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Abstract A novel three dimensional thermo-chemical sim-
ulation of the pultrusion process is presented. A simulation
is performed for the pultrusion of a NACA0018 blade pro-
file having a curved geometry, as a part of the DeepWind
project. The finite element/nodal control volume (FE/NCV)
technique is used. First, a pultrusion simulation of a U-
shaped composite profile is performed to validate the model
and it is found that the obtained cure degree profiles match
with those given in the literature. Subsequently, the pul-
trusion process simulation of the NACA0018 profile is
performed. The evolutions of the temperature and cure
degree distributions are predicted inside the heating die and
in the post-die region where convective cooling prevails.
The effects of varying process conditions on the part qual-
ity are investigated for two different heater configurations
and with three different pulling speeds. Larger through-
thickness gradients are obtained for the temperature and
degree of cure as the pulling speed increases. This will affect
the process induced residual stresses and distortions during
manufacturing.
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Introduction

The EU funded DeepWind Project [1, 2] develops a novel
concept for a floating offshore vertical axis wind turbine
(VAWT) based on the Darrieus design. The main objective
of 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 a horizontal or a vertical axis wind turbine) that are
based on onshore technology. Hence the main challenges
of the project are to increase the simplicity of the design
and the manufacturing techniques as well as to reduce the
total cost of an installed offshore wind farm. The concept is
aiming at large-scale wind turbines for deep water. The up-
scaling potential of the project is 20 MWwind turbines. It is
expected that the structural design can be improved to have
a higher strength-to-weight ratio for larger chord lengths,
e.g. 10–20 m, with a deep water offshore floating system
(100–1000 m).

The blade cross section for the VAWT can be constant
along the length of the blade. The pultrusion technology is
foreseen to be one of the most efficient and suitable methods
to manufacture such a composite blade with a constant pro-
file having a large chord. A VAWT blade has already been
manufactured by using the pultrusion process, as reported in
[3]. Pultrusion is a continuous, automated closed-moulding
process, and it is cost effective for high volume produc-
tion of products with a constant cross section along the
length of the part. Figure 1 presents a schematic view of the
pultrusion process. Since it is a continuous process, there
is little waste material being produced at the start up and
the end of the process. It has been widely used for man-
ufacturing highly strengthened continuous fibre composite
structures, e.g. stiffeners in wind turbine blades, reinforce-
ments of concrete elements in the construction industry,
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Fig. 1 A schematic view of the pultrusion process with resin injection chamber (top) [4] and with open resin bath (bottom). Fibers and resin
matrix are pulled together in the pultrusion direction by the pullers through the heated die and then the cured composite is cut by a saw system

spars of ship hulls, thin wall panel joiners, door/window
frames, drive shafts of vehicles, etc. Producing large blades
in one piece using a single die will lead to cost reduction for
large series production. The pultruded blades can achieve
very high stiffness and resistance against aerodynamic loads
as well as vibrations. In principle, a production facility with
a relatively short die length, e.g. 1–3 m, can be put on a
ship. Manufacturing near to the location of the wind tur-
bine installation which will alleviate transportation issues
for these large constructions.

Keeping the multi-physics and large amount of vari-
ables involved in the composite manufacturing processes
in mind, a satisfactory experimental analysis for the pro-
duction requires considerable time which is obviously not
a cost-efficient approach. Therefore, the development of
suitable computational models is highly desired in order
to analyze the process for different processing conditions.
In literature, there have been several numerical analyses
for the pultrusion of relatively simple geometries [4–19].
Generally, thermo-chemical analyses [5, 6, 8, 11], flow sim-
ulations [4, 18] and optimizations [7, 10, 13, 19] have been

performed using numerical modelling techniques. Material
behaviour, transport phenomena, material properties and
process models need to be well defined in order to properly
simulate the pultrusion process. The description of the mate-
rial behaviour needs to include the resin kinetics and the
chemorheology of the resin system. The transport phenom-
ena involve the heat (and mass due to fluid flow) transfer
during the process. A complete description of the pultrusion
process requires a thorough understanding of the resin flow,
heat transfer, pressure, force (pulling, friction forces etc.)
as well as residual stresses and distortions via correspond-
ing numerical models. In the following, some important
numerical studies related to the pultrusion are reviewed in
detail.

