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Abstract: Nanofluidic energy absorption system (NEAS) with cascade energy absorption characteris-
tics can absorb energy on different levels simultaneously in one system, which greatly enriches its
functions and applications. The pore structure and size distribution of porous media play a crucial
role in the design and construction of cascade nanofluidic systems. In this paper, two cascade pore
models were constructed using carbon nanotubes with different diameters, one was the model of two
tubes with both one end immersed in water (DNEAS), and the other was the model of two tubes end
to end, with the end of the big tube immersed in water (SNEAS). The effects of temperature-coupled
pore size on the infiltration processes of water molecules into two models were investigated. The
fitting correlations between critical pore size difference and temperature were established. The
microscopic mechanism of temperature effect was illuminated. With the increase in temperature,
systems displaying cascade characteristics transformed into a single-stage system without cascade
characteristics. Due to the significant size effect of system temperature, the critical pore difference
increased with both system temperature and the pore size. The research results expanded the basic
database of cascade nanofluidic systems and provided guidance for the application design of cascade
nanofluidic systems.

Keywords: nanofluidic energy absorption system; cascade characteristic; critical pore difference;
critical infiltration pressure

1. Introduction

Nanofluidic energy absorption system (NEAS) is a kind of energy absorption sys-
tem smaller and lighter, with higher energy absorption density [1,2]. It has promising
applications in the fields of mechanical, thermal, and electrical energy storage [3–6], for
example, anti-crash energy absorbing materials or a high efficiency buffers in the aerospace
field [7]. The functional component of a NEAS are nanoporous medium and liquid. With
the development of fabrication technologies, more diverse nanoporous media [8–10] can be
prepared, which greatly enriches the functions and applications of NEAS. It was demon-
strated in previous studies that the liquid infiltration behavior in the nano-environment is
sensitive to the internal factors such as size and configuration of nanopores [11–13], types
and concentrations of functional liquids [14–18], and the amount of residual gas [19–21],
as well as external factors such as temperature [22–25], loading rate [26,27], and electric
field [28–32]. Among which, the size of nanopores plays a decisive role in the influence of
infiltration pressure, and configuration influences the transport behavior during the liquid
molecules infiltration process.

In previous experimental studies, our team observed two-stage energy absorption
characteristics in NEAS composed of ZSM-5 zeolite with two-stage pore structure and
deionized water [33]. Sun Yueting also reported two energy absorption platforms during
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compression test with NEAS composed of ZSM-5 zeolite/β zeolite and deionized water [34].
In addition, there is a limited amount of literature available on the investigation of cascade
nanofluidic systems. The cascade NEAS has multiple platforms on the pressure-volume
curve, corresponding to multiple pressure thresholds. Thus, it can absorb energy on
different levels simultaneously in one system and greatly expand the scope of NEAS. For
example, it can be engineered as a lightweight material for the vehicle body or a collision
avoidance system in modern automobiles, which can absorb vibrations to enhance ride
comfort while also absorbing impact to ensure safety. However, NEAS composed of nano-
porous media with different pore size does not necessarily exhibit cascade energy storage
characteristics due to the existence of viscous dissipation between liquid–solid phases. It
is crucial to determine the critical pore size difference of establishing the NEAS cascade
energy storage characteristic, which is indispensable in designing and implementing such
a system.

Of all the external effected influences, temperature plays a key role in determining
the motion of molecules. The liquid viscosity [35,36] and hydrophobicity [37,38] at the
nanoscale are both influenced by temperature, which was utilized for nanofluids forced
convection heat transfer [39–41] in recent research. The alteration of system temperature
will undoubtedly impact the formation of cascade NEAS, and it is widely believed that
temperature is one of the most influential factors in manipulating fluid dynamics. Over the
past decade, there were great achievements in transporting water through narrow CNTs in
experiments and computer simulations [38,42,43]. However, the temperature-dependent
transport behavior of liquid infiltrate through nano channels with multiple pore sizes
remains unexplored.

