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1. Introduction
According to the modern classification [1-4], oil is a 

multicomponent, generally multiphase medium of low and 
high molecular weight compounds belonging to different 
homologous series. The low molecular weight compounds are 
mainly represented by paraffinic, naphthenic and aromatic 
hydrocarbons. The high molecular weight part of the oil 
consists of high molecular weight paraffinic hydrocarbons 
and bicyclic aromatic hydrocarbons of the benzene and 
naphthalene series, resins and asphaltenes. It should also 
be borne in mind that when the pressure in the medium 
decreases (this may occur naturally during the exploitation 
of oil deposits or the rise of oil to the surface) below the 
pressure of saturated vapors, they transform into a gaseous 
form [4-11]. Herein, the gas content of oil can vary from a few 
percent to 50% [1, 4].  The exact composition of associated 
petroleum gas depends on the composition of the oil in which 
it is dissolved, the conditions of occurrence, but, as a rule, it 
contains hydrocarbons with an admixture of carbon dioxide 
or nitrogen, for which the degassing pressure lies in the range 
(50-200 atm) [12].  

On the other hand, all solid and liquid components of 
oil are characterized by different sizes, masses and dipole 
moments, that defines the variety of possible options for 
the establishment of intermolecular bonds due to the van 

der Waals forces, osmotic attraction and steric repulsion. 
In this case, the characteristic structural units of oil vary 
from microscopic (10-7 cm) to macroscopic (10-4 cm) scales 
and the presence of particles of different sizes in the system 
leads to the fact that the medium acquires a random discrete 
structure consisting of space regions densely filled with 
particles and voids between them (see, for example, [13-17]). 
As an illustration of such structure, the typical micrograph of 
water-oil medium is shown in figure 1  taken from [13].

In this regard it should be noted that with a hexagonal 
packing of a system consisting of spherical particles of the 
same size, the theoretically permissible degree of space filling 
is g0 = 72% [17-19]. The value of g will depend primarily on 
the ratio of particles number with different sizes as well as on 
the intermolecular interactions which determine the filling 
of space with particles and the destruction and formation 
processes of particles.  Depending on these parameters one 
can obtain the case of compact packing with g > g0 or the case 
of incompact packing when g < g0. Any way the medium 
should contain a significant number of voids.

One can expect that under certain conditions, these voids 
can change their configuration and size. For example, when 
the pressure in the flow drops below a certain limit, they can 
be filled with gas dissolved in colloidal particles. As a result, 
gas bubbles could be generated in the medium. These bubbles 
are able to increase in scale, while the areas of local density 
rarefaction in the medium will expand until the moment 
when the surface energy of the bubble is sufficient to contain 
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pressure from other particles of the medium. However, that 
is a possible script, if any. 

It is of interest to discuss the possibility of existence of 
such script. It would be useful to consider the gas bubbles’ 
formation and evolution features in oil medium under the 
changing pressure and gas saturation of the oil. That is we 
are going to determine the way of controlling this internal 
airlift using external acoustic fields in order to govern 
the macroscopic parameters of the entire volume. In the 
framework of this issue, we are also going to discuss the 
possibility of using the obtained results for the diagnostics 
of oil fields.

2. Hydrodynamic and ultrasonic activation of 
bubble growth in the oil flow
We may try to govern the process of growing bubbles by 

changing the corresponding macroscopic flow parameters 
and using the external acoustic fields. Such a combined 
action can be carried out in the scheme shown in figure 2 
where the narrowing area alternates with the expansion area 
of hydrodynamic tract. In this schematic we expect to have 
the superimposition of two processes: a fast external acoustic 
impact and a slow change of parameters for hydrodynamics 
flow which, moreover, propel the process of gas diffusion 
from the surrounding oil medium into the gas bubbles. It 
is worth noting that the intensity of such process shall be 
defined by the relationship between d1 and d2, i.e. because 
of the geometry for the hydrodynamic tract changes. This 
immediately follows from the Bernoulli’s law:

2 2
1 1 2 2

1 22 2
v vp pρ ρ

+ = +

where ρi, pi are the density and pressure of the flow at the 
corresponding part of the scheme (i = 1, 2 for the part with 
diameter d1 and d2 respectively). Here, we have considered 

the case where ρ1 ≈ ρ2, since the d1 < d2, we get v1 < v2. Therefore, 
the pressures are obeying the inequality p1 > p2. In the des-
cribed situation, due to the increase in pressure when the 
flow moves from the second region of scheme to the first, 
the energy accumulated by the bubbles in the second region 
is released in the first. The released energy converts into 
the kinetic energy of the particles surrounding the bubbles, 
which can provoke the breaking of molecular bonds in the 
surrounding fluid.