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 numer-
ical techniques such as the finite difference (FD) method
and the finite element (FE) method with the control volume
(CV) technique or nodal control volume (NCV) technique
[4–19]. In [5], the effects of the thermal contact resistance
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(TCR) at the die-part interface on the pultrusion process
have been investigated by using the CV/FD method and it
was found that the use of a variable TCR is more accurate
than the use of a uniform TCR for simulation of the process.
In [6–8], the simulations of the pultrusion process have been
performed using the FE/NCV method. The effects of the
resin shrinkage and temperature-dependent material prop-
erties on the temperature and the cure degree distributions
have been discussed in [12] by using the FE/NCV tech-
nique. In [14], the reliability estimation of the pultrusion
process of a flat plate was analyzed by using the first order
reliability method (FORM). The effect of the uncertainties
in the material and resin kinetic properties as well as pro-
cess parameters on the product quality (i.e. the degree of
cure) were investigated [14]. The variations in the activa-
tion energy as well as the density of the resin were found to
have a strong influence on the degree of cure at the die exit
whereas the other process parameters have smaller influ-
ences. In [19], the productivity of the pultrusion process
for a composite rod was improved by using a mixed inte-
ger genetic algorithm (MIGA) such that the total number of
heaters was minimized while satisfying the constraints for
the maximum composite temperature, the average degree of
cure at the die exit and the pulling speed. In addition to the
theoretical modelling of the pultrusion process, experimen-
tal studies on the pultrusion of various composite profiles
such as rods, plates, I-beams etc. have been carried out in
[20–26]. Pultrusion of an I-beam was numerically modelled
in [22–24] and the predicted temperature and cure degree
values were compared with measurements. Die and post-die
analyses were performed for a thin uni-directional (UD) car-
bon/epoxy rod in [26] and the corresponding temperature
and cure degree profiles were predicted for different heater
configurations, pulling speeds and fiber volume fractions.
The effects of convective cooling at the post-die region were
also taken into account in the numerical model. The correct
prediction of the post die curing (3-4 %) and the temper-
ature distribution is essential for the accurate prediction of
the residual stress during the cooling of the composite (after
the exit from the die).

So far, the pultrusion process of a relatively thick com-
posite having a curved cross sectional geometry such as the
NACA0018 profile has not been described in the referred
publications. A numerical simulation tool embracing the
pultrusion blade manufacturing process is being developed
as part of the DeepWind project. The process parame-
ters affect the efficiency of the process as well as the
quality of the product. Usually the process is optimized
on a trial-and-error bases. Within the DeepWind project
we aim to optimize the process more efficiently using a
model based approach. The present paper in particular deals
with the thermo-chemical modelling of the pultrusion pro-
cess for a UD glass/epoxy NACA0018 blade profile. A

three-dimensional (3D) thermo-chemical process simula-
tion of a pultruded U-shaped cross section is first performed
as a validation of the implemented FE/NCV method, using
the data from similar analyses in the literature [7, 8]. Fol-
lowing the validation case, the same modelling strategy has
been applied for the pultrusion of the NACA0018 profile in
which the post-die region is also included in the model. The
model predicts the temperature and the degree of cure distri-
butions at steady state. The effects of the process parameters
such as the heater configurations and the pulling speed on
the quality of the profile are investigated.

Governing equations

Energy equations

The 3D transient heat transfer equations for the compos-
ite part and the die block can be written in a Cartesian
coordinate system (Eulerian formulation) as, respectively,

ρcCpc

(
∂T

∂t
+ u

∂T

∂x1

)
= kx1,c

∂2T

∂x21

+ kx2,c
∂2T

∂x22
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∂2T

∂x23

+ q (1)
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+ kx3,d
∂2T

∂x23

(2)

where T is the temperature, t is the time, u is the pulling
speed, ρ is the density, Cp is the specific heat, kx1 , kx2 and
kx3 are the thermal conductivities in the x1-, x2- and x3-
direction, respectively. Here, x1 is defined as the pulling
direction, x2 and x3 are the transverse directions. The
subscripts c and d correspond to the composite and the
die, respectively. Lumped material properties are used and
assumed to be constant. The volumetric internal heat gen-
eration (q) [W/m3] due to the exothermic reaction of the
epoxy resin is expressed as

q = (1− Vf )ρrQ (3)

where Vf is the fiber volume fraction, ρr is the resin density
and Q is the specific heat generation rate [W/kg] due to the
exothermic resin cure reaction.

