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Resumen

Este trabajo presenta un nuevo modelo acoplado entre la ecuación de difusión y la ecuación de onda para analizar la 
recuperación mejorada de petróleo (EOR) de pozos en yacimientos. Se presentan experimentos de laboratorio que han 
validado el modelo. Las ondas que se propagan generadas por este método, a través de las características inherentes del 
sistema roca-fluido han llevado a modificaciones en las presiones capilares, retención de fluido en los poros, vibraciones 
de la roca y energía cinética en los fluidos. En consecuencia, estas alteraciones facilitan el flujo de petróleo hacia los 
pozos productores.

Palabras clave: Ondas inducidas, EOR, yacimiento, frecuencia, estimulación, vibraciones.

Enhanced oil recovery as result of induced waves

Abstract

This paper introduces a new coupled wave and diffusivity pressure equation model to analyze enhanced oil recovery 
(EOR) from reservoir wells. Laboratory experiments have validated the model. The propagating waves generated by this 
approach through the inherent characteristics of the rock-fluid system led to modifications in capillary pressures, pore 
fluid retention, rock vibrations, and kinetic energy in fluids. Consequently, these alterations facilitate the oil flow toward 
the producing wells.

Keywords: Induced waves, EOR, reservoir, frequency, stimulation, vibrations.

Introduction

Throughout the history of the petroleum industry induced 
waves have found various applications, including prospecting 
and pulse testing. Pulse testing involves the generation of 
induced waves (IW) within petroleum reservoirs through 
variations in flow rate and pressure changes. These induced 
waves create pseudo waves or pressure wave displacement 
through the porous media.

When induced pressure waves propagate through the 
reservoir, their movement is influenced by the radius of 
the investigation and their properties. The induced wave 
displacement within the formation occurs faster than the 
natural pressure drop wave.

The main objective of this paper is to validate through a 
coupled model of induced waves and diffusivity pressure 
equations, laboratory tests. The validation aims to 
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demonstrate the model’s effectiveness in simulating the 
increased production from wells.

Studies conducted worldwide have examined the effects of 
seismic waves within reservoirs, with observed increases in 
hydrocarbon production resulting from the seismic effect. 
In the 1970s there was a Russian report about increased 
oil production in a field due to an earthquake, in which the 
production increased during the event and continued for 
some time afterward. The report also mentioned a change 
in water cut, which persisted after the event and drew 
attention to the phenomenon.

Nikolaevskij (1996) conducted a study examining how 
both natural and artificial vibro-stimulation influence on 
relative permeabilities in porous media. Subsequently, 
in January 1997, a research team led by Davison initiated 
laboratory testing, Figure 1. This endeavor was followed by 
field tests (in Argentina) that spanned from 1999 to 2001. 
The objective of their research was the development of a 
specialized fluid for injection into downhole tools within oil 
wells. This innovation aimed to enhance oil production in 
water injection wells, thus bolstering secondary recovery 
techniques within oil fields.

Figure 1. The laboratory experiments were conducted using a confined rectangular sand pack arrangement, where water is 
injected in pulses. In other words, the injection line serves as the source of waves (pulses) (Dusseault et al., 2000)

Some significant findings from the 150 experiments 
conducted are (Spanos et al., 2003):

1. Appropriately applied dynamic excitation with the 
right frequency and magnitude increases flow rate 
in porous media.

2. There is no change in basic static permeability 
associated with this effect because the simulation 
sands are clean, dense, and rigidly held in place.

3. The flow enhancement occurs in single-phase 
liquid flow (a relative permeability explanation is 
therefore out of the question).

4. There are clear transient build-up and decay 
periods in flow rate as pulsing is periodically 
stopped and restarted.

5. There are concomitant internal changes in pressure 
distribution, even though the macroscopic external 
heads remain constant.

6. The presence of free gas suppresses the flow 
enhancement effect.

7. The effect occurs for all liquids and permeabilities, 
but of course the lower the intrinsic static 
permeability the smaller the flow rate increase.