Such scheme may be located at the exit from the formation 
to the well (fig. 2). At the region of acoustic waveguide, there 
may be an additional drop in pressure in oil flow compared 
to the one in the down part of well that may bring about 
to accelerating the growth of the bubbles that fall from the 
reservoir into the well. Moreover, this may propel the growth 
of some microscopic voids under filling them with the gas 
contained in oil medium (see, for example, [20-24]).

As a result, a two-phase medium may be formed contain-
ing a huge number of bubbles, i.e., the density of medium in 
the area of the acoustic waveguide may decrease significant-
ly, which can facilitate the lifting of oil from great depths. In 
fact, here we expect to get an internal airlift when gas bubbles 
are formed due to internal diffuse processes occurring in 
the volume of oil medium under the ultrasonic action. Such 
situation may be observed in the case when the gas bubbles 
are «frozen» into the oil flow, and they drift with the flow 
velocity (in detail, this question shall be discussed in our a 
forthcoming publication [25]).

Now we discuss the necessary physical and technical 
conditions for the implementation of such a script when oil 
enters the well from the formation where there may appear 
a natural conditions for such pressure drop (from 100 to 
10 atms). In the case of quasi-equilibrium process one can 
write 

(1)2
l agp p p

R
σ

= + −

which describes the relationship between the gas pressure pg 
inside the bubble with radius R having the surface tension 
coefficient of the oil σ = 26 × 10-3 N/m [2] and the pressure pl 
maintained in the oil liquid under the impact of acoustic 
pressure:

pa = pa0 sin (ωt)                                 (2)
here pa0 and ω are the amplitude and frequency of acoustic 
pressure.   

In order to obtain the rough estimation of bubble dynam-
ics we shall explore the case when gas flow from the bubble 
is negligible, and the change of gas density ng in the bubble 
can occur due to the change in the bubble volume as well 
as the gas inflow from the surrounding liquid. Since in the 
typical conditions of oil well, the Peclet number Pe << 1, then 
the change in the amount of gas in the bubble have to come 
about because of a balance between diffuse flows at the bub-
ble boundary [23]. That is, one can neglect by the convection 
processes of gas transfer [20, 21, 23]. In this case the equation 
of gas balance for one bubble reads

(3)( )3 23 gg
d n R R j
dt

=

here the gas inflow jg from oil liquid under Pe << 1 is 
determined by the relation [20, 23]:

(4)1 g
Dn Rj

R Dtπ
∞  

= + 
 

Fig. 1. Photo for microstructure of water-oil system 
stabilized by particles of alum. oxide [13]

Fig. 2. Schematic of hydrodynamic tract: 1- oil flow, 
2- acoustic emitter, 3- oil-saturated reservoir
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where n∞ is the gas density in oil far from the bubble.  For 
time   t >> R2/D we can neglect the second term in Eq. (4), i.e., 
henceforth, we may use

(5) g
Dnj

R
∞=

Restricting our consideration by the isothermal case and 
using the state equation for ideal gas, pg = Tng, where gas 
temperature T = const from (1) we find

(6)
2l a

g
p pn
kT kTR kT

σ
= + −

Substituting (6) and (5) into (3), with allowance dpl/dt ≈ 0 we 
get

(7)
( )
( )

2
0

0

3
3 4 3

cos
sin

a

l a

kTDn p R tdR
dt p R p R t

ω ω
σ ω

∞ +=
+ −

This equation must be supplemented by the initial condition 
R(t = 0) = R0. By using dimensionless variables

0

,   Rt r
R

τ ω= =

it is convenient to rewrite Eq. (7) as

(8)
( )

( )
2

03

3 1

cos
sin

F rdr
d r

ξ κ τ
τ κ τ ζ

+
=

 − + 
where ξ = kTn∞/pl  is the gas content in oil, 2

0 0D / ωF R=  is the 
diffuse Fourier number, k = pa0/pl is the ratio of the acoustic 
pressure amplitude to the oil pressure and ζ = 4σ/p0pl is the 
ratio of surface pressure to fluid pressure. Depending on 
these dimensionless parameters, Eq. (8) admits a rich variety 
of solutions. Therefore, we shall select the range of basic 
parameters where there is an increase in the bubble radius 
with allowance for the existing technical capabilities.

