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DESCRIPTION

Technical Field

[0001] The present invention relates to a method of manufacturing a fibre-reinforced polymer
object by means of vacuum-assisted resin transfer moulding (VARTM), wherein fibre material
is impregnated with liquid resin in a mould cavity comprising a rigid mould part having a mould
surface defining an outer surface of the object. The invention further relates to a moulding
system comprising: a rigid mould part having a mould surface defining an outer surface of a
fibre-reinforced polymer object moulded in said system, a vacuum bag for sealing against the
rigid mould part so as to form a mould cavity, a vacuum source connected to the mould cavity
so as to evacuate the mould cavity, one of more resin inlets connected to the mould cavity, and
a polymer supply unit connected to the resin inlets and adapted to supply resin to the resin
inlets.

Background Art

[0002] The invention in particular relates to a method and moulding system for manufacturing
blade shell parts of a wind turbine blade, advantageously blades having a pre-bent curvature.
Such blades are typically assembled from blade shell halves. One of the shell halves forms the
pressure side of the blade and other shell half forms the suction side. The pressure side of the
blade is also called the upwind side, as it faces the wind during operation of the wind turbine.
The suction side of the blade is also called the downwind side, as it faces away from the wind
during operation of the wind turbine.

[0003] By pre-bent blade is to be understood a blade which as seen from the root region
towards the tip region at a distance from the root region extends forwards towards the wind in
a forwardly curving manner so that the tip of the blade is positioned in front of the centre line of
the root region. An example of a pre-bent wind turbine blade is disclosed in EP 1019631B1.

[0004] Wind turbine blades made of a composite material, such as fibre-reinforced resin, are
flexible and when subjected to a gust they may flex up to about 6-8m or more at the tip
depending on the length thereof.

[0005] Pre-bent blades may have such a curvature that the tip is arranged 0.5-4m or more
from the centre line of root depending on the length of the blade.

[0006] As wind turbine blades have become progressively longer in the course of time and
today can be more than 70m long, it has become increasingly attractive to use pre-bent blades
for wind turbines, as they allow for placing the wind turbine rotor close to the tower of the wind
turbine, while still avoiding that the blade collides with the tower when subjected to a gust.
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[0007] When manufacturing blade shell halves the mould is generally arranged so that the line
corresponding to the centre line of the root region of the blade is substantially horizontal. This
centre line often corresponds to a pitch axis of the blade.

[0008] However, when manufacturing the shell halves for pre-bent blades, especially blades
pre-bent to arrange the tip about 1 m or more in front of the centre line of the root region, the
fibre/resin ratio tends to be higher in the highest positioned areas of the mould surface than in
the lowest positioned areas of the mould surface as seen in the longitudinal direction of the
mould. This is especially the case in a longitudinally extending zone located at the lowest area
of the mould as seen in the transverse direction thereof. In the above zone a plurality of fibre
layers is frequently placed on top of each other in order to form a load-bearing structure of the
blade shell half comprising a substantially higher number of fibre layers than laterally adjacent
areas of the fibre lay-up.

[0009] Thus, due to the gravity acting on the resin, a too high fibre/resin ratio tends to be
formed at the highest positioned areas of the mould and a too low fibre/resin ratio tends to be
formed at the lowest positioned areas of the mould as seen in the longitudinal direction thereof.

[0010] A too high fibre/resin ratio has a negative influence on the fatigue strength of a
composite material comprising fibre-reinforced resin. This is especially a problem when
moulding the upwind shell half, as the highest positioned area of the mould surface is in the
mid portion of the half shell when seen in the longitudinal direction and as the mid portion of
the blade is subjected to high loads during operation of the wind turbine.

[0011] EP 2 404 743 by the present applicant discloses a method to ameliorate the above
problem by dividing resin infusion into separate areas so as to mimisise the effect of gravity
acting on the resin with the effect that the fibre/resin ratio can more accurately controlled of the
finished wind turbine blade shell in the separate areas. However, even in this manufacturing
setup, it has proven difficult to control the fibre/resin ratio of the separate areas of the wind
turbine blade shell to a high degree.

[0012] GB 2 403 927 A discloses a method and apparatus for moulding composite articles.
The method and apparatus comprises the use of a skin, which defines a mould cavity. A
pressure sensor is connected to the skin so as to generate a signal indicative of pressure in
the cavity. A control unit controls injection of resin into the cavity and may cut off the resin
supply, if the sensed pressure becomes too high.

[0013] US 2007/145622 A1 describes a system and method for improved infusion of a fibre
containing preform using infusion. The system comprises a mould base portion adapted to
support the preform and a mould closure portion adapted to overlie the mould base portion in
sealable relation to define a mould chamber containing the preform. One or more sensors are
attached to the mould base portion and/or to the mould closure portion for monitoring flow
characteristics of the resin within the mould chamber. A control means responsive to the
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sensing means is operatively connected to a resin pump and to a vacuum pump for varying the
either or both of the volumetric flow rate of the resin and the level of vacuum within the mould
chamber to control infusion of the preform.

Disclosure of the Invention

[0014] Therefore, it is an object of the invention to obtain a new manufacturing method and
moulding system, which overcome or ameliorate at least one of the disadvantages of the prior
art or which provide a useful alternative.

[0015] According to a first aspect, the object is obtained by a method of the aforementioned
kind comprising the following steps:

a) arranging a fibre lay-up including a number of fibre layers on the mould surface,
. b) arranging at least one resin inlet above the fibre lay-up,

c) attaching one or more pressure sensors to or near the at least one resin inlet,

. d) arranging a vacuum bag on top of the rigid mould part and sealing the vacuum bag to
the mould part to define the mould cavity,
. ) evacuating the mould cavity,

6. f) supplying liquid resin to the mould cavity so as to impregnate the fibre lay-up,

7.g) continuously monitoring a signal from the one or more pressure sensor, i.e.
monitoring the pressure and generating a signal indicative of said measured pressure,

8. h) feeding said signal back to a control unit that controls a resin flow rate supplied to the
resin inlets,

9. i) increasing a resin flow rate, if the pressure measured by the pressure sensors at the
resin inlet drops below a lower threshold level, and decreasing the resin flow rate, if the
pressure measured by the pressure sensors at the resin inlet is above a higher pressure
threshold, and

10. j) allowing resin to cure so as to form the fibre-reinforced polymer object.