Remarkably, the research conducted by Davison’s team led 
to the conclusion that wave induction, could exclusively be 
achieved by the hydraulic generation of pulses within the 
well, coupled with their downhole tool. This approach was 
deemed the most suitable, as it effectively prevented any 
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adverse effects on the well’s mechanical integrity. In this 
setup, the injection frequency is hydraulically controlled, 
transmitting it from the surface to the desired depth. This 
configuration initiates a wave disturbance that propagates 
through the fluid and from the fluid into the formation. 
The primary challenge lies in the significant attenuation of 
vibrations from the tool’s tip within the wellbore, resulting 
in the loss of a substantial portion of the vibration inside the 
well. Figure 2.

Figure 2. Illustrates the fundamental configuration of 
pulsatile water injection.

In 2005, Ariadji conducted laboratory experiments, that 
highlighted frequency as the second most crucial parameter 
to consider in such investigations.

Recently, Rangel et al. (2020) presented evidence showing 
that induced mechanical waves can significantly diminish the 
duration of testing, necessary for studying the characteristics 

of the formation. This reduction in testing time can be 
attributed to changes (contraction - dilatation) in porous 
media by waves. (Geertsma, 1957), (Corapcioglu,1996), 
(Biot, 1962), (Bear and Corapcioglu, 1989), (Garg, 1971), 
(Ishihara et al.,1981), (Madsen, 1978), (Mynett,1983), 
(Nikolaevskihe formationl., 1996), and (Richart et al., 1970). 
Specifically, the waves introduce energy into the system 
through vibrational forces. It is crucial to emphasize that 
these vibrations are generated by a mechanical device, as 
opposed to being pulse-driven (injection fluid), Figure 3.

Figure 3. Waves are induced through a device temporarily 
anchored to the wellbore walls as the source of vibration to 
propagate through the porous medium (Rangel et al., 2022).

Chen et al. (2020) investigated vibro-stimulation as an 
enhanced oil recovery (EOR) method, using modified 
Maxwell’s equations to model the reservoir system. 
However, it is crucial to consider the rock-fluid-pressure 
drop system to accurately represent the process.

Development

An analysis using the solutions for the wave’s displacement through the porous media is presented. The mathematical model 
is based on the momentum balance equation for the formation and its saturating fluid, Eqs. 1 and 2 (Bear, 2018):

(1)
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(2)

The general fluid flow model is given by Eq. 3 (Rangel et al, 2020):

(3)

The general model considering the compressible porous medium is given by Eqs. 4 and 5:

(4)

(5)

The main assumptions for this work are incompressible fluid 
for linear and radial geometries, see Appendices A and B. 
The dilation of the porous medium has immediate effects 
on the fluid, and therefore when the fluid expands within 
the porous medium, the impact of the waves is directly 
reflected in the flow of the fluid through the porous medium 
(Bear and Corapcioglu, 1989), and (Dusseault et al., 2000). 
Hence, it is valid in a model to neglect the dilation of the 

porous medium and subsequently add its contribution to 
oil production (rock and fluid dilation). The term “vibratio-
permatio” is introduced to describe the effect of mechanical 
waves (such as seismic waves and non-acoustic mechanical 
vibration waves) on the porous medium, which contributes 
to fluid production through the dilation of the rock-fluid 
system, see Appendix C.

Dilation of the rock (Eq. 6) and the fluid (Eq. 7) as a result of wave induction, exclusively considering the term related to wave 
propagation (Corapcioglu, 1991), are expressed by Eqs. 6 and 7:

(6)

(7)

Dilation of the rock (Eq. 8) and the fluid (Eq. 9) considering the term related to wave attenuation:

(8)
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(9)

where the attenuation term (Corapcioglu, 1991):

(10)

and propagation terms (Corapcioglu, 1991):

(11)

(12)

Discussion

For a closed reservoir model, the waves displacements in the solid are expressed by Eq.13 and in the fluid Eq. 14, see Appendix 
A Eqs. (A.25 and A.26):

(13)

(14)

The radial model for the above-described conditions is given by Eqs. 15 and 16:

(15)
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(16)

The solid and fluid numerical solutions for Eqs. (15 and 16), are described in Appendix B given by Eqs.17 and 18:

Finite differences of wave displacement in the solid:

(17)

Finite difference of wave displacement in the fluid:

(18)

The vibratio - permatio effect modifies in a dimension smaller than the final wave propagation in the porous medium, 
therefore solutions Eqs. 13, 14, 17 and 18 are valid to determine the wave propagation velocity (In the following, we will not 
differentiate between wave propagation velocity and propagation itself).