So, the gas content in oil can vary from 10 to 50%, which 
gives 0.1 ≤ ξ ≤ 0.5. The magnitude of pa0 is set by the power 
of acoustic generator W which can be vary in the range 
104

 - 105 W/m2 (see, for example, [26, 27] and references there-
in). On the other hand, this power goes on the excitation of 
an acoustic wave which transfers the energy flow. As an 
estimation of such energy flow, we take the relation for linear 
acoustic waves propagating in a homogeneous medium:

2
0

0 0

a

l

pI
cρ

=

where ρl0 is the density of oil medium, and c0 is the velocity of 
sound in unperturbed medium. It should be noted that here 
we have neglected the dependence of the sound velocity on 

the content of bubbles in the oil; this shall slightly increase 
the sound velocity and decrease the amplitude pa0. Then 
proceeding from assumption I ~ W we get

(9)0 0 0a lp c Wρ=

As typical values for oil in natural conditions, we take 
c0 = 1225 m/s and pl0 = 900 kg/m3 [2, 3]. Then, using (9), we 
find that amplitude pa0 changes in interval  1 ≤ pa0 ≤ 3 atm for 
the chosen range of W. It means that in the bottom hole, the 
parameter k can vary in the range 0.1 ≤ k ≤ 0.3. Since ζ > 0, the 
denominator of Eq. (8) never vanishes, namely the singular 
dynamics for the model is excluded.

Underestimating admissible frequencies, we shall proceed 
from point that the diffusion process prevails over acoustic 
impact. Such a script comes about when the characteristic 
diffusion time 2

0τ /d R D=  is less than the characteristic time 
of acoustic impact τa = ω-1, i.e., F0 ≥ 1. It implies that

(10)2
0

D
R

ω ≤

On the other hand, if we wish to obtain an effect on 
the entire volume of liquid in the region of the acoustic 
resonator, we should require that the acoustic wavelength 
be commensurate with the transverse dimension of the 
waveguide: 2πc0ω ≤ d1. From this condition we get

(11)0

1

2 c
d
πω ≥

In order to avoid the consideration of resonant acoustic 
phenomena (e.g. the acoustic radiation force) along with 
condition (10), we have to require 

ω ≤ ω0                                      (12)

where ( )2
0 0 03ω /l lp Rρ=  is the monopole resonance fre-

quency of bubble with characteristic radius R0. Thus, the rela-
tions (10)-(12) determine the allowable technical parameters 
of the system worked out. 

Now let us pass over to the numerical study of the model 
Eq. (8) with the described above conditions. The solution 
of Eq. (8) for variable generator frequency in provided 
constraints is shown at the figure 3. As we can see the 
amplitude of radius oscillations higher when the generator 
frequency is lower. Also, the velocity of radius rising is 
higher when the frequency is lower. For variable oil flow 
pressure, the results are shown at the figure 4. One can see 
here that the amplitude is higher when the pressure is lower, 

Fig. 3. Bubble radius oscillations for the variable 
generator frequencies ω Fig. 4. Bubble radius oscillations for the variable pl
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but the differences are not very noticeable.
As is seen, the presented results indicate a strong need 

to select the generator frequency, while the resulting effect 
on the flow is weakly dependent on its pressure. Besides, 
the excitation of acoustic oscillations in the flow of oil liquid, 
which in a given way is either accelerated or slowed down, 
can provide a local effect on the structure of the studied 
medium.

3. Formation of thermal fields in dispersed systems
and simple liquids
Following to [9, 12, 22], we shall consider the manifestation 

of these features on the example of the gas bubbles formation 
process in oil (hereinafter this process is called oil degassing) 
where the temperature changes due to the heat of oil 
degassing. In this case the temperature change shall depend 
on the oil saturation of the formation. Herewith the presence of 
water in reservoir due to the lower solubility of hydrocarbon 
gases should lead to decreasing the heat effect of degassing 
on the generated temperature field. Hence the information 
about the features of the temperature field formation may 
be associated with the oil saturation of formation. In other 
words, such feature makes it possible to use the acoustic 
impact on an oil-saturated porous medium to assess the oil 
saturation on the temperature measurements.

