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Abstract 

Low-cost manufacturing methods for carbon epoxy composites were investigated and a 

full scale fuselage section of the GeoSurv II Unmanned Air Vehicle (UAV) was 

manufactured. Low-cost manufacturing methods from a literature survey were ranked 

using the weighted comparison method. VARTM and the Hybrid Hand Layup were 

identified as offering the greatest economical advantages for small aircraft manufacturing 

in low production quantities. The two methods were compared by material testing and by 

manufacturing representative components. Both methods had equivalent mateffal 

properties, but VARTM was selected since it was less user dependent. 

A unique "mouldless" manufacturing technique, using the foam core as the mould, 

was implemented on the fuselage. Flow simulation software, LIMS, was used to 

determine an optimal location for the resin inlets and vacuum outlets. The manufactured 

fuselage section had reasonable tolerances proving the "mouldless" technique using 

VARTM is a possible low-cost option for manufacturing small aircraft and UAV 

structures. 
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Chapter l: Introduction 

This chapter will discuss the overview, the focus, the rationale, and the motivation for 

this thesis and will conclude with an outline of the process employed in the research. 

1.1 Overview 

One of the final-year undergraduate team projects in the Department of Mechanical and 

Aerospace Engineering at Carleton University is the design and development of an 

uninhabited air vehicle (UAV) system. The UAV currently being designed, the GeoSurv 

II, is for geophysical surveying applications. The project has received support from 

Sander Geophysics Limited (SGL), a local geophysical surveying company. This 

company has particular interest in the GeoSurv II as it will have highly sensitive 

magnetometers mounted on its wingtips and be able to operate much closer to the ground 

than a manned aircraft. The GeoSurv II is required to have a low magnetic signature to 

reduce the magnetic noise in close proximity to the magnetometers. Current aircraft used 

in airborne surveys have the magnetometers mounted on booms outboard of the wings or 

on booms projecting from the tail. Though these mounting provisions have shown some 

improvement there are still problems with magnetic noise which is generated by the eddy 

currents on these aluminum skinned aircraft. The GeoSurv II is thus being designed to 

reduce magnetic interference by using a composite airframe and by mounting 
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magnetometers as far as possible from any ferromagnetic components in the UAV. The 

current GeoSurv II design is shown in Figure 1.1. 

Figure 1.1: The current GeoSurv II design. 

Following several years of design, the GeoSurv II project group identified four areas 

requiring research beyond the undergraduate level. Those four areas are UAV Autonomy, 

Obstacle Detection and Avoidance, Flight Control Actuating Systems with Low 

Magnetic Signature, and Low-Cost Composite Airframe. The Ontario Government, 

through the Ontario Centres of Excellence, and SGL provided the financial resources to 

research these areas. This thesis work will consider the Low-Cost Composite Airframe 

research. 

1.2 Focus 

The focus of this thesis work is on the manufacturing of low-cost composite airframes. 

More specifically, the research is focused on small production runs of small UAVs or 
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light private aircraft. The research was conducted specifically in the area of low cost 

composite manufacturing using out-of-autoclave curing procedures. The selection of the 

manufacturing method was a large part of the research as it was noted to be a large 

contributor to cost. 

1.3 Rationale and Motivation 

Fibrous composite materials have been used for many years in the marine industry but it 

is only in the last decade that their use has become more widespread in the aerospace 

industry. With this introduction of fibrous composites, research has focused on 

optimizing manufacturing methods to reduce part count and costs. Repeatability and high 

performance are major driving factors in the aerospace industry. For the larger aerospace 

companies, such as Boeing and Airbus, cost relative to performance is less significant as 

the end consumer, the airlines, are willing to pay the additional cost for better 

performance and increased life. Unfortunately, in the smaller aerospace companies 

dealing with small private aircraft and non-military UAVs, cost becomes a significant 

driving factor. Costs for the smaller aerospace companies can be reduced through the 

implementation of a low-cost manufacturing method. 

This thesis work relates to the aerospace industry but particularly to the small aircraft 

manufacturers such as Diamond Aircraft. Many manufacturing methods currently exist 

but few are being extensively applied to this market. The methods need to be analysed 

further to determine which are the most economical while still producing aerospace grade 

components with low void content and good repeatability. 
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1.4 Thesis Overview 

The organization of this thesis will be discussed in the following paragraphs. 

The first step in the research process was a literature review to determine the current 

methods used in the manufacturing of carbon epoxy composite materials (section 2.1). In 

particular, the methods researched were those identified as out-of-autoclave curing 

methods as well as methods identified as low-cost. Once the literature review was 

completed the various methods identified were ranked using a weighted comparison 

method (section 2.2). The two top ranked methods were then selected for further 

comparison testing. 

The comparison testing consisted of manufacturing flat panels for material 

comparison testing as well as the manufacture of several components of the GeoSurv II 

(section 2.3). Following these comparisons one manufacturing method was selected to be 

used extensively on the GeoSurv II. A complex component of the GeoSurv II, the 

fuselage structure, was chosen to be manufactured using the selected method. To support 

the selected manufacturing method, a ID permeability apparatus was researched and built 

(chapter 3). The permeability values measured for different composite layups were then 

used in a resin flow simulation program - Liquid Injection Moulding Simulation (LIMS) 

Software - to predict the flow front of the resin during manufacture (chapter 4). 

The permeability values and LIMS were then used to predict the resin flow in the 

fuselage structure and aid in the positioning of the resin inlets and outlets (section 6.1). A 
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fuselage structure was then manufactured to verify the predicted infusion pattern and time 

(chapters 6-7). 

Simulations were used before manufacturing of the simpler component discussed in 

section 2.5.2 in order to reach acceptable component quality in the fewest number of 

iterations. These simulations were run by Gregor Haslinger following training by the 

author in the use of LIMS. 

I 

1.5 Objective 

The objective of this thesis was to determine an economic manufacturing method for the 

GeoSurv II, or similar small aircraft, and then to implement that manufacturing method. 

This major objective was accomplished through the following minor objectives: 

1. Research and compare low cost manufacturing methods 

2. Manufacture representative components/coupons and compare 

3. Select one low cost method for implementation 

4. Implementation 

a. Design permeability fixture 

b. Predict infusion using flow simulation software 

c. Manufacture fuselage and assess its quality 



Chapter 2: Manufacturing Methods 

This chapter will examine the various low-cost manufacturing methods used to produce 

carbon fibre reinforced epoxy composite materials. In particular, the manufacturing 

methods will be evaluated for use in the production of a small aircraft or an uninhabited 

aerial vehicle (UAV). A literature survey of various low cost methods will be discussed, 

and the advantages and disadvantages of the methods presented. Following the literature 

survey, a weighted comparison will be presented to compare and contrast the low-cost 

manufacturing methods. Two low-cost methods, namely Vacuum Assisted Resin 

Transfer Moulding (VARTM) and Hybrid Hand Layup, ranked the highest and were 

selected for further comparison. These two methods were further compared by 

manufacturing trials and material testing to determine tensile and shear properties. The 

results showed that VARTM offers the most cost saving potential while producing a high 

performance aerospace grade part. To verify the repeatability of VARTM a series of flat 

panels were manufactured and material testing was performed. 

2.1 Low-Cost Manufacturing Methods 

A survey of the literature was conducted to identify the various manufacturing methods 

considered to be low-cost or cost effective. Five main methods were identified from the 
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literature: Hand Layup; Hybrid Hand Layup; Resin Transfer Moulding; Vacuum Assisted 

Resin Transfer Moulding; Out-of-Autoclave Prepregs. Several modifications of these five 

methods were also identified and will be discussed later. These modifications to the main 

methods were seen to reduce disadvantages in the methods. 

2.1.1 Hand Layup 

The most traditional, and probably the oldest, manufacturing method is the hand layup 

also known as the wet layup method. With the hand layup method the preform is placed 

into the waxed mould tool and resin is applied with a brush or roller. A hand layup 

method is shown in Figure 2.1. 

Mould Too! 

Figure 2.1: Schematic of the Hand Layup Method. [1] 

There are several advantages and disadvantages to the hand layup method. The 

advantages are low initial cost (as there is no large equipment requirement), simple 

manufacturing, low manufacturer skill requirement, and the ability to manufacture large 

components. The disadvantage to this processing method is poor repeatability as the 

process is manufacturer dependent. A second major disadvantage to this method is that 
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the gas emissions from the chemical reaction in the resin may produce a serious health 

concern for the manufacturer. 

The hand layup method has been extensively used in the marine industry with great 

success to manufacture boats and it has also been used in the aerospace industry by 

companies such as Slingsby and Diamond Aircraft to manufacture small aircraft. [1,2] 

2.1.2 Hybrid Hand Layup 

The Hybrid Hand Layup method is similar to the hand layup method but with an 

additional processing step. Following preform wetting, in the Hybrid Hand Layup 

method, excess resin is removed from the wetted preform. This step is accomplished by 

applying a release film, a breather cloth, and a vacuum bag over the wetted preform. 

Using a vacuum pump, the air is then removed from the mould cavity compressing the 

preform and better consolidation occurs. Excess resin is drawn up through the release 

film into the breather cloth. The bagging sequence for this method is shown in Figure 2.2. 
To Vacuum Pump To Vacuum Gauge 

t t 
y 

Breather/Absorption 
Fabric 

Vacuum Bagging Film 

•Peel Ply 

Release Film _ / * 
(Perforated) Release Coated 

Mould 

Laminate 

Figure 2.2: Schematic of the bagging sequence following hand layup. [1] 

Parts produced using the Hybrid Hand Layup method have higher fibre volume 

fractions and lower void contents than similar components produced using the hand layup 
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method. Higher fibre volume fractions are obtainable because the vacuum pressure assists 

in compacting the saturated preform and draws the excess resin into the breather cloth. 

Voids are generally lower in the Hybrid Hand Layup method because the vacuum 

pressure forces the resin into the tows. This method also decreases volatile emissions as 

the resin is under vacuum for the majority of the curing process (provided the vacuum 

pump is exhausted appropriately). A disadvantage to this method is increased costs from 

both materials and manpower. [1, 3, 4] 

2.1.3 Resin Transfer Moulding (RTM) 

The Resin Transfer Moulding (RTM) method is perhaps the most efficient and rapid 

method for producing a large number of composite parts in a short period of time [5]. 

Figure 2.3 below shows a schematic of the RTM method. 

Resin Injected 
Under Pressure 

Press or clamps to hold 
halves of tool together 

I Mould Tooll 

IMould Tool X 

Optional 
Vacuum 
Assistance 

\ Dry Reinforcement Preform 

Figure 2.3: Schematic of the Resin Transfer Moulding Method. [1] 
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This method uses a two-sided rigid mould which increases the tooling costs. A two 

sided rigid mould produces a part which yields good surface finish on all exposed 

surfaces. The RTM method allows components to be manufactured with a low void 

content and good dimensional accuracy [6]. The part is dimensionally accurate since the 

upper and lower surfaces are rigid and thus controllable. The RTM method requires the 

operation of a high pressure press system, as well as a heated mould unit, which leads to 

high setup costs [1, 4, 7]. This method, though producing superb quality parts, is 

generally more useful in a large manufacturing environment where the large quantity of 

parts will pay for the increased costs of tooling. 

2.1.4 Vacuum Assisted Resin Transfer Moulding (VARTM) 

Vacuum Assisted Resin Transfer Moulding (VARTM) is a method that was developed 

from the RTM method. VARTM decreases tooling costs (relative to RTM), eliminates 

high pressure injection, and reduces or eliminates volatile emissions [8]. Tooling costs 

are reduced compared to RTM because the upper rigid mould is replaced by a polymeric 

flexible bag. The volatile emissions are reduced because the emissions from the chemical 

reaction are contained within the sealed mould. Finally the high pressure requirement is 

eliminated because the resin is drawn in by a vacuum pump instead of being forced 

through the preform with high pressure [8]. 

As shown in Figure 2.4, a series of inlet and outlet ports are used to control the 

infusion process. The resin is drawn in through the inlet ports and the vacuum is 

connected to the outlet ports. Two problems commonly associated with VARTM are 
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voids from poor infusion techniques, and race tracking. Race tracking (Figure 2.5) is a 

phenomenon observed in stationary fibres at the edges as a result of the fibre preform not 

being uniformly cut. This results in channels in the preform and increases the local 

permeability. 

A main advantage of VARTM over the Hand Layup method is the lower skill 

necessary to perform manufacturing. The manufacturer, however, must correctly position 

the inlet and outlet ports. The repeatability is significantly improved compared to the 

Hand Layup method. [1, 3, 9, 10] 

Sealant Tape 

Resin 

Resin drawn across and through 
f reinforcements by vacuum 

,—Vacuum Bag 

Peel Ply and/or Resin 
i 

Distribution Fabric 
Reinforcement Stack 

Mould Tool B 

•fc^_ To Vacuum 
JPump 

Figure 2.4: Schematic of the Vacuum Assisted Resin Transfer Moulding Method. [1] 

I** 
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Figure 2.5: The race tracking phenomena commonly seen in VARTM is shown. [11] 

2.1.5 Out-of-Autoclave Prepregs 

The last method considered is the prepreg with an oven cure. A prepreg that requires an 

oven cure is a lower cost option than a traditional prepreg that requires curing in an 

autoclave. Autoclave prepregs are not considered low cost due to the large overhead costs 

associated with procurement of an autoclave and the operational costs. Over the past 

decade several companies such as Hexcel Composites and Advanced Composites Group 

(ACG), have developed prepreg materials that can be cured outside an autoclave. These 

new out-of-autoclave prepregs are considered a low-cost alternative. 

The main advantages of this method are the ease of manufacturing and the 

repeatability in manufacturing. Repeatability is good due to an almost constant fibre 

volume fraction since the fibres are wetted with resin in a controlled manner by the 

prepreg producer. The fibre volume fraction obtained from prepregs is higher than the 

other methods considered. 
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The major disadvantage of this method however is that an oven as well as a 

refrigeration unit is required, which adds additional costs to the processing method. A 

second disadvantage is that the prepreg material must be purchased from a larger 

manufacturing company [1, 6, 12, 13]. The cost of these materials is higher than those 

used in the other methods because another company is infusing the material. One final 

disadvantage of the prepreg method is that there is a shelf life of a year or less on the 

prepreg. Thus this method is more expensive than Hand Layup, Hybrid Hand Layup, and 

VARTM. 

2.1.6 Other Low-Cost Methods 

Several other low-cost methods were identified, mostly modifications of the above 

mentioned five main methods. These other methods, though beneficial in some 

applications, were not considered relevant for the manufacturing of a prototype UAV. 

Each of these methods will be discussed and comments provided to show why the 

method was not considered further. 

f 
Seemann Composite Resin Infusion Moulding Process 

The Seemann Composite Resin Infusion Moulding Process (SCRIMP) was developed in 

the late eighties by Bill Seemann and was patented in 1990. The patent for this 

manufacturing method is owned by TPI Technology. The SCRIMP method is a variation 

of VARTM. The only difference in the two methods is that TPI Technology has patented 
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the flow process and is thus able to charge for using their particular method. The 

advantages of the SCRIMP method are: 

similar material costs to hand lamination or compression moulding 

- higher quality product than produced by hand lamination 

superior dimensionality and quality control relative to hand 

lamination 

thicker fabrics can be processed than is possible with hand 

lamination 

lower manufacturing costs than prepreg manufacture 

- longer storage/shelf life than prepreg 

greater flexibility and lower process equipment costs than 

compression moulding. 

The SCRIMP process was developed to decrease infusion time and thus decrease 

overall production time. This method of manufacturing was not considered further 

because of costs associated with obtaining a license to the patent. [1, 3, 12, 14-17] 

SIMPREX Prepreg 

A newer prepreg system on the market today is SIMPREX prepreg which was developed 

by Simex Composites. It is a non-autoclave prepreg which uses vinyl ester resin - a 

lower-cost alternate to epoxy resin. Using vinyl ester over epoxy provides a potential for 

a more economical prepreg system. The advantage of this system is that the prepreg is not 

refrigerated and it has an increased shelf life of one year at seventy degrees Celsius - a 
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lower cure temperature requirement and a fast curing time. The result is a lower cost/cost 

effective prepreg. The drawback to this method is that it requires an oven cure. Though 

ovens are not as expensive as autoclaves they increase start up costs significantly. [18] 

Fast Resin Actuated Channelling (FASTRAC) 

The Fast Resin Actuated Channelling (FASTRAC) process was developed at the United 

States Army Research Laboratory (ARL). This process is similar to VARTM except that 

there is no transfer medium in contact with the fibre preform. Instead, a FASTRAC layer 

is positioned over the top of the vacuum bag. This FASTRAC layer draws up the vacuum 

bag and allows the resin to be drawn in more quickly. Once saturation is complete the 

FASTRAC layer can be removed. The channels of resin collapse, and the part can be 

cured. [19] 

n 

Resin Injection Recirculation Moulding (RIRM) 

The RIRM method is a process which is a cross between the VARTM and the RTM 

process. This process decreases the saturation time and has better fibre wetting when 

compared to the VARTM process. The advantages over the RTM process are a lower 

pressure requirement and enhanced fibre wet out. [20] 

Resin Film Infusion (RFI) 

Resin Film Infusion is sometimes considered a low cost manufacturing option. However, 

the RFI method requires an autoclave for curing which incurs large overhead costs. Thus, 

this method was not considered further. [3, 21] 
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2.1.7 Summary of Methods 

There are distinct advantages and disadvantages to the various low-cost manufacturing 

methods, which are summarized in Table 2.1. 

Table 2.1: The advantages and disadvantages of the low-cost manufacturing methods are 
shown. [22] 

Method 
Hand Layup 

Hybrid Hand 
Layup 

RTM 

VARTM 

Prepreg 
Non-autoclave 

Advantages 
Simple 
Low overhead costs 
Single sided tool 

Better fibre volume fraction 
than hand layup 
Volatile emissions reduced 
Two sided tolerances 
Rapid production 
Repeatability 
Dimensional accuracy 
Single sided tool 
Good Repeatability 
Low pressure injection 
Good material properties 
Repeatability 
Best Fibre volume fraction 

Disadvantages 
Poor repeatability 
Volatile emissions 
Labour intensive 
Messy 
Labour intensive 
Extra material/manpower cost 

High Capital Expense 
Preform deformation 
Large and complex parts are 
difficult to manufacture 
Flow prediction 
Flow complications - voids and 
racetracking 
Material Cost 
Overhead Cost 
High Capital Expense 

2.2 Weighted Comparison of Methods 

Following a literature survey of the current low cost manufacturing methods, a 

comparison was required to order the methods with respect to cost and performance. The 

literature survey provided details on the methods but no quantitative comparisons were 

identified. The advantages and disadvantages of the methods were compared to determine 

the best candidate for manufacturing the GeoSurv II or a similar small aircraft. 



