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Abstract 

Experimental and theoretical studies of the mechanisms of vibration stimula-
tion of oil recovery in watered fields lead to the conclusion that resonance os-
cillations develop in fractured-block formations. These oscillations, caused by 
weak but long-lasting and frequency-stable influences, create the conditions 
for ultrasonic wave’s generation in the layers, which are capable of destroying 
thickened oil membranes in reservoir cracks. For fractured-porous reservoirs 
in the process of exploitation by the method of water high-pressure oil dis-
placement, the possibility of intensifying ultrasonic vibrations can have an 
important technological significance. Even a very weak ultrasound can de-
stroy, over a long period of time, the viscous oil membranes formed in the 
cracks between the blocks, which can be the reason for lowering the permea-
bility of the layers and increasing the oil recovery. To describe these effects, it 
is necessary to consider the wave process in a hierarchically blocky environ-
ment and theoretically simulate the mechanism of the appearance of 
self-oscillations under the action of relaxation shear stresses. For the analysis 
of seism acoustic response in time on fixed intervals along the borehole an 
algorithm of phase diagrams of the state of many-phase medium is suggested. 
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1. Introduction 

The phenomenon of the Institute of Geophysics of the Ural Branch of the Rus-
sian Academy of Sciences is developing and improving the method of active 
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seism acoustic monitoring of the oil reservoir [1] [2] [3] [4] [5]. This method is 
used to assess the oil saturation of the formation and its ability to oil recovery. 

An empirical fact is established about the influence of the vibration effect on 
the acceleration of oil recovery processes. A physical explanation for this can be 
given by the following model. The active medium has its high energy and often a 
non-equilibrium structural state. Therefore, it is necessary to expect synchro-
nizing or synergetic action on the meso-processes in the zones of maximum in-
stability, reduced strength and high fatigue of the medium at the meso-level 
from the influencing signal. At these levels, the energy of the impact can accu-
mulate in the meso-structures and cause mechanical effects that initiate me-
chanical movements and fragmentation of the medium [6] [7] [8]. 

At present, there are many publications in the domestic and foreign literature 
devoted to the physical-mathematical model of the process of seism acoustic 
radiation caused by the action of a fixed frequency on the medium. That model 
is used for the theoretical justification of seismic-acoustic monitoring of the re-
servoir condition before and after the seismic impact on it. 

It is known that in an ideal elastic medium, i.e. in the absence of boundaries 
on which the displacement field or stress field breaks, energy cannot accumulate 
over time and remain after the source is turned off; therefore such a continuous 
medium can not correspond to the observed phenomena of the formation and 
relaxation of seismic emission with the presence of natural frequencies of the 
medium. In block structures, as Academician M.A. Sadovsky has shown, and al-
so in a hierarchically blocked environment, it is possible to form secondary 
emissions of seismic waves with dominant “natural frequencies” and after pro-
longed exposure to such medium, interblock contact zones are weakened and 
dynamic fragmentation is amplified. 

Consider the following experimentally observed fact—an increase in oil re-
covery under the influence of dynamic restructuring of the block ener-
gy-saturated oil deposit. With the long-term exploitation of the deposit, the ske-
leton base of the oil reservoir is gradually destroyed, which leads to a significant 
increase in internal stresses and weakening of the bonds between the constituent 
individual blocks of reservoirs. In this case, even a small impulse can lead to a 
restructuring of the reservoir structure, increase the mobility of oil and increase 
its part in the borehole fluid [9] [10].  

Experimental and theoretical studies of the mechanisms of vibration stimula-
tion of oil recovery in watered fields lead to the conclusion that resonance oscil-
lations develop in fractured-block formations. These oscillations, caused by weak 
but long-lasting and frequency-stable influences, create the conditions for ultra-
sonic wave’s generation in the layers, which are capable of destroying thickened 
oil membranes in reservoir cracks. 

For fractured-porous reservoirs in the process of exploitation by the method 
of water high-pressure oil displacement, the possibility of intensifying ultrasonic 
vibrations can have an important technological significance. Even a very weak 
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ultrasound can destroy, over a long period of time, the viscous oil membranes 
formed in the cracks between the blocks, which can be the reason for lowering 
the permeability of the layers and increasing the oil recovery [11]. 

