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Chapter 1 

INTRODUCTION

1.1 Background

The industrial revolution o f the early 20th century, fueled largely by the 

automobile and metal industry, led to a development of a largely transportation 

dependent North American society. Prior to the 1970’s emissions controls were poor 

which resulted in significant pollution o f the environment. The public’s concern for 

the environment increased with the threat o f smog, global warming and ozone 

depletion.

The automotive industry responded to society’s concerns through research 

into alternatively fueled automobiles. Alternative fuel systems used today include 

electric power, hybrid fuel/electric power, compressed natural gas (CNG) and 

liquefied petroleum gas (LPG). Unfortunately, these technologies come at a greater 

cost to the consumer and usually result in lesser performance as related to gasoline.

Alternative fuel systems in automobiles are classified largely on emission 

performance. Typical designations today are categorized follows:

• Low Emissions Vehicle

•  Ultra Low Emissions Vehicle
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•  Zero Emissions Vehicle

Arguments exist as to which fuel systems result in the release o f the least total 

amount or life cycle emissions to the environment. For example, a zero emissions, 

electric powered vehicle may be supplied by power from a coal burning thermal 

electric generating system. In this case the pollution resulting from the generation of 

this power may in fact be worse then if  the vehicle ran on regular gasoline.

Liquefied Petroleum Gas (LPG, principally propane) powered vehicles offer a 

reduction in emissions, little reduction o f  vehicle performance and a straightforward 

conversion from gasoline to LPG. Additionally, LPG fuel is readily available in 

many locations across North America. Even with the apparent advantages, several 

hurdles must be overcome before LPG can become a viable alternative to gasoline 

power.

Two o f the greatest obstacles remaining are the increased cost of the LPG 

automotive fuel delivery system and the fuel tank, and a reduction in the vehicle 

driving range. In addition, the added w eight o f the required fuel system components 

reduces the performance o f the vehicles. The fuel tank is necessarily heavier because 

it is a pressure vessel, whereas gasoline is stored at ambient pressure. So the source 

o f these disadvantages lies quite heavily on the fuel storage methods currently 

employed on the vehicles.
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The scope o f  the present research is to address these two primary issues 

through the development of a more economical, higher storage capacity LPG fuel 

tank. A less costly fuel tank would produce a more economic LPG fuel system. 

Additionally, a greater storage capacity for the fuel tank would result in an increase in

the vehicle’s driving range.

1.2 Concept

The goal o f  the research is to develop a cost effective, high storage volume 

pressure vessel. A primary design constraint is the size o f the rectangular shaped 

envelope available on the vehicle for the fuel storage vessel. Designs focused on 

developing a fuel tank for a Dodge full size van. Dimensions for the storage space in 

this case measured 36”X23”X14” (914.4 mm X 584.2 mm X 355.6 mm).

Several possible design variations would make use of the available space for 

fuel storage. Multiple cylinders are currently used in various arrangements to provide 

fuel storage within the tank envelope. However, areas above and below the 

intersection areas between the cylinder are effectively wasted space. Figure 1 

illustrates how effectively different arrangements utilize the available space.

The aspect ratio is the width to height ratio o f the available space. From 

Figure 1, it is quite evident that a low aspect ratio results in a single or double 

cylinder arrangement, and a poor utilization o f space. As the aspect ratio increases,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



<
&&o «
I I
3*
co
o5

I lliillj ... * .

iMM*
S §EilfMf

t̂M'1
,

—------ tsP—-

r  :

IW ifj i
" j‘S*.gju ‘it •s.

S i w § jr.*;”:,

Conformable Tank

mm

1.0 1,5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Envelope Aspect Ratio

Multiple Cylinders

Figure 1. Volumetric efficiency o f different tank designs (from Ref [10])

then more numerous cylinders would increase the space use efficiency. However, 

multiple connections between the cylinders would increase the complexity and cost of 

the system. A single rectangular, storage envelope conformable design would 

maximize space use efficiency, increasing the fuel storage capacity o f the vehicle.

1.3 Design Considerations

Pressure vessels are typically cylindrically shaped. A thin walled spherical or 

cylindrical shape produces membrane loading of the walls. The resulting stress is 

solely tensile in the hoop and axial direction.

A flat walled pressure vessel has the tendency to bow outward under pressure. 

Although, the axial stress is not large, the bending forces generated by the pressure 

pushing the walls outward is significant. The resulting bending stresses act to force 

the walls out towards a cylindrical or spherical shape.