The additional production induced by the wave effect can be calculated for a laboratory core using the modified Darcy’s law 
Eq. 19, see Appendix C Eqs. (C.23 and C.24):

(19)

Results

The NWTN value determines the scope of waves that can 
disturb the porous media, See Eq. (A.5); it can be observed 
that the NWTN value depends on induction time, reservoir 
length, and wave speed. It can be observed that the 
reservoir length and speed reached by the wave depend 
on the nature of the reservoir. The only values that can be 
modified are induction time and frequency. The induction 
time and frequency determine the energy supplied to the 
reservoir and the resonance pattern that can be used to 

modify the flow of fluids to the well. Figure 4 shows the 
behavior of the travel of the induced wave, varying the 
induction frequency. It can be observed that at higher 
frequencies the displacement is smaller, yet faster, whereas 
at lower frequencies the wave’s displacement is more 
significant over a longer period of time. It is evident that 
the wave travels faster at higher frequencies, while at lower 
frequencies it covers greater distances. In other words, for 
its optimal application, one must determine the desired 
perturbation length or response time.
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Figure 4. The graph displays three wave displacements within the same porous medium, where only the induction frequency 
was modified. (Rangel et al, 2020). []

The induction of waves changes the energy of the porous 
medium concerning effective stress, which in turn enhances 
fluid flow through the medium, leading to an increase in 
production. The initial part of this research, which focused on 
investigating reservoir properties and boundary knowledge 
through induced wave well-testing, was presented in 2020 
by Rangel et al. The subsequent part of the research, which 
is the focus of this work, will be discussed next.

The vibratio-permatio effect that occurs due to the artificial 
induction of waves takes place from the well, which is the 

source, to where the properties of the porous medium 
allow it, meaning that its effect is attenuated or nullified. 
In order to determine the velocity of waves within a porous 
medium, the previously introduced equations (Eqs. 13, 14, 
17, and 18) can be used to solve Eqs. 8 and 9. It is essential 
to understand these equations to improve the flow capacity 
and spatial extent of the porous medium. Figure 5 illustrates 
the dilation-contraction behavior of the medium and its 
extent ( = 0.25, μf = 1 [cp], k = 400 [md]).

Figure 5. The deformation propagates cyclically through the porous medium with respect to the induction time and 
attenuates. Notably, it almost entirely attenuates at 30 meters.
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The propagation of waves can extend over long distances, 
as shown in Figure 6, where it is evident that the waves 
attenuate at rD = 0.5 for short times. It should be noted that 
the study of wave propagation at long times, although the 

solutions are presented in Appendices A and B, is beyond 
the scope of this work. The wave oscillates periodically in 
the porous medium, with the oscillation pattern depending 
on the induction frequency.

Figure 6. The nature of the waves through porous media with respect to the time, for a wave transmission number NWTN = 500, 
dimensionless frequency wD = 0.001, and dimensionless hydraulic diffusivity ηDiw = 5 at, short times.

A detailed view of the wave displacement reveals its 
behavior, propagation, and attenuation. For an extension 
of Figure 6, from rD = 0, tD = 0, rD = 0.625 at tD = 30. Figure 7 
illustrates the displacement concerning the traveled 
distance. Some similarity in displacement behavior can be 

observed, in contrast to Figure 5, where the deformation 
caused by the vibratio-permatio effect is evident. This area 
represents the extent of the wave’s reach, and it is essential 
to note that the area affected by the vibration-permeation 
effect is smaller than the wave’s reach.
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Figure 7. The waves oscillate over time, gradually becoming weaker. The area of displacement, which is up to rD = 0.625, 
exhibits cyclical oscillations that affect the porous medium.

