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Abstract 
 

Many large composite structures are manufactured using sandwich laminates to 
achieve high specific bending strength and stiffness. Examples include wind 
turbine blades, where self-weight becomes increasingly important as blade size 
increases.  
 
Resin infusion of three-dimensional sandwich laminates can result in complex 
resin flow paths, and subsequent defect formation, which are difficult to predict. 
The core material used for sandwich construction and its interaction with liquid 
resins may also influence the formation of defects, and in the case of balsa this 
effect can be used to reduce defect severity.  
 
In order to evaluate the effect of cored sandwich laminate construction on the 
formation of defects, this thesis concentrates on the characterisation of 
commonly used core materials and their interaction with liquid resin under high 
vacuum conditions. It also considers two numerical flow-modelling packages 
which are shown to be effective at the prediction of flow front convergence for 
monolithic laminate, but over-estimate defect severity when modelling air-
permeable cored laminates.  
 
For balsa core, experiments indicate that the available pore space can act as 
sink for trapped air, which can aid the reduction of defects where multiple flow 
fronts converge due to the complexity of flow in sandwich laminates. 
 
Empirical data for air absorption and desorption rates in balsa core were 
obtained using a custom-designed experiment. Using these data a theoretical 
model was developed that can indicate available pore space, which can inform 
optimum processing conditions, such as time under vacuum.  
 
The diffusion coefficients obtained for air absorption and desorption in balsa are 
very similar, and lie in the middle of published ranges for hard woods at around 
2 x 10 -7 m2/s.  
 
The methodology developed for this research project represents actual 
behaviour of air absorption/desorption during resin infusion, whilst other 
techniques do not, merely measuring diffusion of air through a sample not 
allowing for finite pore space. 
 
In consequence, infusion strategies can be planned more precisely because 
core/resin interaction is better understood. Knit line defect formation could be 
predicted with greater accuracy with suitably modified flow-modelling programs. 
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Chapter 1. Introduction. 

Materials selection is vitally important, especially when designing complex 

composite structures. Materials selection for composites affects not only in-

service performance, but also manufacturability. This thesis will address 

aspects of material selection and the characterisation challenges faced by 

manufacturers of large-scale composite sandwich structures (e.g. wind turbine 

(WT) blades). A better understanding of the processes involved and the 

interactions between materials used for the manufacture of these large 

structures is required. The ability to model these interactions will also be 

investigated. This is particularly important for companies such as the project 

sponsor Vestas Technologies [1] who manufacture large wind turbine blades 

using cored sandwich laminates by resin infusion under flexible tooling (RIFT). 

 

1.1. Spectrum of composite materials and applications. 

Composite materials in one form or another have been used for thousands of 

years. The concept predates man and is readily found in nature. A composite is 

comprises at least two differing materials that, when combined, produce a 

material with properties different to each component on their own [2]. The 

reinforcement can be in the form of a fibre, particle, or lamina. 

 

Man’s earliest constructed dwellings were built from a mud matrix composite 

with straw/horse hair as fibre reinforcement to improve structural properties. 

This provided a stable structure, which led to more elaborate housing when 

compared to dwelling in caves. For the first time, this provided humans with a 

means of settling in areas where natural protection from the elements was not 

available. Mud would prove to be brittle and unsuitable for building on its own, 
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even after baking. With the addition of a “fibre” into the mud matrix, an element 

of toughness was provided, making it a practical method of construction. These 

two basic components were readily available and are still in use today in remote 

parts of the world [3]. 

 

In the past few decades, advanced (defined here as continuous fibre) 

composite materials (carbon (CF), glass or aramid fibre reinforced plastics) 

have been used for civil engineering, automotive, aerospace/defence, marine, 

energy, and biomedical applications. 

 

1.1.1. Civil engineering. 

With the advent of modern cementitious materials (attributed to Joseph Aspdin 

(1824) [4]), which by definition are composite materials, building became more 

sophisticated and durable, with the ability to construct very large structures. For 

example, the Hoover dam was the tallest concrete dam when built in 1933 

involving the use of new concrete mixes and casting techniques [5]. 

 

Fibre reinforcement of bridges with pre-stressing tendons has now become 

viable with the advent of Kevlar (aramid fibres) because of its low relaxation 

properties and resistance to chloride induced corrosion [6]. 

 

In 2007, the world’s largest completely composite bridge was demonstrated at 

JEC in Paris. The bridge spanned 24.5m, but weighed just 12 tonnes – a 

comparable concrete bridge would have been around 30 times heavier [7]. 
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1.1.2. Aerospace applications. 

Limited use of synthetic composites was made in the early part of the 20th 

century by the aircraft industry in areas where performance/weight were not the 

driving factors. In a time of war a design driver is often to save valuable 

materials and resources. This is evidenced by a fibre reinforced plastic seat 

being utilised in place of an aluminium one for the Supermarine Spitfire, where 

a lower performance material is perfectly adequate. This ethos led to the De-

Havilland Aircraft Company proposing a high-speed bomber manufactured 

almost entirely from wood. This saved valuable metal, and didn’t burden the 

already overstretched aeroplane industry with another airframe, and the 

requirement for new production lines. Manufacturing was sub-contracted to 

furniture manufacturers already well versed with the complexities of a natural 

material. The DH98 Mosquito moved from a simple wooden frame structure as 

previous aircraft had been, to comprise a sandwich construction of plywood 

and end-grain balsa for the fuselage and wings. This endowed the Mosquito 

with the required strength and stiffness, but an unexpected result was the 

aircraft’s tremendous damage tolerance and ease of repair [8]. 

 

As materials continued to improve, the aerospace industry started to 

investigate composites as a means to improve aircraft performance, due to 

their light weight when compared to the same component made of magnesium 

or aluminium alloys. In 2005 a Europe-wide 4 year project ALCAS (Advanced 

Low-Cost Aircraft Structures) was started, with a focus on cost not just 

performance. The objective was to enhance the competitive position of the 

European Aerospace  industry, against significant challenges from global 

competition. A major aim was to reduce operating costs of relevant aerospace 
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products by 15%, through cost effective use of carbon fibre composites in 

aircraft primary structures (from business jets to large airliners). 

 

The aircraft industry must however be cautious in its approach to using 

materials that are more difficult to characterise than metals. The inherent safety 

and cost considerations must be addressed. 

 

In the 1970’s Airbus pioneered the use of composite components for secondary 

structures in the A310, such as spoilers, airbrakes, and rudders [9]. In 2001, 

when American Airlines Flight 587 (an Airbus A300-600) crashed near New 

York 103 seconds after take off, it was found that a composite mounting for the 

aircraft’s fin had failed. This immediately fuelled a campaign against the use of 

composites in passenger aircraft. When the accident report was published [10], 

it was found that the aircraft had been subjected to out of specification loads to 

its vertical fin due to excessive rudder inputs from the pilot. It was also 

discovered that metal fastenings had failed initially, exerting loads on the 

composite component it was never designed to carry. Both Boeing and Airbus 

have continued to use composites in secondary structures on their respective 

ranges, but now both are moving towards their use in primary load bearing 

structures [11]. 

 

The Boeing 787 Dreamliner, which entered passenger service for Japanese 

Airlines (JAL) on April 23rd 2012 [12, 13] contains 50% by gross weight of 

advanced composites. Airbus will follow with their A350XWB with 53% 

composites by weight. The combined reduction in weight, advanced 

aerodynamics and new engines is set to make a 25% net reduction in fuel burn 
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compared to current airliners [14]. 

 

Military aircraft have made more extensive use of advanced composite 

materials for much longer, as in general the constraints on new technology are 

generally lower than in the civil aircraft sector. A good example of how 

composites can perform is the Grumman X-29 (1984) [15]. This technology 

demonstrator used forward swept wing geometry to allow enhanced 

manoeuvrability and drag reduction relative to a conventional wing. The carbon 

fibre/epoxy wings allow aeroelastic tailoring (which in this application flex and 

twist were de-coupled), which was unavailable before the 1970’s [16]. However 

it was found that although the layout showed promise, the predicted drag 

reductions were not realised. The concept was dropped, but had demonstrated 

the advantages of composites in aeroelastic tailoring. This configuration was 

used by Sukhoi in 2000, when the Su-47 (S-37 Berkut) flew as a technology 

demonstrator with a forward swept wing comprised of 90% composites [17]. 

 

 1.1.3. Marine applications.  

In 1942 the first amateur dinghy (Ohio, USA) was made using glass/polyester, 

although Dan Spurr (editor Professional Boatbuilder, Practical Sailing) adds 

that earlier boats had been constructed of glass/resin, but they were too brittle 

to be of practical use [18]. As materials technology moved forward and 

advances were made, products suited to composite manufacture became more 

commonplace. Minesweepers were formerly built using steel or wood for the 

hulls. Wood, although non-magnetic, had all the inherent problems associated 

with a wooden structure immersed in salt water for any length of time  (namely 

rotting, or attack from marine organisms such as the Teredo worm [19]) leading 
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to very high maintenance. Steel ships on the other hand reduced the 

maintenance in many respects, but they brought with them the problem of 

being a magnetic structure, exactly what the magnetic mines were designed to 

destroy. To alleviate this risk, ships had their magnetic signature reduced in a 

de-gaussing dock. With the launch of the 450 tonne HMS Wilton (M1116) 

(Figure 1.4), a minesweeper built for the Royal Navy in 1972, polymer 

composites took a more prominent role in military hardware. 

 

HMS Wilton had a hull manufactured from hand-laid glass fibre with a polyester 

resin matrix. This design was to alleviate the problem of the magnetic mine, 

which had plagued merchant and Royal Navy shipping from the early part of the 

20th century. HMS Wilton eliminated the above problems with a hull that was 

neither magnetic nor subject to rot in the harsh salty environment. When HMS 

Wilton was checked for structural integrity after many years at sea, she was 

found to be in excellent condition, the hull had continued to cure over her service 

life and some properties of the laminate had actually increased [20]. 

 

Composites use in the marine industry has been steadily growing since the 

1950’s – being used for pleasure craft production, and lifeboats [21]. The method 

initially used was the tried and tested method of hand lamination. Tighter 

controls on health and safety are now driving the industry towards closed mould 

technology [22]. Manufacturers such as Princess Yachts [23] are adopting 

advanced computer controlled resin infusion manufacturing systems from 

companies such as Composite Integration [24]. 
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1.1.4. Automotive applications. 

The automotive industry has also embraced composite technology in high 

performance areas. Formula 1, being the pinnacle of motor racing, has been 

able to use modern high performance carbon/epoxy structures to produce cars 

that are lighter, stiffer and safer than they were only a few years ago. McLaren 

introduced the MP4-1 racing car in 1981 which led to a revolution in F1 as 

designers sought to gain an advantage [25]. Much of the current research in F1 

aims to make the cars safer in the event of a high-speed accident. Composites 

have proven invaluable, as it is possible to tailor the safety cell without adding 

excess weight. Extensive research into the behaviour of crash zones during 

heavy side impact has been conducted using finite element models and 

mechanical testing, which have demonstrated the effectiveness of the 

composite safety cell [26, 27]. 

 

Composites are used extensively in the supercar industry for weight reduction, 

crash worthiness, and in some cases a unique selling point. Production 

methods vary from hand layup, to RTM and pre-pregs. Composite materials are 

also seen as a way to provide fuel-efficient, environmentally friendly affordable 

cars [28]. 

 

Thermoplastic short fibre composites are used for engine components, such as 

intake plenums, rocker covers, cooling systems, and engine mounts.  These 

composites can provide around a 50% reduction in weight when compared to a 

comparative metal component [29], helping reduce fuel consumption, and the 

consequent reduction in the environmental impact of burning fossil fuels. 
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1.1.5. Bio-medical applications. 

Understanding of function and the interaction of artificial implants with the 

human body, has led to the conclusion that implants must be surface and 

structurally compatible. Polymer composites lend themselves to this area of 

medicine, as they are adaptable to specific needs. 

 

Implants currently range from full hip replacements, bone repair plates and 

screws, and dental applications. A range of materials is used, such as CF/epoxy, 

CF/PEEK (Polyether ether ketone), Ultra High Molecular Weight Polyethylene, 

and PMMA (Poly Methyl MethAcrylate). Soft tissue applications also exist, 

such as vascular grafts where ePTFE (expanded Polytetrafluoroethylene, Gore 

Tex) is used. 

 

Prosthetic limbs were originally made of wood or metals, but were generally too 

heavy and suffered from degradation. Thermoset polymer composites are now 

used in these applications, and have led to advanced athletics prosthetics such 

as the ‘blade’ used by para-olympians. This is a controversial CF/epoxy spring 

that can allegedly enhance a runner’s performance due to the storage of energy 

in the compression stroke, which is then released during the next step [30]. 

 

1.2 Sustainability, and the contribution of wind energy. 

The earth has finite renewable resources each year and humanity is currently 

turning these resources into waste faster than they can be replenished. In 1976 

civilisation reached 1.0 planet earth of renewable resources consumed within 

that year [31]. This ecological overshoot figure has continued to rise and is 
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currently at 1.5 planet earths as shown in Figure 1.1. This means it takes 1.5 

years to replenish a year’s consumption. 

 

Renewable energy (RE) sources are perceived as not contributing to climate 

change, but the manufacture of RE devices such as wind turbine blades 

involves processes that do indeed contribute to global warming. The materials 

used in the production of Vestas wind turbine blades are either man made, or 

renewable materials such as wood. However an industry source [32] informed 

the author that a “highly efficient” wind farm should offset its manufacturing 

carbon footprint within six to seven months, which was corroborated by Hayman 

et al [33]. 

 

Lenzen and Munksgaard [34] stated that currently the energy requirement for 

wind turbine manufacture is not a crucial factor in their design and 

implementation, with the primary driver being profitability. This will however 

Figure 1.1. Graphical representation of global overshoot from 1960. Image obtained from, 
[http://www.footprintnetwork.org/en/index.php/GFN/page/world_footprint/,] 15th July 2012 
!
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change in the long term, especially from a sustainability point of view, as wind 

turbines and other methods of renewable energy production replace an 

increasing percentage of fossil fuel plants. Wind turbine production and 

installation is currently increasing, but according to MacKay [35] not fast enough 

to offset the usage of fossil fuels due to increasing consumer demand, because 

the UK has a “Not In My Back Yard” (NIMBY) culture even though it has some 

of the best wind resources in Europe [33, 36]. Haymen et al [33] stated that the 

expected global growth in wind power would be around 20% yearly between 

2006-2010. This figure actually proved to be higher in the UK, with an average 

increase of 30% year on year from 2006 to 2012, when wind energy production 

reached 8.5 gigawatts [37]. 

 

1.3. Evolution of the wind turbine. 

Early wind turbines were relatively simple with low efficiency blades 

manufactured from cloth, wood, or in some cases metal. The first wind powered 

machines were developed in Persia about 500-900 A.D. for water pumping and 

grain grinding and are recorded as being vertical axis with cloth sails. In the 14th 

century windmills appeared in Europe, but had evolved into horizontal axis 

devices. The reason for this is undocumented, but believed to have been 

influenced by horizontal axis water wheels. The first wind turbine appeared in 

America in the late 19th century and consisted of multiple metal blades, directed 

into wind by a weather-cocking vane located behind the main blades. 

 



! !! 11!

Modern horizontal axis wind turbines are highly sophisticated engineering 

structures generally consisting of a support tower, power generation pod, 

feathering blade hub and blades, and bear little resemblance to a traditional 

windmill, with three blades being the most common configuration [33]. Vertical 

axis turbines exist, but are not common, and have drawbacks such as, (i) 

inherently non-self starting, (ii) can be susceptible to resonant vibration, and (iii) 

the tower bearings are highly loaded as it rotates with the blades [33]. 

 

Figure 1.3 shows a schematic for a modern tower mounted, horizontal axis wind 

turbine 

Figure 1.2. Early windmill evolution. Image from [http://tinyurl.com/934htv8] August 8th 2012. 
!

Fig 1.3. Conventional wind turbine schematic, image from 
[http://beaudaniels.com/Infographic-pages/Wind-turbine.htm] August 8th 2012.!
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The tower is primarily a supporting structure, with power generation equipment 

being housed in a full azimuth pod (Figure 1.3). The blades are fully featherable, 

allowing the wind turbine to be taken out of service during extreme winds, or for 

servicing/repair. 

 

1.4 . Modern wind turbine blades. 

Wind turbines have evolved as outlined in Section 1.2, with the earliest blades 

consisting of stretched cloth over a wooden frame. These early designs were 

gradually superseded by the familiar wooden slatted structure in Europe, and 

the multi blade designs in the USA. 

 

Turbine blade design is a critical factor in the performance (power generation), 

and reliability of the turbine as a whole. The wind industry is driving blade 

design towards higher levels of aerodynamic efficiency, and the methods of 

manufacture have had to keep pace with the increasing sophistication of 

designs. Thin aerofoil sections require materials with high strength and stiffness 

to weight ratios as can be provided by carbon/epoxy composites, partly 

because of the need to prevent the blades impacting on the support tower in 

high wind speed conditions [33, 38, 39].  

 

The use of aeroelastic tailoring similar to that used for the Bell X-29 [16] and 

Su-47 [17] has also been considered as a cost effective, passive method of 

shaping a wind turbine’s power curve, and reducing loads. The bending and 

twisting experienced by large blades affects the power output, and are largely 

unavoidable. However they can be used to advantage. Mechanical means, 

such as flexible blade tips, were originally used to regulate speed in high winds, 
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however with aeroelastic tailoring regulation can be achieved by using blades 

with asymmetric fibre layups in the laminate skins to create bend-twist coupling 

[40,41]. 

 

Current production methods of ‘advanced aerodynamic’ blades range from 

open mould hand lamination, through resin infusion under flexible tooling (RIFT), 

to Out Of Autoclave (OOA) pre-preg. Computer numerically controlled machines 

are now being introduced for gel coat application and automated fibre 

placement [42]. MAG report an automated lay-up accuracy of ±5mm from the 

target placement point, with a repeatability tolerance of 2mm [43]. 

 

Vestas Blades (Isle of Wight) [1] phased blade production from hand lamination 

to resin infusion at its UK production site (St Cross Business Park, Newport) 

supported by Plymouth University between 1998 and 2005. Vestas Blades at 

manufacturing sites in Australia and the USA, also employed resin infusion 

blade manufacture. Main blade production was suspended in July 2006 at the 

IoW manufacturing facilities, but support structures such as the shear web are 

still manufactured using resin infusion (RIFT). 

 

1.5. Project outline. 

This thesis will outline the manufacturing processes currently used for large 

wind turbine blade manufacture. The focus is on manufacture using RIFT, a 

process key to Vestas Technologies blade production. Critical areas in 

production will be identified where materials and process parameters can have 

a significant effect on product quality. The key issue is prediction of defect 
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formation and severity using commercial flow-modelling packages in the context 

of sandwich laminate structures. 

  

The production process is analysed into controllable and uncontrollable 

variables to ascertain critical areas of the manufacturing process, and 

determine the effect of materials selection and usage on product quality.  

 

Currently available core materials will be reviewed. The types of 

laminate/sandwich panel defects commonly observed in the production of a 

large-scale wind turbine blade using resin infusion under flexible tooling (RIFT) 

will be investigated. 

 

Materials commonly used by Vestas for blade production will be investigated 

with regard to their behaviour under processing conditions, with particular 

emphasis on end-grain balsa core. The objective is a greater understanding of 

the interaction between porous core materials and liquid epoxy resin under 

vacuum consolidation, with particular reference to.  

 

Specific defects arising from flow convergence (known as knit lines) will be 

identified. Two commercially available flow-modelling packages will be used to 

gauge their effectiveness in predicting the location and severity of these defects. 

 

A method of quantifying end-grain balsa core permeability and porosity will be 

presented, along with a method of obtaining diffusion coefficients for possible 

use in flow modelling packages to enhance their defect prediction capability. 
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Chapter 2. Manufacturing of large composite structures such as wind 
turbine blades. 

 

There are many methods of manufacture for continuous fibre composites. 

These include hand lamination, spray layup, Resin Infusion under Flexible 

Tooling (RIFT) [44-49] and Resin Film Infusion (RFI), Resin Transfer Moulding 

(RTM) [50-57], pultrusion [58, 59], filament winding [60, 61], and vacuum 

bag/autoclave consolidation of pre-preg (pre-impregnated materials) [62-64]. 

Each of these can be further sub divided where subtle differences occur in the 

processing method and parameters. 

 

This chapter will focus on the three processes used in the production of large 

composite wind turbine blades by Vestas Technologies and other turbine blade 

manufacturers [33], namely, Wet/Hand layup, Resin Infusion under Flexible 

Tooling (RIFT), and Out Of Autoclave (OOA) pre-preg. An overview of each 

process is presented, highlighting the principal aspects of each manufacturing 

method.  

 

A brief outline of void formation and the importance of sandwich structure 

construction will be presented. A novel approach to de-construction of the 

process and materials involved in the production of composite wind turbine 

blades is developed. 

 

This analysis by subsystems of the materials and manufacturing process will 

inform where the focus should be, with the aim of reducing, or eliminating 

quality issues that can affect the life of the product. 
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2.1. Comparison of the principal composite production methods used for 
wind turbine blade manufacture by Vestas. 

 

The following sections give the principal details of production methods used by 

Vestas for turbine blade production. 

 

 2.1.1. Hand lamination. 

Figure 2.1 is a schematic of wet/hand layup which was in use for the 

manufacture of Vestas wind turbine blades at the start of this project. For hand 

lamination of a woven or non-crimp fabric, fibre volume fraction (Vf) is typically 

around 30% [65] without vacuum bag consolidation, but with vacuum 

consolidation this may increase to 40% [65]. Hand layup is very operator 

dependent, and large variations are to be expected depending on experience 

and skill levels. Health and safety issues are driving factors in the search for 

cleaner production methods, with the aim of reducing, or eliminating, exposure 

of operators to hazardous chemicals. Consumable costs must also be 

considered with buckets, rollers, and PPE (personal protection equipment) all 

adding to the overall cost of producing a component. 

 

Figure 2.1: Wet/Hand lay-up (image from SP Systems - Guide to Composites)!



! !! 17!

 2.1.2. Resin Infusion under Flexible Tooling (RIFT), Resin Transfer 
Moulding (RTM). 

 

The drive at Vestas towards more rapid production led to RIFT steadily being 

introduced for new blade designs after trials showed significant time savings 

(down from 36h for a 36’ hand layup blade, to 18h for a 40’ RIFT blade) [32]. 

 

RIFT (Figure 2.2) uses a single (generally rigid) mould, to which a flexible 

membrane or bag is attached to enclose the dry fibre preform. Compared to 

RTM, costs are lower due to the requirement for only one instead of two stiff 

mould halves. Mixing machines can be used to mix resin and meter quantities, 

but are not essential (Figure 2.2). Laminate consolidation is provided by 

differential pressure using a vacuum pump. This means that fibre volume 

fraction is governed by the type of fabric used, (as the maximum consolidation 

pressure is around 1 atmosphere), and pump capabilities, unlike the greater 

pressure possible with RTM (typically 4-5 bar) [50]. 

 

Figure 2.2: Generic representation of commercial infusion processes. (image from SP Systems 
- Guide to Composites)!
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The mould cavity thickness is not defined with resin infusion as the system will 

relax behind the resin flow front due to resin at the inlet being at, or close to, 

atmospheric pressure. It is standard practice to close the inlet off at the end of 

an infusion, allowing the consolidation pressure to equalise as excess resin is 

drawn out of the laminate stack. This can lead to a monolithic laminate that is 

thicker at the inlet, when compared to the outlet [66]. Fibre volume fractions for 

resin infused non-crimp fabrics are typically around 55%. The cost of disposable 

consumables must be considered when using RIFT, although in larger infusions 

these are generally a small fraction of the total cost of the component. These 

recurring costs of consumables consist of: vacuum bag, peel ply, pipework, and 

distribution fabric, and must be included in the part cost. The industrial sponsors 

(Vestas Technologies) of this project found that when production was changed 

from vacuum consolidated hand layup to resin infusion, the reduced cost of 

consumables marginally favoured the resin infusion process [67]. 

 

 2.1.3. Pre-Preg (pre-impregnated fibres). 

Pre-pregs are fibres that have been pre-impregnated with a premixed resin, 

requiring storage at low temperatures (-18ºC) to retard cure. Pre-pregs are used 

in F1 racing cars, high performance marine vessels, and by the aerospace 

industry. The aerospace industry tends to operate at the higher end of 

production costs, where autoclave heating and consolidation is the norm. OOA 

pre-pregs designed for oven cure exist, however the process is still expensive 

due to material, storage, and mould costs. Volume fractions attainable are 

typically around 60% for an oven cure uni-directional fibre, with 65% being 

achievable with autoclave consolidation for the same style/areal weight of fabric 

[68]. The project sponsor now primarily manufactures blades using OOA pre-
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pregs. Figure 2.3 shows a pre-preg layup schematic common to both autoclave 

and OOA production. 

 

 2.1.4. Light RTM. 

RTM is not suitable as a manufacturing process for large structures like wind 

turbine blades. The pressures involved would require large heavy moulds, with 

consequent very high costs. Light RTM does not require moulds to be as stiff as 

used with conventional RTM as the pressures involved are much lower. The 

process is closely related to resin infusion (RIFT, Section 2.1.2) with the 

vacuum bag in Figure 2.2 being replaced by a semi rigid matched tool half. This 

is clamped to the main mould using a cavity outside the tape seals (Figure 2.3) 

that is evacuated to a full vacuum. This method has the advantages of RTM 

with two ‘A’ sides from the matched mould tooling, but without the associated 

costs, and is being investigated by many companies in the wind energy, 

automotive, and marine sectors, including Vestas Blades [69]. 

 

2.2. Void formation during manufacture. 

A major difference between the manufacturing methods outlined, apart from 

attainable fibre volume fractions, is void formation. It is possible to reduce void 

Figure 2.3: Pre-preg layup common to autoclave and OOA production. (image from SP 
Systems - Guide to Composites).!
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volume fractions or reduce them to below detection threshold, but normally not 

eliminate them completely [70]. 

 

When air is first stirred into the resin whilst mixing wet/hand layup can be prone 

to void formation. The bubbles are then transferred to the laminate as the resin 

is poured. If stippling is used to distribute the resin this can make matters worse. 

The author has observed resin foaming if the stippling is too vigorous. Using a 

“consolidation” roller can help by pushing bubbles to the laminate surface, and 

on looser weaves the bubbles can leave the laminate through gaps in the fabric. 

Degassing the resin after mixing will help alleviate some of the problems, but 

typically the lowest void content achievable is 5-6% [71]. 

 

Resin infusion can be considered a semi-self-degassing manufacturing process 

as any gas remaining in the mould cavity or contained in the resin, will naturally 

try to move along the pressure gradient towards the resin front. However care is 

still required to prevent void formation, because as the bubble moves along the 

pressure gradient it enlarges, subsequently becoming trapped. Degassing the 

resin before hand layup or injection can help by removing stirred in gasses from 

mixing, and if care is taken void contents as low as 0.5% can be achieved [72]. 

 

Pre-preg component manufacture will potentially have the lowest percentage of 

voids, particularly with autoclave consolidation where the voids will be zero or 

below detection threshold. The study carried out by Grunenfelder and Nutt [72] 

showed the effect of pressure reduction in processing pre-preg materials. The 

main factor in void formation was relative humidity (RH) during layup. The 

results showed that above 60% RH, void formation rose rapidly with OOA 
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production (3% void content at 80% RH), but at levels below 60%, void content 

was comparable with autoclave production. 

 

The level of void content acceptable will be driven by the component’s intended 

use. In a low stress environment, 5% voidage may be acceptable, but for 

aerospace anything above 1% is generally not acceptable [70]. 

 

2.3. Manufacturing process issues. 

Each of the methods of production discussed in section 2.3 has advantages 

and disadvantages, which are discussed in the following sections: 

 

2.3.1. Wet hand lamination/lay-up. 

In addition to the health and safety issues of exposure to potentially toxic 

chemicals, hand lamination has the disadvantage of being very operator skill 

dependent. A skilled operative can produce high quality products, but they will 

never achieve the same fibre volume fractions seen using other liquid resin 

processes. High fibre volume fraction laminates are not generally achievable, 

and they can exhibit high void content, even with vacuum bag consolidation. 

The resin viscosity should be low enough (700-2000 mPa.s @ 20oC) [2, 52] to 

be easily workable, but be resistant to slump as successive layers are applied. 

This is often achieved through the addition of thixotropic additives such as 

fumed silica [73]. 

 

Quality variability is an issue, but the practice is simple to teach, and 

consumable/tooling costs are reasonably low. 
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2.3.2. Resin Infusion under Flexible Tooling (RIFT). 

RIFT has the disadvantage that a more highly trained/skilled operator is 

required, entailing training courses and the associated costs. Initial equipment 

setup costs can be high, requiring a vacuum source, resin catch-pots, 

ancillaries, and consumables. 

 

Initial resin viscosity needs to be low (150-350 mPa.s @ 20oC) [44-49]. As this 

is a closed mould process, operator exposure to resins is kept to a minimum 

unlike wet layup. This is important with the potential for sensitisation or 

dermatitis caused by contact with epoxy resins [76], or styrene exposure with 

polyester resins [77].  

 

A significant advantage of RIFT is the reasonably high fibre volume fractions 

attainable. Large components are achievable (this project centred around 40m 

turbine blades), and in many cases wet/hand lay-up moulds can be modified to 

save on costly new mould manufacture. 

 

Cored laminates are more difficult to manufacture with RIFT, as resin needs to 

be delivered to all areas of the laminate to avoid defects as discussed in section 

2.5. It is also difficult to manufacture honeycomb cored laminates as the low 

viscosity resin will fill the cells unless a non-porous membrane is placed 

between the honeycomb core and laminate stack. Core materials tailored to 

resin infusion are available and will be discussed in Chapter 3. 
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2.3.3. Vacuum bagging. 

High temperature pre-preg/vacuum bagging manufacture is expensive due to 

the cost of heat-resistant tooling, and the running costs of an high pressure 

autoclave. The textile production process and pre-impregnation of fibre by the 

supplier makes the material more costly than a dry fabric, and the expense of 

cold storage also needs to be considered. Pre-preg has advantages over liquid 

resins used in infusion or hand layup, as it has short flow distances, allowing 

longer molecular chains, which improves mechanical performance and chemical 

resistance. 

 

The working environment is clean, with significantly reduced H&S 

considerations. The process lends itself to automated tape laying, removing 

much of the variation that can occur in a hand layup process, and resin content 

is precisely controlled during the pre-preg manufacturing stage by the material 

supplier. The customer can specify resin content by weight (within limits) when 

ordering to give fine control over the fibre volume fraction. 

 

When sandwich structures are considered, the core must be chosen to 

withstand the temperatures and pressures during autoclave production. 

 
2.4. Sandwich structures. 

For large composite structures such as WT blades, marine pleasure craft, and 

aircraft, weight can be a significant design issue. Composite structures can 

provide high stiffness and strength with low weight compared to denser 

conventional materials such as metals. Bending stiffness properties can be 

further improved by using sandwich laminate construction with lightweight cores, 

rather than monolithic multi-axis laminates [4, 39]. 
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Increased stiffness can be achieved with ribs, although this complicates 

manufacture. The product will still be single skin thickness between the ribs, 

leading to directional stiffening, but with flexure possible in the interweb areas 

as seen in Figure 2.4. 

 

This is particularly important in the context of wind turbines where lengths of 60 

m are commonplace, with rotor diameters of 170-180 m anticipated in the next 

10-15 years. Sufficient stiffness must exist to prevent bending under high wind 

loads, whilst preventing self-weight becoming an issue. Blade stiffness can be 

retained by utilising thin skins either side of a lightweight core material [4, 39].  

 

These cores are available in many forms, such as natural materials like wood, 

engineered cores including polymer foams, honeycombs, or truss structures 

manufactured from carbon fibre [76]. Core materials appropriate to sandwich 

panel construction will be covered in Chapter 3. 

 

Sandwich laminates need careful calculation and material selection to prevent 

maximum stress of the skins and the shear stress of the core being exceeded. 

Design for fatigue must also be considered [4]. The strength of a sandwich 

laminate is a more complex problem than monolithic laminates, as many 

different failure modes are possible depending on loading. Designing for 

Applied!load!

Figure 2.4. Diagram showing potential for flexure in interweb areas of a top-hat stiffened panel.!
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strength must consider both bending stresses in the skins and shear stresses in 

the core as shown in Figure 2.5.! 

 

When subjected to a bending moment M, the direct stresses in the skins (!) are 

given by 

! = !!!ℎ
2!  (2.1) 

where M is the applied bending moment, Es is skin modulus, h is panel 

thickness, d is the distance between the skin neutral axis, and D is flexural 

rigidity. 

 

Overall bending strength calculations must also consider the shear stress (!!) in 

the core, given approximately by 

!! ≅
!
!" (2.2) 

where S is the shear force, and b is section width. As the aspect ratio of a 

sandwich beam or panel decreases, so the bending failure mode may change 

from tension or compression in the skins to shear in the core. 

Figure 2.5. Sandwich laminate loading (Gurit guide to composites [95]).!
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Core properties also contribute to the overall bending deflection of the sandwich 

laminate. Usually the core tensile modulus can be ignored in calculating the 

flexural rigidity (D). 

 

! ≅ !!!!!!!
2 ≅ !

12!! ℎ
! − !!  

 
 (2.3, 2.4) 

    

Where ts = skin thickness. 

 

The general form for maximum bending deflection (!) is of the form 

 

! = !"!!
! 1+ !"

!!!  (2.5) 

  

Where, � and � are constants which depend on boundary conditions, P is an 

applied load and a is an appropriate lateral dimension (e.g. beam length). Q is 

the shear stiffness, and is proportional to core shear modulus (Gc). In low 

aspect ratio sandwich panels or beams, especially if Gc is low, the deflection 

can be many times greater due to shear than that due to bending. 

 

2.4.1. Failure modes of composite sandwich structures. 

Sandwich structures, although light and stiff, present challenges for designers 

due to the nature of construction and the materials used. If a sandwich panel 

has thin skins then it may be subject to damage from impact. Depending on the 

type of impact and skin/core materials, there may be barely visible impact 

damage (BVID), as significant damage to the core itself or core/skin interface 

may have occurred without obvious damage to the skins. 
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Sandwich core structures may fail in a variety of ways such as shear crimping, 

skin wrinkling, intra cell buckling, and panel buckling. These failure modes are 

well characterised [39, 77] and with careful consideration at the design stage 

can be avoided. Compared to monolithic laminates, sandwich structures are 

more prone to delamination due to the interface between the core and skins, 

which have very different strengths and stiffness [39]. 

 

2.5. Potential causes of defect formation due to manufacturing issues, 
identified during observation of Vestas turbine blade production. 

 
Defects can occur in an infused laminate due to several mechanisms, including 

air ingestion (void formation), fabric bridging, and/or localised resin exothermic 

reactions. The majority of resin infusion defects are the result of voids that form 

and become trapped, with the most damaging being introduction of air through 

the resin inlet pipe which will generally render the product unusable. Strategies 

exist to overcome this if caught early enough. RIFT relies on up to one bar 

pressure differential for flow, so unlike higher injection pressure techniques, 

voids are not compressed. In resin infusion, liquid resin may have to flow 

relatively long distances in the laminate (generally not more than 1m) compared 

to processes such as pre-preg where flow is of the order of one mm. The longer 

flow path is tortuous and may converge at many points due to the fabric 

structure and lay-up sequence, with flow front convergence being more likely to 

occur with cored laminates. A more complex structure also has a higher 

potential to generate areas of resin richness. 

 

 2.5.1. Fabric bridging  

Bridging occurs when fabric is laid over fabric/core material that is uneven, or where 

a major step change in fabric/core thickness occurs. The fabric becomes locked in 
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place on the laminate surface (e.g. points A and B in Figure 2.6) when the bag is 

evacuated. This is due to the inability of glass/carbon fabric to slide or stretch into 

the void, thus creating a bridge in the fabric. 

The fabric not conforming to the core/fabric mouldsurface creates a large void, 

and subsequently when the laminate is infused any trapped gasses will 

coalesce preventing resin flow into the free space (Figure 2.7).  

Alternatively, if the core has been sufficiently degassed the void will fill, and a 

resin-rich volume will form which can lead to localised exotherm. Bridging can 

be prevented by careful mould design, or at the lay-up stage by packing the 

area with loose fabric or preferably creating a chamfered edge to the core 

40mm 

Figure 2.7. Large void in fabric bridge highlighted along a step in the birch plank core 
material. 

Core!

Mould 

A!

B!

Laminate 
(Fabric) 

Figure 2.6. Potential fabric/bag locking points under 
vacuum.!

Void due to bridging 
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material or mould tool (Figures 2.8 and 2.9). 

 

2.5.2. Exothermic reaction in liquid resins due to resin rich areas. 

As noted in the previous section exothermic reactions can occur in any resin-

rich areas, and is very dependent on ambient conditions, ability of core/fabric 

materials to diffuse the heat away, and resin cure profile. In large cored 

structures resin-rich areas may also be between individual blocks of core, 

and/or areas of fabric bridging. Should this occur, potential laminate damage is 

possible due to the high temperatures reached. Maximum temperatures up to 

350°C have been recorded by the author in highly exothermic resins. 

 

Evidence of damage due to resin exotherm can be difficult to identify, 

particularly if it is in regions that are covered by opaque layers of material. 

Mould!

Core!

Core!

Mould!

Laminate!
(Fabric)!

Glass!tow,!core!
material,!etc.!

Figure 2.8. Material filled void to prevent bridging and resin richness.!

Figure 2.9. Core material shaped to prevent bridging. 
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However the defect may be manifest as regions of very high void content, 

causing the resin itself to become opaque. If exotherm is severe enough then it 

can be seen as resin discolouration or cracking due to the high temperatures 

reached by the curing resin. 

 

2.6. Controllable and uncontrollable variables in the manufacture of large 
wind turbine blades using resin infusion. 

 

The construction of a large wind turbine blade is complex, with several stages 

after the manufacture of sub-components is complete. These stages are 

outside the scope of this investigation and have been excluded for clarity. Only 

the manufacture of a single blade half is being considered in this analysis.  

 

This analytical approach could be conducted on the assembly of components, 

with categories, sub-categories and subdivisions discussed in the following 

section being changed to represent assembly issues rather than component 

manufacturing issues. 

