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DESCRIPTION

Technical Field

[0001] The present invention relates generally to wind turbine blades, and more particularly, to
manufacture and assembly of wind turbine blades including internal structural reinforcements
such as internal webs combined with an outer shell to form the blade.

Background

[0002] Wind turbines are used to produce electrical energy using a renewable resource (wind
energy in the ambient environment) and without combusting a fossil fuel. Generally, a wind
turbine converts kinetic wind energy into mechanical energy and then subsequently converts
the mechanical energy into electrical energy. A common type of wind turbine is the single rotor
horizontal-axis wind turbine, although multi rotor wind turbines are also used frequently. As well
understood, an exemplary single rotor wind turbine includes a tower defining a support
structure, a nacelle located at the apex of the tower, and a rotor having a central rotor hub and
one or more blades (e.g., three blades) mounted on the hub and extending radially therefrom.
The rotor is supported by the nacelle and positioned at the front of the nacelle so that the rotor
faces into the wind upstream of its supporting tower. The rotor may be coupled either directly
or indirectly with a generator housed inside the nacelle and configured to convert the
mechanical energy of the rotor to electrical energy.

[0003] As the wind turbine blades are the elements which capture the wind energy to produce
mechanical energy in the form of rotor rotation, these elements must be manufactured to
withstand significant loadings and stress, which can also highly vary over time during operation
as well. Furthermore, especially in larger capacity wind turbines or wind turbines with only one
rotor, the wind turbine blades often define highly elongated blade lengths to sweep through a
sufficient area to capture the wind energy necessary to produce the higher amounts of
electrical energy. Of course, the longer a wind turbine blade becomes, the more strength and
stiffness needs to be provided in the construction or materials of the blade to withstand the
associated loads from the wind. In this regard, one typical method of strengthening a wind
turbine blade is to add one or more internal webs, sometimes called shear webs, to be
connected between first and second outer shell portions, which define the aerodynamic profile
of the wind turbine after they are connected together. The internal web(s) provide additional
rigidity to the outer shell portions for the purposes of withstanding the erratic and high loading
encountered during operation of the wind turbine.

[0004] One particular conventional example of assembling a wind turbine with one or more
internal webs is shown in U.S. Patent No. 8,454,791 to Gau. The '791 Patent describes the use
of a shear web setting device to cause the shear web to sit a consistent, small distance above
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an (optional) internal girder on a first shell portion when adhering a first end of the shear web
to the internal girder. Such a device is alleged to avoid inconsistent positioning of the shear
web relative to the internal girder along the length of the shear web and the first shell portion.
Once this first end of the shear web is adhered into position, a second shell portion is closed
over the second end of the shear web and the first shell portion, with these elements bonded
and cured together at the corresponding junctures to produce the finalized wind turbine blade.

[0005] The final assembly step of the conventional method described in the '791 Patent may
be referred to as a "bond line curing step" because several bond lines of adhesive material are
provided for connecting elements together on the leading and trailing edges of the first and
second shell portions and on the second or top end of the internal web. However, it has been
discovered that during this bond line curing step, which is performed using a heated mould
and/or heated air blown into the interior of the wind turbine blade, the considerable heat for
curing also sometimes causes thermal distortions of the first and second shell portions,
especially in locations between the leading and trailing edges (typically clamped together by
the mould). Also disclosed, in US2014119935, is an adhesive machine for constructing
segmented rotor blades having at least three prefabricated rotor blade parts, and which
contains a first accommodating region for receiving a first prefabricated rotor blade part, a
second accommodating region for receiving a second prefabricated rotor blade part and a third
accommodating region for receiving a third prefabricated rotor blade part. The first
accommodating region, the second accommodating region and the third accommodating
region can be moved relative to each other so that, following successful receiving of the three
prefabricated rotor blade parts in the proper accommodating regions in an open position of the
adhesive machine, the rotor blade parts can be brought into direct or indirect contact with each
other via predetermined adhesion regions and thus transferred into an adhesion position. In an
embodiment, the adhesive device may exhibit at least one tempering device, which is
configured in such a way as to expose predetermined adhesion regions of at least one of the
prefabricated rotor blade parts or the flange to heat on a locally limited basis. Such a
tempering device can exhibit a resistance heater with metallic resistance heating wires.

[0006] Such thermal distortions can move the second shell portion a sufficient amount to
compromise the adhesive bond formed between the top end of the internal web and the
internal girder on the second shell portion. For example, delamination or broken bonds can
occur if the second shell portion expands too far away from the top end of the internal web.
Alternatively, or additionally, adhesive voids can occur if the second shell portion moves too
close to - or contacts - the top face of the internal web, pushing adhesive away from the
contact region. These delaminations or adhesive voids can be one source of blade structural
failure when the wind turbine blades are put into use on a wind turbine.

[0007] The failure to form a good adhesive bond between these elements of the wind turbine
blade undermines the entire purpose of adding structural internal elements, so it is desired to
provide a method and apparatus for assembling these wind turbine blades in such a manner to
avoid the problems associated with potential thermal distortions during final curing of a wind
turbine blade. To this end, a more reliable method and apparatus for assembling wind turbine
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blades with internal web(s) is desired by wind turbine operators and manufacturers to enhance
the structural reliability of the wind turbine blade.

Summary

[0008] A method and apparatus are described herein for assembling a wind turbine blade in
such a manner including a pre-curing of adhesive bonds which could potentially be impacted
by thermal deformation effects during full cure of the blade, to thereby achieve the objectives
set forth above, including higher reliability of components used on a wind turbine.

[0009] In accordance with one embodiment of the invention, a method of assembling a wind
turbine includes coupling a bottom end of an internal web with a first outer shell member of the
blade. The method continues with applying an adhesive material to a top end of the internal
web and to edges of the first outer shell portion. A second outer shell portion is engaged with
the edges of the first outer shell portion and also with the top end of the internal web, to
enclose the internal web inside the first and second outer shell portions. Localized heat energy
is then applied to the adhesive material at the top end of the internal web to pre-cure that
adhesive material and thereby bond the top end of the internal web with the second outer shell
portion. After pre-curing the adhesive material at the top end of the internal web, the method
continues by applying heat energy to the first and second outer shell portions to cure the
adhesive material at the edges of the first outer shell portion and thereby bond the first and
second outer shell portions together. The pre-curing of the adhesive material at the internal
web allows the adhesive bond formed between the internal web and the outer shell to
withstand any stresses caused by thermal deformation or stress in the outer shell during the
final curing of the wind turbine blade. In embodiments, the said application of heat energy to
the first and second outer shell portions to cure the adhesive material at the edges of the first
outer shell portion may be initiated only after adhesive at the said internal web bond has been
pre-cured to 8% or more of its final 100% cured state. Preferably, the said application of heat
energy to the first and second outer shell portions may be initiated only after adhesive at the
said internal web bond has been pre-cured to 10% or more of its final 100% cured state.
Preferably, the degree of cure of the internal web bond adhesive may be monitored by means
of a thermocouple located at or near said web flange.