In order to describe these processes, we consider the 
simple model for the thermal field formation in an oil-
saturated porous medium under acoustic impact, which may 
initiate the formation of bubbles. We shall study the porous 
medium saturated with oil where there occurs a local decrease 
in pressure. Such decrease in pressure leads to the filtration of 
carbonated oil from formation to well. Under the influence of 

these factors in the region (r ≤ rb) where rb is the characteristic 
radius of the degassing region, the gas bubbles are formed 
that leads to the change in temperature for the selected region 
due to the heat of degassing, adiabatic and Joule-Thomson 
effects. To reveal the influence of such heat sources in the first 
approximation we neglect the heat losses to the surrounding 
rocks. The convective heat transfer is assumed to prevail over 
thermal conductivity along the path of fluid movement, i.e. 
one can neglect the thermal transfer effects. Also, we give 
up the consideration of the oil evaporation. The degassing 
process is assumed to be equilibrium, obeying Henry’s law. 
This allows us to distinguish three phases in the system 
under the consideration: the skeleton of porous medium, oil 
and gas phases. 

For simplicity, we shall study the problem in axisymmetric 
geometry. Herewith, the system worked out is assumed to be 
homogeneous in the axial direction. Then the dynamics of the 
thermal field, phase saturations, and pressure is described by 
the known equations of non-isothermal filtration [12]. The 
energy conservation equation is presented in the following 
form:

(13)

( )

( ) ( )

( ) ( )

1 1 1 2 2 2 0 0

1 1 1 2 2 2 12 2 1 12 12

1 1 1 1 2 2 2 2 1 1 1 1 1 2 2 2

1

1

m c S c S T m c T
t

r c v c v T J c c T J
r r

P Pm c S c S c v c v
t r

ρ ρ ρ

ρ ρ χ

ρ η ρ η ε ρ ε ρ

∂
   + + − +   ∂

∂
 + + = − + + ∂

∂ ∂
+ + + +

∂ ∂

here Si is the phase saturation, T is the temperature, P is the 
pressure of the flow (that coincides with pl), с is the heat 
capacity, ρ is the density, m is the porosity, χ12 is the heat of 
gas release, εi is the coefficient of the Joule-Thomson effect, η1 
is the coefficient of adiabatic effect, J12 is the intensity of phase 
transitions during degassing.

In the considering case (tab. 1), the system of equations 
with the permanent thermodynamic parameters ci, εi, ηi, χ12 
are analyzed by the numerical method [28]. All required 
numerical results are compared with the corresponding 
analytical solutions describing the behavior of single-phase 
one-component oil at the reservoir outlet [29, 30].

Successively we shall take a look at what happens when 
the system contains: 1) oil and gas, 2) water and gas, 3) water. 
Herewith it should be noted that in cases 1) and 2) the gas 
properties are the same. The required parameters used in the 
present calculations are collected in the table 2 [12, 22]. 

The numerical results for these cases are shown in  
figure 5. As is seen from these graphs, the greatest tempera-
ture decrease is observed for an oil-saturated reservoir with 

Table 1
 Fluid parameters [12]
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 Classification of reservoirs [12, 22]
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Fig. 5. Dependence of the sandface temperature 
change vs. time for different compound: 

1 - oil + gas, 2 - water + gas, 3 - water
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dissolved gas. There is a rapid decrease in oil temperature, 
here the oil cooling brought about the degassing process  
prevails over heating due to the Joule-Thomson effect. In 
the case of water-saturated reservoir, after a slight decrease 
in temperature, there is a positive temperature anomaly 
(relative to the geothermal one at a given depth) when the 
increase of temperature comes about with respect to time.  

Such behavior is caused by the small amount of gas 
released from the water. In the present case, a slight cooling 
of water comes about because of adiabatic effect and gas 
evolution under pressure decrease. However, this effect is 
somewhat less than heating the mixture due to the Joule-
Thomson effect for water. As a result we have the situation 
when the second effect shall always override the first effect. 

