
 

SIMULATION ON FILLING PATTERN OF VACUUM ASSISTED RESIN TRANSFER 

MOLDING (VARTM) FOR SECTIONAL WIND BLADE SHELLS 

 

 

 

 

 

A Thesis by 

Kee Hong Saw 

Bachelor of Science, University of Science Malaysia, 2010 

 

 

 

 

Submitted to the Department of Mechanical Engineering 

and the faculty of the Graduate School of 

Wichita State University 

 in Partial fulfillment of 

the requirements for the degree of 

Master of Science 

 

 

 

 

 

 

December 2012 



 

 

 

 

 

 

 

 

 

© Copyright 2012 by Kee Hong Saw 

All Rights Reserved 

 

 

 

 

 

 

 

  



iii 

SIMULATION ON FILLING PATTERN OF VACUUM ASSISTED RESIN TRANSFER 

MOLDING (VARTM) FOR SECTIONAL WIND BLADE SHELLS 

 

 

The following faculty members have examined the final copy of this thesis for form and content, 

and recommend that it be accepted in partial fulfillment of the requirement for the degree of 

Master of Science, with a major in Mechanical Engineering. 

 

______________________________ 

Bob Minaie, Committee Chair 

 

______________________________ 

Krishna Krishnan, Committee Member 

 

______________________________ 

Hamid Lankarani, Committee Member 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



iv 

DEDICATION 

 

 

 

 

 

 

To my parents, my sister and my dear friends 

 

 

 

 

 

 

 

 

 

 

  



v 

ACKNOWLEDGEMENTS 

 I would like to thank my advisor, Professor Bob Minaie, for his supports. I am grateful to 

Professor Krishna Krishnan and Professor Hamid Lankarani for serving as my thesis committee. 

 Special thanks go to my colleague which have been my pillar of moral support and 

encouragement. 

Financial support by the Department of Energy is gratefully acknowledged.  

  



vi 

ABSTRACT 

The Vacuum Assisted Resin Transfer Molding (VARTM) process is one of the most 

common and economical processes which has been adapted by many wind blade manufacturers. 

The significant advantages for this process primarily owed to its simplicity as well as its lower 

cost of operation. Nevertheless, there are several potential drawbacks from this process such as 

the delamination and the dryspot issues. The dryspot issue will be the main focus in this thesis.  

In this thesis, the methodology includes 3-D solid modeling, finite element modeling and 

injection simulations. Throughout the framework of this thesis, 3-D non-isothermal conditions 

would be implemented and double core framework will be incorporated within the sectional 

blade shells. The standard design of the blade is directly adapted from the Wind PACT Blade 

Designs. [1] 

The modeling work involves the use of CATIA V5 CAD modeling software to create a 

single full half wind blade shell which later sectioned to two sections. The sectional wind blade 

shells were equally divided right at the mid-span of the full blade namely, the root section and 

the tip section of the wind blade shells. Finite element modeling was also incorporated through 

the use of PATRAN 2008 r2 while the injection simulation is directly simulated through ESI 

Group of PAM RTM software. 

The results from the simulation were discussed and analyzed. Post analysis involves 

recommended solutions toward the issues found throughout the manufacturing process. Future 

works were also discussed in the final conclusions to provide potential future development study 

in the VARTM process. 
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CHAPTER 1  

INTRODUCTION 

Wind power generation has been one of the least susceptible alternative energy resources 

in terms of the standards in safety and security. The implementation of wind power has been in 

higher demand especially after the incident of the late nuclear power generation crisis and the 

escalating amount of carbon foot print throughout the world. This rapid development is also 

further motivated by the increasing demands for sustainable, clean and safe power generation. 

 

Figure 1. Horizontal Axis Wind Turbine 

Modern wind power generation consists of a structure which is in the form of Horizontal 

Axis Wind Turbine (HAWT) shown in Figure 1. The wind blades in HAWT are designed by the 

aerodynamicist to achieve optimized wind blade aerodynamic profile in order to ensure 
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maximum wind capture is efficiently and consistently attainable. In addition, modern HAWT 

also includes auto-pitching angle mode in which allows the wind blade to re-orient its position in 

order to harness more wind power. This feature is incorporated to have the system adapt to the 

environment in which the wind turbine is installed. 

 

Figure 2. Wind blade evolution [2] 

The energy from the wind that is captured would generate the kinetic movement of the 

wind blade and later converted to mechanical energy exerting on the gearing system in the 

Nacelle box. This mechanical energy would be converted to electrical energy and connected to 

the electrical grid. Therefore, the continuation of wind energy resources which is readily 

available at certain geographical standpoint is crucial to ensure consistent high output load of 

wind power generation. The power generation through wind blade is directly affected by the total 

surface area of the wind blades being exposed to the wind energy.  

It is found that the trendline of the wind blade size has been increasing rapidly ever since 

the growing demand of alternative energy came to light. In addition, the development on off-

shore wind power generation pushed the energy industry to tap the higher energy resources from 
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off-shore resulting in even higher demand for larger wind blade size since, total surface area of 

the wind blade is directly proportional to the power that is generated through it.  

Aerodynamicists for wind blade design have found that the length of the blade is crucial. 

The pitch angle and the amount of wind that the blade could harness is highly dependent on the 

length of the blade. [1] The consequence of a greater size of wind blade directly affect the 

logistic costs of the blade by transporting it from the manufacturing site to the erection of the 

structure. [1] This cost has been raised due to the fact that the complexity in transporting larger 

blades is becoming more difficult since the length of the wind blade became longer. In addition, 

rules and regulations of a certain area may restrict the transportation capability as a result 

causing the cost to rise tremendously. 

 

Figure 3. Typical construction blade for a HAWT design [3] 

The wind blade construction is in the form of a few layers of materials before it is to be 

installed into the entire structure. Wind blade construction as shown in Figure 3, depicts the 

layers of materials which is involved in manufacturing a complete wind blade.   In general, the 

finishing is through the final coating of PU paint and Epoxy gelcoat. The priming section is to 

prevent surface defect layer during the process in fabricating the part. The shell is the primary 

layer which consists of the fundamental fiber mat which non-permeable insets (core) is 
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sandwiched between the layers. Non-permeable inserts are incorporated into the blade to provide 

flexural strength and also acting as a backbone support within the shell layer whenever high 

deflection load is involved particularly during peak load. Spar and shear web are the structural 

components of the blade which provide the rigidity and strength to the entire structure as a 

whole. Finally, the root is the section in which the connection between the root hub and the wind 

blade is installed. 

The wind blade shell is the primary focus of this study in which the processing technique 

will be discussed in greater details. Wind blade industry has been producing the wind blade shell 

through RTM processes. RTM processes involves many different types of techniques such as 

VARTM, VARI and RTM. Nevertheless, considering the fact of the wind blade shell design 

which is complex in terms of the profile shape of the blade, it is crucial to consider a 

manufacturing process which allow high flexibility in terms of the design of the mold and shape 

produced in a large part while not compromising the minimal cost since the wind energy industry 

survived through minimal cost output in order to promote the energy industry to consider wind 

energy as a preferred alternative source of energy without incurring a higher cost. [4] As a result, 

it has come to be acknowledged that VARTM is the most suitable candidate for manufacturing 

wind blade shell. The VARTM process involves a high capability of producing large complex 

shape with minimal tooling costs since the driving pressure is based on the atmospheric pressure 

instead of additional auxiliary electrical pump which most other systems operate.  

The optimization of the process will be introduced as well as the possible challenges 

faced in the course of this process while comparison study between the sectional wind blade 

shells and single wind blade shell will also be discussed in greater details. These are all made to 



5 

investigate the feasibility and potential of the wind energy industry in producing a single wind 

blade shell in sections.  
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CHAPTER 2  

BACKGROUND 

Wind power has been undergoing rapid development to cope with increasing demands for 

power generation. The latest industrial trend is for enlarging blade sizes causing the challenge of 

producing larger blade shells minimizing or total elimination of dryspot formation. A new 

approach to producing the wind blade shell, in sections, was introduced to minimize the 

complications and the cost of production. In this work, the filling patterns using Vacuum 

Assisted Resin Transfer Molding (VARTM) for sectional wind blade shells will be simulated 

and explored. [5] The blade will be modeled using two sections with each section within the 

reinforcement layer being sandwiched with non-permeable inserts.  

