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Improvements relating to wind turbine blade manufacture

Technical field

The present invention relates generally to wind turbine blades, and more specifically to
methods of making wind turbine blades and apparatus for use in such methods.

Background

Modern wind turbine blades typically comprise a hollow shell made up of two half-shells
bonded together along leading and trailing edges of the shells. One or more longitudinally-
extending shear webs are provided within the internal cavity of the blade. A shear web
comprises a web panel disposed between upper and lower mounting flanges. The
mounting flanges are bonded respectively to opposed inner surfaces of the two half-shells.

The method of making the blade typically involves forming the two half shells separately
from composite materials in respective half-moulds of a blade mould assembly. With the
half-shells supported in their respective half moulds, the shear web is then bonded
between respective inner surfaces of the half shells, and the half shells are bonded
together.

The process of bonding the various parts together typically involves depositing a line of
adhesive on the inner surface of a first half shell. The shear web is then lifted into the first
half shell and positioned with its lower mounting flange on top of the adhesive. Further
adhesive is applied to the upper mounting flange of the shear web, and along leading and
trailing edges of the first half shell. The second mould half is then lifted, turned and
positioned on top of the first mould half. This is referred to as ‘closing the mould’. The
weight of the second half shell and second mould half bears down on the shear web and
the first half shell. This causes the adhesive to compress between the various parts. Once
the adhesive is cured, the completed blade may be removed from the mould.

Typically the parts are joined together in a two-stage join-up process. The first stage of the
join-up involves bonding the shear web to the first half shell whilst the mould is open. A jig
may be used to support the shear web during this stage. Use of a jig allows consistent and
high quality bond lines to be achieved between the shear web and the first half shell. Once
the adhesive between the first half shell and the shear web has cured, the jig is removed
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and the mould is then closed to bond the shear web to the second half shell and to bond
the first and second half shells together in the second stage of the two-stage join-up.

A disadvantage of the two-stage join-up is that it can be time consuming. This is because
it takes some time for the adhesive to cure in the first stage before the second stage can
commence. In order to increase the rate of production of wind turbine blades, a one-stage
join-up may be considered, in which the shear web is bonded simultaneously to the first
and second half shells. However, a one-stage join up introduces additional challenges to
the manufacturing process because the bond lines on each side of the shear web must be
created with the mould closed. This makes it impossible to use a jig to support the shear
web. It can therefore be challenging to achieve high quality and consistent bond lines
between the shear web and the half shells.

In both a one-stage and a two-stage join-up, when the second mould half is positioned on
top of the first mould half, the second half shell tends to release partially or fully from the
second mould half (under the action of gravity), resulting in one or more gaps between the
second half shell and its mould half. This can make it difficult to control the bonding
process, and may lead to uneven compression of the adhesive on one or both sides of the
shear web. In addition, when heat is applied to cure the adhesive, thermal expansion may
cause the second half shell to move back towards the mould half, which may then cause
dis-bonds in the bond lines.

It is an object of the present invention to provide an improved process for joining the
various parts of a blade together, which avoids some or all of the problems described

above.

Summary of the invention

According to a first aspect of the present invention, there is provided a method of making
a wind turbine blade having an outer shell formed of first and second half shells, the
method comprising: providing a first half shell supported by a first mould half; providing a
second half shell supported by a second mould half; providing a shear web having a web
panel disposed between first and second longitudinally-extending mounting flanges;
providing adhesive between the first mounting flange and an inner surface of the first half
shell to form a first bond line; providing adhesive between the second mounting flange
and an inner surface of the second half shell to form a second bond line; providing one or
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more bond spacers between the second mounting flange and the inner surface of the
second half shell; arranging the second mould half and the second half shell respectively
on top of the first mould half and the first half shell to join the first and second half shells
together, wherein the weight of the second half shell and the second mould half acts on
the shear web and causes compression of the adhesive in the second bond line and plastic
deformation of the one or more bond spacers.

The method may comprise arranging one or more further bond spacers between the first
mounting flange and the inner surface of the first half shell. The weight of the second half
shell and the second mould half acting on the shear web may cause compression of the
adhesive in the first bond line and plastic deformation of the one or more further bond
spacers.

The method may comprise forming the first and second bond lines simultaneously and at
the same time as joining the first and second half shells together. The method may
comprise curing the adhesive in the first and second bond lines simultaneously.
Accordingly, the bond spacers may be used in a one-stage join-up process.

The method may comprise arranging a first plurality of bond spacers between the first
mounting flange and the first half shell. The method may further comprise arranging a
second plurality of bond spacers between the second mounting flange and the second half
shell.

