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Abstract

In the present study three dimensional steady state
thermo-chemical simulation of a pultrusion process is
investigated by using the finite element/nodal control
volume (FE/NCV) technique. Pultrusion simulation of a
composite having a C-shaped cross section is performed
as a validation case. The obtained cure degree profiles
for specific points match well with those in the literature.
Following the validation case, the proposed numerical
technique is applied to the modelling of the pultrusion of
a composite blade which has a NACAO0018 airfoil cross
section. The effects of pulling speed and various set
temperature schemes of heating platens on the quality of
the composite NACA0018 blade are explored.
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1. Introduction

A novel concept of a floating offshore vertical axis
wind turbine (VAWT) technology based on the Darrieus
design has conceptually been utilized in the DeepWind
Project [1,2]. The main objective of the DeepWind is to
develop more cost-effective MW-scale wind turbines
through innovative technologies for the sea environment
rather than advancing existing concepts (i.e. either
horizontal axis wind turbine (HAWT) or VAWT) that are
based on onshore technology. Hence increasing the
simplicity of the design and the manufacturing
techniques as well as reducing the total cost of an
installed offshore wind farm is the main challenge of the
project. The concept is aiming for the deep water and
the large-scale wind turbines. The up-scaling potential of
the project is 20 MW wind turbines. It is expected that
the structural design can be improved to have higher
strength-to-weight ratio for larger chord lengths, e.g. 10-
20 m, with deep water offshore floating system (100-
1000 m).
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The blade cross section for the VAWT can be
constant along the length of the blade. In order to
manufacture such a composite blade with a constant
profile having such a large chord, the pultrusion
technology is one of the most efficient and suitable
methods. Besides it is a continuous, automated closed-
moulding process, it is also cost effective for high volume
production of constant cross section parts. The
schematic view of the pultrusion process can be seen in
Fig. 1. Since it is a continuous process, there is little
waste material being produced at the end of the process.
It has been widely used for manufacturing highly
strengthened and continuous composite structures, e.g.
ballistic resistance panels, spars of ship hulls, thin wall
panel joiners, door/window frames, driveshaft of
vehicles, etc. Besides the potential in producing large
blades in one piece which can be directly manufactured
over a single block thus reducing production costs, the
pultrusion of the whole blade in smaller pieces and then
assembling them afterwards in the form of the
Troposkien shape is also considered in the DeepWind
project. As a consequence the blades may achieve very
high stiffness and resistance against aerodynamic loads
as well as vibrations. Another viewpoint of the DeepWind
Project is that in principle, a production facility can be put
on a ship, and the blades can be produced offshore in
lengths of kilometres while using a short die length, e.g.
1m.
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Figure 1. Schematic view of the pultrusion process.
Fibers/mats and resin matrix are pulled together in the
pultrusion direction by pullers through the heated die and then
the cured composite is cut by a saw system.



In literature there have been several modelling
studies specific to the pultrusion process. Generally,
thermo-chemical analyses, flow simulations and
optimization works have been performed by the use of
numerical modelling techniques. In order to simulate the
pultrusion process, material behaviour, transport
phenomena, material properties and process models
should be well defined. The material behaviour can be
defined with the reaction kinetics and the chemorheology
of the resin system. The transport phenomenon involves
the heat (and mass) transfer and fluid flow during the
pultrusion process. A complete description of the
pultrusion process requires a deep understanding of
resin flow, heat transfer, pressure, force (pulling, friction
forces etc.) as well as residual stress phenomena via
corresponding numerical models.

Transient and steady state temperature and cure
degree profiles of the composite and the heating die
systems during the pultrusion process have been
simulated by using numerical techniques such as finite
difference methods (FDM) and finite element methods
(FEM) with control volume (CV) technique or nodal
control volume (NCV) technique [3-16]. The effects of
the resin shrinkage and temperature-dependent material
properties on the temperature and the cure degree
distributions have been discussed in [10, 11] by using
the finite element/nodal control volume (FE/NCV)
technique. In addition to the theoretical modelling of the
pultrusion process for predicting the temperature,
experimental studies related with the pultrusion of
various composite profiles such as rods, plates, I-beams
etc. have been carried out in [17-23]. Die and post die
analyses were performed in [23] for temperature and
cure degree profiles at the centerline of the composite
material. The effects of convection after the die exit were
taken into account in the numerical modelling of the post
die analysis. The correct prediction of the post die curing
and the temperature distribution has vital importance for
the numerical simulation of the residual stress during the
cooling of the composite (after the exit from the die).

