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Abstract Entanglement network is an important structural feature in concentrated polymer solutions and polymer melts, which has a great
influence on the transient rheological behavior and molecular configuration evolution. However, the existing constitutive models have
limitations in describing the influence of dynamic entanglement behavior on molecular chain motion, resulting in inaccurate descriptions of the
transient rheological behavior. Thus, a molecular configuration evolution model for polymer solutions considering the dynamic entanglement
effect is proposed by introducing an intermolecular force that changes with the orientation of the molecular chain in this work. The
intermolecular force is introduced by considering the friction coefficient as anisotropic, and the orientation effect is considered by introducing an
excluded volume dependent anisotropic diffusion. The proposed model can better describe the stress relaxation, stress growth, and dielectric
anisotropy of polymer solutions compared with the anisotropy FENE model and FENE model. In addition, the influence of different model
parameters on the transient and steady shear response of polymer solution is investigated, and the results show that the influence of volume loss

on the friction anisotropy factor k, increases as the solution concentration increases.
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INTRODUCTION

The flow of polymer solutions is everywhere, and almost all
flows are accompanied by the dynamic evolution of molecular
chain configuration.! The entanglement network is an
important structural feature in concentrated polymer solutions
and melts, which has a great influence on transient rheological
behavior and molecular configuration evolution. Research on
the evolution behavior of molecular chains in entangled
polymer solutions has been a challenging and hot subject for
many years!? However, the physical process of polymer
molecular chain entanglement behavior is not fully
understood.®! This is because the entangled molecular chain is
intertwined with its neighboring molecular chains, resulting in
a complex dynamic evolution of molecular chains in polymer
solutions. The dynamic evolution of the microscopic
configuration will affect the macroscopic flow of the polymer
solution, thereby affecting the physical properties such as
rheological, mechanical, optical, and dielectric properties of
the polymer solution.*”! Accurate prediction of the molecular
configuration evolution behavior of polymer solutions is of
significant importance for the performance customization of
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the polymer product, for example, the favorable molecular
orientation in polymer solar cells can greatly increase the
efficiency of charge transfer, thereby increasing the efficiency of
battery replacement.®”! Therefore, it is very important to
establish a polymeric configuration evolution model
considering the influence of the dynamic orientation process on
the intermolecular force.

The current configuration evolution models of polymer
chains are basically for the unentangled molecular chain be-
cause the research on the evolution of molecular chains is still
limited to a single molecular chain in polymer solutions due
to the limitations of experimental methods.’®9! Spring-dumb-
bell based models such as the finitely extensible nonlinear
elastic (FENE) model is the most commonly used molecular
configuration evolution model for single molecular chain
evolution in polymer solutions.l'%'"] For example, Griebel et
al.l'2 simulated a 3D square-square contraction flow for poly-
mer solution using the FENE model. Chauviére et al.'3! simu-
lated the flow process of dilute polymer solutions in planar
homogeneous flows and the flow around a cylinder in a chan-
nel based on two-dimensional FENE dumbbells. Herrchen et
al.'4 used the FENE model to study the rheological behavior
of polymer solutions in the steady-state and transient shear
and extensional flow. Mu et al.'>! simulated the three-dimen-
sional flow process of viscoelastic fluid in a plane contraction
flow using the Phan-Thien-Tanner (PTT), Giesekus and FENE
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models respectively and compared the simulated flow velo-
city, stress and birefringence results with the experimental
results. However, the FENE model is not suitable for concen-
trated polymer solutions with entangled structure, because it
does not consider the entanglement of the molecular chain
and ignore the influence of surrounding molecular chains on
the molecular configuration. There has also been some pro-
gress in molecular evolution models for concentrated poly-
mer solution considering intermolecular force, for example,
Schneggenburger et all'®l established an extended FENE
dumbbell model by introducing the mean-field potential to
consider the effect of anisotropy caused by intermolecular as
well as intramolecular interactions in the polymer solution.
Marrucci et al.l'] realized the prediction of stress in steady-
state and transient shear flow for polymer concentrated solu-
tion by introducing anisotropic diffusion coefficient into the
classic dumbbell model. Kim et al.l'8 established an evolution
model for molecular chains in unentangled polymeric liquids
and semi-dilute solutions by introducing an anisotropic diffu-
sion tensor. Song et al.'¥ considered the frictional force and
Brownian force as anisotropy to reflect the influence of the
wall on the restricted flow in a channel flow and studied the
molecular tumbling of polymer chains near the wall. Sefid-
dashti et al.l20 mentioned that the entanglement network of
the molecular chains is almost destroyed at high shear rates,
and molecular tumbling becomes the dominant dynamic re-
sponse. Therefore, the forces between the molecular chains
degenerate into single molecular chains at high shear rates.
However, the models mentioned above did not consider the
change of the intermolecular force with the dynamic orienta-
tion, resulting in the inaccurate prediction of the transient
configuration evolution and material properties. Although
the above model can obtain the steady results of the molecu-
lar configuration and rheological properties consistent with
the experimental results by using appropriate model para-
meters, the influence of the transient orientation process on
entanglement cannot be revised by constant model paramet-
ers. Therefore, the existing models cannot accurately de-
scribe the complex transient evolution behavior of entangled
polymer molecular chains.

There are also researches that consider the loss of entan-
glement from flow in entangled polymers based on the PTT
model. For example, Ferras et all2Vl proposed a modified
Phan-Thien-Tanner (PTT) model to consider the destruction of
physical network junctions and entanglements by introdu-
cing two extra constitutive parameters. However, the PTT
model is proposed using the phenomenological method,
which cannot describe microscopic behaviors related to mo-
lecular chains, such as the forces acting on molecular chains
and the entanglement behavior between molecular chains.
The model established by the molecular theory can intuit-
ively describe the forces acting on molecular chains such as
friction, Brownian force, etc., thereby helping us to under-
stand the entanglement behavior of polymer molecular
chains more deeply. It is convenient and physical to consider
the influence of entanglement behavior on the mechanical
response through the change of the friction force acting on
the molecular chain based on the molecular theory method.

The difficulty in establishing the molecular configuration

evolution model of entangled polymer solution is that the an-
isotropic forces between the molecular chains caused by the
complex thermally-driven tangling (relaxation) and flow-driv-
en untangling (orientation) behavior in the solution are very
complicated. The tube model is the only molecular model
that directly considers the entanglement of the molecular
chain by restricting the movement of the molecular chainin a
tube,3! and has made some progress in predicting the flow
behavior of entangled polymer solutions.22-271 However,
Sefiddashti et al.?8 pointed out that the tube model has li-
mitations in describing dynamic molecular chain behavior
caused by the decrease in the number of entanglements and
the increase in flow intensity. Therefore, the existing models
fail to describe the transient rheology and configuration evol-
ution of polymer solutions accurately. At the beginning of the
polymer movement, the excluded volume of the molecular
chains is the greatest, and the force between the molecular
chains is the strongest. When the polymer solution concen-
tration is extremely low or the molecular chains are com-
pletely untangled during the flow process, the force between
the molecular chains gradually disappears. Therefore, a mo-
lecular configuration evolution model for polymer solutions
considering the intermolecular force and volume change
caused by dynamic orientation is established in this study.
The intermolecular force is introduced by considering the
friction coefficient as anisotropic, and the dynamic volume ef-
fect is considered by introducing a volume-dependent aniso-
tropic diffusion. The proposed model is proven to better de-
scribe the transient rheological behavior and configuration
evolution of polymer solutions.

