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Abstract: As a crucial component for temporary blocking of layer segments in the segmental frac-
turing process, bridge plugs are difficult to unseal by conventional methods and may cause major
downhole accidents if not handled properly. In this paper, a nanofluidic self-heating unsealing
rubber cylinder is designed, which is equipped with a nanofluidic self-heating unsealing sandwich
inside the conventional rubber cylinder, consisting of a nanofluidic system and an annular flexible
heater. When unsealing, the nanofluidic self-heating unsealing sandwich is heated by the annular
flexible heater, and the nanofluidic system can help the bridge plug rubber cylinder shrink in volume
and unseal smoothly by the characteristics of heat shrinkage and cold expansion. The nanofluidic
system, consisting of porous carbon with an exceptionally large specific surface area and glycerol,
serves as a prime example for filling the sandwich layer, and the design parameters calculation
was carried out. The sealing performance of the designed nanofluidic self-heating unsealing rubber
cylinder was analyzed based on the Mooney–Rivlin principal structure by finite element modeling.
The results show that the maximum contact stress between the nanofluidic self-heating unsealing
rubber cylinder and the casing wall increases by 9.73%, the compression distance reduces by 24.47%,
and the maximum equivalent force decreases by 12.17% on average compared with a conventional
rubber cylinder under the same seating load. The designed nanofluidic self-heating unsealing rubber
cylinder can satisfy the requirements of pressure-bearing capacity and sealing performance and
performs better than a conventional rubber cylinder.

Keywords: bridge plug rubber cylinder; nanofluidic self-heating unsealing sandwich; finite element
analysis; sealing performance

1. Introduction

In the process of oilfield development, bridge plugs, as a temporary downhole sealing
tool with the same function as packers [1], are commonly used to seal oil and gas formations
to increase oil production and achieve improved reservoir effects [2–4]. When the ambient
temperature is high and the bridge plug has been in service for a long time, there are
problems of low differential pressure resistance of the rubber cylinder and incomplete
recovery because the rubber cylinder relies on rebound force to unseal [5], which causes
the rubber cylinder to fail to seal properly and makes it difficult or impossible to raise the
string [6,7]. In order to improve the safety of bridge plugs to lift out the string and meet the
requirements of downhole sealing construction, researchers have made many attempts to
study the structural design of the rubber cylinder. Liu et al. [8] designed a seal structure
for a recoverable packer to provide a reference for optimizing the seal performance and
pressure-bearing capacity of the packer. Feng et al. [9] developed a graded unsealing
long rubber cylinder packer to address the difficulties of unsealing multi-stage packers in
finely layered water injection during the extra high water-bearing period. Zhang et al. [10]
designed a new dissolvable fracture plug using mechanical and material methods for the

Energies 2023, 16, 4890. https://doi.org/10.3390/en16134890 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16134890
https://doi.org/10.3390/en16134890
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-0707-3539
https://doi.org/10.3390/en16134890
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16134890?type=check_update&version=1


Energies 2023, 16, 4890 2 of 11

purpose of fracturing slightly deformed cased horizontal wells and achieved unclogging of
the wellbore by dissolving the bridge plug during decapping. Swor et al. [11] developed a
process which does not require intervention for removal of these tools. The result is self-
removing frangible bridges and fracturing plugs that disintegrate from internal explosives
and fall downhole into the rathole after service, requiring no removal action. Zachary
et al. [12] and Cheng et al. [13] designed a biodegradable bridge plug that eliminates the
need for drilling and milling operations after the implementation of segmental fracturing
of horizontal wells, improving operational efficiency and greatly reducing operational costs
while avoiding damage to casing from drilling and milling operations. Wang et al. [14]
optimized the sealing performance and structure of high-pressure and high-temperature
packer cartridges and investigated the factors influencing the seal performance of packers
in horizontal wells with multi-stage fracturing. Based on the optimal selection of rubber
materials, Liu et al. [15] conducted an analysis on the sealing performance of a packer in
borehole casing with enlargement/reduction caused by formation. The results indicate that
expansion deformation of the casing will result in setting lag or laxity, while shrinkage of
the casing will lead to setting advance or even stress failure. The analysis results provide
theoretical support for enhancing permanent packer strings and adapting them to complex
formations. Wang et al. [16] conducted numerical structural stress analysis on the bridge
plug and the packer and optimized the structure of the bell mouth of the rubber cylinder
assembly. Hu et al. [17] utilized the hyperelastic–viscoelastic model to investigate the
impact of stress relaxation on the sealing performance of rubber materials. Ma et al. [18]
conducted a systematic investigation of the contact pressure between packer and tubing
under a fixed-displacement load to gain deeper insights into the sealing mechanism of
the packer. According to the sealing mechanism of the compression packer rubber, Zhang
et al. [19] studied the deformation of rubber between the central tube and casing. Dong
et al. [20] examined the impact of temperature loading on both the sealing performance and
strength behavior of packer rubber. Zheng et al. [21] conducted a finite element analysis to
investigate the impact of temperature and stress relaxation on the performance of packer
rubber seal systems. The results indicated that the sealing effectiveness of the packer rubber
seal system is significantly influenced by temperature and stress relaxation. However,
the current research on structural design of the sealer/bridge plug is mainly focused on
material preference and sealing performance and lacks optimal design for unsealing the
rubber cylinder.