In the DeepWind project, a numerical simulation tool
embracing the pultrusion blade manufacturing process is
in the process of being developed in order to investigate
the effects of the process parameters on the efficiency of
the manufacturing process as well as the quality of the
pultruded composite VAWT blades/components. The
present paper in particular deals with the thermo-
chemical modelling of pultrusion of a carbon-fiber/Epon
9420/9470/537 epoxy composite VAWT blade with
constant NACAO0018 airfoil cross section. A three-
dimensional steady state FE/NCV simulation of a C-
shaped cross section is initially performed by using
ANSYS as a validation case. Following the validation
case, a similar modelling strategy has been applied for
the NACAO0018 airfoil. Since this profile has symmetry

along the centerline of the chord, only the half of the
airfoil geometry is used for the FE/NCV calculation to
reduce the calculation time. Steady-state heat transfer
and exothermic reaction (only for the blade) simulations
of the die and the blade are performed by using the
commercial FE software ANSYS. Steady-state
temperature and cure degree profiles of the blade are
obtained after performing sequential iterations satisfying
convergence. In addition to that the effects of pulling
speed and various temperature schemes of the heating
platens on the quality of the composite NACA0018 blade
are explored.

2. Governing Equations
2.1. Energy Equations

The steady state heat transfer equations in a
Cartesian coordinate system for the composite part (Eq.
1) and the die block (Eqg. 2) can be written as

oT o°T o°T o°T
pccpc (UG_X) = kx,c 6x2 + ky,c ayz + kz,c 522 +q (l)
o°T o°T o°T
0=kea =z +Kyo ?”&,d e (2)

where T is temperature, u is the pulling speed, p and Cp
are the density and the specific heat respectively, k,, ki,
and k, thermal conductivities in axial (x), transverse-width
(y) and transverse-height (z) direction, respectively. The
subscriptions ¢ and d correspond to composite and die
respectively. All the material properties used in the
simulation are assumed to be constant. The internal heat
generation (q) [W/m®] due to the exothermic reaction of
epoxy resin is expressed as

q=@1-V¢)pQ ®3)

where V; is the fiber volume ratio and Q is the specific
heat generation rate [W/kg] due to resin exothermic cure
reaction.

2.2. Resin Kinetics

Resin kinetics is an important phenomenon which is
related with the exothermic chemical reaction of the resin
inside the die. The degree of cure («) can be written as
the ratio of the amount of heat generated (H(t)) during
curing, to the total heat of reaction Hy:
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The rate of resin reaction, R(a), can be expressed as
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where K, is a pre-exponential constant, E is the
activation energy, Hy is the total heat of reaction, R is the
universal gas constant and n is the order of reaction
(kinetic exponent). Hy, Ko, E and n are experimentally
evaluated using differential scanning calorimetry (DSC)
[13]. The specific heat generation rate, Q (in Eqg. 3), is
then calculated as [13]

Q=HyR (@) (6)

By using the chain rule the rate of cure degree can be
expressed as,
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Since a steady state numerical approach is utilized in
this study, da/0t is taken as 0.

3. Numerical Implementation

The FE/NCV method [13] is implemented for the
pultrusion model of the composite part by using ANSYS
parametric design language (APDL). The representation
of the FE/NCV can be seen in Fig. 2. CVs are defined at
the nodes of each finite element. The degree of cure is
solved explicitly for these CVs. The internal heat
generation inside the composite is highly nonlinear i.e. it
depends on the rate of resin reaction in the energy
equation of the composite (Eq. 1). In order to develop a
stable and fast numerical procedure the source term (q)
in the energy equation is decoupled from the Eq. 1. The
upwind scheme is used for the discretization of the cure
degree (uda/0x) in the resin kinetics equation to overcome
oscillatory behavior in the numerical implementation.

The Peclet number, Pe, is a dimensionless parameter
that indicates the degree of convection term (uoT/0x)
dominance over diffusion term (kd?T/ox%) and given in Eq
9.

Pe = qu’DTCp 9)

where Ax is the element size in pulling direction.
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Figure 2. Schematic view of the finite element (FE) and control
volume (CV) grids in the pulling direction.

ANSYS has a restriction on Pe such that the Pe should
not exceed 2. Therefore the number of elements or the
element size in the pulling direction (x-direction) is
determined according to the requirement Pe=2. Steady
state discretization of the cure degree relation (Eq. 8)
discarding the transient term is written in Eq. 10. After
obtaining the cure degree for each CV, R(a) and then g
are calculated for the energy equation of the composite.
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where it is the expression in Eq. 10 which is used in the
numerical model in the APDL.