To describe these effects, it is necessary to consider the wave process in a hie-
rarchically blocky environment and theoretically simulate the mechanism of the 
appearance of self-oscillations under the action of relaxation shear stresses [12]. 

2. Oil Reservoir as an Open Dynamical System 

On the other hand, the oil reservoir under periodic vibration is an open dynamic 
system. A dynamical system is understood as an object or process for which the 
concept of state as a collection of values of certain quantities at a given instant of 
time is defined, and an operator defining the evolution of the initial state in time 
is defined [13]. In what follows we shall use the information of the theory of dy-
namical systems from the monograph [13]. If to describe the behavior of a sys-
tem it is sufficient to know its state at a finite number of instants of time, then 
such a system is called a system with discrete time. Let the set of numbers x = {x1, 
x2, ∙∙∙, xN} describe the state of the dynamical system at a certain instant of time 
and different states correspond to different sets {x1, x2, ∙∙∙, xN}. We define an evo-
lution operator, indicating the rate of change of each state of the system 

( )1 2, , , , , 1, ,i
i N

x F t x x x i N
t

∂
= =

∂
                  (1) 

x is a point of the Euclidean space ΡN, which is called a phase space, and x is a 
phase point. A system of the form (1), in which the right-hand side does not de-
pend on time, is called autonomous. When studying the dynamic system asso-
ciated with a change in the state of the oil reservoir due to vibration action, the 
right-hand sides of equations (1) will depend on time, and system (1) will not be 
autonomous. If the system of equations is supplemented by the initial conditions 
x(0) = x0, then we obtain the initial problem (the Cauchy problem) for the sys-
tem of Equations (1). Its solution {x(t), t > 0}, considered as the set of points of 
the phase space ΡN, forms a phase trajectory; the vector-valued function F(x) de-
fines a vector velocity field. The phase trajectories and the vector velocity field 
give a visual representation of the behavior of the system over time. The set of 
phase trajectories corresponding to different initial conditions form a phase 
portrait of the dynamical system. 

Dynamic systems are divided into conservative and dissipative systems. For 
the former, the total energy of the system is preserved, for the second, energy 
losses are possible. As to our task of studying the state of an array that is in the 
process of working out, the model of an inhomogeneous and non-stationary dis-
sipative system is closest. Nevertheless, in the array can be such local parts of it, 
which will be described by a conservative dynamic model, i.e. by model of ener-
gy balance. 

The analysis of the phase portrait of the dynamic system allows drawing a 
conclusion about the state of the system for the period of its observation. So, in 
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conservative systems there are no attracting sets. An attractor is a subset of the 
phase space ΡN, to which trajectories tend with time starting in some neigh-
borhood of it. If in a conservative system there is a periodic motion, then such 
motions are infinitely many and are determined by the initial value of the 
energy. Attractive sets can exist in dissipative systems. Stationary oscillations 
for dissipative dynamical systems are not characteristic. However, in nonlinear 
systems it is possible to have a periodic asymptotically stable motion, the ma-
thematical image of which is the limit cycle, represented in phase space by a 
closed line, to which trajectories from some neighborhood of this line are con-
tracted with time. 

In terms of the shape of the phase portrait, one can judge the characteristic 
behavior of the system, and the “smooth” deformations of the phase space do 
not lead to qualitative changes in the dynamics of the system. This property is 
called the topological equivalence of phase portraits. It allows you to analyze the 
behavior of various dynamic systems from a single point of view: on its basis, the 
set of dynamical systems under consideration can be divided into classes within 
which systems demonstrate qualitatively similar behavior. From the mathemati-
cal point of view, the “smooth deformation” of the phase portrait is a one-to-one 
and mutually continuous transformation of the phase coordinates, as a result of 
which new singular points cannot appear, and on the other hand—singular 
points cannot disappear. 

