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Abstract

Additive alignment in polymer composites can enhance the physical properties of the constitutive material. Researchers have attempted to
understand and predict the additive orientation during the fabrication process, such as injection molding. In this study, the rotation of carbon
fibers embedded in uncured polydimethylsiloxane flowing in an orifice channel is analyzed via a flow visualization experiment and image
processing of obtained images. The angular velocity of additives is correlated with the shear rates in the flow field calculated from the compu-
tational fluid dynamics simulation with the assumption of a single-phase and a non-Newtonian flow. The effective shear rate is found to have
a larger effect on the rotation of fiber compared with the aspect ratio of the fiber and the initial alignment angle to the flow direction. A corre-
lation between the effective shear rate and angular velocity of the fibers is developed and verified experimentally. This correlation can be
used to predict the fiber rotation during polymer composite fabrication within an orifice channel and hence provide useful information regard-
ing the anisotropic physical properties of the final product. © 2021 The Society of Rheology. https://doi.org/10.1122/8.0000314

I. INTRODUCTION

Additive alignment in a viscous fluid during the injection
molding of composite materials is an essential topic in mate-
rial science and engineering. This is because the physical
properties of polymer composites are significantly affected
by the additive fiber alignment inside the mold channels
during the fabrication process [1–4]. Additionally, additive
alignment along the direction of the molten polymer flow
results in the final product having anisotropic physical
properties. Over the last century, Jeffery [5] proposed a com-
prehensive theoretical model to describe the motion of an
ellipsoidal particle immersed in a viscous fluid under a
simple shear flow. Some works were performed to analyze
and verify Jeffery’s model through experimental and theoreti-
cal studies [6,7]. In addition, researchers have developed
sophisticated models to describe the alignment and orienta-
tion of fiber-type additives in suspension. Theories and
models that describe additive rheology in probability distri-
bution functions and orientation tensor components have
been reported [8–11]. These models were utilized in compu-
tational fluid dynamics (CFD) simulations to predict the
effective alignment of fibers during the fabrication of
polymer composites [12–17].

The configuration of the mold channel is one of the major
parameters that affect the orientation of fibers during the manu-
facturing process of polymer composites. Studies have been
conducted to experimentally analyze additive alignments in
various shaped channels, such as a parallel plate channel, an

abrupt contraction channel [18], and a channel containing a
cylindrical block [19]. To observe fiber alignment in a mold
channel flow, an image processing method was developed to
track a rapid angle change of fibers flowing with a liquid
polymer base [20]. The proposed technique was applied to
compute the angle, length, and location of fibers passing
through an orifice channel that resembled the gate of an injec-
tion mold. The results from the flow visualization of additives
were compared with the velocity flow field from CFD calcula-
tions to facilitate the understanding of the rheology of additives
[21–23]. Trebbin et al. [24] investigated the perpendicular
alignment of fiber-type additives passing through a conver-
gence and divergence channel. A flow visualization experiment
was performed by using x-ray scattering technique to quantita-
tively measure the alignment angles of the additives inside the
channel. The alignment angles were mapped with the different
components of flow shear rates calculated via CFD simulation
with the assumption of a single-phase and a non-Newtonian
fluid flow. The ratio of the extension rate (a perpendicular gra-
dient component of a perpendicular directional velocity to the
flow direction) to the shear rate (a parallel gradient component
of a parallel directional velocity to the flow direction) was cal-
culated to describe the fiber orientation in the microchannels
with Newtonian and non-Newtonian fluids. They discovered
that a ratio exceeding 0.14 represented a perpendicular align-
ment of fibers inside a divergence channel. However, in their
study, the ratio value can be used to only assess whether an
overall perpendicular or parallel alignment was present inside
the channel and the quantitative analysis of the alignment
angle was not possible by using such a ratio.