Because the pore size distribution of most porous materials use in application is non-
uniform [44], it is challenging to experimentally investigate the cascade energy storage
properties of nanoporous media. Molecular dynamics simulation provided a novel ap-
proach for investigating this field. LAMMPS is a classical molecular dynamics code with a
focus on materials modeling. It was used by many scholars to conduct molecular dynamics
simulations of liquid transport in nano channels [45]. Cao et al. explored the working
mechanism of nano porous energy absorption systems under high-speed impact loading
conditions through molecular dynamic simulation., and illuminated the effects of pipe
diameter and loading rate [46,47]. Barry et al. established an improved carbon nanocone
model using LAMMPS software, and verified the correctness of using LAMMPS software
for numerical simulation [48]. Majumder et al. reported molecular dynamics simulations
showing spontaneous and continuous filling of a nonpolar carbon nanotube with a one-
dimensionally ordered chain of water molecules [49]. Liu et al. conducted research on the
temperature-dependent intrusion/adsorption of water molecules into hydrophobic carbon
nanotubes and nanoporous carbon [50]. Liu et al. investigated the flow of aqueous solution
of sodium chloride driven by the temperature gradient and the performance of voltage
generation in CNT [51].

In the present work, molecular dynamics simulations were conducted on two distinct
pore configurations to investigate the impact of temperature-coupled pore size of porous
media on characteristics of cascade NEAS. The fitting correlation between critical pore size
difference and temperature was obtained, and the microscopic mechanism of temperature
effect was illuminated. The research findings expanded the fundamental database of
cascade NEAS and offer guidance for its application design.

2. Establishment of Molecular Dynamics Model

The pore structure of nanoporous media is intricate, with variations in the sizes of
open pores and potential reductions in diameter within individual pore channels [52].
Based on this, two cascade pore models based on carbon nanotubes (CNTs) were developed
in this study. One was the model of two tubes with both one end immersed in water
(DNEAS), and the other was the model of two tubes connected end to end with the end of
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the big tube immersed in water (SNEAS). Figure 1a shows the model of DNEAS. Figure 1b
shows the model of DNEAS.
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Figure 1. Schematic diagram of the model of NEAS. (a) The model of DNEAS; (b) The model
of SNEAS.

In the current model, the carbon nanotubes ranges from CNT(6,6) to CNT(22,22), with
the pore sizes ranging from 8.14 Å to 29.83 Å. For intuitive comparison of the pore size
influence on energy absorption, the volume of carbon nanotubes was set to be the same in
model construction, which was 12.786 nm3. The density of water molecules in the reservoir
was 0.998 g/cm3, and the number of water molecules was determined according to the size
of the reservoir. To simulate a real NEAS, periodic boundaries were set in the xy direction.
The bottom and top plane of the reservoir were rigid carbon atoms. The bottom plane of
the reservoir can be moved along the axis, acting like a rigid “piston” to change the volume
and the pressure of the reservoir. The top plane of the reservoir where the CNTs immersed
in was fixed. Nose-Hoover hot bath [53] was used for system temperature control, the time
cascade was set to 1 fs, and the real-time morphology and characteristics of the system
were recorded every 1 ps during calculation.

The MD simulations were carried out using LAMMPS, which is a classical molecular
dynamics software from Sandia National Laboratory [54]. The COMPASS [55] class2
forcefield was used to describe the solid–liquid Van Der Waals (VDW) interaction, and an
extended simple point charge force field potential (SPC/E) was used to simulate water
molecules [56]. The non-bonded interatomic (intermolecular) VDW action was calculated
by 12-6 Lennard–Jones action potential. The calculation formula was as follows [29]:
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where the potential function parameter is: εOO = 0.2848 kcal ·mol−1, εOC = 0.1157 kcal ·mol−1,
σ0

OO = 3.6001Angstrom, σ0
OC = 3.8351Angstrom, qO = −0.82e, qH = 0.41e,

k = 450.0 kcal ·mol−1 [57]. The cutoff distance for the VDW interaction was set to be
1.3 nm, which was typically used in the MD simulations of water [58]. The SHAKE
program was used to constrain the internal geometry of water molecules [59]. The long-
range Columbic potential was calculated using the particle–particle particle–mesh (PPPM)
method [60].