 

Large resin infused cored structures may suffer from the defects highlighted 

earlier in the chapter, and discussed further in Chapter 4. To better understand 

the influence of processing parameters and materials on the quality of large 

sandwich wind turbine blades, the manufacturing process and materials were 

broken down into i) controllable, and ii) uncontrollable variables that could 

influence the manufacturing process outcome and subsequent product quality. 
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i) A controllable variable in this study is one that can be influenced by 

the, engineering design teams, supply chain, or manufacturing 

technicians at Vestas. 

 

ii) An uncontrollable variable cannot be influenced by Vestas internally, 

but is fixed by the materials specification given to the manufacturer. 

 

The variables used for this analysis are listed in Appendix A, and must be 

considered in the context of this thesis, based on resin infusion of large wind 

turbine blades. The majority of variables are applicable to any large complex 

resin infused cored structure, although the controllable/uncontrollable variables 

are likely to change. 

 

For this investigation, two main headings to investigate production issues were 

considered for Vestas wind turbine blades.  

 

a) The manufacturing process in this analysis is resin infusion of a multi 

material cored structure.  

 

b) Quality in this study refers to the absence of defects requiring rework, which 

could affect structural properties and blade life, not cosmetics. 

 

Each of the two main headings selected may be influenced by environmental, 

material and human factors. The main headings were subdivided into five sub-

divisions, which were attributes considered most likely to inform the 

investigation. 
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i) Workshop environment – e.g. ambient conditions, and cleanliness. 

 

ii) Materials – e.g. appropriate selection and properties, or resin behaviour 

under vacuum. 

 

iii) Layup – accuracy of material placement (e.g. operator experience, 

diligence). 

 

iv) Infusion - processing parameters. (e.g.  vacuum levels, leak rates)  

 

v) Core material – e.g properties under processing conditions, resin 

absorption, air entrapment/out gassing. 

 

The five sub-divisions above are then further sub-divided into a total of 28 more 

tightly focused sub-categories, such as fabric, core, pultrusions, which are 

listed in Appendix A. Each of these 28 categories is broken down into specific 

material or processing attributes, giving a total of 76 controllable/uncontrollable 

variables under each of the two main headings, with the hierarchical structure 

shown in Figure 2.10. 

!
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Figure 2.10. Analysis hierarchy showing, Main heading > Sub-divisions > Focused sub-
categories (total per sub-division) > Uncontrollable/controllable variables (total per Focused-

category). Each variable is classified at three levels: 0=no effect, 1=minor effect, 2= major effect. 
Full breakdown available in Appendix A 

 
 

It is important to identify these variables at the start of the design process to 

indicate where materials specification is critical, and if it is then a quality control 

procedure must be put in place to ensure that the materials being used are 

within the specified tolerance. 

 

Production variables are more difficult to control, as the ‘human’ element is 

always present, although some variability can be reduced by the use of training 

and/or CNC machines as mentioned in Chapter 1. Quality control is still 

required at all stages of production regardless of the manufacturing process 

used, and must be closely monitored at pre-defined stages. Vestas monitors the 

manufacturing process through a build-log where quality control checks are 

conducted at key stages, with the proviso that if a problem is identified, the build 

will be stopped until the issue is rectified. 

 

Variables!

Focused!subHCategories!

SubHdivisions!

Headings! Infusion!(a)!!!!!!!!!!!Quality!(b)!

Workshop!

!(2)!

!(6)!

Materials!

(8)!

!(35)!
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(8)!

(17)!

Infusion!

(7)!

(3)!

Cure!cycle!

(3)!
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An example of a fully controllable variable is resin viscosity, which can be 

specified during purchasing, and also controlled (within limits) during production 

using heated moulds, and/or injection machines with temperature 

monitoring/control capabilities.  

 

Fabric on the other hand is a more complex component and should be 

considered to have both controllable and uncontrollable variables that will affect 

both main headings in a different manner. The original fabric specification is 

controllable. Should the material provided be out-of-specification this is 

uncontrollable, but can become controlled by selecting a new roll of fabric that 

is within specification. Should one not be available then delaying production 

until new material can be obtained will be necessary. In the majority of high 

volume/cost production environments this is not an acceptable situation. The 

difference between the effects on the two main headings is that out-of-

specification material will not affect ‘Quality’ as it will not be used, but it will 

affect the ‘infusion process’ by introducing delays. 

 

With a total of 76 variables to consider in this analysis, a method of weighting 

was required to determine the relative influence of each variable under the two 

main headings. Each variable was assigned a value to quantify its effect, and to 

simplify the process, 3 levels were considered sufficient for an initial 

investigation. The values assigned to levels were, 0 - no effect, 1 - some effect, 

and 2 - major effect. If the outcome of the analysis was not clearly defined then 

the investigation could be refined, by introducing a greater range of levels.  
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Table 2.1 shows an example of how the weighted values presented in Table 2.2 

were obtained (full tables, Appendix A). The values were obtained by assigning 

each variable its relevant effect level (0-2). For example a level of 2 is assigned 

to the controllable variable, ‘variability of T’ in Table 2.1. The totals for weighted 

effects, controllable, and uncontrollable variables, within each sub-category are 

indicated alongside the relevant sub-category heading.  

 

INFUSION PROCESS (a) 
 

  Note: Controllable refers to Vestas, not original manufacturer 

   Controllable Uncontrollable Effect 
      

Workshop Totals: 3 3 10 
 Ambient conditions    
  T ✓  2 
  RH  ✓ 1 
  P  ✓ 2 

  Variability of T ✓  2 

      

 Vacuum Equipment    

  Flow rate  ✓ 1 

  Achievable vac ✓  2 

Table 2.1. Example of weighted values calculation, where T=temperature, RH=relative humidity, 
and P=atmospheric pressure. The results show a total of 3 controllable, 3 uncontrollable 

variables, with a total weighted effect of 10 for workshop conditions and equipment.  
 

With each variable assigned an effect level, they can then be allocated as 

controllable or uncontrollable, and totalled to provide an overall weighting for 

effect. Table 2.1 shows that for each sub-division, the totals are above the 

focused sub-categories and variables. For this analysis, only the total effect was 

considered, as the controllable and uncontrollable variables could be addressed 

by internal Vestas procedures, via their technicians and suppliers. Complete 

information on the analysis has been provided in Appendix A for completeness. 

 

The information required to conduct this analysis was obtained by the following 

means. 
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 2.6.1. Results. 

Table 2.2 presents a table of the full analysis available in Appendix A where the 

weighted values for each variable can be seen.  

 

i) Observation of production blade manufacture. 

ii) Observation, and participation in trial blade manufacture. 

iii) Conducting laboratory experiments to investigate manufacturing, and 

material responses to resin infusion processing parameters. 

iv) Non-destructive investigation of production blades. 

v) Destructive testing of samples provided from trial blades provided by 

Vestas [1]. 

vi) Electron microscopic analysis of defects found in trial blades. 

vii) Discussions with blade technicians about problems encountered with 

materials and processing during production blade manufacture. 

 

Effect weighting: 
No effect  = 0 
Some effect  = 1 
Major effect = 2 
 

Total No of 
Controllable 

factors 

Total No of 
Uncontrollable 

factors 

Weighted 
effect 
Totals 

Main category Sub-category 

Infusion 
Process (a) 

Workshop 3 3 10 
Materials 15 20 40 
Layup 15 2 23 
Infusion 13 2 27 
Cure 3 0 4 

Quality (b) 

Workshop 4 2 8 
Materials 27 8 35 
Layup 17 0 27 
Infusion 14 1 25 
Cure 3 0 4 

Table 2.2. Summary table of the two main categories and five sub categories, showing weighted 
totals for effect by controllable and uncontrollable variables (full tables in Appendix A). 

 

The results show that the major influence on both the manufacturing process, 

and final blade quality is from materials. It should also be noted that the majority 
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of variables are controllable under both main headings, although the impact of 

uncontrollable variables is slightly greater when considering the manufacturing 

process. Table 2.3 shows the order of ranking of the five sub-divisions under 

the two main headings. In Table 2.3, the smallest value indicates the greatest 

effect. 

 
Ranking 

Av ranking Infusion Quality 
Workshop 4 4 4 
Materials 1 1 1 
Layup 3 2 2.5 
Infusion 2 3 2.5 
Cure 5 5 5 

 
Table 2.3. Ranking by effect of each subcategory on the two main categories. A lower number 

indicates a more significant effect. 
 

Materials, layup, and Infusion (manufacturing process) are the biggest 

influences, and need to be controlled tightly, whereas workshop and cure cycle 

have relatively little overall effect. This is only particular to this specific case 

study. A very different result may occur for other products and/or manufacturing 

processes. 

 

2.6.2. Discussion. 

The analysis conducted here shows the advantage of breaking any 

manufacturing process down into critical areas, such as ‘quality’ and 

manufacturing process. The deconstruction method used identifies controllable 

and uncontrollable variables, and directs the focus to both material specification, 

and manufacturing process optimisation.  

 

Table 2.2 indicates that a larger proportion of the materials category are 

uncontrollable variables. Using the approach described, a detailed quality 



! !! 38!

assurance procedure can be implemented to monitor each materials quality 

prior to production, allowing for early detection of out-of-specification material. 

With the information provided by this approach suppliers, can be encouraged to 

provide materials to precise specifications, and training courses can be 

implemented to ensure the workforce is aware of the importance of materials, 

handling and layup. 

 

This investigation showed that core, material/style, and laminate layup have an 

effect on the resin infusion manufacturing process, especially for the product 

being investigated where a large percentage of the material used is a porous 

natural material. This may not always be the case. The approach used here to 

breaking the process/materials down into their component variables can guide a 

design team towards a manufacturing and materials selection solution. Correct 

specification of the production process or materials used, should then not affect 

the quality of the final product.  

!

2.7. Conclusions. 

By using cored sandwich laminates, structural performance can be maintained 

for lower weight, or improved for the same weight when compared to monolithic 

structures [39]. Resin infusion is a robust manufacturing method, but there is 

potential for defect formation. These potentially avoidable defects may require 

rework with all the cost implications that implies. 

 

The analysis in Section 2.6 highlighted the need to investigate materials, the 

way they are laid up, and their respective effects on the resin infusion process. 

These factors have the highest effect ratings in both main headings as seen in 
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Table 2.3. The infusion strategy must be tightly controlled, with correct materials 

selection and usage to reduce or prevent defect formation.  

 

The infusion process has a higher level of variables that are uncontrollable 

during production (Appendix A), therefore requiring careful selection of 

materials at the design stage. For this reason, Chapter 3 will consider core 

material types and styles available to the composites industry, and their 

interaction with liquid resin during the resin infusion manufacturing process. 

This interaction is potentially a major contributory factor in the formation of 

defects. 

!
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Chapter 3. Core materials used for composite sandwich laminates. 
 
This chapter describes some of the more common core materials used in 

sandwich panels manufactured using the resin infusion process. Core materials 

may be natural products such as wood, man-made foams, or specially prepared 

honeycomb materials. Core materials can be sub-divided into closed cell or 

open cell systems. Both require special preparation for resin infusion processes 

to either enhance adhesion, and/or prevent open cells filling with liquid resin. 

Cores are available in a wide range of formats, with foams generally produced 

as flat planar sheets using either a continuous extrusion method, or batch 

processing as large panels [78]. 

 

Foams and wood can be used in their manufactured/natural states. Their 

usefulness in the resin infusion process is limited, as resin must be transported 

to or between both laminate skins. Some core styles are designed to promote 

and enhance flow when using closed mould technologies, where a “solid” core 

would inhibit flow between the panel faces.  

 

3.1. Overview of foam structures. 

This section will outline the three main forms of foam: closed cell, open cell, and 

syntactic. 

 

3.1.1. Open cell structure foams. 

Figure 3.1 shows the open cell structure of a polyurethane foam. The pores are 

all interconnected giving a lightweight structure. However, as the pores will fill 

with fluids, it is not particularly useful in liquid resin manufacturing processes 

without surface preparation to prevent resin filling the pore spaces. Open cell 
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foams tend to be softer than closed cell structures, and are primarily used for 

furniture insulation or packaging where their easily deformable nature and large 

air volume are an advantage. 

 

 

3.1.2. Closed cell structure foams. 

Figure 3.2 shows a cell structure where all the pores are individual closed 

bubbles. This structure creates higher a density foam than open cell, but there 

is an increase in manufacturing costs, and component weight, due to the 

generally higher densities of a closed cell foam. 

Figure 3.1. Scanning electron microscope image of 25kg/m3 Polyurethane open cell 
foam at 25X magnification.!
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Foams with a closed structure are much preferred to open cell in any process 

where the laminate skin will be flooded with a low viscosity resin. In experiments 

conducted by the author for Vestas Technologies on PET, PVC, and Corecell 

closed cell foams, absorption was observed to be generally confined to surface 

ingress, where the foam cells had been damaged during cutting [79]. This will 

be discussed in Chapter 5.  

 

3.1.3. Syntactic foams. 

These closed cell foams consist of hollow microspheres embedded in a matrix. 

The spheres can be of glass, ceramic, or polymers with a diameter typically 

between 5 to 200µm [80]. The mechanical properties can be manipulated by 

changing the sphere or matrix material, sphere size, or sphere volume fraction 

to tailor the foam performance envelope. These foams can be manufactured on 

site using available resins and microballoons. Microballoons are often used in 

Figure 3.2. Scanning electron microscope image of 80kg/m3 Polyurethane closed cell foam 
structure at 50X magnification.!
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the marine industry as a rigid adhesive/filler. Figure 3.3 shows the structure of a 

glass sphere, epoxy resin matrix syntactic foam. 

 

 
3.2. Alternative core materials available for sandwich laminate 

construction. 
 
Soric [81] is a flow medium and core material combined. It incorporates a series 

of hexagonal flow channels providing rapid resin flow into the laminate stack, 

making it an ideal material for closed mould sandwich panel infusion processes. 

The drawback is that the core becomes resin-rich, increasing laminate weight, 

and cost, due to higher resin consumption. A low resin consumption mat (Soric 

LRC) is now available which has a stated resin uptake of 350 g/m2/mm 

thickness [81], and was investigated by ACMC for Vestas Technologies as a 

potential core material for secondary structures [82]. Table 3.1 shows resin 

uptake per m2 for Soric LRC compared to other commonly used core materials. 

Figure 3.3. Scanning electron microscope image of 720kg/m3 Syntactic foam, comprising 
glass beads in an epoxy matrix at 200X magnification [74].!
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The data presented for non-soric cores presented was normalised for thickness 

to provide a direct comparison of resin absorption, as requested by Vestas.  

Core material/thickness Epoxy resin uptake 
(g/m2) 

Resin uptake 
normalised for core 
thickness (g/m2/mm) 

Soric LRC (1mm) - 350 
Polystyrene  (25mm) 700 28 
Polyurethane (10mm) 750 75 
Unsealed balsa (25mm) 200 8 
Sealed balsa (25mm) 150 6 

Table 3.1. Resin (SP Systems Prime 20) absorption adjusted for absorption per mm of core 
material thickness. 

 
When normalised for thickness it is seen that the soric absorbs significantly 

more resin over the closed cell foams, or end grain balsa. The majority of resin 

consumption occurs in the surface layers of the foam and balsa due to core 

preparation required for manufacture using RIFT. This core preparation will be 

discussed in section 3.6. 

 

3.2.1. Honeycomb materials prepared for use in resin infusion 
(RIFT). 

 
Conventional honeycomb materials provide a challenge when the structure is 

manufactured using the resin infusion processes. Conventional infusion 

processes cannot be used as the cells would fill with liquid resin. Research is 

being conducted [83] into a two-step process where the core is first prepared 

with a pre-preg glue film, thereby allowing infusion of liquid resin into dry fabric 

skins, as seen in Figure 3.4. This approach could broaden the capabilities and 

appeal of Hexcel’s ‘engineered core’, which consists of CNC shaped core 

blocks [84]. 
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Step one requires glue film to be placed on the honeycomb surface and oven 

cured under vacuum, but air may expand in the core, potentially leading to poor 

bonding of the resin film layer. This could be avoided by using honeycomb core 

with small intercellular perforations, however this could lead to the cells of a 

marine laminate filling with water should the skins be damaged. The second 

step entails infusing dry fabric skins in the conventional manner. This method of 

manufacture has been experimentally investigated at Plymouth University with 

promising results [83, 85], indicating it may be possible to resin infuse large 

structures such as turbine blades using honeycomb where weight is becoming 

more critical as blades increase in size [3]. 

 

Thermoplastic honeycombs such as Nida-core and Plascore are available [86, 

87], and are fairly flexible and can be thermoformed to drape into compound 

curves. These are available with polyester surface veils to promote skin to core 

bonding, and in specific cases [Plascore] allow resin infusion without cell filling. 

Step one 

Nomex core Resin film 

Nomex core Cured Resin film 

Step two 

Dry fabric Resin transport mesh 

Resin  
Inlet 
pipe 

Figure 3.4. Two step process to infuse Nomex honeycomb core laminates with 
liquid resin, without filling the core cells.!
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However thermoplastic honeycomb exhibits lower mechanical properties as a 

base material when compared to a similar density Nomex, as seen in Table 3.2. 

This is to be expected, as Nomex is an Aramid fibre system while thermoplastic 

honeycomb has no fibre reinforcement. Further, polypropylene has a glass 

transition temperature below ambient and could creep under sustained high 

stresses. 

Table 3.2. Mechanical properties of PP honeycomb compared to Nomex. 

(L = lengthways, W = widthways) 

Table 3.2 shows that the Nomex properties in shear are very dependent on the 

direction of load. The ribbon direction is the continuous material direction, 

whereas in the direction in which expansion takes place the bond strength 

between ribbons becomes important (Figure 3.5). 

 

Honeycomb Apparent 
Density (kg/m3) 

Shear strength 
(MPa) 

Through 
thickness 

compressive 
strength (MPa) 

Nida-core H11-60PP 60 0.5 1.2 

Hexweb A1 Nomex 64 
L:  1.5 – 2 
W:  0.8 – 1 

4 - 5 

Figure 3.5. Expansion direction of honeycomb, relative to ribbon direction [84, Hexcel 
manual].!
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3.3. Foam core materials commonly used in the resin infusion process. 

Foams for the composite industry are manufactured in a wide range of materials 

from metals and ceramics, through to the most commonly used thermosets, or 

thermoplastic systems. Vestas currently use PVC as a core material in 

secondary structures, and has a program looking at replacing some areas of 

wood core with suitable foams. The following section looks more closely at 

some of some of the polymer foams used in the composites industry, and 

presents some of their principal properties. This allows comparison with balsa, 

which is still extensively used by Vestas and is covered in the following section. 

 

3.3.1. PVC foam. 

The most commonly used foams are PVC. They exhibit good moisture 

resistance and mechanical properties when compared to other foams of similar 

densities. Other positive attributes are good solvent resistance (especially to 

styrene), and compatibility with most adhesives and laminating resins [88, 89]. 

PVC is self-extinguishing, making it suitable for many applications where low 

FST (fire smoke and toxicity) properties are required. PVC is a closed cell 

thermoplastic that can be thermoformed and cured to greatly increase its 

usefulness in complex cored structures. It is available in two basic forms, 

crosslinked (cured) and linear (thermoplastic). Crosslinked (CL) foams are rigid 

with physical properties between 20-40% higher than linear foams. Linear 

foams however have a shear elongation to failure of greater than 40%, 

compared to only approximately 20% for crosslinked PVC’s [90]. Linear PVC’s 

also have the advantage of zero outgassing, which is a phenomenon where 

foams release residual high pressure blowing agent under vacuum [91]. 
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3.3.2. Polystyrene (PS) foam. 

Polystyrene has a similar density to the lighter PVC foams, but has limited 

compatibility with resin systems as it dissolves in the presence of styrene, 

thereby eliminating polyester/vinylester as possible matrices. Polystyrene foams 

have poor shear strain properties when compared to PVC foams and hence are 

used in structures where the core performance is not the highest priority, such 

as marine sports equipment (surfboard, sail board). Polystyrene foams are 

available as planar sheet, or in expanded form which consists of PS foam 

spheres bonded together to form a hybrid open/closed cell structure as seen in 

Figure 3.6. The open cell nature of the structure can be seen in the middle of 

the image where the closed cell spheres leave large pore spaces. The porosity 

is governed by the size of the individual closed cell spheres. This open structure 

allows expanded polystyrene to absorb large quantities of fluid, making them 

unsuitable for structures where extended fluid immersion is experienced. 

Packaging is the primary use, where static mechanical properties are not 

relevant, but high impact damping properties are required. 

Figure 3.6. Expanded polystyrene foam structure.!
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3.3.3. Polyurethane (PU) foam. 

PU is used extensively in the marine sports industry, with many surfboards 

being manufactured from this type of foam. Its resistance to styrene allows 

cheaper manufacture of boards using polyester resins, rather than the more 

expensive epoxies that are required for polystyrene foam. 

 

Higher density PU foams can be used for tooling, and their resistance to 

temperatures up to 120°C, whilst retaining a substantial portion of their strength, 

allows use in cored pre-preg, autoclave cured laminates [92]. 

 

PU foams are also available as open cell structures and are used extensively in 

packaging and padding for furniture. They are however of little use in structural 

cored laminates due to their open cell nature, and low stiffness (27 kPa 

compression modulus) [93]. 

 

Polyurethane foams on the other hand exist in two polymer types, PU, and 

Polyisocyanurate (PIC). Polyisocyanurates are not used extensively in the 

composite industry due to their friability, which is the tendency for the surface to 

crumble thereby  producing a weak skin/core interface. PIC foams tend to be 

used for stringers and top-hat section formers in FRP boat construction, where 

the core property is less critical. 

 

3.3.4. Polyethylene-Terephthalate (PET) foam. 

PET foams have high fatigue resistance and are becoming more popular as 

structural cores due to their high mechanical properties and reasonable costs 

[94]. PET foams exhibit low resin absorption and low-density variation making 
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them ideal for manufacturing structures using the RIFT process. They are also 

thermoformable, and recyclable, with good FST properties [95]. One drawback 

for higher density foams is their relatively low strain to failure at 5%. When 

compared to polystyrene, the strain to failure is comparable for similar densities. 

Vestas Technology was investigating PET as a replacement to balsa before 

production on the IoW ceased. 

 

3.4. End grain balsa wood as a core material. 

Wood is used within composites/sandwiches in various forms, e.g simple 

longitudinal grain planks, end grain blocks, and layered plywood. This thesis is 

primarily concerned with the behaviour of balsa during turbine blade 

manufacture. Observation by the author during site visits to Vestas had 

indicated that defect formation was reduced in the areas where balsa core was 

used. Therefore the following section will deal with the structure of balsa wood 

at the microscopic level. Balsa wood has been described as ‘nature’s 

honeycomb’ [96]. As seen in Figure 3.7, the balsa structure when viewed at the 

microscopic level is very similar to the hexagonal structure of man-made 

honeycomb cores. Figure 3.7 shows the dimensions of the main cells, known as 

tracheids.  
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These dimensions change with density, but not dramatically, with the “diameter” 

(D) reaching 40µm (Figure 3.7), and a length of around 64µm [97]. The main 

change in increasing density is cell wall thickness. Figure 3.8 shows the balsa 

cell is not uniform and is compressed in one axis, which terminates with cone-

like ends. 

 

Figure 3.7. Balsa tracheid dimensions [97]. 

Grain!direction!

Figure 3.8. Balsa tracheid arrangement [98].!

150!m"
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Balsa, being a natural material, is not a regularly repeated structure in the same 

manner as man-made honeycomb cores. Figure 3.9 shows a cross section 

through a typical end grain balsa sample, with the critical structural components 

labelled. Parenchyma are radial, rectangular channels arranged in clusters 

called rays (Figures 3.10, 3.11). Rays are responsible for storage of 

carbohydrates and for conducting fluids, and are shorter in length than axial 

tracheids that run tangentially to them. The third cellular structures are the sap 

channels responsible for transporting fluid through the trunk of the tree, and are 

more circular in cross section with a diameter of 150-300µm [97]. Tracheids 

make up approximately 80-90% by volume, with rays being 8-15% by volume, 

the remainder being sap channels.  

 

Figure 3.10 shows an electron microscope image of the cross section of balsa 

wood, showing i) Parenchyma arranged as rays, ii) tracheids, iii) sap channels. 

Figure 3.9. Schematic showing idealised balsa structure [97].!

Paranchyma 
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Figure 3.11 shows an idealised schematic of the four-layered structure of the 

tracheid cells. The microfibril orientation in the secondary layers (S1, S2, S3), 

with S2 being the dominant layer at ~85% constituent volume, gives balsa its 

mechanical properties.  

ii) Trachieds 
iii) Sap channel 

i) Paranchyma 
grouped as Rays 

Figure 3.10. Scanning electron micrograph showing plan view of balsa’s cellular structure.!

Figure 3.11. Schematic of tracheid structure. P=Primary, S=Secondary (layers numbered 
from outside inwards [97]. 

!
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Wood materials consist of cellulose, hemicelluloses, and lignin. The apparent 

density of most woods, around 1500 kg/m3 [99] is governed by the thickness of 

the tracheid walls, which consist of the layers seen in Figure 3.11. The density 

of balsa wood is normally between 40-380 kg/m3. 

 

The mechanical properties of balsa are highly anisotropic between the axial and 

tangential/radial planes. End grain balsa is stiff and strong in the axial direction, 

but weak in the tangential/radial directions (Figure 3.12) for tensile or 

compressive loading.  

 

Typical values for properties of end grain balsa in the axial plane are seen in 

Table 3.3. These values are compared to PVC closed cell foam to demonstrate 

the similarity in performance between the two materials, used by Vestas in 

blade production, but with significant cost differences as seen in Figure 3.13. 

 Balsa - (PVC) Balsa - (PVC) Balsa - (PVC) 
Density (kg/m3 ) 90 - (96) 153 - (155) 247 - (220) 
Compressive strength (MPa) 6.3 - (5.4) 12.9 - (12.7) 26.3 - (21.9) 
Shear strength (MPa) 1.8 - (1.6) 3.0 - (3.0) 4.9 - (4.5) 

Table 3.3. Typical mechanical properties for end grain balsa in the axial plane. [89, 98] 

 

Figure 3.12. Schematic of wood structure showing the three primary axis. [97].!
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The cellular structure provides a material that is low in resin absorption. The 

majority of resin absorption occurs in sap flow channels in un-sealed balsa, with 

surface absorption being confined to damaged surface cells. Work conducted 

on behalf of Vestas Technologies by the author showed resin absorption of 200 

g/m2 for unsealed balsa, and 150 g/m2 for sealed balsa as seen in Table 3.1 

[100].  

 

3.5. Comparative mechanical performance of commonly used core 
materials. 

 
When considering core material, the important mechanical performance criteria 

are compression strength and modulus (how the core will respond to 

loading/impact), shear strength and modulus (governing how a sandwich panel 

will deform under load), and strain to failure (deformation allowed before the 

core fails). Table 3.4 shows that in general, foam cores reduce in shear strain to 

failure with increasing density. However linear PVC exhibits the reverse 

characteristic, making it particularly suitable for dynamically loaded structures 

[101]. 

Table 3.4. Properties of some commonly used core materials [88, 89, 94, 98, 101, 102]. 
 

Core 
material 

Density 
Kg/m3 

 % Shear 
strain 

Shear 
strength 

MPa 

Shear 
modulus 

MPa 

Compressive 
strength 

MPa 

Compressive 
modulus 

MPa 

PVC 
(CL) 40 - 250 30 - 10 0.4 - 7 12 - 170 0.4 - 12 40 - 400 

Linear 
PVC 60 - 140 70 - 80 0.5 - 2 11 - 37 0.4 - 2 30 - 110 

PET 80 - 200 35 - 5 0.6 - 2 20 - 50 1 - 4 60 - 157 

PU 50 - 380 30 0.3 - 6 4 - 47 0.5 - 10 9 - 152 

PS 28 - 40 10 0.3 - 1 8 - 10 0.2 - 0.7 10 - 25 

SAN 65 - 315 63 - 7 0.7 - 5 22 - 76 0.6 - 9 41 - 217 

PMI 32 - 205 7 - 3 0.4 - 5 13 - 70 0.4 - 9 70 - 180 

Balsa 40 - 380 0.5- 2 2 - 5 100 - 300 5 - 26 2000 - 8000 
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When core modulus is considered form Table 3.4, balsa has significantly higher 

properties in both shear and compression, and is approximately 50% stronger 

in compression than the highest performance PVC foams of equivalent density, 

whilst shear strengths for PVC foams are slightly higher. It is also evident that 

balsa has a low shear strain compared to PVC. Compression strength of the 

core material is critical if thin laminate skins are to be prevented from wrinkling 

or buckling when an external compressive load is applied. 

 

Figure 3.13 shows relative costs of several core materials, highlighting the 

potential cost advantage of end grain balsa, although poor shear strain 

performance must be taken into consideration during the design stage.  

 

3.6. Core configurations for resin infusion processes. 

The resin infusion (RIFT) process is sensitive to flow paths within a laminate 

stack, where liquid resin will flow along the least restrictive path (‘race-tracking’). 

100%!

Re
lat
ive
!co
sts
!

Figure 3.13. Relative costs of common core materials for equivalent volume [97].!
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When core material is used, care must be exercised in layup ensuring sufficient 

resin flow is provided to fully wet the non-injection side of the stack. 

Manufacturers provide core materials in a variety of styles to cater for this 

requirement for resin flow, giving a range of options when a laminate layup 

sequence is being specified. 

 

The following sections outline some commonly available materials and style 

combinations, as in many cases a manufacturer will provide custom prepared 

cores for customers. The following list indicates the most common forms of 

prepared cores available from major suppliers (e.g. Gurit, Airex, and DIAB). 

 

3.6.1. Plain sheet core materials. 

This is the most basic of cores, where the material is provided as unadulterated 

sheet material with no channels or holes. Available in foam and balsa, where 

both may be constructed from a series of blocks bonded together to create a 

panel. In the case of balsa, variation of properties between constituent blocks is 

averaged out over larger areas. This style of core can be used for hand layup, 

or pre-preg manufacture where resin does not have to flow a significant 

distance, compared to RIFT where flow distances may be in the order of 1m. 

Plain core can be used for RIFT if an infusion strategy is used that accounts for 

a non-permeable core. 

 

3.6.2. Prepared core materials, and their effect on infusion 
processes. 

 
Resin infusion-specific core materials create differing flow patterns and can be 

combined to give a high degree of control of resin distribution and flow rate. 

This configuration can allow cores to conform to mould curvature, with the scrim 
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(loose weave glass fabric) backed blocks providing the highest drapability. The 

highest probability of resin rich volumes occurs where these blocks are spread 

apart as seen in Figure 3.14. 

 
Jones and Gundberg [103] conducted a series of experiments to evaluate fill 

time, core resin usage, and skin Vf. Four core styles were used, double 

contoured (DC), grid scored (GS), grooved (GV), and plain perforated (PP) as 

defined in Table 3.5.  

PP – Plain perforated 
1.5mm holes drilled on a 50, or 150mm grid, infusion mesh 
used. 

IP 

DC – Double contoured 
Fine cuts 60% through thickness on a grid, with an offset grid 
pattern of cuts repeated on the opposite face, creating an 
intersection between the cuts in the core centre. 

IP 

GS - Grid scored 
Blocks of foam held together by a glass scrim on a single face. IP 

GV – Grooved 
Shallow cuts from a saw blade in a grid pattern on both 
surfaces, with 3mm flow holes on a 125mm grid. 

IP 
Two densities 

IP = Infusion path, Core material surface scored at 45° to the panel edge. 
Table 3.5. Core configurations used in Jones and Gundberg’s experiments [103]. 

50m
m 

Figure 3.14. Scrim backed end grain balsa showing large flow channels created 
by draping round a compound curve.!
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Eight experiments were conducted using grooved core material of two differing 

densities, and the three remaining core types receiving Infusion Path (IP) 

treatment. Fill times obtained by Jones and Gundberg [98] for the eight 

experiments are shown in Table 3.6. 

Core Top surface fill 
time (minutes) 

Tool surface fill 
time (minutes) 

PP 1.3 1.5 
DC 11.8 11.8 
GS 17.5 17.5 
GSIP 14.5 14.5 
GV30 6.5 7.0 
GVIP30 11.0 11.0 
GV60 15.0 15.5 
GVIP60 10.0 10.0 

Table 3.6. Comparison of fill times in minutes [103]. 

Table 3.6 shows that seven of the experiments gave similar fill times, but plain 

perforation exhibited significantly shorter fill times due to the ease of resin flow 

through the perforations, and flow mesh. Flow mesh was not required in the 

other seven experiments, as the resin would flow through the channels or cuts 

present in the DC, GS, and GV cores. The experiments also highlighted the 

difference in core style on resin usage as seen in Table 3.7. 

Core Resin usage 
(kg/m2) 

PP 0.93 
DC 4.44 
GS 3.33 
GSIP 3.33 
GV30 1.45 
GVIP30 1.57 
GV60 1.15 
GVIP60 1.34 

Table 3.7. Comparison of resin usage for differing core styles [103]. 

Table 3.7 shows that double contoured (DC) foam retained the highest quantity 

of resin due to the large proportion of flow channels. Experiments conducted by 

the author [104] using SP Corecell of a similar style to double contoured, 

retained significantly more resin than a simple perforated PVC (Airex H80) core.  
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Table 3.8 shows the fibre content of the laminate skins, which led Jones and 

Gundberg [103] to the conclusion that a plain core (PP) can be used 

successfully, with a high flow infusion mesh and careful spacing of the 

perforations. It was also noted that IP scoring provided fewer skin defects. The 

fabric used consisted of a stitched bi-axial glass fabric [±45°] of 576g/m2
, with a 

glass chopped strand mat backing of 244g/m2. 

 

 

 

 

 

 

 

Table 3.8. Comparative fibre weight fraction of laminate skins [103].. 

 

With resin infusion, the fibre volume fraction (Vf) for a stitched bi-axial (non-

crimp fabric/NCF) is typically around 50-55% (dependent on vacuum drawn), 

with glass chopped strand mat (CSM) being normally around 30% [105]. This 

would indicate that the fibre weight fractions (Wf) quoted by Jones and 

Gundberg [98] are broadly in line with the expected fibre volume fractions [105], 

as 70% Wf is around 55% Vf for E glass.  

 

The grid scored (GS) cored laminate did not completely wet out, leaving dry 

patches. This is a common and repeatable problem with cored laminates when 

the infusion strategy is poorly thought out. Resin starvation, or ‘lock-off’ can 

occur where resin fronts converge and air cannot escape. This issue will be 

discussed in Chapter 4. 

 

Core 
style 

Top skin (fibre 
weight fraction %) 

Tool skin (fibre weight 
fraction fibre %) 

PP 60 59 
DC 64 62 
GS 75 67 
GSIP 65 60 
GV30 67 68 
GVIP30 66 64 
GV60 70 67 
GVIP60 69 65 
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3.7. Conclusions. 

There is a large selection of core materials available to the composites industry, 

ranging in cost, mechanical properties, density, and style. Careful consideration 

is required to select the appropriate material during the design stage, taking into 

account product usage, cost, and of course ease of manufacture. Jones and 

Gundberg [98] showed that even when using pre-prepared core materials 

designed for resin infusion, defects will still occur, and can increase resin usage. 

On a large structure such as a wind turbine blade, the implications for increased 

costs due to increased resin usage, rework, or even scrapping of the part are 

major issues.  

 

Chapter 4 will investigate the effect of resin flow in complex cored laminates, 

and how this can lead to defect formation. The most common defects seen in 

Vestas Technologies blades will be described. How the style and layup of core 

material used during production can contribute to these phenomena is 

considered. The primary materials used by Vestas Technologies are end grain 

balsa, birch plywood, closed cell PVC, and epoxy resin systems. All 

experiments will be conducted using these materials.  
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 Chapter 4. Resin flow in porous media, and the effect of laminate layup 
on defect formation. 

 

For the manufacture of composite structures with complex forms, liquid 

composite moulding (LCM) techniques are often the preferred technology. As 

described in Chapter 2, Resin Transfer Moulding (RTM) and Resin Infusion 

under Flexible Tooling (RIFT) are LCM processes, and can be modelled as flow 

through a porous medium. LCM models are generally based on Darcy’s law 

[106], which was originally derived from the saturated (wetted) flow of water 

through soil to supply the town of Dijon. However, resin infusion has several 

characteristics which complicate its modelling, notably: a cavity thickness that 

can vary over time due to the compressibility of the reinforcement, the use of a 

flexible mould membrane, and resin flow rates that will differ for dry and wetted 

fabrics. This chapter discusses flow processes in the context of manufacturing 

large cored composite structures by resin infusion, including the formation and 

transport of voids, and their potential to affect mechanical properties. The 

principal defects found in the manufacture of Vestas wind turbine blades will be 

discussed, and the primary defect will be highlighted. 

 

4.1. Background to flow in porous media. 

Dullien [107] defines porous media as a material with a three dimensional 

network of channels of non-uniform size and shape, which is referred to as the 

effective pore space. Unlike voids, these ‘pores’ are required to be connected to 

permit fluid flow, with a defined size which is governed by the hydraulic radius 

as defined in equation 4.1 for a capillary with uniform cross section. 
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(4.1) 

 

In fibre-reinforced laminates there is often a dual scale porosity, with capillary 

channels within the bundles/tows, and relatively large pore-space between the 

bundles, as seen in Figure 4.1. 

 

By definition, the pore space (!) is the volume not occupied by fibre, where Vf is 

the fibre volume fraction before impregnation of the resin matrix (1-!).  

 

Darcy proposed a one-dimensional (1D) proportional relationship between 

mass discharge rate of a fluid (water) through a porous medium (soil) for a 

given pressure drop and flow distance. The model assumed constant viscosity 

in the fluid, an averaged porosity of the medium through which the fluid flowed, 

and that the porous medium was fully saturated (Equation 4.2).  

 

The Darcy model [106] is often used to model liquid composite moulding 

processes, with the following assumptions. 

Micro scale porosity in the intra tow region. 

Cross section of macro scale porosity in the 
inter tow regions. 

Figure 4.1. Areas of porosity represented by grey between individual fibres on the 
micro scale, and between tows/bundles on the macro scale. 

!

Tow Fibre 
!
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• The flow front during mould fill is wetting with interface, as seen in Figure 

4.2 [115]. 

• Resin viscosity must be included in the Darcy calculation. 

• Darcy’s law is reported as valid for low Reynolds numbers. Michaud and 

Mortensen report <1 [108], and Shojai et al report that there is a great 

discrepancy in published literature stating 0.1 to 75 [109]. 

