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ABSTRACT
In this study, a 2-D Darcy’s law based numerical model is developed in order to investigate the effect
of saturation on the propagation of the resin in the die chamber of a pultrusion line. The numerical model
is established using the finite volume method and alternating direction implicit scheme. The
implemented saturation and relative permeability curves are adopted from relationships presented in the
literature. The results of the numerical model highlights the importance of accurately determining the
saturation curve when included in a numerical solver that is used to predict the resin flow in injection
pultrusion. Further research is planned within this field in order to identify realistic saturation curves for
fiber reinforcements used in resin injection pultrusion.

1

INTRODUCTION

Resin injection pultrusion (RIP) is a widely used process to produce composite profiles whose
application ranges from building facades to components for the wind turbine industry. The process is
continuous as seen in Fig. 1, and it consists of guiding fiber reinforcement into the die chamber in which
they are impregnated by resin via a pressure. Subsequently, the resin is heated in order to cure and then
pulled out of the die chamber before being sawed into the proper length dimension.

Figure 1: Sketch of the RIP process (courtesy of Fiberline).
For the past two decades, a number of works have been published on numerical analysis of the
impregnation process in RIP. These works have primarily focused on the impregnation in a tapered die
chamber. K. S. Raper et al. [1] developed a finite volume based numerical model in order to investigate
the pressure rise in the pultrusion die. The same phenomenon was studied by S. U. K. Gadam et al. [2],
but in a cylindrical die inlet geometry. S. S. Rahatekar and J. A. Roux [3] investigated numerically how
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the impregnation was affected by the resin viscosity, pulling speed, fiber volume fraction and level of
fiber compression in a tapered die chamber. B. K. Ranga et al. [4] showed via a numerical model that
the injection pressure necessary to obtain complete wet-out of the fiber reinforcement strongly depends
on the pull speed, and that the die chamber exit pressure strongly depends on its length.
In the present study, a 2-D numerical model that accounts for the saturation and relative permeability
curves is developed to simulate the impregnation process in RIP. The objective is to quantify two
different saturation curves effect on the resin flow in a non-tapered die chamber. The paper is divided
into four sections. First, the governing equations for the resin flow in the fiber reinforcement are
presented. Second, details about the numerical model such as boundary conditions and material
properties are described. Third, the results of the numerical model are presented and discussed. Finally,
the main points of the paper are summarized in the conclusion.

2

GOVERNING EQUATIONS

The governing equations for the flow of the resin in the die are Darcy’s law and the continuity
equation with an added advection term to account for the pulling speed. Darcy’s law relates the local
pressure with the fluid velocity assuming laminar flow in the porous medium [5]:
(1)

,

where is the flux,
is the velocity of the resin,
is the volume fraction of the resin,
is the
is the relative permeability, is the viscosity, is the pressure, and is the spatial
permeability,
coordinate. In the representative elementary volume (REV), three phases are present, the resin, fibers,
and void [6]:
1,

(2)

where and are the volume fraction of fibers and void in the REV, respectively. The saturation, S,
is defined as the volume fraction of resin in the REV divided by the initial void space:

1
where

(3)

,

is the porosity (initial void space).

The 2-D continuity equation in Cartesian coordinates with advection for the resin in the REV is
written as
(4)

0,

where is the density of the resin and
is the advection vector. Assuming a constant resin density,
zeroes in the non-diagonal entries of the permeability tensor, constant advection in the horizontal
direction, zero advection in the vertical direction, constant porosity, and constant permeability in the
horizontal and vertical direction, one can rewrite Eqn. (4) into the following by the use of Eqns. (1) and
(3):
,

where

and

,

,

refers to the horizontal and vertical direction, respectively.

0,

(5)
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NUMERICAL MODEL

The numerical model is developed in the technical computing language MATLAB. The finite volume
method is used to discretise Eqn. (5). The pressure field is found by the alternating direction implicit
method where the advection term is treated with an upwind scheme. The geometry and boundary
conditions of the computational domain are seen in Fig. 2. The initial pressure in the die is atmospheric
pressure and the resin inflow is enforced via an inlet pressure of 2.6 MPa. At the left boundary, the
pressure is atmospheric, while a pressure outflow condition is imposed at the right boundary. At the
horizontal boundaries, except at the inlet, a wall condition is prescribed by imposing a zero pressure
gradient. The flow is considered isothermal and curing effects during impregnation are in this
preliminary study assumed negligible. The viscosity of the resin is 0.2 Pa.s and the fiber reinforcement
has a volume fraction of 0.6 as well as a specific permeability of
= 2.0e-11 m2 and
= 1.0e-11
2
m . The pulling speed is 0.005 m/s.

Figure 2: Geometry and boundary conditions of the computational domain.
Note that lengths are given in mm.
The two different saturation curves analysed in this study are illustrated in Fig. 3 together with their
appurtenant relative permeability curves. The saturation and relative permeability curves are obtained
by the relationships developed by van Genuchten [7] and Mualem [8]:
1

1

(6)

1

1

1

1

1/ ,

(7)

where , , and are the van Genuchten parameters [9], which typically are experimentally
determined. In Fig. 3, the red curves are adapted from [9] and emulate a flow condition where the
unsaturated zone is relatively short, while the blue curves mimics a relatively long unsaturated zone.
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a)
b)
Figure 3: a) Saturation curves and b) relative permeability curves.
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RESULTS AND DISCUSSION

In Fig. 4, the simulated impregnation process is visualized after 25, 50, and 75 seconds, when using
β = 1; L = -7.5; N = 4.5 (red curve in Fig. 3). It is seen that substantially more resin is located to the
right of the injection point, as the profile is pulled towards this side, and that the resin slowly fills up the
die chamber.

a)

.

b)

c)

Figure 4: Saturation fields found by the numerical model after a) 25, b) 50, and c) 75 seconds,
when using β = 1; L = -7.5; N = 4.5.
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In Fig. 5, the stationary saturation field is illustrated in the die for the two different saturation curves
with appurtenant relative permeability curves. In none of the cases, a back flow is experienced, but only
in the case where the unsaturated zone is relatively short, the profile becomes fully wetted. Thus
highlighting how important it is to correctly quantifying the saturation curve when utilizing it in the
numerical tool that predicts the impregnation process in injection pultrusion.

a)

.

b)

Figure 5: Stationary saturation fields for the two scenarios:
a) β = 1; L = -7.5; N = 4.5; and b) β = 1; L = -7.5; N = 2.
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CONCLUSIONS

The results of the numerical model indicate that the advection which accounts for the pulling speed
is correctly implemented. In addition, the results show that complete wet-out of the fiber reinforcement
is a function of the saturation curve, hence stressing the importance of precisely determining the
relationship between pressure and saturation. In future research, realistic saturation curves for RIP will
be quantified experimentally and implemented in the numerical model. Subsequently, the numerical
model will be utilized to optimize process parameters in RIP.
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