 show the different X-ray attenuation levels between the two liquids in the core.
The ID1090 is a strong X-ray attenuation liquid, resulting in a white color image. The CT numbers
measured on the core saturated with 100% MN919 and 100% ID1090 were used to calibrate the
concentration curve. The images of the MN919 and ID1090 mixture exhibited colors between the
dark color of 100% MN919 and the white color of 100% 1ID1090.

The porosity profile over the length of core YB8 can be determined from the CT numbers.
Figure 4.3.10 shows the porosity profile measured by the CT scanner.

The concentration profiles at different locations of core YB8 were measured while ID1090
displaced MN919. The displacement was at a constant flow rate of 0.015 cc/sec and a stable
injection pressure of 1.9 psi. Figure 4.3.11 shows the cross-sectional images of the mixing zone
corresponding to 0%, 5.4%, 22%, 52%, 73%, 89%, 96%, and 100% ID1090 concentration
measured on core YB8 at 7.2 cm location. The dark region represents the MN919 which is a low
X-ray attenuation material, while the light region represents ID1090 which is a high X-ray
attenuation material. As the concentration of the ID1090 increased, the light region became larger
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and larger from the bottom of the core to the top of the core. Although the density difference
between ID1090 and MN919 was only 0.04, the gravity segregation could still be observed in these
images.

Figure 4.3.12 shows the concentration profiles measured on YB8 Berea cores using the CT
scanner. The concentration curves show that the longer the lengths of the cores, the steeper the S-
shaped curve. Figure 4.3.13 shows the derivative curves of these runs. It was observed that the
peaks of the derivative curves increased as the system lengths increased and then stabilized at a
constant value.

4.3.2 Experimental Results Measured by X-Ray Linear Core Scanning

Twenty five experimental runs were carried out on eight Berea cores and one Brown core
using the X-ray core scanning system. Five types of cores (YA, YB, YC, YD, and YE) were
scanned using the X-ray core scanning system in order to obtain the X-ray absorption character of
the rock.

The X-ray intensity curves were based on the measurements taken on dry, clean core samples
before they were coated with JB-Weld and epoxy. An intensity curve for the dry core represents
the X-ray attenuation of the rock matrix and the pore space of the core. Figure 4.3.14 shows the
six X-ray intensity curves which were measured on the three YA, YB, and YC Berea core samples.
The six curves indicate that type YA, YB, and YC Berea cores absorbs X-rays uniformly, so they
are uniform rocks.

Figures 4.3.15 and 4.3.16 show the X-ray intensity curves measured on YD and YE Berea
cores. They indicate that type YD and YE Berea cores absorb the X-ray non-uniformly. The non-
uniform X-ray absorption may be caused by either rock material or pore structure.

Three porosity profiles of Berea cores (YA, YBS, and YH1) were obtained using the X-ray
linear core scanning system. Figures 4.3.17 to 4.3.19 show the porosity profiles of Berea cores
YAI, YBI and YH1. It can be observed that cores YA1 and YBI1 have relatively uniform porosity
distribution, but core YH1 has a non-uniform porosity profile.

Two miscible displacements were conducted on Berea core YH1. Nine concentration profiles
of the mixing front were measured in the first run at different times during the displacement of
MNOI19 by ID1090. Six concentration profiles were obtained in the second run at different times
during the displacement of ID1090 by MN919. Figures 4.3.20 and 4.3.21 show the concentration
profiles obtained from these two measurements.

4.3.3 Experimental Results Measured by Refractometer

Concentration profiles were measured on five different cores (YA, YB, YC, YD Berea, and
YE Brown cores), which have different permeabilities, to study the effect of permeability on
dispersion. Figures 4.3.22 and 4.3.23 show the concentration curves measured on different cores.
It was observed that the shape of the concentration changed as the permeabilities of rock changed.




Concentration profiles were measured on core samples with different lengths using two
processes to investigate the effect of length on dispersion. Figure 4.3.24 shows the concentration
profiles measured in the first process, in which the core segments were combined into different
lengths of cores. The concentration profiles show that as the length of the core increases, the slope
of the curve increases. Figure 4.3.25 shows that the peaks of the derivative curves also increase
with increasing system length and then stabilize at a constant value.

Figures 4.3.26 and 4.3.27 show the concentration profiles and derivative curves in the second
process, in which the measurement was first conducted on a longer core. Then the longer core was
‘cut into short cores. The same process was also used for other cores. These experiments illustrate
that the shape of the concentration curve changes as the system length changes; the peak of the
derivative curve increases as the system length increases.

The experimental runs were carried out on two man-made heterogeneous core samples. Core
YF was a combination core composed of two 15.2 cm core segments. Core YG was a combination
core composed of four 7.6 cm core segments. All of these core segments have different
permeabilities.

Two experimental runs were conducted on the YF core based on the direction of the fluid.
In the first experiment, the fluid flowed from the low permeability side to the high permeability side.
In the second experiment, the fluid flowed from the high permeability side to the lower permeability
side YA10. The same experimental procedures were also conducted on the YG core.

From the experiments, it was concluded that the concentration profile is not affected by the
order of change of permeability so the dispersivity is not affected by the order of change of
permeability. The beginning portion of the concentration curve of the combination core is different
from the ones of the original cores. However, the later portion of the concentration curve of the
combination core overlaps with those of the original cores.

4.4 Dispersion Characteristics in Coreflooding
4.4.1 Dispersion Factor

A new parameter, dispersion factor DF,;, was defined in this study. This parameter is a
single value which can be used to represent the characteristics of the concentration profile and its

derivative curve. The dispersion factor is independent of the system length so it can be used in the
sensitivity analysis of dispersion.

The dispersion factor is observed as a variation in slope of the lognormal distribution curve.
It was defined by the following equation:
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where: DFy = dispersion factor (dimensionless),
\' = volume injected (cm®),
v, = one pore volume (cm?®),
(V/IV,)so5 = pore volume injected at 50% concentration (dimensionless), and
(V/V )ga 14 = pore volume injected at 84.1% concentration (dimensionless).

The dispersion factor is a non-dimensional value from 0 to 1 which is directly proportional
to the degree of dispersion. A value of zero is indicative of piston displacement without dispersion,
while a value of one is indicative of large dispersion. The dispersion factor represents the spread
of the mixing fluid in terms of variation. It could be used as a characteristic parameter of the
concentration and derivative curves.

Figure 4.4.1 shows the concentration profiles measured on different length samples of YA

Berea cores. It was observed that the slopes of the curves of the shorter cores are steeper than those
of the longer cores. As the system length increases, the slope of the distribution curves stabilizes.

4.4.2 Effect of Rock Properties on Dispersion

The relationship between the dispersion factor and permeability shows that dispersion is very
sensitive to rock permeability. However, it is not a linear function of rock permeability. X-ray
attenuation analysis shows that Berea sandstone is not homogeneous, which indicates that dispersion
may also be dependent upon the rock characterization. For a relatively homogeneous X-ray
absorption rock, dispersion decreases as permeability increases, while for a relatively non-
homogeneous X-ray absorption rock, dispersion increases as permeability increases.

Dispersivity appears to be a length dependent parameter which increases as the system length
increases after the system length is longer than a critical length. But the dispersion factor is not a
length dependent variable and can therefore be used to evaluate the characteristics of a reservoir.
A critical length can be determined from laboratory experimental data. In a dispersion measurement,
different types of reservoir material have different critical lengths. Results indicate that critical
lengths are longer in high permeability rock. The critical length is also dependent on the method
of measurement. The critical length will be shorter if end-effects can be eliminated.

In order to study the effect of small-scale heterogeneity on dispersion, two man-made
heterogeneous cores, YF and YG, were made. Core YF was composed of two core segments and
core YG was composed of four core segments. Experiments were conducted on these combined
cores. It was observed that the order of the change of the permeability from low to high or from
high to-low does not affect the dispersion measurement. However, the dispersion factor is dependent
upon the heterogeneity of the core. It increases as the heterogeneity of the core increases.
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Dispersion behavior was shown to be strongly affected by the density of the displacing fluid.
CT images show that dense liquid mixes with lighter liquid from the bottom to the top of a core.
When the displacing fluid is more dense, the mixing zone is shorter, breakthrough time occurs later,
and the growing rate of the mixing zone length is slower. In contrast, when a less dense displacing
fluid is used, the mixing zone is longer, breakthrough time occurs earlier, and the growing rate of
the mixing zone is faster.

4.5 Flow Characterization in Miscible Displacement

One of the most significant challenges in reservoir engineering is to determine the
heterogeneity of reservoirs and predict the behavior of fluid flowing in the reservoir with respect to
space. Reservoir heterogeneity is usually determined by permeability distribution in porous media.
Permeability data, which can be obtained from core analysis or pressure tests, is limited by the
number and reliability of measurements. Laboratory values must be corrected to account for the
overburden effect. In addition, the heterogeneity of a reservoir is not only a function of the
permeability, but also a function of the flowing channels of the formation. The existence of fractures
and channels in a reservoir cannot be estimated accurately. Therefore, the determination of flow
characterization in a heterogeneous reservoir is still a challenging research area which needs to be
investigated.

4.5.1 Capillary Tube Model

A capillary tube model was developed to determine the pore flow size distribution from a
concentration profile. In the model, the flowing channels are arranged from the largest radius to the
smallest radius as shown in Figure 4.5.1. Poiseuille’s Equation (Amyx, Bass, and Whiting, 1960)
can be applied to each tube as follows:

_ RIfaP | 4.5.1
Q, TV ( )
where: Q, = the flow rate in a single tube (cc/sec),
AP = pressure drop (atm),
p = viscosity of fluid (cp),
L = length of a tube (cm),
r = radius of a flow channel (cm).
The total flow rate of a bundle of tubes is:
¥ xrpaP
0 =Yy —i (4.5.2)
= 8pL
where: Q. = total flow rate (cc/sec),

N = total number of the tubes in a medium.
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To apply Poiseuille’s Equation to miscible displacement, the following assumptions were
made:

1. The flow channels are filled with the first fluid, then the second fluid (injection fluid) is
injected into the tubes at a constant injection rate.

2. The viscosity and density of these two miscible fluids are the same, therefore no viscous
fingering and gravity segregation occur during miscible displacement.

3. The injection fluid will breakthrough first at the flow channel which has the largest
equivalent flow radius.

4. After the breakthrough of the injected fluid, the tube will produce only injection fluid.

For a miscible displacement, Poiseuille’s Equation was applied to the injection fluid as:

0. C, = ’;ﬁgr; (4.5.3)
and to the displaced fluid:
X AP o 4
Q.(1-¢) = 8—"51;1 rj (4.5.4)
where: C, = concentration of the displacing fluid measured in the effluent (%),

n = number of tubes which are full of injection fluid,
N = total number of channels.

A cumulative equivalent flow radius R,;, was defined by the following equation:

z 8pLQ,C,
(R0 = g:;i = ____“; z (4.5.5)

Equation 4.5.5 indicates that the injection fluid flows through each of the "n" channels at
each concentration measurement C,. The cumulative equivalent flow radius R, is directly
proportional to the concentration. The cumulative equivalent flow radius R,; , represents the size of
the channels that injection fluid has broken through. When the relative concentration is equal to one,
the cumulative equivalent flow radius is at the maximum value because all of the flowing channels
produce injection fluid only.