Cure kinetics

The exothermic chemical reaction of the resin is described
by the cure kinetics equation. The degree of cure (α) of the
resin is equal to the ratio of the amount of heat generated
(H(t)) during curing, to the total heat of reaction Htr [15]:

α = H(t)

Htr

(4)
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The reaction rate, Rr(α, T ), can be expressed for an nth

order reaction as [15]:

Rr(α, T )= dα

dt
= 1

Htr

dH(t)

dt
=Ko exp

(
− E

RT

)
(1−α)n (5)

whereKo is the pre-exponential constant,E is the activation
energy, R is the universal gas constant and n is the order of
reaction (kinetic exponent). Ko, E, and n can be obtained
by a curve fitting procedure applied to the experimental data
evaluated using the differential scanning calorimetry (DSC)
[20]. The specific heat generation rate, Q (in Eq. 3), is then
calculated as [15]

Q = HtrRr(α, T ) (6)

The Eulerian formulation used here requires the spatial
derivatives rather than the material derivatives as in Eq. 5
(dα/dt). The spatial derivatives can be found from relation
given in Eq. 7.

dα

dt
= ∂α

∂t
+ ∂α

∂x1

dx1
dt

= ∂α

∂t
+ u

∂α

∂x1
(7)

and from Eq. 7, the resin kinetics equation can be expressed
as
∂α

∂t
= Rr(α, T )− u

∂α

∂x1
(8)

which is used in the transient thermo-chemical model.

Numerical implementation

The FE/NCV approach as described in [15] was imple-
mented in a commercial FE software ABAQUS [27] to
model the pultrusion process. The representation of the
FE/NCV grid is illustrated in Fig. 2(left). CVs are defined
at the nodes of each finite element and the temperature is
calculated using the finite element method. The degree of
cure, on the other hand, is calculated in the NCVs using the
user defined subroutines in ABAQUS. The non-linear inter-
nal heat generation (3) together with the cure kinetics (5) are
coupled with the energy (1) in an explicit manner in order to
obtain a straightforward and fast numerical procedure. The

degree of cure is subsequently updated explicitly for each
CV using Eq. 8 in its discretized form. This time-stepping
procedure is illustrated in the flowchart in Fig. 2(right). In
order to obtain stable results and to prevent possible oscil-
latory behaviour in the numerical implementation, the first
order upwind scheme is used for the discretization of the
term (u∂α/∂x1) in the cure kinetics equation (see Eq. 9).
The criteria for reaching the steady state is defined as the
maximum temperature and cure degree increments between
the new time step (n + 1) and the old time step (n), i.e
�T = max(T n+1 − T n) and �α = max(αn+1 − αn),
respectively, are set to 0.001 ◦C and 0.0001, respectively
(Fig. 2(right)).

[
∂α

∂t

]n→n+1

=
[
Rr(α, T )− u

αi − αi−1

�x1

]n
(9)

where the subscript i indicates the particular CV (see
Fig. 2(left)), �x1 is the distance between the two consec-
utive CV in the pulling direction and n denotes the time
increment.

Validation case

Model description

A 3D thermo-chemical simulation of the pultrusion pro-
cess for a composite U-shaped profile was performed as a
validation case. A UD glass/epoxy was used for the com-
posite material and chrome steel was selected as the die
material. The material properties and the cure kinetics
parameters are given in Tables 1 and 2, respectively. The
material properties of the composite are calculated by
a rule of mixtures based on a fiber volume fraction of
Vf = 63.9 %.