A simulation for a reservoir with a radial wave range of 
30 [m] was conducted using a laboratory-validated model 
(explained later), having the following properties: = 0.25, 
μf = 1 [cp], and k = 400 [md]. The simulation showed that 

the reservoir’s flow capacity was enhanced (ERFC) by 1080 
[STB/D], indicating an improved fluid contribution of the 
porous medium. Figure 8 shows the cumulative production 
due to the induced waves.

Figure 8. Enhancement of reservoir’s flow capacity within first 30 meters from wave source; additional 1080 [STB/D] 
production was achieved.
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Based on the results of the permeability test (last data), it 
has been determined that if the permeability is less than 
100 [md], the ERFC can be considered insignificant, which 

limits the applicability of this method. On the other hand, 
when the permeability exceeds 200 [md], the method 
becomes more feasible, Figure 9.

Figure 9. Low permeability values difficult the vibratio-permatio effect, thus rendering its successful implementation 
contingent upon either high permeability, or as an alternative a low dynamic viscosity.

To understand why the ERFC decreases when permeability 
is lower, Figure 10 illustrates a sensitivity study of porous 
medium dilation concerning its permeability. While a 
frequency of 350 [Hz] causes deformation of the medium up 

to 30 [m] for a permeability of 100 [md], the extent wave´s 
deformation for a permeability of 400 [md] exceeds 50 [m], 
resulting in a more significant flow increase.

Figure 10. Illustrates the deformation caused by wave induction at two different permeabilities, where it can be observed 
that higher permeability results in a greater wave amplitude, indicating a larger sweep of the zone. Furthermore, higher 

permeability leads to a greater extent of dilation.
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The laboratory tests were carried out using a confined 
cylindrical sand core initially saturated with 100% brine. 
Subsequently, the brine is displaced with oil, the injection 
line is closed, and the production line is opened. Oil is 
produced and closed when it reaches the predetermined 
volume. The production time for the volume is recorded, 

and this procedure is repeated 50 times. Then, the same 
process is repeated, but with the induction of waves directly 
into the core, and the time is recorded with the exact 
objective 50 times. Finally, the production rate is calculated, 
and the results are analyzed, Figure 11.

Figure 11. The laboratory tests for this work were conducted by inducing mechanical-vibratory waves (W/WAVES) directly into 
the core, thereby improving production compared to without wave (WO/WAVES) induction.

The lab report shows 100 displacements, 50 without 
induced waves (WO/WAVES) at 52.5 [BPD] rate, and 50 
with induced waves (W/WAVES) at 126.5 [BPD] rate. 

The improved production rate can be observed at a ratio 
factor of 2.4 for this case, Table 1.

 

1 53. 3 106. 9 26 56. 6 115. 9
2 52. 2 121. 9 27 54. 0 112. 7
3 58. 6 122. 8 28 53. 3 107. 1
4 59. 2 116. 9 29 54. 4 129. 0
5 49. 1 124. 0 30 50. 8 127. 0
6 53. 1 129. 4 31 53. 2 114. 4
7 48. 7 136. 6 32 49. 0 112. 8
8 56. 5 111. 4 33 57. 0 122. 4
9 52. 8 110. 9 34 55. 6 132. 9
10 56. 0 127. 7 35 50. 8 140. 8
11 53. 8 133. 9 36 49. 5 144. 0
12 54. 6 126. 7 37 49. 0 117. 7
13 56. 6 135. 9 38 48. 6 111. 8
14 53. 3 143. 0 39 55. 6 136. 6
15 54. 5 143. 2 40 56. 7 141. 5
16 52. 3 123. 3 41 55. 4 150. 9
17 52. 7 127. 3 42 55. 5 140. 4
18 51. 1 123. 1 43 49. 7 121. 0
19 52. 2 118. 0 44 48. 8 114. 8
20 59. 3 112. 7 45 50. 5 109. 2
21 49. 8 123. 2 46 49. 1 135. 0
22 49. 5 129. 0 47 50. 3 150. 0
23 56. 1 128. 2 48 48. 5 137. 6
24 52. 2 136. 7 49 49. 1 126. 7
25 48. 6 145. 7 50 49. 4 113. 2

q [BPD]
W/WAVES

N° q [BPD]
WO/WAVES

q [BPD]
W/WAVES

N° q [BPD]
WO/WAVES

Table 1. The porous media used was unconsolidated sand cores (from Tláhuac mines, Mexico City).
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In the laboratory tests, the deformation of the porous 
medium was carried out on pressurized packed sand 
cores with the following characteristics: φ = 0.2 (average),  
k = 1.7 [Darcys] (average), and μf = 0.064 [cp]. As observed 

in the previous results, dilation is measured by the pressure 
increase within the system, which results in an increase 
in production. Figure 12 shows the expansion-contraction 
induced by the 350 [Hz] wave propagation in the cores.

