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Abstract. Space size plays an important role in the properties of confined water. This study aimed to
investigate the flow behavior of water confined in a dlit pore. Molecular dynamics simulations were
acted to analyze the confined water molecules in dit pore. Pressing the plates to form the confined
condition and then moving the two plates to opposite directions, the confined water molecules were
made in a directed flowing. The flow velocity of the water molecules was then analyzed at the
nanoscale. Two crystal silicon surfaces were used to play as the dit pore model. The interaction
strength between Si atom and water oxygen atomislead to the flow behavior. Simulation results show
that for the studied case, thereisthe laminar flow behavior of confined water and at the molecular level
boundary dlip condition does hold. Moreover, simulation results demonstrate that water molecules
confined in the dlit are layered and water molecules partially regularly arranged in every layer.

Introduction

Confining geometries that contain thin water films are common in biology, geology, and engineering.
For example, restricted cell in biological system[1,2], nanoporous membrane science [ 3,4], biomimetic
materials [5], and microfluidic technologies [6]. Understanding the geometric and flow properties of
confined water isimportant in the theory and practical application.

The flow behavior of fluid confined in a dit is a complex process in which fluid molecules need to
overcome two types of interaction strength (i.e., the interaction strength between the pore wall and the
fluid molecules and the interactions among the fluid molecules themselves) under a certain driving
force. The difference in the interactions of various fluid molecules flowing through a pore leads to
different flow properties. In this study, we confined water molecules in a dlit pore formed by two solid
Si(001) plates and study the flow state of confined water molecules.

Traditional effortsto study fluid flow through confined structures have been limited to macro-scale
flow. Experimentally, atomic force microscopy (AFM) and Surface force apparatus (SFA) are adopted
to study the confined fluid [7,8]. Molecular dynamics (MD) simulation is recognized as an effective
method for studying the behaviors of water molecules under nanoconfinements. Various MD
simulation techniques have been developed, including the external field non-equilibrium molecular
dynamics method, the dual control volume grand canonical molecular dynamics method, and so on.
When Liquid molecules are confined in a Nano-sized environment, the liquid-solid interfacial
interactions show many interesting properties [9,10]. A. Opitz and U. Raviv et al. have revealed that
the frictional properties of the liquid-solid system are strongly influenced by the thickness of the
confined water film [11,12]. L.L. Huang et a. have implemented a series of MD simulations at
equilibrium conditions to evaluate the factors affecting the behavior of confined water molecules,
including pore plate modification by size, and temperature, and so on, and have demonstrated that the
effects of pore size a the nanoscale are more dominant than external effects, such as temperature and
pressure [13].

Many studies have been doneto investigate the flow properties of confined water. For instance, Y .D.
Zhu et al. used the different interaction strength to investigate the effect of pore wall interfacial
properties on the flow behavior of water confined in a dit pore, and they have revealed that friction
increases with the hydrophilicity of pore walls and further hampers the flow of water under the studied
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confinement conditions [14]. X.X. Qiao et a. used nanocell as an effective method to investigate the
nanorheology of confined liquids and the interfacial boundary dlip, and they have concluded that the
responses of quartz crystal microbalance with the nanocell assembled are dependent on the nanocell
confinement thickness, the acoustic impedance of the nanocell lid (paralel plate), as well as the
boundary dip on the interface [15]. Y ong et al. have used molecular dynamicsto model aliquid argon
dab confined between two smooth rigid copper walls with an applied velocity at the upper wall to
generate aplanar Couette flow, and they have the results that liquid structures are strongly correlated
with the liquid velocity and density profiles in the flow, and the liquid structures also determine the
boundary conditions from pure dlip to multilayer locking at liquid-solid interfaces [16]. B. Kim et al.
present accurate measurements of shear stress in the bound hydration water layer using noncontact
dynamic force microscopy [17].

In this study the molecular dynamics (MD) simulationsis performed on confined water molecules by
moving the two plates to opposite directions to simulate the flow of confined water. The aim is to
investigate the flow behavior of confined water.

Simulation model and method

The simulation model isshow in Fig.1. Using two parallel solid Si(001) platesto confine water. The Si
plates were infinite in the X and Y directions. Three-dimensional periodic boundary conditions were
applied on the entire simulation system except for the confined water moleculesin the Z-direction. The
systemis composed of N = 348 water moleculeswhich areimmersed intwo parallel Si plates. Thetotal
number of silicon atomsin each plate was 384. Theinitial dit widthis22 A. The TIP4P model of water
was employed [18]. The interaction potentials between the silicon atoms are Stillinger-Weber-like
potential [19]. Thetotal interaction potentials between the water molecules and the silicon atoms of the
plate surfaces were calculated using the Lennard-Jones potential method [20].
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Fig. 1 The physical model of confined water fluid

