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Molecular dynamics simulation of the flow mechanism of
shear-thinning fluids in a microchannel
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Shear-thinning fluids have been widely used in microfluidic systems, but their internal flow mechanism is still un-
clear. Therefore, in this paper, molecular dynamics simulations are used to study the laminar flow of shear-thinning fluid
in a microchannel. We validated the feasibility of our simulation method by evaluating the mean square displacement and
Reynolds number of the solution layers. The results show that the change rule of the fluid system’s velocity profile and
interaction energy can reflect the shear-thinning characteristics of the fluids. The velocity profile resembles a top-hat shape,
intensifying as the fluid’s power law index decreases. The interaction energy between the wall and the fluid decreases
gradually with increasing velocity, and a high concentration of non-Newtonian fluid reaches a plateau sooner. Moreover,
the velocity profile of the fluid is related to the molecule number density distribution and their values are inversely propor-
tional. By analyzing the radial distribution function, we found that the hydrogen bonds between solute and water molecules
weaken with the increase in velocity. This observation offers an explanation for the shear-thinning phenomenon of the

non-Newtonian flow from a micro perspective.

Keywords: molecular dynamics simulation, non-Newtonian fluid, microchannel, shear-thinning

PACS: 47.50.—d, 52.65.Yy, 83.60.Rs, 82.30.Rs

1. Introduction

Non-Newtonian fluids with shear-thinning properties are
widely used in microfluidic systems and their rheological
properties have a crucial influence on the realization of spe-
cific functions.!'**! Microfluidic systems are often used in
biosensors!®! and controllable drug delivery systems.[®! At the
same time, owing to the laminarity of the flow in microfluidic
systems, they are also broadly used in the precise manipula-
tion of biomass!’! and the separation of particles and cells.®!
The fluids used in most of the above applications are shear-
thinning fluids. In a microchannel, the rheological character-
istics of the non-Newtonian fluids significantly affect the fluid
behavior due to the size effect, making it interesting to analyze
the dynamics of shear-thinning fluid flow. (]

Experimental research has characterized and predicted
the characteristics of non-Newtonian fluids in microchannels
by summarizing empirical correlations and drawing qualita-
tive conclusions. For example, Mansour et al.l'% experimen-
tally investigated the flow of a non-Newtonian fluid (poly-
acrylamide solution) in a horizontal rectangular microchan-
nel. They pointed out that the pressure drop of the polyacry-
lamide solution in the microchannel is affected by the rheolog-
ical flow index and they gave a correlation to predict the pres-
sure drop based on the Lockhart—-Martinelli method. Ansari ef
al."'! measured the velocity profiles of a shear-thinning fluid
in a microchannel using particle image velocimetry. The re-
sults indicated that the non-Newtonian behavior of the shear-
thinning fluid intensified at lower Reynolds numbers and it
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behaved more like a Newtonian fluid as the Reynolds num-
ber increased. At the same time, the velocity profile of non-
Newtonian fluids is closer to a top-hat shape than that of New-
tonian fluids.

With the development of numerical simulation tech-
niques, the rheological properties of non-Newtonian fluids
have been studied through the methods of computational fluid
dynamics (CFD). This type of method can better reveal the
information of the flow field and draw conclusions that ex-
periments cannot obtain. Miansari et al.l'?! studied the flow
characteristics of the carboxymethyl cellulose solution in a mi-
crochannel by performing a computational simulation based
on a CFD tool and a finite volume method. Based on the
flow-field information, they explained the influence of chan-
nel height and Reynolds number on the temperature dis-
tribution behavior and pressure drop. Wu et al.l'3l used
the improved lattice Boltzmann method to simulate the non-
Newtonian properties of power-law, Bingham and Herschel—
Bulkley fluids. They provided expressions of their rheological
properties and verified the feasibility of the improved method
with the Poiseuille flow law. The results show that the rheo-
logical properties of non-Newtonian fluids are affected by the
initial yield stress and the flow index.