• Dual scale porosity may create a pipe-and-sink system where flow rates 

within and between tows may vary significantly, as shown in Figure 4.3. 

In this case the definition of permeability (flow resistance) may require 

numerical modelling [110]. 

• Permeability may vary depending on the interfacial chemistry/physics of 

the system, hence dependent on liquid viscosity [115]. 

• The porous medium may be anisotropic (usually orthotropic for textiles) 

and hence the permeability (k) will vary with direction [52]. 

Saturated flow 

Wetting flow (unsaturated) 

Dry fabric 

Figure 4. 2. Illustration of saturated and unsaturated regions created by fluid 
flow. 

Intra Tow region 
(Sink) 

Tow 

Inter Tow region (Pipe) Fluid  

Figure 4.3. Schematic showing differing rates of fluid flow in a region of dual scale 
porosity, with macro flow advancing ahead of micro flow. 

Tow 
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When describing flow through a material, two parameters are used. These are 

porosity, which is the void space within the material, and permeability (k), which 

is the ‘hydraulic conductivity’ of a Newtonian fluid through the material in one 

dimension. 

 

The simplest form of Darcy’s law gives the volume flow rate (Q) as: 

! = −!"∆!!  
(4.2) 

 

Where K = hydraulic conductivity of a Newtonian fluid through a material 

(permeability); A = cross sectional area of the sample; !P = pressure differential 

between inlet and outlet; L = column length 

 

In 1930 Nutting [111] stated that it would be more useful to separate the 

influence of the porous medium from the fluid. This resulted in: 

 

! = !
! 

(4.3) 

 

Giving 

! = − !"∆!!"  
(4.4) 

 

where ! is the fluid dynamic viscosity, and k is the ‘specific permeability’, in that 

it indicates the contribution of the porous media to flow but is independent of the 

fluid properties and flow mechanism [107]. The unit of (specific) permeability is 

length squared and referred to in CGS units as the ‘darcy’. A material has a 

permeability of 1 darcy when a pressure difference of 1 atm, produces a flow 
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rate of 1cm3/s with a fluid viscosity of 1 centipoise (cP), through a cube of 1cm 

edge length. This gives: 

1!!"#$% = !
1 !"!

! ∙ 1 !"

1 !"! ∙ 1 !"#
!"

≈ 9.87×10!!"!!! 

≈ 10!!"!!! 

(4.5) 

In 3 dimensional flow both the volumetric flow and pressure gradient are written 

as vectors 

[!] = − [!]! ∇! (4.6) 

Where !P" is the pressure gradient, and [k] is the permeability tensor. For 

orthotropic materials"

! =
!! 0 0
0 !! 0
0 0 !!

 (4.7) 

 

4.1.1. 1D Rectilinear flow. 

For a rectilinear flow front (Figure 4.4) moving beyond the inlet (Figure 4.2), the 

microscopic fluid velocity (v) in one dimension is: 

! = !
! = − !!

Δ!
!  (4.8) 

 

where Δ! is the pressure difference between inlet and outlet. 

 

The observed macroscopic velocity (u) (essentially, the progression of the flow 

front) is: 

! = !
! (4.9) 

 
  

where: φ =1-Vf is fabric porosity, L is the length of the filled region, so that 
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! = !"
!" = − !Δ!!"# (4.10) 

  

By integrating Equation 4.10, Equations 4.11 and 4.12 are obtained, which can 

be used to calculate distance flowed at time t in 1D isotropic fabrics. 

 

!! = − 2!Δ!!" ! (4.11) 

or 

! = − !"
2!Δ! !

! (4.12) 

  
where k is the permeability constant, L is the filled length, and !" is the fluid 

dynamic viscosity. However k needs to be obtained empirically. A simple 1D 

experiment is shown in Figure 4.4 [112]. In orthotropic fabrics, k will be 

dependent on the reference direction/axis. 

 
 

Re-arranging Equation 4.11 (Equation 4.13) allows the permeability value (k) to 

be obtained. Race tracking along the mould wall/fabric interface may occur due 

to the higher permeability in this edge region. The experimental method shown 

in Figure 4.4 used by Rodriguez [112] is particularly suitable for random fibre 

Figure 4.4. Diagram of single injection point 1D permeability experiment (112)!
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type materials due to their in-plane isotropic nature, which removes the need for 

careful alignment within the mould cavity.  

 

! = −!"!
!

2Δ! ! (4.13) 

where L=L(t), ∆P = a constant pressure difference between the inlet and flow 

front. 

 

Equations 4.11 and 4.12 deal with 1D linear flow, but cannot account for the 

complex flow seen in sandwich structures. If the material being characterised is 

anisotropic then analysis using radial flow is likely to be more useful as this will 

reveal the different flow rates in the warp and weft directions. The mathematics 

are more complex than for linear 1D flow. A benefit of using radial flow is that 

there are no sidewalls to cause race tracking and provide a source of error in 

the calculated permeability. It is also possible to measure more than one 

dimension of permeability from a single experiment. Utilising a central injection 

point, a circular or elliptical flow front will occur, with the ellipse shape being 

governed by the degree of anisotropy of the fabric [113]. 

 

Random fibre mats such as Unifilo are generally regarded as being isotropic in-

plane, but Parnas et al [114] reported ‘slight’ anisotropy with flow in with Unifilo 

U-570, which Rudd et al [115] suggested may be due to storage and handling 

issues. The author has experienced this in manufacture with random fibre type 

materials, but the difference is usually small and likely to change with batch 

variation. The accurate prediction of flow for anisotropic layups requires the 

vectors of both flow rate and pressure gradient to obtain a permeability vector. 
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4.1.2. Bi-axial flow. 

Radial (2D) flow permeability calculation is more complex than 1D linear flow. 

The same approach can be used for either isotropic or anisotropic materials. 

Radial flow allows the determination of in-plane vector permeabilities for flow 

through anisotropic laminates from a single experiment as seen in Figure 4.5. 

 

The radial form of Darcy’s equation allows for a cross sectional change in the 

flow front to be considered (isotropic radial flow outwards): 

 

!! = −!"! !!"!" = −!! 2!"ℎ!
!"
!"  

(4.14) 

 

By substitution and integration, Equation 4.15 can be derived which calculates 

time to fill radius rf of a centrally injected mould with inlet radius ro. 

 

! = !"
2!Δ! !!!!"#

!!
!!
− !!

!

2 +
!!!
2  

(4.15) 

 

Equation 4.14 is valid until the flow front reaches the mould walls, at which point 

the flow will tend to become rectilinear as seen in Figure 4.4. 

Figure 4.5. Central injection radial flow front progression, (a) isotropic (b) orthotropic 
orthotropic reinforcements. 
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The same equation can be used to calculate fill time of a mould where the inlet 

is around the outer periphery, with the outlet point in the centre (radial flow 

inwards). By substituting R (representing the initial radius of the flow front) for ro,  

Equation 4.16 is obtained. 

 

! = !"
2!Δ! !!!!"#

!!
! −

!!!
2 +

!!
2  

(4.16) 

 

Figure 4.6 shows a comparison of fill times between the three injection 

strategies normalised for time, indicating that radial flow towards a central outlet 

will exhibit the shortest fill time. 

  

4.1.3. Saturated v unsaturated flow. 

Darcy’s original work considered wetted (fully saturated) flow, but the equations 

are now often used for wetting (unsaturated) flow as in most LCM processes. 

Summerscales [117] has reviewed the ‘controversy’ regarding the dependence 

of reported permeability on the fluid used and issues such as surface chemistry 

and physics at the resin/fibre interface. His conclusion was that there is now a 

“growing body of evidence” that measured permeability of unsaturated flow may 
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Figure 4.6. Time to fill for three different injection strategies, linear, radial 
inwards, and radial outwards, using Darcy’s equation 4.11, 4.14, 4.15 [116]!
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differ from saturated flow, which may be due to contact angles and/or surface 

energies. 

 

Many literature sources report permeability measurements for 1D, 2D, 

rectilinear and radial flow. These data highlight the variations encountered 

between methods. Lundstrom et al [118] carried out a study that compared 

wetting and saturated parallel flow techniques (1D), and the wetting (2D) radial 

flow method. The conclusion was that the wetting parallel flow technique had 

the best repeatability, and that saturated flow method had the best 

reproducibility across the three laboratories used for the experiments. The 

suggestion was that the saturated parallel flow method should be evaluated 

further, although all three methods were considered stable. It was also 

considered that the potential errors that arise are more easily understood with 

1D linear flow when compared to 2D radial flow. 

 

4.1.4. Dependence of flow on reinforcement structure. 

The use of low permeability fabrics at high Vf increases the chances of poor wet 

out and dry spots. High permeability and low Vf increase the chances of 

complete impregnation. 

 

As previously mentioned, fluid flow prediction using Darcy’s equation is good for 

simple monolithic laminates although only valid for slow viscous flow (low 

Reynolds numbers, Re<1) [108], but with cored structures the flow is complex. 

For simple calculations a generalised K value must be obtained, as the flow 

pattern produced will exhibit a combination of linear and radial flow, both 

saturated and wetting. Resin flow may also occur in channels created where 
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core materials do not mate perfectly, and computational fluid dynamics or 

similar numerical algorithms may be required for more complex situations. 

 

Griffin et al [119] investigated the micro structural effects on resin flow. Four 

plies of three fabric types were used, a standard isotropic 2 x 2 twill and two 

anisotropic derivatives with flow enhancing tows (FET), which consisted of a 

thermoplastic filament wound spirally around a proportion of the tows. The 

experiments were designed to encourage two-dimensional flow. There was a 

circular flow front with the 2 x 2 twill, and elliptical flow fronts with the two 

anisotropic fabrics, with either 12.5% or 50% FET all aligned in the [0]4 direction. 

The experiments were conducted using two separate resins with differing 

viscosities. Darcy’s equation implies that flow rate will be inversely proportional 

to viscosity. This allowed normalised results to be calculated from the measured 

velocity and the known resin viscosities. The normalised results in Table 4.1 

show the flow rate in relation to the pore space. Micrographical analysis showed 

the standard twill actually had more spaces, but a smaller overall area of pore 

space (which becomes the resin rich volume). Fibre arrangement analysis 

showed that the tow fibre volume fraction in the normal tows was around 40%, 

whereas in the flow enhancing tows the volume fraction rose to 57%. 

% of Flow Enhancing Tows 0 12.5 50 
Normalised flow rate (cP mm/s) 796 5200 7982 
Total area of pore space (mm2) 5.47 8.54 11.21 

Table 4.1. Pore space to flow rate relationship. 

The volume fraction differences were attributed to the cross sectional area of 

the flow enhancing tows remaining circular in the mould, resisting mould closure 

forces and keeping the fabric layers apart causing large pores in these areas. 

The standard tows being unbound were dispersed, leading to lower volume 

fractions in the tow. The conclusion was that the 12.5% FET fabric had medium 



! !! 74!

sized pores, whilst providing a significant increase in flow over the twill weave. 

Flow can be increased significantly over a standard twill fabric, whilst retaining 

the mechanical behaviour of a laminate due to the lower quantity of resin rich 

volumes.  

 

Pearce et al [120] conducted experiments similar to Griffin et al [119] using 

broadly similar fabrics, and confirmed that RTM flow-enhancing fabrics did 

decrease mould fill time by increasing the effective permeability. However a 

greater range of fabric styles was used, with two intermediate fabrics containing 

16.7% and 25% FET. The results showed that although permeability increased 

due to the spiral tows, the compression and inter laminar shear strengths 

decreased, with the increasing proportion of FET as shown in Figure 4.7. 

 

Further work to resolve the relationship between properties and processing was 

conducted by Pearce et al [121] in new experiments using different fabrics. The 

new fabrics consisted of a baseline 2 x 2 twill, a five harness satin, and Injectex 

(which is a five-harness satin with every fifth tow being bound to maintain pore 

space during stacking). All fabrics had the same areal weight of 290 g/m2. The 

permeability of each fabric was determined at three fibre volume fractions using 

measurements from flow video analysis, and the radial form of Darcy’s equation. 

The results are shown in Table 4.2 [121]. 

Figure 4.7. Graphs showing the reduction in ILSS and compression strength with the increase in 
percentage of flow enhancing tows. [119] 
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Twill has the highest permeability, followed by Injectex, then Satin. For ILSS the 

order was reversed with Satin having the highest ILSS, followed by Injectex, 

then Twill. 

Figure 4.8 shows micrographs of the three laminate samples, clearly indicating 

the differing void size and distribution between the three fabrics investigated. 

 

ILSS test specimens were prepared and mechanically tested and analysed for 

pore space and average pore size measured. The data are shown in Table 4.3. 

Table 4.3. Comparison of Twill, Satin, Injectex for ILSS, Pores spaces, and pore size. Average 
of 10 samples [121]. 

 

The results presented in Table 4.3 and the micrograph evidence in Figure 4.8 

indicated that when all three parameters were considered, the high ILSS and 

low permeability of the satin fabric was accounted for by the number of pore 

spaces being high (2498 for the area analysed), but their average size was 

small (0.027mm2). In the Injectex and twill the opposite was true, with a reduced 

number of larger pore spaces. This is believed to have led to the reported 

decreased ILSS values. 

 Lower bound (x 10-12m2) Upper bound (x 10-12m2) 
Twill 34 53.7 
Injectex 18.9 36.1 
Satin 8.1 17.9 

Table 4.2. Measured permeabilities for quasi-isotropic lay-ups [121]. 

 ILSS  (MPa) Pore spaces Pore size (mm2) 
Satin 59 2498 0.027 
Injectex 54 2061 0.056 
Twill 46 1445 0.053 

Satin! Injectex! Twill!
Figure 4.8. Micrographs showing comparative void distribution and size for the three 

fabrics used. [121] 
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Fabrics used in composites often have to be tailored to meet a specific 

requirement, which may be based on drape, tensile modulus/strength, or 

through-plane performance, etc. This means that other factors have to be taken 

into account when considering how a fabric will behave when resin is 

introduced into the laminate stack. Factors such as the flow within the fabric at 

both the micro-, and macro-level are very important. 

 

An important influence on resin flow into the laminate stack is how the resin 

interacts with the fabric during injection. Factors such as fibre packing and tow 

deformation will result in a stack having varying degrees of tortuosity. If a single 

global porosity could be assumed it would be possible to use Darcy’s equation 

to predict flow patterns and fill times for isotropic systems. However due to the 

above variation, local changes in pressure gradient lead to major differences in 

the micro and macro-flow behaviour. In resin infusion the flow of resin in the 

laminate is primarily driven by the pressure differential (typically limited to <1 

bar) in the inter-tow regions, but capillary pressure plays a significant role in the 

tows themselves. Capillary pressure in the inter-tow regions can be assumed to 

be negligible relative to the gross movement of the principal flow front due to 

the large pore size. However the differing flow regimes may cause voids to form 

(a) in the tows if macro flow is faster (Figure 4.3), or (b) in the macro pore area 

(inter tow region) where micro flow in the tows is dominant. 

 

4.2. Flow in complex cored laminates. 

Flow in cored laminates consisting of fabric, and possibly multiple core types is 

very complex, and can be difficult to predict. The author has found that after 

years of experience of setting up such laminates, a degree of knowledge is built 
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up on how certain materials will interact with each other under certain 

processing conditions. Using the approach discussed in section 2.6, it is 

possible to quantify the resin/core interactions by conducting a series of 

experiments under varying processing parameters.  

 

Figure 4.9 shows a ‘top down’ infusion approach where resin transport mesh is 

placed on the top surface of a monolithic laminate stack. When flow 

commences the resin will flow through the laminate as seen in the cross section 

A-A. 

 
The lag between the top and bottom flow fronts will depend on both through-

plane and in-plane permeabilities. The optimum layup of the infusion mesh can 

be established with a simple experiment to determine how much of the laminate 

surface the mesh is required to cover. An ideal scenario is the flow front finishes 

at the same time on the top and bottom of the laminate, thus preventing ‘lock-off’ 

on the bottom layers of fabric. ‘Lock-off’ can be defined as an area of fabric that 

remains dry due to removal of the pressure gradient where flow fronts converge, 

Figure 4.9.Resin flow through a fabric stack with a top down infusion using a surface 
flow medium. 

!
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thus preventing further resin flow into this region. The author’s rule of thumb is 

to cut the infusion mesh back from the fabric edge by the thickness of the 

laminate stack. This will of course vary with the fabric being used, but this 

generalisation has been found to be successful for a large range of common 

fabrics. Top down infusion is one of many solutions, and others that may be 

employed, such as, i) bottom up, where the flow mesh is placed between the 

mould and the laminate stack, ii) a combination where infusion occurs on both 

top and bottom surfaces of the laminate simultaneously, iii) infusion from the 

centre of the laminate, where the flow mesh will remain as an integral part of the 

finished product (Soric [81]), and iv) flow channels incorporated into the 

laminate to provide resin feed. Method (iv) was  developed for large scale blade 

infusion by ACMC in conjunction with Vestas Technologies. Figure 4.10 shows 

how method (iv) is used by creating resin flow channels from pre-prepared 

routed planks. These are placed in the core stack in predetermined positions 

established from experimental trials.  

 

 

 

 

 

 



! !! 79!

 

With a complex cored structure, the infusion strategy may need to be very 

different from a monolithic laminate, and a greater degree of care is required in 

planning. To transport the resin onto the mould side skin, flow channels must be 

provided, and this is achieved either by drilling holes, or utilising suitably 

prepared cores as seen in Chapter 3. Although this thesis primarily deals with 

end grain balsa as a core material, the same issues exist for all resin infusion 

prepared core materials currently available. Figure 4.11 shows one of the main 

issues encountered with unsealed balsa or a prepared core with flow holes. The 

sap channels within balsa magnify the issue, as they permit free flow of resin, 

which can be both an advantage and a disadvantage. Flow through sap 

channels helps distribute the resin to the opposite face of the core, but this 

creates extra uncontrolled/random flow as can be seen in the cross section 

contained within Figure 4.11, and Figure 4.12.! 

 

 

 

3000 x 39 x 39 mm 
birch planks running 
longitudinally in the 
turbine blade. 
 
 
 
Routed channel in one 
plank face for resin 
feed. 
 
Plain un-routed plank 
creating closed 
channel. 

Resin feed holes spaced at 
0.5m along plank, and 
connected to flow channel 

Figure 4.10. Cross section of channel flow approach used for initial resin infusion 
production by Vestas Technologies. 

39mm 

39mm 
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Figure 4.12 is a frame grab from video of an infusion of two AL600 balsa panels, 

unsealed AL600 (left), and sealed (right). 

 

 

200mm 

Figure 4.12. Comparison of knit line formation between sealed and unsealed 
balsa during resin infusion.!

Figure 4.11. Flow of resin through a drilled unsealed end grain balsa cored 
laminate.!
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The right hand sealed panel has large areas of potential knit line formation, 

whereas on the left panel these are not seen, but a large amount of resin flow 

can be observed between the drilled holes. This creates increased areas of flow 

front convergence but on a smaller scale when compared to the drilled holes in 

a sealed core. In the following chapter it will be seen that this may be an 

advantage that can be utilised. Despite sealing, some sap channels continue to 

allow resin flow, as the sealing is quite patchy (Figure 4.13). 

 

4.3. Void Formation and transport and implication for mechanical 
performance. 

 
Judd and Wright [122] concluded that, regardless of resin type, fibre type and 

other factors, interlaminar shear strength is reduced by about 7% for every 1% 

of voidage, up to about 4% where the rate of reduction in inter-laminar shear 

strength reduces. They also stated that it can be very difficult to determine void 

content, particularly at percentages below 1%. For epoxy resins, Wood and 

Bader [123] found the equilibrium concentration of nitrogen at atmospheric 

Figure 4.13. Sealed AL600 balsa  showing poor coverage of the sealant on the top surface. 
end grain balsa. 
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pressure to be approximately 1.7% by volume. With a vacuum pressure of 20 

mbar, the gas would expand 50 times if brought out of solution, leading to a 

significant increase in the potential for void formation. 

 

In resin infusion, voids are likely to be encountered at all stages of the process 

due to (a) gas stirred into the resin during mixing, (b) resin volatility, (c) flow on 

the macro- and micro-scale and (d) voids caused during the cure cycle. 

 

The first stage in the process of void reduction should be to reduce gas/vapour 

present in the mixed resin. This can be achieved by degassing under vacuum 

before infusion. This is very dependent on the air/vapour saturation level of the 

resin in question, as it is likely that all that will be achieved is removal of air 

bubbles introduced during mixing. If no bubble nucleation sites are present, gas 

in solution will remain so until injection under vacuum. Afendi et al [124] stated 

that nucleation sites provided by fibre tows will encourage dissolved species to 

come out of solution and form voids. 

 

A degassed resin has two advantages, a greatly reduced risk of outgassing 

during infusion and an increased capacity to dissolve bubbles formed during 

flow. Labordus and Soerderlund [125] conducted four experiments to 

investigate the effect of degassing, as observations had shown that some 

reinforcement materials exhibit a greater tendency towards bubble nucleation, 

resulting in laminates with high void content. The experiments consisted of, i) 

No degassing, ii) Vacuum chamber degassing, iii) Scotch Brite to act as a 

nucleation point, and iv) Sparging.  
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Scotch Brite provides nucleation points when introduced to resin under vacuum, 

and because bubble nuclei are trapped in cavities, the difference in gas 

concentration between the trapped air and the dissolved gas causes diffusion 

from the resin into the bubble nuclei, which then grows to form a bubble. This 

bubble then rises due to two mechanisms, i) pressure decreases in the bubble 

as it rises and therefore grows according to the Gas Law and ii) as the bubble 

moves, gas molecules diffuse into it from the saturated resin. This process will 

continue as long as the microscopic nucleation sites are present and the resin 

is saturated. 

 

Sparging consists of feeding very small bubbles into the bottom of the resin 

container. The mechanism is gas diffusion from the saturated resin into the 

rising bubbles, due to differing gas concentrations. This process will continue 

until the resin is no longer saturated with air. 

 

The results showed that with no degassing and the traditional vacuum chamber 

approach, laminate void content was high. Scotch Brite and sparging gave 

laminates with an apparent zero void content. The conclusion was that for 

quantities up to 5 litres, Scotch Brite provided an effective means of degassing, 

with sparging being more effective above this quantity. 

 

The work conducted by Afendi et al [124] consisted of experiments using the 

Scotch Brite nucleation method and sparging. The viscosity of the resin has a 

significant effect on the time required to degas/de-bubble, hence micro bubbles 

in suspension would take a significant time to rise to the surface under natural 
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buoyancy: four hours in the case of one resin. This can be represented 

theoretically using Equation 4.17. 

 
(4.17) 

Where: 

U = Terminal velocity of rising bubble, µ = dynamic viscosity, ρ = resin density, g 

= 9.81m/s2, r = bubble radius. 

 

Using the values of ρ = 1102.8 kg/m3 and µ = 200 mPa s, on a bubble of 10 µm 

diameter, the time for an isolated bubble to rise 50 mm was calculated at ~ 11 

hours. However bubbles tended to coalesce giving a time closer to 4 hours, as 

the increased bubble size caused more rapid ascent due to greater buoyancy. 

 

Methods were tried to eliminate these micro bubbles. Thin resin film under 

vacuum was tried with the hope that a bubble’s proximity to the fluid-vacuum 

interface would cause the bubbles to rupture. The work by Afendi et al [124] 

suggested bubble rupture is mainly dependent on viscosity and surface tension, 

causing bubbles to be carried along in the viscous resin stream rather than 

reaching the resin/vacuum interface and rupturing. Another method tried was to 

use a spinning disc to break the bubbles; this however had a side effect where 

if a bubble did break where the disc impinged on the container wall then even 

smaller bubbles were formed, giving an air content of 55-65% compared to 50-

60% with degassing alone. A filter consisting of a finely woven fibre was used 

(pore size 50-100 µm) after the resin had been degassed using Scotch Brite, 

leading to clear resin with no micro bubbles.  
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About 40-50% of the dissolved gas could be removed using the mentioned 

methods. Micro bubbles of around 500!m in diameter were left and proved very 

difficult to eliminate. Immediate infusion after the degassing process, where 

micro bubbles may be present, may lead to inconsistency of void content, and 

could possibly lead to an increase in final void levels. It was concluded that 

micro bubbles could be eliminated using the micro fibre, due to the capillary 

effect of the porous medium. 

 

Although desirable to have zero bubble content, this is unlikely to be achievable 

in practice. When human and processing factors are taken into account, it is 

almost inevitable that production requirements will lead to short cuts being 

taken in a commercial environment. Other factors that affect void production 

can be eliminated in a laboratory situation, but on production moulds, with 

commercial vacuum pumps it is unrealistic to expect the same level of control 

as that available to researchers. This means that any infusion strategy may be 

less than ideal, with compromises having to be made due to production 

schedules and cost considerations. 

 

Kuentzer et al [126] have shown, using both simulation and experimentation, 

that processing parameters can have a significant effect, on both void content 

and void distribution. Four experiments were conducted covering four different 

infusion strategies:  

i) Experiment 1 was a standard infusion used as a baseline, with inlet 

and vent pipes being of equal diameter, and the resin pipe clamped 

when the resin front reached the vent.  
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ii) Experiment 2 allowed resin to bleed out of the vent by keeping the 

inlet open for twice as long as flow took to wet out the laminate stack.  

iii) Experiment 3 had a vent pipe one third of the diameter of the inlet to 

slow resin flow rate at the end of the infusion, with the inlet being 

closed as resin reached the vent.  

iv) Experiment 4 consisted of a restricted vent as in Experiment 3, with 

resin being allowed to flow for twice the fill time as in Experiment 2.  

 
Each panel was investigated at distances of ≈ 76 and 230mm from the inlet 

using optical microscopy to determine void fraction. Results showed that the 

baseline experiment had a higher percentage of voids (6.2%) near the vent, 

with 0.8% being recorded at the inlet and a trend for the voids to be near the 

mould side of the laminate stack. This was considered to be due to the higher 

pressure near the inlet. With the second experiment, where resin bleed was 

allowed, the overall trend was similar with an increase in voids near the mould 

side, but with significantly different results from the two test points, showing a 

more even distribution of voids along the panel. When restriction is added to the 

vent and no bleed allowed as in experiment 3, a more even distribution of voids 

from top of stack to mould side is seen, but there is still a marked difference 

between inlet and outlet with approximately 1% and 3% voids respectively. In 

experiment 4, with resin bleed allowed and restriction of the vent, a very even 

distribution both through stack and in plane is seen, with a void content of 

around 0.7% evenly distributed throughout the panel. 

 

4.4. Defects in fibre reinforced laminates. 

The following section will deal with the defects specifically seen in production of 

a commercial 40m long infused wind turbine blade, some have been covered 
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briefly in Chapter 2. The defects are not unique to this product, but can occur in 

all laminates with porous core materials, and in some cases monolithic 

laminates. 

 

The following defect descriptions are based on observations from site visits to 

Vestas Technologies, and research conducted on behalf of the company by the 

author. The descriptions are primarily focused on defects seen during these 

visits. The observations are equally valid for any large monolithic or cored 

structure. 

 

Table 4.4 on the following page is a summary of observed production defects 

with a brief description and the possible effects on the blade, both cosmetically 

and structurally. Each defect is then dealt with in greater detail in following 

sections. 
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Defect Section Description Possible effect 
Bridging 2.5.1 Fabric trapped 

between two high 
points, and therefore 
unable to conform to a 
core geometry change. 

Resin rich areas, or large 
voids. 
Rework required. 

Depressions 
 
Print 
through 
 
Pinholes 

4.4.1 
 
4.4.2 
 
 
4.4.4 

Surface defects. Areas 
where gelcoat has 
reticulated leaving 
small air pockets 
(pinholes), gelcoat 
shrinkage into cavities 
in the laminate stack 
(depressions), visible 
fabric pattern where 
the gelcoat is too thin 
and has shrunk into 
surface, or a gap in 
surface veil (print 
through). 

Primarily a cosmetic 
problem, as all blades are 
painted, which acts as a 
protective coat in service. 

Fabric 
wrinkling 

4.4.3 Fabric rucked up into 
bag pleats. 

Little effect, and can 
generally be ignored, except 
in severe cases where re-
work may be required. 

Dry patches 4.4.5 Areas of dry fabric with 
zero wet out 

Reduction in mechanical 
performance. 
Moisture ingress possible. 
Re-work required. 

Voids 4.4.6 Voids exist either 
individually or grouped 
together to form 
related defects. 

Reduction in mechanical 
performance. 
Possibly moisture ingress. 
Large voids, re-work 
required. 

Aerated 
resin 
(Fizzy) 

4.4.6.1 Areas where macro 
bubbles are visible 
clustered together. 
Usually around inlets, 
or outlets. 

Long term effects unknown, 
may be a path for moisture 
to enter the core material. 

Milky 
laminate 

4.4.6.2 Areas where the 
laminate appears as 
opaque, rather than 
transparent. 

Long term effects unknown. 
Mechanical 
property/moisture ingress 
effects unknown. 

Knit lines 4.4.6.3 Areas of flow front 
convergence where 
residual air has 
become trapped as 
voids. 

Mechanical properties of 
skins reduced, possible 
transport mechanism for 
moisture ingress in severe 
cases 

Table 4.4. Summary of defects seen in large Vestas wind turbine blade production using Resin 
Infusion under Flexible Tooling (RIFT). 



! !! 89!

4.4.1. Surface Depressions. 

Small depressions can appear anywhere on the surface of the blade. The most 

common cause of these depressions is small, localised areas of resin richness 

close to the outer skin. During cure the resin shrinks and if the quantity of resin 

is large enough, the shrinkage will be of an order where it is visible as it pulls 

the gel away from the mould surface. Depressions are dealt with at the same 

time and in the same manner as pinholes (Section 4.4.4). 

 

4.4.2. Print Through. 

Print through echoes “fabric” topology, and is usually coincident with material 

distribution in a laminate. It can exist on multiple scales, with fabric print through 

being difficult to see, but gaps between fabric or core can be quite obvious due 

to the extensive resin shrinkage. 

 

Most print through on the blades observed is quite shallow (not measured). The 

surface sanding the blades receive before painting will reduce the defect to a 

level where it is of no concern, as cosmetics are not the main priority. 

 

4.4.3. Fabric Wrinkling. 

Fabric wrinkling as seen figure 4.14 can occur almost anywhere in a laminate, 

either on the top or bottom surface layers, or in the intermediate layers within a 

fabric stack. It is less likely to occur with heavyweight woven/multiaxial fabrics, 

but can be very difficult to stop with lightweight weaves/multiaxials. In the 

turbine blades inspected by the author the defect was most often observed in 

the trailing and leading edges, where the fabric stack is two layers of medium 

weight biaxial glass. 
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Wrinkling can occur under the wood stack, but this will not be visible unless 

severe enough to become resin rich, causing print through due to shrinkage. 

The most likely cause is poor attention to detail during layup, or possibly the 

outer skin being pulled about as the wood planks are placed in the mould. In 

some cases the wrinkle can be lightly flattened off, if they are not classified as a 

structural problem and will not cause problems at join up. In more severe cases 

the material will be ground away and a small hand laminated repair patch will 

be applied. In some cases, although not strictly a wrinkle, fabric may be pulled 

down into gaps, where planks have not fitted as tightly as they should. Small 

wrinkles may also occur at the root end where geometry can prevent some of 

the heavier glass conforming properly. 

 

 

 

Fabric ridge (wrinkling) 

Figure 4.14. Fabric wrinkling in a carbon skin where the fabric has been drawn into a crease 
in the vacuum bag during resin infusion. 

5mm 
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4.4.4. Pinholes. 

Pinholes in the gel-coat occur when very small localised areas of gel-coat 

reticulates away from the surface, or small bubbles form from over-agitation 

during application. In most cases these areas are large enough to be seen and 

can be rectified as the gel-coat is being applied. In some cases the area is 

small and easily missed, or a bubble may have formed against the mould 

surface, both of which will cause a pinhole that will be evident after the blade is 

removed from the mould. Holes are filled if small, or ground out and filled if 

larger than a specified size (commercial in confidence). The process of filling 

and sanding continues until all surface defects are eliminated, the final stage 

being a protective coat of paint. 

 

4.4.5. Dry Patches. 

Dry patches in the turbine blades studied generally occurred in up-stand areas 

seen in Figure 4.15 (flanges created for joining of blade halves). Dry patches 

were significantly reduced by using the top down infusion approach seen in 

Balsa!

Upstands!

Birch!

Shear!Web!

Birch!

Glass!

Gelcoat!

Figure 4.15. Simplified cross section of wind turbine blade 
layup.!
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Figure 4.9, when compared to the channel feed approach seen in Figure 4.10 

(Section 4.2). Other areas where they may occur are at the inner surface layer, 

large concentrations of core materials, or at the core gel-coat interface on the 

outer skin. 

 

Dry patches are areas (typically >10mm) of fabric/core that have not been wet 

out by resin. Inner skin dry patches are easy to locate, as fabric that has not 

wetted out will be visible. Dry patches in the core cannot be identified easily and 

would require appropriate NDT methods to locate. Areas of dry fabric in the 

outer glass skin can usually be seen as bulges in the gel-coat, as when the 

blade is “broken out” (removed from the mould) the consolidation pressure is 

released and the fabric relaxes, and the gel-coat is insufficiently stiff to 

constrain the fabric. Visible dry patches can be rectified by: i) Grinding out the 

defect and applying a fabric patch to the same specification as the skin, ii) Hand 

lamination of the dry fabric, with vacuum consolidation if a sufficient vacuum 

level can be attained, or iii) Repair using resin infusion, but as with vacuum 

consolidation of hand lamination a sufficient vacuum will need to be established. 

This is more difficult with a porous/air permeable core, as voids tend to form as 

air mixes with the resin during infusion. 

 

A dry patch can usually be attributed to insufficient resin being supplied to 

localised areas, either due to poor infusion strategy, or flow channel lock-offs 

due to flow front convergence. Dry spot formation, observed during commercial 

contract work conducted by the author for Vestas Technologies, is a problem 

that can be reduced or eliminated by careful placing of inlet and outlet paths. 

However where a core with flow channels is used it may not be possible to 

completely control the flow front, leading to areas of dry fabric. Han and Lee 
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[127] investigated this defect in relation to RTM, but the observations are valid 

for resin infusion as both methods have a pressure differential associated with 

the process. Han and Lee found [127] that dry spot size can be reduced by 

three mechanisms: i). Compression due to hydrostatic pressure in the saturated 

region. ii). Bleeding trapped air into the saturated region if a pressure gradient is 

present in the surrounding saturated area, and iii). Gradual reduction because 

of wicking flow, principally due to capillary pressure differences between 

saturated and dry fibre regions. Experiments were conducted using a simple 

RTM transparent mould, with oil fed from a pot pressurised with nitrogen. 

 

Han and Lee’s [127] experiment (i) used random fibre mat and had the outlet 

closed during injection. As the pressure in the dry spot increases due to 

compression, the area of un-wetted fabric reduces. When equilibrium with the 

surrounding saturated area is reached, this reduction in size will stop. As 

expected a higher inlet pressure produced a smaller dry spot. In Han and Lee’s 

second experiment (ii) the same fibre was used, but the outlet remained open, 

creating a pressure gradient in the saturated region. Initially the dry spot 

behaved as in the first scenario, but as the pressure reached equilibrium the 

trapped air escaped in the form of small bubbles, reducing the pressure of the 

dry spot. This allowed the high pressure (inlet) side of the dry spot to fill. The 

dry spot did not move, but simply changed shape due to the pressure 

differential. 

 

Han and Lee’s [127] third experiment (iii) was conducted with two types of fibre, 

the random mat used in Experiments 1 and 2 plus a bidirectional fabric. This 

experiment was conducted to demonstrate the effect of wicking due to capillary 
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pressure and the effect of fibre type on this pressure. The capillary pressure 

was measured using a centrifuge, as this had proven to have advantages over 

other methods [128]. It was found that with the random mat the capillary 

pressure becomes small at fabric saturation levels of around 20-30%, whereas 

in the bidirectional mats pressure remained high until a saturation point of >60%. 

It was observed that with the random mat even after 8 hours of mould filling the 

dry spot remained largely unchanged due to the low capillary pressures, 

whereas the bidirectional mats the dry spot gradually disappeared. However it 

was stated that the fabric may never become completely wetted due to the very 

small capillary pressure present at >60% saturation. 

 

Han and Lee [127] demonstrated that capillary pressure plays an important role 

in dry spot filling and the effect cannot be ignored. Fabric choice is a critical part 

of developing a strategy that will reduce the chance of dry spots. Once a state 

of lock-off has been reached and macro-flow in the intra-tow region has ceased, 

flow will continue in individual tows leading to a reduction in the size of the 

defect over time. This is governed by capillary pressure; and the following 

calculations show that this driving force can be significant when high vacuum 

levels are achieved.  

 

Assuming perfect packing of 18µm diameter fibres as seen in Figure 4.16, the 

capillary tube will have a cross sectional are of 92µm2, with an apparent “radius” 

of 5.5µm. Tows are generally well packed and aligned, so the intra-fibre 

channel can be approximated as a pipe 
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Using Equation 4.18: [129] 

!! =
2!
!!

 
(4.18) 

Where Pc! is the capillary pressure, ! is the surface tension (N/m), and rc is the 

capillary tube radius. 

 

Using published data for the surface tension of epoxy resin of approximately 

0.035 N/m [130], capillary pressure calculated using these assumptions will be 

around 130mbar. This will provide a sufficient pressure gradient for resin to 

continue flowing into the tow after the infusion has ceased, and the resin inlet 

closed off. 

 

Consequently, resin flow inside the tow is driven by the overall effect of the 

resin pressure, and the capillary pressure at the flow front [131]. 

 

4.4.6. Voids, and related defects. 

From analysis by Vestas Technologies, voids have been observed in all areas 

of production blades, and can be divided into micro (<10!m)" and macro 

(>10!m)" voids. Macro voids are visible to the unaided human eye, and are 

generally found in areas of resin-richness: flow channels between core inserts, 

!!!!!!!!!

Capillary tube 

Figure 4.16. Perfect packing of 18µm glass fibres showing a capillary tube with 
approximately 92µm2 cross sectional area.!
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or areas of fabric bridging. In large areas of resin-richness or bridging they may 

coalesce into much larger bubbles that are no longer spherical, as they are 

constrained by the surrounding materials. They will usually be found near the 

upper laminate surface due to natural buoyancy, although resin viscosity can 

have a significant bearing on this. Bubble size is also controlled by the proximity 

to the resin front. Bubbles that get trapped during resin flow may remain small, 

but similarly sized bubbles that flow freely may well expand significantly as they 

approach the resin front and pressure within the bubble exceeds the 

surrounding resin pressure. This can lead to areas at the edge of laminates that 

have larger bubbles. This can be avoided by allowing a sacrificial area off the 

laminate edge, where the bubbles can expand without affecting the structure, 

and is removed at a later stage. This can be achieved by having a short length 

of peel ply that resin can flow into after filling the laminate stack. The bubbles 

can expand here at the resin front without affecting the laminate itself. 