[0010] In one aspect, the internal web includes a flange defining the top end. In such an
aspect, the application of localized heat energy is completed by engaging a heater mat into
contact with an underside of the flange at the top end of the internal web, and operating the
heater mat to supply the localized heat energy at the flange and thereby heat the adhesive
material to pre-cure the adhesive material. The heater mat is engaged in contact with the
underside of the flange by removably coupling a rigid holding strip with the flange so as to
secure the heater mat between the holding strip and the underside of the flange at the top end
of the internal web. The rigid holding strip in such embodiments is formed from a heat
insulating material such as an insulative foam such that heat energy is primarily directed
through the flange to the adhesive material during operation of the heater mat.
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[0011] In another aspect of the method, the rigid holding strip is removably coupled with the
flange by connecting the rigid holding strip to the flange with a plurality of shear pins extending
into the flange. The shear pins are configured to break when a predetermined removal force is
mechanically applied to the rigid holding strip or to the heater mat, but the shear pins are not
affected by heightened temperatures caused during pre-cure or full cure heating. To
disengage the heater mat and the rigid holding strip from the flange of the internal web, a user
pulls a line connected with a longitudinal end of the heater mat to apply the predetermined
removal force and thereby break the shear pins, which enables pulling of the rigid holding strip
and the heater mat out of engagement with the flange after pre-curing of the adhesive material
is completed. In embodiments where the flange includes opposed first and second portions
extending in opposite directions from a central reinforcement part of the internal web, the
heater mat is positioned by wrapping the heater mat around a root end of the internal web
such that the heater mat extends along the underside of the flange at both the first and second
portions of the flange. It will be understood that alternative arrangements are possible for the
heater mat, including directly connecting the heater mat to the flange with shear pins or similar
connectors, with or without any additional heat transfer members included in the assembly.

[0012] In yet another aspect of the method, the first and second outer shell portions define a
longitudinal span length of the wind turbine blade, while the internal web defines a first
longitudinal length extending along a majority of the span length. The applying of localized heat
energy occurs in such embodiments along only a pre-cure region including a root end of the
internal web and extending along a partial portion of the first longitudinal length.

[0013] In other embodiments, the method also includes monitoring a pre-curing temperature of
the adhesive material at the top end of the internal web during the applying of localized heat
energy. The amount of curing that has occurred at the adhesive material at the top end of the
internal web can then be determined based on the pre-curing temperature. The step of
applying heat energy to the first and second outer shell portions to fully cure the wind turbine
blade may be initiated when the amount of curing that has occurred at the adhesive material at
the top end of the internal web reaches at least 12% of a full cure. Alternatively, this step of
applying heat energy to perform the full cure of the wind turbine blade may be initiated at some
other amount of curing in the pre-cure step, up to and including 100% cure of the adhesive
material in the pre-cure of some embodiments. Thus, the full cure process can be held off until
the adhesive bonds of the internal web to the outer shell portions are fully cured, or partially
cured to the point of not losing bond integrity during any small thermally induced movements in
the outer shell caused during the full cure heating.

[0014] In another embodiment in accordance with the invention disclosed herein, an apparatus
is provided for assembling a wind turbine blade including first and second outer shell portions
and an internal web. The apparatus includes a mould with first and second mould halves
defining surfaces on which the first and second outer shell portions are assembled. The mould
halves are moveable between open and closed positions, and are also configured to apply
heat energy to cure adhesive material in the blade. The apparatus also includes a localized
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heating device sized for placement adjacent a top end of the internal web, such that it can
apply localized heat energy to pre-cure an adhesive material at the top end of the internal web.
The pre-cure bonds the internal web to one of the first and second outer shell portions. A
holding device of the apparatus removable engages with the top end of the internal web to
position the localized heating device adjacent the top end. The apparatus also includes a
controller operatively connected to the mould and the localized heating device. The controller
is programmed to operate the localized heating device to pre-cure adhesive material at the top
end of the internal web before operating the application of heat energy with the mould.
Accordingly, the apparatus pre-cures the adhesive material at the internal web to enable the
adhesive bond formed between the internal web and the outer shell to withstand any stresses
caused by thermal deformation or stress in the outer shell during the final curing of the wind
turbine blade.

[0015] In one aspect of the apparatus, the localized heating device is a flexible heater mat.
The holding device further includes a rigid strip of heat insulating material with a plurality of
shear pins configured to extend into connection with the top end of the internal web to
sandwich the localized heating device between the internal web and the rigid strip of heat
insulating material. The apparatus in some embodiments further includes a temperature
sensor connected to the controller and positioned to monitor a pre-curing temperature of the
adhesive material at the top end of the internal web during the applying of localized heat
energy. This temperature is used to determine an amount of curing that has occurred during
the pre-curing of the adhesive material at the top end of the internal web, which can then be
used to control when to begin the full curing process for the wind turbine blade.

[0016] These features of the method and apparatus for assembling a wind turbine may be
combined in any arrangement without departing from the scope of the invention.

Brief Description of the Drawings

[0017] Various additional features and advantages of the invention will become more apparent
to those of ordinary skill in the art upon review of the following detailed description of one or
more illustrative embodiments taken in conjunction with the accompanying drawings. The
accompanying drawings, which are incorporated in and constitute a part of this specification,
illustrate one or more embodiments of the invention and, together with the general description
given above and the detailed description given below, serve to explain the one or more
embodiments of the invention.