4
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Computer modeling of pressurized flat plates and published equations for flat 

plates provided the foundation for the design process. The deflection o f a flat plate 

varies with the square o f the unsupported span length. Cutting down the unsupported 

span length, through reinforcement or wall segmentation, would be the key to 

reducing the deflection and stress in the vessel walls.

To utilize a flat walled pressure vessel, a method of reinforcing the walls from 

outward bowing had to be devised. Concepts such as utilizing a space frame around 

the tank and tie rods between flat walls were explored and were set aside. Two final 

concepts were arrived at and followed through by detailed analysis, and eventually by 

tank construction.

The first concept was a rectangular tank with internal walls formed by 

connecting modules. Bain’s research [1] focus dealt primarily with developing a 

modular design. His design would allow for the flexibility o f adding or subtracting 

modules to change the volume as required.

This thesis investigates a single shell tank design. Support against bending is 

obtained through the use o f an internal ribbing system. Various rib configurations, 

based on preliminary finite element analysis (FEA) rib modeling, were compared for 

their effectiveness o f  reinforcement versus factors such as weight and volume losses.

Three final ribbed designs were arrived at through successive iterations of 

varying rib dimensions and spacing. The final designs utilize ribs running parallel to
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each other across the width of the tanks. Two prototypes o f  the designs were 

constructed to validate the results o f computer FEA with experimental results.

1.4 Material Selection

Two of the original design requirements were weight and cost reduction over 

the currently used storage vessel. To satisfy both objectives, material processing and 

properties were examined. A high production volume, economical construction 

process resulting in a lightweight product would serve as the ideal candidate method 

for making such a product.

The complexity o f the internal cavity design in the single shell pressure vessel 

imposed significant constraints on the construction o f the tank. The use o f  metals, 

such as aluminum would be possible through a multi-stage welding process. 

However, DaimlerChrysler had previously experienced problems with aluminum 

contaminants entering the fuel from the bi-products o f  the construction process. 

Additionally, a welding process would require significant tooling set-up costs if 

undertaken in production.

Polymer materials, with their inherent design flexibility, immediately 

appeared as promising candidates for the construction o f the LPG tanks. In 

particular, fiber-reinforced polymer composites, have high specific strengths and can 

be utilized to produce almost any design shape. Material processing flexibility
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through the use of polymers could diminish many limitations that might otherwise be 

realized with other materials.

The proposed tank utilizes a combination o f unidirectionally wound E glass 

fiberglass ribs and a final bi-directional, fiberglass mat wrap over a thermoplastic, 

blow molded tank cavity. A blow molded tank liner is proposed to provide a form for 

over-wrapping and act as a fluid barrier for the fuel. The fiberglass unidirectional 

ribs and bi-directional mat over-wrap carry the majority o f  the stress resulting from 

pressure acting against the walls o f the tank.

1.5 Prototype Construction

Prototype tanks were constructed to validate the performance predicted by 

computer models. Modeling o f the tanks was performed in ALGOR, a finite element 

analysis software package. Prototype models were then constructed based on the 

design of the computer models.

Two prototype models were constructed but with sculpted polystyrene foam 

forms substituting for the blow molded tank liners. The foam was utilized to allow for 

low cost design flexibility and reduced construction times over other prototyping 

methods. Fiberglass and epoxy were then applied over the foam form, based on a 

pre-designed, specific lay-up procedure. After a minimum 36 hour cure time, the 

foam core was dissolved with acetone.
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1.6 Prototype Validation

As a final step, both prototype tanks were tested to validate the models. A 

Sciemetric™ data acquisition system, using Gen200™ data acquisition software, was 

utilized to measure both the strains and displacements during the test. Results from 

the comparison of physical testing and computer results were used to assess the 

validity o f the final full-scale tank designs.
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Chapter 2

LITERATURE REVIEW

2.1 Introduction

Several design objectives for the development o f a conformable liquefied 

petroleum gas (LPG) were laid out prior to undertaking research on the single cavity 

design. Most significantly, decisions involving material selection and potential future 

manufacturing techniques were made. Bain’s thesis [1] describes the decision 

making process on material selection and the relative technologies quite extensively.