The method may comprise simultaneously compressing the first and second plurality of
bond spacers to substantially equal extents such that the first and second bond lines are
of substantially equal thickness.

The method may comprise forming the first bond line prior to forming the second bond line
and prior to joining the first and second half shells together. The method may comprise
curing the adhesive in the first bond line prior to arranging the second mould half and the
second half shell on top of the first mould half and the first half shell. Accordingly, the bond
spacers may be used in a two-stage join-up process.

According to a second aspect of the present invention, there is provided a wind turbine
blade comprising: an outer shell formed of first and second half shells joined together; a
shear web arranged inside the outer shell, the shear web having a web panel disposed
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between first and second longitudinally-extending mounting flanges; a first adhesive bond
line between the first mounting flange and an inner surface of the first half shell; a second
adhesive bond line between the second mounting flange and an inner surface of the
second half shell; and one or more plastically deformed bond spacers located in the
second bond line.

The wind turbine blade may further comprise one or more plastically deformed bond
spacers located in the first bond line.

The one or more bond spacers may comprise blocks, for example blocks of foam.
Preferably the one or more bond spacers are made from closed-cell polyethylene
terephthalate (PET).

The wind turbine blade may comprise a plurality of plastically deformed bond spacers
arranged at spaced intervals along the first and/or second bond line.

The one or more bond spacers may be compressed between a mounting flange of the
shear web and the inner surface of a half shell.

The one or more bond spacers may comprise a first plurality of bond spacers provided in
the first bond line. The one or more bond spacers may include a second plurality of bond
spacers provided in the second bond line. The first and second plurality of bond spacers
may be compressed to substantially equal extents such that the thickness of the first and
second bond lines is substantially equal. Accordingly, the shear web may be substantially
central between the first and second half shells.

Optional features described above or claimed in relation to the first aspect of the invention
apply equally to the second aspect of the invention and vice versa. Repetition of such

features is avoided purely for reasons of conciseness.

Brief description of the drawings

The invention will now be described by way of non-limiting example with reference to the
accompanying figures, in which:
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Figure 1 is an exploded view of a wind turbine blade comprising first and second half shells
and a shear web;

Figure 2 shows the first and second half shells supported in respective first and second
mould halves and a line of adhesive deposited on an inner surface of the first half shell;

Figure 3 shows the shear web positioned in the first half shell on top of the line of adhesive

shown in Figure 2;

Figure 4 shows further adhesive applied to an upper mounting flange of the shear web and
to leading and trailing edges of the first half shell;

Figure 5 shows the second mould half and second half shell positioned on top of the first
mould half and first half shell in order to join the various parts of the blade together;

Figure 6 is a cross-sectional view of a wind turbine blade showing ideal bonding between
the shear web and the half shells, in which upper and lower bond lines have equal
thickness;

Figure 7 is a cross-sectional view of a wind turbine blade showing sub-optimal bonding, in
which adhesive in the upper bond line is over compressed whilst adhesive in the lower
bond line is under compressed;

Figure 8 is a cross-sectional view of a wind turbine blade showing a dis-bond in the upper
bond line;

Figure 9 shows a bond spacer for inclusion in the bond lines between the shear web and
the half shells in accordance with embodiments of the present invention;

Figure 10 shows first and second half shells supported in respective first and second mould
halves and a line of adhesive deposited on an inner surface of the first half shell, with a
first plurality of bond spacers positioned in the adhesive;

Figure 11 shows part of a shear web with a line of adhesive and a second plurality of bond
spacers positioned on an upper mounting flange of the shear web;
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Figures 12a-12d are schematic cross-sectional views through a blade and mould assembly
showing the function of the bond spacers during a one-stage blade join-up process; and

Figures 13a-13d are schematic cross-sectional views through a blade and mould assembly
showing the function of bond spacers during a two-stage blade join-up process.

Detailed description

Figure 1 is an exploded view of a wind turbine blade 10. The blade 10 comprises an outer
shell formed of first and second half shells 12, 14, e.g. a windward half shell and a leeward
half shell, and a single shear web 16. The half shells 12, 14 each extend from a root end
18 to a tip end 20 in a spanwise direction, S, and extend between a leading edge 22 and
a trailing edge 24 in a chordwise direction, C.

The shear web 16 is a longitudinally-extending structure, which in the illustrated example
comprises a web panel 26 disposed between first and second mounting flanges 28, 30. In
the orientation of the shear web 16 shown in the figures, the first mounting flange 28 is a
‘lower’ mounting flange, and the second mounting flange 30 is an ‘upper’ mounting flange.
The mounting flanges 28, 30 are arranged transversely to the web-panel 26 and each
flange 28, 30 has an outer ‘mounting’ surface 28a, 30a for bonding to an inner surface 32,
34 of a respective half shell 12, 14.