Such observation and analysis of individual fibers flowing
inside a flow channel are considered to be very important in
understanding the rheology of additives. Data of additive
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angle, rotation, and movement can be correlated with the
location in the channel, channel configuration, velocity field,
shear rates, etc., to constitute a general correlation of additive
alignment inside a mold. This approach may be considered
as a “bottom-up” approach in comparison to the “top-down”
approach of conventional theories and models [25–30] where
the governing equation of the flow and additive orientation
need to be solved to calculate the additive alignment angle.
To predict the orientation angle of the fiber inside a mold
channel, shear and extension rates of the flow field need to
be correlated to the rotation of the fiber. Just like in
Jefferey’s equation, the rotational velocity of an ellipsoid is a
function of the aspect ratio of fiber, initial angle, and shear
rate [5]. The orientation angle of fibers can be calculated
after the integration of calculated rotational velocity along the
fiber movement trajectory.

In this article, to develop a more detailed and simpler
index that can quantitatively describe the rotation of fiber in
a mold channel, the flow visualization of milled-carbon fiber
and uncured polydimethylsiloxane (PDMS) mixture was per-
formed. The movement and rotation of fibers inside an
orifice channel that mimic the gate of an injection mold
channel were analyzed. Changes in the location, velocity,
angle, and angular velocity of fiber were calculated from
image processing of sequential images obtained from flow
visualization. A separate CFD calculation of an identical con-
figuration of the orifice channel was performed to calculate
the shear and extension rates exerted on the fiber. Moreover,
a correlation of the angular velocity as a function of the shear
and extension rates was developed and validated by compar-
ing it to the experiment data. We believe the obtained corre-
lation is more simple, straightforward and requires less
computational power to calculate the alignment angle of
additives in an orifice channel compared to conventional
models and methods. Additionally, the approach should
enhance our understanding of additive alignment during the

molding process and can be used to validate and enhance the
accuracy of conventional models.

II. MODELING AND NUMERICAL SIMULATION

The movement behavior of a fiber flowing in a flow field
is affected by many factors. The most significant factor is the
shear stress exerted on the additive due to the surrounding
flow field. The movement and rotation of a fiber can be
determined if all the shear stresses on the fiber were to be
identified and summed. In this study, a diluted fiber suspen-
sion where fiber–fiber and fiber–wall interactions are negligi-
ble was considered. The movement and rotation of a fiber
were assumed to be induced by the flow only. The behavior
of the fiber inside a flow is shown in Fig. 1. The angle (θ) of
the fiber with respect to the direction of the flow was
assumed to change from θ1 to θ2. The angle of a fiber is
defined in a counter-clockwise direction based on the 3
o0clock direction. The shear stresses on a fiber can be catego-
rized into gradients of x- and y-velocity components corre-
sponding to u and v, respectively. As shown in Fig. 1, the
components of the shear rate _γ(@u/@y) and extension rate
_ε(@v/@y) can be described by the deformation of a fluid lump
exerted in a shear flow.

According to Jeffery [5], the motion of an ellipsoidal par-
ticle immersed in a simple shear flow can be expressed as the
following equation:

θ
†¼ χ

†

AR2 þ 1
(AR2sin2 θ þ cos2 θ), (1)

where _χ, θ, and _θ are the effective shear rate, particle angle,
and angular velocity, respectively. AR is the aspect ratio of
the particle, defined as the length-to-diameter ratio. An effec-
tive shear rate can be defined as the following function
of the shear and extension rates if the flow can be assumed

FIG. 1. Deformation and angle change of a flow lump and a fiber in the fluid flow.
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as two-dimensional (2D) [31]:

χ
† ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2
@u

@y
� @v

@y

����
����

s
: (2)

Based on Eq. (1), the angular velocity of an ellipsoid is a
linear function of the effective shear rate and also a function
of the initial angle with respect to the flow direction. The
maximum and minimum angular velocities can be predicted
at the initial angles of 90° or −90° and 0°, respectively.