 

As mentioned previously bubbles are generally spherical unless trapped in 

areas where they coalesce into larger cavities. Areas of high void content may 

take on a more opaque appearance due to the change in effective refractive 

index of the resin due to the presence of voids. 

 

Voids can be the result of any remaining air within the laminate, or volatiles 

being drawn out of the liquid resin due to low pressures. Volatile release is 

generally regarded as a greater problem with styrene based resins, such as 

unsaturated polyesters or vinylesters, but is not restricted to these resin 

systems. ME2, a sponsor specific proprietary epoxy resin system, exhibits a 
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high degree of outgassing at vacuum levels around 20-30 mbar absolute. This 

was observed by the author during production infusions.  

 

4.4.6.1. Aerated (Fizzy) Resin. 

This name was coined by blade manufacturing operatives at the production 

facility, and is not an industry-wide term. 

 

The defect generally occurs around resin flow holes in core materials, or 

inlet/outlet pipe points. Visually it can be seen as an area of opaqueness that 

gradually reduces with distance from the flow hole. On closer inspection 

individual voids are visible in the resin of the flow hole, but it is more difficult to 

see voids away from the affected area as the bubbles are of a much smaller 

diameter (<10!m). The defect does not occur immediately, but occurs after the 

infusion has ceased and the resin inlet has been closed. 

 

Any outgassing of resin in the regions of inlet and outlet, or air released from 

porous core material will become trapped in the regions discussed. This occurs 

as resin flow will have ceased once the resin front reaches the outlet, and the 

inlet has been closed. The pressure gradient that would have promoted bubble 

flow to the resin front has now been removed, locking any voids in place. 

 

4.4.6.2. Milky Laminate (ML). 

This defect is not solely confined to large-scale wind turbine blade production, 

but is more pronounced than has been observed during laboratory experiments. 

Figure 4.17 shows an area of ML near the root section of a 40m WT blade. 
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In production blades there is no consistent location where the defect will occur, 

although it has generally been observed in larger quantities around the root 

section of a blade. 

 

The defect occurs on both upper and lower skins, which was established from 

manufacturing blade sections without a gel-coat, as under normal 

circumstances gel-coat hides the mould surface skin from view. Occurring in 

areas of channel flow, the resin is opaque with the laminate below not being 

visible. Optical and electron microscopy showed that void content is not much 

higher than adjacent material where the resin is not opaque.  

 

Figure 4.18 shows a cross section of a high void content resin sample (localised 

fabric bridging) removed from an area adjacent to a milky laminate affected 

380m
m 

Figure 4.17. Milky laminate (ML) area in the root section of a 
40m production blade. 
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zone. The sample did not exhibit the opaqueness attributed to ML, and the 

glass fabric was still visible from the laminate surface. 

 

Figure 4.19 shows a sample from the adjacent ML area, and similar sized voids 

to the previous sample (Figure 4.18) are present, however significantly smaller 

micro voids are also visible clustered together as indicated in the highlighted 

area. 

10mm 

EBX936 Glass skin 

     Resin layer 

Figure 4.18. Voids ranging from <0.5mm to >3mm in resin rich layer below the 
glass skin.!

1mm  

Figure 4.19. ML sample showing microvoids <1!m in resin removed from a resin rich area of a 
production blade.!
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Figure 4.20 shows the area indicated in Figure 4.19 enlarged to provide a 

clearer image of the micro bubbles. The area is seen through a thin layer of 

resin adjacent to a large void. Any attempt to section the sample where the 

micro voids existed resulted in surface damage destroying any meaningful 

evidence. This implies a level of fragility to the area being investigated. The 

micro voids visible are estimated to range from <1!m," to">100!m. The image 

was obtained using macro photography, as optical microscopy could not 

resolve the voids below the thin layer of resin. This has led to the image being 

less than ideal to accurately measure void size, hence the sizes quoted. 

Milky laminate has not been fully characterized and requires further 

investigation, but falls outside the scope of this project. 

 

  4.4.6.3. Knit Lines. 

Knit lines are regions where fibre tows have not fully wetted out leaving partially 

impregnated fabric. On a cored structure they are more likely to appear where 

the core material is either non-porous/permeable, or of very low 

porosity/permeability. Figure 4.21 shows detail of a knit line where the flow has 

1mm 

Figure 4.20. Micro bubbles visible under image enlargement.!
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progressed towards the centre of the image and converged, compressing any 

residual gases thereby preventing resin from fully filling the region of 

convergence. The core material used was acrylic sheet, which in this context 

has zero permeability to epoxy resins making it ideal to reproduce knit lines 

experimentally. 

  
 

Figure 4.22 shows where resin flow fronts have converged in the centre of 

unsealed end grain balsa blocks due to channel flow in the prepared core 

material. The knit lines can be seen to be less severe than in Figure 4.21. The 

reason for this will be clarified in Chapter 5. 

 

10mm 

Figure 4.21. Knit lines visible in E Glass fabric (EBX936) on acrylic core. Arrows indicate 
general direction of resin flow 

!
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In general, knit lines are easy to see with the naked eye. They appear as areas 

of relative opacity (white lines) that can either be relatively long and fine, or 

larger areas where the laminate has become very opaque. In these areas it 

may also be possible to feel roughness of the laminate surface. In severe cases 

surface defects (voids) can be seen without the aid of magnification. Should the 

area be covered by gelcoat, then detection becomes more difficult. Petrescue et 

al [132] have shown that thermography can detect surface knit lines effectively, 

and the author has seen promise for this method in detecting knit lines below a 

gel-coat layer whilst conducting work for Vestas. Knit lines are a form of void, 

both on the macro- and micro-scale. Micro bubbles tend to be in the intra tow 

region with the much larger macro voids residing in the inter-tow regions. Voids 

are not necessarily spherical [133] as they are extended in the direction of the 

50mm 

Figure 4.22. Flow convergence on cut balsa sheet, showing convergence zones in the block 
centres.!

Resin flow channels between 
individual blocks. 
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resin flow and they are often much larger than the fibres, or even tows as seen 

in Figure 4.23. 

 

The formation of knit lines is attributed to the convergence of two or more resin 

flow fronts, trapping any residual air or diluents being released from the resin. 

Initial pressure in the void will be low compared to the resin front, but as the 

void is compressed its internal pressure will rise and eventually equalise with 

the surrounding resin, removing the pressure gradient required for resin flow.  

 

When a semi-porous core is present in the laminate the pressure built up in 

voids can dissipate into the porous core material, which has a lower pressure if 

sufficient time under vacuum has been allowed. This means that a porous core 

can in fact aid the reduction of knit line severity, although there may be 

implications for other areas of the infusion process. The size of the knit lines is 

governed by fabric architecture, amount of trapped air, and resin outgassing 

0.5mm"

Large inter tow void 

Figure 4.23. Void expansion into intra tow regions.!
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during the infusion. When using resins with a high volatile content such as 

polyesters, the defect has a significantly higher likelihood of appearing. 

 

4.5. Knit line formation as a consequence of flow front convergence. 

With multi-layered and cored laminates, flow channels will inevitably cause resin 

flow fronts to converge during the resin infusion process. The compression 

effect of the mould face skin will cause localised fibre volume fraction variations 

and at higher volume fractions published data [52] shows that there is a 

significant non-linear decrease in the permeability, which can impede resin flow. 

Pearce et al [134] conducted experiments to observe the effect of flow front 

convergence. Three different convergence strategies were assessed. These 

consisted of fronts from (a) mid-side ports on two adjacent edges of a test panel, 

(b) three ports from a single edge and (c) a mid-side port with an adjacent edge 

gallery. The conclusion was that before convergence, flow fronts behave 

independently in a repeatable manner, as shown by results from the BRITE 

EuRAM [135] project permeability experiments for the fabrics used. If the fronts 

converge on a mould edge they will start to act as a single front, but if the fronts 

meet perpendicular to each other there will be increased void formation along 

the knit line and the voids may well remain at the formation point as the driving 

pressure gradient is removed. It was also noted that in the areas of expected 

high void content, the inter laminar shear strength of the laminate was reduced. 

In areas where void content was around 5%, the reduction in ILSS was in the 

order of 20%. 

Pearce [134] suggested that by using sequential inlet ports, flow front 

convergence can be avoided. This is however more likely to be true for a 

monolithic laminate, where flow channels are not created by core material. 
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Barandun and Ermanni [136] investigated the effect of confluence, or 

convergence angle, subtended by two flow fronts on laminate porosity. Flow 

fronts converging at 180° to each other is a worst case scenario and will form 

voids as shown by Pearce et al [134] . However void formation will also occur at 

lower angles of convergence, although at a reduced level. The experiments 

conducted were done using resin transfer moulding with 2 bar injection 

pressure. Multiple experiments were conducted, with angles of confluence 

ranging from 20°, to 160° as seen in Figure 4.24.  

 

Samples were taken from three locations at each convergence point. These 

samples were then analysed by transmitting light through the laminate panels, 

converting the captured images to grey-scale, then processed with Matlab. 

Figure 4.24. Experimental setup used for experiments in confluence 
angle effect on void formation [134]. 
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Results showed that void content was around 2% for a 20° confluence angle, 

rising to 4% for a 160° confluence angle. These results led to a 

recommendation of keeping convergence angle below 60°, particularly with 

layups with more than a single injection point.  

 

Figures 4.25 and 4.26 show knit lines images captured by the author using a 

scanning electron microscope to show the large void content in areas of flow 

front convergence. In these areas of high void content/porosity it is possible to 

see tows below the surface layer. In Figure 4.25 there are tows running at 90 

degrees to the surface layer. Figure 4.26 shows wetted tows around a large 

void formed due to capillary flow within the tows.  

 

 

 

 

 

 

 

Figure 4.25. Area of voidage in a knit line, with evidence of resin flow along tows in contact 
with the mould surface. 

!

Figure 4.26. Evidence of capillary flow in individual tows. 
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4.6. Conclusions. 

This chapter has shown that the fabric architecture can have a significant effect 

on resin flow in a monolithic laminate, and the consequent formation of voids. 

This potential for void-related defect formation is greatly increased due to the 

complex 3D flow in a cored laminate, particularly when using un-sealed end-

grain balsa where the sap channels provide increased through-thickness flow 

channels. Infusion strategy and materials selection are both vital considerations 

in reducing the formation of voids.  

 

The defects discussed in this chapter have been observed on site visits to 

Vestas to be generally easily re-workable, except for knit lines. Due to capillary 

flow in the intra-tow region, knit lines, as seen in Figure 4.6, can be difficult to 

detect, requiring techniques such as thermographic analysis [132]; these are 

virtually impossible to re-work. With the difficulty involved in detection and re-

work, and the potential for reduction in mechanical performance of the skin, knit 

lines are considered to be a major defect requiring investigation into the effect 

materials selection has on their formation.  

 

Chapter 5 will investigate the behaviour and interaction of the principal core 

materials used in production blades, and their subsequent potential to increase 

or reduce the likelihood of knit line formation.  
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Chapter 5. Characterisation of principal materials used in the manufacture 
of Vestas wind turbine blades. 

 

The compatibility and processability of reinforcement fabrics with liquid resins 

has been characterised extensively, with a wide range of data available in the 

public domain [137]. Resin interaction with core materials has been less well 

characterised. The array of core materials and styles available to the 

composites industry, briefly outlined in Chapter 3, requires that this interaction is 

understood. This is particularly important where laminate manufacture will be 

simulated using commercial flow modelling packages, such as Liquid Injection 

Moulding Simulation (LIMS, University of Delaware) [138], or PAM-RTM (ESI) 

[139].  

 

Chapter 4 identified defects that can occur in complex 3D cored laminates due 

to tortuous flow paths, highlighting knit lines as being the most critical for this 

investigation. This chapter deals with aspects of component materials 

characterisation, the effects of core material/liquid resin interaction, and 

highlights potential advantages and disadvantages of using a natural core 

material in the context of void formation/knit line production in Vestas turbine 

blade production. 

 

Any form of composites production that uses liquid resin has the potential for 

void formation. Void related defects have the potential to affect the mechanical 

performance of a laminate, and steps should be taken to reduce their 

occurrence on both the micro and macro scale as discussed in Chapter 4. 
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5.1. Behaviour of liquid resin under vacuum. 

Knit line formation had in the opinion of Vestas blade technicians had become 

more common since production changed from Prime 20 epoxy (Gurit) to ME2 

(Vestas proprietary epoxy resin). The technicians considered this was due to 

the “reactivity” of ME2 under high vacuum levels (<40 mbar absolute) at the 

resin flow front, increasing the likelihood of diluent “outgassing”. 

 

5.1.1. Comparison of ME2 and SP Prime 20 epoxy resins under high 
vacuum. 

 
An experiment was conducted to compare the reactivity of the two Vestas 

provided resins, and investigate the possibility of the resin volatility being a 

contributory factor in void related defect formation. 

 

  5.1.1.1. Experimental Method. 

The method used was to visually compare Prime 20 LV and ME2 epoxy resins, 

provided by Vestas Technologies.  

 

A vacuum chamber with a Perspex lid was used for a series of observations at 

high vacuum levels. Previously opened samples of ME2 and Prime 20 stored in 

laboratory conditions for around 6 months with the same temperature and 

humidity conditions were compared. The samples were decanted into press-

formed aluminium crucibles, which although not ideal due to potential 

nucleation points (ridges), were the only containers of sufficient volume 

available. 

 

The initial experiment allowed the samples of resin and appropriate hardeners 

(unmixed) to settle for ten minutes at ambient temperature (22°C) and pressure, 
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which was found sufficient to allow any bubbles introduced by the pouring 

process to rise to the surface and dissipate. The unmixed experimental samples 

had viscosities shown in Table 5.1 according to their datasheets.  

Table 5.1. Viscosities (cP) of ME2 and SP Prime 20 components at 25°C (data: SP systems,  
Prime 20 [140], Vestas UK for ME2 [commercially confidential]). 

 
The values obtained from their respective datasheets [140] indicate ME2 resin 

has a higher viscosity than Prime 20 at 25°C, but hardener viscosity for ME2 is 

lower. After mixing at the required ratios, both systems exhibit viscosities of 

around 380cP at 25°C. Ten minutes standing time was allowed as per the 

previous experiment. Samples were placed in a vacuum chamber and the 

pressure was reduced to 30 mbar absolute.  

 

  5.1.1.2. Results. 

After 1 hour under vacuum, ME2 base resin had a foam layer on the surface, 

whilst Prime 20 base resin exhibited a small quantity of bubbles forming (<1mm 

in diameter), rising to the surface, and dissipating. Neither hardener exhibited 

signs of bubble formation during the experiment (Figure 5.1). 

 

 

 

 

 

 

 

 

The experiment showed that ME2 exhibited a higher level of volatility under 

 Prime 20 SPX 3260 (P20 hardener) ME2 ME2 hardener 
Centipoise (cP) 560  188  1823  14  

Figure 5.1. Foaming visible in ME2 resin (top left) after 1 hour at 30 mbar absolute.!
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similar pressure conditions experienced in blade manufacture. With this higher 

level of volatility being established, ME2 was further characterised. This 

involved investigating volatility at high vacuum levels with, but with resin that 

had varying times of exposure to ambient laboratory humidity.  

 

  5.1.1.3. Age dependent ME2 volatility results.  

The previous experimental method was repeated for three ME2 samples from 

the same batch, consisting of (a) a fresh unopened sample, (b) a sample open 

to ambient conditions for 2 weeks, and (c) a sample opened for >6 months as 

used in the previous experiment. A vacuum level of 30mbar absolute was 

obtained in the degassing chamber, and maintained for 1 hour. The results 

showed the freshly opened resin sample showed the highest level of outgassing, 

followed by the sample open for 2 weeks, with that open for >6 months having 

the lowest observed volatility, at a level comparable to that for Section 5.1.1.2. 

 

  5.1.1.4. Discussion. 

One possible explanation for the apparent decrease in volatility with resin 

exposed to laboratory conditions is the natural loss of components of the resin 

due to evaporation. The experiment demonstrated that fresh ME2 is most prone 

to volatile release at high vacuum levels, and this may be a contributory factor 

to the increased void content witnessed in production relative to blades 

manufactured with Prime 20. The author has worked extensively with Prime 20, 

but has never witnessed the same degree of volatility as for ME2 regardless of 

age, exposure to laboratory conditions, or vacuum levels. This line of 

investigation was suspended at the request of the sponsor, as a return to Prime 

20 was unlikely for economic reasons, but provided useful information on ME2 
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behaviour under high vacuum conditions. 

 

5.1.2. Foaming of ME2 during sample preparation. 

During preparation of end grain balsa samples for microscopic analysis of resin 

absorption, foam formed on the surface of the sample. After oven curing at 

65oC (recommended ME2 cure temperature) the foam remained as opaque 

raised areas (Figure 5.2 and 5.3). This phenomenon warranted further 

investigation, as it could not be attributed to volatility under vacuum, as seen in 

the previous section.  

 

 

25mm 

Figure 5.2. Surface foaming of ME2 on end grain balsa sample being prepared for 
microscopic analysis of surface resin absorption.!
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The cause of the foaming was considered to be either air or moisture being 

drawn out of the balsa due to the change in humidity and temperature, as the 

samples were being cured.  

 

5.1.2.1. Methodology to replicate formation of foam on balsa 
samples. 

 

Foaming could possibly be due to air and/or moisture being evolved at the cure 

temperature. An experiment was conducted in which 36 samples of AL600 end 

grain balsa measuring 60 x 60 x 25mm were prepared from a single panel. The 

original conditions for the microscopy sample preparation were replicated for 

Experiment 1, providing a baseline for the three subsequent experiments, which 

varied humidity and temperature conditions, using 9 replicate samples for each 

experiment. 

 

 

10mm 

Figure 5.3. Cross section of cured foam from Figure 5.2.!
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Experiment 1 (Figure 5.4, Samples, 1A-1I) 

The samples were kept under ambient laboratory conditions with a RH of 72%. 

The oven was brought up to 65°C and allowed to stabilise. ME2 resin was 

mixed at an ambient temperature of 20°C. The ambient temperature samples 

were placed in an oven and resin was poured onto the centre of each sample’s 

top surface. The oven door was closed, and the resin allowed to cure for 16 

hours. 

 

Experiment 2 (Figure 5.5, Samples, 2A-2I) 

Samples remained at an ambient temperature of 20°C, and mixed ME2 resin at 

20°C was poured onto the top surface as in Experiment 1. The resin was then 

allowed to cure at ambient temperature. This took approximately 48 hours due 

to this temperature being below the normal recommended ME2 cure 

temperature of 65°C. 

 

Experiment 3 (Figure 5.6, Samples, 3A-3I) 

The samples for experiment 3 were placed in a sealed oven and dried at 103°C 

for 48 hours. The oven was then reduced to 65°C. Mixed ME2 at ambient 

laboratory temperature (20oC) was then poured onto the samples. The resin 

was left to cure overnight in the closed oven. 

 

Experiment 4 (Figure 5.7, Samples, 4A-4I) 

Experiment 4 consisted of drying the samples using vacuum rather than heat. 

This procedure was conducted to provide dry samples that were also degassed 

in the critical early stages of the experiment. The samples were placed under a 

high vacuum (8 mbar absolute) and left at this level for 7 hours. The ME2 resin 
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was mixed and the oven pre-heated to 65°C. Once the oven was stable at the 

required temperature the samples were transferred from the vacuum chamber 

to the oven via a desiccator. ME2 Resin at ambient laboratory temperature was 

poured onto the top surface and allowed to cure for 16 hours. 

 

5.1.2.2. Results.  

Samples 1A-1I (Figure 5.4) have a significant amount of foaming which may be 

attributable to the expansion of air in the balsa as the temperature increases, 

causing a pressure gradient between the air in the core, and the surrounding 

atmosphere. It is also likely that moisture will vaporise and be expelled due to 

the temperature rise. 

 

Samples 2AB-2I (Figure 5.5) show very little foam, which is to be expected if air 

and moisture movement are causing the foam to form. In this experiment there 

is no pressure gradient formed, and moisture will remain at ambient levels as 

the whole experiment is conducted at a steady state. 

Figure 5.4. Experiment 1 (Samples 1A-1I)!
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Samples 3A-3I (Figure 5.6) exhibit no foaming with a few surface bubbles on 

three of the blocks. 

Samples 4A-4I (Figure 5.7) showed foaming only in areas of high balsa density 

(indicated by darker patches). The visible balsa surface showed that the resin 

had been absorbed into the damaged surface layer; this will be discussed in 

Section 5.6. 

Figure 5.6. Experiment 3 (Samples 3A-3I) 

!

Figure 5.5. Experiment 2 (Samples 2A-2I)!
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5.1.3. Discussion. 

Experiment samples 2 and 4 give a clear indication that air movement is the 

most likely cause of foaming. In experiment 4, where high vacuum is used, the 

pressure gradient is sufficient to keep absorbing air throughout the period of the 

experiment, preventing any outgassing, and thus foam. Experiment 2, where 

the samples remain at a steady state, reinforces this, with no evidence of foam 

formation. The foam on sample 3 in areas of high density is most probably due 

to the slower rate of airflow into and out of the balsa in these areas. 

 

In Experiment 1, after approximately 1 hour, the foam had already appeared, 

and the likely reason for this will be discussed in Chapter 7. 

 

5.2. Birch plywood plank characterisation. 

When investigating the possible causes of opaque (milky) laminate and knit 

lines in production blades, moisture present in stored wood was considered to 

be a potential cause.  This moisture would become vapour at the high vacuum 

Figure 5.7. Experiment 4 (Samples 4A-4I) 

!
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levels attained during blade infusion. The wood kits are stored in a weather-

sealed, but not environmentally controlled area, which will lead to moisture 

content fluctuation as ambient conditions vary over time. Readings of core 

material moisture content were taken using a moisture meter at the sponsor’s 

manufacturing site on core packs immediately before being placed in the mould. 

 

Birch planks are the primary core material used in production of Vestas wind 

turbine blades. This is unlikely to change in the short term, although the 

engineering team was investigating alternative core materials. Secondary core 

materials are far more likely to be changed, as designs are refined throughout a 

production run. Birch ply, being the principal structural material, was selected as 

the first material to be characterised. 

 

The birch planks used by Vestas for production blades are constructed from 27 

x 1.4 mm thick layers bonded with an unspecified adhesive, with an average 

plank density of 702 kg/m3, and have a cross section of 38mm by 39mm 

(±1mm), with a maximum length of 5m. The planks used for experimental 

purposes were 1m long to alleviate transportation difficulties. The wood packs 

used for production blades consist of planks that are pre-cut to length, and in 

areas of complex geometry (e.g. root section) are pre-shaped. The planks  

 

5.2.1. Vestas supplied birch plywood baseline moisture level. 

The first stage was to determine the plywood’s moisture level, and moisture 

content by weight for wood stock used in production. Sixty-five 40mm long 

cubic samples were prepared from planks chosen at random from the supplied 

material, giving a volume of 5.9 x 10-5 m3 for each sample. Ambient laboratory 
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conditions during testing were 17.5°C, 60% RH, and the samples were oven 

dried at 103°C until there was no appreciable change in weight (ISO 3130 test 

standard [141]). The samples were transferred from the oven to a weighing 

station in a desiccator to reduce the chance of moisture absorption. Table 5.2 

shows the average results recorded, with full individual sample data in 

Appendix B. 

 Damp Wt 
(g) 

Dried Wt 
(g) 

Density 
(kg/m3) 

Moisture 
Wt (g) 

% by Wt 

Av 41.7 37.5 702.7 4.2 11.2 
SD 0.57 0.53 9.59 0.15 0.4 
CoV % 1.4 1.4 1.4 3.6 3.6 

Table 5.2. Moisture absorption in birch plywood. 

 

The moisture content is broadly in line with published values [97] of around 11% 

for ambient laboratory conditions, and similar to the conditions recorded at the 

sponsor’s storage facility. 

 

5.2.2. Moisture absorption in Vestas-supplied birch plywood. 

An experiment was conducted to ascertain the moisture absorption rate, further 

characterising birch ply behaviour under laboratory conditions. Sample 1 from 

the moisture level experiments was dried as specified by ISO 3130. Placed on a 

set of digital scales weight was recorded at 30-minute intervals for 6 hours, then 

hourly for 24 hours using a time-lapse camera. A final reading was taken after 

45 hours, at which point recording ceased (Figure 5.8). Further work was not 

conducted, as the birch plywood is not kiln dried before manufacture. The 

baseline moisture content will not fluctuate significantly due to ambient moisture 

level changes due to the slow absorption rate.  
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5.2.3. Damp birch infusion experiment. 

Given that plywood used in production has a baseline moisture content of 

around 11% by weight, and, according to the previous experiment, is unlikely to 

change quickly, a simple infusion experiment was conducted to ascertain if this 

level of moisture content was sufficient to create milky laminate, and contribute 

to the severity of knit line formation. This would be very much dependent on 

desorption rate of moisture, and whether a significant amount desorbs before 

the resin is fully cured. 

 

  5.2.3.1. Experimental Method. 

Twelve birch ply planks measuring 39 x 39 x 800mm were selected and split 

into two control groups of six samples. All twelve planks were placed in a fan-

vented oven and dried for 48 hours at 103oC, to ensure all the planks started 

from the same dried condition. Control group 1 was placed in an outside 

storage area after being allowed to cool, where ambient conditions were 14oC 

and 75%RH (±10%). Control group 2 was kept under ambient laboratory 

Figure 5.8. Moisture absorption (g) over 45 hours. Each data point on the x-axis represents 
30 minutes. i.e 90 x 30 = 2700 minutes = 45 hours. 

!
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conditions of 25oC and 42%RH (±5%). All planks were allowed to stabilise for 7 

days to allow for the slow re-absorption time observed in the birch absorption 

rate experiment. Readings were taken from three planks from each group as 

shown in Figure 5.9. Readings from control group 2 indicated zero relative 

humidity, while control group 1 showed an average of 15.3%RH (±5%). The 

readings are a comparative measure only, and not, an absolute moisture 

content. 

 

The infusion was set up as seen in Figure 5.10 using sponsor-provided birch 

plywood planks, and laid up to replicate a lay-up typical of thinner laminate 

regions in a production blade.  

Figure 5.9. Nine test points indicating points where moisture readings were 
taken. 

!

Figure 5.10. Infusion setup to replicate a section of blade with two batches of birch planks, at 
differing moisture contents.!
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 The planks were laid down on a 3mm thick aluminium sheet as two separate 

panels under a single bag, with each plank separated 2mm by staples to 

replicate the gap induced by mould curvature. Skins consisted of two layers of 

EBX936 non-crimp glass fabric on both surfaces, with an epoxy gel-coat on the 

mould side. Bagging was conducted in the shortest possible time, to ensure 

moisture content changes were kept to a minimum. Twenty minutes under 

vacuum was allowed to re-create the dwell time used during manufacture of a 

full size blade. The target vacuum level was 40 mbar absolute, but the lower 

flow-rate pumps did not achieve this level in 20 minutes, the final value being 57 

mbar absolute. This was sufficiently close to production pressures, whilst 

ensuring moisture levels in the damp samples had not reduced significantly due 

to extended times under high vacuum. 

 

The assembly was mounted laminate side out on the front of an oven preheated 

to 40oC, representing the mould temperature at the start of a production infusion. 

On a production blade mould heaters are switched on during the gel-coating 

phase, so production blades are starting to increase in temperature as layup is 

conducted. However in the root section, where the stack is thickest, the upper 

planks do not rise much above ambient temperature by the start of infusion.  

 

ME2 resin was allowed into both stacks simultaneously, and once resin reached 

the outlet end of the laminate stack, the inlets were closed and the vacuum 

level backed off to 200 mbar absolute as with a production blade. The oven 

temperature was increased to 65oC, replicating mould temperature during the 

cure phase of a production blade. The panels were left to cure for 7 hours under 

a cover, simulating the insulation panels used to cover a production blade 
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during the cure cycle. 

 

5.2.4. Results. 

The panels produced (Figure 5.11) did not exhibit opaque (milky) laminate, but 

minor knit lines were evident along the longitudinal centre of birch planks from 

both groups. This is no evidence of moisture content being a driving factor in 

opaque laminate, knit line formation, or potential for air movement in and out of 

the birch planks to the same level witnessed in the balsa experiments (Section 

5.1.2.). For this reason no further experimentation was conducted on birch 

planks, with all further analysis concentrating on AL600 end grain balsa.  

 

5.3. Scanning electron microscopy of AL600 balsa. 

As discussed in the literature review (Section 3.4) balsa has a cellular structure. 

This structure affects air storage capacity, and the ability of air to absorb/desorb 

under RIFT processing conditions. This air movement is identified as an 

important aspect of processing, it was therefore considered relevant to 

investigate the structure of AL600 balsa using electron microscopy. 

Figure 5.11. Evidence of knit lines along the longitudinal axis in the centre of each birch plank, 
but with no Milky Laminate evident.!

Dried birch plank laminate stack. 

Damp birch plank laminate stack. 
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5.3.1. Methodology. 

Method 1: Samples were prepared by coating the surface of end grain balsa 

with epoxy resin. This surface was then sanded back for 2-3mm to remove the 

damaged layer that always exists on prepared balsa (due to the cutting process 

during manufacture), using progressively finer grades of emery cloth down to 

1500 grit. These samples would also be used to verify the depth of penetration 

of resin under vacuum (Section 5.6). 

 

Method 2: Using a razor blade, thin samples approximately 0.5mm (±20%) thick 

were taken in both the end-grain, and cross-grain directions. These samples 

were sputtered (Appendix C) with gold for use under high vacuum SEM (rather 

than the low vacuum technique that would be used on the non-sputtered resin 

impregnated samples). 

 

5.3.2. Results. 

The resin impregnated samples prepared using Method 1 proved to be of little 

value for structural analysis, as too much damage had occurred during the 

sanding process due to epoxy resin breaking away from the balsa cell walls. 

The samples were however suitable for investigation of resin depth penetration, 

as will be seen in Section 5.6. The specimens prepared using Method 2 

sustained relatively minor damage and gave a clear indication of the cell size 

and structure, as seen in Figure 5.12 

with both tracheids, and rays visible. 
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Figure 5.13 shows the sap channels discussed in Section 3.5 and shows the 

diameter to be in the order of 300 µm, which is at the upper end of the reported 

value in Chapter 3. 

Paranchyma 
grouped as Rays 

Tracheids 

Figure 5.12. Cellular structure of end grain balsa.!

Sap channel 

Paranchyma 
grouped as Rays 

Tracheids 

Figure 5.13. Cross section of sap flow channel. 
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Figure 5.14 is a montage of 10 images showing the distribution sap flow 

channels present in the AL600 balsa wood sample measuring 1.3 x 0.7 x 2.5cm 

(W, H, D). If the distribution and hole sizes are taken as a reasonable 

representation of the average distribution, then the sap flow holes represent 

<2% of the total sample volume. This will be discussed further in Chapter 7. 

 

The images give a clear indication that in balsa wood, being a natural product 

cell, sizes are variable, as would be expected. The cell sizes observed will be 

used in calculations of pore space in Chapter 7. 

 

5.4. Moisture absorption rate and level in end grain balsa. 

As with birch plywood, balsa is a natural material and absorbs moisture. This 

section will characterise the rate and level of absorption. This is done to aid in 

the understanding of whether balsa is more likely to contribute to defect 

formation under high vacuum than the primary birch structure. 

 

 

 

Figure 5.14. Average distribution of sap flow channels in a 2.3cm2 sample of AL600T!
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5.4.1. Experimental procedure. 

30 samples (40 x 40 x 25 mm) were cut from unsealed 25 mm AL600 end grain 

balsa. The samples were dried in an oven at 103oC for 48 hours as per ISO 

3130 [140]. The samples were transferred to a holding desiccator, weighed, and 

the density was calculated for each sample. 

 

With the dry weight established, the samples were left for a further 48 hours to 

allow re-absorption of moisture under ambient laboratory conditions (20oC, 

42%RH). With the data recorded, sample 1 was re-dried and then weighed. 

This verified that sample 1 had fully dried after 48 hours, as the second drying 

phase was conducted for four days with the recorded weight 0.002 g lighter. 

This is just 5 ppm lower and can be considered within the boundaries of 

experimental error. Measurement is recorded at ~0.1mg. 

 

5.4.2. Results. 

Figure 5.15 shows the density of the balsa samples measured does not have a  

normal distribution, but is skewed towards lower density. The average density 

recorded was 119 kg/m3. Fully tabulated results available in Appendix B. 

Figure 5.15. Density range, and distribution of 30 balsa samples.!
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Figure 5.16 shows the moisture absorption in relation to sample density, where 

it is clear that the level of moisture absorption is virtually independent of sample 

density. The average moisture uptake recorded was 320 mg (6.7% by weight). 

 

Three larger samples (60 x 60 x 25mm) were prepared, weighed, and dried to 

ISO 3130. Using digital scales, and a digital camera set for time-lapse 

photography, the rise in weight was recorded until the previously measured un-

dried weight was reached.  

 

Figure 5.17 shows the moisture absorption level change over 40 hours for the 

three samples, with tabulated results in Appendix B. Two scales are used in 

Figure 5.17 to align the three samples, as sample 15 had a lower starting 

weight, and make it clearer that the three samples behaved in a similar manner. 

The average moisture uptake for the three larger samples was recorded as 

7.4% by weight. 

 

Figure 5.16. Relationship between density and moisture uptake on 30 samples of AL600T.!
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5.4.3. Discussion. 

The moisture absorption level is very dependent on ambient conditions. 

Humidity and temperature are the most likely driving factors, but ambient 

pressure will also influence the level of moisture absorption. The rate of 

moisture absorption is quite rapid, with 50% of the total level being reached in 

the first 100 minutes of the experiment. 

 

5.5. Water absorption in end grain balsa. 

Observations from previous experiments indicated that the more porous a core 

material, the less likely it is for knit lines to form in areas of flow front 

convergence. These observations would indicate that any trapped gases in 

convergence regions have a tendency to be drawn into a porous core, thereby 

alleviating or even eliminating the “knit line” phenomena. The following 

experiment was conducted to explore the feasibility of calculating pore space 

available in a core using water in a high vacuum environment. 

5.17. Moisture absorption rate in AL600T end grain balsa Two y-axis were used to overlay the 
moisture curves generated to indicate, despite differences in initial dry sample weights.!



! 131!

5.5.1. Experimental procedure for water absorption in balsa under 
high vacuum. 

 

The 30 samples used for investigating balsa moisture absorption were reused 

for this experiment. A 10 litre vacuum pot was used, filled with 8 litres of water. 

The dry weights of the samples recorded during the moisture absorption 

experiment were used as a baseline. 

 

The samples were placed in infusion mesh (Figure 5.18), placed in the water-

filled chamber, then weighted down to ensure complete immersion of all 

samples. The chamber was evacuated to 80 mbar absolute and this vacuum 

level was maintained for 100 hours, as lower absolute pressures caused boiling 

of the water at ambient temperature. 

 

Individual samples were weighed whilst other samples were left immersed in 

water. Any excess surface water was lightly removed using a non-porous 

scraper. This was carried out as rapidly as possible to prevent water flowing 

away from the sample. It was noted that some water would leak out of the 

Figure 5.18. Water absorption samples contained in mesh to allow for complete immersion in 
water. 

!
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sample during weighing, but this would be included in the recorded weight as it 

had originally being contained within the structure of the balsa. 

 

After weighing and recording the data the samples were re-dried for 48 hours at 

103°C (ISO3130) to indicate if any constituent material (cellulose and lignin) 

had been removed during the experiment. The result was found to be very low 

loss with an average of less than 1% by weight (Appendix B). 

 

5.5.2. Results. 

An average of 18.5g ± 3.0g of water was absorbed by the balsa samples 

(Appendix B). Figure 5.19 shows that water absorption exhibits a small 

dependency on density.  

Additionally a single sample was immersed under high vacuum in diluted black 

dye to provide a visual indication of how far water could penetrate the balsa 

being characterised. The dye soaked sample was sliced along the grain 

direction, with macro images taken to establish water penetration depth. Water 

Figure 5.19. Relationship between density and 100 hours water absorption at 80 mbar absolute.!
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penetration is observed to be less than 0.5mm in the grain direction and 

confined to the surface damaged layer, with no penetration in the transverse 

grain direction (Figure 5.20). This will be discussed further in the following 

section in the context of resin absorption. 

 

5.5.3. Discussion. 

The results showed that the balsa only absorbed water in the surface damaged 

zone and sap channels. Lateral absorption was not visible at 10x magnification, 

and for the purposes of this investigation, can be ignored. The indication is that 

liquid water (and by definition, higher viscosity liquid resin) is too viscous for 

absorption into the balsa cells in the timescale of the experiment, but the 

experiment does indicate that there is pore space in the damaged surface zone 

available for liquid resin absorption during infusion, and this absorption is 

slightly higher for lower density balsa. 

 

 

0.5mm 

Figure 5.20. Dye penetration in the grain and transverse direction of AL600 balsa.!
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5.6. Resin absorption in surface damaged zone of end grain balsa. 

Water absorption has been shown to be low with end grain balsa. However, to 

relate this to production wind turbine blades, it is important to understand how, 

and to what extent resin penetrates the surface damaged layer, and sap flow 

channels. This resin penetration and subsequent bonding to skin materials is a 

fundamental requirement of a sandwich panel’s structural integrity. The 

following experiments show the level of resin penetration into end grain balsa 

under high vacuum conditions. The resin used for the experiments was Vestas 

Technology’s ME2. 

 

5.6.1. Surface penetration analysis using SEM. 

Figure 5.21 shows the resin penetration into the balsa surface on the inlet side 

of the sample manufactured in Section 5.12, with Figure 5.22 showing mould 

side resin surface penetration. 

 

 

 

Figure 5.21. Mould face of balsa sample showing an average resin penetration of 
approximately 500!m"indicated by the white line!
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5.6 2. Discussion. 

Resin absorption into the balsa structure is very low when cells are undamaged. 

The layer of resin that is evident with infusion is quite significant at around 

0.5mm on the mould side, and 0.25mm on the infusion side of the laminate. 