In this example, the shear web 16 is substantially T-shaped in cross-section. In other
embodiments, the shear web 16 may have a different shape, e.g. C-shaped. Also, in this
example, the shear web 16 tapers in height progressively moving from a root end to a tip
end, corresponding to the tapering thickness of the blade 10 towards the tip 20.

The various parts of the blade 10 are typically made from composite materials, for example
glass-fibre reinforced plastic (GFRP) and/or carbon-fibre reinforced plastic (CFRP). The
blade shells 12, 14 are formed in separate half moulds of a blade mould assembly, whilst
the shear web is generally formed in a dedicated shear web mould tool. Once the various
parts have been formed, they are then joined together in a join-up process to form the
completed blade 10. This typically involves bonding the first and second half shells 12, 14
together with the shear web 16 inside the blade 10 bonded to the respective inner surfaces
32, 34 of the half shells 12, 14.
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As discussed by way of background, a one-stage or a two-stage join-up process may be
used to bond the shear web 16 to the respective half shells 12, 14. In the one-stage join-
up, the shear web 16 is bonded simultaneously to the first and second half shells 12, 14,
whilst in the two-stage join-up the shear web 16 is first bonded to the first half shell 12 in

a first stage, and then to the second half shell 14 in a second stage.

Prior to discussing the present invention, a basic one-stage join-up process will be
discussed in more detail with reference to Figures 2 to 5.

Referring to Figure 2, this shows a blade mould assembly 36 comprising a pair of side-by-
side mould halves, i.e. a first mould half 38 and a second mould half 40. As shown, the
mould halves 38, 40 have already been used to form the two halves of the blade shell.
Accordingly, the first mould half 38 is shown supporting a first half shell 12, whilst the
second mould half 40 is supporting a second half shell 14.

Prior to the join-up, a bead of adhesive 42 is deposited on an inner surface 32 of one of
the half shells 12. As shown in Figure 2, in this example a bead of adhesive 42 is deposited
on the inner surface 32 of the first half shell 12. The adhesive will be used to bond the
shear web 16 (shown in Figure 1) to the first half shell 12. The adhesive may be deposited
in a straight line, which extends along a majority of the length of the blade shell 12. The
length of the adhesive bead 42 corresponds generally to the length of the shear web 16.

Referring to Figure 3, the shear web 16 is positioned on top of the adhesive 42 deposited
in the previous stage. In this example, the shear web 16 is lifted into the first half shell 12
and positioned with its lower mounting flange on top of the bead of adhesive 42.

Referring to Figure 4, a bead of adhesive 44 is applied to the upper mounting flange 30 of
the shear web 16 and further adhesive 46 is applied along the leading and trailing edges
22, 24 of the first half shell 12. As shown in Figure 4, the adhesive 42 is partially
compressed under the weight of the shear web 16.

Referring additionally to Figure 5, the join-up process involves bonding the various parts
together, i.e. bonding the two half shells 12, 14 together, and bonding the shear web 16
between the two half shells 12, 14. In this example, the process involves positioning the
second half shell 14 on top of the first half shell 12. This is achieved by lifting and turning
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the second mould half 40 and placing it on top of the first mould half 38 — this process is
referred to as ‘closing the mould'.

With the mould 36 closed, the adhesive 42, 44, 46 (shown in Figure 4) between the various
components is compressed under the weight of the second half shell 14 and second mould
half 40. Specifically, the adhesive 42 deposited on the first half shell 12 is squeezed
between the inner surface 32 of the first half shell 12 and the lower mounting flange 28 of
the shear web 16 to create a first or ‘lower’ bond line 48 (shown in Figure 6); the adhesive
44 applied to the upper mounting flange 30 of the shear web 16 is squeezed between the
inner surface 34 of the second half shell 14 and the upper mounting flange 30 of the shear
web 16 to create a second or ‘upper’ bond line 50 (shown in Figure 6); and the adhesive
46 applied to the leading and trailing edges of the first half shell 12 is squeezed against
the corresponding leading and trailing edges of the second half shell 14.

Figure 6 is a schematic cross-section through a wind turbine blade 10a, and shows ideal
bonding between the shear web 16 and the blade shells 12, 14, in which the adhesive 42,
44 in the lower and upper bond lines 48, 50 of the shear web 16 is equally compressed.
Accordingly, the lower and upper bond lines 48, 50 are of substantially equal thickness.
The shear web 16 is therefore located centrally between the two half shells 12, 14.