4. Validation Case
4.1. Problem Description

Three dimensional thermo-chemical simulation of
pultrusion of a composite having a C-shaped cross
section is performed as a validation case. The graphite
fiber reinforcement (Hercules AS4-12K) and epoxy resin
(SHELL EPON9420/9470/537) system is used for the
composite. Chrome steel is used as a material for the die
block. The material properties and the resin kinetic
parameters are given in Table 1 and Table 2,
respectively. Lumped material properties of the
composite are calculated by the rule of mixture based on
the fiber volume ratio (Vj).



. ol Cp kx ky, k;
Material (kgm®)  (IkgK) (WmK) (Wim K)
Epoxy Resin 1260 1255 0.21 0.21
Fiberglass 2560 670 11.4 1.04
Lumped (Vs =
63.9%) 2090.7 797.27 0.905 0.559
Steel Die 7833 460 40 40

Table 1. Material properties.
Hu(J/kQ) Ko (1/s)  E (J/mol) n
324000 191400 60500 1.69

Table 2. Resin kinetic parameters.

The model geometry is seen in Fig. 3. Only half of the
cross section has been considered due to the symmetry
and an adiabatic thermal boundary condition is applied at
the symmetry surface. Three heating platens are placed
on the top surface of the die block and the remaining
platens are placed on the bottom surface of the die. The
corresponding set temperatures of the heaters are given
in Table 3. All the surfaces of the die except those on
which the heating platens are located are exposed to
ambient temperature (27 °C) with a convective heat
transfer coefficient of 10 W/m* K. Along the first 90 mm of
the die, water-cooled channels are located in order not to
have any resin premature gelation at the inlet of the die.
The cross sectional details of the die and the composite
are seen in Fig. 4. Total of 1948 and 150 structured
elements are used for the composite and the die along
the pulling direction, respectively. At the die inlet the
degree of cure of the composite is equal to zero and the
inlet temperature of the composite is taken as the resin
bath temperature (045 °C). At the die exit, an adiabatic
boundary condition is applied to the composite in order to
separate the physical domain from the outside since the
pultrusion is a continuous process. Perfect thermal
contact is applied to the interface boundaries between
the die and the composite by using thermal contact
elements having a very large heat transfer coefficient
(HTC) in ANSYS. The convergence limits for the
temperature and degree of cure are set to 0.001 °C and
0.0001 respectively.

Figure 3. Symmetric pultrusion model geometry for C-shaped
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Figure 4. Cross sectional details of the finite elements for the
die (left) and the composite (right). All the dimensions are in

mm.
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Table 3. The set temperatures of the heaters [°C].



4.2. Results and Discussions

The steady state cure degree profiles seen in Fig. 5
are obtained with a pulling speed of 2.299 mm/s and
63.9% fiber volume ratio. It is seen that the results match
well with those obtained by using the FE/NCV method in
[4,24]. This shows that the utilized numerical scheme is
stable and converged to the correct solution. It is seen
from Fig. 5 that point A (along the axial direction) has
cured before point B since the resin at the die-part
interface cures before the center. However the rate of
curing of point B is higher than at point A because the
contribution of the internal heat generation is higher at
the inner region of the composite. In other words, the
contribution of the die temperature to the degree of cure
is higher than the contribution of the internal heat
generation at the die-part interface and the reverse is for
the inner regions of the composite. Therefore the cure
degree of point B becomes almost the same as the cure
degree of point A at the die exit which is around 0.89.
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Figure 5. The cure degree profiles for points A and B.

5. Pultrusion of a NACAO0018 Profile
5.1. Problem Description

Temperature and cure degree simulations of a
composite blade having a NACA0018 airfoil section are
performed by using the FE/NCV method. The heater
locations are selected as being the same as in the
validation case, but in this case only three heating
platens are included in the numerical model due to the
symmetry. The schematic representation of the model is
seen in Fig 6. The cross sectional details of the die and
the blade are seen in Fig 7. The same material properties
and boundary conditions are used as in the validation
case for the die and the composite. Two case studies are
examined based on the set temperature of the heaters
which are given in Table 4. The set temperatures of the

first case study (Case-1) are assumed to be the same as
the first three set temperatures in the validation case. For
the second case (Case-2), the set temperatures are
taken from [23]. In each case, studies with two different
pulling speeds, 2.299 mm/s and 3 mm/s, are used. A total
of 1948 and 2542 structured elements are used for the
composite along the pulling direction in Case-1 and
Case-2, respectively.
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Figure 6. Pultrusion model geometry for NACA0018 blade. All
the dimensions are in mm.
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Figure 7. Cross sectional details of the finite elements for the
die (the above) and the blade (the below). All the dimensions

are in mm.
Heater-1 Heater-2 Heater-3
Case-1 105.5 148.5 200.0
Case-2 171 188 188

Table 4. The set temperatures [°C] of the heaters for the two
case.