At this stage it is instructive to touch on the occurrence 
of temperature anomaly (e.g., temperature difference at the 
outlet of reservoir or geothermal anomaly at a given depth) 
depending on the gas factors and reservoir water cut. The 
corresponding pictures are given in figures 6 and 7.

Figure 6 presents the dependence for the changes of the 
temperature anomaly with a gas factor (GOR) of 100 m3/m3  
at different water cuts depending on the well operation time. 
One can see that the increase in water cut come about to 
the appearance of positive temperature anomalies. Figure 7 
shows what typically happens to the temperature anomaly 
depending on the change in the gas factor and water satura-
tion. In this case, even at high GORs, there is an inverse water 
saturation, above which positive temperature anomalies are 
observed (the water cut have to exceed the value 60-70%).

As is seen from the graphs in figures 5-7, the basic result 
is that depending on the composition of the liquid the sign of 
the temperature derivative changes and this feature can be 
used to diagnose the oil saturation of the reservoir. This issue 
will be discussed in more detail in the next section.

4. Comparison of model and field data
Now we consider the thermograms obtained during 

oil production in a well [28] in to confirm the connection 
between the oil saturation of the medium and its tempera-
ture changes. The picture of these observations for the well 
No 1 is given in figure 8. This well contains two permea-
ble formations located at a depth of 2411.2-2413.2 m and  
2415-2422 m respectively. The short-term inflow of fluid from 
the reservoirs was carried out using a compressor unit.

Analysis of the present thermograms shows that the 
throttling heating is observed when there is fluid inflow from 
the lower perforated formation (curve 2 in fig. 8). After the 
compressor is turned off, the pressure in the well decreases 
below the bubble-point pressure for oil. At the same time, one 
can see the decrease in temperature (curve 3 in fig. 8) against 
the lower layer. The shape of the temperature dependence 
being above the inflow zone indicates the predominant 
inflow of gas phase into the wellbore. The curve 4 in figure 7 
corresponds to some pressure increase but it is still less than 
the bubble point pressure; in this case there appears an inflow 
of the gas-oil mixture [4, 31].

One can observe that the curve 5 in figure 8 relates to the 
conditions when the well pressure is higher than the bubble-
point pressure, and the fluid inflow is observed from the 
formation. Such heating anomaly may be considered as a sign 
that the lower layer is an oil saturated. Herewith, a decrease 
in pressure without gas release from oil would only lead to 

Fig. 6. Dependence of the sandface temperature 
change vs. time for different compound: 1 - oil + gas, 

time = 0.1 h; 2 - oil + gas, time = 0.5 h;  3 - oil + gas, 
time = 1 h; 4 - oil + gas, time = 2 h; 5 - oil + gas, time = 5 h. 

Dependence of the tem-perature anomaly on water 
saturation at different times after the well was put 

into operation for GOR of  100 m3/m3

Fig. 7. Temperature field at different GOR for the 
exposure time 1800 sec.

Fig. 8. The results of well test. Here 1 - background, 
before the compressor is switched on; 2 - when the 

compressor is running; 3 - immediately after shutting 
down the compressor and reducing the pressure in the 

well; 4 and 5, 1 and 2 hours after the compressor is 
turned off (PI is the perforation interval) [28]

A. R. Karimov et al. / SOCAR Proceedings  No.3 (2022) 007-014
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an increase in the positive temperature anomaly. Another 
words, comparing the signs and values of temperature 
derivatives for oil flow with gas bubbles with respect to pure 
water flow and water-oil liquid one can make the useful 
conclusion on the oil content in well. Proceeding from the 
described idea, it is possible to compare the modulus and 
direction of the temperature gradient in the well with the oil 
concentration gradient in it.

Namely such vivid behavior is observed in figure 9 which 
illustrates the change in temperature anomaly after the water 
flooding in relation to the anomaly in the flow of pure oil. 

In this well, three layers are perforated. The first studies of 
the temperature distribution were carried out before water 
flooding the reservoirs when pure oil is produced from the 
well. As is seen from dependence T1 in figure 9, the temper-
ature decrease comes in all three working layers when the 
wellbore pressure is below the bubble-point pressure. Curve 
T2 in figure 9 describes a case where the pressure increases 
when the well is shut down. This process is accompanied 
by the temperature increase of medium due to the throttling 
heating. From the modeling above it follows that such behav-
ior of the thermograms is caused by the high oil saturation of 
layers. Repeated studies performed after three years of well 
operation show changes in the nature of the temperature 
distribution over depth (see curves T3 and T4 in fig. 9). It 
is worth noting that opposite to the lower layer during the 
operation of the well and after its shutdown, the temperature 
anomalies are positive, hence there is a throttling heating of 
the liquid. Whereas, the upper layers are characterized by the 
negative temperature anomaly (the temperature decrease), as 
in the previous case, this means that the lower layer has been 
watered - water comes out from it.