Fig. 1 is a top perspective view of one embodiment of a wind turbine blade with an internal
web, which may be produced using the method and apparatus for assembling a wind turbine
blade in accordance with the invention;

Fig. 2 is a cross-sectional front view through a central portion of the wind turbine blade of Fig.
1, including the internal web;
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Fig. 3A is a side cross-sectional view of one embodiment of the apparatus for assembling a
wind turbine in accordance with the invention, the apparatus including a mould with first and
second mould halves, and this view illustrating a first step of a method of assembly in which
fiber composite materials have been laid into both mould halves to form shell portions, and the
mould portions are in an open position;

Fig. 3B is a side cross-sectional view of the apparatus of Fig. 3A, showing a further step of the
method of assembly in which adhesive material is placed on an internal girder located on a first
of the shell portions, thereby to prepare for assembly of the first shell portion with an internal
web constructed separately;

Fig. 3C is a side cross-sectional view of the apparatus of Fig. 3B, showing a further step of the
method of assembly in which the internal web is lowered into position to be adhered to the
internal girder of the first shell portion;

Fig. 3D is a side cross-sectional view of the apparatus of Fig. 3C, showing a further step of the
method of assembly in which the internal web is attached in position on the internal girder of
the first shell portion, with the adhesive material being cured, and further adhesive material has
been added to a top free end of the internal web and to a top end of the first shell portion;

Fig. 3E is a side cross-sectional view of the apparatus of Fig. 3D, showing a further step of the
method of assembly in which the second mould half is closed on top of the first mould half to
join the first and second shell portions together while also joining the top free end of the
internal web to an internal girder of the second shell portion;

Fig. 3F is a side cross-sectional view of the apparatus of Fig. 3E, showing a further step of the
method of assembly in which a heater mat is connected to the internal web adjacent the top
free end for the purposes of pre-curing the adhesive material bonding the internal web to the
second shell portion;

Fig. 3G is a side cross-sectional view of the apparatus of Fig. 3F, showing a further step of the
method of assembly in which the adhesive material joining the first and second shell portions is
cured to finalize assembly of the wind turbine blade with the internal web;

Fig. 4Ais a detail view of the top free end of the internal web as indicated by encircled area 4A
in Fig. 3F, showing further details of the heater mat connected to the internal web during this
step of the method of assembly;

Fig. 4B is a detail view of the top free end of the internal web similar to Fig. 4A, but showing a
step of the method of assembly after the pre-curing of adhesive material is completed and
after the heating mat is removed; and

Fig. 5 is a top perspective view of the wind turbine blade with an internal web of Figs. 1 through
4B, showing further details of the heating mat added during the step of the method in Fig. 3F in
which the adhesive material at the top free end of the internal web is pre-cured, as well as one
example of a removal mechanism for the heating mat.
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Detailed Description

[0018] With reference to Figs. 1 through 5, one exemplary embodiment of a wind turbine blade
10 having at least one internal web 12 and its corresponding method of assembly are shown in
detail, in accordance with the principles of the invention. In this regard, the wind turbine blade
includes an outer shell 14 defining the outermost aerodynamic profile of the blade 10 and
formed from a first outer shell portion 16 and a second outer shell portion 18. To increase the
strength and rigidity of the blade 10, the internal web 12 is bonded with the first and second
outer shell portions 16, 18 during assembly of the blade 10. Advantageously, the adhesive
bond at a junction between the internal web 12 and the second outer shell portion 18 is pre-
cured by application of localized heat energy before the entire blade 10 is fully cured with
additional heat energy, thereby assuring that any thermal deformations in the blade 10 which
may occur during the full curing do not break the integrity of the adhesive bond formed
between the internal web 12 and the second outer shell portion 18. The assembly of the wind
turbine blade 10 therefore avoids the potential for any delaminations or adhesive voids that
could otherwise occur at the internal web 12 and that could lead to structural failure in
operation of a wind turbine including the wind turbine blade 10.

[0019] The blade 10 assembled according to this embodiment therefore improves the reliability
of wind turbines using the blade 10. It will be appreciated that while only one internal web 12 in
the form of an |-shaped shear web is shown in Figs. 1 through 5, more than one structural
reinforcement or web may be assembled with the outer shell 14 in accordance with other
embodiments within the scope of this invention. Likewise, different types of internal structural
reinforcement members may be positioned and bonded to the outer shell 14 using the
methods described herein to achieve the associated advantages, without departing from the
scope of the invention.

[0020] With particular reference to Figs. 1 and 2, a fully assembled wind turbine blade 10 is
shown in detail, the blade 10 being assembled by the apparatus and method of the invention
described in further detail below. To this end, the outer shell 14 of the blade 10 is shown in Fig.
1 as a fully cured, unitary piece, which is typically formed from an adhesive bond between the
first and second outer shell portions 16, 18 separately visible in the cross section shown in Fig.
2. The outer shell 14 is primarily formed from a fiber composite material in this embodiment, as
well understood in the art of wind turbine construction. VWWhen fully assembled as shown in
these Figures, the outer shell 14 defines the outermost aerodynamic shape or profile of the
blade 10, including a longitudinal span length Ls measured between a root end 22 to be
connected to a rotor hub (not shown) of a wind turbine and a tip end 24 opposite the root end
22. The outer shell 14 also defines a leading edge 26 and a trailing edge 28 of the blade 10,
each extending between the root end 22 and the tip end 24. As set forth in further detail below,
the first and second outer shell portions 16, 18 are typically manufactured to be bonded
together along these leading and trailing edges 26, 28, but other assembly configurations are
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possible in other non-illustrated embodiments of the wind turbine blade 10.

[0021] The internal web 12 is connected to the first and second outer shell portions 16, 18 so
as to extend across an interior space defined within the outer shell 14, and thereby define
another structural element or connection of these first and second outer shell portions 16, 18.
As set forth above, this embodiment of the internal web 12 is generally I-shaped in cross
section with a top end 30 defined by an upper flange 32, a bottom end 34 defined by a lower
flange 36, and a central reinforcement part 38 extending between and connecting the upper
flange 32 and lower flange 36. The internal web 12 therefore provides the shape and
appearance of an I-beam when positioned between the first and second outer shell portions
16, 18 as shown in Figs. 1 and 2. The internal web 12 is also typically manufactured as a
separate piece before assembly with the first and second outer shell portions 16, 18. The
internal web 12 is formed from a fiber composite material in this embodiment, with or without
structure-enhancing or shape-defining inserts (not shown) which may be formed from fiber
composite or other known materials.

