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ABSTRACT

In order to effectively utilize many new seismic technologies and interpret the
results, acoustic properties of both reservoir fluids and rocks must be well understood.
It is the main purpose of this dissertation to investigate acoustic wave velocities in
different hydrocarbons and hydrocarbon saturated rocks under various reservoir condi-

tions.

Theé investigation consists of six laboratory experiments, followed by a series of
theoretical and application analyses. All the experiments involve acoustic velocity
measurements in hydrocarbons and rocks with different hydrocarbons, using the ultra-

sonic pulse-transmission methods, at elevated temperatures and pressures.

In the experiments, wave velocities are measured versus both temperature and
pressure in 50 hydrocarbons. The relations among the acoustic velocity, temperature,
pressure, API gravity, and the molecular weight of the hydrocarbons are studied, and
empirical equations are established which allow one to calculate the acoustic velocities
in hydrocarbons with known API gravities. Wave velocities in hydrocarbon mixtures
are related to the composition and the velocities in the components. The experimental
results are also analyzed in terms of various existing theories and models of the liquid

state.

Wave velocities are also measured in various rocks saturated with different hydro-
carbons. The compressional wave velocities in rocks saturated with pure hydrocarbons
increase with increasing the carbon number of the hydrocarbons. They decrease
markedly in all the heavy hydrocarbon saturated rocks as temperature increases. Such
velocity decreases set the petrophysical basis for in-situ seismic monitoring thermal

enhanced oil recovery processes.
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The effects of carbon dioxide flooding and different pore fluids on wave velocities
in rocks are also investigated. It is highly possible that there exist refiections of seismic
waves at the light-heavy oil saturation interfaces in-situ. It is also possible to use

seismic methods to monitor carbon dioxide flooding processes.

Velocity dispersions are analyzed theoretically in rocks saturated with diiferent
pore fluids. The results are discussed in terms of the Biot theory and the "local flow™
mechanism. Applications of the results and the applicability of using seismic methods

to monitor various enhanced oil recovery and production processes are also discussed.
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CHAPTER 1

INTRODUCTION

During the past years, seismic methods have been playing a major role in the
exploration for hydrocarbon reservoirs. However, little success would have been
achieved without knowing and understanding seismic velocities and their behaviors
with various parameters in various rocks. There is little doubt that seismic velocities
and their variations with different parameters are the main cause of the success of
seismic methods in explorations. Extended studies on velocities in various rocks have
been done by numerous investigators. Some of the references of these studies are listed
in the bibliography.

Furthermore, seismic methods have almost never been used in hydrocarbon
recovery assessment, in spite of the growing need to better understand various recovery
processes. A major problem in the area of reservoir evaluation and production is the
realization of the complexity of most reservoirs, leading to large uncertainties in
estimated total recovery, recovery rates, and recovery methods. There is little doubt
that seismic methods will play, in the near future, a major role in helping to solve pro-
duction and recovery problems. But we first need to understand what seismic waves

can tell us about reservoir rocks, and how to extract the desired information.

With the rapid development in seismic and well logging technologies, detailed stu-
dies on hydrocarbon reservoirs are getting more and more attention. In recent years,
seismic borehole to borehole tomography, 3-D seismic reservoir imaging, seismic del-
ineation of reservoir fluid saturations, seismic evaluation and characterization of hvdro-

carbon reservoirs, seismically monitoring production and enhanced oil recovery (EOR)




processes in time, and detailed borehole sonic loggings have begun to emerge. There is
little doubt that these technologies will become routine in the near future. However.
acoustic properties of both reservoir fluids and rocks must be understood in order to
utilize these new methods and interpret their results. Therefore, it is the main purpose
of this thesis to investigate acoustic wave velocities in different hydrocarbons and reser-

voir fluids and in rocks saturated with hydrocarbons under various reservoir conditions.

The importance of the acoustic properties of reservoir liquids have not gotten
enough attention thus far. There are very few experimental data of acoustic velocities
in crude oils, and no systematic studies. The reason for this is that, as has been well
known, the acoustic velocities in fluids are in fact pure thermodynamic quantities.
From this point of view measurements of acoustic velocities in fluids can not give more
information than that included in-the data of the equation of state. However, the preci-
sion of the information on the fluids actually obtained by acoustic experiments is often
one or two orders of magnitude higher than that of direct thermodynamic measure-
ments. For this reason, even if complete press;ure-volume-temperature (P-V-T) data are
available, acoustic velocity experiments are useful as an independent check of these
data. If no complete P-V-T data are available, the interest of acoustic velocity meas-
urements is of course obvious. On the other side, if acoustic velocity data are available,

one can use these data to derive more accurate P-V-T properties of the fluids.

There is at present no completely satisfactory theory or model of the liquid state
which can give precise acoustic velocity data. Acoustic velocities calculat.ed by the
equation of state based on various liquid theories or models usually deviate from tliosce
actually measured substantially. Furthermore, such velocity calculations require meas-
urements of other thermal properties of the liquid such as the specific heat ratio, ther-
mal expansivity, and heat capacity. These measurements are often much more compli-
cated than acoustic measurements. Therefore, from this point of view, the advantage

of measuring acoustic velocities in crude oils is obvious.



Although many experiments and investigations have been done in the past years
on acoustic velocities in rocks, most of such experiments and investigations were done
for rocks saturated with water. That is, very few laboratory experiments have been
carried out on velocities in rocks saturated with various hydrocarbons. The reasons for
this situation may be because (1) the velocities in water and heavy oils are about the
same at room condition, people generally make the assumption that velocities in rocks
saturated with heavy oils should also be about the same as those in the samevrocks
with water, according to the Biot theory; (2) the measurement for velocities in hydro-
carbon saturated rocks is more difficult and complicated, due to the high viscosities of
the hydrocarbons; and (3) hydrocarbons are usually hazardous, especially at high tem-
peratures. However, the major purpose of the seismic explorations is to find hydrocar-
bon reservoirs. Without knowing tl;e acoustic properties of hydrocarbons and hydrocar-
bon saturated rocks, it is more difficult and impractical to apply the laboratory data to
the field. Furthermore, even if the acoustic velocities in water and heavy oils are about
the same at room condition, their temperature and pressure responses are diflerent.
Therefore, it is necessary and important to study the acoustic velocities in rocks
saturated with various hydrocarbons in order to better apply the laboratory results to

the field in seismic exploration, acoustic well logging, and production assessment.

In this thesis, acoustic velocities in 50 different hydrocarbons were measured
versus temperature and pressure. The hydrocarbons include pure hydrocarbons, hydro-
carbon mixtures, light and heavy crude oils, and solid paraflin wax. Furthermore.
wave velocities were also measured in several rocks saturated with different hydrocar-
bons and water. The results, along with the interpretations, discussions, and applica-

tions of the results, are shown in chapters 2 through 10.

In chapter 2, wave velocities are measured in 26 pure hydrocarbons with different
molecular weights. The relations among the velocity, temperature, and the molecular

weight (or carbon number) of the hydrocarbons are studied and established. The
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experimental results of the wave velocities in 9 pure hydrocarbon mixtures show that
the velocity in a hydrocarbon mixture is related to the composition and the velocities

in the components.

Chapter 3 studies the wave velocities in crude oils with API gravity ranging from
5 to 62°. The velocities in the crude oils are systematically related to the temperature,
pressure, API gravity, and molecular weight. The experimental results are discussed
and interpreted in terms of various existing theories of the liquid state. Empirical equa-
tions are established which can be used to calculate the acoustic velocities in oils with
known API gravity (or density) as a function of temperature and pressure. Further-
more, using the acoustic velocity information, one can calculate the pressure-volume-

temperature relations of the oils. Other applications of the results are also discussed.

The experimental results shown in chapter 4 reveal that the compressional wave
velocities in rocks saturated with pure hydrocarbons increase with increasing the car-
bon number (or molecular weight) of the hydrocarbons. Even though the rocks are
saturated with light hydrocarbons, the compressional wave velocities in the rocks .still
decrease substantially as temperature increases. The amount of such velocity decrease
sets the lower bond of the temperature effect on the compressional wave velocities in

rocks saturated with hydrocarbons.

In chapter 5, wave velocities in 4 heavy hydrocarbons and rocks saturated with
these hydrocarbons are measured versus temperature at fixed pressures. The velocities
in the solid hydrocarbons decrease sharply as the hydrocarbons are melted. And the
same happens to the velocities in rocks saturated with the solid hydrocarbons. The
compressional wave velocities in all the heavy hydrocarbon saturated rocks decrease
markedly as temperature increases. Such velocity decreases set the petrophysical basis

for in-situ seismic monitoring thermal enhanced oil recovery processes.

Chapter 6 investigates the effect of CO, flooding on wave velocities in rocks with

hydrocarbons. The experimental results show that CO, flooding decreases the



compressional wave velocities in reservoir rocks markedly. Therefore, it is possible to
use seismic methods to locate the CO, zones, to track the movement of the CO, bank,

and to monitor the flooding processes in reservoirs subject to CO, floodings.

In chapter 7, the effect of diflerent pore fluids on wave velocities in rocks is inves-
tigated. The experimental results reveal that the compressional wave velocities difler
pronouncedly in rocks saturated with different pore fluids. It is highly possible that
there exist reflections of seismic waves at the light-heavy oil saturation interfaces in-
situ: Such reflections could be as strong as, or even stron.ger than, those at the air-
water saturation interfaces. The results suggest that on seismograms, "bright spots”
could not only appear at the gas-water (or oil), but also the light-heavy oil, saturation
interfaces. It is also suggested tha§ one should specify if it is light oil or heavy oil when

referring to oil saturations of rocks.

Chapter 8 studies the velocity disperéions in rocks saturated with different fluids.
In order to apply the laboratory results to the field in-situ, such study is very impor-
tant since the wave characters measured in the field are in different frequency bands
from those measured in the laboratory. The results show that the velocity dispersions
in rocks are directly related to the viscosity of the pore fluids, the permeability and
pore geometry of the rock, the thin crack appearance in the rock, and temperature and
pressure. The results are discussed in terms of the Biot theory and the ”local flow”
mechanism. According to either the Biot theory or the ”local low” mechanism, labora-
tory results of velocities in heavy oil saturated rocks measured at 1 MHz can be

directly applied to the field in-situ at seismic or sonic logging frequencies.

Chapter 9 summarizes and discusses the applicability of using seismic methods to
monitor various enhanced oil recovery and production processes. It also discusses the

factors affecting seismic wave velocities in hydrocarbon reservoirs.

In chapter 10, abstracts of other related publications and reports by me and my

co-authors are presented. These publications and reports are related to the content of



this thesis and were written during the period of my stay at Stanford as a graduate

student.

The richness of the seismic effects discussed in this thesis and the sensitivity of
velocity to reservoir parameters clearly indicate the future direction of reservoir
seismology: growing efforts to describe reservoirs in more detail, and monitoring their
recovery processes, using high resolution seismic methods. However, much of the
methodology required still remains to be developed. Although 3-D and vertical seismic
profiling (VSP) surveys already contribute significantly to reservoir description, cross-
hole tomography and inverted VSP, using downhole sources and a very large number
of surface receivers, are just beginning to emerge. With data densities which are much
greater than those needed for exploration through rock volumes (reservoirs, production
zones, etc.) which are quite small, it should thus become very practical to use seismic
probing routinely in development and production of hydrocarbon reservoirs. The veloci-
ties and amplitude data obtained can then be converted to desired reservoir parame-

ters, using the effects described in this thesis and elsewhere.

REFERENCES
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CHAPTER 2

WAVE VELOCITIES IN PURE HYDROCARBONS AND
MIXTURES

ABSTRACT

Wave velocities were measured in hydrocarbons of the Alkane, Alkene, and
Naphthene ( Cycloparaffin ) families as a function of temperature, using the ultrasonic
pulse transmission method. It was found that the wave velocities in all the hydrocar-
bons measured decreased with increasing temperature approximately linearly, though

the slopes of the decreases were different.

By plotting the velocities as a function of both temperature and the carbon
number ( or the molecular weight ), one could see that the velocities increased with
increasing the carbon number of the hydrocarbons. This suggests that hydrocarbons of
the same family with higher carbon content have higher elastic modulus ( or lower
compressibility ).

Wave velocities in hydrocarbon mixtures were also measured. The measured velo-
cities had very small deviation from the following empirical formula

V=YXV,
1 =1

where V is the velocity in the hydrocarbon mixture, X; is the volume fraction and V;

is the velocity, respectively, of the ith component.



INTRODUCTION

The variation of ultrasonic wave velocities with temperature changes in liquids
has long been a research subject for many scientists. In recent years, with the rapid
development in petroleum technologies, seismic-acoustical methods are becoming more
and more important in both exploration and experimental geophysics. Therefore, it is
necessary to study the acoustical properties of both hydrocarbons and hydrocarbon-
saturated rocks. In a series of such studies, we carried out some ultrasonic measure-
ments on the velocities in petroleum-forming hydrocarbons as a function of tempera-

ture.

Wave velocities in thirteen n-alkane, ten 1-alkene, and three cycloparaffin hydro-
carbon samples were measured in.the temperature range of as low as -12 to up to
132° C. It was'found that the velocities in all the hydrocarbons decreased approxi-
mately linearly as the temperature increased, with slopes ranging from -3.43 to -4.86

[m [sec]/° C.

The velocities in the hydrocarbons incr;eased with increasing the carbon numbers
or the molecular weights, and a linear (or approximately linear) relationship between
the velocities and the inverse of the carbon numbers or molecular weights was found.
By combining the effects of temperature and carbon number or molecular weights on
the velocities together, an empirical model for the velocities in pure hydrocarbons was
proposed. This model allows one to calculate velocities in pure hydrocarbons of various
molecular weights or carbon numbers at various temperatures, if the temperature
coeflicient, the molecular weight coeflicient or carbon number cbeﬁ'icient, and a refer-

ence velocity are known.

Although both the densities of and the velocities in the hydrocarbons vary with
the temperature changes approximately linearly, one may not expect the same relation-
ship to exist between the bulk moduli (or compressibility) and temperature. The experi-

mental results show that the bulk moduli of the hydrocarbons decrease non-linearly



with increasing temperature, and that they increase with increasing carbon numbers or

molecular weights.

The wave velocities in nine mixtures of pure hydrocarbons were also measured,
either as a function of the volume fraction of one of the components or as a function of
temperature. The measured velocity data were fitted by a simple linear equation

n
V=$XVi,
i=1
where X; and V; are the volume fraction and velocity, respectively, of the ¢ th hydro-
carbon component in the mixture. It was found that the fit was surprisingly well, with

the biggest deviation of only 0.52%.

Although several linear relationships have been found, all of them may be applica-

ble only when the hydrocarbons are in the liquid state.

PHYSICAL PROPERTIES OF THE HYDROCARBONS

In the experiments, three types of hydrocarbons were selected, namely, n-alkanes,
1-alkenes, and cycloparaflins. Of them, cycloparaflins and alkanes are among the most
common constituents of crude oils. All the hydrocarbon samples were bought from a

major chemical company.

n-Alkanes

The alkanes are a homologous series* of saturated open-chain hydrocarbons of
general formula C, H,, .. They are also called paraffins which dominate the gasoline
fraction of crude oils. Generally, they are the principal hydrocarbons in the oldest,
most deeply buried reservoirs. On average, a crude oil contains somewhere between 15-
20% (by weight) alkanes; however, this figure may rise to as high as 35% in very

paraflinic crude oils, or drop to zero in the case of heavily biodegraded oils.

* - In organic chemistry, 2 homologous series is a series of compounds in which each member differs
from the next member by a constant amount.

e e it U e e e i
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The alkanes which have straight-chain molecular structures are called normal
alkanes (n-alkanes) or normal paraffins (n-paraffins). A typical crude oil contains nor-
mal alkanes with carbon numbers ranging from 1 to about 40 ( a few beyond 40 ). At
room temperature and pressure, normal alkanes of C, - C,, Cg~ Cyq, and C,, above

are in the state of gas, liquid, and solid, respectively.

Table 1 lists the physical properties of the n-alkanes tested in our experiments.
From this table, one can see that the boiling point, melting point, and density of the
n-alkanes all increase with increasing carbon numbers (hence molecular weight), which

is related to the van der Waals forces between the hydrocarbon molecules.

All the n-alkanes tested are basically non-soluble in water. The densities are all

less than that of water (1 grams /em?®), and decrease with increasing temperature (figure
1).
1-Alkenes

The alkenes are a homologous sefies of unsaturated open-chain hydrocarbons of
general formula C, H,,. They are also called olefins. Alkenes have a double bond
between two of the carbon atoms (i.e., -C=C-) in structure (this is what "unsa-
turated” actually means) and therefore are chemically reactive. They are rarely seen in
crude oils due to their chemical reactivity; however, small quantities of hexene (C¢Hs),

heptene (C,H,,), and octene (CgHs) have been identified.

The 1-alkenes in the experiments are straight-chain hydrocarbons and have the
double bond between their first and second carbon atoms (or the last and the second
last ones) in the molecular structure. Their physical properties (table 2) are similar to
those of n-alkanes. The melting point of a 1l-alkene is much lower, the boiling point is
slightly lower, and the density is higher, than those of the n-alkane with the same car-
bon number, which is caused by the double bond in the molecular structure of the 1-

alkenes.
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Figure 2 shows the density-temperature relation of the 1-alkenes. This relation-

ship is approximately linear.

Cycloparaffins

The cycloparaflins are formed by joining the carbon atoms in a ring. They are
also called naphthenes. They are saturated hydrocarbons with general formula C, H,, .

Usually, crude oils can contain up to 50% (by weight) of naphthene compounds.

Three samples of cycloparaflins (cyclohexane, cycloheptane, and cyclooctane) were
selected for the experiments. Their physical properties are listed in table 3. Note that
their physical properties are quite different from those of n-alkanes and 1-alkenes with

the same carbon numbers, due to the differences between their molecular structures.

EXPERIMENTS

The pulse transmission method was employed in the éxperiments. The apparatus
consists of a pair of acoustic transducers, a pulse transmitter/receiver, a signal
amplifier, and an oscilloscope. The transducers used are a pair of identical, wide band
piezoelectric immersion transducers with a central frequency of 2.25 MH: and diame-

ters of 19.05 mm (0.75 in. ), and attached with two identical high-temperature buffers.

In the measurements, the two transducers, attached with the high-temperature
buffers, were built in and locked on a heat-conductive cylindrical container, and the
distance between them were precisely measured. The ultrasonic pulse of 1 MH: fre-
quency was sent to one of the transducers to generate the ultrasonic waves traveling
through the hydrocarbons under test. The waves were picked up by the other trans-
ducer and sent to the amplifier and then to the digital oscilloscope. The travel times of

the waves therefore were measured on the oscilloscope, with precision of 0.05 usee. .

At one temperature point, two travel times of the waves were measured; one was

the two-way travel time Aty in one of the high-temperature buffers (the reflection time
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at the interface of the high-temperature buffer and the hydrocarbon under test). and
the other was the transmission time Aty in the hydrocarbon sample and the two

buffers. The ultrasonic velocity was calculated by

l
o Aty - Aty

where ! is the distance through which the waves traveled in the hydrocarbon sample.

The hydrocarbons of low melting points were pre-cooled in a refrigerator and
those of high melting points were pre-melted in a vacuum oven. Once the hydrocarbon
sample was prepared, it was poured into the container in which the transducers were
built. The temperature of the sample was gradually increased by a he#ting tape which
surrounded the heat-conducting container homogeneously. The heating rate was about
0.5 - 0.8° C /minute. Once a temp-)erature point was reached, we waited for about 10-
15 minutes to measure the travel times to assure temperature equilibrium inside the
sample. Owing to these procedhres and since the volume of the hydrocarbon sample
was small (about 110 m!), the temperature gradient in the sample at the measuring

point was very small.

The travel times were also measured when the temperature decreased from the
highest measuring point to room temperature (22° C). No velocity hysteresis was

found in the experiments.

RESULTS AND DISCUSSIONS

Wave Velocities in Pure Hydrocarbons

The compressional wave velocities in 26 pure hydrocarbon samples (thirteen n-
alkanes, ten 1-alkenes, and three cycloparaflins) were measured as a function of tem-

perature, with accuracy of about 0.1%. The complete data were listed in tables 4 to 6.
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Figure 3 shows the velocities in the thirteen n-alkanes as a function of tempera-
ture. The velocities in all the liquid n-alkanes decrease approximately linearly with

increasing temperature, i.e., the data can be fitted by straight lines of expression
Vp =V, -bAT, (1)

where V; and V, are the velocities at temperatures T and T, (a reference tempera-
ture point), respectively, AT = T - T,, and b is called the temperature coeflicient of

the velocity.

Figures 4 and 5 plot the velocity data of 1l-alkenes and cycloparaffins listed in
tables 5 and 6, respectively as a function of temperature. Again, the velocities decrease

with increasing temperature approximately linearly.

The linear relation between wave velocities in the hydrocarbons and temperature
is restricted in the region of the hydrocarbons being in the state of liquid only. There-

fore, one does not expect this linearity to span on the whole three-state region.

The linear (or approximately linear) variation of wave velocities with temperature
has also been observed in many liquids. The ultrasonic velocities in nitrobenzene,
methyl acetate, ethyl acetate, diethylene glycol monoethyl ether, etc., nine organic
compounds, measured by Rao and Rao (1959), all showed a linear decrease with
increasing temperature (ranging 25 - 110° C). Bradley (1963) showed that the sound
velocities in a Dow Corning 200 fluid also decrease approximately linearly with increas-
ing temperature. Although he fitted the data by high order polynomials, the constant
and the first order terms were obviously dominant in his expressions. In our experi-
ments, we did not feel it necessary to fit the data by polynomials since the data meas-
ured were not that highly accurate (the accuracy was about 0.1%). The sound veloci-
ties in liquid trichlorofluoromethane, measured by Chavez et al (1981), also showed a
linear relationship with temperature in the range of -25 to 25° C (not in the whole

temperature range). Even in mercury, the velocity also decreases linearly with
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increasing temperature (Hunter et al, 1963).

One also notices that the wave velocities in all the measured 26 hydrocarbon sam-
ples decrease with increasing temperature very fast, generally by 35-45% in the tem-
perature interval of 100° C. For different hydrocarbons, the degree of the velocity
decrease is different. This degree of decrease is measured by a parameter called the
temperature coefficient, 5. Figure 6 plots the temperature coefficients of all the 26
hydrocarbon samples. It shows that the temperature coefficient decreases (while the
velocity increases) with increasing carbon number (or molecular weight) of the hydro-
carbons of the same series, which means that the heavier the hydrocarbon is, the less

sensitive the velocity is to temperature changes.

Figure 6 shows that the temperature coeflicients of the velocities in the n-alkanes
and the 1l-alkenes vary with the molecular weight changes in a similar nature. These
coeflicients are also plotted against the molecular weights of the hydrocarbons (figure

7). The continuous line in figure 7 represents the fitted data by an empirical equation

1 7.6
— = 0.306 ~ ——
b M’

where b is the temperature coefficient and A the molecular weight. This equation
allows one to calculate the temperature coefficient of the wave velocities in hydrocar-

bons of the n-alkane and 1-alkene series, with a reasonable accuracy.

The velocities in all the hydrocarbons measured increase with increasing the car-
bon number at all temperatures. In lighter hydrocarbons (with carbon numbers less
than 16), the velocities increase very fast as the carbon number increases, and in the

heavier ones, this increase becomes less sensitive to the carbon number changes.
Figures 8, 9, and 10 show that the velocities at different temperatures are linear
function of the inverse of the carbon number (-15) of the hydrocarbons. In figures 8 to

10, the velocity data are fitted by straight lines and the deviation of the data from

these straight lines is small (the largest one is about 1.5%). Therefore, equation (1) is
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modified as a 2-dimensional function of temperature and carbon number,

1
VT,C=VTD.Cn‘b(T_Ta)'a(6‘ C ), (2)

where a is called the carbon number coeflicient of the velocity; C is the carbon
number, and C, is a reference carbon number. In equation (2), & is a function of car-
bon number, and e is a function of temperature.

Equation (2) can also be written as

AC
CC, ! (3)

VT.C = VT‘,,CO -bAT + a

where AT =T -T, and AC =C - C,.

Equations (2) and (3) illustrate the variations of the wave velocities in hydrocar-
bons with both temperature and carbon numbers. Knowing the coeflicients a and &
and a reference velocity V,, one can calculate the wave velocities in hydrocarbons of
various carbon numbers at different temperatures. However, they can be used only

when the hydrocarbons are in the state of liquid.

Figure 11 shows a 3-dimensional plot of the velocities in the n-alkanes as a func-
tion of both temperature and carbon number. Figures 12 and 13 are the 3-dimensional

plots for the 1-alkenes and cycloparaffins, respectively.

Since the wave velocities are related to the carbon numbers of the hydrocarbons,
they must have the similar relationship with the molecular weights of the hydrocar-
bons. Figures 14 and 15 illustrate the variations of the velocities in the n-alkanes and
the 1-alkenes, respectively, with the the inverse of the molecular weight at different
temperatures. The shap'es of the velocity curves are very similar to those shown in

figures 8 and 9.

Figures 14 and 15 show that the wave velocities are linear (or approximately
linear) functions of the inverse of the molecular weights of the n-alkanes and 1-alkenes.

Therefore, equations (2) and (3) can also be written as a 2-dimensional function of
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temperature and molecular weight of the hydrocarbons,

1 1
Ve = Vr,u, - 4T - T,) - au(55 - 37 (4)
or
AM
Ve = Vr, u, - bAT - ay MM, (5)

where ay is the molecular weight coeflicient of the velocity and is different from a, the
carbon number coefficient. gy is also a function of temperature. M and M, are the
molecular weight and a reference molecular weight, respectively, and AM = M - M,.

Vr, u, is a reference velocity (velocity in hydrocarbon of molecular weight A, at tem-
perature T,). All other notations in equation (4) and (5) mean the same as in (2) and
(3).

Like equations (2) and (3), equations (4) and (5) also allow one to calculate the

velocities in the hydrocarbons of various molecular weights at different temperatures if

a reference velocity and the coeflicients & and a) are known.

Plotting the velocities in the n-alkanes and the 1-alkenes in a same figure as a
function of molecular weight (figure 16), one can see that all the data points at a given
temperature point lie on a fairly smooth line. This means that for the hydrocarbons
which have the similar molecular structures, the velocities are mainly determined by
their molecular weights, at a given temperature and pressure point. Comparing the
physical properties of an n-alkane and a 1-alkene of the same carbon number, their
melting points and densities are quite different, while the molecular weights differ only
by 2 and the boiling points by a few degree C (tables 1 and 2). Therefore, one can con-
clude that, besides the ambient environments such as temperature and pressure, the
velocities in hydroc>arbons are determined by their molecular weights and molecular

structures,
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Bulk Moduli of the n-Alkanes and 1-Alkenes

Having both the density and velocity data, one can calculate the adiabatic bulk

moduli of the hydrocarbons by using the equation
K = pV?, (6)
where p and V represent density and velocity, respectively.

The calculated bulk moduli of the n-alkanes with carbon numbers ranging 6 to 18
are plotted in figure 17. Although both the densities of and the velocities in the n-
alkanes decrease with increasing temperature approximately linearly, the bulk moduli
of the hydrocarbons decrease with increasing temperature non-linearly. However, simi-
lar to the densities and velocities, the bulk moduli of the n-alkanes decrease with
increasing temperature also very fast, and increase with in‘creasing carbon numbers

(and hence molecular weights).

Figure 18 plots the bulk moduli of the 1-alkenes as a function of temperature.
Again, systematic decrease of the bulk moduli with increasing temperature was found.
The bulk moduli also increase with increasing carbon numbers (molecular weights) sys-

tematically, as found in the n-alkanes (figure 27).

Plotting the bulk moduli of both the n-alkanes and 1-alkenes in the same figure
(figure 19), one can see that for the hydrocarbons which have the same molecular
weights, the bulk moduli are very close to each other, and also vary in the same way
with temperature changes. However, as one can see in figure 19, the bulk moduli of the
n-alkanes are a little smaller than those of the 1-alkenes of the same molecular weights.
This is obviously caused by the density effect: Since at a given molecular weight the
density of the n-alkane is lower than, while the velocity is about the same as, that of
the 1-alkene, the bulk moduli of the n-alkane should be a little smaller than that of the
1-alkene due to its lower density. Therefore, one can conclude that for the hydrocar-

bons which have the same molecular structures (e.g., open-chain, number of double or



-18-

triple bonds) and the same molecular weights, at the same temperature and pressure.

their bulk moduli are affected by the densities.

The densities of the hydrocarbons are related to the molecular structures. For
example, the double bond increases the densities of the 1-alkenes (also lowers the melt-
ing and boiling points). However, the density may not affect the velocities if the molec-
ular structures are similar (e.g., open-chain, straight-chain), though it may have effects
on the bulk moduli. The molecular structures of a l-alkene and an n-alkane of the
same carbon number differ each other only by a double bond. Our results show that
this double bond does not affect the velocities (the slight differences in velocities are

caused by the molecular weight difference) but does affect the bulk moduli.

Wave Velocities in Hydrocarbon Mixtures

The wave velocities in hydrocarbon mixtures were also measured in the experi-
ments. The volumes of the pure hydrocarbon components were precisely measured and
the mixtures were well-stirred. All other measuring procedures were the same as in the

measurements on the pure hydrocarbons.

The velocities in the binary mixture of 1-decene (C,,Hy) and 1l-octadecene

(C1gH 3s) are listed in table 7. The measured velocities are fitted by
V=X,Vi+ X,V (7)

where X, and V,, X, and V, are the volume fractions and velocities of the first and
second pure hydrocarbon components, respectively. The data (both measured and cal-
culated) are also plotted in figure 20 which shows the velocities in the binary mixture
behave as a linear function of the volume fraction of 1-decene (C,0Ho). The calculated
velocities by equation (7) fit the measured very well, with the biggest deviation of

0.31%.

The velocities measured in 50% (by volume) 1-decene (C,oHy) and 50% I-

hexadecene (CsH32), along with those calculated by equation (7), are plotted in figure
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21 as a function of temperature (the data are listed in table 8). Again, the measured

velocities are well-fitted by equation (7), with the biggest deviation of 0.38%.

To test the applicability of equation (7), the velocities in the binary mixture of
35% (by volume) 1-dodecene (C,,H,,) and 65% 1-tetradecene (C,,Hos) were also meas-
ured as a function of temperature (figure 22, table 8). The biggest deviation of the

measured velocity data from the calculated by equation (7) is about 0.52%.

Equation (7) is applicable to the binary mixtures, both as a function of the
volume fraction of one of the pure hydrocarbon components and as a function of tem-
perature. The velocities in multi-component mixtures of pure hydrocarbons were also
measured. Table 9 lists the velocities in six multi-component mixtures of the pure
hydrocarbons, at temperature of 20° C, along with those calculated by

V=XV, (8)

(=]

where X; and V; are the volume fraction of and velocity in the ¢th hydrocarbon com-
ponent, and n is the number of the cdmponents in the mixture. From table 9, one can
see that the measured velocities are also well-fitted by equation (8), with the biggest
deviation of 0.81%. Therefore, one may conclude that one can calculate the velocities
in the hydrocarbon mixtures by equation (8) very precisely, if the composition of the

mixtures is known.

SUMMARIES AND CONCLUSION

Linear (or approximately linear) decreases of the wave velocities in pure hydrocar-
bons with increasing temperature were found. This linearity allows one to extrapolate
the velocity values in a hydrocarbon at various temperatures if a reference velocity
(velocity value at a given temperature point) and the temperature coefficient are

known. However, this extrapolation may be made only when the hydrocarbon is in the

state of liquid.
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The wave velocities in hydrocarbons of the same series increase non-linearly with
increasing the carbon numbers or the molecular weights of the hydrocarbons. However.
if the velocities are plotted as a function of the inverse of the carbon numbers or the
molecular weights, again linear relationships are found. Combining the effects of tem-
perature and the carbon numbers or molecular weights on the velocities, one can calcu-
late the velocities in hydrocarbons of various carbon numbers or molecular weights at
various temperatures if the temperature and carbon number (or molecular weight)

coeflicients and a reference velocity are known.

Although both the densities of and the velocities in the measured hydrocarbons
decrease with increasing temperature linearly (or approximately linearly), the same
relationship does not exist between the bulk moduli (or compressibilities) and tempera-

ture.

The velocities in the hydrocarbon mixtures have also linear (or approximately
linear) relationships with temperature and the volume fraction of one of the com-
ponents. The empirical equation established in this study allows one to calculate the
velocities in hydrocarbon mixtures at given temperatures if the compositions of the

mixtures are known.
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Table 2. Physical properties of the 1-Alkenes.
Table 3. Physical properties of the Cycloparaffins.
Table 4. Measured velocities as a function of temperature in the n-Alkanes.
Table 5. Measured velocities as a function of temperature in the 1-Alkenes.
Table 6. Measured velocities as a function of temperature in the Cycloparaffins.

Table 7. Measured and calculated velocities in the binary mixtures of C,,H o and
CIBHSO-
Table 8. Measured and calculated velocities as a function of temperature in the

binary mixtures of 50% C,oH4 and 50% C¢H 3, and 35% C,H,, and 65% C,,H .

Table 9. Measured and calculated velocities in the multi-component mixtures of

selected n-Alkanes, 1-Alkenes, and Cycloparaffins.
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FIGURES

Figure 1. Density of the n-Alkanes vs. temperature. The numbers in the figure

represent carbon numbers.

Figure 2. Density of the 1-Alkenes vs. temperature. The numbers in the figure

represent carbon numbers.

-

Figure 3. Velocities in the n-Alkanes vs. temperature. The numbers in the figure

represent carbon numbers.

Figure 4. Velocities in the 1-Alkenes vs. temperature. The numbers in the figure

represent carbon numbers.

Figure 5. Velocities in the Cycloparaflins vs. temperature. The numbers in the

figure represent carbon numbers.

Figure 6. Temperature coeflicient b of the velocities in the measured hydrocar-

bons as a function of the carbon number.

Figure 7. Temperature coefficient b of the velocities in the measured hydrocar-

bons as a function of the molecular weight.

Figure 8. Velocities in the n-Alkanes plotted as a function of the inverse of the

carbon numbers, at different temperatures.

Figure 9. Velocities in the 1-Alkenes plotted as a function of the inverse of the

carbon numbers, at different temperatures.

Figure 10. Velocities in the Cycloparaffins plotted as a function of the inverse of

the carbon numbers, at different temperatures.

Figure 11. Three-dimensional plot of the velocities in the n-Alkanes as a function

of both temperature and the carbon number.

Figure 12. Three-dimensional plot of the velocities in the 1-Alkenes as functions

of temperature and the carbon number.
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Figure 13. Three-dimensional plot of the velocities in the cycloparaflins as a func-
tion of both temperature and the carbon number, in the temperature interval of 15 to
120° C.

Figure 14. Velocities in the n-Alkanes vs. the inverse of the molecular weight

(multiplied by 10) at different temperatures.

Figure 15. Velocities in the 1-Alkenes vs. the inverse of the molecular weight

(multiplied by 10) at different temperatures.

Figure 16. Comparison of the velocities in the 1-Alkenes with those in the n-

Alkanes, as a function of molecular weight at different temperatures.

Figure 17. The calculated bulk moduli of the n-Alkanes vs. temperature. The

numbers in the figure represent carbon numbers.

Figure 18. The calculated bulk moduli of the 1-Alkenes vs. temperature. The
numbers in the figure represent carbon numbers.
Figure 19. Comparison of bulk moduli of the 1-Alkenes with those of the n-

Alkanes, as a function of temperature.

Figure 20. The measured and calculated velocities in the binary mixture of

CroH oo and CgH 3.

Figure 21. The measured and calculated velocities as a function of temperature in

the binary mixture of 50% C,;Hg and 50% C¢H 3.

Figure 22. The measured and calculated velocities as a function of temperature in

the binary mixture of 35% C,oHo and 65% C,Hos.
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CoH 4 C1H 4 CsHys Crof 2
T [ve ([T]Vve [T [V [|[T | Vp
-10 | 1224 {| -8 | 1270 -8 | 1314 -5 | 1342
-5 | 1204 0 | 1235 -6 | 1305 10 | 1281
0 | 1184 7 | 1203 -2 | 1289 22 | 1241
3 | 1171 || 12 | 1178 5 | 1253 27 | 1224
6 | 1160 || 18 | 1157 12 | 1228 38 | 1178
12 | 1131 || 28 }.1109 18 | 1200 49 | 1137
19 [ 1102 ({36 | 1078 24 | 1177 56 | 1108
26 | 1070 |1 43 | 1047 31 | 1147 64 | 1076
34 | 1035 150 | 1019 41 | 1105 69 | 1059
40 | 1005 ]| 59 979 52 | 1059 78 | 1023
45 983 || 65 951 61 1020 89 976
50 960 |1 73 917 74 965 95 951
55 937 || 85 863 86 916 || 106 908
61 910 (|92 833 }[102 846 {118 859
64 894 ({95 820 ({113 797
68 882 119 776

Units: T - Degree C, V - Meters/second.

Table 4
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CnHy CraH o CiH g CisH 3
T Vp T Vp T Vp T Vp
-2 | 1357 10 | 1370

0 | 1348 4 | 1359 || 22 | 1324

6 | 1323 || 13 | 1327 || 27 | 1304

14 | 1296 22 | 1288 30 | 1295 14 1364
18 | 1280 || 28 | 1261 || 36 | 1267 || 25 | 1323
31 | 1223 || 37 | 1220 || 42 | 1248 || 33 | 1290
44 | 1180 || 45 | 1194 || 49 | 1220 || 48 | 1236
55 | 1135 || 54 | 1157 || 59 | 1186 || 57 | 1205
68 | 1086 || 65 | 1118 || 71 | 1139 || 71 | 1152
76 {1055 || 73 | 1086 || 83 | 1091 || 82 | 1111
87 | 1008 || 83 | 1051 || 90 | 1064 || 89 | 1085
93 989 92 { 1011 103 | 1016 91 1075
101 | 955 {{100 | 978 |[110 | 986 || 102 | 1038
112 | 910 ||/110 | 940 |[120 | 951 [{112 | 1000
121 | 875 |{119 | 907 121 | 967

Units: T - Degree C, V - Meters/second.

Table 4
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Cief 3y CiH 38 C2oH 4o CogHss CasH 1y
T Vp T Vp T Vp T Vp T Vp
23 | 1343
27 | 1328 28 | 1340
33 | 1304 29 | 1338
36 | 1288 38 | 1302 44 | 1316 61 | 1301 74 | 1275
45 | 1258 48 | 1263 48 { 1301 67 | 1275 80 | 1249
52 | 1234 58 | 1228 || 55 | 1278 74 | 1244 85 | 1232
62 | 1192 68 | 1194 65 | 1242 83 | 1215 90 | 1211
73 | 1152 77 | 1161 72 | 1217 90 | 1188 95 | 1197
83 1118 90 1111 82 1182 96 1169 101 1172
93 1081 93 | 1104 93 | 1142 }] 101 1148 || 110 | 1144
104 1041 104 1060 104 1105 108 1126 117 1121
110 | 1016 114 1027 111 1077 115 | 1102 || 124 1097
119 982 (] 122 996 | 120 | 1047 || 120 | 1082 [| 132 | 1076

Units: T - Degree C, V - Meters/second.

Table 4
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CoH s C.H,, CeH e Crof 20 CuHzn
T Vp T | Vp T Vp T Vp T Vp
-12 | 1241 -12 | 1323
-8 | 1222 -4 | 1291 0 | 1345
-4 | 1203 || -8 | 1261 0 | 1275 -8 | 1355 8 | 1320
2 | 1175 0 | 1226 5 | 1249 0 | 1324 12 | 1293
8 | 1147 8 | 1161 12 | 1220 12 | 1277 16 | 1281
11 | 1133 ({11 | 1180 19 | 1188 22 | 1238 22 | 1257
18 | 1102 |17 | 1155 || 31 | 1136 28 | 1213 34 | 1207
24 | 1074 ({25 | 1120 44 | 1084 36 | 1181 47 | 1153
30 | 1048 || 33 | 1085 53 | 1047 47 | 1137 57 | 1118
33 | 1031 ||{42 | 1047 64 999 60 | 1087 62 | 1103
39 | 1004 {53 | 1000 73 960 72 | 1039 75 | 1052
47 968 (] 63 958 84 914 84 993 87 | 1007
50 954 || 74 910 92 878 96 943 {| 100 956
56 927 || 84 870 || 108 814 || 108 896 || 114 896
63 896 {|92 833 || 115 784 || 120 849 || 121 868
Unit: T - Degree C. V - Meters/second

Table 5




-31-

CroHy CiHz CreH 3 C1gH 5 CooH 4
T Vp T Vp T Vp T Vp T Vp
-4 | 1380 0 | 1397

0 | 1365 13 | 1349 10 | 1385

8 | 1335 23 | 1312 22 | 1341
15 | 1309 29 | 1288 30 | 1309
22 | 1282 36 | 1261 | 38 | 1279 17 | 1381
28 | 1261 43 | 1236. 46 | 1248 23 | 1361 || 32 | 1356
36 | 1229 49 | 1215 49 | 1240 30 | 1336 35 | 1343
47 | 1187 55 | 1191 57 | 1211 41 | 1293 48 | 1291
51 | 1174 64 | 1160 63 | 1191 45 | 1279 56 | 1266
60 | 1139 70 | 1140 70 | 1162 56 | 1238 67 | 1225
64 1124 78 1111 75 | 1148 69 | 1191 78 1187
76 | 1076 86 | 1081 79 | 1135 80 | 1155 82 | 1174
86 | 1040 96 | 1046 89 | 1097 92 | 1111 96 ( 1123
96 | 1003 || 104 | 1014 (| 100 | 1059 ({100 | 1087 {110 } 1073

105 969 || 110 993 110 | 1020 {{110 | 1049 117 1046
117 924 (| 119 959 |i 119 987 {120 | 1011 || 120 | 1038
Unit: T - Degree C, V - Meters/second.

