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Numerical simulation of injection of polyethylene fluid in a variable cross-section nano-channel was carried out using the mo-
lecular dynamics method. The effects of the nano-channel cross-section and the external force on the rheological behavior and
structural properties of the polyethylene fluid were investigated. It was found that an absorbed layer appeared near the wall and
the thickness of the absorbed layer increased with increasing cone angle of the nano-channel. The injection distance of the poly-
ethylene fluid decreased with increasing cone angle and decreasing external force. In the nano-channel with cone angle 45°, poly-
ethylene particles uniformly filled the whole channel and were stretched along the flow direction. Uniaxial stretching of particles
was enhanced when the external force was strengthened, which facilitates injection of the polyethylene fluid into the

nano-channel.
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With the development of nano-manufacturing, the tech-
nologies of precise distribution and delivery have been ap-
plied to a multitude of areas such as medical and biochemi-
cal engineering. Nano-injection systems, e.g. the nano-in-
jector with an electromagnetic micro pump [1], nano-injec-
tion for capillary gas chromatography [2] and injection of
ceramic bodies in nano-channels [3], have received much
attention [4,5]. Injection molding of polymers is also util-
ized in many areas [6,7]. A polymer fluid exhibits unusual
viscoelastic behavior in a nano-channel because of the
topological constraints [8,9], so the process of polymer in-
jection should be precisely controlled. The variation of any
operating condition, such as temperature, viscosity, injec-
tion speed and pressure, can change the fluid properties of a
polymer and destroy the injection process. Thus the complex
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behavior of polymer flow in nano-channels should be fully
understood.

Molecular dynamics simulations avoid the difficulties of
experimental investigation, and have become an effective tool
in analyzing the rheological behavior of polymer fluids. Sev-
eral researchers [10-12] have employed non-equilibrium
molecular dynamics simulations to understand the proper-
ties of polymer fluids in Couette shear flow. One can dis-
tinguish from literatures three models, namely the dumbbell
model [13], the freely jointed chain model [14] and the
Rouse model [15], to simplify the structures of the polymer
chains. In the dumbbell model two beads that represent the
molecular segments of several monomers are connected by
a Hookean spring, which denotes the entropic effects on the
end-to-end vector of the polymer. The freely jointed chain
model depicts the polymer as a chain consisting of seg-
ments; the orientation of a segment is totally independent of
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the other segments in the chain. In the Rouse model, a
Gaussian chain is considered to be physically equivalent to
a string of beads connected by harmonic springs; each bead
is regarded as a Brownian particle. The results obtained
using these models are sometimes not in agreement with
experimental observations, and assigning values to the rep-
resentative parameters of the polymer is crucial to the accu-
racy of molecular dynamics simulations. Yashiro et al. re-
cently reported characteristic parameters for polyethylene
[16], which has been used as a typical polymer in many
fields. In the present study the molecular dynamics method
coupled with the unit atom model [17] was developed to
simulate injection of polyethylene chains in a nano-channel
with variable cross-section, and to analyze the impacts of
channel structure and external force.

1 Simulation method and model

Polyethylene is formed by polymerization of ethene
(CH,=CH),), i.e. it consists of repeated methylene (—CH,—)
modules. According to the unit atom model, polyethylene
can be considered as a system consisting of many particles
in which each particle represents a methylene unit, as shown
in Figure 1 where the bond length, r, represents the distance
between two particles, bond angle, 6, the angle between
three particles, and torsion angle, ¢, the angle between two
planes consisting of four particles.

