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SUMMARY

Flow through porous media has been used to model resin impregnation in composites manufacturing
processes such as resin transfer molding. Many numerical schemes have been used to explore the
efficiency and accuracy in description of the movement of the liquid front when it is introduced through
injection gates into a mold containing stationary and compacted fibrous porous media. In all numerical
schemes, injection gates are modelled with a single node. Mathematically, a single node definition for
a finite radius injection gate imparts a singularity. In this paper, an approach to avoid this singularity
by modelling the injection gate with more than one node is presented. An analytical solution relating
the fill time to the injection gate radius is developed for a constant pressure injection from a spherical
injection gate into an isotropic media. A new parameter ‘mesh density level’, defined as the ratio of
the injection radius to the element size, is used to investigate the accuracy and the convergence of
the numerical results. It is shown that the numerical results converge when the mesh density level is
increased. The accuracy of the results depends on the ratio of the flow-front radius to the injection
gate radius as well as on the mesh density level. In many situations, a spherical injection gate may not
represent the correct physics and model simplification may be necessary.

The impact of such simplifications is also quantified. The systematic analysis presented in this paper
should prove useful to the modeller in taking the decision whether to select the proper, geometric
definition for the injection gate to obtain accurate results or to define the injection gate using a single
node and be aware of the errors introduced due to the singularity. Copyright © 2003 John Wiley &
Sons, Ltd.
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INTRODUCTION

Flow through porous media is encountered in many applications such as ground-water flow
and liquid composite molding processes such as resin transfer molding (RTM) and vacuum
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assisted resin transfer molding (VARTM) [1,2]. The RTM process has become popular
because of an ability to control the fibre reinforcement in the final part and manufacture
complex shapes. In the RTM process, the fibre preform is placed into a mold cavity, the
mold platens are closed together and the resin is injected from an injection gate under con-
stant pressure or constant flow rate [2]. The success of the RTM process depends on the
complete filling of the regions between the fibres in the mold cavity before the resin starts
to cure and solidify [3,4]. An understanding of the impregnation process helps the mold de-
signer to understand the influence of the location of the injection gates and vents on the fibre
impregnation and to ensure complete filling. Important output parameters are: the mold-filling
time, the flow-front shape and the pressure distribution in the resin [5, 6].
Darcy’s law [7] can be used to describe the mold-filling process [1-4] (Equation (1)):

U=- 5vp (1)
n
Here, U is the macroscopic resin velocity vector, K is the permeability tensor of the porous
media, # is the viscosity of the fluid and Vp is the pressure gradient in the fluid. Invoking
mass conservation of incompressible fluid in a stationary porous media and substitution of
Equation (1) in the continuity equation, results in the following governing equation:

v <I§Vp>—0 )

Typical RTM parts have a thickness of less than half an inch and so practice has focused
on simplifying the models by treating RTM as a two-dimensional process. However, the
increased demand for thicker parts, as well as parts having varying properties in the thick-
ness direction, make it necessary to model these parts in three dimensions. Much of the
literature available for modelling in three dimensions covers the development of numerical
schemes for accurate simulations [8—16]. Lin [17, 18], Trochu [19] and Mohan [20-22], all
used finite-element method, while Trochu [23] used boundary-fitted finite-difference method
to simulate the mold-filling process. Chang [24] discussed adaptive re-meshing method for
the RTM process simulations. Various other schemes such as boundary element, as well as
implicit and explicit finite-element/control-volume method, have been employed, but as the
modelling of impregnation of the fluid into porous media involves a moving boundary, the
finite-element/control-volume (FE/CV) scheme to simulate the filling process has served well
to capture the physics efficiently [25—27]. The solution domain is meshed with a fixed finite-
element mesh. Control volumes are associated with each mesh node or alternatively with each
element (Figure 1(a)). Each control volume has a fill factor associated with it, which ranges
between zero (empty CV) and one (filled CV), and designates how much of the porous
volume is already filled with the fluid (Figure 1(b)). The pressure in the empty control vol-
umes is known to be equal to that of the vent, and the pressure in the filled control volumes
is evaluated by the finite-element method, using Equation (2). Then, the flow O;;, between
individual control volumes i and j, is determined from Equation (3) using the computed
pressure field (Figure 1(c)).
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Figure 1. Finite-element/control-volume scheme for mold-filling process simulation: (a) domain
discretization; (b) flow-front and fill factors; and (c¢) flow between control volumes.