An orifice channel, which resembles the gate channel of
an injection mold, comprises a narrow channel connected to
a sudden expansion channel, as shown in Fig. 2. To apply
Jeffrey’s model to a fiber passing a gate and traveling inside
an injection mold, we can consider a trajectory of a fiber, as
shown in Fig. 2. The fiber moved from position 1 with angle
θ1 to position 2 with angle θ2. A local coordinate of the hori-
zontal axis on the fiber trajectory can be defined to calculate
the fiber angle with respect to the flow direction. The align-
ment angle of the fiber with respect to the flow direction can
be defined as θ* as in the following equation:

θ*¼θ þ f, (3)

where f is defined as the angle between the fiber trajectory
and x axis and �θ is the average angle of θ1 and θ2. When
comparing the trajectory and rotation of a fiber obtained from
a flow visualization experiment to the theoretical calculation
of Jefferey’s model, θ* must be calculated and used as an
input value in Eq. (1). Then Eq. (1) becomes as follows:

θ*
†
¼ χ

†

AR2 þ 1
(AR2sin2θ*þcos2θ*): (4)

On the other hand, an angular velocity can be calculated
from two consecutive images from a flow visualization
experiment where alignment angles of a fiber with respective
to the flow direction are θ*1 and θ*2, and the time interval

between the images is Δt as follows:

θ*
†
¼ θ*2-θ

*
1

Δt
: (5)

Information regarding the fiber trajectory can be obtained
from the flow visualization experiment. Sequential images of
fibers traveling in an orifice channel can be image processed
to extract the location, angle, and directional vector.
However, the shear and extension rates of the flow must be
calculated using a separate CFD simulation. The velocity
field inside the orifice was calculated by modeling the identi-
cal channel configuration used in the flow visualization
setup. The shear and extension rates from the CFD simula-
tion were mapped to the fiber trajectory from image process-
ing and subsequently used to calculate the theoretical angular
velocity using Eq. (4).

A schematic illustration of the 2D model developed for the
calculation of the shear and extension rates is shown in Fig. 3.
It is identical to the cross section of the orifice channel used in
the flow visualization experiment. The thicknesses of the
narrow and expansion channels were 0.2 and 2mm, respec-
tively. The lengths of the narrow and expansion channels were
0.5 and 2mm, respectively. An inlet velocity of 7.46 mm/s was
applied to the left side of the narrow channel and the right side
of the expansion channel was set as the pressure outlet boun-
dary condition. The resulting Reynolds number (Re) in the
expansion channel is set as 10−3. The remaining walls were
subjected to the no-slip boundary condition.

CFD calculations in the laminar flow regime were per-
formed using ANSYS Fluent [32] based on finite-volume
discretization. Double precision was utilized in this simu-
lation to enhance the accuracy of the results. A second-
order upwind scheme was selected for the discretization of
the nonlinear mass and momentum equations to achieve a
higher accuracy. The SIMPLE algorithm was adopted to
couple the pressure and velocity. A convergence criterion
of 10−6 was set for the continuity and momentum equa-
tions. A numerical simulation was performed to solve the
following equations: [32]

FIG. 3. Calculation domain of the mold channel for CFD simulation.
FIG. 2. Movement and rotation of a fiber along its trajectory inside the
mold channel.
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Continuity equation:

∇:(ρ u!) ¼ 0: (6)

Momentum equation:

ρ( u!:∇) u!¼ -∇pþ η∇:(∇ u!þ ∇ u!T
), (7)

where ρ, u, p, and η denote the density, velocity, pressure,
and viscosity of the flow, respectively.