The model geometry, shown in Fig. 3, is taken from simi-
lar set-ups used in the literature [7, 8]. Only half of the cross
section has been considered due to the symmetry, apply-
ing an adiabatic thermal boundary condition (BC) at the
symmetry surface. Three heating platens are assumed to be

Fig. 2 Schematic view of the
FE/NCV grids in the pulling
direction (left). Flowchart of the
time-stepping procedure to solve
the equation system for the
temperature and the degree of
cure (right)
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Table 1 Thermal properties used in the process simulation [7, 8]

ρ Cp kx1 kx2 , kx3

[kg/m3] [J/kg K) [W/m K] [W/m K]

Composite 2090.7 797.27 0.9053 0.5592

Vf = 0.639

Steel die 7833 460 40 40

placed on the top surface of the die block and the remain-
ing 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 temper-
ature (27 ◦C) with a convective heat transfer coefficient of
10 W/(m2 K). Water-cooled channels are located along the
first 90 mm of the die, so that to avoid any premature resin
gelation at the inlet of the die. The cross sectional details of
the die and the composite including the FE mesh are illus-
trated in Fig. 4. The element length in the pulling direction
is 15 mm. The degree of cure of the composite is equal to
zero at the die inlet and the inlet temperature of the com-
posite is taken as the resin bath temperature (45 ◦C). As in

Table 2 Resin cure kinetics parameters [8]

Htr [kJ/kg] Ko[1/s] E[kJ/mol] n

324 192,000 60 1.69

Table 3 The set temperatures of the heaters (◦C) used in the validation
case

Heater-1 Heater-2 Heater-3 Heater-4 Heater-5 Heater-6

105.5 148.5 200.0 115.5 146.5 200.0

[7, 8], perfect thermal contact is assumed between the die
and the composite.

Results and discussions of the validation case

The degree of cure profiles at steady state shown in Fig. 5
are obtained with a pulling speed of 2.3 mm/s by using
the FE/NCV approach inspired by [7, 8]. It is seen that the
results match with those in [7, 8]. This shows that the imple-
mented numerical scheme is stable and converged to the
correct solution. It is seen from Fig. 5 that point B (along
the pulling direction) starts curing before point A. The con-
tribution of the die temperature to the cure degree is more
dominant than the contribution of the internal heat genera-
tion at the die-part interface (e.g. point B) since point B is
closer to the heaters. The reverse is the case for the inner
regions of the composite (e.g. point A). However, approx-
imately from x1 = 0.6 m the curing rate of point A is
higher than at point B because the internal heat generation
plays a more important role at the inner region of the com-
posite. Therefore, although the curing at point A starts at a
later stage, the cure degree of point A becomes almost the
same as the cure degree of point B at the die exit which is
predicted to be approximately 0.89.

Fig. 3 Symmetric pultrusion model geometry for the U-shaped composite and the corresponding FE mesh in the validation case. All dimensions
are in mm
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Fig. 4 Cross sectional details of the finite elements for the die (left)
and the composite (right) in the validation case. All dimensions are
in mm

Fig. 5 The predicted degree of cure profiles at points A and B in the
validation case

Pultrusion of a NACA0018 profile

Model description

The thermo-chemical analysis implemented in ABAQUS
was then used to simulate the pultrusion process of the
NACA0018 profile. The schematic representation of the
model is seen in Fig. 6. The heater locations are selected
similarly to the validation case (in Section “Validation
case”); however, in this case only three heating platens on
one side are included in the numerical model due to the sym-
metry. The cross sectional details of the die and the blade
including the FE mesh are seen in Fig. 7. The same mate-
rial properties and BCs are used as in the validation case
for the die and the composite. Convective boundaries are
defined at the post die region for the exterior surfaces of
the blade profile with a convective heat transfer coefficient
of 10 W/(m2 K). The length required to cool the surface
of the profile down to room temperature (Lconv in Fig. 6)
was determined by a trial-and-error analysis, leading to a
value for Lconv of approximately 9.2 m. Two case studies
were carried out 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 corresponding temperatures were taken
from [26]. Three different pulling speeds were used for both
cases: 2.3 mm/s, 3 mm/s and 5 mm/s, implying total pul-
trusion process times of approximately 73 min, 56 min and
34 min, respectively, based on the total length of the profile
which is approximately 10 m.