With the increasing demand for applications and advancements in technology, nanoflu-
idic systems have become a prominent topic of research for new material. On one hand,
due to their exceptional mechanical properties, rubber honeycomb core layers filled with
nanofluids can restore their original shape after experiencing elastic deformation, providing
them with a certain degree of reusability [22]. On the other hand, the nanofluidic system
exhibits temperature-dependent volume changes, which result in alterations in its overall
volume when subjected to varying temperatures [23].

The present work integrates the nanofluidic system with the bridge plug rubber
cylinder to develop a nanofluidic self-heating unsealing rubber cylinder.

The nanofluidic system undergoes volume changes through the addition of an annular
nanofluidic self-heating unsealing sandwich within the rubber cylinder. The built-in
annular flexible heater in the sandwich heats up the nanofluidic system, causing it to
shrink and expand for unsealing of the bridge plug. The automatic unsealing of the rubber
cylinder significantly streamlines operations, reduces cycle time, enhances operational
efficiency, and mitigates economic losses stemming from seal failure.

2. Structure Design and Working Principle

Compared with a conventional rubber cylinder, the nanofluidic self-heating unsealing
rubber cylinder is equipped with an additional annular nanofluidic self-heating unsealing
sandwich inside the rubber cylinder shown in Figure 1. The three-dimensional skeleton of
the sandwich is honeycomb structure and made of ultra-thin thermoplastic polyurethane.
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The size of the skeleton can be ignored. The honeycomb is filled with the nanofluidic
system. An annular flexible heater is arranged at the top and inside the sandwich, which
is a PE-etched foil with a thickness of 0.13 mm. The heater is driven by a power supply
located on the bridge plug.
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Figure 1. Schematic diagram of the structure of nanofluidic self-heating unsealing rubber cylinder.

The nanofluidic system is the core working unit of the rubber cylinder. The nanofluidic
system consists of a functional liquid and a nanoporous medium. When the nanoporous
medium and functional liquid are not wettable to each other, the functional liquid will not
spontaneously enter the hydrophobic nanopore channels under interfacial tension until the
pressure of tens or even hundreds of MPa is applied on the functional liquid [24]. Since
both interfacial tension γsl and contact angle α are functions of the liquid temperature, the
critical infiltration pressure pin is influenced by temperature [25]. As shown in Figure 2a,
the surface tension γsl, critical infiltration pressure pin, and infiltration volume ∆V of the
nanofluidic system change with variation in temperature. As the temperature increases,
both the interfacial tension γsl and the critical infiltration pressure pin decrease. If the
applied external load is lower than the current critical infiltration pressure pin, an increase
in system temperature can reduce both interfacial tension γsl and current critical infiltration
pressure pin [26,27]. This results in functional liquid spontaneously penetrating into the
nanopore channels without any change to the external load. The change in infiltration
volume ∆V of the entire system increases while the overall volume of the nanofluidic
system decreases. Based on this principle, temperature adjustment can be used as a valve to
drive functional liquid into the channel of porous medium, thereby regulating the volume
of the sealer rubber cylinder and assisting in shrinkage and unsealing.

Figure 2b shows the schematic diagram of the working principle of nanofluidic self-
heating unsealing sandwich. The Tlow curve represents the situation of the nanofluidic
self-heating unsealing rubber cylinder during normal service. When the temperature of the
sandwich is Tlow, the critical infiltration pressure of the nanofluidic system is pin,low, and
the infiltration volume of the functional liquid into the pore channel of the porous medium
is ∆Vlow. The rubber cylinder is in a sealed state.