17 

The weighted comparison method was chosen to quantitatively compare the 

manufacturing methods. This comparison method requires criteria to be established for 

comparison purposes. Weights are applied to the various criteria and each manufacturing 

method is then given a grade. The grades are summed and the method with the highest 

score is selected as the leading contender. The weighted comparison method does not 

provide a solution but rather assists in the selection of the best overall manufacturing 

method. This method is subjective as the results are dependent on weight distributions 

assigned. 

The ranking of the manufacturing methods was completed using the criteria listed 

below. 

2.2.1 Criteria 

The criteria was based on four main categories: cost; manufacturing; composite 

properties; health and safety. Each category was further subdivided into specific 

components. The four main categories and the specific components are as follows. 

Cost 

A major design requirement for the GeoSurv II is low cost. Cost is attributed a large 

weight in the selection process since a large percentage of the end cost is attributed to the 

manufacturing process. There are three components considered in this category: 

1. Initial Cost - The initial cost covers the equipment that is required for the 

particular manufacturing method. It also considers mould manufacturing, (e.g. 
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RTM moulds are required to sustain 5-10 atm of pressure while VARTM moulds 

are under only 1 atm.) 

2. Material Cost - This cost per part is associated with manufacturing a single 

component and is fixed. This component of cost includes disposable materials as 

well as the preform. 

3. Manpower Cost - A significant cost in many manufacturing processes is the 

labour requirement. 

Manufacturing 

A second major consideration of the manufacturing process is the type of parts that can 

be produced as well as skill requirements for manufacturing. This category consists of six 

components: 

1. Ease of Manufacturing - This component takes into account that some 

manufacturing methods are difficult to perform while others are relatively easy. 

2. Skill Requirement - This component considers the level of training that the 

manufacturer requires to manufacture an aerospace grade component. 

3. Reproducibility - An essential component of aerospace parts is the ability to 

reproduce the part. This component considers the feasibility of producing the 

same quality part repeatedly. 

4. Complex Parts - This component considers whether the particular manufacturing 

method can produce simple components, such as flat plates, or whether it is 

applicable to more complex parts. 
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5. Tolerances - The ability of the manufacturing method to produce accurate parts. 

6. Large Parts - This component considers whether the particular manufacturing 

method can produce large scale components or whether it is more suited for 

smaller parts. 

Composite Properties 

The composite category considers the properties of the composite after it has been 

manufactured. 

1. Material Properties - takes into account that various manufacturing methods 

produce parts with greater strength than others. This also considers the resulting 

mass of the part produced. 

2. Material Finish - considers that some manufacturing methods use two tooled 

faces and, thus, components with two smooth or tooled faces while others produce 

a single tooled face. 

3. Void Content - is critical to strength of the component. This considers the ability 

of the method to meet aerospace requirements (e.g. 1% void content). 

4. Fibre Volume Content - is the most significant factor in the strength of the 

composite. 
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Health & Safety 

The main health issue is volatile outgas emissions which can potentially be harmful to the 

manufacturer. This is not presently a major issue in North America but there are stringent 

requirements in place in Europe. 

2.2.2 Weighting Distribution and Rationale 

The weighting distribution was assigned based on the knowledge that the process would 

be implemented in a small production facility where low quantity batches would be 

completed. The comparison was being considered for manufacturing of small UAVs. The 

weight distribution was assigned so that cost had a larger weight compared to 

manufacturing considerations. The weights for the various criteria can be observed in 

Table 2.2. 
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Table 2.2: Weight values for the categories. 

CRITERION 
WEIGHT 

Cost 
Initial Cost 
Material Cost 
Manpower Cost 
Manufacturing 
Ease of Manufacturing 
Skill Requirement 
Reproducibility 
Complex Parts 
Tolerances 
Large Parts 
Material 
Material Properties 
Material Finish 
Void Content 
Fibre Volume Content 
Health & Safety 
VOC emissions 
Total 

10 
15 
8 

5 
8 
8 
4 
3 
4 

6 
3 
6 
5 

4 
89 

2.2.3 Results 

The weighted comparison is shown in Appendix A. During the ranking process the 

weights of the components were varied to observe the change in the results. The ranking 

system is subjective, but the results appear to make intuitive sense based on the 

advantages and disadvantages from the literature survey. 

The best possible score using the weighted comparison was 890. VARTM scored 639 

which corresponds to approximately 72%. The Hybrid Hand Layup scored an even 600 
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or 67%. These were the two highest scores obtained. A graphical representation of the 

results is shown in Figure 2.6. 

M 
<u 
Q. 

Manufacturing Method 

•I 

Figure 2.6: Results of the low-cost comparison using the weighted comparison method. 

2.2.4 Method Selection for Implementation 

The results of this study show that VARTM offered the most economical option followed 
.ills 

closely by the Hybrid Hand Layup. Since the results of the weighted comparison are 

subjective, it was considered appropriate to select the two best methods for further 

comparison testing. Thus, the VARTM and hybrid method were selected for initial flat 

panel manufacturing trials. 

b b U 
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2.3 Coupon Manufacturing 

The first stage of the selection process considered only published literature and did not 

consider practical aspects of the manufacturing methods. The second stage would consist 

of manufacturing a series of flat panels using the VARTM and Hybrid Hand Layup 

methods. These flat panels would assist in comparing the manufacturing techniques and 

may be used in a later stage of the selection process for material property comparison. 

Panels were manufactured in various sizes ranging from 305 mm x 305 mm (12 in x 

12 in) to 305 mm x 610 mm (12 in x 24 in). Two types of carbon fibre weaves were used 

and were both donated by Hexcel Corporation. The two fibre weaves were selected 

based on availability. 

1. 48370 - 2 x 2 twill, 12k warp and fill yarn, surface density of 370 g/m 

2. X6B375 - 5 harness satin(5HS), 6k warp and fill yarn, surface density 770 

g/m2 

The preform layup was consistent for each of the panels manufactured. The layup was 

eight plies of the selected weave. Eight plies were selected to meet requirements for 

ASTM testing standards, ASTM D 3039 and ASTM D 3518, which required a symmetric 

layup with an even multiple of plies and a minimum thickness of 2.5 mm (0.1 in) [23, 

24]. Thus the 48370 panels had a layup of [0,90]8 and the X6B375 had a layup of [45,-

45]8. 

The resin used in the flat panel manufacturing was selected based on the requirement 

for low viscosity between 0.3-0.5 Pa s (300-500 cPs) for optimal infusion. The resin 
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system used, SC-1, was purchased from Applied Poleramic. This resin system is 

specifically designed for VARTM infusion, has an infusion/working time of 

approximately one hour, and can be used in both manufacturing methods. 

Section 2.3.1 will examine the flat panels manufactured using VARTM. An iterative 

process was used to determine the optimal positions of the inlets and outlets. Four 

iterations were completed and the results will be explained. The section will conclude 

with some recommendations and a setup that was found to work best. 

Section 2.3.2 explains flat panel manufacturing using the Hybrid Hand Layup 

method. No iterations were required in these flat panels, but the section will show and 

explain the process used. 

Complete details on the material used in manufacturing are listed in Appendix B. 

2.3.1 Flat Panel Manufacturing using VARTM 

Flat panels were manufactured to assist in developing a robust manufacturing procedure. 

A series of four iterations were performed to determine optimal placement of the inlets 

and outlets and positioning of the distribution medium with respect to the inlet tubing. 

During the literature survey no information was obtained which provided details on the 

placement of inlets and outlets, thus, this study was completed to determine these 

placements. 
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First Iteration Trials 

The first trial panels were manufactured using a single inlet and a single outlet, both 

connected to spiral tubing. The spiral tubing is used to allow the resin to enter the cavity 

as a linear flow as the tubing has a finite series of openings. Figure 2.7 below shows the 

initial VARTM setup. The panel was infused at maximum vacuum pressure obtainable, 

which was 98.2 kPa (29 inHg). 

Figure 2.7: Initial VARTM setup with a single inlet and single outlet positioned on the same 
side of the panel. 

The initial panel trial resulted in an angular flow front, which can be observed in 

Figure 2.8. Though there is nothing wrong with an angular flow front it can lead to macro 

voids in the composite component. If the resin does not arrive at the vacuum outlet at the 

same time across the flow front then the resin will take the path of least resistance, 

through the area that is already wetted, causing macro voids. It was evident from the 

initial trials that a different inlet/outlet placement was required to obtain a linear flow 
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front. Following cure the panel was removed and visually inspected. Macro voids were 

visible at the warp-weft interfaces. Furthermore, there were large resin starved areas 

which resulted from the angular flow front. These results indicated that the inlets/outlets 

were poorly positioned and that the resin was given insufficient time to travel through the 

thickness of the preform. 

Figure 2.8: An example flow front during 1st iteration VARTM trials. 

Second Iteration Trials 

Based on results from the first iteration trials, two modifications were made in VARTM. 

The first modification was to place the inlet and outlets on opposite sides of the flat 

panel. A second modification was to decrease the infusion pressure to between 50.8 kPa 

and 67.7 kPa (15-20 inHg). An example second iteration trial is shown in Figure 2.9. 

Following complete infusion of the preform the vacuum pressure was then increased to 
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98.2 kPa (29 inHg) for the remainder of the cure cycle. The modifications were expected 

to assist in providing a more linear flow front and secondly, to allow additional time for 

infusion. 

Results of the second iteration trials showed improvements in quality, but there was 

still an issue with a non-linear flow front. A similar non-linear flow front was observed in 

the second iteration trials however, the leading edge was on the opposite side of the resin 

inlet while in the first iteration trials the leading edge was on the resin inlet side. The 

leading edge of the flow front was, however, consistent between iterations in that it was 

located closest to the vacuum outlet. Following cure a visual inspection found that better 

infusion was obtained with the lower infusion pressure. There were still small voids 

observable at some of the warp and weft interfaces. 

Figure 2.9: A second iteration VARTM infusion. 
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Third Iteration Trial 

The second iteration trials decreased the voids in the panels but did not resolve the non

linear flow front problem. One trial was performed to see the effect of a single vacuum 

outlet with two resin inlets. The setup is shown in Figure 2.10. A similar non-linear flow 

front was observed as in the previous two iteration trials. The flow front led on the side 

closest to the vacuum outlet. 

Figure 2.10: The third iteration trial. 

Fourth Iteration Trials 

Fourth iteration trials added an additional vacuum outlet. In total there were two resin 

inlets and two vacuum outlets. The two inlets and the two outlets were connected using 

spiral tubing. The schematic of the infusion process is shown in Figure 2.11. 
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Figure 2.11: A schematic of the fourth iteration trial. 

The results of the fourth iteration trials were successful. The flow front was linear and 

there were no issues with poor fibre wetting. Subsequent infusions should consider the 

use of multiple inlets and outlets to ensure a linear infusion and alleviate complications 

with the flow front. In earlier trials, with only one inlet and one outlet, the infusion 

pressure was decreased to allow sufficient time for the resin to travel through the 

thickness of the preform. When the inlet and outlet liners were attached to both ends of 

the spiral tubing there was no concern whether the resin was infused at a maximum 

pressure or a decreased pressure. Thus, there is no reason to decrease infusion pressure 

unless it is required to decrease the speed of the flow front. 

Recommendations 

During the trials several modifications were done to the distribution medium. It was 

found that, to avoid race tracking, the distribution medium should be cut approximately 

13 mm (0.5 in) short of each side of the panel. 
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The second beneficial modification was to stop the distribution medium about 25 mm 

(1 in) before the end of the carbon preform. This modification ensures that the lower 

section of the carbon preform is infused before the resin in the distribution medium 

reaches the vacuum outlet. The combined modifications are shown in Figure 2.12. 

f f / ,- j ,- s ,•• / /,' J ,- ,' ,- / // / / . - S f ,- r v / V ,' fV J t r ,-'7 7V ,-,- / / / / / ///,'///,• /1 / / / t 

Figure 2.12: Top view of the recommended positioning of the distribution medium is 
shown. 

If the resin on the upper surface reached the vacuum outlet in advance of the lower 

front then the resin would not continue to infuse the lower sections as it will travel the 

path of least resistance. 

The third modification was to place the distribution medium below the resin inlet as 

this allowed the resin to travel directly onto the distribution medium. 

Stretchlon 200 was used as the vacuum bagging material as it conformed easily to the 

distribution medium. However, one difficulty observed was that the Stretchlon would 
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conform around the spiral tubing to such an extent that the sharp edges of the spiral 

tubing would puncture the vacuum bag. To prevent a puncture in the bag the vacuum 

outlet was wrapped with breather cloth as this prevented punctures. The optimal bagging 

sequence for the flat panels is shown in Figure 2.13. 

Resin 
Inlet 

Sealant 
Tape 

Vacuum 
Bag 

Distribution 
Medium 

- J — 
Carbon Preform 

Vacuum 
Outlet Breather 

~k^~L^ Cl0th 

Sealant 
Tape 

T 
Tool1 Plate 

Figure 2.13: A side schematic showing the optimum VARTM layup. 

2.3.2 Flat Panel Manufacturing using Hybrid Hand Layup 

Unlike VARTM the Hybrid Hand Layup method does not require determining the 

optimal position of inlets and outlets. Instead of an inlet, the resin is directly applied to 

the carbon preform. The Hybrid Hand Layup panels were manufactured by placing one 

ply of the carbon weave on the tool and then applying the resin using a foam roller. The 

vacuum bagging sequence is shown in Figure 2.14. 
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Figure 2.14: The schematic shows the bagging sequence used in the flat panel 
manufacturing. 

The panels manufactured using the Hybrid Hand Layup method were visually inspected 

following cure. The panels were well infused and there was no evidence of macro voids. 

Since initial Hybrid Hand Layup panels were well infused there was no requirement for 

immediate process improvements. 

2.4 Coupon Testing 

Coupon testing was required to compare the material properties of the composite 

materials manufactured using the VARTM and the Hybrid Hand Layup methods. The 

coupon test matrix was designed to provide details on the tensile strength, tensile 

modulus, shear strength, and shear modulus. Compression material properties were not 

measured due to testing complexities and the requirement of a compression test fixture. 

The objective of the material properties was to provide a basis for comparison of the 

materials manufactured using the two manufacturing methods. 

Two American Society for Testing and Materials (ASTM) tests were selected to 

quantify the material properties of the carbon/epoxy composite. The selected tests were: 
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• ASTM D 3518 - In-plane shear test [23] 

• ASTM D 3039 - In-plane tensile test [24] 

ASTM D3518 was selected to determine the in-plane shear properties which include 

the shear strength and the shear modulus. ASTM D3039 was selected to determine the 

tensile strength and the tensile modulus. 

2.4.1 Specimen Preparation 

The panels were water jet cut at the National Research Council Institute for Aerospace 

Research (NRC-IAR). The water jet cutting method was selected based on its availability 

and the inability of a conventional diamond saw to cut the coupons. The diamond saw 

was observed to tear the carbon fibres. This was assumed to result from the thermal 

degradation of the matrix and its inability to hold the fibres firmly while cutting. The 

degradation resulted from the matrix having a lower glass transition temperature than the 

temperature generated by friction during cutting. 

The first set of flat panels were cut into tensile and shear specimens of 254 mm (10 

in) length and width of approximately 28 mm (1.1 in). The width was cut to 28 mm (1.1 

in) to allow for the edges to be milled. The edges were inspected following water jet 

cutting, however, based on the surface finish of the coupons, no further machining was 

required. The subsequent sets of flat panels were cut to a width of 25.4 mm (1 in). 
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2.4.2 Strain Gauge Attachment 

The strain gauges were located in the center of the specimen with the gauge length 

parallel to the length of the specimen. The specimen surface was prepared for bonding 

using the recommendations provided by Intertechnology, the strain gauge manufacturer. 

Following surface preparation the strain gauge was bonded to the specimen using M-

Bond 200. The strain gauges were 350 ohm resistance with grid dimensions of 6.35 mm 

length by 4.57 mm width (0.250 in by 0.180 in). This size was selected to ensure that the 

gauge area spanned more than a single tow. This was a concern as the specimens were 

manufactured using a woven fibre with a 12k tow. If the gauge was bonded above a 

single tow, strain readings would indicate the strain in the single tow, and not necessarily 

in the composite specimen. A 350 ohm strain gauge was selected for better heat 

dissipation and to decrease the possibility of debonding due to generated heat. 

To quantify bending of the specimens, due to grip misalignment, one tensile specimen 

had a strain gauge bonded on both the front and back surfaces. Prior to each series of tests 

this tensile specimen was used to determine the magnitude of the bending. 

The first series of tests only used strain gauges but subsequent tests used both strain 

gauges and a clip-on extensometer. Strain was measured using strain gauges for tensile 

specimens and an extensometer for shear specimens. 

2.4.3 Testing Setup 

The tests were conducted using a hydraulic Material Testing System (MTS) frame with a 

100 kN load cell. The MTS frame was fitted with wedge type serrated grips. To prevent 



35 

premature failure at the grips emery cloth was used between the specimen and the grips 

to prevent the serrations from damaging the specimens. 

A vacuum bag was sealed around the upper and lower grips to prevent carbon dust 

from spreading when the specimens failed. Following coupon failure, the vacuum bag 

was removed and the carbon dust and carbon fibre fragment were removed using a 

vacuum cleaner with a HEP A filter. The setup is shown in Figure 2.15. 

(a) (b) 

Figure 2.15: The testing setup is shown (a) with the carbon/epoxy specimen contained 
within a vacuum bag and (b) with the bag removed for clarity. 

Tensile Specimens 

The initial VARTM tensile specimens were difficult to test because failure occurred in 

the grips. It was concluded that for further testing a tabbed specimen should be used. The 
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second set of VARTM and Hybrid Hand Layup tensile specimens had glass/epoxy tabs 

bonded to the ends. The tabs were manufactured from E-glass prepreg and were 

autoclave cured at NRC-IAR. The tabs of dimension 38.1 mm (1.5 in) x 28 mm (1.1 in) 

were bonded to the tensile specimens using Hysol EA 9396 adhesive. 