Fig. 6 Schematic of the pultrusion model geometry for the NACA0018 profile including the post die region where convective cooling takes place
at the exterior boundaries of the profile. The length of the post die region is not scaled and all dimensions are in mm
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Fig. 7 Cross sectional details of
the FE mesh for the die (top)
and the blade (bottom). All
dimensions are in mm

Table 4 The set temperatures (◦C) of the heaters for the two cases

Heater-1 Heater-2 Heater-3

Case-1 105.5 148.5 200.0

Case-2 171.0 188.0 188.0

Results and discussion

Thepredicted temperature and cure degree profiles for Case-1
and Case-2 are presented in Figs. 8 and 9, respectively.

In both cases, the temperature at the die-part interface
(e.g. at point B in Figs. 8 and 9) remains almost the same

for different pulling speed values due to the prescribed tem-
perature of the heaters. The temperature profile at point A
is more sensitive to the increase in pulling speed. The pro-
file shifts to the right for both cases when the pulling speed
is increased, illustrating that the convective term (u∂T /∂x1)
plays a more significant role at the inner regions. The degree
of cure distributions follow the same trend: both the temper-
ature and the cure degree profiles at point A shift more to the
right than for point B for the two cases as the pulling speed
increases. Obviously, also the cure degree profile at point A
is more sensitive to the pulling speed than the cure degree
profile at point B, higher temperature and final degree of
cure values are obtained for this thick-walled section at
point A as compared to point B at the end of the process

Fig. 8 Temperature (top) and
cure degree (bottom) profiles at
points A and B with zoomed
plots (right) between 0–2 m
from the heating die entrance for
Case-1 (105.5-148.5-200 ◦C)
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Fig. 9 Temperature (top) and
cure degree (bottom) profiles at
points A and B with zoomed
plots (right) between 0–2 m
from the heating die entrance for
Case-2 (171-188-188 ◦C)

as seen from Figs. 8 and 9. In addition, the maximum tem-
perature values at point A are found to be higher than those
at point B for all cases. This results in through-thickness
temperature and cure degree gradients which together with
the heater configuration would have a direct effect on the
process induced residual stresses and distortions [28]. The
temperature may still increase after the profile has left the
die due to exothermic internal heat generation as the curing
process continues. In other words, an increase in the pulling
speed promotes larger through-thickness gradients of tem-
perature and degree of cure in both cases. The pulling speed
has a negative effect on the cure degree at the die exit, i.e.
it decreases with an increase in speed; however, this effect
vanishes at the end of the process where almost the same
cure degree values are obtained for different pulling speeds
in both cases (Figs. 8 and 9).

The curing starts earlier in Case-2 due to the higher set
temperatures for the first and second heaters (Fig. 9) as

compared to Case-1. Therefore, higher cure degree values
prevail at the die exit for Case-2. The cure degree values
at the die exit and also at the end of the process together
with the corresponding % increase in the cure degree are
given in Tables 5 and 6 for Case-1 and Case-2, respec-
tively. It is seen that the increase in cure degree, from
die exit to the end of the process, becomes larger with an
increase in the pulling speed. It should be noted that, even
though the cure degree at point A in Case-1 is relatively
small at the die exit for a pulling speed of 5 mm/s (i.e.
0.13 in Table 5), surprisingly an increase of more than six
times in the cure degree is found (see also Fig. 8(bottom)).
This is due to the wall thickness differences leading to an
additional variation through the profile cross section (along
the chord). Some regions, particularly thinner, cure faster
than the region where point A is located (i.e. the thickest
region). In addition, high temperature of the regions close
to the die surface act as a heater at the post die region

Table 5 The degree of cure values at the die exit (x1 = 0.915 m) and the end of the process (x1 ≈ 10 m) for Case-1 (105.5 - 148.5 - 200 ◦C) with
three different pulling speeds

Point A Point B

Die exit End of process Increase (%) Die exit End of process Increase (%)

2.3 mm/s 0.87 0.99 13.5 0.90 0.98 9.1

3 mm/s 0.71 0.99 38.8 0.87 0.98 12.6

5 mm/s 0.13 0.99 658.4 0.77 0.98 27.1
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Table 6 The degree of cure values at the die exit (x1 = 0.915 m) and the end of the process (x1 ≈ 10 m) for Case-2 (171-188-188 ◦C) with three
different pulling speeds