Table 5
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CeH 12 C:H,, CsH e
T(c)| Ve |TCC)| Ve |TCC)| WV
7 1337 -2 1456
12 1313 7 1416
17 1289 14 1390 14 1427
22 1265 23 1345 22 1395
27 1237 29 1311 27 1374
32 1213 31 1304 38 1328
37 1190 39 1267 47 1288
42 1166 45 1241 58 1243
47 1141 54 ' 1200 67 1206
53 1111 64 1157 77 1163
60 1077 74 1111 87 1121
64 1064 86 1054 95 1086
72 1023 95 1017 101 1060
79 986 106 967 110 1023
80 982 108 959 120 984

Unit: V - Meters/second.

Table 6
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Volume Fraction (%)
Vimeasred | Vedesated
CioHg | CigHse
0 100 1369 1369
10 90 1358 | 1387
20 80 1348 1344
29.4 706 | 1336 1333
40 60 1321 1320
50 50 1307 1308
60 40 1298 1295
70 30 1286 1283
80 20 1275 1271
90 10 1260 1259
100 0 1247 1247

Unit: V - Meters/second. T = 20° C.

Table 7
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50% C10H 20, 50% CeH a2 35% C1oH 94, 65% C 1 H 28
( by volume ) ' ( by volume )
T(°C) | Vocassred | Veenssred | T(°C) | Vimewsures | Veaensted
19 1307 1302 19 1319 1315
28 1266 1265 - 30 1275 1274
41 1218 1216 47 1210 1210
53 1173 1171 68 1128 1133
62 1138 1136 84 1071 , 1074
80 1068 1067 98 1018 1023
96 1008 1007 112 964 969
108 961 961
118 923 924

Unit: V - Meters/second.

Table 8
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Composition | Vp at 20° C Volume Fraction (%)
CeH 15 1194 20 4
CroHm 1247 20 20 8
C 1oH og 1294 20 20 8
CiHs 1333 20 20 8
CreH s 1354 40 20 12
CeH 14 1188 10 2
C1oH 2 1247 10] 10 6
C 12H 3 1290 30 | .. 20 10
C.iHas 1321 30 | .. 10| 10| 10
C1eH 3 1349 a0 | .. 50 | 20| 20
CeH s 1276 10 2
C.H 1358 20 4
CsH s 1402 30 6
Vi atentated 1316 | 1323 | 1284 | 1308 | 1346 | 1313
Vinearsred 1319 | 1326 | 1286 | 1312 | 1343 | 1309

Unit: V - Meters/second.

Table 9
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CHAPTER 3

ACOUSTIC VELOCITIES IN PETROLEUM OILS

ABSTRACT

A series of experiments were carried out in the laboratory on acoustic wave veloci-
ties in oils. The samples include 8 dead* crude oils, 2 refined petroleum hydrocarbons,

and 1 live** oil.

In this chapter we first show.the measured acoustic velocities in these oils as a
function of both temperature and pressure; then discuss the experimental results in
light of the various existing theories and models of the liquid state for the purpose of
interpreting and understanding the acoustic velocity behaviors of the oils. Correlations
are made between the acoustic velocity and temperature, pressure, API gravity, and
molecular weight. Empirical equations are established which can be used to calculate
the acoustic velocities in oils with known API gravities. Finally, various applications or

potential applications of the experimental results are discussed.

INTRODUCTION

With the rapid developments in seismic and well logging technologies, more
detailed studies on hydrocarbon reservoirs are getting more and more attention. In
recent years, seismic borehole to borehole tomography, 3-D seismic reservoir imaging.
seismic delineation of reservoir fluid saturations, seismic evaluation and characteriza-

tion of hydrocarbon reservoirs, seismically monitoring production and enhanced oil

* Here "dead” oil refers to stock tank oil which does not contain dissolved gaé
** "Live” oil refers to o1l which has high content of dissolved gas.

-58-
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recovery (EOR) processes in time, and detailed borehole sonic loggings have begun to
emerge. There is little doubt that these technologies will become routine in the near
future. However, acoustic properties of both reservoir fluids and rocks must be under-
stood in order to utilize these new methods and interpret their results. Therefore, it is
the main purpose of this chapter to provide acoustic wave velocity information on

different kinds of oils.

As has been well known, the acoustic velocities in fluids are in fact pure thermo-
dynamic quantities. From this point of view measurements of acoustic velocities in
fluids can not give more information than that included in the data of the equation of
state. However, the precision of the information on the fluids actually obtained by
acoustic experiments is often one or two orders of magnitude higher than that of direct
thermodynamic measurements (v:‘m Dael and van Itterbeek, 1965). For this reason,
even if complete pressure-volume-temperature (P-V-T) data are available, acoustic
velocity experiments are useful as an independent check of these data. If no complete
P-V.T data are available, the interest of acoustic velocity measurements is of course
obvious. On the other side, if acoustic velocity data are available, one can use these

data to derive more accurate P-V-T properties of the fluids.

The importance of the acoustic properties of reservoir liquids have not gotten
enough attention thus far. i.e., there are very few experimental data of acoustic veloci-
ties in crude oils, and no systematic studies. Therefore, the intention of this paper is to

fill in this void.

In the experiments, we measured acoustic velocities in the ultrasonic frequency
range (about 800 KHz) in 8 dead oils and 2 refined petroleum hydrocarbons which
cover a wide range of API gravities (from 5 to 62 degrees). And acoustic velocities in a
live oil which contains substantial amount of dissolved gases were also measured. The
experimental results show that the velocities in oils all depend strongly on temperature

and pressure. And dissolved gases lower the acoustic velocities in live oils substantially.



-60-

In this chapter, we first briefly describe the experimental method and procedures
and the properties of the oil samples used in the experiments. Secondly, we show the
experimental results of acoustic velocities in the dead and live oils, relations between
acoustic velocities in and API gravities of the oils, and temperature and pressure
derivatives of the velocities. Thirdly, discussions are made based on various theories
and models of the liquid state to better understand and interpret the acoustic velocity
behaviors of both the dead and the live oils, followed by discussions on the relations
between acoustic velocities and P-V-T measurements. Fourthly, we correlate the acous-
tic velocities in the dead oils with temperature, pressure, API gravities and molecular
weights of the oils, and establish empirical equations which can be used to calculate or
estimate the acoustic velocities in oils if the API gravities are known. Finally, we dis-
cuss some applications or potential applications of our velocity results in both geophy-

sical and petroleum engineering aspects, and draw some conclusions on this study.

EXPERIMENTS

Method

The pulse transmission method was employed in the experiments. The set-up basi-
cally consisted of a pulse generator/receiver, a digital oscilloscope, two acoustic trans-

ducers, and a pressure vessel.

The principle of the pulse transmission method is simple. In the experiments,
electrical pulses which were generated by the pulse generator were sent to one of the
transducers which converts electrical energy into mechanical vibration. Ultrasonic
waves traveling through the fluid sample were picked up by the other transducer which
converts mechanical energy back to electrical signal and sent to the oscilloscope for

measurements.

Temperatures were controlled by a heating coil and a temperature controller, and
measured by two thermocouples connected to a digital meter. The accuracy of the tem-

perature measurements was approximately 0.5° C.
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Pressures in the experiments were controlled by an automatic fluid pump and

read through a digital pressure gauge. The accuracy was about 10 psi.
The frequency of the ultrasonic waves was around 800 KHz.

Travel times of the ultrasonic waves through the oil sample were measured on a
digital oscilloscope with precision of 0.05 microseconds. Then, ultrasonic velocities were

calculated by

L(P,T)

‘eI mETy

where L(P,T) is the pressure and temperature corrected distance between the two
transducers, and At(P,T) is the travel time of the ultrasonic waves which is a function

of pressure and temperature.

Pressure and temperature corrections on the distance between the two transducers
were made with ultrasonic measurements in distilled water (Fig. 1a, b), using Wilson’s
(1959) data as a reference. The deviation of our measured velocity data from Wilson’s
was assumed being caused by shortening (upon increasing pressure) and expansion

(upon increasing temperature) of the spacers between the acoustic transducers.

We also compared our measured velocities (pressure and temperature corrected) in
Soltrol 130 oil (oil H) with those measured by Katahara (1987, personal communica-
tion). The agreement was excellent (deviation within 0.29%). Furthermore, we also
measured ultrasonic velocities in mercury (Figure 2). The deviation of our data from
those measured by Hunter et al (1963) was only 0.5%. Therefore, we believe that the

velocity data from the experiments have accuracy better than 1%.

Procedures

The experimental procedures for all the oils, except the ”live” oil, were exactly the
same. Acoustic transducers were put into a plastic tube with spacers. Then the oil to
be measured was injected into the tube by syringe. The plastic tube was completely
full of the oil sample without visible gas bubbles. Afterwards, the transducer-plastic

tube assembly was put into the pressure vessel for test. Between measuring points of
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different pressures and temperatures, we waited long enough to assure the pressure and
temperature equilibrium inside the pressure vessel (usually 1 hour at one temperature
point, about 10 to 15 minutes at one pressure point). The waveforms at each measur-

ing point were stored on floppy disks.

The procedure for the live oil measurement was basically similar but a little
different. First, the plastic tube with transducers was completely filled with mercury.
Then after the transducer-plastic tube assembly was put into the pressure vessel, the
pressure was increased to about 6,000 psig (about 414 bars). The "live” oil which was
stored in a different vessel under a pressure (also about 6,000 psig) much higher than
its rritical pressure (2,994 psig or 206 bars at 160° F) was "transferred” to the plastic
tube through pressure tubings connecting the two pressure vessels. Therefore, the mer-
cury inside the plastic tube was graﬂually displaced out through another pressure tub-
ing. During the transfer, we tried to keep the pressure gradient inside the plastic tub-
ing as small as possible to assure that no dissolved gas could escape from the live oil.
Usually, the transfer procedure took about 60 to 90 minutes for transferring about 35

cc live oil.

PROPERTIES AND DESCRIPTIONS OF SAMPLES

In the experiments, we measured acoustic velocities in 3 light oils, 2 refined oils
(light oils), 5 heavy oils, and 1 live oil. The API gravity of the oils ranges from about 5

to 62 degrees (density at 60° F and 1 atmosphere ranges from 1.037 to 0.73 g/cc).

The API (American Petroleum Institute) gravity of an oil is related to the density

p (g/cc) of the oil at 60° F (15.6° C) and at 1 atmosphere pressure (14.7 psig):

-131.5

API Gravity (Degree ) = “:'5

Obviously water has an API gravity of approximately 10 degree.

All the crude oils except the "live” oil used in the experiments were stock tank

oils, which means that they are dead oils.
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Oil G is from an offshore pilot. Its API gravity is approximately 43 degree. Simi-

larly, oil F iIs a typical light oil and has API gravity of about 34 degree.

The refined petroleum fluids used in the experiments were Soltrol (Trade Mark)
oil (oil H) and normal decane (oil I), respectively. The Soltrol oil is a petroleum solvent
which is mainly composed of isoparaflins with carbon numbers ranging from 10 to 13
(similar to kerosene). It is a colorless liquid with mild odor, and has a boiling interval of
176° — 208° C (349° — 406° F). Its density at 60° F and 1 atmosphere is 0.75
grams/cc or equivalent to API gravity of 57 degree. The normal decane is a pure
hydrocarbon with a formula of C,,H 4. Its molecular weight is 142 and density is about
0.73 g/cc at 60° F and 1 atmosphere (equivalent to API gravity of 62 degree). Its boil-
ing and melting points are 174° and -30° C, respectively. Like the Soltrol oil, normal

decane is also a colorless liquid with mild odor.

Three of the 5 heavy oils are from the same formation of an offshore pilot,
namely, oils A, B, and E. They all are of low API gravity, low quality, and low matu-
rity level. Oil A has an API gravity of 5 degree and is the least mature one. Oil B has
an API gravity of 7 degree and is a little more mature than oil A. The API gravity of

oil E is about 12 degree, and is more mature than the other two heavy oils.

Oil C is from a heavy oil field, U.S.A.. It is severely biodegraded and has a low
API gravity of 10.4 degree (its density at 60° F and 1 atmosphere is 0.997 g/cc). Its
viscosity at 85° F (29.4° C) is 28,300 centipoise and decreases exponentially as tem-
perature increases (1,920 centipoise at 130° F or 64.4° C). It is maily composed of
saturates (36.9% weight), aromatics (32.5%), resins (21.6%), and asphaltenes (9.0%).
with average molecular weight of 504. Figure 3 shows the temperature and pressure

dependence of the density of the oil C.

Oil D is also biodegraded but much less severely than oil C. Its API gravity is
about 10.5 degree (corresponding to density of 0.997 g/cc at 60° F and 1 atmosphere.

its viscosity at 104° F (40° C) is about 5,450 centipoise. Its average molecular weight

is 5086.



-64-

Figures 4a to 4e are the chromatograms of oils A, B, C, D, and F, respectively.
Figure 4c illustrates that heavy oil C is severely boidegraded so that it is very difficult
to identify the carbon number distributions. Oil D is also biodegraded but less severely

(figure 4d).

The live oil used in the experiments is a recombined research fluid. Its bubble
point (the temperéture and pressure point at which the dissolved gases begin to come
out of solution) is 2994 psig (206.5 bar) at 160° F (71.1° C). Its average molecular

weight (calculated) is 148.

EXPERIMENTAL RESULTS AND INTERPRETATIONS

Velocities in Light Oils

The measured velocities in normal decane (oil I) are plotted as a function of pres-
sure at different temperatures in figure 5a. In figure 5b are the velocities plotted as a
function of temperature at various pressures. The velocities increase with increasing
pressure, and decrease as temperature increases. Approximately linear relationship
exists between the velocity and pressure, especially at lower temperatures. At higher
temperatures, this linear relationship breaks down, which, as shown in figure 52, means
that the velocities are more sensitive to pressure changes. In figure 5b, the experimental
results show that the velocities in normal decane (oil 1) basically have a linear response
to temperature changes at any pressures. Also shown in figure 5b are the data reported
by Wang and Nur (1987) at atmospheric condition (O psig). It can be seen that the two

measurements are very consistent.

The measured velocities in Soltrol il (oil H), a petroleum solvent, are plotted as a
function of pressure and temperature in figures 6a and 6b, respectively. The velocities
show very similar responses to pressure and temperature changes as those in normal
decane. Although the velocities in Soltrol oil slightly deviate from linear relationship

with pressure, they still decrease approximately linearly as temperature increases.
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As stated in the previous section, both normal decane and Soltrol oil are refined
petroleumn hydrocarbons. In light crude oils, the velocities essentially have the same
relationship with pressure and temperature as in those two refined oils, although the
absolute change in velocities as pressure or temperature changes varies among oils. Fig-
ures 7a and 7b show the measured velocity data in oil G (API gravity = 43 degree) as
function of pressure and temperature, respectively. And plotted in figures 8a and 8b
are the velocities measured in oil F (API gravity = 34 degree). The velocity - tempera-
ture relations in both light oils are essentially linear, with maximum deviation of less
than 1% which is within the measurement uncertainty. Although the velocities in all
these four light hydrocarbons do not seem to increase linearly with increasing pressure,
the maximum deviation from the linear relationship is still less than 2% in the meas-

urement range.

Velocities in Heavy Oils

Velocities in oil A (API gravity = 5 degree) are plotted as a function of pressure
at various temperatures in figure 9a, and as a function of temperature at various pres-
sures In figure 9b. Again, we see that the velocities are strongly dependent on both
pressure and temperature: i.e., they increase with increasing pressure and decrease as
temperature increases. The same behavior is found in oil B (API gravity = 7 degree)
and oil E (API gravity = 12 degree) (figures 10a, 10b, 11a, 11b). However, in contrast
to the light oils, the velocities in these heavy oils have approximately linear relationship
with pressures (instead of temperature in light oils), with maximum deviation of less
than 1%, while the linear relationship between velocity and temperature no longer

exists (the deviation can be as high as 3%).

The velocities in heavy oils decrease faster as temperature increases in low tem-
perature ranges (20 to 45° C), while at higher temperatures the decrease slows down.
This phenomenon may be related to the composition of the oils. Since heavy oils usu-
ally contain some solid or semi-solid materials (e.g., asphaltenes, wax particle, etc.), the

melting of these materials can cause substantial decreases in velocities (Wang and Nur.
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1986). After the solid or semi-solid materials in the heavy oils are completely melted.
the velocities tend to decrease linearly as temperature increases, as observed in light

oils.

From the experimental data on the 3 heavy oils (oils A, B, E), we also found that
the non-linearity betwéen velocity and temperature is dependent on the API gravity (or
heaviness) of the oil. The heavier the oil, the more severe the deviation. As figures 9b,
10b, and 11b show, the maximum deviation of the velocity from linear relationship
with temperature in oil A (5 degree API) is about 3.0%, while in the lighter oil B (7
degree API) and oil E (12 degree API), such maximum deviations are around 2.2% and
1.4%, respectively. Intuitively, this phenomenon is reasonable since heavier oils usually

contain more solid or semi-solid materials than lighter ones.

The velocities measured in oil.C (API gravity = 10.4 degree) are plotted in figure
12a versus pressure at various temperatures and in figure 12b versus temperature at
various pressures. As observed in the previous heavy oils (A, B, E), the linear relation-
ship between velocity and pressure also applies to Sil C. However, at low temperature
(say 27.8° C), the velocity tends to increase faster in high pressure ranges (figure 12a),
which is probably related to the glass transition phenomenon of the oil. This in fact
can be seen more clearly in figure 12b. At low temperature and high pressure (say 6410
psig), decreasing temperature causes rapid increase in velocity. Since oil C is severely
biodegraded as mentioned in the previous section and has abnormally high viscosity, its
composition is very different from those of oils A, B, and E, as can be seen from the
chromatography data (figures 4a, 4b, 4c). Under high pressures, lowering temperature
might bring oil C to the glassy state due to the high viscosity. In the glassy state, the
oil is virtually semi-solid, which will add shear modulus to the oil and in turn increase
the compressional velocity. Unfortunately, we did not do further investigation on this
phenomenon by further lowering the temperature due to the shortage of time. How-

ever, further work may be needed in order to prove or test such an interpretation.
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Figures 13a and 13b plot the velocity data in oil D (API gravity = 10.5 degree)
versus pressure and temperature, respectively. An approximately linear relationship
between velocity and pressure is also observed, though the absolute dependence of the
velocity on pressure is different from that in other heavy oils. Since oil D is also biode-
graded (figure 4d), though not as severely as oil C, it is also very viscous. Therefore,
stronger dependence of the velocity at low temperature and high pressure on tempera-
ture is also observed. However, oil D might have not reached the glass transition zone

since the velocity does not change as fast as it does in oil C.

To summarize the velocities in dead oils, we see that the velocities in both light
and heavy oils are strongly dependent on pressure and temperature. Typically, the
velocities decrease by about 270 - 480 m/sec as temperature increases by 100° C, and
increase by 28-50 m/sec as pressﬁre increases by 1,000 psi. The rates of change are
dependent upon the absolute pressure, temperature, and oil composition. From the
experimental results, we also observed that in light oils velocities decrease approxi-
mately linearly as temperature increases while increase slightly non-linearly as pressure
increases. However in heavy oils the opposite is true, i.e.,, velocities decrease non-

linearly as temperature increases while increase linearly as pressure increases.

Velocities in Live QOil

Velocities in the recombined live oil were measured as a function of decreasing
pressure at two temperatures. In figure 14, the velocities decrease approximately
linearly as pressure decreases. When the pressure reaches the bubble point of the live
oil (3,000 psig at 72° C)*, the measured velocity - pressure relation does not change
much. Further lowering pressure only causes the velocity curve to wiggle slightly. As
the pressure is decreased further (1,600 psig at 22.8° C, and 1,800 psig at 72.0° C), the

acoustic signal dispears.

* Below about 3,000 psig at this temperature, gas in the live oil begins to come out of solution and
we have a liquid-gas mixture. This pressure is termed the bubble point pressure of the oil. The
bubble point depends on the amount of gas in solution, the composition of the oil, and temperature

RGO T
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The above observation on the velocities in the live oil at or below bubble point
seems to be contradictory with theory. Intuitively, the velocities in a liquid - gas two
phase mixture should have values of lower than those in the gas, since the mixture
approximately has a compressibility of the gas but a density of the liquid. This means
in our case when the pressure is at o; below bubble point of the live oil, we should
have seen abrupt decrease in the v«eloéity. The simplest explanation for the
phenomenon actually seen is that direct paths might still exist for the acoustic waves
between the discrete bubbles. i.e., at ultrasonic frequency, the wave rays might be able

to directly travel through the oil between bubbles.

The observed velocity behavior at and below bubble point pressure might also be
explained in terms of experimental artifacts. As mentioned in the previous section, the
live oil sample was transferred from the storage pressure vessel to the test vessel
through pressure tubings. When the pressure is lowered to or below the bubble point
pressure, the formed bubbles in the oil might rise into the pressure tubing. In this case,
the transducers might not "see” the bubbles, and therefore there is no abrupt velocity
change in the oil until enough gas bubbles formed stay between the two transducers. In

this interval, the velocity may even increase as the density of the oil is lower.

The above observed phenomenon can also be explained by the surface tension
effect of the gas bubbles. As the pressure is lowered to or below the bubble point, the
gas bubbles formed in the live oil may be very small. Very small gas bubbles virtually
can be as rigid as the surrounding liquid due to the increased internal pressure within
the bubbles caused by the surface tension. Therefore the velocity can be even higher
for the oil due to the lowered density. We will discuss this in more detail in a later sec-

tion.

None of the above three explanations for the velocity behavior at or below bubble
point pressure is experimentally or computationally examined in quantitative ways for
the live oil. It is possible that all the three eflects may be at work simultaneously.

Further investigation is desirable.
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After the measurements for the velocities in the live oil, the pressure was released
to zero psig in the oil to let the dissolved gases out of solution, so that we could meas-
ure the velocity in the same oil without saturated gases. In figure 14, the velocity was
measured again as a function of pressure at 72.0° C after the oil sample had staved at
zero psig for three hours. Similarly the velocity was measured at 22.8° C after the oil
had remained at zero pressure for over 15 hours. Basically, the velocities in this now
"dead” oil have very similar response to pressure and temperature changes as in other

dead oils.

Dissolved gases significantly lowered the acoustic velocities in oils. As can be seen
in figure 14, the velocity diflerence between the live oil and its "dead-end”* is 190 - 230
m/sec (or about 15 - 22% of the velocity value in the live oil) at both 22.8° ¢ and
72.0° C, depending on the pressure. Theoretically, since gases are more compressible
(even when they are in dense phase), the dissolved gas in the liquid oil substantially
increase the compressibility, but only decrease the density very mildly, of the fluid. .
Therefore, we see pronounced decreases in the acoustic velocity. The amount of

decrease is related to the composition of both the dissolved gases and the liquid oil.

Velocity -- API Gravity Relations

The experimental results of the velocities in oils showed that there might exist
some simple relation between velocities and the API gravity. Figure 15 plots such a
relation at pressure of 110 psig and two different temperatures, namely 23° C and
80° C. This figure shows that acoustic velocities in oils have very simple relationship
with the API gravity (or the inverse of density): i.e., the velocity decreases systemati-

cally with increasing API gravity, both at lower and higher temperatures.

In figure 15, oils C and D deviate from the general trend of the velocity - API

gravity curves, which might be again caused by the dramatic differences in composition

* Here "dead-end” refers to the live oil whose dissolved gases have been out of solution. e.g, after
the live oil had been remained at zero pressure for over 15 hours, the gases were out of solution and
the live oil became "dead”. Such "dead” oil is defined as the "dead-end” of the live oil.
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resulted from the biodegradation of the two oils.

The importance of figure 15 is that when the API gravity (or density at 60° F
and 1 atmosphere) of an oil is known, one can estimate the acoustical velocities in the
oil at pressures and temperatures. The details of such estimations will be shown in a

later section.

Temperature and Pressure Derivatives of the Velocities

Temperature and pressure derivatives of the velocities in all the 9 dead oils
(including the “dead-end” of the live oil) were taken assuming linear velocity-

temperature and velocity-pressure relationships. i.e.,

Crq-C
($2)p = F2ZL [ /ace)/° C),

where C is the velocity (here we use C, but in figures 16-18, the notation for velocity is
still V), T2 and T1 are the highest and lowest temperature, respectively, at which the

velocity measurements were made. And accordingly,

ac Cp2- Cp, .
(3p)r = Fa—pr [(m/eec)/1,000 psi),
where P2 and P1 are the highest (usually 6,410 psig) and the lowest (usually O psig)

pressures, respectively, at which the velocity measurements were made.

According to the above definitions, such temperature derivatives of the velocities
are in fact averaged in the whole measurement temperature interval at constant pres-
sure, and similarly such pressure derivatives are averaged in the whole measurement
pressure interval at constant temperature. Therefore they do not represent the acoustic
property of the oil at one temperature or pressure point, instead, they reflect the aver-

aged acoustic property of the oil over a certain temperature or pressure range.
The temperature derivatives of the velocities in the 9 dead oils are plotted versus

pressure in figures 16a and 16b. In oil C, -g—? Increases as pressure increases, while in

oil A, %g first does not change much at pressures lower than 3,300 psig, and increases
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o4

as pressure increases from 3,300 to 6,410 psig. In both oil B and oil D, (—9—% 1s virtuallv

independent of pressure in the measurement range. Starting from oil E to normal

decane (oil 1), g—? decreases with increasing pressure.

In heavy oils, high pressure might create more solid or semi-solid materials in the
oils. Therefore, the melting of these materials causes the velocities to decrea.se‘more
rapidly. And hence we see higher (absolute value) temperature derivatives of the velo-
city.

In light oils, at high pressures the oils become very dense. Since dense materials

usually have very small (absolute value) temperature derivatives of the ultrasonic velo-

cities (e.g., in mercury (figure 2) and in solids), % decreases with increasing pressure.

We will also explain this in terms of free volume theories of the liquid state in the next

section.

In other heavy oils (i.e., oils B, D, and E) the effects of density increase and of the

creation of solid or semi-solid materials as pressure increases may cancel each other, so

a more or less % independence of pressure is observed.

The temperature derivatives of the velocities in all the 9 dead oils are plotted in

figure 17 as a function of API gravity at various pressures. It shows that as the API
gravity increases (density decreases), g—g— in oils first decreases then increases (oil C is

certainly an exception). The importance of this figure is that one can easily estimate
the acoustic velocity in an oil and its temperature dependence at various pressures if
the API gravity or density is known, by assuming that linear relationship exists

between velocity and temperature.

The pressure derivatives of the dead oils are shown in figures 18a and 18b. In oil

C, is high at low temperature probably due to the glass transition effect. For all

ac
oP

the heavy oils, -g—g first tends to decrease as temperature increases in 20° to 40° C
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range, and slightly increases with increasing temperature. In light oils -g—% basically

increases linearly as temperature increases, which means that at high temperatures the
velocities are more sensitive to pressure changes. The intuitive explanation for this
phenomenon is that at high temperatures the molecules are far.ker apart due to the
thermal expansion, so that increasing pressure will decrease the compressibility (or put

the molecules closer) substantially in oils.

It should be noted that all the above interpretations are qualitative in nature.
We will also give more such interpretations in the next seétion in light of some existing
theories or models of the liquid state. Owing to the lack of the needed data on other
parameters or properties of the oils, numerical interpretations can not be made at this

time.

DISCUSSION: THEORIES AND MODELS OF THE LIQUID STATE

There is at present no completely satisfactory theory or model of the liquid state.
The intention of this section is not to provide a literature survey or review on the
theories or models of the liquid state. Instead, we briefly sumn&arize some of the exist-
ing theories and models and use them to interpret our experimental results. Due to the
lack of other needed properties of the oils used in the experiments (such as thermal
expansion, vdlume of the molecules, free volume of the oils, and specific heats, etc.),
numerical examinations on the velocity results using these theories or models can not

yet be done.

Specific Heats, Thermal Expansion, and Velocity

In thermodynamics, specific heat is defined as the energy needed to increase the
temperature of a given material of unit mass by 1° C. There are two types of specific
heats, one is called specific heat at constant volume, denoted by Cv, the other is
specific heat at constant pressure, denoted by Cp. Cp is always greater than Cv since

at constant pressure part of the energy used to increase the temperature is spent to
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expand the volume (transferred to work).

Similarly, there are two types of acoustic velocities in fluids, one is adiabatic and
the other is isothermal. The measured ultrasonic velocities are adiabatic since there is
essentially no heat exchange between the fluid and the environment at ultrasonic fre-

quencies.

In hydrodynamics,

_Cl,_ A2 _ Br 1
o = 1= C*pBr Be (1)
and in thermodynamics,

oV .o

T(Z7Vr
- I S e . )
Cp. - Cv 3V (2)

P

where ~ is called specific heat ratio, T, V, P, C, p, s, and B are temperature, specific
volume, pressure, adiabatic acoustic velocity, density, adiabatic compressibility, and

isothermal compressibility, respectively.

Through some simple algebra, we have

Tazp
Cr = e— —— 3
Bre(v-1) (®)
or the acoustic velocity
C? = Cp (’72— 1), (4)
Ta P
av, . ..
where ap = (-5—7-;)P is called the thermal expansivity at constant pressure.

Equation (4) allows one to calculate the acoustic velocity in fluids at a certain
temperature and pressure point if the specific heats and thermal expansivity are
known, or to calculate any parameter if all others are known. We do not have the
specific heat and thermal expansivity data of the oils, so that we can not test the vali-

dity of this equation. However, equation (4) does provide some qualitative
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interpretations on our experimental results.

The specific heats and the thermal expansivity are dependent upon temperature.
If To’s increases faster than Cp(~y-1) as temperature increases, equation (4) can

predict the right trend of the velocities in all the oils.

Equation (4) also shows that the acoustic velocity squared is proportional to Cp
and 4, and inversely proportional to the thermal expansivity squared of the fluid. Gen-
erally speaking, the specific heats and thermal expansivity are related to the API grav-
ity (or density). In heavier oils (low API gravity or high density), Cp is higher and ap
is smaller, so that we have higher velocities. Theoretically, 4 can never be less than or
equal to 1 in any fluids (usually between 1.05 and 1.30 in liquids). However, lower ~
usually means higher Cp and smaller ap, hence although generally 4 decreases as oll
gravity (API) decreases (density increases), Cp may increases and ap may decrease

much faster than the 4 change, so that we see increases in acoustic velocities.

Intermolecular Forces

As we have known, fluids are very complex systems. Both attractive and repulsive
forces which are called intermolecular forces exist among molecules. Generally speaking
attractive forces are dominant in gases since the molecules are far apart from one
another, while in liquids, repulsive forces are dominant. When the distance between
two molecules is r,, the repulsive and attractive forces just cancel each other, then we
say the two molecules are at equilibrium. r, is usually in the order of 10 centimeters.
When the distance r between two molecules is less than r,, which is usually the case
for liquids, the two molecules repel each other, otherwise they attract each other. As
pressure increases, r, decreases and the repulsive forces increase very rapidly, hence

fluids can not be easily compressed.

The theory of intermolecular forces can qualitatively explain our experimental
results of the temperature and pressure dependences of the acoustic velocities in oils.
As temperature increases, the molecules in the oils become farther apart due to thermal

expansion and the intermolecular repulsive forces between molecules decrease. Since the
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intermolecular forces determines the compressibility of the oils, decrease in the repul-
sive forces means increase in compressibility. Therefore we see acoustic velocity

decreases with increasing temperature.

~s pressure increases, the molecules in the oils become closer due to compression.
so the intermolecular repulsive forces increase, which causes the compressibility of the

oils to decrease, and in turn, the acoustic velocity to increase.

Equation of State

Generally speaking, the methods of calculating the acoustic velocities in liquids
can be divided into two groups. In the first group are those in which an estimate of the
acoustic velocity is made on the basis of using some equation of state of the liquid, and
in the second, those in which calculations of the acoustic velocities are governed by the
choice of a corresponding model. In this sub-section, we discuss the estimation of the
acoustic velocities in liquids using the equation of state. And in the following sub-
sections, calculations of the acoustic velocities in liquids through some liquid theories

and models will be discussed.

The van der Waals’ equation of state expresses the pressure - volume - tempera-

ture (P-V-T) relation in a fluid,
[/

where a and b are two coefficients, and R and V are the universal gas constant and

specific volume, respectively.
The definition of the acoustic velocity is

oP
C?=-4V? W)T

where v = % is the specific heat ratio. And van der Waals’ equation of state can also

be written as
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Taking the partial derivative of the above equation and inserting it into the velo-

city definition, we have

RT 2a -
cf=1[——-——-—] 5
A-b/VE V|,
or
PV2+a 2a
Ct = [:___-_] (6
V-t V|, )

Therefore, one can use these equations to calculate the acoustic velocities in fluids.

Equations (5) and (6) predict the right trends of changes in acoustic velocities as
temperature and pressure change. As temperature increases, the specific volume of the
liquid increases due to thermal expansion. While the velocity is very sensitive to the
specific volume changes (V is squared) in liquids, the temperature term in (5) may not
be dominant. Therefore, the eflect of temperature on V may dominate the velocity
change. In (6), both pressure and its effect on V cause the acoustic velocity to increase
as pressure increases. However, this increase will diminish at very high pressures since

when V is very small, the second term on the right side of (6) becomes more important.

From the above analysis, we see that equation (6) derived from the van der
Waals’ equation of state qualitatively explains the pressure and temperature depen-
dences of the acoustic velocities in oils. However, we do not expect the calculated velo-
cities from this equation to fit the experimental results numerically. Figures 19a and
19b are two examples given by Nozdrev (1965) on the velocities in normal hexane
(CeH,,) and ethyl alcohol. In these two figures, we see that only near the critical tem-
peratures of the two liquids do the theoretical and the experimental velocity curves
coincide. Below the critical temperatures, the calculated velocities are much higher
than measured. This is not surprising since the van der Waals’ equation of state was

essentially derived for gases.

Besides equations (5) and (6), also known is an attempt to calculate the velocity of

sound in liquids from an equation of state obtained by regarding the liquid as a highly
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compressed gas (Kudryavtsev, 1954). This liquid model leads to an equation of state for

N hard elastic spheres:
PV, — 3NRT

where V, is called available volume = V - V,, and V, is the closepacked volume of
the molecules (we will discuss the available volume theory of the liquid state later).
Experimental results (Kittel, 1946) showed that calculated velocities and their tempera-
ture coefficients from such a model treating a liquid as highly compressed gas and
molecules as perfectly elastic spheres were correct only in order of magnitude and in
sign.

The difficulty of using the van der Waals’ equation of state to calculate the acous-
tic velocities in liquids is also coming from estimating the pressure and temperature
dependences of the coefficients ¢ and 5. However, if ¢ and b can be obtained accu-

rately, fit between experimental and theoretically calculated velocities may improve.

As a conclusion, we see that the calculation of acoustic velocities in liquids using
general equations of state is unsatisfactory. i.e., further modifications on or better equa-
tions of state are undoubtedly needed in order to make better fit between experimental

and theoretical velocities.

Free Volume and Available Volume
Simplified Free Volume Theory

Kincaid and Eyring (1938), developing the idea of the free volume of liquid, put
forward a scheme for the propagation of acoustic waves in a liquid which was very sim-
ple, although physically of little use. According to this idea a liquid is considered as an
aggregate of perfectly elastic hard spheres (actually molecules) placed so that free
spaces remain between them. In this theory, the acoustic wave front is propagated in
the free spaces between molecules with the same finite velocity as in the ideal gas, but
infinitely faster inside the molecules. Assuming a regular lattice structure with an inter-

molecular distance d, the path length for an acoustic wave is short-circuited for a
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fraction of o/d, where o is the diameter of the molecules. The ratio of the distances
covered in the same time by the wave in the liquid is d /(d - o), so that the acoustic

velocity is then given by

d 1
C=Crm g5 =% =101

where Cp ., is the acoustic velocity in the ideal gas at zero pressure.

The basic drawbacks of this scheme are that no allowance is made for the interac-
tions between molecules, and that the velocity of sound in a discontinuous medium
consists of the sum of the velocity in the empty and dense spaces along the path of the
sound beam. Furthermore, this crude theory has only sense if the repulsive forces are
much larger than the attractive ones (which is actually true in liquids). The possibility
of overlapping of the hard spheres is not taken into account and no direct temperature
eflect on velocity at constant density exists in this theory. Nevertheless, this simple
theory expressed by equation (7) does predict the right signs of the acoustic velocity
changes as temperafure and pressure change. Since in (7) Cp .o is temperature indepen-
dent, increasing temperature increases the intermolecular distance d in (7) due to ther-
mal expansion, so that the acoustic velocity decreases. And Accordingly, the inter-
molecular distance d decreases as pressure increases due to compression, so that the

acoustic velocity increases.
Smeared Free Volume Theory

Hirschfelder et al (1954) derived an equation of state based on the assumption
that using as elementary free volume the largest sphere can be included in a cell
formed by the 12 nearest neighbors in a face-centered-cubic lattice. The equation of

state is then

RT  1-o0/a

where a® = V2V, /N, V,, is the molar volume and N is the number of molecules.
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From the definition of the acoustic velocity, we have

2,
022 'YRT 1-3-(0/0) (8)
M (1-0/a) o

where M is the molecular weight.

Again, like the simplified free volume theory, equation (8) may only be able to
predict the right sign of the temperature and pressure derivatives of the velocities.
However, the calculated velocities by the smeared free volume theory can be much
closer to the experimental data than those by the simplified free volume theory (van

Dael and van Itterbeek, 1965).

Available Volume Theory

The available volume V, of a liquid is defined as the difference between the actual

volume V and the minimum possible volume V,, and is given by
V, = V(-6

where 6 is the packing fraction with respect to the closest possible packing. The free
volume is defined as the volume of possible motion of the center of a single molecule.
and is given, per mole, by
1
vV, =V(1-6°)°
For a classical three-dimensional gas of hard elastic spheres in the limit of close

packing, Tonks (1936) gave the equation of state:

1
PVy(1-6%)=RT (9)

where 6 =1-V,/Vy.

The acoustic velocity corresponding to (9) is given by

o247
~RT T3
M I

(1-6%)7

o=
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where R, T, and M are the universal gas constant, temperature, and molecular
weight, respectively.

For high densities (in this model, the liquid is considered as highly compressed

v
gas), 8 is about equal to 1, and 1 - 8 is approximately equal to V, /3V. Kittel (1946)

derived a formula for velocity in liquids:

_ 3vRT 3~RT

cr = 2EL (v Vo = 2 (Vo V. + 17 (10)

In equation (10), if we assume that V, does not change with temperature and
pressure, and V,? changes faster than temperature as temperature changes, the tem-
perature and pressure derivatives of the calculated velocities can have the same sign as
those of the experimentally determined -ones. However, as shown in Kittel’s paper (Kit-
tel, 1946), the detailed numerical agreement between the calculated (using this theory)
and the measured velocities is usually unsatisfactory. Thus, we again do not expect this

theory to fit our experimental results of oils numerically.

The free volume and available volume theories can also explain the temperature
and pressure derivatives in the oils as pressure and temperature increases (figures 16
-18). Intuitively, at higher temperatures, changes in pressures will affect the available
or free volume more since the oils are more compressible. As a result, we see higher
pressure derivatives of the acoustic velocities (figures 18a and 18b). In light oils, higher
pressures make the oils harder to compress or to expand, hence temperature change
affects the available or free volume less. And consequently, the temperature derivatives
of the velocities decrease as pressure increases (figure 16b). In heavy oils, the melting of
solid and semi-solid materials may dominate the velocity changes with changing tem-
perature. The higher the pressures the more solid and semi-solid materials are created.
Therefore, at higher pressures, we see that the velocities decrease faster as temperature
increases, due to the melting of the solid and semi-solid materials: i.e., the changes in
available or free volumes in heavy oils as pressure changes may not dominate the tem-

perature derivatives of velocities.
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Cell Theory

Lennard-Jones and Devonshire (LJD) (1937) developed the cell theory by assuming
the structure of the fluid being solid-like: the molecules spend most of their time near
sites of a face centered cubic lattice. Each molecule is imprisoned in a cell formed by its
12 nearest neighbors, but it can move in this cell submitted to forces according the

potential:

E(r)=el(ro /r ) - 2(r, /r )]

with a minimum energy —¢ at r = r,, and r, is related to o (molecule diameter) by

[

r,® = 20°% For the sake of simplicity, the potential energy of a molecule at a distance d

of the center of the cell is taken as its average energy over all the spheres of radius d.