3. Algorithm for Constructing Phase Diagrams of the  
Two Component Medium State 

Let us consider the algorithm for constructing a phase portrait or diagram from 
seism acoustic monitoring data. As a result of the well monitoring, we have three 
sets of intensity data of the seism acoustic radiation: background ( ), fI t z , after 
the first excitation ( ) 1, VI t z  and after the second excitation ( ) 2, VI t z . These 
three functions for a fixed z are observed for a time interval of 14 seconds with a 
sampling frequency of 44,100 Hz with a borehole step of 0.5 m. The entire in-
terval is divided into 14 sub-intervals of 1 sec duration. Within each second, the 
observed values are averaged ( ), fI t z , ( ) 1, VI t z , ( ) 2, VI t z  over the intervals: 0 
- 0.1 sec, 0.1 - 0.2 sec, 0.2 - 0.3 sec, 0.3 - 04 sec, 0.4 - 0.5 sec, 0.5 - 0.6 sec, 0.6 - 0.7 
sec, 0.7 - 0.8 sec, 0.8 - 0.9 sec, 0.9 - 1 sec. Thus, we obtain a new database of av-
eraged data ( ),s fI t z , ( ) 1,s VI t z , ( ) 2,s VI t z , for which we construct phase dia-
grams on the planes 

( ) ( ) ( ) ( ) ( ) ( )1 1 2 2, , , ; , , , ; , , , ;s s s s s sf f V V V VI t z I t z I t z I t z I t z I t z
t t t
∂ ∂ ∂
∂ ∂ ∂

   (2) 

Then we determine: ( ) ( ) ( )max , , min , , max ,s s sf f fI t z I t z I t z
t
∂
∂

. Similarly  

for the functions ( ) 1,s VI t z  and ( ) 2,s VI t z . After that, we calculate the areas of 
three figures (rectangles that include phase portraits of the three sets of functions 
(2)), for example: 
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( ) ( )( )
( ) ( )

max , min ,

max , , 0 max , , 0

f s sf f

s sf f

A I t z I t z

I t z I t z
t t t t

= −

 ∂ ∂ ∂ ∂ 
× > + ≤ ∂ ∂ ∂ ∂       

 (3) 

The quantity (3) for each time interval, equal to 1 sec, is denoted 1 2, ,f V VA A A  
respectively. Next, we construct the phase diagrams on the planes: 

1 2
1 2, , , , ,f V V

f V V

A A A
A A A

t t t
∂ ∂ ∂
∂ ∂ ∂                   

 (4) 

which will be further analyzed to describe the state of the near-well oil-saturated 
reservoir. This algorithm is realized in Microsoft Excel Visual Basic in the form 
of macros that allows quickly average data with an arbitrary frequency and cal-
culate the described quantities. 

4. Examples of Processing Seism Acoustic Monitoring Data, 
Using the Method of Phase Diagrams 

Here on the Figures 1(a)-(c) we can see how the morphology of phase diagrams 
changes during the acoustic influence of the reservoir medium in the oil wells. 

From the processing results described by the algorithm of full-scale data it 
follows that the background phase diagrams before excitations vary greatly in 
their morphology, by attracting point and the area under the phase trajectory for 
each observation point along the well, indicating a sharp heterogeneity of the 
wellbore environment. Phase diagrams before and after the first and second im-
pacts at the same point along the well differ by the same criteria, reflecting the 
fact that the well near the wellbore changes its state with vibration. If the area 
under the phase diagram after the first influence becomes larger than the ana-
logous value before the influence and, or the value ( )1 1 1max minc

V V VA A A= −  
becomes larger than ( )max minc

f f fA A A= − , this means that the intensity of 
the seism acoustic radiation has also increased, which indicates the closure of 
cracks and pores and the decrease of the influence of the liquid phase. If these 
parameters become correspondingly smaller, this means that the intensity of the 
seism acoustic radiation has decreased, which indicates a larger flow of the liquid 
phase and an increase its mobility in a given time interval and at a given obser-
vation point. A similar analysis is made relative to the phase diagram after the 
second excitation. 

5. Conclusions 

At the present time, using the seism acoustic monitoring data of a large number 
of wells in the West Siberia field, whose oil interval is located in the same geo-
logical formation and at a relatively same depth, the quantitative oil saturation 
and oil mobility tests are developed using the proposed algorithm to form a 
training sample and the subsequent use of the method of pattern recognition to 
solve practical problems. 