9]

[0016] Accordingly, it is seen that the pressure is continuously monitored at the resin inlets.
Thus, if the pressure at the resin inlet drops below the lower pressure threshold, which would
normally lead to a thin laminate, too high fibre/resin ratio and possibly dry glass or air pockets,
the resin flow rate is increased. Conversely, the resin flow rate is decreased, if the pressure at
the resin inlet is above the higher pressure threshold, which would normally lead to wrinkles or
resin pools and a too low fibre/resin ratio due to release of the pretension of the fibre layers.
Thus, it is possible to a high degree to control the fibre/resin ratio of the fibre-reinforced
polymer object and reduce the risk of formation of wrinkles and air pockets in the object or
prevent it entirely. Further, the continuous monitoring and control of the resin pressure makes
it possible to accommodate for the fact that the pressure at the resin inlets may change over
time as the resin is injected into and propagates through the mould cavity. By arranging the
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pressure sensors to or near the resin inlets, it is ensured that the pressure is continuously
monitored near the flow front, thereby ensuring that the resin front does not distort the fibres.
Thereby, a high quality infusion and in turn a high quality composite structure is obtained.

[0017] The resin inlet may comprise a resin inlet channel or feed channel and optionally an
inlet box or port. Accordingly, the pressure sensor may for instance be connected directly to
the resin inlet channel or the inlet box or port.

[0018] The resin may optionally be supplied to the fibre lay-up via distribution layers arranged
between the fibre lay-up and the resin inlets. The resin inlets may comprise resin channels,
often extending in the longitudinal direction of the mould, and optionally an inlet box. The resin
channels are in the following sometimes referred to as feed channels. The two terms may be
used interchangeably. The pressure sensor may be attached to the resin channels or the inlet
box.

[0019] According to an advantageous embodiment, the mould cavity is divided into separate
segments, wherein steps f)-i) are carried out separately for each segment, and wherein resin
inlet pressure is monitored for each segment. Thereby, the pressure can be monitored
separately for each segment, which is particularly advantageous, if the mould, fibre lay-up, and
the resin inlets comprise local variations in height. Both the distribution layers and the resin
inlets may be segmented.

[0020] According to another advantageous embodiment, the mould cavity is divided into
separate segments, wherein the resin flow rate is controlled separately for each segment.
Thereby, the fibre/resin ratio can be controlled to a higher degree for each segment thereby
more accurately ensuring that the fibre/resin ratio of all parts is kept within the desired
tolerances. This is particular relevant, when manufacturing curved objects and where the
mould has a significant height difference between various parts of the mould.

[0021] According to yet another advantageous embodiment, a single pressure sensor is
connected to a first resin inlet of a first segment and a second resin inlet of a second segment,
and wherein in step g) a maximum pressure of the first resin inlet and the second inlet is
monitored and fed back to the controller in step h). Thereby, two or more segments can be
monitored and controlled via use of a single pressure sensor, thereby simplifying the feedback
setup and lowering overall costs. The at least one sensor may advantageously be arranged at
a lowermost point so as to measure the maximum pressure of the particular segment.

[0022] In practice, step h) may be carried out by controlling the flow rate of mixed resin into
the resin inlets. This may be controlled by an infusion machine, and the mixed resin may
comprise a resin and a hardening agent.

[0023] According to a first advantageous embodiment, the resin is supplied directly into a
segment, i.e. directly into a resin inlet of the particular segment. According to a second
advantageous embodiment, the resin is supplied to a segment indirectly via another segment.
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This can for instance be carried out by segmenting the resin inlets and optionally the
distribution layers and connecting the segmented inlet via loops, e.g. controlled via valve
means.

[0024] Further, the pressure sensor may be used to measure the vacuum level in the mould
cavity during the evacuation. Accordingly, the invention also contemplates an embodiment,
wherein after step e) a pressure level is measured within the mould cavity over a
predetermined period of time before carrying out step f). By monitoring the pressure level for
the predetermined period of time, it can be ensured that there is no leakage in the mould
cavity. The pressure level can be measured via the same pressure transducers, since they are
communicating with the mould cavity. Thereby, it is also possible to monitor each segment
separately, thereby being able to locate a potential leakage more quickly.

[0025] Further, the measured pressure level should be the same in all segments after the
evacuation. Accordingly, monitoring of the pressure levels before injecting resin into the mould
cavity can be used to identify an erroneously connected or faulty pressure sensor, if one
sensor provides an output different from the others.

[0026] According to yet another advantageous embodiment, the fibre-reinforced polymer
object is a blade shell part and the fibre lay-up forms part of a load carrying structure
integrated into the blade shell part. Thus, it is seen that the fibre-layup may form the main
laminate of the blade shell part. The blade shell part may for instance form the pressure side
or the suction side of the blade. The blade shell part may form a blade shell half of a pre-bent
wind turbine blade comprising two blade shell halves being interconnected along a leading
edge and a trailing edge, said blade having a root region, an airfoil region with a tip region,
optionally a transition region between the root region and the airfoil region. The pressure
sensor may be arranged above the fibre insertion forming the main laminate so as to sense
the pressure supplied to the fibre insertion.

[0027] As previously mentioned, the method may include the step of placing a distribution
layer above the fibre lay-up, e.g. between steps a) and b). The term distribution layer is to be
understood as a layer which allows for a higher resin flow speed than allowed for by the fibre
layer.

