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Abstract: Over the last decade, the demand for glass fiber and carbon fiber reinforced composites has been increasing in composite

industries, such as aerospace, wind energy, automotive, and marine industries. This study focuses on composite-material based

turbine blade manufacturing, especially for the glass fiber behavior in resin flow, which can be observed in the process of resin

impregnation in fibers with different flow rate conditions. Tow deformation was observed for the two main tow behaviors—tow

thickness and distance. The results confirmed that tow thickness decreased when positioned along the flow direction with increasing

flow rate. Furthermore, the distance between the tows also decreased when positioned along the flow direction.
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1. Introduction

The consideration of environmental effects enables us to
convert conventional energy sources and fossil fuels, such as
petroleum and carbon energy, to environmentally friendly
energy sources, such as solar, wind, hydro, and geothermal
resources [1]. All of the latter energy forms are regarded as
green, clean, and renewable, which aim to address the shortage
in commodities and increasing energy demands. The rising
consumption of fossil fuels is expected to the increase in
greenhouse gas emissions and global temperatures, resulting in
potentially catastrophic and irreversible climate change [2].
Therefore, seeking to adopt alternative energy sources can help
to reduce CO, emissions [3].

Meanwhile, over the last decade, the annual demand for glass
fiber and carbon fiber reinforced composites has been
increasing in composite industries. Specifically, the demands
for carbon fiber reinforced composite materials are expected to
reach 150 kton/year by 2020 [4][5]. Similarly, composites have
been widely used across industries, such as the aerospace, wind
energy, automotive, and marine industries. With these trends,
there has been a need for a robust manufacturing process using

advanced glass fiber reinforced polymer (GFRP) and carbon
fiber reinforced polymer (CFRP) to obtain high quality
composite materials. Various industries utilizing composite
materials have been increasing rapidly with the increase in the
demand for composite production parts. Among them, wind
energy has developed rapidly throughout the world with
increasing energy consumption, decreasing pollutants, and the
increasing demand for environmentally friendly energy sources.
The European Commission aims to reach the target of providing
a high percentage of the overall primary energy consumption
and approximately one-quarter of electricity by renewable
energy sources in the EU [6].

One of the most adaptable renewable energy is wind power
(wind turbine). A wind turbine utilizes wind energy by facing
the turbine in the wind direction and converts the resulting
mechanical rotation into electric power. The wind turbine
components comprise a foundation, tower, wind orientation
control, generator, rotor blade, etc. A robust design of wind
turbine blades is crucial because the blades directly affect the
efficiency of power produced.

This study focuses on turbine blade manufacturing using

+ Corresponding Author (ORCID: http://orcid.org/0000-0002-0460-7219): Senior Researcher, Composite Research Division, Korea Institute of
Materials Science (KIMS), 797, Changwon-daero, Seongsan-gu, Changwon-si, Gyeongsangnam-do, 51508, Korea, E-mail: yhm2010@kims.re.kr,

Tel: 055-280-3218

1  Assistant Professor, Department of Mechanical System engineering, Gyeongsang National University, E-mail: younhulje@gnu.ac.kr, Tel: 055-772-9103
2 Assistant Professor, Department of Mechanical System engineering, Gyeongsang National University, E-mail: jkwon@gnu.ac.kr, Tel: 055-772-9102
3 Associate Professor, Department of Mechanical System engineering, Gyeongsang National University, E-mail: jh.yagi@gnu.ac.kr, Tel: 055-772-9107
4 Principal Researcher, Superconductivity Research Center, Korea Electrotechnology Research Institute, E-mail: hsryoo@Kkeri.re.kr, Tel: 055-280-1575

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0), which permits unrestricted
non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Copyright ®© The Korean Society of Marine Engineering



Sung Woong Choi * Jae Sung Kwon *
composite materials. The primary focus of this manufacturing is
the process of resin ingress in glass fiber. In the turbine blade
manufacturing, the glass fiber reinforcement was impregnated,
and the shells were adhesively bonded together to the spars. This
technology was used mainly to produce medium-sized blades
(up to 35 and 55 m, respectively). For larger blades, the same
technology was used, but the web was inserted and adhesively
bonded between two sides and the plies using more fiber [7].
One of the common problems in blade manufacturing is resin
impregnation in fibers. In the process of resin impregnation,
investigation of tow behavior is crucial for the robust design of
blade manufacturing of turbines. Therefore, tow behavior in
glass fiber is investigated primarily in wind turbine blade
manufacturing as part of the GFRP manufacturing.