Figure 12. Illustrates the expansion of the porous medium in the laboratory core, which occurred at a frequency of 350 [Hz] 
and a distance of 0.1 [m]. This expansion caused an increase in pressure and immediate expulsion of the fluid contained, 

leading to a boost in production.

Figure 13 shows the cumulative production due to wave 
induction as a function of the sweep distance. The ordinate 
at the origin represents the original production (WO/
WAVES). The cumulative production up to 0.1 [m] is the 

increase in production achieved by wave induction; it can be 
observed that it differs by 3.15 [%] from the mathematical 
model in the laboratory report. Therefore, the model is 
validated through these results.
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Figure 13. Enhancement of reservoir’s flow capacity in the lab’s core of length 0.1 [m]. The results indicate that the model 
used in the laboratory report is validated, as it differs by only 3.15 [%] from the observed increase in production, 127Lab [BPD], 

123Lab [BPD].

Conclusions

	 Induced mechanical waves (vibrations) increase 
the well rate.

	 The general new model for harnessing wave 
induction in porous media was introduced.

	 The mathematical model was validated based on 
laboratory tests with an error of 3.15 [%].

	 The properties of the porous medium determine 
wave sweep, with attenuation indicating 
applicability barriers. Application depends on 
permeability, porosity, and the dynamic viscosity of 
the fluid.

	 The wave sweep simulation up to 30 [m] for a 
reservoir for = 0.25, μf = 1 [cp], and k = 400 [md], 
reports an increase in production of 1080 [STB/D] 
using this method.

Nomenclature

a = s function [dl]
AT = Cross-sectional area,[m2,cm2]

c = Wave velocity, 
c1 = Constant One of integration, [dl]
c2 = Constant two of integration, [dl]
cf = Formation Compressibility, [psi-1, Pa-1]
e = Fluid dilation
emax = Maximum Dilation Fluid, [dl]

f = Frequency,

g = Local acceleration, 
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G = Solid shear modulus, psi
k = Permeability, [md]
K = Bulk Modulus , [Pa, psi]
kil = Permeability tensor, [mD]
kwd = Displacement coefficient, [dl]
Lcore = Core Length [m]
NUE = Normalized number, [dl]
NWTN = Wave transmission numbers, [dl]
p = System pressure, [Pa]
pf = Fluid pressure, [psi]

q = Production Rate ,

qERFC =
Production Rate due to Enhanced Reservoir 
Flow Capacity,

r = Propagation  radius, [m]
rD = Dimensionless radius, [dl]
rdrn = Drainage radius, [m]
rsrc = Wave Propagation Source Radius, [m]
s = Laplace´s constant, [dl]
t = Time, [s]
tD = Dimensionless time, [dl]
tind = Induced time, [dl]
tnat = Natural time, [dl]
u = Laplace´s variable, [dl]
ui,j,k = Vector Displacement, [dl,m,cm]
u0x = Reference displacement, [m]
U = Vector Displacement, [dl,m,cm]
UDf = Dl fluid wave displacement, [dl]

ŪDf =
Dl fluid wave Laplace domain displacement, 
[dl]

UDs = Dl solid wave displacement, [dl]

ŪDs =
Dl solid wave Laplace domain displacement, 
[dl]

wfi = Fluid displacement vector, [m]
wf l = Fluid displacement vector, [m]
wsi = Solid displacement vector, [m]
wsl = Solid displacement vector, [m]
x = Distance, [m]
xe = Reference distance, [m]
xD = Dimensionless distance, [dl]
xi = Distance on i’s coordinate, [m]

y = y-axis Direction, [dl]
z = Elevation, z-axis m, [dl]
α = Compresibility ratio, [dl]