[0028] The possible segmentation can be carried out by providing at least one segmentation
area in the distribution layer by dividing the distribution layer into at least two distribution layer
segments as seen in a longitudinal direction of the rigid mould part by providing at least one
transversely extending flow barrier in the distribution layer preventing or restricting longitudinal
resin flow through the distribution layer as explained in EP 2 404 743. Step b) may include
placing at least one longitudinally extending feed channel above the distribution layer, said first
feed channel being open towards the distribution layer so as to provide resin communication
therewith, said first feed channel preferably extending substantially from the root region to the
tip region and being divided into at least two separate feed channel sections, a feed channel
section being arranged in each distribution layer segment.
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[0029] The fibre lay-up may comprise fibre layers in form of unidirectional mats, woven mats,
non-woven mats, etc. and a combination thereof, and the fibre mats may contain glass fibres,
carbon fibres, aramid fibres, steel fibres, natural fibres, etc. and a combination thereof. The
resin can be a polyester resin, a vinylester resin, an epoxy resin or any other thermosetting
resin or polymer or it can be a thermoplastic resin or polymer.

[0030] The segmentation area providing at least one transversely extending flow barrier in the
distribution layer prevents a too fast resin flow through the distribution layer in the longitudinal
direction of the mould, and especially prevents or restricts longitudinal resin flow between the
two distribution layer segments formed by the flow barrier, whereby a desired fibre/resin ratio is
obtained in the fibre lay-up below the two distribution layers.

[0031] Further, by dividing the first feed channel into feed channel sections substantially
corresponding to the distribution layer segments it is possible to control the supply of resin to
the distribution layer segments and thereby to the lay-up therebelow so as to obtain the
desired fibre/resin ratio in the fibre lay-up.

[0032] A release medium and subsequently a gelcoat may be applied to the mould surface
prior to step a).

[0033] The gelcoat enables easy demoulding of the shell half after curing of the resin and the
gelcoat defines the outer surface of the finished blade shell half.

[0034] Additionally, a tear-off layer, preferably in the form of a perforated polymer fiim layer,
may be placed on the fibre lay-up, i.e. between the fibre lay-up and the distribution layer or
between the fibre lay-up and the resin inlets. Since the cured resin which remains in the first
feed channel, in any additional feed channels, and in the distribution layer does not contribute
essentially to the strength of the blade shell half, it is preferred to remove the feed channels
and the distribution layer including the resin cured therein from the moulded blade shell half.
The use of a tear-off layer facilitates the removal of the first feed channel, any additional feed
channels, the distribution layer and cured resin remaining in these parts. Additionally, the
removal of feed channels and the distribution layer reduces the weight of the blade shell half
without essentially reducing the strength thereof.

[0035] The first feed channel and any additional feed channels may be formed of a tube with
an omega profile. The mould cavity may be evacuated by means of one or more vacuum
channels, advantageously provided along the rim of the mould.

[0036] According to an embodiment of the invention, the first feed channel may be divided into
three feed channel sections and the distribution layer is divided into three distribution layer

segments.

[0037] The segmentation embodiments have proved particularly advantageous when
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moulding upwind blade shell halves, wherein the height difference between the highest and the
lowest point of the mould surface exceed 1 m. However, it should be noted that the first feed
channel may be divided into more than three feed channel sections and the distribution layer
may be divided into more than three distribution layer segments.

[0038] According to a further embodiment of the invention, the transversely extending flow
barrier may be provided by omitting the distribution layer in a transversely extending portion
thereof. The transversely extending portion in which the distribution layer is omitted may have
a width of 5-100cm, optionally of 15-80cm and optionally of 25-50cm.

[0039] According to an additional embodiment of the invention, the transversely extending
flow barrier may be provided by applying a formable substance, such as a so-called tacky tape,
to the distribution layer in a transversely extending portion thereof. In practice, excellent results
have been obtained by means of this embodiment.

[0040] According to an embodiment of the invention the first feed channel may be divided into
sections adjacent to or in the segmentation area in which the distribution layer is divided into
distribution layer segments. According to the invention, the first feed channel may be divided
into feed channel sections and the distribution layer may be divided into distribution layer
segments so that a height difference between a lowest and a highest level of the mould
surface is at most 1.6m, optionally 1.4m, optionally 1.2m, optionally 1.0m and optionally 0.8m.

[0041] Tests have shown that in order to obtain the desired fibre/resin ratio especially in the
highest position area of adjacent sections, it is advantageous to provide a segmentation of the
first feed channel and the distribution layer so that the above height difference is not too large,
i.e. below 1.2m. However, in certain cases a height difference of more than 1.2m may be
applicable.

[0042] The resin may be supplied to the inlet of the respective feed channel sections through
supply lines from separate resin sources, each of said supply lines being provided with a valve
means for stopping the resin flow. Optionally, resin may be supplied to the inlet of the
respective feed channel sections through supply lines from a common resin source, each of
the supply lines provided with a valve means for stopping the resin flow.

[0043] Additionally, according to the invention longitudinally adjacent sections of the first feed
channel may be interconnected by a connection line provided with a valve means between
adjacent ends of the adjacent feed channel sections to allow for an interruption of the resin
flow between said adjacent feed channel sections, the feed channel preferably being provided
with a single inlet. As a result, a simple arrangement is provided for feeding resin to the various
feed channel sections allowing for controlling the supply of resin to the feed channel sections in
the desired amounts and at the desired point of time by opening the closing the valve means.

[0044] According to a further embodiment of the invention, at least one additional essentially
longitudinally extending feed channel may be arranged above the fibre distribution layer on
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either side of and laterally spaced apart from the longitudinally extending first feed channel,
said additional feed channels preferably being continuous feed channels, i.e. they are not
divided into sections, and preferably the transversely extending flow barrier is not provided in
the distribution layer below said additional feed channel. By providing the additional feed
channels, a faster and more reliable resin impregnation of the fibre lay-up areas laterally
spaced apart from the fibre lay-up area below the first feed channel is obtained compared to
the situation, where such additional feed channels are not provided.

[0045] According to an embodiment of the invention, a plurality of fibre layers is placed on top
of each other in a longitudinally extending zone of the mould, said plurality of fibre layers
forming a load-bearing structure of the blade shell half, said structure comprising a
substantially higher number of fibre layers than laterally adjacent areas of the fibre lay-up and
wherein the at least one first feed channel is arranged in said zone forming the load-bearing
structure. As a result, a blade shell half is formed provided with a load-bearing structure
extending in the longitudinal direction of the blade shell half, and as seen in the transverse
direction extending in an area of the lowest positioned portion of the mould. Thus, the above
zone extends in the lowest positioned area of the blade shell half. Such a blade shell half is
frequently used in the production of wind turbine blades.

