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Summary 

Aerospace structures are always required to be as l ight as possible, i n order to acquire a h igh cost efhciency. 

I t is because of this that composites, such as carbon hber reinforced plastics, having a h igh stiffness to 

density ratio are very interesting for aerospace structures. A structure that has received particular interest is 

the fue l tank to store l iqu id hydrogen in , wh ich is usually made f r o m a lumin ium. The desire is to make the 

tank lighter by using a composhe, the anisotropic composite however poses some difhculhes that need to be 

attended before i t can be used safely: dur ing a test by NASA a quarter scale tank fai led due to unexpected 

permeation of hydrogen through microcracks, caused by repeated thermal and mechanical loading. 

In this research i t is proposed to cover the tank wal l w i t h a polymeric liner, w i t h the a im of adding a barrier 

that is less prone to crack fo rmat ion - and therefore leakage - than the composite tank wal l . Because 

permeabihty values of materials are scarce, the objective i n this research is to develop a gas permeabihty test 

apparatus and to use this to test mul t ip le candidate liner materials. I t is fur thermore of interest to determine 

how the materials main ta in their permeabil i ty characteristics whi le being strained, when exposed to a range 

of pressures and after undergoing mul t ip le thermal cycles. It is fur thermore investigated what the expected 

hydrogen volume loss w i l l be of a hypothetical tank w i t h a l iner as a func t ion of temperature, using the 

Arrhenius equation. 

I t was decided to design the apparatus and acquire data w i t h the volumetr ic method as described i n a 

permeabil i ty test standard of ASTM, based on cost, manufacturabihty and measurability. Also a permeant 

needed to be decided: although testing w i t h hydrogen w o u l d provide the most accurate results, its h igh 

hammabi l i ty is a large drawback. Based on molecule diameter and a study that compared permeabil i ty of 

hydrogen and he l ium, i t was decided that he l ium, wh ich is inert, w o u l d be a good alternative. FinaUy the 

materials needed to be decided upon. The huoropolymers FEP, PTFE and PFA were selected as candidate 

liner materials based on their h igh flexibility and low glass temperature, the l i q u i d crystal polymers Vectra 

A130 and A950 were selected based on their h igh stiffness, low coefficient of thermal expansion and 

suggested low permeability. Furthermore, a carbon hber epoxy composite was selected as a candidate tank 

wah material, w h i c h is similar to composites used i n hterature. A l l materials were tested for permeabil i ty at 

the condidons specified i n the previous paragraph and, i n case of the huoropolymers and hqu id crystal 

polymers, compared to reference values as achieved by a th i rd party, who was commissioned for this 

research. This approach resulted i n a device w i t h wh ich the permeabil i ty of the materials under the 

predefined test conditions could be performed. W i t h this device i t was shown that the permeabil i ty of the 

anisotropic materials was greatly affected (i.e. large increase) by straining them, as opposed to the 

huoropolymers wh ich showed only a very small increase. The fluoropolymers on the other hand have 100 

times higher permeabil i ty than the other material types. Thermal cycling showed a small increase for Vectra 

A950, whi le a small decrease for the fluoropolymers. W i t h respect to the reference values, the measured 

values are ah higher except for PTFE. Permeability as a f u n c t i o n of pressure showed that Vectra A130 is 

inf luenced by the permeant, whUe the fluoropolymers remain largely unaffected. The expected volume loss 

of a hypothetical tank using the Arrhenius equation shows an exponential decrease i n volume loss when 

decreasing the temperature. At 21 K, the temperature of l i qu id hydrogen, the leak rate is between 10"^^ and 

10"^'' LIh for fluoropolymers and about 10"^'' L/h for the Hquid crystal polymers when using he l ium as 

permeant and applying a pressure between 3.8 and 5.7 bar of pressure. 

The apparatus vnth the flat surface is essentially the correct device w i t h wh ich a permeabil i ty test should be 

performed. The data acquisition however can be improved as i t lacks accuracy and precision, especially for 

low permeabil i ty materials. Regarding the test results i t is concluded that straining the specimen by bending 

them by applying he l ium pressure results i n a significant increase for the anisotropic materials. However, i t 

cannot be quant i f ied how strain affects the permeability, due to the nature of the test setup wh ich allows for 

a heterogeneous strain held. In future this can be mod i f l ed by designing a biaxial strain device around the 

apparatus. The isotropic materials are far less suscephble fo r the increase i n permeabUity due to strain, 

nevertheless i t has a 10 times higher permeabiUty. Thermal cycling affected the permeabUity of Vectra A950 

by a noticeable increase, whUe for the other materials the change was either not there or cannot be 

explained. Regarding the varying pressure test i t can be concluded that the permeabUity of A130 is a 

f u n c t i o n of pressure, whi le the huoropolymers behave almost ideally. Based on the volume loss of a 
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l iypotl iet ical tank under tlie given assumptions i t is concluded that volume flow out of the tank becomes 

negligible at 21 K, regardless of liner material used. From the observed influences of strain and thermal 

cycling on the liners and the nodon that permeahon goes to zero as temperature nears zero, h can be 

concluded that the mechanical stabihty of the liner under mechanical and thermal load is more impor tant 

than the bulk material permeability. 
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Introduction 

1.1. Research motivation and objective 
Pressure vessels for l i qu id hydrogen storage were mosdy made f r o m metals i n the past. The external tank of 

the Spaceshuthe for instance was made out of a lumin ium, and pressure vessels for long t e rm storage on 

ground level are made of austenitic steels. For the aerospace sector the use of composites instead of metals 

w o u l d be intereshng as the construction can be made more hghtweight, hence more cost efhcient i n 

operational use. At present, the cohaborative project CHATT (Cryogen Hypersonic Advanced Tank 

Technologies) has started to gain knowledge on cryogenic tanks for fu ture aerospace applications. Interest is 

shown i n tiie design and construction of a mul t i - lobe pressure vessel made out of the l ightweight composite 

material, wh ich is able to contain l i q u i d hydrogen and w i t h the intent to reuse for mul t ip le launches into 

space. 

NASA has the same intension, and already made and tested a quarter scale carbon hber reinforced plastic 

(CFRP) sandwich pressure vessel i n 1999, dur ing w h i c h the tank failed. One of the most probable causes was 

that "microcracking of the inner facesheet allowed hydrogen in f i l t r a t ion into the core"[ l ] . This means that 

the hydrogen gas that has boi led off was able to permeate through a series of microcracks, probably caused 

by the repeated combinat ion of a pressure load at cryogenic temperature. As the gaseous hydrogen leaked 

into the honeycomb structure, where the cracks d id not propagate in to the outer facesheet, Üie gaseous 

hydrogen was trapped i n the honeycomb and could bui l t up pressure, damaging tiie core and peeling o f t h e 

inner and outer facesheets [1]. Since then, many experimental studies have been per formed to quant i fy the 

gas permeation of various composite materials at various load environments and preloaded conchtions, i n 

order to find a composite material that is able to keep the hqu id hydrogen i n the vessel. 

I n this research i t is proposed to cover the tank wal l w i t h a polymeric liner, w i t h the a im of adding a barrier 

that is less prone to crack fo rmat ion - and therefore leakage - than the composite tank wah. Because 

permeabihty values of materials are scarce, the objective i n this research is to develop a gas permeabiUty test 

apparatus and to use this to test muhip le candidate l iner materials. I t is fur thermore of interest to determine 

how the materials mainta in their permeabUity characteristics whi le being strained, when exposed to a range 

of pressures and after undergoing mul t ip le thermal cycles. 

1.2. Approach 
The project is started w i t h a literature study o n the subject of permeabil i ty of pressure vessels. At tent ion is 

paid to the load environment of the pressure vessel dur ing its l i fet ime, cryogenic temperature effects, load 

effects and permeabUity test setups. Furthermore, tiie work per formed at the T U De lh o n this project before 

this research started was taken into consideration. 

Because the CHATT project had already commenced before the start of this project, a part of the apparatus 

was already developed and was used as a base for fur ther development. As the apparatus is key to the 

subsequent research, this development is completed as early as possible w i t h the permeabUity test standard 

of ASTM [2] taken as the m a i n reference for the development of the apparatus. 

When the apparatus is ready, the permeabUity of the materials can be assessed. Tests are per formed at r o o m 

temperature to acquire the base permeabihty of each material. As the materials tested have also been sent to 

an external party, also possessing a permeabUity apparatus, reference values are obtained w i t h wh ich the 
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2 1. In t roduct ion 

results can be compared w i t h . The ehect of temperature on the permeabihty i n two separate ways: the 

permeabili ty at cryogenic temperature is performed and the permeabili ty after repeated exposure to 

cryogenic temperature is assessed. 

Because the permeabili ty can be a func t ion of strain, i t is desired to know the strain of the specimens i n 

permeabili ty tests w i t h strained conditions, a model should made w i t i i tiie hnite element analysis (FEA) tool 

ABAQUS. The same needs to be done for the cryogenic temperature condit ion, as the larger temperature 

drop also causes strains i n the material. 

The research shaU be concluded w i t h conclusions regarding the permeabUity of the materials and the effect 

of temperature and strain upon them. Furti iermore the design choices made dur ing the research shaU be 

discussed and recommendations for possible fo l low-up research shall be given. 

1.3. Structure 
Chapter 2 wiU give the theoretical background of the project. First, i t is explained what gas permeabil i ty is, 

what affects i t and how i t can be measured. Secondly, the load environment of the Reusable Launch Vehicle 

(RLV) is established and its components are discussed i n relation to permeabUity. Results f r o m Uterature are 

presented and explained. Thirdly, material properties i n relation to permeabUity and pressure vessel design 

are discussed. This includes both composite tank waU and liner materials. 

The th i rd chapter wiU treat the methodology of the project. The first section wiU treat hie gas permeabil i ty 

apparatus, i n which the design of the apparatus is presented and explained. Furthermore, the data 

acquisition is established and a trade-off needs to be made between the methods avaUable. After the 

construction of the apparatus, h needs to be calibrated and tiie data recorded has to be analyzed. As 

measurements seemed to be inf luenced by a number of factors, some calculations are considered to nuUify 

these factors. This chapter wUl continue w i t h the candidate materials for the permeabil i ty measurements, 

how these were made and some of their properties are discussed. As the candidate l iner materials were also 

send to a tiiird party w i t h their own permeabUity apparatus, reference values for tiie permeabUity wiU also 

be listed i n this section. The tiiird section wUl treat how the experimental work is per formed and discusses 

the variables that are incorporated into the experiments. The final section w i l l detail how the Finite Element 

Model (FEM) was created w i t h Abaqus. 

The results are given i n the f o u r t i i chapter, where first some of the raw data is presented and explained and 

how the various proposed corrections of Chapter 3 are able to improve the results. After this the resulting 

permeabUity values per material group are considered and statistics are given whenever possible. I n the case 

of deflected specimen, also the strains are presented. 

In the hnal chapters the results are discussed and conclusions drawn. Lastly, recommendations are given for 

future research on gas permeabUity and how to improve the gas permeabUity apparatus for that research. 



Theoretical background 

As explained i n die in t roduct ion, since the fahure of the CFRP pressure vessel for cryogenic applications i n 

the X-33 of NASA, more research has been done on the gas permeabil i ty of CFRP and the effect of the load 

conditions on this. I n this chapter i t w i l l be explained what permeabil i ty actually is and how i t can be 

measured (Section 2.1). After that i t w i l l be explained what the load environment is and how i t ahects the 

pressure vessel and how that i n tu rn inhuences the permeabil i ty (Section 2.2). Lastiy, materials for the tank 

wal l and l iner are discussed i n Section 2.3, together w i t h their properties and how this may inhuence the 

permeability. 

2.1. Gas permeability 
This section w i l l explain the tiieory behind gas permeabUity (Section 2.1.1) and includes some of tiie most 

impor tant equations related to the subject as wel l as an empir ical relation to determine permeabUity as a 

func t i on of temperature. Also four measurement techniques to determine permeabUity are discussed i n 

2.1.2. 

2.1.1. Theory of gas permeability 
Permeation is the movement of molecules through a solid material and occurs i n three stages according to 

the solution-cUffusion model , based on Pick's law of permeat ion and Henry's law of solubilities: hrst the 

molecules, called the permeant, are adsorbed at the surface of the solid, next i t dihuses through the sohd 

and lastly h is desorbed at the opposite surface. The rate at w h i c h permeation occurs mostiy dominated by 

the rate of d i f fus ion , wh ich is the slowest of the three stages, and depends on the microstructure, atomic 

bonding and density of the solid, and tiie size of permeant atom. 

According to Pick's first law of cUffusion, the rate of transfer of gas per un i t area of the membrane is 

proport ional to the d i f fus ion coefficient hmes the gradient i n permeant concentration normal to the surface: 

J = - D f (2.1) 
dx 

W i t h / being the d i f fus ion flux [mollOn^ •s)],D the d i f fus ion coefficient [m^/s] C tiie permeant 

concentration [mollUn^]] and x the length coordinate measured norma l to the surface [ m j . Pick's hrst law 

assumes steady state condi t ion, i.e. a linear gradient i n concentration f r o m the high concentration at the 

upstream side to a low concentration at the downstream side. This steady state is acquired after some t ime, 

and therefore Pick's second law of d i f fus ion is needed to describe the change i n concentration w i t h t ime: 

dt dx^ 

For anisotropic materials however, the d i f fus ion flirx through the thickness is not only dependent on the 

change i n concentration i n that direction [6]: 

dC dC dC 
- / . v = ö i i — + D i 2 — + D i 3 - - (2.3) 

ox ay oz 
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4 2. Theoretical background 

meaning that hie change i n concentration i n the y and z-direchon also influence the permeant transfer i n 

x-direction and hie d i f fus ion coefhcient is different for different directions. I n most experiments the how is 

desired to be one-dimensional, assuming the flow wrU be independent of y and z, and only a concentrahon 

gradient exists i n the x-direction. The equation fo r the d i f fus ion hux is then simplihed to: 

dC 
- A - = 0 1 1 ^ (2.4) 

This is probably true for a spherical/cylindrical membrane, where the material boundary is essentially 

inhni te except for the thickness, hence only a gradient i n the tiiickness direction w i l l exist. However, dur ing 

experiments tiiis is not entirely the case, stih i t is assumed that D n is measured. 

The d i f fus ion coefhcient is unknown and depends on membrane material, permeant and temperature. 

Increasing pressure causes a higher concentration gradient, hence a higher flux. Increasing temperature 

causes the energy of the permeant to increase, tiierefore increasing the chance of hnding free volume to flow 

into. 

The solubili ty coefhcient is measured as the permeant concentration i n tiie sohd at the gas-soUd interface, 

divided by the the partial pressure of gas: 

The rate of transfer of gas per u n h area can also be wr i t t en as a f u n c t i o n of the d i f fus ion coefficient, 

solubil i ty coefficient S and the pressure gradient over the thickness of tiie material: 

J = D - S - i ^ ) (2.6) 
r , 

where S is tiie solubhity [moll {Pa • ?n^], Ap is the pressure difference on opposite sides o f t h e material [Pa] 

and t is the tiiickness [m]. The mul t ip l ica t ion of tiie d i f fus ion coefficient w i t i i tiie solubiUty coefficient yields 

the permeabhity coefficient: 

P = D-S (2.7) 

W i t h P the permeabili ty [mol/{in • Pa • s)]. These three parameters are of ten determined experimentally by a 

time-lag experiment where the di f fus ivi ty is determined by measuring the time i t takes un t i l the permeant 

has d i f fused through the solid barrier, taking the thickness into account: 

= (2.8) 
6-time 

The amount of permeant passing the sohd barrier as a func t ion of the sample thickness, surface area, t ime 

and pressure difference is also measured and relates to the permeabUity, P. With P and D knovm, the 

solubil i ty S can be calculated. 

There are no analytical metiiods to determine the permeabUity of a material, exposed to a certain permeant. 

At most an empir ical relation is given by the Arrhenius equation, wh ich describes the temperature 

dependence of the solubility, d i f fus ivi ty and hence the permeabUity of a material by a speciflc permeant: 

D = Do-eT>^ (2.9a) 

S = So-e RT (2.9b) 

P^D-S = P^-e^ (2.9c) 

In these equahons the subscript 0 is used for the pre-exponential t e rm for when 1/7 = 0 (i.e. Tgoes to 

inhni ty) , i t is a constant and i t has the same un i t as its coefficient. is the activation energy for cUffusion as 

is AEA for permeat ion [J/mol], is inf luenced by the size of the permeant (not the mass) and describes the 

required energy for the permeant molecule to enter a free space (vacancy/interstitial) i n the solid structure. 

Bot i i pre-exponential terms and the activation energies are characteristics of the material-permeant pair. R 

is the gas constant [J/{mol-K)] and T i s the temperature [K]. AHs is the partial molar enthalpy of 

adsorption, w h i c h is the sum of the enthalpies of die gas m o l e c i ü e condensating into the solid and the gas 

molecule mix ing in to the sohd: 
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(2.10) 

Essentially the exponential terms i n the Arrhenius equations describe the chance of the permeant gas to 

succeed i n reaching the next gap i n the solid. As the temperature of the permeant decreases, so w i l l its 

vibrational energy, and therefore the chance of the change of reaching the next gap, resulting i n a lower 

permeahon. The activation energy cannot be determined analyhcally and experiments need to be 

performed at a wide temperature range to make a proper estimate of the constant. Al though the equation 

gives the sense that i t is true for every value of T, i t is noted by Mckeen [20] that cauhon should be taken 

when extrapolating too far outside of the measured data range. This is also acknowledged by Stokes [26], 

who states that permeabil i ty experiments are of ten performed at a temperature w h i c h does not correspond 

to reality, wh ich should be considered when using the resulting data. 

I f mul t ip le permeabil i ty experiments at different temperatures are performed, the natural logar i thm of hie 

results can be plot ted against the inverse of the absolute temperature and using a linear regression through 

the points, Po can be f o u n d by taking the exponent of the axis intercept (Pp = atx=0) and AEA is the slope 

of the linear regression mul t iphed by the gas constant. A n example of an Arrhenius plot is shown i n Figure 
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Figure 2.1: Example of an Arrhenius plot for FÉB using-reference values obtained from third party (see 3.2 for further details). 

The Arrhenius plot and the equations for the di f fus ivi ty and solubili ty may give the impression that 

permeabili ty only depends on temperature and on constants wh ich are entirely based on the physical 

properdes o f t h e material-permeant pa i r This w o u l d be the ideal scenario, but i n fact the constants are 

affected by pressure: depending on how the permeant interacts w i t h the polymer molecules the 

permeabil i ty may depend on pressure as shown i n hgure 2.2. 

2.1.2. Permeability test devices 
To determine the permeabil i ty of a material-permeant pair, experiments need to be performed. I n literature 

the experimental setup is mostly based on a test standard f r o m ASTIVI, D1434-82(2009)el [2]. This test 

standard describes two methods of determining the permeabili ty of a material, by means of volumetr ic and 

manometr ic measurements. The volumetr ic method measures the change i n volume downstream o f t h e 

sample due to the added permeant gas, the manometr ic method measures the change i n pressure over t ime 

downstream of the sample using mercury 

The volumetr ic apparatus is shown i n the Figure 2.3 below. It shows how the specimen is clamped between 

two cell halves, and made airtight w i h i an O-ring and a gasket. The upstream gas pressure is controlled w i t h 

a gas pressure regulator and the test temperature is controlled w i t h a constant temperature bath. A good 

overview of a volumetr ic apparatus i n practice is shown i n Figure 2.4. As can be seen f r o m Figure 2.4, an 

exact copy of the apparatus setup as explained i n the test standard is almost never applied i n literature and 
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Pressure (atm) 

(a) Permeability coefficient depending on pressure in 
ideal case. 

Pressure (atm) 

(c) Permeability coefficient depending on pressure in 
ideal case. 

Pressure (atm) 

(b) Permeability coefficient depending on pressure 
when the penetrant plasticizes a rubbery polymer. 

Pressure (atm) 

(d) Permeability coefficient depending on pressure 
when the penetrant plasticizes a rubbery polymer. 

Figure 2.2: Possible effects of pressure on the permeability |20J 
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many modificat ions are made. The basis however stays more or less the same: two a lumin ium cells w i t h the 

material clamped i n between, and a gasket and a O-ring preventing any leaks at the material-setup interface. 

M u i o i T i e t e r 

Gl* ffcuure 

Dryirrj 

Cjdiilary 
Tubt ' 

• ^ O I I T f i p t ' 
IBubfalcri] 

Teiren 
Gisket 

- Sprtimtii 

Kelt 

rtmptfjtyro 

/ 
/ 
/ 
A 
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Figure 2.3: The volumetric gas permeability apparatus from the ASTM test standard [2] 

Figure 2.4: Volumetric gas permeability apparatus 114] 

The displacement of a l i qu id slug i n the glass capiUary due to a change i n volume is measured over t ime. 