Uncured PDMS with a density of 1070 kg/m3 was used as
the working fluid. Because the viscosity and shear rate rela-
tionship of uncured PDMS exhibits a non-Newtonian behav-
ior, the Carreau model was used to calculate the shear
rate-dependent viscosity based on the following equation:

η ¼ η1 þ (η0-η1) 1þ λ γ
†� �2

� �n-1
2

, (8)

where n, η∞, η0, and λ are the power-law index, infinite
shear viscosity, zero shear viscosity, and time constant,
respectively. The viscosity values of the PDMS and carbon
mixture were obtained from a rotational rheometer at shear
rates ranging from 0.1 to 2000 s−1. Details regarding the
measurements of the viscosity and shear rate are available in
our previous paper [33].

A grid independence test was conducted using three dif-
ferent numbers of elements: 41 067, 256 240, and 456 060.
The velocity profiles along the y-direction at x = 0.1 mm were
compared among the three different element sizes. The devia-
tion between cases involving the lowest and highest number
of elements and intermediate and the highest number of ele-
ments were 6.433% and 0.105%, respectively. Therefore, the

calculation result of the model with 456 060 elements was
used to analyze the shear and extension rates.

III. EXPERIMENT APPARATUS

The experimental setup was identical to that used in our
previous study [33]; the details are presented in Fig. 4. The
experimental setup included three primary components: a
high-speed camera, a mold channel, and a syringe pump, as
shown in Fig. 4(a). The mold channel was fabricated using
two Al blocks combined with two transparent acrylic
windows, as shown in Fig. 4(b). The cross section of the
mold channel was identical to that of the CFD model shown
in Fig. 3. The width of the Al block was 20 mm. The front
and back sides of the mold channel were shielded with two
transparent acrylic plates as sealing and visualization
windows. A plate-type LED lighting with a maximum power
of 11W was used to ensure sufficient brightness in the
recorded images. A high-speed camera attached to a micro-
scope with an objective lens of 2× magnification was used to
capture consecutive images at a speed of 600 frames per
second (fps). The fps of images analyzed for the fiber move-
ment and rotation was reduced to 60 fps to save time and
computational power. The resolution of the images was
1280 × 1024 pixels. The focal plane was adjusted to a dis-
tance of 1 mm from the transparent window.

A mixture of PDMS (Sylgard 184, Dow Corning Co., at a
base to curing agent ratio of 10:1) and ball-milled carbon
fiber (MFC, DowAksa Co) was used as the working fluid.
The average length and diameter of the carbon fiber were 63
and 7 μm, respectively. The density of PDMS and carbon
fiber are 965 and 1780 kg/m3, respectively. No sedimentation
of carbon fibers in the PDMS medium was observed during
the experiment. The volume fraction of the carbon fiber in
the suspension was fixed to 0.058%, and it was significantly

FIG. 4. Experiment apparatus for flow visualization. (a) Overall view of the experimental setup, (b) the mold channel, and (c) the image of PDMS and carbon
fiber mixture inside the orifice channel.
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smaller than 1/AR2 = 0.01235, which represents a boundary
value for the classification of dilute and semidilute suspen-
sions [12]. Additionally, the product of the number density
of the carbon fiber with the fiber average length was calcu-
lated to be 0.058, which also indicated a dilute suspension
[34]. Therefore, interactions between fibers and the fiber-wall
were neglected. Air bubbles capped inside the mixture were
degassed at a vacuum pressure of ∼50 Pa for 20 min.
Subsequently, the PDMS and carbon fiber mixture were
stored inside a 50 ml syringe and placed on a syringe pump
(KDS410, KD Scientific). The pumping speed was fixed
based on the Re number (10−3) inside the expansion channel.

The location, alignment angle, and length of fibers in the
flow visualization images were obtained via image process-
ing. First, the brightness and contrast of the images captured
by the high-speed camera were adjusted to distinguish the
fibers on the focal plane. The brightness of the unfocused
fibers and the background were controlled to similar values,
whereas the pixels that compose the focused fibers were rec-
ognized. Subsequently, the pixels on the image were scanned
to trace the pixels of the fibers along with the connecting
structure of the fiber to calculate the end locations. The end
locations of the fibers were used to calculate the center loca-
tion, length, and alignment angle. After all the fibers in the
image were scanned and analyzed, consecutive flow visual-
ization images were processed. The fiber was manually mon-
itored in the consecutive images, and the location and angle
change of the fiber were analyzed as shown in Fig. 5. More
details regarding the image processing method are available
in the literature [20].