2.1 Vacuum Assisted Resin Transfer Molding (VARTM) 

The wind blade industry favors the use of the Vacuum Assisted Resin Transfer Molding 

(VARTM) manufacturing process shown in Figure 4, due to its lower operating costs and large 

complex shape producing abilities.[6] 

 

 

Figure 4. Vacuum Assisted Resin Transfer Molding (VARTM) Configuration 
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One of the key issues in the VARTM process is void formation, where air in the porous 

structure of the fiber mat becomes trapped, resulting in dryspots as the part is cured. There are 

several methods available to reduce void formations, one of them being the expensive articulated 

tooling. This particular method is to have the injection process separated into different stages, 

infusing the part section by section Choi et al. [7] A filling model based on the capillary number 

was also proposed by Patel et al. [8] and Rohatgi et al. [9] to minimize void formation during 

VARTM process. Another void reduction method is through the bleeding process which relies on 

the continuation of resin supply. This enable incoming fresh resin to purge the air that is trapped 

out to the vent outlet. 

These alternative processes, often require lower injection rates, leading to difficulty 

scaling to industrial standards and may not suit the circumstances of all wind blade production 

companies. [10] Some of these methods also result in higher production costs. In addition, void 

formation is highly dependent on the geometric configuration of the mold resulting in distinctive 

void-formation models for each wind blade design. [11] The use of numerical simulations is 

proposed to be a feasible solution to minimizing potential void formation in VARTM process. 

The large complex shape of the wind blade shell challenges many manufacturers, 

particularly as the size of the blade has increase to meet the output load. As a result of the 

increasing wind blade shell size, the higher cost load shifts from manufacturing to logistic costs 

due to increased complexity involved in transporting larger components. Sectional wind blade 

shells are proposed as a solution to minimize complexity and to lower the logistics cost. 

2.2 Numerical simulation 

The numerical simulation of the VARTM process consists of three categories of physical 

phenomena: Resin flow through the fiber bed, thermal analysis of heat exchanges and finally, 

chemical reactions of the resin during curing.  



8 

The resin flow is governed by Darcy’s Law as the fiber reinforcement layer consists of a 

porous medium. The law states that flow rate of the resin per unit area is proportional to the 

pressure gradient and inversely proportional to the viscosity of the resin. The constant of 

proportionality is the permeability of the porous medium which is evaluated through other 

procedures. Darcy’s law states that the fluid velocity is proportional to the pressure gradient: 

  ⃗   
 

 
 ⃗⃗   (1)  

For the conservation of the resin mass balance, the velocity field must satisfy the divergence 

condition: 

    ⃗    (2)  

If   denotes the cavity,    is its boundary. The boundary conditions are solved through Dirichlet 

conditions: 

            (3)  

This indicates that pressure is specified on the part of the boundary   . Hence, the 

pressure at the inlet gate for VARTM is simply the atmospheric pressure. The temperature field 

is governed by the general equation: 

    

  

  
       ⃗      ⃗⃗             

  

  
 (4)  

 

Where   denotes the temperature,   denotes the time,   is the density,    is the specific 

heat,   is the heat conduction coefficient tensor, the subscript   designates the resin    is the 

total enthalpy of the polymerization of the resin,   is the resin cure.[12] 

Kamal-Sourour’s model was adapted for the kinetics or resin polymerization. The general 

shape of the equation for a resin with   components are as  follows: 
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(5)  

 
   

  
                   (6)  

Where 
  

  
 is the rate of reaction for the  th component in    , the values of    are defined by the 

Arrhenius’ Law.  
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CHAPTER 3   

LITERATURE REVIEW 

The scope of this chapter involves in providing a comprehensive literature study for this 

subject. In this chapter, wide range of blade designs encompassing past blade model designs to 

the modern blade designs will be introduced. This is later lead into the study of materials 

selection for this field. There are also a wide range variety of materials which will be discussed 

between the features of specific materials and later concluded to which materials will be selected 

as for this field of study. Last but not least, the simulation part of this study in which parameters 

that would involve as well as software that will be utilized will also be discussed. In short, this 

study consists of three major categories which include the blade designs, materials selection and 

simulation modeling.  

There are many blade designs that have been adopted in the past and the VARTM 

process is one of the RTM processes which involves many considerations particularly on certain 

physical parameters which could potentially affect the filling results. These include the blade 

designs, material properties as well as even the governing scheme used in solving the injection 

flow through numerical simulation. 

3.1 Blade Designs 

The energy production of wind turbines has steadily increased over the course of ten 

years and become a promising frontier in sustainable and green energy. From 1992 to 2003 when 

Trends in Design, Manufacture and Evolution of Wind Turbine Blades was published by Wind 

Energy production had increased from 500 kilowatts (kW) on a 40 meter rotor to 100 meter 

rotors with an output up to 3 megawatts (MW).This improvement in wind energy is not 

something to be overlooked, and as time continues to pass updates to design and performance is 
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imperative. When designing wind turbine blades, there are many things to consider. It is 

fundamental that the size of the blade would not only relate to the expected energy production, 

but the weight of the materials used to fabricate the blade, aerodynamics, and even the costs of 

construction and transportation. Designing an efficient blade is a balancing act, and there are 

several methods used to devise a blade that can satisfy the specifications listed above. 

In the past, typical construction on blades up to thirty meters was using an open mold 

with a wet lay-up. Studies in innovative designs focused on sections of the blades to improve, 

such as added weight in the inboard positively influencing structural performance with the 

outboard’s focus on aerodynamic concerns [13]. The same study also challenged the 

conventional fashion of designing a blade’s external shape first and then the internal components 

by suggesting a reversal of this process for constant thickness and aerodynamic efficiency [13]. 

One of those most common modern configurations for these turbines is the three bladed upwind 

models and is credited for heavily influencing blade geometry and its evolution, although there is 

a need for increased stiffness at an inexpensive cost and low weight. [14] The authors also noted 

that this was a challenging design issue, because the ideal of achieving high upwinds with low 

Reynolds numbers directly conflicts with the large structural thickness.[14] They also posed that 

a possible trend in upcoming designs could be the use of a substantial chord in the maximum 

chord region, because the growth in blade size could potentially make it too difficult to transport 

these blades on the road. [14] 
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Figure 5. Common structural architecture for wind turbine blade [14] 

Thinking beyond the dimensional complexities, one also has to consider the wear and tear 

a blade will experience in a real world setting. Factors to consider are destructive storms, high 

wind gusts, changing wind directions, even something as simple as simply being coated in dust 

and dirt. Quite obviously, blades that are easily damaged are not a product of a high quality 

design, and so coming up with ways to prevent damage and fatigue is important to ensure the 

longevity of the wind turbines. One answer to the issue of turbulent winds is making a twisting 

turbine that, true to its name, twists in response to changing wind directions. This design is 

explained by Veers et al. and called twist coupled blades. Twist coupled blades and the manner 

in which they are installed is referred to as aeroelastic tailoring, and possesses much potential in 

the fact that it can increase energy capture and also decrease the load on the blades and is an 

economical choice.  

Another consideration that requires attention during design is the cost of the materials, 

transportation and manufacturing. A typical finished blade costs within a range of nine to eleven 

dollars per kilogram or four to five dollars a pound, and account for ten to fifteen percent of 

capital costs of entire turbine systems. It was noted that the larger a blade is costs are higher in 
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materials than they are in labor and production costs. They go on to say those blades smaller than 

fifty meters were less costly to transport than their larger counterparts, and that possible ways to 

mitigate costs would be best found in material and manufacturing as those would lower the 

overall costs the most effectively. [13] In studies it has also been found that certain materials 

such as a carbon and glass hybrid are good at keeping the weight of the blade low but are not 

very cost effective; a carbon, wood and glass hybrid known as zebrawood due to many benefits it 

poses and its more attractive price tag. The costs associated with testing the blades after 

production, citing that large blades implicate a high cost of energy, though currently there are no 

solutions to reduce the usage of energy testing these blades without sacrificing accuracy which 

could be more costly than thoroughly testing blades [14]. As mentioned previously, it is a 

balancing act of keepings costs low without sacrificing the efficiency or accuracy of a blade.  

Varying in size as much as the blades on the wind turbine itself, the rotor also plays a role 

in the energy production and longevity. In 1992, rotors were on average forty meters in diameter 

and produced only about 500 kW; more modern rotors are 100 meters and produce anywhere 

from 1-3 kW. [14] Also mentioned in Trends in Design, Manufacture and Evolution of Wind 

Turbine Blades, the increase in size of rotors has not translated into an increase in the size of 

blades but rather pushed for a new sophistication in the production of blade materials and 

structure to ensure a more reliable design. [14] Rotors had been confined to a maximum load 

based on 50 years of the highest wind speeds on record, though as the size of rotors have 

increased the limits have been more heavily placed on the transient operating case. [14] Also the 

diameter of the rotors has changed and become larger it has required a change of design for the 

tower clearance and for sizing the laminate of the blade. [14]  
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3.2 Composite Materials 

Composite materials are materials which are made out of few components of other 

materials. There are a few categorizations involved within the branch of composite materials: (1) 

Ceramic Matrix Composites, (2) Polymeric Matrix Composite and (3) Metal Matrix Composite. 

