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Unlike conventional single-phase seepage monitoring methods, monitoring multiphase flow in porous media is more complex.
This paper addresses this complexity by analyzing the heat transfer in porous media models under multiphase seepage
conditions. It introduces a set of theories, methods, and devices to effectively monitor the flow velocity in multiphase seepage
processes. Utilizing a self-developed single-point self-heating temperature-sensing device combined with saturation testing at
monitoring points, we establish a method to determine the relationship between different saturation and resistivity, as well as
the saturation and thermal conductivity of the reservoir model, which provides essential parameter support for the calculation
of results during flow velocity monitoring. The effectiveness of the flow velocity monitoring method was confirmed through a
one-dimensional constant velocity multiphase seepage experiment. Furthermore, oil-water two-phase seepage simulation
experiments were conducted based on the sandpack model. By comparing the real oil-water flow velocity with the monitored
velocity, the accuracy can reach over 95%, validating the accuracy and reliability of the method proposed in this paper. The
seepage flow velocity monitoring theory and technology established herein offer corresponding theories and methods for

obtaining fluid seepage velocity in porous media with multiphase fluids.

1. Introduction

Seepage monitoring not only involves determining whether
leakage occurs but also includes the accurate positioning of
the leakage location, the path of leakage occurrence, and
the precise reflection of the leakage rate (as shown in
Figure 1). Currently, it is mainly applied in pipeline trans-
portation, reservoir dams, and river channel earth-rockfill
dam leakage monitoring [1-3].

At present, there are many effective methods to detect
the fluid seepage condition in porous media. The high-
density electrical method is a geological tomography tech-
nology that integrates electrical profiling and electrical
sounding methods. The host provides power to the earth
through a pair of power supply electrodes and employs a
pair of observation electrodes to measure electrical parame-
ters, such as potential and current, point by point along the

profile. The high-density electrical method instrument auto-
matically records and calculates the apparent resistivity
values of each measurement point. The spatial distribution
characteristics of the underground electrical layer in the pro-
file are determined through computer analysis and process-
ing of the apparent resistivity profile. Comprehensive
analysis of apparent resistivity profile anomalies are compre-
hensively analyzed in conjunction with relevant data, allow-
ing speculation regarding the presence of water seepage
areas, structural fracture zones, etc., within the strata of the
survey line location.

The transient electromagnetic method is based on the
principle of electromagnetic induction, which relies on the
electrical (magnetic) differences of the medium. It emits a
vertical primary pulse magnetic field into the ground
through an ungrounded return line or a grounded electrode,
triggering the low-resistance medium within the ground to
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FIGURE 1: Some application fields of percolation monitoring.

produce induced eddy currents, which subsequently gener-
ate a secondary magnetic field. By observing and studying
the spatial and temporal distribution characteristics of this
secondary field, we can explore the properties and distribu-
tion characteristics of the underground medium. Electro-
magnetic detection possesses a high level of sensitivity,
directness, and intuition for leakage detection. However,
there is a lack of research exploring the relationship between
the physical properties of soil media, such as water content
and the porosity of the dam body, and the electrical resistiv-
ity of the leakage medium. The discussion regarding the
criteria for judging the leakage of rock and soil media is
inadequate; thus, further research is required for quantitative
evaluation.

The seismic imaging method is developed based on the
optimal offset technology in seismic reflection waves. It
employs either equal offset or zero offset to stimulate wide-
band elastic waves, swiftly and densely collect images of
the elastic wave field, and document (record) direct waves,
surface waves, diffraction waves, reflection waves, etc. By
analyzing the features of diffraction waves, reflection waves,
etc., in the records, the distribution of anomalous bodies
underground can be quickly ascertained. It can approximate
a complex two-dimensional or three-dimensional problem
to a one-dimensional problem. Compared to the conven-
tional multiple coverage reflection wave method, the wave
field is simple and intuitive, requiring less processing,
offering interpretation and real-time performance.

The fluorescent tracer method can offer a novel
approach for the investigation of dam leaks. Currently, this
method is predominantly employed in the research of
groundwater within porous and karst aquifers. The method
primarily encompasses injecting a specific concentration
of tracer at designated locations, monitoring observation
points, and subsequently determining the characteristics
of the medium.