This can be accounted for by the skin material crushing into the surface of the 

damaged surface zone, where the cell wall stiffness has been compromised 

during processing. The primary issue observed is not absorption, but filling of 

the sap channels. This must be accounted for both in the effect on resin flow 

patterns, and increased weight, which can be significant on a large turbine 

blade. 

 

5.7. Comparison of resin flow rate through end grain balsa and PVC foam. 

The following experiments were conducted to characterise the rate of flow of 

resin through common core materials and how this would affect an infusion with 

porous and non-porous cores. The previous experiments on resin absorption 

levels in end grain balsa showed low levels of fluid absorption, however an 

Figure 5.22. Infusion face of balsa sample, showing an average resin penetration of 
approximately 250!m indicated by the white line.!
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equally important aspect is permeability, i.e. if, and how easily resin can flow 

through the core material during the infusion process. An experiment was 

conducted where ME2 resin was allowed to flow through the core materials at 

its cure temperature of 60°C. The core materials used were unsealed Airex 

balsa, sealed Airex balsa, and PVC foam. The PVC foam is closed cell and 

expected to exhibit zero permeability, but if defects exist within the structure this 

may not be the case. PVC also would act as a baseline for absorption into the 

damaged surface layer present on all the prepared core materials investigated 

in this thesis. 

 

5.7.1. Experimental procedure. 

The samples of unsealed (US) balsa (1, 2), Airex T90 PVC foam (3), and sealed 

balsa (4, 5) were bonded to the bottom of a graduated tube. The grain of the 

balsa samples ran in the vertical plane, and the edges were sealed to prevent 

any lateral flow where sap channels may have been exposed. ME2 resin was 

poured in to each tube up to the ‘3’ graduation mark as shown in Figure 5.23.  

 

The experiment was placed into a 65oC pre-heated oven, and the flow of resin 

monitored using time-lapse photography for 24 hours to ensure full resin cure. 
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  5.7.2. Results. 

Resin flowed immediately into the surface damaged layers and sap channels, 

as levels had dropped from the initial ‘3’ graduation mark by the time image 

capture commenced. Resin continued to flow in the unsealed balsa (1, 2), 

whereas the sealed balsa (4, 5) and PVC (3) allowed no significant/discernable 

through-thickness flow once surface porosity was saturated as indicated by the 

levels recorded for these materials after approximately 20 minutes.  

 

Results were recorded to the nearest 0.5 graduation mark, causing the stepped 

graphs seen in Figures 5.24 and 5.25. 

 

 

 

t=24hrs 
    1            2             3             4             5 

Figure 5.23. Resin flow through unsealed balsa (1, 2), PVC (3), and sealed balsa (4, 5) over 24Hrs. 

!
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It was observed that sap channels in unsealed balsa allow liquid resin to flow 

until viscosity increases sufficiently during cure, preventing further flow. 

However the sealed balsa and PVC exhibit apparent zero resin flow except for 

absorption into the surface damaged zone, as would be expected from previous 

experiments in Section 5.6. 

Figure 5.24. Flow of resin in the first 40 minutes (data at 5 minute intervals).!

Figure 5.25. Resin flow until cure (data at 20 minute intervals).!
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5.8. The porosity and permeability of Vestas core materials, effect on resin 
flow, and knit line formation. 

 

Knit line formation is a common occurrence (Section 4.4.6.3), where there are 

regions of flow front convergence, and areas of trapped air cannot escape 

causing cessation of flow, or “lock off”. This can prevent full wet out of the intra-

tow region, but as seen in Chapter 4, resin may still flow into the fibre tows and 

wet them out due to capillary pressure. 

 

In a monolithic laminate the air may become trapped as a dry patch, voids, or 

even dissolved into solution by the resin. In a cored structure the previous 

scenarios are also valid, but the air may also travel into the core material. This 

will depend on the ability of the material to act as a sink for the trapped air if a 

pressure differential is present, and on the materials permeability/porosity. 

 

The following resin infusion experiment was conducted to investigate the 

influence of core permeability and porosity on the formation of knit lines. As in 

Chapter 4, this was identified as a critical defect for Vestas wind turbine blades. 

 

5.8.1. Experimental procedure. 

Four core materials, in use, or under evaluation by Vestas Technologies, were 

prepared in panels of equal volume. The cores consisted of (1) unsealed balsa 

(Baltex AL600, density 130 kg/m3), (2) sealed balsa (Baltex AL600T, 150 kg/m3), 

(3) PET foam (Fagerdala, 150 kg/m3), (4) PVC foam (Airex T90.60, 60 kg/m3), 

and referenced to solid (5) PMMA (Perspex, 1180 kg/m3), which would act as a 

non-permeable reference panel. 
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The infusion was setup as shown in Figure 5.26 on a 5mm thick glass plate, 

with 3mm flow holes being drilled in each panel. The holes were drilled in a 

square grid pattern of 25mm and 40mm spacing either side of the inlet pipe. 

EBX936 non-crimp fabric skins were placed on both sides of the cores, with the 

infusion mesh being a high flow material provided by Vestas Technologies. This 

high flow rate would ensure that flow through the laminate thickness would be 

virtually simultaneous for all samples. The flow fronts from each fhole would 

converge causing a “lock off”. The resin system used was ME2 at room 

temperature (20oC). 

. 
The experiment was raised into the vertical position to allow video recording of 

the mould side through the glass panel to observe resin flow patterns.  

 

  5.8.2. Results. 

The radial flow patterns from the flow holes were very similar for each of the 

cores, with hole spacing making a small difference in fill time, but not knit line 

Figure 5.26. Infusion setup showing range of core materials, with central infusion, and differing 
grid spacing of flow holes in the panels.!
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formation. However, the unsealed balsa behaved quite differently. Figure 5.27 

shows that in the unsealed balsa (on the left of the image) resin flow through 

the sap channels has wetted out the areas between the drilled flow holes faster.    

 

This correlates with commercial work conducted for Vestas Technologies by 

ACMC [79, 82], where it was found that the balsa absorbed higher volumes of 

resin compared to PVC foam due to sap channel filling. The PET data was 

discarded as the panel used was found to contain a manufacturing defect, 

where large internal cavities filled causing high levels of resin absorption. The 

resin absorption weights in sealed and unsealed balsa was found to differ by ~ 

20%. 

 

 

 

(i)! (ii)!

Figure 5.27. Subtly differing flow patterns between (i) sealed and (ii) unsealed balsa (frame 
grab form digital video recording).!
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5.9. Optical analysis of flow front convergence zones. 

The scale of knit line formation was very different between the porous and non-

porous cores. Solid PMMA (Perspex) displayed the highest level of knit line 

formation as a percentage of surface area, with the unsealed balsa having 

almost no detectable knit lines. 

 

Using the following methodology the level of knit line formation was analysed. 

The panels were photographed using a DSLR, the images converted into 

greyscale, and the contrast and saturation enhanced to provide clearer 

definition between knit line and good laminate. ImageJ 64 software, a free 

image analysis package [142], was used to convert images into binary form. 

With ImageJ it is possible to manipulate the binary image in real time using the 

threshold function and compare the two images side by side, hence achieving a 

binary image that replicates the knit line pattern seen in the greyscale image. 

This binary image is then analysed using ImageJ to give a value of percentage 

Figure 5.28. Grey scale image (left), Binarised image (right) of knit line formation with 
acrylic core used for analysis!
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black (knit lines) and white (good laminate), as a function of overall surface area. 

Example images can be seen in Figure 5.28. 

 

5.9.1. Results. 

Table 5.3 shows the summary data for the four panels analysed, from the 

experiment described in Section 5.8. See Appendix D for graphs of these 

results. 

Knit line formation as % of surface area 

 
25mm Grid spacing 40mm Grid spacing 

US 
Balsa Balsa PVC Acrylic US 

Balsa Balsa PVC Acrylic 

Experiment 1 0.1 0.2 2.4 6.6 0.6 0.8 2.1 4.4 
Experiment 2 0.2 0.1 2.9 6.7 0.3 0.1 2.1 5.6 

Table 5.3. Knit line percentage by surface area (US = unsealed balsa). 

To reduce the likelihood of errors, each image was analysed five times. The 

recorded values would differ significantly with a value of greater than  ±0.5% 

absolute, and therefore are considered acceptable values for the purposes of 

this investigation. 

 

Resin absorption was calculated from the experiment (Table 5.4). The results 

were broadly similar to previous commercial work conducted with the same core 

materials [74]. 

 

kg/m3 25mm Grid spacing 40mm Grid spacing 
Un-Sealed Balsa 2.5 2.4 
Balsa 1.9 2.1 
PVC 1.0 0.9 

Table 5.4. Resin absorption levels (kg/m3) for the three core types with differing flow hole 
spacing. 

 

The cores being investigated are all porous, but results indicate that core air 

permeability has a significant effect on knit line creation. PVC and PET foams 

are closed cell, and thus cause significant knit line production with low resin 
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absorption. Sealed and unsealed balsa on the other hand show low knit line 

formation with significantly higher resin absorption. The results also 

demonstrate that sealing the balsa is not particularly effective at reducing resin 

uptake.  

 

5.10. Conclusions. 

The behaviour of individual materials has been investigated under processing 

conditions, with a final single experiment bringing all the characteristics together 

to observe the interactions. 

 

The following conclusions are reached from the individual experiments: 

 

Fresh ME2 is prone to degassing under high vacuum conditions as seen in 

Vestas blade infusions (Section 5.1). 

 

Foaming seen on AL600 balsa during sample preparation was due to air 

leaving the core material due to expansion under heating, rather than moisture 

being removed. This interaction between liquid resin and balsa core also 

showed that air could move out of the material, but over an extended time 

rather than instantaneously (Section 5.1.2.1). 

 

Milky laminate was not reproducible under laboratory conditions, and would 

require further investigation to establish the cause of this defect. It was noted 

that knit line formation existed, but not to the same level of severity seen in the 

balsa experiments in Section 5.1.2. This is likely due to the structure of the 

plywood where thin sheets are bonded together, thus providing less pore space 
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to act as an air sink in birch than in balsa. Milky laminate investigations ceased 

after discussions with Vestas considered it was not a major defect (Section 5.2). 

 

Analysis of balsa (Sections 5.3 to 5.6) showed that the preparation of sheet 

material creates a damaged surface zone. This damage provides a good key 

for skin bonding, but also increases the quantity of resin used during an infusion. 

AL600 balsa was investigated for fluid absorption by immersing samples in 

water under high vacuum. It was found that absorption was negligible (virtually). 

The implication is that resin would not be absorbed by the balsa structure due 

to its higher viscosity. In Section 5.7 it is shown that the sap flow channels can 

have a significant effect on resin flow, as they constitute approximately 2% by 

volume of the balsa analysed. It was also clear that surface sealing restricted 

this uncontrolled flow reasonably effectively. 

 

The infusion experiment discussed in Section 5.8 showed clearly how the 

interaction of liquid resin and a core material could lead to knit line formation. 

 

Optical analysis of each panel’s knit lines showed they are directly related to the 

porosity and permeability of the core material. Balsa produced the lowest level 

of knit line severity as air was drawn into the balsa’s pore space. Sealed, or 

unsealed balsa made relatively little difference to knit line severity, but non-

permeable cores suffered with extensive knit line formation, which is 

undesirable as highlighted in Chapter 4. 

 

It has been stated previously that flow modelling is an important tool in the 

arsenal of today’s engineers designing large liquid composite moulded parts. In 
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Chapter 4 knit lines have been identified as a significant defect that should be 

avoided whenever possible. This chapter has shown that knit lines are often a 

caused by the materials used in sandwich laminate production, as much as by 

the infusion strategy. Chapter 6 will therefore investigate the capability of two 

currently available commercial flow-modelling packages, and their ability to 

predict the location and severity of knit line formation when modelling porous 

core structures. 
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Chapter 6. Flow modelling of flow front convergence zones, and knit line 
formation. 

 

Modelling the flow of liquid resin can inform how a mould will fill, enabling the 

placement of inlet and outlet ports to be refined before an infusion.!In Chapter 4 

flow in cored sandwich laminates has been shown to be complex, presenting 

challenges if the layup is to be modelled, and simulations conducted. After 

consultation with Vestas Technologies, Liquid Injection Moulding Simulation 

(LIMS), University of Delaware) [138], and PAM-RTM (ESI) [138] were selected 

to be investigated for their ability to predict flow front convergence zones, and 

subsequent resin lock-off. Alternative packages are available, such as 

PolyWorx [143] and MyRTM [144], but were not evaluated after consultation 

with Vestas Technologies. Chapter 5 has indicated the challenges and 

opportunities faced when using balsa as a sandwich core, especially its 

tendency to act as an air sink. The ability to simulate absorption of trapped air 

into the core is critical. If the phenomena cannot be accounted for, then lock-off 

regions may not be predicted correctly in terms of location and severity. This 

may lead to unnecessary changes being made to an infusion setup, and may 

actually compromise the infusion strategy. 

 

6.1. Numerical modelling of resin flow in porous materials. 

Resin flow through fibre preforms can be considered equivalent to an 

incompressible fluid flowing through a porous media. 2D modelling of the fill 

phase during a liquid resin infusion process is based on incompressible mass 

conservation. This normally assumes fluids are Newtonian, and ignores inertia 

and gravity effects. Flow modelling experiments have demonstrated that 

Darcy’s law can be used over the range of flow rates and pressures used in 
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liquid composite moulding, and is applicable to 1D, 2D, and 3D flow. If flow is 

predominantly 1D, then the problem is simplified significantly (see Equations 

4.6 and 4.7 in Chapter 4). With cored laminates however, complex 3D flow is 

created with the chance of air interchange between cores, rather than being 

evacuated when fluid fronts converge. RIFT involves fabric compressibility and 

both packages investigated can model this. For simplicity this was not 

considered in these experiments, as this attribute is not directly relevant to the 

occurrence of knit line formation crucial for this investigation.   

 

Numerical methods rely on the discretisation of the domain being modelled, and 

in the simulation of liquid resin infusion it is necessary to not only solve the 

governing equations, but to track the progress of the resin front as the domain 

is progressively filled. A range of techniques for solving these flow problems are 

available, such as Finite Difference (FD), Boundary Element (BE), and Finite 

Element (FE). Due to the moving flow front the domain is constantly changing, 

so it is necessary to redefine the domain in each time step of the analysis. This 

can be handled by two different methods: moving grid and fixed grid. Moving 

grid requires the saturated domain to be re-meshed at each time step, whereas 

fixed grid uses a single mesh for the complete simulation.  

 

The two liquid composite moulding modelling packages discussed in this 

chapter use different approaches to the FE technique of modelling flow through 

porous media. LIMS [137] uses the Finite Element/Control Volume (FE/CV) 

method, whereas PAM-RTM [138] uses a non-conforming finite element 

approximation (Appendix E). Both LIMS and PAM-RTM use first-order linear 

element meshes, rather than parabolic second-order meshing, requiring a more 
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dense mesh to achieve convergence. They are capable of simulations in 1D, 

2D, 2½D, and 3D (as seen in Figure 6.1). 

 

In the context of flow modelling, 1D can be considered to be flow in a single 

direction/plane (x). 2D can be considered to have two in-plane components of 

flow (x, y). 2½D is a system of interconnected 2D elements creating 3D 

geometry. 3D has elements with 3D geometry, and flow in three orthogonal 

axes (x, y, z).  

 

6.2. ESI, PAM-RTM trials. 

PAM-RTM [138] is a commercial package for building global models to simulate 

resin flow. PAM-RTM can predict “air traps” at flow front convergence if the 

option is selected before running a simulation. This is achieved by PAM-RTM 

defining any areas of partially filled elements not connected to an open vent as 

a region of lock-off. 

 

Experimental work reported in Chapter 5 has shown that air is likely to flow out 

of, or into balsa core where a pressure gradient exists. It is crucial that this 

behaviour can be accounted for if a realistic model of the infusion process is to 

be created. In the resin infusion process, porous cores may allow most of the air 

to be absorbed due to the lower pressure in the core material. This effect 

1D! 2D! 3D!2½D!
Figure 6.1. Definition of model types, 1D, 2D, 2½D, and 3D. With local axes x, y, z. 
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significantly reduces knit line formation in practice, whereas PAM-RTM will likely 

indicate an area of severe lock off.  

 

6.2.1. Flow front convergence simulation with PAM-RTM [138]. 

Figure 6.5 shows a PAM-RTM simulation, consisting of an inlet grid spaced at 

40mm and a peripheral vent. Locked off areas occur that are relatively large in 

relation to the overall surface area. This could be expected with a non-porous 

core, and the results seen from the solid core in Section 5.9.1 exhibit a broadly 

similar pattern. The results from the porous core in Section 5.9.1 showed lock-

off regions as being significantly reduced in size, but with the PAM simulation 

no reduction in lock-off area was observed. PAM-RTM’s inability to deal with 

two-phase flow limits the effectiveness of the simulation, as any air being drawn 

into a porous core cannot be simulated. 

Figure 6.2. Screen grabs from a simulation of radial flow fronts progressing from 9 through 
thickness flow holes till lock-off occurs, using PAM-RTM. Blue indicates unfilled, whilst red 

indicates fully filled elements. 
 

6.3. LIMS (Liquid Injection Moulding Simulation) trials. 

LIMS [137] is a software tool that models flow through porous media by the 

FE/CV method. LIMS uses the permeability tensor (k) as the input providing 

arrival times of the flow front at nodes, once the boundary conditions are set at 

the injection port/s. The version discussed here has a Windows-based user 

Inlets 

Regions of 
lock-off 
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interface (UI) over the command line code. The UI is used to run models and 

provide a graphical output of results. 

 

6.3.1. Command line model generator, LEGO. (University of 
Delaware). 

 
Initial trials were conducted using meshes created with Gmsh [145], a free 

meshing and model construction program available for download via the 

internet. After a training visit to the University of Delaware, LEGO, a command 

line mesh generator provided with LIMS [138] was used as the model generator. 

LEGO allows for simple construction of structured rectangular 2D meshes, not 

easily obtainable with Gmsh. The basic text file (geometrical data) is contained 

in a .def file. LEGO is invoked through the Windows command line, the mesh 

generated, then saved as a .dmp file for LIMS (LIMS is capable of reading other 

industry input files, although usually with some modification to the file header). 

 

 6.3.2. Initial 2D benchmarks using LIMS. 

A simple infusion experiment was prepared to allow benchmarking of LIMS 

against a real world resin infusion. A 50 x 500 mm laminate consisting of 8 

layers (n) of Unifilo (U813-300) E glass fabric, with an areal weight (Aw) of 290 

g/m2 was laid up. This produced a laminate 3.7 mm thick (d) with a vacuum bag 

(7 mbar absolute, and an atmospheric pressure of 1003 mbar) pressure 

differential of 996 mbar. Sicomin SR 8100 epoxy resin with SD8724 hardener 

was used at an ambient temperature of 20°C, with a stated dynamic viscosity of 

160 mPa s (160cP from Sicomin data sheet). 
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The infusion time for flow in the direction seen in Figure 6.3 was recorded as 

203 s from video footage recorded during the experiment.  

Fig 6.3. Screen grab of HD video taken of the infusion experiment at approximately half fill. 

 

Darcy’s equation in its integrated form (Equation 4.12) can be used to calculate 

a theoretical time for flow in the fabric stack. 

! = −∅!
2!∆! !

! 
(4.12) 

Where ! = 1-Vf. 

A fibre volume fraction is required for the calculation and can be obtained with 

Equation 6.1, assuming of the density of E glass (ρf) to be 2540 kg/m3 [146]. 

 

!! =
!!!
!!!

= 8×0.290
2540×0.0037 = 0.246 

(6.1) 

Using permeability for Unifilo measured by Pomeroy [147] of 0.75 x 10-9 m2 at 

25% fibre volume fraction for the chosen fabric, a theoretical flow time is 

calculated. The pressure difference recorded in the laboratory was 996 mbar. 

Flow 
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! = 1− 0.246 ×0.16
2× 0.75×10!! × 9.96×10! ×0.5! = 201.9!s (6.2) 

 

A 2D model was created and meshed in Gmsh with 2360 elements. The model 

was run in LIMS using the same parameters as used in the Darcy calculation, to 

give a predicted flow time of 204 s  (vs 203s from video). 

 

6.3.3. Results. 

Table 6.1 shows the results obtained, demonstrating that the modelling method 

used was fundamentally sound. The variations seen in the theoretical, modelled, 

and real fill times are probably down to small differences between real and 

assumed experimental values.  

 Infusion Theoretical Converged 
LIMS 

Time 
(seconds) 203 202 204 

Table 6.1. Results comparison for theoretical, real, and modelled flow times for a 25 element 2D 
model. 

 
 

6.3.4. 1D and 2D sensitivity runs using LIMS. 

Initial sensitivity studies were conducted with models created in Gmsh, but the 

following discussion will solely deal with sensitivity studies using LEGO-created 

meshes, due to the issues mentioned previously. 

 

A LEGO file was created using TextEdit (OS X text editor) for the simple models 

being used, but a more sophisticated text editor such as PSPad [148], would be 

beneficial for the creation of more complex models due to its advanced editing 

features.  

 



! 154!

Figure 6.4 is a 5 element 1D definition (.def) file discussed earlier. 

------------------------- 
VAR k 10e-10 
VAR N 5 
VAR Vf 0.5 
VAR Area 1 
 
BAR 
0.0 0.0 0.0 
0.0 1.0 0.0 
N 
Vf 
Area 
K 
VISCOSITY 0.160 
END 
------------------------------- 

 

Figure 6.4. 1D, 5 element model created in text edit. 

An example dmp file created in LEGO and used by LIMS for the simulation is 

available in Appendix F with non-relevant information contained in the file 

header removed. 

 

Three models with a range of mesh densities were created, a) 1D (Figure 6.5), 

b) 2D single element width (Figure 6.6), and c) 2D square mesh with equal 

elements in the xx and yy planes (Figure 6.7). LIMS does possess the capability 

to output images as either graphic or video files. Figures 6.5 to 6.7 are screen 

grabs of the LIMS UI showing the three models utilized, at the lowest mesh 

density for each model.  
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Figure 6.5. 1D (a), 25mm long 5 element LIMS model. 

 

Figure 6.6. 2D (b), 25 x 125mm 5 element long, single element width model.  
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Figure 6.7. 2D (c), 125 x 125mm, 5 by 5 element model.  

 

The results bars for each model show the models predicted a fill time of 320 

seconds. This approach was used for all three models with increasing numbers 

of elements. Using Darcy’s equation a fill time of 400 seconds was predicted 

using the values highlighted in red (Figure 6.7). 

 

Figures 6.5 to 6.7 illustrate the graphical results obtained from the res.dmp text 

files created by LIMS. A sample of the 2D result text file can be seen in 

Appendix G, with the three output files being provided on the CD. Results can 

be animated through the LIMS UI, but the text file contains sufficient information 

for analysis of the solution.  

 

Table 6.2 shows the mesh densities used for both 1D and 2D simulations with 

predicted fill times. 
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Elements and time to fill 
1D (a), 2D (b) 2D (c) time (s) 

5 25 320 
10 100 360 
15 225 373 
20 400 380 
25 625 384 
30 900 387 
40 1600 390 
50 2500 392 
75 5625 395 
100 10k 396 
150 22.5k 397 
200 40k 398 
250 62.5k 398.4 
300 90k 398.7 
350 122.5k 398.9 
Table 6.2. Model fill times against mesh density. 

 

The solution can be considered converged by 200 elements for (a) and (b) 

models, and 40k for (c) model, as results are no longer changing significantly. 

The solutions for 1D, 2D strip, and 2D square all filled in identical times (to 3 

decimal places). 

 

6.3.5. 2D lock-off simulation using LIMS. 

Simulating ‘lock-off’ (Section 4.2) in convergent regions was possible with PAM-

RTM as demonstrated in Section 6.5.1, and LIMS uses a similar overall 

approach, but must have an absolute pressure within the mould cavity defined 

for a simulation. With LIMS it is necessary to edit the LB-Script (LIMS basic) 

that is created by LIMS when a .dmp file is loaded. This is possible from the 

“run simulation” box accessed from the UI. The command “SETORIGPRES 

4e+3 must be input at the end of the “SETGATE” commands for a cavity 

pressure of 40 mbar (highlighted in red) in Figure 6.8. 
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Fig 6.8. LB-Script editing tool in LIMS. 

 

The simulation can be run and will start with an initial absolute pressure of 40 

mbar absolute (4 kPa), as this is the “Go/No-Go” value used for Vestas 

production blade infusions. 

 

Initial trials showed the prediction of lock-off is sensitive to the mesh density 

used. Early runs showed that a simple mesh could not be relied upon to predict 

lock-off successfully, with the mould fully filling. 

 

The same method used to measure mesh sensitivity was followed, and the 

same 2D dmp files were re-used. 

 

As the unfilled volume is proportional with residual pressure (assuming 

P1V1=P2V2 with isothermal conditions) it is assumed that with 4% air remaining, 

there will be a 4% of total area lock off when flow fronts converge (capillary flow 

is not modelled in these simulations). The model setup is similar to the trials 

conducted with PAM-RTM, and infusion experiments conducted with core 
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materials. The model had inlets at each corner, which were opened 

simultaneously, with a pressure of 1 bar (100 kPa). The model had a residual 

cavity pressure of 40mbar, permeability and viscosity values used being the 

same as for the sensitivity studies (k=10-9 m2, !=160 cP). 

 

The graphical results obtained with LIMS were captured, and ImageJ 64 used 

to take measurements from images to establish the area of lock-off. The 

method used is that in Section 5.8.2. The results depend on the images having 

clearly defined areas of fill and partial fill. This was not always the case, so 

three analyses of the each image were conducted and the result averaged. 

 

The different colours seen in Figure 6.9 (a cropped screen grab for clarity of the 

625 element model), represent elements that have not filled fully. The image is 

manipulated using the threshold control option to obtain a binary image, 

representing an average of the partial fill (yellow) and zero fill (red) regions. This 

will provide the area of lock off as a percentage of overall image area. This 

shows the lock-off region produced with 40mbar of residual pressure in the 

mould cavity, and represents 2.8% of the total area. This is not the expected 

4% from a 40 mbar residual pressure, but at 625 elements the model had not 

fully converged as seen in Table 6.2 and Figure 6.11. 
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 Figure 6.9. Crop of image with 625 elements showing areas of fill and partial fill. 

 

Figure 6.10 shows the binary image used to calculate lock-off area 

superimposed onto Figure 6.9. 

Figure 6.10. Binary image overlaid on Figure 6.13 showing averaged lock-off area represented 
by the yellow/red elements. 
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Figure 6.11 shows the results obtained for lock-off in % of area as mesh density 

increases in the 2D (c) model.  

Figure 6.11. Percentage area unfilled (lock-off) vs mesh density for 2D (c) model as element 
numbers increase. 

 
Results show that by 1600 elements there is a reasonably close correlation with 

the expected theoretical value of 4% lock-off by area, with full convergence by 

22500 elements.  

 

6.3.6. Flow front convergence simulation utilising a  2½D model.  

This section considers two models that were constructed to simulate the 

condition where flow holes feed the mould side of a cored sandwich laminate. 

The two models differed. The first reference model had no representation of a 

core material. The second model was dimensionally the same, but used 1D 

elements to simulate a core material. The reference model (benchmark.def) 

was defined as two 40mm square skins separated by 25mm, with a 3mm 

diameter flow hole connecting them as seen in Figure 6.12. 

0 

0.5 

1 

1.5 

2 

2.5 

3 

3.5 

4 

25 250 2500 25000 

%
 L

oc
k-

of
f v

ol
um

e 

Elements (log) 

Lock-off area/mesh density for 2D (c) model. 



! 162!

!! 

The reference model consisted of 1568 2D elements representing the upper 

and lower skins, with the bag side skin having permeability properties 

representative of a plain fabric-weave combined with a flow medium, whereas 

the mould side skin was defined as a plain-weave fabric without flow mesh 

material. The central flow hole was represented by 1D bar elements.  

 

The second model (finalmodelrev9r.dmp) consisted of the same basic 2D 

structure, with 1D elements attached to each 2D nodal point representing the 

core materials porosity as seen in Figure 6.13. This model consisted of 4333 

elements. Lawrence and Neascu’s [149] approach to the impact of capillary 

pressure on air entrapment in tows during resin infusion influenced the 

representation of core material porosity used in this work. The model used four 

1D elements to represent tow porosity at each nodal point of the 2D skins. This 

approach effectively allows LIMS to deal with flow on the macroscale and 

Inlet 

1D element, 
representing core 
flow channel of 3mm 
diameter 

Figure 6.12. Schematic of 2½D model used for simulation of resin flow through core flow 
channels. The model represents a 40 x 40 x 25mm sample. 

2D elements 
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microscale simultaneously. It was found that the model became too complex 

with nearly 3000 1D elements; this method was not pursued, although the 

method could be used for microscale analysis.    

 

Table 6.3 shows the values used for both experimental model runs. 

 

 Bag side 
skin 

Mould skin Flow hole Core 

Vf (%) 45 55 1 1 
k (m2) 8x10-11 3.5x10-11 1x10-6 3.5x10-11 

Thickness (mm) 0.9 0.5   
Diameter (mm)   3 See note * 
Note* 1D elements used to represent the core material, which had a total 
volume equal to the overall core volume, and calculated in the .def file. 
Table 6.3. Processing parameters used in LIMS simulation runs. (Permeability values, J Aims, 

Delaware University 2009) 
 

   

 

Figure 6.13. 2½ D model used for flow simulation of resin through core flow holes, with 1D 
elements representing core pore space, and 2D elements for the skins.!
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  6.3.6.1. Results. 

Figure 6.14 shows the results obtained from simulations on the benchmark 

model in Figure 6.12 with a non-porous core material represented, initially with 

a full vacuum in the mould cavity pressure, and secondly a residual pressure of 

40mbar. A single injection point was used without any resin outlets. The model 

represents a flow pattern where resin is approaching from multiple through-flow 

holes simultaneously, thereby creating convergent zones and regions of 

potential lock-off. 

 

 

It can be seen that the lower skin has locked off in all four corners (shown in 

red), which represents the area of lock-off that can be expected in the centre of 

the area fed from surrounding flow holes. This effect can be seen in an 

experimental infused laminate with a non-porous core in Figure 6.15. The 

model with full vacuum has fully filled as would be expected.  

 

40mbar residual cavity pressure Full vacuum cavity pressure 
Resin inlet 

Figure 6.14. Comparison of runs using the model seen in Figure 6.12, with and without cavity pressures at 
simulation start. 

!

Mould side skin 
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Figure 6.16 shows the results using the model shown in Figure 6.12, which 

represents core material with a pore space of approximately 90% by volume 

(Appendix T, ICCM 17 conference paper).  

 

With full vacuum in the cavity the model fills completely, as with the non-porous 

core simulation. However with porous core being simulated in the model, lock-

Figure 6.15.Experiment to show lock off areas (knit lines) where resin fronts have converged from 
the indicated drilled core flow holes, with a non-porous core and residual pressure of around 

40mbar absolute. 

21

Through thickness flow holes 

Resin inlet on 
top surface 

40mbar residual cavity pressure 

No residual cavity  
pressure 

Figure 6.16. Comparison of runs using the model seen in Figure 6.13, with, and without cavity 
pressures at simulation start. 

!
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off is severe on the mould side of the laminate. This is the opposite of what is 

seen in reality as shown in Section 5.8.2 where porous core will result in knit 

line formation of much lower severity (Table 5.3).  

 

The enclosed CD includes .def, .dmp, and result files (.dmp_res) for the above 

experiments. 

 

6.4. Conclusions. 

The numerical modelling conducted with LIMS, where 90% core porosity was 

simulated, was not successful in predicting lock-off severity. The model filled 

with resin resulting in a large area of lock off, representing approximately 4% of 

the total model volume. Figure 6.16 shows this as a large percentage of the 

lower skin being unfilled, with only the centre section around the through-

thickness flow hole containing any resin. This differs from what happens with a 

porous core in reality, and highlights the inability of LIMS in its current form to 

deal with two-phase flow (gas + liquid). When a lower permeability value is used 

to represent the core, a smaller volume of lock-off results as the effective 

volume available reduces. This simply repeats the experiments conducted with 

the benchmark model (Figure 6.12) as resin can no longer fill the core, and the 

result is not simulating trapped air being drawn into the core. 

 

This chapter has validated that using the two flow modelling packages reviewed 

it is possible to predict lock off areas in a flow simulation with a monolithic 

laminate. However neither model could simulate the effect of a porous cored 

laminate successfully in their present form, and would require modification to 

take account of core porosity and permeability. Chapter 7 will investigate a 
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method of obtaining available pore space values for balsa wood, and the rate at 

which the air is absorbed and desorbed during the infusion process. This 

method will both, provide values that can be used in future modified flow 

models, and guide operatives to the optimum length of time a laminate stack 

needs to be under vacuum before infusion.  
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Chapter 7. End grain balsa as an air sink, and determination of air diffusion 1!
coefficients. 2!

 3!
Chapters 4 and 5 introduced knit line defects showing how residual air in a resin 4!

infusion can become trapped in areas of flow front convergence, and established 5!

this phenomenon as a critical defect. Chapter 6 has shown that to model knit 6!

lines effectively, pore space and air permeability of porous core materials needs 7!

to be characterised, particularly for natural materials such as balsa. 8!

 9!

In experiments conducted with natural core materials for commercial customers, 10!

the author has observed a phenomenon with implications for production 11!

processes using resin infusion technologies. With resin infusion laminates laid up 12!

using wooden core materials and having had the air extracted form the vacuum 13!

bag, it will pull down tightly around the laminate stack. If the vacuum bag is then 14!

vented to atmosphere via the resin inlet and the vacuum source removed, the 15!

bag will relax. The bag will still conform to the laminate stack but there will no 16!

longer be a consolidation pressure, as both internal and external pressures have 17!

equalised. If the resin inlet is then re-sealed, the vacuum bag will draw down 18!

tightly and re-introduce a consolidation pressure. This effect has been monitored, 19!

and the pressure drop in the bag can be several hundred millibar if the core has 20!

been under vacuum for some time. This led to the conclusion that with the 21!

evidence presented in Chapter 4 and this repeatable porous core behaviour, the 22!

core material can act as a sink for residual or trapped air. 23!

 24!

This chapter will examine the effect of core air porosity and permeability using a 25!

simple experiment to recreate lock off areas, as these are the primary cause of 26!

knit line formation. Further sections will show the experimental apparatus 27!
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designed to investigate the rate at which gases can move in and out of end grain 28!

balsa, as this is a primary core material in Vestas turbine blades. The data will 29!

then be analysed, a model proposed that will predict core behaviour under high 30!

vacuum for both absorption and desorption, and provide a diffusion coefficient for 31!

end grain balsa. This information is required so that core behaviour under high 32!

vacuum can be modelled to provide more accurate predictions of both knit line 33!

formation and severity.  Experimental results will be discussed at the end of each 34!

section. 35!

 36!

7.1. Experiment to demonstrate absorption and Balsa’s porosity as an air 37!
sink. 38!

 39!

Knit lines and dry patches due to flow convergence with residual air are relatively 40!

easy to repeatedly replicate under laboratory conditions. An experiment was 41!

designed that would clearly differentiate the behaviour between porous and non- 42!

porous cores on the macro scale, and provide data on pressure changes 43!

occurring in the flow convergent zone. 44!

 45!

The experiment was conducted using end grain balsa (AL600) as the porous 46!

core material, with a PMMA (Perspex) panel that would both provide fluid 47!

distribution, and act as a non-porous core. An experimental rig and procedure 48!

were devised where four flow fronts would be forced to converge in the centre of 49!

the panel. Flow channels milled into the surface of the Perspex provide a path for 50!

liquid to the through thickness flow holes in the corners. Figure 7.1 shows the 51!

Perspex plate with channels, through-thickness flow holes, and pressure sensor 52!

points used for all experiments. Random glass continuous filament mat (Owens 53!
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Corning, Unifilo 350 g/m2) was chosen as the fabric for its isotropic flow 54!

characteristics. The layup would be the same for all experiments, apart from the 55!

porous core experiments, where the balsa panel would sit between the Perspex 56!

plate and the fibre. A detailed description of the experimental setup (prepared by 57!

research students) can be found in Appendix H. 58!

 59!
Glycerol was used as fluid to would allow repeated experiments with the same 60!

experimental equipment. Fabric and glycerol were taken from the same batches 61!

for each experiment, the glycerol being dyed with diluted methylene blue 62!

(approximately 20 ppm) to provide an easily observable and recordable result. 63!

Viscosity of the the glycerol to be used was measured using a Brookfield 64!

rheometer and exhibited a similar values to Sicomin SR8100 infusion resin at 65!

ambient laboratory temperatures recorded in Table 7.1. (Appendix I) 66!

 Sicomin SR8100 Glycerol (Av 5 runs) 
Dynamic viscosity (mPa s) 
@ 20oC 350 40 

Table 7.1. Average of 5 runs for Glycerol, compared to a mixed infusion resin (data from SR8100 67!
data sheet. Glycerol – Fisher scientific G/0600/17, Batch: 0620027). 68!

 69!

! Pressure sensor 
monitoring points 

Injection point 

Flow holes to fabric in 
each corner. 

1 

3 
2 

4 

Figure 7.1. 150mm square Perspex fluid distribution panel also used to simulate non-porous core. 
Sensor placement is indicated by the diagonal line with sensor number indicated. 

!
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Research students conducted repeated experiments to a predefined 70!

experimental procedure, with the variables being new fabric and glycerol 71!

samples for each run.  72!

 73!

Pressure sensors at the four points shown in Figure 7.1 were attached using 74!

hypodermic needles. This allowed monitoring of pressure changes in the 75!

convergent zone as flow fronts progressed. Mould cavity pressure was set at 76!

40mbar absolute for all experiments, with the cavity being under vacuum for a 77!

minimum of 24 hours in the balsa experiments. Ambient pressure and 78!

temperature were recorded, as was the flow rate of glycerol using digital scales 79!

attached to the Datataker DT600. 80!

 81!

7.1.1. Results. 82!

Figure 7.2 shows convergent flow in the non-porous experiment, with frame 83!

grabs at 0, 50, and 100 seconds. 84!

 85!

Figure 7.3 shows convergent flow with AL600 end grain balsa at 0, 30, and 60 86!

seconds. 87!

 88!

 89!
 90!

Figure 7.2. Glycerol flow with 150mm square 10mm thick Perspex non-porous core.!
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 91!

 92!

Multiple experiments were run with both balsa core and without. Figure 7.4 93!

shows the variation that was observed in lock-off shape and size between three 94!

experiments without balsa core present. 95!