Equivalent flow radius was defined as:

- R

re.i =R el,n-1

el,n

(4.5.6)

Equivalent pore flow size distribution curves can be obtained by plotting the cumulative equivalent
flow radius or the equivalent flow radius versus concentration.
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4.5.2 Equivalent Pore Flow Size Distribution of Berea and Brown Sandstones

Seven equivalent pore flow size distribution curves of Berea and Brown cores were developed
from concentration profiles. Figure 4.5.2 shows two curves for the YA9 Berea core. The first
curve shows the cumulative equivalent pore flow radius which represents the sum of all radii which
produced the injecting fluid. The cumulative equivalent pore flow radius increases with the
concentration. The second curve shows the equivalent pore flow radius distribution that represents
the radius of each channel and which decreases with the increase of concentration. This curve
indicates that the earlier portion of the concentration profile represents the characteristics of the
mixing fluids which pass through the larger channels, and the later portion of the concentration
profiles represents characteristics of the mixing fluids which pass through smaller channels. The
equivalent pore flow size distribution curve shows that the pore structure of a YA Berea core is not
homogeneous.

The degree of microscopic heterogeneity can be evaluated using the variation of the
equivalent pore flow diameter. The variation of pore size distribution can be calculated by the
following equation:

_ oo aa. 14
0%
where, V,, = pore flow size variation (dimensionless),

dsox = equivalent pore flow diameter at 50% concentration (cm),
dg, 15 = equivalent pore flow diameter at 84% concentration (cm).

A large variation in pore flow size indicates a large degree of heterogeneity of the rock.
Figure 4.5.3 indicates that the dispersion factor increases with pore flow size variation, indicating
that the dispersion factor represents the flowing characterization in a small-scale heterogeneity rock.
A large dispersion factor is indicative of a large pore flow size variation. Since the dispersion factor
is a non-dimensional value, it can be utilized to evaluate the flow characterization in both laboratory
and field studies. The dispersion factor calculated from a concentration profile measured in the
laboratory represents the flow characterization in a small-scale heterogeneous core, while the
dispersion factor calculated from a concentration profile measured in a field test represents the
flowing characterization in a large scale reservoir.

4.5.3 Determination of the Flow Characterization Using a Field Dispersion Factor

A concentration profile was measured during a field test conducted in El Dorado, Kansas
(Ravnaas, 1981). A fresh water solution was injected in a well (MP-118) to displace salt water in
the formation. The concentration was measured in the observation well (MP-131) located at 90 feet
from the injection well, shown in Figure 4.5.4. The observation well was positioned directly
between the injection and production wells so that sampled flow streamlines were linear throughout
the system. The observation well (MP-131) was not perforated through its entire pay zone. It was
perforated through a 1-foot interval from 646 to 647 ft. This small interval disrupted the streamline
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between the injection and production wells as little as possible. The sampling flow rate from the
observation well (MP-131) was S barrels per day (bbl/day) and the injection flow rate was 150
bbl/day. The Dykstra-Parson permeability variation showed that the EL Dorado field is a reservoir
with a moderate degree of heterogeneity.

The concentration profile and its derivative curve are shown in Figure 4.5.5. The
concentration profile measured from the field test was not a typical S-shaped curve and the derivative
curve did not show a peak value as the volume injected approached one pore volume. The
dispersivity calculated from the concentration profile measured in this field test was 382 cm.

The dispersion factor for the El Dorado field was calculated to be 0.81, which was much
higher than most laboratory dispersion factors. This indicates that reservoir heterogeneity is much
larger than the microscopic heterogeneity in a reservoir rock.

This study shows that dispersion factors may be used to evaluate the flow characterization
in a reservoir. The dispersion factor obtained from a laboratory test may represent the flowing
characterization in a small-scale core sample, while the dispersion factor obtained in a field test may
represent the flowing characterization in a large-scale formation. Since the dispersion factor is a
dimensionless variable, it can be used to evaluate both the laboratory and the field measurements.
The results show that the dispersion factor calculated from a field test is much higher than that
calculated from a laboratory test. This indicates that the dispersion factor is more representative of
a given reservoir than the heterogeneity factor based on the permeability variable.

4.6 Conclusions and Recommendations

4.6.1 Conclusions

The following conclusions can be drawn from this study:

(1) CT scanning and X-ray linear core scanning methods were applied for dispersion
measurements in this study. A refractive index method was adopted from a previous study. A
comparison of these three methods reveals that both CT scanning and X-ray linear core scanning
have the advantage of being able to measure rock and dispersion characteristics inside the core.

(2) The CT images and the porosity profiles measured by the CT scanner and the X-ray
linear core scanning system indicate that Berea sandstone is not homogeneous. The results show that
Berea sandstone has small-scale heterogeneity. Laboratory results appear to indicate that dispersion
is sensitive to rock permeability; however, dispersion is not a linear function of the rock
permeability.

(3) The laboratory results show that the dispersion measurement is not stable when the
system length is shorter than the critical length. The concentration profile measured on a short core
has an early breakthrough and is skewed, which indicates a large dispersion. When the system
length is longer than the critical length, the shape of the concentration profile becomes stable and
the dispersion factor becomes constant. The critical length of dispersion measured in this research
depends on the type of rock and method used for measurement.
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(4) Laboratory dispersivity appears to be a length dependent parameter which increases with
increasing system length.

(5) The laboratory results indicate that a concentration profile measured on a consolidated
core is affected by the flowing channels of porous media. The early portion of a concentration
profile may represent the mixing in large flowing channels, and the later portion of a concentration
profile may represent the mixing in small flowing channels.

(6) Gravity segregation seems to play an important part in miscible displacement. Dispersion
behavior is strongly affected by the density of the displacing fluid. This study shows that for a
favorable density displacement, the mixing zone is short, the breakthrough time is late, and the
growing rate of the mixing zone length is slow. In contrast, for an unfavorable displacement, the
mixing zone is long, the breakthrough time is early, and the growing rate of the mixing zone is fast.

(7) A new parameter, dispersion factor DF,;, has been introduced in this study. The field
dispersion factor was found to be much higher than the laboratory dispersion factor, which may
indicate that the degree of reservoir heterogeneity is much higher than the degree of microscopic
heterogeneity. In addition, the dispersion factor measured in a field test is more representative of
a given reservoir than the dispersion factor measured in the laboratory.

4.6.2 Recommendations
Based on this study, the following recommendations are suggested for future study:

(1) A field test is suggested in order to study the features of the dispersion factor. The field
test needs to be designed to measure the dispersion factor at different distances between an injection
well and a production well. The flow characterization and dispersion can be studied further in the
field test. '

(2) Further research is suggested that focuses on the substitution of a non-constant dispersion
coefficient into the convection-dispersion equation. More theoretical work is required, and analytical
and numerical solutions of the modified convection-dispersion equation need to be developed. This
can improve the prediction of a miscible displacement.

~ (3) Gravity segregation appears to play an important part in miscible displacement. Further
laboratory and theoretical investigations that focus on the effect of gravity segregation on dispersion
are recommended.

(4) Using laboratory results, further research could focus on the correlation between the
capillary pressure curve and the concentration profile developed. Because the capillary pressure
curve represents the pore size distribution of a rock, the equivalent pore size distribution calculated
from the concentration profile could be used to calculate the capillary pressure curve, if the
interfacial tension between the two fluids is known.
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4.7 Nomenclature

C concentration, mg/liter

CT CT number, Hounsfield

dsog equivalent pore flow diameter at 50% concentration (cm)
dgs 1% equivalent pore flow diameter at 84.1% concentration (cm)
DFyq dispersion factor

L length of a core,cm

P pressure, psi

q injection rate, cc/sec

Q flow rate, cc/sec

r capillary radius, cm

I equivalent pore flow radius, cm

R, cumulative equivalent pore flow radius, cm

t time, sec

\Y injection volume, cm®

Vv, one pore volume of a core, cm®

Ve pore flow size variation (dimensionless)

Vsox volume injected at 50% concentration, cm®

Vaas volume injected at 84.1 concentration, cm®

Greek Letters

I viscosity of the displacing fluid, cp
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Figure 4.3.10 Porosity Profile of YBS Berea Core
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(a) 0% ID1090 Concentration

(b) 5.4% ID1090 Concentration (f)k 89% ID1090 Concentration

(¢) 23% ID1090 Concentration (g) 96% ID1090 Concentration

-
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Figure 4.3.11 CT Images Measured at 7.2 cm Location on Core YB8 Berea Core
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MN919 Displaced by ID1090
q = 0.015 cc/sec
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Figure 4.3.12 Concentration Profiles Measured on YB8 Berea Core by CT
Scanning Method
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Figure 4.3.13 Derivative Curves Measured on YB Berea Core Using CT
Scanning Method
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Figure 4.3.14 X-Ray Intensity Curves
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Figure 4.3.15 X-Ray Intensity Curve of YD Berea Core
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Figure 4.3.16 X-Ray Intensity Curve of YE1 Brown Core
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Figure 4.3.19 Porosity Profile Measured on YH1 Berea Core
Using X-Ray Linear Core Scanning System
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Figure 4.3.20 Concentration Curves Measured on YH1 Berea Core
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1D 1090 displaced by MN919 (q = 0.039 cc/sec)
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Figure 4.3.21 Concentration Curves Measured on YH1 Berea Core
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Figure 4.3.22 Concentration Curves Measured on 15.2 cm Cores
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Effect of Permeability on Dispersion
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Figure 4.3.23 Concentration Curves Measured on 30.5 cm Cores
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Figure 4.3.24 Concentration Curves Measured on YA Berea Core (Set 1)
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Effect of System Length on Dispersion
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Figure 4.3.25 Derivative Curves Measured on YA Berea Cores (Set 1)
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Figure 4.3.26 Concentration Curves Measured on YA Berea Core (Set 2)




Effect of System Length on Dispersion
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Figure 4.3.27 Derivative Curves Measured on YA Berea Core (Set 2)
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Figure 4.5.1 Capillary Tube Model
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Figure 4.5.2 Equivalent Pore Size Distribution of YA9 Berea Core
Calculated from the Concentration Profile
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CHAPTER 5§

Dispersivities of Reservoir Rocks From Well Logging Data

5.1 Introduction

To characterize the dispersion process, a parameter, called dispersivity, was defined as the
hydrodynamic dispersion coefficient divided by fluid flow velocity?. This parameter is also called
the characteristic length by some physicists such as Charlaix et al.*® and Hulin et al.!'”. They believe
the characteristic length is a controlling factor of the dispersion process and the structure of the pore
space.

Currently the dispersivity of a reservoir rock is usually determined by tests performed on
core samples (plugs) in the laboratory because the field tracer tests are often precluded due to the
expense and time involved. As a very important tool in oil exploration and development, well
logging provides continuous, extensive, and cost-effective in-situ information about the reservoir
rocks. If this information can be fully utilized to estimate dispersivity, time and expenses involved
with the coring process can be reduced. Extensive, continuous and in-situ dispersivity values about
the reservoir rocks could be provided. At the same time, the pivotal role of well logging in reservoir
characterization will be greatly enhanced.

