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ABSTRACT 

A water-based process for the fabrication of chopped fiberglass preforms is being developed 
by researchers at the Idaho National Engineering Laboratory (MEL) in collaboration with the 
Automotive Composite Consortium (ACC) and The Budd Company. This slurry process 
uses hydraulic pressure to form highly compacted fiberglass prefornis on contoured, 
perforated metal screens. The preforms will be used in the development of structural 
automotive composites. A key objective is to produce preforms having uniform areal density. 
Computational simulation and optimization tools used to model fiber build up on a perforated 
pattern, design and fabrication of variable open area screens, and areal density mapping using a 
gamma densitometer are discussed. 
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1 INTRODUCTION 

The Automotive Composites Consortium (ACC) was established in 1986 by the "big three" 
U S .  auto makers, Chrysler, Ford, and General Motors, to facilitate development of 
automotive composite technology. This industrial partnership has since been enhanced 
through an association with the U.S. Department of Energy (DOE). Researchers at the MEL 
are currently collaborating with the ACC with support from DOE'S Lightweight 
Transportation Materials Program. This collaborative industry/government technology 
development has been, to a large degree, facilitated through thc US. Automotive Materials 
Partnership (USAMP) under the U.S. Council for Automotive Research (USCAR). This 
process development is considered an important part of the Partnership for a New Generation 
of Vehicles (PNGV) 
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An important goal of the PNGV program is to dramatically increase the gas mileage of future 
U.S. made automobiles - up to three time that of existing commuter vehicles by the year 2005. 
To achieve this difficult goal, a significant reduction in vehicle weight must occur. Composites 
currently under development may provide a weight savings of 30-50% for existing structural 
automotive components, e.g. frame members, engine supports, and body parts. However, the 
use of. lightweight structural automotive composites will only be successful if the 
manufacturing processes currently under development are conducive to high volume 
production schemes, accommodate recycling and repair, and are economically competitive 
with existing materials and processes. Automobile components come in a variety of shapes 
and sizes; for fiberglass composites, this means that fiberglass mattes or preforms must be 
formed into complex shapes. 

A water-based slurry process for producing contoured chopped fiberglass preforms under 
development by the ACC in collaboration with The Budd Co., Warren MI. In this process, a 
hydraulically-driven piston containing a contoured screen is forced through a 
watedfiberglasdbinder slurry, resulting in the deposition of a highly compressed preform, 
Figure 1. The shape of the preform is "set1' through a secondary drying step that melts the 
thermoplastic "binder". These preforms are subsequently impregnated with a reactive resin 
via the Reaction Injection Molding (RIM.) process to form a composite part. 

air agitation - jets 

Figure 1 .  Schematic of sluny tank showing hydraulically driven piston in starting position, air 
agitation jets, and screen. 

To attain reliable composite parts, which meet applicable design criteria, it is imperative that 
the slurry process has part-to-part consistency and affords process control flexibility that 
allows engineering of fiber placement within the preforms. The slurry process, in its current 
state of development, produces preforms, even on flat screens, that vary in density as a 
function of location. For a flat, square test screen, the outer edges of the preforms tend to 
have excessive fiberglass buildup, while not enough fibers are deposited in the center. None 
the less, potential advantages of this process inc1ude:l 



Inexpensive raw materials 
Low Scrap generation 
Minimum of secondary operations 
Process flexibility with respect to 
- part shape 
- fiber material and length 

Reliable low cost equipment 
Desired preform qualities 

- low loft 
- deep draws possible 
- low resistance to flow (Le. permeability) 
- capable of being handled 

Compatibility with recycling efforts 
Environmentally friendly 

The goal of the project is to determine which parameters are important to the slurry process 
and how they may be controlled to minimize the variation of fiber density in the preform. 
The strategy to accomplish this goal is three-fold: 1) use computational fluid dynamics (CFD) 
software to simulate the flow patterns in the slurry to help visualize and understand the 
physics of the process, 2) use optimization software along with the analysis software to find 
optimal values of design parameters, and 3) perform experiments to help validate the modeling 
and bring to light aspects that may be missed by the modeling. 