In the cell model, if a is the distance from a central molecule to its 12 nearest
neighbors in the lattice with a® = V/2(V), /N ), there is a second shell of 6 neighbors at

a distance v2a and a third one of 24 molecules at v3a (Wentorf et al, 1950).

It is easy to see that the LJD cell theory is actually an extension of the smeared

free volume theory: it includes the interaction between cells (molecule clusters).

Wentorf et al (1950) calculated the compressibility of hydrogen using a universal
equation of state based on the LJD cell theory and showed that the calculated
compressibility did not fit the experimental values numerically (about 25 - 30S% higher).
However it did predict much closer acoustic velocity values to the experimental ones
than the free volume theories. David and Hamann (1961) calculated the acoustic velo-
cities in liquid He , Ho, A,N,, and O, The calculated velocities had the right trend of
temperature dependences as measured, but the numerical agreement was not good. The
lack of agreement evidently arose from the faults of the cell model rather than from
the mathematical approximations of the LJD theory. Dahler and Hirschfelder’s (1961)
improved cell theory gave even worse agreement with experiment, the calculated values

of the acoustic velocity being about 20% higher than those by the LJD theory.

e Bl SR i st -
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Although the LJD cell theory improved the physical meaning compared to the
free volume theories by including the interactions between molecules, the calculated
velocities still deviate from the measured by substantial amount. Alsc the calculation is
more complicated mathematically. Therefore we again do not expect that it can predict

the right acoustic velocity values in oils.

Tunnel Theory

The cell theory described above is actually based on an ordered structure which
does not permit density ﬂuctuations,‘ and 1is therefore more appropriate as a model for
solids. One could consider large cells, containing many molecules, as the subsystems
from which the fluid is built up to calculate the properties of the fluid. But in general
this would require an enormous amount of computation to determine the properties of
the individual cells (Barker, 1961). However, there is one case in which this calculation

presents less difficulties, namely, the case of the tunnel theory.

Barker (1960, 1961) proposed the tunnel theory by imagining the structure of a
liquid as formed by lines of molecules packed as closely as possible, but in such a way
that the distribution of molecules in one line along that line bears no special relation to
the distribution in another line; the relative positions of molecules in different lines are
completely disordered. i.e., unlike the cell theory in which the subsystems are single
molecules, the tunnel theory considers the subsystems as whole lines of molecules mov-

ing in tunnels.

Barker (1961) showed that predictions of the simplest form of the tunnel theory
as to liquid densities and compressibilities were in excellent agreement with experimen-
tal values on liquid A, N, O, and CH,. However, we do not know if the theory can
still predict the right values of compressibilities and densities in denser liquids such as

oils, since we do not have the data of the parameters in the theory.
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Molecular-Kinetic Theory

Adkhamov (1954) investigated the phenomenon of acoustic wave propagation in
liquids by using the molecular-kinetic theory. The idea behind his work was that the
equilibrium values of the pressure (P) and internal energy (E) parameters obtained
from the molecular-kinetic theory were used to solve approximately the equation
(which can be obtained from general propositions of statistical physics) for the acoustic
velocity:

Vv 9P V2RT, 0P \,

m oV T 55 (38
™36

c?=-

where V, m, R, T represent volume, mass of the molecule, universal gas constant,
temperature, respectively; ® = T /T, .is called reduced temperature, and T, is the crit-
ical temperature. In this equation, P and E are determined from the radial distribu-

tion function g(r) and interaction potential ®(r) of the molecules in the following way:

RT or % s
P=—‘7-W{g(r)¢" (r)r3dr
E=3RT + 22 [4(r) (r)rdr

2 v

where r 1s the distance between molecules.

The calculated velocities using (12) in acetone, benzene, carbon disulphide, chloro-
form, ethyl alcohol, and carbon tetrachloride are always higher than the experimental
values, generally by 11 - 37% (Adkhamov, 1954). We do not know how well the calcu-
lated velocities using this model would fit our experimental acoustic velocities in oils,

since it is difficult to know the functions g(r) and &(r).

Summary

In this section, some of the existing theories and models of the liquid state were
presented. Basically they all can only interpret our experimental results of the acoustic

velocities in oils qualitatively. We did not use any of these theories or models to fit the
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experimental results due to the lack of other required parameters of the oils. However,
we do not expect the calculated velocity values to fit the measured ones numerically
since in fact there is at present no perfectly satisfactory theory or model which can do

SO.

It should also point out that although we classified the theories and models of the
liquid state into different categories, they are more or less related in one way or

another. We hope that such classifications would not bring up much ambiguity.

DISCUSSION: VELOCITIES IN GAS-LIQUID TWO PHASE MEDIUM

Theoretically, the presence of gas bubbles in a liquid should dramatically decrease
the acoustic velocity in the liquid (Barclay et al, 1969; McWilliam and Duggins, 1969).
In particular, the acoustic velocity should be much lower in a gas-liquid two phase
medium than in either the gas or the liquid component, since the two phase medium
virtually has a compressibility of the gas but a density of the liquid. The experimental
" results of McWilliam and Duggins (1969) showed that the acoustic velocity in water
was 1,440 - 1,480 m/sec and about 340 m/sec in air, but in air-water mixture fell to as
low as 20 m/sec; and even very small concentrations of gas dramatically reduce the
acoustic velocity: 1% (by volume) of air in water could reduce the acoustic velocity by

95%%.

However, in our experiments, the acoustic velocities in the live oil did not decrease
dramatically as the bubble point of the live oil was reached (figure 14). In this section
we explain this phenomenon using some of the theoretical results (Kieffer, 1977;
McWIllim and Duggins, 1969; Nishihara and Michitoshi, 1979; Hanna et al, 1978), and

analyze the possible experimental artifacts.

Kiefler (1977) used the equations of state and calculated the acoustic velocities in
air-water two phase medium. In the first case in which the gas bubbles were assumed
to be sufficiently large so that surface tension effect could be neglected (pressure in the

gas bubbles is equal to that in the liquid), Kieffer's calculation showed that at low
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pressures even very small amount of gas in the aggregate reduced the acoustic velocity
dramatically. For instance, 2% by volume, or equivalently 10 of mass fraction, of air
appearance in water reduces the velocity from 1,480 m/sec (in water) to about 100
m/sec (figures 20a and 20b). However at higher pressures, the velocity is basically
unchanged as the mass fraction 5 of air increases (e.g., at 500 bars, from n = 1078 to
107%), which means that at higher pressures larger mass fractions are required to cause

the velocity to decrease dramatically.

When the gas bubbles are sufficiently small, the surface tension effect becomes
significant. In this case, the pressure in a gas bubble (P; ) exceeds the pressure in the

surrounding liquid (P, ):

.PG =PL+E‘?—,
r

where r is the bubble radius and ¢ is the surface tension. Then the isothermal acoustic
velocity in the gas-liquid mixture is related to the surface tension, mass fraction of the
gas, bubble radius and other parameters (for the velocity expression, see Kieffer, 1977;

McWilliam and Duggins, 1969).

When the surface tension is taken into account, both pressure and bubble size
affect the acoustic velocity in a two phase medium. Figure 21, taken from Kieffer and
assuming the surface tension of an air-water interface to be 72.2 dyne/cm. shows the
calculated acoustic velocities in the air-water two phase mixture as a function of pres-
sure, bubble radii, and the mass fraction of the air. Consider the figure in which
n = 107! (10% by weight of air in the mixture). The acoustic velocity at any pressure is
close to that in pure liquid (water) if the bubble radius is smaller than about 4x10°®
cm. The velocity decreases rapidly as the bubble radius increases from 4x107® to about
10® cm. Afterwards, it is nearly constant at a given pressure, equal to the value
obtained in the model in which the effect of surface tension is neglected, for bubble
radii greater than 10 cm. Therefore figure 21 has basically three regions in which the

acoustic velocity behaves distinctly: (1) A region in which at small bubble radii the
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velocity is nearly independent of both pressure and bubble size; (2) A region in which
at intermediate bubble radii the velocity decreases rapidly as bubble size increases; And
(3) a region in which at large bubble radii the velocity is independent of bubble size

but sensitive to pressure.

At smaller gas mass fractions, all the three regions move systematically to the
larger bubble radii direction. Consider the ﬁg.ure in which n = 10™*. At higher pressures
of 300 and 500 bars, the acoustic velocity is virtually approximately independent of the
bubble size in the air-water two phase medium. At lower pressures, the velocity is very

sensitive to pressure when the bubble radius is greater than about 10- cm.

The calculated velocities in the air-water two phase mixture evidently can explain
our experimental results of acoustic velocities in the live oil below bubble point. As the
bubble point of the live oil is reached, gas bubbles become to form. At this‘stage, the
bubbles may be very small and the surface tension effect can not be neglected, and the
mass fraction of the gas bubbles is also very small. Therefore, at higher pressure (the
bubble point pressure of the live oil is 2,994 psig or 206 bars at 71° C), the acoustic
velocity is virtually approximately independent of the bubble size and bubble appear-
ance, so that as observed in figure 14 the velocity is still high. Further lowering the
pressure creates larger mass fraction of the gas, and consequently the velocity
decreases. As the mass fraction of the gas in the live oil increases to a sufficiently large
amount, the velocity decreases sharply. We do not know the exact mass fractions and
bubble sizes of the gas at different pressures in our experiments since it is very difficult
to measure them in a pressure vessel. However, a guess of n = 102 — 102 and

r = 10" — 10 cm (bubble radii) at about 2,000 psig (138 bars) might be reasonable.

From the above discussions, we see that the calculated velocity behaviors in figure
21 can explain our experimental results of the velocities in the live oil well. However,
the calculations by Kieffer (1977) were in fact based the assumptions given by McWil-
liam and Duggins (1969). i.e., the treatment of McWilliarﬁ and Duggins on velocity cal-

culations in gas-liquid two phase medium assumes that: (1) The liquid and gas phases
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are in equilibrium, and there is negligible mass transfer between the phases owing to
gas becomes dissolved or liquefied; (2) There is no slip between the two phases; (3) The
wavelength of the acoustic wave is much larger than the average dimension of non-
uniformity of the mixture; (4) The gas is compressible and obeys the perfect gas law,
and the liquid is elastic with a constant bulk modulus (or compressibility). The first
three assumptions look more or less reasonable to us. However, the fourth assumption
may not be a good one since at higher pressures the gas phase does not obey the per-
fect gas law, and furthermore the liquid compressibility varies with pressure. But
nevertheless, as shown in Kieffer’s paper, the calculated acoustic velocities are more or

less in good agreement with the experimental data.

Although the theoretical treatment offers possible explanation for the experimen-
tal results, experimental artifacts might still exist in our expériments. As explained ear-
lier, further lowering the pressure beyond the bubble point creates larger bubbles.
These larger bubbles, due to the gravity effect and under excitation of the passing
acoustic waves, might rise to the pressure tubings used to transfer the live oil to the
testing pressure vessel, while the smaller bubbles still remain in between the two trans-
ducers. Therefore, as observed in the experiments, the acoustic velocities do not change
much as further lowering the pressure to a certain point due to the out of the larger
bubble. At this stage, the acoustic velocities may even increase a little due to the
lowered density as a result of the larger bubbles’ coming out of the live oil. This
explains the wiggling of the velocity curves at pressures lower than the bubble point

pressure (figure 14).

DISCUSSION: VELOCITIES AND P-V-T MEASUREMENTS

It is well known that one can derive the isothermal acoustic velocities from the
pressure-volume-temperature (P-V-T) measurement on a fluid, since the isothermal
acoustic velocity is defined as

Crt=1-92_
)

()
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If we know the initial density of the fluid at which the P-V-T measurement starts, we
can calculate the numerical values of the isothermal acoustic velocities as a function of

pressure at the temperature at which the P-V-T measurement is performed.

Figure 22 shows the measured adiabatic and the calculated isothermal acoustic
velocities in 5 normal paraflins as functions of temperature at O psig. The P-V-T and
the acoustic measurements were both performed by Boelhouwer (1960, 1961). In this
figure C7 through C16 represent the carbon numbers of the normal paraffins and 4,

T represent adiabatic and isothermal, respectively.

From figure 22, one can see that the isothermal acoustic velocities are always
lower than the adiabatic ones, and furthermore they are less temperature dependent.
The lower isothermal velocity has actually been theoretically proven, since it is related
to the adiabatic velocity by a factor of +* and ~ is always larger than 1. The
phenomenon that the isothermal acoustic velocity is less temperature dependent sug-

gests that 4 may vary with changing temperature.

The following table gives the P-V data of the live oil at 71° C (160° F ):

Pressure (psig) Relative Volume Pressure (psig) Relative Volume

5000 0.9855 4600 0.9881
4200 0.9909 3800 0.9938
3400 0.9968 3200 0.9983
2994 1.0000 Bubble Point

The initial density of the live oil at 2,994 psig can be calculated since the composi-
tion of the oil is known. The procedure for such a calculation is shown in the Appen-
dix. Therefore, the calculated isothermal acoustic velocities, along with the measured
adiabatic ones, are plotted in figure 23. Basically speaking, the calculated isothermal
velocity curve is parallel to the adiabatic curve. The deviation of velocity points at

3,400 and 5,000 psig is believed to be caused by the inaccuracy of the P-V



measurement. Therefore we conclude here that in oder to get the accurate acoustic
velocity calculation; the relative volume measurement should be accurate at least to

the fifth digit.

The P-V-T measurement on oil C showed that the density of the oil can be

treated as a linear function of temperature and pressure (figure 3) (Meyers, 1987):
p=p, (L- AT + BP + DPT),

where p,, A, B, D are constants.

Taking the partial derivative of the above equation with respect to density at

constant temperature, we have

oP 1
)y =

cpt= (), = —1
5ot = 5. @ + D7)

T

which means that at a constant temperature, the calculated isothermal acoustic velo-
city is independent of pressure. Figure 24 shows the calculated isothermal velocities in

oil C, along with the measured adiabatic velocity, at 27.8° C.

Figure 24 shows us that the calculation of the acoustic velocities in oils from the
P-V-T measurements is certainly not accurate enough. One has to have very accurate
P-V-T data in order to get the right velocity values. However, although the modern
technology allows the P-V-T analysts to get the accuracy of the P-V-T measurement
up to 0.0004 (Boelhouwer, 1960) or even better, the calculation of the acoustic velocity
still needs better P-V-T accuracies. This fact on the other hand gives us some hint that
it may be possible to use the acoustic measurements to derive the P-V-T data in oils.

as has been done by Wang and Millero (1973) for pure water.
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VELOCITY-TEMPERATURE-PRESSURE-API GRAVITY-MOLECULAR
WEIGHT CORRELATIONS

Velocity-Temperature-Pressure-API Gravity Relations

In our experimental results, the acoustic velocities in 9 dead oils all show sys-
tematic relations with both temperature and pressure. In addition, the acoustic veloci-
ties in these oils are apparently related to their API gravities (figure 15). Therefore, we
did regressions on all the velocity data to correlate the velocity-temperature-pressure-

API gravity relations in oils.
First, linear (first order) regressions are applied to the velocity data with respect
to temperature and pressure. i.e., in a given oil, the relation

C =b,+ b,T + bP + bPT (13)

is assumed, where &,, b,, b,, by are regression coefficients. The correlation factors R?
for all the dead oils except oil C are greater than 0.98. For oil C the correlation factors
are around 0.96 (R2 =1 means the perfect fit between (13) and the measured data)

probably due to the oil’s severe biodegradation.

Table 1 shows the numerical data for the four coeflicients in (13) in the 9 dead
oils.

The four coeficients of table 1 are plotted versus the API gravity of the oils in
figures 25a through 25d. These figures show that systematic relations do exist between
the API gravity and the regression coeflicients. In figures 25a and 25d, coefficient b,
decreases while b, increases monotonically with increasing API gravity. b, and b, show
extremities as the API gravity increases (figures 25b and 25¢). Figures 25a - 25d also
show that the biodegradation of oils may not only affect the acoustic velocity values
but also the coefficients in (13). The magnitude of such effect is dependent on the oil
chemistry and hence probably on the degree of biodegradation, e.g., the biodegradation

effect on the four coeflicients is larger in oil C than in oil D.
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Besides the linear (first order) regression, we also did a more complicated second
order regression on the velocity data in all the dead oils with respect to both tempera-
ture and pressure. In the second order regression, we assumed that the acoustic veloci-

ties in a given oil are non-linearly related to temperatures and pressures, i.e.,
C = 000+ amT -+ GQQT2+ (a10+ auT -+ GIQTQ)P -+ (GQO+ ale -+ (1227.‘:3)P2 (1'1)

or in the matrix form

C =TTAP
where
1 Gop )0 d20 1
T= T A= ao, a1y @9 P= P
T? . Gpz G2 G20 P?

All the coeflicients in matrix A for the 9 dead oils are shown in table 2. The corre-
lation factors R2 for all the oils except the Ugnu are better than 0.99. For the Ugnu oil,

the correlation factors are around 0.97.

The coeflicients ag through ag are plotted in figures 26a through 26i versus the
API gravities of the oils. Again, these coefficients all change systematically, though

more complexly, with changing API gravities.

A very important feature in tables 1 and 2 and figures 25 and 26 is that when we
know the API gravity of an oil, we can interpolate for the coefficients in (13) or (14)
from theses tables or figures and use these coefficients to empirically calculate the
acoustic velocities in this oil as a function of both temperature and pressure. To test
this, we empirically calculated the acoustic velocities in 2 crude oils and 1 pure hydro-

carbon and got very close fit with those measured experimentally.

Figure 27a plots the measured velocities in a 16 API degree oil measured by Han
(1987, personal communication) at 725 psig (50 bars) and the calculated ones by
linearly interpolating for the coeflicients in equations (13) and (14). The plus and dia-

mond signs represent the calculated velocity values by using equation (13) and (14).
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respectively. One can see that the calculated velocities fit the measured ones very well,
with deviations basically around 3% (figure 27b). Considering the different devices and
methods used in the measurements, the uncertainties in velocity, temperature, pres-
sure, and API gravity measurements, and error in the linear interpolation for the

coefficients, etc., one should admit that the fit is extremely good.

Similar to figure 27a, shown in figure 28a are the calculated and measured veloci-
ties in the dead-end of the live oil as a function of pressure at 2 temperature points
(22.8° and 72.0° C) (this oils did not participate in the regression). Again, the fittings
are very satisfactory. The deviations cof the calculated velocities from the measured
ones are about 2.5% at 22.8° C and around 4.5% at 72.0° C (figure 28b). The slopes of
the measured velocity curves versus preessuré are essentially the same as those of the.

calculated velocities.

Figure 29a shows that the calculated velocities in cyclooctane (CgH q) at O psig as
a function of temperature are very close to the velocity data measured by Wang and

Nur (1987), with deviations of less than 3% (figure 29b).

One should notice that the coefficients in equations (13) and (14) used for calculat-
ing the acoustic velocities in the 16 API degree oil, the dead-end of the live oil, and the
cyclooctane were interpolated linearly from figure 25 and 26. These linear interpola-

tions may enlarge the deviations of the calculated velocities from those measured ones.

One may also have noticed that the calculated velocity curves using equation (13)
and (14) are basically very close to each other, which means that for practical purposes.
the first order (linear) regression results are essentially good enough in empirically

predicting the acoustic velocities in oils with known API gravities.

To summarize, we see that our regression results shown in tables 1 and 2 and
figures 25 and 26 are very useful and accurate in empirically calculating the acoustic
velocities in oils with known API gravities. However, in order to improve the accuracy

of such calculations, more experiments on a variety of oils may still be needed.
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Velocity-Temperature-Molecular Weight Relations

Besides the velocity-temperature-pressure-API gravity correlations, we also fitted
the measured acoustic velocities to the empirical relation between velocities and molec-

ular weights of oils given by Wang and Nur (1987),

c = Co+a(T-T0)+6(—]t7—Vlo-), (15)

where M represents the molecular weight of the oil, and C,, a, 8 are constants for a
given oil.

First we interpolated for a and B from Wang and Nur’s (1987) results for veloci-
ties in pure hydrocarbons, then calculated the acoustic velocities in 5 oils whose molec-
ular weights (average) are known (the molecular weights of other oils used in the exper-
iments are not known). The calculated results, along with those measured velocity

values, at O psig and 3 different temperature points (22°, 50°, and 75° C) are shown in

the table below.

Oil API Molecular 22° C 50° C 75° C
Name Gravity Weight Vimees. Vear Vineas. Vea. Vieas. V.
Oil G 43 193 1315 1321 1212 1205 1123 1115
OillF 34 243 1268 1253 1185 1159
Dead End T 23 © 290 1308 1291 1214 1192
Oil C 10 504 1362 1265
Oil D 10.5 506 1340 1268

Pressure = 0 psig, Velocity Unit: m/sec..

From the above table, one can see that for light oils (oil G, oil F, and the dead-

end of the live oil), the calculated velocities by equation (15) fit the measured ones
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extremely well, basically within 2%. This 2% deviation may mainly be caused by the
measurement and interpolation errors (uncertainties). However, for heavy oils (oils C
and D), the fit between the calculated and measured velocities is apparently unsatisfac-
tory, with deviations of about 7% for oil C and around 5% for oil D. These larger devi-
ations may be caused by two factors: (1) The determination of the molecular weight for
the heavy oils may not be accurate; (2) Heavy oils usually contain pronounced amount
of asphaltenes, complex branched hydrocarbons, and non-hydrocarbons, while Wang
and Nur’s equation (15) was derived from the acoustic velocity measurements in pure
relatively simple hydrocarbons (with less than 19 by weight impurities) and hence it
was basically for light oils. We believe that the second factor plays a major role in the

velocity discrepancies.

At low temperatures and high molecular weights of the oils, we can not get the
values of coeflicients a and 8 since in this range the pure hydrocarbons used in Wang
and Nur’s experiments are in the solid state.

Wang and Nur’s equation (15) can predict the acoustic velocities in light oils (with
API gravity higher than about 20 degree) of known molecular weights extremely well.
Therefore, equation (15) works for lighter, more fluid-like oils, and breaks down for
heavy, complex, and highly viscous oils: i.e., it generally under-predicts the acoustic
velocities in heavy oils. To extend equation (15) to accurately calculate the velocities in

heavy oils, further work is needed.

Waves propagating in viscous fluids are usually dispersive. The magnitude of such
dispersion is dependent on viscosity. Therefore, the higher velocities in heavy oils may
also be caused by the dispersion effect. Fit between equation (15) and the measured

data might be better at lower frequencies.
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APPLICATIONS

In this section, we briefly discuss some applications or potential applications of
acoustic velocities in oils to sonic well log and seismic interpretations, P-V-T data
determination, specific heat ratio derivation, and possible bubble point determination

for live oils.

Sonic Log and Seismic Interpretations

With the rapid developments in acoustic well logging and seismic technologies, a
better understanding of the acoustic properties of reservoir fluids are demanded. For
example, seismic evaluations, delineations, and characterizations of hydrocarbon reser-
voirs are receiving more and more attention. Furthermore, more detailed sonic logging,
borehole to borehole seismic tomegraphy, 3-D surface imaging of hydrocarbon reser-
voirs, and seismically monitoring production and enhanced oil recovery processes are to
become routine in the future. In all these technologies or potential technologies,
without knowing and understanding the acoustic properties of the reservoir fluids and
their variations with different processes, the interpretations of the field results would be
very difficult, or even impossible.

Knowing the acoustic properties of the reservoir fluids, one can combine these
properties with the field sonic or seismic results to delineate hydrocarbon saturations
and adjust production strategy. One also can calculate the acoustic velocities in oils as
function of depth by assuming a constant geothermal gradient. Figure 30 shows such a
calculation for oil C and oil G. Such velocity-depth curves for oils can be used to
empirically or theoretically estimate the acoustic velocities in reservoirs, supposing that
the velocities in the dry rocks are known, by using the Gassmann relation or Biot

theory or some other theories or models.

P-V-T Relation Determinations

As discussed previously, using the laboratory determined pressure-volume-
temperature relations to calculate the acoustic velocities in oils requires that the

numerical relative volume (normalized volume) data be accurate at least to the fifth
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digit. But the highest accuracy for the directly measured P-V-T data can usually be up
to the third or the fourth digit of the relative volume, so that we concluded that the
determination of acoustic velocities from P-V-T measurements was not accurate
enough (the case of oil C is an example). However, acoustic velocity measurements can
easily get to high accuracy, and hence it is possible to use the acoustic velocity data to

derive the P-V-T relations of crude oils.

As mentioned earlier, the acoustic velocity C is defined as
2 o (22
C 8 ( 3p )T ' (16)

where 4, P, p represent the specific heat ratio, pressure, and density, respectively. For

very small disturbance, equation (16) can be written as

¢rmy [ProPo) (17)
Pr~Po jr

where py is an initial density of the oil at pressure P, and p, corresponds to the oil

density at pressure P,.

At temperature T, solving for p, from (17), we have

P,-P
--l—=1+—-—-—--—7( ! 2 0). (18)
Po poC

Since we are actually interested in the relative density, p, can be assumed to be equal

to 1, then (18) becomes to

‘7(P1-Po).

In terms of specific volume, (19) can be written as:
Vv, = ¢ (20)

C*+~(P1-Po)

Equations (19) and (20) show that one can easily calculate the pressure-density or
pressure-volume relations at different constant temperature points if the acoustic velo-

cities and ~ values are known as functicns of pressure at such temperature points. In
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the calculation, a major problem is that there are generally no available 4 values for
crude oils. However, one may either estimate the + values from some theories or empiri-
cal models or measure the Cp and Cv (or thermal expansivity a) simultaneously with
the measurements of acoustic velocities. To do this, one just simply measures the heat
required to increase the temperature by 1° C in one mole of the oil. Also, to our
knowledge, one can assume 4 values of 1.1 for heavy oils and of 1.2 light oils and not to
vary with temperature and pressure changes.

The following table lists the measured (V) ), along with those calculated by equa-
tion (20), P-V-T relation in the live oil at temperature of 71° C. In the calculations,

constant values of vy = 1.1, 1.2, 1.3 are assumed, respectively.

Pressure(psig) ‘VM Va=11 Va=12 VA=13
5000 0.9855 0.98867 0.98764  0.98662
4600 0.9881 0.99078 0.98995 0.98912
4200 0.9909  0.99296 0.99232 0.99168
3800 0.9938  0.99521 0.99477 0.99434
3400 0.9968  0.99752 0.99730 0.99708
3200 0.9983  0.99873 0.99862 0.99850
3100 0.9991  0.99934 0.99928 0.99923
2994 1.0000 1.00000 1.00000 1.00000

Figure 31 plots the data shown in the above table. From this figure, one can see
that the factor v in equations (19) and (20) is not dominant in the relative volume cal-
culations. i.e., uncertainties in the estimation of the ~ values only change the calculated
relative volume by very small amount. Figure 31b shows that about 10% uncertainties
in v only change the calculated relative volume by about 0.19 over the pressure range
of 2,000 psi (140 bars). Therefore, if high accuracy acoustic velocity data are available.

one can calculate or estimate the P-V-T relations in crude oils, even if the exact values
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of ~ are not known.

In the literature, Stallard et al (1968) used the measured acoustic velocities and

calculated the isothermal compressibilities of liquids through the following equation:

1 T a®
= —
br pC? pCp

(21)

where Cp, C, p, a, and T represent the s;Jeciﬁc heat at constant pressure, acoustic
velocity (adiabatic), density, thermal expansivity, and temperature, respectively. The
second term on the right side of equation (21) is approximately 10% of the total value
of A7 for most liquids (Stallard et al, 1968). A 10% uncertainty in this term will lead
to only 1% uncertainty in the value of 87, while the uncertainties in 8y from direct

measurement are usually larger than 5%.

Using (21) to calculate the isothermal compressibilities still requires one measure
or estimate the values of Cp and a. Furthermore, both Cp and o are also functions of
temperature and pressure. Nevertheless, this method is much simpler than direct meas-
urements and the calculated compressibilities would be more accurate if the uncertain-

ties in estimating the second term on the right side of equation (21) are not very high.

Another method used to calculate the P-V-T properties of liquids through acous-
tic results is to construct an equation of state using the acoustic velocity results. Wang
and Millero (1973) iteratively generated the equation of state for water from the acous-
tic velocity, and used such equation of state to calculate the P-V-T properties of water
and seawater. This method is very precise but less practical for oils since first it is a lit-
tle complicated arithmetically and second it requires generating an equation of state for
each oil under test.

In summary, we see that it is possible to use the acoustic velocity data to calcu-
late the P-V-T properties of reservoir fluids. Such calculations would be more accurate
than the direct measurements. However, much of the methodology still needs to be

developed in this subject.
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Cp/Cv Calculations

As disc;ussed before, P-V-T data can be used to calculate the isothermal acoustic
velocities in oils despite the inaccuracy of the data. On the other hand, if the acoustic
velocity and P-V-T data are both available for an oil, one c.n use these data to calcu-
late the specific heat ratio 4 of the oil through the following equation: |

Cp Cu?

= M 29
Ov OT2 b ( )

where Cp and Cr are the measured adiabatic and calculated isothermal velocities,

respectively.

Shown in figure 32 is the calculated specific heat ratio of the live oil over the pres-
sure range of 3,200 to 5,000 psig. The deviations of the v values at 3,400 and 5,000 psig
are apparently caused by the inaccuracy of the P-V-T data.v Generally speaking, the
specific heat ratio of the live oil is more or less constant over the pressure range over
which the calculations were made, with only a slight decrease with increasing pressure

detectable.

Figure 33a shows that the calculated ~ values for 5 normal alkanes all decrease
slightly as temperature increases at atmospheric pressure. C7 through C16 in the
figure represent the carbon numbers of the n-alkanes. Also, light n-alkanes have higher

~ values.

Shown in figures 33b and 33c are the specific heat ratios in the 5 normal alkanes
as a function of pressure up to 11,600 psig (800 bars) at two different temperature
points (60° and 120° C), respectively. Again as observed in the case of the live oil, o
values in normal alkanes tend to decrease slightly with increasing pressure at both tem-
perature points. This decrease might be also caused by the inaccuracy of the P-V.T

data.

As a conclusion, we may say that reasonable values of the specific heat ratios can

be obtained in oils when the acoustic velocity and accurate P-V-T data are both avail-

able.



-~100-

Bubble Point Determination in Live Oils

Although the acoustic velocities in the live oil did not drop sharply when the bub-
ble point pressure was reached, careful examinations of the velocity - pressure curves in
figure 14 reveal that the slopes of the two curves for the live oil change slightly at the
bubble point pressure, due to the appearance of the gas bubbles. Furthermore, during
the experiments, we observed that when the bubble point pressure was reached, the
acoustic signals on the oscilloscope became unstable and the amplitude started to
decrease. Therefore, it is still possible to use the acoustic measurements to determine
the bubble points of live oils by combining the slope change of the velocity - pressure

curves and the amplitude change observations during the experiments.

SUMMARIES AND CONCLUSIONS

Acoustic velocity behaviors of 8 dead oils, 1 live oil, and 2 refined petroleum oils
are well characterized in this study. The experimental results reveal that acoustic velo-
cities in oils are systematically related to temperature, pressure, API gravities, and
molecular weights of the oils. In all the cils studied, acoustic velocities increase as pres-
sure or molecular weight increases, but decrease as temperature or APl gravity

increases.

Based on the experimental results, empirical equations are established which can
be used to calculate the acoustic velocities in oils as a function of temperature and
pressure if the API gravities are known. These empirical equations generally can
predict the velocities in oils over wide ranges of temperatures and pressures very accu-

rately, typically within 3-4%.

Acoustic velocities in live oils are lowered by the gas in solution, but the tempera-
ture and pressure behaviors remain very similar to those in dead oils without gas. At
the bubble point, the velocities do not drop sharply as expected, instead they increase
slightly as pressure further decreases. When the pressuré is lowered to a certain point

below the bubble point, the velocities drop sharply. These behaviors of live oils are
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theoretically analyzed that they are controlled by the bubble size, content, and loca-

tion.

There are at present no single theory or model of the liquid state which can
predict the exact values of the acoustic velocities in oils (or in any liquids). Most
theories and models of the liquid state we discussed in this paper can only predict the
right direction of the velocity changes as temperature or pressure changes. Simpler
theories such as the van der Waals’ equation of state and the simplified free volume
theory predict the acoustic velocities in liquids that deviate from the measured ones by
one or two orders of magnitude at most reservoir conditions. The more complicated
theories or models such as tunnel theory predict better values of the acoustic velocities
but require too much mathematical manipulation and computational effort. Neverthe-
less, all the theories and models discussed in this paper can qualitatively be used to

interpret our experimental results.

Pressure-Volume-Temperature data of oils can not replace acoustic velocity meas-
urements, since the velocities calculated by P-V-T data are usually not accurate
enough. On the other side, acoustic velocity data can well be used to check the accura-
cies of the P-V-T measurements, to calculate more accurate P-V-T data of reservoir
fluids, and to calculate the specific heat ratio of oils when accurate P-V-T data are
available. The acoustic velocity measurements in live oils can be potentially used to

determine the bubble points of the live oils.

The empirical equation established by Wang and Nur (1987) which relates the
acoustic velocity with temperature and molecular weight in hydrocarbons can also be
used to calculate the velocities in light crude oils with API gravity higher than 20
degrees. But for heavy oils‘, this equation underpredicts the acoustic velocity values,
which is apparently caused by the appearance of solid or semi-solid and non-

hydrocarbon materials in heavy oils.

The acoustic velocities in reservoir fluids have wide applications in sonic log and

seismic interpretations, particularly in interpretations of the results of 3-D seismic
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imaging, seismic characterizations, evaluations, and delineations, of hydrocarbon reser-

YOIrs.

With the rapid developments in acoustic logging and seismic technologies, the
acoustic velocities in reservoir fluids will certainly play important roles in interpreting

the results gathered by such technologies.

APPENDIX : Density Calculation of the Live Oil at Bubble Point

When the composition of an oil is known, one can calculate the density of the oil
(McCain, 1973). The calculation for the live oil is as following: First, calculate the pseu-
doliquid density of the oil under the assumption that it is all liquid at standard condi-
tion (60° F, 14.7 psia). Use a first trial density value of the oil of 0.79 g/cc which
corresponds to 49.32 lb/cft. From i"igure 4-1 of McCain (McCain, 1973, page 144), we
get apparent liquid density (p, ) of methane = 22.47 Ib/cft and apparent liquid density
of ethane = 30.90 Ib/cft.

Component Mole%(Zi) M.W.(Mi) Zi.Mi pi*(lb.eft ")  Lig. V*(cft)

Hydrogen Sulfide 0.00 34 0.0000 0.00 0.00000
Carbon Dioxide 0.59 44 0.2596 51.63 0.00503
Nitrogen 0.33 28 0.0924 50.44 0.00183
Methane 40.57 16 6.4912 22.47 0.28880
Ethane 5.04 30 1.5170 30.90 0.04910
Propane 3.43 44 1.5126 31.66 0.04780
iso-Butane 0.70 58 0.4067 35.15 0.01157
n-Butane 1.58 58 0.9180 36.48 0.02516
iso-Pentane 0.68 72 0.4910 38.94 0.01261
n-Pentane 0.85 72 0.6137 39.39 0.01558

Hexanes 2.33 86 2.0085 41.34 0.04858
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Heptanes Plus 43.90 305 133.8950 58.52

2.28802

100 148.21

279410

* - at standard condition (60° F /14.7 psia).
The first calculated pseudoliquid density of the live oil =

148.21
2.7941

=53.04 (Ib/cft)

For a second trial value use 0.70 g/cc which corresponds to 43.70 lb/cft. »

methane = 19.98 1b/cft, p, ethane = 29.34 Ib/cft.

Composition .ZiMi pi (Ib.eft™)  lig. V (cft)

Methane 6.4912 19.98 0.3249
Ethane 1.5170 29.34 0.0517
Propane Plus  140.20 2.4562

148.21 2.8328

At standard condition, the pseudoliquid density of the live oil =

148.21

— 5232 b /eft
2.8328 /ef

Next, we construct a graph using trial values of pseudoliquid density and the
resulting calculated values. The point at which a line through the calculated values

crosses a line with slope of one is the correct value. Therefore, we get p = 53.5 lb/cft

= 0.8578 g/cc at standard condition.

Correction of the density for pressure at 3000 psig: Ap = +0.9 Ib/cft. Correction

for temperature at 160° F (71° C'): Ap = -2.2 Ib/cft. Therefore density at 3000 psig

and 160° F = 53.5 + 0.9 - 2.2 = 52.2 |b/cft = 0.8361 g/cc.

a
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TABLE AND FIGURE CAPTIONS
Table Captions

Table 1. Regression results of the 4 coefficients in equation (13).
Table 2. Regression results of the 9 coefficients in equation (14).
Figure Captions

Figure 1. Comparisons between Wilson’s and our measured velocity data in
distilled water as a function. of pressure (a) and a function of temperature (b).
The differences between the two velocity curves are used in the velocity calibra-
tions.

Figure 2. Acoustic velocity in Mercury measured in the experiments to test
the accuracy of the velocity measurement.

Figure 3. Density of oil C as a function of temperature at different pressures
(from Meyers, 1987).

Figure 4. X-ray chromatograms of five oils: (a) oil A, (b) oil B, (c) oil C, (d)
oil D, (e) oil F.

Figure 5. Measured acoustic velocities in normal decane (oil I) plotted versus
pressure (a) and temperature (b). The numbers in the figures represent tempera-
ture in degree Celcius and pressure in psig, respectively. The velocity curve at zero
psig in (b) is taken from Wang and Nur (1987).

Figure 6. Measured acoustic velocities in Soltrol oil (oil H) plotted versus
pressure (a) and temperature (b).

Figure 7. Measured acoustic velocities in oil (oil G) plotted versus pressure (a)
and temperature (b).

Figure 8. Measured acoustic velocities in oil F plotted versus pressure (a) and
temperature (b).
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Figure 9. Measured acoustic velocities in oil A plotted versus pressure (a) and
temperature (b).

Figure 10. Measured acoustic velocities in oil B plotted versus pressure (a)
and temperature (b).

Figur> 11. Measured acoustic velocities in oil E plotted versus pressure (a)
and temperature (b).

Figure 12. Measured acoustic velocities in oil C plotted versus pressure (a)
and temperature (b).

Figure 13. Measured acoustic velocities in oil D plotted versus pressure (a)
and temperature (b).

Figure 14. Measured acoustic velocities in the live oil as a function of decreas-
ing pressure. The upper two velocity curves represent the acoustic velocities in the
same oil after releasing pressure to zero psig for several hours.

Figure 15. Acoustic velocities plotted versus API gravity at two temperature
points and pressure of 110 psig.

Figure 16. Temperature derivatives of the measured acoustic velocities in
heavy (a) and light (b) oils plotted versus pressure.

Figure 17. Temperature derivatives of the measured acoustic velocities plot-
ted as a function of API gravity at different pressures.

Figure 18. Pressure derivatives of the measured acoustic velocities in heavy
(a) and light (b) oils plotted versus temperature.

Figure 19. Comparison of the acoustic velocity calculated from van der
Waals’ equation of state (curve 1) with that observed experimentally (curve 2) in
ethyl alcohol (a) and n-hexane (b) (from Nozdrev, 1965).

Figure 20. Calculated dependence of adiabatic (a) and isothermal (b) acoustic
velocity in water-air mixture on volume content of gas, and on mass fraction of
gas (c) at diflerent pressures. Surface tension is neglected (from Kieffer, 1977).

Figure 21. Calculated acoustic velocities in water-air mixture as a function of
bubble radius and pressure for four mass fractions. Surface tension is considered
(from Kieffer, 1977).

Figure 22. Comparison of the measured adiabatic acoustic velocities with the
isothermal ones calculated from P-V-T data in 5 normal alkanes (data f{rom
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Boelhouwer, 1960 and 1967).

Figure 23. Comparison of the measured adiabatic acoustic velocities with the
isothermal ones calculated from P-V-T data in the live oil.

Figure 24. Comparison of the measured adiabatic acoustic velocities with the
isothermal ones calculated from P-V-T data in the Ugnu heavy oil.

Figure 25. The 4 coeflicients in equation (13) plotted versus API gravity.

Figure 26. The 9 coeflicients in equation (14) plotted versus API gravity.

Figure 27. Comparison of the measured acoustic velocities with those calcu-
lated from equations (13) and (14) in a 16 API degree oil (a). The deviations are
plotted in (b).

Figure 28. Comparison of the measured acoustic velocities with those calcu-
lated from equations (13) and (14) in the dead-end of the live oil (a). The devia-

tions are plotted in (b).