[15] As for this field of study on wind blade shell polymeric matrix composite will be the scope 

of focus. Composite in general consist of dry fiber as well as matrix which acts as agent to bind 

all the dry fibers to form a structural solid materials. In this study, the definition for respective 

sections of the configuration of the blade will be categorize into primarily 3 categories: (1) 

Reinforcement layers which is the dry fiber, (2) Matrix which is the agent which bind all the dry 

fibers into structural solid and (3) Sandwich which is the core materials embedded within the 

reinforcement layers. [16] 

3.2.1 Reinforcement 

Reinforcement materials are materials which consist of either wet preform or dry preform 

which is simply made out of dry fiber lay-up with specific orientation with respect to each layer 

depending on the design criteria which is set by the designer. In this scope of study, dry preform 

which is the dry fiber will be the selection of materials which is used for the simulation. The 

available common materials for the reinforcement layers will be discussed in a greater detail. 

Nevertheless, the list would just limit to common materials which is used in wind blade shell 

fabrication and that include: (1) carbon fiber and (2) glass fiber. [17] 
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TABLE 1. MECHANICAL PROPERTIES FOR TYPICAL COMPOSITE FIBERS. 

 

3.2.1.1 Carbon Fiber 

Carbon fiber is prominent being the material which has a high performance and light 

weight trademark. Many composite materials consist of carbon fiber due to its high strength 

modulus as well as the low stiffness properties. Nevertheless, one of the greatest drawback 

factors for this material includes the high material cost involving in building large composite 

parts entirely made out of carbon fiber. Despite the fact of the cost of these materials involved in 

the industry it has been highly utilized in the aircraft industry.  One of the primary factors in the 

cost of these materials being expensive is owing to the maturity of such materials existing in the 

industry. Since, composite field in itself is relatively new this has factors out the premature 

carbon fiber industry which causes the escalated cost due to low manufacturing volume per 

demand equivalent. 

The application of carbon fiber for the wind energy industry is challenging. It is the aim 

of the manufacturer to be at the leading edge of competitiveness through cost of the entire 

structure; hence the desire of compromising cost for better material simply is not feasible at this 

moment. The competitiveness is due to the relative comparison of coal energy plant in which the 
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operating cost is exceedingly cheaper than the entire construction of a wind farm for an 

equivalent power output of a thermal power plant.  

3.2.1.2 Glass Fiber 

Glass fiber is one of the common composite materials which is readily being used by the 

industry primarily due to its lower material cost. Glass fibers have relatively higher tensile 

strength than other fiber materials while lower tensile modulus. Glass fiber also has a high fiber 

density in which would lead to higher lifespan since, the creation of void or crack would not be 

as prominent as other fiber materials which has a lower packing density. Due to its higher fiber 

density even if a single fiber crack were to occur the fracture would not propagate. Despite the 

fact that glass has the characteristic of being fragile in a bulk form but as the diameter is reduced 

to a certain limit, glass fiber exhibits ductile characteristics. It has been common that the 

drawbacks of glass fibers are usually compensated by other components such as carbon fiber 

materials which are made for the spar of the wind blade. 
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3.2.2 Matrix 

TABLE 2. MECHANICAL PROPERTIES FOR TYPICAL MATRIX RESIN 

 

Matrix is the binding agent between the fibers in which contribute the major tensile 

strength of the entire composite part. In this study, the discussion will be limited to only 

polymeric matrix materials. Polymeric matrix materials can be categorized into two more 

categories in which thermoplastic matrix and thermoset matrix.  

Thermoplastic materials are materials that at elevated temperature it will exhibit high 

ductility and later deformed to a liquid state. In short, thermoplastic materials are deformable in 

which is possible for recycling and repair purposes. On the other hand, thermoset materials 

which at elevated temperature will not exhibit ductility characteristics instead it will be burned 

and non recoverable. In short, thermoplastic matrix process is reversible but it is not the case for 

thermoset matrix. One of the key factors which contribute to such characteristics is primarily due 

to the cross-linking chain between the chemical structure of the respective materials. In a 

nutshell, thermoplastic is a very unstable material hence, favorable for reshape and rework while 

thermoset matrix is a much more stable material in which does not have a favorable process in 

rework.  
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3.2.2.1 Polyester 

Polyester matrix system is one of the most common resin systems which are used in the 

industry. Polyester matrix in itself that is usable as a binder agent is consist of an unsaturated 

polyester resin in which is obtained through the chemical reaction between organic acids an 

alcohol. One of the key highlights for polyester is that the cost is relatively lower in comparison 

to epoxy nevertheless, one of the major disadvantages also include significant volumetric 

shrinkage during the curing process.  

3.2.2.2 Epoxy 

Epoxy is one of the other common resin systems which has been used in the composite 

industry and that it has been a much more expensive choice but with better qualities. This is due 

to the characteristics of the materials to be high corrosion resistance and high adhesion to 

substrates. Besides epoxies are widely accepted as electrical and structural applications due to its 

excellent properties, epoxy also has good electrical properties. [18] 

Electrical properties are exceptionally crucial for wind blade industry. This is due to the 

fact that high charges often accumulates at the tips of the blade hence, occurrence of lightning 

strikes causing failure to the blade is fundamental. Good electrical properties material are 

capable of channeling extra charges down to earth in which sparing the lifespan of the blade of 

being failed through lightning strike incidents. As a result, epoxy resin is one of the most 

favorable choices for polymeric composite materials especially for the application of wind 

industry. 
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3.2.3 Sandwich 

Sandwich materials are the core materials which are designed to be embedded within the 

reinforcement layers. This is the primary ‘backbone’ structure for the shell to maintain its 

rigidity as well as its flexural strength of the entire part. The ideal design for the core or 

sandwich materials to be chosen as the ‘backbone’ of the blade, the materials have to be light and 

strong. The need of sandwich materials embedded in the blade is prominent. It is clear that as the 

blade length gets through a certain limit length the tendency of having the blade buckle and 

deformed by the force of the wind is potentially destructive.  

As a result, it is the ideal solution of embedding the core structure in maintaining or 

increasing the flexural rigidity of the blade. It is possible to also increase the flexural rigidity of 

the blade through increasing the thickness of the blade but, this would further elevate the overall 

cost of the materials. In addition, adding thickness to the blade has the tendency of increasing the 

weight of the entire blade significantly thus, causing the drop of efficiency for the overall 

system.  

Therefore, for a material that should be chosen for as the sandwich materials for a wind 

blade shell, it has to be a light-weight material as well as has high stiffness. Balsa wood is one of 

the most common options being selected as the sandwich material for wind blade system. This is 

due to the fibrous form of balsa wood consist of high porosity allow the binding agent to 

penetrate through and bind it homogeneously with the reinforcement layers. Despite the fact that 

balsa wood is fragile owing to its high porosity in nature but its fibrous lay-out contributes alot to 

its tensile strength.  
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CHAPTER 4  

WIND BLADE SHELL MODEL 

Wind blade shell model is part of the many components which made the complete wind 

blade model. One of the key components being the shell model shaped the entire aerodynamic 

profile of the wind blade. The wind blade shell model itself consist of several layers and that 

include the configuration of a laminate composite within the shell model.  

 

Figure 6. Blade planform. 

 

Figure 7. Blade camber thickness profile from the root to the tip. [14] 

 

Figure 8. Blade chord length trendline from the root to the tip. [14] 

Figure 6 depicts the planform of the blade in which the maximum chord length lies closer 

towards the root of the blade compared to the tips. Meanwhile, Figure 7 and Figure 8 described 
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the basic profile of the blade in terms of the camber thickness as well as the chord length from 

station to station across from the root to the tip. Each station represents the specific airfoil 

section criteria. Nevertheless, the first section of 0 m and last section of 50 m were not 

mentioned. As a result, extrapolation of the data is required to obtain the end sections of the 

blade. Airfoil sections were created based on the figure above. 

4.1 CAD Modeling 

The design for wind blade shell model consists of many complex profiles as it stretches 

from airfoil section from the root toward the tip. There are many considerations involved in 

blade shell modeling one of the primary considerations is the efficiency of the blade hence, based 

on the literature study the following blade model study is based on SANDIA’s blade model 

report. [1] The primary feature of this blade model, is the thickness variation from 80 mm at the 

root to 5 mm at the tip. In addition, complex trailing edge of the airfoil shape was also designed 

to add on the complexity of the model in pushing the limit on VARTM simulation for sectional 

wind turbine blade. This model is catered for large-scale wind turbine blades which is equivalent 

to 50 m. 