2. RESEARCH 

2.1 Modeling Production of glass-fiber preforms using the slurry process involves the 
complex transient, multiphase, multicomponent flow of water, air bubbles, and solid fibers in 
a slurry tank with a free surface. The fiber roving used in the process consists of sized 2.5-7.5 
cm long bundles of chopped fiberglass having the appearance of blades of grass. The most 
general model that could be used to model such a slurry would have to account for the fluid 
dynamics of the water, the effects of the water on the fiberglass strands, and the effects of the 
fiberglass strands on the water. Furthermore, the model would have to account for the 
buildup of the fibers on the screen since this affects the flow of the water through the screen. 

A recent paper by Baloch and Webster* on the flow of fiber suspensions in a Newtonian 
solvent (such as water) indicates that if the overall Reynolds number of the flow is above 20, 
the fibers have no effect on the fluid dynamics of the water. The Reynolds number of the 
flow in the slurry tank relative to the piston is on the order of 150,000, meaning that the fibers 
have virtually no influence on the fluid dynamics of the water. The simplified approach that 
we are using is to assume a single-phase, single-component flow. We solve the usual 
incompressible equations of fluid dynamics. We neglect the presence of fibers in the bulk of 
the water except that we model their deposition on the screen by assuming the presence of a 
porous medium whose thickness varies with time. We assume that the local deposition rate of 
fibers on the screen is proportional to the local flow rate of water through the screen. We also 
assume that the slurry is well-mixed, that is, the fibers are uniformly distributed in the water. 
Finally, we model the air jets as water jets to remove the air phase. 

2.1.1 Screeit Permeability The domain encompassed by the simulation includes regions 
above and below the piston. We model the screen as a porous medium using permeabilities 
that were determined experimentally with a cylindrical pressure-drop apparatus. These 



measured values of permeability were compared to values calculated numerically using a 
porous flow model within the CFD code "FIDAP". The porous flow model used in FIDAP is 
a variation of Darcy's equation. A term has been added for large-Reynolds-number porous 
flow, that is, an inertial term has been added to the usual viscous term. The equation, called 
Forchheimer's equation, is2 
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where r is the density, u is the volumetric flow rate per unit cross-sectional area (or velocity), 
N Z  is the dynamic viscosity, CE is the Ergun coefficient (set to 0.55), k is the permeability, p is 
the pressure, and x is the flow direction. The first term on the left hand side is the viscous 
term; the second is the inertial term. Since we know the density and viscosity of water at 15 
OC and specify the velocity, we can back out the permeability if we know the pressure drop 
across the screen. 

Forchheimer Eqn. k=l.0334e-7 
Forchheimer Eqn. k=l.173e-7 
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Figure 2 is a plot of the time-average pressure drop across the screen as a function of inlet 
velocity for the experimental and numerical data; also, the pressure drop predicted by the 
Forchheimer equation for experimentally- and numerically-determined permeability is plotted. 
The experimental permeability value of 1.0334 x 1 Om7 m2 was used in subsequent simulations. 
Other screens with different open areas were also subjected to experiment to determine their 
effective permeabilities. 
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Figure 2. Time-average pressure drop across the screen vs. velocity for measured and 
computed data. 

2.1.2 Fluid Flow Simulations The first step in establishing a comprehensive simulation 
tool was determined to be developing a simplified scenario. The process was modeled as two- 
and three-dimensional steady-state problems where the fluid moves down the cylindrical tank 
and through a square screen (0.71 m square) on a stationary piston; jet agitation was included, 
but not fiber deposition or a free surface. The agitation produced by the air jets in the actual 
slurry tank was modeled using water jets to avoid the need to employ two-phase flow. The 
model's water jets had the same rate of momentum as the air jets. (The rate of momentum is a 
function of the fluid velocity, the fluid density, and the area of the openings through which the 
jets issue.) 