The outline of this study is as follows: in Section "Mathem-
atical Model" a molecular configuration evolution model for
entangled polymer solutions considering the intermolecular
force and dynamic orientation effect is proposed based on
the dumbbell model, and the mathematical models between
molecular configuration and material properties such as rhe-
ological properties, dielectric anisotropy, and birefringence
are established. In Section "Model Comparison and Verific-
ation", the proposed model is compared with the anisotropy
FENE and FENE models to verify the accuracy of the pro-
posed model in describing the rheological behavior and con-
figuration evolution of molecular chains through the stress
growth, stress relaxation, and dielectric anisotropy experi-
ments of polymer solutions. Then the influence of different
model parameters on the rheological behavior, configuration
evolution, and performance of polymer solutions are studied
in Section "Influence of Model Parameters". Finally, we
summarize the conclusion of this work.

MATHEMATICAL MODEL

Anisotropy FENE Model Considering Dynamic Effect

The FENE model based on the spring-dumbbell model is a
commonly used model to describe the evolution of molecular
chains in polymer solutions.®! However, the original FENE model
is only applicable to the evolution of single molecular chains,
and there are limitations in describing the evolution of mole-
cular chains in entangled concentrated solutions. Kim et al.'®
established the evolution model of the molecular chain of
concentrated polymer solution by introducing an anisotropic
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friction coefficient. However, the model does not consider the
influence of the molecular chain dynamic orientation process
(which leads to a change in the volume of the molecular chain)
on the intermolecular force, thus failing to describe the transi-
ent behavior of the molecular chain accurately. To solve this
problem, we introduce an excluded volume dependent
anisotropic diffusion coefficient based on the anisotropic FENE
model (AFENE model)"® to establish the anisotropic FENE
model considering dynamic effect (AFENE-CE model), as shown
inFig. 1.

The molecular chains in the polymer dilute solution are af-
fected by the four forces of friction, spring force, inertial force,
and Brown force, respectively. The friction force on the mo-
lecular chain is caused by the speed difference between the
polymer molecular chain and the solvent. According to
Stokes' law, the friction force is expressed as:

Fe = —={(ri — u(ry)) (1)
where u(r) = v, + (W), r; is the solvent speed, and ( is friction
coefficient, whose anisotropic form is expressed as:

= Coluu’ +07 (s’ +1t') )
where (is the anisotropic friction coefficient tensor, u is a unit
vector along the molecular chain bone (spring vector) direction,
s, t are the unit vectors orthogonal to u vector, and ss” + tt' =1 —

uu’, where I is the unit tensor. Therefore, the anisotropic friction
coefficient can also be expressed as:

-1 1

¢ = %

where 0 = Ky/k; is the friction coefficient anisotropy factor, k; is

the diffusion coefficient perpendicular to the molecular chain

bone, and k; is the diffusion coefficient along the molecular

chain bone. Due to the influence of the nearby molecular

chains, the molecular chains tend to move along the bone, that
isk;<k;ando<1.

In the flow process of the polymer solution, the molecular
chains experience both thermally-driven tangling and un-
tangling caused by the shear flow. As a result, the excluded
volume of the molecular chain and the force between mo-
lecules are constantly changing, causing the anisotropy factor

(ol + (1 - o)uuT) (3)

Entangled network i

Restricted movement

Anisotropic friction coefficient

(= (yuu+o™ (ss+tt)

Untangling

Unoriented

Anisotropy factor: 0 =

to change with the flow. The determinant of molecular con-
figuration tensor (detC) is regarded as the relative volume
contained in the flow field of a macromolecular chain. Under
the action of the flow, the contained volume decreases con-
tinuously, indicating that other molecular chains are dis-
charged and the untangling process continues. Zheng et
al.?% found that detC can be regarded as related to the ex-
cluded volume of the molecular chain in flow filed: V,, = detC,
which is related to the degree of polymer chain entangle-
ments. We approximate the influence of the dynamic entan-
glement behavior on the molecular chain orientation evolu-
tion by considering the change of the hydrodynamic aniso-
tropy on the molecular chain with the excluded volume dur-
ing the flow process. However, for different polymer solution
systems, the excluded volume changes at a different speed,
resulting in a different dependence on detC. Thence, we as-
sume that the excluded volume for different polymer solu-
tions can be expressed as:

Vex = (detC)" )
where C is the molecular configuration tensor, and n (n>0) is a
material parameter related to the speed of molecular chain
volume changes. The larger the n, the faster the molecular chain
volume changes with the orientation of the molecular chain.
When n=0, the volume no longer changes with the flow.

In the initial configuration, the contained volume of the
polymer molecular chain is the largest (detC=1) and the dis-
tance between molecular chains is the smallest, and the mo-
tion of the dumbbells is strongly affected by the nearby
dumbbells. The movement of the molecular chain can be re-
garded as being restricted in a tube. That is, the free diffusibil-
ity in the direction of the molecular chain bone is much
stronger than that in the direction perpendicular to the mo-
lecular chain bone, and the hydrodynamic anisotropy (entan-
glement) of the molecular chain is the strongest at this time.
With the molecular chain orientation and untangling, detC
gradually decreases to 0. When the molecular chain is com-
pletely oriented (completely untangled), the effect of the sur-
rounding molecular chain is almost negligible, and the free
diffusibility anisotropy of the molecular chain disappears.

eXp“ _ka Dentanglement) _ e)(p“ _ka(detc)n)
exp(1) - exp(1)
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Fig. 1 The principle of the anisotropic FENE model considering dynamic effect.
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Song et al.l® investigated the orientation and deformation of
polymer chains in a confined microchannel. They assume that
the friction coefficient is anisotropic and has a position de-
pendence in the form of an exponential function. The tube
model assumes that the motion of the tangled molecular
chain is confined in the tube, which is somewhat similar to
the movement of the molecular chain in a confined mi-
crochannel. Referring to Song’s hypothesis, the following ex-
ponential form is used to describe the change of the aniso-
tropy factor with the excluded volume.

_ exp(1 = ko(Vex))

B exp(1)
where o (0<o<1) is the anisotropy factor, o, = exp(—k,) is the
initial anisotropy factor, and k, is a material parameter
describing the influence of the volume loss on the friction
anisotropy parameter.

When the model parameter n=0, the excluded volume no
longer changes with the flow, and the AFENE-CE model de-
generates to the AFENE model. When the model parameter
k,=0, the AFENE-CE model degenerates to the FENE model.
There is a containment relationship between AFENE-CE,
AFENE, and FENE models, and their scope of application is
AFENE-CE>AFENE>FENE. For dilute solutions or completely
oriented molecular chains, the constraint of nearby molecu-
lar chains disappears, and the possibility of molecular chains
moving in all directions is the same, that is 0=1, and aniso-
tropic friction coefficient (Eq. 3) degenerates into isotropic.

Refer to the previous FENE!'9I model, the motion equations
of two dumbbell balls can be expressed as:

= exp(—ko(detC)") (5)

mr; = — {(r; — v(r;)) — kTOIny/dr; + HQ/(1 - Q’ /Qo) = (6)
Substitute in Q =r,—r; to get:
Q=(W)'Q-27¢ 'aIny/aQ - 2 'Fe (7)

The probability density distribution function of the dumb-
bell and the probability flux satisfy the following continuity
equation.