The pressure of the reservoir was calculated by the molecular interaction potential
among water molecules. Select a cubic sampling volume near the entrance of the nanotubes
in the three-dimensional reservoir, and Virial’s expression was used [61]:

P = N′kBT/V + ∑N′
i ri · fi/3V (2)

where N′ is the total number of water molecules in the sampling area; kB is the Boltzmann
constant; T is the system temperature, K; and V is the volume of the sample area, m3. The
second term N′ is to calculate the contribution of two-body action to potential and pressure
in each water molecule. The pressure and the volume change of the cell during loading are
collected and recorded to determine the infiltration pressure.
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The reliability of the MD simulation model was verified with our previous experimen-
tal data as published in reference [32]. In the experimental, pressure-volume performance
tests were conducted on NEAS composed of ZSM-5 zeolite and deionized water. The critical
infiltrate pressure of the system was about 24.86 MPa, and the pores water molecules mainly
infiltrated in was around 21.14 Å. Molecular dynamics simulation of water molecules in-
trude into CNT(15,15) was carried out. The corresponding pore size was 20.34 Å, and water
molecules infiltrate under a pressure of 25.45 MPa. Considering that ZSM-5 zeolite used in
the experiment has a certain pore size distribution, 21.14 Å was only the average pore size.
Hence, it was justifiable that the critical infiltration pressure derived from the experiment
marginally deviates from the MD simulation outcomes.

3. Results and Analysis
3.1. Cascade Infiltration Process of Water Molecules into CNTs

Taking the combination of CNT(16,16)+CNT(13,13) as an example, Figures 2 and 3
show the transient process of water molecules invading into carbon nanotubes in DNEAS
and SNEAS, respectively. Driven by external pressure, water molecules first invade into
CNTs with large pore size and then invade into the smaller CNTs. However, due to the
viscous dissipation during water molecules transporting in CNT, the pressure increased
gradually during the process of water molecules filling CNT. Although the infiltration
pressure was strongly dependent on the pore size of nanoporous media, systems with
CNTs featuring multiple pore sizes did not necessarily exhibit cascade energy storage
characteristics. When the difference in pore size between CNTs is not significant, water
molecules may begin to infiltrate into the smaller tube before the larger one is filled. In
such cases, the pressure-volume characteristic curve of the large tube penetration process
will merge with that of the small tube penetration process, resulting in a lack of cascade
characteristics within the system.
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The critical infiltration pressure of the system is known to vary with temperature, and
the response of the critical infiltration pressure to system temperature change differs from
different pores size. In Figure 4, we further extract the pressure-volume characteristics of
DNEAS and SNEAS at different system temperatures. As depicted in the figures, when
the system temperature was elevated, there was a reduction in the critical infiltration
pressure difference between the two tubes. This phenomenon has the potential to cause
the loss of cascade characteristics in NEAS. Apply solid line to represent systems with
cascade characteristics and dash line to represent systems without cascade characteristics in
Figure 4. For DNEAS in Figure 4a, it displays cascade characteristics at system temperatures
of 280 K, 300 K, and 320 K. For SNEAS in Figure 4b, it displays cascade characteristics at
system temperatures of 280 K and 300 K. Obviously, for NEASs with different configuration,
although the components are both CNT(17,17) and CNT(13,13), DNEAS displays cascade
characteristics at 320 K, while SNEAS does not.
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Figure 4. Variation curves of pressure—volume characteristics of NEASs at different temperatures
(CNT17,17+CNT13,13). (a) DNEAS; (b) SNEAS.

The above analysis raises two questions: How do temperature changes affect the
cascade characteristics of NEAS? What is the minimum difference between larger and
smaller pores for a potential multistage NEAS to display cascade characteristics at different
temperatures? We will address these questions in detail by analyzing the critical pore
difference and the critical infiltration pressure in the following sections.