In practice, it can be difficult to achieve even compression of the adhesive 42, 44 on both
sides of the shear web 16 (e.g. above and below the shear web 16 as shown in the figures)
during the join-up. One problem is that the upper half shell 14 tends to release partially
from the upper mould half 40 (shown in Figure 5) during the join up. The released part of
the upper half shell 14 may cause uneven compression of the adhesive 42, 44, for example
localised over-compression of the adhesive 42, 44 below and/or above the shear web 16.
This may result in parts of the bond lines 48, 50 below and above the shear web 16 having
unequal thicknesses.

Referring to Figure 7, for example, this shows the situation where the adhesive 44 on the
upper mould flange 30 of the shear web 16 is over-compressed. Over-compression of the
adhesive 44 above the shear web 16 may in-turn result in under-compression of the
adhesive 42 below the shear web, as shown in Figure 7. The upper bond line 50 is then
thinner than the lower bond line 48, and the shear web 16 is not located centrally between
the two half shells 12, 14 but is instead closer to the second half shell 14 than to the first
half shell 12.
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Also, as discussed by way of background, dis-bonds may be caused by lifting of the upper
half shell 14 during curing of the adhesive 42, 44. In particular, if the upper half shell 14
releases from the upper mould half 40 (shown in Figure 5) during the join-up process, a
gap may remain between the upper half shell 14 and the upper half mould 40. When heat
is applied to cure the adhesive 42, 44, thermal expansion of the upper half shell 14 may
cause it to lift back up towards the upper mould half 40 causing a dis-bond in the upper
bond line 50. A dis-bond 52 in the upper bond line 50 is shown by way of example in Figure
8.

The present invention addresses these problems by providing bond spacers in the bond
lines 48, 50 between the shear web 16 and the half shells 12, 14, as will now be described

with reference to the remaining figures.

Referring to Figure 9, this is a perspective view showing an example of a bond spacer 54
according to an embodiment of the present invention. The bond spacer 54 in this example
comprises a block made of compressible material. In this example, the bond spacer 54 is
made from foam. The bond spacer 54 may have any suitable dimensions, but in this
example the block has a lengthwise dimension (l) of approximately 60 mm, a widthwise
dimension (w) of approximately 15 mm, and a height dimension (h) (also referred to as
‘thickness’) of approximately 12 mm.

Preferably the height/thickness (h) of the bond spacers 54 is greater than the thickness of
cured adhesive 42, 44 (see Figure 6) required in the bond lines 48, 50 between the shear
web 16 and the blade shells 12, 14. In this way, the bond spacers 54 prevent over
compression of the adhesive 42, 44. As described in more detail later, the bond spacers
54 are designed to undergo plastic deformation when they are subjected to loads above a

predetermined amount.

In an example, the bond spacer 54 is made from closed-cell polyethylene terephthalate
(PET) material. In this example, this has a compression modulus of 60 MPa and a
compression strength of 1.5 MPa. When the bond spacers 54 are subjected to a
compressive load they will undergo elastic deformation until a yield point is reached, after
which the material will experience plastic deformation and any change in shape of the bond
spacers 54 will be irreversible. At the yield point, the yield strength of the material in this
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example is 1.2 MPa. The yield strength is defined using the offset yield strength method
at 0.2% strain.

Referring to Figure 10, this figure corresponds to Figure 2 but additionally shows a first
plurality of ‘lower’ bond spacers 54a positioned in the line of adhesive 42 applied to the
inner surface 32 of the first half shell 12. The bond spacers 54a correspond to the bond
spacer shown schematically in Figure 9. The bond spacers 54a are mutually spaced apart
in the longitudinal or spanwise direction S. Preferably, the bond spacers 54a are spaced
at regular longitudinal intervals along the line of adhesive 42. In this example, the bond
spacers 54a are arranged approximately every one metre, although other suitable spacing
may be used. In this example, the bond spacers 54a are oriented with their lengthwise
dimension (I) substantially parallel to the chordwise direction C of the half shell 12, and
their widthwise dimension (w) substantially parallel to the longitudinal direction S of the
half shell 12.

The bond spacers 54a may be positioned in the adhesive 42 by hand, for example, after
the adhesive 42 has been deposited. Alternatively, the bond spacers 54a may be
prepositioned, for example bonded to the inner surface 32 of the first half shell 12, and the
line of adhesive 42 may be deposited on top of the bond spacers 54a. As a further
alternative, the bond spacers 54a may be attached to the lower mounting flange 28 of the
shear web 16 (shown in Figure 1).