[0046] Preferably, the transversely extending flow barrier is only provided in the above zone
forming the load-bearing structure and may extend over a portion of or over the entire width of
said zone. However, it is preferred that the flow barrier extends over essentially the entire width
of said zone. The zone forming the load-bearing structure may have a thickness of 10-100mm,
optionally of 20-80mm, optionally of 30-50mm, and a width of 30-200cm, optionally of 40-
150cm and optionally of 50-120cm. The width of the zone forming the load-bearing structure
may decrease from the root region towards the tip region. The thickness of the zone forming
the load-bearing structure may decrease from root region toward the tip region. The zone
forming the load-bearing structure may extend from the root region to the tip region.

[0047] According to an additional embodiment of the invention, the resin supply to adjacent
sections of the first feed channel may be controlled so that the resin supply to the section
having the lowest positioned point is stopped prior to stopping the resin supply to the section
having the highest positioned point.

[0048] Preferably, resin is supplied to the different channel sections of the first feed channel
simultaneously with or after resin is supplied to the feed channel section having a higher
positioned point than an adjacent channel section. After the resin supply to the additional
channel sections has been stopped, resin is supplied to the fibre lay-up arranged in the higher
positioned area, whereby the desired fibre/resin ratio is obtained in the higher positioned area
of the fibre lay-up. In this connection it should be noted that the transversely extending flow
barrier between the two adjacent distribution layer segments prevents or restricts resin flow
therebetween from the higher positioned distribution layer segment to the lower distribution
layer segment.
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[0049] According to an embodiment of the invention, the supply of resin to the feed channel
sections having the highest positioned point of the first feed channel may be continued after
the resin supply to any other first feed channel sections has been stopped and preferably also
after the supply of resin to any additional feed channels has been stopped, the supply of resin
to the feed channel section having the highest positioned point being continued until the resin
supply to the mould cavity is completed.

[0050] According to an embodiment of the invention, the resin inlet to the first feed channel
may be arranged at 25-60% of the length of the blade shell half from the end of the root
region, optionally at 25-55% thereof, and optionally at 30-50% thereof. Both when moulding the
upwind shell half and the downwind shell half, it has proved to be advantageous to provide the
inlet to the first feed channel in the above area of the blade shell half, i.e. the mould. However,
an arrangement of the resin inlet to the first feed channel in the above area of the blade shell
half have proved to be particularly advantageous when moulding the upwind blade shell half.

[0051] According to a further embodiment of the invention, the resin inlet to the first feed
channel may be arranged at or adjacent the highest point thereof. This embodiment is proved
to be particularly advantageous when moulding the upwind blade shell half. Further, it has
proved to be advantageous to provide the resin inlet to any additional feed channels laterally
spaced apart from the first feed channel at or adjacent the highest point thereof. According to
an embodiment of the invention, the first feed channel may be arranged in an area of the
lowermost portion of the fibre lay-up as seen in the transverse direction of the mould.

[0052] Preferably, the mould part for moulding the upwind shell half may be arranged so that
a line of the mould part corresponding to the centre line of the root region of the blade is
arranged to tilt slightly upwardly relative to horizontal from the root region towards the tip
region, thereby reducing the height difference between the lowermost portion of the mould
surface in the root region and in the tip region. In this connection the lowermost portion of the
mould surface in the root region and the tip region may be arranged at approximately the
same level. Such an arrangement is particularly advantageous when moulding the upwind shell
half, as the height difference between the lowermost portion of the mould surface and the
highest portion of the mould surface thereby is minimised.

[0053] Furthermore, the mould part for moulding the downwind shell half may be arranged so
that a line of the mould part corresponding to the centre line of the root region of the blade is
arranged to tilt slightly downwardly relative to horizontal from the root region towards the tip
region, thereby reducing the height difference between the lowermost portion of the mould
surface in the root region and in the tip region. Additionally, the mould part for moulding the
upwind and downwind shell half, respectively, may be arranged to that the line corresponding
to the centre line of the root region of the blade is titled upwardly and downwardly by the same
degree. Thereby, a subsequent closing step, wherein the shell halves are joined while being
retained in their respective mould parts, is facilitated.

[0054] The blade of the pre-bent wind turbine and thereby the blade shell half may have a
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length of more than 30m, optionally of more than 40m, optionally of more than 50m and
optionally of more than 60m. The blade and thereby the shell half may be pre-bent to such an
extent that the tip of the blade and thereby the tip of the shell half is arranged more than 0.5m,
alternatively more than 1 m, alternatively more than 2m, alternatively more than 3m and
alternatively more than 4m from the centre line of the root.

[0055] According to a second aspect, the object is obtained by a moulding system of the
aforementioned kind, wherein the system further comprises: one or more pressure Sensors
connected to the resin inlets, the pressure sensors being adapted to measure a pressure in
the resin inlets and generating a signal indicative of the measured pressure, and a control unit
for controlling the polymer supply unit based on said signal and adapted to adjusting a resin
flow rate, if pressure measured by the pressure sensors is below a lower threshold level or
above a higher threshold level.

[0056] Accordingly, it is seen that the invention provides a VARTM based moulding system
that is particularly suited for carrying out the manufacturing method according to the invention.
The pressure sensors sense the resin pressure at the resin inlets and feed back a signal to a
control unit that controls the polymer supply unit or the infusion machine, thereby ensuring that
the resin pressure is kept within the desired tolerances, thereby preventing a thin laminate, too
high fibre/resin ratio and possibly dry glass or air pockets due to a too low resin pressure, and
preventing wrinkles or resin pools and a too low fibre/resin ratio due to release of the
pretension of the fibre layers, when the resin pressure becomes too high.

[0057] According to a first advantageous embodiment, the resin inlet comprises a resin inlet
channel or feed channel and optionally an inlet box or port.