Figure 29. Comparison of the measured acoustic velocities with those calcu-
lated from equations (13) and (14) in cyclooctane (a). The deviations are plotted in

(b).
Figure 30. Calculated acoustic velocities in light and heavy oils versus depth.
Figure 31. Comparison of the measured volume with those calculated from
acoustic velocity measurements as a function of pressure in the live oil. The devia-
tions caused by using different specific heat ratios are plotted in (b).

Figure 32. Calculated specific heat ratio in the live oil.

Figure 33. Calculated specific heat ratio in 5 normal alkanes versus tempera-
ture (a) and pressures (b, c).
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Oil API Gravity bo b, b, byx10°
A 5 1687.98 -3.8164 36.660 -29.47
B 7 1654.35 -3.5139 28.863 -8.37
C 10 1687.15 -4.0761 37.109 -70.12
D 10.5 1619.51 -3.5634 28.709 18.84
E 12 1593.41 -3.1685 26.277 37.19
F 34 1443.72 -3.3288 34.518 107.65
G 43 1398.86 . -3.5332 35.565 127.029
H 57 1324.66 -3.6419 33.902 127.52
I 62 1333.16 -3.9139 32.146 136.62

Table 1




Second Order Regression

-109-

C =aw+aaT +aeT?+(ayo+ ayT + apTHP + (a0 + anT + aTHP2 = TT AP

APl Gravity awo ag agpXx10? 10 ay,x10® | a,px10t anX10° | agyx10* | apyx10°

A 5 177258 | -7.16662 | 25.335 | 36.797 | 114.209 6.66 387.061 | -398.97 24.50
B 7 1694.96 | -5.23585 | 13.723 | 37.086 |-224.063 17.66 -647.008 69.41 -6.26
C 10 1765.38 | -6.92836 | 20.366 | 48.621 |-436.881 28 85 390.165 | -213.24 11.77
D 105 1654.89 | -5.07616 | 11.189 | 36.728 |-146.980 | 11.95 -656.639 15.45 -0.70
E 12 1614.63 | -3.96573 5171 | 28.489 9.585 5.45 70.687 | -115.40 2.79
34 1465.78 | -4.31005 6.667 | 40.132 | 145.486 298 | -1073.721 -13.84 -7.00

43 1402.24 | -3.99833 3.412 | 50.457 |-197.590 | 37.61 -2550.890 | 614.34 | -68.20

57 1323.39 [ -3.74585 0.520 | 44.749 [-109.962 | 27.33 | -1218.753 | 143.50 | -22.85

62 1328.87 | -3.86261 0.837 | 36.984 | 121.462 7.48 -330.311 | -156.36 1.51

Table 2
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CHAPTER 4

VELOCITIES IN PURE HYDROCARBON SATURATED
ROCKS

ABSTRACT

Wave velocities were measured as a function of temperature in Beaver (porosity
= 7%) and Boise (porosity = 27%) sandstones and the unconsolidated Ottawa sand
(porosity = 37%) saturated with four pure hydrocarbons of successively increasing car-
bon numbers. It was found that the compressional wave velocities increased with the
increase of the carbon numbers (or molecular weights) of the pore saturants, while the

shear wave velocities were less affected.

The compressional wave velocities decreased by 6 to 8% in the sandstones and by
15 to 179% in the sand saturated with the hydrocarbons as the temperature increased
from 22 to 122° C. This suggests that seismic, especially high frequency, high resolu-
tion seismic, methods are possibly applicable in detecting reservoir temperature changes

caused by steam or fire floodings and in monitoring the processes of such floodings.

The effects of liquid saturation on the wave velocities in rocks and sand are also

discussed.

INTRODUCTION

The capability of using seismic methods to monitor enhanced oil recovery (EOR)
processes depends whether or not the seismic wave velocities or amplitudes are affected
by the processes. If the seismic methods can resolve the travel time delay caused by the

velocity decrease due to the EOR processes, they should be possible to be used in the

-153-
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monitoring. Therefore, a series of experiments on the effects of temperature on wave
velocities in rocks and sands saturated with hydrocarbons were carried out. In this
chapter, it is assumed that the temperature increase in an oil reservoir is caused by the

steam or fire floodings.

Four pure hydrocarbons with a successive carbon number increase, two sand-
stones of 7% and 27% porosity, and one unconsolidated sand of 37% porosity were
used in the experiments. The results show that for the pure hydrocarbon saturated
rocks, the compressional wave velocities decrease by around 7% as the temperature
increases by 100° C, while the decrease in Vp in the sand is larger, by over 15%, in the

same temperature range.

The effect of liquid saturation on the compressional wave velocities in the rocks
and sand is also discussed. This effect is determined mainly by the properties of the
liquid saturants, porosity, pore structures and geometries of the rocks, and possibly the

chemical interactions between the rocks/sand and pore saturants.

Shear wave velocities do not always decrease in rocks upon liquid saturation,
which disagrees with the Biot theory. Agreement with the theory is dependent on the
presence of cracks in the rocks, pore fluid viscosity, porosity, pressure, and also possi-

bly chemical interactions between the rock forming minerals and the pore fluid.

PROPERTIES OF THE ROCKS AND HYDROCARBONS

The rocks selected for the experiments are the Boise and Beaver sandstones. The
Boise sandstone is fine to medium grained, well sorted, and with minor carbonate-clay
cement. Both its porosity and its permeability are high (porosity = 279, permeability
= 910 mD). It is mainly composed of feldspar (about 44%) and quartz (about 27%).

The Beaver sandstone is fine to medium grained, well sorted, and cemented by

quartz overgrowth. It is mainly composed of 7% porosity, 78% quartz, and quartz

overgrowth as cement. Its permeability is unknown but believed to be much lower than
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that of the Boise sandstone.

The Ottawa sand is unconsolidated and has porosity of 37% when well packed at
room conditions. The size of the sand grains is mainly concentrated in the diameter

range of 0.2 to 0.4 mm .

The hydrocarbons used as the pore saturants in the experiments were n-heptane
(C+H,q), 1-decene (C,Hy), 1-tetradecene (C,4Hs), and l-octadecene (CgHg). n-
Heptane is a2 member of the homologous hydrocarbon series called alkanes or normal
paraflins with a carbon number of 7. It is straight chained, single bonded, saturated, in
molecular structure, and basically non-soluble in water. The other three hydrocarbons
(1-decene, 1-tetradecene, and l-oct.adecene) are all from a homologous hydrocarbon
series called alkenes or olefins. The mole;:ular structures of tﬁe alkenes are similar to
those of alkanes, except that alkenes have a double bond between two of their carbon
atoms (i.e., -C=C-), and therefore they are unsaturated. The alkenv__es are also basi-
cally non-soluble in water. The physical properties of the hydrocarb&n saturants are

listed in table 1.

EXPERIMENTS

Ultrasonic wave velocities were measured both in the hydrocarbon saturants and
in the hydrocarbon saturated rocks, using two different apparatus based on the same
pulse transmission principle. The apparatus for measuring the velocities in the hydro-
carbons consists of a pair of transducers, a pulse generator/signal receiver, a signal
amplifier, and a digital oscilloscope. The transducers are a pair of identical, wide band
piezoelectric immersion transducers with a central frequency of 2.25 MHz and diame-

ters of 19.05 mm (0.75 in.), and attached with two identical high-temperature buffers.

In the measurements, the two transducers, attached with high-temperature
buffers, were built in and locked on a heat-conductive cylindrical container, and the

distance (/) between them were precisely measured. The ultrasonic pulse of 1 MH:z
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frequency was sent to one of the transducers to generate ultrasonic waves traveling
through the hydrocarbons under test. The waves were picked up by the other trans-
ducer and sent to the amplifier and then to the digital oscilloscope. The travel times of
the waves therefore were measured on the oscilloscope, with precision of 0.05 wusee. .

Then the velocity V was calculated by

{
V= —
At’
where I is the distance which the waves traveled in the hydrocarbon, and At is the

travel time.

The hydrocarbons were pre-cooled in a refrigerator and heated up during the
experiments by a heating tape which surrounded the heat-conducting container homo-

geneously.

The apparatus for measuring the velocities in fluid-saturated rocks is in principle
similar to that for liquids. The system consists.éf basically a source/generator which
generates ultrasonic pulses, a signal amplifier, an oscilloscope, an electronic micropro-
cessor which measures the travel time of the wave through the sample, and a mechani-
cal package which precisely controls the temperature and pore and confining pressures.

(for more detailed descriptions of the apparatus, see Wang and Nur, 1985).

The rock samples were cut from a block into cylindrical shape of about 2.54 ¢m
(1 snch) in both diameter and length. Then, they were well washed by distilled water

and dried in a vacuum oven at 60° C for over 72 hours .

Once the rock sample was dried, it was jacketed with a high-temperature plastic
tube and put into the pressure vessel for test. To saturatgd the sample with the hydro-
carbons, the sample was evacuated up to 5 mierons vacuum under confining pressure of
150 bars. Then the saturating hydrocérbon which was de—gased was injected into the
sample by a pressure intensifier. After the pore pressure reached 50 bars, the confining

pressure was increased to 200 bars to keep the effective pressure unchanged.
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The temperature increase in the pressure vessel was controlled by an electrical
heater which was attached inside to the pressure vessel. After an objective point of
temperature was reached, the temperature was controlled at this point for about 45

minutes to assure good thermal equilibrium inside the sample.

The compressional and shear wave velocities in the rock samples were calculated

by
l
V., =
PoooAy’
l
V, = —
. Al,’

respectively, where ! is the length. of the sample and At the travel time of the wave

through the sample.

RESULTS AND DISCUSSIONS

Compressional wave velocities in the four hydrocarbon saturants were measured
as a function of temperature ranging from -8 to 125° C, under the room pressure. The

data are plotted in figure 1.

As discussed in chapter 2, the velocities in liquid hydrocarbons are approximately
linearly related to the temperature changes and the changes of the inverse of the car-

bon numbers. The relation is expressed as

1
Cc~C, )

VT.C = VT‘,Ca - b(T - T,)— a(

where Vip . is the velocity in the hydrocarbon of carbon number C at temperature T;
T, and C, are the reference temperature and carbon number, respectively; 5 is the
temperature coeflicient which is a function of carbon number; and a is the carbon

number coefficient which is a function of temperature.
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Figure 1 shows that the velocities in the hydrocarbons decrease rapidly as the
temperature increases. The temperature coeflicient b ranges from -3.6 to -4.2

[meters /sec |/° C. The velocity-temperature relation was discussed in chapters 2 and 3.

Both the compressional and shear wave velocities in air saturated (or "dry”) Boise
and Beaver sandstones were measured as a fl{nction of confining pressure (figures 2 and
3). The velocities (both Vp and Vs) all increased as the confining pressure increased up
to 700 bars (10150 psi). These increases are caused by the closure of the thin cracks
and thus the porosity reduction of the rocks and the better contact of the rock grains.
The rate of these increases is determined by the pore structures, e.g., the crack content

of the rocks.

At low confining pressures, both the compressional and shear wave velocities in
Boise and Beaver sandstones are very sensitive to the pressure changes, while at higher
confining pressures, the velocities increase with increasing pressures slowly. This
behavior of rocks has been observed by many investigators (Nur and Simmons, 1969;
Birch, 1961; King, 1966) and interpreted as caused by the closure of the thin cracks
and the better contact of the rock grains. Generally, the confining pressure needed to
close the cracks are moderate which is determined mainly by the aspect ratios of the
cracks and pore structures, consolidatior and cementation degrees, and grain packing

patterns of the rock.

While the velocities in the air saturated Boise and Beaver sandstones increase
with increasing confining pressures, they decrease with increasing temperatures. Figure
4 shows that the compressional and shear wave velocities in the Boise sandstone
decreased by about the same amount (AVp = -141 m /sec, AVs = -130 m /scc ) as
the temperature increased from 21 to 124° C. The relative decrease for Vp and Vs in
this temperature range are 4.1% and 5.9% respectively. In figure 5, the absolute
decrease of Vp in the Beaver sandstone is smaller than that of Vs in the temperature

range of 21 to 128° C (AVp = -129 m /sec, AVs = -183 m /sec ): the relative decreases
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are 2.7% and 5.69, respectively. The decreases in the velocities as the temperature
increases are mainly caused by the softening of the rock matrix and the thermal expan-
sion of the rocks. From our data, it is believed that the increased temperature has a
major contribution in reducing the shear modulus of the rocks: i.e., as the temperature
increases, the softening of the rock matrix reduces the shear modulus of the rock, while

the bulk modulus is less affected.

The temperature eflect on the compressional wave velocities is smaller in the air
saturated Ottawa sand than in the sandstones (figure 6). As the temperature rose from
22 to 123° C, the Vp in the Ottawa sand saturated with air decreased by only 81

m /sec , or by 5.4%.

Figures 7a and 7b show the compressional and shear wave velocities in the water
saturated Boise sandstone. From these two figures, one can see that the water satura-
tion enhanced the temperature effect on the compressional wave velocities. The abso-
lute change for the velocities in the temperature range of 22 to 127° C are -229 m /sec

for Vp and -143 m /sec for Vs, or by 6.5% and 6.7%, respectively.

In figure 8, the temperature eflect on both the compressional and shear wave velo-
cities in the Beaver sandstone is also enhanced by the water saturation. As the tem-
perature increaseed from 22 to 124° C', the compressional and shear wave velocities

decreased by 254 m /sec and 257 m /sec, or by 4.9% and 7.6%, respectively.

The compressional wave velocities in the Ottawa sand were increased by the
water saturation. As seen in figure 9, the water saturation also enhanced the tempera-
ture effect on the velocities. In the temperature range of 22 to 124° C, the Vp in the

water saturated sand decreased by 118 m /sec, or 6.1%.

It is also noticed that water saturation decreased the shear wave velocities in the
Boise sandstone (figures 3b, 5b) but increased the shear wave velocity in the Beaver
sandstone. This phenomenon will be discussed later along with the saturation effect of

hydrocarbons on the shear wave velocities.
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The compressional wave velocities in the Boise sandstone saturated with the
hydrocarbons are shown in figure 10a. For the purpose of comparison, the compres-
sional wave velocities in the same rock saturated with air and water are also plotted in
the same figure. The compressional wave velocities all decrease as the temperature
increases. The decreases are about the same for all the six velocity curves in the tem-
perature range of 21 to 121° C (around -240 m /sec ), though the relative decreases are
slightly different (around 6.6 to 7.0%). This means that the temperature effect on the

compressional wave velocities in pure hydrocarbon saturated rocks is basically similar.

Figure 10b shows the compressional wave velocities in the Beaver sandstone.
Again, the velocity trends in the rock saturated with different pure hydrocarbons as
the temperature increases are all similar. In Beaver sandstone, the absolute Vp
decreases are all around 350 m /sec in the temperature range of 21 to 121° C, and the

relative decreases are around 6.7 to 7.0%.

The compressional wave velocities in the Ottawa sand saturated with CqH (4,
C.gH 3, air and water are shown as a function of temperature in figure 11. In the tem-
perature range of 21 to 126° C, the Vp decreased by 317 m /sec, or 17.2%, for the

CqH 4 saturated sand, and by 283 m /sec, or 14.6%, for the C,gH 44 saturated sand.

The decreases of Vp in the hydrocarbon saturated rocks and sand are mainly
caused by the decreases of the velocities in the ”dry” rocks and sand and in the hydro-
carbons, as the temperature increases, and possibly as well as the interactive effect

between the rock frame and the pore saturants.

In figure 12, the shear wave velocities in all the pure hydrocarbon saturated Boise
sandstone do not differ much from each other at the same temperature point. The
Vs - T curves for the hydrocarbon saturated Boise sandstone (figure 12a) lie between
those for the same rock saturated with water and air. All the shear wave velocities in
the Beaver sandstone saturated with the hydrocarbons decrease at about the same rate

as the temperature increases (figure 12b). However, unlike that for the Boise
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sandstone, this rate of Vs decrease is higher than that in the same rock saturated with
air. Furthermore, the Vs — T curve for the water saturated Beaver sandstone does not
depart from other curves, instead, it is embedded in the cluster of the Vs - T curves

for the same sandstone saturated with the hydrocarbons.

From figures 10 and 12, one can see that the properties of the saturants also affect
the wave velocities. In the same rock sample, Vp in the saturated rocks increase with
increasing the pore hydrocarbon’s carbon number (or molecular weight). This increase
is essentially caused by the velocity increase in the hydrocarbons with increasing car-
bon numbers (or molecular weight) (figure 1). However, Vs in the hydrocarbon
saturated sandstones are not much affected by the carbon number (or molecular
weig}{t) changes of the hydrocarbons, as long as the hydrocarbons are in the state of
liquid. In figure 12a, all the Vs curves for the hydrocarbon saturated Boise sandstone
are very close to each other, the difference between the neighbor curves is within the
measurement precision. The similar situation occurs for the Beaver sandstone
saturated with the hydrocarbons (figure 12b), except that the curves deviate from each

other a little further.

Hydrocarbon (or water) saturation increased the compressional wave velocities in
both Boise and Beaver sandstones (figures 10a, 10b). However, this saturation effect is
different for the two sandstones. For the Boise sandstone, the hydrocarbon saturation
increased the Vp by 86 (for C;H s saturation) to 178 m /sec ( for C,gH 3 saturation) at
21° C, while at the same temperature point, the hydrocarbon saturation increased the
Vp in the Beaver sandstone by 369 (for C,H,, saturation) to 436 m /sec (for C,gH s
saturation). This phenomenon has also been observed by Gregory (1976) who concluded
that the fluid saturation effects on compressional wave velocities in rocks are much

larger in low porosity than in high porosity rocks at elevated pressures.

Although the liquid saturation affects the compressional wave velocities more in

low porosity than in high porosity rocks, the same phenomenon does not necessarily
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also occur to unconsolidated sands. In our results, Vp in the Ottawa sand increased by
346 m /sec (for C;H,, saturation) to 439 m /sec ( for CgHg saturation) at 21° C
upon the hydrocarbon saturation, though the porosity of the sand is high (37%). One
of the explanations to this phenomenon may be as follows: since the compressional
wave velocities in the dry sand are very low, or in other words, the dry sand is highly
compressible, full liquid saturation to the sand will greatly increase the bulk modulus

of the aggregate, which in turn increases the compressional wave velocities.

Full saturation of a liquid to the pore space of a rock or sand always increases the
compressional wave velocities, since the replacement of the gas by a liquid in the pores
increases the bulk modulus of the rock or sand sample. However, the liquid saturation
increases the bulk density of the rock sample as well, which in contrast reduces the
compressional wave velocity. The higher ﬁhe porosity of the rock, the more its bulk
density will increase upon liquid saturation. Therefore, when the rock porosity is high,
the liquid saturation effect on the Vp is smaller due to the bulk density increase.
Besides the density increase, the liquid saturation. effect is also contributed by the
liquid properties, pore structure and wettability of the rock, and possibly chemical

reactions between the pore fluid and the rock matrix.

The compressional wave velocity in the water saturated Boise sandstone is lower
than that in C,gH3 saturated one. This phenomenon does not agree with the Biot

theory (Biot, 1956a, b) or the time average equation (Wyllie, et al., 1956 )

1-¢

Vo

where V,, V,,, and V, are the velocities in the fluid saturated rock, the rock matrix,
and the pore fluid, respectively, and ¢ is the porosity of the rock. According to the
Biot theory or equation (1), increasing V, should increase V. In our case, the velocity

in water is higher than that in CgH 3, but the Vp in the water saturated is lower than

that in the CgH 3 saturated Boise sandstone. This behavior of the Boise sandstone is
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possibly caused by the chemical reaction between the water and the rock matrix and
the wettability of the rock. Unfortunately, at this stage, no theory or quantitative

interpretation has been proposed for this phenomenon.

At higher temperatures (above 110° C), the compressional wave velocities in the
CqH,s saturated rocks and sand decrease faster (figures 10a, 10b, 11). In the C,H
saturated Boise sandstone, the Vp even becomes lower than that in the air saturated
sample. This is caused by the properties of the C,H,, saturant. As seen in table 1, the
boiling point of C;H 4 is 98° C (and higher when under pressure). At higher tempera-
tures, part of the C;H,, in the pores of the sandstones or sand may become into the
vapor phase, though the amount may be very small, which can dramatically decrease
the compressional wave velocity (Biot, 1956a, b; Murphy, 1932), even to the degree

that is lower than that in the "dry” rock due to the density effect.

In figure 12a, all the velocity curves for the hydrocarbon saturated lie between
those for the water and air saturated Boise sandstone, which agrees with the Biot
theory (Biot, 1956a,b). According to this theory, liquid saturation to the rock pores will
decrease the shear wave velocities in the rock aggregate due to the density effect. i. e,
the shear wave velocities in a liquid saturated rock should be lower than those in the
dry rock. Theoretically, since both gas and liquid (not highly viscous) do not resist
shear stress, replacing the gas in the rock pores by a liquid does not change the shear
modulus, but does increase the density, of the rock aggregate. Therefore the shear
wave velocity (V, = Vu/p, p - shear modulus, p - density) is decreased by the increased
density.

Although both the water and the hydrocarbon saturation to the Boise sandstone
decreased the shear wave velocities, the same situation did not occur to the Beaver
sandstone (figure 12b). In figure 12b, the shear wave velocities in the liquid (water.
hydrocarbons) saturated Beaver sandstone are higher than those in the same sandstone

saturated with air. This phenomenon can be explained as caused by the viscosity effect



~164-

of the liquids. According to the theory of wave propagations in viscous fluids (Thurs-
ton, 1964), shear waves can penetrate into liquids by a depth called skin depth which is
proportional to the square root of the shear viscosity of the liquid. If a rock of low
porosity has a high crack content, the density effect on the shear wave velocities is
small and the shear wave can penetrate through the pore liquid in the cracks whose
short axes are shorter than the skin depth of the wave. And hence, the shear wave

velocity is increased (Wang and Nur, 1985).

In our case, the porosity of the Beaver sandstone is low (7%) and may have a
high crack content (since the velocities are very sensitive to the pressure changes,
ﬁgurgs 3a and 3b). Therefore the pore fluid viscosity plays a major role in the shear
velocity increase in the rock upon liquid saturation. Furthermore, since the viscosities
of the hydrocarbons increase systematically with increasing the carbon numbers (or
molecular weight) (from 0.42 for C;H,, to 4.32 ¢p for CgH3,), the number of cracks
through which the shear wave can penetrate also increases with the pore hydrocarbon
carbon number (§r molecular weight), which leads the shear wave velocities slightly to
increase. Therefore, as also observed by Gregory (1976), at higher frequencies (1 AMH:),
the shear wave velocities do not always decrease when liquid pore saturants are added
to rocks as theorized by Biot, agreement with the Biot theory is dependent upon the
presence of cracks, porosity, pressure, and possibly chemical interactions between the

rock forming minerals and the pore fluid.

SUMMARY AND CONCLUSION

As discussed in chapter 2, the compressional wave velocities in the hydrocarbon
saturants are approximately linearly related to the changes of temperature and the
inverse of the carbon numbers. These temperature and carbon number effects also con-

tribute to the velocity changes in rocks saturated with hydrocarbons.
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The compressional wave velocities decreased by around 6.6 to 7.0% in both the
Beaver and Boise sandstones, and by 15 to 17% in the Ottawa sand, saturated with
the pure hydrocarbons, as the temperature increased from 22 to 122° C. Theoretically,
this amount of decrease in the compressional wave velocities could be detected in the
field by high frequency, high resolution seismic methods. That is to say, in a reservoir
subjecting steam or fire flooding, even if the reservoir rocks were saturated with light
or pure hydrocarbons, it would still be possible to use seismic methods to monitor or
map the flooding processes in the field. Furthermore, in the next chapter, we will show
that the compressional wave velocities in the heavy hydrocarbon (e.g., heavy oil, tar)
saturated rocks are much more affected by the temperature changes, usually decreasing
by 15% or more for an increase in temperature by 100° C Therefore, seismic, especially
high frequency, high resolution, methods are possible to be used in monitoring or map-

ping the steam or fire flooding processes.

The effect of the liquid saturation to porous rocks on the compressional wave
velocities is mainly determined by the liquid properties, porosity, pore structure and
geometries of the rocks, and possibly the chemical interactions between the rock frame
and the saturant. In our experiments, the hydrocarbon or water saturation increased
the compressional wave velocities in the rock aggregates, but this increase is much less
in high porosity (Boise sandstone) than in low porosity (Beaver sandstone) rocks. How-

ever, this situation does not apply to high porosity unconsolidated sands.

The Biot theory predicts that the shear wave velocities always decrease when
liquid pore saturants are added to rocks, due to the increase in the bulk density of the
rocks. However, experimental results sometimes disagree with the prediction. The
disagreement is mainly caused by the fact that the Biot theory did not consider the
micro-structures of the rocks (e.g., the crack content). Generally speaking, the agree-
ment of the experimental results with the Biot theory is mainly dependent upon the

presence of thin cracks in the rocks, pore fluid viscosity, porosity, pressure, and
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possibly chemical interactions between the rock forming minerals and the pore fluid.

REFERENCE

Biot, M. A, 1956a, b. Theory of propagation of elastic waves in a fluid saturated
porous solid, I. low frequency range. II. higher frequency range. Journal of Acoust.
Soc. Am., Vol. 28, no.2, p168.

Birch, F., 1961. The velocity of compressional waves in rocks to 10 Kb, part 2. Journal
of Geophy. Res., Vol. 66, p2199

Gregory, A. R., 1976. Fluid saturation eflects on dynamic elastic properties of sedimen-
tary rocks. Geophysics, Vol. {1, no.5, p895.

Kincaid, J. F. and H. Eyring, 1938. Journal of Chem. Phys., Vol. 6, p620.

King, M. S., 1966, Wave velocities in rocks as a function of changes in overburden pres-
sure and pore fluid saturants. Geophysics, Vol 81, no.1, p50.

Murphy, W, F, III, 1982. Effect of microstructure and pore fluids on the acoustic pro-
perties of granular sedimentary materials. Ph.D thesis, Stanford Univ., Stanford
Rock Physics Project, Vol. 16.

Nur, A. and G. Simmons, 1969. The eflect of saturation on velocity in low porosity
rocks. Earth Plan. Sei. Let., Vol. 7, p188.

Wang, Z. and A. Nur, 1985. Effect of pore fluid viscosity on the acoustic wave veloci-
ties in porous rocks. Journal Acoust. Soc. Am., Vol. 78(S1), p82.

Wang Z. and A. Nur, 1986. The effect of temperature on the wave velocities in rocks
and sands with heavy hydrocarbons. Stanford Rock Physics Project, Vol. 27,
p3828.

Wang, Z. and A. Nur, 1987. Ultrasonic wave velocities in hydrocarbons. Stanford Rock
Physics Project, Vol. 81, p59.

Willie, M. R. J,, A. R. Gregory, and L. W. Gardner, 1956. Elastic wave velocities in
heterogeneous and porous media. Geophysics, Vol. 21, p41.

TABLE AND FIGURE CAPTIONS

Table 1. Properties of the hydrocarbon saturants.
Figure 1. Compressional wave velocities in the hydrocarbon saturants.

Figure 2. Compressional (a) and shear (b) wave velocities in the Boise sandstone with
air, as a function of pressure.
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Figure 3. Compressional (a) and shear (b) wave velocities in the Beaver sandstone with
air, as a function of pressure.

Figure 4. Compressional (a) and shear (b) wave velocities in the Boise sandstone with
air, as a function of temperature.

Figure 5. Compressional (a) and shear (b) wave velocities in the Beaver sandstone with
air, as a function of temperature.

Figure 6. Compressional wave velocities in the Ottawa sand with air as a function tem-
perature.

Figure 7. Compressional (a) and shear (b) wave velocities in the Boise sandstone with
water, as a function of temperature.

Figure 8. Compressional (a) and shear (b) wave velocities in the Beaver sandstone with

water, as a function of temperature.

Figure 9. Compressional wave velocities in the Ottawa sand with water as a function
temperature.

Figure 10. Compressional wave velocities in the Boise (a) and Beaver (b) sandstones
saturated with hydrocarbons, water, and air.

Figure 11. Compressional wave velocities in the Ottawa sand saturated with hydrocar-
bons, water, and air.

Figure 12. Shear wave velocities in the Boise (a) and Beaver (b) sandstones saturated
with hydrocarbons, water, and air.
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CHAPTER 5

VELOCITIES IN HEAVY HYDROCARBON
SATURATED ROCKS

ABSTRACT

Wave velocities in sandstones and unconsolidated sands saturated with heavy
hydrocarbons were measured in the laboratory as a function of temperature and. pres-
sure. For the purpose of comparison, wave velocities in the heavy hydrocarbons were
also measured versus temperature. It was found that increasing temperature dramati-
cally decreased the velocities both in the heavy hydrocarbons and in the hydrocarbon-
saturated rocks. Such decrease ranges from 15 to even 509 over the temperature inter-
val from 22 to 122° C. In contrast, velocities in water- or air-saturated rocks are much

less sensitive to the temperature changes.

The main causes for the large decrease of wave velocities in the heavy hydrocar-
bon saturated rocks are the melting of the solid or semi-solid hydrocarbons and the
pore pressure generated by the thermal volume expansion of the heavy hydrocarbons.
High pore pressure effect on the compressional wave velocities is particularly large in
the tar-sand and heavy oil-sand, since it intends to push the sand grains apart. In the
tar-sands, increasing the tar content in the interval of 10 to 20 percent (by weight)

does not affect the compressional wave velocities much.

The compressional wave velocity decreases in the heavy hydrocarbon-saturated
rocks as temperature increases provides a seismic thermometer, which makes it possible
to use seismic methods to detect steam or fire fronts in heavy hydrocarbon reservoirs

undergoing steam flooding or in-situ combustion processes.

~-189-
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INTRODUCTION

Velocities of acoustic waves traveling in rocks and unconsolidated sands have
been a subject which interests many of investigators. As is known, acoustic wave velo-
cities in porous rocks and unconsolidated sands are funct.ons of many factors, such as
porosity, confining and pore pressures, saturation, temperature, and etc.. Generally, the
effect of temperature is small on wave velocities in dry rocks and considered to be of
second order (Timur, 1977). However, laboratory measurements by Hughes and
coworkers have shown that wave velocities in dry rocks can decrease by 109 or more
as temperature increases by 100° C (Hughes and Cross, 1951; Hughes and Maurette,
1957). Similarly, Mobarak and Somerton (1971) reported a 10% decrease of the
compressional wave velocities in sandstones saturated with silicone oils, corresponding

to 100° C temperature increase.

Seismic wave velocities play important roles in geophysical explorations for hydro-
carbon resources and in the assessment of hydrocarbon productions. In:petroleum
engineering, enhenced oil recovery (EOR) methods for hydrocarbons have been widely
used, especially the steam flooding and in-situ combustion (fire flooding) methods. The
injected hot steam or the burned in-situ oil greatly increases the reservoir temperature.
Thus, seismic methods can be used in detecting the steam or combustion front, map-
ping the flooded zones, and continuously monitoring the thermal EOR processes, if the
seismic wave velocities are affected by such temperature increase. Therefore, the effect
of temperature on velocities in rocks saturated with heavy hydrocarbons is undoubt-

edly in demand.

In the recent studies of Tosaya et al. ( 1984 ) and Nur et ol ( 1984 ) it was
discovered that heavy oil and tar sands experienced \large ( up to 60% ) velocity
decreases as temperature increased from to 25 to 150° C ( figures 1 and 2 ). The mag-
nitude of the Qelocity decrease, reported for heavy oil and tar sand samples from

Venezuela, Canada and California, appeared to be primarily related to the presence
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and concentration of the heavy hydrocarbons in the sands. In contrast, the velocities

are insensitive to temperature changes in water- or gas-saturated sands.

In our investigations, we measured wave velocities in four heavy hydrocarbons
and the heavy hydrocarbon-saturated Massillon light and Boise sandstones and the
Ottawa unconsolidated sand. For the purpose of comparison, wave velocities in the
air- and water-saturated sandstones and sand were also measured. The experimental
results show that compressional wave velocities in both the hydrocarbons and
hydrocarbon-saturated rocks decrease very rapidly as temperature increases. These
rapid decreases, along with the effects of phase transition of the solid hydrocarbons and

high pore pressure, are discussed in this chapter.

The fast decreases of the compressional wave velocities in the heavy
hydrocarbon-saturated rocks and sand as temperature increases make it possible to use
seismic methods_ to track the heat fronts, to map the heated zones, and to continuously
monitor thermail EOR processes in heavy hydrocarbon reservoirs subject steam or fire
floodings. A brief discussion on the applications of the experimental results is

presented.

EXPERIMENTS

Apparatus and measurements

The apparatus employed in the experiments for rocks is an ultrasonic pulse
transmission system which consists of an electronical package and a mechanical subsys-
tem (fig. 2). A prepared sample, jacketed with a high-temperature plastic tube and cou-
pled with two acoustic transducers, was sealed in a pressure vessel. A pulse generated
by the pulse generator in the electronical package was sent through the sample by one
transducer and picked up by the other. The travel time of the pulse through the sam-

ple was then measured on an oscilloscope by a digital electronic microprocessor.
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Once the jacketed sample, coupled with the transducers, was sealed into the pres-
sure vessel, it was evacuated by a vacuum pump connected to the pore pressure tub-
ings. The confining pressure was raised to 200 bars (20 MPa, or 2900 psi) by pumping
hydraulic fluid (ronfining medium) into the pressure vessel. The saturating fluid was
injected into the sample by the pore pressure intensifiers. When the sample was com-
pletely saturated, the two pore pressure gauées connected to the two ends of the sam-

ple showed the same readings.

The temperature in the pressure vessel was increased by an electrical heater
attached inside the vessel measured by a thermal couple with a digital thermometer. In
all the experiments, once a temperature point was reached, we waited for at least 45
minutes at this point before taking measurement to assure that thermal equilibrium

was established inside the vessel.

The device for measuring velocities in the heavy hydrocarbons (pore saturants) is
similar to that discussed above, except that two immersion transducers were used. The
hydrocarbon to be measured was filled in a container attached with the transducers.
The container was surrounded by an electrical heating tape for increasing the tempera-
ture of the hydrocarbon. The temperature was also measured by a thermal couple with
a digital thermometer. And the travel time of a pulse in the hydrocarbon was also
measured on an oscilloscope by a digital microprocessor. The confining pressure to the

hydrocarbon was 1 atmosphere (room pressure).

The compressional wave velocities traveling through a rock or a hydrocarbon sam-

ple was calculated by

and the shear wave velocities in a rock sample was calculated by

L
V, = —=-
[ At, ’
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where L is the sample length and At the travel time. s and p represent shear and

compressional waves, respectively.

Properties of the heavy hydrocarbons

In the experiments, we selected four different heavy hydrocarbons as the pore
saturants. For the purpose of comparison, air and water were also used as pore fluids in
the experiments. The properties of the heavy hydrocarbons are described in the follow-
ing.

The parowax used in the experiments is solid at room condition and has a crystal
structure. Its properties are listed below:

Major composition: CgH 33 to CgoH g3 (normal paraﬁins_),
Density at 22°C : 0.89 g /em?3,

Melting temperature at room pressure: 45-65° C .

The 1-eicosene (abbreviated as eicosene in the following text) has similar proper-
ties as the parowax. It is also solid at room condition and has also a crystal structure.
However, unlike the parowax, eicosene is a pure material which belongs to the alkene
family of hydrocarbons. Its chemical formula is CH4(CH,);;CH =CH,, its density at
70°C is 0.;1'6 g /em®, and its melting temperature at room pressure ranges from 27 to
29° C.

The heavy crude oil used in the experiments is obtained from a steam flooding
pilot. It is a waxy heavy oil with gravity of 22° API (its density is 0.92 g /em?® at stan-
dard condition (15.6° C and 1 atmosphere)). Its pour point is about 4.4° C. It is com-
posed of light to very heavy hydrocarbons. Figure 4 shows the viscosity of the crude
we measured as a function of temperature . At 22° C, the viscosity is about 46,000 ep
(46 Pa.s ) and decreases very rapidly as the temperature increases. However, when the
crude is cooled from high temperature back to 22° C, the viscosity at this point is only
about 900 ¢p (0.9 Pa.s): big viscosity hysteresis is found. The viscosity hysteresis may

be caused by the thermal cracking of some of the heavy hydrocarbons so that the
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bonding forces among the hydrocarbon molecules may be decreased by the high tem-

perature process.

The tar is also from a steam flooding pilot in a tar-sand field. It is mainly com-
posed of heavy hydrocarbons. Its density is about 0.98 g /em?® and pour point is higher
than 22° C. Its viscosity is about 7.6X10° ¢p (760 Pa.s) at 22° C and 1,200 ¢p (1.2

Pa.s) at 83° C.

Properties of the rocks

The rock samples are from a block of Massillon light sandstone and a block of
Boise sandstone. The Massillon light sandstone is mainly composed of well-sorted
medium-sized quartz grains cemented by quartz overgrowths, chert, clay and Fe oxides.

Its porosity is about 22% and perméability 740 mD .

The Boise sandstone has porosity of about 27% and permeability of 902 mD . It

has a high feldspar content (44%) and a relatively low quartz content ( 28% ).

The Ottawa sand is unconsolidated and has porosity of 37% when well-packed at
room conditions. The size of the sand grains is mainly concentrated in the diameter

range of 0.2 to 0.4 mm .

Sample preparation and saturation

The rock samples of the same kind were drilled {from the same block and the two
ends of the samples were finely ground. They were then washed thoroughly by water
and dried in a vacuum oven at 45° C for 5 days. All the samples are 2.54 em (1 inch)

both in length and in diameter.

To saturate the rock samples with parowax and eicosene, we first melted the
parowax and eicosene in containers in an oven by raising the temperature up to 70° C.
The rock samples to be saturated were vacuum dried for two days at 60° C before
immersed into the melted, also evacuated, saturants. The samples were kept in the

saturants for over 240 hours (10 days ) at a constant temperature of 70° C and then
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cooled down for measurements.

The procedures for saturating the unconsolidated Ottawa sand with the parowax
or eicosene were similar to that for saturating the rocks. After the dried sand were
poured into the melted parowax or eicosene, the containers were well shaken for 20
minutes to get good packing of the sand and evacuated to 10 microns of vacuum.
Afterwards, the samples were kept in an oven for over 72 hours at 70° C. Then, the
saturated sand were cooled down and made up to cylindrical samples of about 2.54 e¢m
(1.0 in. ) both in diameter and length. The parowax-saturated sand samples were found
to be very rigid and well-consolidated, while those eicosene-saturated appeared less-

consolidated.

Saturating the heavy crude o.r water to the rock or sand samples was done by
injection. A jacketed sample was first sealed inside the pressure vessel, and the
saturant was contained in the pore pressure intensifiers. After both the sample and
saturant were evacuated, the saturant was injected into the sample. Measurements

were taken about 24 hours after the saturation.

In making the tar-sand samples, the tar was heated to 85° C in an oven and then
mixed with the well-dried Ottawa sand. The tar-sand mixture was well stirred and

then made up to cylindrical samples with diameter and length both of 2.54 em (1 in.).

Two types of tar-sand samples were made. One of which contains 10.7%, and the
other contains 20%, tar by weight. The porosities of these two samples are 169 and

0.7%, respectively.

In the experiments, the prepared rock-parowax, rock-eicosene, sand-parowax,
sand-eicosene, and tar-sand samples were jacketed with high-temperature plastic tubes
and sealed inside the pressure vessel with a pair of acoustic transducers. Since the
rocks and the sands were saturated with solids or semi-solids at room temperature, the
pore pressure could not be controlled. All the confining pressures for the above experi-

ments were at 150 bars (15 MPa, or 2175 psi). However, for the water- and heavy
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crude-saturated samples, the pore pressure was fixed at 50 bars (5 MPa, or 725 psi) and

the confining pressure at 200 bars (20 MPa, or 2900 psi).

RESULTS AND DISCUSSIONS

Wave velocities were measured as a function of temperature and pressure for sam-
ples of sandstones and unconsolidated sands with parowax, eicosene, tar, and heavy
crude, as well as for the heavy hydrocarbons alone. For the purpose of comparison,

velocities were also measured for the sandstone and sand samples with air and water.

Wave velocities in the heavy hydrocarbons

Figures 5 and 6 show the compressional wave velocities (Vp) in the parowax and
eicosene, respectively, as a function of temperature. In figure 5, the velocity decreases
rapidly in the temperature interval of 20 to 65° C, which is caused by the softening
and melting of the parowax as temperature increases. After the parowax is completely
melted, Vp decreases slowly as temperature further increases. In figure 6, Vp in
eicosene is also found to decrease rapidly in the melting interval of the sample (27 to
29° C). Beyond the melting interval, Vp decreases approximately linearly with increas-

ing temperature, with an approximate slope of -4 meters per second per centigrade.

The observed sharp decreases in the compressional wave velocities in the melting
intervals of the parowax and eicosene are theoretically predicted by Vaisnys (1968). In
a paper on the propagation of acoustic waves through a system undergoing phase
transformations, Vaisnys theoretically showed that as the temperature went across the
phase boundaries of the system, sharp decreases in the velocities were expected.
Knopoff (1959) showed experimentally that the compressional wave velocity decreased

sharply in the melting interval of a two-component system.