Molecular dynamics (MD) simulation can reveal the flow
mechanism of fluids at the microscopic level and explain the
causes of various experimental and CFD results from the
perspective of molecules and atoms. Lemarchand et al.!'¥
investigated the rheology and molecular structure of a bi-
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tumen model with shear-thinning characteristics using non-
The results showed that the
shear-thinning behavior is related to the intermolecular and

equilibrium MD simulations.

intramolecular alignments of the solvent molecules and the
decrease of the average size of the nano aggregates at high
shear rates. Chen et al.l'"! used MD methods to study the re-
lationship between microstructural evolution and viscosity in
a shear-thickening fluid. It was shown that a two-atom struc-
ture is formed under a low shear rate because of the strong
particle attractions in adjacent layers. When the shear rate is
high, the synergetic pair structure extends to a layered struc-
ture along the flow direction, leading to a viscosity variation.
Bidault er al.l'® studied the non-Newtonian properties of sil-
ica fibers at high temperatures. The results of the MD sim-
ulation showed that the anisotropic structural rearrangement
during the drawing process induces a non-Newtonian behav-
ior of the silica fibers with strain-rate-dependent properties.
Blanco-Diaz et al.!'”! performed non-equilibrium MD simula-
tions on the shear flow of an ionic liquid with shear-thinning
characteristics. They found that hydrogen bonds play an es-
sential role in the viscosity of the ionic liquid and a decrease
in hydrogen bonds results in a decrease in viscosity. In our
previous study, we conducted confined shear simulations on
systems consisting of sodium carboxymethyl cellulose (CMC)
and water molecules to deepen the understanding of the shear-
thinning properties of non-Newtonian solutions.!"® Accord-
ing to the results of radial distribution function (RDF) and
layer velocity, the weakening of the hydrogen bonding be-
tween solute molecules and water is the main reason for the
shear-thinning characteristics of CMC solutions.

In general, most research on the flow characteristics of
non-Newtonian fluids in microchannels is limited to experi-
ments and CFD. At the same time, there are few explanations
for the flow characteristics in microchannels from a micro per-
spective. Hence, to deepen the understanding of flow behavior
in microchannels, the flow of shear-thinning fluid was simu-
lated by using an MD method in this study. The shear-thinning
characteristics of non-Newtonian fluids are reflected in the cal-
culation results of the velocity profile and the interaction en-
ergy between the walls and the fluid. We also found that the
distribution of the velocity profile is related to the number den-
sity of particles in the fluid. Meanwhile, the shear-thinning
characteristics of non-Newtonian fluids can be explained by
the changes in the strength of the hydrogen bonds in the solu-
tion.

2. Simulation and method

The flow behaviors of solution systems comprising wa-
ter and sodium CMC molecules in certain proportions in a
2 nm wide microchannel are investigated. CMC molecules
are formed by the polymerization of similar monomers and

the molecular formula is [C¢H70,(OH),OCH,COONal,,. In
practice, the degree of polymerization of CMC (m) molecules
exceeds 200 and their molecular weight can reach up to
millions.  Constructing molecules with such a large de-
gree of polymerization requires significant computational re-
sources. Most shear-thinning fluids are composed of substan-
tial chain-like molecules and the molecular weight of such
high-molecular solutes can reach thousands or even millions.
When the solution is subjected to shear, these relatively scat-
tered and tangled chain molecules are affected by the shear
stress between the flow layers, which reduces the mutual hook-
ing and rolling rotation and causes them to shrink into ag-
glomerates, showing shear-thinning characteristics.!!*2% The
present study focuses on exploring the impact of the in-
teraction between CMC and water molecules on the non-
Newtonian properties of the solution. It can be seen from the
simulation results in Section 3 that the CMC solution simu-
lated using a monomer can exhibit non-Newtonian character-
istics. Meanwhile, using CMC molecules with a polymeriza-
tion degree of 1 is sufficient to study the interaction between
the functional groups of solute and water molecules while
saving computing resources, which is significant for guiding
subsequent research on long chains. Based on our previous
study,!'®! density stability analysis was performed for molecu-
lar systems with different polymerization degrees. The results
show that when m is 1, the density is still reasonable and the
CMC monomer (m = 1) is selected as the solute molecule of
the fluid.

The COMPASS forcefield is used in the simulation,
which provides the functional relationship between energy and
distance among atoms. It has a broad coverage of covalent
molecules, including most common organics, small inorganic
molecules and polymers./2!! The results of the current simula-
tions are based on the atomic coordinate information.