The procedure is asfollows: (1) dlit were composed by two Si plates (2.17nm x 2.17nm x 1.62nm)
and placed along the X and Y directions. The dlit was full by water film (2.17nm x 2.17nm x 2.17nm)
with a density of 1.0 g/lcm®. The system was maintained at a constant temperature (293 K). After the
energy minimization and 2ns MD was run with an integral step of 1.0fs to obtain the equilibrium
configuration. (2) Si plates are loaded 60nN and 10ns MD was run with an integral step of 1.0fsto the
final state and now the pore width is about 1.2nm. (3) To study the flow properties of the confined
water, keep the load 60nN, the top and bottom plates were made to dide in opposite directions along
the Y-axis at a diding velocity of Uy = 100m/s. MD simulations were performed to run 10ns and the
last 1nstrajectory was used for analysis.

During the smulations in this study, the system was maintained at a constant temperature (293 K)
by the Gauss-Hoover method. The equations of the motion of water molecules were solved using the
Gear-Prediction agorithm with atime step of 1fs.
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Results and discussion

Spatial distribution of water molecules. In this confined situation, water molecules will form new
distribution and the distribution can be described as the density profile of their oxygen atoms along the
Z-direction and the atoms position profile. The density is defined as the ratio of the local density at
position Z along the dlit pore width to the bulk density and is averaged over rectangular shells (AZ =
0.10A) paralld to the dlit wall in the Z-direction. The density is shown in Fig. 2, which clearly shows

the water spatial distribution when the water molecules flow in external pressure dlit.
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Fig. 2 Density profilefor along the Z-direction. The Y -axisrepresentsthe density profile of confined
water along the Z-direction.
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Fig. 3 Confined water molecules position profile along the Z-direction. The Y -axis represents the
position of confined water molecules in Y -direction. The bottom layer is the first layer.

For this case, the five obvious peaks of the density are distributed along the Z-direction, suggesting
the confined water is laminated flowing. The two first maxima of molecules profile appear near both
sides of the plate surfaces, and the three maxima appear in the central region of the dit. For the five
peaks, the values of the density turn to 3, and it indicates that water molecules are layered.

The atoms position profile is shown in Fig. 3. From the Fig. 3, five water layers can be clearly seen.
The Fig. 3 also shows the water molecules are layered. The arrangement of water molecules in every
layer isalso analyzed. Asshownin Fig. 4, 4(a) is the arrangement of water moleculesin first layer, and
the 4(b) is the arrangement of water molecules in the second layer, and so on. From the Fig. 4, the
conclusion that water molecules in every layer partially regularly arranged can be got.
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Fig. 4 Arrangement of Confined water moleculesin every layer. (a) isthefirst layer, (b) isthe second
layer, (c) isthe third layer, (d) isthe fourth layer, (e) is the fifth layer.

Velocity profiles. The velocity profile along the Z-direction is shown in Fig. 5. For this case, the
velocity U* of confined water increases asthe distance from the interface decreases. For the velocity of
water molecules near both sides of the wall surfacesis larger, and the water molecules confined in the
central region of the dit, U* is small. The movement of the water molecules is driven by the plates,
because the plates keep the same velocity throughout the simulation process. The relative motions of
the water molecule is studied, the velocity of the water molecules in the central region is smaller than
that of the water molecules near the interfaces. It isto say that the relative motions of water molecules
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inthe central region were larger than the water molecules near the sides. So if the pore walls werefixed,
and when the confined water flow through the dlit, the velocity of water moleculesin the central region
would faster relative to that of the water molecules near the interfaces and the confined water in this
case is laminar flow.
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Fig. 5 Confined water velocity profile along the Z-direction. The Y -axis (U*) represents the velocity

of confined water in'Y -direction.

The relative velocity of confined water to the plates’ surfacesis also concerned. At the macroscale
no-dip boundary condition usually is adopted when flow properties of afluid are analyzed. But at the
nanoscale, the situation is not the same. As showed in Fig. 5, revedling that the velocity of water
molecules near the interfaces is different from that of the plates. Water dlip phenomena near the
interface are observed suggesting that dip boundary condition arises at the nanoscale. And fromthe Fig.
5, the laminar flow behavior of confined water has also been observed .The similar results have also
been got in other studies ([14,15]).

Conclusions

In this study, we have used MD simulations on confined water molecules between two crystal silicon
plates to study the flow behavior of confined fluids. We have analyzed the flow velocity, the spatial
distribution of the confined water molecules, and the arrangement of water molecules and concerned
the boundary dip. At the molecule level, the flow velocity suggests that the confined water in this case
islaminar flow and exit the boundary dlip condition. Spatial distribution and the atoms position profile
show that the water molecules confined in the dit are layered and confined water partialy regularly
arranged in every layer.
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