[0022] With continued reference to Figs. 1 and 2, the internal web 12 does not extend along a
full amount of the longitudinal span length Ls defined by the wind turbine blade 10. However, it
is believed to be advantageous to increase the structural rigidity and stiffness proximate the
root end 22 of the blade 10 and at least along 50% or more of the longitudinal span length Ls.
Accordingly, the internal web 12 of this embodiment defines a first longitudinal length Lw that is
at least half, and preferably at least two-thirds or more of the longitudinal span length Ls of the
blade 10. To this end, the first longitudinal length Lw of the internal web 12 extends along a
majority of the longitudinal span length Ls in this embodiment of the wind turbine blade 10, as
shown most clearly in phantom in Fig. 1. It will be understood that the internal web 12 may be
a unitary piece along the entire length thereof or may be assembled from several segments
positioned in a line to form the entire length of the internal web 12 without departing from the
scope of the invention. As will be described in further detail below, the pre-curing of the
adhesive bond between the internal web 12 and the outer shell 14 may only be necessary
along a partial portion of the first longitudinal length Lw.

[0023] As shown most clearly in Fig. 2, the outer shell 14 of the wind turbine blade 10 of this
embodiment is also provided with optional internal girders 40 projecting along the longitudinal
span length Ls on the interior of the first and second outer shell portions 16, 18. The internal
girders 40 may be formed from a fiber composite or metallic material, with the internal girders
40 placed at locations where the one or more internal webs 12 will be connected to the first
and second outer shell portions 16, 18. The internal girders 40 are used to reinforce the
structure of the first and second outer shell portions 16, 18, as well understood in the art of
wind turbines. Thus, in the embodiment shown in these Figures, the top end 30 and the bottom
end 34 of the internal web 12 are connected or bonded directly to these internal girders 40.
Nevertheless, it will be appreciated that the internal girders 40 may be omitted in other
embodiments consistent with the invention, in which case the adhesive bond would be formed
between the fiber composite material of the first and second outer shell portions 16, 18 and the
internal web 12. The adhesive material 42 bonding these elements together is also shown
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schematically in Fig. 2 for the sake of clarity.

[0024] Now turning with reference to Figs. 3A through 3G, a series of steps is shown for a
method of assembly for the wind turbine blade 10 according to one embodiment of the
invention. The method advantageously includes the pre-curing of adhesive material 42 along
the top end 30 of the internal web 12 to maintain the integrity of an adhesive bond between the
internal web 12 and the second outer shell portion 18 during the remaining curing, demoulding,
and finishing steps of assembling the wind turbine blade 10. These method steps also illustrate
an apparatus for assembling the wind turbine blade 10, in accordance with another aspect of
this disclosure.

[0025] At Fig. 3A, a first step of the method of assembly is shown in accordance with this
embodiment. A mould 50 and a lift mechanism 52 are provided on a floor surface 54 of the
production facility. The mould 50 and lift mechanism 52 may be separate elements in some
embodiments, or these elements may be incorporated into a single blade assembly system.
The first outer shell portion 16 is laying in a first mould half 56 with the interior of the first outer
shell portion 16 facing upwardly. Likewise, the second outer shell portion 18 is laying in a
second mould half 58 with the interior of the second outer shell portion 18 facing upwardly. The
first and second outer shell portions 16, 18 are typically built up from layers of fiber composite
material and cured in these first and second mould halves 56, 58 (the cavities in the mould
halves 56, 58 thereby define the aerodynamic shape or profile of the blade 10 to be
assembled). As shown in Fig. 3A, the internal girders 40 on each of the first and second outer
shell portions 16, 18 have also been incorporated in this first step of the method of assembly.
In this cured state, the first and second outer shell portions 16, 18 are ready to be assembled
with the separately-formed internal web 12 to make the wind turbine blade 10.

[0026] Although the first and second outer shell portions 16, 18 remain in the mould 50 in
which these elements are initially laid out and built in the example shown in these Figures, it
will be understood that the first and second outer shell portions 16, 18 may also be retained
during these steps in other retention devices, without departing from the scope of this
invention. In this regard, the same equipment for initially building the outer shell portions 16, 18
does not need to be used for the method of assembly of this invention, but such equipment
can be used as shown to expedite the blade manufacturing process.

[0027] Turning to Fig. 3B, the method of assembly continues with the placement of a bondline
of adhesive material 42 being provided on the internal girder 40 of the first outer shell portion
16. The adhesive material 42 may be automatically dispensed, manually applied, or added to
the internal girder 40 in the appropriate location by any other known methods. The specific
adhesive material may vary based on the preferences of the blade manufacturer, but any
conventional adhesive used for wind turbine blade construction may be used in accordance
with this invention. The adhesive material 42 remains in an uncured state in this step at Fig.
3B.

[0028] At a further step shown in Fig. 3C, the method of assembly continues by placing the
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internal web 12 into contact with the bondline of adhesive material 42 at the first outer shell
portion 16. More particularly, the internal web 12 is accurately positioned above the adhesive
material 42 and then lowered into position so that the lower flange 36 at the bottom end 34 of
the internal web 12 engages the adhesive material 42 on the internal girder 40 of the first outer
shell portion 16. This positioning and lowering of the internal web 12 into the correct position
may be automatically performed by a positioning arm 60 associated with the lift mechanism 52
as schematically shown in Fig. 3C. Of course, alternative mechanisms may also be used to
accurately position the internal web 12 as desired. The lift mechanism 52 may continue to hold
the internal web 12 in the desired position with the bottom end 34 in the adhesive material 42
during a curing step that is carried out at this step as well. The curing may be done by
application of heat energy by the first mould half 56, in one example. Alternatively, a separate
heater device (not shown) may be used to apply the heat needed to cure the adhesive material
42 and finalize the bond or coupling between the internal web 12 and the first outer shell
portion 16. In embodiments with multiple internal webs 12 in the interior of the wind turbine
blade 10, all of the internal webs 12 would be positioned and an adhesive bond cured before
proceeding to the next step.

[0029] Continuing to Fig. 3D, the method of assembly then continues by applying a further
amount of the adhesive material 42 to a top end 30 of the internal web 12 and also to a leading
edge 62 and a trailing edge 64 defined by the terminal boundaries of the first outer shell
portion 16. Once again, the adhesive material 42 can be automatically dispensed, manually
applied, or otherwise positioned in another conventional manner in the bondlines shown. The
adhesive material 42 may be the same as the one used in previous steps of the method, but it
may also define different conventional adhesive formulations depending on the preferences of
the manufacturer. The adhesive material 42 on the top end 30 of the internal web 12 forms a
bondline that is to be connected to the second outer shell portion 18, specifically at the internal
girder 40 of that element in this embodiment. Similarly, the adhesive material 42 on the leading
edge 62 of the first outer shell portion 16 defines another bondline which is to be joined with a
leading edge 66 of the second outer shell portion 18, to thereby form the shared leading edge
26 of the wind turbine blade 10. The adhesive material 42 on the trailing edge 64 of the first
outer shell portion 16 defines a bondline for joining with a trailing edge 68 of the second outer
shell portion 18, to thereby form the shared trailing edge 28 of the wind turbine blade 10. In
short, the application of the adhesive material 42 in an uncured state puts the first outer shell
portion 16 and the internal web 12 fully into condition for assembly with the second outer shell
portion 18.