Figure 5 and 6 show that temperature has large effects on the Vp in the parowax
and eicosene, especially in their melting intervals. As temperature increases, these solid

hydrocarbons are first softened and then melted. During this process, their moduli
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(both bulk and shear, especially the shear moduli) decrease very rapidly. Such rapid
modulus decreases in turn cause the Vp to decrease. As the solid hydrocarbons are
completely melted, their shear moduli vanish and the compressional wave velocities are
related only to the bulk moduli and densities. The velocities therefore decrease slower

as temperature further increases.

The compressional wave velocities in the heavy crude and the tar are shown in
figure 7. The compressional wave velocities also decrease with increasing temperature
rapidly. The decreases are mainly caused by the increasing compressibility of, and the
melting of the solid or semi-solid heavy hydrocarbons in, the crude and the tar, as tem-
perature increases. In figure 7, the decrease of the compressional wave velocities in the
heavy crude and the tar becomes slower at temperatures higher than 70° C and 90° C,
respectively, since most of the solid or semi-solid hydrocarbons are melted below these

temperature points.

‘Wave velocities in the air-saturated rocks

Figures 8 and 9 show the compressional and shear wave velocities in the Massillon
light sandstone and the Boise sandstone, respectively, with air in the pores. Vp in the
Massillon light sandstone sample decreases by 4.69% and Vs by 4.5% (fig. 8), while Vp
and Vs in the Boise sandstone sample decrease by 7.5% and 4.8%, respectively (fig. 9),
as temperature increases from 20 to 120° C. These decreases are caused by the weaken-
ing of the rock frame and cements, and as well as the slight increase in the rock poros-

ity due to different thermal expansions of the constituent minerals (Kern, 1982).

The compressional wave velocity in the Ottawa sand with air is shown in figure
10. The shear wave velocity in the sand could not be determined in the experiments.
In figure 10, the Vp decreases by about 4.7% as temperature increases from 20 to

125° C. This decrease may also be caused by the thermal weakening of the sand grains.
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The results showa in figures 8, 9, and 10 show that increasing temperature
decreases the velocities in both the rocks and the sand with air. However, this tempera-

ture effect is not significant compared with the results shown in the following.

Wave velocities in rocks with parowax and eicosene

Wave velocities in the Massillon light sandstone and in the Ottawa unconsolidated
sand with the parowax and eicosene, respectively, were measured in the experiments.
For the purpose of comparison, velocities in the same sandstone and sand saturated

with water were also measured. The results are shown in figures 11 to 16.

The compressional and shear wave velocities in Massillon light sandstone with
parowax and water are shown in figures 11 and 12, respectively. Both Vp and Vs in the
sandstone sample with parowax are much higher than those in the water-saturated
sample in the temperature interval of 20 to 45° C. For example, at 22° C, the Vp and
Vs in the water-saturated rock sample are 3418 and 2187 m /sec, respectively, while
those in the parowax-saturated rock sample are 4028 and 2583 m /sec , respectively. The
Vp increases by 17.9% and Vs by 18.6%, as the pore water is replaced by the parowax.
These large increases are apparently caused by the large increases of the elastic moduli,
especially the shear moduli, of the rocks. Since shear waves can not propagate in
liquids, water saturation has very little eflect on the shear moduli of rocks. However,
the parowax is solid in the temperature interval of 20 to 45° C. Therefore the shear
modulus of the rock with the solid parowax is much higher than that with water,

which in turn increases both the compressional and shear wave velocities in the rock.

Another way to interpret the phenomenon in figure 11 which shows that the Vp
in the parowax-saturated rock sample is higher than that in the sample with water in
the temperature interval of 20 to 45° C is that the Vp in the parowax is higher than
that in water in the same temperatﬁre range. For example, Vp in water is 1496 m /sec,
while that in the parowax is 2010 m /sec, at 22° C. According to the Gassmann rela-

tion (Gassmann, 1951), Vp in a porous material with pore saturant of higher velocity is
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also higher (Wyllie et al., 1956; White, 1965). The Vp in the rock sample with parowax
therefore should be higher than that in the water-saturated sample in the temperature

interval of 20 to 45° C.

As the parowax in the rock pores is completely melted at temperatures higher
than 65° C, both Vp and Vs in the rock sample with parowax are decreased. The
decrease in the Vp is mainly caused by the lowered Vp in the parowax itself. As shown
in figure 5, the Vp in the parowax is 1238 m /sec at 70° C which is lower than that in
water at the same temperature. Therefore, the Vp in the parowax-saturated Massillon
light sandstone sample is lower than that in the same sample with water at tempera-

tures higher than 65° C.

Comparing figure 11 with figure 5, the two Vp curves have similar shape. This
also shows that the decreases of Vp in the rock with parowax are mainly caused by the

decreases of Vp in the parowax itself.

As the parowax in the rock pores becomes to liquid at temperatures higher than
65° C', the Vs in the rock sample with parowax becomes close to that in the sample
with water. This comes from the fact that both the liquid parowax and water can not
support shear stresses and therefore changing the pore fluid of the rocks does not affect

the shear moduli of the rocks much (Murphy, 1982; King, 1966).

The compressional wave velocity in the sand-parowax sample, along with those in
the same sample saturated with water and air, are shown in figure 13. As noticed dur-
ing preparing the sand-parowax samples, the sand samples are very rigid at the room
temperature when saturated with the parowax. Therefore the observed Vp in the
sand-parowax sample at room temperature is much higher than that in the same sand
saturated with either water or air (fig. 13). As the temperature increases from 20 to
65° C, the Vp in the sand-parowax sample decreases very fast due to the softening and
melting of the parowax. In this temperature range, all the interpretations to the

compressional wave velocity in the Massillon light sandstone with the parowax also
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apply to that in the sand-parowax sample.

After the parowax in the sand sample is completely melted, the Vp decreases
slowly as temperature increases. However, at temperatures higher than 100° C, the Vp
is even lower than that in the dry sand. This situation is believed to be caused by the
high pore pressure of the sand. As temperature increases, the parowax in the sand
pores is melted, the thermal volume expansion of the parowax causes the pore pressure
of the sand to increase. At higher temperatures, the pore pressure may be close to the
confining pressure which is 150 bars. This pore pressure causeé the Vp in the sand-
parowax sample to decrease very rapidly. Since the high pore pressure intends to push
the sand grains apart, the sand grains may become more or less suspended in the liquid

parowax at high temperatures.

The high pore pressure can also occur in the rock-parowax measurements. How-
ever, unlike the unconsolidated sands, rocks are well-consolidated and hence the high
pore pressure generated by the thermal volume expansion of the parowax can not push

the rock grains apart.

The compressional and shear wave velocities in the Massillon light sandstone
saturated with eicosene, along with those in the same rock saturated with water, are
shown in figures 14 and 15, respectively. The Vp in the rock sample with eicosene

decreases by 14.7% and the Vs by 13.4% as temperature increase from 22 to 122° C.

Both Vp and Vs shown in figures 14 and 15 decrease sharply as the melting inter-
val of the eicosene in the rock pores is crossed. These results can be explained similar

to those in parowax saturated sandstone samples.

Figure 16 shows the compressional wave velocities as a function of temperature in
the Ottawa sand with eicosene, water, and air, respectively. Like that in the sand-
parowax sample, the Vp in the sand with eicosene also decreases rapidly in the melting
temperature interval of the eicosene. However, before the melting interval of the

eicosene is reached, the Vp in the sand with eicosene is much lower than that in the
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sand with parowax. This is apparently caused by the lower Vp in the eicosene.

At temperatures higher than 45° C, the compressional wave velocity in the sand
with eicosene is lower than that in the air-saturated sand sample. As explained in the
sand-parowax situation, this phenomenon is also caused by the high pore pressure due

to the thermal expansion of the eicosene which intends to push the sand grains apart.

In figures 12 and 15, at temperatures beyond which the pore hydrocarbons are
completely melted, the shear wave velocities in the rock samples with the parowax and
eicosene are higher than those in the rock samples with water, although the difference
is not significant. This phenomenon is probably caused by the viscous relaxation effect
of the hydrocarbons and the density effect. According to the viscous relaxation theory,
shear waves can exist in a viscous fluid by penetrating in the fluid to a certain depth
which, as well as the shear wave velocity, is proportional to the square root of the
viscosity (Thurston, 1964). The viscosities of the melted parowax and eicosene are
about 7 times of that of water. Therefore the shear waves may penétrate through the
liquid hydrocarbons in the thin cracks of the rocks, which causes the shear wave velo-
city in the rocks to increase slightly (Wang and Nur, 1985). Moreover, the densities of
the melted parowax and eicosene are lower than that of water, which is also responsible

for the slightly higher shear wave velocities in rocks with the hydrocarbons.

In summary, we see that replacing the pore fluid by the solid hydrocarbons in the
rocks and sands increases both the compressional and shear wave velocities, since the
solid pore saturants increase both the bulk and shear moduli of the rocks and sands
dramatically. Upon the melting of the pore saturants as temperature increases, both
Vp and Vs in the saturated rocks and sands decrease rapidly. Beyond the tempera-
tures at which the pore saturants are completely melted, the velocities are less sensitive
to the temperature changes. The high pore pressure in the saturated sands intends to

push the sand grains apart and therefore decreases the compressional velocities.
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Wave velocities in rocks with the heavy crude and tar

Shown in figures 17-20 are the compressional wave velocities measured in the Mas-
sillon light and Boise sandstone samples with the heavy crude at confining pressure of
200 bars and pore pressure of 50 bars. In figure 17, the Vp in the heavy crude-satura“ed
Massillon light sandstone sample is slightly higher than that in the water-saturated
sample at 22° C, because the Vp in the heavy crude is slightly higher at the same tem-
perature. As the temperature increases up to 130° C, Vp in the heavy crude-saturated
Massillon light sandstone decreases rapidly, while that in the water-saturated sample
decreases slowly. The rapid decrease of the Vp is apparently caused by the rapid Vp
decrease in the crude itself. At higher temperatures, the solid or semi-solid hydrocar-
bons in the crude are melted and hence the compressibility of the crude is increased,

which in turn causes the Vp in the rock with the crude to decrease.

In figure 18, the two shear wave velocity curves measured from the heavy crude-
and the water-saturated Massillon light sandstone samples are nearly parallel. As
observed in the parowax- or eicosene-s'aturat.,ed samples, the Vs in the heavy crude-
saturated rock is slightly higher than that in the water-saturated sample due to the
higher viscosity and lower density of the crude. However, the difference between the
two curves is very small (about 1.29%), which again shows that changing the liquid pore

saturant of a rock does not change the shear modulus much.

Both Vp and Vs in the Boise sandstone saturated with the heavy crude, along
with those in the same sandstone with water, were also measured (figs. 19, 20). The
experimental results are similar to those from the Massillon light sandstone. In figure
19, the Vp in the heavy crude-saturated rock is much !ower than that in the water-
saturated sample at temperatures higher than 40° C. In figure 20, the two shear wave
velocity curves for the heavy crude-saturated and the water-saturated Boise sandstone
samples are nearly overlapped. There is almost no difference between the two shear

wave velocities.
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Figure 21 shows the compressional wave velocities in the Ottawa unconsolidated
sand saturated with the heavy crude, water, and air, respectively. Like those in the
sandstones saturated with the heavy crude, the Vp in the sand saturated with the

crude is also affected by the melting of the solid or semi-solid heavy hydrocarbons.

The compressional wave velocities in the Ottawa sand mixed with 10.7% and 20%¢
(by weight) tar, respectively, are shown in figure 22. They also decrease very rapidly as
the temperature increases. These fast decreases of Vp are caused by both the fast Vp
decrease in the tar itself and the high pore pressure created by the thermal volume
expansion of the tar as the temperature increases. These two compressional wave velo-
city curves are very close to each other, which suggests that increasing the tar content

of the unconsolidated sand in the interval of 10 to 20% does not affect the Vp much.

As mentioned earlier, the unconsolidated Ottawa sand sample still has porosity of
16% as it is mixed with 10.79 tar. When the pores of this sample are filled with water
with controlled pore pressure, the compressional wave velocity increases ( fig. 22 ). At
temperatures below 70° C, the Vp in the sand-tar-water sample decreases also rapidly
as the temperature increases. However, beyond this temperature point, the decrease
with increasing temperature becomes slower. We interpret that in the sand mixed with
different percentage of the tar, the decrease in the Vp at temperatures below 70° C is
mainly caused by the Vp decrease of the tar caused by the melting of the solid or
semi-solid hydrocarbons, and the high pore pressure caused by the thermal volume
expansion of the tar at temperatures higher than 70° C also contributes to the Vp

decrease.

In summary, we see that the compressional wave velocities in the sandstones and
sand saturated with the heavy hydrocarbons are greatly aflected by the temperature
changes. Increz;xse in temperature causes Vp to decrease, which is caused by the melting
of the solid or semi-solid heavy hydrocarbons of the pore saturants and the high pore

pressures. Large differences between the compressional wave velocities in the
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hydrocarbon-saturated and the water-saturated sandstone or sand samples are found at
high temperatures. In contrast, the shear wave velocities in the sandstones are less sen-

sitive to the pore fluid changes.

APPLICATIONS

The experimental results show that the compressional wave velocities in both the
sandstones and the unconsolidated sands with the heavy hydrocarbons decrease greatly
as the temperature increases. Such rapid Vp decreases suggest that it be possible to
use seismic methods to detect the heated zones of the sandstones or sands saturated
with heavy hydrocarbons in thermal EOR processes. In this section, we first construct
some idealized seismic stratigraphic models of heavy oil or tar-sand reservoirs using the
compressional wave velocity data gathered from the experiments, and then discuss the

properties of some synthetic seismograms obtained from these models.

Figure 23 shows an idealized sketch of a heavy oil-sand or a tar-sand reservoir
sealed by shales undergoing steam floodings. Hot steam is injected into the injection
well and increases the temperature of the reservoir. As the injection proceeds, the
steam front moves toward the production well, and after some period of time, the dis-

placed oil is produced at the production well.

Figure 24 shows an idealized stratigraphic model of a heavy oil-sand reservoir
sealed by shales. The upper section of the reservoir is saturated with heavy oil with
viscosity of 180 ¢p and density of 0.92 at the reservoir condition, and the lower section
is saturated with water. The reservoir temperature before undergoing steam flooding is
assumed to be 38° C, and to be 120° C as the steam arrives. The compressional wave
velocity in the sandstone of the uppermost section in figure 24 is taken as the value of
the air-saturated Massillon light sandstone at 21° C, and that of the sealing shales is
assumed according to the results of others (Tosaya, 1982; Jones, 1983). Both of these

compressional wave velocities are also assumed to be not affected by the steam
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injection. The compressional wave velocities in the sand saturated with heavy oil and
water at temperatures of 38° C and 120° C are taken as those in the Ottawa sand with

the heavy crude and water at these two temperature points, respectively.

A seismic pulse with an amplitude of 1 is sent downward to the reservoir and
reflected back from the interfaces to the same point at the surface (vertical reflection).
The reflection coeflicients of the interfaces, both before and after the steam flooding.
are shown in figure 25. The vertical axis in figure 25 represents the one-way travel time

of the pulse, and the horizontal axis is the amplitude of the reflection coefficients.

Figure 26 shows the synthetic seismograms based on the model shown in figure
24. The vertical axis in this figure represents the two-way travel time, and the horizon-

tal axis is the amplitude, of the pulée.

From figures 25 and 26, one can see that when the reservoir temperature increases
from 38° C' to 120° C as the steam arrives, the travel time of the pulse reflected from
the interfaces of oil-sand--water-sand and water-sand--shale is delayed. The reflection
coefficient and the wave pulse amplitude at the oil-sand--water-sand interface are both
slightly increased. Both the travel time delay and the amplitude change are caused by
the velocity changes. Therefore, one can tell from such surveys if the oil-sand in the

reservoir has been steam flooded.

A similar idealized stratigraphic model of a tar-sand reservoir is constructed and
shown in figure 27. The tar-sand reservoir temperature is assumed to be 21° C before
steam injection and 120° C as the steam arrives. The compressional wave velocities in
the tar-sand at these two temperature points are taken from those in the Ottawa sand
saturated with 20% tar (by weight). The reflection coeflicients of the interfaces and
the synthetic seismograms obtained from this model are shown in figure 28 and 29,

respectively.

In figure 28, the amplitude of the reflection coefficient at the tar-sand--water-sand

interface is increased as the reservoir temperature is increased from 21 to 120° C by the
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injected steam. Before the steam injection, the reflection coeflicient at this interface is
negative, while it becomes positive when the tar-sand is heated up by the hot steam.
This polarity reverse is also found in the synthetic seismograms (fig. 29). The travel
tim~s of the pulses from the interfaces of the tar-sand--water-sand and the water-

sand--shale are also found being delayed as the steam arrives.

The results in figures 23-29 show that it is possible to use seismic methods to
detect the steam front and to map the flooded zones in the heavy oil and tar-sand
reservoirs subject thermal floodings, since the arrival time of the reflected waves from

the interfaces beneath the reservoir is delayed.

CONCLUSION

Wave velocities in four heavy hydrocarbons were measured as a function of tem-
perature. Sharp velocity decreases were found as the parowax and eicosene were
melted. The effect of the phase transition of the parowax and eicosene on the velocities
is primarily caused by the changes of the compressibilities and the lost of the rigidity
of the hydrocarbons. In the temperature range from 20° C to the upper boundaries of
the melting intervals of the hydrocarbons, the fast velocity decreases are caused by the
softening and melting effects. The velocities in the tar and heavy crude decrease almost
linearly as temperature increases, which is also caused by the increase of the compressi-

bilities, as well as the melting of the solid or semi-solid heavy fractions.

Both the compressional wave velocities in the air-saturated sandstones and the
unconsolidated sands decrease slowly with increasing temperatures. These decreases are
mainly caused by the thermal weakening of the sand grains of the sandstones and the

sands, as well as the slight increase in their porosities due to the thermal eflects.

The solid hydrocarbons in the rocks and the sands increase both the compres-
sional and shear wave velocities, which means that the solid hydrocarbons increase

both the bulk and the shear moduli of rocks and the sands largely. As temperature
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increases, the melting of the solid hydrocarbons in the pores decreases hoth the
compressional and the shear wave velocities dramatically. The high pore pressure in the
hydrocarbon-saturated sands intends to push the sand grains apart and therefore also

decreases the compressional wave velocities.

The compressional wave velocities in the sandstones and sands saturated with the
heavy crude and the tar decrease rapidly as temperature increases. Such Vp decreases
are caused mainly by the melting of the heavy hydrocarbons and the high pore pres-

sure created by the thermal volume expansion of the heavy hydrocarbons.

The experimental results show that it is possible to use seismic methods to detect
the thermal front and the flooded zones in heavy oil- and tar-sand reservoirs subject

thermal EOR processes.
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TABLE AND FIGURE CAPTIONS

Table 1. Selected data from the measurements -- compressional wave velocities in
parowax, eicosene, tar, heavy crude, and sandstone and unconsolidated sands
saturated with these heavy hydrocarbons, at 22° C and 122° C. Also shown are
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the absolute and relative changes of the velocities in this temperature range.

Figure 1. Compressional wave velocities vs. temperature in Kern River oil sands ( after
Tosaya et al., 1984).

Figure 2. Compressional wave velocities in Venezuelan oil sands as a function of tem-
perature ( after Tosaya et al., 1984 ).

Figure 3. A sketch of the apparatus.

Figure 4. Logarithm of the viscosity and its hysteresis of the heavy crude as a function
of temperature.

Figure 5. Compressional wave velocity in parowax as a function of temperature.
Figure 6. Compressional wave velocity in l-eicosene as a function of temperature.
Figure 7. Compressional wave velocity in the heavy crude as a function of temperature.

Figure 8. Compressional and shear wave velocities in the air-saturated Massillon light
sandstone as a function of temperature.

Figure 9. Compressional and shear wave velocities in the air-saturated Boise sandstone
as a function of temperature.

Figure 10. Compressional wave velocity in the air-saturated Ottawa unconsolidated
sand as a function of temperature.

Figure 11. Compressional wave velocities in Massillon light sandstone saturated with
parowax and water as a function of temperature.

Figure 12. Shear wave velocities in Massillon light sandstone saturated with parowax
and water as a function of temperature.

Figure 13. Compressional wave velocities in Ottawa unconsolidated sand saturated
with parowax, water, and air as a function of temperature.

Figure 14. Compressional wave velocities in Massillon light sandstone saturated with
eicosene and water as a function of temperature.

Figure 15. Shear wave velocities in Massillon light sandstone saturated with eicosene
and water as a function of temperature.

Figure 16. Compressional wave velocities in Ottawa unconsolidated sand saturated
with eicosene, water, and air as a function of temperature.

Figure 17. Compressional wave velocities in Massillon light sandstone saturated with
the heavy crude and water as a function of temperature.

Figure 18. Shear wave velocities in Massillon light sandstone saturated with the heavy
crude and water as a function of temperature.

Figure 19. Compressional wave velocities in Boise sandstone saturated with the heavy
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crude and water as a function of temperature.

Figure 20. Shear wave velocities in Boise sandstone saturated with the heavy crude and
water as a function of temperature.

Figure 21. Compressional wave velocities in Ottawa unconsolidated sand saturated
with the heavy crude, water, and air as a function of temperature.

Figure 22. Compressional wave velocities in Ottawa unconsolidated sand mixed with
10.7% and 20% tar, mixed with 10.7% tar and then saturated with water,
saturated with water and air, as a function of temperature.

Figure 23. A sketch of a heavy oil-sand or tar-sand reservoir sealed by shales undergo-
ing steam flooding.

Figure 24. Idealized stratigraphic model of a heavy oil-sand reservoir sealed by shales,
left: before steam flooding; right: after steam flooding.

Figure 25. Reflection coeflicients of the interfaces, based on the model shown in figure
22, left: before steam flooding; right: after steam flooding.

Figure 26. Synthetic seismograms based on the model shown in figure 22, left: before
steam flooding; right: after steam flocding. '

Figure 27. Idealized stratigraphic models of a tar-sand reservoir sealed by shales, left:
before steam flooding; right: after steam flooding.

Figure 28. Reflection coeflicients of the interfaces, based on the model shown in figure
25, left: before steam flooding; right: after steam flooding.

Figure 29. Synthetic seismograms based on the model shown in figure 25, left: before
steam flooding; right: after steam flooding.
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CHAPTER 6

EFFECTS OF co, FLOODING ON WAVE VELOCITIES
IN ROCKS WITH HYDROCARBONS

ABSTRACT

Compressional and shear wave velocities were measured in the laboratory in seven
sandstones (porosities ranging from 6 to 29%) and one unconsolidated sand (porosity
= 37%) saturated with n-hexadecane (C,sH3,) both before and after carbon dioxide
(CO,) floodings. It was found that CO, flooding decreased the compressional wave velo-
cities significantly, while the shear wave velocities were less affected. The magnitude of
these effects was found to be dependent on confining and pore pressures, temperature,

and porosities of the rocks.

The experimental results as well as theoretical analysis shows that the decreases
of compressional wave velocities caused by the CO, floodings may be seismically resolv-
able in-situ. Therefore, seismic, especially high-frequency high-resolution seismic.
methods may be useful in mapping and locating the CO, zones, tracking the move-
ments of the CO, fronts, and monitoring the flooding processes in reservoirs undergo-

ing CO, floodings.

INTRODUCTION

On average nearly three-quarters of hydrocarbons in place are not recoverable by
conventional methods. Developments in new enhanced oil recovery (EOR) methods are
becoming therefore more and more important to scientists and engineers. One of these

EOR methods involves the use of high pressure carbon dioxide (CO.) injection to
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recover oils left behind by conventional recovery from reservoir rocks. Of course, not all
reservoirs are suitable for CO, floodings or even for other EOR methods, but there is
considerable current effort in the oil industry to implement large scale CO, injection
projects, in addition to relatively smaller ongoing CO, injection pilots (Orr and Taber.

1984).

With the developments of better EOR methods, methods of monitoring EOR
processes are also becoming important, because monitoring will open the door for the
control and modification of the recovery processes as they go on. In our view, seismic
methods are among the more promising monitoring methods. Seismic field survey are
relatively economical and the acquisition and processing of field data are fairly routine.
Furthermore, seismic monitoring does not generally require shutting in wells, does not
disturb resérvoir fluid flows (since Seismic waves usually causé very small strains in the

reservoir rocks), and does not cause precipitation chemicals in the reservoir.

The effectiveness of seismic methods in monitoring EOR processes depends on the
velocity and amplitude changes of the seismic waves caused by these processes. Intui-
tively, the injected CO, will increase the compressibility and also change the density
(either increase or decrease, depending on the pore pressure) of the reservoir rocks.
These changes will in turn affect the propagation characteristics of the seismic waves.
However, the quantitative effects of CO, flooding on wave characters are still not well
known, and so far no laboratory or field experiments on such effects have been pub-
lished. Before applying seismic methods in the field, it is necessary therefore to investi-
gate the effects of CO, flooding on the seismic properties of reservoir rocks saturated

with hydrocarbons in the laboratory, as reported in this paper.

Both compressional and shear wave velocities in seven sandstones of various poro-
sities and compressional velocities in one unconsolidated sand saturated with n-
hexadecane were measured both before and after CO, flooding, using the ultrasonic

pulse transmission technique. It was found that the compressional wave velocities were
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greatly decreased by the flooding with CO,, especially when pore pressure was high.
These decreases were also dependent on the porosity, temperature, effective pressure.
and other properties of the rocks. The shear wave velocities were less affected by the
CO, flooding.

The experimental results as well as theoretical analysis suggest that the decrease
of the compressional wave velocity in hydrocarbon saturated rocks upon CO, flooding
may be seismically resolvable in-situ. Therefore, it is possible that seismic methods can
be used in mapping and locating the CO, zones, tracking the CO, front movement,
and monitoring the CO, flooding processes in reservoirs undergoing such flooding

processes.

EXPERIMENTS

Experimental Procedures. The ultrasonic pulse transmission method was
employed in the experiments. The apparatus was basically the same as described by

Wang and Nur (1986) except being modified for CO, injection (fig. 1).

The rock samples have a cylindrical shape of 1 in. both in diameter and in length.
The cylinders’ end surfaces were finely ground. The samples were jacketed by plastic

tubes and sealed in the pressure vessel.

The sample under test was first subjected to confining pressure up to 20 MPa
(2900 psi) to eliminate possible pressure hysteresis of the velocities. Both compressional
and shear wave velocities were then measured versus confining pressure (from 0 to 20
MPa) in the dry rock sample. Afterwords, the same sample was subjected to vacuum
and then saturated with de-gased n-hexadecane (C,,H,,). After measuring the velocities
in the n-hexadecane saturated sample versus pore pressure as the confining pressure
was kept constant at 20 MPa, the pore pressure was fixed at 4 MPa (580 psi) and the
confining pressure at 20 MPa. The sample was then flooded with CO, at 7 MPa (1015

psi) through one of the two pore pressure tubings. A valve on the other pore pressure
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tubing connected to the other end of the rock sample was released very gradually to let
the displaced n-hexadecane out. After flooding, the pore pressure was increased by
injecting CO, to 16 MPa (2320 psi), and the travel time of the pulse through the sam-

ple was measured as a function of decreasing pore pressure.

It was estimated that about 65 to 75 percent (volume) hydrocarbons in the pore

space of the rock sample was displaced by the CO, flooding.

The temperature was controlled by a built-in electrical heater inside the pressure
vessel and measured by a digital thermometer through a thermocouple. The travel
time of the elastic wave pulse through the sample was measured with a digital oscillo-

scope, and the velocities (compressional and shear) were calculated by
V==

where V and At are the respective velocity and travel time of the compressional or

shear wave, and L is the temperature- and pressure-corrected sample length.

Properties of the Sandstones and Sand. Samples from seven different blocks
of sandstones and one unconsolidated sand were used in the experiments, with porosi-
ties ranging from 6 to 37 percent. The porosities and major constituents of the rock

samples are listed in table 1.

Properties of n-Hexadecane. The n-hexadecane is a normal paraffin with a
formula C,¢Ha,. It is a saturated hydrocarbon with a straight-chain molecular struc-
ture. Its physical properties at room pressure are:

Molecular Weight: 226.16;
Melting Point: 18° C;

Boiling Point: 287° C;
Density: 0.773 g/cc (at 20° C);

Viscosity: 3.51 cp (at 20° C).



-245-

The compressional wave velocity in n-hexadecane as a function of temperature at
room pressure is plotted in figure 2a (after Wang and Nur, 1987a). As temperature
increases, the velocity decreases linearly. The slope is about -3.76 [m/sec|/ ° C. Figure
2b shows the pressure dependence of the velocity in n-hexadecane at various tempera-

tures (data from Boelhouwer, 1967).

Properties of the Carbon Dioxide. The CO, was bought from a commercial
source with a tank pressure of 5.5 MPa (800 psi). As is well known, CO, has a critical
temperature of 31° C (87.8° F) and a critical pressure of 7.4 MPa (1070 psi). Above the
critical temperature, CO, behaves as a vapor whose density increases as pressure
increases (fig. 3a). Figure 3a (from Holm and Josendal, 1982) shows the density of CO,
as a function of both temperature and pressure. Note that at low temperature and high

pressure, the density of CO, can be very high.

The viscosity of the CO, is a strong function of pressure and temperature, as
shown in figure 3b (from Goodrich, 1980). However, even at high pressures, the viscos-

ity of CO, is still much lower than those of most reservoir oils.

Figure 4 shows the compressional velocity in CO, as a function of both pressure
and temperature (data from Hilsenrath, et al., 1955; Vargaftik, 1975). Above the criti-
cal temperature of CO,, the velocity is very low and is a weak function of pressure. In
contrast, below critical temperature, the velocity depends on the phase: With CO, in
the liquid phase, the velocity is a strong function of pressure, increasing very fast as
pressure increases. However, the velocity in liquid CO, is still much lower than that in

water and most reservoir oils (fig. 2).

EXPERIMENTAL RESULTS

Both compressional (Vp) and shear (Vs) wave velocities were measured in dry

(air-saturated) and n-hexadecane (C,4H3,) saturated rocks as a function of confining
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pressure, and in the n-hexadecane saturated and CO s flooded rocks as a function of

pore pressure.

Beaver Sandstone No. 9 (Porosity ¢ = 6%). Upon saturation by the hydro-
carbon the Vp in Beaver sandstone No. 9 increased dramatically, especially at low
effective pressures (which are approxirnately equal to the difference of confining and
pore pressures). The increase is about 700 m/sec or 16 percent at effective pressure of 1

MPa (145 psi) and about 300 m/sec or 6 percent at 20 MPa (2900 psi) (figs. 5a, 5b).

The Vs in both dry and C,¢Hs-saturated Beaver sandstone No. 9 sample
increased as the confining pressure increased. It also increased upon hydrocarbon
saturation, which is unexpected according to the Biot theory (Biot, 1956) which
predicts shear velocities in porous materials should slightly decrease upon liquid satura-

tion due to the increased overall density.

Figures 5¢c and 5d show the compressional and shear wave velocities, respectively,
in C,4Hg-saturated and CO,-flooded Beaver sandstone No. 9 sample at temperatures
of 21° and 60° C. The Vp decreased markedly by the introduction of CO,, especially
at higher pore pressures, while at low pore pressures (below 6 MPa), the Vp in the

CO ,-flooded rock sample is still rather high.

At temperature of 60° C, since the injected CO, is always in the vapor phase,
there is no abrupt change in compressional wave velocities with pore pressure. At
higher pore pressures, the Vp in the CO,flooded rock is much lower than that in the
same rock saturated with C,4Hg3. These lowered velocities are apparently caused by

the presence of CO, in the rock pores.

The shear wave velocities at room temperature (21° C) decreased by as much as
240 m/sec or 7.3 percent at pore pressure of 16 MPa (2320 psi) upon the CO, flooding.
Like the compressional wave case, the Vs also increased abruptly as the CO, in the

pores transformed from liquid to vapor phase.
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Beaver Sandstone No. 7 (¢ = 9%). The compressional and shear wave veloci-
ties in air and in C;¢H s-saturated Beaver sandstone No. 7 sample were measured as a
function of confining pressure. The results are very similar to the data for Beaver sand-
stone No. 9 sample. The saturation effect of the hydrocarbon on the Vp is also large,

and the Vs is also increased by the liquid saturation (figs. 6a, 6b).

In figure 6¢c, the Vp in C'I,Hu-saturated and CO ,-flooded Beaver No. 7 sample are
plotted against pore pressure at 21° and 70° C, respectively. Like in the Beaver No. 9
sample, the velocities decreased uniformly with temperature increases. Injected CO,
also decreased the Vp dramatically in the Beaver No. 7 sample, especially at higher
pore pressures: At a pore pressure of 16 MPa, the decrease is 415- m/sec or 8.5 percent

at room temperature (21° C), and 325 m/sec or 6.8 percent at 70° C'.

At both room temperature and 70° C, the Vs in CO rflooded Beaver No. 7 sample
is lower than that in the same sample saturated with C;¢H 3 at higher pore pressures.
While at low pore pressures (lower than 6 MPa), the Vs is higher in the CO;-flooded
sample (fig. 6d).

Beaver Sandstone No. 3 (¢ = 149%). The effect of liquid hydrocarbon satura-
tion on the Vp in Beaver No. 3 sandstone sample is smaller than that in the previous
sandstones, e.g. at 21° C, hydrocarbon saturation.increased the Vp by 390 m/sec or
9.0 percent at pore pressure of 14 MPa. The Vs in the C i 3-saturated Beaver No. 3
sample was still higher than those in the same sample which was CO ,-flooded (figs. 7a,
7b).

The compressional and shear wave velocities in the C,¢H3-saturated and CO.-
flooded Beaver No. 3 are shown in figures 7c and 7d, respectively. CO, flooding again
decreased the Vp dramatically, especially at higher pore pressures, e.g. at pore pressure
of 16 MPa, the CO, injection effect at room temperature deceased the Vp by 480 m/sec
or 11 percent. The eflect of COs-injection on the Vs in Beaver No. 3 sample is similar

to that in Beaver No. 9 and No. 7 samples.



~248-

Berea Sandstones No. 8 (¢ = 21%) and No. 4 (¢ = 20%). The compres-
sional and shear wave velocities in dry and C,,H-saturated Berea No. 6 were meas-
ured as a function of confining pressure (figs. 8a, 8b). The Vp is also very much

pressure-dependent in the measured range, but the liquid saturation effect is smaller.

Figure 8c shows that the Vp at both 21° and 60° C has similar pore pressure
response in C,,Hs,-saturated Berea sandstone No. 6 sample. CO, flooding enhanced the
pore pressure dependence of the velocities. The Vp is greatly affected by the CO, flood-
ing: At 21° C, the CO, flooding decreased the Vp by 275 m/sec or 7.7 percent at pore

pressure of 16 MPa.

All the Vs curves cluster together in figure 8d, which means that CO, flooding
basically does not affect the shear velocities in this sandstone. However, temperature
has a systematic, though small, effect on the shear velocities. Also note that at lower
pore pressures (higher effective pressure), Vs is higher in the flooded than in the
CeHse-saturated rock at the same temperature, and the opposite is true at higher pore

pressures (lower effective pressures).

Figures 9a and 9b show the compressional and shear wave velocities, respectively,
in Berea sandstone No. 4 sample after CO, flooding as a function of pore pressure.
Basically, they are similar to figures 8a through 8d: Large decreases in Vp are caused

by the effect of CO, flooding, while the Vs is not much affected.

Conotton Sandstone No. 5 (¢ = 24%) and Boise Sandstone No. 3 (¢ =
209%). Both Conotton and Boise sandstones have high porosity. The liquid saturation
effect on the Vp is relatively small. The hydrocarbon saturation increased the Vp in

both sandstones, and this increase became smaller as confining pressure increased (figs.

102, 10b, 11a, 11b).

The Vs is again higher in C,oHgy-saturated than in air-saturated rocks at low

confining pressures. At higher confining pressures, the opposite is true.
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As observed in other sandstones, CO, flooding also decreased the Vp largelyv in
the Conotton No. 5 sample (fig. 10c). Furthermore, pore pressure dependence of the
Vp is enhanced by the flooding. The Vs behaves very similarly to those in the Berea
sandstones, and the difference between the shear velocities in the hydrocarbon-

saturated and in CO ,-flooded rock sample is small (fig. 10d). .

Since the Boise sandstone has very high porosity, hydrocarbon saturation
increased the Vp by only about 120 m/sec or 3.8 percent. The Vs is always lower in the
C.eHssaturated than in the dry sample. The CO, flooding effect on the Vp in Boise
sandstone is basically similar at all the pore pressures of the measured range (fig. 11c).
The CO, flooding also decreased the Vp. However, the amount of decrease is rather
small. The Vs in the Boise No. 3 sample plotted in figure 11d behaves similarly to

those in the Berea sandstones.

Ottawa Unconsolidated Sand (¢ = 37%). The compressional wave velocities
in the Ottawa sand saturated with C,4Hg, are very inert to pore pressﬁre changes (fig.
12). CO, flooding dramatically decreased the Vp, by about 470 m/sec or 24 percent at
effective pressure of 20 MPa (zero pore pressure). This effect is even larger at lower
eflective pressures. We were unable to measure the Vs in the unconsolidated sand, but

we believe that CO, flooding would have very little effect on it.

DISCUSSIONS

It was shown in the previous section that injecting CO, had large eflects on
decreasing the compressional wave velocities in sandstones and sand saturated with
hydrocarbons. In this section, we discuss the influence of various factors such as poros-

ity, saturation, temperature, and pressure on the velocities in rocks with CO, and

hydrocarbons.

Basic Concepts. The compressional (Vp) and shear (Vs) wave velocities in a

homogeneous and isotropic elastic material are defined respectively as
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p
Vs = -\/z;-, (2)

where K and u are the bulk and shear moduli, respectively, and p is the density of the

material.

The Gassmann equation (Gassmann, 1951) relates the bulk modulus of the

saturated rock to the properties of the rock and the pore fluid:

(1 - Kl /KJ )2
¢/K; +(1-9)/K, - Ki/K,?

K=K, + (3)

where Ky, K,, and K are the bulk moduli of the dry, solid frame of, and fluid-

saturated rock, respectively; K, is the bulk modulus of pore fluid; ¢ is porosity.

Effects of Saturation and Porosit);. From equations (1) and (3), one can see
that the Vp in a fluid saturated rock depends on the properties of both the rock and
pore fluid. The Vp of a gas-saturated rock is usually close to that of the dry rock,
because the bulk modulus (incompressibility) of gas is usually very low. While the bulk
modulus of a liquid is often comparable to that of the rock frame, liquid saturation to
a rock sample can increase Vp markedly, despite the overall density increase of the

rock.

When a rock sample is partially liquid-saturated, the bulk modulus of the rock is
about the same as that of the dry rock, but the overall density is higher, so that the
Vp can be even lower than that of the dry (gas-saturated) rock. However, whether the
Vp increases or decreases in a rock upon partial liquid saturation is dependent on the
pore structure and porosity of the rock. In low porosity, high crack content rocks like

the Beaver sandstone samples, the liquid in the partially saturated rocks usually
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occupies the cracks and thin pores, while the gas occupies the larger pores. This pat-
tern of pore fluid distribution causes the bulk moduli of the rocks to be higher. Furth-
ermore the density increase due to the partial liquid saturation is smaller in low poros-
ity rocks. These combined effects in turn yield higher compressional velocities (eq. 1).
This is exactly the case for the Vp in CO, flooded Beaver sandstone samples at pore

pressures below 6 MPa (figs. 5¢, 6¢, 7¢).

The phase transition of the injected CO, affected both the Vp and Vs in the low
porosity Beaver sandstone samples (figs. 5, 6, 7). When the injected CO, is in the
liquid phase, its density is very high (fig. 4a), even higher than that of n-hexadecane,
but its bulk modulus is still low (fig. 5). Therefore, the high density of the liquid c0O,
in the rock pores is responsible for the low Vp and Vs in the flooded rocks at pore pres-
sures higher than 6 MPa. Above the critical temperature of the CO, (31° C), the den-
sity of CO, increases smoothly with pressure, and the velocities in turn also change

smoothly with pore pressure, as shown in figures 5 through 9.

The shear wave velocities in the CO,-flooded Beaver samples are lower than those
in C,¢H,saturated rocks at high pore pressures, but higher at low pore pressures (figs.
5d, 6d, 7d). This is caused by the combined eflects of density, viscosity, and pore pres-
sure. At low pore pressures", higher Vs is caused by the low density of the CO,. At
higher pore pressures, the higher Vs in the hydrocarbon saturated samples is caused by
the higher viscosity and lower density of the n-hexadecane in the rock pores (Wang and

Nur, 1986).

Upon CO, injection, the hydrocarbon-bearing rock sample is partially saturated
with CO, with compressibility close to air. Therefore, the effect of CO, injection on the
compressional velocities should be close to that of partial gas saturation, which is

dependent on the porosity of the rocks (Gregory, 1976).