Tensile specimens were tested at a constant displacement rate of 0.0254 mm/s (0.001 

in/s). The strain gauge data, for the first series of tests, was recorded using a calibrated 

LabView program at one second intervals. During the second, and subsequent tests, strain 

gauge data was recorded using a digital strain gauge recorder from Intertechnology. 

Shear Specimens 

The emery cloth provided sufficient pressure distribution to prevent specimen failure in 

the grips thus no tabs were required. The shear tests were conducted at a higher strain rate 

than that of the tensile specimens. The displacement rate was 0.0508 mm/s (0.002 in/s). 

The frequency of strain data collection was the same as the tensile specimens - 1 Hz. 

2.4.4 Results 

Presentation of Results 

The results from the material tests will be presented as shown in Figure 2.16. The results 

from the coupons manufactured with VARTM are shown in light grey while the coupons 

manufactured from the Hybrid Hand Layup method are shown in dark grey. The error bar 

above each value represents an interval of one standard deviation. The number above 

each value represents the panel number of the composite specimen. 
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Figure 2.16: Sample diagram with an explanation. 

Complete results of the material testing can be found in the GeoSurv II database [25]. 

Results for Fabric Type 1 - 48370 

Panels 6 and 8 were manufactured using VARTM while panels 7 and 9 were 

manufactured using the Hybrid Hand Layup. Panels 8 and 9 were tested without tabs. 

This resulted in several grip failures for the coupons cut from panel 8. The results of the 

tensile tests are shown in Figure 2.17. The quantity of tests completed for each panel is 

shown in Table 2.2. 
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Table 2.2: Number of successful tensile tests for each panel is indicated. 

Panel # 

Tensile Strength 

Tensile Modulus 

6 

4 

2 

7 

6 

4 

8 

3 

2 

9 

5 

2 

Figure 2.17: The tensile testing results showing the (a) tensile strength and (b) the tensile 
modulus. 

The VARTM panels have a higher tensile strength but lower tensile modulus than the 

Hybrid Hand Layup panels. The Hybrid Hand Layup specimens were seen to fail by 

interlaminar shear indicative of a matrix failure not a fibre failure. The failures are shown 

in Figure 2.18. 
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(a) (b) 

Figure 2.18: The failure mode of the tensile coupons is shown for (a) a Hybrid Hand Layup 
specimen (b) and a VARTM specimen. 

The results of the shear tests are shown below in Figure 2.19 and the quantity of the 

shear tests completed for each panel are shown in Table 2.3. 

Table 2.3: Number of successful shear tests for each panel. 

Panel # 

Shear Strength 

Shear Modulus 

6 

4 

4 

7 

4 

4 

8 

4 

1 

9 

4 

1 

Shear Strength Shear Modulus 

Figure 2.19: The shear testing results showing the (a) shear strength and (b) the shear 
modulus. 

i 
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The shear modulus of the panels is approximately the same but there is a large 

difference in the shear strengths. The shear strength is predominately controlled by the 

resin properties. The shear strain to failure was 5% (the ASTM upper limit) in the 

VARTM panels compared to 1.8% in the Hybrid Hand Layup panels. This indicates that 

the matrix in the VARTM panels is more ductile than that in the Hybrid Hand Layup 

despite both being manufactured with the same resin. This result indicates that there is 

deterioration of the resin in the Hybrid Hand Layup panels during cure. 

Though the reason for decreased ductility in the hybrid coupons is unknown, one can 

speculate that there is a deterioration of the matrix either during, or following, cure. The 

deterioration of the matrix during cure would seem more likely. The tensile specimens 

exhibited a matrix type failure and the shear coupons failed at a lower strain load than the 

VARTM shear coupons. The only difference in the two manufacturing methods is that, 

for most of VARTM, the resin is contained under vacuum and thus removed from the 

local environment. In the Hybrid Hand Layup method the fabric plies are placed 

individually on the tooling plate and then wetted with resin thus the resin is exposed to 

the environment for a significantly longer period of time. Furthermore, the resin is in 

contact with the local environment as each ply is laid up making it possible to have 

moisture contained between the plies. It is quite possible that moisture ingress, or a 

similar environmental problem, occurs during the wet layup stage of the Hybrid Hand 

Layup method. To verify the hypothesis extensive material characterization studies 

would need to be carried out on the SC-1 resin system. 
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Results for Fabric X6B375 

Panels 16 and 18 were manufactured using VARTM while panel 23 was manufactured 

using the Hybrid Hand Layup. The results of the tensile tests are shown below in Figure 

2.20. The quantity of tests completed for each panel is shown in Table 2.4. 

Table 2.4: Number of successful tensile tests for each panel. 

Panel # 

Tensile Strength 

Tensile Modulus 

16 

6 

5 

18 

2 

2 

23 

6 

4 

Tensile Modulus 
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Figure 2.20: The tensile testing results showing the (a) tensile strength and (b) the tensile 
modulus. 

The results of the tensile tests indicate that the Hybrid Hand Layup panel has a 

slightly elevated tensile modulus but a significantly lower tensile strength. A similar 

interlaminar failure mode was observed in the Hybrid Hand Layup specimens while the 



42 

VARTM specimens had a fibre type failure. The results of the shear tests are shown in 

Figure 2.21 and the quantity of tests is shown in Table 2.5. 

Table 2.5: Number of successful shear tests for each panel. 

Panel # 

Shear Strength 

Shear Modulus 

16 

4 

4 

18 

4 

4 

23 

6 

6 

Shear Strength s h e a r M o d u | u s 

(a) (b) 

Figure 2.21: The shear testing results showing the (a) shear strength and (b) the shear 
modulus. 

The shear test results show insignificant differences in shear strength between the 

Hybrid Hand Layup and VARTM coupons. However, the shear modulus of the hybrid 

coupons is 15% higher than that of the VARTM coupons. This result is different from 

that of fabric 48370, though the failure modes are similar. 
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Results for Fabric 48370 with SC-780 Resin 

Two panels were manufactured using fabric type one but a different toughened resin 

system, SC-780, was used. The tensile results are presented in Figure 2.22 and the shear 

results are shown in Figure 2.23. The quantity of tests performed for tension and shear 

are shown in Table 2.6 and Table 2.7 respectively. 

Table 2.6: Number of successful tensile tests for each panel. 

Panel # 

Tensile Strength 

Tensile Modulus 

21 

6 

4 

22 

6 

4 
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Figure 2.22: The measured results for (a) tensile strength and (b) tensile modulus. 
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Table 2.7: Number of successful shear tests for each panel. 

Panel # 

Shear Strength 

Shear Modulus 

21 

6 

6 

22 

6 

6 

(a) (b) 

Figure 2.23: The shear testing results showing the (a) shear strength and (b) the shear 
modulus. 

The Hybrid Hand Layup specimen showed a slight mechanical advantage in all tests 

except in shear strength, where the results were similar. With the exception of the tensile 

strength, the mechanical results are within one standard deviation. The failure mode 

observed in tension of the VARTM specimens was similar to that seen previously when 

the SC-1 resin system was used. The failure mode in the Hybrid Hand Layup specimen 

was a combination interlaminar shear failure and fibre failure, that is, it showed evidence 

of matrix failure between plies but likewise showed fibre breakage in individual plies. 
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The shear failures were similar with the matrix failing and allowing the tows to rotate 

towards the axis of loading. 

Fibre Volume Fraction 

The fibre volume fraction was not determined through an ASTM standard but rather an 

approximate value was determined based on theory and assuming no void content. The 

fibre volume results for the panels are shown in Figure 2.24. 

Fibre Volume Fraction 

Figure 2.24: The theoretical fibre volume fraction of the panels is shown, (a) Panels 6-9 
with fabric 48370 and SC-1 resin (b) Panels 16-18 with X6B375 fabric and SC-1 resin and 
(c) fabric 48370 and SC-780 resin. 
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The fibre volume fractions of the specimens ranged from 50-60%. The hybrid 

coupons in general had a slightly elevated fibre volume fraction. Since the results were 

based on thickness and fabric surface weight it is difficult to evaluate the exact effect and 

validity of the results. The calculated fibre volume fraction is typical of that expected 

from both the Hybrid Hand Layup and VARTM methods. From several visual 

inspections performed early in the experimental work, similar void content was observed 

though this void content is difficult to quantify. 

2.4.5 Discussion 

Material properties are comparable and it is difficult to conclude that one method was 

superior to the other in mechanical performance. The Hybrid Hand Layup coupons show 

a slightly higher fibre volume fraction though this is based on theory and assumes no 

void content. It would be beneficial to consider testing to identify typical void contents 

produced in the two types of manufacturing. Material testing using the SC-1 resin system 

indicated that there was an issue of matrix degradation in the hybrid coupons, although 

this result could not be concluded unless additional testing is performed on the SC-1 

resin. This same potential matrix degradation was not observed with the SC-780 resin 

system. 

In conclusion, from the material testing, the results show comparable mechanical 

performance from both the Hybrid Hand Layup and VARTM methods. 
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2.5 Component Manufacturing 

The initial flat panel manufacturing provided results which assisted in preparing for full 

scale component manufacturing. The various process improvements determined during 

flat panel manufacturing trials proved beneficial when component manufacturing 

commenced. Various components were manufactured using both the VARTM and 

Hybrid Hand Layup methods and will be discussed in subsequent sections. The 

components manufactured were various sections and components of the GeoSurv II 

including: fuselage sections; wing skins; ribs; an I-beam spar and the empennage. 

The purpose of the component manufacturing was to provide further details on the 

two manufacturing methods which had been selected for implementation. The 

manufacturing aspect of the component trial gave insight into the advantages and 

disadvantages which had been identified during the literature survey. The component 

manufacturing was completed by the undergraduate students with supervision and 

assistance provided by the author. 

2.5.1 Hybrid Hand Layup Components 

Fuselage Structure [26] 

The first manufacturing trial for the fuselage structure was completed using the Hybrid 

Hand Layup method. The manufacturing design consisted of manufacturing two outer 

mould line (OML) sections, which would then be adhesively bonded to the base plate and 

shear webs. The outer skin of the fuselage would be manufactured in a final step. The 
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manufacturing design is shown in Figure 2.25. The design was intended to examine the 

feasibility of manufacturing the fuselage using several components which would then be 

adhesively bonded to form the fuselage. 

Upper Composite L o w e I C ° m P o s i t e Complete Fuselage 

Figure 2.25: Manufacturing design of the fuselage structure showing the three composite 
sections that are required: upper composite section, lower composite section, and the 
outer fuselage skin section. 

The moulds for manufacturing the upper and lowex composite sections of the fuselage 

were constructed from medium density fibre board (MDF). The two female moulds, used 

for manufacturing, were machined using a CNC router. The manufactured moulds are 

shown in Figure 2.26. The moulds were sealed with a low cost marine grade epoxy and 

then polished using multiple layers of release wax. 

(a) (b) 
Figure 2.26: The moulds for the (a) upper and (b) lower fuselage sections. 
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The upper and lower composite sections were manufactured with good results. There 

was however some difficulty in removing the lower composite section from the mould. 

The draft angle on the spar carry through was minimal and, as a result, removal of the 

lower section damaged the lower mould. The mould side of the upper and lower sections 

were excellent (good conformity to the mould and surface finish) and the corner radius 

was equally as good. The only major issue was the fibre orientation which was observed 

to vary by as much as 10° thus, changing the material properties. The non-trimmed 

manufactured composite sections are shown in Figure 2.27. 

Figure 2.27: The upper and lower composite section of the fuselage. 

From the fuselage trial it can be concluded that the Hybrid Hand Layup method 

would work well in manufacturing the fuselage. Difficulties were experienced with fibre 

orientation but this problem could be rectified with better quality control and attention to 

detail. The manufacturing was successful and the prototype fuselage could be 

manufactured using this process. 



50 

I-beam Spar[27,28] 

A proof of concept I-beam spar was designed and fabricated. The proposed wing design 

in the GeoSurv II consisted of a single I-beam spar. A shortened spar of approximately 

six feet was manufactured. A difficult aspect of this spar was the curvature required on 

the flanges. The flanges were designed to incorporate the curvature of the airfoil. The 

complex I-beam spar required a multiple component mould to be fabricated using MDF. 

The I-beam was constant cross section, which decreased the complexity. A diagram of 

the spar mould is shown in Figure 2.28. 

Ai Ai 

Figure 2.28: A cross sectional view of the mould designed to manufacture the I-beam spar. 

The I-beam spar was manufactured successfully; however, the mould was destroyed 

upon removal. The mould had been insufficiently prepared for manufacturing and as a 

result resin had partially infused into the MDF, bonding a section of the mould to the web 

of the spar. The spar was trimmed following manufacturing and is shown in Figure 2.29. 
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The Hybrid Hand Layup method produced a good quality component with fibre 

orientations within 5° of their desired orientations. Thus, the Hybrid Hand Layup method 

was shown capable of manufacturing a component with a complex cross section. 

Figure 2.29: The manufactured I-beam spar. 

Ribs [29,30] 

Two trials of prototype ribs were carried out. The ribs were manufactured using a mould 

for the front rib and a second mould for the rear rib. The moulds were manufactured in 

two sections and then bolted together As a result, a draft angle was not needed. The 

design allowed for the flanges to be manufactured at 90° to the shear web of the ribs, 

shown in Figure 2.30. This was required so the flanges could be bonded to the wing 

skins. The moulds were machined from MDF using a CNC router, sealed with epoxy and 

then polished with release wax. The moulds are shown in Figure 2.30. 
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Figure 2.30: A 3D model of the moulds used to manufacture the ribs. 

The first trial of the ribs was a success but there were clearly difficulties in proper 

wetting of the carbon fabric at the leading and trailing edges of the rib. The fibre 

orientation was very poor and this resulted from a single layer of fabric being placed into 

the mould and then attempting to draw the fabric into place using a vacuum. 

The second trial addressed several of the difficulties in the first trial. The second trial 

used several pieces of fabric to better fit the contour of the mould. The flange and web 

were laid up independently and the fabric was overlapped. This produced a component 

with better fibre orientation and complete wetting. The second trial ribs are shown in 

Figure 2.31. 
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Figure 2.31: the ribs manufactured during the 2nd trial. 

Empennage[31] 

A half-section of the empennage was manufactured using the Hybrid Hand Layup 

method. The empennage is a sandwich construction with a foam core. The first 

manufacturing test of this component was for manufacturing test purposes only and the 

foam was roughly cut to shape in house using a hot wire cutter. The vertical and 

horizontal stabilizers were cut out and the transition area was cut to its approximate shape 

and then sanded to its final form. The three foam sections were then bonded together. The 

fabric was then laid on the foam core in several pieces and wetted out with a foam roller. 

Peel ply and breather were applied over the carbon fabric, a vacuum bag was sealed and 

the air was removed from the cavity. The component was cured at room temperature. The 

resulting bagged component is shown in Figure 2.32. 
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Figure 2.32: The half-empennage structure is shown bagged for curing. 

Following curing of the empennage the vacuum bag was removed and the empennage 

was inspected visually. As a result of the vacuum bagging procedure the vertical 

stabilizer was observed to have deflected and had sprung inwards. Furthermore there 

were wrinkles at the leading edges of both the horizontal and vertical stabilizers. One 

final defect was the presence of wrinkles at the inner transition between the vertical and 

horizontal stabilizers. The deflected vertical stabilizer and the associated defects are 

shown in Figure 2.33. 
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Figure 2.33: The half-section of the fuselage showing global "spring-in" and local defects. 

Though there were several defects observed in the manufactured empennage section 

there are several modifications which could be made to eliminate these defects. The 

spring in observed in the vertical stabilizer could be eliminated by manufacturing a jig to 

hold the vertical and horizontal stabilizer vertical while the vacuum pressure is applied. 

The wrinkles on the leading edges of the stabilizers could be eliminated by using a spray 

adhesive to tack the carbon weave in place prior to its wetting. The spray adhesive would 

provide a temporary bond between the core and fabric and would not adversely affect the 

final bond. This would prevent the carbon weave from shifting, which resulted from the 

vacuum pressure. Furthermore, to obtain good dimensional tolerances, the foam core 

would require cutting using a Computer Numerical Control (CNC) router or a CNC wire 

cutter. 
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2.5.2 VARTM Components 

Fuselage Structure [32] 

Manufacturing of the fuselage using the Hybrid Hand Layup method was found to be 

satisfactory but there was difficulty in correctly positioning the fibre direction. Fibre 

orientation in VARTM was found to be easier to maintain as the weave is laid up dry. 

Two manufacturing trials were completed on the upper fuselage structure using VARTM. 

The purpose of these trials was to examine the feasibility of manufacturing the fuselage 

using this method. 

The first trial used a layup of [0790°,+/-o45,0°/90o] with the X6B375 fabric and the 

SC-1 resin system. The mould used had been previously used in the Hybrid Hand Layup 

manufacturing trial. The mould was waxed and the fibre was then placed and tacked 

using a spray adhesive. The resin was infused using an omega infusion line at the bottom 

of the mould and the vacuum lines were positioned around the perimeter of the mould. 

Omega line is used when infusion lines are placed on a component as the omega flow line 

has a larger base to distribute the vacuum pressure. It also leaves a smaller imprint on the 

manufactured component. The setup used in the manufacturing trial is shown in Figure 

2.34. 
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Perimeter Vacuum Lines 

Figure 2.34: The VARTM setup for the first fuselage infusion trial. 

Several difficulties occurred in the manufacturing trial with the vacuum bag being 

punctured by the distribution medium and the vacuum tubing. Each time the bag was 

sealed with vacuum tape. The resulting upper fuselage section is shown in Figure 2.35. 

Figure 2.35: The upper fuselage section manufactured using VARTM. 

Several defects were observed, as shown in Figure 2.36. Surface defects at both the 

corners of the inner surface as well as the corners of the outer surface resulted, firstly, 

from the carbon fabric not being tacked tightly to the curve of the mould and secondly, 

by the peel ply, distribution medium and vacuum bag not compressing the carbon fabric. 

These defects can be reduced and/or eliminated by ensuring that the carbon fabric is 
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tacked tightly into the comers and by ensuring that there is sufficient bagging material to 

press the peel ply and distribution medium firmly into the curve. The first VARTM 

manufacturing trial showed good potential but the component was not adequate for the 

prototype airframe. 