The Thigh curve represents the situation of the nanofluidic self-heating unsealing
rubber cylinder in the unsealing process. When the nanofluidic sandwich layer is heated
by the internal annular heater, the temperature of the sandwich layer increases from
Tlow to Thigh, and the interfacial tension γsl between the solid and liquid phases of the
nanofluidic system decreases. Therefore, the critical infiltration pressure of the nanofluidic
system decreases from pin,low to pin,high. Once the critical infiltration pressure decreases,
the functional liquid originally blocked outside the pore can flow into the channel of
porous medium. Thus, the infiltration volume increases from ∆Vlow to ∆Vhigh, which
macroscopically leads to the shrinkage of the sandwich volume. The reduction in the
volume of the nanofluidic self-heating unsealing rubber cylinder, denoted as ∆Vlow −
∆Vhigh, facilitates bridge plug unsealing and enhances the success rate of this process.
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3. Size Design Method and Calculation Case Study
3.1. Design Method of Nanofluidic Self-Heating Unsealing Sandwich Size

The nanofluidic self-heating unsealing sandwich is the core device to achieve self-
heating unsealing of the rubber cylinder. Before design, the target volume auxiliary shrink-
age of the rubber cylinder Vsh needs to be determined according to the application require-
ments. Assuming that the target volume auxiliary shrinkage of the rubber cylinder Vsh is
k times the volume of the rubber cylinder when it is fully sealing set, the target volume
auxiliary shrinkage of the rubber cylinder can be calculated by equations as follows:

Vsh = k% × π

4

(
D2

tn − D2
jn

)
(H − HZ) (1)

where k is the percentage of volume shrinkage when the rubber cylinder is auxiliary
unsealed, equal to the auxiliary shrinkage of rubber cylinder target volume Vsh divided by
the volume when the tube is completely set, %; H is the height of the rubber cylinder, mm;
HZ is the seating route, mm; Dtn is the inner diameter of the casing, mm; and Djn is the
inner diameter of the rubber cylinder, mm. Related dimensional parameters are shown in
Figure 3.

Energies 2023, 16, x FOR PEER REVIEW 5 of 12 
 

 

 
Figure 3. Schematic diagram of nanofluidic self-heating unsealing bridge plug rubber cylinder seat-
ing structure: (a) schematic diagram of the structure of the nanofluidic self-heating unsealing bridge 
plug rubber cylinder before sitting and sealing; (b) schematic diagram of the structure of the 
nanofluidic self-heating unsealing bridge plug rubber cylinder after sitting and sealing (The red 
frame indicates the shape of the rubber cylinder after it is fully seated.). 

According to the working principle of the nanofluidic self-heating unsealing rubber 
cylinder, the target auxiliary volume shrinkage of the rubber cylinder is equal to the vol-
ume variation after warming the sandwich layer. Since the pore size of the porous medium 
used in practice is not uniform and some of the pores may collapse, the functional liquid 
cannot enter all the channels. α is proposed as the pore quality factor of the nanoporous 
medium to describe the effective pore volume of the porous medium. Then the relation-
ship between the nanoporous medium mass 𝑚p and the target auxiliary volume shrink-
age of the rubber cylinder 𝑉sh can be described by equations as follows: 𝛼Δ𝑉sh = 𝑚 𝑉acc  (2) 

where 𝑉acc is the pore volume per unit mass of nanoporous medium, m3/kg. 
Assuming that the functional liquid and the nanoporous medium are mixed with a 

mass ratio of 𝑚: 𝑛, then the mass 𝑚   of the functional liquid can be calculated by equa-
tions as follows: 𝑚 = 𝑚 𝑚/𝑛 (3) 

Moreover, the volume of nanoporous medium 𝑉  can be calculated from the unit 
mass of pore volume 𝑉acc, the mass of nanoporous medium 𝑚  and the porosity ϕ as 
follows: 𝑉 = 𝑚 𝑉acc/𝜑 (4) 

where 𝜑 is the porosity, characterizing the ratio of the volume occupied by pores in a 
nanoporous medium to the total volume of the porous material. 