The design of a conformable pressure vessel is unique. Utilizing polymer 

composites to accomplish this task furthers the scientific contribution through 

innovative designs coupled with advanced material selection. Before the research 

was undertaken, an extensive review of literature was conducted to gain better 

understanding o f the materials selected and the status o f  the current state o f the art. In 

addition, the review provided insight into potential development concerns and various 

options to accommodate the manufacturing of a polymer composite, flat sided 

pressure vessel.

2.2 Polymers

Polymer selection is based largely on a component’s material’s performance 

requirements. As with any material, a polymer’s performance is measured based on 

several parameters. In the case o f the thermoplastic tank liner, performance must

9
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allow for both chemical resistance to propane and good interaction with the 

composite over-wrap.

Many suitable monomers for polymerization exist. The polymer’s resulting 

reactions with the monomers are categorized with respect to the polymerizing 

mechanism. Two categories of polymerizing reactions are common, addition and 

condensation. In either case the polymers formed by these reactions may be linear or 

cross-linked [2],

2.2.1 Thermoplastic Polymers

Within the thermoplastic group of polymers, there are basically two 

arrangements o f polymer chains, amorphous and crystalline. Amorphous polymers, 

Figure 2a, have randomly orientated molecular chains. The tangled string-like 

structure o f amorphous polymers generally results in high ductility and elongation. 

Crystalline structures, Figure 2b, contain regular chain arrangements resulting in a 

stronger and stiffer material.

To better understand the behavior of the two different molecular arrangements 

under load, the resulting molecular motion must be examined. When an amorphous 

structure is subject to load, the chains generally untangle and elongate with relative 

ease. However, some amorphous polymers such as pure polystyrene and poly(methyl 

methacrylate) (PMMA), form brittle structures due to their side groups. In the case
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Figure 2. (a & b) Comparison o f chain arrangements in thermoplastics

of a crystalline structure, it is much more difficult for the individual chains to move. 

The highly orientated arrays o f molecular chains hold the molecules more closely 

together, resulting in restricted molecular motion.

In general, the performance o f polymers can be related largely to the ease at 

which molecular chains can move. In addition to molecular arrangement, any factor 

that makes chain, or molecule, movement more difficult increases the strength o f the 

material. Increasing the number or size o f side groups, the molecular weight or 

adding stiff fillers can all increase the strength and reduce the ductility o f  a 

thermoplastic polymer.

11
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2.2.2 Thermoset Polymers

Thermoset polymers behave similar in principle to thermoplastics as far as 

strengthening mechanisms are concerned. Like thermoplastics, the strength o f a 

thermoset may be changed by factors such as side groups and molecular weight. The 

significant difference is that a thermoset has a structure that forms cross-linking 

betw een the molecular chains as shown in Figure 3.

Unlike thermoplastics, that on heating, may be formed into different shapes, a 

thermoset once cured will remain the same shape. The cross-linked structure 

prevents the movement of molecular chains, through the ty ing o f all chains together 

into one lumped mass. When a thermoplastic is reheated, the absence of cross- 

linking allows the chain spacing to increase. This in turn makes molecular movement 

much easier, resulting in an easily reformed material.

Thermoset plastics often have higher moduli than amorphous thermoplastics. 

This may be attributed to the cross-linking. As load is applied to a thermoset

Figure 3. Cross-linked structure

12
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Wheatstone Bridge Circuit Fundamentals

Sir Charles Wheatstone (1802-1875), an English scientist, discovered a method of 

accurately measuring changes in resistance in 1842 [16], The bridge circuit he developed 

for the measurement o f resistance became known as the Wheatstone bridge. His circuit is 

useful, for both the determination o f the absolute value o f resistance, in addition to the 

measurement o f changes in resistance.

( 2 )

1 s>

; . D »4:

X f r

Figure 32 Schematic o f Wheatstone Bridge

The principles o f the Wheatstone bridge, illustrated in Figure 32, are based largely 

on the relationship between the supply voltage, Vs, between points 2 and 3 and the output

Rt +R2
voltage, V0, between points 1 and 4. With a voltage supplied to the circuit, the partial 

voltage across resistor 1, Rj, is a product o f the supply voltage multiplied by the ratio o f 

resistance o f Ri over the total resistance o f the arm.

210
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If  the partial voltage is similarity calculated across resistor 4, R4, the difference 

between the two partial voltages is:

V = V
\ R \+ R2 R 3 +R4

If  the values o f resistance are all equal, the bridge is perfectly balanced, Vo=0. Changing 

the resistance in any one o f the resistors, result in a measurable output voltage from the 

bridge circuit.
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