Once the flow rates are known, flow is advanced by explicit integration in the time domain.
The time step is selected so as to fill at least one additional control volume. This changes
the fluid domain, and hence the boundary conditions. The pressure solution is sought for the
new domain and this process is repeated until the complete porous media is saturated.

In most RTM processes, resin is injected from a gate of finite radius causing a three-
dimensional flow. This gate in simulations is modelled using a single node. In explicit FE/CV
approach, the pressure distribution is approximated using a finite-element scheme, while the
flow-front progression is calculated from control-volume scheme. Thus, the injection gate size
is a function of the element sizes containing the node representing the injection gate [28—30].
For constant pressure injection, the size of the gate and the numerical description of the gate
will influence the accuracy of the resulting movement of the fluid in the porous media. Trochu
[31] used finite-element method to simulate the flow through porous media and suggested to
use refined mesh near the injection gate to accurately calculate the resin flow inside the mold.
However, no results characterizing the influence of the element size near the injection gate as
well as the geometric definition of the injection gate on the accuracy of the numerical results
were reported. To investigate this effect, a case study of resin flow in a spherical mold (as
an analytic solution is available), with two distinctly different-sized injection gates (0.01 and
0.005m) and two different mesh density levels (0.707 and 1.306) (Equation (4)), was carried
out (Figure 2). All the models were discretized with identical linear tetrahedron elements and
the constant pressure injection gate was modelled with a single node.

Injection radius size
Element size

Mesh density level = (4)

Analytical solution — Numerical solution
Analytical solution

Relative error (%)=

(5)

The results show that as the mesh density level increases, the error (Equation (5)) in the
approximated flow-front radius as compared to the analytical flow-front radius (Equation (15))
increases. Also, the error depends on the ratio of the flow-front radius to the injection gate
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Figure 2. Three-dimensional models used to investigate the influence of various mesh density levels on
the approximation of the flow-front radius, when the injection radius is defined with a single node.
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Figure 3. Relative error in the approximated flow-front radius for constant pressure injection using

three-dimensional models discretized with two different mesh density levels. The injection radius is

defined with a single node: (a) injection radius size —0.01 m; and (b) injection radius size —0.005 m.
In both the cases, the error increases as the mesh density level is increased.

radius (Figure 3). Thus, as the mesh size is refined, we tend to model the mathematical
singularity imposed by a single node injection and the numerical results diverge from the
analytical solution for a finite injection radius.

The above study used point injection, and to achieve accurate results, it was necessary to
use the elements near the injection gate of a particular size only. For higher accuracy, or for
cases in which reasonable accuracy is desired with a coarser mesh, the approach fails to offer
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any flexibility. Therefore, it is necessary to avoid this mathematical singularity by modelling
the injection gate with more than one node. No reported work is available to estimate the
accuracy and the convergence of such numerical results. This paper investigates the accuracy
and the convergence of the numerical results, when the injection gate is modelled with more
than one node to avoid the mathematical singularity.

ANALYTICAL SOLUTION

An analytical solution for a three-dimensional mold-filling process with a two-dimensional
injection gate is difficult to develop. However, due to a high resin viscosity, a flow-front
instantaneously develops into a spherical shape. Thus, the injection gate can be assumed to
be of a spherical shape and an analytical solution can be derived relating the flow-front radius
to the injection radius, the injection pressure and the time to fill a spherical mold of radius
R (Figure 4).

Conservation of the mass of resin flowing inside a mold can be expressed in terms of
velocities in r, 8 and ¢, directions, using a spherical co-ordinate system as follows:

o, 1o 1o,
ﬁg(rUr)+rsinH@(Uﬁsm())+rsin0%_

0 (6)

Using the symmetry in the flow in 6 and ¢ directions and Darcy’s law, the pressure gradient
in the radial direction can be found from Equation (6) as

dp _ ¢n G
& KR )

To find the pressure distribution in the part, we need to integrate Equation (7) with the
following boundary conditions:

Atr =ry, P = Dinj (8)

Atr=R, p=pr=0 9)

r=Ra
(Mold Radius)

r=R
(Flow Front Radius)

r=r
(Injection Radius)

Figure 4. Hemispherical section of a mold showing resin injection from a spherical gate into a spherical
mold and flow-front progression. Injection is under constant pressure boundary condition.
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This gives the pressure distribution in the resin as

__ " (R
P = (o) (1) (10)

Note that due to a mathematical singularity, 7y cannot be zero. The pressure gradient at the
flow-front radius can be determined by taking the derivative of the pressure solution (Equation
(10)) with respect to radius and setting » =R (the flow-front radius).