 

Figure 9. Single wind blade shell model and sectional wind blade shell models 
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Based on Figure 9, it is observed that the blade length is less than 50 m. This is due to the 

fact that the hub section which connects to the rotor hub is not designed. The hub section of the 

blade which is the housing to a full two half shells assembly were separately produced from 

VARTM process thus, the result of 5 m shorter from the full 50 m blade design. [19] 

4.1.1 Full Blade 

The full blade is modeled based on 10 airfoil sections in which each section is modeled 

based on specific aerodynamic design. Each section of the airfoil consists of the flatback feature 

with large camber thickness from the root towards the tip of the blade. Figure 10 depicts the 

skeletal structure of the blade, 10 airfoil sections are laid along the spline curve in which acts as 

a guiding curve towards the built-up of solid blade. These vertices obtained  from each airfoil are 

crucial in maintaining the rigidity of the blade structure model. Each axis on the airfoil is 

positioned specifically right at the centroid of each airfoil section, to ensure the correct alignment 

from one airfoil section to another.  

 

Figure 10. Skeletal model for a single wind blade shell model. 
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Figure 11. Single wind blade shell solid model. 

The thickness of the blade from the root to tip was designed with the equation of 

          m where   is the length of the blade from root to tip. This gradual design of 

tapered thickness is to compensate for the criteria of the blade to be modeled with less materials 

and weight.  

In contrast, the chord length of each airfoil section could not be derived in any specific 

equation. The chord length of each airfoil section depicts each specific aerodynamic profile 

designed correspond to the characteristic of air flow across the blade in that region. Based on 

Figure 11 it is observed that the maximum chord length is at its root which is 2.798 m while the 

minimum chord length is located at its tip which is 0.789 m. As a result, each airfoil section was 

tailored specifically through the aerodynamic criteria which are required for a wind turbine 

blade. In comparison to the thickness of the blade, thickness is the parameter in which does not 

play a role in terms of the aerodynamic design of the blade but rather it is highly dependent on 

material selection, efficiency as well as cost consideration. 
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4.1.2 Root section of the blade 

 

Figure 12. Root section model 

Based on the Figure 12, the root section is modeled with the length of 25 m and the 

thickness of the blade in the  mid-span is at 5 mm thick while the root the thickness stands at 10 

mm thickness which is also the maximum thickness for the blade. This section was built out of 

the single wind blade model in which cutting plane is defined across the chord length at the mid-

span of the blade from the root to the tip. The core sections were built with skeletal model in 

which the core was build up as the solid part first before the reinforcement layer being defined.  

It is crucial to ensure that the core section maintains a certain thickness since thicker core 

would result in thinner skin of reinforcement layer sandwiched between the higher permeability 

medium and the core section. This could potentially caused an accumulation of high pressure 

which leads to delamination issue during the injection process. In order to prevent such incident, 

it is crucial to obtain an optimum size of core while maintaining the rigidity of the blade. 
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4.1.3 Tip Section of the blade 

 

Figure 13. Tip section model 

The tip section of the blade took its shape based on the rest of the 5 airfoil sections which 

laid out across from the mid-span to the tip of the blade which is depicted in Figure 13. Flatback 

designs are also incorporated within the blade design for the tip section. This flatback design is 

primarily focused on the trailing edge section of the blade in which the sharp edges are flattened 

out leaving a flat edge right at the tip of the section. Such designs are implemented to further 

elevate its maximum lift for the blade which enables the blade to have a higher freedom of 

rotation and less friction – higher efficiency of wind power generation. 

The tip section of the blade was designed with much less complexity compared to the 

root section. The twisted nature on the root section is higher than the tip section in which the 

surface is observed to be contorted while the tip section surface area is observed to be a smooth 

curve without much distortion. It is also based on the simplicity of the design that the tip section 

is made possible to be modeled in thin cross-sectional area. Wire frame of each air foil sections 
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were first designed and aligned together based on the reference to the first airfoil profile at the 

root section. This is to ensure that the rest of the airfoil sections were aligned accordingly in 

reference to the single reference point.  

In conclusion, single wind blade shells were first modeled with 10 specific airfoil designs 

based on Figure 10. These airfoils are laid out in reference to the first airfoil profile of the root 

section. Vertices are created at each end of the blade surface (trailing edge and leading edge) to 

form a smooth guiding curve to connect all the airfoil profiles. Each lines which made up the 

airfoil profile were combined together to form a single entity. Extrusions of solid functions were 

then utilized to form the full blade. From the build-up of the solid full blade, it is sectioned out to 

two sections right at the mid-span from the root to the tip of the blade to form the sectional 

blades namely the root section and the tip section. 

4.2 Laminate configuration 

This blade model was designed with non-permeable inserts in which two non-permeable 

inserts are sandwiched between the reinforcement layers. Non-permeable inserts are added to 

maintain the rigidity of the blade structure especially under extreme conditions which is during 

peak load conditions. 

Higher permeable mediums were also introduced in the configuration of this laminate to 

serve as the key toward successful injection process. In a resin injection process, it is a great 

challenge to inject a viscous fluid into a less permeable layer. As a result, possible dry spot may 

occur prior to incomplete filling process as the penetration of the resin was unable to completely 

saturate the entirety of the part. Higher permeable medium act as a potential drive to allow the 

resin flow to be dragged across the top and bottom surface of the blade in order to ease the flow 

of the resin across the reinforcement layers. Nevertheless, the thickness of the higher permeable 

medium is crucial since, thicker high permeable medium would caused high gradient between 



27 

saturated and non saturated flow front. High gradient between non-saturated and saturated flow 

front are non desirable as they may developed a “wrapping flow” phenomena in which could 

potentially cause dry spots. 

 

Figure 14. Laminate configuration for the sectional wind blade shell. (1: Top higher permeable 

medium; 2: Non-permeable inserts; 3: Reinforcement layers; 4: Bottom higher permeable 

medium) 

4.2.1 Reinforcement layers 

Reinforcement layers could be a dry lay-up or wet lay-up depending on the 

manufacturing process which the industry is favoring. As for this case study, the dry lay-up was 

taken into consideration. Dry lay-up consists of dry fiber being oriented in a certain orientation 

depending on the physical properties which the composite designer intended the blade to be. The 
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fiber orientation for this case study is not required since the simulation required only the total 

equivalent permeability based on three dimensional directions. 

The injection inlets are placed directly on the surface of the top higher permeable 

medium. This specified injection locations are assigned based on the optimized evaluation 

through single injection at a time. The built up injection locations for all the injection inlets were 

respectively based on the injection prior to each subsequent inlet. 

4.2.2 Sandwich layers 

The non-permeable inserts are sandwiched between the reinforcement layers in which 

two solid reinforcement layers were formed. The two non-permeable inserts were the leading 

edge core and trailing edge core. A full blade is initially defined into few layers and each layer is 

defined with their respective material properties in which will be discussed in chapter 5. The 

reinforcement layer was further defined into sandwich layers namely the core section in which 

certain category of elements with specific geometry were selected and defined as the sandwich 

layers. 

The sandwich layers are based on the standard size defined with constant thickness of 20 

mm throughout from the root to the tip. Based on the Figure 14, it is observed (2) is in the form 

of four strips instead of two and this is due to the separation at the mid span between the root and 

the tip sections. The sandwich layers are defined based on the structural analysis of the wind 

blade design. Stress analysis under extreme wind load condition exhibits high stress 

concentration area is around the leading and trailing edge region. As a consequence, the location 

of the non-permeable inserts are designed to be the back bone for the wind blade shell structure 

in order to maintained the rigidity of the shell structure under extreme conditions.  

Based on the entire laminate configuration, the entirety of the blade shells are modeled in 

support to the optimization of the VARTM process. It is apparent that one of the distinct feature 
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for such laminate configurations designed specifically for this process are the higher permeable 

medium on the top and bottom surface of the laminate. The location of the vents and the inlets 

are placed on the higher permeable mediums in which the vent lines are designed to be located 

toward the edge of the blade in comparison to the injection inlet lines which are located along the 

blade profile from the leading edge toward the trailing edge of the blade. 