Here, the glass fiber behavior in resin flow is primarily
observed in the process of resin impregnation in fibers under

different flow rate conditions.

2. Characteristics of Wind Turbine Blades
Manufacturing

2.1 Rotor diameter of turbine blade

In the 1980s, during the initial period of wind power
manufacturing, small 100-150 kW turbines were constructed.
With the increasing growth of the industry throughout the onshore
and offshore areas, 2-5 MW capacities of large wind power
facilities have been constructed, as depicted in Figure 1 [8].
Lightweight material for the wind turbine blade is attributed to
the integration of fiber-reinforced plastics (FRPs). These are
efficient in demanding applications that require a high aspect ratio
(length to width ratio). FRPs are commonly used in wind blades
to increase their strength. With the increasing demand for a high
aspect ratio and lightweight turbine blades, the primary goal of
the manufacturing technology is to adopt the FRP process [8].
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Figure 1: Correlation of increasing rotor diameter and power

rating throughout the last 30 years [8]
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2.2 The process of GFRP for turbine blade manufacturing

The composition of the wind turbine blade section is illustrated
in Figure 2 and the materials required for the various wind
turbine sizes are summarized in Table 1. Glass fiber
reinforcement is chiefly adopted for manufacturing wind turbine
blade. The glass fiber reinforcement is impregnated using
paintbrushes and rollers. This technology is mainly used to
produce small and medium-size blades (up to 35 and 55 m,
respectively). The widely used method for manufacturing wind
turbine blade is vacuum infusion, while prepreg technologies are
used to improve the quality of the turbine blade.

The same technology is used for the longer blade; however, the
web is inserted and adhesively bonded between two sides.
Furthermore, plies with more fiber content are used. The most
widely used technology to produce the wind blades is the resin
infusion technology. This technology can be categorized into two
groups: Resin Transfer Molding (RTM) and Vacuum Assisted
Resin Transfer Molding (VARTM) [9]. Currently, VARTM is the
most common manufacturing method for manufacturing wind
turbine rotor blades. With various technologies, the primary issue
is the resin impregnation in fiber tow. Therefore, investigation of
tow behavior in resin flow is an important aspect in the
manufacture of wind turbine blades [10].
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Figure 2: Schematics of the section of the blade [11]
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Table 1: Summary of various Megawatt wind turbines with
defining characteristics and blade material choices [12]-[15]

Blade
Length

[m]

Rotor | Power

Model @ [m] | [MW]

Company Blade Materials

Glass fiber/
carbon spars with
glass fiber, airfoil

shells

vestas | V120-3MW | 54.65 - 3

Glass fiber
/epoxy with steel
mesh for lightning

strike

Enercon E-126 - 127 75

Glass fiber

Siemens | SWT-3.6-120| 58.5 120 3.6 Jepoxy composite

Organic matrix
composite
reinforced with
fiber glass or
carbon fiber

Gamesa |G136-4.5MW| 58.5 136 4.5

Glass fiber

Suzlon | S88-2.1MW - 88 2.1

/epoxy composite
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3. Experimental conditions

3.1 Materials and apparatus

This study investigated the flow in a fiber medium when a fluid
with constant flow rate was injected into an experimental test
apparatus, as depicted in Figure 3. Non-crimped unidirectional
fiber mat (3 K plain carbon fabric, Ownes Corning) was used as
the base for the manufacture of the turbine blade. Characteristics
of the fiber are presented in Table 2. One tow bundle was made
of approximately 2000 single fibers. The width and thickness of
the bundle were 2 mm and 0.43 mm, respectively. A knit yarn was
used for maintaining the structure of the reinforcement that is
made out of polyester. The knitting yarn weight was 1.3% of the
total weight. Therefore, it does not affect the resin fluid flow.

The fluid used in this experiment was silicone oil (KF-96, Shin
Etsu) because of its high chemical stability. Its fluid properties are
listed in Table 3. Glass fibers were placed on the lower mold
along the flow direction and the fluid was introduced into the
mold cavity. The fluid was injected from a resin injection pump.
The fluid was injected at two distinct constant flow rates by the
pump. A uniform length of fiber (100 mm) was cut from a UD
glass roving fiber with a cutter. The UD glass fiber was put into
the mold, and the mold cavity was clamped with a hydraulic press
enabled to maintain a constant closure condition. The fiber

behavior was observed with a microscope.

