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(57) Abstract: 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
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VARTM system. A control unit is used for controlling a polymer supply unit based on measured resin pressure and is adapted to ad -
justing a resin flow rate, if pressure measured by the pressure sensors is below a lower thresh- old level or above a higher threshold
level.
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Method and moulding system for manufacturing a fibre-reinforced polymer object via a

feedback system for controlling resin flow rate

Technical Field

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 re-
lates to a moulding system comprising: a rigid mould part having a mould surface defin-
ing 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 connect-

ed to the resin inlets and adapted to supply resin to the resin inlets.

Background Art

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 cur-
vature. 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 dur-
ing operation of the wind turbine. The suction side of the blade is also called the down-

wind side, as it faces away from the wind during operation of the wind turbine.

By pre-bent blade is to be understood a blade which as seen from the root region to-
wards 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 dis-
closed in EP 1019631B1.

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.
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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.

As wind turbine blades have become progressively longer in the course of time and to-
day 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.

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 horizon-

tal. This centre line often corresponds to a pitch axis of the blade.

However, when manufacturing the shell halves for pre-bent blades, especially blades
pre-bent to arrange the tip about 1m or more in front of the centre line of the root re-
gion, 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 longitu-
dinal 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 there-
of. 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 substan-

tially higher number of fibre layers than laterally adjacent areas of the fibre lay-up.

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 di-

rection thereof.

A too high fibre/resin ratio has a negative influence on the fatigue strength of a compo-
site 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.

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
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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.

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.

Disclosure of the Invention

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.

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,

¢) 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,

e) evacuating the mould cavity,

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

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,

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

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

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 de-
creased, 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 re-
lease of the pretension of the fibre layers. Thus, it is possible to a high degree to con-
trol 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 accommo-
date 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 pressure
sensors to or near the resin inlets, it is ensured that the pressure is continuously moni-
tored near the flow front, thereby ensuring that the resin front does not distort the fi-
bres. Thereby, a high quality infusion and in turn a high quality composite structure is

obtained.

The resin inlet may comprise a resin inlet channel or feed channel and optionally an in-
let box or port. Accordingly, the pressure sensor may for instance be connected directly

to the resin inlet channel or the inlet box or port.

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 chan-
nels, 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.

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 moni-
tored separately for each segment, which is particularly advantageous, if the mould, fi-
bre lay-up, and the resin inlets comprise local variations in height. Both the distribution

layers and the resin inlets may be segmented.
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According to another advantageous embodiment, the mould cavity is divided into sepa-
rate 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.

According to yet another advantageous embodiment, a single pressure sensor is con-
nected to a first resin inlet of a first segment and a second resin inlet of a second seg-
ment, 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 seg-
ments 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.

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.

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. This can for instance be carried out by segmenting the resin inlets and op-
tionally the distribution layers and connecting the segmented inlet via loops, e.g. con-

trolled via valve means.

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 embodi-
ment, 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 trans-

ducers, since they are communicating with the mould cavity. Thereby, it is also possi-
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ble to monitor each segment separately, thereby being able to locate a potential leak-

age more quickly.

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 sen-

sor, if one sensor provides an output different from the others.

According to yet another advantageous embodiment, the fibre-reinforced polymer ob-
ject is a blade shell part and the fibre lay-up forms part of a load carrying structure inte-
grated 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 pres-
sure 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 intercon-
nected 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 form-

ing the main laminate so as to sense the pressure supplied to the fibre insertion.

As previously mentioned, the method may include the step of placing a distribution lay-
er 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.

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 distribu-
tion layer segments as seen in a longitudinal direction of the rigid mould part by provid-
ing 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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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.

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 longi-
tudinal 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 de-

sired fibre/resin ratio is obtained in the fibre lay-up below the two distribution layers.

Further, by dividing the first feed channel into feed channel sections substantially cor-
responding 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.

A release medium and subsequently a gelcoat may be applied to the mould surface

prior to step a).

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.

Additionally, a tear-off layer, preferably in the form of a perforated polymer film layer,
may be placed on the fibre lay-up, i.e. between the fibre lay-up and the distribution lay-
er 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 dis-
tribution layer reduces the weight of the blade shell half without essentially reducing the

strength thereof.
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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 vacu-

um channels, advantageously provided along the rim of the mould.

