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1. Introduction

Thermoset fibre-reinforced composites, widely used now in different lightweight structures,
could be manufactured by different processes like pultrusion, hand lay-up, filament winding,
etc. Among these technological processes pultrusion is more effective process with low operating
costs. In time of pultrusion, fibres impregnated with resin move through the heated die and
solidify into composite profile with a constant cross section like in the metallic die. Although the
pultrusion sector demonstrates a healthy growth now, but a continuous increase in the cost of
electricity could considerably reduce this movement or even stop it. To improve effectiveness and
productivity of conventional pultrusion processes, preserving the quality of pultruded profiles, an
optimisation of the parameters of pultrusion processes should be carried out. A limited number
of studies in the numerical optimisation aspects of the pultrusion processes [4, 6, 8, 9] could be
explained by the complexity of the numerical problems to be solved and large time necessary for
an obtaining of the optimal solution. For this reason, new effective optimisation methodology,
taking into account all the required parameters of the industrial pultrusion processes and ambient
room temperature, is developed, employing the method of experimental design and response
surface technique. More accurate and realistic process optimisation, that have been reached in
the previous studies, is achieved with the temperature control executed by the heaters switch-on
and -off strategy.

2. Optimisation methodology

Due to the large dimension of numerical problems to be solved and multiple iterations applied
for the solution of governing equations, an optimisation methodology is developed, employing
the method of experimental design [10] and response surface technique [7]. This methodology
is a collection of mathematical and statistical techniques that are useful for the modelling and
analysis of problems in which a response of interest is influenced by several variables and the
objective is to optimise this response.

Since a distribution of the design variables in the design space is unknown in advance, the
plan of experiments with regular as possible distribution of the points of experiments in the
domain of factors is used in optimisation procedure. Then the finite element analysis is carried
out in each point of the plan of experiments. The thermo-chemical problem is solved by the
mixed time integration scheme and nodal control volumes method [1, 3], applying uniform finite
element discretisation of composite profile. It is necessary to note that ANSYS in this case
is used only for the solution of transient thermal problem. The developed algorithm has been
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successfully validated by an experimental trial, utilizing new cure sensors for the measurement
of electrical resistivity and temperature on the profile surface [2]. Different order polynomial
functions are tested later in their applicability to approximate the obtained simulation results
by using a conventional un-weighted least square estimation. The response surfaces with the
desired accuracy and reliability are chosen for their utilization in the optimisation procedure.

The constrained non-linear optimisation problem is replaced with an unconstrained minimisa-
tion problem, where constraints are taken into account with the penalty functions. New version
of the random search method [5] or the generalised reduced gradient nonlinear algorithm embed-
ded in Microsoft Excel Solver are used for a solution of the formulated optimisation problems.
Finally, the optimal solutions are verified by the corresponding finite element results obtained
in the optimal point.

3. Formulation of optimisation problem

The optimisation problem is formulated for two objective functions. The first describes an
effectiveness of pultrusion process and minimises an electrical energy necessary for a production
of 1 m of pultruded profiles:

n ·Wheater · kt
m · Vpull

−→ min, (1)

where n is the number of heaters, m is the number of simultaneously produced profiles, Wheater

is the power of electrical heater, Vpull is is the pull speed and kt is the relative time of heaters
work determined as the ratio of heaters work time and time necessary for a simulation of the
pultrusion process without the preheating period. The second objective function is connected
with a productivity of pultrusion process and maximises the pull speed:

Vpull −→ max. (2)

Some parameters of the pultrusion process (power and number of electrical heaters) are taken
into consideration as constant values in optimisation problem, another (pull speed, control tem-
perature on electrical heaters and their location), and room and resin temperature are examined
as design variables with the boarders describing the design space. Constrains are introduced
into optimisation problem with the aim to provide a qualitative profile production, when the
resin is fully cured and no overheated during the pultrusion process.

4. Solution of optimisation problems

To demonstrate an application of the developed methodology, multiple optimisation problems
have been solved for the industrial pultrusion processes (Fig. 4) producing cylindrical rod profiles
with ears, thin-walled angle and rectangular profiles made of glass fibres TEX4800, and polyester
C-L ISO 112G, epoxy Resoltech 1401+1407+AC140 and vinyl ester Crystic VE 676-03 resins
respectively. Everywhere considerable effectiveness has been achieved in comparison with the
pultrusion processes operating now in industrial shops.

So, for the pultrusion process, producing in one time two cylindrical rod profiles with ears,
it has been possible to increase the pull speed of the technological process by 50 - 125% and
to reduce the energy consumption by 20 33% per 1 meter of pultruded profile depending
on the ambient industrial shop temperature. By this way, an application of the developed
optimisation methodology has allowed to increase considerably the productivity and effectiveness
of the examined pultrusion process.
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Figure 1. Pultrusion tools.

5. Conclusions

The numerical study has demonstrated that the developed non-direct optimisation method-
ology based on the planning of experiments and response surface technique presents an effective
and accurate tool for the design of conventional pultrusion processes. Later this methodol-
ogy could be applied for the development of interactive technological maps necessary for an
optimisation of industrial pultrusion processes.
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