Table 2: Characteristics of non-crimped fiber

Property
Density [g/cm?] 2.6
Diameter of single fibers [um] 16.5
Table 3: Properties of experimental fluid

Property

Specific gravity under 25 °C 0.966

Viscosity 25 °C 0.096

Surface tension [mN/m] 20.9

3.2 Experimental conditions

Tow behavior was observed to determine the effect of
hydrodynamic pressure and fluid flow propagation. To observe
the effect of hydrodynamic pressure, two different injection
conditions were maintained at 50 mm%s and 200 mm®s. To
observe the effect of fluid flow propagation, tow behavior in glass
fiber was observed at four points along the fluid direction, 60,
180, 300, 420 mm, respectively, from the inlet and tow

deformation with main tow behaviors as observed in Figure 4.
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Figure 3: Experimental test apparatus

3.3 Image production

Various samples of the UD glass fiber were observed from the
specimens cut through the glass fiber tow centerline along the
flow direction. The specimens were examined under a video
microscope. The entire unit cell was imaged in one low-resolution
image during our initial attempts. Image splicing technique was
adopted to obtain high-quality images to measure the tow
geometry data with a reasonable accuracy, where a number of
high-resolution images were obtained by covering a part of the

weave unit cell for every image.
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Figure 4: Tow deformation with main tow behaviors

4. Experimental results

4.1 Observation of tow deformation

Tow behaviors with respect to flow rate were investigated. Tow
deformation was observed for the two primary tow behaviors:
tow thickness and distance between tows with respect to the
effects of hydrodynamic pressure and fluid flow propagation, as
shown in Figure 5 and Figure 6.

The results of the tow thickness behavior with respect to flow
rate observed in Figure 5 indicated that the thickness decreased
when the tow was positioned along the flow direction. Further,
the thickness further decreased with a larger flow rate. This is due
to the hydrodynamic force exerted by the fluid flow, which results
in tow deformation. The hydrodynamic force compressed the tow
along the flow direction. As the fluid was introduced near the
inlet, the void in the fluid moved along the flow direction in the
flow developing region. In the flow developed region (at the near
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180 mm), most of the void moved past the tow to the outlet. In
this case of the developed region, a hydrodynamic force was
exerted to the tow with a relatively small void. Therefore,
compressed behavior increased rapidly. After that point, pressure
drop increased along the flow direction. Compressed relaxation
behavior is when the compressed tows retain their original shape
with decreased hydrodynamic fluid force. The thickness of tow
then increased along the flow direction with decreased

hydrodynamic force due to the pressure drop.
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Figure 5: Tow thickness with different flow rate (Circle: 50
mm?®/s, Square: 200 mm?/s)

The distance between tows with respect to flow rate was
investigated and the result was shown in Figure 6. The tow
compressed due to the hydrodynamic force and the distance
between the tows decreased when positioned along the flow
direction.

With a small flow rate (50 mm?/s), a large variation in distance
between tows was observed when compared with that of the large
flow rate (200 mm®s). For the 50 mm®s flow rate tow
compression was observed in the flow range location of 420 mm.
In the flow developing and developed region, different tow
thickness was observed with different compressed behavior with
different hydrodynamic force. Increasing compressed and
compressed relaxation of tow resulted in different distances
between tows.

Generally, as the tow compressed, it was expected that the
thickness of the tow would decrease. The experimental results
were in sync with the expected results. However, a delay in
response of the behavior of the distance between the tows was
observed. At a flow rate of 50 mm®s, a compressed tow
indicating decreased tow thickness was observed with increasing

distance between the tows (in the position of 180 mm). The
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expected decrease in the distance between the tows was observed
after the 300 mm position. This tendency was more dominant at

the flow rate of 200 mm?/s.
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Figure 6: Distance between tows with respect to flow rate

(Circle: 50 mm?/s, Square: 200 mm?/s)

5. Conclusion

Tow deformation was observed for the two main tow
behaviors—tow thickness and distance between tows in the flow
rate range (50-200 mm?/s). The results confirmed that the
thickness of the tow decreased when positioned along the flow
direction with increasing flow rate. This decrease was due to the
hydrodynamic force exerted by the fluid flow, resulting in tow
deformation. Furthermore, the distance between the tows
decreased when the tows were positioned along the flow
direction. This is due to the increase in compressed relaxation of
the tow showing a delayed response in the distance between the

tows at a flow rate of 200 mm?®/s.
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