,
5 30 Q)= ®)

Combining Eq. (7) and Eq. ( ), the probability density distri-
bution equation (Fokker-Plank equation) of dumbbell mo-
lecules is obtained:

o 3y 2 o(yFe)
ot 302 oQ

The ensemble average of the end vector distribution of
dumbbell molecules is defined as:

<fl@)>= [ (@ tde (10)

Then, the molecular configuration tensor <QQ> and the di-
mensionless configuration tensor C can be defined as:

<QQ>= / QQy(Q 1)dQ (1)

+[(Vv) Q]— - 2kT¢

=0 (9)

C=H<QQ> [kT (12)

Combining the definition of molecular configuration tensor

with the Fokker-Plank equation, the evolution equation of the

molecular configuration tensor (AFENE-CE) can be obtained
using Peterlin approximation.l'4!

A % — (W)™ €~ C- (V)| = exp(—ko(detC)")l -
C 3C (13)
TowEs g T ePholdet))

where b = HQé/kT is the maximum stretch of the molecular
chain after dimensionless, and A = §/4H is relaxation time.

When n=0 (o=constant), the AFENE-CE model is equivalent
to the AFENE model, and when the molecular chain is com-
pletely untangled (o=1), the model degenerates into the
spring dumbbell model for a single molecular chain (FENE
model).

In simple shear flow, the evolution equation of the config-
uration tensor C can be simplified as:

DCyy . _ Cx Cx _
A( Dt ‘ZVCXY) O~ Twm gt 30
gy Cy
) en twat e

cyy _ cyy cyy
A(—)—O—m+m(3—30)

Relationships between Molecular Configuration and
Material Properties

In this part, the mathematical models between molecular
configuration tensor and rheological properties, dielectric
anisotropy, and birefringence are established to study the
evolution behavior of polymer molecular chain configuration.

Molecular configuration

The configuration tensor is the probability average distribution
of the polymer molecular chain within a certain range. The
current configuration evolution models are all symmetric
positive definite such as Maxwell, PTT, FENE, and Giesekus
models2? which means the existing polymer molecular
configuration models assume that the average configuration of
molecular chains is axisymmetric. An oriented ellipse is a
commonly used description method to express the average
configuration of polymer molecular chains.?23"! The symmetric
positive definite configuration tensor can be represented by an
orientation ellipsoid. The eigenvalue of the configuration tensor
represents the length of the major axis of the configuration
ellipsoid, and the eigenvector represents the direction of the
major axis of the ellipsoid, as shown in Fig. 1. Therefore, the
axisymmetric configuration ellipsoid is used to describe the
average configuration of the molecular chain within a certain
range in this study.

The configuration tensor can also be used to calculate re-
lated parameter information related to molecular chain ori-
entation and deformation, for example, the orientation angle
(6) and the degree of stretching along the orientation direc-
tion (S) can be calculated as:

6 = 1/2arctan (2Cxy/ (Cux — Cyy)) (15)
S=C11/TrC (16)

where C,, C,, and C,, are the components of the configuration
tensor C, CH is the main eigenvalues of C, and TrC is the trace of
the configuration tensor C.
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Rheological properties
The orientation and disentanglement behaviors of the mo-
lecular chain under the action of the flow field will make the
molecular chain easier to move along the direction of the flow,
which is reflected in the macroscopically as an increase in shear
stress and a decrease in viscosity. Therefore, a mathematical
model between molecular configuration and shear stress, and
viscosity is established in this section to verify the accuracy of
the AFENE-CE model for predicting molecular configuration and
rheological properties.

The stress tensor on the molecular chain is given by
Kramers' expression:

r= G(; - .) (17)
1-TrC/b

Therefore, the shear stress and viscosity can be expressed

as:

Cyy
=G| ——— 18
By (1 —TrC/b) (18)
n= Txy/y (19)
where G is the shear modulus of the polymer solute.

Dielectric anisotropy
Since the evolution of the molecular chain configuration will
lead to the change of molecular chain polarizability distribution,
the orientation and deformation of the molecular chain
configuration will cause the generation of dielectric anisotropy,
that is, the dielectric response of the molecular chain in the
electric field along and perpendicular to the flow direction is
different. Therefore, the accuracy of the prediction of the
molecular chain configuration evolution of the FENE-CE model
can be verified by the dielectric anisotropy of the polymer
solution.

Molecular polarizability is used as a bridge to establish
the connection between molecular configuration and dielec-
tric anisotropy. By combining the relationship between mo-
lecular polarizability and dielectric constant (generalized
Clausius-Mossotti equation)32] and the relationship between
molecular configuration and polarizability, the relationship
between the molecular configuration tensor and the dielec-
tric anisotropy is obtained. The details of the derivation pro-
cess can be found in our recent work.33!

N, & +2)°
€y ~Ery = ‘I%VAM] - aZ)( s % )

=K. (CXX - ny) /Tr(C)
where K. is a dimensionless quantity related to material
properties, € is the relative permittivity of material, and
Ery ~ Eryy is the dielectric difference between the flow and the
vertical flow direction, which represents dielectric anisotropy.

Birefringence
The orientation behavior of polymer molecular chains will cause
changes in the refractive index of the molecular chains along
the flow direction and perpendicular to the flow direction,
resulting in birefringence. The mathematical model between
molecular chain configuration and birefringence can be used to
predict the evolution of optical properties during the forming
process.

The relationship between birefringence and configuration
tensor can be calculated by the configuration tensor. The de-

(cXX - cyy) /Tr(c) (20)

tails of the derivation process can be found in Ref. [33].

Dy = Kn[ (€ = Cyy)? +4C5, | /TH(C) (21)

where K, is a dimensionless quantity related to material
properties, An,, is the birefringence.

MODEL COMPARISON AND VERIFICATION

Transient Rheological Behavior

Stress relaxation and growth are the most typical transient
rheological behavior in the polymer solution, which can refl-
ect the dynamic orientation behavior in polymer solution
macroscopically. The accuracy of the proposed AFENE-CE model
to describe the stress relaxation and growth of polymer
solutions in shear flow is investigated, in comparison with the
AFENE model and FENE model.

Polystyrene (PS) is a linear long-chain polymer with an en-
tangled structure, which is suitable for studying the influence
of the untangling process. The molecular weight of PS is
2.07x10°> Mw. The PS/DMF solutions were chosen to study the
stress relaxation and growth process on a rotational rheomet-
er (MCR 302, Anton Paar). The stress relaxation was obtained
by observing the release process of the stress in the solution
after applying step shear to the solution, and the stress
growth was obtained by applying a constant shear rate to the
solution. All experiments were performed at room temperat-
ure (30 °C).

Figs. 2(a) and 2(b) show the comparison of stress relaxation
and dynamic shear viscosity for a 10 wt% PS/DMF solution
after a step shear action with a shear rate of 1 s and an ac-
tion time of 5 s. The stress relaxation behavior macroscopic-
ally reflects the process of molecular chains retangling under
the Brownian motion. Compared with the AFENE model and
FENE model, the AFENE-CE model describes the stress relaxa-
tion and dynamic viscosity of polymer molecular chains more
accurately. Fig. 2(c) shows the relative excluded volume
changes with the flow process of polymer solution, and the
excluded volume gradually increases from 0.2 to 1 in the re-
laxation process. It is because when the polymer solution
stops flowing, the untangled and oriented molecular chains
gradually retangling to the initial state. Fig. 2(d) shows aniso-
tropy factors in the three models. The FENE model does not
consider the influence of nearby molecular chains (o0=1), res-
ulting in excessive stress release. The AFENE model does not
consider the increase in diffusion anisotropy caused by the re-
covery of entanglement (o=constant), which leads to slow
stress release during the rapid recovery of the entanglement.
The stress relaxation processes calculated by the AFENE mod-
el under different anisotropy factors are compared with the
experimental results to investigate the effect of adjusting o
on the accuracy of the AFENE model prediction (as shown in
Fig. 3). It is found that even if the value of the anisotropy
factor o is adjusted, the AFENE model cannot predict the
stress relaxation process as accurately as the AFENE-CE mod-
el. It is because when the polymer solution stops flowing, the
untangled and oriented molecular chains gradually re-
tangling to the initial state, and the force between the sur-
rounding molecular chains increases, increasing the aniso-
tropy of the hydrodynamic. The constant anisotropy factor
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Fig. 3 Comparison between calculated stress relaxation by AFENE
model under different anisotropy factor o and measured results.

cannot describe the change of the hydrodynamic anisotropy
with the molecular chain orientation, which leads to inaccur-
ate predictions of transient rheological behavior.