The simulation of jet agitation was performed two-dimensionally first. In 2D, the agitation 
jets were, in effect, axisymmetric 'rings' of fluid issuing from the supply manifold because a 
two-dimensional model does not allow for discrete pinhole jets. After a number of 
unsuccessful attempts to get a steady-state solution to the tank flow problem with agitation 
jets, it was determined that the problem is an unsteady one. Apparently, the agitation jets set 
up a circulation loop that starts at the jets and moves upward. At some point, the water in 
the loop changes direction and heads radially toward the center of the tank. Before reaching 
the center of the tank, the loop turns downward toward the screen. At the top of the piston 
the loop splits--part goes through the screen, increasing the flow of water through the outer 
edge of the screen, and part goes back toward the jets along the surface of the piston. 
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Figure 3. (a) Streamline contour plot for 2D slurry tank with jet agitation at 1.78 s. Note size 
of (lower) circulation loop caused by jets. (b) Line plot of water velocity just above 
the screen at same time. 

Figure 3a is a streamline contour plot for the 2D case at time 1.78 s. The flow circulation loop 
is relatively large; note that the slurry tank is 4 ft  high. Figure 3b is a plot of the velocity 
distribution just as the water reaches the screen. The center of the screen is at the left. The 
water velocity increases about 6% from the screen center to the peak near the outer screen 
edge. The oscillatory nature of the profile near the outer edge is due to the unresolved thin 
boundary layer. At 3.88 s (Figure 4a), the streamline contour plot and corresponding 
circulation loop are somewhat smaller. The water velocity at the screen outer edge for this 
time is lower than that at the screen centerline by about 14% as can be seen in Figure 4b. 
Apparently, this decrease in the water velocity is related to the destabilization of the 
circulation loop as it changes size and, hence, the flow pattern in the tank. 

For the 3D model with jet agitation, the flow domain was restricted to a 1.20 slice of the full 
tank. This size minimizes the number of cells while accommodating one pair of jets. Because 
the slice was so narrow, special care had to be taken to prevent the creation of highly skewed 
cells, which are not amenable to good accuracy. Figure 5a is a vector velocity plot for the 3D 
unsteady simulation at 0.1 8 s. A large circulation loop spans the height of the model, which is 
3 ft. This shortened height greatly decreased the number of cells needed and allowed the 
simulation to be made in a reasonable time. Figure 5b shows the velocity profile across the 
screen, with the screen center at the left. Again, the velocity of water is negative in the 



direction of flow through the screen. The velocity near the outer screen edge is about 35% 
greater than at the centerline. This is 4 to 6 times greater than the maximum increase seen for 
the 2D model. This discrepancy appears to be related to the difference between having a 'ring' 
of jet agitation for the 2D model and discrete round jets for the 3D model. 
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Figure 4. (a) Streamline contour plot for 2D slurry tank with jet agitation at 3.88 s. Note the 
size of the circulation loop caused by jets. (b) Line plot of water velocity just 
above the screen at same time. 
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Figure 5. (a) Velocity vector plot for 3D slurry tank with jet agitation at 0.18 s. (b) Line plot 
of water velocity just above screen at same time. 



This preliminary modeling demonstrated that, while computationally intensive, FIDAP is 
capable of simulating the unsteady flow of water through a porous medium in the presence of 
water jet agitation. Future model development will focus on incorporating the mass flux 
dependent variation in screen permeability associated with the buildup of fibers. 
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2.2 Uniform Flow Optimization Concurrently with the model development, a method of 
optimizing the screen hole spacing in a closed-loop manner was pursued. Optimization 
software has been interfaced with the fluid dynamics analysis code FIDAP such that the 
optimizer controls calls to the analysis code and varies the distribution of permeability of the 
screen. A 2D model with jet agitation was implemented in the optimization study. To reduce 
computing time and still show feasibility, the steady-state version of the 2D model was used. 
Since the steady-state version of the model does not converge to a solution, a particular 
number of iterations were run for each analysis call. This allowed the simulation to closely 
approach a flow pattern that exhibited one of the flow circulation loops discussed above. 
While the simulation did not faithfully represent the unsteady flow physics of the slurry 
process, it did demonstrate the feasibility of using an optimization process for the design of 
the screen. (A simulation faithful to the important physics of the process is not yet 
available.) * 
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Figure 6. (a) Distribution of permeability of slurry tank screen before and after optimization. 
The screen was divided into 10 segments (radially), each of which could have a 
different permeability. (b) Distribution of water velocity as a function of radial 
position for initial and optimized screen. 