The potential energy of the system, E\, can be expressed
as the sum of the chemical bonding potential (bond stretch,
bending and torsion) and the non-bonding potential (van der
Waals) between the united atoms:

E.=E,(r)+E,(0)+E,($)+E,, (F), (1)

Figure 1 Schematic of the polyethylene chains.
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where E, (r) is the 2-body potential for bond length r, E;,(6)
the 3-body potential for bond angle 6, E,(¢) the 4-body
potential for torsion angle ¢, and E,, (7) another 2-body

potential for non-bonded distance 7 within the cutoff ra-
dius of 8 nm. The potential functions adopted here were
expressed as follows with the parameters listed in Table 1
[16]:

E,(r)= 3k (r=5 )} @

node

E, (9) = Z{ke (9_00)2 }’ ®)

node

E,(#)=> {V,cosp+V,cos2¢+V,cos3p+V, cos6p}, (4)

node

E.(M)= ¥ j4m)"-c@)f o
nonbonded

where ry and 6, represent the equilibrium bond length and
bond angle, respectively. The torsion potential was ex-
pressed by a cosine polynomial that has a stable point at
#=180° and two metastable points at ¢g=+67.5°. The van der
Waals potential was the 12-6 Lennard-Jones type with equi-
librium distance about 4.5 nm.

Figure 2 shows the shape and dimension of the nano-
channel into which the polyethylene was injected. The
channel consisted of a cubic chamber with size 300 Ax300
Ax300 A connected to a duct with a square cross section of
100 Ax100 A through a frustum of a rectangular pyramid.
The cubic chamber was defined as zone A, and the other
parts as zone B. The channel length was assumed to be con-
stant, namely 800 10\, while the length of the rectangular
frustum was considered as a variable, as shown in Figure 3,
so as to investigate the impacts of channel structure. Thus
the corresponding cone angle of the frustum was assigned
the values a=45°, 71.6°, 78.7° and 90° in the simulations.
Initially 10000 polyethylene chains were randomly distrib-
uted in zone A, and each chain had 30 particles, corre-
sponding to a density of 0.2588 g cm ™. The system was
relaxed by a molecular simulation for 20000 fs to reach an

Table 1 Potential parameters for polyethylene

Parameters Values
o (nm) 0.1533
k. (kJ mol ™' nm™) 1.373x10°
& (°) 113.3
ko (kJ mol ™' nm™2) 374.7
Vy (kJ mol™) 3.935
V, (kJ mol ™) 2.177
Vs (kJ mol ™) 7.786
Ve (kJ mol ™) 0.0
A (kJ mol™! nm™'?) 2.972x10"
C (kJ mol™' nm®) 6.907x10°
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Figure 2 Schematic of the shape and dimensions of the nano-channels.
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Figure 3 Schematic of nano-channels with various cross-sections (A).

equilibrium state prior to injection. The injection process
was conducted by moving the left movable wall in zone A
along the x-direction with velocity 100 m s'. During this
period the pressure gradient was simulated by imposing an
external force on each particle in the system so as to keep
the polymer chains homogeneous in the longitudinal direc-
tion [18]. The channel walls were considered as continuum
surfaces that had no interactions with the fluid particles; the
system temperature was kept at 450 K by the velocity scal-
ing method; and the Verlet scheme was adopted for the nu-
merical integration with a time step of 1 fs.

The radius of gyration is an important parameter for
characterizing the rheological properties of polymers. The
mean square radius of gyration in the x-direction, which is a
measure of the elongation and constriction of the polyeth-
ylene in the x-direction, was calculated as follows:

() p 2 )

where r,;, is the x-position of the ith particle in the pth chain
(i=1,,N, and p=1,-,M) and r,,=%7,,/N represents the
position of the center of mass of the pth chain, M is the
number of chains, and N is the number of particles. The
mean square radius of gyration in the y- and z-directions
was obtained using a method similar to eq. (6).

(6)

2 Results and discussion

2.1 Stability of polyethylene chains

Prior to injection, the polyethylene chains in zone A were
relaxed until the equilibrium state was reached. Figure 4
shows the dependence of the particle number distributions
on bond length, bond angle and torsion angle after 20000 fs
relaxation. The particle number showed sharp peaks at the
equilibrium bond length ry=1.533 A and equilibrium bond
angle @=113.3°, and two peaks at torsion angles ¢=67.5
and 179°. This indicates that most of the polymer chains
reached the equilibrium state. Because of the constraints
between the chains, some particles with high energy were
also observed in the vicinity of the equilibrium state, and this
prevented the dihedral angle from reaching absolute stability,
i.e. ¢=180°. A visualization of the polyethylene chains in
zone A after relaxation is presented in Figure 5, where some
very small, uniformly distributed void spaces can be ob-
served (the gray dots represent the methylene particles).