The volume 𝑉  of the nanofluidic system is the sum of the nanoporous medium vol-
ume 𝑉  and the functional liquid volume 𝑉  in the sandwich. The 𝑉   can be calculated 
as follows： 𝑉 = 𝑉 + 𝑉 = 𝑚𝑛 𝛼Δ𝑉sh𝑉acc𝜌 + 𝑚 𝑉acc/𝜑 (5) 

where 𝜌  is the density of the functional liquid, kg/m3. 
The thickness 𝑡   of the sandwich is calculated based on the total volume of the 

nanofluidic system sandwich. Based on the application requirements, assume that the 
outer diameter of the nanofluidic system self-heating unsealing sandwich is 𝑑 , and the 
sandwich height is ℎ . Then 𝑉  can be obtained as follows. 

Figure 3. Schematic diagram of nanofluidic self-heating unsealing bridge plug rubber cylinder
seating structure: (a) schematic diagram of the structure of the nanofluidic self-heating unsealing
bridge plug rubber cylinder before sitting and sealing; (b) schematic diagram of the structure of
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According to the working principle of the nanofluidic self-heating unsealing rubber
cylinder, the target auxiliary volume shrinkage of the rubber cylinder is equal to the volume
variation after warming the sandwich layer. Since the pore size of the porous medium used
in practice is not uniform and some of the pores may collapse, the functional liquid cannot
enter all the channels. α is proposed as the pore quality factor of the nanoporous medium
to describe the effective pore volume of the porous medium. Then the relationship between
the nanoporous medium mass mp and the target auxiliary volume shrinkage of the rubber
cylinder Vsh can be described by equations as follows:

α∆Vsh = mpVacc (2)

where Vacc is the pore volume per unit mass of nanoporous medium, m3/kg.
Assuming that the functional liquid and the nanoporous medium are mixed with a

mass ratio of m : n, then the mass mg of the functional liquid can be calculated by equations
as follows:

mg = mpm/n (3)

Moreover, the volume of nanoporous medium Vp can be calculated from the unit mass
of pore volume Vacc, the mass of nanoporous medium mp and the porosity ϕ as follows:

Vp = mpVacc/ϕ (4)

where ϕ is the porosity, characterizing the ratio of the volume occupied by pores in a
nanoporous medium to the total volume of the porous material.

The volume Vn of the nanofluidic system is the sum of the nanoporous medium
volume Vp and the functional liquid volume Vg in the sandwich. The Vn can be calculated
as follows:

Vn = Vg + Vp =
m
n

α∆Vsh
Vaccρg

+ mpVacc/ϕ (5)

where ρg is the density of the functional liquid, kg/m3.
The thickness tn of the sandwich is calculated based on the total volume of the nanoflu-

idic system sandwich. Based on the application requirements, assume that the outer
diameter of the nanofluidic system self-heating unsealing sandwich is dn, and the sandwich
height is hn. Then Vn can be obtained as follows.

Vn =
π

4
hn

[
dn

2 − (dn − 2tn)
2
]

(6)

where dn is the outer diameter of the sandwich, mm; hn is the height of the sandwich, mm;
tn is the thickness of the sandwich, mm.

Transforming Equation (6), the thickness tn of the sandwich is:

tn =
1
2
(dn −

√
dn2 − 4

πh n
Vn) (7)

where hn is the sandwich height, in order to ensure the pressure-bearing performance, it is
recommended to select 60% ± 5% of the height of the rubber cylinder; and dn is the outer
diameter of the sandwich, which can be adjusted according to the size of the volume of the
nanofluidic system, with range of Djw − 1/3 ∼ 1/6

(
Djw − Djn

)
, where Djw is the outer

diameter of the rubber cylinder, mm.

3.2. Case Study of Sandwich Size Calculation

A kind of expanding rubber cylinder is utilized in this study. The parameters of the
expanding bridge plug are determined as follows [28]. The applicable sleeving is 5.5 inches
(139.7 mm), and the working pressure is set to 50 MPa. The outer diameter of the rubber
cylinder is 110 mm, the inner diameter is 68 mm, and the height is 80 mm. The end face
inclination of the rubber cylinder is 45◦. The allowable gap between the rubber cylinder
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and the sleeving is 5.7 mm, and the route of sealing set is 22.4 mm. Based on these design
parameters mentioned above, a nanofluidic self-heating unsealing sandwich is constructed
inside the rubber cylinder.

The nanofluidic system mixture encapsulated inside the rubber cylinder sandwich is
configured according to the service environment of the bridge plug in the rubber cylinder.
The porous carbon has large specific surface area, good gas–liquid permeability, adjustable
pore structure, and favorable thermal stability. Therefore, it was selected as the nanoporous
medium in the nanofluidic system. Its physical properties are shown in Table 1. The
functional liquid is glycerol, which has a high boiling point, is not volatile, has high
viscosity, and is not easy to crystallize. The nanofluidic system is configured by mixing
the porous carbon with glycerol in the ratio of 4 : 1 by mass and filling into the designed
self-heating unsealing gel rubber cylinder nanofluidic sandwich.