The Lennard—Jones 9-6 function was employed to de-
scribe the van der Waals interaction. The van der Waals in-
teraction potential (V) is expressed as

c\9 [0\°
vw-e[@ Q)]
®=se|(3) - (5 m
where R is the distance between particles, € is the value of the
potential function at the minimum point when R = 2!/ and
o is the value R at the zero of the potential function.
The Coulomb function was employed to describe the

electrostatic interaction and the Coulomb potential (U) is cal-
culated as

1 .7

pr— 2
4mey R’ 2)

where g is the vacuum permittivity and ¢; and g; represent the
residual charge of the two interacting particles.
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The Ewald summation method was used in the calcula-
tions of van der Waals and electrostatic interactions. This sum-
mation method is suitable for periodic and solution systems,

with highly accurate calculation results.[**!

2.1. Model setup

Amorphous CMC solutions were created by mixing the
CMC and water molecules and packing them into a rectangu-
lar cell using the forcefield. We ensured that the wall length
(x =100 A) and the flow width (z =20 A) in the control groups
were the same for comparative analysis. To ensure that the
molecular numbers in the solution layers were integers, af-
ter determining the number of molecules and specifying the
value of x and z, we applied a forcefield to the solution layer
to build a solution model. The size of the solution layer in the
y-direction was determined by the number of molecules and

(a)

Solution layer

18CMC: Y=75 A
27CMC: Y=77 A

the forcefield. The configuration of the four-solution systems
is shown in Fig. 1(a). Table 1 shows the parameters of the four
solution layers.

Table 1. Parameters of the solution layers.

Names of Number of CMC  Number of water Layer size
model molecules molecules X xY xZ (A3
Water 0 4374 100 x 65 x 20
9CMC 9 4374 100 x 69 x 20
18CMC 18 4374 100 x 75 x 20

27CMC 27 4374 100 x 77 x 20

Two identical Fe slabs, each with a thickness of 11.5 A,
were used as the microchannel boundary. A sandwiched solu-
tion system consisting of two Fe layers and a fluid layer was
established to simulate the flow in the microchannel, as shown
in Fig. 1(b).

Vacuum layer

Topwall

Fig. 1. (a) Solution layers. (b) Simulation system.

2.2. Simulation steps

Optimization of the simulation systems was performed
with the following steps: Firstly, the positions of the Fe atoms
were fixed to prevent the boundary layer from moving. Then,
geometry optimization was performed for preliminary relax-
ation of the simulation system. The smart algorithm was used
for the geometry optimization and the maximum iteration was
set to 500 with no external pressure. Secondly, a five-cycle
anneal task was utilized for each simulation system with an
NVT ensemble from 300 K to 500 K and the total number of
dynamics steps was 50000 with a time step of 1 fs. Finally,
the trajectory file with the lowest energy was selected from the
results of the annealing task as the initial flow state of the flow
simulation.

The flow was induced by subjecting the solution layers to
external driving fields with the same acceleration. The fluid
molecules were moved based on Newton’s second law. Ac-
cording to the mass of the solution layers, the correspond-
ing external force is given to the solution layer along the x-

direction to acquire the same acceleration. The velocity of the
solution layer increases as the external force is applied. This
process was carried out in a dynamics task using Forcite, with
a calculation lasting 300 ps. The NVT ensemble was used in
the dynamics process and the time step was 1 fs.

In order to select the appropriate acceleration to drive
the solution layers, we referred to the research of Cao et
al.”3) and tried three driving fields with different accelera-
tions (a; = 102 m/s?, a, = 10" m/s? and a3 = 10'* m/s?)
to select the proper one for further simulation. According to
the test, the driving force corresponding to a; was not enough
to overcome the resistance to drive the solution layer. In ad-
dition, the solution layer has no apparent parabolic velocity
profile, as mentioned in the research of Ansari et al.l''! and
Abiev.**! a3 was too large for the systems and each part of the
solution layer reached a considerable speed in a short time,
so it was difficult to distinguish the difference between differ-
ent solutions. Hence, a, was the most suitable driving field,
which made the solution systems present an evident top-hat-
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shaped velocity profile. At this magnitude of acceleration, the
solution layer can reach laminar flow conditions with a lower
Reynolds number to facilitate further research, as described in
Subsection 2.3.

2.3. Feasibility verification

In order to prove the rationality of the acceleration se-
lection and the feasibility of the simulation system, the mean
square displacement (MSD) was calculated for the solution
layers to determine the motion state of the fluids. The displace-
ment characteristics of molecules in solution can be expressed
by

MSD = <\r(t) - r(())\2>, 3)

where r(t) is the coordinates of the molecules in the solution, ¢
is the simulation time and r(0) is the initial coordinates of the
molecules.