Because the cross-sectional area of the capiUary is known, i t can be calculated how much gas was 

transmhted through the material as a func t ion of time. Choi and Sankar [5] showed that small changes i n 

ambient pressure can cause signihcant changes i n slug posit ion measurements, and therefore errors i n the 

permeabUity calculations. By closing the downstream chamber w i t i i an a l u m i n i u m plate and measuring the 
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slug posi t ion over t ime and the ambient pressure, i t was possible to establish a correction factor. This 

correction factor k is calculated by dividing the change i n slug posi t ion by the change i n ambient pressure. 

Now the corrected slug posihon h can be calculated w i t i i : 

^corrected — ^measured k • Ap (2.11) 

where Ap is tiie change i n ambient pressure. The posihon of the capUlary (horizontal or vertical), does not 
matter according to Netties [21]- [22]. 

The manometr ic test me t i iod is for the larger part the same - i t uses tiie same apparatus - as the volumetr ic 

met i iod . The difference is that hie change i n pressure is measured instead of the change i n volume. I n the 

standard test method described by ASTM, this change i n pressure is measured using a co lumn of mercury 

Because mercury is highly toxic, tills is by some considered not to be a safe op t ion and therefore the 

measurement method is either disregarded or pressure transducers are used instead. 

Not described i n the test standard, but of ten used instead of the volumetr ic or manometr ic method, is the 

mass spectrometer. Al though this device is quite expensive, permeated gas can be accurately analyzed. The 

machine uses the magnetic separahon principle to separate and coUect the he l ium parhcles, resulting i n a 

sensitivity of 1 • 1 0 " " [cm^/s] at 0°C and 101325 [Pa] according to manufacturers. 

Lastly tiie lag-time apparatus, as described i n section 2.1, can be used for tiie measurement of permeabil i ty 

120] [30]. A sweep gas takes the permeant to a mass spectrometer for analysis. W i t h this me thod not only the 

permeabUity is determined, bu t also the d i f fus iv i ty and solubhity. The setup for such an apparatus is shown 

i n hgure 2.5. 

Sweep Gas& 
Sweep Gas In Permeate 

Test Gas Out Test Gas In 

Figure 2.5: Sketcli of tlie time-lag measurement method 

2.2. Load environment of cryogenic tanlcs 
The load environment of a reusable pressure vessel containing l i q u i d hydrogen is quite harsh. For a mission 

the pressure vessel is fUled w i t h hqu id hydrogen at a temperature of about 21 K, so the l i qu id and vaporized 

hydrogen wiU pressurize the tank and at the same time the temperature wUl also induce stresses. At re-entry 

the tank is empty and wiU heat up due to f r i c h o n w i t i i the atmosphere. For tiie X-33 reusable launch vehicle 

(RLV) test program by NASA, w h i c h included a composite quarter scale multUobe tank, i t was stated that the 

tank requirements were [4]: 

• pressure difference f r o m 0.36 to 2.48 bar; 

• m a x i m u m strain of 6000 microstrain; 

• thermal operation f r o m 21K up to 450K; 

• pe r fo rm 600 missions. 
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Ttie Cf fATT program deviates slightiy as i t is estimated there that the pressure w i l l go as high as 3.8 bar and 

the temperature wiU be as high as 480 K. 

This section w i l l elaborate on the load environment i n the subsections about the mechanical loads, 

thermo-mechanical loads, precondit ioning (i.e. cychc load) and a combinat ion of loads. These subsections 

wiU include the effect of the load environment i n question on the permeabihty. 

2.2.1. Mechanical loads 
The l iqu id hydrogen wül heat up by its surroundings and hydrogen gas w i l l bo i l off, wh ich w i l l pressurize the 

tank. As i t is assumed the tank is thin-walled, the generated stresses i n an element of the tank wa l l are 

in-plane. I n case of a cylindrical vessel, the resulting equations for the stresses, i n hoop direct ion and axial i n 

the central section direction respectively, w i l l be: 

P-r 

t 

p-r 

2t 

(2.12a) 

(2.12b) 

Where a is the stress [Nl rr?], subscripts h and a denote the hoop and axial direction respectively, p is the 

applied pressure [NIrr?], r the radius of the vessel [m] and r the wal l thickness [ m j . A n example o f a 

pressure vessel and the apphed biaxial strain o n element is shown i n Figure 2.6. 

Cylindfical 
Mid-scclion 

Figure 2.6: (a) Cryogenic pressure vessel; (b) Biaxial stress state of an element 

The calculation o f t h e stress is impor tan t as the m a x i m u m stress should not be exceeded and because i t is 

directiy related to the strain, wh ich w i l l be of great importance to tiie design: the tank wal l material w h l 

become more br i t t ie at lower temperatures and wiU become prone to cracks. I n order to know the effect of 

these mechanical loads on the structure and its performance, numerical models can be made and 

experiments can be performed. Normally, coupon testing of dog bone specimens w o u l d sufhce to obtain 

material properties, such as strength, shffness and m a x i m u m strain. However, these tensile tests do not 

seem to be adequate anymore i n order to assess the mechanical load environment of the tank wal l dur ing 

operation. Hannon et al. [12] argues that biaxial loading dur ing operation can cause fahure of the tank wal l 

at lower applied strain levels than those determined by uniaxial coupon testing. Also Stokes [26] states that 

i n this held too m u c h research has been done using the c o m m o n uruaxial tensile test, and that the biaxial 

loading scenario may imply lower f a ü u r e load aüowab le s than expected. Hence a biaxial test device is 

necessary to simulate the stresses i n the tank wal l and c ruc i fo rm test specimen need to be designed to test 

the biaxial load upon. The design of the c ruc i fo rm specimen is of importance as this has a major effect on 

the stress homogeneity i n the test area. Numerical and experimental studies have been carried out, i n order 

to acquire the best shape for the c ruc i fo rm specimen. Füle ts seem to work weU and was currentiy also used 

i n p e r m e a b ü i t y tests and biaxial loads simultaneously 119] - [25]. Furthermore i t was advised by Ferron and 

IVIakinde 19] to use slots i n the legs i n order to reduce the lateral stiffness of the arms as to give the leak test 

area (during a gas permeabil i ty test) the abil i ty to de fo rm unrestrictedly by the biaxial load. A specimen w i t h 

these adjustments is shown i n Figure 2.7 

The inhuence of (biaxial) loading on tiie p e r m e a b ü i t y of the tank waU have been investigated by NASA 18], 

Van Peh [9], Kumazawa et al. [10], Stokes [11] and RaffaeUi [12]. Results f r o m NASA and Stokes, who used a 

tetra-axial load system (8 load tabs), show how p e r m e a b ü i t y does not change u n t ü r ight before the strain 

l i m i t o f t h e material , where the permeabil i ty rises w i t h a couple of orders of magnitude and is probably 

caused by micro-cracking or even connected micro-cracks. Kumazawa used a biaxial load and showed a 
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Figure 2.7: Cruciform test specimen witli dimension and strain gauge locations [24] 

linear increase w i d i load, as shown i n hgure 2. From this hgure i t can be deduced that the load ratio is of 

great importance to hie permeability, yielding hie highest values at a ratio of 1 and hie lowest at a raho of 0 

(i.e. uniaxial load). I t is because of tiiis effect Stokes has argued not to use uniaxial tests fo r biaxial problems. 

Also Hannon et al. [13] argues that biaxial loading d u n n g operation can cause failure o f t h e tank wa l l at 

lower applied strain levels tiian those determined by uniaxial coupon testing. Kumuzawa also showed 

hysteresis: when graduaUy unloading, the permeabUity is sUghtly higher tiian dur ing tiie increase i n loading. 

Fr ic t ion and viscoelasticity near tiie matrbc cracks are tiiought be responsible for this effect. Van Pelt used a 

uniaxial load and permeabihty decreased up to 0.6%, at which poin t tiie test ended. RafaeUi used specimens 

w i t i i a curve and pressurized tiiese to induce strain, bu t an increase i n pressure (and therefore strain) yielded 

a decrease in permeabUity or stayed the same. 

X 10-^ 

0 10 2 0 

Load ( k N ) 

Figure 2.8: Relation between biaxial load and permeability [19] 

2.2.2. Thermo-mechanical loads 
The l i qu id hydrogen w i t i i a temperature of 21 K also introduces a thermal load into the structure. The 

ampli tude is dehned by the coefficient of tiiermal expansion (CTE) o f t h e material. For most materials tiie 

CTE is positive, meaning an extension of the material for when i t is heated and contraction w h e n i t is cooled. 

The anisotiopic nature of carbon hbre reinforced plastic (CFRP), having a combinahon of plastic w i t i i a 

positive CTE and carbon fibres w i t h a negative CTE, causes internal stresses. The internal stresses caused by 
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a sudden temperature drop and (repeated) exposure to cryogenic conditions may cause fo rma t ion of 

microcraclcs and delaminations. This leads to degradation of the structure w i t h respect to its mechanical 

properties and a possible leak path for the fue l to come out of the tank. 

Residual stresses wül develop i n the plies of the laminate when cooling down. First the residual strain needs 

to be dehned [16]: 

where e, es is tiie computed residual strain of a single p l y euD is the strain of a unidirect ional laminate, eiam 

is the measured strain of the laminate and [T] is the t ransformation matrbc to t ransform the strain o f t h e 

laminate to the pr incipal strain directions of tiie local ply. The residual stress Ores can be calculated w i t h the 

stiffness matrbc [Q] of a ply: 

I n the book of Mckeen 120] many polymers were tested on permeabili ty at diherent temperatures, 

generahng Arrhenius plots for the solid-permeant pairs. However, test temperatures d id not go lower than 

260 K most of the time, hence extrapolating any value to this temperature can be done assuming the relation 

stiü holds, bu t h is recommended by tiie auti ior to do tiie test at the desired temperature. 

I t was shown by Aok i et al. [14] that the temperature has a large inhuence on the crack onset of composites: 

for an intermediate modulus carbon hbre epoxy composite the crack onset at l i q u i d he l ium (LHe) 

temperature started at 50% of the force as tiiat fo r RT. 

2.2.3. Preconditioning 
Precondit ioning is done either i) to introduce a known damage state, for example achieved by three-point 

bending or loading (bi-) axially, or ii) to s i m i ü a t e a number of missions by repeating the load conditions a 

number of times. The hrst method is interesting as i t allows the calculation of leak how through connected 

micro-cracks and some analytical and numerica l calculations have been success f iü at predict ing the leak 

through these cracks [] . The second me thod seeks to h n d the relat ion between the number of missions and 

the degradahon o f t h e material resulting i n a change in pe rmeabü i ty . Mechanical and thermo-mechanical 

cychc loads are mostly separately applied i n this method, although the combined case w o u l d be the most 

realistic. Stül, by applying one variable at a t ime, the shown change i n permeabihty can entirely be 

at tr ibuted to the single variable. Concerning the cyclic mechanical load i t is again advised to use a bi-axial 

load, as i t is more realishc and wiü signihcantly influence the number of cracks i n the composite material. 

I n study per formed by Henaff-Gardin, Lafarie-Frenot and Gamby [13], the effect of thermal cycling was 

analyzed on T300/914 carbon/epoxy laminates. The lower l i m i t of the tiiermal cycle was chosen to be 

constant at 77 K and tiie upper l i m i t was chosen to be 293 K, 323 K, 363 K or 403 K. I t was shown that tiie 

number of cracks was strongly dependent on the height of the upper l i m i t temperature and that thermal 

cycles i n the range of 77-293 K resulted i n very few cracks. Furti iermore, i t was shown that the m a x i m u m 

crack density was achieved aher the hrst few cycles. Despite this, NASA studied tiie effect of thermal cycles 

i n the range of 19 K-293 K. Few cracks were observed (1-1.4 cracks per cm), wh ich were only present i n tiie 

outer p l y When addihonal strain (0.13% m longi tudinal direction and 0.21% i n hoop direchon) was applied 

dur ing the lower l i m i t temperature the crack density increased to 6.0 and 1.9 cracks per inch respectively 

and cracks were also present w i t h i n the laminate. Applying the same amount of strain at RT and wi thou t 

thermal cycling resulted i n no o r f e w cracks Jl] . Bechel, Negilski and James 13] f o u n d the same: thermal 

cycles per formed i n the range of 77 K-293 K d i d not lead to cracks. Only i f the upper l i m i t temperature was 

increased and the number of cycles was larger than 400, then cracks started to show. Kessler 118] per formed 

p e r m e a b ü i t y test on the material IM7/977-2 for the X-33 and included thermal cycling. Elevated 

temperature went up to 400K, as this is part of the load environment. Cooling and heating rates are shown i n 

the hgure below. Results showed no increase i n crack density or permeabili ty after 10 cycles, but i t was noted 

that dur ing tbe tenshe tests the f a ü u r e of the material was more violent than normal , probably due to 

material embri thement . 

{eres\k-={eUD}-{T]-{eiam] (2.13) 

(2.14) 
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Figure 2.9: One tiiermal cycle of a specimen [18] 

2.2.4. Combination of loads and preconditioning 
Alhiough testing the effects on permeabil i ty of all variables separately is possible, hie best way to simulate 

the actual use o f t h e tank is by combining the loads and precondihoning i n an experiment: the low 

temperature causes cracks to f o r m at a lower strain, and by applying tensile strain dur ing a permeabili ty 

measurement ahows the cracks to remain open. IVIechanical cycling at cryogenic temperature is also 

impor tan t i n that sense. 

ffowever, the test setup is very demanding, and hiis is probably w h y not many studies have been per formed 

w i t h these conditions. The study per formed by RaffaeUi [23] also included a test where tiie samples are 

cycled thermally and tiie permeabil i ty test is per formed at 77 K and is mechanically loaded by an 

out-of-plane deflection. Results show permeabihty decreases w i t h temperature as expected, but is 

unaffected by the out-of-plane load. Furthermore, thermal cycles also seem to decrease the permeability, 

which is at tr ibuted the better pe r fo rming i n d i u m seal at cryogenic temperature. However, as his reference is 

also per formed at cryogenic temperature, this can't be a proper explanation. RaffaeUi does acknowledge that 

his test setup is no t sensitive enough. 

Stokes [26] tested composite specimens w h i c h were mechanically cycled at l i q u i d hydrogen (LH2) 

temperature and also tested at that temperature. His provided graphs suggest tiiat permeabUity at RT is 

simUar to permeabUity at LH2 temperature, although i t must be said that tiie data provided by Stokes are 

rather unclear. 

The test setup at NASA, as used by Gates, Grenoble and Whihey [10] and Grenoble and Gates [11] and as 

shown i n flgure 2.10, allows for gas permeabil i ty tests at cryogenic conditions and uniaxial loads. The gas 

permeabUity is not measured through the thickness however: the hydrogen gas is inserted at the edge of the 

laminate and leak is measured at the centre. This method was chosen by the researchers because inducing 

incremental damage i n the longi tudinal ply was hard to achieve by cyclic loading prior to the permeabUity 

test and as such a blockade w o u l d remain. The goal of the research was to demonstrate a relationship 

between the damage state, as was introduced by mechanical cycling prior to tiie test, and the leak rate 

through the laminate. PermeabiUty tests were per formed at room temperature and cryogenic temperatures 

at incremental increasing uniaxial loads. Test results showed a correladon between crack density and leak 

rate, an increase i n leak rate w i t h increasing load, and a decrease i n leak rate for decreasing temperatures. 

Furthermore, the difference i n leak rate became smaller between tests conducted at RT and CT when the 

mechanical load was increased, suggesting more cracks or larger crack openings, h was also concluded that 

the leak rate increased at CT compared to RT. However, although the edge permeabUity met i iod is presented 

as a good alternative to the through-the-thickness permeabUity method, there is no indicat ion by the 
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Figure 2.10: Measurement setup as used by Gates, Grenoble and WhiÜey [10] 

authors how this meh iod is justihable: hie center ply is still intact and therefore the leak path might be parhy 

through the damaged plies and partly dihuse through the thickness. The path taken is also unknown. 

A n apparatus for measuring the gas permeabili ty of tubular specimens is used by Yokozeki et al. [32]. As 

shown i n Figure 2.11, the tubular specimen was immersed i n a cryostat fihed w i t h LN2 and is loaded i n 

tension. The stahc tensional load is apphed at 0.5 m m / m i n . He l ium gas is inserted under a 'skirt' attached to 

the specimen. The specimen is subjected to vacuum, creahng a pressure difference of 1 a tm. by w h i c h the 

he l ium is able to permeate through the specimen. The inside of the specimen is connected to a he l ium leak 

detector, probably a he l ium mass spectrometer. 

Figure 2.11: Overview of tire test setup at the Institute of Aerospace Technology in Osawa, lapan 132] 

2.3. Materials 
Since the CHATT project is focusing on type W pressure vessels (i.e. hbre reinforced plastic tank wal l w i t h 

polymer l iner) , two types of materials are considered for this research: composite materials, required for the 

tank wal l and carrying Üie loads, and liner materials, w i t h the purpose of acting as a barrier material to the 

gaseous hydrogen. I n this sechon the material properdes w i h be discussed. 

One of the most signihcant material properties for pressure vessels is the CTE. I n the case of composites, the 

CTE value is different for fibre and m a t r k , possibly leading to microcracks and/or delaminahons w h e n the 

material is exposed to cryogenic temperatures. I n a study per formed by T immerman et al. 129] the crack 

density was observed to increase when the CTE of hie carbon hbre became more negative, i.e. hie mismatch 

became large. I t is therefore desired to have similar CTEs for all conshtuents to avoid the fo rma t ion of cracks 

due to the mismatch i n the CTE. 

Although the CTE is important , i t is pointed out by RaffaeUi 123] that stiffness is more important : a higher 

stiffness means a lower strain at the same mechanical load, leading to less crack f o r m a h o n and higher 
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achievable loads i n hie tank. Therefore intermediate modulus carbon hbres (slightly negative CTE) are 

better than glass hbres (low modulus, smallest difference i n CTE). RaffaeUi and T immerman do agree that 

hiere is a l i m i t i n hie shffness and that a too s t ih hbre, like the M40J and M35J hbres, results i n a too negative 

CTE, a too large mismatch i n CTE and therefore a higher chance of microcracking. These materials are also 

very brithe, meaning they have a lower failure strain value, especially at cryogenic temperature. A composite 

tiiat is regularly used for gas permeabUity properties is an intermediate modulus carbon hbre w i t h an epoxy 

matrbc, IM7/977-2. As this material was chosen for the test w i t h the X-33, i t is shU subject for research. Other 

carbon/epoxy-systems researched are IM7/8552, IM600/#101 and I1VI600/#133. 

According to Mckeen [20] and Karrnii [17], hbres i n a composite can be considered as an added barrier for 

tiie permeant: the permeant has to take longer route around tiie m u c h less dihusive hbres, wh ich is called 

tiie tortoise ehect. Various hbers have been tested by Humpenoder [15], and indeed tiie fibers decrease the 

permeabUity of tiie composite as can be seen i n hgure 2.12. In addit ion, also the hlament diameter matters: 

increasing hie diameter increases the hme to diffuse through the polymer. 

vroren 1 / T C K ' H O " ^ ] 

Figure 2.12: Helium permeability of epoxy resin and three fibre reinforced epoxies. [15] 

Final ly tiie mode I strain energy release rate, Gjc is also said to be of importance to a composUe, as a higher 

value of this reduces the chance of interiaminar cracks and delaminahon [13]. 

Desired properties of the liners, wh ich wUl act as the barrier fo r tiie hqu id hydrogen, are high ductUity at 

cryogenic temperatures, and low CTE and Poisson's raho as the composite wal l . A low CTE is of importance 

so the hner wiU not deform too much , avoiding a possible coUapse. A simUar Poisson's raho is impor tan t as i t 

wiU allow hie l iner and composite wal l to deform due to the pressure at the same rate, avoiding h i c t i o n as 

m u c h as possible. Furti iermore, polymers have a high intermolecular bonding wh ich is stronger tiian 

intermolecular bonding of metals, leading to a lower atomic d i f fus ion tiian for metals [7]. This w o u l d make 

tile choice of a polymer l iner justihable. In a study done by Tapeinos and Koussios 128] mul t ip le possible 

liners are tested for microcracking in i t i a t ion under bent strip testing at cryogenic conditions. Interest was 

shown i n huoropolymers as l iner candidate materials, as tiiey have low h i c t i o n and non-stick properties, 

wh ich are good properties as f r i c t i o n effects between composite and liner need to be min ima l ; f r i c t i on 

w o u l d cause additional strain i n the l iner to occur and increases the chance of failure o f t h e protective liner. 

According to Mckeen [20] tiiese huoropolymers have also permeabUity values that are valuable. 

Also L i q u i d Crystal Polymers (LCP), Vectra A130 and A950 were tested by Tapeinos and Koussios [28]. LCPs 

are of interest as tiiey have exceUent barrier properties and h igh mechanical properties i n tiie direction of 

orientation. Because o f this, Dingemans et al. [8] have developed a thermoset LCP based on Vectra wh ich 

can act as matrbc This TLCP wiU have a l ow CTE and is oriented like tiie hbre, hence tiie temperature shock 

w i l l cause no/less damage to the tank waU and keep exceUent barrier properties. 