[0030] As set forth in further detail below, the adhesive material 42 on the top end 30 of the
internal web 12 will be pre-cured by applying localized heat energy at the upper flange 32 of
the internal web 12 during this method of assembly of the wind turbine blade 10. Before
moving on to the step of Fig. 3E, in which the wind turbine blade 10 is further assembled and
the internal web 12 is enclosed within the outer shell 14, it may be desired to removably couple
the heating device 72 (an example of which is shown in Fig. 4A and described further below)
used for the pre-curing function into position on the internal web 12. Adding the heating device
72 at this stage of the method of assembly is easier because an operator does not need to
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climb into an interior of an enclosed blade 10 (or have an automated system do the same) to
prepare for the step of applying localized heat energy. However, performing this removable
installation of the heating device 72 can be performed after the next step, if desired, and that
option is shown schematically in Figs. 3A through 3G.

[0031] Turning to Fig. 3E, the mould 50 is moved to a closed position where the second mould
half 58 is rotated to engage with and sit on top of the first mould half 56. When this step of the
method is carried out with the mould halves 56, 58 on which the first and second outer shell
portions 16, 18 are initially built up and cured, the first and second mould halves 56, 58 will
typically reliably hold these portions in position during the movement because there has been
no demoulding process performed for the outer shell 14 at this stage of the blade assembly.
Regardless of the structure used to move the second outer shell portion 18, this movement
step results in the second outer shell portion 18 engaging the first outer shell portion 16 and
the internal web 12 at each of the bondlines of adhesive material 42 previously described with
respect to Fig. 3D. More specifically, the leading edge 66 of the second outer shell portion 18 is
joined to the leading edge 62 of the first outer shell portion 16 with uncured adhesive material
42; the trailing edge 68 of the second outer shell portion 18 is joined to the trailing edge 64 of
the first outer shell portion 16 with uncured adhesive material 42; and the internal girder 40 of
the second outer shell portion 18 is joined to the top end 30 of the internal web 12 with
uncured adhesive material 42. As seen in Fig. 3E, this step encloses the internal web 12 within
the outer shell 14 of the wind turbine blade 10 being assembled.

[0032] In the next step of the method of assembly for the wind turbine blade 10 shown in Fig.
3F, the application of localized heat energy is performed to pre-cure the bondline of adhesive
material 42 connecting the internal girder 40 to the second outer shell portion 18. In order to
provide this localized heating, the heating device 72 must be removably coupled to the blade
10 at a location proximate to the adhesive material 42 of this bondline. In order to better
describe this heating device 72 and its operation, reference is now made to Fig. 4A, which is a
detail view of the top end 30 of the internal web 12 in the method step of Fig. 3F.

[0033] Fig. 4A shows one embodiment of the heating device 72 that may be temporarily
connected to the internal web 12 to perform localized heating in accordance with the methods
of the invention described herein. The heating device 72 is a generally flexible heater mat 72
that is configured to closely engage with an underside 74 of the upper flange 32 of the internal
web 12 on both sides of the central reinforcement part 38. To this end, the upper flange 32
defines first and second flange portions 32a, 32b extending in opposite directions from the
central reinforcement part 38, with a portion of the underside 74 of the upper flange 32 formed
by each of the first and second flange portions 32a, 32b. The heater mat 72 in this
embodiment wraps around a root end 76 (shown in Fig. 5) of the internal web 12 such that it
can extend as a unitary piece along the underside 74 of the upper flange 32 on both sides of
the central reinforcement part 38. It will be understood that the heater mat 72 may alternatively
be provided in multiple portions in other embodiments, such as a separate portion for each
side of the central reinforcement part 38, without departing from the scope of the invention. In
still further embodiments, the localized heating may be adequately provided by a heater mat
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72 located only along one of the flange portions 32a, 32b without departing from the scope of
the overall invention, but for the sake of illustration, the unitary belt-like construction of the
heater mat 72 which wraps around the root end 76 of the internal web 12 will be shown as an
exemplary embodiment in the Figures.

[0034] The heater mat 72 used for the localized heating may be a laminated heating mat
available for other manufacturing processes and purposes. Such laminated heating mats are
typically electrically actuated to provide heat energy at a controlled set point temperature,
which may be adjustable based on the input power or other internal controls. In Fig. 4A, a
controller 78 is schematically shown in black box form and may serve as the element which
controls the temperature to which the heater mat 72 achieves during the pre-cure operation.
This may be the same controller 78 of the entire assembly apparatus, e.g., the controller 78
that also monitors and controls functions of the mould 50 and/or the lift mechanism 52. Of
course, different types of heating devices 72 may be used in other embodiments so long as the
localized heating is provided for the pre-curing functionality.

[0035] The heater mat 72 will typically need to be retained in position at the underside 74 of
the upper flange 32, and for this purpose, a holding device 80 is provided as shown in Fig. 4A.
The holding device 80 in this embodiment includes a rigid holding strip 82 that is shaped to
follow the contour of the internal web 12 at the location where the heater mat 72 is to be
positioned. The holding device 80 also includes a plurality of shear pins 84 for removably
connecting and holding the holding device 80 in position relative to the upper flange 32.
Although only two shear pins 84 are shown in the cross section of Fig. 4A, it will be understood
that a plurality of shear pins 84 may be connected to the first and second flange portions 32a,
32b along the length of the rigid holding strip 82. The shear pins 84 extend through the rigid
holding strip 82 at a location just beyond where the heater mat 72 is located such that the
shear pins 84 can be punched or otherwise driven upwardly into engagement with the upper
flange 32 near the opposite ends of the upper flange 32. The shear pins 84 are manufactured
to reliably maintain the coupling of the rigid holding strip 82 to the upper flange 32 during any
heating or curing operation, but the shear pins 84 are also designed to break apart when a
predetermined (mechanical) removal force is applied to these shear pins 84. That enables the
removal of the heater mat 72 and the holding device 80 as set forth below.