Since the displacement of the solution molecules in the
y- and z-directions is small, only the displacement in the
x-direction was considered when calculating the MSD. As
shown in Fig. 2, after accelerating through the same acceler-
ation field, the average motion states of the four solutions are
basically the same and the displacements of the solutions lay-
ers are about 1.6 nm. The error of the displacement of the four
liquids is less than 1.5%. The result shows that the simulation
method of driving the solution layer with the same accelera-
tion (ay) is feasible, which is helpful to the comparative study
of flow characteristics of different solutions.

300

— Water

—9CMC

— 18CMC
27CMC

MSD (A2)

MSD (A2)

190 210

200
. . . Time (ps)

0 50 100 150 200 250 300
Time (ps)

Fig. 2. The MSD of the solution layer.

Meanwhile, we calculated the maximum Reynolds num-
ber in the simulation systems according to the parameters of
the water

Vmaxd
Remax < PuVimax H’
Hw

where py, is the density of water, L, is the viscosity of the wa-

“4)

ter, vmax 1S the maximum velocity that the solution layer can
theoretically reach (v = at) and dg is the hydraulic diameter.

The Reynolds number of the fluid in this study is less than
10.78, indicating that the flow is laminar. Most of the exist-
ing experimental studies on microfluidics are conducted under
the condition of a low Reynolds number,>>-?7! so the present
study is relatively reasonable and also meaningful for practical
applications.

3. Result and discussion

Section 3 is organized in the following way: The influ-
ences of the non-Newtonian characteristics of the fluids on the
velocity profile distribution and fluid—wall interaction energy
are shown in Subsections 3.1 and 3.2, respectively. Subsec-
tion 3.3 shows the relationship between the velocity profile
and the molecule number density distribution in the solution
and illustrates the effect of the molecule number density on
flow velocity. In Subsection 3.4, the microcosmic reason for
the shear-thinning effect in the flow is explained by the change
of the specific hydrogen bonding with the flow velocity.

3.1. Velocity profile distribution of the fluid

The velocity profile provides the most fundamental infor-
mation for understanding the microflow characteristics. Fig-
ure 3 shows the velocity profile perpendicular to the direction
of flow. The average velocity profile was calculated from 0 ps
to 200 ps when the solution layer is accelerated and both the
Newtonian and the non-Newtonian fluids have a parabolic ve-
locity profile. These results have been observed in many stud-

5.123:28.291 The velocity

ies of MD simulations on liquid flow
profile shapes of the four solutions are different, which is not
inconsistent with the results of the MSD because the MSD cal-
culates an average effect of the entire solution layer. Although
the velocity of water is larger at the center of the channel, its
velocity near the wall is smaller than that of the CMC solu-
tions. At this time, the overall displacement of both of them is
the same.

The velocity profile results are almost symmetric about
the central axis of the channel. The layer near the wall is la-
belled layer 1 (12 A-15.6 A) and the next layer is labelled
layer 2 (15.6 A-18.3 A), as shown in Fig. 3. The stratifica-
tion approach is derived from the molecule number density
results in Subsection 3.3. Figure 3(a) shows the comparison
of the velocity profiles of non-Newtonian fluid (18CMC) and
Newtonian fluid (water). Newtonian fluids are similar to non-
Newtonian fluids in shape and the velocity is minimal near
the wall. As the distance from the wall gradually grows, the
velocity also gradually increases. This is because the fluid
molecules closer to the wall are more attracted by the wall,
which makes the fluid suffer more resistance, resulting in a
lower velocity. This phenomenon has also been reported by
Faraji et al.®% in their Poiseuille flow results for argon atomic
fluids through an MD method.
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8 8¢
——Water 1-200 ps
average
—18CMC 1-200 ps
— 6 average 6 [Layer 1
Q wayer 2 2 Layet|2
> ~
_4? 4 > 4
g k3]
% / Watdr _ 18CMC el
E. o
) r i i > 2
o
' W ] 1
sl 5 [
0 !200 Ps_§{200 ps 0

— Water 150—200 ps 1””
average

—18CMC 150—200 ps

Velocity (A/ps)

9CMC 18( lCZ?CM

i}
20b ps 2 ;ps 26%%1)5

8 1215.6 A 183 A 32 36
Distance (A)

Distance (A)

32 36 8 12 15.6A 18.3 A .
Distance (A)

Fig. 3. (a) The velocity profile of the water and 18CMC solution (1-200 ps). (b) The velocity profile of the water and 18CMC solution
(150-200 ps). (c) The velocity profile of the CMC solutions with different concentrations (1-200 ps).