As shown in Fig. 5, a fiber (inside the dotted circle) was
selected and monitored after it exited from the narrow
channel. The time of t = 0 s is defined as the start of the sam-
pling time. At 0.2 s, the fiber has traveled 0.45 mm and an
angle change of 50° can be noticed. Information regarding
the fiber velocity, alignment angle, trajectory path, etc., was
further analyzed from the recorded coordination of the fiber.
Approximately 20 fibers were analyzed per flow visualization
image. To understand the rotation and movement of a fiber,
the shear and extension rates along the fiber trajectory were

calculated from CFD simulation. The comparison between
the experiment and CFD results are presented in Sec. IV.

IV. RESULT AND DISCUSSION

Because the CFD modeling and boundary conditions were
set based on the experimental conditions of the flow visual-
ization, we can correlate the shear and extension rates to the
rotation of a fiber inside the mold channel. The shear and
extension rates calculated via CFD simulation are shown in
Fig. 6. The shear rates shown in Fig. 6(a) exhibited symmet-
rical values with opposite signs at the narrow and expansion
channels in the direction of the channel thickness. This is
because the coordinate axis was located at the center of the
outlet of the narrow channel (shown in Fig. 3). Therefore, the
shear rate distribution (∂u/∂y) has negative and positive
values at the top half and bottom half regions of the channel,
respectively. In the expansion channel, the absolute value of
the shear rate decreased rapidly to less than 1/10 of the value
inside the narrow channel. This is because the flow cross
section increased by 10 times compared with those of the
narrow channels. At the exit of the narrow channel, the flow
velocity decreased to ∼1/10, and the flow directions spread
radially to the top, center, and bottom of the expansion
channel. Owing to this spreading, the extension rate changed
abruptly at the exit of the narrow channel and at the entry of
the expansion channel, as shown in Fig. 6(b).

Based on the positions of fibers from the experimental
result, the shear and extension rates along the fiber trajecto-
ries were obtained from the CFD calculation. To validate the
results obtained using the image processing, 70 fibers were
illustrated as arbitrary lines with known locations, lengths,
and angles. Subsequently, the location, length, and angles
yielded by the image processing were compared with the
actual values. A maximum error of ∼3° was observed for the
fiber angles obtained from the image processing procedure.
To consider the motion of the fibers along its path, five rep-
resentative fibers traveling in different regions of the mold
channel were monitored as shown in Fig. 7. These fibers
were selected to represent the top, middle, and bottom

FIG. 5. Five consecutive flow visualization images showing a fiber (in dotted circle) traveling along the mold channel.

FIBER ROTATION IN AN ORIFICE CHANNEL 1365



regions inside the expansion channel. The movement and
rotation of each fiber were reconstructed, as shown in
Fig. 7(a). The time interval between consecutive movements
were set as an arbitrary value since the velocities of fibers
were different.

Fibers 1 and 2 ascended to the top of the channel, fiber 3
propagated at the center of the channel, and fibers 4 and 5
descended from the channel. The fibers that passed out of the
corners of the orifice walls indicated angle changes that were
more significant than those passed at the center region.
Owing to the flow velocity gradient in the y-direction, the
fibers passed through the top and bottom corners of the
outlet of the narrow channel in counter-clockwise and clock-
wise movements, respectively. In contrast, the fiber that

traveled at the center region of the channel indicated slight
angle changes, and those fibers propagated perpendicular to
the fluid flow downstream within the channel. A numerical
simulation was performed to obtain the shear and extension
rates for every fiber, as shown in Fig. 7(b). By monitoring
the fiber positions, the fiber locations were identified, and
then the shear and extension rates were specified at those
positions. The shear rate was found to be much larger than
the extension rate. The magnitude of the shear and extension
rates changed significantly from position x = 0 to 0.2 mm.
Subsequently, both the shear and extension rates remained
almost unchanged from x = 0.2 to 0.5 mm. Based on the
reconstructed fiber, it was discovered that the movement of
fibers 1 and 5 from the corners of orifice to location