Apparatus and measurement method 

3.1. Permeability apparatus 
3.1.1. Apparatus design 
For the design o f t h e apparatus hie ASTM Standard was used as a reference. Of the apparatus as described i n 

the Standard, the oi l bubbler was replaced by a Swagelok exhaust vent and the constant temperature bath 

was ignored as the temperature d id no t huctuate i n the room. 

The two cell halves are constructed out of a lumin ium, for i t is easy to manufacture. The upstream chamber 

{bot tom hal f ) is equipped w i h i a gasket and the downstream chamber (upper hal f ) w i t h a O-r ing w i h i the 

same inner diameter. The specimen is clamped i n between hiese two halves, w i h i the gasket and 0 - n n g 

dehning hie test area. The O-ring is made of material V h o n and hie gasket of NBR. According to Sturm et al. 

[27], permeabUity values of hiese seals range between 2.19 • I Q - i ^ and 7.14 • IQ-^' ' [ m o / / ( m • s • Pa)] w i h i 

h e l i um as the permeant, making them exceUent seals. The diameter of the test area is decided to be 88 m m : 

hlis equals hie inner diameter of avaUable gaskets and O-rings and allows for a measurable amount of 

he l i um to pass through the specimen i n a reasonable amount of hme. A groove is made in to the a l u m i n i u m 

for the O-ring and gasket to fit. The O-ring wiU protrude 0.5 m m out of Üiis groove, bu t the applied pressure 

force w i l l compress tiie r ing to make a good seal. The specimen is clamped by t ightening eight bolts at tiie 

outer edge of the apparatus. Bot i i ceUs have an in le t /ouhet l ine and exhaust vent, w h i c h can be closed by a 

valve. The he l ium gas pressure was applied by a cylinder of he l ium gas connected to the apparatus w i t h a 

flexible, stainless steel reinforced PTFE bose and a pressure regulator. AU threaded items, except for tiie eight 

bolts, were tightened w i t i i PTFE-tape wrapped around tiie tiireads to min imize leaks. Two versions are made 

of tiie downstream cell half, one having a flat surface whUe the other has tiie test surface reduced by 5 m m to 

allow bending of tbe test specimen. A n overview of the apparatus and its components is shown i n hgure 3.1. 

Figure 3.1: Exploded view of the apparatus with a specimen 

15 
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3. Apparatus and measurement method 

3.1.2. Measurement method trade-off 
In order to obtain hie permeabili ty value of a material, a measurement method needs to be chosen that is 

able measure hie amount of gas permeating hi rough the material i n dme. As was explained i n Section 2.3, 

four methods have been developed previously to measure the permeabUity: the volumetr ic method, hie 

manometnc method, the mass spectrometry m e h i o d and a t ime-lag met i iod . A trade-off is per formed i n 

order to determine which experimental setup is best. The four metiiods all use the same basis. 

W i t i i tiie volumetric met i iod , as described i n tiie ASTM standard, the permeabUity of a material is acquired 

by measuring the change i n volume that is caused by tiie gas tiiat has permeated h i rough the material. A 

tiiin capUlary w i t h a ruler next to i t is used to determine the volumetr ic change. The setup is quite simple 

and no additional (expensive) electronic devices are employed. Ratiier, tiie setup requires tiie user to do 

visual measurements. This l imits tiie accuracy of the measmements, bu t tiiis can be overcome by using a 

capillary w i t i i a small diameter and per forming the measurements dur ing a long time interval, decreasing 

the measurement error. Anoti ier disadvantage is tiie effect of atmospheric pressure changes on the posi t ion 

of the l iqu id slug, as was ment ioned i n 2.3. A relat ion can be f o u n d between the l i q u i d slug posi t ion and the 

atmospheric pressure, hence tiie values of permeabil i ty can be adjusted for and tiie error is kept to a 

m i n i m u m . 

The manometr ic met i iod , as described i n the ASTM standard, determines tiie permeabUity by measuring 

the change i n pressure i n tiie downstteam chamber. As discussed i n tiie previous chapter, the use of mercury 

as ment ioned i n the test standard is quite hazardous, so U w o u l d be safer to use a pressure transducer 

instead. The accuracy of the permeabUity value tiien depends on tiie accuracy of the pressure transducer 

and the accuracy of tiie empty cell measurement of tiie downstream chamber. According to the test 

standard the hee volume also needs to be determined w i t h mercury bu t tiiis is rather avoided by employing 

a model of the apparatus. 

Lastly tiie mass spectrometiry me t i i od determines tiie amount of particles tiiat pass tiirough the specimen 
by mass spectrometry. Alh iough this met i iod should be very accurate, tiie costs are very high, about 30000 
Euro. 

Considering the costs, hie mass spectrometry method is least attractive due to its h igh investment costs. The 

manometr ic me t i iod is w i t h respect to hie volumet t ic met i iod more expensive, but should be easier to use as 

tiie pressure change measurement w i l l be automated. However, i f fuUy automated measurements need to be 

done, also the atmospheric temperature and pressure need to be recorded. As tills adds to the expenses, 

tiiese wUl be measured manual ly Because of tiiis the advantage of hie manometr ic pressure over tiie 

volumetric me thod is gone, as tiie disadvantages of the volumetric met i iod can be overcome. Hence, the 

volumetric me t i i od is chosen to determine tiie permeabUity of tiie specimen, for i t is the least expensive, 

simplest to design and should achieve accurate results ff tiie atmospheric effect is compensated for and a 

sufhcientiy t h i n capiUary is used. 

Also tiie test gas is of importance to tiie test apparatus and a proper gas should be chosen for tiie purpose of 

tills research. As the pressure vessel wUl be designed to store hydrogen, using tiiis gas w o u l d give the most 

accurate results. However, i t is also highly hammable, in t roducing a risk. He l ium is also ohen used as i t is 

safer (inert gas) tiian hydrogen and has a similar molecular diameter. Calculation of tiie molecular size of 

hydrogen and he l ium by three different methods is shown i n table 3.1. Because permeation is of ten treated 

as a viscous m o h o n and based on the viscous calculahon of tiie molecular diameters of hydrogen and 

he l ium, die permeabUity measurements may be conservative i f h e l i um is used instead of hydrogen. This is 

also conf i rmed by Humpenoder citeHump98, who showed tiiat permeabUity is higher at RT for hydrogen, 

but as temperature decreases, permeabUity wUl decrease less rap id tiian for hydrogen (figure 3.2). Mainly ' 

because of safety reasons, the permeant of choice is he l ium, and tiie pur i ty of the gas used i n hie 

experiments is 99.9%. A suitable pressure regulator for the applied he l ium pressure is The Omega R83-200, 

because i t is designed for a gas such as he l ium and wiU have m i n i m u m leakage. 

Table 3.1: Molecule diameters in picometer of helium and hydrogen [5] 

Gas From From Van 
1 ^ 

From heat 
Viscosity der Waal's conductivi ty 

equation 
He l i um 19 26 23 
Hydrogen 24 23 23 
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Figure 3.2: Helium and hydrogen permeabiUty of PVC, PE-HD and PA [15] 

3.1.3. Data acquisition 
W i t h hie volumetr ic method chosen, a capillary tube needs to be connected to the ouhet i n order to 

measure the volumetr ic change. For hiis purpose a PTFE-tube was connected to the ouhet i n which a 

boronsihcate glass capillary w i t h an inner diameter of 2 m m was inserted. I n order to make a good 

connection w i h i o u t any leaks, hie tube and capillary were adhered to each other. As a l i q u i d slug, isopropyl 

alcohol was used, dyed w i t h ink. Al though any other low density l i q u i d could have been used w i t h equal 

results according to [21] inc lud ing water, an alcohol is a good solvent for hie dye (ink). Because isopropyl 

alcohol is not very toxic, this is used as the l i q u i d slug. The tube is h l led w i h i hie l i q u i d slug, up to the 

connection w i t h hie capUlary A ruler is hxed i n place next to the capil lary so the measurements are 0.5 m m 

accurate at best. I t was considered to also employ a capUlary tube w i t i i a smaller diameter, reducing tiie t ime 

required for an experiment and increasing the precision, but: 

• a good connection w i t h the feed tube w o u l d be even harder to make; 

• a smaller diameter w o u l d resiUt i n a too fast test for tiie fluoropolymers, rendering accurate manual 

measurements almost impossible; 

• switching between capiUary tubes w o u l d result i n a damaged feed tube-ceU connection w i t i i possible 

leakage. 

Therefore i t was decided to use one capiUary diameter on ly 

As permeation is a f u n c t i o n of applied gas pressure on tiie specimen, tiie applied he l i um pressure is 

moni tored w i t h a pressure transducer. A n Omega PX-309, capable of measuring the relative pressure up to 

21 bars, is attached to the pressure regulator. The transducer is connected to a computer through a National 

Instruments 9219 inpu t module and data is logged every second. Tbe atmospheric pressure is measured 

w i t h a digital barometer i n hectopascals. 

D u n n g a permeabUity test, the l i q u i d slug posihon, atmospheric pressure and atmospheric temperature 

were manuaUy logged. The pressure difference between the he l ium pressure and the atmospheric pressure 

was acquired every second dur ing the entire measurement. W i t h these values the vo lume-f low rate, the Gas 

Transmission Rate (GTR), permeance and permeabil i ty can be calculated, for w h i c h the equations are 

respectively: 

Vr - slope-ac 

GTR ^ 10-^-Vr-Pol [A-R-T) 

P^GTRl[p-po) 

P = P-t 

(3.1a) 

(3.1b) 

(3.1c) 

(3.1d) 
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Where Vr is the volume flow rate of flie permeated gas [mm^ls], Slope is rate of rise of die slug i n die 

capillary [mmis], Uc is the cross-sectional area of the capillary [mni^], GTR is flie Gas Transfer Rate 

[nmoll{m^ • s]], po is flie ambient pressure [Pa], A is the t ransmit t ing area of flie specimen [imn^], R is flie 

universal gas constant, 8314.31 [L-Pal[K-mol)], T is flie ambient temperature [K],P is the permeance 

[fmol/im^ -s-Pa)], p is flie upstream gas pressure [Pa], Pis flie permeabil i ty [amoll[m -s-Pa)], t is flie 

thickness o f t h e specimen [mm]. 

3.1.4. Apparatus calibration and error determination 
I t is necessary to evaluate the design by inspecting tiie apparatus for any leaks. The downstream chamber is 

tiie most critical part, because i f leaks exist at tiiis point , tiie volume of permeated gas wül no t change and 

tiie l iqu id slug w i l l not move. In case of a smaU leak, tiie l i q u i d slug migh t move, but less tiian i t should have 

moved wi thou t a leak. Hence, i n order to test the seals of tiie downstream chamber, the apparatus was set up 

w i t h a 3 m m thick a l u m i n i u m specimen and applying vacuum on tiie downstream chamber. U p o n closing 

the vacuum p u m p valve, the system pressure value was moni tored for 15 minutes dur ing which no pressure 

increase was measured. 

The positive result w i t h the vacuum test is only partiy satisfactory: 

• The leak path is different: f r o m outside the apparatus to the inside; 

• The result is only vahd for air, no t n e c e s s a r ü y fo r he l ium w h i c h has a m u c h smaUer molecule diameter. 

Because of this, a second test is conducted to see i f any pressure leaks arise at 8 bars of he l ium pressure. To 

do tills, a specimen is moun ted w i t i i a hole at the center. This wUl cause the entire apparatus to be 

pressurized and leaks are detected w i t i i a soap solution. Al t i iough this is a good indicat ion for faul ty 

connections (badly appUed PTFE tape, ceU misal ignment etc), very smaU defects wiU not be detected. 

However, considering tiie amount of he l ium tiiat passes tiirough tiie actual specimens wUl be very smaU, tiie 

chance tiiat i t immediately diffuses out of the ceU tiirough tiie tiny hole tiiat is present is also very small. So i t 

is l ikely tiiere is an error i n the measmement because of tiiis, bu t i t is assumed to be negligible. 

Measurement accuracy 

Every component o f t h e data acquisit ion setup has an tolerance w h i c h needs to be taken into account 

dur ing the data analysis. These tolerances have been provided by tiie supplier and are listed i n Table 3.2 

below. By implement ing tiie values in to the equahons for permeabil i ty a worst case lower and upper 

boundary can be determined, and wUl be shown i n the results. The tolerance of the test area is u n k n o w n and 

i t assumed tiiat the CNC machine made a perfect cut w i t i i a diameter o f t h e specihed 88 m m . It is 

fur t i ie rmore assumed that four hiickness measurements are enough to gain an average thickness of each 

sample. It is tiierefore assumed that the measurement accuracy only depends on the measurement device 

and not on the sample itself. 

Table 3.2: Tolerance of each element of tlie data acquisition setup. 

Part Value Un i t 
Slug measurement 0.5 [mm] 
Thickness 0.005 [mm] 
Temperature 0.05 [K] 
Barometer 3% [-] 
Transducer 0.25% [-] 
CapUlary diameter 10% [-] 

3.1.5. Data analysis 
Outiier ident ihcat ion and removal 

Al though sufhcient t ime was allowed to tiie heUum to fu l l y saturate the sample, many results show a peak 

value at the f h s t measurement and some also show a drop at tiie last measurement. The peak value is hard 

to explain, as rather the opposhe was expected: as i t takes t ime for the sample to get saturated w i t i i he l ium, 

no measurements are expected dur ing the hrst minutes and hence sufhcient t ime is taken before the actual 

measurements start. But as the peak value does influence the t rend to quite an extend, an outiier detection 

script is implemented to analyze the data and remove the oudiers. 
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In this script the linear trend is f irst established w i t h die provided slug height data. Then the residuals (the 

difference between the measured data point and the t rend line) are calculated. By calculating the standard 

deviation of the measurements a test cri terion can be set up, judging the measurement to be an outher or as 

a normal value w i t h i n the set conhdence level of 95%. When hie outUers have been removed, a new linear 

trendline is established wi thou t the ouhiers. This is then used for the calculation of the permeability. 

The trendline is estabhshed w i t h a hnear h t func t ion i n Matiab, and is based on least-square ht t ing. The 

standard deviation is calculated wi th : 

n - l 

W i t h n being the number of observations and y, the value of an observation. 

Area increase for deflected specimen 

Due to the deflect ion of the sample caused by the he l ium pressure, the surface area exposed to the he l i um as 

wel l as the surface area downstream wül increase. By determining the dehection of the specimen, the 

change i n area can be established. Accorcüng to Timoshenko [] tiie analytical expression for the deflection of 

clamped anisotropic circular plates under u n i f o r m pressure is: 

. ( , • ) . (3.3) 
24 • ( D n - F D22) -H6 • (Di2-F 2 • Dee) 

then the surface area A can be wr i t t en as: 

A = j 2nr-ds (3.4) 

w i t h arc length ds given to be: 

dw 2 
d s = \ \ + \ — dr (3.5) 

I dr I 

The same equations also apply for isotropic materials. 

Atmospheric pressure correction 

According to [5] the atmospheric pressure change influences the slug posit ion measurements. This makes 

sense: as the glass capü la ry is open at the top, an increase i n the atmospheric pressure forces the l i q u i d to go 

downward u n t ü a balance between atmospheric pressure and downstream pressure is achieved. A 

correction factor for this phenomenon can be deduced by calculating the volume decrease caused by the 

increase i n pressure. To do this, i t is assumed that i t is a reversible adiabatic process and the ideal gas law 

can be used: 

P l • = P2 • V j (3.6) 

V2 = Vi + Ac-Ah (3.7) 

Ah= ^ '— (3.8) 
Ac 

Where P is the pressure, V is the volume and the subscripts 1 and 2 denote tiie before and after condi t ion 

respectively i n the downward chamber. 7 is the adiabatic index and is assumed to equal 1.4: although 

he l ium has a higher adiabatic index of 1.667, the amount of he l ium i n relation to air i n the downstream 

chamber is negligible. Ah finally is the change i n slug height. P i and P2 are known through measurements, 

the in i t ia l vo lume Vi is estimated by adding all the empty segments of the downstream chamber. W i t h this i t 

is estimated that the in i t ia l volume is 2900 mm?. Because the correction w i t h this equation is dependent on 

the pressure ratio, the correction wül not be exactly constant, bu t wül about -0.0075 mml Pa for the glass 

capihary w i t h a diameter of 2 m m . I f for example, the starting pressure w o u l d be 101300 Pa and the decrease 

i n atmospheric pressure is 50 Pa dur ing the test, the change wül be 1.662 pL, equivalent to about 0.38 m m i n 

slug movement. Compared to a test per formed w i t h e.g. PFA, of w h i c h the permeabil i ty is relatively high. 
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this accounts to about 0.5% of the total slug movement, wh ich is neglegible. Whereas for a lesser permeable 

material, where die total slug movement is m u c h lower, the effect of atmospheric pressure changes can go 

up to 2%. 

In the case the second a lumin ium cell is used, wh ich has an empty chamber for the sample to deflect, the 

correction factor is tenfold higher at about -0.077 mml Pa and depends on the amount of volume taken by 

the deflected sample. This means that influence of atmospheric pressure change is m u c h higher for a test 

where deflection is involved. The amount of volume taken by the deflected sample is explained and 

calculated i n section 3.1.5. 

The correction value was also attempted to be measured experimentally by setting up the apparatus w i t h an 

a l u m i n i u m sample and all valves closed. According to this method, the c o r r e c ü o n is -0.13 mm/Pa. However, 

as i t was necessary to wait for a very long t ime un t i l the pressure had changed enough to get a good reading, 

the temperature had changed by more than 1°C. This caused the experiment to be faulty, as the temperature 

affects the volume i n the downstream chamber. Therefore, the theoretical value for the atmospheric 

pressure correction is chosen to test any improvement to the obtained measurement data. 

L iqu id slug pressure correction 

I n the equation used i n the ASTM test standard for permeabiUty, i t is assumed that the pressure i n the 

downstream chamber equals the atmospheric pressure. However, this assumption is no t correct for this 

situation as the feed tube to the capiUary has a u-bend i n order to store the Uquid slug i n . As the Hquid slug is 

pushed up the glass capUlary tiie weight of the co lumn (see Figure 3.3) that has moved up wUl add to the 

pressure together w i t h the atmospheric pressure. Hence, the pressure in the downstream chamber is: 

Pdown — Patm + P-g- hmeas ' ( l + Acap/Atube] (3.9) 

where p is tiie density of the Uquid slug, isopropyl alcohol, h,„eas the measured hqu id slug movement, Ac„p 

the capUlary area and Ambe the feed tube area. I n practice this results i n a m a x i m u m error of about 800 Pa. 

This also has an effect on the permeabUity by the decrease i n pressure difference between the pressure i n the 

upstream chamber and downstream. Therefore, the pressure difference as given by the pressure transducer 

should be corrected as well: 

^Pactual — Ptransducer ~ P' 8 ' ^meas ' [l + AcaplAtube] (3.10) 

Where Apactual is the actual pressure difference between the two chambers, and Ptransducer's the 

measured pressure difference by the pressure transducer. However, these effects are minor as the difference 

between the atmospheric pressure and the calculated pressure of the downstream chamber wiU not exceed 

1000 Pa, hence is less than 1%. 

Paijii 

Figure 3.3: Program structure 

Thickness decrease 

The applied out of plane pressure cause a decreased thickness of the samples. As the permeabUity is 

calculated as a f u n c t i o n of thickness, i t is desirable to know how much the thickness is affected by the 
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pressure load. For a specimen that is no t allowed to dehect, i t is assumed Üiat only hie polymer matr ix 

inhuences the decrease i n thickness, as the hbers are aU in-plane. In this case Hooke's law is employed: 

w i t h t* being the new thickness [ m m ] , £ being hie stiffness modulus of the polymer [ i V / m ^ ] , p the pressure 

applied [Nl rr?] and t the original hiickness [mm]. I n tiie case of an undehected specimen, tiie decrease i n 

material thickness can be ignored as even a flexible material such as a huoropolymer only has a tbickness 

decrease of 0.1% due to flie pressure applied. 

For a round specimen where a deflect ion is allowed, i t is assumed that tiie volume of material dehected 

remains unchanged, meaning that tiie edges are perfectiy clamped. So to get the decreased thickness of tiie 

dehected specimen, the increased surface area A2 of tiie dehected specimen needs to be acquired. 

where t is the thiclmess, A the area, and subscripts 1 and 2 denote the condhions before pressure is apphed 

and whi le pressure is apphed respectively. A2 can be calculated as shown i n equahon 3.4. For composhes 

and LCPs the area increases by less than a percent due to the small deflection and can therefore be ignored. 

The inhuence on the more flexible fluoropolymers is larger, i n flie range of 4-5% and therefore cannot be 

ignored. 