β = Propagation term, 
γ = Shear Displacement, [m,cm,dl]
∈ = Rock dilation, [dl]
∈max = Maximum rock dilation, [dl]

η = Hydraulic diffusivity, 

ηDiw =
Dl hydraulic diffusivity due to induced 
waves, [dl]

θ = Propagation term, [Hz]
λ = Lamé's Second Parameter, [Pa, psi]
µ = Fluid viscosity, [cp]  
µf = Fluid viscosity, [cp]  

ρf = Fluid density, 

ρs = Rock density, 
σsji = Stress tensor, [psi]
σi,j,k,t = Stress tensor, [psi,Pa]
ϕ = Porosity, [dl]
ωD = Dl wave frequency, [dl]
ωf = Fluid wave displacement, [m]
ωs = Solid wave displacement, [m]
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Appendix A – Solution for the Closed Linear Reservoir Model

The dimensionless variables for the present problem are next defined:

Dimensionless time:

(A. 1)

Dimensionless solid wave displacement:

(A. 2)

Dimensionless fluid wave displacement:

(A. 3)
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Dimensionless distance:

(A. 4)

Wave transmission number:

(A. 5)

Hydraulic diffusivity:

(A. 6)

Dimensionless hydraulic diffusivity due to induced waves:

(A. 7)

Initial and boundary conditions Eqs. A.8 – A.11:

(A. 8)

Wave condition Eqs. A.9 – A.11:

(A. 9)

(A. 10)

(A. 11)
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Including the former considerations of this work, when employing dimensionless variables for Eqs. 1 and 2, the procedure is 
carried out as follows:

Wave propagation in the solid is described as follows:

(A. 12)

where, the fluid wave displacement in Laplace domain is:

(A. 13)

Wave propagation within the fluid is:

(A. 14)

Transforming Eqs. (A.14 and A.12) into Laplace domain:

(A. 15)

The Differential equation in Laplace domain results:

(A. 16)

where, solid wave displacement in Laplace domain from Eq. (A.16) is:

(A. 17)

The solution of the solid wave displacement in Laplace domain:

(A. 18)
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where:

(A. 19)

Applying the inverse Laplace transformation for the solid wave displacement solution gives:

(A. 20)

Applying the convolution integral to find the time-domain solution for wave propagation displacement in the fluid gives:

(A. 21)

where

(A. 22)

At early time:

(A. 23)

At long time:

(A. 24)

Finally, the solution for wave displacement in both phase is obtained from direct inversion of Eqs. A.20 and A.21:

(A. 25)
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The wave displacement in the fluid being:

(A. 26)

Appendix B – Solution for the Radial Closed Reservoir Model

The numerical solution of Eqs. 6 and 7 is presented in the following section, Eqs. B.1 and B.2 are solved through the finite 

difference method; the wave displacement in the solid is given by:

(B. 1)

Finite differences for wave displacement in the fluid being:

(B. 2)

where:

(B. 3)

(B. 4)
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(B. 5)

(B. 6)

(B. 7)

Dimensionless radius is defined as the ratio of the difference between the propagation radius and the initial source radius, 

that is, from the wellbore face into the porous medium, with the limit of the drainage radius of the reservoir:

(B. 8)

Appendix C – Vibratio – Permatio Model

For Biot’s formulation for stress-strain relationships for a fluid saturated elastic porous medium, the components of the strain 
tensor of the solid matrix are:

(C. 1)

(C. 2)

The dilation of rock (є) is expressed in terms of displacement vector (ui,j,k) as:

(C. 3)

Assuming irrotational rock strain, the components of strain tensor of the fluid are:

(C. 4)

(C. 5)
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The dilation of the fluid (e) is expressed in terms of the displacement vector (U) as:

(C. 6)

It should be pointed out that this expression is not the 
actual strain in the fluid, but simply the divergence of the 
fluid displacement, which itself is derived from the average 
volume flow through the pores (Corapcioglu and Tuncay, 
1996).

Assuming the shear fluid stress is considered with the 
dynamic viscosity of the fluid.