—r 1
=—(Pij) = 11
e (R—ro)(pmj)R (11)
The flow-front velocity corresponds to the time gradient of the flow-front radius. From
Equation (11), we can write

dp
dr

dr K dp

K ro
at(r=R) = dar = on

9{7’7 5 at(r:R): % (R - 7"0)

Using the separation of variables method and integrating the resulting equation with the
following boundary conditions (Equation (13) and (14)):

U (i) (12)

At the start of the solution (¢=0), the flow — front radius is the same as the

injection radius (R=ry) and (13)
At the current time (¢ =t¢), the flow — front has reached a radius R(R=R) (14)
the relation between the flow-front radius and the fill time, ¢, can be found as
RY RY 6K ( ping )t
2(>—3<)+1—(p;) (15)
Fo o onrg

Similar analysis for a radial flow in a two-dimensional mold with resin injection from a
two-dimensional injection gate shows that the singularity is weaker in this case (Equation

(16)):
RY R 4K (pin)t
() Gn(%)-1) =5 19

NUMERICAL SIMULATIONS

In order to check the accuracy of the numerical results, a spherical mold domain with a
spherical injection gate of size 0.01 m was discretized using an equal-sized linear tetrahedron
elements as shown in Figure 5. The mesh density levels were kept the same as in the pre-
vious analysis and constant pressure injection boundary condition was imposed at all nodes
on the injection radius. Other parameters used in the analysis are listed in Table I. The nu-
merical flow-front radius at different times was determined and compared with the analytical
solution (Equation (15)). By the nature of the singularity, the error in the flow-front radius
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Figure 5. Three-dimensional models with a spherical injection radius modelled with more

than one node to investigate the influence of the mesh density ratio on the approximation of

the flow-front radius. Constant pressure injection boundary condition is imparted at all nodes
on the spherical injection radius.

Table 1. Material and process parameters used in the mold-filling simulations.

Permeability (Isotropic) 1E-10 m?
Resin viscosity 1Pas
Injection pressure 101300 Pa
Fibre volume fraction 0.5

approximation can be expected to be higher in the vicinity of the injection radius and hence
the study was limited until the flow-front radius was 20 times that of the injection radius.
For the convergence analysis, the mesh density level was increased and the results were
benchmarked with the analytical solution. To further check the effect of the injection gate
size, a different-sized spherical injection gate (0.005 m) was modelled with same mesh den-
sity levels and the numerical results from these models were compared with the analytical
solution.

From the viewpoint of using the numerical schemes, there are many approaches of mod-
elling the injection gate. The most accurate approach is to model the spherical-shaped injection
gate, which is time consuming. Other simplified but approximate approaches include defining
those nodes within the distance of injection radius as gates or injecting from a two-dimensional
injection gate. For example, four nodes on a face of a brick element can be used to define
a two-dimensional injection gate (Figure 6). A rigorous comparison of the results from the
models with this type of approximately defined injection radius, with the results from the
models with an accurately defined injection radius is inappropriate, due to the different injec-
tion radius definitions and the element types. However, due to the assumption of a high resin
viscosity and a fully developed flow-front, we can still compare the numerical results with
the analytical solution derived for the spherical injection. The error margin one can expect in
such modelling simplifications of the injection gate is also estimated.
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Figure 6. Three-dimensional mesh of a mold domain. Mesh density ratio is kept equal to one and a
circular injection gate is defined with four nodes of an element.

RESULTS AND DISCUSSION

As shown in Figure 7(a), when the spherical injection gate of 0.01 m radius was modelled
using a spherical surface, the numerical results had considerable error (Equation (5)) for the
low ratios of the flow-front radius to the injection radius.

As this ratio becomes large (>5), the error reduced. Consequently, low mesh density level
may not be sufficient if one wants to model the flow in the vicinity of the injection gate
accurately. Figure (7a) also shows the numerical results from a model with an increased
mesh density level. The results exhibit a clear convergence i.e. the accuracy in approximation
of the flow-front radius improves for all ratios of the flow-front radius to the injection gate
radius, especially for smaller ratios ( <5).