Table 1. Physical properties of porous carbon with ultra-large specific surface area.

Parameters Numerical Value

Specific surface area/m2·g−1 3500
Aperture/nm 2

Pore volume per unit mass/cm3·g−1 1.6
Pore quality factor 1.5

Porosity 0.5

According to the application requirement, 10% of the volume of the rubber cylinder
with completely sealed set is taken as the target auxiliary shrinkage volume. The target
auxiliary shrinkage volume of the nanofluidic self-heating unsealing rubber cylinder is
1.268 × 10−5 m3 calculated by Equation (1). The mass of porous carbon is 12 g obtained by
Equation (2), and the mass of glycerol is 48 g by substituting the mass of porous carbon
into Equation (3). The density of glycerol is 1260 kg/m3, thus the volume of glycerol is
obtained for 3.774 × 10−5 m3. The volume of porous carbon is 3.804 × 10−5 m3 obtained
by Equation (4). If the volume of the nanofluidic system is the volume sum of glycerol and
porous carbon, then the volume of the nanofluidic system is 7.578 × 10−5 m3 according
to Equation (5). The sandwich height hn is taken as 45 mm calculated from 55% of the
rubber cylinder height. The outer diameter of the sandwich dn is taken as 98 mm according
to Djw − 1/3

(
Djw − Djn

)
, and the thickness of the sandwich is obtained as 10 mm by

substituting dn into Equations (6) and (7).

4. Analysis of Sealing Performance
4.1. Finite Element Modeling

According to the working principle of the bridge plug, the components of the bridge
plug are simplified as pressure ring, central tube, nanofluidic self-heating unsealing sand-
wich, glue rubber cylinder, and sleeve. The structural parameters of the rubber cylinder for
the bridge plug are presented in Table 2, which is utilized in the case analysis of nanofluidic
self-heating unsealing rubber cylinder as discussed in Section 3.2.

Table 2. Structural parameters of the rubber cylinder.

Parameters Height/mm Inner Diameter/mm Outer Diameter/mm

Casing 100 121.4 139.7
Center tube 100 42 68

Pressure ring 10 68 110
Rubber cylinder 80 68 110

Nanofluidic
self-heating unsealing

sandwich
45 88 98
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Based on the structural parameters of the bridge plug casing in Table 2, a finite
element analysis model of the conventional casing and the nanofluidic self-heating un-
sealing casing is constructed as shown in Figure 4. The material of the casing, center
tube, and upper and lower compression rings are defined as structural steel, with elastic
modulus E = 2.06 × 105 MPa and the Poisson’s ratio µ = 0.25 [28]. The mechanical charac-
teristics of the nanofluidic system in the sandwich are described by the model of elastic
deformation, plastic crushing, and densification [29]. The material of the rubber cylinder
was selected as hydrogenated nitrile rubber except for the sandwich. The Mooney-Rivlin
intrinsic model was used in the simulation work with parameters set as: C10 = 1.926 MPa,
C01 = 0.963 MPa, elastic modulus E = 17.33 MPa, Poisson’s ratio µ = 0.3, and friction
coefficient as f = 0.3 [30]. The rubber cylinder was meshed with hexahedral cells, and the
rest of the geometrical model was meshed with tetrahedral cells.
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4.2. Analysis of Simulation Results

The maximum contact stresses between the conventional rubber cylinder and the
nanofluidic self-heating unsealing rubber cylinder under different seating loads were
compared to verify the sealing performance of the latter system.