Meanwhile, the comparison of the relaxation processes of
PS/DMF solutions with different concentrations is presented
in Fig. 4. The stress relaxation results of 5 wt% PS/DMF are ob-
tained after a step shear action with a shear rate of 0.5 s~' and
an action time of 7 s. The stress relaxation results of 20 wt%
PS/DMF are obtained after a step shear action with a shear
rate of 1 s~ and an action time of 5 s. It shows that the calcu-
lated results by the AFENE-CE model are highly consistent
with the experimental results, while the AFENE model and
FENE model fail to match the experiment, and the higher the

concentration, the greater the deviation from the experim-
ents. Consequently, the AFENE model and FENE model fail to
describe the dynamic rheological behavior of polymer solu-
tions, especially for high concentration polymer solutions.

Therefore, the AFENE-CE model can better describe the
transient rheological behavior of stress relaxation for poly-
mer solutions with different concentrations.

Figs. 5(a) and 5(b) show the comparison between simu-
lated results of the three models (AFENE-CE, AFENE, and FENE
models) and the experimental results of stress growth and dy-
namic shear viscosity for a 10 wt% PS/DMF solution at a shear
rate of 0.01 s~'. The stress growth and dynamic viscosity
change are caused by the orientation and untangling behavi-
or of microscopic molecular chains. Figs. 5(a) and 5(b) clearly
show the AFENE-CE model better describes the stress growth
and dynamic viscosity of polymer molecular chains, which
means the proposed model can better describe the orienta-
tion behavior of the molecular chain under the action of shear
flow. Fig. 5(c) shows the relative excluded volume changes
with the flow process of the polymer solution. When the poly-
mer solution starts to flow, the molecular chains are gradu-
ally untangled and oriented along the flow direction under
the action of the shear force (Fig. 5¢), resulting in a change in
the anisotropic diffusion of the molecular chain. When the
molecular chain is completely oriented, the molecular chain
diffusion coefficient degenerates to isotropic. Fig. 5(d) shows
anisotropy factors in the AFENE-CE, AFENE, and FENE models.
The closer the anisotropy factor is to 1, the weaker the aniso-
tropy of molecular chain diffusion. The AFENE model and
FENE model do not consider the change of anisotropy coeffi-
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Fig. 5 Growth process of 10 wt% PS/DMF solution in shear flow: (a) shear stress growth, (b) dynamic viscosity growth, (c)

relative excluded volume, and (d) anisotropy factor.

cient with the flow and treat the anisotropic diffusion factor
as a constant. The present AFENE-CE model introduces a
volume-dependent anisotropic diffusion coefficient to de-
scribe the influence of the orientation on the anisotropy of
molecular chain diffusion. The subtle difference in the aniso-
tropy coefficient of AFENE-CE model and AFENE model leads
to significant differences in the development of stress on the
macroscopic flow. Therefore, considering the influence of dy-
namic orientation behavior on the anisotropic diffusion coef-
ficient of molecular chains is very important to accurately pre-
dict macroscopic flow behavior.

The simulation and experimental comparison of stress
growth and relaxation under different start-up shear fol-
lowed by flow cessation for the PS133k melt are shown in

Fig. 6(a). The comparison of extensional stress growth coef-
ficient (0. =(t,, — 1,)/¢, £ is the stretch rate) as a function of
time at different stretch rates for PS285k/2k-47 is shown in
Fig. 6(b). The simulation results are calculated by the AFENE-
CE model proposed in this study under the same group of
parameters (as shown in Table 1), and the experimental res-
ults are taken from the literature.34 The predicted shear
stress growth and relaxation under different shear rates and
extensional stress coefficient n, under different extensional
rates are in good agreement with the experimental results,
which proves that the proposed model can successfully pre-
dict the transient rheological behavior under different shear
and extensional conditions with the same group of para-
meters.
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Table1 The parameters of the AFENE-CE model.

¢ (mg/mL) A(s) b ks n G
PS/DMF 5 1 10 1.2 1 0.15
PS/DMF 10 1.8 10 1.7 1 2.7
PS/DMF 20 2.3 10 30 1 18
PEO 1 0.025 1000 20 0.1 -
PS133k - 0.3 5 1 1 98000
PS285k/2k-47 - 60 18 1.2 1 4000

Dielectric Anisotropy and Molecular Configuration
Evolution

The dielectric anisotropy refers to the difference in the dielectric
response of polymer molecular chains along and perpendicular
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to the flow direction, which is related to the evolution of
polymer molecular chain configuration. Our recent experimen-
tal and theoretical work has proven that the dielectric
anisotropy of the polymer solution can be used to in situ
characterize the molecular chain configuration evolution for
different types of polymers.3333 Thus, the accuracy of the
AFENE-CE model in predicting the configuration evolution of
the polymer molecular chain is verified by measuring the
evolution of the dielectric anisotropy of the polymer solution.
The experimental principle and device details for measur-
ing dielectric anisotropy can be found in Ref. [35]. The
poly(ethylene oxide) (PEO) was selected as experimental ma-
terial for its large molecular weight, long molecular chain, and
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Fig. 7 Dynamic evolution of 1 wt% PEO aqueous solution in shear flow: (a) dielectric anisotropy, (b) relative excluded volume,

(c) orientation angle, and (d) degree of deformation S.
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complex entanglement structure. The molecular weight of
the PEO is 5.0x10% Mw. The dielectric anisotropy coefficient of
the 1 wt% PEO aqueous solution is K;=11.2.