(a) (b) 

Figure 2.36: The result of the first VARTM infusion of the upper fuselage is shown, (a) The 
inner surface showing surface voids and the (b) outer surface showing surface voids. 

The second VARTM infusion trial of the upper fuselage section attempted to improve 

upon the deficiencies of the first manufacturing trial. The layup for the second infusion 

was [(0790°), (0790°)] using a combination of the 48370 fabric along the flat section 

and the X6B375 fabric was used around the corners. The resin system used was SC-780. 

The infusion setup was similar to the first trial, shown in Figure 2.34 however, the "Ts" 

at the midsection of the vacuum lines along the longer edges were not used. These "Ts" 

were not used during the second trial as they were deemed unnecessary based on the 

infusion flow of the first trial. The fabric was tacked to the mould ensuring that it was 
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tight to the mould around the curves. The peel ply and distribution medium was lightly 

tacked around the curves to ensure that a cavity was not created. The vacuum bag was 

then sealed and the air removed from the cavity. Excess bagging material was used in this 

trial to ensure that the bag conformed well in the corners. The second infusion setup is 

shown in Figure 2.37 and the resulting upper fuselage section is shown in Figure 2.38. 

Perimeter Vacuum Lines 

Figure 2.37: The second infusion setup for the upper fuselage section. 

Figure 2.38: The second upper fuselage section manufactured using VARTM. 

The results of the second fuselage infusion showed significant improvements. Several 

small surface voids were observed at the corners on the inner section of the upper 

fuselage. These defects are cosmetic and should not affect the mechanical performance of 

the fuselage. There were no observable surface defects on the outer corners of the upper 
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fuselage section. The inner and outer surfaces are shown in Figure 2.39. The second 

manufacturing trial was a success and VARTM appears feasible for the manufacturing of 

the fuselage on the prototype aircraft. 

(a) (b) 

Figure 2.39: The second upper fuselage structure shows significant improvements of the 
first trial, (a) there were several small surface voids on the inner surface but (b) there was 
no surface voids observed on the outer surfaces. 

Ribs 

The Hybrid Hand Layup method had produced good quality ribs with repeatable results 

and it was believed that VARTM could produce similar quality ribs while producing a 

more repeatable result. The design of the rib changed as a result of a decision, made by 

the GeoSurv II 2007-2008 project group, to switch to a tubular spar from the I-beam 

design. This resulted in a new mould requirement for the rib. The new mould for the rib 

is shown in Figure 2.40. 
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Figure 2.40: The final mould used in the manufacturing of the ribs for the prototype 
GeoSurv II. 

The prototype ribs were manufactured using the mould shown in Figure 2.40 with an 

infusion line along one edge and a vacuum line along the opposite edge. The infusion 

setup is shown in Figure 2.41. 

Figure 2.41: The infusion setup for the prototype ribs is shown. 

Following completion of the infusion the ribs were allowed to cure at room 

temperature. The manufactured rib, when removed from the mould, is shown in Figure 

2.42 (a). The rib following trimming is shown in Figure 2.42 (b). 



62 

(a) (b) 

Figure 2.42: The manufactured rib (a) as removed from the mould and (b) after trimming. 

The ribs manufactured using VARTM had few surface voids and there was little 

weight variation between trials. 

Wing Skins [33] 

To prove that the wing skin could be manufactured using VARTM a shorter wing section 

was initially manufactured. The mould was manufactured from foam, creating a plug; the 

plug was then used to make an OML mould for the upper skin. This mould was then 

fixed to a wood frame to give it additional rigidity. Several infusion trials were completed 

with the infusion line in the middle of the skin with outlets on the leading and trailing 

edges. The mould is shown in Figure 2.43 (a) and the infusion setup is shown in Figure 

2.43 (b). 
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(a) (b) 

Figure 2.43: A smaller section of the wing was manufactured using VARTM to prove that 
the skins could be manufactured using VARTM. (a) The upper skin mould is shown in and 
(b) a VARTM manufacturing trial with the resin inlet along the centerline of the airfoil. 

Two infusion trials were completed on the representative sample of the upper wing 

skin. The results showed good surface finish and a relatively constant thickness. On the 

second trial, a resin rich region was observed at the leading edge. This resin rich area can 

be observed in Figure 2.44. 

Figure 2.44: The manufactured representative upper wing skins. 

The resin rich region had resulted from an air cavity between the carbon layup and 

the mould. To prevent this mould cavity from forming it is essential that the carbon fabric 
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be tacked to the mould prior to infusion. This was a similar issue to that observed during 

the manufacturing of the upper fuselage section using VARTM. 

Since the initial VARTM trials of the upper wing skins were successful, a full length 

wing mould was manufactured from MDF using a CNC router. Two manufacturing tests 

were completed on the full length upper wing skin with good success. The infusion line 

location was changed to the leading edge and the outlet line was placed at the trailing 

edge. The inlet and outlet lines were moved to decrease the complexity of the infusion. 

One manufacturing trial of the upper wing skin is shown in Figure 2.45 (a) and the 

completed skin is shown in Figure 2.45 (b). 

(a) (b) 

Figure 2.45: The upper wing skin is shown (a) during the infusion and (b) following cure. 
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The resulting upper wing skins showed good surface finish. On one of the upper skins 

manufactured there was a small resin rich region along the leading edge. The excess resin 

was sanded off the completed wing skin. 

Empennage 

The empennage structure had been manufactured successfully using the Hybrid Hand 

Layup method but several difficulties had been encountered. A similar foam core 

structure was manufactured as previously mentioned in the Hybrid Hand Layup section 

(section 2.5.1) however, the foam core manufactured for the VARTM trial also 

incorporated the boom interface. The fuselage was infused with an omega flow line along 

the centerline of the vertical and horizontal stabilizers both on the upper and lower 

surfaces. Vacuum outlet lines were placed along the trailing edge and also just aft of the 

leading edge. The VARTM setup is shown in Figure 2.46 (a) and the manufactured 

empennage is shown in Figure 2.46 (b). 
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(a) (b) 

Figure 2.46: The VARTM setup for the half-empennage section is show in (a) and the 
resulting manufacture empennage section is shown in (b). 

The manufactured half empennage section showed potential for manufacturing the 

empennage using VARTM but surface finish was very poor. Wrinkles were observed at 

the leading edges and the trailing edge was poorly finished. Slight spring in of the vertical 

stabilizer was also observed. The setup used to infuse the half-empennage was over 

complicated and increased the complexity of the setup. The manufactured half-

empennage section was of equal quality to that manufactured using the Hybrid Hand 

Layup method. For this manufacturing method to be used on the prototype GeoSurv II 

additional manufacturing trials will be required to improve the result. 
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2.5.3 Component Manufacturing Conclusions 

Representative components have been successfully manufactured using both the Hybrid 

Hand Layup and VARTM methods. These methods have both been shown to be feasible 

in the manufacture of the required components for the GeoSurv II. It is important to 

realize that these components have been manufactured by unskilled personnel. As 

manufacturer skill level increases the level of complexity of components can be likewise 

increased. 

One inherent difficulty in VARTM is determining how the resin will flow through the 

cavity. As components become more complex the flow becomes difficult to visualize. If 

complex components are to be manufactured successfully using VARTM flow simulation 

software should be investigated and implemented. Air cavities were identified as 

potential problems in VARTM but these can be reduced or eliminated through careful 

layup procedures and by ensuring the fabric, peel ply, distribution medium, and vacuum 

bagging conforms properly to the curvature. 

The Hybrid Hand Layup method has manufactured components with good surface 

finish but it has become evident that it can be somewhat problematic to ensure that the 

wetted plies stay in their desired position following vacuum bagging. One possible means 

to reduce fabric shearing is by tacking the fabric in place but this can only be completed 

on thin ply layups. One final area of weakness identified in the Hybrid Hand Layup 

method is the difficulty in obtaining the desired layup orientation angles. Once a ply is 
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wetted it is difficult to adjust the orientation of the ply, thus it is essential that the plies be 

laid up with precision. 

2.6 VARTM Repeatability Study 

A repeatability study was undertaken to determine the variability in manufacturing using 

VARTM. The literature survey showed that VARTM should have good repeatability as 

there is little dependence on the skill of the individual performing the manufacturing. 

Once the vacuum bag is sealed there is little interaction of the manufacturer with the 

process, except for allowing the resin to infuse. If the vacuum bag is sealed properly, and 

care is taken to lay up the fabric in the correct orientation, then the material properties of 

one panel, compared to another, should be the same. This is assuming that the panels are 

laid up in a controlled (temperature, humidity, and dust) environment. 

A series of three panels were manufactured by three different individuals. The 

infusion pressure was constant, the layup sequence was the same, and the positioning of 

the resin inlet and vacuum outlets were the same. The panels manufactured had rough 

dimensions of 305 mm (12 in) long by 510 mm (20 in) wide. The panels were cut from 

the fabric with the length aligned with the warp direction and the width aligned with the 

weft direction, shown in Figure 2.47. The resin used was SC-780 from Applied Poleramic 

and the fabric was AGP370 from Hexcel. The fabric AGP370 is a 6k 5HS weave with an 

AS4 fibre. The layup was the same as that used in previous testing, eight plies orientated 

at zero degrees, and positioning the same as the optimum VARTM layup shown in Figure 

2.13.The tests performed were ASTM D 3039 and ASTM D 3518. 
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Figure 2.47: A diagram showing how the plies were cut from the fabric. 

Strain gauges, as detailed in 2.5.2, were bonded to the tensile specimens and an 

extensometer was used to measure the strain of the shear specimens. Strain gauge data 

was recorded using the Intertechnology recorder at one second intervals. The loading 

rates were the same as those mentioned previously (section 2.4.3). 

The material properties were expected to be comparable to panels 16 and 18 but are 

expected to be slightly different since the SC-780 resin system was used instead of the 

previous SC-1 system. The number of specimens tested is shown in Table 2.8. 
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Table 2.8: Number of successful tensile and shear tests for each panel. 

Panel # 

Tensile Strength 

Tensile Modulus 

Shear Strength 

Shear Modulus 

1 

6 

4 

6 

6 

2 

6 

4 

6 

6 

3 

6 

4 

6 

6 

Following manufacturing and cutting of the three panels there was evidence of poor 

infusion on panel one. This panel was approximately 30% thicker and had a high void 

content. Since there was a problem with this panel during manufacturing the results have 

been excluded from this section and have been placed in Appendix C. 

2.6.1 Results 

The results of the repeatability study are shown in Table 2.9-Table 2.11. The results show 

good repeatability of tensile strength, tensile modulus, and strain to failure. There were 

some differences in the tensile results although they were within one standard deviation. 
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Table 2.9: The results of the repeatability testing showing the tensile results. 

Panel 

2 

3 

Tensile 
Strength 

[MPa] 

852 

836 

Std 
dev 

32 

18 

Tensile 
Modulus 

[GPa] 

62.1 

66.5 

Std 
dev 

2.1 

2.7 

Strain 

0.013 

0.013 

Std 
dev 

0.001 

0.001 

The shear results show good repeatability in shear modulus with a deviation in shear 

strength of approximately 10%. It is uncertain why there is a significant deviation in 

shear strength though it is probable that it is due to a variation in fibre volume fraction. 

Panel two had a lower fibre volume fraction and higher shear strength while panel three 

had lower shear strength and a higher fibre volume fraction. In-plane shear is generally 

dominated by resin properties and thus the slight increase in resin content in panel two 

increases the shear strength. 

Table 2.10: The repeatability study results showing the in-plane shear results. 

Panel 

2 

3 

Shear 
Strength 

[MPa] 

62.5 

56.6 

Std 
dev 

0.9 

0.9 

Shear 
Modulus 

[GPa] 

7.0 

7.1 

Std 
dev 

0.08 

0.38 

Strain 

0.050 

0.050 

Std dev1 

0 

0 

1 The ASTM standard D3518 for in-plane shear testing states that a strain of greater than 5% is to be 
reported at a strain of 5%. 
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Table 2.11: The theoretical fibre volume fraction of the panels used in the repeatability 
study. 

Panel 

2 

3 

Vf 

0.542 

0.574 

dev 

0.008 

0.005 

The results of the repeatability tests show some variation in results although they are 

generally within a standard deviation. It would be beneficial to do additional 

manufacturing trials to determine the extent of the variation. 

2.7 Conclusion 

The literature survey and the weighted comparison method showed that the two most 

economical and feasible methods for manufacturing small production runs of small 

aircraft or UAVs are VARTM and the Hybrid Hand Layup method. Material testing of 

the two manufacturing methods indicated that material properties are comparable but are 

dependent on the resin system used. Component manufacturing showed good potential 

for the use of either VARTM or Hybrid Hand Layup on the GeoSurv II. The repeatability 

study of VARTM, though not extensive, indicates that achieving consistent part quality is 

possible. Thus, VARTM was selected for manufacturing a complex component. 



Chapter 3: Permeability 

This chapter will examine permeability theory, discuss methods to determine 

permeability values, explain the development of a permeability apparatus, and finally 

conclude with the results of permeability measurements. 

The main aspect of permeability theory relevant to this research is Darcy's Law. 

Using Darcy's Law, an equation for ID permeability will be derived assuming a constant 

mould cavity and a constant pressure condition. These are the assumptions commonly 

made for the RTM method. Following the derivation of the ID permeability equation, it 

will be expanded to a permeability tensor. Next, the development and implementation of 

a permeability apparatus will be explained. The permeability apparatus is used for 

determining permeability values of fibrous preforms. Following the development of the 

apparatus, permeability measurements were performed and these will be discussed. 

Finally, the chapter will conclude with recommendations for improvement of the 

apparatus as well as permeability experimentation. 

3.1 Permeability Theory 

An essential parameter in modelling infusion in the manufacturing process is 

permeability, a characterization of the resistance to flow. Darcy's Law is commonly used 
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as a starting point for permeability derivations. Darcy's initial work examined the flow of 

a liquid through a column of sand. His experimental setup would have been similar to 

that shown in Figure 3.1. 

3.5 m 

Figure 3.1: Darcy's Law was initially used in determining the permeability of a column of 
sand. [34] 

Darcy's Law states that volumetric flow rate is equal to the permeability of the sand 

column multiplied by the cross sectional area and the specific weight of the fluid divided 

by the dynamic viscosity. Equation 3.1 is Darcy's Law. 

Y 
Q = KA- (3.1) 

Where: 

Q - volumetric flow rate — 

^-permeability [m2] 
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A - cross sectional area [m2] 

y - specific weight — 

ju - dynamic viscosity [Pa • s] 

Knowing that: 

Where: 

P~ density g ] 

g - gravitational constant — 

P - pressure [Pa] 

Equation 3.1 becomes: 

Y = P9 

pgh = AP 

AP 

Dividing Equation 3.2 by the cross sectional area, A, results in an expression for the 

seepage velocity, v in — . 

MAP 

H h 
v = — - (3.3) 

In the VARTM process the pressure is imposed and is better defined as a gradient 
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-KdP 
v = — (3.4) 

H dx 

The seepage velocity can be related to the fluid velocity by the equation 

v = <pV (3.5) 

Where: 

V- fluid velocity — 

cp - porosity 

Replacing the seepage velocity in Equation 3.4 with the equivalent fluid velocity, 

Equation 3.5, produces: 

-KdP 
V = —— (3.6) 

(pH ax 

The pressure gradient is constant and thus independent of time. This allows the 

equation to be simplified and calculated based on the time and position, where: 

x - distance [m] 

t - time [s] 

dx -K dP 

dt <pfi dx 

(-KdP\ 
dx = — ]dt 

\(pix ax J 
rxo rto/-KdP\ 

dx= i-)dt 
J0 JQ \(piJ. dx) 
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-KdP> 

\(pfi dx) 

-Kt 
xdx = dP 

<PH 

rxo fl 
I xdx = J 

Jo Jp, 
dP 

>Pi <PH 

1 _ Kt 

The resulting equation applies to constant pressure injection in the ID flow case. 

Finally solving for K: 

K = ° ^ - (3-7) 
2tAP 

The porosity is defined as: 

<P = 1 - V f (3.8) 

And the fibre volume fraction is commonly defined as: 

nxFAW 
Vf = -TTT- (3-9) T * pf 

Where: 

n - number of plies 

FA W- fibre surface weight — 

T— thickness [m] 

pt- fibre density - § 
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Substituting (3.8) into (3.7) and replacing the fibre volume fraction with (3.9) produces: 

x2n ( nxFAW\ 
2tAP\ T*pf J K J 

If the preform was isotropic then a single permeability value would be applied. 

However, fibre preforms are generally orthotropic and so it is necessary to determine the 

permeability in three mutually perpendicular directions. As one researcher pointed out, 

the in-plane permeability of any preform can be determined through three experiments at 

45 degree intervals [35]. It is desirable to determine the permeability values along the 

three principal directions. 

A 3D permeability tensor is defined as: 

K = 
[Ktl K12 K13 

^ 2 1 ^ 2 2 ^ 2 3 

^ 3 1 ^ 3 2 ^ 3 3 -

If the coordinate system is defined along the principal axes of permeability then the 

tensor can be reduced to: 

K = 
Ktl 0 0 -| 

0 K22 0 
0 0 tf33 

This allows three values to define the complete permeability tensor [34]. Any other 

preform orientation can be determined by applying coordinate transformations. 

3.1.1 Application to VARTM 

In VARTM there is a single rigid mould on the lower surface and the upper mould is a 

flexible bagging material. Unlike RTM, where the thickness of the preform is held 



79 

constant, in VARTM the thickness of the preform is free to relax or compress based on 

the pressure applied to it. Thus, thickness variations must be considered when 

determining permeability values of preforms used in a VARTM method. 

The permeability values during VARTM are not constant. The permeability values 

are known to change based on the fibre volume fraction of the preform. The fibre volume 

is known to be governed by the thickness of the preform. The thickness is related to the 

pressure applied to the preform. The pressure applied to the preform is not constant but 

changes as the resin wets out the preform. This can be understood by considering that the 

pressure is applied initially to the preform only and later to both the resin and the 

preform. A common approach is to use wet compaction data to determine the fibre 

volume fraction and then to calculate the permeability based on a given fibre volume 

fraction. The pressure is known to be distributed between the resin and the fibre preform. 