The numerical results from the models with different injection radius size (0.005 m),
and same mesh density levels, exhibit the same behaviour and the same error margins
(Figure (7Db)).

The following reasons can be cited for this improvement. When the injection radius is
defined with a single node, the pressure approximation starts from this nodal location instead
of the actual injection location. In addition, the flow area for the resin flow from the injection
gate into the mold is calculated from the area of the faces of the control volume associated
with the injection node. With successive increase in mesh density, this control volume as well
as the area of the associated faces also decreases. These erroneous pressure approximation as
well as an unbound reduction in the flow area with increase in the mesh density leads to a
large error in the approximated flow-front radius (Figure (8a) and (8b)).
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Figure 7. Relative error in the approximated flow-front radius from the three-dimensional models

discretized using two different mesh density levels. Constant pressure injection boundary condition

is imparted at all nodes on the injection radius. (a) Injection radius size=0.01 m; and (b) injection

radius size =0.005m. In both cases, the error decreases as the mesh density level or flow-front radius to
injection radius ratio is increased.

With the properly defined injection radius, the pressure approximation starts from the correct
injection location and hence, solely depends on the mesh density level i.e. the number of nodes
used to model the spherical injection surface and the number of nodes/elements inside the
domain. The properly modelled injection radius leads to an accurate representation of the
actual spherical surface area for resin flow. The subsequent increase in the mesh density,
in this case also, leads to a reduced resin flow area. However, the reduction is bound at
the lower limit by the spherical injection radius size. Thus, properly defined injection radius
enables one to approximate the pressure distribution and the resin flow area accurately leading
to an accurate resin flow rate and fill times (Figure (8c)).

Figure 9 shows the numerical results from a three-dimensional model with a mesh density
ratio of one and an injection radius defined with four nodes on a face of a brick element.
From Equation (15), it can be seen that the accuracy of the results is acceptable.

CONCLUSION

It has been shown that the constant pressure injection gate definition with a single node in
the explicit FE/CV method for RTM mold-filling simulations is erroneous as it imparts a
mathematical singularity. It is necessary to model the injection gate with more than one node
for numerical convergence. The instantaneous development of the flow-front into a spherical
shape at the injection gate due to high resin viscosity, allows us to assume a spherical injection
gate and derive the analytical solution for a spherical injection and investigate the accuracy
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Figure 8. (a) The actual process conditions involve injection from a finite-sized injection radius; (b)

injection radius modelling with a single node leads to incorrect pressure approximation and incorrect

flow area. Successive increase in the mesh density level gives an unbound reduction in the flow area, re-

sponsible for the non-convergent behaviour of the results; and (c¢) with proper modelling of the injection

radius, the pressure boundary conditions are imposed at the correct location. The flow area reduction is

bounded on the lower limit by the injection radius size. Successive increase in the mesh density level
gives improved pressure approximation and convergent results.
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Figure 9. Relative error in the approximated flow-front radius from the three-dimensional models
discretized using brick elements. The mesh density level is one and the injection radius is defined
with the four nodes on a face of the element.

and the convergence of the numerical results. It was found that for a spherical injection,
the error in the approximation of the flow-front radius depends on the mesh density level
and the ratio of the flow-front radius size to the injection radius size. In many cases, when
there are multiple gates through which resin enters the mold, it may not be suitable or
practical to describe a spherical surface at each injection gate. Hence, model simplification
may be welcome. Investigation of the use of a two-dimensional injection gate shows reasonable
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accuracy. Hence, it is recommended to use proper geometric definition for the injection gate,
wherever possible. If proper modelling of the injection gate is not possible, the injection
gate should be modelled using all the nodes at a distance less than or equal to the injection
radius. In extreme cases, where only one node is positioned within the injection radius, it is
permissible to define the injection gate using a single node. The results from such models
should be analysed with extra precaution.

To

Ry

NOMENCLATURE

injection gate radius
flow-front radius
mold radius

Vp pressure gradient
Pinj injection pressure (Constant)

SAS

flow-front pressure (0 in our case)
macroscopic resin velocity vector

U, Up, U, flow-front velocity in spherical co-ordinates

S = =X Wl/q\

W=

[e BN

10.

11.

13.
14.

15.

volume averaged resin velocity in radial direction
permeability tensor

permeability (Isotropic)

resin viscosity

porosity
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