The effect of CO, flooding on the compressional wave velocities in the rocks at

different pore pressures is plotted as a function of porosity in figures 13a, b. In
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consolidated sandstones, increasing rock porosity decreases the CO, effect on the
compressional velocities. In low-porosity sandstones such as the Beaver samples, CO,
causes decreases of Vp by up to 440 m/sec (or 10.1%), while in high-porosity sand-
stones like the Boise sample, the decrease is only around 140 m/sec (or 4.4%). In the
unconsolidated Ottawa sand, CO, decreased the Vp by up to 560 m/sec (or 30%), even
though the porosity of the sand is high. Ac.cording to the Gassmann equation (eq. 3),
as the porosity increases, if the bulk modulus of the dry rock does not decrease
dramatically fast (which is generally true; see Han, 1987), the difference between the
compressional wave velocities in dry and fluid-saturated rocks will decrease due to the
increased density and fluid content of the saturated rock. That is, for low-porosity
rocks, full liquid saturation increases the bulk modulus of the rock greatly but not
much the density, which in turn increa;ses the Vp markedly. For high-porosity rocks,
because the bulk modulus of the pore fluid is usually much lower than that of the rock
frame, full liquid saturation has a lower effect on the increase of the bulk modulus of
the liquid-saturated rock due to the increased liquid content, but a larger effect on the
increase of the bulk density of the rock, which in turn does not increase the Vp as

much.

Not only the fluid content and density contribute to the liquid saturation effect on
compressional velocities, but also many other factors such as crack concentration, pore
shapes, pore fluid properties, and so on. For instance, high crack content of the rock
and high viscosity of the pore fluid may increase the shear modulus of the saturated

rock which contributes to both Vp and Vs (Wang and Nur, 1986).

The unconsolidated dry Ottawa sand is highly compressible (low compressional
velocity) in comparison with the consolidated sandstones. Liquid saturation will greatly
increase its bulk modulus and hence the Vp (eq. 3). Although liquid saturation also
increases the bulk density, the increase in bulk modulus plays a dominant role in

unconsolidated sands.
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Comparison of Flooding and Saturation Effects. The effects of CO, flood-
ing and hydrocarbon saturation on compressional wave velocities at 21° C are summar-
ized in table 2. The effect of hydrocarbon saturation is about the same as that of CO,
flooding on the compressional wave velocities in all the rock samples measured. After
the rock is CO, flooded, it essentially becomes partially hydrocarbon saturated. Besides
the porosity and crack concentration of the rock, the difference between the Vp in fully
and partially hydrocarbon saturated rocks may also be dependent on the degree of par-
tial saturation. The effect of CO, injection is in turn dependent on the amount of
hydrocarbon displaced from the rock. In the experiments, it was estimated that

around 65 to 75 percent oil in place had been displaced by the CO,.

Effect of Temperature. ;i‘he effect of temperature on wave velocities in both
dry and hydrocarbon-saturated rocks were discussed elsewhere (Wang and Nur, 1986,
1987b). Generally speaking, increasing temperature by 100° C in dry sandstones and
sands will decrease the .compressional wave velocities by about 2 to 8 percent, depend-
ing upon properties such as porosity, crack concentration, and clay content, of the
rocks. The decrease in the velocities is believed to be caused by the softening of the
rock frame and grains and increase in porosity as the result of different thermal expan-

sions of the grains and cement (Kern, 1982; Wang and Nur, 1986).

The compressional wave velocities usually have larger decreases in liquid-saturated
than in dry rocks as the temperature increases. That is, liquid saturation enhances the
‘temperature dependence of Vp in rocks (Wang and Nur, 1987b). This enhancement
may partly be caused by the fact that the Vp in the pore fluid alone is temperature

dependent.

The temperature effect is usually larger on Vs than on Vp, which means that
increasing temperature mainly decreases the shear modulus of the rock. This
phenomenon can in fact be explained by the "lubrication” effect. As the temperature

increases, the rock frame (or grains) softens and expands, which makes the sliding
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between grains (or particles) easier (the friction decreases). This effect is analogous to
that the grains (or particles) of the rock being ”lubricated.” In liquid-saturated rocks.
additional decreases in shear velocities as temperature increases may be caused by the
more pronounced lubrication effect caused by the pore fluid, the decreases of pore fluid
viscosity, and probably some chemical and/or physical interactions between the rock
frame and pore fluid. Such effects on the Vs also contribute to the Vp in the saturated
rocks (eq. 1).

Pore pressure may also affect the temperature dependence of the velocities.
Because the effect of pore pressure is to keep the pores and cracks open in rocks, higher
pore pressure makes the porous rock contain more fluid and creates more contact areas
between the rock frame and pore fluid, and in turn enhances the temperature depen-
dence of the velocities. In contra.st,. the c:on'ﬁning pressure has the opposite eflect on the

temperature dependence of the velocities.

As stated earlier, CO; has a critical temperature of about 31° C beyond which it
is always in vapor phase. At 21° C (room temperature), there exists a pronounced effect
of CO, phase transition on the velocities in low-porosity rocks, while this effect van-
ishes at temperatures higher than the critical temperature of CO,. Therefore, tempera-
ture will affect the CO, flooding effect on the compressional wave velocities in rocks,
especially in the pore pressure range of 6 to 10 MPa. The effect of temperature on the
velocities in the COflooded rocks may be caused by the CO, properties, the tempera-
ture effect on the rock frame, and other factors, but we believe that the CO, density
change with temperature may play the dominant role, especially in the pore pressure

range of 6 to 10 MPa.

Effect of Pressures. The effect of confining pressure (at constant pore pressure)
tends to close the thin cracks and penny-shaped pores and make better contact
between particles (grains and cement) in the rock. Therefore both Vp and Vs increase

as confining pressure increases. The degree of increase in the velocities is dependent
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mainly on crack concentration, porosity, pore structure and geometry, mineral compo-
sition of the rock, pore fluid properties, and interactions between the rock frame and

pore fluid.

Generally, the velocities are highly pressure-dependent in low-porosity rocks which
usually have a large content of thin cracks. When the rock is liquid saturated, the
pressure dependence of the velocities is lowered due to the resistance of the pore fluid
to crack closures. Hence the liquid saturation effect, and further the CO, flooding-

effect, on the compressional velocities is smaller at higher confining pressures.

- For high porosity rocks, the confining pressure (at constant pore pressure) depen-
dence of the velocities is smaller because high-porosity rocks usually contain very little
amount of thin cracks but a lot of round pores and cavities. As confining pressure
increases, the resistance of the pore fluid to pore closures in the saturated rock does not
contribute to the velocity change much since the round pores or cavities in the dry
rock are already hard to deform. Therefore, in most high porosity (usually higher than
25%) consolidated rocks, the velocity curves for dry and liquid saturated rocks are
almost parallel in moderate pressure ranges (usually between 0 and 30 MPa) (figs. 10

and 11).

In contrast to confining pressure, pore pressure tends to keep the cracks and pores
open, hence it has generally the opposite effect on velocities. In addition, pore pressure
reinforces the effect of pore fluid properties on the velocities. In CO ,-bearing rocks,
increasing pore pressure increases the density of CO, dramatically, which in turn
greatly decreases the velocities. At temperatures lower than the critical temperature of
CO, (31° C), the phase transition of CO, caused by pore pressure changes greatly

affects the velocities due to sudden changes in the density of CO,.

Pore pressure also creates higher internal surface areas of the rock which will
enhance the interactions (chemical and/or physical) between the rock frame and pore

fluid. Also, high pore pressure would speed up the chemical interactions, if any,
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between the rock and its pore fluid.

Theoretical Calculations. The Gassmann equation (eq. 3) is often used to cal-
culate low-frequency wave velocities in porous materials saturated with fluids if the
porosity and other parameters are known. The calculation results ~re generally fairly
representative for velocities in sandstones saturated with light fluids at seismic wave
frequencies. To further confirm the experimental results, we calculated the compres-
sional wave velocities using the Gassmann equation in two sandstones (Beaver No. 9

and Berea No. 6) saturated with both C,sH3 and CO; as a function of pore pressure.

Figure 14 shows that the calculated Vp in Beaver No. 9 sample saturated with
CO, is about 9 percent lower than that saturated with C /3, at pore pressures higher
than 6 MPa (870 psi). In Berea No. 6 sample, such a velocity difference is about the
same in percentage (fig. 15). The lower compressional velocities in CO rsaturated sand-

stones are caused by both the low velocity and high density of CO..

The theoretically calculated effect of CO, injection on compressional wave veloci-
ties in hydrocarbon saturated sandstones is about the same as that measured in the
experiments. Furthermore, both the experimental and theoretical results reveal that
such a CO, effect may be seismically detectable. Therefore, seismic methods may be

used in monitoring CO, flooding processes in-situ.

APPLICATION:

Seismic Monitoring of CO, Floodings

The capability of using seismic methods to monitor an enhanced oil recovery
(EOR) process depends solely on the velocity and/or amplitude changes of the seismic
waves caused by the process. The amplitude changes are usually difficult to measure
accurately, either in the laboratory or in the field. In contrast, velocity changes can be

easily detected with high accuracy.
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The experimental results showed that Vp decreased dramatically as the rocks
were flooded by CO, (figs. 13a, 13b), especially at high pore pressures. The decreased
velocities in reservoir rocks upon CO, flooding may cause travel-time delay of seismic
waves. Therefore, seismic methods, especially high-frequency high-resolution seismic
methods, can be used in monitoring CO, flooding processes, or in detecting CO, zones

in reservoirs subject to such floodings.

According to the experimental results, the injected CO, forms low velocity zones.
Therefore, careful field survey using seismic methods such as reflection, vertical seismic
profiling (VSP), and borehole seismic methods, can locate or map the CO, zones or
fronts. And by such successive surveys, it is also possible to monitor the movement of
the CO, zones as a function of time and hence to generate 4-D seismic profiles of the

reservoir.

The experimental results show that the largest effect of CO, on the compressional
wave velocities occurs at pore pressures higher than 6 MPa. In the field, the injection
pressure of CO, is usually around or higher than 7 MPa (1015 psi), depending on the
reservoir temperature, which suggests that seismic methods can be applied for monitor-

ing purpose.

Velocities in liquid- or partially liquid-saturated rocks have been proven to be fre-
quency dependent (dispersive) (Spencer, 1981; Murphy, 1982; Winkler, 1985; Han,
1987). However, for the purpose of monitoring, we are interested in the relative changes
of the velocities caused by the flooding effect, not the absolute values. The results of
the theoretical calculations using the Gassmann equation show dispersions of Vp are
about the same in the sandstones before and after the CO, injection (figs. 14, 15).
Therefore, the effect of CO, flooding on the velocities measured in the laboratory

should also be seen in-situ at seismic and sonic frequencies.
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SUMMARY AND CONCLUSIONS

Our laboratory investigations found that CO, flooding had a marked effect on
compressional wave velocities in sandstones and sand saturated with hydrocarbons.
CO, flooding decreased the compressional wave velocities by about 4 to 11 percent in
well consolidated sandstones and by over 25 percent in unconsolidated sand at the con-
ditions described in this paper. The absolute amount of Vp decrease caused by CO,
floodings is close to, or even higher than, that caused by hydrocarbon saturation of the

rocks.

Large decreases in compressional wave velocities in rocks upon CO, floodings are
believed to be caused by lowered bulk modulus and increased denmsity of the rock-
hydrocarbon-CO, aggregate because CO, has very high compressibility and high den-
sity.

The decreases in compressional wave velocities are dependent on pore pressure,
temperature, porosity, and other factors. Increasing pore pressure (at constant
confining pressure) not only keeps the pores and cracks open and cancels out some of
the confining pressure effect, but also increases the CO, density. Therefore, higher pore

pressures cause larger decreases in both the compressional and shear wave velocities.

At room temperature (21° C), the CO, phase transition has pronounced effect on
the velocities (both Vp and Vs), while at temperatures higher than the critical tempera-
ture (31° C) of CO,, such effect vanishes due to the continuous change of the pore fluid

properties with pressure.

In well-consolidated sandstones, increasing porosity tends to decrease the CO.,
effect. The decreased effect in high-porosity rocks is caused by the increased fluid con-
tent and overall density of the rocks. However, in the unconsolidated sand, the flooding
effect is very large, even though the porosity of the sand is very high, because the bulk

modulus of the sand frame is low.



-259-

Theoretical analysis on two of the sandstones showed that in the seismic fre-
quency range, the decrease in compressional wave velocities caused by CO, floodings is
about the same as that observed in the experiments, which means that the experimen-

tal results can be directly applied in-situ.

The dramatic decreases in compressional wave velocities caused by CO, floodings
make it possible to use seismic methods in mapping the CO, zones, tracking the CO,
front movements, and so monitoring the flooding processes in reservoirs subject to CO,
flooding processes. A success in such exercises will allow the possibility for the field
engineeré to control and/or modify the flooding processes accordingly, and ultimately,
to produce more oil. benefited from the discussions with Dr. F.M. Orr of Stanford

University.

APPENDIX: DATA LISTING

Table Al lists the measured compressional and shear wave velocities in C,¢H 3-
saturated and CO rflooded rocks as a function of pore pressure (confining pressure was
fixed at 20 MPa) at 20° C. Shown in table A2 are the velocities in four of the rocks at

higher temperatures.
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FIGURE CAPTIONS

Figure 1. Sketch of the experimental apparatus.

Figure 2. Compressional wave velocities in n-hexadecane (C,4Hg) as a function of
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temperature (a) and pressure (b).

Figure 3. Pressure and temperature dependences of the CO, density (a) and viscosity
(b).

Figure 4. Compressional wave velocities in CO, as a function of pressure at various
temperatures.

Figure 5. Compressional (a) and shear (b) velocities in dry and n-hexadecane saturated
Beaver sandstone No. 9.
Compressional (c) and shear {d) velocities in n-hexadecane saturated and CO,
flooded Beaver sandstone No. 9 vs. pore pressure.

Figure 6. Compressional (a) and shear (b) velocities in dry and n-hexadecane saturated
Beaver sandstone No. 7.
Compressional (c¢) and shear (d) velocities in n-hexadecane saturated and CO,
flooded Beaver sandstone No. 7 vs. pore pressure.

Figure 7. Compressional (a) and shear (b) velocities in dry and n-hexadecane saturated
Beaver sandstone No. 3. v
Compressional (¢) and shear (d) velocities in n-hexadecane saturated and CO,
flooded Beaver sandstone No. 3 vs. pore pressure.

Figure 8. Compressional (a) and shear (b) velocities in dry and n-hexadecane saturated
Berea sandstone No. 6.
Compressional (c) and shear (d) velocities in n-hexadecane saturated and CO,
flooded Berea sandstone No. 6 vs. pore pressure.

Figure 9. Compressional (a) and shear (b) velocities in n-hexadecane saturated and CO,
flooded Berea sandstone No. 4 vs. pore pressure.

Figure 10. Compressional (a) and shear (b) velocities in dry and n-hexadecane saturated
Conotton sandstone No. 5.
Compressional (¢) and shear (d) velocities in n-hexadecane saturated and CO,
flooded Conotton sandstone No. 5 vs. pore pressure.

Figure 11. Compressional (a) and shear (b) velocities in dry and n-hexadecane saturated
Boise sandstone No. 3.
Compressional (c) and shear (d) velocities in n-hexadecane saturated and CO,
flooded Boise sandstone No. 3 vs. pore pressure.

Figure 12. Compressional velocities in n-hexadecane saturated and CO, flooded Ottawa
unconsolidated sand as a function of pore pressure.

Figure 13. Effect of CO, flooding on the compressional velocities in n-hexadecane
saturated rocks as a function of porosity at different pore pressures. (a), absolute
decreases; (b), in percentage.
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Figure 14. Theoretically calculated compressional wave velocities using the Gassmann

equation in Beaver No. 9 sandstone sample with CO, and n-hexadecane, respec-
tively.

Figure 15. Theoretically calculated compressional wave velocities using the Gassmann

equation in Berea No. 6 sandstone sample with CO, and n-hexadecane, respec-
tively.
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Table 1. Porosities and major compositions of the rocks.

Rock ¢ Composition Rock ¢ Composition
Beaver No.9 6 mainly quartz Beaver No.7 9 mainly quartz
Beaver No.3 | 14 mainly quartz Berea No.4 20 | quartz and 79% feldspar
Berea No.6 | 21 quartz and 7% feldspar || Conotton No.5 | 24 mainly quartz
Boise No.3 29 | quartz and 44% feldspar Ottawa sand 37 quartz grains

Table 2. Effects of CO, flooding and hydrocarbon saturation

on compressional wave velocities at 21° C'.

Pd = 6 MPa Pd = 10 MPa Pd = 14 MPa

Flooding Saturation Flooding Saturation Flooding Saturation
Rock [ ¢ |AV | <S5 [ AV +% [JAV | % | AV +% ||AV | -% AV | +%
Be.9 6 | 405 8.0 | 454 9.0 368 7.2 | 394 7.8 364 7.1 [351* 6.9
Be.7 9405 | 82 | 496 | 10.0 {{398 | 8.0 | 458 9.2 |{384 | 7.7 |430 8.6
Be.3 14 | 444 | 10.1 | 390 9.0 369 8.4 | 306 7.0 279 6.3 | 266 6.0
Ber4 120 | 245 6.8 172 4.6 127 3.4
Ber.6 |21 | 302 8.4 | 405 11.2 203 5.5 | 343 9.2 271 7.2
Con.5 |24 | 231 7.1 173 5.3 | 210* 6.4 146 4.4 | 160 5.0
Boi.3 [29 | 144 4.4 | 109 3.3 121 3.7 | 112* V3.4 110 3.3 | 120* 3.6
Ort. 37 1533 {294 513 | 27.1 496 | 26.0

* -- interpolated between two nearest data points.

@ -- porosity, AV — velocity change, -9 ~ percent decrease, +

Pt

Pd -- differential pressure = confining pressure - pore pressure.

Units: AV -- Meters/second, ¢ -- percent.

/0 -- percent increase,




Table Al. Compressional and shear velocities in C ¢/ 3 saturated

and CO, flooded rocks and sand.
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Beaver No. 9 (¢ = 6%) Beaver No. 7 (¢ = 9%)
C1eH 3 Saturated CO, Flooded C¢H 3, Saturated CO ; Flooded

Pp Vp Vs Pp | Vp Vs i’p Vp Vs Pp Vp Vs
16 5021 3280 16 4579 | 3042 || 16 4886 3130 16 4471 | 2987
14 5041 3292 14 4636 | 3082 || 14 4914 3167 14 4509 | 3029
12 5060 3313 12 4686 | 3122 |12 4942 3187 12 4548 | 3075
10 5080 3335 10 4712 | 3153 (| 10 4970 3206 10 4572 | 3111

8 5100 3356 8 4729 -| 3176 8 4979 3230 8 4588 | 3141
4 6 5110 3378 6 4746 | 3199 6 4988 3250 6 4604 | 3167

4 5120 3396 3.8 | 4992 | 3318 4 5007 3266

2 5130 3404 1.6 | 5041 | 3378 2 5017 3278

0 5140 3422 0 5060 | 3413 0 5024 3294 0.5 | 4859 | 3315

Units: Vp, Vs - Meters/second, Pp - MPa. Temperature = 21° C.
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Table Al (continued). Compressional and shear velocities in C¢H 34

saturated and CO , flooded rocks and sand.

Beaver No. 3 (¢ = 14%) Conotton No. 5 (¢ = 24%%)
C sH 3, Saturated CO, Flooded CsH 3, Saturated CO, Flooded

Pp Vp Vs Pp Vp Vs ||Pp Vp Vs Pp Vp Vs
16 4354 2787 16 3874 | 2688 || 16 3226 16 2982 | 2097
14 4375 2802 14 3931 | 2735 || 14 3245 14 3014 | 2105
12 4383 2832 12 3979 | 2787 || 12 | - 3264 2189 12 3064 | 2130
10 4390 2863 10 4021 | 2817 |{ 10 3272 2198 10 3099 | 2163

8 4405 2879 8 4065 | 2848 8 3295 2215 8 3145 | 2180

6 4427 2898 58 | 4148 | 2872 6 3323 2233 6 3177 | 2209

4 4434 2910 4 4283 | 2904 4 3343 2251 4 3207 | 2242

2 4449 2927 2.3 | 4332 | 2930 2 3355 2270 1.6 | 3245 | 2289

0 4457 2936 0 4361 | 2960 0 3363 2285 0 3283 | 230%

Units: Vp, Vs - Meters/second, Pp - MPa. Temperature = 21° C'.
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Table A1 (continued). Compressional and shear velocities in C4H 3,

saturated and CO , flooded rocks and sand.

Berea No. 4 (¢ = 20%) Berea No.6 (¢ = 21%)
V_C',.H s4 Saturated CO, Flooded C,eH 3, Saturated CO, Flooded
Pp Vp Vs Pp | Vp Vs Pp Vp Vs Pp Vp Vs
16 16 | 3319 | 2011 ({16 3556 2080 16 3281 | 2026
14 3626 2199 14 | 3381 | 2113 |{14 3602 2136 14 3300 | 2080
12 3685 2236 12 | 3446 | 2190 |12 3665 2214 12 3445 | 2133
10 3731 2264 10 | 3559 | 2236 ({10 3714 2259 10 3511 | 2231
8 3757 2292 8 | 3607 |.2264 7.5 3765 2298 7.5 | 3556 | 227§
6 3783 2322 6 | 3656 | 2292 5 3791 2336 6.5 | 3579 | 2297
4 3810 2352 4 4 5.1 | 3650 | 2336
2 3837 2373 2 25 3822 2362 3.2 | 3724 | 2372
1 | 3848 2383 1 1 11 | 3775 | 2407
0 0 | 3757 | 2405 0 3844 2382 0.1 | 3786 | 2417

Units: Vp, Vs - Meters/second, Pp - MPa. Temperature = 21° C.
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Table Al (continued). Compressional and shear velocities in C ¢ 34

saturated and CO , flooded rocks and sand.

Boise No. 3 (¢ = 29 Ottawa Sand (¢ = 37%)
CeH 3, Saturated CO, Flooded C ¢H 3 Saturated CO , Flooded
Pp Vp Vs Pp Vp Vs Pp Vp Pp \'p
16 3278 2159 16 2117 16 1850 15 1276
14 3288 2171 14 3144 | 2133 14 1878 14 1325
12 3264 | 2185 12 3162 | 2159 12 1884 12 1333
10 3302 2200 10 3181 | 2177 10 1891 10 1.34 g8
8 | 3306 2212 g8 | 3200 | 2194 || 8 1898 8 1397
6 3310 2221 6.8 | 3200 | 2194 6 1908 7 1404
4 3314 2231 5.2 | 3200 | 2221 4 1919 6 1412
2 3319 2240 2 3219 | 2259 2 1934 4 1456
0 3319 2247 0 3219 | 2288 0 1948 0 1472

Units: Vp, Vs - Meters/second, Pp - MPa. Temperature = 21° C.
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Table A2. Compressional and shear velocities in C' ¢ 3, saturated

and CO, flooded rocks and sand at higher temperatures.

Beaver No. 9 (¢ = 6%)

At 60° C

Beaver No. 7 (¢ = 9%)

At70° C

C 1¢H 3 Saturated

CO, Flooded

CyeH 34 Saturated

CO , Flooded

10 5002 3211

8 5021 3231

6 5041 3231

4 5050 3268

[

5060 3284

0 5070 3301

12 4983 3191

10 | 4844 | 3172
8 | 4908 | 3199
6 | 4945 | 3231

4 | 4992 | 3272

w

5012 | 3292

0 | 5041 3326

10 48806 3122

8 4917 3148

6 4932 3167

Pp Vp Vs Pp| Vp Vs Pp Vp Vs Pp | Vp Vs

16 4945 3141 16 | 4446 2956 10 4797 3022 16 4472 2921

14 4964 3172 14 | 4516 | 3007 }| 14 4824 3057 14 | 4509 2971
12 | 4645 | 3096 || 12 4850 3093 12 | 4628 3027

10 | 4669 | 3075

8 | 4711 3111

5 | 4841 3246

Units: V'p, Vs - Meters/second, Pp - MPa.
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Table A2 (continued). Compressional and shear velocities in C ¢/ 3,

saturated and CO, flooded rocks and sand at higher temperatures.

Berea No. 4 (¢ = 20%) Berea No.6 (¢ = 21%)
At 58° C At 60° C
CO, Flooded C¢H 5, Saturated CO , Flooded
Pp Vp Vs Pp Vp Vs Pp Vp Vs
17 3259 1975 16 3480 1997 16 3223 1969
15 3312 1996 14 3520 2072 14 3242 2026
13 3381 2065 13 3556 2109 12 3281 2104
11 3468 2138 12 | 3602 2150 11 3166 | 2182
9 3513 2199 10 3650 2205 10 3458 2156
8 3536 2217 7.5 3709 2250 7.5 3511 2244
7 3583 2245 6.5 3533 2263
6 3607 2264 5 3739 2278 4 3675 2306
4 3631 2273 2.5 3765 2306 | 23 3699 2330
1 3731 2332 0 3791 2330 0 3734 2355

Units: Vp, Vs - Meters/second, Pp - MPa.
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CHAPTER 7

EFFECT OF DIFFERENT PORE FLUIDS ON
VELOCITIES IN ROCKS

ABSTRACT

This chapter provides some experimental results of the effects of different pore

fluid saturations on wave velocities in rocks.

Compressional and shear wave velocities were measured in the laboratory in rocks
saturated with air, water, light oil (normal decane), and heavy oil (0il C), respectively.
It was found that the compressional wave velocities were different in the same rock
sample with different pore fluids, while the shear wave velocities were not sensitive to

the pore fluid changes.

Vp/Vs ratios and elastic moduli of the rocks with different pore fluids were also

calculated and discussed in this chapter.

Our experimental results reveal that wave velocities and their temperature depen-
dences in rocks saturated with heavy oils are pronouncedly different from those in the
same rocks saturated with water or light oil; and it is highly possible that there exist
reflection boundaries for seismic waves at the light-heavy oil saturation interfaces, and
such reflections could be as strong as, or even stronger than, those at the air-water
saturation interfaces. Therefore, it is suggested that the term ”0il” used in seismic and
acoustic logging interpretations is oversimplified: i.e., one should specify whether it is

light or heavy oil when referring to oil saturations.
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INTRODUCTION

During the past years, seismic methods have been playing a major role in the
exploration for hydrocarbon reservoirs. However, little success would have been
achieved without knowing and understanding seismic velocities and their behaviors
with various parameters in various rocks. There is little doubt that seismic velocities
and their variations with different parameters are the main cause of the success of
seismic methods in explorations. Extended studies on velocities in various rocks have
been done by numerous investigators. Unfortunately, most of these studies were done
on rocks saturated with water or air, and very few experiments have been carried out
on velocities and their behaviors with changing pressures and temperatures in rocks

saturated with various hydrocarbons.

Furthermore, seismic methods have almost never been used in hydrocarbon
recovery assessment, in spite of the growing need to better understand various recovery
processes. A major problem in the area of reservoir evaluation and production is the
realization of the complexity of most reservoirs, leading to large uncertainties in
estimated total recovery, recovery rates, and recovery methods. There is little doubt
that seismic methods will play, in the near future, a major role in helping to solve pro-
duction and recovery problems. But we first need to understand what seismic waves
can tell us about reservoir rocks, and how to extract the desired information. And, we
also need to understand the seismic/acoustic properties of the reservoir fluids and rocks
saturated with such fluids and their responses to the changes of reservoir conditions

caused by the production or recovery processes.

Up to now, we still do not know if there exist reflection boundaries of seismic
waves at the light-heavy oil saturation interfaces in reservoir rocks. In response to this
problem and the problems described above, we carried out a series of experiments in
the laboratory on wave velocities in two different reservoir rocks saturated with water,

air, light and heavy oils, respectively, as a function of both pressure and temperature.
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The experimental results show that velocities and their responses to temperature
changes in the heavy oil saturated rock sample are different from those in water or
light oil saturated samples; and it is highly possible that there exist reflections of
seismic waves at the light-heavy oil saturation interfaces: Such reflections could be as
strong as, or even stronger than, those at the air-water saturation interfaces, which
means that ”"bright spots” could not only occur at the gas-water (or oil) but also at the

light-heavy oil saturation interfaces on seismograms.

In this chapter, we first briefly describe the experimental method and apparatus
used in the investigation and show the experimental results, then analyze the velocity
data and their temperature and pressure behaviors, and finally discuss the applications

of the experimental results and draw conclusions based on the results and analyses.

EXPERIMENTS AND SAMPLES
Method

As in the experiments described in the previous chapters, ultrasonic pulse
transmission method was also employed in the experiments. The setup basically con-
sisted an electronics panel and a mechanical package. The electronics panel was used
for the pulse generation and data acquisition, while the mechanical package was for
controlling the physical conditions (such as pore and confining pressures and tempera-

ture) of the rock samples.

The principle of the pulse transmission method was briefly described in the previ-
ous chapters. The pulses generated by the pulse generator were sent down to one of
the two acoustic transducers attached to the rock sample which converts the electrical
pulses to mechanical vibration. The mechanical waves were then picked up by the
other transducer and converted back to electrical signals. These electrical signals were

first amplified and then sent to a digital oscilloscope for the travel time measurements.
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The velocities (both P and S) were calculated through

_ L(P,T)
S )

where p,s represent compressional or shear waves, L(P,T) and At(P,T) are the pres-

sure and temperature calibrated sample length and travel time, respectively.

In the mechanical package, the confining pressure was controlled by pumping
hydraulic fluid to the pressure vessel, and the pore pressure was by a digital fluid
pump. Temperature was raised via a heating coil surrounded to the pressure vessel.
The accuracies of the confining and pore pressures were around 50 psig (3 bars or 0.3
MPa) and 10 psig (1 bar or 0.1 MPa), respectively, while that of temperature was

about 1° C.
Sample Preparation and Saturation

The rock samples used in the experiments were cut in cylindrical shape with
diameters of 1.5 inches (3.81 cm) and length of about 2.5 inches (6.35 em). The cross-
section surfaces of the samples were finely ground to assure good contacts between the

samples and the transducers.

After cut and ground, the rock samples were washed thoroughly with distilled
water, and vacuum dried in an oven at about 60° C for several days. They were then
ready to be saturated. The saturation of light pore fluids (i.e., n-decane and water) was
done in the pressure vessel after the dry (air saturated) measurements, by injecting the
pore fluid into the rock sample. However, the saturation of the heavy oil to the rocks
was more complicated: We first jacketed the sample-transducers aggregate with high
temperature plastic tubing with the heavy oil in between the sample and one of the
transducers; then the aggregate was put in a vacuum oven under 60° C temperature
and vacuum was applied to the aggregate in order to pull out the trapped air in the
rock pores. The sample was evacuated for several hours. Afterwards, the rock-oil-

transducers aggregate was put into the pressure vessel under pressure of 11500 psig
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(793 bars or 79.3 MPa) and temperature of 60° C for 4 to 7 days to assure full satura-
tions. We were unable to measure the degree of saturation since there was no way to

do so. But we were confident that the rock sample was essentially fully saturated.

After the sample was believed to be fully saturated, the temperature was gradu-
ally brought down under high pressure. The leftover of the heavy oil was taken out by
releasing the pore pressure line to room pressure. The sample was then ready for meas-

urement.
Sample Descriptions

The rock samples used in the experiments were Berea sandstone and a Monterey
formation rock. The composition of the Berea sandstone was analyzed by the point

counting method and is listed in the following table.

Composition  Volume % Composition  Volume %
Quartz 68 Clay 1.9
Mica 0.9 Opaque 2.3
Feldspar 3.2 Carbonate 0.9
Others 5.6 Porosity 18.2

The Monterey formation rock was from an oil-producing formation. It is a dolomi-
tic chert with porosity of 15% (from saturation measurement), and mainly composed of
quartz and dolomite. The composition result from X-ray analysis is listed in the table

below.

The pore fluids used were distilled water, normal decane, air, and the heavy oil
(oil C). The properties of water and air are well known, and those of normal decane

and the heavy oil were described in chapter 3.
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Composition  Weight % Composition  Weight %

Quartz 67 Feldspar 2

Dolomite 19 Pyrite 3

Clay 7 Phosphate 2
Measurements

Measurements were made for travel times of the acoustic waves through the rock
samples. Velocities were then calculated by equation (1) as a function of both pressure
and temperature. In the measurements, pore pressures were controlled at 1450 psig
(100 bars or 10 MPa) for water and n-decane saturated rocks and O psig for air and the

heavy oil saturated samples.

The same rock sample was used for different pore fluid saturations: i.e., the rock
sample was ﬁrsi used for air saturation. After the velocities were measured, it was eva-
cuated and saturated with distilled water. After the velocity measurements on the
water saturated sample, the sample was put in a vacuum oven at moderate tempera-
ture (60° C) to dry. Then it was saturated with normal decane for the velocity meas-
urements. And accordingly, the sample was lastly saturated with the heavy oil after

dried from decane saturation.

The potential problem of using the same rock sample for four measurements (air,
water, n-decane, heavy oil saturations) was that there might exist velocity hysteresis
since for each measurement process the rock was confined to about 12500 psig (862
bars or 86.2 MPa). However, we confined the rock sample first for several cycles before
any measurement was made in order to eliminate or minimize such hysteresis. There-

fore, if there was still some hysteresis, it would be small (less than 1%).

To assure temperature and pressure equilibrium inside the rock sample, we waited

long enough between two measurement points. For example, once a temperature point
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was reached, we kept this temperature point constant for at least 45 to 60 minutes
before taking travel time measurements. For pressure, it took less time to equilibrate

but 20 minutes was still allotted between two pressure points.

The measurements were essentially made in the ultrasonic frequency range, with
central frequencies of about 1 MHz for compressional and about 0.6 MHz for shear

waves.

Measurement errors might come from the precision of the digital oscilloscope read-
ings, the uncertainties in picking the first break of the waveform train, uncertainties of
the pressure and temperature measurements, and uncertainties in measuring the length
of the sample. However we recorded waveforms at every measurement point onto
floppy disks so that we could examine them later. Hence the error should be more or
less systematic at every measurement point. The estimated total uncertainties were

less than 2% for both compressional and shear wave velocities.

EXPERIMENTAL RESULTS AND INTERPRETATIONS

Acoustic wave velocities were measured in the Berea sandstone and Monterey
dolomitic chert saturated with air (”dry”), distilled water, normal decane, and the
heavy oil, respectively, as a function of both temperature and pressure. In this section,
we show these experimental results and interpret the velocity behaviors of these two

rocks.
Velocities in Air-saturated Rocks

Compressional wave velocities (Vp) in the air saturated ("dry”) Berea sandstone
are shown in figure 1a versus pressure, and the corresponding shear wave velocities (Vs)
in the same rock sample are shown in figure 1b, at different temperatures. A common
feature in these two figures is that both Vp and Vs are strongly dependent on confining
pressures in the low pressure range, which suggests that the Berea sandstone may con-

tain substantial amount of thin (low aspect ratio) cracks. At lower pressures, increasing
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confining pressure tends to close the thin cracks and hence creates better contacts
between the rock grains and grains and cements, since thin cracks are more compliant
than pores. Such closures of thin cracks and better contacts in turn decrease the
porosity and increase the moduli of the rock sample. Further increasing the confining
pressure in the higher pressure range has less effect on the velocities owing to that the

thin cracks are already closed.

The compressional and shear wave velocities in the ”dry” Monterey dolomitic
chert (saturated with air) are shown in figures 2a and 2b, respectively, as a function of
pressure at different temperatures. Unlike those in the Berea sandstone, both Vp and
Vs in the chert increase with increasing pressure consistently: there are no dramatic
increases in low pressure ranges. This phenomenon apparently reflects that the dolomi-
tic chert does not contain thin (low aspect ratio) cracks. Therefore, increasing confining
pressure only decreases the porosity and makes better contacts between the rock grains

and grains and cements.

Shown in figures 2c and 2d are respectively the compressional and shear wave
velocities in the Monterey dolomitic chert versus temperature at different pressures.
Similar to those in the Berea sandstone shown in figures la and 1b, both Vp and Vs
decrease as temperature increases. Such decreases are mainly caused by the weakening
and softening of the rock frame and possibly by different thermal expansions of the
mineral constituents of the rock (Kern, 1982). However, the temperature dependence of
both Vp and Vs is relatively small and different at different pressures. Basically the
velocities decrease less than 5 to 6% at low pressures and about 2 to 3% at high pres-

sures in the measurement temperature range.
Velocities in Water-saturated Rocks

The compressional and shear wave velocities in the Berea sandstone saturated
with distilled water are shown in figures 3a and 3b, respectively, versus confining pres-

sure at a constant pore pressure of 1450 psig (100 bars or 10 MPa) at different
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temperatures. The confining pressure effect on the velocities (both Vp and Vs) is essen-
tially the same as observed in the dry rock. However, water saturation increases the
compressional wave velocities and decreases the shear wave velocities. The increase of
the Vp is due to the fact ‘hat water is much less compressible than air and therefore
substituting water for the air in the rock pores increases the bulk modulus of the rock.
The decrease of the Vs is caused by the increased demsity of the rock upon water
saturation. Since both air and water do not resist shear stresses, water saturation does
not change the shear modulus (if not considering the wetting eflect and other chemical

and physical interactions between the water and the rock).

Like those in the air saturated rock, both Vp and Vs in the water saturated Berea
sandstone decrease, but not strongly, as temperature increases. Again, this decrease

becomes less significant at high pressures (figures 3¢ and 3d).
Velocities in Normal Decane-saturated Rocks

The compressional and shear wave velocities in the Berea sandstone saturated
with normal decane are shown in figures 4a and 4b, respectively, versus confining pres-
sure at different temperatures, and in figures 4c and 4d, respectively, versus tempera-
ture at various confining pressures. The velocities are very similar to those in the same
rock sample saturated with water, except that the saturation effect is a little smaller
since n-decane is more compressible and has a lower density than water. The increase
in Vp and decrease in Vs upon n-decane saturation of the Berea sandstone are less

significant.

Shown in figures 5a and 5b are the compressional and shear wave velocities,
respectively, in the Monterey dolomitic chert as a function of confining pressure at
various temperatures. The pressure response of both the Vp and Vs are essentially
similar to that in the dry rock. i.e., there are no abrupt increases in either Vp or Vs as
the confining pressure increases. Like that in the Berea sandstone, the n-decane satura-

tion to the dolomitic chert also increases the Vp but decreases the Vs. The explanation
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to the Berea sandstone also applies to this chert.

The compressional and shear wave velocities in the same chert are shown in
figures 5c and 5d, respectively, versus temperature at different confining pressures. As
observed before, both Vp and Vs decrease as temperature increases. And such

decreases are leveled off at high pressures.

Both the compressional and shear wave velocities in the dry Berea sandstone and
Monterey dolomitic chert decrease about 5 to 6% at low pressures and around 2 to 3%
at high pressures, while in the water or n-decane saturated rocks, such decreases can be
as high as 10% at low pressures and around 3 to 4% at high pressures, in the measure-
ment temperature range (from 20 to 95° C). Therefore, liquid saturation enhances the
temperature dependence of the velocities, which is especially true for the shear wave
velocities. The possible explanation for this phenomenon is that the liquid in the pores
serves as lubricant. As temperature increases, the minerals in the rock tends to expand,
and the pore liquid makes such thermal expansion easier due to its lubrication eflect.
The lubrication effect of the pore liquid mainly contributes to the reduction of the
shear friction between mineral grains. Therefore it mainly affects the shear modulus of
the rock. At high pressures, such lubrication effect becomes less important since the
grains are already confined together and relative slidings between them are highly res-
tricted, so that even lubrication is put between grains, it does not reduce the shear fric-
tion much. Therefore, at high pressures, the temperature effect on the velocities is still

small in liquid saturated rocks.
Velocities in Heavy Oil-saturated Rocks

Figures 6a and 6b show that both the compressional and shear wave velocities in
the Berea sandstone sample saturated with the heavy oil are still strongly dependent
on the confining pressures at various temperatures. However, the heavy oil saturation
increases both the compressional and shear wave velocities. The increase in the

compressional velocity is again caused mainly by the increased bulk modulus of the
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pore fluid, and that in the shear velocity is caused by the viscous relaxation effect of
the pore fluid. Furthermore, the dispersion eflect also contributes to the Vp and Vs

increases.

The compressional and shear wave velocities in the heavy oil saturated Berea
sandstone are also plotted as a function of temperature at different pressures (figures 6¢
and 6d). The major difference of these two figures from those shown before is that both
Vp and Vs decrease faster as temperature increases. For example, Vp decreases by
14% and Vs by 17% at low pressure (Pe = 550 psig or 38 bars), and Vp by 11% and
Vs by 9% at high pressure (Pe = 10050 psig or 693 bars), in the measurement tem-
pe}ature range (from 22 to 82° C). These larger decreases are apparently related to the

fast decrease of the Vp in and viscosity of the heavy oil as temperature increases.