Decreasing dehection correction 

As was noticed f r o m tiie figures of the original samples, the pressure difference decreases over t ime i n most 

of the cases and is likely the cause of a leak i n tiie upstream side of the system. Al though tiie pressure 

regulator was supposed to keep the applied pressure constant dur ing measurements, i t d id not func t i on as 

desired: dur ing one test the pressure valve was closed and the upstream bleed valve was opened prior to 

stopping the program running pressure transducer, yet the pressure measurement stih pointed to the same 

value as before. Hence, tiie measurements performed w i t i i the pressure regulator control l ing flie pressure 

were faulty. The cause of this could no t be f o u n d and i t was decided to continue by control l ing the pressure 

w i t i i the pressure regulator w i t i i coarse adjustment valve present at tiie top he l ium tank. Sadly tiie 

regulation was d i fhcul t and although the pressure changes were moshy i n the order of 0.1 bar, a correlation 

between a drop i n pressure difference and a drop i n permeabili ty seems to be present. This can be explained 

by the increase i n volume of the downstream chamber by a decrease i n deflect ion o f t h e sample due to a 

decrease i n pressure difference. 

Therefore i t was decided to h n d a correction for this increase i n volume by making a FEA model i n Abaqus 

and generating the dehection of the sample for a range of pressures and compare this to the analytical 

expression of Timoshenko (equation 3.3). As model and analytical expression were i n good agreement, a 

program was created i n MatLab (see Appendbc B) that uses the analytical expression to h n d the change i n 

volume due to the change i n pressure. I n order to h n d the volume occupied by the deflected sample, the 

area under the curve is integrated w i t h respect to y as the region is rotated about tiie y-axis. Therefore the 

radius ;• needs to become a f u n c t i o n of the dehechon w to calculate the volume: 

By reusing this fo rmula at mul t ip le pressures a relation is established between the pressure change and 

volume occupied, which is f o u n d to be linear as is shown for the quasi-isotropic AS4/8552 sample i n hgure 

3.4. 

f2 = 
Ai-ti 

A2 
(3.12) 

(3.13) 
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Figure 3.4: Deflection of a quasi-isotropic AS4/8552 sample at various pressures. Sliown are the cross section of the sample when 
deflected, an overview of a deflected sample at 6 bar and the volume occupied by the deflected sample as a function of pressure. 

Data analysis program structure 

Wi th all required calculations have been established, a Matlab program was developed. A good overview of 

how this program works is shown i n figures 3.5 and 3.5 on the next pages. As can be seen i n these flowcharts, 

the permeabili ty is calculated w i t h and wi thou t ouü ie r detection and data corrections. This was per formed 

to gain insight i n the adjustments made by the program. 
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Figure 3.5: Flowcliart of tlie Matlab program that analyzes the data. 
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Figure 3.6: Flovvciiart of the Matiab program that calculates the permeability, the upper and lower limit, and the goodness of fit of the 
data. 
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Measurement setup 

Also a f lowchart o f t h e entire measurement setup is provided, as shown i n figure 3.7. The red arrows depict 

the required manual operadons for the data acquisihon. 

1 Helium tank 8 Upstream chamber 
2 Coarse pressure regulator 9 Bleed valves 
3 Pressure gauge 10 Downstream chamber 
4 On/Off valve 11 Capillary tube (manual measurement) 
5 Pressure regulator 12 Digital thermometer {manual measurement) 
6 Pressure transducer 13 Digital barometer (manual measurement) 
7 Computer 14 Computer (data analyzer) 

Figure 3.7; Flowchart of the entire setup. 

3.2. Materials 
Three types of materials are considered i n this research, wh ich are either candidate tank wah or l iner 

materials: 

• Carbon hber reinforced plastic AS4/8552; 

• Fluoropolymers; 

• L i q u i d crystal polymers. 

Mater ia l properties of above materials can be f o u n d i n Appendbc C. 

Samples of the fluoropolymers and LCPs were send to LabThink for permeabil i ty research, as to acquhe 

representative values to compare o w n results w i t h . However, LabThink provided test data w i t h units other 

than used i n tiie ASTM standard w h i c h is used i n tiiis research. Hence, the provided values were rewrit ten 

f r o m cm^-cml{cir?-s-cmHG) to mol lim-s-Pa). The conversion factors 22415 cm^lmol, obtained f r o m tiie 

ideal gas law, and 7.5 • 10"'' cmHglPa have been used. The resulting reference values can be f o u n d i n the 

subsections below. As tiie reference data are provided i n a range from 93 K up to 318 K, Arrhenius plots can 

be made from which the permeabil i ty coefficients and activation energies can be deduced. This shall be 

used to estimate the volume loss i n a pressure vessel w i t h a polymer liner. The liner is assumed to: 

• have a total surface area of 10 m^; 
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• have a thickness of 1 m m ; 

• not be influenced by the mechanical load; 

• act as a barrier w id iou t the composite; 

• be pressurized at a constant 4.8 or 6.7 bar. Atmospheric pressure is at 1 bar; 

• have the same temperature as the boi led of gas. 

Results of the he l ium volume loss per hour shaU be given as a func t ion of temperature for the LCPs and the 

fluoropolymers. I n addit ion, the result of the FEP liner is compared to tiie hydrogen loss i n time fo r the same 

tank, w i f l i the permeabili ty coefficient and activation energy values derived f r o m the Arrhenius p lo t f r o m 

Figure 3.8, and is given i n Table 3.3. As tiie permeabil i ty values given for tiie material wh ich had he l ium as 

tiie permeant are given i n \moll{m • s • Pa] , whi le tiie permeabil i ty values given fo r hydrogen are i n 

[mrr?l[m • s • Pa], the former wiU be rewri t ten so units w i l l match. This is done w i t h the ideal gas law, which 

is st i l l quite accurate at very low temperatures for he l ium as is shown i n Appendbc C. 

Temperature (°C) 

Figure 3.8: Arrhenius plot of FEP with hydrogen as the permeant |20] 

Table 3.3: Permeability values deduced from 3.8 for FEP with hydrogen as the permeant 

EA 

J/mol 
Po 

mm^/[m-s-Pa) 

FEP 30169.12 6.76-10"^ 

3.2.1. AS4/8552 
The AS4 fiber is an intermediate modulus carbon fiber and because of that is a good choice for the tank wal l 

structure. The matrbc is the 8552 toughened epoxy, wh ich is a well known high performance thermoset 

polymer. There is a CTE mismatch between fiber and matrbc, bu t w i t h choosing an intermediate modulus 

fiber tiiere is a good balance between stiffness and CTE properties. Another reason this material is chosen, is 

because its properties resembles the composite matenal used i n other research, such as i n the research 

performed by NASA on the X-33 {IM7/977-2,-3). The composite laminates were manufactured w i t h 

preimpregnated AS4/8552 unidirect ional sheets by hand layup i n tiiree different layup sequences: 

• Completely unidirectional: [Olg; 

• Quasi-isotropic: [0 /45 / -45 /90 ] s ; 

• Angleply: [30 / -30 ]2s . 
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After layup, the specimens need to be cured i n the autoclave. The vacuum table is bu i ld up as shown i n 

Figure 3.9. As can be seen i n this figure, kapton fo i l and flat a l u m i n i u m sheets of the same shape as the 

specimens have been used to acquire smooth surfaced specimens. This is a necessity, as a smooth surface 

ensures a good connection between the O-ring and the composite specimen wi thou t leakage. 

Breather 

Aluminium plate 

Kapton foil 

Tacky tape 

Vacuum bag 

Figure 3.9: Vacuum table build up. 

The cure cycle was acquired f r o m the supplier (flexcel) and is shown graphically i n Figure 3.10. 

j -0.2 bar 

\ Iber 

Vacuum Vacuum 

Figure 3.10: Cure cycle ofthe AS4/8552 composite as provided by Hexcel 

As shown i n flgure 3.10, the autoclave is flrst heated up to 110° to promote flow of the resin and the 

composite is then cured at 180°C for two hours at 8 bars (absolute) pressure. Cool down is per formed at 5°C 

per minute . 

The final circular shape of tiie specimens, w i f l i a diameter of 110 m m , was acquired by machining. Al though 

this may induce some splintering at the edges, this does not influence the measurements as there is enough 

clearance f r o m the edge to the edge of test area. 
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3.2.2. Fluoropolymers 

Fluoropolymers are selected for this research as these are flexible (even at l ow temperatures), have a low 

density and die polymer is relatively easy to manufacture. 

Three f luoropolymers were chosen: FER PFA and PTFE. As they were delivered i n plates of 3 and 4 m m thick, 

i t was decided to machine the plates to an equal thickness of 2 m m and polish them afterwards. 

Table 3.4: Reference permeability values for the fluoropolymers 

PFA FEP PTFE 
Temperature [°C] [moll [m-s-Pa]] [moll [m-s-Pa)] [moll {m-s-Pa)] 
45 1.56-10-''' 1.63632-10-11 1.13337-10-1^ 
35 1.36-10^" 1.35523-10-" 9.44646-10^15 
26 1.16-10^" 1.12702-10-1'* 8.00088-10^15 
-100 3.21-10-16 1.19796-10-1'^ 1.14475-10^1'^ 
-180 2.11-10-13 1.12032-10-2° 1.97194-10-20 

W i h i hie values h o m Table 3.4 an Arrhenius plot is made (Figure 3.11), and hie activation energy EA and the 

permeabUity constant Pg are determined. The accuracies of hie data provided i n Table 3.4 is unknown as i t 

was not provided by the contractor. The h t h i rough the datapoints i n hgure 3.11 is perfect [R^ = 1). I t was 

tested what the effect wou ld be of some small (5% errors) i n tiie data received, however the h t remained 

almost unaffected by i t and the same is also applicable for the activation energy and permeabUity constant. 

Table 3.5: Activation energies and permeability constant of the fluoropolymers 

EA ^0 
[JImol] [mollOn - s- Pa)] 

PFA 12255 1.61-10-12 

FEP 15513 5.78-10^12 

PTFE 14491 2.72-10-12 

3.2.3. Liquid crystal polymers 

W i t h the values f r o m Table 3.6 an Arrhenius p lo t is made (Figure 3.12), and the activation energy EA and the 

permeabihty constant Pq are determined and provided i n table 3.7. 
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Table 3.6: Reference permeability values for the LCP's 

Vectra A l 30 Vectra A950 

Temperature [°C] [moll{m'S-Pa)] [)noll(.m-S'Pa)] 

35 5.69-10-1^ 5.92286-10-1' 

26 4.30-10"i^ 4.39362-10"!^ 

-100 3.95-10-20 2.56992-10-20 

-180 1.43-10-20 8.69355-10-21 

Table 3.7: Activation energies and permeability constant of the LCP's 

EA ^0 
[JImol] [moll[m-s-Pa)] 

A130 

A950 

23863 

25409 

6.34-10-13 

1.21-10-12 

Ö 

£ , -39 
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Figure 3.12: Arrhenius plot of reference data of fluoropolymers FEP PFA and PTFE. 

3.3. Experiments 

3.3.1. Introduction 
This section explains the experiments performed and the reason of the selected setup. Results are compared 

w i t h the basic permeabil i ty test w h i c h is per formed pr ior to the other tests. This test w i l l leave the material 

unaltered: no thermal cycles, no mechanical load. 

3.3.2. Thermal cycling 
As the thermal cycles as established by NASA and Lockheed M a r d n ranges between lOK and 450Kfor the 

actual pressure vessel, the opt imal test cycle is between these temperatures. However, w i t h only l i q u i d 

ni trogen available, the lowest temperature that can be reached is 77K. This should have li tde impact on the 

test results, as i t was shown i n literature that the elevated temperature has a larger influence than the 

cryogenic temperature. According to the demands set for the mul t i lobe tank of CHATT, an elevated 

temperature of 480K is desired. Hence, the temperature range of the cycles w i l l be 77K-480K. 

Regarding the number of tests, i t has no t been established how many dmes the pressure vessel needs to be 

reused (a lü iough i t is specified that the RLV as a whole w i l l pe r fo rm 600 missions) and tests per formed at 

NASA range f r o m 3 cycles up to 30. Also shown in section 2.2.3 was that the number of cycles either affected 

the permeabil i ty after a few cycles, after many (400+) cycles or no effect was observed w i t h i n the number of 

cycles executed. Therefore, the number of cycles is l imi t ed to eight: i f the material or layup sequence w i l l 

show no increase i n permeabil i ty i n this number of cycles, i t w i l l probably take many more cycles. I f 

permeabil i ty is affected much, the material or layup sequence should be reconsidered or rejected entirely 

The thermal cycle is shown graphically i n figure 3.13. 

As i t was observed that the samples tend to deform out of plane dur ing the cryogenic phase of the thermal 
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Thermal cycle 

Time [mln] 

Figure 3.13: Temperature of a specimen during a cryogenic cycle measured with a K-type thermocouple, except for the cryogenic phase, 
where the temperature of the sample is assumed to have the temperature of the liquid nittogen. 

cycle, i t was decided to l i m i t the out of plane deflection by f ix ing the samples i n between a l u m i n i u m sheets. 

The pack was kept togedier w i t h tape, and the force exerted by this was enough to greatiy l i m i t the samples 

f r o m deforming out of plane and low enough to simultaneously keep the i n plane f r i c t ion low, al lowing the 

sample to deform i n that direction. 

Before and after tiie tiiermal cycles the surface is observed for cracks using an optical microscope at 

magnif icat ion settings of 5x, lOx and 20x. A n d although the damage state after the tiiermal cycles is of 

interest, i t may not be assumed that the sample is perfect pr ior to the cycles, hence the damage state is also 

checked before the samples are pretreated. I n order to observe the same locat ion before and after the 

thermal cycles, a template was created tiiat was fixed to the sample. Bot i i the template and the sample were 

marked so tiiey could be aligned. The use of a l iqu id fluorescent penetrant w o u l d make the crack detection 

easier, but w o u l d also pose a problem i f not fu l l y removed pr ior to tiie thermal cycles and the permeabil i ty 

test: the elevated temperature may cause the penetrant and the sample to b u r n and damage tiie sample. 

Furthermore the penetrant may decrease the permeabili ty as i t has tilled the cracks. Because of tills is was 

decided not to utilize the penetrant for crack determination. 

After the tiiermal cycles were per formed the permeabili ty measurements were executed as normal . 

3.3.3. Mechanical load 
The mechanical loads acting on the pressure vessel are the hydrostatic load f r o m the l i q u i d hydrogen and 

the gas pressure of tiie gaseous hydrogen present i n pressure vessel. I t is assumed the load is u n i f o r m and a 

biaxial i n plane load is applied. As explained i n section 2.2.1 the effect o f t h e pressure load is then tested 

optimally w i t h a biaxial test device and accompanied specimen. Unfortunately, such devices are no t 

available at tiie T U Delft , bu t i t was still desired to find a relation between applied load and permeability. As 

discussed i n section 2.2 RafaelH used a slightiy bulged composite (about 4 m m out of plane) and applied a 

high pressure to i t and measured the permeabili ty as a func t i on of tiie applied pressure. Also VanPeft [31] 

used a simUar idea, but also appUed a uniaxial load. It was decided to apply a similar strategy, w i t h the 

difference of no t having a bulge i n the matenal or applying a uniaxial load. This decision makes the strain 

distr ibut ion no t u n i f o r m , but the strain dis t r ibut ion of the slightly bulged specimen was not u n i f o r m either. 

Although the strain wUl no t be u n i f o r m , results are still able to show a relation between strain and 

permeabUity. 

For this experiment a second downstream ceU was used where r o o m was lef t for tiie sample to deform. I t is 

desired to know tiie strain i n the sample and this can be f o u n d analyticaUy and numericaUy However, 

experimental determinat ion of the strain w o u l d be best. Some options achieve this were considered: 
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1. Regular strain gauge; 

2. Wireless strain gauge; 

3. Co-cured optical strain gauge; 

4. Adhered optical strain gauge. 

The problem w i t h the wired strain gauges (options 1 and 4) is that they introduce a possible leak path. This 

can be solved by str ipping the wire as m u c h as possible (e.g. removing protective sleeves) and h l l ing the 

space between the wire and the cell w i t h a hller (i.e. an adhesive). Still a couple of problems remain: i t is 

unknown i f t h e adhesion is good enough between the surface to guarantee no leak w i l l occur, the adhesive 

may adsorb hie permeant and tiie replacement of the wire w h l be d i fhcuh . The wireless strain gauge w o u l d 

be a good alternative, but the sensor is "credh card" sized and therefore no t usable i n tills setup, i t is too 

large and an obst iuct ion for the permeant. Finally co-curing tiie optical sensor is an interesting idea, bu t i t 

disturbs the composite fiber orientat ion and also affects the surface smootimess as the optical fiber is 

relatively tiiick compared to tiie composite lamina. Because h was beheved that a t rustworthy permeabil i ty 

measurement was more impor tant than an accurate knowledge of the strain i n the sample, no strain 

measurement is performed and strain is only analyticaUy and numerical ly determined. 

The numerical mode l is created w i t h Abaqus. Only a quarter of the actual specimen is modelled, as the 

specimen is axisymmetric, wh ich allows for the same amount of elements on a smaller surface area, 

restUting i n a higher accuracy model . Because i t is axisymmetric, the boundary conditions at the cut 

sections are assumed to be Ux = = 0 at the cut on the y-axis and Uy = tcj, = 0 at the cut on the x-axis. As tiie 

O-ring is fuUy compressed into the a l u m i n i u m ceU, the boundary condi t ion at the connection w i t h tiie 

O-ring is assumed to be clamped. The elements used are 3D sheU elements (type C3D8R). The pressure 

varies f r o m 1 bar for the huoropolymers up to 3.8 bars for the composhes and Vectra. The result of the 

output is compared to an analytical solution, w h i c h is based on the dehechon calculated i n equation 3.3. 

W i t h the dehection k n o w n at every poin t of the specimen, the curvature jc can be calculated: 

Kv = - -

Kxy = - 2 -

f 

(3.14a) 

(3.14b) 

(3.14c) 

Then, assuming the midplane strain is zero, the strain through the thickness can be calculated w i h i : 

Kx ' 

Cy - z- Ky 

[Yxy. . ^xy. 

As the dehechon and strains o f t h e analyhcal solut ion are i n good agreement (<5%) w i t i i the numerical 

solution, the analytical soluhon is considered to give sahsfying results. 

Tests were per formed at the usual 3.8 bars for the composites and LCP's, bu t at 1 bar for the fluoropolymers 

to l i m i t the dehection w i t h i n the boundaries of the ceU. 

3.3.4. Varying pressure test 
The goal o f t h e pressure test is demonstrate the dependence of pressure o n the permeabil i ty of the selected 

materials. According to theory as explained i n section 2.1.1, h is quite unpredictable how the permeabil i ty is 

affected by the pressure and this test w i l l give some insight. I n this test the samples are no t allowed to dehect 

and only the pressure wiU be increased f r o m 3.8 bar, up to 5.7 bar of pressure i n steps of 0.5 bar. The upper 

l i m h of 5.7 bar is obtained by applying a safety factor of 1.5 to the design specification of 3.8 bar. 
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Results 

4.1. Introduction 
I n this chapter the results of the gas permeabili ty tests are shown and analysed. The results are provided for 

each material group, and i n case of the deflected specimen tests, also the analytical calculated strain is 

given. Results are shown graphically (to give a good overview), as wel l as numerical ly (for fur ther 

investigating the numbers). The un i t for permeabili ty used i n this chapter is chosen to be [fmoll(m- s-Pa)] 

as the ƒ for femto [10~^^) increases the readability of the graphs and tables. Individual permeabil i ty 

measurement results of successful tests are provided i n Appendix D. I n the last section of this chapter, an 

example is provided how m u c h hydrogen w i l l actually leak out of a hypothetical tank, w i t h the assumptions 

as stated i n the previous chapter. 

Finally, an overview of the successful permeabili ty tests conducted for each material and for each condi t ion 

is shown i n table 4.1. As can be seen, there are no test results for the unidirect ional composite layup due to 

removal of faul ty data. Also, no data is provided for the thermal cycled samples for PTFE and A130, as wel l as 

for pressure tests of the materials A950 and all composite layups. These tests were skipped because of t ime 

concern, as these tests require a very long t ime to prepare and per form. 

Table 4.1; Overview tests 

Base Bended Pressure Cycled 

FEP 3 3 15 4 

PFA 8 S 15 4 

PTFE 3 3 10 -

A130 2 5 5 -

A950 1 1 - 1 

UD - A - 1 

Anglepiy 1 5 - 2 

Quasi 
isotropic 

1 11 - 1 

4.2. Composites 
The results of the permeabihty measurements for three layups of the AS4/8552 CF-epoxy systems are given 

graphically i n hgure 4.1. As earlier m e n ü o n e d , there is no reference data available for this material and 

unfor tunate ly there have not been successful tests for the base test of the U D layup. Nevertheless, i t can be 

assumed that the undamaged base material should have very simUar results as for the angleply and 

quasi-isotropic layups. 

33 
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Figure 4.1: Bar cliart of the permeability measurement results for AS4/8552, including error margin, 

Table 4.2: Table of the permeability measurement results for AS4/8552, including error margin. 