The bond spacers 54 are positioned in the adhesive 42, and therefore they interrupt the
line of adhesive 42 at intervals. The widthwise dimension (w) of the bond spacers 54a
cannot be so large that it would have a detrimental effect on the strength of the adhesive
bond line.

Referring to Figure 11, this shows part of the shear web 16 in isolation. Adhesive 44 has
been applied to the upper mounting flange 30 of the shear web 16, and a second plurality
of ‘upper’ bond spacers 54b have been inserted into the adhesive 44. The second bond
spacers 54b are identical to the first bond spacers 54a in this example. The bond spacers
54b are mutually spaced apart. Preferably, the bond spacers 54b are spaced at regular
intervals along the upper mounting flange 30. In this example, the bond spacers 54b are
arranged approximately every one metres, although other suitable spacing may be used.
In this example, the bond spacers 54b are oriented with their lengthwise dimension (l)
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substantially parallel to the width of the upper mounting flange 30, and their widthwise
dimension (w) substantially parallel to the length of the upper mounting flange 30.

The bond spacers 54b may be positioned in the adhesive 44 by hand, for example, after
the adhesive 44 has been applied to the upper mounting flange 30. Alternatively, the bond
spacers 54b may be prepositioned, for example bonded to the upper mounting flange 30,
and the line of adhesive 44 may be deposited on top. As a further alternative, the upper
bond spacers 54b may be attached to the inner surface 34 of the second half shell 14.

Preferably the bond spacers are positioned such that the lower and upper bond spacers
54a, 54b are mutually aligned.

In the same way as previously described with reference to Figures 4 and 5, with the bond
spacers 54a, 54b in place, the shear web 16 is lifted into the first half shell 12 and
positioned on top of the adhesive 42 and first bond spacers 54a in the first half shell 12.
The mould 36 is then closed to bond the first and second half shells 12, 14 together and
to bond the shear web 16 to the inner surfaces 32, 34 of the respective half shells 12, 14.
The bond spacers 54a, 54b maintain a substantially fixed spacing between the shear web
mounting flanges 28, 30 and the half shells 12, 14 during the join-up and are designed to
undergo plastic deformation when subjected to sufficient load, as will be discussed in
further detail below.

The function of the bond spacers 54a, 54b during a one-stage join-up process will now be
described in more detail with reference to Figures 12a-12d.

Referring to Figure 12a, this is a schematic cross-sectional view of the first or ‘lower’ mould
half 38 supporting the first or ‘lower’ half shell 12. The shear web 16 is arranged in the first
half shell 12 and is shown supported on top of the first ‘lower bond spacers 54a. As
discussed above in relation to Figure 11, second ‘upper’ bond spacers 54b are provided
on the upper mounting flange 30 of the shear web 16. The mass of the shear web 16 is
lower than the yield strength of the lower bond spacers 54a. Accordingly, no plastic
deformation of the lower bond spacers 54a occurs at this stage.

Referring to Figure 12b, the mould assembly 36 is closed by lowering the second or ‘upper’
mould half 40 onto the lower mould half 38. As shown in Figure 12b, the second or ‘upper’
half shell 14 may release from the upper half mould 40 when the mould 40 is turned upside
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down, resulting in a gap 56 between the upper half shell 14 and the upper mould half 40,
as shown. It should be noted that the gap 56 is not to scale and would be smaller in reality.

The released half shell 14 is supported by the upper bond spacers 54b. The mass of the
upper shell 14 is less than the yield strength of the upper bond spacers 54b and the upper
bond spacers 54b hold the shell 14 up until the upper mould 40 makes contact with the
shell 14 again. The bond spacers 54a, 54b are thicker than the thickness of cured adhesive
42, 44 (shown in Figure 6) required in the bond lines 48, 50 (also shown in Figure 6), which
prevents the adhesive 42, 44 from becoming over compressed when the upper half shell
14 releases from the upper mould half 40.

Referring to Figure 12c, the upper mould half 40 is lowered further and makes contact
again with the upper half shell 14. The upper bond spacers 54b force the upper half shell
14 back into the upper mould half 40 before substantial compression of the adhesive 42,
44 (see Figure 6) takes place. The mass of the mould 40 now also acts on the bond
spacers 54a, 54b. The combined load of the upper mould half 40 and the upper half shell
14 acting on the bond spacers 54a, 54b exceeds the yield strength of the bond spacers
54a, 54b. The bond spacers 54a, 54b therefore begin to undergo plastic deformation. As
the bond spacers 54a, 54b push the upper shell 14 firmly into its mould 40, the adhesive
42, 44 (see Figure 6) is compressed evenly along the length of the shear web 16.