The objective of this research is to develop a method of estimating the in-situ dispersivities
of reservoir rocks from well logging data. This result will be then applied to the characterization
of pore structures, fluid flow systems, and heterogeneities of the reservoir rocks. The determination
of dispersivity from well logs would also help to interpret the current suite of logs to add additional
characterization of the producing zone.

5.2 Theoretical Analysis
5.2.1 Tortuous Capillary Model

When the matrix of a porous medium can be considered as a non-conductor, the fluid flow
and electrical current flow are usually assumed to follow an identical and tortuous path in the porous
medium. This may be the case in clean oilfield sandstones. To describe this tortuous path, Carman®
defined a parameter, called tortuosity, as the ratio of the actual length of the path followed by a

particle or ion in passing through the porous medium, L., to the geometrical length of the medium,
L. Mathematically it is expressed as:

=L (.2.1)
L
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However, in most cases the tortuosity enters equations as its square. Therefore, another
parameter, called the tortuosity factor, is defined as follows:

L
=g = (= 5.2.2
T=1< (L)2 (5.2.2)

Both the fluid flow property and the electrical conductivity of a porous medium are linked
to the tortuosity or tortuosity factor. These properties are conditioned by the geometrical properties
of the pore system. The physical complexity of a porous medium makes it virtually mandatory that
some simplified model be assumed if qualitative, particularly, quantitative predictions are to be made
of flow behavior in the medium?!. For this purpose, a simple but effective model, called the
tortuous-capillary model'*>°, was adapted for the present study. This model is illustrated in Figure
5.2.1.

5.2.2 Electrical Formation Factor of Porous Rocks
The most fundamental concept in considering electrical properties of porous media is that of

the formation factor. As defined by Archie®, the formation factor is:

F = (5.2.3)

Nlebu

where R, is the resistivity of the rock when saturated fully with brine having a resistivity of R,

Applying Ohm’s law to the porous medium shown in Figure 5.2.1 and assuming the matrix
to be non-conductive, the formation factor can be expressed as:

F = (5.2.4)
A

| >

where A, is the area available to fluid flow and A is the cross-sectional area of the porous medium.

In regard to the area available for flow (A,), Wyllie and Rose®® assumed:

A = A (5.2.5)

where ¢ is the average porosity of the porous medium.

However, Cornell and Katz®, followed the Slawinski®*! concept and assumed:
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- oL
A, = d;(L‘)A (5.2.6)

Wyllie and Rose?’, and Wyllie and Spangler®” did not differentiate between A, and A, (see
Figure 5.2.1b), leading to variations in their expressions and in some subsequent analyses?®. Cornell
and Katz** by differentiating between A, and A, arrived at the expression for the formation factor
as below:

F=f:f:)i=f.=l 5.2.7)
¢ ¢ ¢

where 7 is tortuosity and T is the tortuosity factor.

By measuring the electrical formation factor and porosity, the tortuosity and tortuosity factor
can be calculated from Equation 5.2.7.

5.2.3 Fluid Permeability of Porous Rocks

According to Poiseuille’s law, Kozeny'* derived the average velocity along a tortuous path
as:

2
v, = ()% (5.2.8)
kp dx,

where r,, the hydraulic radius, is the ratio of the volume of the tortuous path to its wetted area; k,
is the Kozeny constant which depends on pore shape; p is the fluid viscosity; and dp/dx, is the
pressure gradient along the tortuous path.

As illustrated in Figure 5.2.1b, therefore:

d _1ladp (5.2.9)
dx T dx

3
where dp/dx is the pressure gradient along the pofous medium.

According to Darcy’s law, the fluid permeability of the porous rock is defined as:

K=--2%2_ (5.2.10)
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where K is the rock permeability and Q is the flow rate.

Substituting Equation 5.2.8 and 5.2.9 into 5.2.10, and also considering the difference
between A, and A_, we obtain:

2
K=k (5.2.11)
kF

(]

Further, considering the definition of mean hydraulic radius (r,) given by Carman®:

¢

r =9 (5.2.12)
s

where S is the particle surface area per unit volume which is defined as:

S=5a1-¢ = ﬂl_&‘_d’) (5.2.13)

f 4

where S, is the specific surface of the particles and d, is the average diameter of particles. Then:

1
T 3%k, 1-¢ F

(5.2.14)

This equation shows the relationship between fluid flow property (K) and electrical property
(F). It also indicates that the permeability of a rock decreases with an increase in the formation
factor and an increase in the particle diameter. When Equation 5.2.7 is substituted into Equation
5.2.14, it can be seen that permeability decreases as tortuosity increases.

5.2.4 Dispersion-Convection Model

The general 1-D equation which describes the transport and mixing of fluids through a porous
rock is expressed as:

D, L@_Vg = ¢%‘ (5.2.15)

Tar  ax

where D, is the longitudinal dispersion coefficient in a porous medium, including the effects of both
molecular diffusion and convective dispersion, V is the Darcy velocity, and C is the concentration.

Applying this equation to the model illustrated in Figure 5.2.1, Equation 5.2.15 can be
rewritten as:
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D'L::_j—v’gf - % (5.2.16)
where,
D', = DL*.‘.Z_ (5.2.17)
¢
v/ = V% (5.2.18)

where D'y is the effective dispersion coefficient in the tortuous capillary and V' is the Carman’s
modified pore velocity*.

When solved with different boundary conditions, Equation 5.2.16 yields slightly different
solutions for the effluent concentration. Kreft and Zuber'*! compared in detail all different boundary
conditions and the corresponding solutions in their paper and concluded that the differences between
the solutions for different injection-detection modes are essential in cases of low Peclet numbers.
In systems having high Peclet numbers, the numerical differences between the solutions become
negligible and the injection-detection mode is not as important.

The simplest case is to assume that the porous medium extends infinitely in both the +x and -
x directions when the porous medium is long compared with the length of the mixed zone, i.e.,

as X ===—->0 C(x,t) ~----- >0
and (5.2.19)
atx = V’t, C(x,t) ------ > 172
The resulting solution is:
x,-Vh
C = L] 2e (5220
2 4Dt
where
ed’c(x) =1 - ed(x) =1 - _%_fe‘czdc (5221)
e

By substituting Equations 5.2.17 and 5.2.18 into 5.2.20:
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(5.2.22)

By writing:
V .
U=— (5.2.23)
¢
K, = .2'_- (5.2.249)
¢
Equation 5.2.22 then becomes the same expression as given in the literature:
1 x-Ut
C = —e(fc[ ) (5.2.25)
2 "\ AR

where U is called the Dupuit’s pore velocity®® and K, is the effective dispersion coefficient in a
porous medium.

In the laboratory the effluent concentration is often measured at the outlet of the core. To
compare the equation with the experiment, it has been the practice to set x equal to L in Equation
5.2.25 and calculate the concentration for various values of injected pore volume®. The resulting
equation is:

1 1-1

C = —erfe]——
2 o (5.2.26)

Y

where I = V,/V, is the pore volume number of the displacing fluid injected, V; is the displacing fluid
volume injected, V, is the pore volume of the medium which includes the effective pore volume of
the sample and the endplate volume, and y = V*L/D, is the dimensionless dispersivity.

In addition, Brigham® also noted that Equations 5.2.19 and 5.2.20 define the fluid
concentration in situ, while the measured fluid concentration at the outlet of the core is the average
flowing concentration. From material balance, the relationship between the in-situ concentration and
the average flowing concentration is derived as:
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K, ac
= - 2 5.2.27)
Cf C U( )

Since dC/dx is negative, Equation 5.2.27 states that the average concentration flowing across a plane
is always greater than the concentration in place.

Substituting Equation 5.2.26 into 5.2.27:

%]
C = %er;fc 1-0 1_, ‘/171 (5.2.28)
Ny

To match experimental data Equation 5.2.28, rather than Equation 5.2.26 should be applied.

Concentration at I= 1 PV, and therefore,

1
4xy

C =

‘fe1-1 +

(5.2.29)

[SY

is always greater than 0.5. This is consistent with the experimental data on consolidated rocks.

Then the dispersivity can be evaluated from the 1 PV concentration point:

2
= 4xL(Crpyy - %) (5.2.30)

t~

¢D=

< |

Further, taking the first derivative to pore volume (I) on both sides of Equation 5.2.28, the
concentration derivative is:

1, o’ (IT?Z'
ac, U*P & T
= I, v _¢ ‘l+l(1__1_) (5.2.31)
x 4| X axmyI I P

Y

It is apparent that the peak of the concentration derivative is:
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Q) o
G o, v (5.2.32)
% 4| Floa
Y
where,
I - Y+ -1 (5.2.33)
Y

is the pore volume where dynamic miscible displacement efficiency reaches the maximum. Equation
5.2.33 states that I, is always less than 1.0, which means the peak of the concentration derivative
will occur prior to the injection of one pore volume of fluid.

Again, the dispersivity can be then evaluated from the maximum miscible displacement pore
volume, I, :

=L

« = L
Py

2r

1- ’-zm] (5.2.34)

Ciatl =1 and I, are related to each other. From Equation 5.2.30 and 5.2.34, the
following may be obtained:

c. =1, 1- I (5.2.35)
fort 3 8xI_

This relationship indicates that the less the [,,, the larger the C; at I=1. This conclusion is
consistent with the material balance. The normal range of I, is usually from 0.70 to slightly less
than 1.0, and correspondingly C; at I=1 ranges from 0.67 to slightly greater than 0.50.

The usual method of plotting the effluent concentration profile in miscible displacement is
to use probability paper and a volume modifying function. Brigham®® defined this volume modifying
function as:

Y,
(—V—-l) -1
A=t _ = 7 (5.2.36)
v, ,
v
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If this plotting gives a straight line on probability paper, the dimensionless dispersivity can
be then calculated from the slope of the line:

7-[ 2.380 ]2 = (_3_-2‘35_)2 (5.2.37)
Ay = Aoy = Ay

where Ao, Ao, Aso, and Ay are A values at 10%, 20%, 80%, and 90% concentration of the
displacing fluid, respectively.

Then the dispersivity of the rock is calculated by the following equation:

- L("so - A ) (190 A10] (5.2.38)
D 2,380 3.625

If the plotting on probability paper does not yield a straight line, the above equations are no
longer valid. In these cases, the following more complex model should be used.

5.2.5 Dispersion-Capacitance Model

Although most laboratory tests using sandpacks resulted in a symmetrical effluent
concentration profile, as predicted by Equation 5.2.30, many tests carried out on actual reservoir
rocks showed a marked deviation from this ideal behavior. These tests were characterized by (1)
breakthrough of the 50 percent concentration prior to the injection of one pore volume of displacing
fluid, and (2) an asymmetrical effluent concentration profile??>*, 1t was postulated by Deans™ that
such results might be due to capacitance effects. That is, the porous rocks in these tests must contain
stagnant or dead-end pores which contribute to the total pore volume but which do not contribute to
flow. Based on this postulation, Coats and Smith®® developed a mathematical model, called the
dispersion-capacitance model, to take into account of the effect of a stagnant pore volume on the
growth of the mixing zone. The modified equations are:

FC_, o _ .o ac'
i Ve I U5 (5.2.39)
a-n% - mc-c (5.2.40)

where f is the flow fraction of pore volume, M is the mass transfer coefficient, C is the in-situ
concentration of flowing fluid, and C* is the concentration of stagnant fluid.
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Coats and Smith*® gave the resulting solution as a complex mtegral evaluated at x=L. This
same equation is given by Brigham®’ for any x, as shown below:

C(JJ) = 23"]’8 , [alcos(pJ—wy)i-azsm(pJ—wy)]dp (5.2.41)

where J=I/f = U*t/L*f and y=x/L. Other terms are defined in the Nomenclature.