FIG. 6. CFD calculation results of (a) the shear rate and (b) the extension rate in the mold channel (Re = 0.001).

FIG. 7. Carbon fiber monitoring in the orifice channel (Re = 0.001). (a) Movement and rotation of five representative fibers from the flow visualization experi-
ment; (b) shear and extension rates on five fibers.
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x∼ 0.2 mm yielded the highest shear rate compared with
other fibers. This phenomenon was consistent with the
expectation that the effect of shear rate induces a rapid
change in the fiber angle near the orifice corners and a slow
change in angle downstream of the channel.

To check the dependency of the flow visualization
results with different frame rates, velocity, angular veloc-
ity, and shear and extension rates of fiber 2 were calculated
in 30, 60, and 150 fps and presented in Fig. 8. The veloc-
ities, angular velocity, and shear and extension rates along
the fiber trajectory are shown in Figs. 8(a)–8(c), and a
good agreement between different frame rate results can be
noticed. Although the uncertainties in approximation error
of linearization and error in coordinate location resulted in
the scattering of the velocity and angular velocity results
in the vicinity of the narrow channel outlet was observed,
no sign of dependence on the frame rates was found. To
ensure accurate and efficient image processing of flow vis-
ualization images, a frame rate of 60 fps was selected in
the present study.

The results of the present study were compared with
Jeffery’s theory [5]. The angular velocity of carbon fibers as
a function of the fiber angle and the effective shear rate is
shown in Fig. 9. When comparing the effective shear rate of
a fiber, the x and y coordinates of the fiber are calculated
from a flow visualization image. Then the shear and exten-
sion rates of the corresponding coordinate are mapped from
the CFD result and assigned to each fiber along the move-
ment trajectories. Since there is a limited number of fibers
from the experiments, the angular velocity values in the
experimental data shown in Fig. 9(a) were selected to have a
deviation of ±10% of the effective shear rate. For example,
data of fibers at the effective shear rate of 5 s−1 are chosen
from the fibers that show effective shear rate ranging from
4.5 to 5.5 s−1. A similar deviation of ±10% of angle was
applied to when classifying angular velocity of fibers at
various angles as shown in Fig. 9(b).

According to Jeffery’s theory, as illustrated in Fig. 9(a),
the maximum angular velocity was recorded at angles of
−90° and 90°, whereas the minimum value was recorded at
0°. In addition, the angular velocity increased as the effective
shear rate increased from 5 to 20 s−1. However, effect of AR
to the angular velocity can be neglected; for example, com-
paring difference in angular velocity when AR is changed

from 6 to 12 shows only 2.02% deviation. The experimental
angular velocities show a somewhat constant value depend-
ing on the effective shear rate, unlike Jeffery’s equation. The
negligible difference in experimental angular velocity can be
noticed with changes in the fiber angle and AR.

The difference between the experimental result and
Jefferey’s theory can be attributed to the abrupt change of
velocity field at the vicinity of the outlet of the narrow
channel. At the outlet of the narrow channel, a sudden
decrease in u and rapid rise and fall of v can be inferred from
the distribution of the shear and extension rates as shown in
Fig. 6. The length scale of these sudden change of velocity
components is less than 100 μm and is comparable to the
length of a fiber. Although the changes in the flow direction
were accounted in Eqs. (2) and (3) for the calculation of the
fiber angle and the effective shear rate, the overall shear rate
on a fiber needs to be integrated along the fiber length in
such a complex flow field. Instead, we indicated the shear
and extension rates of the center location of fiber to represent
the overall effective shear rate on the fiber. This assumption
may result in the difference between the experimental results
and Jeffery’s theory. However, it is not clear why the angular
velocity obtained by the experiment shows negligible devia-
tion with the change in the fiber angle. It will be further
researched by the detailed analysis on the distribution of
shear and extension rates along with the fiber from a larger
number of sampling fibers in the future study.