The difference between Newtonian fluid and non-
Newtonian fluid is that, at layer 1 and layer 2, the velocity
of 18CMC is greater than that of water. At layer 1 and layer 2,
due to the stronger effect of the wall on the fluid, these posi-
tions are subject to more significant shearing. As mentioned
in the study of Ansari ef al.,l'!! the deviations of the velocity
profile of non-Newtonian fluids from the parabolic shape ob-
served in water are due to the viscosity variations of the non-
Newtonian fluids in the different shear rate regions of the flow.
The shear effect reduces the viscosity of the non-Newtonian
fluid in layer 1 and layer 2, reduces the flow resistance of the
fluid, and thus obtains a more extensive velocity than water.

Figure 3(b) shows the velocity profile comparison of wa-
ter and 18CMC at a higher velocity (150-200 ps). The velocity
profile shape of the water and 18CMC is closer to the top-hat
shape as the velocity increases. However, the velocity profile
of 18CMC is still closer to the top-hat shape than that of wa-
ter under the same acceleration conditions. It is worth noting
that when the velocity is higher, the velocity profile shape of
18CMC is close to that of water, reflecting the shear-thinning
characteristics of the CMC solution.

Ansari ef al.[']

also used the simplified momentum con-
servation equation to give the expression of the velocity profile

of the fluid in a microchannel

wz) (2=
u(O,maX)_1 <dH) ’ )

where n is the power law index of the non-Newtonian fluid

n+l1

and u (0, max) is the maximum velocity in the center of the
channel.

According to Eq. (5), within the calculation range of the
shear-thinning fluid (0 < n < 1), the smaller 7 is, the closer the
shape of the velocity profile curve is to the top-hat shape. It
can be concluded from Eq. (5) that the velocity profile of non-
Newtonian fluid is not only related to the position in the chan-
nel but also to the property parameters of the non-Newtonian
fluids (the power law index, n).

Figure 3(c) shows the velocity profile of the CMC so-

lutions with different concentrations. It can be seen that

the shape of the velocity profiles of the CMC solutions with
higher concentrations is closer to the top-hat shape. Higher-
concentration CMC solutions have greater velocity at layer 1
and layer 2. A shear-thinning fluid with a higher concentration
has a lower n value, contributing to stronger shear-thinning
characteristics in the fluid.31-3?! The purpose of introducing
Eq. (5) is to verify the trend of our simulation results. The
value of n in Eq. (5) cannot be determined in the simula-
tion. As shown in Fig. 4, based on Eq. (5), the normalized
velocity profiles are given, which are plotted for different non-
Newtonian shear-thinning flows (n = 0.3, 0.5 and 0.7). Fig-
ure 4 also includes a comparison of Eq. (5) and the present re-
sults. We can conclude from Fig. 4 that the smaller the value of
n, the closer the shape of the velocity profile is to the top-hat,
which is consistent with our simulation results in Fig. 3(c). In
conclusion, the velocity profile of a shear-thinning fluid with a
lower power law index will be more top-hat-shaped and have
greater velocity near the walls.

1.0
Result of Eq. (5);
—n=0.7
—n=0.5
n=0.3
More top-hat shape
%
E n:0.3~0.7 Present result (in Fig. 3c):
3 0.5 n+l More top-hat shape
3 uf(2) —1- 2z n: <I8CMC<9CMC
4 (0fmax) dy ‘oo
Z | — 18CMC
3 27CMC
=
B2
3
2
05
12 Distance (A) 18 z
0 | L |
10 -5 0 5 10

Distance (A)

Fig. 4. Normalized velocity profiles of different non-Newtonian flows
(n=0.3,0.5and 0.7).

3.2. Interaction energy between the wall and the fluid

In order to understand the interaction between the chan-
nel walls and the solution layer, the walls and the fluid were
considered as two parts, and their interaction energy was cal-
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culated. Figure 5 shows the energy structure diagram of the
simulation model.