Point A Point B

Die exit End of process Increase (%) Die exit End of process Increase (%)

2.3 mm/s 0.95 0.99 4.0 0.94 0.98 4.5

3 mm/s 0.92 0.98 6.8 0.91 0.98 7.1

5 mm/s 0.52 0.98 89.4 0.85 0.98 14.7

Fig. 10 Temperature
distributions inside the blade
profile at the die exit (top) and at
the end of the process (bottom)
for Case-1 (105.5-148.5-200 ◦C)
with a pulling speed of 5 mm/s

Fig. 11 Cure degree
distributions inside the blade
profile at the die exit (top) and at
the end of the process (bottom)
for Case-1 (105.5-148.5-200 ◦C)
with a pulling speed of 5 mm/s
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and hence, invoke the exothermic reaction at inner regions.
This can be explained in the contour plots given in Figs. 10
and 11 for the temperature and the cure degree distributions,
respectively (Case-1 for 5 mm/s). It is seen in Fig. 10 that
the temperature in the thinner regions of the profile are
found to be between approximately 208–214 ◦C at the die
exit due the rapid curing whereas the temperature is only
142 ◦C at point A which shows that high through-thickness
thermal gradients prevail at the cross section and the curing
takes place at earlier stages at the thinner regions as com-
pared with the point A (Fig. 11). Hence, at the post-die,
the heat flow is transmitted from the thinner regions to the
point A and at the end of the process the thickest section
of the profile is found to be almost fully cured (Fig. 11).
The large through-thickness variations in temperature and
degree of cure may also lead to poor surface quality as well
as unwanted surface defects at the end of the process.

Using the proposed numerical tool, designs of various
internal cross-section configurations, e.g. reinforcements,
stiffeners, spars, etc., can be analysed including the effects
of processing parameters on the expected performance. In
this way, the simulation can be used to optimize the process
in order to obtain the desired mechanical properties of the
product.

Conclusion

A thermo-chemical simulation was performed for the pul-
trusion process of a composite NACA0018 blade. First, a
validation case was carried out in which the cure degree
distribution of a pultruded U-shaped composite profile was
simulated. The implemented numerical model was found to
be stable and accurate as compared with the correspond-
ing results in [7, 8]. Subsequently, the temperature and
degree of cure evolutions were simulated for the pultrusion
of the NACA0018 profile using two different set temper-
ature schemes of the heaters, i.e. Case-1 (105.5-148.5-200
◦C) [7] and Case-2 (171-188-188 ◦C) [26], for three dif-
ferent pulling speeds (2.3 mm/s, 3 mm/s and 5 mm/s). The
main outcomes of this study are summarized as follows:

– It was found that higher final cure degree values prevail
in Case-2 due to the higher set temperatures of the first
and second heaters which invoke curing at early stages
as compared with Case-1. Hence, the heater configura-
tions as well as the set temperatures of the heaters must
be determined to obtain the desired product quality
which might require a more advanced process optimiza-
tion study such as the work presented in [19].

– There is significant curing taking place in the post die
region. This shows that high temperature of the regions
close to the die surface acts as a heater at the post die

region and hence, invokes the exothermic reaction at
inner regions. In other words, the skin acts as an insula-
tor for the core such that there exists a self accelerating
cure reaction.

– Although the degree of cure at the die exit decreases
with an increase in the pulling speed, almost the same
degree of cure values are obtained at the end of the pro-
cess for different pulling speeds in both cases due to the
continued chemical reaction in the post die region.

This study clearly shows the importance of the process
parameters such as the set temperatures of the heaters and
the pulling speed on the quality, i.e. curing behaviour, in
pultrusion of a composite NACA0018 blade. This directly
affects the expected mechanical properties of the prod-
uct as well as the possibility of the defects and process
induced residual stresses. The results provide essential input
to the prediction of process induced residual stresses and
subsequent simulations of the mechanical performance of
the pultruded wind turbine components under appropriate
loading conditions and can hence be used to optimise the
process, the design and the part performance.
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