The theoretical basis of thermal monitoring technology
for earth-rock dams relies on the coupling between the seep-
age field and temperature field (flow-heat) in the rock and
soil mass. The migration of moisture within the medium
governs the temperature field’s distribution, while the spatial
and temporal temperature distribution can inversely reflect
the characteristics of the seepage field. The temperature dif-

ference measured before and after leakage occurs can be
used to pinpoint the location of the leakage. Concentrated
leakage will result in alterations of the temperature field dis-
tribution of the dam body. By analyzing the temperature
field of the medium around the optical fiber, the location
of leakage in the dam body can be determined.

In addition to the above detection methods, seepage
detection also includes flow field methods, cross-well seismic
CT technology, ultrasonic logging, and in-hole television
detection methods (as shown in Table 1).

And good practical results can be achieved from both
theoretical methods and on-site application conditions
[12-14]. However, the above research and application
mostly focus on the conditions of single-phase fluid flow,
and currently, there is a lack of methods and theories for
monitoring the two-phase flow velocity in porous media.

Multiphase seepage is widespread in fields such as oil
and gas field development. Effective monitoring of the
velocity of each phase in the multiphase seepage process in
porous media can provide powerful parameter support for
intuitively exploring (understanding) the laws of multiphase.
During the indoor water flooding process, due to the
difficulty of directly measuring flow velocity, currently, the
two-phase flow velocity is calculated using the monitored
oil saturation, pressure distribution, and other parameters,
combined with Darcy’s equation. When multiphase mixed
flow is involved in a formation, unlike conventional single-
phase flow monitoring methods, the monitoring of seepage
flow becomes more complex due to the constantly changing
fluid content in the reservoir [15-17].

To enhance the accuracy and efficiency of monitoring
multiphase flow velocity during the indoor multiphase perco-
lation experiment, a single-point self-heating temperature-
sensing device combined with a corresponding saturation
testing method is developed based on the analysis of heat
transfer in porous media, which helps to effectively monitor
the flow velocity during multiphase percolation.

2. Basic Assumptions for Heat Transfer
Analysis in the Model

The fundamental theoretical foundation for monitoring
seepage flow in porous media involves the self-heating
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TasLE 1: Common detection methods of seepage velocity.

Method Advantage

Limitations/disadvantages

Electrical detection [4-6]
Electromagnetic detection [7, 8]
Elastic wave method [9, 10]
Tracer method [11]

Temperature change [11]

Widely applicable conditions
Quick and intuitive

Intuitive monitoring methods

Ability to monitor the leakage channel and determine
the leakage speed
High testing accuracy, which can reflect changes in
flow velocity

The mechanism of action is unclear, and the
resolution is low

There are too many influencing factors to
quantitatively describe

Not significantly effective for small-scale
detection

Radioactivity and contamination of tracers

The respective velocity of multiphase flow
cannot be reflected

temperature-sensing device adding heat transfer and con-
vection terms between the seepage flow location and the
porous media (as shown in Figure 2). This leads to a temper-
ature difference compared to nonseepage flow conditions.
The fluid flow velocity in porous media is related to the heat
loss of the self-heating temperature-sensing device. The
temperature distribution map measured by the monitoring
system is combined with theoretical analysis to achieve the
judgment and calculation of the location and flow velocity
of seepage flow.

The heat transfer modes between the self-heating
temperature-sensing device and the reservoir model are
complex, and it is impossible to consider all factors. There-
fore, the following assumptions are made during this study:

(1) The heat exchange between the self-heating
temperature-sensing device and the nearby reservoir
model is considered as one-dimensional heat transfer

(2) The thermal radiation effect of the self-heating
temperature-sensing device is not considered

(3) Since the water flooding experiments were con-
ducted at a relatively low temperature (<100°C),
there were no phase change and heat transfer during
the entire process

(4) The reservoir model is completely saturated with oil
and water, with no air present

Changes in ambient temperature can significantly
impact the physical and chemical properties of the reservoir
model and its internal fluids, which may lead to changes in
the percolation characteristics of the reservoir model to
some extent. For the reservoir model, fluctuations in
temperature within the range of 10°C will not produce
significant fluctuations in the values. Throughout the testing
process, the temperature rise of the self-heating temperature-
sensing device will be controlled within 10°C to simplify the
calculation process and reduce the model’s complexity,
thereby neglecting the impact of temperature changes on the
physical and chemical properties of the reservoir model. Con-
cerning the fluid in the reservoir model, the corresponding
parameters that affect the percolation law are density and spe-
cific gravity. Previous studies have indicated that a tempera-

ture change of 5-10°C will result in less than 0.2%
fluctuations in the parameters of water density and specific
gravity. The fluctuation in thermal conductivity and expan-
sion coeflicient is less than 2%, and the viscosity change rate
is approximately 10%. This study is to explore the impact of
the velocity field of the reservoir model on the temperature
field and to quantify the percolation condition in the reservoir
model using the self-heating sensing device. Therefore, the
impact of temperature changes on percolation is not consid-
ered [18].