Thus, the developed method of analyzing seism acoustic information allows  
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Figure 1. Phase diagrams of one point of the oil well, depth 2626 m: (a) before the influence , f
f f

A
A B

t
∂

=
∂

, f11—at the begin-

ning of the cycle, f12—at the end of the cycle; (b) after one cycle of frequency acoustic influence 1
1 1, v

v v
AA B
t

∂
=

∂
 v11—at the 

beginning of the cycle, v12—at the end of the cycle; (c) after the second cycle of frequency acoustic influence 2
2 2, v

v v
AA B
t

∂
=

∂
 

v21—at the beginning of the cycle, v22—at the end of the cycle. 
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qualitatively classifying the state of a multiphase medium, which is the oil reser-
voir, using data from multiple impacts. For the quantitative solution of the 
above-mentioned phenomena of the non-equilibrium and hysteresis interaction 
of water and oil during the development of an oil reservoir, it is necessary to 
supplement and develop a system of seism acoustic observations. 

Let us consider non-equilibrium models of two-phase filtration. The basis of 
modern calculations of two-phase filtration flows is the phenomenological 
theory of the Muskete-Leveretta [14] based on the equations for the conserva-
tion of phase masses and the generalized Darcy law for phase flows and is closed 
by empirical functions of phase permeabilities and capillary pressure. It is the 
kind of phase permeability functions that determine the concrete picture of a 
two-phase flow (in particular, the process of displacement of oil by water). 

In general theoretical constructions, knowledge of the qualitative properties of 
the phase permeability functions and capillary pressure is sufficient. When car-
rying out calculations of specific objects, they must be determined experimen-
tally, on a sufficiently representative (taking into account the heterogeneity of 
the formation) material and with sufficient consideration of the sensitivity of the 
results to the form of phase permeabilities-accuracy. 

The most common way to determine the functions of relative phase permea-
bilities (RPT) is to conduct laboratory tests on cores. Experimental determina-
tion of the dependence of the RPT on water saturation is a laborious process re-
quiring the use of special equipment. Therefore, in practice, the ready-made de-
pendences of the RPT obtained for rocks of a similar type or for the simplest 
porous media, such as samples from bulk sand, are often used. This approach is 
not always valid, since the PFD, even for the same class of rocks, is determined 
by a large number of factors. There are data [15] proving that when using in the 
hydrodynamic calculations the parameters of the development of an oil field for 
the RPT curves obtained not for the conditions of a given deposit, errors in the 
results and, above all, in the dynamics of water cut, can reach 60% - 80%. 

With the introduction of a large number of oil and gas fields, characterized by 
a variety of geological and geophysical properties, the need for reliable data on 
the phase permeabilities of a particular deposit increases. In practice, the extru-
sion method is widely used to determine the RPT, in which water displacing oil 
is pumped into a sample of a porous medium saturated with oil and bound wa-
ter. The results of laboratory studies [16] and numerical simulation [17] have 
shown that the curves of the phase transition of a two-phase system are not con-
stant in time, which indicates a non-equilibrium character of the immiscible dis-
placement. 

According to modern ideas, the non-equilibrium phase permeabilities are as-
sociated with the processes of transfer between pores. In this connection, expe-
riments that establish the character of the distribution of residual oil after dis-
placement by water are of particular interest. It was shown [18] that residual oil 
globules have dimensions of ~1 - 10 pore diameters. With a rapid change in the 
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displacement regime [18], when the characteristic time of regime change is less 
than the characteristic time of displacement from the capillaries, the phase per-
meabilities of both displaced and displacing phases are less than in the equili-
brium case, and also with non-equilibrium displacement, the residual saturation 
depends on the viscosity of the displacing and displaced phases and increases 
with an increase in the degree of non-equilibrium. 

The classical models are based on the idea of a unique dependence of the 
phase permeability functions and capillary pressure on saturation, which physi-
cally means a unique relationship between phase distribution in pores and satu-
ration. This assumption is true if the porous medium is macro homogeneous at 
distances sufficiently large, including a wide range of pore sizes. However, real 
oil and gas reservoirs have heterogeneity in terms of porosity and permeability 
of the most varied scale. Therefore, classical models of two-phase filtration can 
be considered as an equilibrium approximation to the description of the process. 
Oil recovery in a heterogeneous reservoir does not depend monotonically on the 
rate of displacement, which is explained by the finite time of establishing the 
equilibrium distribution of the phases. We must move on to models with hie-
rarchical inclusions in a layered-block environment. 
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