PT = Pp+PR 

The pressure is initially applied only to the preform and is referred to as dry 

compaction. Following infusion, the pressure is distributed between the resin and the 

preform. Research has shown that there is additional compaction of the preform with 

initial wetting [36, 37]. This is attributed to lubrication effects between the tows and 

fibres caused by the introduction of the liquid resin. Following complete infusion a 

viscoelastic spring back effect is observed that is greatest nearest the inlet and smallest at 

the outlet [36]. 
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Several researchers, including Simacek, [37] and Lawrence, [36], have published 

experimental data on preform relaxation following infusion. However, the results are 

presented as a deflection from initial position. No work presently exists which indicates 

the relative change in preform thickness after initial wetting and then following 

relaxation. A relative or percentage change is more advantageous than a thickness change 

as it will allow the change in permeability to be determined. With a percentage change 

one can estimate the change in permeability resulting from the thickness variation. If the 

thickness variations are small then the permeability can be approximated using a single 

fibre volume fraction value. 

A significant disadvantage of considering preform compaction and relaxation is that 

this results in a requirement to perform permeability measurements and wet compaction 

tests for each preform layup. This requires additional time and costs. A better approach is 

to incorporate the measurement of compaction and permeability into a single experiment. 

This can be done by using a VARTM method in the permeability apparatus. 

3.1.2 Assumptions Required 

In the initial permeability derivations from Darcy's Law at constant thickness it was 

assumed that preform compaction is equal and, thus, the infusion cavity thickness 

remains constant. However, it is a well known fact that there is a change in preform 

thickness during infusion as a result of the pressure gradient and viscoelastic effects. The 

magnitude of the thickness variation is not well documented and thus, it was necessary to 

determine the percentage change in preform thickness to validate this assumption. The 
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percentage change in preform thickness should have a direct correlation with the 

permeability. If the permeability change is shown to be small then compaction data will 

not be required. 

3.2 Permeability Apparatus 

Permeability values are generally determined through experimental tests although some 

researchers have produced values through analytical models, such as the Kozeny-Carman 

equation [38]. Experimental tests are preferred as the values determined are generally 

more accurate. Analytical models require extensive work to model the geometry 

(individual tows and fibres would need to be modeled) and boundary conditions of the 

fibre weave. Determining permeability through computational methods would be 

beneficial but would require extensive computational complexity which is not feasible at 

this time. The experimental determination of permeability has been conducted using 

several types of permeability apparatuses. The most common apparatus is a double sided 

rigid mould which can compact the preform and then infuse the resin using RTM. The 

thickness of the preform can be monitored using an LVDT or similar measuring device. 

Using a camera the flow progression can be followed with time. This RTM method can 

be used to monitor both ID and 2D flows from an elliptical flow front [34]. A similar 

method was used by Grimsley, Cano, et al [39]. They chose to perform in-plane and 

through-thickness measurements separately but used a linear flow. 

These experimental setups are sufficient for permeability values required for 

modelling an RTM method but are insufficient for VARTM. VARTM, to be modelled 
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accurately, requires both permeability and compaction data. Compaction data cannot be 

obtained using a rigid RTM fixture. A better experimental approach to permeability 

determination for VARTM is a fixture that can capture both the permeability data and the 

compaction data in a single experimental setup. An example of this type of experimental 

setup was used by Croteau-Labouly [40]. This type of apparatus is commonly referred to 

as a channel permeability apparatus [35]. 

It was decided to design a permeability fixture with the intent of initially acquiring 

the permeability data but with the possibility of upgrading the equipment to incorporate 

compaction data collection at a later time. This decision was based on an assumption that 

the compaction of the preform following infusion was small. This assumption was later 

validated and is discussed in section 3.3.1. The compaction data collection will be 

discussed further in section 3.3. 

3.2.1 Permeability Apparatus Design Overview 

The design of the apparatus was based on a similar setup being used at the University of 

Delaware in the Center for Composite Materials (CCM) [41]. The exact details of the 

setup used at the CCM were unknown. 

The apparatus consists of a glass tool plate with two cameras to monitor the flow 

progression. One camera is mounted above the glass plate and the other is mounted 

below. The cameras are connected to a computer where the flow progression images are 

downloaded for analysis. 
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The dimensions of the glass surface were chosen to be 914 mm x 762 mm (36 in x 30 

in). This area will allow sufficient space for a test coupon (distribution medium and 

preform) and baseline coupon (distribution medium only) of various widths and lengths. 

The lengths of the coupons can be adjusted according to the permeability of the preform. 

The digital cameras are of the charge couple device (CCD) variety, model Olympus 

SP-350, which were chosen for three reasons. Firstly, this particular camera was capable 

of communication with a computer through a USB cable and a software development kit 

developed by Olympus. Secondly, the SP-350 has a resolution of eight Megapixels which 

would provide good quality images. Thirdly, a commercially available camera was 

selected over a research or scientific camera because it was more economical. The 

permeability apparatus is shown in Figure 3.2. 
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(a) (b) 

Figure 3.2: The permeability apparatus (a) the isometric view of the design (b) the 
manufactured apparatus. 

3.2.2 Lab VIEW 

Lab VIEW software, a graphical programming environment, was used for data collection 

as well as image processing. This software program was chosen because of its ability to 

interface with the Olympus cameras as well as perform the required image processing. 

Furthermore, the software license is presently available at Carleton University. No data 

acquisition card (DAQ) was required because the Olympus cameras were connected 

directly to the computer using a universal serial bus (USB) cable. 
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Image Capture - Olympus Software Development Kit (SDK) 

The SDK allows the user to access the code of the camera and thus to communicate with 

it directly, for example, to control the camera remotely. One disadvantage to the SDK 

system was that if a second command was sent while the first was being processed then 

the camera would freeze. Thus, the maximum rate of capture was approximately one 

image per four seconds. The images had to be captured and saved to the camera memory 

card. Following capture of all the images, the images were downloaded to the computer 

for processing. 

IMAQ Vision 

IMAQ Vision Toolbox is integrated with LabVIEW and allows for image processing. 

The toolbox is essential to perform analysis of images. Two of the toolbox functions, 

which were important for this research, were the image calibration and the rake. 

IMAQ Image Calibration 

The IMAQ image calibration tool allows the pixel coordinates of an image to be 

associated to real world coordinates. To complete this association, a real world array and 

its equivalent pixel coordinates had to be supplied to the calibration tool. The calibration 

tool determines a mathematical projection that will fit the pixel coordinates most closely 

to the real world coordinates. Once the calibration template is defined for an image the 

template can be applied to any image. 
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The IMAQ calibration tool learnt the association between real world coordinates and 

pixel coordinates through a series of dots that were marked on the upper glass surface. 

Black dots were marked on the upper glass surface in a 100 mm (3.94 in) grid. An image 

was captured from both the lower and upper cameras and the pixel coordinates of the 

images were found. An array was created with the pixel coordinates and the real world 

coordinates, which was then inserted into the learning template in the calibration tool. 

Following calibration of the upper and lower cameras the algorithm was tested to 

ensure proper conversion between pixel and real world coordinates. This was completed 

using the calibration images. A pixel coordinate, for which the real world value was 

known, was selected and the calculated value from Lab View was compared to the known 

value. Negligible variation was observed. 

IMAQ Rake 

The rake tool in IMAQ Vision allows a line or edge to be detected in an image. By 

adjusting the brightness, contrast, and line thickness a change in pixel intensity can be 

detected. The IMAQ rake tool uses a series of horizontal or vertical lines to detect points 

along a surface. An illustration of the rake is shown in Figure 3.3. 
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Figure 3.3: An illustration showing how the IMAQ rake procedure works. 

Processing Method 

Once the infusion process was ready the LabVIEW software was started and the cameras 

began taking pictures at a predetermined interval (a minimum 5 seconds and a maximum 

of 30 seconds). The processing method was straightforward and is illustrated as a flow 

diagram in Figure 3.4. 
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Figure 3.4: Flow diagram of the image processing method. 

Note that no analysis was carried out during the infusion process. Once the infusion 

process was completed the images were downloaded onto the hard drive and then 

sequentially loaded and calibrated. The IMAQ rake function was applied to each image 

and the located flow front position was drawn onto the image and saved for later 

verification. The flow front was averaged and an array was created. Once the positional 

array of the flow front was determined, the upper surface and lower surface arrays were 

compared to determine the flow lag between the upper and lower surface. This new array 

was appended to the initial array and the final array was exported and contained the flow 

front position of the upper and lower surfaces and the time delay between the upper and 

lower surfaces. 
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3.2.3 Post Processing using Microsoft Excel 

Post processing of the image data could have been completed in LabVIEW but several 

problems with computations were experienced. It was easier to complete the post 

processing using Microsoft Excel since this allowed any stray data points to be excluded. 

This was particularly important for layups with distribution medium as the IMAQ Rake 

procedure was inadequate on some images. Equation 3.10 was used to determine the 

permeability. All the values were constant except distance and time, both of which were 

outputs from LabVIEW. The equation was applied to each data point, time and distance, 

and a permeability value was determined. The permeability was then averaged over the 

series of data points. 

3.2.4 Thickness Measurement 

During the infusion process thickness variations were monitored using a dial indicator. 

Previous researchers have used a laser scanner with great success, for example Lawrence, 

Advani et al. [36]. However, no such apparatus was available at Carleton and thus it was 

difficult to capture the dynamic behaviour of the preform. However, as the results will 

show, the general trend of compaction followed by relaxation was observed. 

The dial indicator used had increments of 0.001 in, 0.0254 mm. The error of the dial 

indicator is +/- 0.03 mm. To avoid local indentation caused by the dial gauge indicator 

head pressing into the preform, a flat aluminum bar was used under the dial indicator 

(dimensions 50.8 mm x 9.5 mm x 3.2 mm). The bar was placed on top of the preform and 
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aligned with the flow before each measurement. Prior to each trial the dial indicator was 

zeroed. The setup is shown in Figure 3.5. 

Figure 3.5: The dial indicator shown was used to calculate the thickness of the layup. 

3.3 Permeability Experiments 

A series of permeability tests were completed using the permeability apparatus 

mentioned in 3.2. The experimental setup will be discussed and the rationale for the tests 

will be discussed. The required permeability values for the GeoSurv II will be presented. 
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3.2.5 Experimental Setup 

Specimen Length 

Two equations were recommended, by previous researchers, to determine the reliability 

of the permeability measurements [42, 43]. These equations are the criteria that must be 

satisfied for reliable permeability measurements. 

KP0 
-St 

iju e (3.11) 

2 
P < £^Xmin /3 1 2) 
Omax ~ K 8 t 

Where: 

s - the acceptable error in the position of the resin front at the end of the test. 

xmin - minimum specimen length 

K - a first inexact permeability value or from operator's experience 

P0 - injection pressure 

H - fluid viscosity 

St - the time range during which the flow front position is measured 

Perhaps a better approach would be to consider a percentage error instead of an error 

in flow front position. Replacing the epsilon term in Equation 3.11 with Equation 3.13 

the resulting equation is Equation 3.14 which determines the length of the permeability 

specimens required. 
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£ = 
% error 

100 (3.13) 

*m/n = io l-rr— (3-14) 

Jfi % error 

One can readily observe from Equation 3.14 that, as long as the specimen length (x) 

is selected to be greater than or equal to xmin, the resulting error will be less than, or equal 

to, the specified value. One could perform a similar derivation of Equation 3.12 however, 

this is not necessary. If a pressure is selected less than or equal to P0 then the second 

criterion is also satisfied. Thus, Equation 3.14 was used in the determination of the 

permeability specimen lengths. 

If the maximum values are placed in the numerator and the minimum values are 

placed in the denominator a permeability specimen length can be determined. A 

reasonable length was determined to be 0.381 m (15 in) while setting the error to one 

percent. This value was determined through an iterative process where the numerator 

values were maximized and the denominator values were minimized. Following the 

permeability calculations, the specimen length was verified to ensure that it met the 

criteria. Table 3.1 shows the range of acceptable specimen lengths. The time range in 

case one was set to thirty seconds while, in case two, it was set to five seconds. These 

values were selected to correspond with the picture capture rate from the permeability 

apparatus. 
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Table 3.1: Minimum injection lengths and injection parameters. 

K 

[m2] 

1.00 x l O 1 2 

1.00 x 10-9 

u 

[Pas] 

0.339 

0.339 

P 

[Pa] 

98000 

98000 

% error 

1 

1 

St 

[s] 

30 

5 

Xmin 

[m] 

0.0295 

0.381 

Xmin 

[in] 

1.16 

15.0 

Fluid Viscosity 

The fluid used in the permeability trials was an aqueous glycerol solution. This fluid was 

selected for several reasons. Firstly, aqueous glycerol is easy to clean up and poses no 

health risks. Secondly, the viscosity of aqueous glycerol is dependent on the temperature 

as well as on the water concentration. This allows the user to select a viscosity close to 

that of the resin which will be used in manufacturing. Aqueous glycerol samples of 92-95 

weight percentage glycerol were analyzed in a temperature range of 20-25 degrees 

Celsius. The tests were completed at McGill University and the results are shown in 

Figure 3.6 [44]. 
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Figure 3.6: The viscosity data of aqueous glycerol is shown as a function of temperature 
and glycerol concentration. 

Gauvin et al. documented that the permeability of the preform is affected by the 

viscosity of the fluid [43]. It is thus important to select a fluid that has a constant 

viscosity, but a viscosity that is close to the resin system being used. The initial viscosity 

of the resin system (SC-780) was documented to be 0.3 Pa s at 25 degrees Celsius. Tests 

performed at McGill University showed an initial viscosity of 0.341 Pa s at 22 degrees 

Celsius. The room temperature in the composites lab at Carleton was measured to be 23 

degrees Celsius. With these two facts, the initial viscosity of the SC-780 and the room 
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temperature, an aqueous glycerol solution of 94 wt% glycerol was selected for the 

permeability trials. This glycerol solution at 23 degrees Celsius had a viscosity of 0.339 

Pa s, as shown in Figure 3.6. 

Infusion Pressure 

The infusion pressure was set at the maximum vacuum pressure obtainable from the 

pump. The vacuum pressure was approximately 98,000 Pa (29 inHg). It is important that 

the permeability trials be performed at the same infusion pressure as that of the 

component. Since the vacuum bag is not rigid the preform will be compacted relative to 

the pressure of infusion. 

3.2.6 Experimental Testing Matrix 

The current layups for the GeoSurv II are shown in Table 3.2. Of particular importance is 

the layup of the fuselage. It is on this component that most of the effort has been focused. 

Table 3.2: The layups of the components on the GeoSurv II.2 

Component 

Empennage 

Fuselage 

Wing Skin 

Ribs 

Layup 

[(0,90)]s 

[(0, 90), (+45, -45), core]s 

[(0, 90), (+45, -45)] 

[(45, -45), (0, 90), (45, -45)] 

2 For simplicity the first number of the weave will only be quoted from hereafter, e.g., if layup was [(0, 
90)]s, it will now be written as [0]s. 
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For each layup a series of tests are required to determine the permeability of the 

fabric. As mentioned previously, to determine the principal permeability values, three 

permeability trials are required at a change in orientation of 45 degrees for each 

subsequent test. This was demonstrated by Weitzenbock et al. [45]. Weitzenbock showed 

that, using three channel flow experiments, the in-plane principal axis of permeability 

could be determined. The in-plane principal permeabilities are given in Equations 3.15 

and 3.16 and the corresponding rotation angle is in Equation 3.17. 

A-D 
Ki - Ki (A-^h)) <315> 

K2 - Kin 
A + D 

iA-Jh)) {316) 

(p = - tan x I — — 
A A2-D2 

2 L " " W> KuD / (3-17> 

Where: 

_ K, + KUI 

n _ ^' ~ fy» 

Thus, to determine the in-plane principal permeability values, three permeability 

values Ki, Kn, and Km need to be determined. The orientation of these permeability 
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specimens is shown in Figure 3.7 (a). The corresponding rotation angle for the principal 

axis is shown in Figure 3.7 (b). 

a in 

11 

I 

fc 

(a) (b) 
Figure 3.7: The orientation of the permeability specimens is shown in (a) and the rotation 
angle is shown in (b). 

The required permeability trials for the GeoSurv II are shown in Table 3.3. 

Table 3.3: The required orientation for permeability measurement. 

Component 

Empennage 

Fuselage/Wing skin 

Ribs 

Layup 

[0]s 

[0,45] 

[45,0,45] 

+45° 

[45], 

[45, 90] 

[90, 45, 90] 

+90° 

[90], 

[90, -45] 

[45, 90, 45] 

As the infusion process for the manufacturing of the GeoSurv II components may use 

distribution medium, each of the permeability measurements shown in Table 3.3 would 

also need to be taken with distribution medium in place. A sample of two layups with 

distribution medium is shown in Figure 3.8. 
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Figure 3.8: Sample layups with distribution medium are shown on the glass plate of the 
permeability apparatus. 

This research was primarily concerned with determining the permeability of the 

fuselage layup. Several other permeability tests were carried out for other research work 

not associated with this thesis. These measurements will be summarized. 

3.2.7 Experimental Results 

Results for the fuselage/wing layup 

Three trials were performed for each data point of the fuselage/wing layup permeability 

including the tests with the distribution medium. The results from the layups, without 

distribution medium, showed that the permeability of the layup is relatively constant with 

a change in orientation exhibiting a quasi-isotropic behaviour. The results are shown in 

Table 3.4 and displayed graphically in Figure 3.9. The isotropic value is the average of 

three orientations. 
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Fuselage Permeability 
90 Isotropic 

Figure 3.9: The permeability results for the fuselage. 

Table 3.4: The permeability results for the fuselage layup without distribution medium. 

Orientation 

0 

45 

90 

isotropic 

Permeability 

[m2] 

3.37 x 10 n 

3.71 x 10"" 

4.03 x 10"u 

3.67 x 10 n 

Std Deviation 

[10 •"] 

0.78 

0.84 

0.32 

0.68 

Though there appears to be a difference in the average permeability values at the 

three rotation angles, the error bars indicate that the populations overlap. It was thus 

assumed that the layup had an isotropic permeability value in-plane. The layup [0, 45] is 

quasi-isotropic from a mechanical standpoint if one neglects the bending term. Thus it is 

not surprising to observe isotropic permeability values in-plane. If the isotropic nature of 

the preform was to be confirmed or examined in more detail the number of tests should 

be increased to reduce the error bars and more closely identify the populations. 
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The result from the layups with distribution medium (shown in Figure 3.10 and 

Table 3.5) were different from expected. Based on the results from the layups without 

distribution medium, one would have expected to see a similar trend. There appears to be 

significantly higher scatter between the three data points. However, the populations are 

clearly not distinct and thus the permeability value was assumed to be quasi-isotropic, the 

in-plane permeability is constant. 