The interaction energy (Ejy) is calculated by
Eint = Eotal — (Ew +Ef)a (6)

where Eiq, 1s the total energy of the simulation system, Ey, is
the energy of the two walls and Ef is the energy of the flow.
All the energy values were calculated by the energy calcu-
lation in the Forcite module and the time step was 1 fs. A script
was used to calculate Ej,; within 300 ps and obtain the inter-
action energy function relative to time. As shown in Eq. (6),
when calculating Eyq, the effect of the acceleration field on
the energy is considered and the same was done for E¢. There-
fore, the (Eioa—Ef) removes the influence of external forces,
according to Eq. (6). So, Ejy is only related to the motion
state of the solution, not to the external force. As shown in
Fig. 6, all Ej, values are negative, indicating that the fluid is

attracted by the walls in the microchannel.

Wall ETotal
Fw A S~
Moving]
Attracted —
pd e
Wall Ep

Fig. 5. Energy structure diagram of the simulation model.

Figure 6 also shows that a solution with a higher concen-
tration has a bigger Ej,. This means that the higher the vis-
cosity, the greater the resistance to motion in the microchan-
nel. Moreover, the interaction energy between the wall and
the fluid layer is not only related to the distance but also to the
molecular numbers. The more concentrated solution layer has
a larger molecular number, which results in a larger interaction
energy. When the fluid flows in the microchannel, the effect
of the attraction of the wall to the fluid on the flow resistance
is not negligible due to the size effect.l??!

In most experiments, the fluid’s resistance to motion is
reflected by the pressure drop characteristic.>%1% The results
obtained in experiments are consistent with the interaction en-
ergy simulation results: the higher the concentration of non-
Newtonian fluid, the greater the pressure drop and the greater
the interaction energy. It can also be seen from Fig. 6 that
Eiy¢ increases somewhat at the beginning of the movement,
decreases gradually with the increase of velocity and displace-
ment, and eventually reaches a relatively stable state. This
phenomenon is similar to the interaction potential between

molecules.

It is noteworthy that the Ej, of the shear-thinning fluid de-
creases faster than that of the Newtonian fluid. The interaction
energy between the solution layer and the wall will continue to
decrease until it fluctuates up and down at a stable value. The
time when the mean value of the stable region (250-300 ps)
has just been reached is taken as a critical time ¢, as shown in
Fig. 6. The time for the CMC solution to reach a relatively
stable state (z.) is less than that for water (¢,,) and the time de-
creases with the increase of concentration. This indicates that
the attraction of the wall to the non-Newtonian fluid decreases
rapidly as the velocity increases and the speed of the decrease
is greater than that of water. As the flow velocity of a non-
Newtonian fluid increases, the interaction energy decreases
rapidly due to the decrease in its viscosity. The viscosity of
a solution is a macroscopic property. From a microscopic per-
spective, viscosity is a resistance to movement caused by the
mutual attraction and constraints between molecules. The de-
crease in interaction energy indicates that the attraction and
restraint between molecules are no longer tight, and the move-
ment resistance of the solution is reduced. Therefore, the de-
crease in interaction energy shows a macroscopic viscosity de-
crease from a microscopic perspective. Moreover, because of
the shear-thinning effect, the hydrogen bonding between CMC
and water molecules weakens. The constraints on the CMC
molecules are reduced and the CMC molecules will be slightly
stretched, reducing the resistance, which makes the system
more active, causing the interaction energy to drop faster. This
reflects the shear-thinning characteristics of the fluid from an
energetic point of view. In addition, the interaction energy be-
tween the Newtonian fluid and the walls reaches a steady state
later because its viscosity does not change and its resistance to
motion decreases more slowly.

—-1.0

g — Water
>~ 9CMC Mean = —11058 kal/mol
g —11f— 18CMC
~ 27CMC !
<~ Mean = —11857 kal/mol|
= e
Z —1.2¢f P
Ef) Mean = —1 ":285() al/mol
5 ——_
= —1.3 ;V/W ! |
o i ! I
=1 3 4 :
o L ! ' i
2 1.4 i Meah value [range
b | p
g - (2501-300 py)
— —1.5 1 — .
t1se toc tw 250 300

0 50 100
Time (ps)

Fig. 6. Variation of interaction energy with time.