[0058] A connection part may be connected to or integrated into the resin inlet channel or inlet
box, so that the pressure sensor may be connected to the connection part. This can for
instance be carried out via a threaded connection. However, it may also be sufficient to
connect the pressure sensor to the inlet via a hose or tube that supplies resin to the pressure
sensor from the resin inlet, thereby monitoring the pressure level in the resin inlet directly.

[0059] The pressure sensor may advantageously be connected to the connection part via a
sealed bushing having an o-ring preventing resin to flow into threads of the threaded
connection. The pressure sensor may advantageously be a diaphragm pressure transducer,
advantageously a differential pressure transducer. The pressure sensor may be open-ended,
which will prevent the resin from hardening at the pressure sensor, in which case the sensor
otherwise could only be used once.

[0060] It is also possible to use a pressure sensor measuring the absolute pressure. In
practice, this will however often necessitate the use of two separate sensors.

[0061] As previously indicated, the pressure sensor may comprise a tube that can be
connected directly into the mould cavity or the resin inlet. The pressure sensor may comprise a
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tube that can be connected to the mould cavity via a hose.

[0062] In one embodiment, a small space or chamber is formed in front of a diaphragm of the
pressure sensor. Again, this setup favours the use of an open-ended pressure sensor so as to
prevent the resin from hardening.

[0063] The diaphragm of the pressure sensor may advantageously be coated with a release
agent so as to ensure that resin can be removed from the diaphragm or the hose.

[0064] As explained for the method claims, the system may comprise a plurality of sensors.
The sensors may be arranged so as to sense the resin pressure of different segments of the
mould cavity. Further, the resin supply unit may comprise separate feed channels so as to
supply resin to separate resin inlets. Each resin inlet or resin inlet segment may be provided
with one or more pressure sensors. Each resin inlet or resin inlet segment may be assigned to
an individual segment of the mould cavity.

Brief Description of the Drawings

[0065] The invention is explained in details below with reference to an embodiment shown in
the drawings in which

Fig.1 is a schematic view of a wind turbine provided with three pre-bent blades, at least one of
these blades having a blade shell half being produced according to the method according to
the invention;

Fig. 2 is a side schematic view of one of the blades shown in Fig. 1;

Fig. 3 is a schematic, longitudinal, sectional view of a rigid mould part for forming the pressure
side, i.e. the upwind side of a blade shell half;

Fig. 4 is a schematic top view of the mould part shown in Fig. 3, the width of said mould part
being enlarged for illustrative purposes;

Fig. 5 is a schematic top view of the encircled area A in Fig. 4;
Fig 6 is a schematic top view of the encircled area B in Fig. 4;
Fig. 7 is a schematic cross-sectional view along the lines VIl in Fig. 4,

Figs. 8a and 8b illustrates resin levels in a non-segmented and a segmented mould cavity,
respectively,

Fig. 9 shows a first embodiment of the feedback loop according to the invention,

Fig. 10 shows a second embodiment according to the invention,
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Fig. 11 shows a resin inlet box and a pressure sensor connected to the resin inlet box,
Fig. 12 shows an embodiment, where resin is supplied directly into each segment,

Fig. 13 shows an embodiment, where resin is supplied into segments via intermediary
segments,

Fig. 14 shows an embodiment, where a single pressure sensor senses the resin pressure in a
plurality of separate segments, and

Figs. 15a and 15b show a cross-section of a part of a pressure sensor and an exploded view
of the pressure sensor, respectively.

Detailed Description of the Invention

[0066] The upwind wind turbine schematically shown in Fig. 1 comprises a tower 1, a nacelle
2 arranged rotatably on top of the tower 1, a main shaft 3 extending essentially horizontally
from the nacelle 2 and being provided with a hub 4 from which three blades 5 extend radially.
Each blade comprises a root region 6, an airfoil region 7 with a tip region 8, a transition region
9 between the root region 6 and the airfoil region 7, and a centre line P being defined by the
centre line of the normally cylindrically shaped root region. This axis often corresponds to a
pitch axis of the blade. The tip region 8 of the airfoil region 7 ends in a tip 10. The different
regions of the blades are also shown in Fig. 2.

[0067] The blade 5 is a pre-bent blade extending forwardly against the wind in a forwardly
curving manner so as to place the tip 10 at distance a in front of the centre line P as seen in
the wind direction W. The blade 5 comprises two blade shell halves 11, 12 connecting along a
leading edge and a trailing edge of the blade. The blade shell half 11 forms the pressure side,
also called the upwind side, of the blade, as it faces the wind during operation of the wind
turbine. The blade shell half 12 forms the suction side, also called the downwind side, of the
blade, as it faces away from the wind during operation of the wind turbine.

[0068] Fig. 8a shows the problem of infusing resin into mould cavities with height differences
and wherein fibre material has previously been arranged. The resin supply forms a reservoir
and due to the height differences in the mould cavities, the resin level will have a first height h4
in a first part of the mould, and a second height hy in a second part of the mould. The resin

level or pressure is therefore set as a trade-off to accommodate for the height differences.
Thus, due to the gravity acting on the resin, a too high fibre/resin ratio tends to be formed at
the highest positioned areas of the mould, and a too low fibre/resin ratio tends to be formed at
the lowest positioned areas of the mould as seen in the longitudinal direction thereof. By
segmenting the mould cavity into separate cavities as shown in Fig. 8b, it is possible to
individually control the resin level or resin pressure in the separate cavities so that the resin
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level in the first part of the mould may be set to h4', and the resin level in the second part of the
mould may be set to hy', thereby ensuring that the fibre/resin is kept close to the optimum for

the entire finished structure.

[0069] In the following and with reference to Figs. 3-7, it will be described how segmentation
of the infusion areas and the mould cavity may be used for minimising the effect of gravity
acting on the resin when moulding forwardly curved wind turbine blade shell halves. The
embodiment described refers to the production of a blade shell half 11 forming the upwind side
of the blade 5.