Fuselage Permeability 
8.0 -

7.0 -

6.0 -

S 5.0 -

x 4.0 -

— 3.0 -

2.0 -

1.0 -

0.0 -

0 

45 

Isotropic 

°H H H 

Figure 3.10: The permeability results for the fuselage with distribution medium. 

Table 3.5: The permeability results for the fuselage layup with distribution medium. 

Orientation 

0 

45 

90 

isotropic 

Permeability 

[m2] 

5.40 x 10 10 

6.20 x 10"10 

3.75 x lO 1 0 

5.01 x 10 10 

Std Deviation 

HO"10] 

0.29 

1.1 

0.65 

1.3 
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Results for Empennage Layup 

A single trial was performed at each rotation angle to determine the permeability of the 

empennage layup. The single data point was used as an initial approximation for the 

permeability. The results are shown in Table 3.6. If simulations are to be completed on 

the empennage structure then additional tests should be completed to determine the 

standard deviation of the results. Furthermore, an additional set of permeability tests 

should be completed to determine the permeability of the preform with distribution 

medium. 

Table 3.6: The permeability results for the empennage. 

Empennage 
A7 

Tm^l 
3.87 x 10 n 

K„ 

5.55 x 10 n 

Km 
Tm^l 

5.13 x 10"11 

Ki 

3.53 x 10"11 

K2 

Tm^l 
4.68 x 10"11 

9 
[degl 
-27.9 

Results for Rib Layup 

A single permeability test was completed for the three rotation angle as well as one test 

for each of the rotation angles with distribution medium. The results for the permeability 

tests are shown in Table 3.7 for the layups without distribution medium and in Table 3.8 

with distribution medium. 

Table 3.7: The permeability results for the rib layup without distribution medium. 

Wing Rib 
Ki 

Tm^l 
3.28 x 10"" 

Ku 

3.24x10"" 

Km 
Tm^l 

5.45 x 10"11 

Ki 

3.01 x 10"11 

K2 

rm^i 
5.00 x 10"" 

[degl 
23.2 
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Table 3.8: The permeability results for the rib layup with distribution medium. 

Wing Rib with Distribution Medium 
A7 

6.98 x 10"10 

Ku 

7.68 x 10 10 

Km 

4.35 x 10 10 

Ki 

8.66 x 1010 

K2 

rm*i 
5.39 x 10"10 

9 
[degl 
26.2 

A result that was unexpected was the change in principal axis with the addition of 

distribution medium. The rotation angle, (p, of the principal axis is similar with the 

rotation angle being 23.2 degrees for the layup without distribution medium and 26.2 

with distribution medium. However, in the case without distribution medium, Ki was 

smaller than K2 while, in the case with distribution medium, Ki was greater than K2. 

Additional testing is required to confirm the validity of the result. In these initial tests 

only a single data point at a given rotation angle was determined. Additional testing is 

required to confirm the result and determine the standard deviation of the results. 

3.3 Thickness Variation 

The thickness variation phenomenon is well explained in a recent paper by J. Lawrence et 

al. [36]. They identified that initial preform wetting reduces friction between plies and 

decreases the thickness. The decrease in thickness, compaction, occurs at a greater rate as 

the distance from the inlet increases. Following the initial wetting stage there is a spring 

back effect which results from viscoelastic properties of the preform. The extent of 

thickness variation in flat panels manufactured using VARTM is not well documented. 

However, the variation in thickness can be correlated to compaction tests. In the interest 
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of using a simplified model, several experiments were performed to determine the extent 

of thickness variation during the infusion. If thickness variations are small it would be 

possible to assume a constant thickness and thus constant permeability. 

The preforms used for the testing were 4 plies 2x2 twill, 12k tow in warp and weft 

directions, with dimensions of 102 mm wide and 254 mm, 381 mm, and 508 mm long. 

Three length variations were used to determine the effect of inlet and outlet separation on 

the thickness variation. The stacking sequence on the glass tool plate was one layer peel 

ply, carbon preform, one layer of peel ply and finally the vacuum bag. The inlets and 

outlets used for the trials were lA in omega flow line. The inlet was placed between the 

peel ply layers and a 50.8 mm x 102 mm (2 in x 4 in) piece of distribution medium was 

placed below the omega flow line. The purpose of the distribution medium was to align 

the flow. Aqueous solution of 92 wt% glycerol was used during the experiments. Its 

temperature was monitored and the viscosity was calculated based on published values. 

Thickness variations were measured using the dial indicator shown in Figure 3.5. During 

the infusion process the thickness was measured at 5 minute intervals. The resin was 

infused under a constant vacuum pressure of 89.7 kPa (26.5 in Hg). 

The results from three thickness variation experiments are shown in Figures 3.11-

3.13. The error on the measurement is plus/minus 0.03 mm. The initial thickness varied 

from one experiment to another despite having the same layup. Average initial values 

varied from 1.6 to 1.7 mm - a difference of 6%. The variation in thickness during 

infusion was on average less than 5%. An exception can be observed in Figure 3.13. The 
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variation between d=100 mm and d=400 mm is 9%. This is an unusual result because the 

thickness at d=500 mm is greater than that at d=400 mm. 

E 
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I 
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1.75 
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1.65 

1.6 |r \ 

* v ••" 

1.55 
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^+.*~ 
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Time [min] 

d = 100mm 

d = 200mm 

150 

Figure 3.11: Thickness variation with time for 254mm long specimen. 
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Figure 3.12: Thickness variation with time for 381mm long specimen. 
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Figure 3.13: Thickness variation with time for 508mm long specimen. 

Experimental results show similar trends to those described in the paper by Lawrence 

et al. [36]. The thickness variation phenomenon is not well displayed in the figures 

shown above. However, the preform compaction after wetting and the viscoelastic effects 

are observable. Due to the measurement setup, thickness was averaged over the width of 

the aluminum bar and thus some of the thickness variation was lost. 

3.3.1 Effect of Assuming Thickness is Constant 

The effect of the thickness variation on infusion position and times was compared to that 

of a rigid vacuum cavity using ID RTM theory. The comparison is shown in Figure 3.14-

3.17. The thickness variation measured appeared to have little effect on position and time. 

There is a larger difference between theory and experiment initially but the difference 

.•-• 
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- - - - d = 200mm 

— — d = 300mm 
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reduces with time. Thus, predicting the position of the flow front based on time and ID 

theory produces good results, although there is some initial deviation. 

250 

200 

E 
E 150 

2 100 

50 

20 40 

Time [min] 

Experiment 

Theory 

60 

Figure 3.14: Comparison of Experiment and Theory Prediction for 254mm long specimen. 

50 100 

Time [min] 

Figure 3.15: Comparison of Experiment and Theory Prediction for 381mm long specimen. 
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Figure 3.16: Comparison of Experiment and Theory Prediction for 508mm long specimen. 

3.4 Recommendations 

There are several recommendations on modifications to the permeability apparatus to 

improve the results. There were also several difficulties observed in the permeability 

tests and they will also be discussed. 

3.4.1 Permeability Apparatus Modification 

Thickness Measurement 

The present permeability apparatus uses a dial indicator to measure the thickness of the 

preform during infusion. The current apparatus could be modified to use several linear 

variable differential transistors (LVDT) to measure the thickness. This would allow 

monitoring of the dynamic response of the preform. If pressure transducers were used in 

Experiment 

•Theory 
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connection with the LVDTs the compaction behaviour of the preform could be monitored 

simultaneously with the permeability. This approach was used by Croteau-Labouly et al. 

[40]. 

A second method that could be used to measure the thickness is a laser scanning 

device. A similar apparatus was used in experimentation performed by Lawrence et al. 

[36]. The laser scanning device allowed the complete preform thickness to be monitored 

compared to specific points using the LVDT method or a dial indicator. 

One other possibility is to use an iterative algorithm to determine permeability values 

that best reproduce the results observed. An iterative algorithm could be developed 

between LabVIEW and LIMS. This approach was undertaken by Gokce, Chohra et al. 

[46]. The advantage of this method is that it allows both the in-plane and through-

thickness permeability values to be determined simultaneously. The disadvantage is that 

the compaction data must be known prior to the permeability testing. 

Fully developed three dimensional flow was not of a concern during this thesis work 

as the preform thicknesses were relatively small. The flow lag between the upper and 

lower surfaces was observed to be small and thus 2D flow assumption is adequate. 3D 

flow is of particular importance with thicker preforms and thus, it would be beneficial to 

expand the capability of the current permeability apparatus. The economical option is 

probably the use of several LVDTs at specific locations on the preform. 
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Position Capture 

The position of the flow front was easily determined from the bottom image of the layup. 

However, IMAQ vision software had difficulties determining the position of the flow 

front on the upper surface. In Figure 3.17 images captured with the lower and upper 

cameras are shown. The flow front in Figure 3.17 (a) is easily recognized by the sharp 

contrast in pixel intensity while that in Figure 3.17 (b) is difficult to determine as the 

pixel contrast is less pronounced. 

(a) (b) 

Figure 3.17: Images captured with the lower (a) and upper (b) cameras. 

The distribution medium on the upper surface made the location of the flow front 

difficult to determine. Although IMAQ vision was generally successful in locating the 

correct flow fronts, the images had to be verified to ensure the correct position was 

identified. The verification was completed by inspecting the flow front images stored on 

the computer. In a case where IMAQ was not able to accurately determine the position of 

the flow front, the position was manually selected and input into LabVIEW. If an 

algorithm could be developed which eliminated the distribution medium from the image 
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then the position of the flow front would be determined more accurately and the images 

would not require verification. 

3.4.2 Permeability Experimentation 

As distribution medium was never fully characterized, it would be beneficial to do further 

permeability tests to determine the principal axes of the distribution medium. The 

distribution medium was considered isotropic throughout the permeability tests. The 

same distribution medium was used for all the tests and was not rotated with the layups. 

If the distribution medium was found to be non-isotropic then its rotation, relative to the 

layup, would alter the permeability of the complete layup. 

The specimen widths were 101 mm (4 in), which was selected to diminish the 

possible effects of race tracking on the layup permeability. Race tracking was generally 

not observed during the permeability trials and, thus, the widths of the specimens could 

be reduced, thereby reducing the amount of material required for each test. 

During several trials a non-linear flow front developed. This was generally observed 

in the trials without distribution medium. To generate a linear flow front a small section 

of distribution medium was placed between the inlet and the start of the preform. This 

allowed a linear flow front to develop before the resin reached the preform. 

3.5 Conclusions 

In this chapter an overview of permeability theory was presented, based on Darcy's Law, 

and a formula for ID flow in a fibrous preform cavity was derived. The ID flow equation 
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assumed a constant infusion cavity and neglected compaction and relaxation of the 

preform. A ID channel flow permeability apparatus was built using two cameras and 

LabVIEW software. The apparatus was then used to measure permeability of all the 

GeoSurv II structural layups, with a special focus on the fuselage layup. The chapter 

concluded with recommendations on improving the permeability apparatus to acquire 

compaction and relaxation data during infusion. 



Chapter 4: Flow Simulation Software 

Flow simulation software is beneficial to VARTM manufacturing of complex 

components. As component geometries increase in complexity it becomes difficult for the 

manufacturer to visualize the flow process. This leads to difficulty in the determination of 

the positions of the inlets and outlets. Flow simulation software can assist the 

manufacturer by providing an alternative to a trial and error approach to manufacturing. 

Flow simulation software can also assist the manufacturer by providing the means to 

optimize the flow process. 

This chapter will look at one software program called Liquid Injection Moulding 

Simulation (LIMS) software developed at the University of Delaware. It will then discuss 

the modelling and meshing required using this particular flow simulation software. A 

validation study will be completed on LIMS for flat panels. The chapter will conclude 

with a method to scale the viscosity results from LIMS without writing a new script. 

4.1 Introduction to Liquid Injection Moulding Simulation (LIMS) 

Software 

LIMS is a dedicated finite element control volume-based simulation software program 

designed to assist in the manufacturing of composite material structures using resin 
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infusion methods. It is capable of analyzing flow in both 2D and 3D making it applicable 

to both RTM and VARTM. A major advantage of LIMS is the LB ASIC script language, 

focused on making the modelling of the infusion process simpler. The LBASIC language 

uses macro commands that simplify the rudimentary operations required in the filling 

simulation. LIMS has both a user interface as well as access to line by line coding using 

the LBASIC language. 

LIMS was developed for the RTM method but can be expanded to simulate VARTM 

as well. To more accurately model the compressible porous medium in VARTM, 

auxiliary models must be developed [38]. These auxiliary models generally relate the 

pressure to permeability and pressure to cavity thickness. The advantage of LIMS is that 

the infusion can be paused at any time step and new parameters inserted into the model. 

This allows for the permeability, thickness, and porosity data to be modified at any given 

time step. 

Similar to other finite element programs, LIMS requires a meshed geometry to carry 

out the infusion process. 

4.2 Modelling in Pro/ENGINEER (Pro/E) 

As LIMS does not incorporate a CAD program all modelling was completed using Pro/E. 

The models created in Pro/E were then exported, using a "step" file type, to a dedicated 

FEM program. 
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4.3 Finite Element Meshing in ABAQUS/Hypermesh 

As LIMS does not have a dedicated meshing function the Pro/E models were imported 

into ABAQUS and/or Hypermesh. Simple geometries for the initial validation study were 

meshed in ABAQUS while the more complex geometry of the fuselage was meshed in 

Hypermesh. Hypermesh allows more advanced meshing functions which makes the 

meshing process simpler. 

LIMS recognizes both triangular or quadrilateral elements in 2D and tetrahedral or 

brick elements in 3D. However, the element type must be consistent. LIMS does not 

function using both 2D and 3D elements and, similarly, one element type must be 

selected for the complete geometry. There is an exception to 2D and 3D compatibility 

and that is the distribution medium. Distribution medium can be modelled as a 2D 

surface on top of a 3D model but the 2D surface must be created from the 3D model in 

LIMS. Essentially, LIMS uses a surface cover to represent the 2D elements of the 

distribution medium. An alternate solution to using 2D elements on top of the 3D model 

is to use 3D elements for the distribution medium and use a high through-thickness 

permeability value for the distribution medium. 

LIMS recognizes two common input file types, "*.inp" and "*.unv". The former file 

type is the export file type from ABAQUS. Hypermesh, however, doesn't have the 

required output file types for LIMS so files meshed in Hypermesh had to be imported 

into ABAQUS and then converted to the *.inp file format. For this reason, ABAQUS was 
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an essential step in the meshing process. LIMS has a built in file converter which 

converts both "*.inp" and "*.unv" file types into the LIMS file type "*.dmp". 

4.4 LIMS Validation 

A validation study was completed to ensure that the results LIMS produced are in 

agreement with RTM theory. In section 3.3 a thickness variation study was discussed. 

These same permeability experiments were used for the LIMS validation. Three 

experiments were performed to characterize the permeability of the 48370 fabric. The 

48370 fabric is a carbon 2x2 twill weave with a 12k warp and weft tow. The experiments 

were performed while infusing the aqueous glycerol through the length of the preform. 

The dimensions of the carbon preform were varied to observe the effects. The width was 

held constant at 102 mm (4 in) while the length variations were 254, 381, and 508 mm 

(10, 15, 20 in). An average permeability value was determined to be 1.3 x 10" m using 

the permeability apparatus. 

The flat panels were modelled in Pro/E and exported using a step file format (*.stp). 

The exported file was then imported into ABAQUS for meshing using quadrilateral shell 

elements. The meshed model was then saved as an input file format (*.inp). Each flat 

panel mesh model was refined twice to check convergence. 

The flat panel models were then loaded into LIMS and the permeability value, 

previously determined, was applied. The infusion line was modelled using the nodes 

along one end of specimens. The infusion setup is shown in Figure 4.1. 
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Infusion Nodes 

Figure 4.1: The flat panel model for the 254mm long specimen with 160 elements has the 
infusion line represented by 9 nodes along the left edge. 

4.4.1 Mesh Convergence Study 

As the flat panels were rectangular, quadrilateral elements were used for simplicity. To 

ensure convergence of the solution in LIMS three models were used. Each subsequent 

model had the number of elements increased by a factor of four. The models had 

elements with aspect ratios of one with the lengths and widths of 12.7 mm (0.5 in), 6.4 

mm (0.25 in), and 3.2 mm (0.125 in) for the first, second, and third models respectively. 

The results from the models, shown in Figure 4.2 -Figure 4.4, showed minimal variation 

in infusion time. 
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Figure 4.2: The convergence study results for the 254mm long specimen. 
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Figure 4.3: The convergence study results for the 381mm long specimen. 
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Figure 4.4: The convergence study results for the 508mm long specimen. 

The convergence study showed little variation in infusion time with the mesh 

refinement. This result was expected as the flat panel is a ID problem. There is no 

additional complexity or geometric difference in the y-direction (width). In fact, if LIMS 

could operate in ID, the problem could be solved using pipe elements. Solution time 

changed only minimally with the increasing number of elements. 

4.4.2 Comparison to Experimental Results 

Knowing that the solutions had converged in LIMS allowed the results to be compared to 

both ID RTM theory and the experimental results obtained from the permeability tests. 

The results shown in Figure 4.5 - Figure 4.7 were in agreement with both ID RTM 

theory and the experimental results. 
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Figure 4.5: Comparison of the experiment, theory, and LIMS results for the 254mm long 
specimen. 
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Figure 4.6: Comparison of the experiment, theory, and LIMS results for the 381mm long 
specimen. 
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Figure 4.7: Comparison of the experiment, theory, and LIMS results for the 508mm long 
specimen. 

4.4.3 Discussion 

The LIMS results are in agreement with RTM theory but show some deviation from the 

experimental results. The LIMS results showed better correlation with the experimental 

results as the distance from the inlet and time increase. As mentioned previously, the 

experiments are in a non-rigid mould cavity while that predicted from LIMS assumed a 

rigid cavity. The LIMS model used assumed an average permeability, which is constant, 

while, in the experiments, the permeability value decreases as the distance from the inlet 

increases. Less compaction occurs closer to the resin inlet and thus, the permeability is 

higher. Compaction was neglected in the LIMS simulation to allow a simpler model to be 

used. If a compaction model was incorporated into the LIMS simulation better agreement 

Experiment 

Theory 

LIMS 
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would be obtained but simulation algorithm would be more complicated. Despite the 

simplification, the LIMS results are in agreement with experimental and theory results. 