2.2 Rheological properties of polyethylene chains dur-
ing injection

After the relaxation, the left wall of the cubic chamber was
pushed to move with a velocity of 100 m s ™', and an external
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Figure 4 Distribution of particle number with variation of the bond length, bond angle and torsion angle after relaxation.
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Figure 5 Snapshot of the polyethylene chains in zone A after relaxation.

force was applied to each particle in the system to push
them towards zone B. The injection process was stopped
when the wall reached the interface between zones A and B
because of the reduced cross section. Thus, the simulation
time for the injection was 300000 fs.

(i) Effects of channel structure. Figure 6 shows the dis-
tributions of polyethylene chains in different nano-channels
after injection when the external force was f=20x10> A",
With the help of the external force, all of the polymer chains
entered zone B for all four nano-channels, and the flow dis-
tance increased with decreasing cone angle of the channel.

The simulation results reveal that the largest position that
the polyethylene fluid reached increased from 556.56 to
576.23, 581.37 and 587.78 A as the cone angle of the chan-
nel decreased from 90° to 78.7°, 71.6° and 45°, respectively.
The reason for that trend is that the volume of the square
duct is obviously large at large cone angle, hence decreasing
the flow distance and particle density, although the resis-
tance to liquid flow decreases with increasing cone angle.
Figure 6 also indicates that after injection the void spaces in
the polymer chains disappeared for the channel with cone
angle 45°, whereas there were numerous heterogeneous
void spaces in the straight nano-channel.

To further understand the distribution and movement of
the polymer chains in the different channels, the nano-
channel was divided into 30 slices from the wall to the cen-
tral axis so as to obtain profiles of average density and av-
erage velocity of the methylene particles along the y- and
z-directions using a statistical method. Figure 7 shows the
density profiles of the polyethylene chains along the different
directions. In all the cases the average chain density was
much lower at the y- and z-walls but increased rapidly to a
peak value as the slice number increased. The peak value and
its position relative to the wall decreased with decreasing
cone angle of the channel. The region between the wall and
the position corresponding to the peak value is referred to as
the absorbed layer. For the four channels that were investi-
gated, the thinnest adsorbed layer was found in the channel
with a=45°, the average density therein was the smallest, and
the polyethylene chains were distributed uniformly in a high
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x (&) x ()
(a) 0 =45° (b) 0:=71.6°

3.00 3230 460 450 Sll)o 55;0
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Figure 6 Snapshots of the distributions of the polyethylene chains in the different nano-channels after injection.
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Figure 7 Density profiles of the polyethylene chain along the y- (a) and z- (b) directions.
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Figure 8 Density profiles of the methylene particles along the y- (a) and z- (b) directions.

proportion of the channel cross-section. Furthermore, the
density distributions of the methylene particles along the y-
and z-directions presented in Figure 8 show that similar to
the chain density distribution, while in all cases the largest
particle density was near the wall, the channel with cone
angle 45° showed the largest particle density at the wall.
The particle density decreased with increasing distance
from the wall in all cases, and it achieved a uniform distri-
bution only in the centre of the channel with o=45°. With
increasing cone angle, the thickness of the absorbed layer as
well as the particle number therein increased, leading to
reduction in the density of particles in the bulk regions. The
particle densities in the bulk regions for the channels with
a=71.6 and 78.7° were smaller than in the case a=45°. For
the channel with ¢=90°, the absorbed layer was the thickest,
and a serious fluctuation of the particle density and non-
uniform particle distribution occurred in the bulk region.
Figures 7 and 8 show that the methylene particles uniformly
filled the whole channel with a=45° without any void
space; while in the other cases the particle density was
lower in the bulk region and exhibited larger fluctuations,
and some void spaces were present.