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.

The segmentation embodiments have proved particularly advantageous when mould-
ing upwind blade shell halves, wherein the height difference between the highest and
the lowest point of the mould surface exceed 1m. 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.

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.

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.

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 divid-
ed 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.

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 segmenta-

tion of the first feed channel and the distribution layer so that the above height differ-
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ence is not too large, i.e. below 1.2m. However, in certain cases a height difference of

more than 1.2m may be applicable.

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.

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 be-
tween 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 prefer-
ably 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.

According to a further embodiment of the invention, at least one additional essentially
longitudinally extending feed channel may be arranged above the fibre distribution lay-
er on 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 chan-

nels are not provided.

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 lay-
ers 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-
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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.

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 essential-
ly 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.

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 sec-
tion having the lowest positioned point is stopped prior to stopping the resin supply to

the section having the highest positioned point.

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 high-
er positioned point than an adjacent channel section. After the resin supply to the addi-
tional 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 seg-
ments prevents or restricts resin flow therebetween from the higher positioned distribu-

tion layer segment to the lower distribution layer segment.

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



10

15

20

25

30

35

WO 2014/006131 PCT/EP2013/064122

11

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.

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 advan-
tageous 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.

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 high-
est 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.

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.

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
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mould part for moulding the upwind and downwind shell half, respectively, may be ar-
ranged to that the line corresponding to the centre line of the root region of the blade is
titted 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.

The blade of the pre-bent wind turbine and thereby the blade shell half may have a
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 1m, alternatively more than 2m, alternatively

more than 3m and alternatively more than 4m from the centre line of the root.

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 pres-
sure, 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.

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 in-
vention. 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 ma-
chine, 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.

According to a first advantageous embodiment, the resin inlet comprises a resin inlet

channel or feed channel and optionally an inlet box or port.

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
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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.

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 trans-
ducer, 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.

It is also possible to use a pressure sensor measuring the absolute pressure. In prac-

tice, this will however often necessitate the use of two separate sensors.

As previously indicated, the pressure sensor may comprise a tube that can be con-
nected directly into the mould cavity or the resin inlet. The pressure sensor may com-

prise a tube that can be connected to the mould cavity via a hose.

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

S0 as to prevent the resin from hardening.

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.

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 chan-
nels so as to supply resin to separate resin inlets. Each resin inlet or resin inlet seg-
ment may be provided with one or more pressure sensors. Each resin inlet or resin in-

let segment may be assigned to an individual segment of the mould cavity.

Brief Description of the Drawings
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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,

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,
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Fig. 14 shows an embodiment, where a single pressure sensor senses the resin pres-

sure 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

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 horizon-
tally from the nacelle 2 and being provided with a hub 4 from which three blades 5 ex-
tend 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.

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.

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 hy in a first part of the mould, and a second height h, in a second
part of the mould. The resin level or pressure is therefore set as a trade-off to accom-
modate 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
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or resin pressure in the separate cavities so that the resin level in the first part of the
mould may be set to hy’, 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.

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.

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 ar-
ranged 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.

A lay-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 di-
rectly 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.

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 plural-
ity 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 rein-
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forcement 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 ar-
ranged 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.

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. The flow barriers 25, 26 have a transverse extent so that they are provid-
ed 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.

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 1m. 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.

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.

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.
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Further, additional substantially longitudinally extending feed channels 36-42 are ar-
ranged 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 addition-
al 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.

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 vacu-
um 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.

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 chan-
nels 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 supplied with resin.

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 to-

wards the trailing edge has passed the feed channel 39.

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 chan-
nel 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 chan-

nels has been stopped the resin supply to the inlet 35 to the first feed channel 27 con-
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tinues 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.

The provision of the flow barriers 25, 26 restricts or prevents resin flow through the dis-
tribution 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.

A resin 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 the-

se the distribution layer segments 24A and 24B.

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.

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.

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 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 sys-
tem 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.
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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).

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.

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 em-
bodiment 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.

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 seg-
ments 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 seg-
ments. 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.

Figs. 15a and 15b show a cross-section of a part of the pressure sensor 60 and an ex-
ploded view of the pressure sensor, respectively. The pressure sensor 60 is a differen-
tial 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 sen-
sor 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.