Figure 5 shows the maximum contact stresses between the conventional rubber cylin-
der and the nanofluidic self-heating unsealing one under different seating loads. With the
increase in seating load, the maximum contact stresses of rubber cylinders in both cases
increase gradually, which is consistent with findings reported in the literature [31]. When
the seating load ranges from 0 to 70 kN, the maximum contact stress trends of both types of
rubber cylinders exhibit a similar pattern. Due to the low initial seating load on the rubber
cylinder, the degree of sandwich deformation in the nanofluidic self-heating unsealing
rubber cylinder is negligible, resulting in a small maximum contact stress on the casing wall.
When the seating load is greater than 70 kN, the maximum contact stress of the nanofluidic
self-heating unsealing rubber cylinder is always larger than that of the conventional one.
This is attributed to the nanofluidic self-heating unsealing rubber cylinder, which features
a unique three-dimensional honeycomb structure containing an encapsulated nanofluidic
system fluid within the honeycomb. Compared to conventional rubber cylinders, it exhibits
an enhanced degree of deformation and pressure-bearing capacity [32] and demonstrates
higher maximum contact stress with the casing wall under the same seating load. The max-
imum contact stress of the nanofluidic self-heating unsealing rubber cylinder exhibits an
average increase of 9.73% compared to that of the conventional rubber cylinder, indicating
its superior adaptability to normal operation conditions in well bridge plugs.
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The compression distance of the bridge plug under different seating loads serves as
a crucial indicator for evaluating its sealing performance, reflecting the compression rate
and deformation state of the rubber cylinder under varying loads [33]. By simulating
the seating process of bridge plugs, the compression distances of the conventional rubber
cylinder and the nanofluidic self-heating unsealing rubber cylinder are compared under
different seating loads in Figure 6.
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The deformation of rubber cylinders gradually increases and the slope of the curve
gradually decreases as the seating load increases in both cases. This is because the cylinder
undergoes free deformation at the initial stage, resulting in significant changes in compres-
sion distance. The aforementioned finding is consistent with the results reported in the
literature [34]. With the further increase in load, it undergoes compaction and compression
with increasing difficulty, resulting in a reduction in compression distance. Additionally, it
is noteworthy that the conventional rubber cylinder consistently exhibits a greater com-
pression distance than that of the nanofluidic self-heating unsealing rubber cylinder. By
incorporating the honeycomb skeleton with exceptional compressive strength, the rubber
cylinder exhibits superior pressure-bearing performance [35]. The compression distance
of the nanofluidic self-heating unsealing rubber cylinder is reduced by 24.47% on average
compared with the compression distance of the conventional one. This indicates that the
nanofluidic self-heating unsealing rubber cylinder has a higher compression capacity and
a smaller deformation pattern, its contact length with the casing is longer, and the seal is
better under the same seating load.
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The maximum mises stress of the rubber cylinder affects its pressure resistance and
service life [36]. The maximum mises stresses of the conventional rubber cylinders and the
nanofluidic self-heating unsealing ones under different seating loads were extracted and
plotted in Figure 7.
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As shown in Figure 7, the maximum mises stress enlarges with the increase in seating
load in both cases, which is in accordance with the research results in the literature [37].
Under the same seating load, the maximum mises stress of the nanofluidic self-heating
unsealing rubber cylinder is 12.17% lower than that of the conventional one on average.
This demonstrates that the sandwich structure incorporated in the nanofluidic self-heating
unsealing rubber cylinder effectively alleviates maximum mises stress. According to reports,
a lower mises stress level corresponds to higher compressive strength, which in turn
reduces the risk of tearing and prolongs service life [38]. Therefore, the use of nanofluidic
self-heating unsealing rubber cylinders can effectively mitigate the risk of tearing.

5. Conclusions

In this paper, a nanofluidic self-heating unsealing rubber cylinder is proposed, which
incorporates a nanofluidic self-heating unsealing sandwich that contracts upon exposure to
heat and facilitates the unsealing of bridge plugs. Combined with the working principle
of a nanofluidic self-heating unsealing sandwich, a design methodology for the sandwich
is established. Taking nanofluidic system composed of porous carbon and glycerol as
an example filling formulation of the nanofluidic self-heating unsealing sandwich, the
feasibility of size design for nanofluidic self-heating unsealing rubber cylinder sandwiches
is verified, and the sealing performance of nanofluidic self-heating unsealing rubber cylin-
ders is analyzed. Compared to conventional rubber cylinders, the maximum contact
stress between nanofluidic self-heating unsealing ones and the casing wall is increased
by 9.73% on average, the compression distance is reduced by 24.47% on average, and the
maximum equivalent stress is reduced by 12.17% on average. The designed nanofluidic
self-heating unsealing rubber cylinder exhibits superior pressure resistance and sealing
properties compared to conventional rubber cylinders, meeting the requirements of its
intended application.

By adjusting the nanofluidic system formula in self-heating unsealing sandwiches,
rubber cylinders suitable for various application conditions can be obtained to address
engineering issues arising from bridge plug rubber cylinder failure due to unsealing
and shrinking.
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