The average velocity profiles of the methylene particles
along the y- and z-directions are displayed in Figure 9. Be-
cause of the resistance from the tapered channels with
a<90°, the average particle velocity was smallest at the wall

and gradually increased towards the center of the channels.
The average velocities in the different channels became
closer as the slice moved from the wall towards the center,
and approached a constant value. It is inferred from these
results that the cone angle and the length of the pyramid
frustum channel have a significant influence on the particle
velocity profile. Small cone angle and long frustum channel
produce significant resistance to fluid flow, leading to de-
crease in the flow velocity. Among the simulation cases, the
lowest particle velocity was found in the channel with
a=71.6° because of the combined effects of these two fac-
tors.

The chain configuration has an obvious influence on the
polymer flow, thus the transformation of the chain configu-
ration can be used to illustrate the behavior of the polyeth-
ylene fluid during the injection process. Figure 10 shows the
changes of the configuration of a polyethylene chain that
was near the wall during the injection process, in the four
nano-channels. Initially, the chain curled up near the wall in
zone A (Figure 10(a)). The configurations of the same poly-
ethylene chain in the four channels at the end of the injec-
tion process are shown in Figure 10(b)—(e); it is apparent
that the polymer chain was stretched to different extents in
the four cases. The variation of the structure of another
polyethylene chain located at the channel center is presented
in Figure 11. The initial state of the chain with “I”
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Figure 9 Velocity profiles of the methylene particles along the y- (a) and (b) z-directions.

Figure 10 Configuration change of a polyethylene chain that was near
the wall during the injection process. (a) Before injection (20000 fs); (b)—(e)
after injection (320000 fs), for channels with a=45°, 71.6°, 78.7° and 90°,
respectively.

shape is shown in Figure 11(a), while the structures of the
chain in the different channels at the end of the injection
process are displayed in Figure 11 (b)—(e). The chain struc-
ture in the channel with a<90° clearly changed along the

(b)

(d) (e)

Figure 11 Configuration change of a polyethylene chain that was at the
channel center during the injection process (a) before injection (20000 fs);
(b)—(e) after injection (320000 fs), for channels with a=45°, 71.6°, 78.7°
and 90°, respectively.

flow direction after injection. However, the chain structure

varied little in the channel with @=90°, indicating that this

type of channel is not conducive to polyethylene flow.
Figure 12 gives the variation of the radii of gyration,

<R§X>, <R§y>and <R§z>, with time for the different
nano-channels. The initial value of <R;_> was 15.66 A%,

and was calculated as 176.06 A for a completely stretched
polyethylene chain. Clearly the polyethylene chains were
far from the completely stretched state because of the con-
straints of the channel. In the channel with a=90° the value

of <R§X> changed little, suggesting no obvious stretch and

constriction. <R§X> became larger with increasing injec-

tion time for the cases o=71.6° and a=78.7°, showing
stretch along the x-direction, especially in the channel with
a=78.7°. For the case a=45°, four periods can be distin-

guished in the variation of <R}i> . At the beginning <R;,>
changed little, then decreased rapidly once the methylene

particles entered the square duct in zone B after 145000 fs;
the decrease is attributed to the topological constraints. The

external forces along the flow direction caused <R;,> to
increase at 170000 fs, showing the stretch of the polyethyl-

ene chain. However, the chains began to return to their ini-
tial state before the end of injection, which again re-

duced<R§X>. In all the cases, the radius of gyration along
the y-direction, <R;> , increased with time at the beginning
of injection, but the values of <R;> diverged as the poly-

ethylene chains entered zone B. For the case a=45°,
<Rgzy> increased rapidly to reach the peak value at 180000 fs
then decreased sharply when most particles entered the
square duct in zone B at 305000 fs, because of the topo-
logical limitations. In the channel with a=71.6°, <R;> first

increased, then leveled off as time increased, and then de-
creased after the particles entered zone B. By contrast,
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Figure 12 Time dependence of radii of gyration for the different nano-channels.

<R;y> at first increased with time then stabilized, in the

channels with =78.7° and &=90°. The radius of gyration
along the z-direction, <R;> , increased with increasing time

in the channel with @=90°, whereas it increased at first then
leveled off for other three cases. It is clear that significant
stretch of the polymer chains along the flow direction oc-
curred in the channel with a=45° after the polymer chains
entered the square duct of zone B, which is highly benefi-
cial to transport of polyethylene.