Thus, the analysis of the given production data indicates 
that it is possible to apply the results of modeling presented 
in Section 3 for seeking oil fields. Furthermore, the usage of 
acoustic fields could induce both temperature effects in the 
well and structural changes in the oil flow, simplifying its 
production (see, for example, [4, 32]).

Fig. 9. The results of well test. Here curves T1 and T3 
relate to a working well, curves T2 and T4 relate to 

a shut-in well (PI is the perforation interval) [28]

5. Conclusions
In the present paper, we have discussed the structural features of dynamics for high-molecular systems 

(e.g., the polymer fluid or liquid dispersed system) saturated with the gas bubbles under changing the 
flow pressure. As a typical sample of such systems, we have taken the oil; that is defined by the existing 
and possible applications of this medium. We have considered the physical case when the formation of gas 
bubbles comes about in the natural voids of the dispersed system (in the fact, such voids are the nuclei of 
bubbles) under governing the pressure of medium. In general, the pressure change can be caused by two 
factors: changing the geometry of the tract in which the medium moves and the impact of external acoustics 
fields on the medium. Here we have considered the model where both factors have been taken into account. 
The use of this model makes it possible to study a bubble dynamics with respect to the flow pressure 
and the outgassing from the medium. Based on the model, the bubble radius oscillations were simulated 
depending on the parameters of the acoustic field and the pressure in the flow. 

We have tried to connect the results about the bubbles dynamics to analyze the temperature changes 
in a medium on pressure. In the worked out case, we have found the relationship between temperature 
gradients in the medium depending on the change in pressure for various types of saturation. There is a 
strong temperature dependence on composition of a two-phase medium, especially the water content in 
liquid. Proceeding from this point, the dependence between the temperature changes and the changes in oil 
saturation of medium has been established. These results should be helpful in diagnosing oil fields [33]. As 
is seen from analysis of dependences presented in figures 7-9, to do such analysis one should have the data 
on well thermograms obtained during oil production. However, in order to fully understand the range of 
the worked out model, it will be necessary to extend the analysis of external acoustics impacts and internal 
processes of the structure formation for oil dispersed medium for real natural conditions considerably.

The work was carried out with the financial support of the Ministry of Science and Higher Education of the 
Russian Federation on the topic: «Creation of an intelligent integrated technology for the study and interpretation of 
data from field and geophysical studies of wells...», Agreement No. 075-11-2021-061 dated June 25, 2021.
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Реферат

В статье рассмотрены процессы в нефтяной дисперсионной среде с растворенным газом. 
Представлена модель взаимодействия растущих пузырьков с акустическими полями. Показано, как 
изменение давления и нефтенасыщенности (а именно плотности частиц нефти во всем потоке) среды 
связано с температурными полями в системе. Исходя из этого, на качественном уровне анализиру-
ются термограммы скважин, полученные в процессе добычи нефти.

  
Ключевые слова: коллоидная система; пузырьки; нефть; теплота дегазации нефти; тепловые 

поля.                            
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Xülasə

Məqalədə həll olunmuş qaz ilə neft dispersiya mühitindəki proseslərə baxılmışdır. Böyüyən qabarcıqların 
akustik sahələrlə qarşılıqlı əlaqəsinin modeli təqdim olunmuşdur. Mühitin təzyiqinin və neftlə doymasının 
(əsasən də axındakı neft hissəciklərinin sıxlığının) dəyişikliklərinin sistemdəki temperatur sahələri ilə 
necə bağlı olduğu göstərilmişdir. Bunun əsasında da neft hasilatı prosesində alınan quyu termoqramları 
keyfiyyətli səviyyəsində təhlil edilir.

Açar sözlər: kolloid sistemi; qabarcıqlar; neft; neftin qazsızlaşdırılma istiliyi; istilik sahələri.
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