5.2. Results and Discussion

The predicted temperature and cure degree profiles,
which are at points A and B (see Fig, 7), for Case-1 and
Case-2 are depicted in Fig. 8 and Fig. 9, respectively.

In both cases, i.e. Case-1 and Case-2, although the
pulling speed is increased from 2.299 mm/s to 3 mm/s,
the temperature at the die-blade interface (e.g. at point B)



remains almost the same. This shows that the conductive
terms (k6°T/ox%) are more dominant at the interface than
the convective term (u07/0x) in the energy equation of the
composite blade. On the other hand, the temperature
profile at point A shifts right for both case studies due to
the increase in speed such that the convective term plays
a more significant role at the inner regions. A similar
behavior is investigated for the degree of cure
distributions by taking the degree of cure equation (Eq. 8)
into account. The cure degree profiles at point A shift
right further than the point B for two cases as the speed
is increased. This indicates that the effect of pulling
speed to the cure degree profile at point A is more
considerable than the cure degree profile at point B.
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Figure 8. Temperature (a) and cure degree (b) profiles at
points A and B for Case-1.
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Figure 9. Temperature (a) and cure degree (b) profiles at
points A and B for Case-2.

The degree of cure values at the die exit are given in
Table 5. It is seen that higher cure degree values are
obtained at the die exit for Case-2 since the set
temperatures of Case-2 are also higher than for Case-1.
In addition to that the cure degree of point A at the die
exit is decreased approximately by 16% for Case-1 as
the pulling speed is increased, however this decrease is
approximately 2% for Case-2. Since point B is located at
the interface, the decrease in the cure degree of point B
at the die exit is almost the same for both cases, i.e.
approximately 2-3%. The cure degree distributions at the
die exit are shown in Fig. 10 for both cases with a pulling
speed of 3 mm/s. It is seen that the exit cure degree
distributions are highly dependent on the set temperature
of the heaters. The cure degree of the inner part of the
blade cross section is higher than the one at the interface
for Case-2, whereas the other way around is obtained for
Case-1.



Point A Point B
2.299 3 mm/s 2.299 3 mm/s
mm/s mm/s
Case-1 0.88 0.74 0.90 0.87
Case-2 0.96 0.94 0.94 0.92

Table 5. The degree of cure values at the die exit for the two
cases with two different pulling speeds.
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Figure 10. Cure degree distributions at the die exit for Case-1
(a) and Case-2 (b) with pulling speed of 3mm/s. It must be
noted that the scales of the figures are not same.

6. Conclusion

In the present work, thermo-chemical simulation of the
pultrusion process of a composite NACA0018 blade was
studied. In the validation case, the cure degree
simulation of a C-shaped composite was performed and
the utilized numerical model was found stable and
accurate as compared with corresponding results from
the literature. Following the validation case, the
temperature and the cure degree simulations of the
NACAO0018 blade was investigated based on the two
different set temperature schemes of the heaters (Case-
1 and Case-2) with two different pulling speeds. It was
observed that higher cure degree values are obtained for
Case-2 since the set temperatures of the heaters are
also higher than in Case-1. The decrease in the cure
degree of point A at the die exit is found as 16% for
Case-1 as the pulling speed is increased from 2.299
mm/s to 3 mm/s. On the other this decrease was found
as 2% for Case-2. The resin at the inner regions of the
composite cured later than the resin located at the die-
part interface.

This study shows the significance of the process
parameters such as the set temperatures of the heaters
and the pulling speed on the quality i.e. cure degree of
the pultrusion process of a composite NACA0018 blade.
This directly affects the expected mechanical properties
of the product as well as the possibility of the defects.

Therefore the optimum process parameters have to be
found to get desired mechanical properties of the
product. This work also motivates for further use of other
profiles with different cross sections of VAWT blades
with various inner stiffeners, ribs etc.