 96!

 97!

Figures 7.5 and 7.6 show data recorded for a single experiment for each type of 98!

setup. Figure 7.5 shows the pressure traces with no porous core present, and 99!

Figure 7.6 with balsa core. 100!

Figure 7.3. Glycerol flow with 150mm square 10mm Perspex distribution channel, and 150mm 
square 10mm AL600 balsa core.!

Figure 7.4. Comparison of three runs using 10mm Perspex core.!
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 101!
Figure 7.5. Experimental pressure data for non-porous 10mm Perspex. 102!

 103!

 104!
Figure 7.6. Experimental pressure data for AL600 end grain balsa. 105!
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The data presented in Figures 7.5 and 7.6 show pressure readings from the four 106!

sensors laid along the diagonal from the centre (Figure 7.1). Glycerol flow rate is 107!

shown, and is consistent between the two experiments. When the glycerol flow 108!

front passes a pressure sensor, the rate of pressure increase reduces as 109!

highlighted in Figure 7.5 and 7.6. Pressure then continues to rise as the flow front 110!

moves on. In Figure 7.6 this rise in sensors 2 to 4 is very shallow after the flow 111!

front has passed, with only sensor 1 located in the plate centre rising towards 112!

ambient pressure as the fronts converge. 113!

 114!

7.1.2. Observations and discussion. 115!

The shape and location of lock off varied with each experiment as can be seen in 116!

Figure 7.4. This is likely due to the fabric used, which being a random fibre mat 117!

will exhibit minor variations in local Vf, and hence permeabilities on all three axis 118!

[146].  119!

 120!

7.1.2.1. Non-porous core. 121!

The effect of using a porous core can be seen in Figure 7.4 where there is no 122!

visible evidence of lock-off, and glycerol completely fills the cavity as trapped 123!

residual air has been drawn into the balsa. Figure 7.5 shows that pressure in all 124!

sensors for the non-porous core increases rapidly as flow fronts converge. All 125!

pressures initially climb at a similar rate, but as the flow front passes a sensor, 126!

pressure changes cease momentarily until glycerol starts to travel up the sensor 127!

capillary tube; the pressure then continues to rise. This does not happen with 128!

sensors 1 and 2, as they are both located in the region of lock-off. With a non- 129!

porous core all of the sensors equalize just below ambient pressure. 130!
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  7.1.2.2. Porous core. 131!

Pressure traces for the balsa experiment are very different from the acrylic core 132!

with only sensor 1 rising in pressure as the fronts converge. It is likely that as 133!

balsa absorbs air in the convergence zone, the effective pressure of the glycerol 134!

is reduced slowing down the pressure increase seen by the other sensors. 135!

 136!

The experiment has shown the effects of having a porous core where flow fronts 137!

converge when residual air is present in the mould cavity, due to either the 138!

limitations of the vacuum pump (flow rate) being utilized, or the time constraints 139!

of a particular production process. It is now necessary to establish the method of 140!

air transport in and out of balsa, the rate of absorption and desorption, and the 141!

volume that can be contained in the cellular structure. 142!

 143!

7.2. Characterisation of balsa and its air absorption/desorption behaviour 144!
under high vacuum. 145!

 146!

With the previous section showing that end grain balsa absorbs air during a resin 147!

infusion, this section will propose experiments that can be used to characterize 148!

this behaviour. 149!

 150!

In a resin infusion process, when the vacuum bag is evacuated any air present in 151!

the core material will flow out. The difficulty is how to measure this volume of air, 152!

and the manner in which it is drawn out. The question is how much air will be 153!

removed from the core over time, and what is the volume of air that can be 154!

removed. The answers to these questions are important, as they will provide a 155!

better understanding of time constraints of a manufacturing process on defect 156!
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formation. Commercial production schedules require realistic time scales in the 157!

majority of situations, with perhaps the occasional instance where time is not an 158!

issue. e.g. products where cosmetics are the driving factor, and a surface defect 159!

is highly undesirable.  160!

 161!

Li et al [150] used the ‘falling pressure’ method experimental method shown in 162!

Figure 7.7 for measuring air permeability of a porous medium (asphalt).  163!

 164!

Experimental methodology: 165!

1. Seal a sample in the cylinder and allow hours for silicone sealant to set. 166!

2. Increase the pressure below the sample using a foot pump until the 167!
manometer indicates a pressure slightly greater than 3 kPa. 168!

3. Shut off the valve to foot pump. The air trapped in the air chamber can only 169!
escape by flowing through the sample. 170!

4. The data record starts (i.e. t = 0) when the manometer indicates 3 kPa. The 171!
time when the pressure in the air chamber drops by every 0.2 kPa is recorded. 172!

With results obtained, Equation 7.1 was used to calculate the permeability of the 173!

porous media. 174!

Porous!sample!with!surface!open!to!
atmospheric!pressure!

Manometer 

Valve 

Air chamber 

Air inlet 

V P(t) 

Z 

Figure 7.7 Scematic of falling-pressure air permeameter [150].!
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! = − !"#$
!!!"#

 (7.1) 

Where V is the volume of the chamber, Z is the distance of 1D air flow, A is the 175!

cross sectional area of the sample, μ is the dynamic viscosity of a gas, and s is 176!

the slope of ln[c(P,PAtm)/(P+PAtm)] versus t, where c is a constant given by 177!

! = ! 0 + !!"#
! 0 + !!"#

 (7.2) 

 178!

An undergraduate project [151] conducted with ACMC (Plymouth University) to 179!

measure the air permeability of fabrics, used an experimental method very similar 180!

to method outlined above, but a reliable method of sealing the edges of cut fabric 181!

was required. Figure 7.8 shows the solution to edge permeability, which entailed 182!

encapsulating the fabric edges with silicone RTV rubber. 183!

 184!

 185!

70mm$

Figure 7.8. Flow rig with silicone sealed E-Glass fabric of 60mm diameter, encapsulated in 
a silicone disc of 70mm diameter. Disassembled (L), and assembled (R) [151].3

!
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The method used in the undergraduate project was considered. However, it was 186!

decided that a silicone seal may breach under high vacuum (<40mbar) where the 187!

sample provides a major restriction to air flow. An alternative solution considered 188!

was to bond the balsa samples to the Perspex tube as seen in Figures 7.9 and 189!

7.10. These methods would be similar to the falling pressure method used by Li 190!

et al [150]. 191!

 192!

 193!

 194!

 195!

 196!
 197!

 198!
 199!

 200!

 201!
A significant problem with the methods shown in Figures 7.9 and 7.10 exists 202!

regarding the sap channels within the unsealed balsa. These free flow channels 203!

would allow rapid flow of air through the sample and need sealing before any 204!

experimentation. In the context of this experiment it is undesirable, as the 205!

experiment is designed to measure the rate at which air can flow through the 206!

Perspex tube Balsa 

Adhesive fillet 

Figure 7.9. Sealed balsa core bonded to Perspex tube externally.!

Perspex tube Balsa!

Adhesive  

Figure 7.10. Sealed balsa core as cylindrical insert in Perspex tube!
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cellular structure of the core material, which would be compromised by any free 207!

flow channels. This led to a method of sealing the sap channels fully being 208!

designed, whilst retaining the porous nature of the balsa samples. 25mm 209!

unsealed balsa (AL600) was infused with Sicomin SR8100 without any fabric on 210!

the surfaces. Figure 7.11 shows a cross section of the infusion strategy used. 211!

 212!

 213!
The infusion mesh was reduced in area as shown in Figure 7.12, when 214!

compared to a normal infusion, where generally the infusion mesh would 215!

indicated by the hatched line. In this layup no through thickness flow channels 216!

were drilled as seen in Figure 4.6, and the flow mesh was limited in size to purely 217!

provide resin to the peel ply being used as a the flow medium. This would ensure 218!

that the sap channels became the primary flow channels to the mould side, 219!

sealing them off in the process. By infusing the balsa panel in this manner, a thin 220!

layer of resin will be present on the upper and lower surfaces of the core that can 221!

be removed after curing.  222!

 223!

 224!

 225!

Outlet to vacuum pump 

Resin inlet and infusion mesh 

Mould 

Peel ply layers 
AL600 balsa 

Figure 7.11. Infusion with peel ply layers to promote resin flow on the balsa surfaces!
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 226!

After curing of the sealed surface, the balsa panel was checked for sealed sap 227!

channels. This was achieved by milling the upper and lower surface off the balsa 228!

to a depth of 1mm. A 25mm diameter acrylic cylinder was bonded onto the top 229!

surface of the prepared balsa using high viscosity cyanoacrylate adhesive 230!

(Figure 7.13). 231!

Figure 7.13. Milled balsa surface with Perspex tube bonded on. 

!

25mm 

Figure 7.12. Reduced area of infusion mesh compared to Figure 4.11. 



! !! 182!

To ascertain the effectiveness of sealing the sap channels, the tube was filled 232!

with acetone, selected for its low viscosity (0.3 mPa at 20oC). The top of the tube 233!

was sealed to prevent evaporation, and the level marked at the top of the 234!

meniscus after 1 minute allowing for penetration into the surface damaged zone 235!

created during the milling process. The sample was then stored in a cool area to 236!

further reduce evaporation of the acetone. 237!

 238!

7.2.1. Results and discussion. 239!

After 24 hours the acetone had not fallen below the reference mark, and it was 240!

therefore concluded that this method had sealed the balsa sufficiently to prevent 241!

absorption or flow of a low viscosity liquid. However this is not ideal as the 242!

viscosity of air is approximately 18µPa s (1.8 X 10-2 cP), so air transport through 243!

the balsa may still be possible where some smaller channels have not filled with 244!

resin completely, or shrinkage of resin away from channel walls has occurred. It 245!

was concluded that the proposed methods could provide an experimental 246!

method of measuring air permeability in end grain balsa, but it would not provide 247!

an indication of pore space volume within the material acting as an air sink. It 248!

was considered that a method to establish pore space and absorption/desorption 249!

rate simultaneously was required, and led to the design of a single experiment 250!

that could provide this information. 251!

 252!

7.3. Experiment to establish absorption/desorption rates, and available 253!
pore space in AL600 end grain balsa. 254!

 255!

The results in section 7.3 informed the decision to manufacture a custom air 256!

reservoir closer in size to the sample chamber. This is a sealed unit designed to 257!
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reduce the chance of leaks. The smaller air chamber would also allow for greater 258!

pressure changes, reducing the sensor error as a percentage of the final results. 259!

 260!

 7.3.1. Experimental equipment.  261!

After initial trial runs (Appendix J) to establish the suitability of the experimental 262!

rig it was modified to the final configuration seen in Figure 7.14. This modification 263!

was made to limit the amount of free air in the chamber link pipe, thereby 264!

reducing its effect on the results. The equipment is broadly similar to an 265!

experiment used to establish gas diffusion coefficients in polymers (Appendix K, 266!

Figure K.1 [152]).  267!

 268!

 269!

The ball valve used to isolate the two chambers, and the pressure sensor 270!

attachment point can be seen in Figure 7.15. 271!

Digitron!
2085P!

Ball!valves!

SDX!15D4!Pressure!!sensors!

Edwards!EM8!Vacuum!
pump!

K!type!thermocouple!

Datataker!!
!!!!!!500!

Sample!
chamber!
1.5L!

2.5L!Air!
chamber!

Figure 7.14. Schematic of final experimental equipment setup used for data acquisition. 
Full details in Appendix L.!
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Before any data was analysed, an experiment was conducted to establish the 272!

time taken for free air to move between the empty chambers ensuring the ball 273!

valve was not a flow constriction affecting results. Figure 7.16 shows the 274!

experiment start point is at 60 seconds allowing the two chambers to stabilise 275!

before the valve was opened. The pressures in the air and sample chambers 276!

equalise at 150 seconds when all free air movement has ceased. This free air 277!

movement after the link valve is opened will be allowed for in the analysis of data 278!

collected during experimental runs. 279!

 280!
Figure7.16. Reduction of free air movement after 90 seconds from valve open. 281!
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Figure 7.15. Image of ball valve used as link for chambers in final revision of experimental 
equipment.!
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Using experimental procedures outlined in Appendix M, absorption and 282!

desorption runs were conducted using discs of unsealed AL600 end grain balsa 283!

from a single panel. Figure 7.17 shows sample set 1, manufactured to fit the 284!

sample chamber as tightly as possible thus reducing the amount of free air 285!

present in the sample chamber.  286!

The samples were grouped into three sets of six discs, with the apparent 287!

densities of each individual disc and the combined set are listed in Table 7.2. The 288!

sets were grouped so that set densities differed by approximately 10g. This 289!

would establish whether density has an observable effect on air absorption and 290!

desorption. 291!

Table 7.2. Mass, and apparent density of sample sets used for all experimentation presented in 292!
this thesis (Ambient temperature 220C, RH 39%, pressure 1020 mbar). 293!

 
Set 1 Set 2 Set 3 

Sample Weight 
(g) 

Density 
(kg/m3) 

Weight 
(g) 

Density 
(kg/m3) 

Weight 
(g) 

Density 
(kg/m3) 

1 34.3 130.9 29.4 112.2 35.7 136.3 
2 34.5 131.7 32.1 122.5 32.5 124.1 

3 36.9 140.9 32.3 123.3 32.0 122.2 

4 32.2 122.9 33.1 126.4 35.7 136.3 
5 35.3 134.8 32.0 122.2 30.3 115.7 

6 36.3 138.6 31.4 119.9 32.8 125.2 
Av 34.9 133.3 31.7 121.1 33.2 126.6 

Total (g) 209.5 
 

190.3 
 

199.0 
 

25m
m$

Figure 7.17. Sample set 1, AL600 balsa discs cut from a single 25mm thick panel. 
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 Early experiments into gas permeability of balsa wood and its impact on 294!

manufacturing were presented at FPCM9 [153] (Appendix S), with preliminary 295!

experimental results being presented at ICCM17 [154] (Appendix T). These early 296!

experiments were conducted using the initial experimental equipment 297!

arrangement described in Appendix J. 298!

 299!

7.4. Limitations of experiment equipment, and potential errors. 300!

 The experimental method for obtaining diffusion coefficients used in this thesis 301!

does not fully represent the desorption rate of wood being used in a 302!

manufacturing process. A more representative scenario would be a constant 303!

vacuum source applied, rather than allowing two pressure chambers to equalize. 304!

Trials were conducted to investigate the feasibility of using a hypodermic needle 305!

inserted into a core sample. It was found that it was not possible to seal the 306!

needle sufficiently, and pressure readings obtained were not a true 307!

representation of individual cell pressures. The experiment conducted does 308!

however represent the environment that exists in an area of lock-off where the 309!

core at that point has been isolated, and a finite volume of air can enter the finite 310!

volume of core in the lock-off region. A perfect fit was not obtained for the 311!

samples due to the delicate nature of balsa and the associated machining 312!

problems. The surface of each disc face is also subject to roughness due to the 313!

manufacturing process of the panels the samples were cut from, and in Section 314!

5.3.2 it was seen that balsa has an extensive network of sap channels that also 315!

contain free air. Calculating the volume of this space indicates that the volume of 316!

free air in the sample chamber would be approximately 3% of the total chamber 317!

volume (Appendix N). This value was deemed acceptable, and the time of 90 318!
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seconds seen in Figure 7.16 for this free air to move could be filtered out of 319!

experimental results.   320!

 321!

Before running experiments to establish absorption/desorption rates and 322!

available pore space, a series of experiments were conducted to establish 323!

equipment leak rate, baseline absorption/desorption levels, and 324!

absorption/desorption dependencies on core material volume. The results of 325!

these experiments are presented in the following sections.  326!

 327!

7.4.1. Seven-day absorption experiment to establish equipment leak 328!
rate, and baseline absorption values for sample set 2. 329!

 330!

A single absorption run was conducted for 7 days to establish the leak rate in the 331!

experimental equipment: only 3000 minutes (2 days) are displayed in Figure 7.18 332!

for clarity. Extended time experiments were achieved by using a lower data- 333!

sampling rate (10 minutes), as high resolution was not required.  334!

 335!
Figure 7.18. 7-day absorption run to determine equalization pressure, and leak rate. RH47%, P 336!

999mbar, T 22ºC. 337!
 338!

Figure 7.18 shows a stable pressure of 676 mbar absolute after 1350 minutes. 339!

Small fluctuations seen after this point can be attributed to ambient pressure 340!
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changes in the laboratory, where the pressure from 1350 minutes fluctuates 341!

between 675 and 672 mbar absolute. Appendix O shows ambient pressure 342!

changes affecting chamber internal pressures, although it is small and lags 343!

behind atmospheric changes. This run would also act as an indicator of final 344!

pressure values that could be expected. 345!

 346!

7.4.2. Seventeen-hour baseline desorption experiment with sample 347!
set 2. 348!

 349!

A long desorption run on sample set 2 was also conducted to establish a 350!

baseline desorption value. The run was curtailed at 1000 minutes, as from the 351!

extended absorption run it was likely that it would be within 1% of the final value, 352!

assuming zero or very low leak rates. This was felt to be sufficient as an indicator 353!

of the final pressure value. 354!

 355!
Figure 7.19. 17 hour desorption run to provide comparison between absorption and desorption 356!

values reached after a finite time. (1000 minutes), RH 53%, P 999mbar, T 21ºC. 357!
 358!
Figure 7.19 shows that the results obtained are similar to Figure 7.18 in terms of 359!

pressure change at equalisation, with the difference between initial chamber 360!
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pressure and 1000 minutes being 328 mbar for desorption, and 320 mbar for 361!

absorption. 362!

 363!

7.4.3. Experimental methodology for experiment on core bulk 364!
affecting air absorption and desorption using 3 and 6 discs. 365!

 366!

Experiments with 3 discs and 6 discs of balsa were conducted to compare 367!

absorption/desorption behaviour. Experiments used sample set 1, and for 3 discs, 368!

1-1, 1-2, and 1-6. Impermeable PTFE discs were used to replace the unused 369!

balsa discs. The selected balsa discs weighed a total of 105.9 g ensuring bulk 370!

density is consistent with the 6 disc runs. Figure 7.20 shows the results on a dual 371!

axis graph to show the consistency between absorption and desorption curves. 372!

 373!
Figure7.20. Comparison of absorption and desorption with 3 discs from sample set 1 totalling 374!

105g. 375!
 376!
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7.4.4. Results. 382!
 383!

Table 7.3 shows the results for the change in pressure over 4500 seconds (75 384!

minutes) for the 3 and 6 disc experiments. 385!

 Initial pressure 
(mbar) 

Pressure (mbar) 
@ 75 minutes ! P (mbar) 

Absorption 6 disc 1008 780 228 
Absorption 3 disc 997 888 109 
Desorption 6 disc 5 232 227 
Desorption 3 disc 1.3 114 113 

Table 7.3. Comparison of pressure changes (∆P) over 75 minutes, between 6 disc and 3 disc 386!
absorption/desorption experiments. 387!

 388!

The results show that for half the volume of core material (3 discs), the observed 389!

pressure change is approximately half the value seen for 6 discs over the same 390!

time period.  391!

 392!

7.5. Absorption/desorption experiments, and balsa pore space calculation. 393!

The following section shows the results obtained for 3 runs of each sample set. 394!

Leak rate checks were conducted between each experiment. Leak rates 395!

recorded were around 0.1 mbar/hour and considered small enough for the results 396!

not to be corrected. The calibration pressure gauge (Digitron 2085P) used is a 397!

greater source of error at ±2 mbar tolerance. All experiments were conducted at 398!

an ambient laboratory temperature of around 22oC. Experiments were conducted 399!

for 680 minutes, to achieve a reasonable balance between data capture rate (1 400!

minute), and storage space on the Datataker. Preliminary runs showed that this 401!

gave approximately 93% of the final pressure values seen in Section 7.4.1. This 402!

was considered sufficient, as Vestas production would not allow for evacuations 403!

of this length, and resin will have cured locking knit lines in position. 404!

  405!
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7.5.1. Absorption/desorption results for AL600 balsa. 406!

Figure 7.21 shows the average absorption curves for the three sample sets.  407!

 408!
Figure 7.21. Absorption comparison of three sample sets with differing bulk densities. 409!

 410!

Figure 7.22 shows the average desorption curves for the 3 sample sets. 411!

 412!
Figure 7.22. Desorption comparison of three sample sets with differing bulk densities. 413!
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7.5.2. Pore space calculation results for AL600 balsa core. 414!

Using the data from the last data point (680th) of each experiment pore space 415!

was calculated using Equation J.2 (Appendix J), with the results presented in 416!

Table 7.4.  417!

 !!  
(mbar) 

!!  
(mbar) 

!!  
(mbar) 

Ps 
(litres) % Ps 

Desorption      
S1 300 6 1014 1.03 68.74 
S2 343 4 1013 1.27 84.40 
S3 331 4 1011 1.20 80.17 
Absorption      
S1 727 1008 4 0.97 64.78 
S2 687 1006 2 1.17 77.84 
S3 705 1011 4 1.09 72.75 

Table 7.4. Pore space results for the averaged absorption/desorption runs where Ps = pore space, 418!
Pe = equalisation pressure, Pb = initial sample chamber pressure, Pr = initial air reservoir pressure. 419!

 420!
The pore space reported in Table 7.4 is seen to be dependent on density with the 421!

highest density samples (set 1) having the lowest pore space available, with set 422!

2 having the highest pore space, being the least dense material.  423!

 424!

7.6. Discussion. 425!

The small differences seen between absorption and desorption behaviour can be 426!

explained by the different ambient pressures at experiment start (~10 mbar), and 427!

the fact that balsa is a variable natural material making it susceptible to ambient 428!

condition fluctuations.  429!

 430!

The results for pore space calculation correspond with evidence presented in 431!

Section 3.5. As the density of balsa changes through cell wall thickness rather 432!

than wall density, the available pore space reduces as seen in Table 7.4. Air 433!

leaks in the equipment were always a possibility, although the equipment had 434!

been designed and manufactured to minimise this possibility.  435!
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It is acknowledged that the data set is small. Eighteen individual samples were 436!

tested, but grouped into 3 sample sets, covering three bulk density ranges. 437!

 438!

7.7. Diffusion in porous media. 439!

With air absorption and desorption data obtained for end grain balsa, these 440!

results must be quantified to be useful for enhancing flow modelling packages. 441!

The following sections will cover how the experimental data gathered can be 442!

used to achieve this goal. 443!

 444!

It is assumed that solids must be porous to be permeable. Permeability can only 445!

exist if the material’s voids are interconnected in some manner. This may be in 446!

the form of openings between the constituent cells. If these openings do not exist, 447!

or have been encrusted, the wood takes on a closed cell structure and is virtually 448!

impermeable to liquids [155], as evidenced in Section 5.5.1. This is not true for 449!

gasses, which can diffuse through the cell membranes, although wall thickness 450!

will have an effect, as more cell-wall material is traversed per unit distance [156] 451!

(Appendix P). However moisture is readily absorbed/desorbed, and results for 452!

absorption have been reported in Section 5.3.2. This is the ‘apparent’ diffusion, 453!

and comprises two components of resistance to diffusion. These are external 454!

surface resistance and internal resistance, which Newmann [157] separated out 455!

and derived solutions for Fick’s [158] second law of diffusion. 456!

 457!

This section will cover the results obtained from gas absorption/desorption 458!

experiments and investigate a methodology for obtaining a gas diffusion 459!

coefficient for end grain balsa. In Chapter 3 the structure of balsa was discussed, 460!
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and shown to have very different strucctural forms in the longitudinal, tangential, 461!

and radial directions. Sorz and Heitz [159] investigated the implications of gas 462!

diffusion through wood and its effect on oxygen supply for the tree using the 463!

experimental setup in Figure 7.23. Similar in concept to the experiment 464!

conducted by Broom [150] in Figure 7.8, nitrogen gas was used to measure 465!

diffusion through hard wood samples. 466!

Results for a range of woods showed diffusion coefficients in the axial and radial 467!

directions, of between 9.5x10-10 m2/s 4.3x10-7 m2/s The authors refer to Yokota 468!

(1967) [160] who showed that gas diffusion in a range of Japanese hardwoods 469!

had similar values for radial and tangential diffusion, but differ for the longitudinal 470!

direction. The recorded longitudinal values were between 5x10-7 m2/s and 471!

2.4x10-5 m2/s, and as will be seen, agree well with the data presented in Section 472!

7.9. 473!

 474!

The values for gas diffusion presented here should be considered a global 475!

average value combining longitudinal, radial, and tangential values. This is more 476!

useful for the intended purpose of these empirically obtained results, as diffusion 477!

Figure 7.23. Set-up used for measuring gas diffusion through wood. (a) syringe 
housing oxygen sensor, (b) rubber plug, (c) cut off flask bung, (d) heat shrink 
tubing, (e) wood sample, (f, g, h) sealant, (j, k) Nitrogen inlet and outlet [148]. 
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will be happening simultaneously in all three axes for a core material surrounded 478!

by highly gas permeable fabrics. There is likely to be an overall effect due to 479!

aspect ratio of the core materials, as it will be easier for gas to diffuse out in the 480!

plane where the material is at its thinnest. In this thesis a global diffusion 481!

coefficient will be investigated and presented as a global material property, as 482!

this is more useful in reality where gas will be diffusing in all directions, not along 483!

a single axis. 484!

 485!

It will be seen that the effect observed is not straightforward diffusion, possibly 486!

due to the cellular nature of the balsa and desorption of moisture from the balsa 487!

when subjected to a high vacuum (between 1.3x10-3 and 1.3x10-6 bar absolute 488!

[161]). The resulting diffusion should be regarded as being multiphase, as the 489!

moisture desorption effects are occurring at the same time as gas diffusion, 490!

presenting a far more complex problem. 491!

 492!
7.8. Application of diffusion theory to experimental data. 493!

The diffusion behaviour observed in the experiments conducted is clearly not 494!

steady state, as the rate of change of concentration of species varies with time. 495!

This was confirmed by Prak [162] who stated that practical applications of 496!

permeability are usually in the non-steady state when dealing with gas 497!

permeability of wood. 498!

 499!

7.8.1. Initial curve fitting. 500!

The model used in this section is based on classical solutions to problems in heat 501!

transfer provided by Carslaw and Jaeger [163]. Time dependent diffusion of 502!
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species such as gas through porous solids, is described by Fick’s second law. 503!

This equation is the same as Fourier’s equation for transient conduction of heat 504!

in solids, if the diffusion coefficient (D) is replaced by thermal diffusivity k/ρc and 505!

the concentration (C) and hence pressure is replaced by temperature [164] 506!

(Appendix P). The initial analysis considered the flow of heat in a solid bounded 507!

by two parallel planes. It is assumed that the parallel planes are maintained at 508!

zero temperature (representing pressure) for all time t . 509!

 510!

Let !(!, !) be the temperature distribution through the solid which satisfies the 511!

one dimensional diffusion equation. 512!

 513!

!"
!" = ! !

!!
!!!, 0 < ! < !, ! > 0 (7.3) 

 514!

Where ! is a diffusion coefficient, where t=time, x=distance. 515!

 516!

Boundary Condition 517!
 ! = 0,!ℎ!"!! = 0,!"#!! = ! (7.4) 

 

Initial condition 

 
 

! = !!!!"!!!!"#$%&#%!!"#!!""!!,!ℎ!"!! = 0 (7.5) 

Using the separation of variables method, a solution to the diffusion equation 7.3, 518!

which satisfies the boundary condition given by 7.4 is 519!

! = !!!"#
!"#
! !!!!!!!/!!

!

!!!
 (7.6) 

Where !!,! = 1,2,3,…., are constants.  
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To satisfy the initial condition (Equation 7.3), it can be shown that the 

solution is given by. 

! = 4!!
!

1
(2! + 1) !

!! !!!! !!!!/!!!"# (2! + 1)!"!

!

!!!
, (7.7) 

For comparison with experimental data, Equation 7.7 will be evaluated at the 520!

mid-point of the solid (x=l/2). 521!

 522!

Using Equation 7.7 a theoretical diffusion curve was obtained. Figure 7.24 shows 523!

the theoretical curve compared to an experimental absorption curve from sample 524!

set 2, obtained using the experimental equipment in Figure 7.14. The first 90 525!

seconds of experimental data were not used, to eliminate the effect of free air 526!

movement observed in Figure 7.16, which the model does not simulate. 527!

 528!

529!
Figure 7.24. Comparison of theoretical and experimental data. 530!

A diffusion coefficient of 1x10-4 m2/s was obtained by manipulating the two 531!

variables l and D, the length of the solid and the diffusion coefficient respectively. 532!

The solver function in Excel was not able to produce a better fit than presented 533!
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here, as the theoretical and empirical data sets are too dissimilar. The theoretical 534!

diffusion curve obtained is clearly not representative of air diffusion in sample 2; 535!

therefore a solution with boundary conditions that more closely resembled the 536!

experiment was required. The thermal analogy model is required to represent 537!

conditions where the source is finite and reduces over time, and the solid has a 538!

finite heat capacity. 539!

 540!

7.8.2. Diffusion equation with boundary conditions more 541!
representative of experimental approach. 542!

 543!

In the experimental setup described in Figure 7.14, the pressure distribution 544!

inside the sample chamber containing the balsa wood is as stated earlier 545!

analogous to a temperature distribution in a one-dimensional solid of finite length. 546!

The air supply chamber is analogous to a heat source, which loses heat through 547!

the interface between the two regions as shown in Figure 7.25. 548!

 549!

In Figure 7.25, u(t) represents the temperature of the heat source, v(x,t) 550!

represents the temperature of the solid, where x is the distance along the length 551!

of the solid l, and t is the time. 552!

 553!

Following the theory in Carslaw and Jaeger [163] the temperature in the solid 554!

satisfies the one dimensional diffusion equation 7.3. 555!

x=0! x=l 

Solid!
v(x,t)3

Heat!
source!
!!u(t)3

Figure 7.25. Analagous model of experimental setup in Figure 7.14 

Interface!
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Diffusivity is given by: 556!

! = !
!" 

(7.8) 

and !,!, !!are the thermal conductivity, density, and specific heat of the solid 557!

respectively. 558!

 559!

Boundary Conditions 560!

Adiabatic boundary 
!"
!" = 0, !"!! = ! (7.9) 

Heat flux at interface !!!! !"!" − !
!"
!" = 0, !"!! = 0 (7.10) 

with ! !"!" = −! ! − ! , !"!! = 0 (7.11) 

where !!, !!represent the mass per unit area and specific heat of the source 

respectively. H is a constant that represents the rate at which heat is allowed to 

transfer from the heat source across the barrier to the solid at x=0. 

 ! = !!,!"!! = 0 (7.12) 

 ! = 0,!"!! = 0 (7.13) 

The solution for u(t) and v(t) is given by 561!

! ! = !!
1+ ! + 2!!!

!!
!!
!!!!!!

!

!!!
 (7.14) 

! !, ! = !!
1+ ! − 2!!!

!!! − !"
!!!"#!!

!"# !! 1− !! !!!!!!
!

!!!
 

(7.15) 

 562!

Where k, L, T are non-dimensional values given by 563!

! = !"
!"!!! , ! =

!"
! ,! = !"

!!  

!!, s=1,2,3… are the positive roots of the equation, tan !! = !!! (!!! − !") 564!
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and 565!

!! = !!! + !! + ! − 2!" !!! + !!! 1+ !  (7.16) 

 566!

A typical graph for u(t), v(0,t) is shown in Figure 7.26. 567!

 568!
Figure 7.26. Theoretical temperature convergence between source and solid. 569!

It should be noted from Equations 7.14 and 7.15, that as ! → ∞, the solution for u 570!

and v is 571!

!|!!! !!= !!!|!!! !!= !!!
!!

1+ ! ! 

! → 0!!!!"!!!"#$%& ≫ !!"#$% → !!!"#!!!!"#!!"#$%&#% 

! → ∞!!"!!!"#$% ≫ !!"#$%& → !"#!!, !! → 0 

 572!

Figure 7.26 shows that temperatures u(t), and v(0,t) merge into a single curve 573!

after a short period of time. In the experimental setup the pressures in the 574!

sample and air chamber equalise after a short period of time (90 seconds). Only 575!

the data recorded after this equalisation is required in the modelling of the 576!

experiment.  577!
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The two solutions in Equations 7.14 and 7.15, for the merged section, can be 579!

simplified corresponding to no thermal resistance between heat source and solid 580!

(! → ∞). This is an acceptable representation of the free flow channel created by 581!

the ball valve in the experiment, as the restriction caused once free air has 582!

moved is negligible with regard to the slow process of diffusion in the experiment. 583!

The merged solution is only required for u(t), since v(0,t)=u(t) when the 584!

temperatures equalise. In Equation 7.14, the ratio L2/Ps can be written in the form 585!

!!
!!
= !!
!!! + !! + ! − 2!" !!! + !!! 1+ !

  

= 1
!!!
!! + 1+ 1! −

2!
! !!! + ! 1+ !

 (7.17) 

 586!

Putting ! = !"/! → ∞  in equations (7.17) and (7.14) then 587!

 588!

lim
!→!

!!
!!

= 1
!!! + ! 1+ !  

(7.18) 

 589!

! ! = !!
1+ ! + 2!!!

1
!!∗
!!!!!!

!

!!!
, (7.19) 

 590!

where , s=1,2,3,. are now the positive roots of the equation tan !! = − !!
! , 591!

and 592!

!!∗ = !!! + ! 1+ !  (7.20) 

It should be noted in Equation (7.19) that in order to satisfy the condition that 593!

u=V0 at t=0 it follows that 594!

sα
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1
!!∗
= 1
2(1+ !)

!

!!!
, (7.21) 

 595!

As outlined earlier, the pressure distribution in the experimental equipment 596!

shown in Figure 7.14 is analogous to the temperature distribution in the model 597!

presented in Figure 7.25. In the following sections the modified solution will for 598!

clarity refer to pressure distribution, rather than temperature. 599!

 600!

7.8.3. Modified solution for non-zero initial pressure. 601!

In the experimental setup the initial pressure in the sample chamber is non-zero, 602!

however the solution in Equation 7.19 is based on a zero initial pressure, v=0, as 603!

shown in Equation 7.13. To model the experimental setup, the solution in 604!

Equation 7.19 can be generalized to the case when v= !! at t=0, and is given by  605!

 606!

! ! = !!
1+ ! + !! + 2!!!

1
!!∗
!!!!!!

!

!!!
, (7.22) 

Equation 7.22 now satisfies the initial conditions, which takes account of non- 607!

zero initial pressure in the sample chamber. 608!

 609!

Air chamber (source) ! = !! + !!,!"!! = 0 (7.23) 

Sample chamber (solid) ! = !!,!"!! = 0 (7.24) 

 610!

It is convenient to write the solution in Equation 7.21 in terms of the start 611!

pressure !! (at time ! = 0) and the final pressure !! (at time ! = ∞), because !! 612!

and !! are experimental parameters (Appendix Q). 613!
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On putting ! = 0!and ! = ∞ in Equation 7.22, and using equation 7.21 gives 614!

!! + !! = !! and  !!!!! + !! = !!. These equations imply 615!

!! =
(1+ !)(!! − !!)

!  (7.25) 

 616!

Hence the solution in Equation 7.22 becomes 617!

! ! = !! + 2(1+ !)(!! − !!)
1
!!∗

!

!!!
!!!!!! (7.26) 

Therefore as ! = !"
!!  618!

! ! = !! + 2(1+ !)(!! − !!)
1
!!∗

!

!!!
!!!!!∗

!"
!!  (7.27) 

Where l represents the sample chamber length (solid) of 0.15 m for the 619!

experimental equipment used in Section 7.6. 620!

. 621!

7.9. Curve fitting methodology used to obtain diffusion coefficients from 622!
empirical data. 623!

 624!
Equation 7.27 is used in the following section to generate theoretical diffusion 625!

curves for absorption and desorption of air in balsa using a spreadsheet. 626!

 627!

Four variables are used, D, Vi, Vf, and k. k is related to the relative storage 628!

capacity of the source and solid in the thermal model, and in this analogous 629!

model is related to the relative storage volumes of the balsa sample and the air 630!

reservoir, but is used as a variable in the curve fitting. 631!

 632!

Excel’s solver function was programmed to adjust the required variables to 633!

achieve the lowest least squares sum (S), which is the difference between 634!
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theoretical and empirical pressure values squared. Table 7.5 shows an example 635!

from a data file used to plot diffusion curves in the following section. 636!

Time%(secs)% dt5x%
Com1.JOB1.A.2CV%

dt5x%
Com1.JOB1.A.7TK% T% S%

0% 176.68% 22.759% 185.8393266% 83.89326378%

Table 7.5. Columns showing empirical pressure data point (dt5x Com1.JOB1.A.2CV), Theoretical 637!
pressure data point (T), Least squares sum (S), and ambient temperature (dt5x 638!

Com1.JOB1.A.7TK) at experimental time 0. dt5xCom1.Job.A.XXX columns represent raw data 639!
from the Datataker 600. 640!

 641!

Table 7.6 shows the experimental pressure values from Section 7.6 used as 642!

initial values for Vi and Vf.  643!

 644!

Vie is the initial pressure recorded at 90 seconds from valve open (Section 7.3.1), 645!

and Vfe is the final pressure value recorded. 646!

Absorption (mbar) Vie (120 s) Vfe 
Sample 1 860 727 
Sample 2 812 690 
Sample 3 830 704 

Desorption (mbar)   
Sample 1 146 300 
Sample 2 186 343 
Sample 3 177 331 

Table 7.6. Experimentally obtained pressure values used as initial starting points for curve fitting. 647!
Subscript e refers to experimentally obtained results. 648!

 649!
 650!

Sorz and Heitz [158], and Yokota [159] obtained results in the range of 2.4 x 10-5 651!

m2/s to 9.5 x 10-10 m2/s for diffusion coefficients (D) in hardwood. For this reason 652!

the approximate mean value of 1 x 10-7 m2/s was selected for the initial guess of 653!

the D value. 654!

 655!

No prior values for k were identified therefore the integer value of 1 was used as 656!

an initial value. 657!

 658!
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Figure 7.27 shows the comparison between theoretical and experimental curves 659!

using these initial values for air absorption in sample set 1. Experimental data 660!

displayed every 600 seconds. 661!

 662!
Figure 7.27. Comparison of theoretical and experimental curves for sample 1 absorption using 663!
initial values of Vi (860), Vf (727), D (1 x 10-7), and k (1), with a least squares sum of 1.1 x 107. 664!

 665!

The initial used values do not provide a close fit, and it was found that the solver 666!

function in Excel could not solve the problem with the least squares sum being so 667!

large (1.1 x 107).  668!