Again, by considering the difference between in-situ concentration and flowing concentration
indicated by Equation 5.2.27, the above solution may be modified as follows:

7" 11!(1-
4
c iy = 2 f e’ Y T cos(BJ-wy) +T,sin(BI-wy)lap ~ ©5:2.42)
0 o+
where,
T, = 20.2%.5Y (5.2.43)
2 4w Y
T, = 2q.2%.4% (5.2.44)
2 4w Y

Equation 5.2.42 rather than Equation 5.2.41, should be used when matching laboratory data
to the capacitance model.

Ordinarily, the capacitance model can match any effluent concentration profiles observed in
the laboratory by adjusting three parameters: f, M, and K;. Because of the multiple adjustable
parameters, multiple solutions can be obtained. To obtain a unique value for dispersivity, the other
two parameters (f and M) must be independently predetermined prior to using the capacitance model.

Using the concept of dead-end pore volume employed by Goodknight et al.*, Coats and
Smith® derived the following expression of the mass transfer coefficient:

=-_""3p (5.2.45)

where V, is the volume of the stagnant space, and A, and I, are the cross-sectional area and length,
respectively, of the neck leading to it, and D, is the molecular diffusivity of the two miscible fluids.
Equation 5.2.45 indicates that the mass transfer coefficient is proportional to the diffusivity of the
two miscible fluids. Jasti et al.'” have proved this fact experimentally. Therefore, when the same
fluids and flow rate are used for all experimental runs, the mass transfer coefficient should only be
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adjusted for flow fraction. If lower flow fraction is used, a higher mass transfer coefficient should
be used.

Flow fraction was conceptually defined as the pore volume that contributes to the dynamic
fluid flow. However, no practical method is currently available to measure directly its value in the
laboratory or field. An attempt was made to use L, as the flow fraction. Physically the value of
I... is the pore volume at which the dynamic miscible displacement efficiency reaches maximum.
By definition, this point corresponds to the peak of the concentration derivative.

After the mass transfer coefficient (M) and flow fraction (f) parameters are predetermined
for the system of interest, a unique value of dispersivity could be obtained by matching the
laboratory measured concentration profile with the capacitance model solution as indicated by
Equation 5.2.42. '

5.2.6 Relating Dispersivity to Petrophysical Parameter of Porous Rocks

Nearly all literature data shows that the longitudinal dispersivity for unconsolidated sand or
bead packs is proportional to particle size, d,, as shown in the following equation'®®:

ap, =175 d, @2 <P, <50 (5.2.46)

where P, is the Peclet number (P, = L*U/D,).

Raimondi et al.?®? have given a more general equation as below:

&p = ¢,ad, (5.2.47)

where ¢, is a constant and ¢ is a measure of the heterogeneity of the pack. Aris and Amundson'’,
Carberry*?, and Prausnitz?! have shown that the mixing-cell theory leads to a value of ¢, = 0.5.
This would then give a value of about ¢ = 3.5 for the typical random pack. However, it is expected
that o should be larger than 3.5 for consolidated sandstones.

Since the heterogeneity of a rock is only a conceptual parameter, the only way to determine
its value is to calculate back through Equation 5.2.47. Therefore, it is more convenient to report the
value of (¢,*0).

Substituting Equation 5.2.14 into 5.2.47, the following is obtained

a, = 6clo(-1-%‘-’),[—‘k,KF (5.2.48)

This is the relationship between fluid flow and electrical conductance properties. Since the
porosity and formation factor can be obtained directly from logs, and permeability can also be
estimated from logging data using empirical correlations, the rock dispersivity is then determined

65




using the above equation. However, the method of determination of the heterogeneity factor from
logs is still not developed.

5.3 Experimental Apparatus and Procedures
5.3.1 Experimental Preparation

Two sets of core samples, one Berea sandstone and the other Brown sandstone, were used
for the preliminary study on the correlation between dispersivity and log-derivable parameters. The
Berea and Brown sandstones were selected mainly because they are relatively clean (clay-free). The
shapes of samples were typically right cylinders with a diameter of 2.5 cm and with the length
ranging from 6.38 to 9.60 cm (see Table 5.3.1).

Table 5.3.1 Dimensions of Berea and Browr Sandstone Core Samples

| Core sample # Diameter (cm) Length (cm)

Berea sandstone

B#1 2.50 9.60
B#2 2.50 9.45
B#3 2.50 9.16
B#4 2.50 9.41
B#5 2.50 9.30
B#6 2.50 7.20
B#10 ’ 2.50 9.34
B#11 2.50 9.30

B#12 2.50 7.08

Brown sandstone

BN#1 2.50 9.32
BN#2 2.50 9.52
BN#3 2.50 9.46
_BN#4 ___2.50 6.38

The porosities of the cores were measured by the weight method. The resistivity of brine
solution and core samples were measured using a conducting bridge apparatus. The formation factor
of the sample was calculated by Archie’s equation. Liquid permeabilities of the cores were measured
using the injection method.
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5.3.2 Miscible Displacement

To run miscible displacement tests, two fluids were selected. These two fluids met the
following requirements:

(1) completely miscible,

(2) equal or close viscosities,

(3) equal or close densities,

(4) wide range of refractive indices,

(5) no chemical reactions with rock matrix,
(6) no adsorption to rock matrix,

(7) available and cost effective,

(8) easy to clean for repeat runs.

Methanol and toluene were selected as the testing fluids for the present research (Table
5.3.2). Since the tests are run horizontally, the effect of the small density difference can be
considered negligible.

Table 5.3.2 Physical Properties of Methanol and Toluene
(at room conditions: 24 °C and 1 atm)

Properties Methanol Toluene
Formula CH,0OH CHCH,
Molecular Weight 32.04 92.13
Density 0.81 0.88
Viscosity 0.600 0.5980
Refractive Index 1.3290 1.4890

The following three points are crucial for the system setup of a miscible displacement test.

(a) Since two different types of fluids will be used in this experiment, two separate flow
systems should be established to avoid flushing the flow system after injecting one fluid. Further,
if the flushing is not complete, the effluent concentration will be in error.

(b) In addition, because relatively low pressure (less than 5 psi) is usually applied in this
experiment, Manometers, rather than pressure gauges, should be used to record pressures. In this
way, accurate permeability values can be obtained.

(c) As indicated in the theoretical analysis, a constant flow rate is assumed. To ensure a
constant flow rate, a constant injection pressure should be maintained during the whole process of
displacement. However, even though the pump flow rate is usually kept constant, inlet pressure
increases initially from zero to a stabilized value. This pressure variation will cause the fluctuation
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of flow rate inside the core sample. Therefore, establishing a constant injection pressure prior to the
beginning of the displacement will be critical to the accuracy of the experimental data.

Based on these considerations, the apparatus used for miscible displacement was set up as
shown in Figure §5.3.1.

The general procedure to run a miscible displacement is described below:

(a) With three-way valve open to the resident fluid injection line, pump resident fluid
(methanol) at the pre-determined flow rate until pressure drop stabilizes. This step can be done
during the permeability measurement process;

(b) Close the three-way valve and switch the pump to the displacing fluid (toluene);

(c) Establish a constant injection pressure by pumping displacing fluid with three-way valve
closed until the same pressure drop as established in step (a) is reached;

(d) Open the three-way valve to the displacing fluid injection line. At the same time, start the
timer.

(e) Record the time when switching the fluid sample collecting tubes;

(f) Read the volume of effluent and refractive index for each fluid sample. If this step can
not be done immediately, the tubes must be capped to prevent vaporization of the fluid sample;

(g) Continue steps (e) and (f) until more than 99 percent displacing fluid is reached in the
effluent.

5.4 Data Analysis and Discussion
5.4.1 Experimental Data

Figs.5.4.1 and 5.4.2 are typical concentration profiles and the first derivative curves for
Berea and Brown sandstones, respectively. Tables 5.4.1 and 5.4.2 list the experimental data on Berea

and Brown core samples, respectively.

5.4.2 Correlation and Discussion

Formation Factor vs Porosity

As shown in Figs.5.4.3 and 5.4.4, good correlations are observed between the measured
formation factor and porosity for both Berea and Brown sandstone core samples. These correlations
indicate the reliability of the measured resistivity and porosity values.

From the straight lines, the cementation factor as defined in Archie’s equation is obtained as:
m=1.56 for Berea sandstone and m=1.66 for Brown sandstone.




Table 5.4.1 Experimental Data of Berea Sandstone Cores

“ ® (nllfi) - F T ol c*o o/L o "
B#l 18.76 137 13.32 2.50 55 33 0.020 0.19
B#2 19.72 187 12.99 2.56 54 55 0.031 0.30
B#3 19.08 144 13.40 2.56 56 75 0.045 0.41
B#4 19.24 172 12.717 2.46 54 32 0.020 0.19
B#5 18.77 144 13.47 2.53 53.5 25 0.015 0.14
B#6 18.72 136 13.49 2.53 56 59 0.045 0.33
B#10 21.40 440 10.46 2.24 60 158 0.126 1.17
B#11 21.45 780 10.70 2.29 61.5 155 0.166 1.55
B#12 21.15 460 10.95 2.32 61 137 0.152 1.08

Table 5.4.2 Experimental Data of Brown Sandstone Cores

Co;e (;) (nléi) F T @Ic=fl o*o /L ¥
BN#1 22.80 2543 11.54 2.63 64 103 0.246 2.30
BN#2 22.50 390 12.20 2.75 60 157 0.126 1.20
BN#3 22.65 1945 11.67 2.64 63 100 0.212 2.01
BN#4 22.60 827 12.11 2.74 62 98 0.181 1.15

Permeability vs Formation Factor

As expected, permeability decreases with the increase of the formation factor (Figs.5.4.5 and
5.4.6). The exponential factor in the relationship between permeability and the formation factor is
found to be 5.85 for Berea sandstone and 30.0 for Brown sandstone. The exponential factor for
Brown sandstone is so high because it is not well consolidated, and also may be not homogeneous.
Since all four Brown core samples were drilled from the same block, their widespread range of
permeability indicates the heterogeneity of the sandstone.

Dependence of S-Shaped Curve on Fluid Viscosity
Considering the immiscible displacement, a similar effect of the viscosity or mobility ratio

on displacement efficiency is also expected for miscible displacement. Therefore, when the viscosity
ratio is unity, the same results are expected regardless of the absolute value of viscosity. If different
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results are observed, this difference is usually attributed to the fluid composition. The effect of the
absolute value of viscosity is neglected.

Shown in Figs.5.4.7 and 5.4.8 are effluent concentration profiles for Berea and Rock Creek
sandstones, respectively, given by Bretz et al.**. On the left side of each figure is the water phase
dispersion curve, and on the right side is the oil phase dispersion curve. Apparently, both figures
indicate that rock dispersivity of the oil phase is larger than that of the water phase because of the
longer tail on the oil-phase dispersion curve. Similar curves can also be found in the paper by Wang
et al.”'. However in a case of single phase fluid displacement, a different dispersion curve was also
obtained when fluids with different viscosity were used. Generally, the larger the absolute viscosity
of fluid, the longer the tail of the s-shaped curve and the larger the dispersivity. This observation
is contrary to the statement in the literature that dispersivity is a fluid-independent rock property
when the viscosity ratio is unity.