Fig. 7 shows the dielectric anisotropy and molecular config-
uration evolution for a 1 wt% PEO aqueous solution in shear
flow at a shear rate of 16.3 s-1. The black solid line in Fig. 7(a)
is the development curve of the shear rate over time. Since
the rotor cannot immediately increase to the set speed, the
shear rate has a gradual increase process. The blue solid line
in Fig. 7(a) is the predicted dielectric anisotropy using the
AFENE-CE model, and the black square symbols are the meas-
ured results. The predicted results of dielectric anisotropy are
in good agreement with the measured results, indicating that
the AFENE-CE model can accurately predict the dynamic evol-
ution of molecular chain configuration (Fig. 7a). The evolu-
tion of the molecular chain excluded volume, orientation, and
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deformation calculated by the AFENE-CE model are presen-
ted in Figs. 7(b)-7(d), and the evolution of the molecular
chain configuration is presented in the bottom of Fig. 7(c).
The orientation angle represents the degree of molecular
chain orientation, and the degree of stretching along the ori-
entation direction (5=C;,/TrC) represents the degree of de-
formation. The closer the orientation angle is to 0, the greater
the degree of orientation, and the larger the S, the greater the
degree of deformation, when S=2, the molecular chain is fully
stretched to Linear. The dielectric anisotropy increases first
and then decreases to a certain equilibrium value, while the
degree of the excluded volume decreases first and then in-
creases to a certain equilibrium value (Figs. 7a and 7b). This
means that the evolution of dielectric anisotropy is closely re-
lated to the configuration volume of molecular chains. The
polymer chain experiences both thermally driven tangling
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Fig. 8 The transient predicted results of the AFENE-CE model under different b (k,=1,A=1, n=1): (a) stress growth, (b) stress
relaxation, (c) orientation angel, (d) degree of deformation S, (e) dielectric anisotropy, and (f) flow birefringence.
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and untangling caused by shear flow. Initially, the molecular
chains are in random spherical configuration and completely
entangled, and the thermally driven tangling of the mo-
lecules is the weakest. Simultaneously, the untangling force
(orientation) caused by shearing is much larger than
thermally driven tangling, and thus the molecular chains rap-
idly disentangle along the flow direction. With the unentan-
glement of the molecular chains, the thermally driven
tangling of the molecular chain gradually strengthened while
the untangling caused by the shearing gradually weakened.
When the untangling force caused by the shearing is re-
duced to less than the thermally driven tangling, the entan-
glement of the molecular chain begins to relax until the
tangling force balances with the untangling force.

INFLUENCE OF MODEL PARAMETERS

There are four adjustable parameters in the molecular
configuration evolution model proposed in this study, including
the relaxation time A and dimensionless constant b that
represents the maximum extensibility of a dumbbell in the
classic FENE model. Besides, this model adds two parameters ks
and n to describe the influence of molecular chain entangle-
ment on anisotropic diffusion. The k is a material parameter
describing the influence of the entanglement loss on the friction
anisotropy parameter o, and n is a material parameter related to
the speed of molecular chain untangling.

The influence of the parameters b, ks, A and n on the evolu-
tion of molecular chain configuration and material properties
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during the transient shear flow and steady shear flow are re-
searched to determine the model parameters. Meanwhile,
other material parameters remain constant, and G=1, K,=1,
K.=2.

The Influence of b

The influence of parameter b on the transient flow process is
studied. Fig. 8 shows the transient predicted results of the stress,
configuration and material properties evolution of the AFENE-
CE model under different b in a constant shear flow with a shear
rate of 15" The predicted stress growth and relaxation results
of the molecular chain show that the stress at equilibrium
increases as b increases, and the larger the b, the slower the
stress growth and relaxation (Figs. 8a and 8b). Because b
represents the length of the molecular chain, and the difficulty
of disentanglement of molecular chains under shearing
increases with the increase of the length of the molecular chain,
that is, the resistance of the molecular chain movement
increases as b increases. Therefore, the speed of growth and
relaxation of the shear stress under shearing decrease with the
increase of b, and the stress at equilibrium increases as b
increases. The predicted molecular chain orientation angle and
the degree of stretching along the orientation direction show
that the degree of molecular chain orientation and stretching
increase as b increases (Figs. 8c and 8d). Figs. 8(e) and 8(f) show
that the predicted dielectric anisotropy and flow birefringence
of the polymer solution show that material anisotropy
properties also increase as b increases, which means material
anisotropy properties are consistent with the change trend of
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Fig. 9 The predicted results of the AFENE-CE model under different b in steady shear flow (k,=1, A=1, n=1): (a) relative
excluded volume, (b) o, (c) orientation angle, and (d) degree of deformation S.
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molecular orientation and deformation.

Then, the influence of parameter b on the steady evolution
is studied. Fig. 9 shows the predicted results of the relative
excluded volume, anisotropy factor o, orientation angel
and the degree of stretching along the orientation direction
S of the AFENE-CE model under different b in steady shear
flow. Fig. 9(a) shows that the larger b is, the faster the ex-
cluded volume decreases with the increase of shear rate.
Under the same shear rate, the longer the molecular chain,
the smaller the excluded volume of the molecular chain,
which causes the anisotropic diffusivity to decrease with
the increase of b, that is, o increases with the increase of b
(Fig. 9b). The predicted molecular chain orientation angle and
the degree of stretching along the orientation direction show
that the larger b is, the faster the molecular chain orientation
and stretching degree increase with the increase of shear

Shear stress (Pa)

Orientation angle

Dielectric anisotropy

rate, which is consistent with the transient results (Figs. 9c
and 9d).

The Influence of k,,

Fig. 10 shows the transient predicted results of the stress,
configuration and material properties evolution under different
k, in a constant shear flow with a shear rate of 0.5 57\ The
predicted stress growth of the molecular chain show that the
stress overshoot and the stress at equilibrium increase as k
increases, and the larger the k, the faster the stress growth
(Fig. 10a). The predicted stress relaxation of the molecular chain
show that the speed of the stress relaxation decreases as k
increases (Fig. 10b). The k, represents dependence degree of
the anisotropy factor on the excluded volume. The larger the k,
the faster the diffusion anisotropy decreases during the
orientation, and the faster the diffusion anisotropy rises during

Stress relaxation (Pa)

Flow birefrigence

10°
t(s)

Fig. 10 The transient predicted results of the AFENE-CE model under different k, (b=1, A=1, n=1): (a) stress growth, (b) stress
relaxation, (c) orientation angle, (d) degree of deformation S, (e) dielectric anisotropy, and (f) flow birefringence.
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the relaxation. Therefore, the larger the k,, the faster the stress
growth and the slower the stress relaxation. The predicted
molecular chain orientation angle and the degree of stretching
along the orientation direction show that the degree of
molecular chain orientation and stretching increase as k,
increases (Figs. 10c and 10d). It is because the larger the k,, the
stronger the anisotropy of the molecular chain, and so the ea-
sier it is to deform and orientation along the bone of the
molecular chain. The predicted dielectric anisotropy and flow
birefringence of the polymer solution show that material
anisotropy properties increase as k, increases (Figs. 10e and 10f),
which is consistent with the change trend of molecular
orientation and deformation with k.

The steady predicted results of the degree of entangle-
ment and anisotropy factor o under different k, are shown
in Fig. 11. The parameter k, mainly affects the anisotropy
factor o, and has little effect on the excluded volume, be-
cause k, represents dependence degree of o on the excluded
volume, and has nothing to do with the excluded volume it-
self. In addition, the parameter k, mainly affects the molecu-
lar chain behavior at low shear rate, because the molecular
chain has been completely untangled at high shear rate, and
the anisotropy effect is almost negligible. At a constant shear
rate, the larger the k,, the stronger the anisotropy of the mo-
lecular chain, and the stronger molecular chain orientation
and deformation, which explains the previous transient beha-
vior.