4.3 Meshing 

 

Figure 15. Meshed wind blade shell (Full blade)  

The single full blade shell modeled in the CAD modeling was meshed into a structure of 

elements. This discretization process is necessary in order to evaluate the flow of resin through 

the finite element methods. Each element is acting as an empty bucket in which problem with 

respect to each element is solved before the subsequent neighboring element. It is the scheme of 

injection simulation software which restricts the mesh modeling to only triangular elements for 

2-D and wedge elements for 3-D domain. 

The full blade shell model is defined through the number of seeds along the edges of the 

blade. The thickness of the blade is designed with 6 nodal seeds in which forming 5 elemental 

layers while the curve line throughout from the leading edge to trailing edge, it was set with 33 
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nodal seeds forming 32 elements along the profile. This definition of number of elements along 

the profile and thickness defines the limit of the location of the injection inlets. The entire blade 

shell is meshed with the element size of 0.20 m. A uniform mesh is constructed throughout the 

part since, the evaluation of the boundary condition throughout the entire part is crucial hence, 

concentrated meshed does not apply for this case.  

The 5 elemental layers which were created are based on the layers for just the 

reinforcement layers. It is the intention of the design to have the higher permeable mediums to be 

developed later in the injection software to accommodate the 0.10 m thickness of the mediums. 

The sandwich layers are located within the third elemental layer within the reinforcement layers.   
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CHAPTER 5  

CHEMICAL AND PHYSICAL PARAMETER SETTINGS 

Manufacturing a composite involves many chemical parameters which is not only 

governed by the properties of the resin but also on its curing kinetics. This is one of the key 

settings which determines the success of VARTM injection process. There were many 

considerations in setting up the entire process and that include the inlet gate time, position as 

well as the number of inlet gates required. Based on this section, the study would also provide 

the estimation threshold time in which maximum allowable time of injection will be 

approximated based on the limitation from the chemical time-dependent properties.  

The chemical and physical parameters are highly dependent on the materials selection 

designer in which taking several major factors into consideration as mentioned in the chapter 

two. Several factors involved: the aerodynamic efficiency, stress and fatigue failure and cost of 

materials and processing. In this chapter, the main focus will be covering the chemical and 

physical parameters which are tested with the simulation software. It does not necessarily contain 

information which presumes the best blade design study in terms of all the factors which have 

mentioned but, it is based on a standard materials selection for a typical wind blade shell 

manufacturing industry. 

5.1 Reinforcement properties 

The reinforcement properties involved a few parameters and that include: (1) type of 

fiber material, (2) permeability  and (3) density of the fiber. The type of fiber materials are based 

on a typical glass fiber materials and the data involving the properties are obtained from Shama 

et al. [20] and Bauccio [21]. Among all the parameters, the permeability plays the most crucial 

role in the parameter settings. This is primarily due to the fact that the flow medium being highly 
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dependent on the permeability factor in comparison to any other factor. This can be further 

supported based on the Darcy’s Law.  

The permeability factor plays a primary role in dictating the flow of resin hence, precise 

permeability value is the key toward an accurate simulation results. In addition, it is through this 

simulation that permeability factor could be manipulated as a control parameter to test out many 

variety of permeability values in which could be in verse to help in designing appropriate 

material for an ease of flow process during the VARTM injection process. Reverse engineering 

through permeability factor has not been rare and one of the ways through it, is the permeability 

factor.  

One of the other factors influencing the reinforcement properties is the porosity of the 

layers. The porosity of the medium is crucial in order to incorporate the conditional fulfillment of 

conservation of volume for the resin. The porosity factor is defined in the zone layers parameter 

settings.  

The type of fiber materials for this case study primarily concern on the lay-up type of the 

fiber materials. For instance, fiber mat is much more permeable compared to a bundle of fiber 

lay-up together in a 0/90 staking sequence. For this model, the higher permeable mediums were 

selected to be fiber mat and the reinforcement layers were selected to be in the form of fiber 

bundle. 

Besides the physical parameters that could be manipulated for its properties, thermal 

quantities also played a fundamental factor in the process of setting up the VARTM simulation 

process. Fiber in itself does not affect the curing properties of the resin. Nevertheless, it is the 

heat conduction from the fiber to the resin which indirectly affects the curing properties of the 

resin since, the curing profile is directly dependent to the temperature. 
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Reinforcement layers are the most fundamental components within the laminate 

configuration. This is owe to its percentage size occupied within the laminate configuration. This 

study does not specify exactly which fiber material has been used because it is not a factor which 

is crucial for injection molding process. The type of fiber is only crucial when the focus is on 

stress analysis but since this study is governed mainly within the Darcy’s Law, type of fiber 

material is not necessary.  

5.2 Resin properties 

The matrix properties were crucial for stress analysis as well as for the VARTM process. 

This is the property which has the most significant role in the injection process. Matrix of a 

composite is made out of resin which is normally liquid in room temperature. It is a binding 

agent in which the fibrous materials will be bonded with the resin to form a solid homogeneous 

composite part. Matrix properties are fundamentally critical for composite especially in terms of 

stress analysis since, this is the first medium to withstand the failure fatigue stress. In contrast, 

the fiber is merely acting as impurities to prevent crack propagation. Failure analysis is often 

carried out on the matrix part of the composite instead of just on the account of the fiber. 

Resin is the raw material of the matrix in a composite as mentioned thus, selecting the 

suitable type of resin is crucial for any injection process. There are few parameters which are of 

interest especially for a simulation on resin flow in an injection system namely the VARTM 

process. In general there are three categories which are considered as the key control parameters 

for resin and that include: (1) General, (2) Thermal and (3) Chemical.  

Under the general category, it is further broken down to (1) density and (2) viscosity 

model. The density of the resin is used primarily to consider the gravity effect. In most cases, the 

effect of gravity is usually negligible. The viscosity model is crucial in order to ensure optimize 

viscosity condition is taken into account to prevent high resistive flow during the filling process. 
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The balance between the temperature and the viscosity model will be discussed in a greater detail 

in the following section on the rheological modeling.  

Under the thermal category, thermal conductivity as well as specific heat of the resin are 

both taken into crucial consideration. Thermal conductivity and specific heat of the resin is one 

of the key modeling criterions which could highly affect the curing properties of the resin. These 

thermal quantities are one of the few major quantities toward dictating how well the part would 

cure especially under crucial consideration such as maintaining the fluidity of the resin flow to 

complete filling up the part while promoting curing process so as to reduce total curing time. The 

balance between curing time and filling time is one of the most challenging optimization 

processes involved in a VARTM process. 

Under the chemical category, enthalpy and the sub-reaction or namely the kinetic 

parameters are directly derived from the kinetic resin of polymerization theory which the system 

is adapting the Kamal-Sourour’s model. [22] The enthalpy and the sub-reaction greatly affect the 

curing properties of the resin in which the chemical reaction would changed accordingly. It is the 

desire that the selection of resin to be optimized specifically according to the need of the system. 

Simulation software comes into play whenever it concerns optimization and this is primarily 

because resin properties could be tailored to the requirement of the system. The flexibility of 

simulation software enables the designer to fix a parameter or to have it as a control parameter. 

As for this case, the resin properties were based on a standard resin properties adapted from 

typical wind blade shell application.  

5.3 Sandwich properties 

Sandwich layer consists of two individual sections, the leading edge core and trailing 

edge core of the blade. Single elemental layer was defined as the thickness for the core layers. It 

is assumed that the incorporation of the core structures were fit in the reinforcement layers along 
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the blade profile from the root through the tip section. Despite the fact that core structures were 

primarily built for its mechanical support feature, in the VARTM process minimal consideration 

of the properties were taken into account. In fact, the cores were defined in the simulation as the 

boundary problem in which surpassing core entity no resin flow should occur in the specified 

group elements. Nevertheless, in the simulation software the density and thermal properties are 

required for the flow simulation. 

Under the general category, the density of the core is required and this is primarily due to 

the definition in accounting for its total conservation of mass as well as weight into 

consideration. This is to take into the account of the total weight of the part being affected by the 

gravity.  

Under the thermal category, thermal conductivity as well as the specific heat of the 

sandwich properties is required. These thermodynamic quantities are required in support of the 

heat system for the resin. It is prominent that the resin system is highly sensitive to the chemical 

composition of certain sub reaction but its main factor is usually influenced by the temperature in 

a nutshell, the resin system is highly sensitive to temperature.  