For self-heating temperature-sensing devices, when both
internal heat conduction and surface heat transfer take place,
if the latter value is significantly larger than the former,
internal heat conduction occurs in a very small time; that
is, the internal temperature distribution instantaneously bal-
ances. The Biot number (Bi) is an important dimensionless
criterion number in thermal conductivity analysis, which
characterizes the comparative relationship between the ther-
mal resistance of heat conduction within the system and its
surface convection heat transfer resistance.

For objects of arbitrary shape,

Bi:%<0.1, (1)

and also,

0 _ fmh s 2)

6m Lom = tim
where A is the thermal conductivity (W/(m-°C)); h is the
convective heat transfer coefficient (W/(m-°C)); & is the
characteristic length, dimensionless; f, is the excess temper-
ature inside the heating device (°C); t, is the initial tempera-
ture inside the heating device ("C); t, is the final temperature
inside the heating device (°C); 0, is the excess temperature
on the surface of the heating device ("C); ¢, is the initial
temperature on the surface of the heating device ("C); and
t,, is the final temperature on the surface of the heating
device (°C).

In a narrow temperature range, the ratio of the excess
temperature inside the copper self-heating temperature-
sensing device to the excess temperature on its surface is
greater than 0.95, and the Biot number is less than 0.1.
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FIGURE 2: Schematic diagram of the monitoring model.

Therefore, its internal thermal resistance can be neglected,
and the lumped parameter method can be used, which does
not consider the heat conduction process inside the self-
heating sensing device.

3. Self-Heating Temperature-Sensing Device

Based on the aforementioned assumptions, it is evident that
if a temperature change is monitored at a certain measuring
point in the model, it is necessary for the point to have a
heating source and a temperature sensor capable of timely
monitoring the temperature of the internal heat source.
Self-heating temperature sensor devices with this function
are commercially available, but their volume is large
(¢4 mm x 3 cm), and they mostly use K-type thermocouples,
which have a wide temperature range but low accuracy. In
this study, PT100 temperature sensors are used instead of
K-type thermocouples, miniature ceramic heating rods are
used as internal heating sources, and ¢4 mm x 1.5cm cop-
per tubes are used to encapsulate the temperature sensors
and heating probes. To enhance thermal conductivity, the
void inside the copper tube before encapsulation is filled
with copper powder, and waterproof and insulating paint
is used for sealing treatment. The self-heating temperature
sensor probe (as shown in Figure 3) made based on the
above process has a volume 50% smaller than that of similar
products on the market, and its temperature measurement
accuracy can reach +0.1°C.

4. Analysis and Derivation of Heat
Transfer Process

According to the quantitative relationship between the
length, cross-sectional area, resistance, and heating time of
a thermocouple heating conductor, when the heating resis-
tor is located (situated) in air, there is no heat exchange
between the heating resistor and the surrounding medium,
and then

Q=Pr' =em(T,-T)). (3)

In the formula, P is the heating power of the heating
conductor (W), t is the heating time (s), ¢ is the equivalent
specific heat capacity of the heating conductor (J/(kg-°C)),
m is the mass of the heating conductor (kg), and T, and
T, refer to the conductor temperature before and after heat-
ing, respectively.

Due to

where p, is the resistivity.

4.1. Analysis of Heat Conduction Status. During the cooling
process of the self-heating temperature-sensing device, the
heat loss mainly includes heat conduction (fluid and solid)
and heat convection, which leads to the following relation-
ship:

Q=Q,+Q, (5)

where Q is the total calorific value of the model (J), Q, is the
heat conduction between porous media and heating resistor
(J), and Q, is the thermal convection heat transfer between
fluid and heating resistor (J).

When the heating resistor is located in the air, if there is
no heat exchange between the heating resistor and the sur-
rounding medium, there are

Q=Pt=cm(T,-T)). (6)

In the formula, P is the heating power of the heating
conductor (W), ¢t is the heating time (s), c is the equivalent
specific heat capacity of the heating conductor (J/(kg-"C)),
m is the mass of the heating conductor (kg), and T, and
T, are the temperature of the conductor after heating and
before heating (°C).
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FIGURE 3: Self-heating temperature sensor component diagram: (a) component diagram; (b) finished product.