Mean 

Base 

Upper Lower Mean 

Bended 

Upper Lower Mean 

Cycled 

Upper Lower 
AS4Q 0.032 O.IOS 0.072 0.403 0.534 0.309 0.098 0.147 0.086 
AS4A 0.044 0.088 0.039 0.399 0.545 0.285 0.086 0.134 0.064 

AS4UD 0.576 0.754 0.435 0.044 0.088 0.039 

Comparing the tests w i t h each other, i t is noticed that strain has a very large effect on the permeabiUty w i t h 

respect to the base samples and Üiermal ly cycled samples. The error is h igh for bended samples, caused by 

the large difference i n measurements. The effect of die thermal cycles is less prominent however and 

remains close to the permeabUity o f the base experiments. 

The strains applied are shown i n table 4.3 and are calculated w i t h the equations as was given i n section 3.3.3. 

The strains transverse of the fibers are most important , as this w i l l cause microcracking and f low of 

permeant through die specimen. Only the m a x i m u m strain parallel to the fibers, wh ich is known to be 1.7%, 

can be used to compare the values of the table w i t h . It is discovered dia t the deflect ion of aU three layups are 

the same and therefore also produce the same strains i n a p l y These strains are weU below the m a x i m u m 

strain allowed i n fiber direction, bu t i t is unknown how close the strain was compared to the transverse 

strain. Nevertheless, no visible cracks were discovered after the tests. Also provided is a strain dis t r ibut ion 

plo t o f t h e p ly in wh ich tiie m a x i m u m strain occurs (figure 4.2). This strain dis t r ibut ion is simUar for all otiier 

materials, except for the difference i n amplitude. According to this figure the sttain dis t r ibut ion is far f r o m 

u n i f o r m and m a x i m u m strain i n parallel and transverse direction are always m a x i m u m at the center as 

expected. 

Table 4.3: Maximum strains of the composite materials at a pressure of 3.8 bar. 

Material El £2 r i 2 
Unidirect ional 

Angleply 

Quasi isotropic 

0.218% 

0.218% 

0.218% 

0.218% 

0.218% 

0.218% 

0.436% 

0.436% 

0.436% 
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Figure 4.2: Example of the strain distributions in a ply of the Angleply layup at a pressure of 3.8 bar 

4.3. Liquid Crystal Polymers 

The results for the LCP's are split i n three graphs. The f irs t (figure 4.3) shows the permeabil i ty values of the 

reference, base and thermal cycle tests, temporari ly ignoring the results of the bended samples. I t is noticed 

that the outcome of base result is 2.0 and 2.5 times larger tiian the reference fo r A130 and A950 respectively 

The effect of tiie cyclic thermal load is more pronounced for the A950 LCP than for the composite, a l t i iough 

the error on i t is large. The second figure (figure 4.4) includes the same results as the first graphs, bu t now 

also includes the results of the bended samples. The effect of straining the LCP is very large compared w i t h 

the other data. The last graph (figure 4.5) shows the effect of pressure increase on the permeabil i ty of A130. 

I t is f o u n d that the relation is not linear, but follows a parabolic line. Mul t ip ly ing the permeabil i ty w i t h the 

pressure applied and dividing by the thickness of the sample gives the GTR, w h i c h shows a similar behaviour 

(figure 4.6). 
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Figure 4.3: Bar chart of permeability measurement results (reference, base and cycled specimens) for the LCP's Vectra A130 and A950, 

including error margin. 

Just as w i t i i the composite, the strain i n transverse direction, £2 is most impor tan t to the anisotropic LCP's. 

However, only the m a x i m u m elongation parallel to the fiber direction is known, so the values of table ?? can 

only be compared to the m a x i m u m strain at break of 2 .1%. 
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Figure 4.4: Same as figure 4.3, but now also including results for bended specimens. 

Table 4.4: Table ofthe permeability measurement results for the LCP's Vectea A130 and A950, including upper and lower limit ofthe error. 

Reference Base Bended Cycled 
Mean Upper Lower Mean Upper Lower Mean Upper Lower 

A130 0.043 0.088 0.124 0.077 1.816 2.188 1.255 
A950 0.044 0.110 0.139 0.096 2.370 2.792 1.707 0.160 0.223 0.139 

-A130 

ro 

O 

15 
ro 
'1' 

i 
a-' 

0.18 

0.16 

0.14 

0.12 

0.10 

0.08 

0.06 

0.04 

0.02 

0.00 

3.5 4.5 
Pressure [bar ] 

Figure 4.5: Graph ofthe permeability of Vectra A130 as a function of pressure. 
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4.4. Fluoropolymers 
The results of the f luoropolymers is shown graphically i n figures 4.7 and 4.8. The first graphs shows the 

permeabili ty values for reference, base, bended specimen and thermally cycled specimen. I t is nof iced how 

die base test results of PFA and FEP are about 30% higher than fiie reference values, whi le the PTFE value 

seems to be spot on. The bending and the thermal cycling of the specimen also show a difference between 

PFA and FER and PTFE: the values decrease for FEP and PFA w i t h respect to tiie base experiment, whi le 

bending causes an increased value for PTFE. However, the values don't differ m u c h and the measurement 

error is large. The second graph contains the outcome of pressure test for all three fiuoropolymers. As the 

lines are near flat, especially for PTFE, permeabili ty is almost unaffected by pressure i n this range. For 

completeness sake, the GTR of the fluoropolymers is also provided i n figure 4.10, having a similar shape as 
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Table 4.5: Table ofthe permeability measurement results as a function of pressure for the LCP Vectra A130. Upper and lower limit of the 

error are included. 

Pressure A130 

[bar] Mean Upper Lower 

3.S O.OSS 0.124 0.083 

4.3 0.035 0.061 0.031 

4.8 0.037 0.061 0.035 

5.3 0.016 0.035 O.OOS 

5.7 0.062 0.0S7 0.051 

6.0 0.115 0.156 0.100 

- ^ A 1 3 0 

30 

0 

3.5 4 4.5 5 5.5 6 6.5 
Pressure [bar] 

Figure 4.6: Graph ofthe GTR as a function of pressure of Vectra A130. 

Table 4.6: Maximum strains of the LCP materials at a pressure of 3.8 bar. 

Material £i £2 712 

A130 

A950 

0.324% 

0.391% 

0.324% 

0.391% 

0.648% 

0.782% 

for the permeability. 

Table 4.7: Permeability measurement results values, including upper and lower limit error, for the fluoropolymers PFA, FEP and PTFE. 

Reference Base Bended Cycled 

Mean Upper Lower Mean Upper Lower Mean Upper Lower 

PFA 11.598 16.434 18.979 14.330 13.306 13.715 11.101 10.554 12.283 9.200 

FEP 11.270 14.975 17.325 12.977 11.404 11.885 9.466 8.872 10.824 7.693 

PTFE 8.001 7.777 9.053 6.782 9.445 10.715 7.257 

I n table 4.8 the m a x i m u m strains are given for all three materials. As can be seen, the strain is m u c h lower 

than the m a x i m u m strain of such polymers, w h i c h is i n the order of 300%. The strain applied is however 

m u c h higher than the strains applied to the composites and LCP's, to about ten times. 
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Figure 4.7: Bar cliart of permeability measurement results, including error margin, for the fluoropolymers PFA, FEP and PTFE. 
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Figure 4.8: Graphs ofthe permeability as a function of pressure, including error margin, for the fluoropolymers PFA, FEP and PTFE. 

Pressure PFA FEP PTFE 
[bar] Mean Upper Lower Mean Upper Lower Mean Upper Lower 
3.8 10.683 12.390 9.315 9.610 11.130 8.376 5.548 6.455 4.839 
4.3 9.540 11.070 8.315 8.6S4 10.047 7.573 5.122 5.942 4.467 
4.8 9.374 10.846 8.171 8.609 9.926 7.508 5.201 6.021 4.535 
5.3 9.251 9.550 8.068 8.697 10.051 7.584 4.948 5.719 4.316 
5.7 9.034 10.635 7.865 8.516 9.823 7.427 4.953 5.728 4.320 

Figure 4.9: Permeability measurement results values as a function of pressure, including upper and lower limit error, for the 
fluoropolymers PFA, FEP and PTFE. 

4.5. Expected He and H2 volume loss of pressure vessel 
As explained i n section 3.2 a pressure vessel is assumed to exist and includes a liner. The volume loss per 

hour of a fluoropolymer and a LCP l iner material w i t i i the assumptions as explained i n methodology is 

shown i n figures 4.11 and 4.12 respectively Regardless of material type, tiie loss per hour is near zero at 21 K 



4.5. Expected He and H2 volume loss of pressure vessel 39 

PFA FEP PTFE 

O 
£ 

5 

3.5 4.5 5 

Pressure [bar ] 

5.5 

Figure 4.10: Tlie GTR as a function of pressure for the fluoropolymers PFA, FEP and PTFE. 

Table 4.8: Maximum strains of the fluoropolymer materials 

Material ei £2 712 

PFA 3.05% 3.05% 6.09% 

FEP 4.24% 4.24% 8.48% 

PTFE 3.04% 3.04% 6.07% 

according to the Arrhenius equation. At a higher temperature of 93 K, wh ich was the lowest temperature at 

w h i c h the reference material was tested, the loss per hour is negligible. 
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Figure 4.11: Helium loss per hour as a function of temperature for the fluoropolyiners FER PFA and PTFE at pressure differences of 3.8 

and 5.7 bar. 

Also the loss per hour of he l i um is compared w i t h reference data of hydrogen and compared w i t h each other 

i n figure 4.12. The loss of hydrogen for tiie material FEP is lower tiian for he l ium, to about eight times lower 

at RT to a factor 36 at 21 K. 
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Figure 4.12: Helium loss per hour as a function of temperature for the LCPs A130 and A950 at pressure differences of 3.8 and 5.7 bar. 
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Figure 4.13: Difference between hydrogen and helium loss per hour for FEP as a function of temperature for the LCPs A130 and A950 at 
pressure differences of 3.8 and 5.7 bar. 



Discussion 

5.1. Introduction 
This chapter w i l l discuss both the methodology and the results obtained. The methodology discussion w i l l 

encompass the apparatus, data acquisition, materials and the test procedures, as the choices made i n these 

areas have lead to the final results that were acquired. The discussion about the methodology wiU therefore 

mainly consider how the choices have inf luenced the measurements and what possible l imitat ions they 

have. Finally the obtained results are examined and how these need to be interpreted. 

5.2. Apparatus 
Although the design of the apparatus was based on the ASTM test standard as discussed i n 3.1.1 and many of 

tiie articles used this standard for the design of their own apparatus, the standard does not say whether or 

not i t is able to work w i t h anisotropic materials such as the composite and LCP used i n this research: as 

tiiese materials are prone to microcracking, the suggested O-ring may not be able to contain the permeant 

i n the ceU, causing a loss of permeant on the downstream side of the sample. This leak pat i i is impossible to 

locate on the current apparatus using a soapy solution or a pressure test: the soapy solution cannot be 

apphed directly to the sample O-ring interface, as this is located w i t h i n the apparatus and cannot be 

reached. The soapy solut ion can be applied to the outer r ing and to tiie holes for the bolts, bu t as the small 

amount of leaked permeant w h l distribute itself over the free volume avaUable and the area to apply the 

soapy solution to is quhe large, a possible leak wiU not be found . Furthermore, if a leak is found , i t is stiU 

unknown f r o m wh ich side of sample the leaked permeant is coming f r o m : a small leak f r o m the upstream 

side does not influence the measurement, but a leak on the downstream side does. A pressure test is no t 

possible i n this setup, as only the pressure is known on the upstream side. A he l ium sniffer w o u l d be easier 

to use and increases the chance of hnd ing small leaks, stiU i t is not k n o w n wh ich side the leak is located on. 

Furthermore, such a he l ium sniffer was not avaUable to use. 

The purging of the upstream chamber w i t h he l ium is done at h igh pressure, bu t i t is not really k n o w n i f the 

air i n the chamber is completely replaced by the he l ium. I f not, then the part ial pressure of he l ium is lower 

than the measured pressure wh ich is used for the calculations. I n this case, the permeabUity is 

underestimated. 

5.3. Data acquisition 
The volumetr ic method seemed like a simple and good way to measure the permeability, bu t i n prachce 

there quite a number of factors that can inhuence the measurement and make i t more complex. First of all, 

the atmospheric pressure changes ahect the measurement performed. Also h u m a n interference w i t h the 

apparatus, even proximi ty to the capUlary for longer periods of t ime, was noticed to increase the slug height. 

I t was attempted to correct for tiie affect the atmospheric pressure has on the measurements by 

incorporat ing an analytical expression for pressure balance wh ich improves the received data, bu t i t is 

unknown what the accuracy of this correction. Another issue is the manual measurement technique: as the 

height o f t h e l i q u i d slug needs to be measured w i t h the naked eye, the precision of measurement is about 0.5 

m m . This value can be considered as reasonable when the total slug movement is high, such as for the 
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f luoropolymers where the slug movement is about 70 m m . However, for LCPs the slug movement was about 

20 m m i n about sbc hours t ime, meaning that the measurement error due to manual slug measurement is 

about 5%. Also the capillary i n itself has a quite large inaccuracy of 10%. The acquired data therefore shows a 

large error range for materials w i t h a low permeabil i ty and i t therefore is hard to quant i fy the material's 

permeability. 

Unfor tunately there are also some aspects which influence the data acquisition i n an unknown measure. 

Firsfly, all materials are able to adsorb the permeant, and because the he l ium was trapped i n the 

downstream chamber for several hours in the case of a LCP-test. I t is therefore possible that some o f t h e 

he l ium was lost due to adsorption. Possible adsorption locations are the PTFE feed tube to the capillary and 

the capUlary fluid. The amount of permeant lost is assumed to be very small, as the difference i n part ial 

pressures is very small f r o m the downstream side to the atmosphere, but i f given enough t ime this may 

influence the permeabili ty measurement signihcanhy. Secondly, the Uquid slug evaporates i n t ime. This is a 

fair ly slow process (estimated at 1 to 2 m m of hqu id loss per day), bu t again: due to the long time required 

for a LCP test this may be of importance. Lashy, the temperature is not taken into account: dur ing longer 

measurements, i n some cases the temperature changed by about 0.5°C, wh ich has an unknown inhuence to 

the system. 

5.4. Materials 
As mentioned, the fluoropolymers were delivered at different thicknesses (3 and 4 m m ) and were scratched. 

The decision was made to decrease the thickness to an equal 2 m m and to pohsh the fluoropolymers 

afterwards as to make a good comparison between the materials at an equal thickness. However, machin ing 

may have irreversibly damaged the surface, e.g. by in t roducing microcracks. By visual inspection i t is clear 

that the surface remains damaged despite polishing, as the surface had a matte hnish to i t . This may have 

lead to the higher measured permeabiUty values for FEP and PFA. The reason PTFE is no t affected migh t be 

explained by tiie better surface quaUty that was acquired. The LCPs on the other hand had a good surface 

quali ty at visual inspection, but machining the square sheets to circular samples lead to the peeling of the 

unhUed polymer type near the edges. Although i t was no t observed that these strands continued in to the 

measurement area, causing a leak path past the O-ring, microscopic defects may stiU have been present 

affecting the measurement performed. As can be seen i n hgure [], small strands of polymer have been 

peeled of the surface that lies w i t h i n the measurement area. 

RegarcUng the material thickness selechon, i t must be noted that the choice of using LCPs at a tiiickness of 

2.5 m m was wrong: as the permeabil i ty of this material type is very low i n general, thinner samples woiUd 

have lead to a higher how of he l ium through the specimen and therefore more accurate results i n less t ime. 

The choice of fluoropolymers as a liner was mainly based on its flexibihty at low temperatures and the 

manufacturabil i ty. The CTE however is m u c h higher than the CTE of the composite, wh ich may cause 

concerns: assuming the liner is not adhered to the tank waU, the liner wiU fhs t shrink due to the low 

temperature of the l i q u i d hydrogen and then expand agaUi due to the pressure of tiie l i q u i d hydrogen, as 

graphicaUy shown i n hgure 5.1. It is not imown i f the expansion is w i t h i n the strain l imits and no cracks or 

tears wUl f o r m . Another issue migh t be the structural stability of the liner when i t is contracting, as i t may 

buckle and faU. Increasing the thickness of the liner material may enhance its structural stabiUty but at the 

cost of added weight, undermin ing the advantage of composite over metals. Adhering the l iner to the 

composite waU w o u l d be a solution, but this woiUd require the adhesion to be able to cope w i t h the shear 

forces at very low temperatures, wh ich woiUd be d i fhcu l t as the adhesive w o u l d become brit t ie . 

Furthermore, fluoropolymers are weU-known for their low f r i c t i on properties and i t is very hard to adhere 

anything to i t . Therefore the huoropolymers needs to be pretreated w i t h a chemical etchant i n order to make 

adhesion possible. 

The CTE of the LCP's is lower than the huoropolymers, and the CLE's in how and transverse directions 

almost equal the CTE's of a unidirect ional composite lamina. However, the composite consists of a layup 

w i t h mul t ip le orientations, so i n the end there wUl be a mismatch i n the transverse direction mostiy and so a 

larger contraction of the liner wiU occur w i t h respect to the contraction composite tank wal l i n transverse 

direction. However, unlike the fluoropolymers the LCPs are less flexible. Another issue is the 

manufacturabUity as Vectra LCP's are in jec t ion moulded and the flow direction o f t h e LCP determines what 

the orientat ion of the polymer wiU be: Orientat ion control wUl be d i fhcul t for a double curved contour. 
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Figure 5.1: Grapliic representation of the liner shrinkage and expansion due to the liquid hydrogen. 

5.5. Test setup 
I n the test where deflection of the specimen is allowed, i t is known that the strain d is t r ibut ion is 

heterogeneous and therefore the permeabili ty cannot be coupled to a single strain state value. A m a x i m u m 

strain value gives some in fo rma t ion regarding the gravity of the deformation, but st i l l no conclusions can be 

made i n regard to the material permeability. Furthermore, i t w o u l d have been better i f a similar strain state 

was achieved for all materials tested, bu t this is impossible due to anisotropic nature of the composites and 

LCP's compared to the isotropic nature of the fluoropolymers. Therefore only materials f r o m w i t h i n a 

material group can be compared to each other and qualitative conclusions can be drawn when comparing 

the material groups. 

The thermal cycling per formed on the test specimen is a reasonable representation of an actual thermal load 

o n the tank. However, the damage state of the material due to the thermal cycling could not be determined. 

Al though photographs were made of the specimen at predetermined locations, before and after the cycles, 

at various magnif icat ion settings of the microscope, no damage caused by the cycles could be observed. The 

observation technique is to blame for this, as i t is very d i f f i cu l t to spot cracks wi thou t a fluorescent l i q u i d 

penetrant. A l i q u i d penetrant w o u l d make cracks visible, bu t also needs to be appUed before the thermal 

cycle and measurements takes place (in order to know the in i t i a l damage state of the specimen), and 

because the penetrant is d i f f i cu l t to remove i t may inf luence the measurement or b u r n and damage the 

specimen i n the oven. A second problem of the observation technique is that i t is d i f f i cu l t to relocate points 

of interest after the cycles. A n d although a template was used to find the points of interest after the thermal 

cycles, at higher magnifications (20x - 40x) i t was nearly impossible to find the exact area again. Another 

issue w i t h the thermal cycling test is the amount of t ime required to pretreat the samples, wh ich is quite 

high, and the amount of cycles performed, w h i c h is just too low to be represent the total l i fe t ime of a 

pressure vessel of a RLV. FinaUy, the test is of l i m i t e d value as i n reality the cycle w o u l d involve bo th a 

temperature and a mechanical load. So a separate test for both temperature and a mechanical may show 

their separate contr ibuflons to the permeabUity, bu t i t is possible tiiat i t underestimates the actual problem. 

5.6. Test results 
The amount of tests per formed for each variable is unfor tunately too low to incorporate some statistical 

analysis and to gain more insight of the repeatabUity of the tests performed. Furthermore, the error marg in 

on most measurements is large and because of this some results cannot be interpreted wel l as they are of the 

same order of magnitude. For instance, bending and thermaly cycling the fluoropolymers show a different 

outcome than dur ing the base test, but due to the large error margin the actual difference i n permeabil i ty 

may be a lot smaller than the averages currentiy depict. Similarly, a lower permeabil i ty was f o u n d fo r the 

angleply composite compared to the quasi isotropic composite (which w o u l d be a correct observation, as 

according to [] the o p t i m u m angle is 25°), but the low amount of observations as weU as the large 

measurement error do not allow this conclusion to be made i n this research. Corrections applied to 

counteract some effects that distorted the measurements only improved the data i n a minor fashion - a 

couple of percent at most. The removal of outliers, probably caused by mistakes i n the manual observations 

or extreme temporary atmospheric changes improved the data set i n many cases, but stiU by a low amount . 
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Despite this, the test results still are able to provide some informahon , especially w h e n comparing the 

material types w i t h each other. 