Sandwich properties as mentioned were not as crucial as other control parameters simply 

because the thickness of the core is in the middle section is minimal. The cross section of the 

core is only one elemental length i.e. 0.02 m thus, the effect of heat conduction or effect of any 

heat properties through that thickness does not highly affect the resin system. The continuous 

flow of resin from the resin supply keeps the consistent heat generation and loss hence, a balance 

and stable of heat transfer is kept consistent throughout the process. Nevertheless, to cater to a 

higher accuracy simulation the sandwich properties were taken into account. 
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5.4 Temperature Settings 

In VARTM simulation the governing equation is primarily governed by the Darcy’s Law 

in terms of the resin flow propagation. This flow front accounts for the amount of driving 

pressure that is in the resin and at the same time it is dependent on the variable quantity of the 

viscosity of the resin. 

The viscosity of the resin is highly dependent on the temperature settings of the entire 

system. In a VARTM simulation, there are a lot of heating systems available. There are two 

major systems which industrial has been utilizing: (1) Preheating VARTM and (2) Heated RTM. 

Preheating as the name explained, preheating procedure is implemented into the system 

in which the mold is set at a certain temperature and it is later shut off as the temperature 

gradually dissipated to the surroundings. Insulation system may also be incorporated to control 

the amount of heat being lost or gained through the preheating process. This system has the 

advantage of keeping the cost of the system low as large part of wind blade shell may take 

significant amount of power to heat up and maintain the heating system throughout the injection 

process. The setback of this system is that there is only a limited threshold of time for the resin 

flow to be at the optimum level. As a result, this system may just apply for smaller size injection 

application. 

Heated RTM is another method in which the RTM is heated throughout the injection 

process. The heating system is made possible through the heating ducts incorporated within the 

mold. The heat would supply through the ducting system and the heat transfer from the mold to 

the entire composite lay-up will be transferred to a homogenous condition before the injection 

process begun. This system is particularly favorable by application which involves large turbine 

blade. This is owing to the fact that higher filling time is required for larger blade shells hence, 

longer threshold time is required in order to completely fill the entire part. As a result, a heating 
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system has to be incorporated to ensure and maintain the resin properties throughout the injection 

process.  

5.4.1 Mold Temperature 

The mold temperature was set at 310 K throughout the entire injection process. It is 

crucial for this temperature to set throughout the system because of the scale of the blade which 

the system is dealing with. The fundamental goal for this mold temperature is to maintain the 

temperature system of the entire injection process so as to provide consistent and balance of heat 

transfer throughout the conduction process between the resin and other components. 

The fiber temperature will also be included into consideration through the influence of 

the mold temperature. In short, the heated RTM process includes the heating of the fiber and not 

just on the mold. This is made possible first by heating the mold through the heating ducts and 

having the heat transferred from the mold to the fiber bed. As a result, the initial temperature of 

the fiber and the mold are set to be homogenous before the injection process is begun.  

5.4.2 Resin Temperature 

Resin temperature is one of the most crucial parameters for the entire injection system. 

The resin determines the success of the injection process that is by having the resin saturate the 

entirety of the whole fiber bed and cured without dry spots. In short, optimization of the resin 

temperature is the key towards optimizing the injection process. This is primarily due to the 

nature of the resin being heat sensitive. The chemical structure as well as its physical properties 

changes based on the change of temperature. 

The selection of temperature for resin is also crucial because preheating of the resin 

would escalate the amount of cost and mostly difficult to be managed due to the fact that there 

are some resin properties which are non-reversible, thus costly to be disposable prior to the end 
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of each injection. Many designers of resin injection systems are considering the benefits of re-

feeding the excess resin back into the injection system to prevent or reduce waste.  

For the most part the characteristics of the resin with respect to the temperature it will be 

discussed in the rheological modeling. The resin supply for this case was set at 300 K desirably 

to be at room temperature for easier standardization for either comparison or empirical analysis. 

The initial temperature from the resin supply was set at room temperature throughout the entire 

injection system. Assumptions are put into consideration for this case study in which the 

temperature of the resin is assumed to be elevated to the temperature which is equivalent to the 

fiber bed and the mold i.e. 310 K. Many industries have claimed that this procedure allows them 

to cut almost 20% of the cost including resin disposed due to temperature changed. [23] 

In addition, the thermal quantities of the fiber bed as well as the resin have been 

evaluated in terms of their rate of heat transfer. The evaluation has shown that minimal lag time 

of heat transfer between the initial temperature of the fiber and the resin does not have any 

significant influence towards the end result of the filling time and curing time. [24] In short, the 

assumption for the resin temperature is similar to the temperature of the initial fiber bed is 

acceptable to being maintained on average at 310 K. 

5.5 Rheological modeling 

Rheological modeling is the study of flow of matter and for this case it is the flow of 

resin in an injection system. This study encompasses whether a fluid is a Newtonian fluid or a 

non-Newtonian fluid. Resin typically falls under the non-Newtonian fluid category. It is 

fundamental to study the rheological model of the resin since the primary study of this thesis is 

on the filling pattern of the resin injection system in VARTM process. The characteristics of 

resin flow dictate the filling pattern of the filling process. As a result, proper governing and 

selection of resin type is crucial towards complete filling process. 
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Figure 16. Degree of Cure plot of the Resin. 

The methodology toward selecting the right resin type for the system is primarily based 

on the designer of the composite shell. There are several criteria in considering the resin type: (1) 

matrix mechanical properties and (2) resin properties. The rationale behind matrix mechanical 

properties is based upon the resin properties because the product of the resin being cured is the 

matrix thus, the resin type selection is directly connected to the mechanical properties of the 

matrix. Nevertheless, the focus of this study is on the flow, hence the focus of resin type 

selection process is entirely just based on the rheological modeling of the resin.  

Firstly, the considerations of all the parameters involving the resin properties are 

identified. Based on the evaluation of the study, there are four major properties to be considered: 

(1) viscosity, (2) temperature and (3) time. It is understood that the favorable range of viscosity 

is required to be set in which if the viscosity of the resin is too high it would resist the flow of the 
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resin resulting final part being cured with large void entrapments i.e. dry spot. For this study, the 

limit of resin viscosity is set within 50 Pa.s. 

 

Figure 17. Viscosity plot of the Resin. 

The filling time has to be acquired based on the certain model of resin polymerization 

and for this study, Kamal-Souror’s model is utilized. From the total filling time based on the first 

trial simulation, an estimation of the total time required for a complete filling process is in the 

order 2.0E+04 s. As a result, the threshold time for the resin to be contained within 50 Pa.s is 

within 2.0E+04 s. 

Based on the Figure 16, it is observed the degree of cure with respect to each temperature 

trendline. It is observed that the lowest rate of cure is at a lower temperature range while the 

highest rate of cure is at a higher temperature range. It is apparent that for fast production, the 

higher speed of injection is favorable but, it is also crucial to consider the cost of the entire 
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heating process in acquiring that rate of cure as well as the viscosity of the resin which limits the 

temperature selection. [25] As a result, optimum selection of temperature during the entire filling 

process is set at 310 K.  

Based on the fixed parameter which is the temperature at 310 K, threshold limit for 

viscosity of the resin is set below 50 Pa.s and filling time range is at 2.0E+04 s, the correlation 

on the degree of cure and the rest of the parameters are optimized. Based on Figure 16, at time 

2.0E+04 s for the temperature trendline of 310 K, the degree of cure is approximately      . 

Based on the alpha value it is referred to in Figure 17, it is observed that at 310 K the viscosity is 

within 20 Pa.s which is highly favorable for the resin to have least resistant in saturating the fiber 

bed.  

As for the curing time for the entire blade to reach       it is predicted that based on 

310 K, the resin should be cured within the range of 5.0E+05 s. This overall optimization is 

necessary in order to maintain the viscosity of the resin to be as low as possible during the filling 

process while increasing the degree of curing as high as possible after the filling process to 

reduce the curing time.  

5.6 Thermal boundary condition 

Thermal boundary condition is one of the key conditions to ensure the balance of heat 

system throughout the entire process. It is important to understand the set-up of the entire process 

in order to achieve the understanding of those thermal conductivity values. It is designed so that 

the thermal conductivity of the bottom surface of the fiber bed to be higher than the top surface 

of the fiber bed.  

Based on the Figure 18, the thermal conductivity from the top surface is directly in 

contact with the vacuum bag and the air. The air has higher thermal conductivity than the mold 

itself due to high temperature gradient between the air and the preform. As a result, it is observed 
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that the equivalent thermal conductivity for the top surface is higher than the bottom surface. 

This entire design is crucial toward maintaining the consistency of heat transfer between and 

within each components and overall system. The assumption which made earlier is only true if 

the consistency of the temperature remained possible. 

 

 

Figure 18. Thermal conductivity of the layers. 
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TABLE 3. SUMMARY OF CHEMICAL AND PHYSICAL PROPERTIES OF THE LAYERS. 