Referring to Figure 12d, the upper mould 40 is lowered further to bring the first and second
half shells 12, 14 together. The bond spacers 54a, 54b continue to compress until end
stops on the mould 36 are reached. With the upper half shell 14 firmly pushed up into the
upper half mould 40, the compressive stress on the upper and lower bond spacers 54a,
54b is the same. It also follows that the compression of the adhesive 42, 44 in the bond
lines 48, 50 (shown in Figure 6) above and below the shear web 16 is equal. This results
in the shear web 16 being centralised between the lower and upper half shells 12, 14.

The thickness of the compressed adhesive 42, 44 in the lower and upper bond lines 48,
50 is therefore also equal, resulting in ideal bonding between the shear web 16 and both
blade shells 12, 14, as discussed above in relation to Figure 6. Heat may now be applied
to cure the adhesive 42, 44. With the upper half shell 14 pushed firmly into the upper mould
half 40, gaps between the upper half shell 14 and the upper half mould 40 are substantially
eliminated and hence the upper half shell 14 cannot lift up and cause a dis-bond during
the curing process.
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It will be appreciated from Figures 12a-12d that the combined height (h1) of the shear web
16 and bond spacers 54a, 54b prior to closing the mould 36 (see Figure 12a) is greater
than the height (h.) of the internal cavity 58 defined between the inner surfaces 32, 34 of
the first and second half shells 12, 14 in the completed blade (see Figure 12d). The bond
spacers 54a, 54b compress under the weight of the second half shell 14 and second half
mould 40 and undergo plastic deformation (as shown in Figure 12d) such that the
combined height of the shear web 16 and the compressed bond spacers 54a, 54b is equal
to the height (h») of the internal cavity 58 in the finished blade.

The use of bond spacers 54a, 54b presents a number of advantages when used in a one-
stage join up. In summary, the bond spacers 54a, 54b ensure that the second half shell
14 is pushed firmly into the second half mould 40 before substantial compression of the
adhesive 42, 44 takes place. This avoids gaps 56 (see Figure 12b) between the shell 14
and mould 40 during the cure process, and thus prevents the possibility of the upper half
shell 14 lifting and causing a dis-bond. More generally, the bond spacers 54a, 54b serve
to prevent movement between the shell 12, 14 and the web 16 during the bonding process.
With the second half shell 14 firmly seated in its mould 40, even compression of the
adhesive 42, 44 is achieved along the length of the shear web 16. This avoids over
compression of adhesive 42, 44, which could also cause dis-bonds. Furthermore, when
used in a one-stage join up, the bond spacers 54a, 54b serve to centralise the shear web
16 between the first and second half shells 12, 14, resulting in substantially equal
compression of adhesive 42, 44 on both sides of the shear web 16, and hence bond lines
48, 50 of substantially equal thickness.

Bond spacers can also be utilised during a two-stage join-up, as will now be described with
reference to Figures 13a-13d. Figures 13a-13d correspond to Figures 12a-12d, however
it will be recalled that in a two-stage join-up the shear web 16 is bonded to the first half
shell 12 before being bonded to the second half shell 14.

Referring to Figure 13a, this shows the shear web 16 already bonded to the lower half
shell 12 by means of adhesive 42 according to a first stage of the two-stage join up
process. In this example, lower bond spacers are not used in the lower bond line 48.
However, in other examples, lower bond spacers could be used in a two-stage join-up. A
jig (not shown) may be utilised to support the shear web 16 during the first stage of the
join up, allowing precise control over the thickness of the lower bond line 48. As shown in
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Figure 13a, upper bond spacers 54b are provided on top of the upper mounting flange 30
of the shear web 16.

Referring to Figure 13b, the mould assembly 36 is closed by lowering the upper mould half
40 onto the lower mould half 38. As shown in Figure 13b, the upper half shell 14 releases
from the upper half mould 38 and is supported by the upper bond spacers 54b. The mass
of the upper half shell 14 is less than the yield strength of the upper bond spacers 54b,
which therefore support the upper shell 14 without plastically deforming.

Referring to Figure 13c, the upper mould half 40 is lowered further and makes contact
again with the upper half shell 14. As with the previous example, the upper bond spacers
54b force the upper half shell 14 back into the upper mould half 40 before substantial
compression of the adhesive 42, 44 takes place (the adhesive 44 on the upper mounting
flange 30 can be seen for example in Figure 6). The mass of the upper mould half 40 now
also acts on the bond spacers 54b. The combined load of the upper mould half 40 and the
upper half shell 14 acting on the bond spacers 54b exceeds the yield strength of the bond
spacers 54b. The bond spacers 54b therefore begin to undergo plastic deformation. As
the bond spacers 54b push the upper shell 14 firmly into its mould half 40, the adhesive
44 (shown in Figure 6) is compressed evenly along the length of the shear web 16.