Equation 5.2.45 indicates that the mass transfer coefficient is proportional to the fluid
diffusivity. According to the Coats-Smith model, the longer tail of the s-shaped curve means a lower
mass transfer coefficient and flow fraction. However, fluid diffusivity is proportional to the reverse
of fluid viscosity®®. Therefore, the tail of the s-shaped curve will be proportional to the absolute
value of the miscible fluid, even though the viscosity ratio is unity. More experiments need to be
run to substantiate this statement.

Dispersivity vs Permeability

The relationship between dispersivity and permeability has been studied by several
investigators'®1%, As expected, dispersivity increases with an increase in permeability as shown in
Figures 5.4.9 and 5.4.10.

Dispersivity vs Tortuosity

The relationship between dispersivity and tortuosity was different from the initial expectation.
As shown in Figures 5.4.11 and 5.4.12, dispersivity decreases with an increase in tortuosity. An
explanation for this fact is below.

For a homogeneous rock, higher tortuosity does not mean higher heterogeneity but rather
lower permeability. Due to the more even pore size distribution and capillary pressure, rock with
lower permeability has higher dynamic miscible displacement efficiency (I,,,). Further, based on
the Coats-Smith model, lower permeability rock has lower dispersivity. Permeability of a rock
dominates its dispersivity value. This is consistent with the theoretical analysis as shown in Equation
5.2.48.

Matching Experimental Data with Theoretical Model

The dispersivity values listed in Tables 5.4.1 and 5.4.2 were used in theoretical models to
study laboratory measured S-shaped curves. The matching results are satisfactory. See Figures 5.4.13
and 5.4.14.
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Effect of Micro-Heterogeneity Factor

The micro-heterogeneity of Berea and Brown sandstones have been back calculated from

Equation 5.2.48. As shown in Table 5.4.1, two groups of Berea sandstone samples have two
significant values of the heterogeneity factor: the low permeability group has an average value of 55,
while the high permeability group has an average value of 120. This fact might be attributed to the
samples being drilled from two Berea sandstone blocks having different permeabilities.

5.5 Conclusions and Future work

Through the above theoretical analyses and experimental studies on Berea and Brown

sandstone samples, the following conclusions have been obtained:

(1)
)
&)
@

(5)
(6)

studies
1)
@)
3)
4)

)
(6)

Tortuosity is an essential pore structure in relating fluid flow and electrical conduction
properties of a porous rock. ‘

Both the diffusion-type model and the capacitance model for dispersion phenomena apply to
the tortuous capillary model for a porous rock.

Rock dispersivity increases as its permeability and tortuosity increases. Permeability
dominates its value.

The literature review reveals that rock permeability can be effectively estimated from either
a single log or a combination of several logs, including porosielectric, geochemical, and
acoustic logs.

The effect of clay in a shaly sandstone can be modified based on its type of distribution in
the rock.

Potentially the in-situ dispersivity of a reservoir rock can be estimated from well logs based
on Equation 5.2.48.

The results presented here are only a start for the research on this subject. The continuing
should focus on the following topics:

Interpretation of the laboratory-measured S-shaped dispersion curve.

Relationship between the S-shaped curve and the pore structure of the porous medium.
Emphases are placed on several critical points on the curve such as C at I=1, PV at C=0.5,
PV at breakthrough, peak of the first derivative, and length of the tail.

Development of an effective technique to determine the dispersivity value from the S-shaped
curve or its derivative.

Computer simulation of the dispersion phenomena to match capacitance model with
experimental data by fixing mass transfer coefficient (M) and flow fraction (f) based on the
fluids used and the derivative curve. '
Determination of the heterogeneity factor from well logs.

Application to field logs of the approach developed here.
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Nomenclature

cross-sectional area of the core sample, cm?
cross-sectional area available to fluid flow defined by Cornell and Katz, cm?
cross-sectional area of the neck leading to the stagnant pore space, cm?
cross-sectional area available to fluid flow defined by Wyllie and Rose, cm?
in-situ concentration of flowing fluid

flowing concentration of displacing fluid

in-situ concentration of stagnant fluid

diameter of the sample, cm

longitudinal dispersion coefficient in a porous medium, cm?/s

longitudinal dispersion coefficient in a tortuous capillary, cm?/s

molecular diffusivity of fluid, cm?/s

particle diameter, cm

flow fraction

electrical formation factor

pore volume number (=Vi/Vp)

number of pore volume corresponding to the peak of the concentration derivative
curve

1/f

permeability, md

effective longitudinal dispersion coefficient in a porous medium, cm”2/sec
Kozeny shape constant

length of the sample, cm

length of the tortuous path in a porous medium, cm
length of the neck leading to the stagnant volume, cm
mass transfer coefficient, cm?/s

pressure, atm

Peclet number (=L*U/D,)

pore volume of a rock, cc

flow rate, cc/s

hydraulic radius, cm

resistivity of the rock that is fully saturated rock
with brine, ohm-m

resistivity of the brine, ohm-m

particle surface area per unit volume, cm?
specific surface area of the particles

time, sec

tortuosity factor (=7°)

Dupuit’s pore velocity, cm/s

Darcy velocity, cm/s

pore velocity modified by Carman, cm/s
average velocity along a tortuous path, cm/s
volume of displacing fluid injected, cc

pore volume of the medium, cc
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volume of the stagnant volume, cc
length of porous medium, cm
length of tortuous path, cm

x/L

o M
o

Greek Letters

dispersivity, cm

dimensionless dispersivity (=V*L/D,)
volume modifying function

fluid viscosity, cp

porosity of the rock, %

heterogeneity factor

tortuosity

&

NS QSR >PL
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Figure 5.2.1 A Tortuous Capillary Model for a Porous Medium

Manometer#1

Solvent 1

Graduatss
Cylinder

Solvent 2

Figure 5.3.1 System Setup for Permeability Measurement and
Miscible Displacement Test




100
90
80 -
70 1
60 -
30 -
40 ~
30 1
20 1
10 -

CONCENTRATION, C

O “‘_“—‘T“l““7'l.".i T T T
0 02 04 06 0.8 1 12 14 16 1.8

100
80
80
70
60
50
40
30
20
10

CONCENTRATION, C

Berea sandstone (B#1)
L = 9.60 cm

d = 2.50 cm

Porosity = 18.8%
Perm. = 137 md
Velocity = 0.0018 |

k] T

PORE VOLUME INJECTED, Vi/Vp

Figure 5.4.1 Concentration Profile (Core B#1)

Brown sandstone (BN#1):

L = 9.32 cm

d = 2,50 ¢cm

Porosity = 22.8%

Perm. = 2543 md

Velocity 0.002 cm/s

-

1 i T

PORE VOLUME INJECTED, Vi/Vp

Figure 5.4.2 Concentration Profile (Core BN #1)
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CHAPTER 6

Transverse Dispersivity in Porous Media

A new experimental apparatus has been developed to evaluate the transverse dispersivity of
a consolidated porous media. Determination of transverse dispersivity involves the simultaneous
injection of two miscible matched-viscosity fluids into the porous media and the subsequent
measurements of the lateral effluent concentration gradients. The longitudinal and transverse
dispersion coefficients of a miscible fluid system flowing through a Berea sandstone block of
dimensions 12" x 12" x 2" were determined for a range of laminar Reynolds numbers. Vertical
experimental runs were also conducted to examine the effect of gravity on transverse dispersion
coefficients. In an effort to examine the propagation of miscible plumes in consolidated media,
tracer pulses were injected into the block via a carrier fluid. The propagation of the tracer plumes
were monitored at the effluent face by measuring tracer concentrations at various effluent outlets as
a function of time. Flow rate measurements at various lateral locations on the effluent face provided
a quantitative description of the porous media heterogeneity.

The longitudinal dispersivity of the Berea block was two orders of magnitude greater than
the transverse dispersivity. This ratio has been determined to be higher than the corresponding
values for unconsolidated packed bed media.

6.1 Introduction

The transverse dispersion phenomena has been studied in various engineering and scientific
fields. An understanding of the mechanisms of transverse diffusion and dispersion is essential in
characterization of many physical processes.

In petroleum engineering, dispersion coefficients are used to model chemical enhanced oil
recovery (EOR) processes such as miscible floods and viscosity graded polymer floods, and are often
the input parameters of simulators. Dispersion coefficients also play a significant role in several
other areas including heat transfer, determination of the extent of groundwater contamination plumes,
contaminant transport in porous media, radioactive waste injection, porous catalysts and chemical
reactors.

Dispersion of fluids in a porous media flow has two components: longitudinal (in the
direction of flow) and transverse (perpendicular to the direction of flow). Transverse dispersion is
therefore an indication of mass transport perpendicular to a uni-directional flow in porous media.
Transverse dispersion can occur perpendicular to the mean flow path horizontally and/or vertically.
The horizontal component of transverse dispersion (also referred to as lateral or radial dispersion)
is the focus of this study. The combined effects of gravity and vertical transverse dispersion are also
investigated in this research project.
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There are three factors contributing to transverse dispersion of miscible fluids in a porous
media: transverse molecular motion, porous media heterogeneity, and structural and mechanical
effects.

The intertwining or wandering of the flow paths in a porous medium is the major contributor
to transverse dispersion. The streamlines in an interconnected pore space merge and separate (i.e.,
tangle) creating a kinematic mechanism of dispersion perpendicular to the flow direction. A dynamic
mechanism also exists: when a flow passage divides into two or more flow paths, the velocity of
the fluid in each path will be dependent on the local pressure gradients and the hydraulic conductivity
of each flow path. A porous media under the above two mechanisms (tangling of the pore space and
local velocity variations within the media) may be thought of as a static mixer; fluids mix, due to
mechanical and structural effects, when they flow simultaneously in a porous media. Intuitively one
expects porous media with higher coordination numbers (the number of pore throats emanating from
a pore body) to exhibit greater transverse dispersion since at high coordination numbers, stream
splitting becomes more significant,

The mechanism of transverse dispersion at high flow rates is dominated by the flow
parameters and the structure of the porous media and influenced slightly, if at all, by molecular
diffusion. At low flow rates, on the other hand, the mechanism is entirely due to molecular motion.
At low velocities the longitudinal and transverse dispersion coefficients merge; at zero velocity they
converge to the molecular diffusivity and mixing will be exclusively dominated by molecular
diffusion. = At high Reynolds numbers the transverse dispersion coefficient exhibits a linear
relationship with flow velocity [see results].

The dispersion process can have both beneficial and detrimental effects in engineering process
designs. In chemical EOR, slugs of solvents are injected to improve oil recovery. Transverse
dispersion of a solvent slug in the resident fluid will increase the areal domain of influence of the
slug, improving oil recovery. However, if the slug disperses too much, its concentration falls below
what is required for mobilization of residual oil. Knowledge of dispersion coefficients then becomes
a crucial tool in designing optimum slug sizes. Another process in which transverse dispersion has
a detrimental effect is mixing of contaminants in groundwater. Dispersion coefficients are used in
computer programs to predict contaminant concentrations in groundwater at distances away from
contamination sources. Transverse dispersion is also instrumental in suppression of viscous fingers
in viscosity graded polymer floods providing more efficient displacements. Also, when oil is
displaced by a fluid of lesser density, the displacing fluid may override the oil phase and create a
gravity tongue. Transverse dispersion at the interface of the bulk fluid and the gravity tongue will
result in a more efficient displacement.