Acknowledgement

This work is a part of the DeepWind project which
has been granted by the European Commission (EC)

under FP7 program platform Future Emerging
Technology.
References

[1] Vita L, Paulsen US, Pedersen TF, Madsen HA, Rasmussen F. A
Novel floating offshore wind turbine concept. EWEC 2009.

[2] Vita L, Paulsen US, Pedersen TF. A Novel Floating Offshore Wind
Turbine Concept: New Developments. EWEC 2010.

[8] Ahmed F, Joshi SC, Lam YC. Three-dimensional FE-NCV
modeling of thermoplastic composites pultrusion. J Thermoplast
Compos 2004; 17:447-462.

[4] Carlone P, Palazzo GS, Pasquino R. Pultrusion manufacturing
process development by computational modelling and methods.
Math Comput Model 2006; 44:701-709.

[5] Chachad YR, Roux JA, Vaughan JG. Manufacturing model for
three dimensional pultruded graphite epoxy composites. Compos
Part A-Appl S 1996; 27:201-210.

[6] Ding Z, Li S, Lee LJ. Influence of heat transfer and curing on the
quality of pultruded composites. ii: Modeling and simulation.
Polym Composite 2002; 23:957- 969.

[7] Gorthala R, Roux JA, Vaughan JG. Resin flow, cure and heat
transfer analysis for pultrusion process. J Compos Mater 1994;
28:486-506.

[8] Joshi SC, Chen X. Time-variant simulation of multi-material
thermal pultrusion. Appl Compos Mater 2010; 18:283-296.

[9] Joshi SC, Lam YC. Integrated approach for modelling cure and
crystallization kinetics of different polymers in 3D pultrusion
simulation. J Mater Process Tech 2006; 174:178-182.

[10] Joshi SC, Lam YC. Three-dimensional finite-element/nodal-
control-volume simulation of the pultrusion process with
temperature-dependent material properties including resin
shrinkage. Compos Sci Technol 2001; 61:1539-1547.

[11] Joshi SC, Lam YC. Modelling the effects of resin shrinkage in
pultrusion of composites sections. Adv Compos Mater 2000;
9:385-395.

[12] Kommu S, Khomami B, Kardos JL. Modeling of injected pultrusion
processes: A numerical approach. Polym Composite 1998;
19:335-346.

[13] Liu XL, Crouch IG, Lam YC. Simulation of heat transfer and cure
in pultrusion with a general-purpose finite element package.
Compos Sci Technol 2000; 60:857-864.

[14] Suratno BR, Ye L, and Mai YW. Simulation of temperature and
curing profiles in pultruded composite rods. Compos Sci Technol
1998; 58:191-197.

[15] Voorakaranam S, Joseph B, Kardos JL. Modeling and control of
an injection pultrusion process. J Compos Mater 1999; 33:1173-
1204.

[16] Voorakaranam S, Joseph B, Kardos JL. Use of process models to
control and optimize pultrusion-type processes. Sampe J 1999;
35:64-72.



[17]

(18]

[29]

[20]

[21]

Chachad YR, Roux JA, Vaughan JG, Arafat E. Three-dimensional
characterization of pultruded fiberglass-epoxy composite
materials. J Reinf Plast Comp 1995; 14:495-512.

Liang G, Garg A, Chandrashekhara K. Cure characterization of
pultruded soy-based composites. J Reinf Plast Comp 2005;
24(14):1509-1520.

Liu XL. Numerical modeling on pultrusion of composite | beam.
Compos Part A-Appl S 2001; 32:663-681.

Liu XL, Hillier W. Heat transfer and cure analysis for the pultrusion
of a fiberglass-vinyl ester | beam. Compos Struct 1999; 47:581-
588.

Roux JA, Vaughan JG, Shanku R, Arafat ES, Bruce JL, Johnson
VR. Comparison of measurements and modeling for pultrusion of

(22]

(23]

(24]

a fiberglass/epoxy I-beam. J Reinf Plast Comp 1998; 17:1557-
1578.

Sarrionandia M, Mondragn |, Moschiar SM, Reboredo MM,
Vzquez A. Heat transfer for pultrusion of a modified acrylic/glass
reinforced composite. Polym Composite 2002; 23:21-27.
Valliappan M, Roux JA, Vaughan JG, Arafat ES. Die and post-die
temperature and cure in graphite-epoxy composites. Compos Part
B-Eng 1996; 27:1-9.

Joshi SC, Lam YC, Win Tun U. Improved cure optimization in

pultrusion with pre-heating and die-cooler temperature. Compos
Part A-Appl S 2003; 34:1151-1159.