The Influence of A

Fig. 12 shows the transient predicted results of the stress,
configuration and material properties evolution under different
A in a constant shear flow with a shear rate of 1 s7'. The
predicted stress growth and relaxation of the molecular chain
show that the stress overshoot and the stress at equilibrium
increase as A increases, and the speed of the stress growth and
relaxation increase as A increases (Figs. 12a and 12b). The
parameter A is the relaxation time of polymer chain, which
represents the difficulty degree of molecular chains tangling.
The longer the relaxation time, the more difficult the molecular
chain to tangle and the easier to untangle. Therefore, the
influence of nearby molecular chains increases with increasing
relaxation time, resulting in the increase of stress growth and
relaxation speed with the increase of relaxation time. The
predicted molecular chain orientation angle and the degree of
stretching along the orientation direction show that the degree
of molecular chain orientation and stretching increase as A
increases, and the orientation and stretching speed also
increase with the increase of A (Figs. 12c and 12d). It is because
the larger the A, the larger the degree of molecular chain
entanglement, the stronger the anisotropy of the molecular
chain, and so the easier it is to deform the orientation along the
bone of the molecular chain. The predicted dielectric anisotropy
and flow birefringence of the polymer solution show that the
overshoot and the equilibrium value of dielectric anisotropy and
flow birefringence increase as A increases, and the larger the A,
the faster the growth rate of dielectric anisotropy and flow
birefringence (Figs. 12e and 12f).

The Influence of n
The transient predicted results under different n in a constant
shear flow with a shear rate of 1 s™' are shown in Fig. 13. It is
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Fig. 11 The predicted results of the AFENE-CE model under
different k, (b=1, A=1, n=1) in steady shear flow: (a) degree of
entanglement, and (b) anisotropy factor.

shown that the parameter n has almost no effect on the stress,
orientation and material properties development of the
transient process, and mainly affects the result of reaching the
steady state. The predicted stress growth of the molecular chain
show that the stress overshoot increase as n decreases (Fig. 13a).
In addition, the degree of molecular chain orientation and
deformation, as well as anisotropic properties such as dielectric
anisotropy and flow birefringence, all increase as n decreases
(Figs. 13c—13f). It is because the parameter n represents the
speed of molecular chain volume changes with orientation, the
smaller the n, the slower the excluded volume decreases with
the molecular chain orientation process. Therefore, the degree
of molecular orientation and deformation is greater for the
same excluded volume.

Combining the experimental results and the above study
on the law of model parameters, the model parameters of the
solution system used in Section "Mathematical Model" are
obtained, as shown in Table 1. It shows that the maximum
molecular chain length b and molecular chain excluded
volume factor n have nothing to do with the concentration of
the solution, only related to the polymer type. For the same
solution system, the relaxation time A and the k, increase as
the solution concentration increases. Because the higher the
concentration of the solution, the stronger the elasticity of
the molecular chain and the weaker the viscosity. For purely
elastic objects, the relaxation time is infinitely large, while for
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Fig. 12 The transient predicted results of the AFENE-CE model under different A (k,=1, b=10, n=1): (a) stress growth, (b) stress
relaxation, (c) orientation angle, (d) degree of deformation S, (e) dielectric anisotropy, and (f) flow birefringence.

purely viscous objects, the relaxation time is infinitely small.
In particular, very dilute polymer solutions are generally re-
garded as pure viscous Newtonian fluids. Therefore, the A in-
creases with increasing concentration, which is consistent
with physical facts. In addition, the anisotropy of molecular
chain diffusion increases as the concentration increases, res-
ulting in greater k. The shear modulus G increases with in-
creasing solution concentration, because the degree of en-
tanglement between molecular chains increases as the con-
centration of the solution increases, resulting in the difficulty
of the molecular chain movement. The molecular weight and
molecular chain length of PEO are much larger than those of
PS. Therefore, the parameter b of PEO is much larger than that
of PS, and the relaxation time is much smaller than that of PS,
even if the concentration of PEO solution is lower than that of
PS solution. Meanwhile, the entanglement structure of PEO is

much more complex than that of PS, resulting in a slower un-
tangling speed and larger diffusion anisotropy of molecular
chains compared to PS. Therefore, the parameter n of PEO is
smaller, and the k, is bigger.

CONCLUSIONS

A model of molecular configuration evolution for polymer
solutions considering the dynamic entanglement effect is
established by introducing an anisotropic friction coefficient to
consider the force of surrounding molecules, and introducing
the idea of an excluded volume dependent anisotropic diffusion
to consider the influence of molecular chain orientation on
intermolecular forces. Transient rheological behavior and
configuration evolution of polymer solutions are examined by
experiments and simulations, compared with the Anisotropy
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Fig. 13 The transient predicted results of the AFENE-CE model under different n (k,=1, A=1, b=10) : (a) stress growth, (b) stress
relaxation, (c) orientation angle, (d) degree of deformation S, (e) dielectric anisotropy, and (f) flow birefringence.

FENE model and FENE model, and the proposed AFENE-CE
model more accurately describes the stress growth and stress
relaxation of polymer solutions, which means the modified
model can better describe the transient rheological behavior of
polymer solutions. Meanwhile, the AFENE-CE model more
accurately describes the dielectric anisotropy of polymer
solutions, which means that the modified model can better
describe the configuration evolution of polymer solutions.
Transient and steady-state shear response of polymer solution
are studied via the AFENE-CE model under different model
parameters. It is found that the parameters b and n are only
related to the type of polymer, while the parameters A and kg
are not only related to the type of polymer, but also the
concentration of the polymer solution, and the larger the
solution concentration, the larger the relaxation time A and k.

ACKNOWLEDGMENTS

The authors would like to acknowledge financial support from
the National Natural Science Foundation of China (Nos.
52005194, 51635006, and 51675199), China Postdoctoral
Science Foundation (No. 2019M662615), the National
Program on Key Basic Research Project (No.
2019YFB1704900), and the Fundamental Research Funds for
the Central Universities’ HUST (No. 2020JYCXJJ055).

REFERENCES

1 Smith, D. E.; Babcock, H. P.; Chu, S. Single-polymer dynamics in
steady shear flow. Science 1999, 283, 1724-1727.

2 Lang, P; Frey, E. Disentangling entanglements in biopolymer
solutions. Nat. Commun. 2018, 9, 1-8.

https://doi.org/10.1007/510118-021-2606-z


http://dx.doi.org/10.1126/science.283.5408.1724
http://dx.doi.org/10.1038/s41467-017-02088-w
http://dx.doi.org/10.1126/science.283.5408.1724
http://dx.doi.org/10.1038/s41467-017-02088-w
https://doi.org/10.1007/s10118-021-2606-z

1694

10

11

12

13

14

15

16

17

18

19

20

Larson, R. G.; Desai, P. S. Modeling the rheology of polymer melts
and solutions. Ann. Rev. Fluid Mech. 2015, 47, 47—65.

Zhai, F.; Feng, Y. Zhou, K; Wang, L; Zheng, Z; Feng, W.
Graphene-based chiral liquid crystal materials for optical
applications. J. Mater. Chem. C 2019, 7,2146-2171.

Shi, Y.; Zheng, C,; Ren, M,; Tang, Y,; Liu, L. Z.; He, B. Evaluation of
principal residual stress and its relationship with crystal
orientation and mechanical properties of polypropylene films.
Polymer 2017, 123, 137-143.

Kang, H.; Lee, W, Oh, J; Kim, T.; Lee, C; Kim, B. J. From
fullerene-polymer to all-polymer solar cells: the importance of
molecular packing, orientation, and morphology control. Acc.
Chem. Res. 2016, 49, 2424—2434.

Vohra, V,; Kawashima, K, Kakara, T.; Koganezawa, T.; Osaka, |
Takimiya, K, Murata, H. Efficient inverted polymer solar cells
employing favourable molecular orientation. Nat. Photon. 2015,
9,403-408.

Shagfeh, E. S. The dynamics of single-molecule dna in flow. J.
Non-Newtonian Fluid Mech. 2005, 130, 1-28.