Alhiough the permeabili ty of huoropolymers is much higher than for the composites and LCP's, they all are 

negligibly small at 21 K. Despite not having any data to validate the permeabil i ty at such low temperatures i t 

can be assumed that the Arrhenius equation w i h largely correspond w i t h reality as the energy o f t h e 

permeant w i l l decrease m u c h due to the low temperature. Hence the earlier statement about the 

p e r m e a b ü i t y of the materials at 21 K w i l l stih ho ld true. Furthermore, i t was assumed i n the calculations that 

only a l iner needs to be permeated through, whUe i n reality also a composite tank wah w i l l be present, 

fur ther decreasing the volume how. 



Conclusions 

6.1. Apparatus 
The apparatus w i t h the flat surface is essentially the correct device w i d i w h i c h a permeabUity test should be 

performed, hence everyone uses a similar device. However, w i t h a very small molecule as he l ium is (and for 

that matter, also hydrogen) detaUs are important . As explained i n the discussion on this matter, there is a 

concern for leakages wh ich cannot be determined. This makes the reliabUity of the apparatus less than is 

desired and may be a cause of an underestimation of the permeabUity of the materials tested. 

Al though the original pressure regulator was replaced w i t h one that is more suited for hel ium, i t was 

discovered after muhip le tests that i t was not able to regulate the pressure at aU. Al though i t was argued that 

the small decrease i n pressure i n t ime w o u l d not affect the measurements much, i t probably d id for the 

bended specimens: the Uquid slug movement decelerated and is caused by the decrease i n dehection o f t h e 

specimen, but also by less permeation as the strain also decreased. 

W i t h respect to the size of the apparatus h can be concluded that the test surface area was too smaU for low 

permeabili ty materials such as LCPs and composites, w i t h the current data acquisihon system used. 

6.2. Data acquisition 
As explained i n sechon 5.3 the data acquisit ion system is too inaccurate and too imprecise for low 

permeabUity materials. The correction funcdons scripted i n Mahab are cute, but do not solve the actual 

problem. Also the accuracy of the c o r r e c ü o n i n itself is disputable and i t w o u l d be better to avoid. These 

issues reduce the reliabili ty of the acquired data and make i t harder to quant i fy the permeabUity 

characterishc of the materials to the poin t where they only qualUatively can be compared. Hence it must be 

concluded that tiie data acquisit ion should be improved i n order to achieve more accurate results i n order to 

quant i fy tiie permeabil i ty of materials and the inhuence of variables (such as pressure and temperature) o n 

them. 

6.3. Materials 
Regarding tiie material treatment i t is concluded that tiie decision to decrease the thiclmess by miUing i t 

down was wrong: the surface quali ty decreased and i t is very probable this inhuenced tiie permeabili ty as a 

result. 

6.4. Test setup 
Four different test setups were considered. Of these the base test and increased pressure test were 

conducted as required and the resiUts can be used reasonably. The outcome of the bended specimen test 

was less straightforward, as permeabil i ty cannot be directly correlated to a certain amount of strain applied 

to the specimen as the strain dis t r ibut ion was heterogeneous. As tiie magnitude of the inhuence of the strain 

can therefore no t be established, h must be concluded that the test setup for the purpose is hawed. 

Regarding the setup of the thermally cycled specimens i t is d i f f i cu l t to state what the cause is of the 

difference i n outcome for A950 and the huoropolymers: whUe there is a noticeable increase i n permeabUity 
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of A950, there is also a noticeable decrease i n permeabUity for PFA and FER The difference may be caused by 

die anisotropic LCP microcracking because of the thermal cycles and the induced strain, whi le the isotropic 

f luoropolymers may have re-ordered and improved the microstructure, decreasing the permeabUity. 

However, this could not be conf i rmed w i t h an optical microscope, even possible damage to the A950 

specimens could not be found, let alone a micro-structural change. 

6.5. Test results 

I t can be concluded f r o m the permeabUity measurements that: 

• bending the composite specimens introduces a strain that has a noticable effect on the permeabUity; 

• the unidirect ional layup is more affected by the strain than the other layup sequences; 

• the effect of diermal cycUc loads on the composites could not be established w i t h certainty, al though a 

slight increase is observed for the quasi isotropic and angleply layup sequences; 

• bending the LCP specimens also have a large influence on the permeabUity of the material. Al though 

the strain appUed was 50% to 100% higher than for the composites, the measured increase i n 

permeabiUty is over 2000%. Hence these LCP's are more sensitive to strain; 

• the thermal cyclic load is a probable cause of the observed increase i n permeabiUty of Vectra A950; 

• the permeabUity of Vectra A130 is a func t ion of the pressure and shows a parabolic shape, meaning 

that he l ium probably plasticizes the polymer; 

• the measured permeabili ty of PFA and FEP of the base test is higher than its reference values and is 

at tr ibuted to the microstructural damage caused by miUing down the specimens to an equal thickness; 

• bending PFA and FEP caused a decrease i n permeabUity to occur, bu t an explanation is not k n o w n for 

this behaviour. At the very least i t can be concluded that f luoropolymers are far less inf luenced by 

strain than the other materials tested; 

• thermal cycling caused an inexplicable decrease i n permeabUity of the f luoropolymers tested; 

• the permeabUity of f luoropolymers is less dependent and maybe even not dependent on the pressure 

applied i n the pressure range of 3.7 to 5.8 bar. Hel ium, apparantly, plasticizes these f luoropolymers to 

a lesser degree. 

Based on the volume loss of a hypothetic tank under the given assumptions of section 3.2 i t is concluded 

that: 

• volume f low out of the tank becomes negligible at 21 K, regardless of liner material used; 

• the hydrogen f l ow is less than the he l ium f low out of a FEP liner. 

From the observed influences of strain and thermal cycling on the Uners and the no t ion that permeation 

goes to zero as temperature nears zero, i t can be concluded that the mechanical stabUity of the Uner under 

mechanical and thermal load is more impor tan t than the bulk material permeabUity. 



Recommendations 

7.1. Introduction 
In this chapter recommendations w i l l be given based on the discussion and conclusions. The subjects are 

the same as for the discussion and conclusions, so recommendations w i l l be given regarding the apparatus 

design, the data acquisition, the candidate materials and the tests respectively. These recommendations 

includes the suggested improvements to this project, but w i l l also poin t out possible topics for fu ture 

research i n the broader perspective of the research subject. 

7.2. Apparatus 
Some m o d i f i c a ü o n s to the original design of the apparatus are recommended. The material of the O-r ing 

employed may have been too hard, increasing the chance of not having a leak-tight setup, especially when 

the surface is no t entirely smooth as was the case w i t h the materials tested i n this research. I t is proposed to 

employ a m u c h softer material for the O-ring, such as sil icon. The sihcon O-ring can be manufactured 

straight onto hie specimen using a mould , ensuring a good connechon. Another modihcahon is to add a 

second O-ring w i t h a larger diameter, basicaUy al lowing a free volume to remain between the two O-rings. I f 

a he l ium sniffer is purchased, this can be employed to detect a leak at the O-ring, giving more in fo rma t ion 

about the success o f t h e test. IdeaUy, the he l ium how could be reversed, giving an immediate result 

regarding the reliabil i ty of the O-ring. Also the repeatability of the tests can be improved by applying a 

u n i f o r m pressure to the upper ceh of the apparatus. This w i l l ensure the same amount of fe ree is applied to 

the specimen each time, reduces the chance of a skewed load and improves the speed at wh ich the test can 

be set up. Finally, the purging process can be improved by applying a vacuum to the system before applying 

he l ium pressure: this wiU result i n a better k n o w n concentration of he l ium applied at the specimen, and no 

he l ium w i l l be wasted i n the process. 

7.3. Data acquisition 
Although the data acquisition was hne for short test runs and relatively permeable materials such as the 

fluoropolymers were, for materials w i t h low permeabilities the tests took m u c h t ime and were less accurate. 

The best soluhon w o u l d be to purchase a mass spectrometer, w h i c h is the most accurate system available. 

However, i t also comes at a steep price, w h i c h is a large disadvantage. A cost dr iven solution w o u l d then be 

f o u n d i n the improvement of the current volumetr ic measurement method. This can be achieved by 

reducing the capiUary diameter to as low as 0.5 m m (hence a system that is 16 hmes more precise) for low 

permeabUity materials. The 0.5 m m accuracy reading flie hqu id slug posihon manuaUy can be improved 

w i t h automated measurements: already a test was per formed w i t h a camera plugged to a Raspberry Pi, 

wh ich was able to take measurements at a specihed intei-val inc luding the pressures and temperature, and 

also is able to make a picture of the current slug posi t ion. More details concerning tills device is given i n 

Appendix E. 

The precision he l ium pressure regulator d id not work as i t was supposed to i n tiiis project, unfor tunate ly no 

reason was f o u n d w h y i t d id no t func t ion . According to the manufacturer i t is installed correctly and the 

device should be suitable for regulating he l ium pressure. Nevertheless, i t was not and i t should be either 

47 



48 7. Recommendations 

fixed or replaced. 

The above improvements of the volumetr ic measurement method are reasonable for tests per formed at 

room temperature. I f the test w i l l be done at low (sub zero) or even cryogenic temperatures, then according 

to the Arrhenius equation the permeabilities w i l l become so low that the test wUl take a very long t ime. 

Furthermore, some additional problems w i l l arise: as the temperature i n the downstream cell drops, the 

trapped air w i l l decrease i n volume, sucking the l i qu id slug out of the capillary into the cell. Additionally, the 

moisture i n the air w i l l freeze, possibly f o r m i n g a blockade i n a tube. In this case i t is really recommended to 

use a mass spectrometer. 

7.4. Materials 
For fu ture tests w i t h the current permeabili ty test setup i t is advised to test f i lms for low permeabil i ty 

materials such as Vectra, as this w o u l d decrease the t ime required to saturate the barrier material w i t h 

permeant and the t ime required to accurately measure the volume of gas permeated. I n addidon, a thick 

material should not be decreased i n thickness by m i l l i n g or sanding i t down to the desired thickness: this 

inherently damages the material surface, l ikely in t roducing measurement errors. 

As discussed, there seems to be connection between the morphology and resulting anisotropy to the 

material's permeabili ty when mechanically loaded. I t wou ld be intereshng to study this relationship, as i t 

w o u l d give valuable in fo rmat ion wh ich k ind of material is suitable as a barrier. 

As the structural stabihty, when subjected to a thermal and mechanical load, are impor tan t material 

characteristics for a liner i n the pressure vessel, these should be studied when designing a pressure vessel 

w i t h a liner. Therefore materials should be selected having a CTE comparable to that of the composite and is 

able to cope w i t h the compression when cooled down and should be hexible to cope w i t h the strain 

generated by hie hydrogen pressure. First, materials should be selected based on their CTE, m a x i m u m strain 

and glass temperature. In order to acquire the knowledge for the demands at cryogenic temperature, tenshe 

tests should be performed at cryogenic temperatures w i t h a cryostat and a uniaxial test bench. Al though the 

uniaxial load underestimates the m a x i m u m strain of the actual biaxial load, the test wUl be less complex and 

gives useful data w i t h which a hnite element model can be generated to check a candidate design of the 

pressure vessel. Finally a scaled pressure vessel should be manufactured and f i l l ed repeatedly to test the 

structural stability. 

A n alternative soluhon to the liner can also be investigated: as shown, LCPs have exceUent barrier properties 

and have simUar CTE compared to carbon hbers, and accorcUng to Dingemans et al. [8] i t can be mod i f i ed to 

become a thermoset hqu id crystal polymer (TLCP). This means that this polymer can act as the matrbc 

instead o f t h e c o m m o n epoxy i n the composite, nuUifying the original disadvantage of the CF/epoxy 

composite: microcrack in iha t ion due to CTE mismatch, and loss of hydrogen and risk of faUure because of 

that. A t NASA such a material has already been used i n a pressure vessel, w i t h successful resiUts. I t w o u l d 

therefore be very interesting to develop a new TLCP - the material used by NASA is trademarked and cannot 

be manufactured by any other than Ticona - w h i c h can be used for the CHATT program. 

7.5. Test setup 
For the test conditions, i t should be investigated how the h u m i d i t y influences the permeabil i ty 

measurement of a sample. Therefore samples need to be pre-treated by drying them i n a vacuum oven at low 

temperature. Afterwards, tests can be conducted as normal and an effect maybe observed. Additionally, this 

can be done prior thermal cycUng as weU, as crystaUized moisture may affect the microstructure. Another 

variable of importance is the applied pressure, wh ich should always be set to the designed pressure load or 

to the pressure inc luding a safety factor. Finally, the amount of tests performed should be increased to at 

least ten, so enough statistical data is avaUable to judge the reUability and repeatability of the measurements. 

The material permeabili ty measurement whi le mechanicaUy loaded is of importance, as was also ment ioned 

i n section 7.4, as the mechanical load can be of great inhuence to the permeabiUty. Therefore a biaxial 

testing machine should be acquired and a biaxial specimen should be developed. 

Regarding the effect of cryogenic temperature on permeabUity, tests need to be conducted together w i t h a 

biaxial load i n order to be of any interest: at 21 K the permeabUities of all material-permeant pairs wiU be 

negUgibly smaU anyway, and by adding a biaxial load the embri t t ied sample is likelier to acquire cracks and a 

how of permeant. At such a low temperature h is also recommended to use hydrogen as the permeant 

instead of hel ium, as the permeants are only comparable at r oom temperature. The setup fo r such a test is 

m u c h more complex and much needs to be taken in to account. Lastly, as the permeabil i ty is expected to be 



7.5. Test setup 49 

very low dur ing such a test, the use of a mass spectrometer wou ld become mandatory. 





Material properties 

A.1. Fluoropolymers 
As the data sheet of the supplier was incomplete, i t was chosen to use averages provided by CES Edupack 

2015. 

Table A.1: Mechanical and thermal properties of fluoropolymers PFA, FEP and PTFE 

Property PFA FEP PTFE 

E [GPa] 0.483 0.345 0.476 

G [GPa] 0.168 0.119 0.166 

v [ - ] 0.435 0.441 0.45 

p [kgltr?] 2140 2140 2170 

Tgm 378 361 386 

Tm [Kl 573 548 600 

a [ IQ-^ iC- i ] 120 94 145 

Conductivi ty {Wl[m-K)\ 0.252 0.252 0.252 

A.2. Liquid crystal polymers 
Because the stiffness depends on material thickness, the stiffness i n f l ow direction is calculated by 

interpolat ing between stiffnesses for known thicknesses. The stiffness i n transverse direction was not 

provided, but a measure of anisotropy was and is used to calculate the transverse stiffness. 

Table A.2: Mechanical and thermal properties of Vectra A130 and A950 

Property A130 A950 

En [GPa] 18.75 16.2 

E22 [GPa] 8.52 4.42 

G12 [GPa] 2.45 5.35 

V 0.46 0.42 

Tm 553 553 

an [ l O - ^ i T - i ] 6 4 

«22 [ lO^^iC- i ] 23 38 
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A.3.AS4/8552 
Material properties are as provided by Hexcel. 

Table A.3: Mechanical and thermal properties of UD AS4/8552 

Property Value Un i t 

El 131.62 GPa 

E2 9.238 GPa 

G12 4.826 GPa 

0.3 -
tply 0.1875 m m 



MATLAB Code 

B . l . Excel to Matlab conversion tool 

c l c ; 
c l e a r a l l ; 
close a l l ; 

f i l e l D = fopen('LogFile-DataGenerator.txt','a+'); 

parentcd = cd; 
d i r s = d i r ( c d ) ; 
d i r s = { d i r s ( [ d i r s . i s d i r ] ) . n a m e ) ; 
d i r s = d i r s ( 3 : l e n g t h ( d i r s ) ) ; 

v;hile -isempty ( d i r s ) 
x l s f i l e s = d i r ( s t r c a t (cd, ' \', d i r s { 1 ) , ' \ * • i<ls')) ; 
x l s f i l e s = {xls f i l e s . n a m e } ; 
m a t f i l e s = d i r ( s t r c a t ( c d , '\', d i r s { 1 } , '\*.mat')) ; 
m a t f i l e s = {matfiles.name}; 

f o r i = 1 : l e n g t h ( x l s f i l e s ) 
i f sum(ismember(matfiles, ... 

s t r c a t ( x l s f i l e s { i ) ( 1 : f i n d ( x l s f i l e s { i } = = ' x ' ) - 2 ) , ' .mat')))==1 
continue; 

end 
d a t a l = x l s r e a d ( s t r c a t ( c d , ' \ ' , d i r s { l } , ' \ ' , x l s f i l e s { i } ) , . . . 

'Measurements', 'A2:Fl9'); 
EndData = f i n d ( i s n a n ( d a t a l ( : , 4 ) ) , 1 , ' f i r s t ' ) - 1 ; 
DATA.time = datal(1:EndData,2); 
DATA.slug = datal(1:EndData, 4) ; 
DATA.patm = datal(1:EndData,5) ; 
DATA.temp = datal(1:EndData,6) ; 
data2 = xlsread ( s t r c a t ( c d , ' \ ' , d i r s { 1 } , ' \ ' , x l s f i l e s { i ) ) , . . . 

'Calculations ', 'B2:B19 ' ) ; 
DATA.pres = data2(1:EndData); 
data3 = x l s r e a d ( s t r c a t ( c d , ' \ ' , d i r s { 1 } , ' \ ' , x l s f i l e s { i ) ) , ... 

'SampleAndSetup', 'Bl6:B31'); 
DATA.Area^cap = data3(2); 
DATA.Area_test = data3(4); 
DATA.t_avg = data3(15); 
DATA.sample = x l s f i l e s ( i ) ; 
s a v e ( s t r c a t ( c d , '\', d i r s { 1 } , '\', .. . 

x l s f i l e s { i } ( 1 : f i n d ( x l s f i l e s { i ) = = ' x ' ) - 2 ) , ' . m a t ' ) , ' D A T A ' ) ; 
f p r l n t f ( f i l e l D , ' % s \ t % s \ r \ n ' ,datestr (nov;) , x l s f i l e s { i } ) ; 
cle a r DATA 

end 
d i r s (1) = [] ; 

end 
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f c l o s e ( f i l e l D ) ; 

B.2. Main program 

% Permeability Corrections Test Unit 

%% I n i t i a l i z a t i o n 
c l c 
close a l l 
c l e a r a l l 

%% Error f a c t o r 
e . c a p i l l a r y = 0.1; 
e.thickness = 0.005; 
e.sampleDiam = 0; 
e.meas = 0.5; 
e.patm = 0.03; 
e.presDiff = 0.0033; 
e.temp = 0.05; 

% percentage 
% ram 
% Unknown percentage e r r o r 
% mm 
% percentage 
% percentage 
% Kelvin 

%% Find and select sample 
choice = questdlg('Run s i n g l e sample or a l l samples?', 

' S i n g l e / A l l ' , ... 
'S i n g l e ' , ' A l l ' , ' S i n g l e ' ) ; 

i f strcmp(choice,'Single') 
d i r p a t h = u i g e t d i r (cd, ' Select f o l d e r v;ith datasets. 
m a t f i l e s = d i r ( d i r p a t h ) ; 
m a t f i l e s = ( m a t f i l e s ( ~ [ m a t f i l e s . i s d i r ] ) . n a m e ) ; 

' ) ; % s t a r t d i r e c t o r y 
%everything i n s i d e the d i r e c t o r y 

%dont record the base d i r e c t o r 
m a t f i l e s = m a t f i l e s ( - c e l l f u n ( ' i s e m p t y ' , s t r f i n d ( m a t f i l e s , ' . m a t ' ) ) ) ; %only record .mat f i l e s 

[ f , c a n c e l ] = l i s t d l g ( ' P r o m p t S t r i n g ' , ' S e l e c t a f i l e : ' , 
'SelectionMode','single',... 
'ListSize',[300 400],... 
' L i s t S t r i n g ' , m a t f i l e s ) ; % S e l e c t i n g the desired data f i l e 

i f cancel == 0 
error('process stopped by user' 

end 

load ( [ d i r p a t h , ' \ ' , m a t f i l e s { f } ] ) % Loads s t r u c t u r e c a l l e d DATA vji t h a l l measurements 

% Corrections 
i f m a t f i l e s { f } ( e n d - 4 ) = = ' F ' 

DATA = PCTU_fcn(DATA, ' f l a t ' , 'F'); 
perm_c_e3 = perm_fcn(DATA,e); 

e l s e i f m a tfiles(f)(end-4)=='B' 
DATA = PCTU_fcn(DATA,'deflection','B'); 
perm_c_e3 = perm_fcn(DATA,e); 

end 
else 

parentcd = cd; 
d i r s = ('AS4UD' 'AS4Q' 'AS4A' 'A130' 'A950' 'PFA' 'FEP' 'PTFE'); 
p a r p o o l ( ' l o c a l ' , 2) ; 
f i l e F = f o p e n ( ' F l a t s 2 . t x t ' , 'a ' ) ; 
f i l e B = fopen('Deflected2.txt', 'a') ; 
v/hile -isempty ( d i r s ) 

m a t f i l e s = d i r ( s t r c a t ( c d , '\', d i r s ( 1 } , ' \ * . m a t ' ) ) ; 
m a t f i l e s = {matfiles.name); 
f o r i = 1;le n g t h ( m a t f i l e s ) 

l o a d ( [ c d , ' \ ' , d i r s { l ) , ' \ ' , m a t f i l e s { i ) ] ) % Loads s t r u c t u r e c a l l e d 
%DATA v;ith a l l measurements 

f p r i n t f ( ' % s \ n ' , m a t f i l e s { 1 } ) ; 
t r y 
i f m a t f i l e s { i ) ( e n d - 4 ) = = ' F ' 

[ p e r m l , g o f l , s l u g f i t l ] = perm_fcn(DATA, e, 'NoOutliers') ; 
[perm2,gof2, s l u g f i t 2 ] = perm_fcn(DATA,e) ; 
DATA = PCTU_fcn(DATA,'flat','F'); 
[perm3,gof3,slugfit3] = perm„fcn(DATA,e, 'NoOutliers') ; 
[perm4,gof4,slugfit4] = perm_fcn(DATA, e) ; 
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f p r i n t f ( f i l e F , [ ' % s ; % 5 . 4 E ; % 5 . 4 E ; % 5 . 4 E ; % 5 . 4 f ; ' . . . 
'%5.4E;%5.4E;%5.4E;%5.4f;'... 
'%5.4E;%5.4E;%5.4E;%5.4f;'... 
'%5.4E;%5.4E;%5.4E;%5.4f\r\n'],... 
ma t f i l e s { i } , p e r m l ( 2 ) , p e r m l ( 3 ) , p e r m l ( 1 ) , g o f 1 . r s q u a r e , . . . 
perm2(2),perm2(3),perm2(1),gof2.rsquare, . . . 
perm3(2),perm3(3),perm3(1) , gof3.rsquare, . .. 
perm4(2),perm4(3),perm4(1),gof4.rsquare); 

e l s e i f m a t f i l e s ( i } ( e n d - 4 ) = = ' B ' 
[ p e r m l , g o f 1 , s l u g f i t i ] = perm_fcn(DATA,e,'MoOutliers'); 
[perm2,gof2,slugfit2] = perm_fcn(DATA,e); 
DATA = PCTU_fcn(DATA, ' d e f l e c t i o n ' , 'B') ; 
[perm3,gof3,slugfit3] = perm_fcn(DATA, e, 'MoOutliers'); 
[perm4,gof4, s l u g f i t 4 ] = perm_fcn (DATA, e) ,• 
f p r i n t f (f i l e B , ['%s;%5.4E;%5.4E;%5.4E;%5.4f; ' . . . 