The heat conduction capacity of the self-heating
temperature-sensing device in porous medium is

(L=¢)SAs (T, - T )7
AT Ax

) (7)

where S is the surface area of measuring point device (m?),
¢ is the porosity, Asw is the thermal conductivity (W/(m-"C)),
7 is the heat conduction time (s), and Ax is the influence range
of heat conduction (m).

4.2. Thermal Convection Analysis. Newton’s law of cooling
describes the process by which objects with a higher temperature
than the surrounding environment transfer heat to the sur-
rounding medium and gradually cool down when following
the law. When there is a temperature difference between the
object’s surface and the surrounding environment, the amount
of heat dissipated from a unit area per unit time is proportional
to the temperature difference, and the proportionality coefficient
is called the convective transfer coefficient. Newton’s law of cool-
ing was determined experimentally by Newton in 1701, and it is
well matched with actual conditions in forced convection. In
natural convection, it only holds when the temperature differ-
ence is not excessively large. It is one of the basic laws of heat
transfer and is used to calculate the amount of convective heat.

The heat exchange between the heating resistor and the
percolating fluid is calculated using Newton’s law of cooling:

Qv = ¢Sh(Ts - TO)T’ (8)

where Q, is the convective heat transfer between fluid and
heating resistor; S is the surface area of measuring point
device; T is the heating resistor surface temperature, which
can be directly read through temperature sensors; T, is the
temperature of seepage fluid, which can be approximately
equal to the experimental ambient temperature; and # is
the convective heat transfer coefficient.

¢, S, T, and T are known, and only the convective heat

transfer coefficient 4 is unknown, so the study of convective
heat transfer conditions is transformed into a study of the
convective heat transfer coefficient [19, 20]. Through analy-
sis, it is known that the heat transfer coefficient is related to
the percolation velocity, heating resistance properties,
specific heat, density, kinematic viscosity coefficient, and
thermal conductivity of the mixed percolation fluid.

h=f(hpy(fu) co(fu) vulfu) do(fu)- (9)
In the equation, fluid density of mixed seepage flow is
Pilfw) = Py X S+ P X (1= 1y)- (10)
Specific heat of mixed seepage fluid is
a(fuw) =Cw X fu+ X (1=f,)- (11)
Kinematic viscosity is
(12)

Thermal conductivity (Lu thermal conductivity model) is

M(fw) = Ao X fo + Ao X (1= £,)- (13)

Vl(fw)sz Xfw'i—vo>< (1 _fw)’

The above parameters can be determined through testing
or table:

foz 1
v 1 + (1/MT)(kT’D/kTUJ) ’
KTO

= (b + ce“sw)z.

(14)

Then,

1
1+ (1/p, )=S0 (b + ceaSo)”

fulSu) = (15)

At this time, the formula for the heat transfer coefficient
can be simplified to

h=f(uS,). (16)

It is a function of seepage velocity and water content.

4.3. Derivation of Theoretical Equation for Seepage
Monitoring. The heating resistor is placed vertically inside
the reservoir model, and the heat exchange during the perco-
lation process occurs in the form of single-tube heat transfer
outside the fluid [21-24].



Based on the principle of similarity of characteristic
numbers and the characteristic correlation formula, the
velocity expression can be derived. The definitions and cal-
culation processes of each characteristic number are as
follows:

(a) Reynolds number Re: a measure of the ratio of iner-
tial force to viscous force, which is a quantitative
indicator of the flow state, defined as

upvk

Re= ———,
17.5u¢>?

(17)

where y is the viscosity (mPa-s), p is the density (g/mL), k is
the permeability (mD), and ¢ is the porosity

(b) Prandtl number Pr: the ratio of the momentum dif-

fusion thickness to the heat diffusion thickness,

which represents the relative size of the momentum

diffusion ability and the heat diffusion ability of the
fluid and is defined as

Pr=_—. (18)

(c) Nusselt number Nu: the dimensionless temperature
gradient of a fluid near a wall, defined as

hd
Nu 1 (19)

According to the heat transfer characteristics of the fluid
sweeping through a single tube, the relationship between the
characteristic numbers can be determined as follows:

Nu=C Re"Pr'”? (20)

The values of C and # are related to Reynolds number.
Bring each feature number into the correlation equation:

n 1/3
hd _ o wpvk N (21)
A 17.5u¢™? A

After sorting, it can be concluded that

/\l p\/E ' v 1 n

A P\/E "\ 3
oot (vhen) ) - e

Let:
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The relationship between heat transfer coeflicient and
flow rate can be obtained as follows:

h=Du". (24)
Bringing equations (6)-(8) into (5),

(1-¢)SAr

cm = ¢Sht + A

(25)

Bringing (23) and (24) into (25),

oM (Ve N\ (- g)sAa
cm—qSSCE(W) (E) uT+T.