6.2 Experimental Procedures

The miscible fluid system used in this study consisted of naphtha and a mixture of 53% iso-
octane and 47% o-xylene (from here on referred to as "isoxy"). Isoxy has viscosity similar to
naphtha; their densities are within 7% of each other. There is also a wide difference in the
refractive indices of the two fluids, making them an excellent fluid system choice for unit mobility
ratio miscible displacements. Table 6.2.1 provides a summary of the fluid properties.
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Table 6.2.1. Fluid Properties at 73°F.

FLUID DENSITY VISCOSITY REFRACTIVE
O-xylene 0.889 07 1.5042
Iso-octane 0.699 0.45 1.3906

Isoxy 0.789 0.53 1.4451

Naphtha 0.736 0.53 1.4150 1|

The porous media in this experiment was a block of consolidated Berea sandstone with
dimensions of 1 ft x 1 ft x 2 in. The block was coated with J B Weld. Two 2 in x 1 ft sides were
designated as inlet and outlet sides and were mounted by reducer fittings prior to coating with J B
Weld. The block and the inlet and outlet fitting assemblies were subsequently leak tested under CO,
pressures of up to 5.5 psi. Table 6.2.2 is a summary of the porous media properties.

Table 6.2.2. Summary of the Rock Properties.

Permeability 541 md
Porosity 23%
Pore Volume 1109.2 cc
Bulk Volume 4816.5 cc
Bulk Density 2.02 glec

Measurement of the transverse dispersion coefficients involves the co-injection of the two
fluids. For the vertical transverse dispersion runs the apparatus was set up vertically with the denser
fluid (isoxy) injected from the top. Longitudinal dispersion runs were conducted using one fluid to
displace the other through all inlets. To obtain a measure of plume propagation, fluid pulses were
injected into the middle inlet using a syringe with the other fluid acting as carrier. The
concentration profiles were measured at the outlets. To obtain outlet samples, three different
methodologies were incorporated: (1) the outlet fitting assembly, (2) fluid collection system (trough),
and (3) sample collection rack. Figures 6.2.1 through 6.2.4 are schematic diagrams of the apparatus.

6.3 Experimental Results

The apparatus was used to conduct a total of forty five (45) experimental runs. An
identification of the 5 categories of runs follows:

L longitudinal dispersion run

P pulse injection run
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T transverse dispersion run

\' vertical transverse dispersion run

R outlet rate determination run

The experimental runs were conducted at nine (9) different flow rates. All runs were
conducted at laminar flow.

Figures 6.3.1 and 6.3.2 are typical longitudinal dispersion runs. Figures 6.3.3 and 6.3.4
summarize the outlet flow rate data, and Figures 6.3.5 and 6.3.6 are pulse injection runs. Figures
6.3.7 and 6.3.8 are horizontal transverse dispersion runs, and Figures 6.3.9 and 6.3.10 are typical
vertical transverse dispersion runs where the effect of density on transverse dispersion coefficients
is quantified.

The calculated dispersion coefficients for each Reynolds number are presented in Table 6.3.1.
The subscripts I, t, and v refer to longitudinal, transverse, and vertical dispersion coefficients,
respectively. The reported values are in 100 cm?/sec.

Table 6.3.1 The Calculated Dispersion Coefficients.

Re * 100 D, *100 D, * 100 D, * 100
0.280 0.211 0.0024 0.0037
0.517 0.327 0.0034 0.0040
0.805 0.776 0.0045 0.0055
0.987 0.808 0.0057 0.0071
1.210 0.940 0.0081 0.0082
1.380 1.163 0.0101 0.0090
1.551 1.205 0.0106 0.0108
1.674 1.240 0.0128 0.0127
1.857 1.310 0.0148 0.0125

Figure 6.3.11 is a plot of the mixing zone length as a function of flow rate. Figure 6.3.12
is a plot of the longitudinal and transverse dispersion coefficients, and Figure 6.3.13, the ratio of
these coefficients versus Reynolds Number. Figures 6.3.14 and 6.3.15 are the plots of the horizontal
and vertical transverse dispersion coefficients and their ratios as a function of Reynolds Number.
Figures 6.3.16 through 6.3.17 are the longitudinal, transverse, and vertical transverse dispersivity
plots, respectively.
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The following is a summary of the results:

Longitudinal dispersion coefficients, D;; 2.11 x 103 - 1.31 x 102 cm?sec
Transverse dispersion coefficients, D,; 2.37 x 107 - 1.48 x 10 cm?/sec
Longitudinal dispersivity, o 0.31 cm

Transverse dispersivity, o, 3.4 x 103 cm

Dispersion coefficient ratio, D, /D,: 88 - 172

Dispersivity ratio, o/cy: 91

The magnitudes of the measured transverse dispersion coefficients in this study are in general
agreement with the literature regardless of whether a consolidated porous media or a packed bed was
used. There does not appear to be any significant differences between the consolidated and
unconsolidated media transverse dispersion coefficients. This study’s measured transverse dispersion
values, however, are smaller than the field measurement ranges. Also, the measured transverse
dispersivity is much smaller than the field values. This is probably due to large scale heterogeneities
in the field.

The measured D,/D, range of 88-172 is higher than the presented values in the literature.
This is probably due to the clusters of small diameter pores that exist in the consolidated porous
media but are absent in packed beds of uniformly distributed grains. The steady state determinations
of transverse dispersion coefficients are less likely to be affected by these heterogeneities (including
dead end pores) than the longitudinal component of dispersion. Longitudinal dispersion is governed
by the local pore velocities, and are highly dependent on the clusters of fine pores and dead end
pores. Therefore, the Berea block’s heterogeneities probably caused the elevation of the measured
D//D, ratios.

6.4 Impact on the Industry

The findings of this study can potentially impact the practices of the industry in several ways.
The following is a brief outline of how the results of this study can further our understanding of the
involved physical phenomena, improve the designs of EOR processes, and enhance flow modeling.

The measured dispersion coefficients can impact the design of miscible EOR processes. In
a large scale oil recovery project, even the smallest changes in the input design parameters can
translate into significant financial gains or losses. The presented dispersion coefficients in this study,
represent the most accurate and reliable values for Berea sandstones of similar permeability;
incorporating them in the design process can greatly improve the overall performance of miscible
floods.

The qualitative findings of the pulse injection experiments can help model the mixing and
dilution of miscible slugs. The fact that the slugs in the experimental runs did not travel significant
transverse distances from the axis of injection, can provide some insight into the expected areal
sweeps of the slugs and their subsequent dilution as a result of this slight transverse dissipation. This
would in turn aid the engineers in determining the optimum slug sizes.

Packed bed correlations for dispersion coefficients have been used in the literature for the
design of viscosity graded polymer floods. These correlations can provide erroneous criteria for
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suppression of viscous fingers. The sandstone dispersion coefficients measured in this study can
enhance the quality of these designs by providing more realistic values for the dispersion coefficients.

In processes where oil is displaced by a fluid of lesser density, and a gravity tongue has been
created, the measured dispersion coefficients can provide a more accurate description of mass
transfer across the interface of the two fluids and help predict the system’s behavior.

Dispersion coefficients are often the input of simulators and various computer flow models.
The presented values can potentially have an impact on the performance of these models.

The presented longitudinal to transverse dispersivities ratio is an order of magnitude greater
than the value used most commonly in groundwater contamination models. For consolidated media,
the presented /oy ratio will provide a more realistic contamination plume boundary in the
transverse direction of flow.

The presented data for the vertical transverse dispersion coefficients for fluids of different
densities (D, /D, of 1.5 for the low velocity range) can help model the movement of DNAPLs
(dense non aqueous phase liquids) in moving groundwater.

6.5 Conclusions

¢)) An experimental apparatus and protocol capable of measuring the transverse dispersion
coefficients of consolidated porous media has been developed.

) Longitudinal and transverse dispersion coefficients for a Berea sandstone block were
measured for a range of Reynolds numbers. The dispersion coefficients were linear functions
of Reynolds numbers. The straight line relationship suggests that for the experimental flow
range, the effect of molecular diffusion was negligible. The longitudinal and transverse
dispersivities were also determined.

3) Although the longitudinal and transverse dispersion coefficients and the mixing profiles are
functions of flow rate, the boundaries of the mixing zones are not. For longitudinal
dispersion, in other words, for a given pore volume of injection, the length of the mixed
zone is independent of flow rate. For transverse dispersion, the average transverse mixing
zone is estimated to be ~7 cm wide, independent of flow rate.

(4)  Gravity shifts the transverse s-shaped curve downward. The mixing zone length, however,
is unaffected. At high flow rates inertia becomes more significant and the effect of gravity
is diminished. The dispersion coefficients, hence, approach the horizontal values. At high
flow rates the system responds more closely to the ideal behavior.

o) The peak concentrations of the plumes do not deviate from the slug injection axis. Also,
dissipation of slugs in the transverse direction is small.

6) It is postulated that dispersivity is not only a function of media characteristics, but also
depends on flow parameters. This postulate, however, was not validated by the results in
‘the experimental flow range.

@ The stepwise secondary response of the longitudinal runs, the trailing edges of the pulse
injection curves, and the obtained transverse profiles indicate the presence of non-random
distribution of clusters of small diameter pores. However, the porous media used in this
study is only mildly heterogeneous with respect to layering.
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6.6 Nomenclature

C concentration, mg/liter

C injection concentration, mg/liter

D, longitudinal dispersion coefficient, cm?/sec
D, transverse dispersion coefficient, cm?/sec
D, vertical transverse dispersion coefficient, cm?/sec
k permeability, md

PV pore volume, cm®

Q total flow rate, cm®/sec

u interstitial velocity, cm/sec

Greek Letters

oy longitudinal dispersivity, cm

o, transverse dispersivity, cm

¢ porosity, %
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Chapter 7

Gas-Gas Dispersion and Characterization of Reservoir Rocks

7.1 Introduction

Almost all research in the area of dispersion has focused on the flow of liquids through
porous media. Menzie, et al, (1989) have been conducting the study of dispersivity as a reservoir
rock property for several years. A significant amount of experimental work has been conducted in
this area. The effects of scale, velocity and rock properties on liquid-liquid dispersion have been
studied. The objective of previous research was to characterize and define reservoir heterogeneities
by measuring liquid-liquid dispersion in porous media. The measurement of dispersion with gases
should significantly contribute to the overall understanding of flow systems in reservoir rocks.

The objectives of this study are:

¢y To develop a method and set up an experimental apparatus to measure gas-gas dispersion
in consolidated rocks. _

) To study the effect of displacement velocity and pressure on gas-gas dispersion and
dispersivity.

3 To study the heterogeneity of reservoir rocks and investigate the relationship between
dispersivity and rock properties in order to characterize the flow system using gas-gas
dispersion measurements.