[0070] For manufacturing the blade shell half 11, a rigid mould part 13 is provided, said mould
part 13 having a mould surface 14 forming the outer surface of the shell half, i.e. the pressure
side of the blade. The mould part 13 is provided with an upper rim 15, as clearly seen in Fig. 7.
As it most clearly appears from Fig. 3, the mould for moulding the upwind shell half 11 is
arranged so that the line of the mould part corresponding to the centre line P of the root region
of the blade is arranged to tilt slightly upwards relative to horizontal from the root region
towards the tip region. In the present embodiment the lowermost portion of the mould surface
in the root region and in the tip region is arranged at the same level, as shown in Fig. 3. As a
result, the height difference between the highest and the lowest point of the lowermost portion
of the mould surface when seen in the longitudinal direction is minimised.

[0071] Alay-up 16 comprising a number of fibre layers is placed on the mould surface 14. In
the embodiment shown the fibre lay-up 16 comprises first fibre layers 17 arranged directly on
the mould surface. On the first fibre layers a large number of fibre layers are placed in a
longitudinally extending zone of the mould so as to provide a load-bearing structure 18 of the
blade shell half.

[0072] As seen in the transverse direction of the mould the zone forming the load-bearing
structure 18 is provided in the lowermost area of the mould surface. In the longitudinal
direction the zone comprising a large number of fibre layers extends essentially from the root
region to the tip region, as shown by dotted lines in Fig. 4. Additionally a plurality of fibre layers
is arranged on the first lower fibre layers 17 at a region corresponding to the region of the
leading edge and the trailing edge, respectively, of the blade shell half to provide a leading
edge fibre reinforcement 20 and a trailing edge fibre reinforcement 19. A first core material 21
is arranged between the load-bearing structure 18 and the leading edge fibre reinforcement 19
and a second core material 22 is arranged between the load-bearing structure 18 and the
trailing edge fibre reinforcement 20. The core material can be a hard polymer foam or
balsawood. The fibre lay-up 16 is completed by arranging second fibre layers 23 on top of the
load-bearing structure 18, the leading edge fibre reinforcement 19, the trailing edge fibre
reinforcement 20, the first core material 21 and the second core material 22.

[0073] Next a distribution layer 24 is arranged on the second fibre layers 23. The distribution
layer is divided into three distribution layer segments 24A, 24B, 24C by providing two flow
barriers 25, 26 in the distribution layer 24 in areas thereof above the load-bearing structure 18.
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The flow barriers 25, 26 have a transverse extent so that they are provided only in the area of
the distribution layer above the load-bearing structure 18 and not in the adjacent area of the
lay-up 16. In the present embodiment the flow barriers 25, 26 are formed by a formable
substance, such as a so-called tacky tape, and restrict longitudinal resin flow between the
distribution layer segments.

[0074] As especially shown in Fig. 3, the flow barriers 25, 26 are arranged where the height
difference between the lowest and the highest point of the mould surface 14 is within a pre-
determined range, such as below 1 m. A first longitudinally extending feed channel (or resin
inlet) 27 is arranged on top of the distribution 24. The feed channel 27 is formed as a tube with
an omega profile being opened towards the distribution layer 24, as shown in Fig. 7.

[0075] The first feed channel 27 extends from the root region to the tip region, as shown in
Fig. 4. It is divided into three feed channel sections 28, 29, 30 which are arranged in respective
distribution layer segments. Longitudinally adjacent sections of the first feed channel 27 are
interconnected by means of a connection line 31, 32 to provide resin communication between
adjacent feed channel sections. A valve 33, 34 is arranged in each connection line 31, 32 to
allow for an interruption of the resin flow between the adjacent feed channel sections. The
connection lines 31, 32 provided with the valve 33, 34, respectively, most clearly appear from
Figs. 4-6.

[0076] Finally, it should be noted that an inlet box 35 to the first feed channel is provided in the
feed channel section and preferably at or in the highest area thereof which is also the highest
area of the mould surface as seen in the longitudinal direction thereof.

[0077] Further, additional substantially longitudinally extending feed channels 36-42 are
arranged above the fibre distribution layer 24 on either side of and laterally spaced apart from
the longitudinally extending first feed channel 27. As seen in Fig. 4, the additional feed
channels are continuous feed channels, i.e. they are not divided into sections, and the
transversely extending flow barriers 25, 26 are not provided in the distribution layer below the
additional feed channels. Further, the additional feed channels 36-42 are placed laterally
outside the load-bearing structure 18. Inlet boxes 46-52 to the additional feed channels are
arranged in line with the inlet box 35 to the first feed channel as seen in the transverse
direction of the mould.

[0078] A vacuum bag 43 is arranged on top of the distribution layer 24 and the feed channels
and sealed to the rim 15 of the mould part to form a mould cavity 44 between the vacuum bag
43 and the mould surface 14 of the mould part 13. The mould cavity is then evacuated and
resin is supplied to the mould cavity.

[0079] Resin is supplied to the mould cavity through the inlet boxes 35 to the mid section 29 of
the first feed channel 27 and through the inlet boxes 46-52 to the additional feed channels 36-
42. First, resin is supplied to the first feed channel 27, the valves 33, 34 in the connection lines
31, 32 being opened so that all three sections 28, 29, 30 of the first feed channel 27 are
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supplied with resin.

[0080] When the resin flow front towards the leading edge has passed the feed channel 38,
resin is supplied to the feed channel 38 through the inlet box 48. Correspondingly, resin is
supplied to the feed channel 39 through the inlet box 49 when the resin flow front towards the
trailing edge has passed the feed channel 39.

[0081] Then, the valve 33, 34 is closed to stop the resin supply to the sections 28, 30 of the
first feed channel 27. Resin supplied to the highest positioned section 29 of the first feed
channel 27 is continued. Resin is then supplied in sequence to the feed channel 40, the feed
channel 37, the feed channel 41, the feed channel 36, and the feed channel 42 through the
respective inlet boxes 50, 47, 51, 46, 52. During the sequential resin supply to the above feed
channels, the resin supply to the feed channels 39, 38, 40, 37, 41, 36, 42 is stopped at pre-
determined points in time so as to obtain the desired resin impregnation of the lay-up. After the
resin supply to all the additional feed channels has been stopped the resin supply to the inlet
35 to the first feed channel 27 continues until the desired fibre/resin ratio has been obtained in
the fibre lay-up, especially in the zone of the fibre lay-up forming the load-bearing structure 18.