(ii) Effect of external force. The above analysis revealed
that in the channel with a=45° the methylene particles were

uniformly distributed and stretched along the flow direction,
facilitating transport of the polyethylene chains. Hence this
type of channel was employed to explore the impacts of ex-
ternal forces on polyethylene flow. The external forces used
in the simulations were fi=5x102 J A™!, p=10x102 J A™!
and £5=20x10 2 T A™' [19].

The distributions of the polyethylene chains at 320000 fs
under different external forces, given in Figure 13, show
that the polyethylene chains entered zone B pushed by the
external forces, and the flow distance increased for strong
force (the increment is more pronounced at stronger exter-
nal force). The simulation results indicate that the initial
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Figure 13 Snapshots of distributions of the polyethylene chains under different
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Figure 14 Velocity profiles of the methylene particles along the y- (a) and z- (b) directions.
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void spaces vanished after injection, and the polyethylene
chain flow ceased at x=462.8, 473.9 and 587.8 A for fi,
and f, respectively. Figure 14 presents the velocity distribu-
tions of the methylene particles along the y- and z-directions
for different external forces. In all cases, the velocity had a
minimum value at the wall and became larger towards the
center line. For larger external forces the average velocity of
methylene particles decreased.

The configuration changes of the polyethylene chains
near the wall and at the channel center are shown in Figures
15 and 16, respectively, for different external forces after
the injection process. Not surprisingly, the polyethylene
chains stretched along the flow direction under the effects
of external forces. Under external force f;, in particular,
most of the polyethylene chains in the channel were parallel
to the x-direction, which is beneficial to the polyethylene
chains entering the small channel, and hence facilitates the
injection process. The external forces not only pushed the
polyethylene chains forward but also changed their struc-
tures and hence their resistance to flow. For example, the
stretch in the y- and z-directions increased the flow resis-
tance and reduced the occupation in the flow direction,
whereas the converse results were obtained for stretch along
the flow direction. This helps to explain why the simulation
results in Figures 13—-16 reveal that the largest external
force (f3) led to the smallest average velocity but the largest
flow distance.

Figure 17 shows the evolution of the radii of gyration
along the x-, y- and z-directions under different external
forces. Similar behavior of the radii of gyration was ob-

served under external forces f; and f,, for which <R;X>
decreased at first because of the resistance from the pyramid

frustum, then increased when the polyethylene chains entered
the square duct, to recover the initial value. Opposite varia-

tions in <sz> and <R::> were found for the two cases. By
contrast, the changes of the radii of gyration for case f; were
not significant except for the increase in <R;> after

170000 fs and its final decrease. The simulation results pre-
sented in Figure 17 reveal that external force f; led to stretch
of polyethylene chains only along the flow direction and
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thereby facilitated polyethylene injection.

.
(a) (b)

.
(c) (d)

Figure 15 Configuration change, under varying external force, of a poly-
ethylene chain that was near the wall during the injection process. (a) Be-
fore injection (20000 fs); (b)—(d) after injection (320000 fs), for external
forces fi, f> and f;, respectively.
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Figure 16 Configuration change, under varying external force, of a poly-
ethylene chain that was at the channel center during the injection process.
(a) Before injection (20000 fs); (b)—(d) after injection (320000 fs), for
external forces fi, f> and f5, respectively.
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3 Conclusions

Molecular dynamics simulations were performed to inves-
tigate injection flow of polyethylene in nano-channels with
variable cross-sections. Impacts of channel structure (cone
angle) and external force were explored. The following
conclusions were drawn: (1) adsorption occurs near the
channel wall, and the thickness of the adsorbed layer in-
creases as the cone angle increases; (2) polyethylene chains
are uniformly distributed in the channel with cone angle
45°, and stretch along the flow direction is observed during
injection, thereby reducing flow resistance and increasing
occupation in the flow direction; (3) the flow distance in-
creases with decreasing cone angle and increasing external
force; (4) applying an external force of 20x10>* J A in the
channel with a=45° facilitates accomplishment of the injec-
tion process.

This work was supported by the National Natural Science Foundation of
China (50876119).
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