LeDuc, P.; Haber, C; Bao, G.; Wirtz, D. Dynamics of individual
flexible polymers in a shear flow. Nature 1999, 399, 564—566.
Ebrahimi, H.; Ramazani SA, A.; Davachi, S. M. Development of a
rheological model for polymeric fluids based on fene model.
Polyolefins J. 2019, 6, 95—-106.

Chupin, L. The Fene Model for viscoelastic thin film flows. Meth.
Appl. Anal. 2009, 16, 217-262.

Griebel, M,; Ruttgers, A. Simulation of dilute polymeric fluids in a
three-dimensional contraction using a multiscale fene model. AIP
Conf. Proc. 2014, 1593, 539-543.

Chauviére, C,; Lozinski, A. Simulation of dilute polymer solutions
using a fokker-planck equation. Comp. Fluids 2004, 33, 687—696.
Herrchen, M.; Ottinger, H. C. A detailed comparison of various
fene dumbbell models. J. Non-Newtonian Fluid Mech. 1997, 68,
17-42.

Mu, Y.; Zhao, G.; Wu, X,; Zhai, J. Modeling and simulation of three-
dimensional planar contraction flow of viscoelastic fluids with
Ptt, Giesekus and Fene-P constitutive models. Appl. Math. Comp.
2012, 218, 8429—-8443.

Schneggenburger, C; Kroger, M.; Hess, S. An extended fene
dumbbell theory for concentration dependent shear-induced
anisotropy in dilute polymer solutions. J. Non-Newtonian Fluid
Mech. 1996, 62, 235-251.

Marrucci, G, lanniruberto, G. Constitutive equations for
polymeric solutions close to the overlap concentration. Chem.
Eng. Sci. 2001, 56, 5539—5544.

Kim, J. M.; Stephanou, P. S.; Edwards, B. J.; Khomami, B. A mean-
field anisotropic diffusion model for unentangled polymeric
liquids and semi-dilute solutions: model development and
comparison with experimental and simulation data. J. Non-
Newtonian Fluid Mech. 2011, 166, 593—606.

Song, S. J; Kim, J. M.; Ahn, K. H,; Lee, S. J;; Yeo, J. K. Orientation
and deformation of fene dumbbells in confined microchannel
and contraction flow geometry. Korea-Australia Rheol. J. 2007, 19,
147-156.

Nafar Sefiddashti, M. H.; Edwards, B. J.; Khomami, B. Individual

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

Yu, W. J. etal./ Chinese J. Polym. Sci. 2021, 39, 1680-1694

molecular dynamics of an entangled polyethylene melt
undergoing steady shear flow: steady-state and transient
dynamics. Polymers 2019, 11, 476.

Ferras, L. L; Morgado, M. L.; Rebelo, M.; McKinley, G. H.; Afonso, A.
M. A Generalised Phan-Thien-Tanner model. J. Non-Newtonian
Fluid Mech. 2019, 269, 88—99.

Mcllroy, C,; Olmsted, P. Disentanglement effects on welding
behaviour of polymer melts during the fused-filament-
fabrication method for additive manufacturing. Polymer 2017,
123,376-391.

Robertson, B.; Thompson, R. L, McLeish, T. C; Robinson, I.
Theoretical prediction and experimental measurement of
isothermal extrudate swell of monodisperse and bidisperse
polystyrenes. J. Rheol. 2017, 61, 931-945.

Boudara, V. A.; Peterson, J. D.; Leal, L. G.; Read, D. J. Nonlinear
rheology of polydisperse blends of entangled linear polymers:
rolie-double-poly models. J. Rheol. 2019, 63, 71-91.

Park, J.; Mead, D. W.; Denn, M. M. Stochastic simulation of
entangled polymeric liquids in fast flows: microstructure
modification. J. Rheol. 2012, 56, 1057—1081.

Mead, D. W.; Banerjee, N.; Park, J. A constitutive model for
entangled polymers incorporating binary entanglement pair
dynamics and a configuration dependent friction coefficient. J.
Rheol. 2015, 59, 335-363.

Darabi, E.; Itskov, M. A generalized tube model of rubber
elasticity. Soft Matter 2020, 17, 1675—1684.

Nafar Sefiddashti, M. H.; Edwards, B. J.; Khomami, B. Elucidating
the molecular rheology of entangled polymeric fluids via
comparison of atomistic simulations and model predictions.
Macromolecules 2019, 52, 8124—-8143.

Zheng, H.; Yu, W.; Zhou, C. Numerical simulation of morphology
of polymer chain coils in complex flows. Chinese J. Polym. Sci.
2005, 23, 453—-462.

Leonov, A. I. Analysis of simple constitutive equations for
viscoelastic liquids. J. Non-Newtonian Fluid Mech. 1992, 42,
323-350.

Li, Q; Yuan, J; Jiang, T.; Wu, C. Macroscopic and mesoscopic
numerical model of melt filling process in complex mold cavity.
Int. J. Heat Mass Tran. 2020, 148, 118984.

Baig, C.; Edwards, B. J.; Keffer, D. J. A molecular dynamics study of
the stress-optical behavior of a linear short-chain polyethylene
melt under shear. Rheol. Acta 2007, 46, 1171-1186.

Yu, W, Shen, G,; Zhang, Y., Li, D; Zhou, H. Molecular
configuration evolution model and simulation for polymer melts
using a non-equilibrium irreversible thermodynamics method.
Appl. Math. Model. 2021, 89, 1357-1372.

Costanzo, S.; Huang, Q.; lanniruberto, G.; Marrucci, G.; Hassager,
O.; Vlassopoulos, D. Shear and extensional rheology of
polystyrene melts and solutions with the same number of
entanglements. Macromolecules 2016, 49, 3925-3935.

Shen, G,; Zhang, Y.; Wang, Y.; Yu, W,; Huang, Z; Li, M;; Zhang, Y.;
Zhou, H. In situ dielectric characterization of dynamic orientation
for polymer molecular chains. Sensor Actuat. B: Chem. 2020, 313,
128024.