From the results of the LIMS simulation the results are adequate to model the current 

VARTM setup. 

4.5 Scaling Viscosity in LIMS 

For short infusion times it is not necessary to adjust or modify the viscosity but with 

longer infusion this becomes a necessity to more accurately predict the flow. Rheology 

testing was completed at McGill University and the viscosity versus time curve was 

plotted. A linear curve was fitted to the data and the resulting equation is shown in Figure 

4.8. 
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Figure 4.8: The viscosity versus time curve of the SC-780 resin system. 
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The viscosity term was shown as a rate with time in minutes. Converting to rate with 

time in seconds results in Equation 4.1. 

li(t) = 8.333 * l ( T 5 t + 0.341 (4.1) 

4.5.1 Implementation of Equation 

Rather than apply a changing viscosity during infusion it is simpler to scale the results 

after the solution has completed. Below is the rationale and procedure employed to scale 

the results. 

If one refers to equation 3.10 it is evident that this equation is of the form shown in 

Equation 4.2. 

t = Ax2 (4.2) 

Where: 

t - time 

A - constant 

x - distance 

In this equation the viscosity is assumed constant with respect to time. In fact, the 

viscosity is changing in an approximately linear manner with time. The equation would 

be better represented as: 

t = Bn(t)x2 (4.3) 

Where: 

Hit) - is the viscosity as a function of time 
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The original solution computed in LIMS was based on the earlier form of the 

equation which assumed a constant viscosity (Equation 4.2). An equation was derived to 

scale the times in order to represent the changing viscosity. 

Defining the new and old time values. 

to* = Ax- ( 4 ' 4 ) 

And 

tnew D[A\ZjX 

Dividing the new equation by the old equation results in 

However A can also be defined as 

A = Bii(t = 0) 

Substituting Equation 4.7 into Equation 4.6 produces Equation 4.8. 

tnew Bfi(t)x 2 

told Bfi(t = 0)x2 

Equation 4.8 can be reduced to Equation 4.9 

The resulting equation is then 

8.333 *l(T 5 t j + 0.341 

(4.5) 

_ Bfi(t)xz (4 6) 

told Ax 

(4.7) 

(4.8) 

__m_ (49) 
tnew ~ Kt = 0) old ^ } 

tnew = Q3^[ told (4.10) 
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Where: 

tj - is the iterative time term. It could also be written as tn = tn^1 + tresin. 

This would allow an initial delay between resin mixing and resin infusion to be 

incorporated into the model. Often the resin is degassed following mixing to remove air 

bubbles. This time delay could be incorporated as tresin, where tresin is defined as the 

initial time delay between resin mixing and the commencement of the infusion process. 

The method used in the scaling process can be seen in Appendix D: Viscosity Scaling. 

The next stage in this work was the application. A manufacturing trial of a full scale 

complex component, the fuselage H-frame structure, was completed. This component 

will be introduced in the following chapter. 



Chapter 5: Design Overview of Fuselage 

In this chapter an overview of the GeoSurv II is provided and then the details of the 

fuselage are explained. The current design of the GeoSurv II is a modular airframe so that 

it can be transported throughout the world in order to perform its intended mission. The 

GeoSurv II can be disassembled into 6 pieces for shipment. These six pieces are the left 

and right wing, the left and right tail booms, the empennage and the fuselage. The current 

design of the GeoSurv II is shown in Figure 5.1. 

Figure 5.1: The current GeoSurv II design is shown in modular form. 
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5.1 Positioning of Fuselage 

The fuselage will be positioned between the left and right wings with the outer spars of 

the wings sliding over the inner spar of the fuselage section. The bending stresses 

generated from the lift and drag on the wings will be transferred to the fuselage structure 

through the spar carry through and the torsion loads will be transferred through two shear 

pins, one forward and the other aft of the spar carry through. A small fairing section of 

the wing is also incorporated into the fuselage. These locations are shown in Figure 5.2. 

-Aft Shear Pin Location 

Spar Carry Through / Inner Spar 

Wing Interface Fairing 

Forward Shear Pin Location 

Figure 5.2: Key positioning features on the fuselage section. 

5.2 Details of Fuselage 

The current fuselage design consists of an H-frame structure which is essentially the load 

carrying component of the fuselage. In addition to the H-frame structure, the fuselage 

consists of a nose cone and upper and lower hatches. These hatches are primarily 
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aerodynamic fairings and will see limited loading. Thus the primary structure of the 

fuselage is the H-frame. The sections of the fuselage are shown in Figure 5.3. 

Figure 5.3: The main sections of the GeoSurv II fuselage. 

The H-frame is a foam-core sandwich. The wing/fuselage fairings are an integral part 

of this H-frame. A cross-section of the H-frame is shown in Figure 5.4. 

Figure 5.4: The cross section of the structural H-frame of the fuselage. 
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5.2.1 Manufacturing Specifics 

The most viable component for a single cure process is the integral structure of the 

fuselage, the H-frame. The bushings for the spar carry through and the shear pins are not 

currently considered as part of the single process. The holes for the shear pins and spar 

carry though must be drilled and then reamed following the single manufacturing 

process. Bushings will then be inserted and bonded into the holes. In the future it would 

be advisable to consider installing the bushing during preforming and then plug them 

during infusion. Following infusion, the plugs could be removed and the bushing would 

be exposed. This would eliminate the secondary bonding step at this interface. 

5.2.2 Prototype Specifics 

The foam used in the fuselage structure should be aerospace grade. Aerospace grade 

foam is generally stiffer than residential insulation (pink) foam. However, this added 

stiffness comes with the penalty of increased weight. For the prototype design civil 

insulation foam was considered sufficient and was used to reduce prototype costs. As will 

be described in more detail in chapters 6 and 7, the residential insulation foam and its 

inherent lack of stiffness created additional problems in manufacturing. 



Chapter 6: Fuselage Manufacturing Trial 1 

6.1 Flow Modelling Simulations of Fuselage 

Flow modelling of the resin infusion of the fuselage was performed to determine an 

optimal location for the resin inlets and vacuum outlets. 

6.1.1 Objectives of Simulation 

The objective of the simulations was to determine a favourable location for the resin 

inlets and vacuum outlets. Flow simulation software allows for inlet/outlet combinations 

to be considered and analysed without costly experiments. The inlets and outlets must be 

placed so that possible flow irregularities do not adversely affect the infusion and result 

in macro voids. Thus, the primary objective of the simulation is to assist in the 

development of a robust and repeatable manufacturing setup. 

A second objective that is important in the simulations is time. The resin system that 

was selected for the fuselage has a working time of about 90 minutes at room 

temperature. Thus, it is important to identify a setup that is capable of complete infusion 

in a shorter period of time. As it is difficult to model small irregularities and fibre bed 

shearing, the infusion times are, at best, an approximation when dealing with complex 

geometries. 

129 
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6.1.2 Infusion Options Considered 

All considered options were symmetric about fuselage centerline and thus, a half model 

was used in all simulations. Of note is that in most simulation options two additional 

outlets should be placed at the trailing edge of the fairings to ensure that resin is drawn 

through the fabric in those areas. The infusion was assumed to occur at full vacuum, 98 

kPa (29 in Hg), and the permeability determined from experiments was used. In Figure 

6.1 - Figure 6.6 the infusion options are shown graphically. In these images the flow 

front can be observed by the change in colour. The colour scheme ranges from red (the 

least amount of time) to violet (the most amount of time). In each figure the same colour 

scheme is used but this scheme does not represent the same time values from one figure 

to another. 

Option 1: Infusion from Front and Rear Bulkheads 

The first option considered was placing either an infusion line or an infusion point on 

both the front and rear bulkheads. In this option the infusion distance is the longest and 

thus, infusion time would be longer than the other options. The infusion time could be 

reduced in each option by performing sequential circumferential injections. This option, 

however, would complicate the infusion and additional setup and care would be required. 

Option la: Using a vertical infusion line 

A vertical line centered on the front and rear bulkheads would require a circumferential 

outlet line around the fuselage at the mid-length, shown in Figure 6.1. 
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Figure 6.1: The infusion setup option 1a is shown with two vertical infusion lines at the 
ends and a line outlet at the mid-length. 

Option lb: Using a point infusion 

A point infusion at the center location of the front and rear bulkheads would require a 

similar circumferential outlet at the mid-length (shown in Figure 6.2). This option is 

difficult to implement as the flow approaching the outlet would not be linear thus it 

would be difficult to ensure that the resin reached the outlet at the same time. 

Figure 6.2: The infusion setup 1b is shown with point inlets at the center of the front and 
rear bulkheads with a line outlet at the mid-length. 

! 
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Option 2: Infusion on Upper and Lower Edge 

This option would allow infusion lines to be located on the upper and lower edges of the 

fuselage. An outlet would be required around the perimeter of the fuselage and additional 

point outlets are needed in the upper and lower fuselage sections (shown in Figure 6.3). 

An advantage to this setup is that the upper and lower edges could be machined following 

infusion. 

.^^jvmmmmm Line Inlet 
— — Line Outlet 

o Point Outlet 

Figure 6.3: The infusion setup option 2 is shown with infusion lines along the upper and 
lower edges. An outlet line is positioned around the perimeter with one point outlet on the 
upper and lower base plate surfaces. 

Option 3: Base Plate Infusion 

Two possible options were considered for infusion setups on the base plate. 

Option 3a: Infusion around perimeter of base plate 

The first option considered was placing resin inlets around the perimeter of the base plate 

(shown in Figure 6.4). This would result in possible resin rich regions at the corners. 
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These resin rich regions could be removed following cure. This option would require a 

point inlet in both the upper and lower fuselage section and a line outlet at a section of the 

fuselage perimeter. It would be difficult to ensure that the resin reached the perimeter 

outlet line simultaneously. 

Figure 6.4: The infusion setup for option 3a is shown with an infusion line positioned 
around the perimeter of the base plate and outlets around the fuselage perimeter with two 
point inlets one each on the top and bottom of the base plate. 

Option 3b: Infusion on base plate centerline 

Infusion along the base plate centerline is advantageous as a single perimeter outlet 

would be required around the fuselage (shown in Figure 6.5). A difficulty with this setup 

would be to ensure that the resin reached the outlet at the same time. 
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Figure 6.5: Infusion setup 3b is shown with an infusion line along the centerline of the 
base plate and an outlet line around the perimeter of the fuselage. 

Option 4: Perimeter Infusion 

The perimeter infusion option is one of the simplest and would require omega flow line 

around the perimeter of the fuselage, and it would also require two point outlets (shown 

in Figure 6.6). A potential problem with this setup could be a resin rich regions below the 

inlet flow line. This additional resin could increase OML deviation, but could be removed 

if required. 
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Figure 6.6: Infusion setup 4 is show with an infusion line around the fuselage perimeter 
and two point outlets. 

Simulation Results 

Simulation results showed several potential options that would work. The time ranges of 

infusion varied from 1.5 min (option 3a) to 1.5 hr (option lb). The complete results are 

shown in Table 6.1. 
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Table 6.1: The simulation time results from the options presented. 

Option 

la 

lb 

2 

3a 

3b 

4 

Infusion Time [s] 
(Viscosity Constant) 

1263 

2165 

161 

81 

476 

427 

Infusion Time [s] 

(Scaled for Viscosity) 

2093 

5268 

192 

94 

618 

546 

Outlets Required 

1 Line 

1 Line 

1 Line/2 Point 

1 Line/2 Point 

1 Line 

2 Point 

Option 4 was selected for implementation as it seemed to offer a simple setup with 

only a single infusion line and two point outlets. The infusion time of this option was not 

the shortest but the decreased complexity of the setup makes the additional infusion time 

tolerable. The objective was not the shortest infusion time but rather a robust 

manufacturing setup. 

6.1.3 Convergence Study 

A study was carried out to ensure that the solution had converged. A convergence study 

was only performed on the selected setup (option 4) as the remainder of the solutions 

were assumed to have similar convergence. Triangular elements were used, as they 

worked better with the geometry than quadrilateral elements, and, secondly, because 

LIMS does not allow for the combination of the two types of elements. The results of the 

convergence study are shown in Table 6.2. 
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Table 6.2: The results of the convergence study. 

Model # 

1 

2 

3 

4 

Elements 

1408 

4881 

8556 

18262 

Nodes 

743 

2513 

4373 

9273* 

Processing Time 
[s] 

3.2 

15.2 

56.3 

347.3 

Infusion Time 
[min] 

8.53 

9.10 

8.87 

8.81 

*The maximum number of nodes that can be used in LIMS currently is limited to 10,000. A trial license 
was used for this study. 

Computational time is short and the longest solution time was less than six minutes. 

The solution was found to have good convergence even with the coarse model. The 

change in infusion time is probably more associated with the positioning of the infusion 

nodes than with convergence. The infusion line was selected to correspond with the 

nodes around the perimeter of the fuselage that were in the same plane as the base plate. 

There was a slight discrepancy in the position of the nodes in the four models. 

6.2 VARTM Infusion 

The manufacturing of the fuselage structure started with the manufacturing of the 

fuselage core using a CNC router. For the prototype GeoSurv II, residential foam (pink 

foam) was used to reduce cost. The foam was cut into nine pieces and then bonded 

together with epoxy. Following the cure, small gaps and surfaces irregularities were filled 

with fairing filler. A light coat of epoxy was then applied to the foam core to allow spray 

adhesive to be used later in the layup. The assembled foam core is shown in Figure 6.7. 
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Figure 6.7: The foam core for the fuselage is shown ready for the carbon layup. 

Iff 

Following preparation of the foam core, the carbon fabric was wrapped around the 

core and spray tacked to the core to hold it in place. Care was taken to ensure that 

minimal fabric overlap occurred on the OML - the left and right surfaces. The carbon 

fibre wrapped core (shown in Figure 6.8) is ready for the next stage of the manufacturing 

process. 

Figure 6.8: The fuselage H-section is shown wrapped with carbon fabric. 

The H-section was then wrapped with peel ply andfdistribution medium. The inlet 

omega flow line was then joined together at the corners using sealant tape, T connectors, 
I 

and masking tape (shown in Figure 6.9). 
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Figure 6.9: The fuselage infusion setup showing the details of the omega flow lines at the 
corners. 

i 

The H-frame was then wrapped with vacuum bag and sealed (shown in Figure 6.10). 

Once the bag was completely sealed and no leaks were detected, the inlet tubing was 

added and clamped off. This was found to be beneficial as it allowed the bag to be 

completely sealed and checked prior to making additional holes in it for the remainder of 

the lines. 

Figure 6.10: The completed bagging setup for the fuselage infusion. 
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The foam was found to deflect under the vacuum pressure so several supports were 

cut out of wood and inserted into the upper and lower fuselage cavities. The supports are 

shown in Figure 6.11. 

Figure 6.11: The rigid supports used during the first infusion trial. 

Once the setup was completed, the SC-780 resin was mixed and then infused into the 

H-frame cavity. Several leaks were detected during the infusion. The leaks occurred at 

the corners were the vacuum bag was overly stretched and punctured by the sharp edges 

of the distribution medium. One other area where leaks were seen was where the supports 

contacted the vacuum bag. The friction between the wood and distribution medium 

caused small abrasions in the vacuum bag. These small abrasions were patched and 

breather cloth was placed between the vacuum bag and the supports. 

Several problems occurred during the infusion. There appeared to be one void about 

an inch in diameter on the lower section of the fuselage which appeared to be the result of 
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a flow irregularity. The second problem was the foam was seen to deflect under vacuum 

pressure despite the wood supports. 

6.2.1 Comparison of Simulation and Experimental Results 

The LIMS simulation model predicted an infusion time of approximately nine minutes. 

However, the infusion of the fuselage took fourteen minutes. Figure 6.12 and Figure 6.13 

show the predicted flow behaviour in comparison with the real flow behaviour. 

(a) (b) 

Figure 6.12: The infusion of the lower section of the fuselage, (a) showing the predicted 
flow behaviour and (b) showing the real behaviour. 

The flow behaviour of the lower section of the fuselage was not in agreement with 

that predicted from LIMS. The resin travelled from the sides inwards quicker than from 

the bulkheads. This resulted in resin reaching the outlet before the base plate was 

completely infused. There were several leaks in the corners which probably attributed to 

the poor agreement between the flows. 
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(a) (b) 

Figure 6.13: The infusion of the upper section of the fuselage, (a) showing the predicted 
flow behaviour and (b) showing the real behaviour. 

The flow comparison between the upper sections was in agreement except for the 

inner left front corner. This corner was slower in infusing, probably due to a small section 

without distribution medium. The resin reached the outlet from the sides and the 

bulkheads at approximately the same time. 

Despite the flow being somewhat different from that predicted, the first 

manufacturing trial was a success. The difference in the infusion can probably be 

attributed to the initial wetting of the outer edges. The flow should have initially been 

linear but this was not seen as shown in Figure 6.14. It is unclear why the flow did not 

progress in a linear fashion from the inlet. 



Figure 6.14: The initial flow wetting of the H-frame structure. 

6.3 Manufactured Fuselage 

The manufactured fuselage had good surface finish except in comers and around the 

edges. The peel ply was not tight in several of the corners and fillets and this resulted in 

resin rich regions and poor surface finish. The tolerances were poor as a result of the 

fuselage deflecting under the vacuum pressure. In Figure 6.15 and Figure 6.16 the 

manufactured fuselage is shown. From the two figures it is evident that there is deflection 

of both the side walls as well as the front and rear bulkheads. 

143 

Figure 6.15: The top view of the manufactured fuselage from trial 1. 
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Figure 6.16: The bottom view of the manufactured fuselage from trial 1. 

There was good outer surface finish; however, the transition between the fairing and 

side wall had both resin rich regions and areas of poor surface finish (Figure 6.17). These 

resin rich regions and poor surface finish were the result of the peel ply and distribution 

medium not conforming well to the fillet contour. 

Figure 6.17: The fairings are shown with poor surface finish around the curvature but good 
finish on the planar face. 