Twenty eight gas-gas dispersion measurements with different velocities and pressures were
conducted on three Berea sandstone cores in this study. The effects of velocity and pressure on gas-
gas dispersion were thoroughly investigated. The characterization of the rocks through dispersion
measurement was studied.

7.2 Experimental Apparatus and Procedures

A schematic diagram of the equipment used for gas-gas dispersion is shown in Figure 7.2.1.
The system included (1) two bottles of pure helium, one used as the displaced gas, the another used
as the carrier gas in the gas chromatograph; (2) one bottle of nitrogen used as the displacing gas; (3)
three precise pressure and flowrate regulators on the top of each gas cylinder; (4) a core holder; (5)
a vacuum pump; (6) a pressure gauge; (7) a gas flow meter; (8) a bubble gas flow meter; (9) a gas
chromatograph; and (10) some needle valves. To get accurate and continuous smooth S-shaped
breakthrough curves, the gas chromatograph was modified to let the tested gas bypass the column
and flow directly into the gas detector. ‘




Figure 7.2.2 shows the flow chart of the experimental procedures used in the measurement
of gas-gas dispersion in this study.

7.3 Experimental Results and Analysis

Twenty eight experimental measurements of gas-gas dispersion were conducted on three
Berea sandstone cores. The three cores have the same cross section diameters but different lengths.
The three cores were labeled as YF1, YD6 and YAS, which are identical to the labeling used in the
liquid-liquid displacement experiments (Li, 1992). _

The geometries and properties of the cores are summarized in Table 7.3.1. The properties
of helium and nitrogen are listed in Table 7.3.2.

Table 7.3.1 Physical Properties of the Tested Cores

[ d L PV ® K
Core Type (cm) (om) (om) %) (md)
YF1 Berea 3.8 29.1 67 20.0 300
YD6 Berea 3.8 45.6 93 17.89 97

L vas " Berea 3.8 7.6 160.5 19.39 185

Table 7.3.2 Physical Properties of Gases Used in The Study
(at T = 23°C and P = 1 atm)

—
Gas (@ /Zm’) (:;) Molecular Weight
Nitrogen 0.001154 0.0177 28.02
Helium 0.000163 0.0186 4.0

7.3.1 Experimental Results

To study the effect of velocity and pressure on gas-gas dispersion, twenty eight runs were
conducted on three cores under different flowrates and pressures. Figure 7.3.1 and 7.3.2 are typical
experimental results measured on core YD6 and YAS.
7.3.2 Effect of Flowrate and Pressure on Gas-Gas Dispersion

The effect of flowrate on gas-gas dispersion was observed by plotting the effluent

breakthrough curves under the same displacing pressure but different flowrates on the same cartesian
plot as in Figure 7.3.1 and 7.3.2. The runs performed on all three cores produced data that infer
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that lower flowrates led to earlier breakthrough and higher dispersion and higher flowrates led to
later breakthrough and less dispersion.

In liquid-liquid dispersion, molecular diffusion is assumed to be negligible as compared to
the effect of convection on dispersion. However, molecular diffusion plays a significant role in gas-
gas dispersion.

It is presumed that in a porous media for a specific displacement, there is a critical velocity
at which the least dispersion will take place. Below the critical velocity, an increase of velocity will
lead to less dispersion. However, above the critical velocity, the increase of velocity will lead to
more dispersion. To determine the critical velocity, experiments were conducted at high velocities
under displacing pressures of 15 psig and 40 psig with core YA8. Because the coating of the tested
cores can not stand pressure higher than 70 psia, the pressures used in the experiments were too low
to obtain the critical velocity.

Figure 7.3.3 shows the effect of pressure on gas-gas dispersion. Three experimental runs
were conducted on the same core at similar velocities but different displacement pressures (15, 30
and 40 psig). It was observed that the increase of displacement pressure led to less dispersion in gas-
gas displacement. The velocities used in the three runs were not exactly the same. The effect of
pressure would be seen more clearly if exactly the same velocity had been used on each run.

If the displacement pressure is increased continually and the gas is liquefiable, the extreme
situation will be liquefaction and gas-gas dispersion will transform into liquid-liquid dispersion. As
expected, less dispersion should take place because the effect of diffusion reduces to zero in liquid-
liquid dispersion. Figure 7.3.4 is the comparison of gas-gas dispersion with liquid-liquid dispersion
for core YD6. It can be observed that much less dispersion took place in the liquid-liquid
dispersions.

7.3.3 Dispersion Coefficient and Dispersivity

Because of the compressibility of gases, the Convection-Dispersion Equation can not be used
to fully describe gas-gas dispersion in porous media. In this study, the pressure difference between
the inlet and outlet ranged from 0.2 to 3.8 psia, allowing the compressibility of gases to be assumed
negligible. Therefore, two methods for liquid-liquid dispersion were used in this study to calculate
the gas-gas dispersion coefficients.

The first method used in this study was the curve matching method, which utilizes the
convection-dispersion transport model to match the experimental data to obtain the dispersion
coefficients. The computer program used in this study is called CXTFIT ( Parker & Van Genuchten,
1984). It combines the one-dimensional analytical solution of the C-D Equation along with the non-
linear least square numerical method to match the experimental data.

The second method used to calculate the dispersion coefficients was the Analytical Solution
Method (ASM) proposed by Greenkorn (1983). It is expressed by the following equation:
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In this equation, the slope of the effluent breakthrough curve at one pore volume injected should
be used. Under ideal displacing conditions, the slope at one pore volume injected should be the
maximum slope on the effluent breakthrough curve. Only material balance was considered when the
C-D Equation was derived. In reality, many other factors could affect the dispersion of fluids in
porous media. Hence, the S-shaped effluent breakthrough curves obtained from these experiments
always shifted up or down. Therefore, the maximum slope on the effluent breakthrough curve was
used to calculate the dispersion coefficients.

Figures 7.3.5 and 7.3.6 show_ the relationship between the dispersion coefficient and
displacement velocity for core YD6 and YAS8. It was observed from these plots that dispersion
coefficients obtained from the curve matching method do not correlate well with velocities. One
reason probably is because the consideration of the flow and boundary conditions for porous media
in deriving the C-D Equation and its solution was based on an infinite boundary system but applied
to a finite system. Another reason probably is because of the mathematical problem in the program;
big differences were observed between the experimental curves and the fitted curves in some
matching results. The analytical solution method worked better than the curve matching method, as
the dispersion coefficients obtained by this method had better correlations with velocities.

In liquid-liquid dispersion, a higher dispersion coefficient corresponds to higher dispersion,
while in gas-gas dispersion, a higher dispersion coefficient corresponds to less dispersion. By
observing the equation 7.3.1, it was realized that the dispersion coefficient is a function of velocity
and the square of maximum slope of the S-shaped breakthrough curve. For liquid-liquid dispersion,
the slope of the S-shaped curve decreases with velocity, hence the dispersion coefficient increases
with velocity. For gas-gas dispersion, the slope of the S-shaped breakthrough curve increases with
velocity. The increase of velocity overrides the increase of slope; hence the dispersion coefficient
increases with velocity.

Dispersivity is considered to be a property of porous media. The following is the relationship
between dispersivity, diffusion, and dispersion:

D, =D,+tav (7.3.2)

where, D, = longitudinal dispersion coefficient (cm? /sec)
D,= effective molecular diffusion coefficient (cm?/sec),
a = dispersivity (cm).

For liquid-liquid dispersion, the molecular diffusion is assumed to be negligible or D, is set
equal to zero. Hence, the dispersivity value for liquids is proportional to the dispersion coefficient
and inversely proportional to velocity. In gas-gas dispersion, the effect of molecular diffusion is
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significant and assumed to be constant. In reality, it is a function of pressure and rock properties.
The increase in pressure will decrease the diffusion of gases and the effective molecular diffusion
coefficients. Rock heterogeneity will increase the diffusion of gases in porous media.

The effective molecular diffusion coefficients can be obtained experimentally. However, an
experimental apparatus different from the gas-gas dispersion experimental apparatus used in this
study has to be developed. Hence, a graphical method was proposed in this study. By plotting the
first three dispersion coefficients under low velocities for each core as shown in Figures 7.3.7 and
7.3.8, it was observed that the gas-gas dispersion coefficient is proportional to velocity at low
velocities. The effective molecular diffusion coefficients were obtained by linear regression and
extrapolation of the velocity to zero. The effective molecular diffusion coefficients are listed in
Table 7.3.3.

Table 7.3.3 Effective Molecular Diffusion Coefficients
Obtained in the Study

K D,

{cm?/sec)

300 15 0.003409
97 15 0.007296
15 0.02804
30 0.01831

40 0,001535

Ali (1989) conducted gas-gas diffusion experiments on four types of sandstone outcrop and
calculated the effective diffusion coefficients. The effective diffusion coefficient obtained from Ali’s
experiments on Berea sandstone was 0.0225 cm?/sec. It is close to the value of core YAS at 15 psig,
which is 0.02804 cm?*/sec.

Using the effective molecular diffusion coefficients obtained above, and  dispersion
coefficients obtained by the analytical solution method, dispersivities were calculated. By plotting
the dispersivities versus velocity as in Figures 7.3.9 and 7.3.10, it was concluded that dispersivity
decreases with velocity for gas-gas dispersion under the experimental conditions in this study. It
decreases more rapidly at low velocity than at high velocity. Due to the small difference in
pressures, all of the points for three different pressures (15, 30 and 40 psig) follow almost the same
curve in Figures 7.3.10 for core YA8 . By plotting the dispersivity versus velocity on log-log plot
as in Figures 7.3.11 and 7.3.12, three approximately straight lines were obtained. The correlations
between dispersivity and displacing velocity were obtained by using regression analysis.

Observing equation 7.3.2, dispersivity is a function of the maximum slope on the S-shaped
effluent breakthrough curve. The slope on the S-shaped breakthrough curve is a function of velocity;
therefore dispersivity is also a function of velocity. It is presumed that for gas-gas dispersion under
a certain pressure there will be a critical velocity above which dispersivity increases with velocity,
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under which dispersivity decreases with velocity. When pressure is high enough, gas-gas dispersion
will transform into liquid-liquid dispersion, and dispersivity will increase with velocity only.

7.3.4 Dispersion Factor

Li (1992) proposed a method to calculate dispersion factors in the study of the effect of scale
on liquid-liquid dispersion. The dispersion factor was defined by the following equation:

(-g‘)so%‘(l)xs.sss

v,
DF,=—2 7 P (7.3.3)
) so%
»
where, DF,, = dispersion factor (dimensionless),

V = volume injected (cm3),

Vp= one pore volume (cm®),

(V/V,)sos = pore volume injected at 50% concentration (dimensionless),

(V/V,)is.95 = pore volume injected at 15.9% concentration
(dimensionless).

By plotting dispersion factors versus the velocity on cartesian plots as in Figures 7.3.13 and
7.3.14, it was observed that the dispersion factor decreases with velocity just as dispersivity does.
The correlations of dispersion factor and velocity in these figures were obtained by using regression
analysis.