3.3. Molecule number density distribution

After optimizing the simulation systems in Fig. 7(a), the
distribution of the solution molecules perpendicular to the di-
rection of the flow changes. As shown in Fig. 7(b), some of
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the solution molecules tend to distribute towards the walls.
The molecule number density near the walls increases signif-
icantly. This was also reported in an MD simulation of Ar
atoms?* and hexadecane fluid.!?> As shown in Fig. 7(c), two
layers (layer 1 and layer 2) with a higher molecule number
density were formed near the walls. Layer 1 has a higher num-
ber density, as seen from the conformation diagram (Fig. 7(c)).

The number density profile of the solution layer was cal-
culated and is shown in Fig. 7(d). There are two peaks near the
walls and the number density of layer 1 is much higher than
that of layer 2. The calculation results confirmed the forma-
tion of two layers with a larger number of particles when the
solution is in the microchannel.

In order to explain the reason behind the velocity profile
variation in Fig. 3, the number density of the particles in the
solution layer was calculated under different conditions. Fig-

ure 8(a) shows the average number density of the four solu-
tions in 200 ps.

It can be seen that peaks of number density exist in
layer 1 (Py1 > Poc1 > Pigc1 > Parcr) and layer 2 (P > Pocp >
Pigc2 > Pr7¢2) in all four solutions, which means that the non-
Newtonian and Newtonian fluids have the same particle distri-
bution when they flow in the same microchannel. Water has
the largest peak in layer 1 (Py1) and layer 2 (Py.), followed by
9CMC (Poc1, Poc2), 18CMC (Piget, Pisc2) and 27CMC (Payei,
P>7¢5). This indicates that CMC molecules have an attractive
effect on the water molecules in the CMC solutions and tend
to attract water molecules around them, reducing the num-
ber of water molecules near the walls. Higher concentrations
of CMC solutions, such as 27CMC, which have more CMC
molecules, are more attractive to water, resulting in lower
peaks near the walls.

Optimized

Number density (N/A)

Fig. 7. (a) The simulation system before optimization. (b) The optimized simulation system. (c) The layered solution. (d) The variation of

number density with distance.
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Fig. 8. (a) The number density of CMC and water solution layers (1-200 ps). (b) The number density of CMC and water solution layers

(150-200 ps).
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The values of the velocity profile of a fluid are inversely
related to the molecule number density at that position. It can
be seen from Fig. 8(a) that water has the largest number den-
sity in layer 1 and layer 2, but it does have the smallest ve-
locity in Fig. 3. Similarly, the CMC solution with the highest
concentration has the largest velocity profile values in layer 1
and layer 2. However, it has the smallest number density in
Fig. 8(a). This shows that the molecule number density and
velocity are inversely proportional. The greater the number
density, the greater the flow resistance at that position, and it
is more difficult to obtain a larger velocity profile value.

Figure 8(b) shows the average number density at a higher
velocity (150-200 ps). It is shown that, at higher velocity, the
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value of P is larger than the result in Fig. 8(a), while the
P,,1 has almost no change. F;; increased more for higher con-
centration solutions. At a higher velocity, the CMC solution
is subject to a stronger shearing effect and more particles are
distributed at the boundaries. The Py of water hardly changes
significantly with velocity because water has no shear-thinning
properties.

In order to obtain the effect of velocity on the number
density, two acceleration intervals (1-50 ps and 150-200 ps)
were selected to represent different flow velocities and the
number density of four solutions at two different velocities

was calculated, as shown in Fig. 9.

0.45p

— 9CMC 1-50 ps

32 36

Distance (A)

Fig. 9. (a) The number density of water under different velocities. (b) The number density of 9CMC under different velocities. (c) The number
density of 18CMC under different velocities. (d) The number density of 27CMC under different velocities.

It is shown in Fig. 9(a) that, as the velocity increases, the
distribution of particles in water is almost constant (P, re-
mains constant), so the particle distribution of Newtonian fluid
is not affected by the flow velocity. As shown in Figs. 9(b)-
9(d), different from water, the particle distribution of shear-
thinning fluid changes with the flow velocity increase. The
P, increases as the velocity increases for CMC solutions and
the peak value increases by about 9%. This shows that when
the flow velocity of non-Newtonian fluid in the microchan-
nel increases, the particle distribution of its internal molecules
changes. As the velocity increases, the molecule number den-

sity near the walls increases.