10

15

20

25

30

35

WO 2014/006131 PCT/EP2013/064122

21

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.

The invention has been described with reference to advantageous embodiments. How-
ever, the scope of the invention is not limited to the described embodiment and altera-
tions and modifications may be carried out without deviating from the scope of the in-
vention. The feedback loop may for instance be used for non-segmented mould cavi-

ties as well.

List of reference numerals

tower
nacelle
main shaft
hub
blades
root region

airfoil region

o N o o0k W N -

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 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
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60

62

64

65
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80

82

84

86

88

90

U
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distribution layer segment
distribution layer segment

flow barriers

first feed channel / first resin inlet
feed channel section / resin inlet section
connection line

valve

inlet box

additional feed channel

vaccum bag

mould cavity

leading edge

inlet box

trailing edge

pressure transducer

control unit

resin/polymer supply unit

resin supply line

resin/polymer supply nozzle / connector
outlets

tube / cap

o-ring

diaphragm

threaded connection
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pressure sensor body

distance

centre line

wind direction
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Claims

1. A method of manufacturing a fibre-reinforced polymer object by means of vacu-
um-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, said method 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,

¢) 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,

e) evacuating the mould cavity,

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

g) monitoring the pressure and generating a signal indicative of said pressure,

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

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

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

2. A method according to claim 1, wherein 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.

3. A method according to claim 2, wherein the mould cavity is divided into separate

segments, wherein the resin flow rate is controlled separately for each segment.

4. A method according to claims 2 or 3, wherein a single pressure sensor is con-
nected to a first resin inlet of a first segment and a second resin inlet of a second seg-
ment, 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).
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5. A method according to any of the preceding claims, wherein the resin is supplied
directly into a segment, alternatively the resin is supplied to a segment indirectly via

another segment.

6. A method according to any of the preceding claims, wherein 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.

7. A method according to claim 6, wherein the blade shell part forms a blade shell
half of a pre-bent wind turbine blade comprising two blade shell halves being intercon-
nected 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.

8. A moulding system comprising:

- arigid mould part (13) having a mould surface (14) defining an outer surface of a
fibre-reinforced polymer object moulded in said system,

- a vacuum bag (43) for sealing against the rigid mould part (13) 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 (27, 27’, 36-42, 46-52) connected to the mould cavity,
and

- a polymer supply unit (64) connected to the resin inlets and adapted to supply
resin to the resin inlets, characterised in that the system further comprises:

- one or more pressure sensors (60) connected to the resin inlets, the pressure
sensors (60) being adapted to measure a pressure in the resin inlets and generating a
signal indicative of the measured pressure, and

- a control unit (62) for controlling the polymer supply unit (64) based on said sig-
nal and adapted to increasing a resin flow rate, if the pressure measured by the pres-
sure sensors (60) at the resin inlet drops below a lower threshold level, and decreasing
the resin flow rate, if the pressure measured by the pressure sensors (60) at the resin

inlet is above a higher pressure threshold.

9. A moulding system according to claim 8, wherein the resin inlet comprises a resin
inlet channel (27, 27’, 36-42) and optionally an inlet box or port (46-52).
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10. A moulding system according to claim 9, wherein a connection part is connected
or integrated into the resin inlet channel or inlet box, and wherein the pressure sensor

is connected to the connection part, advantageously via a threaded connection.

11. A moulding system according to any of claims 8-10, wherein the pressure sensor
is connected to a connection part (80) via a sealed bushing having an o-ring prevent-

ing (82) resin to flow into threads of the threaded connection.

12. A moulding system according to any of claims 8-11, wherein the pressure sensor

is a diaphragm pressure transducer, advantageously a differential pressure transducer.

13. A moulding system according to any of claims 8-12, wherein the pressure sensor
comprises a tube or cap (80) that can be connected directly into the mould cavity or the

resin inlet.

14. A moulding system according to any of claims 8-13, wherein the pressure sensor
(60) comprises a tube or cap (80) that can be connected to the mould cavity or the res-

in inlet via a hose.

15. A moulding system according to any of claims 8-14, wherein a diaphragm (84) of

the pressure sensor (60) is coated with a release agent.
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