https://doi.org/10.1007/510118-021-2606-z


http://dx.doi.org/10.1146/annurev-fluid-010814-014612
http://dx.doi.org/10.1039/C8TC04947E
http://dx.doi.org/10.1016/j.polymer.2017.07.006
http://dx.doi.org/10.1021/acs.accounts.6b00347
http://dx.doi.org/10.1021/acs.accounts.6b00347
http://dx.doi.org/10.1038/nphoton.2015.84
http://dx.doi.org/10.1016/j.jnnfm.2005.05.011
http://dx.doi.org/10.1016/j.jnnfm.2005.05.011
http://dx.doi.org/10.1038/21148
http://dx.doi.org/10.1016/j.compfluid.2003.02.002
http://dx.doi.org/10.1016/S0377-0257(96)01498-X
http://dx.doi.org/10.1016/j.amc.2012.01.067
http://dx.doi.org/10.1016/0377-0257(96)01413-9
http://dx.doi.org/10.1016/0377-0257(96)01413-9
http://dx.doi.org/10.1016/S0009-2509(01)00158-0
http://dx.doi.org/10.1016/S0009-2509(01)00158-0
http://dx.doi.org/10.1016/j.jnnfm.2010.12.011
http://dx.doi.org/10.1016/j.jnnfm.2010.12.011
http://dx.doi.org/10.3390/polym11030476
http://dx.doi.org/10.1016/j.jnnfm.2019.06.001
http://dx.doi.org/10.1016/j.jnnfm.2019.06.001
http://dx.doi.org/10.1016/j.polymer.2017.06.051
http://dx.doi.org/10.1122/1.4995603
http://dx.doi.org/10.1122/1.5052320
http://dx.doi.org/10.1122/1.4720086
http://dx.doi.org/10.1122/1.4905921
http://dx.doi.org/10.1122/1.4905921
http://dx.doi.org/10.1021/acs.macromol.9b01099
http://dx.doi.org/10.1142/S0256767905000643
http://dx.doi.org/10.1016/0377-0257(92)87017-6
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2019.118984
http://dx.doi.org/10.1007/s00397-007-0199-2
http://dx.doi.org/10.1016/j.apm.2020.07.017
http://dx.doi.org/10.1021/acs.macromol.6b00409
http://dx.doi.org/10.1016/j.snb.2020.128024
http://dx.doi.org/10.1146/annurev-fluid-010814-014612
http://dx.doi.org/10.1039/C8TC04947E
http://dx.doi.org/10.1016/j.polymer.2017.07.006
http://dx.doi.org/10.1021/acs.accounts.6b00347
http://dx.doi.org/10.1021/acs.accounts.6b00347
http://dx.doi.org/10.1038/nphoton.2015.84
http://dx.doi.org/10.1016/j.jnnfm.2005.05.011
http://dx.doi.org/10.1016/j.jnnfm.2005.05.011
http://dx.doi.org/10.1038/21148
http://dx.doi.org/10.1016/j.compfluid.2003.02.002
http://dx.doi.org/10.1016/S0377-0257(96)01498-X
http://dx.doi.org/10.1016/j.amc.2012.01.067
http://dx.doi.org/10.1016/0377-0257(96)01413-9
http://dx.doi.org/10.1016/0377-0257(96)01413-9
http://dx.doi.org/10.1016/S0009-2509(01)00158-0
http://dx.doi.org/10.1016/S0009-2509(01)00158-0
http://dx.doi.org/10.1016/j.jnnfm.2010.12.011
http://dx.doi.org/10.1016/j.jnnfm.2010.12.011
http://dx.doi.org/10.3390/polym11030476
http://dx.doi.org/10.1016/j.jnnfm.2019.06.001
http://dx.doi.org/10.1016/j.jnnfm.2019.06.001
http://dx.doi.org/10.1016/j.polymer.2017.06.051
http://dx.doi.org/10.1122/1.4995603
http://dx.doi.org/10.1122/1.5052320
http://dx.doi.org/10.1122/1.4720086
http://dx.doi.org/10.1122/1.4905921
http://dx.doi.org/10.1122/1.4905921
http://dx.doi.org/10.1021/acs.macromol.9b01099
http://dx.doi.org/10.1142/S0256767905000643
http://dx.doi.org/10.1016/0377-0257(92)87017-6
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2019.118984
http://dx.doi.org/10.1007/s00397-007-0199-2
http://dx.doi.org/10.1016/j.apm.2020.07.017
http://dx.doi.org/10.1021/acs.macromol.6b00409
http://dx.doi.org/10.1016/j.snb.2020.128024
http://dx.doi.org/10.1146/annurev-fluid-010814-014612
http://dx.doi.org/10.1039/C8TC04947E
http://dx.doi.org/10.1016/j.polymer.2017.07.006
http://dx.doi.org/10.1021/acs.accounts.6b00347
http://dx.doi.org/10.1021/acs.accounts.6b00347
http://dx.doi.org/10.1038/nphoton.2015.84
http://dx.doi.org/10.1016/j.jnnfm.2005.05.011
http://dx.doi.org/10.1016/j.jnnfm.2005.05.011
http://dx.doi.org/10.1038/21148
http://dx.doi.org/10.1016/j.compfluid.2003.02.002
http://dx.doi.org/10.1016/S0377-0257(96)01498-X
http://dx.doi.org/10.1016/j.amc.2012.01.067
http://dx.doi.org/10.1016/0377-0257(96)01413-9
http://dx.doi.org/10.1016/0377-0257(96)01413-9
http://dx.doi.org/10.1016/S0009-2509(01)00158-0
http://dx.doi.org/10.1016/S0009-2509(01)00158-0
http://dx.doi.org/10.1016/j.jnnfm.2010.12.011
http://dx.doi.org/10.1016/j.jnnfm.2010.12.011
http://dx.doi.org/10.1146/annurev-fluid-010814-014612
http://dx.doi.org/10.1039/C8TC04947E
http://dx.doi.org/10.1016/j.polymer.2017.07.006
http://dx.doi.org/10.1021/acs.accounts.6b00347
http://dx.doi.org/10.1021/acs.accounts.6b00347
http://dx.doi.org/10.1038/nphoton.2015.84
http://dx.doi.org/10.1016/j.jnnfm.2005.05.011
http://dx.doi.org/10.1016/j.jnnfm.2005.05.011
http://dx.doi.org/10.1038/21148
http://dx.doi.org/10.1016/j.compfluid.2003.02.002
http://dx.doi.org/10.1016/S0377-0257(96)01498-X
http://dx.doi.org/10.1016/j.amc.2012.01.067
http://dx.doi.org/10.1016/0377-0257(96)01413-9
http://dx.doi.org/10.1016/0377-0257(96)01413-9
http://dx.doi.org/10.1016/S0009-2509(01)00158-0
http://dx.doi.org/10.1016/S0009-2509(01)00158-0
http://dx.doi.org/10.1016/j.jnnfm.2010.12.011
http://dx.doi.org/10.1016/j.jnnfm.2010.12.011
http://dx.doi.org/10.3390/polym11030476
http://dx.doi.org/10.1016/j.jnnfm.2019.06.001
http://dx.doi.org/10.1016/j.jnnfm.2019.06.001
http://dx.doi.org/10.1016/j.polymer.2017.06.051
http://dx.doi.org/10.1122/1.4995603
http://dx.doi.org/10.1122/1.5052320
http://dx.doi.org/10.1122/1.4720086
http://dx.doi.org/10.1122/1.4905921
http://dx.doi.org/10.1122/1.4905921
http://dx.doi.org/10.1021/acs.macromol.9b01099
http://dx.doi.org/10.1142/S0256767905000643
http://dx.doi.org/10.1016/0377-0257(92)87017-6
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2019.118984
http://dx.doi.org/10.1007/s00397-007-0199-2
http://dx.doi.org/10.1016/j.apm.2020.07.017
http://dx.doi.org/10.1021/acs.macromol.6b00409
http://dx.doi.org/10.1016/j.snb.2020.128024
http://dx.doi.org/10.3390/polym11030476
http://dx.doi.org/10.1016/j.jnnfm.2019.06.001
http://dx.doi.org/10.1016/j.jnnfm.2019.06.001
http://dx.doi.org/10.1016/j.polymer.2017.06.051
http://dx.doi.org/10.1122/1.4995603
http://dx.doi.org/10.1122/1.5052320
http://dx.doi.org/10.1122/1.4720086
http://dx.doi.org/10.1122/1.4905921
http://dx.doi.org/10.1122/1.4905921
http://dx.doi.org/10.1021/acs.macromol.9b01099
http://dx.doi.org/10.1142/S0256767905000643
http://dx.doi.org/10.1016/0377-0257(92)87017-6
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2019.118984
http://dx.doi.org/10.1007/s00397-007-0199-2
http://dx.doi.org/10.1016/j.apm.2020.07.017
http://dx.doi.org/10.1021/acs.macromol.6b00409
http://dx.doi.org/10.1016/j.snb.2020.128024
https://doi.org/10.1007/s10118-021-2606-z