3.4. Hydrogen bonding in the solution
The RDF of the hydrogen atoms on the CMC molecules

(H¢) and the oxygen atoms on the water molecules (O,,) was
calculated to determine their interaction (H-bond).

The RDF is the calculation of the relative probability of
finding particle B at distance r from the reference particle A

N
& ~ dpm2r2dr’

(N

where dN is the number of molecules between r and r+ dr
from atom A, and p is the average density of atom B.

The solution layer is in a state of accelerating motion. The
average RDF was calculated between H; and Oy, at 1-50 ps
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and 150-200 ps to obtain two flow states with different veloc-
ities.

As shown in Figs. 10(b)-10(d), there is a peak value when
the distance between H, and O, is 2-3.5 A, which is in the
range of hydrogen bonding.!*®! The peak value decreases as
the velocity increases. This indicates that the hydrogen bond-
ing between H. and O, weakens as the shear rate increases.
The viscosity of a solution comes from the mutual attraction
between molecules. After CMC molecules are added to wa-
ter, they interact with water molecules, increasing the attrac-
tion between molecules in the solution and increasing the so-
lution’s viscosity, which is higher than the original water vis-
cosity. Our previous work found that the weakening of hy-
drogen bonding between water and CMC molecules leads to
decreased solution viscosity when shear is applied to shear-
thinning fluids. That is because the attraction between CMC
and water molecules is weakened by shearing and this is more
conducive to the movement of the CMC molecules, causing

Il—bnnd_—" Veloicty

——)

S

Moving away H " Cut off

... oMC

1r 3 i —18CMC H.—O,,

1 ‘ 1~50 ps average
| —18CMC H.—O,,
150~200 ps average

0 A i
2 3.5 10
T

D Moving away
SN\

the solution viscosity to decrease.!'¥! Since the flow we an-
alyzed in the previous study was Couette flow, its shearing
effect on the solution was stronger, resulting in more H.—
Oy, reduction, and the peak values were reduced even more.
The Poiseuille flow studied in this paper has a slightly weaker
shearing effect on the solution and its peak values drop less.

According to the result of RDF, water molecules begin to
move away from CMC molecules as the shear rate increases
due to the weakening of hydrogen bonding. Combining the
conclusions drawn in Subsection 3.3, it can be inferred that the
water molecules tend to break away from the bonds of CMC
molecules and distribute towards the walls, as shown in the
stress state diagram of molecules in the solutions (Fig. 10(a)).
In conclusion, with the increase of the flow velocity, the hydro-
gen bonding of H.—O,, weakens so that the molecule number
density distribution in the CMC solution changes and the vis-
cosity of the solution decreases, leading to the shear-thinning
characteristics of non-Newtonian fluid.

(b)
2L
S | |
= 1 { —9CMC H.—O,,
1L 1~50 ps average
‘ 1 —9CMC H.—Oy
1 150~200 ps average
0 :
2 3.5 10
A
3
2L
o)
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O L
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Fig. 10. (a) Stress state diagram of molecules in the solution when flowing. (b) RDF of H.—Oy, in 9CMC. (c) RDF of H.—Oy in 18CMC.

(d) RDF of H.—O,, in 27CMC.
4. Conclusion

In this study, the flow mechanism of non-Newtonian flu-
ids in a microchannel was simulated by MD. The flow was
simulated using an acceleration field to drive the fluid between
two walls. By analyzing the molecular coordinate information
of the simulation system, the following conclusions are ob-
tained.

(1) The velocity profile shape and the interaction energy
between the walls and the fluid can reflect the non-Newtonian

characteristics. The top-hat shape intensifies as the power law
index of the fluid decreases. The interaction energy gradually
decreases and reaches a steady state as the fluid flows. The
non-Newtonian fluid’s energy falls faster because of a decrease
in its viscosity.

(2) The molecule number density of the fluid near the
walls is higher, forming two peaks of number density near the
walls. Because of the attraction of CMC molecules to water,

the peak values with higher concentrations are lower. With the
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increase in velocity, the peak of the CMC solution increases,

and the value is inversely proportional to the velocity profile.

(3) The fluid is sheared as it flows and, with an increase

of the fluid velocity, the H.—O,, hydrogen bonding weakens,

resulting in a decrease in solution viscosity. Due to the shear-

thinning effect, the water molecules break away from the CMC

molecules and tend to distribute toward the wall.
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