Referring to Figure 13d, the upper mould half 40 is lowered further to bring the first and
second half shells 12, 14 together. The bond spacers 54b continue to compress until end
stops on the mould are reached. As the upper half shell 14 is pushed firmly into the upper
mould half 40, even compression of adhesive 44 (shown in Figure 6) in the upper bond
line 50 (also shown in Figure 6) is ensured along the length of the shear web 16. Heat may
now be applied to cure the adhesive 44. With the upper half shell 14 pushed firmly into the
upper mould half 40, the upper half shell 14 is prevented from lifting and causing a dis-
bond during the curing process.

The use of bond spacers 54b therefore also presents a number of advantages when used
in a two-stage join up. In summary, the bond spacers 54b ensure that the second half shell
14 is pushed firmly into the second half mould 40 before substantial compression of the
adhesive 44 takes place. This avoids gaps between the shell 14 and mould 40 during the
cure process, and thus prevents the possibility of the upper half shell 14 lifting and causing
a dis-bond. More generally, the bond spacers 54b serve to prevent movement between
the shell 14 and the web 16 during the bonding process. With the second half shell 14



WO 2018/184643 PCT/DK2018/050061

10

15

20

25

30

35

15

firmly seated in its mould 40, even compression of the adhesive 44 is achieved along the
length of the shear web 16. This avoids over compression of adhesive 44, which could
also cause dis-bonds.

The bond spacers 54, 54a, 54b described above have material properties such that when
they are compressed under sufficient load, they maintain their deformed shape (i.e. they
undergo plastic deformation). If the spacers 54, 54a, 54b did not maintain their
compressed shape (e.qg. if they only underwent elastic deformation) then they may act as
springs between the web 16 and the shells 12, 14 and could push the web flange away
from the shell 12, 14 and cause dis-bonds in the adhesive 42, 44. The use of bond spacers
54, 54a, 54b which undergo plastic deformation therefore avoids the possibility of the
spacer blocks 54, 54a, 54b themselves causing dis-bonds in the bond lines 48, 50 between
the shear web 16 and the half shells 12, 14. The bond spacers 54, 54a, 54b are also
relatively lightweight and therefore do not add appreciable weight to the blade 10.

As noted above, a plurality of bond spacers 54 are used along the length of the shear web
16, on the upper and lower sides. When the above description refers to the mass of the
upper mould half 40 and upper half shell 14 exceeding the yield strength of the bond
spacers 54a, 54b, it should be appreciated that that the mass of the mould half 40 will be
distributed among the plurality of bond spacers 54a, 54b.

The compression modulus and the yield strength of the material of the bond spacers 54a,
54b are carefully chosen. If the material is too stiff (a high compression modulus) then the
bond spacers 54a, 54b would not sufficiently compress and may cause damage to the web
flanges 28, 30 and/or the half shells 12, 14 or even the mould halves 38, 40. For example,
if the bond spacer material has a high compressive modulus the bond spacer 54a, 54b
would not be compressed when the upper half shell 14 and upper mould half 40 bear
against the bond spacer 54a, 54b. This could cause the web 16 to buckle, or the shells 12,
14 to be damaged, or the mould half 38, 40 to be damaged.

The number of upper bond spacers 54b that are used is linked to the stiffness of the upper
half shell 14 and the weight of the upper half shell 14. The upper half shell 14 will tend to
hang (i.e. sag) between the bond spacers 54b, that is it will adopt a wave-like shape in a
spanwise direction S (shown in Figure 1). Therefore, a second half shell 14 having a
relatively low stiffness will require bond spacers 54b at closer intervals than a second half
shell 14 having a relatively high stiffness. The number of upper bond spacers 54b that are
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used is also linked to the maximum allowable size of the spacers 54b because the spacers
54b cannot be so large that they would have a negative impact on the bond line 50, and
the maximum allowable point load on the upper mould half 40.

In an example, from the stiffness of the upper blade shell 14 it is determined that bond
spacers 54b should be placed at intervals of three meters. A bond spacer 54b will then
be subjected to the weight of the upper shell half 14 and the upper mould half 40 for 1.5
meters each side of the bond spacer 54b. Therefore, the bond spacer 54b will be subjected
to the weight of a three-meter length of the upper half shell 14 and upper mould half 40. If
the weight of this three-meter length of upper half shell 14 and upper mould half 40 is
1500N (by way of example only) then the material and the dimensions of the bond spacer
54b are selected such that the compressive yield strength of the bond spacer is 1500N or
less. In addition, the compressive failure strength of the bond spacer 54b must be greater
than 1500N.