[0036] The rigid holding strip 82 of this embodiment is preferably formed from a heat insulating
material. More specifically, the rigid holding strip 82 is formed from a foam material which does
not conduct heat energy well, and this forces the heat energy of the heater mat 72 to be
applied to the adhesive material 42 as desired. WWhen pinned into position with the shear pins
84, the heater mat 72 is sandwiched between the rigid holding strip 82 and the underside 74 of
the upper flange 32, thereby providing the close contact of the heater mat 72 with the contour
of the internal web 12 at this location. With the heat energy being encouraged by the heat
insulating material of the rigid holding strip 82 to move in the opposite direction, e.g., through
the upper flange 32, the localized heat energy can be applied in an efficient manner to conduct
pre-curing of the adhesive material 42 at this bondline. Of course, other types of materials and
arrangements may be provided for the holding device 80, including alternative mechanisms
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and methods of removably coupling it to the upper flange 32, so long as the heater mat 72 is
still accurately positioned for delivering the localized heat energy while still being removable
from the finished wind turbine blade 10. As described above, the removable installation of
these elements on the internal web 12 may occur before closing the second outer shell portion
18 into engagement with the internal web 12 and the first outer shell portion 16.

[0037] In one particular alternative embodiment not shown in these Figures, the arrangement
of the localized heating device 72 may be modified such that the heating element 72 is directly
coupled in a removable manner to the upper flange 32, for example using shear pins 84 or a
similar connector. In such embodiments, additional optional heat transfer elements may be
positioned between the heating device and the flange 32 when necessary to ensure good heat
transfer contact between these elements to move the heat into the adhesive material 42 for
pre-curing. Thus, the overall appearance of such embodiments may be similar to that shown in
Fig. 4A, but with the elements in different locations. It will be understood that regardless of the
particular structural arrangement of the localized heating device 72 and associated elements,
this device must be located so that it transfers heat to pre-cure the adhesive material 42 in
accordance with the methods of assembly described herein.

[0038] Having described the elements performing the pre-curing function in detail, reference is
again made to Fig. 3F where the next step of the method of assembly for the wind turbine
blade 10 is shown. With the heater mat 72 and holding device 80 in position on the upper
flange 32 as shown, the pre-curing of the adhesive material 42 at the top end 30 of the internal
web 12 is commenced by actuating the heater mat 72. In one example, the controller 78 is
operatively coupled to the heater mat 72 as shown and controls the actuation and heating
output of the heater mat 72. The heat generation may be monitored by one or more
temperature sensors, such as the thermocouple 86 operatively coupled to the controller 78
and schematically shown in Fig. 4A. Other temperature sensors and control elements will be
readily understood to be acceptable in alternative embodiments of the invention.

[0039] Continuing with this example, it has been determined by the inventors that setting the
heater mat 72 to an output temperature of about 80 degrees Celsius is sufficient to begin
curing the adhesive material 42 on the upper flange 32. The thermocouple 86 is used to
monitor the temperature at the adhesive material 42, which can be correlated by the controller
78 using known methods to identify an amount or percentage of curing done at the adhesive
material 42. Thus, in one example, the pre-curing applied by the localized heat energy at Fig.
3F is conducted until the adhesive material 42 reaches a set percentage of a full cure, and this
set percentage may be a partial cure or a full 100% cure. It is believed that a pre-cure of the
adhesive material 42 of at least 8% or at least 10% or at least 12% (of the full cure) is sufficient
to maintain the integrity of the adhesive bonds when the full cure is applied with heat energy on
the entire wind turbine blade 10. In this regard, the next step of the method of assembly
described below is initiated in one embodiment when the amount of curing that has occurred at
the adhesive material 42 at the top end 30 of the internal web 12 has been determined by the
controller 78 to be 8%, or 10%, or 12% or more of a full cure. It will be understood that this next
step may be delayed until a higher percentage of cure is reached, including 100% in some
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alternative embodiments. In embodiments, the degree of curing of the bondline adhesive may
be monitored using a thermocouple at or near the web flange. A readout from the
thermocouple may be monitored over time to generate a value for a degree of curing.

[0040] After the pre-curing of the adhesive material 42 at the top end 30 of the internal web 12
has been completed to a sufficient degree, as monitored by the thermocouple 86 and the
controller 78, the method of assembly of the wind turbine blade 10 continues to the step shown
in Fig. 3G. At this part of the method, heat energy is applied to the first and second outer shell
portions 16, 18, e.g., the entirety of the wind turbine blade 10, to fully cure all the remaining
uncured adhesive material 42, including the bondlines along the leading edge 26 and trailing
edge 28 of the wind turbine blade 10. If the pre-cure of the adhesive material 42 at the top end
30 of the internal web 12 is stopped at 12% or some other value less than a full cure, the heat
energy applied (shown schematically at Fig. 3G by heat waves 90) also fully cures that
adhesive material 42 as well. As understood in the art of wind turbine blade construction, the
heat energy for the full cure may be provided by the first and second mould halves 56, 58,
which are operatively coupled to the controller 78 for actuating this heating, and/or by delivery
of heated cavity air inside the interior of the wind turbine blade 10 defined by the outer shell 14.
This heating of the entire wind turbine blade 10 cures all the adhesive bonds and connections
such that the wind turbine blade 10 is a solid, unitary construction ready for demoulding from
the mould 50, as well as other finishing and installation steps.

[0041] As briefly described above, during this full cure process step of heating the entire wind
turbine blade 10, the first and second outer shell portions 16, 18 may thermally deform a small
amount as a result of the temperatures applied. However, as a result of the adhesive
connection being pre-cured at the top end 30 of the internal web 12 (and fully cured at the
bottom end 34 of the internal web 12), these small deformations do not cause a loss of
integrity of the bonds formed between the internal web 12 and the outer shell 14. In this
regard, the problems of adhesive void formation and/or delamination at this juncture are
avoided thanks to the method of assembly set forth in Figs. 3A through 3G. Consequently, the
wind turbine blade 10 assembled with this method and apparatus may be more reliable in field
operation than conventional designs, lessening any maintenance or replacement burdens on
the final operators of wind turbines.

[0042] In Fig. 3G, the upper flange 32 is shown with the heater mat 72 and the holding device
80 already removed before the full cure heating begins. However, it is often the case that these
elements are not removed until after the full cure is completed, and perhaps even after the
demoulding of the blade 10 from the mould 50. Regardless of when this removal occurs, the
disassembly of these elements used for the pre-cure step of the method of assembly may be
performed as follows.