The angular velocity increased with both the shear and
extension rates. It is noteworthy that the high shear and
extension rates were observed at the outlet of the narrow
channel, whereas low values were observed along the down-
stream of the expansion channel. In the present study, the
magnitudes of the shear and extension rates at the outlet of
the narrow channel were approximately 130 and 45 s−1,
respectively. Subsequently, they decreased along the down-
stream flow direction, implying that the effects of shear and
extension rates at that position did not induce the rotation of
the additive; therefore, the carbon fibers exhibited only trans-
lational motion. As shown in Figs. 9(a) and 9(b), the angular
velocity of the experimental data is observed to depend only
on the effective shear rate. Therefore, the angular velocity
was expressed as a function of the shear and extension rates
based on the studies of Tu and Phu [35,36]. An expression
for the angular velocity of the carbon fiber as a function of

FIG. 8. Flow visualization result of fiber 2 in different frame rates of 30, 60, and 150 fps showing (a) u and v; (b) angular velocity; and (c) shear and extension
rates.
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the shear and extension rates was established as follows:

θ
†
¼51:17�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2
@u

@y
� @v

@y

����
����

s
: (9)

The predicted correlation function was compared with the
experimental data that are plotted and shown in Fig. 10.

To observe the agreement between the correlation function
and the experimental data, the multiplanes of the shear and
extension rates are shown in Fig. 11. Because the experimen-
tal results of shear and extension rates did not match exactly
to denoted rates, data within a deviation of ±10% are

included to represent the experimental values in Fig. 11. The
angular velocity as a function of shear rate at three typical
planes with extension rates of 5, 10, and 15 s−1 is shown in
Fig. 11(a). The angular velocity of the carbon fibers
increased with the shear rate. The results indicated a good
agreement between the prediction and experimental data.
Similarly, the angular velocity as a function of the extension
rate at three typical planes with shear rates of 10, 30, and
50 s−1 is shown in Fig. 11(b). The angular velocity of the
carbon fibers increased with the extension rate. The results
indicate consistency between the prediction and experimental
data. The maximum error between the experimental data and
prediction results was 12%.

FIG. 9. Angular velocity as a function of (a) the fiber angle and (b) the effective shear rate between the present study and Jeffery’s theory.

FIG. 10. Correlation function of angular velocity as functions of shear and extension rates.
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The prediction and experimental data of angular velocities
inside the channel for five typical fibers along the flow direc-
tion are shown in Fig. 12. The results show that the high
angular velocity of the carbon fibers occurred at position
x∼ 0.05 mm for all five typical fibers. Subsequently, it
decreased rapidly along the flow from position x = 0.05 to
0.2 mm, followed by a gentle decrease from position x = 0.2
to 0.6 mm. Finally, from position x = 0.6 mm to the down-
ward stream, the angular velocity remained unchanged in the
channel, and the carbon fibers exhibited only translational
motion without rotation. Fibers 1 and 2 ascended to the top
of the channel, fiber 3 propagated at the center of the
channel, and fibers 4 and 5 descended from the channel.
Among the five typical fibers, the fibers traveling near to the