These same principles apply when selecting the number, spacing and materials for the
first (lower) bond spacers 54a. Preferably the first bond spacers 54a are identical to the
second bond spacers 54b.

Many modifications may be made to the above examples without departing from the scope
of the present invention. For example, the adhesive 42 could alternatively be applied
directly to the lower mounting flange 28 of the shear web 16 instead of to the first half shell
12. The ‘lower’ bond spacers 54a may alternatively or additionally be applied to the lower
mounting flange 28, in a similar way to that described above in relation to the upper
mounting flange 30. Also, in other embodiments, the adhesive 44 could be applied to the
inner surface 34 of the second half shell 14 instead of to the upper mounting flange 30 of
the shear web 16. The ‘upper’ bond spacers 54b may alternatively or additionally be
applied to the inner surface 34 of the second half shell 14, in a similar way to that described
above in relation to the adhesive 42 applied to the first half shell 12.

The terms ‘upper’ and ‘lower’ are used for convenience in the above description to refer to
the various parts in the orientations shown in the figures. These terms are not intended to
limit the scope of the invention.
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Claims

1. A method of making a wind turbine blade having an outer shell formed of first and second
half shells, the method comprising:

providing a first half shell supported by a first mould half;

providing a second half shell supported by a second mould half;

providing a shear web having a web panel disposed between first and second
longitudinally-extending mounting flanges;

providing adhesive between the first mounting flange and an inner surface of the
first half shell to form a first bond line;

providing adhesive between the second mounting flange and an inner surface of
the second half shell to form a second bond line;

providing one or more bond spacers between the second mounting flange and the
inner surface of the second half shell;

arranging the second mould half and the second half shell respectively on top of
the first mould half and the first half shell to join the first and second half shells together,

wherein the weight of the second half shell and the second mould half acts on the
shear web and causes compression of the adhesive in the second bond line and plastic
deformation of the one or more bond spacers.

2. The method of Claim 1, comprising arranging one or more further bond spacers between
the first mounting flange and the inner surface of the first half shell.

3. The method of Claim 2, wherein the weight of the second half shell and the second
mould half acting on the shear web causes compression of the adhesive in the first bond
line and plastic deformation of the one or more further bond spacers.

4. The method of any preceding claim, comprising forming the first and second bond lines
simultaneously and at the same time as joining the first and second half shells together.

5. The method of any preceding claim, comprising curing the adhesive in the first and

second bond lines simultaneously.

6. The method of any preceding claim, wherein the method comprises arranging a first
plurality of bond spacers between the first mounting flange and the first half shell and a
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second plurality of bond spacers between the second mounting flange and the second half
shell.

7. The method of Claim 6, comprising simultaneously compressing the first and second
plurality of bond spacers to substantially equal extents such that the first and second bond
lines are of substantially equal thickness.

8. The method of Claim 1 or Claim 2, comprising forming the first bond line prior to forming
the second bond line and prior to joining the first and second half shells together.

9. The method of Claim 1 or Claim 2 or Claim 8, comprising curing the adhesive in the first
bond line prior to arranging the second mould half and the second half shell on top of the
first mould half and the first half shell.

10. A wind turbine blade comprising:

an outer shell formed of first and second half shells joined together;

a shear web arranged inside the outer shell, the shear web having a web panel
disposed between first and second longitudinally-extending mounting flanges;

a first adhesive bond line between the first mounting flange and an inner surface
of the first half shell;

a second adhesive bond line between the second mounting flange and an inner
surface of the second half shell; and

one or more plastically deformed bond spacers located in the second bond line.

11. The wind turbine blade of Claim 10, further comprising one or more plastically
deformed bond spacers located in the first bond line.

12. The wind turbine blade of Claim 10 or Claim 11, wherein the one or more bond spacers
comprise blocks of foam.

13. The wind turbine blade of any of Claims 10 to 12, wherein the blade comprises a
plurality of plastically deformed bond spacers arranged at spaced intervals along the first
and/or second bond line.

14. The wind turbine blade of any of Claims 10 to 13, wherein the one or more bond
spacers are compressed between a mounting flange and the inner surface of a half shell.
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15. The wind turbine blade of any preceding claim, wherein the one or more bond spacers
comprise a first plurality of bond spacers provided in the first bond line and a second
plurality of bond spacers provided in the second bond line, and wherein the first and

5  second plurality of bond spacers are compressed to substantially equal extents such that
the thickness of the first and second bond lines is substantially equal.
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