3.2. Analysis of Critical Pore Difference

According to the pressure-volume characteristic curve of the system, we can identify
whether the system display cascade characteristics under quasi-static loading procedure.
Figure 5 shows the pore distribution diagram of cascade characteristics of NEASs at dif-
ferent system temperatures, applying red dots and black dots to distinguish whether the
NEAS displays cascade characteristics. Extracting the critical pore difference of cascade NE-
ASs at different system temperatures, the relationships between the critical pore difference
of cascade NEASs at different temperatures were drawn in Figure 6. In Figures 5a and 6a,
Figures 5b and 6b correspond to DNEAS and SNEAS, respectively.
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As can be seen from Figure 5, with the increase in temperature, systems displaying
cascade characteristics transform into a single-stage system without cascade characteristics.
The critical pore difference increases with the lift of system temperature. The smaller the
pore size is, the more sensitive the critical infiltration pressure is to temperature. Thus,
the changing degree of the critical infiltration pressure of CNT with small pore size is
greater than that of CNT with larger pore size under the same temperature gradient. That
is, the critical pore difference increases with the increase in the pore size when the system
temperature remains unchanged, as shown in Figure 6.
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Define the pore difference ∆dD as the difference between pore size of the large tube and
the small tube in DNEAS, ∆dD = dlarge − dsmall, where dlarge is pore size of the large tube,
and dsmall is pore size of the small tube. Define the pore difference ∆dS as the difference
between pore size of the top tube and the bottom tube in SNEAS, ∆dS = dbottom − dtop,
where, dbottom is pore size of the bottom tube, and dtop is pore size of the top tube. The
minimum pore difference between large and small tubes which enables NEAS to display
cascade characteristics is defined as the critical pore difference, written as ∆dD

cr for DNEAS
and ∆dS

cr for SNEAS. Fitting the dots in Figure 6, the correlation between the critical pore
difference and system temperature of DNEAS and SNEAS can be obtained.

In DNEAS:

∆dD
cr =

18.317− 0.08T

1 + e(dlarge+0.014T−25.352)/(0.025T−6.182)
+ 0.067T − 13.259

(
Å
)

(3)

where the pore of the large is dlarge = 8.14~29.83 Å, temperature is T = 280~360 K, the fitting
error is 2.81%.

In SNEAS:

∆dS
cr =

0.073T−16.409
1 + e(dbottom+0.02T−27.28)/(0.015T−3.484)

+ 0.07T − 14.287
(

Å
)

(4)

where the pore of the bottom tube is dbottom = 8.14~29.83 Å, temperature is T = 280~360 K,
the fitting error is 3.07%.

3.3. Analysis of Critical Infiltration Pressure

Critical infiltration pressure Pin is defined as the initial pressure for liquid molecules
invade nanoporous medium. NEAS with cascade characteristics have second-order critical
infiltration pressure. Figure 7 shows the critical infiltration pressure of both large/bottom
tube and small/top tube in a certain NEAS at different system temperatures. It can be seen
from the figures, the critical infiltration pressure of the small tube (in DNEAS) and the top
tube (in SNEAS) decreases with the increase in system temperature. The smaller the pore
size, the faster the critical infiltration pressure decreases.

To further illuminate the influence of pore configuration on infiltration process, we
calculated the process of water molecules invading into a single tube, namely single tube
NEAS, the diameter of which corresponds to the CNTs in DNEAS/SNEAS. Fixing the
type of the large/bottom tube (in DNEAS/SNEAS, respectively) as CNT(22,22), the critical
infiltration pressure of small/top tube (in DNEAS/SNEAS, respectively) is compared with
that of the corresponding single tube NEAS at different temperatures, as shown in Figure 8.
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As can be seen from Figure 8a, the critical infiltration pressure of the small tube in
DNEAS and the critical infiltration pressure of the corresponding single tube basically
coincided. In our previous study, infiltration of water molecules into the large tube and
the small tube in DNEAS were independent to each other [62]. Thus, the influence of
system temperature on the critical infiltration pressure of DNEAS is a superposition of the
corresponding single tubes NEAS.

Yet, things were a little different in SNEAS. As can be seen from Figure 8b, the critical
infiltration pressure of the top tube in SNEAS was lower than that of the corresponding
single tube, and the smaller the pore size, the greater the difference. In SNEAS, the critical
infiltration pressure of the top tube decreased with the increase in the diameter of the
bottom tube, at a certain temperature [62]. Thus, the critical infiltration pressure of the top
tube in SNEAS was lower than that of the corresponding single tube.