 669!

The following procedure was used to obtain diffusion coefficients (D) for the 670!

experimental results reported in Section 7.6. 671!

1. Input experimental values for Vi and Vf , D (1 x 10-7), and k (1). 672!

2. Adjust D and k incrementally by manual input (increase, decrease as 673!

required), until the least squares sum is <1000. 674!

3. Run solver to refine D and k only. 675!

4. Re-run solver refining all four variables, D, k, Vi, and Vf. 676!
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The method used was found to provide a repeatable method of using Excel’s 677!

solver function to obtain diffusion coefficient values. The effect that D and k3 678!

have on the curve can be seen in Appendix Q. 679!

 680!

7.9.1 Results. 681!

Figures 7.28 to 7.33 show theoretical curves obtained from using Equation 7.27, 682!

compared to experimental data as described in Section 7.3. Experimental data is 683!

displayed only every 600 seconds for clarity. 684!

 685!

7.9.1.1. Desorption diffusion coefficients. 686!

 687!
Figure 7.28. Sample set 1 desorption curve fit. 688!
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689!
Figure 7.29. Sample set 2 desorption curve fit. 690!

 691!

 692!
Figure 7.30. Sample set 3 desorption curve fit. 693!

 694!
 695!
Desorption Least squares sum Vf Vi k D (x 10-7) m2/s 

Sample 1 150 322 147 3.33 1.06 
Sample 2 741 347 191 5.15 1.89 
Sample 3 508 337 177 4.00 1.85 

Table 7.7 Results for curve fitting to 3 run average of desorption experiments. 696!
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7.9.1.2. Absorption diffusion coefficients. 697!
 698!

 699!
Figure 7.31. Sample set 1 absorption curve fit. 700!

 701!
 702!
 703!
 704!
 705!
 706!

 707!
Figure 7.32. Sample set 2 absorption curve fit. 708!
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 710!
Figure 7.33. Sample set 3 absorption curve fit. 711!

 712!
 713!
Absorption Least squares sum Vf Vi k D (x 10-7) m2/s 

Sample 1 84 719 861 3.23 1.78 

Sample 2 48 688 819 5.18 2.60 

Sample 3 37 703 823 3.66 3.00 
Table 7.8 Results for curve fitting to 3 run average of absorption experiments. 714!

 715!

Table 7.9 shows the average diffusion coefficients obtained for absorption and 716!

desorption of the three sample sets. 717!

 D (x10-7) m2/s 
Desorption average 1.60 
Absorption average 2.46 

Table 7.9. Average results for absorption and desorption diffusion coefficients. 718!
 719!

7.9.2. Discussion. 720!

A difference between absorption and desorption diffusion coefficients (D) is 721!

evident, and may be due to the differing chamber sizes, as seen in results using 722!

a large air reservoir in early trials (Appendix J). With the assumption that balsa 723!

used for these experiments has a theoretical pore space volume fraction of 724!
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approximately 90% (Appendix J), an air reservoir volume of 1.35 litres would be 725!

required. However, the results in Section 7.8 show the available pore space 726!

fraction found in the time scale of the experiment was an average of around 75%, 727!

which would require a reservoir of approximately 1.13 litres. Matching the air 728!

chamber to material pore space volume limits the experimental equipment to a 729!

single core material type. Otherwise there would be a constantly changing air 730!

reservoir size for each new material tested. Keeping the chamber sizes constant, 731!

allows materials to be directly compared without needing to normalise the results. 732!

 733!

The values for k seen in Tables 7.6 and 7.7 vary between the three sample sets, 734!

but are broadly similar for each absorption or desorption set, with the value 735!

decreasing as the density rises (Table 7.2, page 185) and the available sample 736!

pore space falls (Section 3.4). This is to be expected as although k is not a direct 737!

indication of volume, it is as previously discussed the ratio of relative available 738!

pore space and air reservoir volume (Section 7.10, Appendix R).  739!

 740!

The diffusion coefficients obtained for the balsa samples have a range of 741!

approximately 1 x 10-7 m2/s to 3 x 10-7 m2/s, which is similar to the coefficients 742!

found by Sorz and Heitz [158], and Yokota [159]. This variation in diffusion 743!

coefficients is to be expected for a material with a highly variable structure that is 744!

sensitive to temperature and humidity fluctuations, as shown in Chapter 5. 745!

 746!

A sensitivity study was conducted on sample set 2 absorption data to ascertain 747!

tolerance to variations on the value for D when the four variables are adjusted 748!

around the values presented. It was found that changes of ±5% in k, ±2% for Vi, 749!
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and ±0.3% for Vf could be achieved without shifting the theoretical curve away 750!

from experimental data significantly (Appendix Q). This gives a high level of 751!

confidence that the values obtained for a bulk diffusion coefficient have an 752!

accuracy of ± 5%, not withstanding equipment and experimental errors.  753!

 754!

The sum of least squares used to indicate curve fit accuracy can be slightly 755!

misleading, with the values reported for desorption results appearing to be high. 756!

Generally the largest differences between theoretical and experimental results 757!

are in the first 5 data points, and it was found that even with a value of 1000 least 758!

squares sum or less, a very close fit between experimental and theoretical curves 759!

was achieved. Removing these early data points from the results, D values were 760!

found to vary by < ±1%. For the purpose of these experiments the differences 761!

can be ignored. The initial experimental data points are less likely be to be 762!

consistent, due to the manual valve operation synchronising with the initial data 763!

capture point. A variation in timing of a single second can result in the first data 764!

points varying by several millibar due to relatively rapid air movement in the initial 765!

stages, and hence measured pressures differ at the initial time point in the 766!

experiment.  767!

 768!

7.10. Conclusion. 769!

The experiments using glycerol showed quite clearly how available pore space of 770!

a core material can influence knit line formation, and help reduce severity. This 771!

indicates that any industrial company, like Vestas, must decide on a trade off 772!

between production time, defect formation, and core material performance.  773!

 774!
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The experimental method used in Section 7.10 has shown that using a simple 775!

experiment and spreadsheet analysis it is possible to obtain diffusion coefficients 776!

for porous core samples, to better inform how a core material will behave and 777!

guide the trade off decision. These are of course bulk diffusion values taking into 778!

account simultaneous diffusion in all planes, rather than the separated values 779!

presented in by Sorz and Heitz [158], and Yokota [159], and thus more 780!

representative of the materials behaviour under a vacuum bag as part of a 781!

laminate stack. 782!
 783!

An automated method of opening the ball valve at a precise point to synchronise 784!

the data recording would be preferable, but is not essential, as the first few 785!

minutes of the absorption or desorption process are not critical to the overall 786!

process time. 787!

 788!

The method developed to obtain diffusion coefficients in this thesis more closely 789!

resembles what occurs during flow front convergence, and subsequent lock-off 790!

than the method used by Sorz and Heitz [158]. This makes the method proposed 791!

more useful for predicting the severity of lock-off, when compared to the current 792!

method used by the flow modelling packages investigated in Chapter 6, where 793!

severity was over-predicted.  794!

 795!

With cores such as birch plywood, balsa, and PVC being used by Vestas as 796!

sandwich cores, it is important to understand how each will behave in the 797!

complex resin infusion strategies of their turbine blades, and to a lesser extent 798!

secondary structures (shear webs). It has been seen that with complex 3D 799!
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structures flow front convergence is almost unavoidable. The experiment 800!

described in this chapter can be used to devise an infusion strategy to reduce 801!

knit line formation and severity, by choosing core materials that provide a 802!

satisfactory balance between structural performance, and their ability to absorb 803!

trapped air. Knit lines have the potential to reduce laminate performance 804!

(Chapter 4) which is not beneficial to a blade with an expected in service life of 805!

20 years [3]. 806!

 807!

 808!

 809!

 810!

 811!

 812!

 813!

 814!

 815!
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 819!

 820!
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Chapter 8. Concluding remarks. 

This thesis has identified defects that form during resin infusion of large cored 

composite sandwich structures. Knit lines are shown to be a consistent and 

repeatable defect that is difficult to eliminate due to the complex 3D flow during 

resin infusion manufacturing processes. It is clear from experiments that using a 

porous core such as end grain balsa, core pore space may be used to 

advantage by absorbing air trapped in flow convergence zones. The two flow-

modelling packages investigated demonstrate the difficulty in predicting severity 

and location of knit lines in cored laminate structures, although they were 

capable of doing so in monolithic laminates. An experiment was designed to 

provide data on core pore space, and the absorption/desorption rate of air in 

end grain balsa wood.  

 

8.1. Conclusions. 

1. From surveying turbine blades manufactured by Vestas, it was evident a 

wide range of defects exist, but are predominantly due to void formation. 

Observation and experimental evidence revealed that the defects are largely 

due to materials and production process interaction. 

 

2. Knit lines were identified as a significant void type defect. This defect has 

been shown to be generally unavoidable in complex 3D resin infused 

structures, with minimisation being the primary aim. Core porosity and 

permeability have been seen to be a major factor in the formation and severity 

of knit lines, due to their potential to act as a sink for trapped air. This effect is 

however very process dependent. An insufficiently evacuated core may 

increase defect severity.  
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3. Experimental work conducted on a range of core materials used for 

manufacture of the turbine blades, illustrated the difference in behaviour 

between the natural and man-made cores. These experiments highlighted the 

core’s natural ability to act as an air sink, which can help reduce the severity of 

knit lines. The research also indicated that resin absorption in the cores 

investigated only occurred in the surface damaged zone caused during 

manufacture, except in unsealed balsa. Unsealed balsa was found to absorb 

more resin per unit area due to the sap flow channels, which also provide 

uncontrolled resin transport during resin infusion, as seen in Figure 5.27. This 

indicates that pre-sealing of the sap channels is desirable, giving better control 

of resin flow without reducing the ability of the balsa to absorb trapped air, and 

reduces weight increase from resin absorption. 

 

4. The two flow modelling packages investigated during this project were 

found to be capable of predicting flow front convergence and the resulting lock-

off in monolithic laminates. However, when a porous core was modelled the 

simulation was found to over-predict defect severity creating a very large lock-

off, whereas in reality only a knit line will form due to the air-sink effect of the 

core. To enhance the capabilities of these modelling packages a method of 

predicting the flow of air into, and out of the core needs to be incorporated to 

predict where knit line formation volumes will be severe (total elimination is 

probably not possible).  

 

5. The original experiment to determine diffusion coefficients for balsa by 

measuring air absorption/desorption represents the true situation during resin 

infusion. This is where air flows into and out of the sample with a changing 
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pressure gradient because material pore space available as an air sink is finite. 

Methods identified during a literature survey on diffusion in wood do not 

represent this, but measure the diffusion of air/gas through the sample with a 

constant pressure gradient. Diffusion coefficients obtained using the original 

experiment (1 to 3 x 10-7 m2/s) were in the middle of the range of values 

reported in literature (2.4 x 10-5 to 9.5 x 10-10 m2/s), giving confidence that the 

experiment is providing valid results. 

 

The experiment used in this thesis to obtain diffusion coefficients can be used 

by industry to provide important core characteristics, such as optimum time 

under vacuum before infusion, and pore space availability to reduce knit line 

formation. Measuring diffusion coefficients will enable suitably modified software 

packages to model porous core materials, enhancing the prediction of defect 

formation.  

 

6. This thesis has shown that simple experiments can provide a greater 

understanding of materials interactions, allowing more informed decisions of 

core selection at the design stage. This is critical for all industries using core 

materials, and particularly important to Vestas where their turbine blades are 

predominantly natural core structures. The cost implications of lost production 

due to re-work of defects are undesirable. Using the methods described in this 

thesis, a core can be quickly characterised for suitability. By deconstructing the 

materials and process, as seen in Section 2.6, important quality control 

measures can be put in place before production begins, avoiding a fire-fighting 

approach to process and materials optimisation. 
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8.2. Future research 

Figure 8.1 [165] shows how water vapour and air moves between cells in a hard 

wood, and shows that air movement is not a homogeneous diffusion process, 

being able to move quite freely between some cells. This indicates the true 

complexity of air absorption and desorption under vacuum. Understanding the 

physics of this air movement is an area for further research, which could inform 

refinement of the proposed absorption/desorption model, before incorporation 

into flow modelling packages.  

 

Further research should also be focussed on establishing the effect of the time 

the core spends under vacuum, as a shorter degassing time may be more 

beneficial in tight production schedules, even with the reduced pore space 

available for trapped air to fill. The results presented in Chapter 7 (using the 

experimental method developed for absorption/desorption) agree sufficiently for 

the differences to be unlikely to concern the composites industry. 

. 

A possible market opportunity exists for an enterprising core manufacturer to 

develop a material that exhibits the qualities of wood, without the potential 

drawbacks of a natural material, such as rotting. It is suggested that a novel 

core be developed that is permeable to air but not liquid.  

Figure 8.1. Diffusion of gas across cell wall, and air movement by convection within the cells [165] 
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There are two potential approaches to a core style that could achieve this. 

1. The first would consist of an open cell structure, which would normally 

fill with resin, but an air permeable/liquid barrier layer similar to Gore-

tex [166] could either be added to the surface, or incorporated during 

the manufacturing process. These ‘skins’ would allow stored air out 

during the bagging-down phase, and back in where any areas of flow 

front convergence occur. However an open cell structure is not 

generally as rigid as closed cell for equivalent densities (Section 

3.1.1), so this approach may only be suitable in non-structural areas. 

 

2. The second approach could consist of a core material with two levels 

of permeability. This could consist of a low permeability structure for 

the surface layers, with the same material of higher permeability used 

in the centre of the core. This approach is similar to a surface sealed 

balsa and would permit air to pass through the surface layer, but 

prevent resin ingress into the pore space-rich centre, although drilled 

flow holes would allow resin absorption. The layup could be reversed 

with the high permeability layers on the surface, with the reduced 

permeability material in the centre. This would permit the drilling of 

flow holes, but available pore space for air absorption would be 

reduced.  

Care should be taken that the choice of permeable layers does not adversely 

affect shear properties, with enhanced processing of core performance leading 

to reduced mechanical performance. 
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As seen in Chapter 6, the two modelling packages used to predict defect 

formation both over-estimate the severity of knit-line type defects. They might 

be used, with suitable modification, as in proposal 1: 

 

1. Using a Finite Element approach as an extension of the existing 

method, where the advancing resin front progresses through each cell 

at a rate determined by local pressure gradients and porous loss 

coefficients. The challenge here would be to explicitly impose 

conservation of mass for both resin and air phases. The key issue is 

that air must be treated as compressible. Fibre and balsa regions 

could be defined using different permeability/porous loss coefficients, 

and the interface between the two regions would be defined such that 

it is only permeable to the air phase. If the balsa region is allocated a 

prescribed void volume, the conservation of mass of air could be 

satisfied. Flow would stop when local pressure gradients become zero, 

thus preventing over-estimation of defect severity. 

 

An alternative method could be to use commercially available CFD packages as 

in proposal 2. 

 

2. The advantage of using CFD code would be that conservation of mass for 

both fluids would be inherently satisfied. Fibre and balsa regions are 

defined as porous media, and a Volume of Fluid (VOF) approach [167, 

168] is used to simulate the advancing resin front. This could be 

accomplished by writing bespoke code, or by using existing commercial 

CFD software such as ANSYS CFX [169]. In ANSYS CFX, the fibre/balsa 



! 221!

interface could be modelled as only permeable to air, using CFX 

Expression Language (CEL) or User Fortran. 
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( (INFUSION PROCESS (a)
Note: Controllable refers to Vestas, not original manufacturer

Controllable Uncontrollable Effect

Workshop 4 2 10
Ambient conditions

T ✓ 2
RH ✓ 1
P ✓ 2
Variability ✓ 2

Vacuum Equipment
Flow Rate ✓ 1
Achievable vac ✓ 2

Materials 15 20 40
Fabric

Style ✓ 2
Sizing ✓ 0
Stitching ✓ 1
Aw ✓ 2
Permeability ✓ 2
Porosity ✓ 2
Drapability ✓ 1
Uniformity ✓ 1
Fibre density ✓ 0
Fibres per tow ✓ 2

Core
Permeability ✓ 2
Porosity ✓ 2
Density ✓ 0
Diffusivity ✓ 2
Resin channels ✓ 2

Pultrusions
Uniformity ✓ 1
Material ✓ 0
Surface finish ✓ 0

Infusion mesh
Porosity ✓ 2
Permeability ✓ 2
Style ✓ 1
Material ✓ 0

Peel ply
Porosity ✓ 1
Permeability ✓ 1
Material ✓ 0

Infusion channel
Material ✓ 0
Design ✓ 2

Bag
Material ✓ 0
Stretch ✓ 1
Toughness ✓ 0

Resin
Viscosity ✓ 2
Reactivity ✓ 1
Moisture absorption ✓ 1
Cure profile ✓ 2
Mix ratio tolerence ✓ 2

3 3 

of T 
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Layup 15 2 23
Accuracy

Fibre placement ✓ 2
Core placement ✓ 2
Pleating of bag (flow paths) ✓ 1
Channel placement ✓ 2
Mesh placement ✓ 2

Contamination
Workshop detritous ✓ 1
Hand grease ✓ 1

Mould shape
Curvature ✓ 2

Preforms
Accuracy of placement ✓ 2
Accuracy of preform ✓ 2

Fabric damage
Missing Tows ✓ 1
Broken Fibres ✓ 1
Crimping ✓ 1

Gelcoat
Uniformity (thickness) ✓ 0

Surface tissue
Placement ✓ 0

Bag
Bridging ✓ 2
Wrinkling ✓ 1

Infusion 13 2 27
Resin

Viscosity ✓ 2
Mix ratio ✓ 0
Temperature ✓ 2
Flow rate ✓ 2
Cure profile ✓ 1

Bag
Leak rate ✓ 2

Absolute pressure achieved
Atmospheric dependent ✓ 2

Multiple inlets
Correct sequencing ✓ 2

Mould temperature
Laminate stack variation ✓ 2
Localised hot spots ✓ 2

Core
Time under vacuum ✓ 2
Abs/Des rate ✓ 2
Localised P variations ✓ 2
Flow paths ✓ 2

Trapped gas/air
Void formation ✓ 2

Cure 3 0 4
Pre-release ✓ 0
Temperature regulation ✓ 2
Localised exotherms ✓ 2

0 = No effect TOTAL 50 26 208
1 = Effect
2 = Severe effect
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( (QUALITY (d)
Note: Controllable refers to Vestas, not original manufacturer

Controllable Uncontrollable Effect

Workshop 4 2 8
Ambient conditions

T ✓ 1
RH ✓ 2
P ✓ 1
Variability of T/P ✓ 0

Vacuum Equipment
Flow Rate ✓ 2
Achievable vac ✓ 2

Materials 27 8 35
Fabric

Style ✓ 0
Sizing ✓ 1
Stitching ✓ 0
Aw ✓ 0
Permeability ✓ 2
Porosity ✓ 2
Drapability ✓ 2
Uniformity ✓ 2
Fibre density ✓ 0
Fibres per tow ✓ 2

Core
Permeability ✓ 2
Porosity ✓ 2
Density ✓ 0
Diffusivity ✓ 2
Resin channels ✓ 2

Pultrusions
Uniformity ✓ 0
Material ✓ 0
Surface finish ✓ 0

Infusion mesh
Porosity ✓ 0
Permeability ✓ 1
Style ✓ 1
Material ✓ 0

Peel ply
Porosity ✓ 1
Permeability ✓ 2
Material ✓ 0

Infusion channel
Material ✓ 0
Design ✓ 2

Bag
Material ✓ 0
Stretch ✓ 1
Toughness ✓ 0

Resin
Viscosity ✓ 2
Reactivity ✓ 2
Moisture absorption ✓ 2
Cure profile ✓ 0
Mix ratio tolerence ✓ 2

(b) 

3 3 
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Layup 17 0 27
Accuracy

Fibre placement ✓ 2
Core placement ✓ 2
Pleating of bag (flow paths) ✓ 0
Channel placement ✓ 1
Mesh placement ✓ 2

Contamination
Workshop detritous ✓ 2
Hand grease ✓ 2

Mould shape
Curvature ✓ 0

Preforms
Accuracy of placement ✓ 2
Accuracy of preform ✓ 2

Fabric damage
Missing Tows ✓ 2
Broken Fibres ✓ 2
Crimping ✓ 2

Gelcoat
Uniformity (thickness) ✓ 2

Surface tissue
Placement ✓ 2

Bag
Bridging ✓ 2
Wrinkling ✓ 0

Infusion 14 1 25
Resin

Viscosity ✓ 0
Mix ratio ✓ 2
Temperature ✓ 2
Flow rate ✓ 2
Cure profile ✓ 1

Bag
Leak rate ✓ 2

Absolute pressure achieved
Atmospheric dependent ✓ 2

Multiple inlets
Correct sequencing ✓ 2

Mould temperature
Laminate stack variation ✓ 1
Localised hot spots ✓ 1

Core
Time under vacuum ✓ 2
Abs/Des rate ✓ 2
Localised P variations ✓ 2
Flow paths ✓ 2

Trapped gas/air
Void formation ✓ 2

Cure 3 0 4
Pre-release ✓ 1
Temperature regulation ✓ 1
Localised exotherms ✓ 2

0 = No effect TOTAL 65 11 198
1 = Effect
2 = Severe effect
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Sputter Coating (http://www.emcourses.com/sputter.htm, accessed 
20/11/12) 
 
In conventional SEM sputter coating a gold (gold-palladium, or platinum) 
target is bombarded with heavy gas atoms (usually argon but air is a fair 
substitute).  Metal atoms ejected from the target by the ionised gas cross the 
plasma to deposit onto the any surface within the coating unit including the 
specimen.  A low vacuum environment is used (0.1 to 0.05 mbar), which with 
one of the modern low voltage sputter coaters, enables metal to be deposited 
at up to 1nm/s1. 

Sputtered metals are deposited in the form of islands, NOT a continuous 
coating.  Although the coating will be relatively random, a coating unit should 
be tuned in order to obtain the optimum grain size, coating penetration and 
coating thickness, for the task in hand. 

Operation 
The conventional sputter chamber is pumped with a rotary pump until the 
vacuum level is beyond half scale on whatever gauge the manufacturer 
supplies (do not worry about the vacuum units).  Leak argon gas into the 
chamber to flood the chamber, allow the vacuum to recover.  Apply the lowest 
voltage that will allow a plasma to strike, determined by the tests below. 
 

(
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Methods used for Finite Element flow modelling. 

1. Finite Element / Control volume (FE/CV) method (e.g. LIMS). 

The advantages of this method over a moving grid are that a simulation can 

be carried out without re-meshing the filled elements despite a constantly 

moving flow front. Simulation of flow fronts converging from multiple points is 

possible, whereas with a moving grid, re-meshing scheme an algorithm would 

be required to match the now differing meshes as they merge [132]. 

 

The control volume method requires that the FE mesh is sub-divided by lines 

connecting the centroid to the midpoint of each element side, thereby 

providing an additional geometric model within the FE mesh, as seen in 

Figure E.1. This provides a control volume surrounding each node. 

Figure E.1. FE mesh subdivided into control volumes. (image form Rudd) 

Each control volume has a fill factor (f) that represents the amount of 

saturation for each region, and this equates to the volume fraction of the 

control volume occupied by liquid resin. If a control volume is unfilled then the 
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value of f is zero, whereas a value of 1 indicates a saturated control volume. 

Any value between 0 and 1 indicates partial fill as the flow front passes 

through the control volume. Figure E.2 shows the effect on control volume fill 

as the flow front passes schematically. 

Figure E.2. Flow front progress, showing fill ratios of control volumes. 

FE/CV simulation can be summarized as follows: 

i). Control volumes are generated from the finite element mesh as seen in 

Figure 1. 

 

ii). Where inlet nodes are present, they are assumed to be full at the start of 

the filling algorithm, in later stages the filled region is obtained from the control 

volume fill factor. 
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iii). Nodal pressure distribution in the filled domain is determined using the FE 

method with appropriate boundary conditions, with the Galerkin method being 

used in the majority of simulations, including LIMS [137]. 

 

iv). Pressure gradients are calculated by differentiating the element shape 

functions. The velocity of the flow front is then determined using Darcy’s law. 

 

v). The appropriate time step is then determined and the volume of resin 

flowing into each control volume is determined. Fill factors are then updated. 

The process is then repeated from stage ii) until the defined cavity is full. This 

will depend on the initial conditions applied to the model, which may result in 

incomplete fill of some elements representing the lock-off situation, or the 

curing of resin during the simulation if this has been included in the model’s 

parameters.  

 

2. Non-conforming finite element approximation method (e.g. PAM-

RTM). 

Flow in the domain is solved using non-conforming finite element 

approximation. The pressure is discontinuous along the inter element 

boundaries except at the middle nodes shown in Figure E.3, which shows a 

triangular element with middle nodes.  
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Figure E.3. Triangular non-conforming finite element (PAM-RTM [138], User’s guide and 

tutorials). 

 

Unlike conforming finite elements the calculated Darcy flow rates do remain 

continuous across element boundaries. In the FE/CV method the fill factor is 

associated with the nodes of the mesh, but with non-conforming elements it is 

associated with the elements.  

 

The pressure is interpolated using linear shape function Ni as 

! !,! = ! + !" + !" = !!
!

!! !,!  

and 

!! !!∗,!!∗ = !!" = {0,1,!!!
!"
!"!
! ≠ !
! = ! 

where !!∗,!!∗  are the middle nodes at the element boundaries. 
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#============================================================================ 
#Unit System Information: 
#!SI 
#Last Displayed In: 
#0 System_International_(SI) Meter Meter≤ Meter Kelvin Pascal Pascal*Second Meter≤ Second Numeric 
Numeric(Fibre) Meter≥_per_Seconds 
#Check for orphans: OK 
#Check for duplicates: OK 
#User Origin x:0 y:0 z:0 unit: 
 
Number of nodes : 12 
Index            x                    y                    z 
=================================================== 
1         0.000000       0.000000       0.000000 
2         0.000000       0.100000       0.000000 
3         0.200000       0.000000       0.000000 
4         0.200000       0.100000       0.000000 
5         0.400000       0.000000       0.000000 
6         0.400000       0.100000       0.000000 
7         0.600000       0.000000       0.000000 
8         0.600000       0.100000       0.000000 
9         0.800000       0.000000       0.000000 
10       0.800000       0.100000       0.000000 
11       1.000000       0.000000       0.000000 
12       1.000000       0.100000       0.000000 
Number of elements : 5 
Index  NNOD  N1    N2    N3   (N4)  (N5)  (N6)  (N7)  (N8)    h              Vf              Kxx          Kxy           Kyy 
=================================================================================
=================================================================================
============ 
1    4     1      3      4      2                                                 0.01        0.500000      1e-009        0           1e-009 
2    4     3      5      6      4                                                 0.01        0.500000      1e-009        0           1e-009 
3    4     5      7      8      6                                                 0.01        0.500000      1e-009        0           1e-009 
4    4     7      9    10      8                                                 0.01        0.500000      1e-009        0           1e-009 
5    4     9    11    12    10                                                 0.01        0.500000      1e-009        0           1e-009 
Resin Viscosity model NEWTON 
Viscosity :           0.16 
 

Blue text = nodal co-ordinates, 2D in this model. 
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#Lims dump File (.dmp) generated by LimsUI
#LimsUI written by M. Behrens, K. Broszat & J.-F. Neumann, S. Elpelt,
#A. Geyer, B. Lenhard, M. Schlieker, P. Vancsa, A. Nickel, C. Bammann,
#M. Himstedt, V. Bondiek, G. H¸bel, P.Plitzner, N.Vogel, K.Friesen, C.Bui
#Based on LimsGE by S. Schulze and file converters by C. Ledermann.
#============================================================================
#Unit System Information:
#!SI
#Last Displayed In:
#0 System_International_(SI) Meter Meter≤ Meter Kelvin Pascal Pascal*Second Meter≤ Second Numeric Numeric(Fibre) Meter≥_per_Seconds
#Check for orphans: OK
#Check for duplicates: OK
#User Origin x:0 y:0 z:0 unit:

Number of nodes : 36
 Index       x              y              z
===================================================
     1       0.000000       0.000000       0.000000
     2       0.000000       0.200000       0.000000
     3       0.000000       0.400000       0.000000
     4       0.000000       0.600000       0.000000
     5       0.000000       0.800000       0.000000
     6       0.000000       1.000000       0.000000
     7       0.200000       0.000000       0.000000
     8       0.200000       0.200000       0.000000
     9       0.200000       0.400000       0.000000
    10       0.200000       0.600000       0.000000
    11       0.200000       0.800000       0.000000
    12       0.200000       1.000000       0.000000
    13       0.400000       0.000000       0.000000
    14       0.400000       0.200000       0.000000
    15       0.400000       0.400000       0.000000
    16       0.400000       0.600000       0.000000
    17       0.400000       0.800000       0.000000
    18       0.400000       1.000000       0.000000
    19       0.600000       0.000000       0.000000
    20       0.600000       0.200000       0.000000
    21       0.600000       0.400000       0.000000
    22       0.600000       0.600000       0.000000
    23       0.600000       0.800000       0.000000
    24       0.600000       1.000000       0.000000
    25       0.800000       0.000000       0.000000
    26       0.800000       0.200000       0.000000
    27       0.800000       0.400000       0.000000
    28       0.800000       0.600000       0.000000
    29       0.800000       0.800000       0.000000
    30       0.800000       1.000000       0.000000
    31       1.000000       0.000000       0.000000
    32       1.000000       0.200000       0.000000
    33       1.000000       0.400000       0.000000
    34       1.000000       0.600000       0.000000
    35       1.000000       0.800000       0.000000
    36       1.000000       1.000000       0.000000
Number of elements : 25
  Index  NNOD  N1    N2    N3   (N4)  (N5)  (N6)  (N7)  (N8)    h              Vf             Kxx             Kxy             Kyy           Kzz           Kzx            Kyz
==============================================================================================================================================================================
     1    4     1     7     8     2                                0.01        0.500000         1e-009   1.38778e-025         1e-009
     2    4     2     8     9     3                                0.01        0.500000         1e-009              0         1e-009
     3    4     3     9    10     4                                0.01        0.500000         1e-009  -1.38778e-025         1e-009
     4    4     4    10    11     5                                0.01        0.500000         1e-009              0         1e-009
     5    4     5    11    12     6                                0.01        0.500000         1e-009   1.38778e-025         1e-009
     6    4     7    13    14     8                                0.01        0.500000         1e-009              0         1e-009
     7    4     8    14    15     9                                0.01        0.500000         1e-009  -1.38778e-025         1e-009
     8    4     9    15    16    10                                0.01        0.500000         1e-009  -9.18355e-041         1e-009
     9    4    10    16    17    11                                0.01        0.500000         1e-009              0         1e-009
    10    4    11    17    18    12                                0.01        0.500000         1e-009   9.18355e-041         1e-009
    11    4    13    19    20    14                                0.01        0.500000         1e-009              0         1e-009
    12    4    14    20    21    15                                0.01        0.500000         1e-009              0         1e-009
    13    4    15    21    22    16                                0.01        0.500000         1e-009              0         1e-009
    14    4    16    22    23    17                                0.01        0.500000         1e-009              0         1e-009
    15    4    17    23    24    18                                0.01        0.500000         1e-009              0         1e-009
    16    4    19    25    26    20                                0.01        0.500000         1e-009  -1.38778e-025         1e-009
    17    4    20    26    27    21                                0.01        0.500000         1e-009              0         1e-009
    18    4    21    27    28    22                                0.01        0.500000         1e-009              0         1e-009
    19    4    22    28    29    23                                0.01        0.500000         1e-009              0         1e-009
    20    4    23    29    30    24                                0.01        0.500000         1e-009              0         1e-009
    21    4    25    31    32    26                                0.01        0.500000         1e-009              0         1e-009
    22    4    26    32    33    27                                0.01        0.500000         1e-009              0         1e-009
    23    4    27    33    34    28                                0.01        0.500000         1e-009              0         1e-009
    24    4    28    34    35    29                                0.01        0.500000         1e-009              0         1e-009
    25    4    29    35    36    30                                0.01        0.500000         1e-009              0         1e-009
Resin Viscosity model NEWTON
Viscosity :           0.16
#!Contains Cure Solution Data
#!Contains Temperature Solution Data
Results at     320.000000 
Number of Current Gates :    12
    Type     Node   Value               Cure    Temperature
===========================================================
Pressure at     1 p=         100000
Pressure at     2 p=         100000
Pressure at     3 p=         100000
Pressure at     4 p=         100000
Pressure at     5 p=         100000
Pressure at     6 p=         100000
Pressure at    31 p=              0
Pressure at    32 p=              0
Pressure at    33 p=              0
Pressure at    34 p=              0
Pressure at    35 p=              0
Pressure at    36 p=              0
Nodal results
 Index     Pressure        Flow Rate        Fill Factor       Fill Time        Cure          Tmid          Ttop          Tbot
================================================================================================================================
     1         100000    7.8125e-007              1              0
     2         100000    1.5625e-006              1              0
     3         100000    1.5625e-006              1              0
     4         100000    1.5625e-006              1              0
     5         100000    1.5625e-006              1              0
     6         100000    7.8125e-007              1              0
     7          75000              0              1             32
     8          75000              0              1             32
     9          75000              0              1             32
    10          75000              0              1             32
    11          75000              0              1             32
    12          75000              0              1             32
    13          50000              0              1             96
    14          50000              0              1             96
    15          50000              0              1             96
    16          50000              0              1             96
    17          50000              0              1             96
    18          50000              0              1             96
    19          25000              0              1            192
    20          25000              0              1            192
    21          25000              0              1            192
    22          25000              0              1            192
    23          25000              0              1            192
    24          25000              0              1            192
    25              0   -7.8125e-007              1            320
    26              0   -1.5625e-006              1            320
    27              0   -1.5625e-006              1            320
    28              0   -1.5625e-006              1            320
    29              0   -1.5625e-006              1            320
    30              0   -7.8125e-007              1            320
    31              0              0              1              0
    32              0              0              1              0
    33              0              0              1              0
    34              0              0              1              0
    35              0              0              1              0
    36              0              0              1              0
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Infusion Defects 
Glycerol experimental setup procedure. 

 In this document you will find informations about the 
experimentation we have done to simulate the advancement of the 
several resin fronts on one side of the laminate. This experimentation 
was made in order to show the defect we are working on. What we want 
to show by that is the pressure goes up into the centre of the laminate. 
Consequently that this rise of pressure is the cause of our defect. 

For this we had to use a non-porous material which let us to be sure that 
the air will not go into it. In fact if the air were able to go into the material 
there would be no rise of pressure then no defect. To be near the reality 
but with a large scale we had made channels into the plastic core (which 
is PMMA) in order to make the infusion begin at the same time in each 
points on the side we want. We are just interested in one of the two faces 
of the laminate since the problem just occurs on one. This is the reason 
why we made channels on the other side of the plastic core. From the 
resin arrival to these four points the length of channels is equal.  

Aiming to make the experiment repeatable we have written down all the 
setups in these documents. Then you will find the approach we have 
adopted to make it by three parts: 

1. Preparation of necessary material  
2. Set-up 
3. Injection 

However we have also done this experiment with balsa wood to compare 
the two. This comparison should enable us to quantify the air absorption 
of balsa wood. Theoretically by this way the air would be able to go into 
the material (balsa) then  we should not  see any defect. In this 
document just appears the experiment without balsa. To realize it you 
just have to put a piece of balsa of the same size as the plastic core 
(length and width equals) between the fibers and the plastic. The next is 
the same as the plastic experiment, just follow the steps.  
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1. Preparation of necessary material 
!

!

!

!

!

!

!

Cut the glass fibers using the plastic core as template. You need two 
sheets. Mark the direction of the length of the roll by an arrow on each 
sheet of fibers. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!

!

!

Flow mesh : use the corresponding template (which is the aluminium 
template : 1200mm by 75mm) to cut the fabric. Next pull it to give it a 
pipe shape as shown just bellow. Last tape the pipe to the mesh (puting 
50 mm of the pipe inside the mesh). 

!
!
!
!

!

Use the template to cut the fabric in 
order to get the same pieces of 
Peel Ply as shown next. You need 
to cut 4 pieces.                                                                                    
The template is 149.5mm by 
41.5mm.!
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!
!
!
!
!
!
!
!
!
!
!
!
!

!

!

!

!

!

Then cut the bag a bit longer than the glass you will use to infuse. Put 
sealant tape on the bag as shown below. 

!

!

!

!

!

!

!

!

!

5 cm mark 
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2. Set up 
!

Take the glass with black marks.  

!

!

!

!

!!!!!!!

!

!

Put the pieces of peel ply over the rectangles and fix it with tape except 
the parts on the square 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

Put the glass fibers on the square rotated through 90°. 

!

!

!

!

!

!

 

No!tape!here!
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Fix the plastic core with the piece of balsa using sealant tape all around 
and put!them!on!the!fibers:!

!

!

!

!

!

!

 

Fix the assembly to the glass plate with sealant tape (the glycerol has to 
stay in the core to observe it spread toward the center) 

!

!

!

!

!

!

Fix the top of the plastic core with the bottom using sealant tape.  
!

!

!

!

!

!

!
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Core and fibers are now fixed to the glass plate and sealed. 

With a 200 mm open compass mark the peel ply from the center of the 
core. 

!

!

!

!

!

!

!

!

Now put the flow mesh on these marks, fixed by pieces of blue tape. Be 
careful the vacuum and the injection point have to be on opposite sides. 

!

!

!

!

!

!

!

!

!

!
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Initial trials equipment setup, and pore space calculation. 
 
To establish the feasibility of measuring absorption and desorption of air in 

core materials, an experiment was designed consisting of an aluminium air 

chamber of 21.6 litres, with a sample chamber of 1.5 litres. The air reservoir 

lid had a single non-release fitting for evacuation, and a quick release 

connector for the Digitron 2085P. Figure J.1 shows the arrangement of the 

equipments used. The sample chamber consisted of an acrylic tube with 

removable ends containing ‘o’ring seals. 

 

 

Initial runs were conducted using this basic setup to establish the viability of 

the experiment. The first runs were used to establish any leak rates that may 

be present, and establish an experimental procedure. Figure J.2 shows the 

leak rate monitored over 1 hour, which would allow for correction of sample 

data. 