(26)

After organizing the above equation, the total flow veloc-
ity of the fluid can be obtained as follows:

C175u AN d fem (1-¢)A,
I 6) we(T5) @)

Based on the distribution of saturation in the reservoir,
the corresponding water cut can be calculated using the par-
tial flow equation. Multiplying the total flow rate by the
water cut yields the expression for the water phase flow rate,
which can be multiplied by the oil cut to obtain the oil phase
flow rate:

Vw =u Xfw(sw)’

(28)
Vo= ux (1=£,(Su))-

5. Heat Transfer Coefficient and Saturation
Plate in Reservoir Model Testing and
Seepage Monitoring Test

5.1. Heat Transfer Coefficient of Reservoir Model. When mul-
tiphase fluids exist in the reservoir model, their thermal con-
ductivity is affected by multiple factors. In order to provide
basic parameter support for monitoring and calculating flow
velocity in the reservoir model, it is necessary to test the
thermal conductivity under different saturation conditions.
The testing principle is as follows [21]:

_ q' In[(t,/t))(t, - t,)/(t, — t,)]
L VS T

where g’ is the heating power per unit length (W/m); t,, t,,
and t, refer to the test recording time (s); and T(#,) and
T(t,) record the corresponding temperature test value at
the time of testing (°C).

Firstly, the principle of steady-state method for measur-
ing phase permeability is adopted. A core sample with a spe-
cific saturation condition is produced by injecting oil and
water into a saturated oil-water core at a certain ratio. The
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FIGURE 4: Relation curve between thermal conductivity and water saturation of rock.

thermal conductivity of the core sample is then measured
using a thermal conductivity meter.

From Figure 4, it can be seen that the water saturation
and thermal conductivity of the rock core exhibit a linear
relationship:

AS,) =aS, +b. (30)
5.2. Saturation Test of Porous Medium. The distribution of
oil saturation in the reservoir model is the material basis
for oil displacement experiments and analysis. Various satu-
ration testing methods in small core models include extrac-
tion, CT scanning, and nuclear magnetic resonance, which
can achieve good testing results. However, monitoring of
saturation in large-scale physical simulations is limited by
the size of the model to be tested and the capabilities of
the corresponding testing equipment, requiring other indi-
rect methods for testing. Currently, the testing method for
oil saturation in large-scale physical simulations is based
on the Archie formula in well logging theory (as shown in
Figure 5). First, two symmetrical and equidistant (1.5cm in
this study) test electrodes (insulating enameled nickel-
cobalt alloy wire: ¢0.5mm x2cm) are embedded in the
model. Then, a controlled alternating current is intermit-
tently applied between the two electrodes, and the resistance
between the two electrodes is monitored. Combining the
prepared water saturation and resistivity chart, the resistance
value is converted into oil saturation using a computer.

Crude oil exhibits a very high resistivity and can even be
regarded as nonconductive, so when there is oil-water two-
phase flow in the reservoir model, the measured resistivity
is mostly the water phase resistivity. Due to the difference
in resistivity in the oil-water two-phase flow, which can
reach 5-8 orders of magnitude, the measured resistivity
change is the change in water saturation in the reservoir

model. The resistivity in the reservoir model is affected by
several factors, such as porosity, connectivity, salinity of for-
mation water, and test temperature, which have a great
influence on the test results. Since the conductivity and
dielectric constant of the reservoir model are both functions
of frequency, when the frequency of the external voltage field
changes, the electrodes will be affected by the frequency dis-
persion effect of various electrical parameters of the rock,
which will make the testing process unstable. When the test
frequency is controlled at 10° Hz, the frequency dispersion
phenomenon has a small impact on the results, so this study
chooses a frequency of 10° Hz.

After measuring the formation resistivity, the water
saturation can be calculated using the Archie formula:

R _
I=-t=s,"

7 (1)

In the formula, R, is the resistivity of the rock sample
containing a certain oil and water saturation (Q), R, is the
rock resistivity of 100% saturated water (Q2), S, is the water
saturation (%), and 7 is the saturation index.

The methods for determining R, and # include core dis-
placement experiment (columnar core displacement experi-
ment) and empirical coefficient method.