The number of hydrogen bond in water determines the density, surface tension,
boiling point, and other key properties of water [63]. The change of surface tension will
directly lead to the change of critical infiltration pressure. To further analyze mechanism
of temperature effect on the cascade characteristics of SNEAS, the number of hydrogen
bonds at the entrance of the top CNTs of SNEASs is extracted for comparative analysis
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in Figure 9, as well as the number of hydrogen bonds of the corresponding single tube
NEAS. SNEASs composed of CNT(16,16)+CNT(8,8) and CNT(16,16)+CNT(12,12) were
taken as examples. It can be seen from the figure that the number of hydrogen bonds at the
entrance of CNT(16,16) in all the three studied systems were consistent at different system
temperatures. Consequently, the critical infiltration pressure of water molecules invading
into CNT(16,16) were the same, which coincided with the rule found in Figure 7b. With
the decrease in pore size, the sensitivity of all system parameters to system temperature
increased. With the lift of system temperature, the free energy of the system increased, the
intermolecular forces decreased [64], and it was easier to lose hydrogen bonds for water
molecules during invading. For the top tube CNT(8,8)/CNT(12,12) in SNEAS, the number
of hydrogen bonds at their entrance was less than that of the corresponding single tube
NEAS, and decreased significantly with the increase in system temperature.
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3.4. Analysis of System Energy Absorption

For a NEAS, the total energy absorbed was composed of stored interfacial energy
and frictional dissipative energy [23]. Figure 10 shows the variation trend of total energy
absorbed of NEASs at different temperatures. As can be seen from the figures, the total
energy absorbed by the system decreases with the increase in temperature. Because
the neutral and defection-free nanotubes were relatively “smooth” to the flow of water
molecules, the friction resistance of the molecular flow was small [7]. The total energy
absorbed by the system mainly depended on the interfacial energy stored during the
infiltration process. The amount of stored interfacial energy was determined on the critical
infiltration pressure and the pore volume of the system. As the pore volume of different
CNTs was set to be constant in model construction, the amount of stored interfacial energy
mainly depended on the critical infiltration pressure.

For DNEAS, the total energy absorbed by large (Figure 10a) or small (Figure 10b)
tubes were independent to each other. Thus, the energy absorbed by DNEAS was the
superposition of the corresponding single tube NEASs. For SNEAS, the total energy
absorbed by the bottom tube was constant and independent to the changing of top tube
size (Figure 10c). The critical infiltration pressure decreased with the increase in pore size,
which was more obvious under lower system temperature [65]. The total energy absorbed
by the top tube decreased with the increase in the bottom tube size. The lower the system
temperature, the more obvious the decrease trend.
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4. Conclusions

The cascade NEAS featured multiple platforms on the pressure-volume curve, en-
abling it to absorb energy at various levels simultaneously within a single system and
significantly broaden the scope of NEAS. Pore size distribution and system temperature
are of crucial importance to build cascade NEAS.

The lift of system temperature may transform a NEAS displaying cascade characteristics
into a single-stage NEAS. The higher the system temperature, the larger the critical pore
difference for NEASs to display cascade characterizes. In DNEAS, the infiltration process of
water molecules into two tubes are independent to each other. In SNEAS, water molecules
will lose some hydrogen bonds during invading and transporting through the bottom tube,
the critical infiltration pressure of the top tube was lower than that of the corresponding single
tube. The fitting correlation between critical pore difference and system temperature was
∆dD

cr = 0.067T−13.259+(18.317−0.08T)/(1+ e(dlarge+0.014T−25.352)/(0.025T−6.182)) for DNEAS,
and ∆dS

cr = 0.07T− 14.287+(0.073T−16.409)/(1+ e(dbottom+0.02T−27.28)/(0.015T−3.484)
)

for
SNEAS. It is hoped to be helpful for the design and application of cascade NEAS.

Cascade NEAS exhibited greater potential for application than single-stage NEAS.
The infiltration of water molecules into nanopores, as discussed in this study, is driven by
pressure. By manipulating system temperature as a driving force, it is possible to achieve
hierarchical energy storage and release through control of said temperature.
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H.W.; writing—original draft preparation, H.W.; writing—review and editing, Y.Z.; supervision,
Y.D.; project administration, Y.Z.; funding acquisition, Y.Z. All authors have read and agreed to the
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