The outer surface finish was good; however, there were several sections on the inner 

surfaces which showed poor surface finish. One example is shown in Figure 6.18. 
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Figure 6.18: An view of the fuselage looking from the aft forward showing resin rich 
regions at the transition from the base plate to the side walls. 

6.4 Recommendations 

The commercial insulating foam was determined to be problematic as it did not have the 

stiffness required to maintain the desired shape of the H-section of the fuselage. A series 

of support structures were used to assist in maintaining the tolerance of the H-frame 

structure but they were found to be insufficient. Thus, it is required that a more rigid 

support structure be used in the subsequent trial. The support structure will require 

multiple points of contact around both the upper and lower sections of the fuselage. 

The initial manufacturing trial had the fabric tacked lightly to the core but there was 

evidence of the fabric shifting during or following infusion. Thus, subsequent trials 

require that the fabric be tacked more thoroughly to prevent the fabric from shifting 

following infusion. 

To alleviate the poor surface finish and resin rich regions the peel ply must be tacked 

in place prior to infusion. The peel ply must conform well to the corners and transition 
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regions. The distribution medium must be positioned to allow the vacuum bag to force 

the peel ply tightly to the carbon fabric. 

Care needs to be taken at the concave corners to ensure that sufficient vacuum 

bagging material is present to prevent the distribution medium from causing holes in the 

bag. 



Chapter 7: Fuselage Manufacturing Trial 2 

The second infusion trial was performed to improve upon the advances made during the 

first trial. The problems encountered during the first manufacturing trial were identified 

and the recommendations from that trial were implemented. 

7.1 Modifications from Trial 1 

The modification compared to the first manufacturing trial was the manufacturing of a 

rigid support structure from MDF. The rigid support structure was manufactured in two 

pieces for the upper section and one piece for the lower section. The MDF was then 

wrapped in breather cloth to prevent abrasion of the vacuum bag. The rigid inserts are 

shown in Figure 7.1 inserted into the H-frame of the fuselage. 

Figure 7.1: The rigid inserts are shown inserted into the fuselage. 

147 
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The carbon fabric was tacked to the H-frame core carefully to ensure that the fabric 

was tight in the corners and to ensure that the fabric could not shift following infusion. 

Extra care was taken to ensure that the peel ply was tacked to the carbon fabric and that it 

conformed well around and into the corners. The distribution medium was loosely placed 

to allow it to be positioned more correctly as the vacuum pressure was drawn. 

7.1.1 Parameter Variability 

A variability study was completed to determine the variation in infusion time when input 

parameters are altered. The values used in the variability study were based on one 

standard deviation of fibre volume fraction as well as the permeability. The results from 

the study are shown in Table 7.1. 

Table 7.1: The results of the variability study. 

Average 

Max 

Min 

Vf 

0.552 

0.515 

0.515 

0.589 

0.589 

K[m 2] 

5.01 x 10"10 

3.75 x 10"10 

6.27 xlO"10 

3.75 xlO"10 

6.27 xlO"10 

Infusion Time 
[min] 

9.10 

13.81 

7.72 

11.40 

6.44 

The variability showed that small changes of input parameters have a large effect on 

the output parameter, time. As Table 7.1 indicates, one standard deviation in the input 
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parameters results in an infusion time between 6.4 and 13.8 minutes. This means that 

when dealing with complex simulations the infusion time is only an estimated value. 

7.2 VARTM Infusion 

The VARTM infusion for the second manufacturing trial of the fuselage H-frame was the 

same as that discussed in section 6.2 with the exception of the modifications mentioned 

in 7.1. 

The infusion progressed more linearly from the inlet lines than that observed during 

the first manufacturing trial. The flow showed little variation from what was expected, 

with the exception of two inner corners. The flow was slower in these two regions 

because the distribution medium had been cut short in an attempt to prevent it from 

puncturing the vacuum bag in those locations. 

Several small leaks occurred during the infusion but these leaks were detected and 

fixed. The location of the small leaks was at the corners of the upper and lower sections 

where the distribution medium edges had caused small perforations in the vacuum bag. 

The VARTM infusion took slightly less than fourteen minutes to complete. No void 

formations were observed during the flow progression. 

7.2.1 Comparison of Simulation and Experimental Results 

The experimental infusion was very similar to that seen from the simulation. In Figure 

7.2 the predicted flow pattern of the upper fuselage section is shown and in Figure 7.3 the 

experimental simulation is shown. Two images are shown in Figure 7.3 to provide an 
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indication that the flow progressed in a similar manner to that predicted. One slight 

discrepancy that was previously mentioned can be seen in Figure 7.3 in the upper right 

corner (indicated by an arrow). 

Figure 7.2: The predicted flow behaviour of the upper fuselage section. 

Figure 7.3: The flow behaviour of the upper fuselage section showing good correlation 
with the simulation flow behaviour. 

The flow behaviour of the lower fuselage section was similar to that predicted from 

the flow simulation. The predicted flow behaviour is shown in Figure 7.4 and the 

experimental flow front in Figure 7.5. There was one discrepancy which is shown in the 

top left corner of Figure 7.5. This discrepancy was the result of the distribution medium 

being cut short in the corner, as previously mentioned. 
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Figure 7.4: The predicted flow behaviour of the lower fuselage section. 

Figure 7.5: The flow behaviour of the lower fuselage section showing good correlation 
with the predicted flow. 

The flow region predicted in the flow simulation was in good agreement with that 

seen experimentally. However, the predicted flow time of nine minutes from simulation 

was only an approximate estimate of the fourteen minutes that the actual H-frame section 

required for complete infusion. The discrepancy in time is probably the result of multiple 

items which include fabric shearing, folds in vacuum bagging, distribution medium 

overlap, and regions in the corners where distribution medium was cut short. Due to 

irregularities and complexities in VARTM it is generally difficult to obtain good time 

correlations between experimental and simulation when dealing with complex 

geometries. The aspect of flow simulation that is essential is the geometry of the flow 

front progression. 
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7.3 Manufactured Fuselage 

The manufactured fuselage from the second manufacturing trial showed improvement in 

overall quality and good surface finish. There were still several small resin rich regions 

but these were located at the interface between the base plate and the side walls. The 

transition radii between the fairings and sidewalls were smooth and had good surface 

finish. The manufactured fuselage is shown in Figure 7.6. 

Figure 7.6: The manufactured fuselage from the second manufacturing trial showing 
significant improvement over the first fuselage. 

There were, however, issues with dimensional tolerances on the fuselage. In 

particular there was evidence that the front and rear bulkheads had deflected inwards as a 
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result of the vacuum pressure. The side walls appeared straight. To compare the 

manufactured fuselage to the design several measurements were taken and were 

compared to the design values. The results are shown in Table 7.2. The measurements 

have an error of +/- 1 millimetre. The largest deviations from the OML were at the front 

and rear bulkheads. 

Table 7.2: Measurement comparison between the fuselage design and the manufactured 
fuselage. 

Measurement Location 

Rear width 

Front width 

Length (Centerline) - Top 

Length (Left) - Top 

Length (Right) - Top 

Length (Centerline) - Bottom 

Length (Left) - Bottom 

Length (Right) - Bottom 

Length - Fairing to Fairing 

Design [mm] 

338.6 

287.5 

.1121.2 

1121.3 

1121.3 

1119.8 

1119.9 

1119.9 

395.2 

Actual ± 1 [mm] 

340 

290 

1116 

1121 

1120 

1112 

1118 

1118 

394 

In addition to the measurements, surface variation was estimated by using two rulers. 

Surface variation is a measure of the deviation from the surface. The results of the surface 

variation are shown in Table 7.3. 
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Table 7.3: Surface Variation of the manufactured fuselage. 

Side Profile 

Rear Bulkhead 

Front Bulkhead 

Left Side 

Right Side 

Top Profile 

Front Bulkhead 

Rear Bulkhead 

Edges 

Top 

Bottom 

Surfaces 

Inside Upper 

Inside Lower 

Fairing/Wing Interface 

Deviation ± 0.25 [mm] 

3 

5 

2.5 

3.5 

2 

1.5 

1 

2 

0.75 

0.75 

0.5 

Flatness tests were performed on several section of the fuselage using a FARO 

Advantage Arm, Coordinate Measuring Machine (CMM), model C0402, with a single 

point accuracy of 0.051 mm. The flatness calculations were performed using the FARO 

CAM 2 software program. The results of the tests are shown in Table 7.4. 
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Table 7.4: The results of the planar flatness tests. 

Rear Bulkhead Horizontal 

Rear Bulkhead Vertical 

Front Bulkhead 
Horizontal 

Front Bulkhead Vertical 

Left Sidewall 

Right Sidewall 

Planar 
Flatness 

[mm] 

2.72 

2.88 

2.48 

3.53 

3.53 

4.17 

Std 
Dev 

0.74 

0.61 

0.67 

0.70 

0.88 

1.2 

The results of these measurement and flatness test show a further refinement of the 

manufacturing technique is required to improve the tolerances of the OML. The front and 

rear bulkheads are not necessarily a large concern as they will not affect the OML. The 

sidewalls, however, still show evidence of deflection from the vacuum pressure despite 

the rigid supports used. There is thus a requirement for a more sophisticated support 

structure with tighter tolerances. This support structure should be manufactured as a 

single section for both the upper and lower section. It should be manufactured using a 

CNC router to obtain tighter tolerances. 

7.4 Comparison of Trial 1 and Trial 2 

The surface finish of fuselage was a marked improvement over the first trial. Rigid 

inserts were used in the second infusion to hold the foam core in its correct position and 



156 

improved outer tolerances. The support structure alleviated the bending that was seen in 

the first fuselage trial. There were still several surface voids around the base plate at the 

rounds. These voids are cosmetic and should not affect the structural performance of the 

fuselage. These surface voids could be either sanded out or filled with epoxy to eliminate 

them. Images of the typical surface voids are shown in Figure 7.7 

There were few resin rich regions on the second trial and those present were only 

located at the interface between the base plate and sidewalls. The fairing interface was of 

much higher quality. The first trial was not adequate to be used on the prototype GeoSurv 

II although the second trial is. 

(a) (b) 
Figure 7.7: Surface voids from the two infusion trials are shown, (a) voids from trial 1 and 
(b) voids from trial 2. 

7.5 Manufacturing Conclusions 

The "mouldless" manufacturing technique using VARTM is a viable option for low cost 

airframe fabrication although there are tolerance issues that need to be addressed further. 
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The use of commercial insulating foam complicates the technique as it is less rigid than 

most aerospace grade foams. A rigid support structure is required to improve the 

tolerances on the OML. The deviations in flatness of the surfaces can be reduced by 

fabricating a more precise support structure which should be inserted during the infusion 

process. The support structures should be designed from the CAD models and then cut 

using the CNC router to obtain better tolerances. 

The use of aerospace grade foam also eliminates the need to seal the foam with epoxy 

prior to infusion, thus offering potential weight savings. The sealer added approximately 

0.5 kg of weight to the H-frame structure of the fuselage which, in total, weighs around 5 

kg. On the other hand, aerospace foam will likely have a higher density so the issue 

would have to be investigated further. 

The vacuum bagging material (Strechlon 200) was susceptible to punctures when 

stretched. This created difficulties in the manufacturing. Future trials should consider 

using a tougher bagging material to prevent small leaks. 



Chapter 8: Conclusions 

Based on an in-depth study of current low-cost manufacturing methods of carbon epoxy 

composites, VARTM offers significant cost saving potential. VARTM was demonstrated 

to have equivalent material properties and, by nature of the method, better repeatability 

than the Hybrid Hand Layup method. 

A channel flow permeability apparatus was developed to assist in determining the 

permeability of fibre preforms. The apparatus was shown to produce repeatable results 

with good correlation to known theory. 

VARTM was used in the development and implementation of a unique "mouldless" 

manufacturing technique which could be implemented on small aircraft and UAVs to 

make them cost effective. The "mouldless" technique uses the foam core as the tooling 

surface eliminating the requirement for expensive tooling. Two trials were completed 

with this new technique and they provide evidence that this is a feasible low-cost 

technique. 

LIMS assists in VARTM manufacturing as it provides a beneficial tool in flow 

visualization as well as assistance in determining a favourable location for the resin inlets 

and vacuum outlets. 

158 
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8.1 Future Work 

VARTM is relatively new to the aerospace industry and its adoption by manufacturers 

has been slow. The main methods used in the aerospace industry are Hybrid Hand Layup 

and conventional prepregs. Further testing of VARTM coupons is required to show that 

they offer equivalent material properties to current manufacturing methods. A more in-

depth comparison with the Hybrid Hand Layup method should be completed and the 

issue of resin degradation should be investigated further. The out-of-autoclave prepregs 

are a relatively new option and, if an oven was available, this is an option that should be 

considered further. 

The "mouldless" manufacturing technique developed using VARTM needs 

refinement to improve dimensional tolerances and produce an OML closer to the design 

specifications. The tolerances can be improved through the use of a rigid support 

structure and/or through using aerospace grade foam. The second generation trial of the 

fuselage H-frame structure is suitable for the prototype GeoSurv II but improvements in 

tolerance are required prior to implementation on the GeoSurv II fleet. 

The future work should begin to examine and consider in-field repair methods for the 

developed manufacturing technique. As with any new manufacturing process, a suitable 

set of repeatable in-field repair techniques is required before components can be placed 

into service. 

The current channel flow permeability apparatus should be expanded to 2D with the 

implementation of an LVDT apparatus or laser scanning device. This will allow the 
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combined compaction and permeability measurements to be obtained. A more accurate 

simulation model can then be developed to incorporate the compaction phenomena. 

8.2 Contributions 

The current low-cost manufacturing methods for the manufacturing of carbon epoxy 

composites were studied and the advantages and disadvantage of the methods were 

assessed. An in-depth comparison of two methods was completed to determine their 

suitability for manufacturing small production runs of non-military UAVs and small non

commercial aircraft. The research has shown that VARTM, used for years in the marine 

industry, should be considered a feasible low-cost high-performance manufacturing 

method. This research should form the basis for assisting in the development of this 

manufacturing method. 

Permeability apparatuses were researched and a channel flow apparatus was shown to 

offer a feasible method of determining in-plane permeability data of fibrous preforms. A 

low-cost permeability apparatus was designed and fabricated. This apparatus can later be 

expanded to calculate permeability and compaction data simultaneously. 

This thesis has contributed to the development a low-cost "mouldless" manufacturing 

technique using VARTM. A full scale complex component was manufactured using 

VARTM and this technique. The manufacturing technique should be considered for small 

aircraft which requires a foam core design for added stiffness and strength. 
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Appendix B: Manufacturing Supplies 

This appendix contains details on the products used in the manufacturing portion of the 

thesis. 

Mould Sealant Epoxy - West System Epoxy: Part A 105 and Part B 205 or 206 [1] 

Wax - Formula Five release wax [2] 

Breather - Econweave 44 [3] 

Peel Ply - Econoply J [3] 

Distribution Medium - Resinflow 60 [3] 

Spray Adhesive - Airtac II [3] 

Vacuum Bag - Strechlon 200 [3] 

Sealant Tape - AT-200Y [3] 

Resin Systems [4] 

SC-1: An ambient temperature cure VARTM resin from Applied Poleramic Inc 

SC-780: A toughened VARTM resin from Applied Poleramic Inc 

Fabric [5] 

48370 - 2x2 twill, 12k tow warp/weft, fabric weight 370 g/m2, AS4C fibre. 

X6B375 - 5HS, 6K tow warp/weft, fabric weight 370 g/m2, AS4C fibre 

AGP370 - 5HS, 6k tow warp/weft, fabric weight 376 g/m2, AS4 fibre. 
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Sources for Technical Data 

[1] West System, www.westsystem.com. 

[2] Rexco Mould Care Products, www.rexco-usa.com. 

[3] AIRTECH International, www.airtechonline.com. 

[4] Applied Poleramic Inc., www.appliedpoleramic.com. 

[5] Hexcel Corporation, www.Hexcel.com. 

http://www.westsystem.com
http://www.rexco-usa.com
http://www.airtechonline.com
http://www.appliedpoleramic.com
http://www.Hexcel.com


Appendix C: VARTM Repeatability Study 

This appendix contains the set of data pertaining to the repeatability study including 

panel 24 which was determined to be defective. The vacuum pressure was turned off 

during the manufacturing of panel 24 and the fabric subsequently relaxed. 

Table C.1: The tensile results of the VARTM repeatability study. 

Panel 

24 

25 

26 

Tensile 

Strength 

[MPa] 

529 

852 

836 

dev 

19 

32 

18 

Tensile 

Modulus 

[GPa] 

47.1 

62.1 

66.5 

dev 

3.7 

2.1 

2.7 

Strain 

0.011 

0.013 

0.013 

dev 

0.001 

0.001 

0.001 

Table C.2: The shear results of the VARTM repeatability study. 

Panel 

24 

25 

26 

Shear 

Strength 

[MPa] 

29.8 

62.5 

56.6 

dev 

3.6 

0.9 

0.9 

Shear 

Modulus 

[GPa] 

4.1 

7.0 

7.1 

dev 

0.24 

0.08 

0.38 

Strain 

0.039 

0.050 

0.050 

dev 

0.009 

0.000 

0.000 
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Table C.3: The fibre volume fraction results of the VARTM repeatability study. 

Panel 

24 

25 

26 

vf 

0.43 

0.54 

0.57 

dev 

0.013 

0.008 

0.005 



Appendix D: Viscosity Scaling 

Process for Scaling 

1. Open resulting dmp file in excel using space delimited and go to the last section 
entitled nodal results. (If you are not familiar with the dmp file type then refer to 
the help file for LIMS) 

2. Apply equation for tnew to last column (ie. time). Since the process is iterative the 
equation should be applied till a specified convergence value is obtained. (Three 
iterations were found to be sufficient) 

3. Copy this new column using past special —> values 
4. Copy the four columns under nodal results. (Note: Ensure first blank column is 

not copied) 
5. Open original dmp file in notepad and delete values in nodal results section 
6. Paste copied cells from excel into the notepad file 
7. Search (in excel) the new time values and find the maximum using MAX(insert 

time cells) 
8. In the notepad window press Ctrl+f and search "results". Set results at # to the 

maximum time value from excel 
9. Then save the file. File —> Save as 

a. Change "Save as type" to All Files 
b. Type filename and add ".dmp" at end 

10. Then open the saved .dmp file in LIMS. 
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