For the Monterey dolomitic chert saturated with the heavy oil, the compressional
and shear velocities are shown in figures 7a and 7b, respectively, as a function of
confining pressure (pore pressure equals zero) at different temperatures, and in figures
7c and 7d, respectively, as a function of temperature at various pressures. The pres-
sure responses of both the Vp and Vs are very similar to those in the same rock sample
saturated with other fluids (air, water, n-decane). The heavy oil saturation increases
the compressional velocity but still decreases the shear velocity, which again suggests

that the dolomitic chert indeed does not contain thin cracks.

As observed in the Berea sandstone, both the compressional and shear wave velo-
cities decrease faster in the heavy oil saturated chert than in the same sample
saturated with other fluids (air, water, n-decane). As temperature increases from 22° to
88° C, both Vp and Vs decrease by about 8 to 9%5. However, unlike that in the Berea
sandstone, this amount of decrease is essentially the same at any pressures in the meas-
urement range, which also suggests that the dolomitic chert basically contains only

round pores which are still open at high pressures.
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Effect of Different Pore Fluids

From the experimental results shown above, we see that fluid saturation to the
rocks affects both the compressional and shear wave velocities. The magnitude of such
effects is different for different pore fluids. In this section, we compare the effects of
different pore fluid saturations on both Vp and Vs and provide some explanations on

the possible causes. More quantitative analyses will appear in the next chapter.

Figure 8a shows the compressional wave velocities as a function of temperature at
effective pressure of 2550 psig (176 bars or 17.6 MPa) in the Berea sandstone sample
saturated with the four diflerent pore fluids. A common feature in this figure is that
liquid saturation increases the compressional wave velocities in the rock. Such increase
is predicted by both the Gassmann relation (Gassmann, 1951) and the Biot theory
(Biot, 1956) to be caused by the increase of the bulk modulus of the rock-fluid aggre-
gate. The amount of such increase is mainly dependent on the pore fluid bulk modulus

for the same rock sample.

The effect of the heavy oil saturation is much larger than expected. Since the
bulk modulus and density (and hence compressional velocity) of the heavy oil are very
close to those of water at room condition, we would expect, according to the Biot
theory or Gassmann equation, similar compressional velocity in the heavy oil saturated
rock sample as that in the same sample saturated with water. Such discrepancy of the
measured Vp from that expected may be caused by several factors such as dispersion,
chemical interaction and interfacial energy, and the contribution of the increased shear

modulus due to the viscous relaxation of the pore fluid, etc..

Velocity dispersions usually always occur in liquid saturated rocks. That is, wave
velocities increase with increasing frequency of the wave. Such a phenomenon is closely
related to the inertial drag effect of the pore fluid (Biot mechanism), pore pressure gra-
dients caused by the compliance heterogeneity of the pores ("local low” mechanism),

and pore fluid viscous relaxation effect. We will quantitatively analyze and discuss the
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velocity dispersion effect in the next chapter.

The abnormally high Vp in the heavy oil saturated Berea sandstone may be
partly contributed by the chemical effect. Generally speaking, liquid saturation tends to
weaken the frame of the rock. When the rock sample is very dry, the compressional
wave velocity may be 2-3% higher than that in the same sample which contains a
small amount of liquid (say room dry condition) (Gregory, 1976; Murphy, 1982; Bacri
and Salin, 1986). Oil is generally less reactive than water with the rock frame, therefore
the chemical weakening effect in oil saturated rocks is smaller. In turn, we see higher

Vp in oil saturated rocks.

The increased shear modulus of the rock with the heavy oil may also contribute
to the increase in the compressional wave velocities. As seen in figure 8b, the shear
wave velocities are systematically higher than those in the same Berea sandstone sam-
ple saturated with air, water, or n-decane, which is caused by the viscous skinning
effect of the shear waves. Such higher shear velocities (i.e. higher shear modulus) also
contribute to the compressional velocities since compressional velocities are related to
both the bulk and shear moduli.

In figure 8b, both the water and n-decane saturations to the Berea sandstone sam-
ple decrease the shear velocities due to the increased density of the rock-fluid aggre-
gate. Since water is denser than n-decane, its saturation effect is larger. The higher
shear wave velocities in the same sandstone sample saturated with the heavy oil are
apparently caused by the viscous skinning eflect. According to the theory of wave pro-
pagation in fluids, shear waves can penetrate into viscous fluids by a depth called "skin

depth” which is expressed as (Thurston, 1964)

where n and p are the shear viscosity and density of the fluid, respectively, and s is

the frequency of the shear wave.
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According to the above expression, the shear wave traveling in a rock sample
saturated with viscous fluids can penetrate through those cracks and pores with axis in
the direction of wave propagation shorter than the ”skin depth” of the wave. There-
fore, the shear modulus of the rock is increased. For the heavy oil saturated Berea
sandstone, the skin depth at 85° F (29.4° C) (n = 28300 cp or 28.3 Pas) is about
0.012 cm which may be longer than the diameter of many pores in this sandstone
(assuming p = 1,000 Kg /m® and f = 0.6 MH:). For the water saturated Berea sand-
stone, the viscous skin depth is only about 0.73 um which is obviously shorter than the
diameter of most pores in this rock. Therefore, according to such a theory, the shear
waves can travel through the heavy oils inside the thin cracks of the rock but not the

water, hence we see higher shear wave velocities.

As temperature increases, the viscosity of the heavy oil decreases very fast
(exponentially), so that the shear velocity in the heavy oil saturated rock becomes

closer to those in the same rock saturated with other liquids.

The viscous skinning eflect on shear wave velocities is only secondary. The pri-
mary factor is still the density of the pore fluid. Therefore, even though the viscous
skinning effect increases the shear modulus of the rock-oil aggregate, the shear velocity

is still not greatly increased due to the added density to the rock sample.

Figure 8c shows that the saturation eflect on the compressional wave velocities in
the Berea sandstone is decreased at higher effective pressure (6550 psig or 452 bars),
due to the closure of the thin cracks. Since at high pressures, thin cracks are closed and
the velocity in the dry rock is high, so that the velocity difference caused by the
different fluid saturations becomes smaller. At higher eflective pressures, the shear
viscous skinning effect is also smaller due to the closure of the thin cracks and since
only the round pores are open. Furthermore, the fast viscosity decrease of the heavy oil
caused by the temperature increase causes the viscous skin depth to rapidly drop to

the value of less than the diameter of these round pores.
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Figure 9a shows the compressional wave velocities in the Monterey dolomitic chert
saturated with different pore fluids (air, n-decane, and the heavy oil) at 22° C. All the
compressional wave velocities have similar response to the effective pressure changes,
except that when the sample is saturated with the heavy oil at low pressures. This
phenomenon is apparently caused by the creation of thinner pores or cracks by the
effective pressure increase, so that the viscous skinning effect is added. This explanation
is also supported by figure 9b which shows that the shear wave velocity is increasing
faster as the effective pressure increases in the low pressure rangeb. Also shown in figure
9b is that the shear wave velocities are basically not affected by the heavy oil satura-
tion, which may suggest that the eflects of increased density due to saturation and of

the viscous skinning just cancel each other.

Shown in figure 10a and 10b are the compressional and shear wave velocities,
respectively, in the same Monterey dolomitic chert saturated with the three different
pore fluids (namely, air, n-decane, and the heavy oil) as a function of temperature at
effective pressure of 2000 psig (138 bars). The compressional wave velocities are
increased, while the shear wave velocities are decreased, systematically by the liquid
saturations. The slight decrease of the shear wave velocity in the chert upon the heavy
oil saturation indicates that the density effect, but not the viscous skinning eflect, is

dominant, due to the fact that the chert contains mainly round pores.

At effective pressure of 6000 psig (414 bars, or 41.4 MPa) and lower temperatures,
the difference between the compressional wave velocities in the n-decane and heavy oil
saturated chert is slightly increased, owing to that at higher eflective pressures, more
thin cracks or pores are created, so that more viscous skinning effect is added (figure
10c). This explanation is apparently supported by figure 10d which shows that the

difference between the shear wave velocities is larger at higher effective pressures.
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Vp/Vs Ratios

The Vp/Vs ratios in the air-saturated Berea sandstone and the Monterey dolomi-
tic chert are plotted in figure 11a and 11b, respectively. The Vp/Vs in both of these
two rocks increase rapidly with increasing confining pressures, but slightly decrease
with increasing temperature. Since Vp is related to both the bulk and shear moduli
while Vs is only related to the shear modulus, the results suggest that increasing
confining pressure increases, and increasing temperature decreases, both the bulk and

shear moduli of the rocks (the moduli are shown later).

While the Vp/Vs ratios increase with increasing effective pressure in the air-
saturated Berea sandstone, they decrease with increasing effective pressure when the
rock is saturated with liquids (water, n-decane, and the heavy oil). The results are

shown in figures 12a, 12b, and 12c, respectively.

The Vp/Vs is defined as

Vp / Vi =,/—R 1
p/Ve “+3,

where K and pu are the bulk and shear moduli, respectively. Our Vp/Vs results reveal
that as the effective pressure increases, the bulk modulus increases faster than the
shear modulus in dry rocks, while in the Berea sandstone fully saturated with liquids, u
increases faster than K in low pressure ranges. In a gas-saturated rock, increasing the
effective pressure deforms the pores of the rock, so that both K and u of the rock
increase. In a liquid saturated rock, since the pore liquid is also highly incompressible,
the bulk modulus of the rock is less sensitive to the pressure change; while the closure
of the thin cracks in the rock increases the shear modulus greatly in the low pressure

range, which results the Vp/Vs decrease.

In the Monterey dolomitic chert saturated with liquids (n-decane and heavy oil),
the Vp/Vs ratios hardly change with pressure: i.e., both KX and p increase in the same

rate as the effective pressure increases, which again confirms the previous statement
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that the chert does not contain thin cracks or low aspect ratio pores.
\
Different liquid saturation also affects the Vp/Vs ratios slightly, which is mainly

caused by the density and viscous skinning effects on the shear wave velocities.

At shallower depth, say less than 1000 meters (3050 feet) (equivalent to confining
pressure of 3840 psig or 265 bar), the Vp/Vs ratio in the air-saturated Berea sandstone
is around 1.55, while it is about 1.9 or 1.7 when the rock is water or oil saturated. In
the dolomitic chart, the Vp/Vs ratio of the gas-saturated rock sample is also obviously

different from those of the liquid-saturated sample.

From the experimental results, we see that the Vp/Vs ratios may well be an indi-
cator which can be useful in delineating gas from liquid saturations in reservoir rocks,
since the Vp/Vs ratios in gas-saturated rocks are lower than those in liquid saturated

rocks.
Elastic Moduli of the Rocks

The bulk and shear moduli of the rocks with different pore fluids were calculated

using the velocity data. The bulk modulus
K =p( sz-%Vaz),

and the shear modulus
p=p Va?,
where p is the density of the rock.

Figure 14a shows that the bulk modulus of the air-saturated Berea sandstone
increases faster than the shear modulus as the confining pressure increases. However,
in figures 14b, 14c, and 14d, the shear moduli of the same Berea sandstone sample
saturated with water, n-decane, and the heavy oil, respectively, increase faster than the
bulk moduli in the low effective pressure range (below 5000 psig or 345 bars), while at

higher pressures, the shear and bulk modulus curves are essentially parallel as the
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effective pressure increases. Theses modulus responses to the pressure changes also pro-

vide explanations to the Vp/Vs results shown in figures 11 to 13.

In figure 15a, the bulk modulus of the air-saturated Monterey dolomitic chert also
increases faster than the shear modulus as the confining pressure increases. In the same
chert sample saturated with n-decane and the heavy oil, the bulk and shear moduli

increase with about the same rate as the confining pressure increases.

Figures 16 and 17 show the bulk and shear moduli of the Berea sandstone sample
saturated with water and n-decane, respectively. At high confining pressures, the bulk
moduli of both the water- and n-decane-saturated rock are insensitive to the tempera-
ture changes. However, at low confining pressures, the bulk moduli are affected by the
pore fluid properties: For example, at confining pressure of 2000 psi (138 bar, or 13.8
MPa) (eflective pressure = 550 psi or 38 bars), the bulk moduli of the water-saturated
sample increases slightly as temperature increases below 75° C, which is correspondent
to the bulk modulus increase of the pore water. The shear moduli of the Berea sand-

stone sample always decrease with increasing temperature, although at high confining

pressures, such decrease is slower.

In figure 18, both the bulk and shear moduli of the same Berea sandstone sample
saturated with the heavy oil decrease rapidly at any pressure level as temperature
increases. Such rapid decreases are directly related to the properties of the heavy ail,
since both the bulk modulus and the viscosity of the heavy oil decrease very rapidly

with increasing temperature.

As observed in the Berea sandstone sample, the bulk moduli of both the air- and
n-decane-saturated Monterey dolomitic chert sample are insensitive to the temperature
changes at high effective pressures (figures 19 and 20). The shear moduli decrease con-

sistently as temperature increases.

Both the bulk and shear moduli of the same chert saturated with the heavy oil

decrease rather rapidly as temperature increases (figure 21), as also observed in the
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Berea sandstone.

The eflect of different pore fluid saturation on the bulk and shear moduli of the
Berea sandstone sample and of the Monterey dolomitic chert sample are shown in
figures 22 and 23, respectively. The liquid (water, n-decane, and the heavy oil) satura-
tion increases the bulk moduli of the rocks, sincé the pore liquids are much less
compressible than air. The magnitude of such bulk modulus increase is dependent on
the bulk modulus of the pore fluid. However, the bulk modulus of the heavy oil-
saturated Berea sandstone is much hi‘gher.than that of the same sandstone sample
saturated with water, although the bulk modulus of the heavy oil is about the same as
that of water. This bulk modulus anomaly is caused by the dispersion of the wave

velocities which will be discussed and analyzed in the next chapter.

The shear moduli of the Berea sandstone sample saturated with different pore
fluids are very close to each other, except that of the same sample saturated with the
heavy oil. The higher shear modulus of the heavy oil-saturated sandstone is caused by
the viscous skinning effect of the heavy oil, as discussed previously. Figure 22b also
shows that the water saturation does not change the shear modulus of the Berea sand-
stone. However, the n-decane saturation increases the shear modulus slightly, which
may be caused by that n-decane is a non-wetting fluid to the Berea sandstone so that
the surface energy at the rock grain-n-decane interfaces is higher (Murphy, et al.,

1984).

As observed in the Berea sandstone sample, the shear modulus of the Monterey
dolomitic chert saturated with the heavy oil is also higher than that of the same sam-
ple saturated with air. In contrast, however, the n-decane saturation decreases the
shear modulus of the same chert sample, which may l;e caused by the interactions of

the pore fluid with the mineral constituents of the rock.

From the experimental results, we see that the pore fluid difference affects not

only the velocities in, but also the moduli of, the rocks. The effects are caused by the
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compressibility and viscosity differences of the pore fluids and the velocity dispersions

which will be discussed in the next chapter.

APPLICATION:

Reflection Coefficients at Light-Heavy Oil Saturation Interfaces

Our experimental results show that there exists pronounced difference between the
measured compressional wave velocities in light oil (normal decane) and heavy oil (oil
C) saturated rocks, especially in the Berea sandstone sample, which suggests that
saturation interfaces between light and heavy oils might be also the reflection boun-
daries of seismic waves. Therefore we calculated the reflection coeflicients at the normal
decane-heavy oil saturation interface in the Berea sandstone, and as a comparison, the
reflection coefficients at the air-water saturation interface in the same sandstone were

also calculated. The calculated results are listed in the following table.

Reflection Coeflicients

Berea
Sandstone =23° C T =91°C
Saturation Effective P (psig) | Effective P (psig)
Interface 2550 6550 2550 6550
N-Decane
.- 0.0636 | 0.0598 0.0346 | 0.0201
ol C
Air
- 0.0742 0.0573 0.0889 0.0609
Water

From the above table, we see that at low temperatures (most heavy oil reservoirs
have low reservoir temperatures), the reflection coefficients of the acoustic waves at the
light-heavy oil saturation interface could be as large as, or even larger than, those at
the air-water saturation interface in the same rock, which means "bright spots” may

exist not only at the gas-water saturation interfaces, but also at the light-heavy oil
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interfaces. Hence, such light-heavy oil saturation interfaces can be detected by conven-

tional seismic and acoustic logging methods.

The dispersion analysis which will be shown in the next chapter shows that the
wave velocities are dispersive even at seismic frequenc.es in heavy oil saturated rocks,
which means that in the seismic frequency band the velocities are about equal to the
values measured at 1 MHz frequency in the laboratory. This suggests that the seismic
wave reflection would be stronger at the light-heavy oil interfaces in the seismic fre-
quency band since the velocities in light oil saturated rocks are a little lower at seismic

frequencies due to dispersion.

The reflection coefficients at the light-heavy oil saturation interfaces are depen-
dent on both the effective pressure and temperature. At higher effective pressures, the
effect of different pore fluids is decreased due to the closure of the cracks and thin
pores, so that the reflection coeflicients are decreased. As temperature increases, the
compressional wave velocity in heavy oil saturated rocks decreases faster due to the
dramatic decreasing in the Vp and viscosity of the heavy oil, so that the refiection

coeflicients at the light-heavy oil saturation interface decrease.

The light-heavy oil interfaces may exist in the field. Figure 24 is a map of pért of
the Lagunillas field, Venezuela, showing the API gravity of the the oil (after Dickey
and Hunt, 1972). In this map, the shallowest oil has an API gravity of 12°. The oil
becomes gradually lighter downdip. At a depth of 1500 m (4921 feet), the API gravity
of the oil is 20°. In this reservoir, the heavier oil overlies the lighter oil, which is physi-
cally impossible if there is continuity of the vertical permeability and if the fluid is
Newtonian. The explanation of Dickey and Hunt (1972) for this situation is that the
shallow oil has become highly asphaltic as a result of loss of its light ends in water
solution. Asphalts, which are non-Newtonian, may have formed a gel which prevented

the gravitational adjustment of the fluids and the leakage of the oil at the outcrop.
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SUMMARY AND CONCLUSION

Our experimental results show that the velocities in fluid saturated rocks are
related to the pore fluid type. Generally speaking, besides the effect of the bulk
modulus of the pore fluid, the viscosity and the chemical effect of the fluid on the sur-
face of the rock grains also play important roles on the velocities in the rock-fluid

aggregate.

The viscosity of the pore fluid affects both the compressional and shear wave velo-
cities in rocks, especially in those crack-rich rocks. Our analyses show that when the
viscosity of the pore fluid is high, the pore fluid does not have enough time to get
relaxed during a half period of the acoustic wave passing through, so that the meas-
ured velocities (both Vp and Vs) are higher. Such a phenomenon is especially very

common in thin crack-rich rocks such as granites and many sandstones.

Another effect of the pore fluid viscosity is that it also increases the measured
shear wave velocities in thin crack-rich rocks through the viscous skinning effect. How-
ever, such viscous skinning effect is only secondary, the primary factor on the shear

wave velocity is still the density of the pore fluid.

The Vp/Vs ratio of a rock basically can not tell if the rock is light oil, or heavy
oil, or water saturated. But there does exist pronounced difference between the Vp/Vs
ratios of a gas-saturated and a liquid-saturated rock: the Vp/Vs ratio in gas-saturated
rocks is always lower. Therefore, Vp/Vs ratios may be useful in delineating gas from

liquid saturations in reservoir rocks.

Both the Bulk and shear moduli of the rocks are affected by the pore fluid
difference. The bulk modulus of a saturated rock is directly related to the bulk
modulus of the pore fluid and the velocity (or modulus) dispersions. The shear
modulus of a saturated rock is related to the viscosity of the pore fluid and the thin
crack content of the rock. Furthermore, both the bulk and shear moduli may be also

related to the pore geometry and structure of the rock and to the interactions of the
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pore fluid with the rock frame.

The experimental results show that it is highly possible that there exist wave
reflections at the light-heavy oil saturation interfaces in rocks. Such reflections could be
as strong as, or even stronger than, the reflections at the air-water saturation interfaces
in the same rocks. Therefore, it is suggested that the term ”oil” is oversimplified in the
interpretations of seismic and acoustic logging results, and one should specify whether

it is light or heavy oil when referring to oil saturations.
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FIGURE CAPTIONS

Figure 1. Compressional (a) and shear (b) wave velocities in the Berea sandstone
saturated with air. ~

Figure 2. Compressional and shear wave velocities in the Monterey dolomitic chert
saturated with air versus confining pressure (a, b) and temperature (c, d).

Figure 3. Compressional and shear wave velocities in the Berea sandstone
saturated with water versus confining pressure (a, b) and temperature (¢, d).

Figure 4. Compressional and shear wave velocities in the Berea sandstone
saturated with normal decane versus confining pressure (a, b) and temperature (c, d).

Figure 5. Compressional and shear wave velocities in the Monterey dolomitic chert
saturated with normal decane versus confining pressure (a, b) and temperature (c, d).

Figure 6. Compressional and shear wave velocities in the Berea sandstone
saturated with the heavy oil versus confining pressure (a, b) and temperature (c, d).

Figure 7. Compressional and shear wave velocities in the Monterey dolomitic chert
saturated with the heavy oil versus confining pressure (a, b) and temperature (c, d).

Figure 8. Compressional and shear wave velocities in the Berea sandstone
saturated with different fluids as function of temperature at eflective pressures of 2,550
psig (a, b) and 6,550 psig (c, d).

Figure 9. Compressional (a) and shear (b) wave velocities in the Monterey dolomi-
tic chert saturated with different fluids versus effective pressure at 22° C.

Figure 10. Compressional and shear wave velocities in the Monterey dolomitic
chert saturated with different fluids as function of temperature at effective pressures of
2,000 psig (a, b) and 6,000 psig (c, d).
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Figure 11.'Vp/Vs ratios in the air-saturated Berea sandstone (a) and Monterey
dolomitic chert (b) as a function of confining pressure.

Figure 12. Vp/Vs ratios in the Berea sandstone saturated with water (a), normal
decane (b), and the heavy oil (c), respectively, versus confining pressure at various tem-
peratures.

Figure 13. Vp/Vs ratios in the Monterey dolomitic chert saturated with normal
decane (a) and the heavy oil (b), respectively, versus pressure at various temperatures.

Figure 14. Bulk and shear moduli of the Berea sandstone saturated with air (a),
water (b), n-decane (c), and the heavy oil (d), respectively.

Figure 15. Bulk and shear moduli of the Monterey dolomitic chert saturated with
air (a), n-decane (b), and the heavy oil (c), respectively.

Figure 16. Bulk (a) and shear (b) moduli of the Berea sandstone saturated with
water, versus temperature at different confining pressures.

Figure 17. Bulk (a) and shear (b) moduli of the Berea sandstone saturated with
n-decane, versus temperature at different confining pressures.

Figure 18. Bulk (a) and shear (b) moduli of the Berea sandstone saturated with
the heavy oil, versus temperature at different confining pressures.

Figure 19. Bulk (a) and shear (b) moduli of the Monterey dolomitic chert
saturated with air, versus temperature at different confining pressures.

Figure 20. Bulk (a) and shear (b) moduli of the Monterey dolomitic chert
saturated with n-decane, versus temperature at different confining pressures.

Figure 21. Bulk (a) and shear (b) moduli of the Monterey dolomitic chert
saturated with the heavy oil, versus temperature at different confining pressures.

Figure 22. Effect of different pore fluids on the bulk (a) and shear (b) moduli of
the Berea sandstone at 22° C.

Figure 23. Effect of different pore fluids on the bulk (a) and shear (b) moduli of
the Monterey dolomitic chert at 22° C.

Figure 24. A map of part of the Lagunillas field, Venezuela, showing the API
gravity of the oil (after Dickey and Hunt, 1972).
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CHAPTER 8

DISPERSION ANALYSIS OF VELOCITIES IN ROCKS

ABSTRACT

Velocity dispersions in three rocks saturated with water, normal decane, and two
heavy oils, respectively, are calculated in this chapter, using Winkler’s method. The
results show that the apparent velocity dispersions in light fluids (water and normal
decane) saturated rocks are relatively small, usually less than 3 to 5 percent, while
those in the same rocks saturated with heavy oils are much larger. Such apparent velo-
city dispersions are well explained by the "local flow” mechanism which relates the
dispersions to the viscosity of the pore fluid, the pore geometry and permeability of the

rock, and the effective pressure and temperature.

The Biot velocity dispersions calculated using the Biot low and high frequency
limits of the velocities in the rocks are very small, typically less than 2 percent. Such
Biot velocity dispersions are explained in terms of the Biot theory which relates the
Biot dispersion to the viscosity of the pore fluid and the permeability of the rock in a

way which is just opposite to the "local low” mechanism.

According to either the ”"local flow” mechanism or the Biot theory, the tempera-
ture dependence of the compressional wave velocities in heavy oil saturated rocks in
the seismic frequency band should be about the same as that observed in the labora-
tory at 1 MHz frequency, which means that the laboratory results can be directly
applied in the field. Therefore, in-situ seismic monitoring thermal EOR processes and

tracking the thermal fronts in such processes are possible.
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INTRODUCTION

It has been known that acoustic wave velocities inv fluid saturated rocks are
dispersive (i.e., they are function of frequency). Unfortunately, very few quantitative
measurements or estimation of such velocity dispersions exist in the literature. Even up
to now, we still do not know exactly how much velocity dispersion occurs in fluid
saturated rocks from seismic to laboratory ultrasonic frequencies, which is mainly due
to the fact that it is very difficult to measure such dispersions quantitatively both in

the field and in the laboratory.

The study of velocity dispersions in rocks is very important and yet poorly under-
stood. Basically, in seismic explorations the wave frequencies are in the band of 10 to
200 Hz, and in acoustic well logging, the frequencies of the acoustic waves cover a
range of several hundred Hertz to about 100 KHz, while in the laboratory, waves of
ultrasonic frequencies (500 KHz to several MHz) are usually employed. Therefore, in
order to apply the laboratory velocity data in seismic and log interpretations, it is
apparently necessary to know quantitatively the dispersion values of the velocities.
However, such quantitative knowledge about velocity dispersions is usually difficult to
obtain, since up to now there is no reliable method which can measure the velocities as
a continuous function of frequency over a broad band either in the field or in the

laboratory.

On one hand, in the field it is very difficult to use high frequency waves in rela-
tively large scale explorations due to their fast attenuations. On the other hand, in the
laboratory one can not arbitrarily lower the wave frequency since the measurements
are usually affected by the scaling or boundary conditions when the rock sample is
shorter than a half wavelength. Knowing these difficulties, Winkler (1983, 1985, 1986)
developed a method which can estimate the velocity dispersions in fluid saturated
rocks. This method is simple and straightforward and gives relatively accurate disper-

sion estimations.



-368-

In this chapter, we follow Winkler’'s method and calculate the velocity dispersions
in three rocks saturated with various pore fluids. The calculated results are interpreted
in terms of the "local low” mechanism and other factors which may affect the calcula-

tions.

METHOD AND CALCULATIONS

As has been known, the Gassmann equation (Gassmann, 1951) is regarded as the
low frequency approach of wave propagations in porous media. It relates the moduli of
the fluid saturated porous medium to those of the frame and grains of the porous
material and of the pore fluid. In our treatment, we refer the difference between the
measured velocities and those calculated using the Gassmann equation as the absolute

apparent dispersion. Therefore, the apparent dispersion is defined as

VMumred - VGaumann

Apparent Dispersion =
VMeuured

In the Biot theory, Biot (1956) gave two frequency limits of the acoustic velocities
in porous media. The low frequency limit is actually the Gassmann equation, and the
expression of the velocity at the high frequency limit will be given later. We refer the
absolute Biot dispersion as the difference between the calculated velocities by using the
Biot high frequency limit and the Gassmann equation. Therefore, the Biot dispersion is
defined as

VBiol - VGanmann

Biot Dispersion =
VBiot

In the calculation, the only major assumption needed is that there is no velocity
dispersion in dry rocks, which is supported by experiments (Peselnick and Outerbridge,
1961; Spencer, 1981). The Gassmann equation, which is also the low frequency limit of
the Biot theory, is used to calculate the velocities in fluid saturated rocks at essentially

zero frequency. The equations used in such calculations are as following:
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K, - K; )
e K,{1-¢-((Kd/K,)di T
and
Vu®=N/p.,
where
Ky =Pd[VPd2-%VSd2]
and

N =p;V,?

are the bulk and shear moduli of, py; = (1 - ¢)p, is the density of, and Vp; and V,
are the compressional and shear wave velocities in, the dry rock, respectively. The

other notations are:
¢ porosity;
p, density of the solid grains of the rock;
K; bulk modulus of the pore fluid;
K, bulk modulus of the solid grains;
py density of the pore fluid;
pe = (1-¢)p, + dp; density of the saturated rock;
Vp, low frequency limit compressional velocities in the saturated rock:
Vs low frequency limit shear velocities in the saturated rock;
Ve, high frequency limit compressional velocities in the saturated rock;

Vs, high frequency limit shear velocities in the saturated rock.

The high frequency limit of the velocities in the Biot theory is used to calculate
the high frequency limit velocities in fluid saturated rocks. The formulations are shown

in the following.
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Shear wave velocity

N
pa + (1= (1/a)iép;

2
Vg < =

Compressional wave velocity

_A+[A?-4B(PR - QYF

1% 2
Ph °B

where
A = Ppoy+ R pyy - 2Q pya,

B = py1p90 - 9122r

p oo (L2 0N = 8= (G /KK, + 0, /K Ke | 4
D 3
R ==¢2K,/D,
Q = [1‘4"(KJ/K0)]¢K1
D ?
_ Kd Kc
D —1_¢-—KT+¢7,_'

P11t P12 = P4,
P22 + P12 = %Py,
P12 =(1-a)dp; ,

and o is called the tortuosity parameter which is defined in the Biot theory as a non-
dimensional parameter that is dependent on the pore geometry of the porous medium.
For pores of parallel tubes, @ = 1. For typical sandstones, a value of a = 2 seems to
be reasonable (Winkler, 1986; Johnson, 1982). In fact, the value of a only affects the

Biot dispersion calculations as seen in the above equations.
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Calculations using the Gassmann equation and the Biot high frequency limit are
made for three rocks, namely, Berea sandstone, the Monterey dolomitic chert, and Mas-
sillon sandstone. The pore fluids are distilled water, normal decane, the heavy oil C,
and the heavy oil 2, respectively. The compressional wave velocities and densities (and
hence the bulk moduli) of the distilled water as a function of temperature and pressure
can be found in the CRC Handbook of Chemistry and Physics and Wilson (1959).
Those of the heavy oils C and 2 can be foufxd in chapter 3 and chapter 5, respectively.

The properties of the normal decane can be found in chapters 3 and 4.

The input parameters of p,, o, K,, and the temperature and pressure depen-

dences of the densities of the dry rocks (p, ) are listed in the following table.

Parameter Berea Moﬁterey Massillon
Porosity at 2000 psig 0.18 0.15 0.22
Porosity at 6000 psig 0.17 0.15 0.21
Grain Density p, , kg /m3 2650 2670 2650
Grain Bulk Modulus K, , GPa 44 38 40
Tortuosity o 2 3 2

T Dependence of pg, (¢ /em3)/°C  -5%x10™* -5%10"* -5x107*

P Dependence of p,, (g /em®)/psi 107 10°° 10°°

In the above table, K, is calculated from the compressional and shear wave velo-
cities in the rock grains. For the Berea sandstone, we used Vp = 6000 m/sec and Vs =
3800 m/sec; for the Massillon sandstone K, is chosen according to Han (1987); and for
the Monterey dolomitic chert, the Vp and Vs of the rock grains are calculated through

the empirical equation given by Han (1987):
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Vp = 5590 - 2190C  (m /sec),
Vs = 3520 - 1890C  (m /sec),

where C is the clay content (by volume in percentage) of the rock. Since the dolomitic
chert contains about 8% (by volume) clay, we have the Vp = 5415 m/sec and Vs =

3369 m/sec for the rock grains, which yields K, = 38 GPa.

The porosity of the rock is assumed to be not affected by temperature changes,

but varies a little as pressure changes as shown in the above table.

The uncertainty in choosing K, for the rocks may yield errors in the compres-
sional wave velocity calculations. However, as one can see from the Gassmann equation
and the Biot high frequency limit, the compressional wave velocities to be calculated
are not very sensitive to the values of K,. We checked the sensitivity of the compres-
sional wave velocities to K, by changing K, of the Monterey dolomitic chert from 38
GPa to 48 GPa, the calculated compressional wave velocities only resulted about 1.5%
increase. Therefore the uncertainty in choos}ng the values of K,"ﬁ does not contribute

much to the uncertainty in the calculated Vp, as long as such choosing is reasonable.

The pressure and temperature dependences of the dry rock densities assumed in
the above table are believed reasonable within an order of magnitude in the measure-
ment ranges of the pressure (2000 to 6550 psig, or 13.8 to 45.2 MPa) and temperature
(21 to 120° C). Such assumptions are based on the observations on other materials
(e.g., for Aluminum, the thermal expansivity is 2.4X10™° /° C, CRC Handbook of

Chemistry and Physics).

It should also be pointed out that all the moduli in the Gassmann equation and
the Biot high frequency limit are dynamic. Especially in the Gassmann equation, the
calculated velocities are essentially of "zero” frequency, but they are different from
those velocities derived from “static” measurements, since the "static® moduli are usu-

ally measured at much higher strain amplitudes (usually higher than 107%), while the
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moduli in the Gassmann equation and Biot theory are dominated by the wave

phenomenon with strain amplitude of less than 10% — 107,

RESULTS AND INTERPRETATIONS
Velocity Dispersion in Water-saturated Rocks

Shown in figures 1a to 1d are the calculated compressional and shear wave veloci-
ties, along with those measured, in the water saturated Berea sandstone using the
Gassmann equation and the high frequency limit of the Biot theory. At lower effective
pressure of 2550 psig (176 bars or 17.6 MPa), the calculated compressional wave velo-
city dispersion is less than 3.5% (figure 1a), while at higher effective pressure of 6550
psig (452 bars or 45.2 MPa), t..he‘compressior'lal wave velocity has virtually no disper-
sion (figure 1b). i.e., for the water saturated Berea sandstoné, the Gassmann equation

can predict fairly accurate compressional wave velocities at higher pressures.

The shear wave velocities in the water saturated Berea sandstone have approxi-
mately negative dispersions, especially at the higher pressure (figures 1c and 1d). This
phenomenon may be caused by the chemical interactions between the rock frame and
the pore water since in both the Gassmann equation and the Biot theory, the chemical
weakening effect of the pore fluid on the rock frame is not included. On the other
hand, it may also be caused by the fact that the input K; and N values in the calcu-
lation are those of the dry rock (the Berea sandstone was dried in a vacuum oven
under modest temperature for several days before measurement) instead of those of the
drained rock (a few percent moisture saturation) as required by the Biot theory (Biot,
1956). And hence the calculated velocities might be a little overestimated. Nevertheless,
one can see that the Gassmann equation and the Biot theory can predict fairly accu-

_rate velocities for the water saturated Berea sandstone.

Unlike the Berea sandstone, the Massillon sandstone was room dried. Hence in

the calculation, the input values of K; and N are those of the drained rock (about 3%
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water saturation). Figures 2a and 2b show the calculated compressional and shear wave
velocities, respectively, using the Gassmann equation and the Biot high frequency limit,
along with the measured velocities. The calculated apparent dispersion for the compres-
sional wave velocity is around 2%, while that for the shear wave velocity is around 5%.
The amount of dispersions is reasonable for both Vp and Vs, comparing to the calcu-

lated results by others (Winkler, 1986; Han, 1987).

Comparing the calculations for the Berea sandstone and the Massillon sandstone,
one can see that it is the moduli of the drained rock, not the dry rock, that should be
used in the velocity calculations. The physical aspect behind this statement is that one
simply eliminates the effects of chemical weakening and probably wetting of the pore
fluids on the calculated velocities if the moduli of the drained rock are used. In prac-

tice, the drained rock can well be referred as the room-dried rock.
Velocity Dispersion in N-decane-saturated Rocks

For the normal decane saturated Berea sandstone, the calculated, along with
those measured, compressional and shear wave velocities are shown as a function of
temperature at two effective pressures in figures 3a through 3d. The apparent disper-
sions of the compressional wave velocities are around 3.0 to 4.5% at effective pressure
of 2550 psig (176 bars, or 17.6 MPa), and decrease to about 1.0 to 2.5% at effective
pressure of 6550 psig (452 bars or 45.2 MPa) (the pressure dependence of velocity
dispersion will be discussed later). The apparent dispersions for the shear wave veloci-

ties are about 3% at 2550 psig and decrease to about 19 at 6550 psig.

Comparing the calculated velocity results in the water saturated and normal
decane saturated Berea sandstone, one can see the wetting or chemical weakening effect
of the pore fluids on the velocities. The input rock parameters for these two calcula-
tions are exactly the same, but the calculated apparent dispersions for the normal
decane saturated rock (the same rock sample was also used for water saturation) are

obviously higher than those in the water saturated rock. Since the rock sample was dry
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before saturation, saturation of the rock with water apparently weakened the rock
frame, and which in turn lowered the measured velocities (both Vp and Vs). However,
the normal decane saturated to the rock did not weaken the rock frame much since the
Berea sandstone is essentially water (not oil) wet and also the normal decane is less

chemically reactive than water.

From the above discussion, one can see that the effects of wetting and chemical
weakening of the pore fluids on the velocities should be counted in calculating the
apparent dispersions of the velocities. Therefore, we suggest that for velocity and
apparent velocity dispersion calculations in water saturated rocks using the Gassmann
equation or the Biot theory, the input K; and N should be those of the drained or
room dried rock; while for the calculations in oil or other non-wetting fluid saturated
rocks, the input K; and N should be those of the dry rock. Otherwise, one would
either underestimate (if using the moduli of the dry rock in the case of the water
saturated rock) or overestimate (if using the moduli of the drained rock in the case of

oil or non-wetting fluid saturated rock) the apparent velocity dispersions.

Shown in figures 4a and 4b are the calculated and measured compressional wave
velocities in the Monterey dolomitic chert saturated with normal decane. Basically, the
compressional wave velocities do not have dispersions in this rock (less than 1%). How-
ever, the shear wave velocities all have negative dispersions (figures 4¢ and 4d), which
may be caused by the clays in the rock. As mentioned earlier, liquid in the rock pores
"lubricates” the rock grains. When the rock contains clays, the surface area of the
grains increases (clays are usually very fine-grained and have very high surface to
volume ratio), which enhances the lubrication eflect. Such lubricaﬁon effect decreases
the rigidity (shear modulus) of the rock, so that the measured shear wave velocities are
usually lower than those predicted by either the Gassmann equation or the Biot theory,

as shown in figures 4c and 4d.
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Velocity Dispersion in Heavy Oil-saturated Rocks -

As have been seen, the compressional wave velocities in the water and normal
decane saturated rocks are not much dispersive. But for heavy oil saturated rocks, the
compressional wave velocities can have dispersions as large as of 10% (at Pe = 2550
psig or 17.6 MPa). Figures 5a and 5b show such dispersions and the measured and cal-
culated compressional wave velocities in the Berea sandstone saturated with the heavy
oil C. The compressional wave velocity dispersions decrease as either temperature or
pressure increases. i.e., at both high pressure and high temperature, the dispersion

becomes small (figure 5b).

Not only the compressional wave velocities are very much dispersive, but also are
the shear wave velocities in the heavy oil C saturated Berea sandstone (figures 5¢ and
5d). However, such shear wave vélocity dispersions are only significant at lower tem-
peratures and pressures. i.e., they decrease as temperature or pressure increases. For
instance, at 22° C' and 2550 psig effective pressure, the measured shear wave velocity
is about 8% higher than that calculated by the Gassmann equation, while at 94° C
and 6550 psig effective pressure, the measured shear wave velocity is approximately

equal to that calculated by the Gassmann equation.

One may have noticed that the apparent dispersions of the compressional wave
velocities are also contributed by those of the the shear wave velocities. Usually, such
contribution is relatively small. For example, 7% shear wave velocity dispersion only
causes about 2 to 3% dispersion in the compressional wave velocity. Therefore,
apparent dispersions of the compressional wave velocities are not only caused by the

shear, but also the bulk, modulus dispersions.

Even though relatively large apparent dispersions are found in both compressional
and shear wave velocities in the heavy oil C saturated Berea sandstone, such disper-
sions are very small in the Monterey dolomitic chert saturated with the same heavy oil

(figures 6a to 6d). The apparent dispersions of the compressional wave velocities are
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essentially negative, which means that either the rock sample was too dry in the velo-
city measurements of the dry sample or the chert sample contains only round pores
(the pores do not have compliance heterogeneity), or both. According to the "local
flow” mechanism, the velocity dispersions in rocks are caused by the compliance
heterogeneity of the pores. If a rock contains only round pores, the compliance of the
pores is the same, so that there is no wave-induced pore fluid flow when the rock is
fully saturated, and thus there is no velocity dispersion (We will discuss this later).
Nevertheless, the compressional wave velocities calculated by the Gassmann equation
- and the Biot high frequency limit fit the measured values satisfactorily in the heavy oil

C saturated chert.