[0043] With reference to Figs. 4B and 5, the heater mat 72 and/or the holding device 80
further includes a removal mechanism for making removal of these temporary components
easy for the assembly personnel. In the example shown in Fig. 5, this removal mechanism is
defined by a line 92 connected with one longitudinal end (not shown) of the heater mat 72,
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which is located down the span length of the wind turbine blade 10 away from the root end 22.
The line 92 may be defined by a cable, a cord, or any other such device that is capable of
withstanding the heat applied during the pre-cure and curing steps of the method of assembly.
When it is desired to remove the heater mat 72 and the rigid holding strip 82 from the upper
flange 32, the line 92 is pulled with a mechanical removal force that is sufficient to break or
shear the plurality of shear pins 84 removably coupling the rigid holding strip 82 to the upper
flange 32 of the internal web 12. The heater mat 72 and the holding device 80 are designed so
as to not break apart when such mechanical forces are applied, which enables all of the force
to be transferred to break the removable connection at the shear pins 84 previously described.
Continuing to pull the line 92 will cause the heater mat 72 and the holding device 80 to be
sequentially removed along their longitudinal lengths from the interior of the wind turbine blade
10. These elements can then be reconfigured with new shear pins 84 for use during the
construction of the next wind turbine blade 10. The broken ends 94 of the shear pins 84
remain lodged in the outermost portions of the upper flange 32 of the internal web 12 following
the removal process, as shown most clearly in Fig. 4B, but this does not affect the structural
integrity of the wind turbine blade components in any meaningful way.

[0044] Also as shown in Fig. 5, even though the bondline defined by the adhesive material 42
on the top end 30 of the internal web 12 extends along an entirety of the first longitudinal
length Lw of the internal web 12, the pre-curing is typically only performed along a pre-cure
region 98 that extends along a partial portion of the first longitudinal length Lw. For example,
the pre-cure region 98 is shown in dashed line in Fig. 5 and defines a pre-cure length Lpc of

about half of the first longitudinal length Lw. The pre-cure region 98 is limited in length and
kept at and near the root end 76 of the internal web 12 because this is the larger cross section
region of the outer shell 14 and the location where thermally-induced deformations during
curing tend to be most prevalent in the first and second outer shell portions 16, 18. To this end,
the thicker portions of the first and second outer shell portions 16, 18 are more prone to
thermal deformation and stress, so this is the region where pre-curing can help avoid any of
the potential problems that may otherwise be caused with the adhesive bonds during the full
curing process. Therefore, in order to limit the length of the heater mat 72 and the pre-curing
process to areas where the pre-curing is most important or beneficial, the embodiment of the
method and apparatus shown in these Figures applies the heater mat 72 and the pre-cure
localized heat energy only along the pre-cure region 98 as shown.

[0045] Of course, it will be understood that in further embodiments within the scope of this
invention, the length of the pre-cure region 98 may be modified, even to the full extent of the
first longitudinal length Lw, should that be desired by a wind turbine blade manufacturer. The
various modifications described throughout this specification to the exemplary embodiment
shown in the Figures may be used in any combination to achieve different embodiments of the
apparatus and method including the advantageous pre-cure of the adhesive bond between the
internal web 12 and the second outer shell portion 18.

[0046] While the present invention has been illustrated by the description of various
embodiments thereof, and while the embodiments have been described in considerable detail,
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it is not intended to restrict or in any way limit the scope of the appended claims to such detail.
Thus, the various features discussed herein may be used alone or in any combination,
including with any type of wind turbine blade with internal reinforcement structures. Additional
advantages and modifications will readily appear to those skilled in the art. The invention in its
broader aspects is therefore not limited to the specific details and illustrative examples shown
and described. Accordingly, departures may be made from such details without departing from
the scope of the general inventive concept.
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Patentkrav

1. Fremgangsmade til montering af en vindmgllevinge (10), som inkluderer fgrste
0g anden udvendige skaldele (16, 18) og en indre ribbe (12), hvilken
fremgangsmade omfatter:

5 at koble en nederste ende (34) af den indre ribbe (12) med den fgrste
udvendige skaldel (16);

at pafgre et klaebestofmateriale (42) til en gverste ende (30) af den indre
ribbe (12) og til kanter (62, 64) af den fgrste udvendige skaldel (16);

at indgribe den anden udvendige skaldel (18) med kanterne (62, 64) af

10 den fgrste udvendige skaldel (16) og med den gverste ende (30) af den
indre ribbe (12) til at omgive den indre ribbe (12) inden i de fgrste og
anden udvendige skaldele (16, 18);

kendetegnet ved:

at pafgre afgraenset varmenergi til klsebestofmaterialet (42) ved den

15 gverste ende (30) af den indre ribbe (12) til at forhaerde
klaebestofmaterialet (42) og derved binde den gverste ende (30) af
den indre ribbe (12) med den anden udvendige skaldel (18); og

efter forhaerdning af klaebestofmaterialet (42) ved den gverste ende
(30) af den indre ribbe (12), at pafgre varmeenergi til de fgrste og
20 anden udvendige skaldele (16, 18) for at haerde klaebestofmaterialet
(42) ved kanterne (62, 64) af den fgrste udvendige skaldel (16) og
derved binde de fgrste og anden udvendige skaldele (16, 18)

Ssammen.

25 2. Fremgangsmaden ifglge krav 1, hvor den indre ribbe inkluderer en flange der
definerer den gverste ende, og pafgring af afgraenset varmenergi til
klzebestofmaterialet ved den gverste ende af den indre ribbe yderligere omfatter:

at tilkoble en varmematte i kontakt med en underside af flangen ved den
gverste ende af den indre ribbe; og

30 at drive varmematten til at forsyne lokalvarmenergien ved flangen og
derved varme klaebestofmaterialet til at forhaerde klaebestofmaterialet.
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3. Fremgangsmaden ifglge krav 2, hvor at tilkoble en varmematte i kontakt med
undersiden af flangen yderligere omfatter:

aftageligt at koble en stiv holdestrimmel med flangen for at sikre varmematten
mellem holdestrimlen og undersiden af flangen ved den gverste ende af den indre
ribbe, fortrinsvis hvor naevnte stive holdestrimmel er dannet af et
varmeisolerende materiale sdledes at varmeenergi primaert dirigeres igennem

flangen til kleebestofmaterialet under drift af varmematten.