Due to the small size of the probe, the size of the elec-
trode ring and the size of the electrode system are on the
same order of magnitude, so the requirement for a point
source cannot be met and the electrode system coeflicients
cannot be determined analytically. The influence of some
uncertain factors on the electrode during the compression
process can greatly affect the outcomes of numerical simula-
tion. Therefore, only a series of uniform media with known
conductivity can be used to calibrate the electrode, and the
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relationship between the measured value of the probe resis- 1.E+08
tance and the solution resistivity can be established through
regression. LE+07 e ¢ °
The methods for determining n and b include core dis- a . ® ¢ o ©
placement experiments (columnar core displacement exper- S LE+06 ° o
iments) and empirical coeflicient methods. Through the g .
results of resistivity tests at different water saturation levels, % 1.E+05 o
a relationship diagram between water saturation and resis- ~ o
tivity can be obtained (as shown in Figure 6). 1.E+04 °
Given the minor variation in saturation in the later stage
of ultrahigh water cut, the measured resistivity also tends to L.E+03
be low. In order to better reflect the saturation distribution 20 40 6 80
characteristics at this stage, it is essential to correct the mea- Water saturation (%)
surement results in combination with the model output oil ® K= 200mD
production. ® K=2800mD

5.3. Seepage Monitoring Test. A 50 cm long sand-filled tube
model (as shown in Figure 7) was made using a 2.5 cm inner
diameter plexiglass tube. The effective permeability of the
sand-filled tube model was controlled by filling it with
quartz sand of a certain mesh ratio and applying a certain
degree of filling pressure. Arrange self-heating temperature
probes and saturation electrodes at 1/3 of the sandpack tube,
and arrange the same test points at 2/3 of the sandpack tube
as backup and verification test points for repeatability.

The purpose of this saturation monitoring is to verify the
possibility and reality of accurately obtaining oil-water satu-
ration using the electrode method. The model is injected at
one end with simulated oil and water simultaneously using
two pumps at a certain ratio (oil-to-water ratio: 1, 0.8, 0.6,
0.4, 0.2, 0). The viscosity of the oil is 10 /Am‘z (25°C), and
the salinity of water is 8000 ppm. The total liquid injection
rate of oil-water two-phase flow is 0.5mL/min, 1 mL/min,
and 1.5 mL/min. Through the above theory and device, the
average flow velocity of oil and water phases under different
water cut conditions can be measured. The test and calcula-
tion results are compared with the actual injection velocity,
as shown in Figures 8 and 9.

By comparing the flow velocities of the water and oil
phases under different injection conditions, it is evident that
the method proposed in this paper for detecting the flow

FIGURE 6: Chart of the relationship between water saturation and
resistivity.

FiGURE 7: Verification model of flow rate test method.

velocity in porous media exhibits robust applicability and
can accurately provide relatively accurate velocity test results
under different saturation conditions. Compared to the
higher injection rate of 1.5 mL/min, the detection value of
the flow velocity of the oil-water two-phase flow at the injec-
tion rate of 0.5 mL/min is in better agreement with the true
flow velocity. The possible reason is that when the injection
rate is high, the oil-water two-phase flow in the porous
medium no longer conforms to the Darcy flow law, resulting
in a certain degree of deviation in the test results.



Geofluids 9

0.35

Velocity of flow (cm/min)

0 10 20 30 40 50 60 70 80 90 100
Water cut (%)

—M- Actual water rate (total rate 0.5 ml/min) A Test water rate (total rate 1 ml/min)
X Test water rate (total rate 0.5 ml/min) —A— Actual water rate (total rate 1.5 ml/min)

—&— Actual water rate (total rate 1 ml/min) @ Test water rate (total rate 1.5 ml/min)

FiGgure 8: Comparison of actual and test flow velocities of water phases.
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Figure 9: Comparison of actual and test flow velocities of oil phases.

6. Conclusion theoretical support for the establishment and applica-
tion of self-heating multiphase seepage detection

(1) Based on the analysis of internal heat transfer in method. Due to certain simplifications and assump-
porous medium, the theoretical equation of seepage tions made during the equation derivation process,

monitoring is established, which provides a strong the theory still needs further testing and improvement



10

(2) By measuring the resistivity of porous medium
under various water cut states, to establish the corre-
sponding chart, the water saturation and water cut of
porous medium at different times can be determined

(3) By comparing the actual two-phase seepage velocity
and velocity test results in porous medium under
varying heating power, it can be seen that the accu-
racy can reach over 95%, which verifies the accuracy
and reliability of the proposed method in this paper

Data Availability
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