The apparent dispersio}xs of the shear wave velocities in the heavy oil C saturated
chert are around 2 to 3%. The higher dispersions at lower temperatures are caused by
the viscous skinning effect on the measured values of the shear wave velocity, as dis-
cussed in the previous chapter. The negative dispersions may also be caused by the

lubrication effect of the pore fluid on theé shear modulus.

The calculated and measured velocities, along with their apparent dispersions, in
the Massillon sandstone saturated with oil 2 are shown in figures 7a and 7b, respec-
tively. The calculated compressional wave velocities fit the measured values fairly well,

while the shear wave velocities have about 5 to 7% dispersions.

DISCUSSIONS

Our calculétion results show that the Biot dispersions of both Vp and Vs are rela-
tively small (usually less than 2%). The mechanism is explained in the Biot theory that
the velocity dispersions are caused by the inertial drag of the pore fluid: i.e., when an
acoustic wave passes through a fluid saturated porous medium, the pore fluid moves
under the differential pressure generated by the passing wave behind the solid frame

due to the density difference between the rock frame and the pore fluid. At low
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frequencies, the pore fluid is "locked” on the frame so there is no relative motion
" between the pore fluid and the solid frame. Hence there is no velocity dispersion at low
frequencies. At high frequencies, the effect of inertia caused by the density difference
causes the motion of the pore fluid to lag behind the that of the solid frame, which in

turn leads to higher velocities.

Since the Biot low and high frequency limits were used in the velocity calcula-
tions, the calculated Biot dispersions are the maximum dispersion values that the Biot
theory can predict. Obviously, the calculated apparent dispersion (absolute values) is
always higher than the Biot dispersion, which means that besides the Biot mechanism,
there must exist some other non-Biot mechanism(s) which is responsible for the addi-

tional dispersion.

A possible mechanism which can explain the velocity dispersions is the ”local
fiow” model. "Local flow” means the flow is controlled by the "local” fluctuations of
the compressibility of the pore spaces. And "local” means that the compressibility

fluctuations are on the scale of pore size.

The ”local flow” mechanism has been discussed by various investigators (e.g.,
O’Connell and Budiansky, 1977, Mavko and Nur, 1979; Murphy et al., 1984). The
essential assumption in this mechanism is that some parts of the pore space are more
compliant than other parts. A passing acoustic wave deforms the pore space and hence
causes the pore fluid in the more compliant parts to tend to flow to the less compliant
parts. For example, the pore fluid in a crack oriented with the long axis perpendicular
to the wave direction tends to flow ta the crack with long axis parallel to the wave
direction, or to the high aspect ratio or round pores connected to the crack (figure 8).
In a partially saturated rock, pore fluid tends to flow to the empty regions of the pore

space.

The ”local flow” mechanism is apparently related to the viscosity of the pore

fluid, the permeability of the rock, the appearance of thin cracks and their aspect
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ratios, and the connectivity of the thin cracks to the round pores.

If the ”local flow” mechanism is the right model in interpreting the velocity
dispersions, the magnitude of the velocity dispersions should be partly controlled by
the viscosity of the pore fluid. The results shown in this chapter clearly indicate that
such argument is true. The apparent Vp dispersions in light fluids (water and normal
decane) saturated rocks are very small (usually less than 3%), while in the heavy oil
(oll C) saturated Berea sandstone, such velocity dispersions can be as large as 10%
(figures 5a to 5d) at effective pressure of 2550 psig. In terms of the “local flow”
mechanism, such phenomenon can be explained that for low viscosity fluid saturated
rocks, the pore pressure usually has enough time to get to equilibrium in the time
interval of a half period of the acoustic wave passing through, so the rock-fluid aggre-
gate is at the "relaxed” state or almost "relaxed” state. Therefore, the apparent disper-
sion of the velocity is zero or very small. When the rock is saturated with a fluid of
high viscosity, the time for the "local flow” to stop (or the pore pressure to equilibrate)
is much longer due to the low mobility of the pore fluid. Such time is usually longer
than a half period of the acoustic wave, so the saturated rock sample is at the "unre-
laxed” state. As a result, the apparent dispersion of the velocity is larger since the

measured velocity is higher.

The effect of pore fluid viscosity on the apparent velocity dispersions in Berea
sandstone was also found by Winkler (1985). Figure 9 from Winkler depicts that for
water saturated Berea sandstone the apparent dispersion of the compressional wave
velocity is relatively small (leés than 4%), while such dispersion can be as high as 17%
in the same sandstone saturated with an oil with viscosity of 300 cp (0.3 Pa.s). Again,
the "local flow” mechanism can well bé applied in the interpretation of such a

phenomenon.

In the aspect of acoustic wave propagations in porous rocks, the ”local flow”

mechanism predicts that both attenuation and velocity of the wave depend on the
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product of wave frequency and the pore fluid viscosity (O’Connell and Budiansky,
1977; Jones, 1986). Laboratory results have shown that there appears an attenuation
peak of the acoustic waves traveling in a fluid saturated porous medium. Such peak
usually sits in the interval where the product of the wave frequency (f ) and the pore
fluid viscosity (n) equals to 1 to 10 Hz.Pa.s (see Jones, 1986). Since attenuation and
velocity dispersion are closely related (Kjartansson, 1980; Nur, 1982), the point on the
J n axis at which the attenuation peak appears is usually also the inflection point of

the velocity curve (see Jones, 1986).

Therefore, if we take f n =1 Hz.Pd.s, for a water (n = 0.001 Pa.s) saturated
rock, the attenuation peak of the acoustic wave will appear at the frequency of 1000
Hz, which means even at sonic logging frequencies, the wave velocities are dispersive.
In other words, the acoustic velocities extracted from sonic well logging results can not
represent those at. seismic frequencies. On the other hand, for a heavy oil (say
n =1 Pa.s, or 1000 cp ) saturated rock, the attenuation peak will appear at the fre-
quency of 1 Hz, which means that even at seismic frequency, the acoustic velocitieS are
dispersive. In other words, for heavy oil saturated rocks, laboratory results of velocities
measured at ultrasonic frequencies (0.5 to 1 MHz) may well represent those at seismic
frequencies, since the velocities at both seismic and ultrasonic frequencies are all disper-
sive. Therefore laboratory results can be directly used in the field. We will discuss some

applications of this discovery in the next section.

The "local flow” mechanism predicts an attenuation peak of the velocities in
water or light (low viscosity) fluids saturated rocks in the frequency range of 1 to 10
KHz, while the Biot theory predicts an attenuation peak in about the same frequency
range, usually at about 1 KHz. In the Biot theory, the attenuation peak occurs when
the viscous skin depth of the wave is approximately equal to the pore size of the rock.

The frequency at which the peak occurs is given by

ft= r’ 27
ﬂp!f
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where n and p; are the viscosity and density of the pore ﬂuid,v respectively, and r is
the pore radius. For a water saturated rock of pore diameter of 40 um , f. = 800 H: .
However, for a heavy oil (say n = 2000 cp ) saturated rock, the attenuation peak is
shifted to 2 much higher frequency (f. = 1.6 MHz). Therefore, according to the Biot
theory, for heavy oll saturated rocks, we are still measuring the acoustic velocities in
the low frequency range at 1 MHz, which means that the wave propagation characteris-
tics at about 1 MHz frequency in heavy oil saturated rocks are the same as those at
seismic frequencies. Hence the laboratory results can be directly applied in the field sur-

vey of seismic or acoustic logging frequency.

The apparent dispersions of velocities explained in terms of ti’:e "local flow”
mechanism depend not only on the viscosity of the pore ﬁ‘uid, but also on the thin
crack appearance and the aspect ratios of the thin cracks. If the pore space of a rock is
only composed of round pores or channels with round cross section, the velocity will
basically have no dispersion since in this'case all the parts of the pore space have the
same compliance and hence there is no local flow to occur. This may well be the case
for the Monterey dolomitic chert, since the pore space of this chert mainly consists of
round pores. Therefore, the dispersion of the velocities in this rock is small (figures 4a

to 4d and 6a to 6d), even for the heavy oil saturated rock.

The ”local flow” mechanism also requires crack-crack and crack-pore connections
in order to explain the dispersion results. That is to say, in order for the "local flow”
to occur, the cracks and cracks and pores should be connected as shown in figure 8. As
the effective pressure increases, the crack tips (or even the whole cracks) connecting to
the pores or other cracks are closed, and hence the "local flow” activity of the pore
fluid is limited and greatly decr?ased, which results less apparent dispersions of the
acoustic velocities. Such arguments are strongly supported by the experimental and cal-
culation results shown in figures la through 6d and figure 9. In the results, the

apparent dispersions of all the velocities in all the rocks decrease with increasing
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eflective pressure. Such decreases are obviously caused by the decreased connectivity of

cracks and cracks and pores as explained above.

The "local low” mechanism is alsc related to the permeability of the rock. Low
permeability rocks usually contain cracks of small aspect ratios (e.g., some granites and
sandstones). For low permeability rocks in which the cracks are still connected, the
apparent dispersion of the acoustic velocities should be higher than that for high per-
meability rocks, since the "local low” takes longer time to get to equilibrium in low
permeability rocks. Figure 10 shows the apparent dispersions of the compressional wave
velocities in 33 sandstones saturated with water versus the logarithmic permeabilities
of the rocks (dispersion data are taken from Han, 1987). At effective pressure of 100
bars (1450 psig, or 10 MPa), the velocity dispersion is systematically related to the log-
arithmic permeability of the sandstones, although the data are very scattered. At

effective pressure of 400 bars (5800 psig, or 40 MPa), such a i'elationship still exists.

In low permeability rocks at higher effective pressures, those very small aspect
ratio cracks are closed, but the high pressure also creates some cracks from those not
ready to be closed larger aspect ratio cracks. Hence there still exist some inter-
connected cracks, and as a result, the dispersion still depends on the permeability. In
high permeability rocks, the thin crack content is usually small, so at high effective
pressures, the thin cracks are completely closed and what left open are those high
aspect ratio or round pores. At this stage, the "local flow” activity of the pore fluid is
both limited and easy to get to equilibrium, so that the dispersion becomes more or less

independent of the permeability of the rock.

Note that the magnitude of the apparent dispersions of the compressional wave
velocities in all the 33 sandstones decreases with increasing effective pressure (figure

10), which is expected from the arguments made above.

The plotted data in figure 10 are only from the water saturated sandstones. We

do not have the dispersion data for these sandstones saturated with high viscosity oils.
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However, we expect that the apparent velocity dispersions would be higher and more
dependent on the permeabilities of such oil saturated rocks, since the ”local flow” of
the pore fluid would take more time to get to equilibrium due the high viscosities of

oils.

The Biot dispersions of the compressional wave velocities in the 33 sandstones are
shown in figure 11 versus the logarithmic permeabilities of the rocks. The Biot disper-
sions of the compressional wave velocities at both 100 and 400 bars of effective pres-
sures increase systematically with increasing permeability, which is just the opposite to
the permeability behavior of the apparent velocity dispersions. This is not surprising
since the "local flow” and the Biot mechanisms are different. As stated earlier, the Biot
dispersion is caused by that the motion of the pore fluid lags behind that of the solid
frame in response to the passing acoustic wave due to the density difference. In low
permeability rocks, the pore fluid is effectively "locked” on the solid frame so that it
moves with the frame, which is resemble to the situation of low frequencies. Therefore
for low permeability rocks, the Biot dispersion of the compressional wave velocities is

small or eflectively vanishes for rocks with isolated pores (zero permeability).

As the permeability of the rock increases, the relative motion between the pore
fluid and the solid frame is enhanced due to the increased mobility of the pore fluid.

Hence the Biot dispersion increases (figure 11).

One also notices that the Biot dispersion of the compressional wave velocities
increases with increasing effective pressure (figure 11). Furthermore, Winkler (1985) also
showed such a relation between the Biot dispersion of the compressional wave velocity
and the eflective pressure without giving explanations. This phenomenon is contradic-
tory to the above explanations since the permeability of a rock decreases as the
effective pressure increases. However, such contradiction is caused by both the calcula-
tion artifacts and the modulus increases of the dry rocks as the effective pressure

increases. In the velocity calculations using the Biot high frequency limit, the tortuosity

el
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parameter a was assumed to be a constant of 2 (see Han, 1987). However, a increases
with increasing effective pressure, since at higher effective pressure, some pore or crack
throats are closed so that the pore spaces are more tortuous. The Biot velocity disper-
sion decreases as « increases. Therefore, the Biot dispersion at higher eflective pressures

is overestimated in the calculations due to the assumption that a is a constant.

In the Biot theory, the Biot velocity dispersions are also related to the bulk
modulus of the dry rock: i.e., the higher the bulk modulus of the dry rock, the lager
the Biot dispersion will be, although such modulus effect is relatively small. For
poorly-consolidated rocks or rocks at low effective pressures, there may exist relative
slidings or motions among the rock grains as the acoustic wave passes through. Such
slidings or relative motions among the rock grains cancel partly the relative motion
between the pore fluid and the rock grains, which in turn decreases the Biot dispersion.
For rocks with high bulk moduli or rocks at high effective pressures, the rock grains are
confined together tightly, so that the slidings or relative motions among the rock grains

are highly restricted, and as a result, the Biot dispersion is larger.

In Winkler’s (1985) calculations, the density of the dry rock and the porosity were
assumed to be constant as the effective pressure increases. Such assumptions
apparently underestimate the calculated velocities and in turn overestimate the
apparent dispersions at higher effective pressures. The Biot dispersions are less affected
since they are inferred from the velocities calculated by the Gassmann equation and

the Biot high frequency limit.

In the velocity calculations using the Gassmann equation and the Biot high fre-
quency limit, errors might come from the uncertainties in measuring the velocities in
the dry rock, the density and porosity measurements and their dependences on tem-
perature and pressure, the estimation of the grain density and bulk' modulus of the
rock, and the tortuosity factor . However, a only appears in the Biot high frequency

limit so that it does not affect the apparent dispersions of the velocities. The
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uncertainties in measuring the velocities in both the dry and the saturated rocks are
around 2%. Such uncertainties do not contribute much error to the calculated disper-
sions since they exist in both the calculated and the measured velocities in the
saturated rock and since the calculated velocity dispersions are relative values. There-
fore, the major error in the calculated velocity dispersions may mainly contributed by
the uncertainties in measuring or estimating the density and the porosity of the rock
and their temperature and pressure dependences, and in estimating the density and the

bulk modulus of the rock grains. Such errors are estimated at about +1.0 to 1.5%.

APPLICATION:

Applicability of Seismic Monitoring Thermal EOR Processes

Both our previous (Wang and Nur, 1986; Nur and Wang, 1987; Wang and Nur,
1987) and present experimental results show that the compressional wave velocities in
heavy oil saturated rocks decrease very fast as temperature increases. Such decreases
usually range 10 to 15% in well-consolidated rocks as temperature increases by
100° C. Therefore, we proposed that seismic, especially high frequency high resolution
seismic, methods could be used to monitor thermal enhanced oil recovery (EOR)

processes such as steam floodings and in-situ combustions.

However, the experimental results were gathered in the laboratory at about 1
MHz frequency. It has been doubted that the acoustic properties of rocks measured at
high frequencies may not represent the same properties at low frequencies, and vice
versa. Therefore, it is the main task of this section to confirm the applicability of

seismic monitoring thermal EOR processes.

As analyzed in the previous section, if the Biot mechanism is dominant, the meas-
ured acoustic velocities in heavy oil saturated rocks at about 1 MHz frequency are still
in the low frequency range. This means that at lower temperatures, the compressional

wave velocities at seismic and 1 MHz frequencies are essentially the same for heavy oil



-386-

saturated rocks. As temperature increases, the viscosity of the heavy oil decreases very
fast, so that the characteristic frequency defined in the Biot theory (Biot, 1956)
decreases rapidly from the megahertz to kilohertz ranges. Therefore at higher tempera-
tures, the measured velocities at 1 MHz frequency are in the Biot high frequency range,
which means that at seismic frequencies the velocities are lower than those measured in
the laboratory. Therefore, the temperature effect on the compressional wave velocities
in heavy oil reservoirs is larger at seismic frequencies than at 1 MHz (figure 12). That
is, the compressional wave velocities would decrease faster at seismic frequencies as

temperature increases, according to the Biot theory.

In terms of the "local flow” mechanism, our analysis shows that the acoustic velo-
cities in heavy oil saturated rocks are dispersive even at very low frequencies. For
example, for a sandstone saturated with a heavy oil of 1000 cp (1 Pa.s) viscosity, the
attenuation peak would appear at the frequency of 1 Hertz. Furthermore, viscosities of
heavy oils can well exceed 1000 cp at in-situ conditions in many heavy oil or tar sand
:’reservoirs. This suggests that the acoustic velocity behaviors in the field at seismic and
logging frequencies may well resemble those measured in the laboratory at 1 MHz fre-
quency. Therefore, if the "local low” mechanism is dominant, the measured behaviors
of the velocities in the laboratory can be directly appliéd in the field at seismic or log-
ging frequencies.

Besides the above analyses, steam flooding and especially in-situ combustion
processes cause the temperature of the flooded zones to increase usually more than
100° C (could be several hundred degree Celcius in in-situ combustion processes).
Furthermore, the thermal cracking of rocks in the flooded zones and higher pore pres-

sures at the steam or fire front all cause more decreases of the acoustic velocities.

_ Therefore, the temperature effects on the acoustic wave velocities measured in the
laboratory at 1 MHz frequency should be about the same as on those at seismic fre-

quencies. Therefore, seismic monitoring thermal EOR processes and tracking the
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thermal fronts in such processes are highly possible in the field.

' SUMMARY AND CONCLUSION

Using the Gassmann equation and the Biot theory to calculate or estimate the
velocity dispersions in fluid saturated rocks gives us an insight in understanding the
dispersion problems of acoustic velocities. It also leads us to a way to better apply the
velocity data gathered in the laboratory or from acoustic well logging data to seismic
explorations and monitorings. Such calculations usually can be fairly accurate if the

input parameters to the Gassmann equation and the Biot theory are accurate.

In the calculations, for water saturated rocks the input moduli of the dry rock
should be those of the drained rock (with about 3 to 5% moisture saturation), while for
oil saturated rocks, the input moduli should be those of the completely dried rock (with

no moisture content).

Our results show that the apparent dispersions of the velocities in light fluid
saturated rocks are relatively small (usually less than 3 to 5%), while those in heavy oil
saturated rocks are much larger. This phenomenon can be well explained by the "local
flow” mechanism which is related to the pore fluid viscosity, the pore geometry and

permeability of the rock, and the effective pressure and temperature.

The Biot mechanism is different from the ”local flow” mechanism, so that it
predicts different values and different dependences of the velocity dispersions on the
pore fluid viscosity, the pore geometry and permeability of the rock, and the effective

pressure and temperature.

The Biot mechanism is also different from the ”local low” mechanism in predict-
\ing the position of the attenuation peak and its direction of movement as the viscosity
of the pore fluid changes. As the viscosity increases, the ”local flow” mechanism
predicts that the attenuation peak moves to the lower frequency direction, while the

Biot theory predicts that the peak moves to the higher frequency direction. Therefore.
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they give different frequency intervals in which the velocities are dispersive.

The "local flow” mechanism predicts that velocity dispersions can occur at very
low frequencies, even much lower than the seismic frequencies, which suggests that the
acoustic velocity behaviors in the field at seismic and logging frequencies may well

resemble those measured in the laboratory at 1 MHz frequency.

According to the Biot theory, our measured velocities in heavy oil saturated rocks
at 1 MHz are still in the low Biot frequency range, due to the high viscosity of the pore
fluid. Therefore, in the seismic frequency band, the velocities and their behaviors

should be approximately the same as those measured in the laboratory.

According to either the "local low” mechanism or the Biot theory, the tempera-
ture dependence of the compressional wave velocities in heavy oil saturated rocks in
the seismic frequency band should be about the same as that observed in the labora-
tory at 1 MHz {requency, which means that the laboratory results can be directly
applied in the field. Therefore, in-situ seismic monitoring thermal EOR processes and

tracking the thermal fronts in such processes are possible.
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FIGURE CAPTIONS

Figure 1. Measured and calculated compressional (a, b) and shear (c, d) wave velo-
cities and apparent dispersions in Berea sandstone saturated with water at effective
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pressures of 2550 and 6550 psig, respectively.

Figure 2. Measured and calculated compressional (a) and shear (b) wave velocities
and apparent dispersions in Massillon sandstone saturated with water at effective pres-
sure of 2750.

Figure 3. Measured and calculated compressional (a, b) and shear (c, d) wave velo-
cities and apparent dispersions in Berea sandstone saturated with normal decane at
effective pressures of 2550 and 6550 psig, respectively.

Figure 4. Measured and calculated compressional (a, b) and shear (c, d) wave velo-
cities and apparent dispersions in Monterey dolomitic chert saturated with normal
decane at effective pressures of 2000 and 6000 psig, respectively.

Figure 5. Measured and calculated compressional (a, b) and shear (¢, d) wave velo-
cities and apparent dispersions in Berea sandstone saturated with oil C at effective
pressures of 2550 and 6550 psig, respectively.

Figure 6. Measured and calculated compressional (a, b) and shear (¢, d) wave velo-
cities and apparent dispersions in Monterey dolomitic chert saturated with oil C at
effective pressures of 2000 and 6000 psig, respectively.

Figure 7. Measured and calculated compressional (a) and shear (b) wave velocities
and apparent dispersions in Massillon sandstone saturated with oil 2 at effective pres-
sure of 2750 psig.

Figure 8. Sketch of the ”local low” mechanism.

Figure 9. Compressional wave velocities in Berea sandstone saturated with water
and a 300 cp viscosity oil and their dispersions (From Winkler, 1985).

Figure 10. Apparent dispersions of the compressional wave velocities in 33 sand-
stones saturated with water versus the logarithmic permeabilities of the rocks (disper-
sion data taken from Han, 1987) at two effective pressures.

Figure 11. Biot dispersions of the compressional wave velocities in 33 sandstones
saturated with water versus the logarithmic permeabilities of the rocks (dispersion data
taken from Han, 1987) at two effective pressures.

Figure 12. Sketch of the temperature dependence of compressional wave velocities
in heavy oil-saturated rocks, according to the Biot theory.
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CHAPTER 9

DISCUSSIONS ON SEISMIC MONITORING EOR AND
PRODUCTION PROCESSES

ABSTRACT

This chapter serves as a summary on seismic monitoring various enhanced oil
recovery (EOR) and production processes. It discusses factors effecting seismic wave
velocities in hydrocarbon reservoirs and the possibilities and petrophysical bases of

using seismic methods to monitor various EOR and production processes.

INTRODUCTION

As nearly two-thirds of the original oil in place can not be recovered by conven-
tional recovery methods in most oil reservoirs, methods of enhanced oil recoveries
become more and more important. However, success of an EOR process is often depen-
dent on whether it is effectively controlled. For example, during an EOR process. field
engineers often need to modify the EOR process, to adjust the rate and pressure of the
injection, to change the viscosity of the fluids to be injected, and/or even to shut in
some injection well(s) in order to get better oil sweep efficiency and to prevent early
break-through of the injected fluids. That is to say, effective methods for monitoring

EOR processes are apparently needed.

Chemical tracers have been widely used in monitoring fluid break-throughs in
EOR processes, but, as mentioned earlier in chapter 6, they may cause polymerization
of reservoir fluids and thus chemical precipitations. Such chemical precipitations in

turn may reduce the effective permeability of the reservoir rocks. Moreover, chemicul
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tracers can not provide information regarding the degree of oil saturation of reservoir
rocks and the position of the front of the injected fluids before they reach the monitar
well(s).

In contrast to the method of chemical tracers, seismic methods are very promising
in monitoring various EOR processes. And the advantages of such methods are obvi-
ous: (1) They do not cause precipitations of reservoir fluids; (2) They are economical
since seismic data acquisition and processing are both routine; (3) They do not require
shut-in wells (except borehole seismic methods) and cause damage to wells and forma-

tions.

Whether seismic methods can be used to monitor an EOR process mainly depends
on that if the seismic wave velocities and/or amplitudes are affected by such process.
besides the resolution of the seismic methods. Amplitude changes of seismic waves are
more difficult to measure accurately both in the laboratory and in the field. But in the
future, with the rapid development of geophysical technologies, both amplitude and
velocity changes will certainly be measured with great accuracy in seismic surveys.
Nevertheless, our discussions in this chapter are mainly based on the velocity changes

caused by EOR processes.

Velocity changes of seismic waves in hydrocarbon reservoirs may be caused by:
(1). Temperature changes and vapor appearance in thermal EOR processes
such as steam flooding, in-situ combustion, and hot water injection. Both
increase in reservoir temperature and vapor appearance decrease the velocities.
(2). Compressibility changes of the pore fluid in the processes of CO, flooding
and gas drive. In such processes, CO,, Nitrogen gas, or light hydrocarbon gas
displace liquid hydrocarbons in the pore space, which causes the compressibility
of the reservoir rock to increase and thus the seismic wave velocity to decrease.
(3). Pore pressure changes which occur in all the EOR processes involving fluid

injections. The injected fluids usually cause high pore pressure zones in which
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seismic waves travels with lower velocities.
(4). Production processes such as water intrusion and gas-cap appearance or

disappearance.

In this chapter, we discuss how the above factors affect seismic wave velocities in
hydrocarbon reservoirs, and the possibilities and petrophysical bases of using seismic

methods to monitor various EOR processes.

EOR RELATED TO TEMPERATURE CHANGES

One of the problems faced by a variety of EOR schemes is the need to determine,
with accuracy yet not possible, the spatial distribution of reservoir properties and their
changes with time. In thermal EOR, it is especially important to try to determine the
direction of propagation and details of the shape, rate of movement and spatial hetero-
geneity of the fire or steam fronts. To accomplish such determinations we ideally
would like to continuously monitor reservoirs throughout their volume, using remote

seismic methods.

Increased temperature by thermal EOR such as steam flooding and in-situ
combustion decreases seismic wave velocities in reservoir rocks, as shown in the previ-
ous chapters. Fast temperature increase of the reservoir subjecting in-situ combustion
also causes partial gas saturation and thermal cracking of the reservoir rocks, which

further decreases seismic wave velocities.

The velocity decreases in turn will cause travel time delay of the seismic waves.
Figure 1, taken from Britton et al (1983), shows the effect of such velocity decreases in
the heated zone around the injection well of steam. A conventional seismic survey was
done to map the steam-flooded zones at the Street Ranch pilot, Texas. The seismic sec-
tion clearly shows travel time delay and changes in wavelet shape around the injection
well. As the distance increases from the injection well, such anomalies decrease as a.

result of decrease in temperature. The seismic section also shows that the injected
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steam flows with different speed in different directions, which suggests permeability

heterogeneities of the reservoir rocks.

Greaves and Fulp (1987) reported that a 3-D seismic reflection method was used
to monitor the progress of an in-situ combustion EOR process. The resulting ”different
volume” of 3-D seismic data showed anomalies in association with the development of
"bright spot” and ”dim spot”. Such anomalies are apparently caused by the tempera-
ture increases and thus velocity decreases in the reservoir rocks; the increased gas
saturation along the top of the reservoir boundary which decreases both the compres-
sional wave velocity and the density, and hence the impedance; and attenuation

increases in association with the high temperature alterations of the reservoir rocks.

In both seismic surveys mentioned above, the shape, orientation, and volume of
the heated zones interpreted from the seismic data were confirmed by temperature

monitor wells and post-burn coring.

Recent seismic measurements before and after steam injection were obtained by
Macrides et al (1988) for the purpose of delineating the fluid-invaded zone. The experi-
ment, despite its limited temporal and spatial sampling, showed significant changes in
seismic signiture after steam injection. The received seismic wave signals traveled

through the steam-invaded zone are clearly delayed duo to the lowered velocities.

All in all, both our laboratory results and field experiments of others have proven
that seismic methods can be used in monitoring thermal EOR processes. Field activities
in such exercises are fast increasing. For instance, Pullin et al (1987) recently reported
some techniques applied to obtain very high resolution 3-D seismic imaging at an Atha-
basca tar sands thermal pilot. The primary purpose of their survey is to use the high
resolution 3-D seismic results as a basis of comparison with future surveys of a similar
type in order to locate and monitor the progress of in-situ heat movement. There is
little doubt that such seismic surveys will become routine in the very near future to

probe and track reservoir production and EOR processes of complex oil fields.
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EOR RELATED TO PORE FLUID COMPRESSIBILITY CHANGES

CO, Flooding. In CO, flooding, the injected CO, displaces hydrocarbons in
reservoir rocks. Since CO, has very high compressibility even at high pressures and
furthermore ver; high density (see Chapter 6), substitution of CO, for the liquid
hydrocarbons in the pore space of reservoir rocks increases the corﬁpressibility and
hence decreases the compressional wave velocity of the rocks. Our laboratory experi-
mental results shown in Chapter 6 revealed that compressional wave velocities in
hydrocarbon saturated rocks decreased significantly as the rocks were flooded by CO,.
Such decreases should also take place in-situ upon CO, flooding of hydrocarbon reser-
voirs. Therefore, it was concluded that seismic methods should be very useful for moni-

toring CO, flooding processes in-situ.

Gas Drive. Current technologies of gas drive include using enriched hydrocar-
bon gas, high pressure hydrocarbon gas, and nitrogen gas to displace oil in reservoir
rocks. Since all of these gases are highly compressible, the compressibility of the pore
fluid and hence that of the whole rock-fluid aggregate increase significantly after the
oils in the rock pores are displaced or partially displaced. As a consequence, the

compressional wave velocities in the rock are decreased.

Beside the compressibility increases of the pore fluids caused by the gas drive.
high pore pressures generated by the high pressure hydrocarbon gas and nitrogen gas
drives also decrease the wave velocities in rocks. These combined effect of gas satura-
tion and high pore pressure certainly gives us possibilities to use seismic methods to

monitor EOR processes of gas drives.

Foam Injection. Foams are accumulations of gas bubbles, separated from each
other by thin films of liquid. The injection of foam into reservoir rocks saturated with
oil creates a large number of resilient interfaces, which exert a piston-like force on the
oil. The process is highly efficient since the foam first finds its way into the largest

pores. The smaller pores are next invaded, and so on until the entire permeable section
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has accepted the foam (Latil, 1980).

The ”quality” of the foam is defined as the ratio of the contained gas volume to
the total foam volume. Such "quality” in reality can achieve to 0.96, which means that
the foam contains large amount of gas. When the reservoir rocks saturated with oil are
invaded by the foam, they become partially saturated since some of the oil is displaced,
and the compressibility of the rock-fluid aggregate is increased. Hence in seismic sur-
vey, the compressional wave velocity is decreased. Therefore it is also possible to use

seismic methods to monitor the foam injection process in-situ.

EOR RELATED TO PORE PRESSURE CHANGE

In all EOR processes involving injection, the injected fluids usually generate high
pore pressure zones. Laboratory experimental results have proven that high pore pres-
sures decrease both compressional and shear wave velocities in reservoir rocks. Figure 2
taken from Nur and Wang (1987) schematically shows the effect of high pore pressure
on wave velocities. Therefore, seismic methods may be also used to detect the high pore

pressure bank and track its propagations.

PRODUCTION PROCESS AND WATER FLOODING

Production Process. In hydrocarbon reservoirs which contain saturated gases,
after a period of production, gas-caps may form at the top of the reservoirs. In such
gas-caps, both seismic wave velocity in and the density of the reservoir rocks are
decreased, so that "bright spot” may appear at the interface of the gas-cap and the
lower part of the reservoir. Seismic methods can be used to track the movement of the

"bright-spot” and as a consequence to monitor production processes.

Water Injection. In hydrocarbon reservoirs with gas-caps, "bright spot” usually
appear at the saturation interface of gas and liquid (either oil or water). As the activity

of water injection goes on, the injected water lifts and pushes the oil bank toward the
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direction of production wells (figure 3). The gas-cap gradually moves also toward the
direction of production wells and disappears as more water is injected. In seismic
profiles, we would see that the "bright spot” vanishes from the injection well gradually
toward the direction of production wells. As more and more water is injected. the
"bright spot” would vanish completely. Therefore, seismic methods can be used to

monitor water injection processes in-situ as well.

EOR RELATED TO ATTENUATION CHANGES

Although no experimental results have been. reported on the effects of various
EOR processes on attenuations of seismic waves, it is well doubted that most EOR
processes, such as thermal EOR (in-situ combustion, steam flooding), miscible ﬁo;dings‘
and immiscible floodings, would have such effects which are measurable in-situ. For
example, polymer and surfactant floodings may not have dramatic effects on seismic
wave velocities, but they may affect seismic wave attenuations since both polymers and
surfactants are usually highly attenuative for seismic waves. Therefore, much work is

needed in this aspect.

CONCLUSIONS

The richness of the seismic effects discussed above, and the sensitivity of velocity
to reservoir parameters clearly indicate the future direction of reservoir seismology:
growing efforts to describe reservoirs in more detail, and monitoring their recovery
processes, using high resolution seismic methods. Much of the methodology required
remains to be developed. Although 3-D and VSP surveys already contribute
significantly to reservoir description, cross-hole tomography and inverted vertical
seismic profiles (VSP), using downhole sources and a very large number of surface
receives, are just beginning to emerge. With data densities which are much greater

than those needed for exploration through rock volumes (reservoirs, production zones.
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etc.) which are quite small, it should thus become very practical to use seismic probing
routinely in development and production. The velocities and amplitude data obtained
can then be converted to desired reservoir parameters, using the effects described in

this chapter.
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FIGURE CAPTIONS

Figure 1. Conventional seismic survey in a Street Ranch Steamflood pilot. (a).
Seismic line and well configurations; (b). Resulting seismic profile; (¢). Seismic
Anomalies caused by steam flooding (after Britton et al, 1983).

Figure 2. Schematic velocity profiles showing the effect of high pore pressures
(after Nur and Wang, 1987).

Figure 3. Sketch of effect of water flooding process on gas-cap movement (after
Latil, 1980).
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CHAPTER 10

OTHER RELATED PUBLICATIONS AND REPORTS BY
THE AUTHOR

The Effects of Sample Sizes on Wave Attenuations and Velocities in the
Resonant-Bar Technique

Zhijing Wang and Amos Nur, 1985. Stanford Rock Physics Project, 25, 331-367.

The resonant bir technique has been used for more than half a century in meas-
urements of wave attenuations and velocities of different materials. However, the effect
of sample size on the measured attenuations and velocities has not been carefully stu-
died. In our experiments, four bar-shaped Massillon light sandstone samples and seven
Lucite samples of different diameters but the same length have been tested. Attenua-
tions and velocities of Massillon light sandstone measured by this technique are plotted
as functions of water saturation at different diameters, and those of Lucite are plotted

as functions of sample diameters.
Several summaries were made from our experimental results and analyses.

(1) Change in sample diameters of porous rocks does not affect the attenuation
factors in dry materials of sample diameters between 0.75 in. and 1.25 in. in the

resonant bar technique.

(2) Change in sample diameter does not change the shear attenuation factor of
both dry and water-saturated porous rocks, which is also true for Lucite. Therefore.
shear attenuation measured by the resonant bar technique is independent of sample

diameter.
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(3) Sample size affects the measured attenuations when the rock samples are
water-saturated. Such effect may be caused by either fluid flow in the samples or their

drying processes, or both.

(4) Extensional wave velocities change systematically with change of sample size,
which suggests velocity transitions from extensional to compressional as the sample size

increases.

(5) Allin all, the resonant bar technique is good for measuring shear attenuation
and velocities. For extensional (or longitudinal) waves, corrections of sample size effect

must be made on the measured velocities and attenuations.

Effects of Pore Fluid Viscosity on Acoustic Wave Velocities in Po}rous Rocks.
Zhijing Wang and Amos Nur, 1985. J. Acoust. Soc. Am., 78(s1), p32-33. Also:
Stanford Rock Physics Project, 26, 131-166.

A series of laboratory experiments on acoustic wave propagation in porous rocks
saturated with fluids of a wide range of visc<'>sit-y were achieved both in KH: and MH:
frequency ranges. The experimental results of the wave velocities were plotted as a
function of pore fluid viscosities. It was shown that the measured wave velocities
increased with increasing pore fluid viscosity in KH: frequency range, while in MH: fre-

quency range, the pore fluid viscosity had very little effect on the velocities.

The experimental results were discussed in terms of theories of acoustic wave pro-

pagation in both viscous fluids and in the saturated porous rocks.

In the light of the classical theory of wave propagation in viscous fluids, shear
wave velocities are dependent on the viscosities of the fluids. And in turn, they should
also depend on the pore fluid viscosities of the porous rocks saturated with viscous
fluids. However, this dependence is also controlled by the skin depths of the éhear
waves. When the skin depth is greater than the pore diameters, the shear waves can

travel through the pore fluids with velocities proportional to the square root of the
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product of the viscosity and the wave frequency. When it is less than the pore diame-
ters, shear waves can not propagate through the pore fluids, and therefore saturation of
the viscous fluid to the porous rocks does not affect the shear wave velocities in the
rock-fluid aggregate. The skin depth is inversely proportional to the square root of the
wave frequency. Hence the pore fluid viscosity has more effect on the shear wave veloci-

ties in the rock-fluid aggregate at low frequencies than it has at high frequencies.

The relaxational theory of wave propagation in viscous fluids theory assumes that
the viscosity of the fluid is dependent on the wave frequency. The fluid behaves less
viscous at high frequencies than at low frequencies. At very low frequencies, the
"compressional wave velocity becomes independent of the viscosity of the fluid. We
could unfortunately not be able to prove this since the wave frequencies could not be
lowered very far in our experiments. According to this theory, pore fluid viscosity
should have more effect on the wave velocities measured at KH:z frequencies than on

those measured at MH: frequencies, which is accordant with our experimental results.

In the Biot theory of wave propagation in porous solids saturated with viscous
fluids, the shear wave velocities are proportional to the pore fluid viscosity in a manner
of a second order at low frequencies. In terms of a reference frequency defined in the
Biot theory, our KH: frequency measurements were treated to be in low frequency
range, and those at MH: in high frequency range in which the wave velocities are
independent of the pore fluid viscosity. However, our experimental results contradict
with the Biot theory since the Biot theory predicts that the shear wave velocity in the
porous rocks saturated with viscous fluids decreases as the pore fluid viscosity
increases. The contradiction may arise from the assumption of the frequency indepen-

dence of the pore fluid viscosity in the Biot theory.

From the experimental results and discussions shown in the paper, one can see
that the pore fluid viscosity of the porous rocks does affect the shear wave velocities in

KH: frequency range, while in MH: frequency range, this effect is very small. And its
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effect on compressional wave velocities is always very small.

In-Situ Seismic Monitoring EOR: The Petrophysical Basis.
Amos Nur and Zhijing Wang, 1987. Proc. 62nd Ann. Tech. Conf. Exhib, vol. .
307-314.

This paper presents laboratory experimental results on wave velocities in hydro-
carbons, rocks and sands versus saturation, pore and confining pressures, temperature,
and CO, content. The results suggest that seismic, especially high resolution seismic,
methods can be used in detecting anomalous pore pressures, tracking thermal fronts
and mapping high temperature regions in thermal enhanced oil recovery processes, and
monitoring CO, flooding and water flooding processes in reservoirs in-situ. However,
much of the methodology and technology required still remains to be developed before

routine field applications can be made.

In this paper, various applications of the laboratory velocity results are discuused.

Recent Advances and Developments in Rock Physies, Part I, Elastic Wave
Propagation in Rocks.

Zhijing Wang, De-hua Han, and Amos Nur, 1987. Collections of Geophysical
Technology (in Chinese), edited by the Editorial Board of ”Oil Geophysical Prospect-
ing”, 7, 1-17.

This paper reviews recent advances and developments in rock physics researches.
It includes review on Biot theory, wave velocities in rocks and their relations with vari-
ous parameters such as temperature, confining and pore pressures, pore fluid satura-
tion, frequency, clay content, density, rock age, lithology, porosity, permeability, fluid
flow, etc., and wave attenuations in rocks and various attenuation mechanisms. It

serves as summaries of recent research results in the aspect of elastic wave
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propagations in porous rocks.

Recent Advances and Developments in Rock Physies, Part II, Electrical Pro-
perties and Modeling of Rocks.

Zhijing Wang and Amos Nur, 1988. Collections of Geophysical Technology (in
Chinese), edited by the Editorial Board of ”Oil Geophysical Prospecting”, 8, 1-34.

This paper surveys recent research results in the aspects of electrical properties
and different models of porous rocks. The first part of this paper summarizes the
nature of electrical resistivity of rocks and the effects of various parameters including
confining and pore pressures, temperature, saturation, pore fluid type, porosity, per-
meability, clay content, wettabilit&, and others. Some results in dielectric properties of
rocks are also discussed. The second part summarizes diflerent models of porous rocks,
including elastic models such as Gassmann equation, Biot-Geertsma equation, static
and dynamic moduli, bound models and theories, models related to pore geometries,
and their applications. Others such as electrical and fluid flow models are also dis-
cussed. The final part discusses the present, future, importance, applications, and prob-

lems in the field of rock physics research.
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