'%5.4E;%5.4E;%5.4E;%5.4f;'... 
'%5.4E;%5.4E;%5.4E;%5.4f;'... 
'%5.4E;%5.4E;%5.4E;%5.4f\r\n'],... 
m a t f i l e s ( i ) , p e r m l ( 2 ) , p e r m l ( 3 ) , p e r m l ( 1 ) , g o f l . r s q u a r e , . . . 
perm2(2),perm2(3),perm2(1),gof2.rsquare, . .. 
perm3(2),perm3(3),perm3(1),gof3.rsquare, . .. 
perm4(2),perm4(3),perm4(1),gof4.rsquare); 

end 
catch ME 

w a r n i n g ( m a t f i l e s ( i } ) ; 
end 

end 
d i r s (1) = [] ; 

end 
delete(gcp('nocreate')) 
f c l o s e ( f i l e F ) ; 
f c l o s e ( f i l e B ) ; 

end 

B.3. Correction functions 

f u n c t i o n [OUT] = PCTU_fcn(DATA,Function,Option) 
%PCTU_fcn This f u n c t i o n contains a l l the small functions necessary t o 
%co r r e c t the data acquired during p e r m e a b i l i t y measurements. 
% 
% As an input i s required the DATA s t r u c t u r e , containing the 
% measurements performed, and one of the selected f u n c t i o n s . 
% Functions are: 
% 'pressure' t o cor r e c t f o r the change i n atmospheric pressure during 
% the measurements; 
% 'surface' t o cor r e c t f o r an increase i n surface area when the 
% sample i s allowed t o d e f l e c t ; 
% 'volume' t o correct f o r the decrease i n volume tal<en by the 
% d e f l e c t e d sample due t o the decrease i n applied pressure; 
% 'thiclvness' t o cor r e c t f o r the thickness decrease due t o the 
% applied pressure; 
% 'transducer' t o cor r e c t f o r the acquired pressure d i f f e r e n c e 
% betv;een applied pressure and atmospheric pressure, as the r i s e of 
% the l i q u i d slug increases the pressure i n the dovnistream chamber; 
% ' d e f l e c t i o n ' t o apply a l l c o r r e c t i o n s f o r a sample t h a t i s allowed 
% t o d e f l e c t under load; 
% ' f l a t ' t o apply a l l c o r r e c t i o n s f o r a sample that remains f l a t 
% under load. 

switch Function 
case 'pressure' 

OUT = C_pressure(DATA,Option); 
case 'surface' 

OUT = fcn_dS(DATA) ; 
case ' d e f l e c t i o n ' 

OUT = C_deflection(DATA,Option) ; 
case 'volume' 

OUT = fcn_dV(DATA.pres,DATA.sample{ :}) ; 
case 'thickness' 

i f nargin == 3 
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OUT = fcn_dt(DATA,Option) ; 
else 

OUT = fcn_dt(DATA); 
end 

case 'transducer' 
OUT = fcn_transducer(DATA); 

case ' f l a t ' 
OUT = fcn_flat(DATA,Option); 

otherwise 
e r r o r ( ' i n v a l i d f u n c t i o n chosen'); 

end 
end 

fu n c t i o n [DATA] = C_pressure(DATA,Option) 
% C j r e s s u r e Atmospheric pressure c o r r e c t i o n 
% Data s t r u c t u r e DA.TA goes i n . 
% Correction i s made t o DATA.slug 
% Output i s DATA 

gamma = 1.4; 
i f strcmp(Option,'F') 

VI = 2900; %mm3 

dh = (-V1 + (DATA.patm(l) . *V1 . "gamma./DATA.patm(2 :end) ).(1/gamma) )./DATA. Area_cap; %mm 

else 

VI = 33700-fcn_dV(DATA.pres,DATA. sampled) ) ; %mm3 

dh = ( - V l ( l ) + (DATA.patm(l).*V1(1:end)."gamma./DATA.patm(2:end))."(1/gamma))./DATA.Area_c 
end 
DATA.slug(2:end) = DATA.slug(2:end)+dh; 

end 

fu n c t i o n [DATA] = C_deflection(DATA,Option) 
DATA = PCTU_fcn(DATA,'pressure',Option); 
DATA = PCTU_fcn(DATA,'transducer'); 
S_old = DATA.Area_test; 
DATA = PCTU_fcn(DATA,'surface'); 
DATA = PCTU_fcn(DATA,'thickness',S_old); 

end 
%% 
% 

f u n c t i o n [DATA] = fcn_transducer(DATA) 
%fcn_transducer c a l c u l a t e s the increased pressure i n the downstream chamber due to the r i s e 
%of the l i q u i d slug. I t i s assumed th a t i s o p r o p y l alcohol i s used as a 
% l i q u i d slug and the feed tube has a radius of 1.5 mm. 
% INPUT: DATA s t r u c t u r e w i t h DATA.patm, DATA.slug and DATA.Area_cap. 

rho^isopropyl = 786; %kg/m3 

p_down = DATA.patm + (rho_isopropyl*9 . 81 .* (DATA. slug-DATA . slug (1 ) ) * (1+(DATA. Ar e a _ c a p / ( p i * l . 5'-2 ) ) ) *11 
DATA.pres = DATA.pres - (p_down-DATA.patm); 
DATA.patm = p_down; 

end 

f u n c t i o n [dV] = fcn_dv(pressure, material) 
% Based on the pressure applied t o one of the ma t e r i a l s , a knovm r e l a t i o n 
% betv/een pressure and volume change ("slope" nmi3/Pa) i s applied. 
% Values obtained w i t h other piece of code, c a l l e d Volume.m and uses the 
% m a t e r i a l p r o p e r t i e s as s p e c i f i e d i n Appendix A. 

pressure = pressure(2:end)-pressure(1;end-1); 
switch material(1:3) 

case 'AS4' 
slope = 7.502609e-03; %mm3/s AS4/8552 quasi, UD and angleply 

case 'FEP' 
slope = 4.161712e-01; 

case 'PTF' 
slope = 2.979221e-01; 

case 'PFA' 
slope = 2.990308e-01; 

case 'A13' 
slope = 6.693427e-03; 

case 'A95' 
slope = 8.079497e-03; 

end 
dV = slope.*pressure; 

end 
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f u n c t i o n [DATA] = fcn_dS(DATA) 
sv;itch DATA, sample] 1} (1 : 4) 

case 'AS4A' 
layup = [30 -30 30 -30 -30 30 -30 30]; 
load AS4_8552.mat 

case 'AS4U' 
layup = zeros ( [ 1 , 8 ] ) ; 
load AS4_8552.mat 

case 'AS4Q' 
layup = [0 45 -45 90 90 -45 45 0 ] ; 
load AS4_8552.mat 

case 'FEP-' 
layup = [ 0 ] ; 
load FEP.mat 

case 'PFA-' 
layup = [ 0 ] ; 
load PFA.mat 

case 'PTFE' 
layup = [ 0 ] ; 
load PTFE.mat 

case 'A130' 
layup = [ 0 ] ; 
load A130.mat 

case 'A95a' 
layup = [ 0 ] ; 
load A950.mat 

end 

[ABD, -] = CLT(layup,ones(size(layup)),ply); 
a = sqrt(DATA.Area_test/pi)/lOOO; % radius of t e s t sample i n [m] 
q = DATA.pres*lE5; 
%parpool( ' l o c a l ' , 2 ) ; 
p a r f o r i = 1:length(q) % p a r a l l e l computing f o r - l o o p 

r = sym('r', ' p o s i t i v e ' ) ; 
dzdr = d i f f ( q ( i ) * (a"2-r"2) "2/(24* (ABD (4 , 4 )-l-ABD (5, 5) ) +16* (ABD (4 , 5) +2*ABD ( 6, 6) ) ) , r) ; 
ds = s q r t ( l + dzdr"2) ; 
ds = 2*pi*r*ds; 
S = r e a l ( d o u b l e ( i n t ( d S , 0 , a ) ) ) ; % i n m2 
A r e a _ t e s t ( i ) = S*1E6; %S back i n mm2 

end 
%delete(gcp ('nocreate')) %stop p a r a l l e l computing 
DATA.Area_test = Area_test' ; 

end 

f u n c t i o n [DATA] = fcn^dt(DATA,S_old) 
i f nargin == 1 

S_old = DATA.Area_test; 
DATA = fcn_dS(DATA); 

end 
DATA.t_avg = S_old. *DATA. t_avg ./DATA. Area_test; 

end 

f u n c t i o n [DATA] = fcn_flat(DATA,Option) 
DATA = C_pressure(DATA,Option) ; 
DATA = fcn„transducer(DATA) ; 

end 

B.4. Permeability function 

%% PERMEABILITY CALCULATION 
f u n c t i o n [ p e r m , g o f , s l u g f i t ] = perm_fcn(DATA,e,flag) 

%% Constants 
R = 8314.3; %L/Pa/mol/K 
zeroC = 273.15; %K 
f t = f i t t y p e ( ' a * x + b ' ) ; 

%% I n d i v i d u a l p e r m e a b i l i t y c a l c u l a t i o n s 
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[ f i t l , g o f l , f i t i n f O ] = fit(DATA.time, DATA.slug,ft, 'StartPoint', [ 1 , 1 ] ) ; 
i f nargin == 3 S4 strcmp(flag,'MoOutliers') 

Slope = f i t l . a / 6 0 ; 
gof = g o f l ; 
o u t l i e r s = zeros(size(DATA.time)); 
s l u g f i t = f i t l ; 

else 
residuals = f i t i n f o . r e s i d u a l s ; 
I = abs(residuals) > 1.0 * s t d ( r e s i d u a l s ) ; 
o u t l i e r s = excludedata(DATA.time,DATA.slug,'indices',I); 
[ f i t 2 , g o f 2 ] = fit(DATA.time,DATA.slug,ft, 'StartPoint', [ 1 , 1 ] , ' E x c l u d e ' , o u t l i e r s ) ; 
Slope = f i t 2 . a / 6 0 ; 
gof = gof2; 
s l u g f i t = f i t 2 ; 

end 
Time = max (DATA. time .* (outliers==0))-min (DATA. time .* ( o u t l i e r s = = 0 ) ) ; %Time witiiout possible f. 
f o r i = -1:1 

Slope = (Slope*60*Time+i*2*e.meas+i*gof.rmse)/(60*Time); 
VFR = Slope*DATA.Area_cap*(l+i*e.capillary); %micr< 
GTR = 100*DATA.patm(l)*(l+i*e.patm)*VFR/(mean(DATA.Area_test)*R*mean(DATA.temp+zeroC-i*i 
Permeance = GTR/(mean(DATA.pres*lE5)*(l-i*e.presDiff)) ; %mol/m2/; 
perm(i+2) = Permeance* (mean (DATA.t_avg)-i*e .thiclcness) *0 . 001; 

end 
end 

B.5. Deflected volume 

% Volume.m calc u l a t e s the d e f l e c t i o n of a c i r c u l a r sample due to a uniform 
% pressure. I t then calculates what the slope i s of t h i s volume change wrt 
% pressure, r e s u l t i n g i n an outcome of mm3/Pa f o r each m a t e r i a l type. These 
% values are necessary f o r the f u n c t i o n PCTU_fcn.m t o i-;ork properly, as 
% the pressure applied decreased i n time and should be compensated f o r . 
c l c 
c l e a r a l l 
close a l l 
format compact 
%% 
a = 0.044; % radius of sample i n [m] 
f o r 1 = 1 : 8 

cl e a r p l y 
% E_x, E_y, nu_xy, G„xy and t _ p l y are loaded. 

% Units used are Pa and m 
i f i == 1 

name = 'AS4/8552 Quasi'; 
load AS4_8552.mat 
layup = [0 45 -45 90 90 -45 45 0 ] ; 
q = 3E5:1E4:6E5; %a p p l i e d pressure i n [Pa] 

e l s e i f i == 2 
name = 'AS4/8552 Angleply'; 
load AS4_8552.mat 
layup = [30 -30 30 -30 -30 30 -30 30]; 
q = 3E5:1E4:6E5; 

e l s e i f i == 3 
name = 'AS4/8552 UD'; 
load AS4_8552.mat 
layup = [ 0 0 0 0 0 0 0 0 ] ; 
q = 3E5:1E4;6E5; 

e l s e i f i == 4 
name = 'PTFE'; 
load PTFE.mat 
layup = 0; 
q = 0.5E5:.5E4:1.5E5; 

e l s e i f i == 5 
name = 'PFA'; 
load PFA.mat 
layup = 0; 
q = 0.5E5:.5E4:1.5E5; 

e l s e i f 1 == 6 
name = 'FEP'; 
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load FEP.mat 
layup = 0; 
q = 0.5E5:.5E4:1.5E5; 

e l s e i f i == 7 
name = 'A130'; 
load aiaO.mat 
layup = 0; 
q = 3E5:1E4:6E5; 

e l s e i f i == 8 
name = 'A950'; 
load A950.mat 
layup = 0; 
q = 3E5:1E4:6E5; 

end 
m a t e r i a l = ones ( s i z e ( l a y u p ) ) ; 
[ABD, Qmat] = CLT(layup,material,ply); 
syms r w_s 
V = z e r o s ( [ 1 , l e n g t h ( q ) ] ) ; 
f o r j = 1:length(q) 

w = q(j)*(a'-2-r"2)'-2/(24* (ABD (4, 4) +ABD (5, 5) ) +16* (ABD (4 , 5) +2*ABD ( 6, 6) ) ) ; 
wmax = double (subs (v/, 0) ) ; 
r_fcn_V7 = unique (solve (q( j ) * (a"2-r "2 ) "2 / (24* (ABD (4, 4 ) +ABD (5, 5) ) + . . . 

16*(ABD(4,5)+2*ABD(6,6)))==w_s,r)."2); 
r_fcn_v; (double (subs ( r _ f cn_v;, v;max) )>0.0001) = [) ; 
V ( j ) = min (pi*double (subs ( i n t (r_fcn_v;, 0, vjmax) ) ) ) ; 

end 
dV = f i t ( q ' , V', 'a*x', 'Sta r t P o i n t ' , 1) ; 
f p r i n t f ( ' M a t e r i a l : %s\n',name); 
f p r i n t f ( ' V o l u m e change i s %e mm3/Pa\n',dV.a*lE9); 

end 

B.6. Classical Lamination Theory 

f u n c t i o n [ABD, Qmat] = CLT(layup,material,varargin) 
% CLASSICAL LAMINATE THEORY 
%Output: A, B and D. (matrix) 
% I n p u t : p l y prop e r t i e s Ex, Ey, Gxy, nuxy, p l y thi c k n e s s ( s c a l a r ) 
% layup sequence ( i . e . [0 45 -45 90 90 -45 45 0]) (vector) 

% Wri t t e n by Robert-Vincent de Koning 
% 11-01-2012 

%% Input arguments 

i f s ize(varargin,2) == 1 
f = v a r a r g i n ( 1 ) ; 
core = 0; 

e l s e i f size(varargin,2) == 2 
f = v a r a r g i n { 1 ) ; 
core = v a r a r g i n ( 2 ] ; 

% core = c.tcore; 
else 

e r r o r ( ' g i v e m a t e r i a l p r o p e r t i e s i n an s t r u c t u r e format please'); 
end 

%% M a t e r i a l Properties layer 

f o r i = l : l e n g t h ( f ) 

nuyx = f ( i ) . E y * f ( i ) . n u x y / f ( 1 ) . E x ; 

%% Layer s t i f f n e s s C a l c u l a t i o n [Q]_x,y 

Qxx = f ( i ) . E x / ( 1 - f ( i ) .nuxy*nuyx); 

Qyy = f ( i ) .Ey/(l-nuyx*f(1) .nuxy) ; 
Qxy = f ( 1 ) . n u x y * f ( i ) .Ey/(1-f(1) .nuxy*nuyx); 
Qss = f ( i ) . G x y ; 
Qmat(:,:,i) = [Qxx Qxy 0; Qxy Qyy 0; 0 0 Qss]; 
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end 

%% Transformed layer s t i f f n e s s c a l c u l a t i o n [Q]_l,2 
% input layer angle theta 

R = [1,0,0;0,1,0;0,0,2]; 

f o r j = 1:length(layup) 
m = c o s d ( l a y u p ( j ) ) ; 
n = s i n d ( l a y u p ( j ) ) ; 

T = [ m"2, n"2, 2*m*n ; 
n"2, m"2, -2*m*n ; 
-n*m, m*n, m"2-n"2]; 

MatQ12{:,;,j) = T\Qmat(:,:,material(j))*R*T/(R); 
end 
i f core -= 0 

MatQ12(:,:,length(layup)/2+2:length(layup)+1) = MatQ12(:,:,length(layup)/2+1:length(layup)); 
MatQ12(:,:,length(layup)/2+1) = zeros(3,3,1); 

end 

%% Laminate s t i f f n e s s e s c a l c u l a t i o n [ A ] , [B] , [D] 
% input layer l o c a t i o n / t h i c k n e s s 
t = core; 
h = z e r o s ( s i z e ( l a y u p ) ) ; 
f o r 1 = 1 : l e n g t h ( f ) 
t = t + sum(material == 1 ) * f ( m a t e r i a l ( i ) ) . t p l y ; 
h = h + (material == i ) * f ( m a t e r i a l ( i ) ) . t p l y ; 
end 
i f core ~= 0 

h = flipdim(cumsum([0 h(1:length(h)/2) core h ( l e n g t h ( h ) / 2 + 1 : l e n g t h ( h ) ) ] ) - t / 2 , 2 ) ; 
else 

h = f l i p d i m ( [ 0 cumsum(h)]-t/2,2); 
end 

A = zeros(3,3); 
B = zeros(3,3); 
D = zeros (3,3); 

f o r i = l ; l e n g t h ( h ) - l 

A = A + Ma t Q 1 2 ( : , : , i ) * ( h ( i ) - h ( 1 + 1 ) ) ; 
B = B + MatQ12 (: , ; , i ) / 2 * (h (i)''2-h ( i + 1) "2) ; 
D = D + MatQ12(:, ; , 1 ) / 3 * ( h ( i ) " 3 - h ( i + l ) " 3 ) ; 

end 

i f i s e q u a l ( l a y u p ( 1 : f l o o r ( l e n g t h ( l a y u p ) 1 2 ) ) , f l i p d i m ( l a y u p ( c e i l ( l e n g t h ( l a y u p ) / 2 + 1) :length ( l a y u p ) ) , 2 ) ) 
B = zeros (3,3); 

end 

ABD = [A B; B D] ; 

end 

B.7. Strain of deflected sample 

c l c 
c l e a r a l l 
close a l l 
format compact 
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s t r = ( 'PFA', 'FEP', 'PTFE', 'A130', 'A950', . . . 
'AS4/8552 A','AS4/8552 UD' , 'AS4/8552 Q'}; 