Datataker 500 

Digitron 
2085P 

Ball valve 

Edwards EM8 
Vacuum pump 

Pressure sensor 

Sample 
chamber 

1.5 L 

21.6 L Air 
chamber 

Original experimental setup 

Figure J.1. Equipment used for initial trials, and verification of experiment validity. 
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Figure 2. Leak rate of air chamber over 1 hour measured with an SDX15D4 pressure sensor, 
showing a leak rate of approximately 1.78x10-3 mbar/s. Average of 6mbar/3600s 

 

Figure J.3 shows the rate of change of pressure in the air reservoir, and was 

used to characterize the rate at which air could flow between the chambers. 

 

Figure J.3. Air chamber pressure change/time after cycling ball valve. 

An 8 second lag in pressure equalization caused by the ball valve between 

chambers was observed, but does not affect the results due to the long 

timescales involved for absorption and desorption. 
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The theoretical value for pressure equalization was calculated using Equation 

J.1 to ensure that no anomalies existed with the results. 

Assuming isothermal conditions: 
 

 

(J.1) 

 
 
 

  theoretical equalization pressure. 

 
The difference of 1.4mbar between the theoretical value of 65.8mbar, and the 

experimental value of 67.2 was considered to be within the tolerance of the 

equipment, which is rated as ±2mbar. 

 
Figures J.4 and J.5 show the results obtained for desorption and absorption of 

sample set 1. 

Figure J.4. Desorption of AL600 sample set 1, with corrected for leak rate values using an 
average leak rate of 1.78x10-3 mbar/s. 

€ 

P2 = P1
V1
V2

€ 

P2 =1000 × 1.522
1.522 + 21.61( )

= 65.8mbar

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 

A
bs

ol
ut

e 
pr

es
su

re
 (m

ba
r)

 

t"(s)"

Raw V Normalised data for desorption in sample set 1 

x Raw data       x Corrected for leak rate 



Appendix(J(

 264(

Figure J.5. Absorption of AL60 set 1, with corrected values using an average leak rate of 
1.78x10-3 mbar/s. 

 
From the data gathered in the desorption and absorption experiments, a 

preliminary calculation was made for the volume of pore space available (Ps) 

using Equation J.2 appropriately re-arranged, assuming isothermal conditions. 

!! !! + !! = (!!!! + !!!!) (J.2) 

Where !! is the equalised pressure point, !! is the air chamber volume, !! is 

the pore space volume, !! is the pressure in the air chamber at t=0, and !! is 

pressure in the sample chamber at t=0. 

The following values were recorded for sample set 1. 

Experiment !! !! !! Ps (litres) % Ps t(s) 
Desorption 49 0 1000 1.11 74 9000 
Desorption 32 0 1000 0.71 48 600 
Absorption 962 1000 0 0.85 57 600 

Table J.1. Percentage pore space of sample set 1 available as a sink for gas. Ps = Pore 
space. 

 
Table J.1 Shows that there is a difference of 11% pore space available 

between absorption and desorption at 600 seconds. 
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These results contrast with theoretical pore space being around 90%, based 

on the assumption that the combined density of Lignin and cellulose is 

approximately 1500 kg/m3 [99], with apparent density of the samples being 

around 130kg/m3. 

 

Modified experimental equipment 

Figure J.6 shows the revised experimental equipment, utilising a 2.5L air 

chamber, whilst retaining the original 1.5L sample chamber. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Edwards EM8 
Vacuum pump 

SDX 15D4 Pressure  sensors 

Sample 
chamber 

1.5L  

Ball valve 

K type Thermocouple 

Datataker 500 
2.5L Air 
chamber 

Modified experimental equipment 

Digitron 
2085P 

Figure J.6. Revised experimental setup used for further investigation and experiment 
validation. 
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Experiment to obtain polymer diffusion coefficients. 

During preparation of this thesis, an experiment to establish solubility and 

diffusion coefficients of a polymer was identified [152], and is broadly similar 

to the twin chamber method used for the experiments conducted in this 

research project. The experiment uses pressure decay to monitor gas 

absorption into the sample being analysed, and verifies the method used here 

as being a viable for establishing diffusion coefficients.  

 

Methodology: 

i) A polymer sample is placed in a closed constant volume.  

ii) This volume is then evacuated for a set period.  

iii) The second chamber containing gas then pressurises the sample 

chamber to a set pressure, and is then isolated.  

As gas is absorbed into the polymer, pressure in the sample chamber will 

decrease until equilibrium is reached. From this, the amount of gas 

absorbed can be calculated. Then an effective diffusion coefficient can be 

calculated. Figure K.1 shows a schematic of the experimental setup. 

Figure K.1. Schematic based on dual volume setup, image from [152]. 

Pressure gauges 

Valves 

Sample 
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Diffusion experiment equipment specifications 
!

Figure J.1. Equipment used for final experimental runs. 
(
!
Air reservoir (1) 
 
PVC tube 147.7 x 144.7mm internal dimensions, 10mm wall thickness. 
 
190 x 13mm Aluminium end caps,  3mm ‘o’-ring seals at each end as seen in 
Figure J.1. 
 
4 x M6 joining bar  
 
Silicone bead along joint between end plates and chamber. 
 
Volume: 2469cc. 
 
Sample chamber (2) 
 
Acrylic tube 115.5 x 149.7mm internal dimensions, 12.3mm wall thickness. 
 
180 x 10mm aluminium end caps, 3mm ‘o’-ring seals at each end as seen in 
Figure J.1. Removable using M6 wingnuts for sample access. 
 
Volume: 1568cc 
 

(1)!

(
(

Silicone(bead(

3mm 
‘o’-ring 
seals 

(2)!
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Other components: 
2mm internal diameter pipes imbedded in chamber lids for attachment of 
pressure sensors. 
 
2 ball valves (specification sheet on DVD) 3/8” BSPT, with 8mm bore. 
 
Standard vacuum fitting with 3/8” BSPT connections 
(
(
(
(
(
(
(
(
(
!
!
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Diffusion experiment procedures 
 
The following standardised procedures were used for all final data gathering runs. 
 
Absorption 

 
1. Evacuate main and balsa chamber for 24 hours. 

2. Close ball valve between chambers. 

3. Disconnect the vacuum pump 

4. Open the air reservoir to atmosphere, ensuring it reaches atmospheric pressure. 

5. Close the ball valve between the pump and pump connection.  

6. Start recording data. 

7. Open the ball valve between chambers. 

 
 
Desorption 
 

1. Ensure balsa samples have been at atmospheric pressure for a minimum of 48 

hours before placing in the sample chamber. 

2. Ensure the ball valve between chambers is closed, and confirm both chambers 

are at atmospheric pressure.  

3. Evacuate the air reservoir to the lowest achievable absolute pressure, checking 

that the sample chamber remains at atmospheric pressure. 

4. Close the ball valve between the vacuum pump and air reservoir, and 

disconnect the pump.  

5. Start recording data. 

6. Open the ball valve between chambers. 
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Calculations for free air space in the experimental balsa sample sets. 
 
The following method was used to calculate the volume of free air contained 
in the sample chamber before the start of an experimental run. This air is 
accounted for and the method of eliminating it from the results can be seen in 
Section 7.4. 
 
The AL600 balsa used for the experiments presented here is unsealed and 
the flow holes are free to fill with either liquid resin or air. The following 
calculation assumes that the distribution of flow holes is reasonably 
consistent, and the number of flow holes seen in Figure 5.14 is used as an 
average for the sample analysed. 
 
52 flow holes are present, and an average diameter of a 20µm is used. 
 
Thus the sample volume is 
 

2.54×0.7×1.29 = 2.29!!! (P.1) 
 
and the volume of flow holes for the sample is 
 
 

52 0.02!×!×2.54
4 = 0.0408!!! (P.2) 

 
Giving an average of 1.78% by volume for flow holes in AL600. 
 
The area of each sample has surface damage on each connecting face. The 
edges are not considered in this case as the fit is good, and the free air space 
was considered to be negligible. 
 
Surface damage is assumed to be 0.5mm in depth, therefore 
 
 

12 !×11. 5!
4 = 19.8!!! (P.3) 

 
For all twelve faces, which gives a volume of 1.27% by volume. 
 
The total is therefore ≈ 3% by volume of free pore space for the sample sets 
used. 
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Figure Q.1 shows the fluctuations of ambient and air reservoir pressures 
recorded during the 7 day absorption run. (Figure 7.18). It clearly illustrates 
the lag in reservoir pressure change, and that the change can be considered 
to be too small to considered of any importance to the results. 
(
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Diffusion mechanisms. 

Diffusion can best be described as material transport by atomic motion – it 

allows mixing or mass transport without bulk motion. This is different from 

convection or dispersion, which do require bulk transport for particles to move 

from one place to another. Diffusive mixing results solely from molecular 

collisions in liquids and gases, and occurs in thermodynamic equilibrium. 

 

Atoms are in constant motion and rapidly changing positions. There are two 

conditions that must be met before and atom can move in a solid: a) there 

must be an adjacent empty site, and b) there must be sufficient energy in the 

atom for it to break its bond with its neighbours, causing lattice distortion. This 

is referred to as solid state diffusion. 

 

Steady-state diffusion, and diffusion coefficients 

Diffusion is a time dependent process that results in a quantity of a material 

being transported in another as a function of time. This rate can be expressed 

as a diffusion flux (J), defined as the mass or number of atoms (M) diffusing 

through a solid per unit of time. This can be represented as 

! = 1
!
!"
!"  

(P.1) 

Where A represents the area across which diffusion is taking place, and t is 

time. The units for diffusion flux are kg/m2 s-1, or atoms/m2 s-1. 

 

If the diffusion flux is constant over time, then a steady-state exists. This 

situation would exist for the diffusion of gas atoms through a solid plate of 

metal (Figure P.1). with constant pressure on both sides of the plate. 



Appendix(P(

 278(

Figure P.1. Gas diffusing through a thin metal plate along a pressure gradient. (image from  
[169] 

 
Concentration of gas (C) can be plotted against position in the plate (x) 

resulting in a concentration gradient  (cg) (Equation P.2). 

!" = !"
!" 

(P.2) 

 

If the concentration gradient is assumed to be constant as in Figure P.2, 

Figure P.2. Concentration/position within the thin plate. image from [169]. 

then: 

!" = ∆!
∆! =

!! − !!
!! − !!

 
(P.3) 

In one dimension (x) for steady state diffusion, the flux (J) is proportional to 
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the concentration gradient: 

[!] = −! !"!" 
(P.4) 

The constant of proportionality (D) is called the diffusion coefficient and 

expressed in m2/s. The negative sign in the expression indicates that diffusion 

occurs down the concentration gradient. 

 

Generalising to three dimensions, a diffusive flux vector can be written as 

(Equation P.5). 

! = −! !"
!" ,

!"
!" ,

!"
!" = −!∇! 

 

(P.5) 

Assuming D is isotropic, then diffusion processes that obey this relationship 

are referred to as Fickian, and Equations P.4 and P.5 are expressions of 

Fick’s first law. 

 

Nonsteady–state diffusion. 

Most situations where diffusion occurs are non-steady state. This means that 

with a constant diffusivity (D), the rate of change of concentration (C) with 

time assuming mass continuity, is proportional to the concentration gradient 

change in any given direction. In one dimension this gives Fick’s second law. 

 
!"
!" = ! !

!!
!!! 

(P.6) 

 
With specific initial and boundary conditions, the 1D partial differential 

equation can be solved to give concentration as a function of position and 

time (C(x,t)). 



Appendix(P(

 280(

 

An important solution to this equation is the semi infinite solid, (a solid of 

length L is considered to be effectively semi infinite when L> 10√!") when a 

surface concentration is held constant. An example of this is the carburization 

of steel [164]. 

 

The following assumptions are made: All the diffusing atoms in the solid are 

evenly distributed, with initial concentration of C0. 

The following boundary conditions are applied: 

C(x,0) = C0 (i) 

C(0,t) = Cs (ii) 

C = C0 at x = ∞ (iii) 

When these boundary conditions are applied to Equation P.6, the solution can 

be written as: 

 

!! − !!
!! − !!

= 1− !"# !
2√!"  

(P.7) 

 

Where Cx represents the concentration at depth x at time t, and erf!(!/2√!") 

is the Gaussian error function. 

 

The Gaussian error function is defined by. 

!"# ! = 2
! !!!!

!

!
!" 

(P.8) 

Where !/2√!" has been replaced by variable z. 
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Values of the error function are tabulated in Carslaw and Jaeger [163], or 

available as functions in Excel. 

 

Figure P.3 shows the form of the concentration profile for non-steady state 

diffusion. 

Figure P.3. Concentration profile parameters relating to Equation P.5. Image from [169]. 
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Influence of D and k on the fit of theoretical curve to experimental data. 
 
The following graphs illustrate how curve fit is affected when D and k are 
manipulated in the initial stages of achieving best fit. Vi and Vf are experimental 
values, and have been used as initial starting points as discussed in Section 7.9. 
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Result for Absorption of sample set 2 with final D and k. 

Absorption of sample set 2 with final D and 2k. Absorption of sample set 2 with final D and k#/(2. 

Absorption of sample set 2 with D / 2 and final k. Absorption of sample set 2 with 2D and final k. 
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Variables Vi, Vf, V1, and k in the modified solution. Equation 7.27 (Section 
7.9.2.1). 
 

 
 
The following equations describe Vi, Vf, V0, and V1 and k is defined in Section 
7.10. 
 
 

!! = !! + !!$ (S.1) 
$  

!! = !! +
!!

1+ !$ (S.2) 

$  

!! =
!! 1+ ! + !!

! $ (S.3) 

$  

!! =
(1+ !)(!! − !!)

! $ (Equation 7.25) 

$
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SUMMARY:  This paper presents preliminary results of experimental work that explores aspects 
of fibre, core and resin interaction during the infusion process. In particular we observe the nature 
of regions of flow front convergence, with emphasis on the differences seen in areas containing 
various types of core, such as wood, sealed wood and closed cell foam.  Data on comparative 
resin absorption for the various cores are also presented.  It is found that sealing porous core 
materials such as balsa does not prevent the absorption of significant quantities of resin. More 
importantly, completely impervious cores (in this case acrylic) are unable to absorb either air or 
resin.  The result of this is that air trapped during flow front convergence causes a higher degree 
of void content in the skin laminate, compared to more porous core materials.  These phenomena 
appear to have attracted little research attention to date, and provide significant challenges for 
both experimentation and process simulation.  
 
 
KEYWORDS:  core material, Resin Infusion (RI), resin absorption, void formation, flow front 
convergence 
 
 

INTRODUCTION 
 

Successful implementation of all composites manufacturing processes depends on the selection 
and specification of appropriate constituent materials.  As far as flow processes (e.g. RTM and 
resin infusion) are concerned, this includes thermosetting resins of suitably low viscosity and 
reinforcement architectures of high permeability. 
 
Sandwich construction (thin, stiff skins combined with relatively thick, low density cores) is 
ubiquitous in virtually all industry sectors.  Since the early days of closed mould processing of 
sandwich laminates, it has been recognised that the core itself can also play an important role in 
enhancing and controlling the long-range flow of liquid resin.  Commercial forms of core 
material, such as foams and balsa, are commonly available with such features as holes drilled 
through-thickness, kerf cuts in one or both faces and separate blocks of rigid core held together 
with glass scrim. These features are all regarded as providing some degree of ‘flow 
enhancement’, allowing liquid resin to reach both faces of the sandwich laminate and to flow 
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long distances within the part, sometimes eliminating the requirement (in resin infusion) for a 
surface distribution mesh. 
 
Flow within skin laminate and core is thus complex and three-dimensional, and involves different 
physical domains, such as porous media and relatively large channels.  The likelihood of 
convergent flow fronts occurring on a variety of scales is much greater than in simple monolithic 
laminates, and may have important implications for part quality.  In resin infusion, flow is further 
affected by local variations in fibre volume fraction resulting from skin compression, and 
consequent non-linear effects on permeability [1]. 
 
The core material leads to several additional complications in the modelling and control of all 
LCM processes due to the possibility of absorption and/or desorption of both liquid resin and air 
at various stages in the manufacturing cycle.  The interaction between the core, liquid resin and 
air is complex and continues throughout the manufacturing operation.  Even in notionally sealed 
cores, absorption of resin occurs, depending on the local processing conditions.  Moreover, the 
exchange of residual air between the skin laminate and the core can influence the appearance of 
defects, and ultimately affect part quality and performance.  As we explore in this paper, a porous 
core can act either as a sink or a source for trapped air. 
 
The presence of a large volume of porous core material plays a significant role in the commercial 
resin infusion processing of large components such as wind turbine blades, where a critical 
vacuum level must be achieved before resin flow can commence.  In many cases, the time 
required to evacuate a complex stack of dry material can be considerably longer than the flow 
process itself, and has a major influence on the manufacturing cycle time. 
 
This research is a preliminary attempt to understand some of these interactions.  Here, we report 
some phenomenological observations of flow convergence and subsequent void formation in a 
variety of material combinations. 

 
 

PREVIOUS WORK 
 
Flow fronts observed in RTM [2], appear to behave independently and in a repeatable manner 
before convergence.  If the fronts converge on a mould edge they will merge as a single front, but 
if the fronts meet perpendicular to each other there will be increased voidage along the knit line 
formed.  The voids formed at this point may well remain as the driving pressure gradient is 
removed.  
 
Pearce et al [3] found that in areas where void content reached 5 %, this resulted in a reduction in 
the maximum measured inter-laminar shear strength of the order of 20 %.  It was suggested that 
by using sequential inlet ports, flow front convergence could be reduced. This work only 
considered monolithic laminates, where no core material is present as a potential flow channel. 
 
Parallel flow front convergence was the worst case scenario [3].  However void formation will 
also occur at lower angles of convergence, although at a reduced level [4].  These results from 
RTM investigations may not be directly relevant to the infusion process, as the voids are likely to 
be larger in the infused part due to the lower pressure differential. Results for multiple angles of 
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confluence showed that void content was around 2 % at a 20q confluence angle, rising to 4 % at 
an angle of 160q. This work [4] led to the conclusion that convergent flow fronts should be kept 
to an angle of less than 60q if possible, particularly for layups having more than a single injection 
point. 
 
Work on infusion of foam cored laminates has been conducted [5] to optimise the form of flow 
enhancement in terms of process efficiency, weight gain due to core absorption and material 
usage.  No firm conclusion was reached as the resulting laminates had extensive areas of either 
knit lines, or dry fabric patches. It is notable that the literature on this subject is very sparse, 
although much anecdotal evidence exists within the processing industry. 
 
Flow convergence can be predicted qualitatively with the help of 2D and 3D resin flow models, 
and these simulations are useful in the design of overall injection strategy.  An example is shown 
in Fig. 1, using PAM-RTM [6].  The scenario here is that of resin flow in 2D, having emerged 
from an array of holes drilled through-thickness through a core material.  The holes are modelled 
as a constant-pressure boundary, and flow takes place in a homogeneous porous medium with 
constant resin viscosity.   

 

 
 

Fig.1  PAM-RTM 2D simulation of resin flow from an array of circular holes, showing schematic 
flow front convergence. 

 

In Fig. 1, flow ceases once the locked-off regions have been isolated.  This paper is concerned 
with the subsequent behaviour of these regions of trapped air, and how they interact with porous 
cores. 
 
 

EXPERIMENTAL  
 
Knit Line Formation 
 
An infusion experiment (using a development epoxy resin) was conducted to recreate knit lines 
resulting from flow front convergence.  Panels were arranged with a central resin injection pipe 
and two edge extraction paths (Fig. 2).  A single skin of EBX936 (Saint Gobain) biaxial non-
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crimp E-glass fabric was placed on either side of the core.  The skin plies were extended beyond 
the panels to enable calculation of resin absorption in the core materials. 
 
The experiment used five different types of core, with two different through-thickness flow 
channel arrangements.  The impermeable Perspex core was covered in flash breaker tape to allow 
for later skin removal and analysis.  All cores were 25 mm thick.  The different materials are 
listed in Table 1.  The core panels were divided in two along their long axis, with 3 mm diameter 
holes drilled on a 25 mm and 40 mm square grid, either side of this centre line.  This allowed 
observation of core/resin interaction and the effect of flow channel spacing.  

 

Table 1  Core materials used in flow experiments 
 

 Material Measured 
density(kg/m3) 

Supplier /designation 

1 end grain balsa 130 Baltek.  Contourkore, Lamprep D100 (1 inch) 
2 surface sealed 

end grain balsa 
135 Baltek.  D100, AL600-10, (1 inch) 

3 PET foam 144 Fagerdala.  Non commercial trial sample. 
4 PVC foam 60 Airex.   
5 Solid Perspex - unknown 

 

 

 
 

Fig. 2  Infusion experiment used to produce flow front convergence zones. 
 

The experiment produced the required knit lines (visible as surface porosity) resulting from 
through-thickness flow, in a pattern similar to Fig. 1.  It was immediately apparent that the 
surface porosity was significantly worse in the panel containing the impermeable Perspex core. 
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A photographic technique was used in an attempt to quantify surface porosity.  The panels were 
coated with a clear matt varnish to prevent reflection during image capture.  A light source was 
placed to give maximum visibility of the defects (the knit lines have higher reflectivity than the 
surrounding matt surface).  Digital images were obtained (Fig. 3), aligned and cropped to the grid 
edges created by the holes (stages 1 and 2 in Fig. 3), de-saturated and contrast enhanced to make 
the knit lines more visible (stage 3).  ImageJ software [7] was used to measure the percentage 
area of the image that was occupied by the knit lines (stage 4). 

 

 
 

Fig. 3  Stages in image enhancement for quantification of surface voids (1: original image;  2: 
cropped image; 3: de-saturated; 4: final monotone image). 

 

The percentages of the total area occupied by knit-line voids are shown in Fig. 4.  These results 
are an average of three measurements from each image.  The image analysis is unavoidably 
subjective, but the difference between the different core types is striking. 

 

 

Fig. 4  Knit line surface void area percentages. 
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Core Resin Absorption 
 
The overall resin absorption during the infusion experiment was calculated for each sample from 
weight measurements.  The results for three of the cores are shown in Fig. 5 (the acrylic is non-
porous and the PET foam was found to contain defects that led to erroneous results). A second 
experiment consisted of a simple preliminary comparison of resin absorption rates in the cores 
used in the infusion. 
 
 

 

 

Fig. 5  Resin absorption per metre square. 
 
 

A 10 mm diameter by 25 mm thick sample of each of the porous cores was bonded to the end of 
individual acrylic tubes.  The tubes had a graduated scale (0.15 ml intervals) on the external 
surface.  3 ml of mixed epoxy resin was placed in each tube and the changing levels recorded 
using time-lapse photography. Fig. 6a shows the initial flow over a 40 minute period.  Fig. 6b 
shows the rate of absorption through the cores over 220 minutes, before increased resin viscosity 
prevented further flow. 
 
 

DISCUSSION 
 

These preliminary results show that void formation due to knit-lines increases as the core 
material is more impermeable.  It is suggested that this is dependent on the different abilities of 
the cores to absorb trapped air in the knit-line region.  It also appears that the hole spacing has an 
effect, the reasons for which are under investigation.  Absorption of both air and resin occur in all 
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the core materials studied.  It is noteworthy that sealed balsa absorbs almost as much resin during 
the manufacture of the laminate as the unsealed version.   As far as we are aware, current flow 
process models do not yet incorporate full representation of the multi-phase exchange of liquid 
and vapour between the various components of the sandwich.  Future research is likely to require 
novel instrumentation to determine local pressure variations within regions of flow front 
convergence, so that physical models can be validated.  Consideration of scale effects is also 
required.  These experiments have so far been conducted on a very small scale; commercial 
manufacture, on the other hand, is often concerned with much larger structures. 
 

 

Fig. 6  Resin absorption rates (arbitrary units):  (a) first 40 min; (b) complete experiment. 
 
 

CONCLUSIONS 
 

Results show a high incidence of flow convergence and hence void formation due to through-
thickness flow in cored laminates.  The amount and distribution of regions containing voids are 
dependent on the detailed geometry of flow enhancement modifications made to the core. 
 
Void formation is significantly greater in cores of lower permeability/absorbance, the highest 
being in solid acrylic core.  Although sealed cores are often specified for reduction of resin 
absorption, it is clear that significant absorption occurs in these materials. 
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SUMMARY 

 
This paper presents results of experimental and modelling work exploring aspects of 
fibre, core and resin interaction during the infusion process.  In particular we observe 
the nature of regions of flow front convergence in areas containing various types of 
core, such as wood, sealed wood and closed cell foam.  Data on comparative resin 
absorption for the various cores are presented.  It is found that sealing porous core 
materials such as balsa does not prevent the absorption of significant quantities of resin.   
More importantly, completely impervious cores are unable to absorb either air or resin.  
The result of this is that air trapped during flow front convergence causes a higher 
degree of void content in the skin laminate, compared to more porous core materials.   
These phenomena appear to have attracted little research attention to date, and provide 
significant challenges for both experimentation and process simulation.  
 
Keywords: resin infusion; core materials; sandwich structures; resin absorption; void 
formation.  
 

INTRODUCTION 
 

Sandwich construction (thin, stiff skins combined with relatively thick, low density 
cores) is ubiquitous in virtually all industry sectors. It has been recognised for several 
years that the core itself can also play an important role in enhancing and controlling the 
long-range flow of resin in liquid composite moulding (LCM) processes.  Commercial 
forms of core material, such as foams and balsa, are commonly available with features 
such as holes drilled through-thickness, kerf cuts in one or both faces and separate 
blocks of rigid core held together with glass scrim.  These features are all regarded as 
providing some degree of ‘flow enhancement’, allowing liquid resin to reach both faces 
of the sandwich laminate and to flow long distances within the part, sometimes 
eliminating the requirement (in resin infusion) for a surface distribution mesh.  
  
Flow within skin laminate and core is thus complex and three-dimensional, and 
involves different physical domains, such as porous media and relatively large channels. 
The likelihood of convergent flow fronts occurring on a variety of scales is much 
greater than in simple monolithic laminates, and may have important implications for 
part quality.  In resin infusion, flow is further affected by local variations in fibre 
volume fraction resulting from skin compression, and consequent non-linear effects on 
permeability.  
 
The core material leads to several additional complications in the modelling and control 
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of all LCM processes due to the possibility of absorption and/or desorption of both 
liquid resin and air at various stages in the manufacturing cycle.  The interaction 
between the core, liquid resin and air is complex and continues throughout the 
manufacturing operation. Even in notionally sealed cores, absorption of resin occurs, 
depending on the local processing conditions.  Moreover, the exchange of residual air 
between the skin laminate and the core can influence the appearance of defects, and 
ultimately affects part quality and performance.   
  
A porous core can act either as a sink or a source for trapped air.  The presence of a 
large volume of porous core material plays a significant role in the commercial resin 
infusion processing of large components such as wind turbine blades, where a critical 
vacuum level must be achieved before resin flow can commence. In many cases, the 
time required to evacuate a complex stack of dry material can be considerably longer 
than the flow process itself, and has a major influence on the manufacturing cycle time.  
  
This research is a preliminary attempt to understand some of these interactions.  Here, 
we report some phenomenological observations of flow convergence and subsequent 
void formation in a variety of material combinations.  Basic measurements of air and 
moisture transport between skin and core provide a basis for the modification of resin 
flow models to simulate the void formation process.  

 
PREVIOUS WORK 

 
Flow fronts observed in RTM appear to behave independently and in a repeatable 
manner before convergence [2].  If the fronts converge on a mould edge they will merge 
as a single front, but if the fronts meet perpendicular to each other there will be 
increased void content along the knit line so formed.  The voids formed at this point 
may well remain as the driving pressure gradient is removed.  Pearce et al [3] found that 
in areas where void content reached 5%, this resulted in a reduction in the maximum 
measured ILSS of the order 20%.  It was suggested that by using sequential inlet ports, 

flow front convergence could be reduced.  Flow fronts converging at 180° to each other 
was the worst case scenario [3].  However void formation will also occur at lower 
angles of convergence, although at a reduced level [4].  This was, however, applicable 
only to monolithic laminates, where flow channels are not influenced by the core 
material. 
 
Work on foam cores has been conducted [5] to optimise the form of flow enhancement 
in terms of process efficiency, weight gain due to core absorption and material usage.  
No firm conclusion was reached as the resulting laminates had extensive areas of either 
knit lines, or dry fabric patches. 
 
Flow convergence can be predicted qualitatively with the help of 2D and 3D resin flow 
models, and these simulations are useful in the design of overall injection strategy.  An 
example is shown in Fig. 1, using PAM-RTM [6].  The scenario here is that of resin 
flow in 2D, having emerged from an array of holes drilled through-thickness through a 
core material.  The holes are modelled as a constant-pressure boundary, and flow takes 
place in a homogeneous porous medium with constant resin viscosity.   
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Fig. 1.  PAM-RTM 2D simulation of resin flow from an array of circular holes, showing 

schematic flow front convergence. 
 
In Fig. 1, flow ceases once the locked-off regions have been isolated.  This paper is 
concerned with the subsequent behaviour of these regions of trapped air, and how they 
interact with porous cores. 
 

EXPERIMENTAL 
 

Knit Line formation and core porosity 
An infusion experiment (using a development epoxy resin) was conducted to recreate 
knit lines resulting from flow front convergence [7].  The experiment used five different 
types of 25mm thick core (Table 1), with two different through-thickness flow channel 
arrangements.  A single skin of EBX936 (Saint Gobain) biaxial non-crimp E-glass 
fabric was placed on either side of the core.  The impermeable Perspex core was 
covered in flash breaker tape to allow for later skin removal and analysis.  The skin 
plies were extended beyond the panels to enable calculation of resin absorption in the 
core materials. 
 

Table 1.  Core materials used in flow experiments. 
 

 material density 
(kg/m3) 

Supplier /designation 

1 end grain balsa 130 Baltek.  Contoukore, Lamprep D100 (1 inch) 
2 surface sealed 

end grain balsa 
135 Baltek.  D100, AL600-10, (1 inch) 

3 PET foam 150 Fagerdala.  Non commercial trial sample 
4 PVC foam 60 Airex.   
5 Solid Perspex - n/a 

 

The experiment produced the required knit lines (visible as surface porosity) resulting 
from through-thickness flow, in a pattern similar to Fig. 1.  It was immediately apparent 
that the surface porosity was significantly worse in the panel containing the 
impermeable Perspex core.   
 
A photographic technique was used in an attempt to quantify surface porosity as 
detailed in [7].  ImageJ software [8] was used to measure the percentage area of the 
image that was occupied by the knit lines (Fig. 2). 
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Fig. 2.  Stages in image enhancement for quantification of surface voids.
 
The percentages of the total area occupied by knit
results are an average of three measurements from each image
unavoidably subjective, but the difference between the different core types is very 
obvious. 

Fig. 3. A
 
Core resin absorption 
The overall resin absorption during the infusion experiment was calculated for each 
sample from weight measurements. 
(the Acrylic is non-porous and the PET 
erroneous results). 

Fig. 4.  

0.14

25mm

0

0.5

1

1.5

2

2.5

3

A
b

s
o

rp
ti

o
n

 k
g

/m
2

2.  Stages in image enhancement for quantification of surface voids.

The percentages of the total area occupied by knit-line voids are shown in Fig. 3.  Thes
are an average of three measurements from each image.  The image analysis is 

unavoidably subjective, but the difference between the different core types is very 

Fig. 3. Area percentages of knit line surface voids. 

The overall resin absorption during the infusion experiment was calculated for each 
sample from weight measurements. The results for three of the cores are shown in Fig. 

porous and the PET foam was found to contain defects that led t

Fig. 4.  Resin absorption per unit area of core. 
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Core air absorption/desorption 
A pilot experiment has been designed to investigate the capacity of balsa to 
absorb/desorb air, and the rate at which exchange takes place. 
 
Two vacuum chambers were connected via a 4mm i.d. pipe with a ball valve inserted to 
allow isolation of the small chamber from the large (Fig. 5).  An Edwards E2M18 high 
vacuum pump was used to evacuate the chambers. 
 
 
 
 
 
 
 
  
 
 
 
 
 

Fig. 5.  Absorption experiment schematic 
 
 
Pressure was monitored with a Datataker 500 and DeLogger 4 software, using a 
Plastech PV(5801) pressure sensor.  A Digitron 2085P (± 2 mbar) digital gauge was 
used as a reference, to calibrate the Plastech sensor before each run.  Both sensors were 
attached to the main reservoir chamber.  The pressure measuring equipment was 
considered adequate for the pilot experiments whilst the procedure is being established, 
but it is recognised that more accurate equipment may be required for future 
experiments.  The main chamber volume is 21.62 litres, including all ancillary pipes.  
The small material chamber has a volume of 1.522 litres including the link pipe before 
the valve. 
 
Methodology 
Both chambers were evacuated and the pump was then physically disconnected from 
the equipment and the pressure was monitored for 1 hour.  The leak rate was measured 
as 6 mbar/h (1.67x10-3 mbar/s), and appeared to be constant over multiple runs. 
 
Calibration Run 1 - Desorption 
The first run was to establish the change in pressure when the small chamber was 
evacuated into the first.  This would give an equilibrium pressure of the two empty 
chambers for the desorption experiments. 
 

1. Ball valve closed, with both chambers at atmospheric pressure.  
2. Main chamber evacuated to < 1 mbar absolute. 
3. Pump disconnected from the main chamber. 
4. Valve opened between chambers. 
5. Pressure change and rate of change recorded. 

Small 
chamber 

Ball valve 

Main 
chamber 

Digitron 
2085P 

Datataker 500 

Vacuum 
pump 
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Calibration Run 2 – Absorption 
Experiment 2 was then conducted in a similar manner, but to simulate absorption tests. 
Here the main chamber was at atmospheric pressure and vented into the evacuated 
material chamber.  
 

1. Main and small chamber evacuated to < 1mbar. 
2. Ball valve closed. 
3. Main chamber vented to atmosphere, and allowed to stabilise. 
4. Ball valve opened allowing equilibrium pressure to be reached between the two 

chambers. 
 
The pressure traces from the two calibration runs are shown in Fig. 6.   Pressure rises 
rapidly, until equilibrium is reached in about 10 s.  No compensation for the leak rate is 
required on this short time scale.  The absorption record shows an initial overshoot, but 
this gradually falls back to a stable state.  This appears to be a sensor effect, as on this 
time scale the leak rate has almost no effect. 
 
Assuming isothermal conditions the gas law gives the equalisation pressure, according 
to the chamber volumes.  For an atmospheric pressure of Patm: 
 

      (1)     

         
 
The calculated values for desorption and absorption were 65.8 mbar and 66.5 mbar 
respectively (experiments were undertaken at different atmospheric pressure), and 
satisfactory agreement with Fig. 6 is observed.   
 

 
 

Fig. 6.  Calibration run (empty chambers) for absorption/desorption 
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The calibration experiments were repeated with Baltek AL600 [9] unsealed balsa in the 
small chamber (measured n
stacked with negligible free air between the
 
Run 3 – Balsa absorption 
The experimental procedure was identical to experiment 1. 
amount of free air in the material chamber will enter the main chambe
and that the curve represents a remarkably slow evolution of air from within the balsa 
structure.  A steady pressure of
value differs from the empty 
 
 

 
 
Run 4 – Balsa desorption 
This experiment is a repeat of experiment 2, with balsa in the small chamber.
From previous experience it was known that 
required – in this experiment, the balsa was held under vacuum for 22 hours.  
pressure record is presented in Fig. 8, 
agreement with the previous experiment
relatively short time scale for air absorption to occur.
 
Again using the isothermal gas law (pV=constant), we can estimate the effective 
volume of the balsa.  From the desorption experiment:
 

1V

 

                    

 
 

The calibration experiments were repeated with Baltek AL600 [9] unsealed balsa in the 
measured nominal density 133kg/m3).  Six 25mm thick discs were 

free air between them and around the periphery of the chamber

The experimental procedure was identical to experiment 1.  It is assumed that the small 
in the material chamber will enter the main chamber very quickly, 

and that the curve represents a remarkably slow evolution of air from within the balsa 
A steady pressure of about 40 mbar was reached after some 6.4 hours; this 

value differs from the empty chamber calibration runs by 27.2 mbar. 

 
Fig. 7.  Balsa air desorption. 

This experiment is a repeat of experiment 2, with balsa in the small chamber.
it was known that a long period of evacuation would be 

this experiment, the balsa was held under vacuum for 22 hours.  
pressure record is presented in Fig. 8, and shows stabilisation at 38 mbar
agreement with the previous experiment.   Of striking difference, however, is the 
relatively short time scale for air absorption to occur. 

isothermal gas law (pV=constant), we can estimate the effective 
From the desorption experiment: 
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The calibration experiments were repeated with Baltek AL600 [9] unsealed balsa in the 
25mm thick discs were 

of the chamber. 

assumed that the small 
very quickly, 

and that the curve represents a remarkably slow evolution of air from within the balsa 
some 6.4 hours; this 

 

This experiment is a repeat of experiment 2, with balsa in the small chamber. 
ation would be 

this experiment, the balsa was held under vacuum for 22 hours.  The 
and shows stabilisation at 38 mbar, in close 

Of striking difference, however, is the 

isothermal gas law (pV=constant), we can estimate the effective 



Appendix(T(

( 302(

( (

 
 

Fig. 8.  Balsa air absorption. 
 

 
This result suggests an effective balsa porosity of 0.57.  It is interesting to compare this 
with the theoretical porosity.  Given the measured density of 133 kg/m3, and assuming 
that balsa is primarily composed of cellulose/lignin with a combined density of 1650 
kg/m3 [10], we obtain a porosity of 0.9. 
 
The smaller value represents the volume of free space that air/gas can move in and out 
of freely, and not all the air that is contained within the balsa structure.  This is the 
volume of air that needs to be evacuated during infusion to prevent air entering the 
resin.  It can also provide a storage volume for any air or volatile diluants that become 
trapped due to flow front convergence, whilst a pressure differential exists between the 
core and void. 
 
 

CONCLUSIONS 
 

• Results show a high incidence of flow convergence and hence void formation 
due to through thickness flow in cored laminates. Void regions are dependent on 
the detailed geometry of flow enhancement modifications to the core. 

 

• Void formation is significantly greater in cores of lower 
permeability/absorbance with the highest in solid acrylic core. Although sealed 
cores are often specified for reduction of resin absorption, it is clear that 
significant absorption occurs in these materials. 

 

• The amount of free space available for air exchange in balsa is only about 2/3 of 
the expected porosity. 
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• Rates of air absorption into balsa appear to be much faster than desorption.  The 
latter process can take several hours to stabilise, and this has important 
implications for commercial processing. 

 

• Further experiments are required to investigate how absorption/desorption rates 
are related to geometric aspects, and to derive appropriate algorithms to describe 
gas exchange. 
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