The initial 2D model that was optimized employed the 50% open area screen with a 
permeability of 1.0334 x 10-7 m*. The optimizer was allowed to vary the permeability of the 
screen within the range of open areas for which we have experimental data (23% - 72%). The 
initial simulation yielded a peak water velocity near the outer screen edge that was 12.5 % 
above centerline values. The screen in the 2D model was segmented into ten intervals that 
could each have a different value of permeability. Figure 6a presents the results of the 
permeability optimization. There is less open area near the outer edge where the peak water 
velocity occurred. Figure 6b illustrates the water velocity distribution for the original model 
with constant open area and for the optimized screen. Excluding the region adjacent to the 
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outer screen edge where the velocity is forced to zero, the variation in water velocity has 
diminished to 0.5% for the optimized screen. There are still small jumps in the water velocity 
due to the abrupt change in open area at the segment boundaries. Clearly, the screen could be 
subdivided further to smooth these jumps; however, the potential for optimal screen design 
has been demonstrated. 

2.3 Areal Density Measurements A densitometer system was developed for 
measurement of the areal mass distribution (mass per unit area) of fiberglass mat. This 
measurement technique is based upon the principle of attenuation of a photon beam by 
intervening mass. In this case, an x-ray generated by the decay of Cd-109 (a 10 mCi sealed 
source) is used. Photons from the source are collimated, using a 1 cm diameter by 15 cm long 
collimator, and detected using a 5 cm gas proportional counter. The attenuated count rates, I, 
measured by the counter are related to the sample mass by 

I = I e- [PIP)Ml  
0 

where, 
IO = unattenuated count rate with no sample present 
(plp) = the mass attenuation coefficient (cm2/g) 
M = the sample area mass density (g/cm2). 

The mass attenuation coeficient is a function of both the sample material and the energy of 
the photon beam. The x-ray generated by the Cd-109 source has an energy of 22.2 keV. The 
mass attenuation coefficient of the chopped fiberglass roving was obtained by slicing a solid 
glass sample acquired from the fiberglass manufacturer and then measuring the attenuated 
count rates for several thickness (6 samples of different thicknesses were used). A value for 
the mass attenuation coefficient of 2.75 1k0.021 cm2/g was obtained. 

The mass density of the fiberglass mat at a single location within the beam path can be 
obtained by measuring the attenuated count rate, I, and solving Eq.(2) for the mass, M. 
Multiple measurements must be obtained to determine the mass distribution across a large 
sample. To accomplish this, an X-Y table was designed and fabricated to move the 
densitometer system across the sample in a systematic manner. The control software was 
designed to scan the fiberglass sample at user selected increments. Typical results from this 
system are shown in Figure 7. 

2.4 Variable Open Area Screen Design An agile manufacturing approach involving 
physical solid modeling, stereolithography, and metal spray forming is under consideration for 
variable open area screen design and fabrication. With this method, a preform screen is 
designed using a solid modeling tool that allows generation of variable open area perforation 
patterns. Figure 8 shows a gradient screen pattern having 40-60% open area radial gradient. 
This pattern was generated using SDRC's Ideas solid modeling software from which a 
numerical output file was used to fabricate the 35 cm x 35 cm square aluminum screen. Future 
efforts in this area will involve integration of screen design tools with the variable 
permeability data generated using the optimization scheme discussed above and the design of 
complex three-dimensional preform screens that can be fabricated using stereo lithography. 
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Figure 7. Areal density plot of a chopped fiberglass matte and the associated visual image. 
(71 cm by 71 cm square sample scanned in 1.25 cm increments.) 



Figure 8. Variable open area screen pattern exhibiting a 40-60% open area variation. 

3. CONCLUSIONS 

The development of a commercially viable slurry process for the fabrication of chopped 
fiberglass preforms is well underway. An industrial/govemment lab partnership has facilitated 
the use of advanced simulation, design, and experimental techniques not previously used by 
the ACC. The developmental approach and process engineering tools being implemented 
within this effort will most likely be used in other technology development efforts and, 
consequently, enhance the competitive position of the U.S. automotive industry. 
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