 

A physical and chemical properties for the injection process is crucial as it affects the 

nature of the entire system. Each control parameter was selected based on the pre-evaluation 
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study of standard method based on the industry as well as through some technical journal papers 

to support the theories.  

It is through this chapter that it unlocks the flexibility of the simulation software in 

allowing physical and chemical properties to be set in an easier mode as the control parameters 

in search for a much cost effective method as well as efficient filling process – optimized filling 

process.  
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CHAPTER 6  

SIMULATION RESULTS 

The simulation was broken down into few sections of results. One in which a study of the 

single wind blade shell was presented while the other two sections were broken down into root 

section and tip section results respectively. These results are put into a comparison study to 

evaluate the critical comparison between single wind blade shell and sectional wind blade shells 

in VARTM process. The position of inlet gates presented were based on the optimized inlet gate 

positions in which each auxiliary inlet was tested based on the timing as well as its position 

along the chord length during the VARTM injection process. 

6.1 Optimized inlet gate positions 

 

Figure 19. Inlet gate positions for root section. 
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Figure 20. Inlet gate positions for tip section. 

There are many parameters involved in optimizing the entire process. The process control 

parameters which could affect the total filling time directly are; (1) the temperature of the resin, 

(2) the total numbers and location of the auxiliary inlets as well as (3) the time of injection. From 

the previous report, both isothermal and non-isothermal simulation results were presented. It is 

the objective of this study to simulate the process condition to be as similar as possible to real-

life manufacturing process, and as such the following simulation results will be based entirely on 

3D non-isothermal conditions.  

TABLE 4. AUXILIARY INLET SETTINGS 

 

The set of auxiliary inlets that was used were positioned to the specific locations as 

shown in Figure 19 and Figure 20, located to the left and right of the primary inlet. The total 

number and location of the inlet gates on a particular section is solely dependent on the nodal 

Auxiliary inlet 

position

Injection 

time (s)

Percentage filled at 

injection time (%)

Total filling 

time (s)

Total filling time 

reduction (%)

AUX 1 250 6 incomplete -

AUX 2 1040 23 incomplete -

AUX 3 1740 42 incomplete -

AUX 4 2300 55 1.67E+04 -

AUX 5 2600 61 1.58E+04 5.41

AUX 6 2900 66 1.56E+04 1.01

AUX 1 160 29 6.18E+03 -

AUX 2 460 59 4.11E+03 33.56

AUX 3 700 74 3.21E+03 14.59

AUX 4 920 84 2.57E+03 10.24
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mesh. As a result of computational cost limitations, the selected nodal mesh size was set at 0.20 

m. The spacing between auxiliary inlets on the tip section was set at 0.60 m, while the inlets on 

the root section were spaced at 0.40 m due to higher complexity of the resin flow in that section. 

Table 4 shows the injection time for each auxiliary inlet. From the table, it is found that a 

minimum of four auxiliary inlets were required to fill the root section, with the tip requiring just 

one. 

6.2 3D Non-isothermal filling simulations 

In this section, following figures were based on a comparison of the 3D non-isothermal 

filling simulations and 3D isothermal simulations. It is fundamental to consider that the 

simulation has to be based on an environment which is described as close to the real 

manufacturing environment as possible. It is apparent that perfect insulation of a system is not 

possible hence, an isothermal condition would definitely not produce accurate results despite 

lesser computational cost requirement for such simulations.  

The following simulations described both the isothermal and non-isothermal conditions. 

This is to study the comparison between the two cases, in order to ensure the efficiency of the 

computational cost for the simulations. Both cases were simulated and compared the cost 

worthiness of simulating non-isothermal conditions or isothermal conditions and the tolerances 

between the two simulations.  
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Figure 21. Non-isothermal 3D simulation for root section 
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Figure 22. Isothermal 3D simulation for root section 

As shown in the Figure 21 and Figure 22, it is observed that the filling pattern is almost 

similar nevertheless, through careful observation it is clear that the filling pattern for isothermal 

condition showed a longer stretch of filling time pattern compared to non-isothermal condition. 

This careful observation is one of the keys toward understanding the isothermal and non-

isothermal effects in filling simulation. In addition, the results also showed apparent differences 

in the filling time between the two types of simulation. 

Firstly, it is fundamental to acknowledge that the root section of the sectional blade is 

thicker than the tip section by at least 50% from the root to the tip. Moreover, it is also crucial to 

recognize that the non-isothermal condition plays a major role in the curing process of the resin 
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since, the temperature is dependent on time. In contrast to the isothermal condition which is 

independent of time, it allows the temperature to remain constant throughout the entire filling 

process and thus, a single curing profile under fixed temperature is observed. 

Therefore, it is through evaluating on the kinetic of curing and viscosity profile of the 

resin, that it was clear to show the viscosity of the resin remained less viscous for a longer period 

of time in non-isothermal condition. As a result, a shorter filling time is observed in the non-

isothermal condition. From the simulation results, the differences were anticipated and that in 

itself proved the consistency of theoretical prediction since it matches with the curing profile. 

 

Figure 23. Non-isothermal 3D simulation for tip section         
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Figure 24. Isothermal 3D simulation for tip section 

Simulation results for non-isothermal and isothermal conditions for tip section were 

obtained as shown in the Figure 23 and Figure 24. The simulation results showed the filling time 

and filling pattern for both cases to be similar. In comparison of the filling time between tip 

section and root section of the sectional blades, the tip section required less than half the total 

amount of time the root section required for the part to be completely filled. 

As mentioned, root section is relatively thicker compared to the tip section hence, it is as 

expected that the filling time would be lower. As a result, simulation procedure can be simplified 

to isothermal condition if the part thickness is relatively thin. 



52 

During VARTM process, it is fundamental to acquire the location of last point to fill as 

well as the filling time required for a complete filling process. Hence, computer simulation on 

VARTM process is a great tool in being able to provide accurate prediction on the last point to 

fill without dry spot. For  instance, it is observed as though that the last point to fill for the root 

section is located both at the core region which is indicated by two separate green region as 

shown in Figure 22. Nevertheless, through zone visibility function as shown in Figure 25 it is 

observed that the last point to fill for the root section is actually located at the leading edge core 

sandwiched within the preform and not on the surface as shown in Figure 22. 

TABLE 5. FILLING TIME SUMMARY 

 

Blade Model

Simulating Condition Non-Isothermal Isothermal Non-Isothermal Isothermal

Filling time (s) 1.87E+04 2.04E+04 6.18E+03 6.18E+03

Root Section Tip Section
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Figure 25. Non-isothermal 3D simulation for upper section (Balsa Core) 
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Figure 26. Sequence of the filling front wrapping around the core region. 

One of the major differences in the minimum number of auxiliary inlets required between 

the two sections is based on the geometry of the part. The area of the core is relatively larger in 

the root section as compared to the tip section. As a result of this, the root section would 

naturally require more inlets to ensure the continuity of flow. It must be noted that the simple 

assumption of the complexity of the geometry profile is the cause of the higher number of inlets 

required is incorrect because the few factors which affect the flow in a VARTM process should 

only be based on the permeability of the mediums, viscosity of the resin and the depth of 

penetration of the flow. [26] 
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The comparison of total filling time required between the two sections varied 

substantially and this is primarily due to the size of the geometry. The volume of the root section 

alone comprises almost 80% of the total volume of the entire blade assembly. As a result, a 

higher volume of resin is required to completely fill up the root section entirely compared to the 

tip section which has been shown to require less auxiliary inlets to fill up the section. [27] 

As mentioned, the injection time for each auxiliary inlet is crucial to the completion of 

the filling process without dry spots. [28] The time settings for each auxiliary inlet are 

determined based on the arrival of resin at the previous inlet. Injection of resin into an auxiliary 

inlet prior to the arrival of the incoming resin from the previous inlet could result in a  large void 

entrapment, due to the incoming resin meeting the flowfront from the previous inlet (Figure 27) 

which cannot be compensated for by capillary effect. The injection time of each additional 

auxiliary inlet has to be delayed until the incoming resin-flow covers the entirety of the new 

auxiliary inlet. 

 

Figure 27. Potential dry spot formation 

Aux. 3 

inlet 

Aux. 5 

inlet 

Vent outlet 



56 

From the results, it is apparent that the effectiveness of additional auxiliary inlets was 

limited to only the first few sets and this is primarily due to resisted flow from the shear stress 

around the core region. Because of this, it is crucial to consider additional auxiliary inlets 

especially around that region.  