4. Fremgangsmaden ifglge krav 3, hvor aftageligt at koble den stive
holdestrimmel med flangen yderligere omfatter:

at forbinde den stive holdestrimmel til flangen med en flerhed af brudstifter der
straekker sig ind i flangen, hvor brudstifterne er konfigureret til at braekke ndr en
forudbestemt aftagelseskraft pafgres til den stive holdestrimmel.

5. Fremgangsmaden ifglge krav 4, yderligere omfattende:

at traekke en line forbundet med en langsgdende ende af varmematten til at
pafgre den forudbestemte aftagelseskraft og derved braekke brudstifterne til at
traekke den stive holdestrimmel og varmematten ud af indgreb med flangen efter
forheerdning af kleebestofmaterialet.

6. Fremgangsmaden ifglge et hvilket som helst af kravene 2 til 5, hvor flangen
inkluderer modstaende fgrste og anden dele der straekker sig i modsatte retninger
fra en central forstaerkningsdel af den indre ribbe, og at tilkoble varmematten i
kontakt med undersiden af flangen yderligere omfatter:

at vikle varmematten omkring en rodende af den indre ribbe sdledes at
varmematten straekker sig langs undersiden af flangen ved bade de fgrste og
anden dele af flangen.

7. Fremgangsmaden ifglge et hvilket som helst af de foregaende krav, hvor de
fgrste og anden udvendige skaldele definerer en langsgdende spaendlaengde af
vindmgllevingen, hvor den indre ribbe definerer en fgrste langsgdende langde der
straekker sig langs en stgrstedel af spaendlaengden, og pafgringen af afgreenset

varmenergi sker kun langs et forhaerdningsomrade, som inkluderer en rodende af



10

15

20

25

30

DK/EP 3568287 T3

3

den indre ribbe og der straekker sig langs en delvis del af den fgrste langsgdende
laengde.

8. Fremgangsmaden ifglge et hvilket som helst af de foregdende krav, yderligere

omfattende:

at overvage en forhaerdningstemperatur af klaebestofmaterialet ved den

gverste ende af den indre ribbe under pafgringen af afgraenset varmenergi;
og

at bestemme en maengde af haerdning der er sket ved klaebestofmaterialet
ved den gverste ende af den indre ribbe baseret pa

forheaerdningstemperaturen.

9. Fremgangsmaden ifglge krav 8, yderligere omfattende:

at pabegynde trinnet til pafgring af varmeenergi til de fgrste og anden udvendige
skaldele ndr maengden af haerdning der er sket ved klaebestofmaterialet ved den
gverste ende af den indre ribbe er blevet bestemt til at nd mindst 12 % af en

fuldhaardning.

10. Fremgangsmaden ifglge krav 8, yderligere omfattende:

at pabegynde trinnet til pafgring af varmeenergi til de fgrste og anden udvendige
skaldele ndr maengden af haerdning der er sket ved klaebestofmaterialet ved den
gverste ende af den indre ribbe er blevet bestemt til at nd omkring 100 % af en
fuldhaardning.

11. Fremgangsmaden ifglge et hvilket som helst af de foregaende krav, hvor at
koble en nederste ende af den indre ribbe med den fgrste udvendige skaldel
yderligere omfatter:

at pafgre et klaebestofmateriale til den fgrste skaldel og at placere den
nederste ende af den indre ribbe i kontakt med klaebestofmaterialet pa den

fgrste skaldel; og
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at haerde klaebestofmaterialet mellem den fgrste skaldel og den nederste
ende af den indre ribbe fgr pafgring af et klaebestofmateriale til den gverste
ende af den indre ribbe og til kanterne af den fgrste udvendige skaldel.

12. Apparat til montering af en vindmgllevinge (10), som inkluderer fgrste og
anden udvendige skaldele (16, 18) og en indre ribbe (12), hvilket apparat
omfatter:

en form (50), som inkluderer fgrste og anden formhalvdele (56, 58) der
definerer overflader pa hvilke de fgrste og anden udvendige skaldele (16,
18) er monteret, hvor de fgrste og anden formhalvdele (56, 58) er
bevaegelige mellem abne og lukkede positioner og er konfigureret til at
pafgre varmeenergi for at haerde klaebestofmateriale (42) i vindmgllevingen
(10);

en en afgraenset varmeindretning (72) dimensioneret til placering
tilstgdende en gverste ende (30) af den indre ribbe (12) og konfigureret til
at pafgre afgraenset varmenergi til at forhaerde et klaebestofmateriale (42)
ved den gverste ende (30) af den indre ribbe (12) for at binde den indre
ribbe (12) til en af de fgrste og anden udvendige skaldele (16, 18);

en holdeindretning (80), som er aftageligt indgribelig med den gverste
ende (30) af den indre ribbe (12) til at positionere den afgraensede
varmeindretning (72) tilstgdende den gverste ende (30); og

en styreindretning (78) virksomt forbundet til formen (50) og til den
afgraensede varmeindretning (72), hvor styreindretningen (78) er
programmeret til at drive den afgreensede varmeindretning (72) til at
forheerde klaebestofmateriale ved den gverste ende (30) af den indre ribbe
(12) fg@r at drive en pafgring af varmeenergi med formen (50).

13. Apparatet ifglge krav 12, hvor den afgraensede varmeindretning yderligere
omfatter:

en fleksibel varmematte konfigureret til at fglge en kontur af den gverste ende af
den indre ribbe nar placeret tilstgdende den gverste ende af den indre ribbe.
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14. Apparatet ifglge krav 12 eller 13, hvor holdeindretningen yderligere omfatter:
en stiv strimmel af varmeisolerende materiale, som inkluderer en flerhed af

brudstifter konfigureret til at straekke sig til forbindelse med den gverste ende af
den indre ribbe til at klemme lokalvarmeindretningen ind mellem den indre ribbe

og den stive strimmel af varmeisolerende materiale.

15. Apparatet ifglge et hvilket som helst af kravene 12 til 14, yderligere
omfattende:

en temperatursensor forbundet til styreindretningen og positioneret til at
overvage en forhaerdningstemperatur af klaebestofmaterialet ved den gverste
ende af den indre ribbe under pafgringen af afgraenset varmenergi, saledes at
styreindretningen kan bestemme en maangde af haerdning der er sket ved
klaebestofmaterialet ved den gverste ende af den indre ribbe baseret pa

forheaerdningstemperaturen.
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