[0082] The provision of the flow barriers 25, 26 restricts or prevents resin flow through the
distribution layer from the distribution layer segment 24B to the distribution layer segments 24A
and 24C being positioned at a lower level than the distribution layer segment 24B during the
continuous supply of resin to the channel section 27 being positioned above the distribution
layer segment 24B. As a result, a resin surplus in the lay-up below the distribution layer
segments 24A and 24B is prevented.

[0083] Aresin surplus in said distribution layer segments 24A and 24B is further prevented by
disconnecting the resin supply to the feed channel sections 27, 29 arranged above these the
distribution layer segments 24A and 24B.

[0084] When the supply of resin is completed, the resin is allow to cure and the finished blade
shell half forming the upwind side of the blade is connected to a finished blade shell half
forming the downwind side of the blade, thereby forming a wind turbine blade.

[0085] However, even in the manufacturing setup described in reference to Figs. 3-7, it has
proven difficult to control the fibre/resin ratio of the separate areas of the wind turbine blade
shell to a high degree. Therefore, according to the invention, the pressure level of each
segment is controlled via a feedback loop, which is described in the following.

[0086] Fig. 9 shows a first embodiment utilising the feedback loop according to the invention.
Resin is supplied from a polymer or resin supply unit 64 via a resin supply line 65 to the inlet
box 35, which in turn distributes resin to first resin inlets 27, 27'. A pressure sensor 60 is
connected to the inlet box 35 and senses the pressure of the resin supplied to the first resin
inlets 27, 27'. The pressure sensor 60 generates a signal indicative of the resin pressure and
sends this signal to a control unit 62, which is adapted to control the polymer supply unit 64
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based on the signal received from the pressure sensor and to increase or decrease the flow
rate, if pressure measured by the pressure sensors is below a lower threshold level or above a
higher threshold level, respectively. The system of course also comprises a vacuum source
(not shown) connected to the mould cavity and adapted for evacuating and drawing resin into
the mould cavity.

[0087] Fig. 10 shows a part of a second embodiment utilising the feedback loop according to
the invention. The second embodiment differs from the first embodiment in that the pressure
sensor 60 is connected directly to the first resin inlet 27, optionally via a hose (not shown).

[0088] Fig. 11 shows a cut-out of the inlet box 35 with a pressure sensor connected directly to
the inlet box 35, which provides a simple way of implementing the pressure sensing.

[0089] Resin may be fed to each segment via separate supply lines as illustrated in Fig. 12. In
such an embodiment each segment is provided with a pressure sensor and a feedback loop to
control the pressure of the resin supplied to the segments. In an alternative embodiment
shown in Fig. 13, the resin is supplied to at least some of the segments via intermediary
segments. A resin supply line is connected to the intermediary segment and resin is then
supplied to other segments by opening a valve 34. Conversely, the resin supply to the end
segment can also be cut off by closing the valve, similar to the embodiments described with
reference to Figs. 3-7.

[0090] In one advantageous setup shown in Fig. 14, it is possible to use a single pressure
sensor 60 to measure the pressure of a plurality of segments. Thus, the various segments
each comprise an outlet 67, 68, 69 that leads resin to the pressure sensor 60. Thus, the
pressure sensor 60 measures the maximum pressure of the various segments. This setup is
particular advantageous to the setup utilising indirect resin supply as shown in Fig. 13. The
setup makes it possible to use a reduced number of pressure sensors and still be able to
control the resin pressure in each segment by the feedback loop according to the invention.

[0091] Figs. 15a and 15b show a cross-section of a part of the pressure sensor 60 and an
exploded view of the pressure sensor, respectively. The pressure sensor 60 is a differential
diaphragm pressure transducer. A tube or cap 80 is connected to a pressure sensor body 90
via a threaded connection 86. The cap 80 is sealed against the pressure sensor body 90 by
use of an o-ring 82 and forms a chamber 88 in front of a diaphragm 88 of the pressure sensor.
The cap 80 has an opening whereby resin can be fed into the chamber 88, and the pressure
on the diaphragm 84 can thereby be measured, e.g. by probing the deflection of the
diaphragm.

[0092] Finally, it should be noted that the invention also relates to a wind turbine blade having
at least one blade with at least one shell half being produced according to the method

according to the invention, and a wind turbine being provided with such a blade.

[0093] The invention has been described with reference to advantageous embodiments.
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However, the scope of the invention is not limited to the described embodiment and alterations
and modifications may be carried out without deviating from the scope of the invention. The
feedback loop may for instance be used for non-segmented mould cavities as well.

List of reference numerals

[0094]
1

tower
2

nacelle
3

main shaft
4

hub
5

blades
6

root region
7

airfoil region
8

tip region
9

transition region
10

tip
11,12

blade shell halves
13

mould part
14

mould surface
15

upper rim
16

fibre lay-up
17

first fibre layers
18

load-bearing structure
19
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leading edge fibre reinforcement

20

trailing edge fibre reinforcement
21

first core material
22

second core material
23

second fibre layers
24

distribution layer
24A

distribution layer segment
24B

distribution layer segment
24C

distribution layer segment
25,26

flow barriers
27, 27

first feed channel / first resin inlet
28-30

feed channel section / resin inlet section
31, 32

connection line
33, 34

valve
35

inlet box
36-42

additional feed channel
43

vaccum bag
44

mould cavity
45

leading edge
46-52

inlet box
53

trailing edge
60

pressure transducer
62
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control unit
64

resin/polymer supply unit
65

resin supply line
66

resin/polymer supply nozzle / connector
67-69

outlets
80

tube / cap
82

o-ring
84

diaphragm
86

threaded connection
88

chamber
90

pressure sensor body
a

distance
=]

centre line
w

wind direction
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1. En fremgangsmade til fremstilling af et fiberforsteerket polymeremne ved hjxlp af
vakuumassisteret resinoverfarselsesstabning (VARTM), hvor fibermateriale impraegne-
res med flydende resin i et stobeformshulrum omfattende en stiv stebeformsdel (13)
med en stobeformsoverflade (14), der definerer et ydre overflade pa emnet, idet frem-