Following Biot 1956, Corapcioglu and Tuncay 1996, assuming 
the solid skeleton of porous media is isotropic and for the 
relatively small deviations, it is perfectly elastic. The stress – 
strain relationships are expressed by:

(C. 7)

(C. 8)

(C. 9)

where:

(C. 10)

The geomechanical terms for the determination of the resultant stress in fluid (Eq. C.12) and rock (Eq. C.11) dilation:

(C. 11)

(C. 12)

where:

(C. 13)



Mario Ubaldo Rangel Gutiérrez, Fernando Samaniego Verduzco, José Emilio Santamaría Díaz, Reynaldo Bautista Morales, 
Rafael Santamaría Díaz

  Ingeniería Petrolera | 385VOL. 63, No. 6, NOVIEMBRE-DICIEMBRE 2023

Dilations of the rock (Eq. C.14) and fluid (Eq. C.15) as a result of wave induction, exclusively considering the term related to 
wave propagation (Corapcioglu and Tuncay, 1996):

(C. 14)

(C. 15)

Dilations of the rock (Eq. C.16) and the fluid (Eq. C.17) considering the term related to wave attenuation:

(C. 16)

(C. 17)

where attenuation term (Corapcioglu and Tuncay, 1996):

(C. 18)

and propagation terms (Corapcioglu and Tuncay, 1996):

(C. 19)

(C. 20)

The stress in the fluid (σ), is proportional to the fluid pressure (p) by (Corapcioglu and Tuncay, 1996):

(C. 21)

For all directions:

(C. 22)

Darcy’s Law:

(C. 23)
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Modifying Darcy’s Law for quantifying the production due to induced waves for one direction:

(C. 24)

Or

(C. 25)

The propagation was determined by solving Eqs. (1 and 2) and was used to solve Eq. (C.25), thus obtaining the complete 
solution.

Semblanza de los autores

Mario Ubaldo Rangel Gutiérrez

Obtuvo la Licenciatura en Ingeniería Petrolera en la Universidad Nacional Autónoma de México, y actualmente está 
completando su Maestría en ingeniería en la misma institución. Anteriormente, trabajó como Ingeniero de yacimientos 
para XPETRUS. Es profesor adjunto en la UNAM y actualmente se desempeña como consultor para Methane Storm 
Energy.

Fernando Samaniego Verduzco

Obtuvo el título de Licenciatura y Maestría en la Universidad Nacional de México y un Doctorado en la Universidad 
de Stanford, todos en Ingeniería Petrolera. Ha trabajado para el Instituto Mexicano del Petróleo, el Instituto de 
Investigaciones Eléctricas, PEMEX y actualmente es profesor emérito de Ingeniería Petrolera en la Universidad Nacional 
de Autónoma de México.

José Emilio Santamaría Díaz

Obtuvo una Licenciatura en Ingeniería Petrolera de la UNAM y recientemente en proceso de graduación de la Maestría 
en Ingeniería de Yacimientos en la Facultad de Ingeniería de la UNAM. Trabajó en la industria Upstream en servicios 
de pozos y operaciones de producción, y actualmente trabaja como Asistente Académico en la División de Ciencias de 
la Tierra en la UNAM.



Mario Ubaldo Rangel Gutiérrez, Fernando Samaniego Verduzco, José Emilio Santamaría Díaz, Reynaldo Bautista Morales, 
Rafael Santamaría Díaz

  Ingeniería Petrolera | 387VOL. 63, No. 6, NOVIEMBRE-DICIEMBRE 2023

Rafael Santamaría Díaz

Ingeniero Petrolero graduado por la Facultad de Ingeniería de la Universidad Nacional Autónoma de México, 
actualmente en proceso de obtener su Maestría en el programa de Exploración y Explotación de Recursos Naturales 
en la misma institución.

Reynaldo Bautista Morales

Obtuvo el título de Maestría en Ingeniería en Exploración y Explotación de Recursos Naturales de la Universidad 
Nacional Autónoma de México, bajo la supervisión del Dr. Fernando Samaniego Verduzco. Actualmente es aspirante 
al doctorado en la misma nstitución.