walls of the expansion channel showed highest angular
velocity compared to the fiber traveling in the center region.
This is because the high shear and extension rates at the
corners of the narrow channel outlet induced a high angular
velocity in the carbon fibers. Subsequently, the shear and
extension rates decreased along the downstream of the
channel, resulting in a decreased angular velocity in the
fiber. The highest deviation between the prediction and
experimental data was recorded at position x∼ 0.05 mm, i.e.,
16.67%. This may be because the fibers are located at posi-
tions that are far from the dominant region of the strong
extension rate as shown in Fig. 6(b). Additionally, at
x < 0.05 mm, changes in shear and extension rates were
abrupt and nonlinear to be fitted in a simple linear correla-
tion. Nevertheless, the prediction and experimental data of
angular velocities inside the orifice channel indicated good
agreement. For a better visualization, the angular velocity
contours along the orifice channel based on the prediction
and experiment are shown in Fig. 13.

The angular velocity contours obtained from the simula-
tion and experiment are shown in Fig. 13. The results from
the correlation function agreed well with the experimental
data. As shown from the simulation results, high angular
velocities of the carbon fiber were recorded in the upper and
lower corner regions of the outlet of the narrow channel. The
highest angular velocity appeared primarily at position
x = 0.05 mm with a magnitude of 1800 °/s. Subsequently, the
angular velocity reduced at position x = 0.2 mm to a magni-
tude of approximately 500 °/s. Finally, the angular velocity
remained constant along the downstream of the expansion
channel. This shows that the carbon fiber motion under a low
effective shear rate results in only a translational motion
without rotation.

By applying this correlation function, the angular velocity
within the expansion channel was specified. This approach
can be utilized in other parts of the mold channel to predict

FIG. 11. Angular velocity between the experiment and prediction. Multiplanes of (a) the extension rate and (b) the shear rate.

FIG. 12. Angular velocities of five typical fibers along the flow direction
obtained from simulation and the experiment.
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the angular velocity of the additive and resulting orientation
distribution for the analysis of the anisotropic physical prop-
erty of the final products. Further research is required to
expand the proposed method to be applied to account for
higher concentration and different types of additive, a wider
range of channel configuration, and various conditions in the
injection molding process. Nevertheless, we believe that the
proposed method is more simple and straightforward and
requires less computational power to calculate the alignment
angle of additives in comparison to conventional models and
methods. Additionally, our approach should enhance the
understanding of additive alignment during the molding
process and also be used to validate and enhance the accu-
racy of conventional models.

V. CONCLUSION

Experiments and numerical simulations were performed to
investigate the additive behavior inside a mixture of carbon
fibers and PDMS flowing in an orifice channel during the
injection molding of polymer composites. The numerical
simulation of the identical orifice channel was performed and
calculation result of the flow field was compared to the
experimental result. The fiber angle, extension rate, and shear
rate along the additive path in the channel were monitored to
analyze the angular velocity of the carbon fiber during injec-
tion molding. A functional relationships of angular velocity
in terms of the shear rate and the extension rate were estab-
lished, with a maximum error of 12% between the experi-
mental data and prediction results.

A correlation to predict the angular velocity of the
carbon fibers along the flow direction within the channel
was presented and validated using experimental data. The
prediction and experimental results of angular velocity
indicated good agreement in terms of the additive behavior
within the channel. The carbon fiber indicated high
angular velocities at the top and bottom corners of the
outlet of the narrow channel. Subsequently, the magni-
tudes decreased along the downward fluid flow inside the
channel. By applying the correlation function of the

angular velocity, the angular velocity within the channel
can be specified; consequently, the additive alignment in
an orifice channel during the injection molding of polymer
composites can be determined.
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NOMENCLATURE

AR Aspect ratio
n Power-law index
p Pressure (Pa)
Re Reynolds number
u Velocity (m/s)
x, y Cartesian coordinate system

Subscripts

2 Second position
1 First position
0 Zero
1 Infinity
_γ Shear rate (1/s)
_ε Extension rate (1/s)
η Viscosity (Pa s)
_θ Angular velocity (°/s)
_χ Effective shear rate (1/s)
ρ Density (kg/m3)
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