7.4 Rock Characterization
7.4.1 Determination of the Pore Volume of Resident Fluid Displaced

S-shaped breakthrough curves obtained from dispersion measurements can provide another
approach to investigate the heterogeneity of reservoir rock. In an absolutely homogeneous reservoir,
the effluent concentration curve should appear as a sharp-step change. However, smearing occurs
at the breakthrough point due to mixing caused by non-uniform flow velocities within individual
pores, which occurs during displacement. The concentration profile is strongly dependent upon the
heterogeneity of reservoir rock. The earlier portion of the S-shaped curve represents the flow in
pores with high conductivity, or the larger pores. The later portion of the curve represents the flow
in pores with low conductivity, or the smaller pores. The slope in the middle portion of the curve
is indicative of the theoretical considerations related to the heterogeneity of reservoir rock, or the
pore size distribution.

Li (1992) proposed a capillary tube model to determine the pore size distribution using S-
shaped breakthrough curves. The pore size distribution was modeled as a bundle of straight cylinder
tubes with different radii. The flow in each tube was quantitatively evaluated using Poiseuille’s -
equation:
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(7.4.1)
spL

where,
Q. = flowrate in a single tube (cm*/sec),
r; = radius of a flow tube (cm),
ap = pressure drop between the inlet and outlet of core (atm),
p = viscosity of fluid (cp),
L = length of flow tube (cm).

The total flowrate of a bundle of tubes is:

0. = ¥ xrisp (7.4.2)
T f&f 8plL
where, r = total flowrate of the core (cm®/sec),

N = total number of tubes in the porous media

It was assumed that the injection fluid breakthrough occurs first from the flow channel that
has the largest flow radius. After the initial breakthrough, the tubes produce injection fluid only.
Poiseuille’s equation was applied to the miscible displacement of the injection fluid as:

a
A
Q,.Cn=8—;% -1r; (7.4.3)
and for the displaced fluid:
N
_ TAp 4
1-C) = —= 7.4.4
O | ) SpL 1;1 * ( )

where,
C,= concentration of the injection fluid measured at outlet (%),
n = number of tubes which are full of injection fluid,
N = total number of flow tubes in porous media.

In dispersion measurement, the flowrate, Qr, and pressure drop, Ap, are considered constant.
If the viscosity of fluid and the length of core are known, the following calculation can be conducted:

.« _ 8RLQ.C, (7.4.5)
Z; " Ap

The left side of equation 7.4.5 represents the sum of r;* of the tubes that are full of injection
fluid. It was assumed that for every increment of concentration, there is only one more tube, R;,

106




that contributes to the increment of flow of injection fluid through the porous media. In actuality,
the tube R; consists of many small tubes, but the number and the size of the tubes are not readily
identifiable. The R;, in fact, is the equivalent radius of a single tube, whose sectional area is equal
to the sum of the sectional areas of many small tubes.. The R;can be calculated using the following
equation:

ey, _8pLQ(C, -C,)

4
R, > ?4:' Y (7.4.6)

Therefore, the pore volume of resident fluid displaced by injection fluid between every concentration
increment can be calculated as:

(PV), = =Ry +L 1.4.7)

The cumulative pore volume of resident fluid displaced by injection fluid at concentration C, is:

fl;(pv), - Y xR L (7.4.8)
i=

i=1

The concentration C, can be read from the S-shaped breakthrough curves for each pore
volume injected. If the cumulative pore volume displaced by injection fluid versus the concentration
of displaced fluid at the outlet of the core is plotted on a cartesian plot, the slope of the curve can
indicate the degree of heterogeneity of the core. A core associated with a large slope is considered
more homogeneous than a core with a small slope. The difference in slope refers to more pore
volumes of resident fluid being displaced between the same concentration increment. Therefore, the
heterogeneity of the rock can be evaluated qualitatively with this method.

By plotting the pore volume of resident fluid displaced versus the effluent relative
concentration for the three cores as in Figure 7.4.1, it was observed that only part of the pore
volume contributes to the flow. For core YAS8, the contribution was calculated to be 53%. For core
YF1, the contribution was 41%. For core YD6, the contribution was only 27%. The difference in
contribution explains why the three cores have similar porosities, but very different air
permeabilities.

The heterogeneity of the cores was analyzed using Figure 7.4.1. The higher slope at the
earlier part of the curve indicates that the core has a higher percentage of large pores. A higher
percentage of small pores is indicated if the later part of the curve has a higher slope. In Figure
7.4.1, core YD6 has a low slope at both the earlier and later portion of the curve. The total flowing
pore volume is also the smallest. This indicates that core YD6 has a poor flowing system with both
high heterogeneity and low conductivity. Both the highest slope and the highest total flowing pore
volume are observed for core YAS8, which means that the core was more homogeneous than the other
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two cores and has a higher conductivity. For core YF1, a lower slope at the earlier portion of the
curve was observed, but a higher slope occurred at the later portion of the curve. This indicates that
the core has a small percentage of big pores and a high percentage of small pores in the total pore
volume. It was observed that core YF1 has the highest permeability, which was attributed to the
heterogeneity of the porous media. Another reason for the high permeability observed may be due
to the higher pressures used during the permeability measurements. Core YF1 has a fine flowing
system or a system composed of many small pores. Under higher pressure, gas had less freedom
of movement and was compelled to flow through the small pores, resulting in a large total flowing
pore volume and a high permeability as observed.

7.4.2 Correlations of Dispersivity and Dispersion Factor

Part two presented the exponential correlations between dispersivity («), the dispersion factor
(DF,;) and velocity. These correlations are of the form Y=b./". The values of the correlation
coefficients and exponents are provided in Table 7.4.1. It appears that these coefficients and

exponents are related to the effective diffusion coefficients, D,.

Table 7.4.1 Correlation Coefficients and Exponents of « and DF,,,

D, o DF,,
Core (cm¥/sec) Coefficient Exponent Coefficient Exponent
YF1 0.003409 1.1621 -0.1546 0.1141 -0.2854
YD6 0.007296 0.5234 -0.256 0.09627 -0.2905
YAS 0.02804 0.0777 -0.6658 0.03607 -0.4641

It can be observed from Table 7.4.1 that the coefficients in the correlations for both
dispersivity and the dispersion factor are positive values; however, the correlation exponents are
negative.

The effective diffusion coefficient for gas is a function of the geometry and physical
properties of the core. Heterogeneity is conducive to high molecular diffusion; hence, the effective
diffusion coefficients increase.

From the analysis of the presented data, it can be concluded that cores with high effective

diffusion coefficients will have low correlation coefficients and exponents. These parameters are
possible effective tools in characterization of reservoir rocks.
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7.5 Conclusions and Recommendations

7.5.1 Conclusions

)

@
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@

®
6

M

The following conclusions were obtained from this study:

The experimental method and apparatus developed in this study for gas-gas dispersion
measurement provides a simple and accurate way to study the dispersion phenomenon in
porous media.

Under low pressures (15, 30, and 40 psig), increasing displacing velocity will decrease the
dispersion of gases. Although not verified experimentally, it appears that a critical velocity
exists below which the increase of velocity will decrease the dispersion and above which the
dispersion of gas increases.

The increase in pressure will decrease the dispersion of gases.

Dispersivity is a function of rock properties, displacing velocity and displacing pressure in
gas-gas dispersion.

The dispersion factor, DF,,, is a reliable parameter for describing the dispersion of gas in
porous media. It has a behavior similar to that of dispersivity.

The total flowing pore volume for a core can be determined by the method proposed in this
study. In gas-gas displacement, only part of the total pore volume contributes to the fluid
flow in porous media.

The flow system and heterogeneity of a reservoir can be analyzed qualitatively by dispersion
measurements.

7.5.2 Recommendations

(D
@

€)
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Based on this study, future research work should be continued in the following areas:

The analytical model and theory of gas-gas dispersion needs to be developed further.
Gas-gas dispersion experiments with consolidated porous media under high pressures and
velocities should be conducted to investigate the existence of the critical velocity.
Experiments should be conducted on several cores in order to characterize reservoir rocks
by gas-gas dispersion measurements. To eliminate the effect of scale, the tested cores should
have the same lengths and diameters .

The effect of gravity on gas-gas dispersion should be considered. Vertical displacement
experiments can be conducted to study this effect.

The experimental procedure can be improved by using a better and more accurate method
to measure the flow rates of gas. A computer program should be developed to process the
experimental results.
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7.6 Nomenclature

C concentration (mg/liter)

Co injected concentration (fraction)

d diameter of the core (cm)

D, effective molecular diffusion coefficient (cm?/sec)
D, longitudinal dispersion coefficient (cm?/sec)
DF\q. dispersion factor (dimensionless)

K air permeability (darcy)

L core length (cm)

N total number of the tubes in porous media

P, inlet pressure (atm)

PV pore volume, (cm®)

Q flowrate in a single tube (cm®/sec)

Q; total flowrate of the core (cm®/sec)

T; radius of a flow tube (cm)

R, equivalent radius of tube for a concentration increment (cm)
v interstitial velocity (cm/sec)

\Y pore volume injected (cm®)

v, one pore volume of the core (cm®)

Greek Letters

dispersivity (cm)
viscosity of fluid (cp)
density of fluid (gm/cm®)
porosity (fraction)

S ER
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CHAPTER 8

Results and Conclusions

Experimental techniques for determining dispersion, the dispersion coefficient, and
dispersivity have been developed in this research. The results contribute toward the solution of the
phenomenon of the dispersion process in a miscible displacement. The following results and
conclusions are indicated by the experimental research.

1. Regression models used as described in Chapter 2 resulted in considerable improvement of
the correlation between dispersion characteristics and porosity and permeability. Dispersivity
apparently cannot be calculated exclusively from reservoir rock properties.

2. The experimental method described in Chapter 3 using water labeled with *O can be used
to determine the miscible dispersion effect in an oil reservoir flow system.

3. The CT scan and X-ray linear scan applied as described in Chapter 4 were successful in
measuring the dispersion effect within a porous medium. The scans measured the effect of small-
scale heterogeneity in the sandstone samples. The vertical length of the flow system appears to have
an effect on dispersion, the dispersion coefficient and dispersivity. A new parameter, dispersion
factor DF,; , was introduced. A field determined dispersion factor was found to be of much larger
value than a laboratory determined dispersion factor.

4, Tortuosity is an important pore property and indicates the relationship of fluid flow,
dispersion, and the electrical properties of a reservoir rock. Chapter 5 suggests that both diffusion
and capacitance type models can be combined with a tortuous capillary model to describe dispersion
flow in a porous medium. An equation was presented to establish, based on well log data, dispersion
effects in a reservoir rock.

5. An experimental apparatus and procedure to measure transverse dispersion effects have been
developed and reported in Chapter 6. The relationship of longitudinal and transverse dispersion
coefficients to the Reynolds Number was studied. Gravity effects on transverse dispersion were also
studied. Dispersivity appears to be a function of media characteristics and fluid flow parameters.

6. An experimental method has been developed to investigate gas-gas dispersion in a porous
rock (Chapter 7). Effect of pressure and flow velocity on the measured dispersion suggest a critical
velocity exists. Dispersivity appears to be a function of rock properties, flow velocity, and
displacing pressure in gas-gas dispersion.

Much more research remains to be performed before we understand the phenomenon of
dispersion in a porous medium. The results of this research may be applied not only to enhanced
oil recovery but also to such varied problems as migration of fertilizers toward aquifers and leaks
of chemical or nuclear wastes stored in low permeability rocks.
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