gangsmaden omfatter de falgende trin:

a) placering af et fiberoplaeg (16) omfattende et antal fiberlag pa stebeformsover-
fladen,

b) placering af i det mindste et resinindleb (27; 27°) over fiberoplaegget (16),

¢) ftilslutning af en eller flere tryksensorer (60) til eller naer det i det mindste ene re-
sinindlgb (27, 27°),

d) placering af en vakuumdug (43) oven pa den stive stobeformsdel (13) og for-
segling af vakuumdugen (43) til stebeformsdelen (13) for at danne stobeforms-
hulrummet,

e) evakuering af stebeformshulrummet,

f) forsyning af flydende resin til stobeformshulrummet for at impreegnere fiberop-
laegget (16),

g) overvagning af trykket og generering af et signal indikativ for det naevnte tryk,

h) tilfersel af signalet tilbage til en styreenhed (62), som styrer en resinstrom-
ningshastighed forsynet til resinindlgbene (27; 27°),

i) foragelse af resinstramningshastigheden, hvis det af tryksensorerne malte tryk
ved resinindlgbet (27; 27’) falder til under en nedre teerskelveerdi, og mindsk-
ning af resinstrgmningshastigheden, hvis det af tryksensorerne (60) malte tryk
ved resinindlgbet (27; 27’) er hgjere en gvre tryktaerskelveerdi, og

j) lade resinen haerde for at danne det fiberforstaerkede polymeremne.

2. En fremgangsmade ifalge krav 1, hvor stebeformshulrummet er opdelt i separate
segmenter, hvor trinene f)-i) udferes seperat for hvert segment, og hvor resininlgbs-
trykket overvages for hvert segment.

3. En fremgangsmade ifglge krav 2, hvor stobeformshulrummet er opdelt i separate

segmenter, hvor resinforsyningshastigheden styres separat for hvert segment.

4. En fremgangsmade ifglge krav 2 eller 3, hvor en enkelt tryksensor er forbundet
med et forste resinleb i et forste segment og et andet resinindlgb i et andet segment,
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2

og hvor et maksimalt tryk for det forste indlgb og det andet indlgb i trin g) overvages og
forsynes tilbage til styreenheden i trin h).

5. En fremgangsmade ifolge ethvert af de foregaende krav, hvor resinen forsynes
direkte ind i et segment, alternativt at resinen forsynes inddirekte til et segment via et
andet segment.

6. En fremgangsmade ifolge ethvert af de foregaende krav, hvor det fiberforstaerke-
de polymeremne er en vingeskaldel og fiberoplaegget danner del af en lastbaerende
struktur, som er integreret i vingeskaldelen.

7. En fremgangsmade ifelge krav 6, hvor vingeskaldelen danner en vingeskalhalv-
part til en forkrum vindmellevinge, som omfatter to vingeskalhalvdele, som er indbyrdes
forbundne langs en forkant og en bagkant, hvor vingen har et rodomrade, et baere-
plansomrade med et tipomrade, og valgfrit et overgangsomrade mellem rodomradet og
beereplansomradet.

8. Et stobesystem omfattende:

- en stiv stebeformsdel (13), der har en stebeformsoverflade (14), som definerer
en ydre overflade pa et fiberforsteerket polymeremne stabt i systemet,

- en vakuumdug (43) til forsegling mod den stive stobeformsdel (13) til dannelse
af et stgbeformshulrum,

- en vakuumkilde forbundet til stabeformshulrummet for at evakuere stobeforms-
hulrummet,

- et eller flere resinindlgb (27, 27’, 36-42, 46-52) forbundet med stobeformshul-
rummet, og

- en polymerforsyningsenhed (64) forbundet med resinindlgbene og indrettet til at
forsynes resin til resinindlgbene, hvor systemet yderligere omfatter:

- en eller flere tryksensorer (60) forbundet med resinindlgbene, idet tryksensorer-
ne (60) er indrettet til at male tryk i resinindlgbene og generere et signal indikativ for et
malt tryk, og

- en styreenhed (62) til styring af polymerforsyningsenheden (64) baseret pa
naevnte signal og indrettet til forogelse af resinstromningshastigheden, hvis det af tryk-
sensorerne (60) malte tryk ved resinindlgbet falder til under en nedre teerskelvaerdi, og
mindskning af resinstremningshastigheden, hvis det af tryksensorerne (60) malte tryk
ved resinindlgbet er hgjere en gvre tryktaerskelveerdi.
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9. Et stobesystem ifolge krav 8, hvor resinindlgbet omfatter en resinindlgbskanal
(27, 27, 36-42) og valgfrit en inlgbskoks eller —port (46-52).

10. Et stobesystem ifelge krav 9, hvor en forbindelsesdel er forbundet med eller inte-
greret med resinindlgbskanalen eller indlgbsboksen, og hvor tryksensoren er forbundet

med forbindelsesdelen, fortrinsvis via en gevindforbindelse.

11. Et stobesystem ifelge ethvert af kravene 8-10, hvor tryksensoren er forbundet
med en forbindelsesdel (80) via en forseglet basning med en o-ring, som forhindrer

(82) resin i at flyde ind i gevind pa gevindforbindelsen.

12. Et stobesystem ifalge ethvert af kravene 8-11, hvor tryksensoren er en membran-

tryktransducer, fortrinsvis en differentiel tryktransducer.

13. Et stebesystem ifolge ethvert af kravene 8-12, hvor tryksensoren omfatter en tube
eller heette (80), som kan forbindes direkte med stebeformshulrummet eller resinindlg-
bet.

14. Et stobesystem ifglge ethvert af kravene 8-13, hvor tryksensoren (60) omfatter en
tube eller haette, som kan forbindes med stebeformshulrummet eller resinindlgbet via

en slange.

15. Et stobesystem ifelge ethvert af kravene 8-14, hvor en membran (84) pa en tryk-
sensor (60) er belagt med et frigorelsesmiddel.
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