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Figure 10. Average effect on volume fraction in bottom section of rib.

The effect of fiber bridging can be seen in both the DFS results as well as physical experiments
as shown by Kuhn et al. [15] in Figure 11. Several fiber bundles that appear to be flowing around an
obstruction are seen, and on the right, the same behavior is observed during simulation. This implies
that the DFS is able to model fiber-fiber interaction effects that lead to FMS.

Figure 11. Examples of fiber bridging seen in real parts (left, circles) and in the direct fiber simulation
(DFS) (right).

To further investigate the influencing parameters on FMS in ribs, additional simulations are
conducted. Figure 12 displays the change of fiber content inside the rib sections with different initial
fiber lengths.
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Figure 12. Fiber volume fraction throughout rib for different fiber lengths. All simulations used a
center charge, random initial fiber orientation and a rib entrance radius of 7 mm.

It is observed that 5 and 10 mm fibers exhibit less deviations in fiber content than 20 and 40 mm.
With fibers which are shorter than, or approximately the same size as the rib entrance, significantly less
fiber bridging is observed. With 20 and 40 mm fibers, intensive fiber bridging occurs which is reflected
in the high fiber content at the base of the rib, and smaller fiber content in the upper two sections
of the rib. Simulations are conducted to further assess the effect of initial fiber orientation on fiber
volume content deviations inside the rib. Figure 13 shows that there is a dramatic difference as the
initial orientation moved from cross rib aligned to aligned in the direction of the rib. This agrees with
the hypothesis that bridging plays a large role in preventing fibers from entering the rib.

Figure 13. Fiber volume fraction throughout the rib for different initial fiber orientations. All simulations
used a center charge with 20 mm fibers and a rib entrance radius of 5 mm.

Fewer fibers are oriented across the rib, which leads to fewer fibers as candidates for bridging.
This reduces potential flow obstacles and allows more fibers to enter the rib. Further evidence is
observed in the change of volume fraction at the bottom of the rib, where there are more fibers in the
cross rib bundle. The same set of simulations was run at a slightly higher fiber volume fraction but,
this did not prove to be a sufficiently high volume fraction to change the filling behavior appreciably.
The effect of the radius of the rib entrance was also studied, and simulations using a rib that had no
radius at the bottom were run to compare against the 5 mm and 7 mm radii, as shown in Figure 14.
Adding a radius to the bottom of the rib improved the fiber volume fraction in the middle portion
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of the rib. Fibers had difficulties getting to the top of the rib regardless of the rib entrance, with no
significant difference seen amongst the three different geometries. The absence of a radius also led to a
higher volume fraction immediately below the rib entrance and a slightly higher volume fraction in
the bottom-most portion of the rib. This higher volume fraction shows that there are more fibers that
span the rib opening and become stuck in this area. With a smaller opening, a much wider range of
orientations can facilitate bridging.

Figure 14. Volume fraction throughout rib for different rib entrance radii. All simulations used a center
charge with 20 mm fibers and a random orientation.

Furthermore, the influence of polymer viscosity is investigated in Figure 15. With increasing
viscosity, the volume fraction increases from the plate to the rib, and then decreases. The highest level
of accumulation in the rib base is seen at the lowest viscosity level, where the hydrodynamic forces
are unable to overcome the jamming that occurs. This also leads to a lower level in the midsection,
with higher viscosities showing higher content here. Finally, in the top of the rib, none of the viscosity
levels show a high volume fraction.

Figure 15. Influence of polymer viscosity on fiber content distribution inside the rib.

5. Experimental Results Comparison

The results of the DFS were compared to fiber content values taken from micro-computed
tomography scans (μCT) of compression molded samples of the star rib geometries as shown in
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Figure 11 [15]. As shown in Figure 16, it was found that the DFS was able to capture the general trend
seen in molded parts. There is an initial increase in the fiber content from the plate to the base of the
rib, followed by a decrease in the upper portions of the rib. The DFS generally shows a more drastic
variation in fiber content than observed in the molded parts. For future comparisons, experimental
data with the applied ribbed mold is necessary.

Figure 16. Comparison between fiber volume content taken from molded parts [15], and predicted
values from the direct fiber simulation. Measured values are shown with dashed lines and simulation
results with solid.

6. Conclusions and Outlook

Using the mechanistic model for DFS, it was found that initial fiber orientation and fiber length
has the largest impact on the fiber volume fraction in ribs. Using simplified rib geometries, it was
shown that decreasing the radius at the bottom of the rib has a negative impact on fiber volume fraction.
Viscosity has not shown to play a large role in fiber content distributions, but it is believed that the
initial fiber volume fractions used in this work are not high enough to capture the differences that
have been found in other works. In general, the behavior observed in the mechanistic model generally
complies with earlier experiments and shows great advantage over the predictions of traditional
process simulation tools.

Future simulative work will focus on increasing fiber volume fractions, as well as investigating
other parameters such as charge placement location and fiber bending stiffness and their effect on fiber
volume fraction in ribs. Simulations using more complex geometry such as the star mold used for
the preliminary simulations will be investigated. Analysis of other fiber effects including orientation
and bending will also be performed. Regarding future experiments, the geometry presented in the
simulation, the ribbed-plate, is applied to further study the fiber behavior during molding and to
compare the simulative results directly.
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