The optimization of physical parameters for the VARTM process is non-exhaustive. [29] 

Nevertheless, the key objective for this study is to acquire the appropriate methodology to 

optimize the specific product geometry and material physical parameters. From this 

optimization, the user not only gains the capability to determine for the viability of filling time 

reduction, considering the set-up cost for each additional auxiliary inlet, but, also the optimal 

design location for each auxiliary inlet in order to ensure an effective reduction in the time taken 

to fill up the entire section. Due to these considerations, the primary focus should be on the core 

region in order to provide an optimized location for the auxiliary inlet. [30] 

For this quarter, comparison study was carried out to investigate the significance between 

the sectional blades and the full blade injection filling pattern in Vacuum Assisted Resin Transfer 

Molding (VARTM) process. The primary motivation for this comparison study is to layout the 

viability of this process. (i.e. the advantages and the potentials of respective VARTM processes) 

The simulation set-up for the full blade was set to be similar as the sectional blades in order to 

maintain the consistency of results throughout the simulation. 
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Figure 28. Filling time pattern for sectional blades and full blade. (Top View) 
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Figure 29. Filling time pattern for sectional blades and full blade. (Bottom View) 
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As shown in Figure 28, the filling time pattern from the top view of the sectional blades 

and the full blade are almost identical except some minor discrepancies on the trailing edge 

(lighter blue region – 1.53E+03 s) of the blade. In comparison with the sectional blades, the full 

blade has longer stretch of lighter blue region from the root-to-tip as well as narrower thickness 

across the chord length. These observations address the full blade being the first to completely 

fill up the top surface layer. Similarly, it was observed from the bottom view of the blades in 

Figure 29, the filling time pattern for the full blade showed significant stretch and narrower 

thickness of lighter blue region from the tip-to-root at mid-span of the chord length. In contrast, 

these observations address the higher dependency of the full blade filling profile on high 

permeability medium. (HPM)  

Based on the previous reports, it was found that the core regions were the last region to 

be saturated. Resin filling on the surface of the root section in Figure 29, (around the core 

regions) was saturated at approximately 1.06E+4 s. In the same regions for the full blade, the 

blade was saturated at approximately 9.12E+3 s. As a result, the preliminary observations 

suggest the root section should require longer filling time compared to the full blade. But, it was 

later discovered that the total filling time for the sectional blades and the full blade were exactly 

opposite from the expectation based merely on the filling time pattern of the blades. 

Table 6 showed the total filling time for the respective sections of the blade in which the 

full blade stood at the highest with 4.64E+4 s and the tip section being the lowest at 6.18E+3 s. 

The ambiguous results between the filling time pattern and the total filling time were re-

evaluated and it was found that the results were consistent with the previous simulation. From 

the re-evaluation, it could be concluded that dominant filling direction determines the total filling 

time but it does not provide the most accurate graphical representation on the filling time pattern 
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especially when the representation was based solely on the surface. The dominant filling 

direction for the root section was through the thickness direction while for the full blade it was 

root-to-tip wise direction along the bottom HPM layer. [31] 

The nature of resin flow direction is through the path of least resistance. [9] It was 

apparent that the least resistant path has to be through the HPM layer which has a higher 

permeable medium compared to the preform medium. Nevertheless, flowing through the least 

resistant path does not guarantee the shortest filling time in fact, the shortest filling time based on 

the results are highly dependent through the thickness direction which is the shortest direction for 

the resin to fill up the entire part. As a result, the filling time pattern on the surface (around the 

core regions) of the root section showed higher filling time due to its dominant filling direction 

through the thickness but, the total filling time is still less than that of the full blade. 

TABLE 6. TOTAL FILLING TIME OF RESPECTIVE SECTIONS. 

 

6.3 3D Non-isothermal curing simulations 

Filling pattern between the sectional blades and the full blade is crucial in understanding 

the characteristic flow of the resin. In addition, how the resin flow could further affect the 

following process which is the curing process of the blades should be considered. The resin 

supply affects the thermodynamic system of the resin polymerization state in which the resin is 

slightly heated by the fiber bed which is kept consistent at 310 K. This activation energy in real 

case actually initiated the process of curing. But, it is due to the fact that the activation energy is 

not large enough to accelerate the curing process of the resin.  

Section Root Section Tip Section Full Blade

Total Filling Time (s) 1.87E+04 6.18E+03 4.64E+04
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The following figures would depict the curing pattern of each sectional blades and the 

full blade. It is observed that the curing pattern for full blade and sectional blades are absolutely 

different in terms of the initial curing state.  

Detailed accounts of the progressive state of curing is not able to fully present since, the 

time step is restricted based on the computational cost. As a result, selection of cuing state snap 

shots are based on optimization selections.  
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Figure 30. Curing pattern for sectional blades. (Bottom View) 
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Figure 31. Curing pattern for sectional blades. (Top View) 
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Figure 32. Curing pattern for a full blade. (Bottom View) 
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Figure 33. Curing pattern for a full blade. (Top View) 
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The most common issues in manufacturing large composite blade shells are the dryspots. 

Dryspot is a physical defect of the part formed as a void in the blade shell due to air entrapment 

during filling and curing. Based on the figures shown on curing processes, the curing time for the 

sectional blades is less than the full blade. This phenomenon as mentioned is primarily 

contributed to by the dominant filling direction. [32] [33] 

The advantages in producing the blade shell in sections include the significant reduction 

of  processing time (i.e. filling and curing time) as well as better controllability of the resin flow 

prior to the filling process. In addition, manufacturing the blade shells in sections have high 

potentials in wind turbine industry considering the trend of the wind blade size has kept on 

increasing from time to time. As for the parameter set-up for simulations, the potential air 

entrapment during the injection process could be detected in real-time. Based on the simulation 

results, there were no potential air entrapment formed within the part. In addition, in the figures 

shown for the curing processes, there were no dryspot formation. Therefore, it could be 

concluded that the designed injection lines and time-release were appropriate and compatible for 

these blade models. Therefore, it is evident that the VARTM process through sectional blades is 

a much viable option over full blade. 
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CHAPTER 7  

CONCLUSIONS AND FUTURE WORKS 

Wind blade industry has come a long way in producing from a small scale wind blade 

size in which the generation of power was either through purely mechanical power or electrical 

transmission. The global demand of higher energy consumption has pushed the energy industry 

toward developing a more sustainable and green energy in order to provide a better and secure 

future. Many energy industries took part in the research and development environment in search 

for the future potential energy. Wind energy is one of the most promising energy which could be 

harness without being affected by the economy and political environment. 

It is prominent that the cost of energy is the key toward the development of a potential 

and sustainable energy. As a result, it is fundamental for wind energy industry to push toward 

high efficient cost energy in which from the initiation of design toward the completion of the set-

up to a point of producing electricity, the cost has to be kept minimal in order to provide a 

sustainable energy industry. As a result, manufacturing process which is one of the major costs 

of the entire industry required to be kept as minimal as possible. 

One of the most reliable and cost effective manufacturing process for a large composite 

part as well as high complex shape is through VARTM. This process has the flexibility to 

manipulate large complex shape parts and it has been in the industry for a while in which 

statistically it has proven to be one of the most reliable manufacturing processes available.  

There are several factors which ties along with VARTM process in ensuring that this 

process is feasible and yet cost effective. Firstly, vacuum pressure is one of the key to cost-

cutting measure in comparison to many other manufacturing processes. The vacuum pressure is 

utilized by first pre-vacuum the entire part and later the injection process is just to be based 
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entirely on atmospheric pressure which is readily available and most importantly it does not 

incur any operating cost. As a result of the simplicity of its manufacturing process, the only 

major cost factors involving in this process were simply the mold, injection inlets and auxiliary 

pumps. 

From the results, it is apparent that the effectiveness of additional auxiliary inlets was 

limited to only the first few sets. This is primarily due to resisted flow from the shear stress 

around the non-permeable region. 

From this optimization, the user gains the capability to determine for the viability of 

filling time reduction and considering the setup cost for each additional auxiliary inlet. In 

addition, the acquisition of optimal design location for each auxiliary inlet was also made 

possible in order to ensure an effective reduction in the time taken to fill up the entire section. 

The nature of resin flow direction is through the path of least resistance. (i.e. through the 

higher permeability medium) Nevertheless, flowing through the least resistant path does not 

guarantee the shortest filling time because the filling time based on the results have shown that it 

is highly dependent on the dominant filling direction. 

Future works on the subject could be carried out on the manipulation of the higher 

permeability medium to control the resin flow front as it is injected through the inlets in the 

VARTM process. The higher permeability medium could potentially act as a resin releaser with 

respect to time and area, customizing designs based on the geometry of the respective parts 

intended to be manufactured.  
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