[choice, v] = l i s t d l g ( ' P r o m p t S t r i n g ' , ' S e l e c t a f i l e : ' , . . . 
'SelectionMode','single',... 
' L i s t S t r i n g ' , s t r ) ; 

switch choice 
case 1 

load PFA.mat % E_x, E_y, nu_xy, G_xy and t _ p l y are loaded. 
% Units used are Pa and m 

layup = [0] ; 
q = 100000; % Pa 

case 2 
load FEP.mat 
layup = [ 0 ] ; 
q = 100000; 

case 3 
load PTFE.mat 
layup = [ 0 ] ; 
q = 100000; 

case 4 
load A130.mat 
layup = [ 0 ] ; 
q = 380000; 

case 5 
load A950.mat 
layup = [ 0 ] ; 
q = 380000; 

case 6 
load AS4_8552.mat 
layup = [ 0 0 0 0 0 0 0 0 1 ; 
q = 380000; 

case 7 
load AS4_8552.mat 
layup = [30 -30 30 -30 -30 30 -30 30]; 
q = 380000; 

case 8 
load AS4J552 .mat 
layup = [0 45 -45 90 90 -45 45 0 ] ; 
q = 380000; 

otherwise 
e r r o r ('Something vjent vjrong...') 

end 

m a t e r i a l = ones (size ( l a y u p ) ) ; 

a = 0.044; % radius, i n m 
dr = 0:0.0001:a; %radlus increment 
dphi = 0:0.5:360; % angle increment 

[ABD, Qmat] = CLT(layup,material,ply); 

%% Find d e f l e c t i o n 
syms x y 
w = q*(a"2-x"2-y"2)"2/(24*(ABD(4,4)+ABD(5,5))+16*(ABD(4,5)+2*ABD(6,6))); 

t h = (0:5:360)*pi/180; 
[TH,R) = meshgrid(th,dr) ; 
[X,Y] = pol2cart(TH,R) ; 

%% Find s t r a i n s f o r top of sample p l y 

kappa_x = s u b s ( - d i f f ( d i f f ( w , x ) , x ) , { x y ] , ( X Y ) ) ; 
kappa_y = s u b s ( - d i f f ( d i f f ( w , y ) , y ) , { x y},{X Y ) ) ; 
kappa^xy = s u b s ( - 2 * d i f f ( d i f f (w,x),y), {x y},(X Y}); 
Kappal2(:, :, 1) = kappa_x; 
Kappal2 (:, :,2) = kappa_y; 
Kappal2(:,:,3) = kappa_xy; 

t = l e n g t h ( l a y u p ) * p l y ( 1 ) . t p l y ; 
top = t / 2 ; 
h = top; 
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layer = 1; 
S t r a i n l 2 = z e r o s ( s i z e ( X ) ) ; 

f o r xinput = 1:441 
fo r yinput = 1:73 

S t r a i n l 2 (xinput,yinput,1:3) = StrainTrans(layup,layer,h ( l a y e r ) * . . . 
squeeze (Kappal2 ( x i n p u t , y i n p u t , 1 : 3 ) ) ) ; 

end 
end 

e l = max(max(Strainl2(:, :, 1) ) ); 
e2 = max(max(Strainl2(:,:,2))); 
gl2 = max(max(Strainl2(:,:,3))); 

f i g u r e (1) 
subplot (1,3, 1) 
surf(X,Y,Strainl2 (:, :,1), 'LineStyle', 'none') 
set (gca, 'FontSize',12) 
t i t l e ( ' \ e p s i l o n _ l ' , 'FontSize ',20) 
x l a b e l C x [m] ', ' FontSize ', 20) ; y l a b e l ( ' y [m] ', ' FontSize ', 20) 
colormap(jet) 
view(2) 
colorbar('SouthOutside','FontSize',14) 
axis square 
subplot (1,3,2) 
s u r f ( X , Y , S t r a i n l 2 ( ; , :,2), 'LineStyle', 'none') 
set(gca, 'FontSize',12) 
t i t l e ( ' \ e p s i l o n _ 2 ' , ' F o n t S i z e ' , 2 0 ) 
X l a b e l C x [m] ', 'FontSize', 20) ; y l a b e l C y [m] ','FontSize', 20) 
colormap(jet) 
view (2) 
colorbar('SouthOutside','FontSize',14) 
axis square 
subplot (1,3, 3) 
surf(X,Y,Strainl2 (:, :,3), 'LineStyle', 'none ') 
set(gca,'FontSize',12) 
title('\gamma_{12}','FontSize',20) 
x l a b e l C x [m] ', 'FontSize', 20) ; y l a b e l C y [ml ','FontSize', 20) 
colormap(jet) 
view(2) 
axis square 
colorbar('SouthOutside', 'FontSize ',14) 
s u b t i t l e ( [ ' (\epsilon_l)_{max) = ',num2str(el) , ... 

(\epsilon_2)_(max} = ',num2str(e2) , ' (\gamma_{12})_{max} = ',num2str(gl2)] , 'FontSize', 20) 

B.8. Helium density calculation 

f u n c t i o n [rho] = HeDensity(p,T) 
% p i s i n Pascals 
% T i s i n Kelvin 
% returned value rho i s i n kg/m3 

%Ca l c u l a t i o n of Helium density according t o the equation of stat e given by 
%Robert D. McCarty (1973) 
% Equations 8 and 17 are used 
p = p/101325; % t o convert from Pa to Atm, as the equations need t h i s . 

b _ i = [-0.00000050815710041,... 
-0.00011168680862,... 
0.011652480354,... 
0.074474587998,... 
-0.53143174768,... 
-0.95759219306,... 
3.9374414843,... 
-5.1370239224,... 
2.0804456338]; 

%Table 10 
n _ l i = [-3.6027735292E-5,... 

1.6079946555E-3,... 
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-2.7441763615E-2, 
1.4739506957E-1, . 
-4.3559344838E-1, 
1.3447956078,... 
-1.7040375125,... 
9.0262674040E-1 
] ; 

n_2i = [1.9661380688E-6,. 
1.7122932666E-4,. 
2.3051000563E-4, . 
-9.6564739100E-4 

] ; 

n_3i = [-2.3326553271E-7, 
4.0855110880E-7,. 
1.0900567964E-5, . 
-5.0060952775E-5, 
1.1312765043E-4, . 
-1.2539843287E-4 

] ; 

n_4i = [5.6875644111E-3,... 
-1.4438146625E-1,... 
3.3768874851E-3, . . . 

] ; 

n_5i = [1.0754201218E-6,... 
-4.5264622308E-5,... 
3.8597388864E-5 

] ; 

n_61 = [-1.4802195348E-8,... 
4.1721791119E-7 

] ; 

gamma = -5.00E-4; 

%Eq 8 
B = sum(b_i.*T."(1.5-[1:9]/2)) ; 

%Eq 17 (i n parts) 
Cl = sum ( n _ l i . * T . " ( 1 . 5 - [ 1 ; 8 ] / 2 ) ) ; 
02 = sum(n_2i.*T."(1.5-[1:4]) ) ; 
C3 = sum(n_3i.*T."(0.75-[l: 6]/4) ) ; 
C4 = sum(n_4i.*T."{1-[1:3])) ; 
05 = sum(n_5i .*T. " (1-[1:3] ) ) , 
06 = sum(n_6i .*T. " (1-[1:2] ) ) i 

syms r 

R = 0.0820558; %mol/L/K 

% Solve f o r density v j l t h equation 17 

solve_r = solve (r*R*T* (1+B*r) +r"3*Cl + r"4*C2 + r"5*C3+r"3*exp (gamma*r"2) *C4+r"5*exp (gamraa*r''2) *C5+r"6*C6==p, r) 

rho=double{solve_r)*4.0026; %conversion t o kg/m3 
end 





Ideal gas law - Helium density 

W i t h the Mahab-funct ion as provided i n Appendix B.8 tbe he l ium density can be accurately calculated. The 

ideal gas law, as given i n Equation C . l below, is f o u n d to be quite accurate as wel l , even at lower 

temperatures. Because the ideal gas law was used to convert units i n permeabil i ty i n Section 3.2, i t is shown 

here that the use of i t is just ihed as the diherence between ideal gas law and the empirical relahonship as 

given i n the Mahab- func t ion remains weh below 5%. 

p-M 

R-T 
(C.l) 

where p i s the calculated density o f t h e he l ium i n [ f c g / m ^ ] , M the molar mass of he l ium i n [kg I mol], p the 

pressure o f t h e he l ium i n [Pa], R the universal gas constant of 8.3144598 [Or?-Pa)l{K-mol)]. 

Figure C. l : Difference given as percentage between the ideal gas law and the empirical relationship. 
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D 
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M D corrections No correctionSf outliers removed Correctionsapplied Correctionsapplied, outliers removed 

Sïmple Perm Upper Lov*er Perm Upper Lov.-er Perm Upper Lov/er Perm Upper Lower le 
AS4UD-4_1- 3.Sbar4c¥cles 4.&33E-17 3.53SE-17 4.01SE-17 0.903 4.452E-17 S.7S2E-17 3.SB6E-17 0.570 4.63aE-17 S.653E-17 4.'04SE-17 0.S33 4.417E-17 S.790E-17 3.B55E-17 0.564 
A54a-2_3 -3.Sbar0cvcle5 7.S43E-17 1.054E-16 6.S52E-17 0.3 B3 S.132E-17 1.070E-16 7.099E-17 0.997 7.937E-17 1.066E-16 6.S25E-17 O.SSS B.205E-17 l.OSlE-16 7.163E-17 0.996 
A54a-l_l-3 Bbar4rydes 9.4SSE-17 1.455E-1S S.2S3E-17 0.3S3 9.525E-17 1.433E-16 B.315E-17 0.995 9.516E-17 1.463E-16 B. 307 E-17 0.9S1 S.7S5E-17 1.466E-16 B.551E-17 0.954 
AS4.«_3-3 SbarOcy'cles a.764E-16 2.371E-16 1.54CE-16 0.921 1.64SE-16 2.136E-16 1.43SE-16 0.967 1.677E-16 2.273E-16 1.464E-16 0.915 1.5&0E-16 2.036E-16 1.362E-16 0.565 
AS4A-4_l-3.Sbar Sledes 1.032E-1E i . s e s E - i e 9.53CE-17 0.3S5 l . l l l E - 1 6 1.574E-16 3.699E-17 l.OOO 1.126E-16 1.6WE-16 5.S30E-17 0.3S6 1.136E-16 1.605E-16 3.917E-17 l.OOO 
AS4A-4_2 - S.Sbar Scycles 5.552E-17 9.711E-17 4.S4ÊE-17 0.97S S.631E-17 3.6B1E-17 4.96BE-17 0.990 5.623E-17 9.S06E-17 4.90SE-17 0.974 5.S67E-17 9.B44E-17 5.122E-17 3.553 
A130-2_2-6barOcydes S.7S1E-17 1.074E-1E 5.911E-17 0.3 SO 6.301E-17 1.066E-16 6.016E-17 0.993 6.6S0E-17 1.070E-16 5.S24E-17 0.974 6.B35E-17 1.065E-16 5.95BE-17 0.3B3 
A13S-2_3.1-
AISO-"̂  3 ̂  -

3.Sbar0cvcle5 9.357E-17 1.342E-a6 S.15SE-17 0.379 3.131E-17 1.2S0E-16 S.013E-17 0.997 9.073E-17 1.306E-16 7.910E-17 0.9SO B.7S6E-17 1.236E-16 7.668E-17 0.356 

A13D-2_3.3 -
•+.3bar0cYCl6S 

4.SbarOcycles 
4,7C3E-17 
4.617E-17 

7.333E-17 
7,401E-17 

4,1C'0E-17 
4.<J25E-17 

0.962 
0.369 

5.124E-17 
4.44SE-17 

7.474E-17 
6.72SE-17 

4.467E-17 
3.S77E-17 

l.CCC 
l.CCC 

3.4B2E-17 
4.017 E-17 

6.011E-17 
6.679E-17 

3.035E-17 
3.502E-17 

0.333 
0.969 

3.5S5E-17 
3.723E-17 

6.12BE-17 
6.071E-17 

3.123E-17 
3.246E-17 

0.969 
0.356 

A13S-2_3.4- S.SbarOCYClei 1.9S3E-17 4.213E-17 1.729E-17 0.3 IS 2.311E-17 4.331E-17 2.015E-17 0.9 S7 1.224E-17 3.351E-17 1.067E-17 0.S62 1.564E-17 3.515E-17 1.364E-17 0.975 
A13 D-2_4 - 5.7barOcïcles 7.147E-17 9.929E-17 6.231E-17 0.9SS 7.321E-17 3.323E-17 6.3S2E-17 0.99S 6.034E-17 S.662E-17 5.260E-17 0.9S5 6.237E-17 S.674E-17 5.437E-17 0.39S 
A130-4_2-6barOi:ycl6S 1.140E-16 1.61SE-16 9.940E-17 0.363 1.103E-16 1.513E-16 3.617E-17 0.592 1.1676-16 1.640E-16 1.017E-16 0.96S 1.1466-16 1.560E-16 9.390E-17 0.333 
A35S-2_l-3 SbarOcyclei 3.7S4E-17 1.317E-16 S.531E-17 0.936 3.532E-17 1.261E-16 S.363E-17 0.97S 1.117E-16 1.477E-16 5.741E-17 0.946 1.036E-16 1.416E-16 3.554E-17 0.3S3 
.A350-2_2-3 SbarOcycles 1.065E-16 a.343E-16 9.2SSE-17 0.575 1.044E-16 1.314E-16 3.033E-17 0.5S5 1.112E-16 1.396E-16 5.65SE-17 0.577 1.05SE-16 1.373E-16 9.57SE-17 0.991 
A353-4_l-3 SbarScydes 1.53SE-1S 2.16SE-16 1.313E-16 0.933 1.710E-16 2.371E-16 1.491E-16 1.000 1.495E-15 2.162E-16 1.304E-16 0.9 Bl 1.596E-16 2.232E-16 1.331E-16 0.552 
FTFE-2_2-lbarOcvcle3 7.432E-15 S.77SE-15 6.4S2E-15 0.337 7.66SE-15 S.944E-15 6.6SSE-1S 0.555 7.4SBE-15 S.S44E-15 6.531E-15 0.537 7.722E-15 5.004E-15 6.735E-15 0.999 
FTFE-2_3.1- 3.SbarOc¥de3 5.519E-15 S.4D5E-1S 4.gl4E-15 1.000 5.561E-15 6.430E-1S 4.S50E-15 1.000 S.S41E-15 6.425 E-15 4.S33E-15 1.003 5.5B4E-15 6.455E-15 4.S70E-15 l.OOO 
FTFE-2_3.10 -S./barCcYCles 4.S57E-15 5.743E-1S 4.323E-15 l.OOO 4.3S9E-15 5.773E-15 4.352E-15 1.000 4.545E-15 5.736E-15 4.313E-15 1.0-03 4.57SE-15 5.7646-15 4.341E-15 l.OOO 
PTFE-2_3.2- 3.abarOcYcl6ï 5.525E-15 6.4ScE-15 4.S13E-15 l.COO 5.505E-15 6.449E-15 4.S05E-15 1.000 5.531E-15 6.413 E-15 4.B24E-15 l.OOO 5.513E-15 6.454E-15 4.S0SE-15 1.-003 
FTFE-2_3.3- 4.3barCcycles 5.175E-15 5.3S3E-15 4.514E-15 1.000 5.173E-15 5.9S3E-15 4.517E-15 1.000 5.12SE-15 5.943E-15 4.473E-1E l.OOO 5.156E-15 5.SS2E-15 4.497E-15 1.003 
PTFE-2_3.4- 4.3barOcYCles 5.13SE-15 5.S51E-15 4.4S1E-1E 1.0-00 5.155E-15 5.564E-15 4.496E-15 l.OOO 5.093E-15 5.9-04E-15 4.442E-15 l.OOO 5.0SSE-15 5.902E-15 4.43SE-15 1.003 
FTFE-2_3.5- 5.245E-15 6.05EE-15 4.575E-15 l.OOO 5.216E-15 6.03SE-1S 4.545E-15 1.000 5.276E-15 6.050E-15 4.&01E-15 1.000 5.244E-15 6.065E-15 4.573E-15 1.000 

FTFE-2_3.S -
FTFE-2_3.7-

4.SharOcvcles 
5.3b3r0r/cles 

5.139E-15 
4.S56E-15 

5.34SE-15 
5.6SCE-15 

4.4S2E-15 
4.235E-15 

1.000 
0.99S 

5.125E-15 
4.347E-1S 

5.530E-15 
5.722E-15 

4.470E-15 
4.315E-15 

1.000 
1.000 

5.1696-15 
4.S44E-15 

5.9S5E-15 
5.667E-15 

4.S0SE-15 
4.224E-15 

l.CCC 
0.5SS 

5.15SE-15 
4.S34E-15 

5.573E-1S 
5.710E-15 

4.433 E-15 
4.303E-15 

1.000 
l.OOO 

PTFE-2_3.S-5.3barOcpyxles 4.374E-15 5.747E-15 4.333E-15 1.::: 4.965E-15 5.733E-15 4.330E-15 l.CCC 4.573E-15 5.752E-15 4.33SE-15 1.000 4.563E-15 5.72SE-15 4.325E-15 1.000 
FTFE-2_3.9- 5.7bar0cyxle3 4.32SE-15 5.697E-15 4.23SE-aS 1.0-00 4.33SE-15 5.656E-15 4.307E-15 l.OOO 4.930E-15 S.704E-15 4.3O0E-15 1.000 4.525E-15 5.6526-15 4.2SSE-15 1.000 
FTFE-3 2-11 arOwIe:- 7.-03E-15 S.9S7E-1S 6.71SE-15 1.000 7.7S9E-15 3.013E-15 £.7e7E-15 1.000 7.772E-15 5.047E-15 6.779E-15 1.0 co 7.S32E-15 9.10CE-15 6. S31 E-15 1.033 



No corrections No corrections, outliers removed Corrections appli ed Correctionsapplied, outliers removed 

Sample Perm Upper Lower Perm Upper Lower Perm Upper Lov/er R" Perm Upper Lov/er 

P FA-2_2 - Iba r Ocycles 1.S33E-14 1.301E-14 1.424E-14 0.333 l.S4eE-14 1.302E-14 1.436E-14 1.000 1.6436-14 1.914E-14 1.433E-14 0.539 1.657E-14 1.915E-14 1.4466-14 l.OOO 

PF.«_3-abarOcvcles 1.577E-14 1.S33E-14 a.376E-14 0.933 l.e04E-14 1.S54E-14 1.399E-14 1.-3O0 1.585E-14 1.B48E-14 1.3S2E-14 0.933 1.613E-14 1.863E-14 1.406E-14 l.-OOO 

P FA-:_4.1 - 3 .Sba r Ocvcl es 1.07SE-14 1.243E-14 3.337E-15 l.OOO 1.000 1.077E-14 1.243E-14 3.351E-15 l.OOO l.OK! 

PPA-2_4.11-5.3baröcvde3 S.232E-15 1.072E-14 B.052E-15 1.000 l.OOO 5.257E-15 1.074E-14 8.073E-15 1.000 l.-OOO 

FF.A-2_4.12-5.3barOcYCles 3.23SE-15 1.072E-14 S.057E-15 l.OOO 1.000 5.245E-15 1.073E-14 B.063E-15 1.000 l.OOO 

PPA-2_4.13 - 5.7barOcvd6s 3.136E-1S 1.057E-14 S.020E-15 1.000 1.000 9.213E-15 1.'059E-14 8.035E-15 l.OOO 1.030 

P PA-2_4.14-5.7barOc¥des 3.135E-1& 1.066E-14 B.013E-15 1.'K>0 1.<X>0 9.213E-15 1.067E-14 B.035E-15 l.OOO 1.030 

PFA-2_4.15 - S.7barOcYde5 S.e57E-15 1.053E-14 7.551E-15 0.393 1.000 S.675E-15 1.061E-14 7.5666-15 •0'.993 1.030 

P FA-2_4.2 - 3 .Sb a r Oi:vd es 1.07SE-14 1.255E-14 9.3SSE-15 l.OOO l.OOO l.OBlE-14 1.2S0E-14 9.4246-15 l.OOO 1.000 

PFA-2_4.3 - 3.Bba r Ocyxles 1.047E-14 1.213E-14 S.131E-15 l.OOO 1.000 1.04BE-14 1.214E-14 9.139E-15 1.003 1.0X3 

P FA-2_4.4 - 4.3ba r Ocyi:! es 3.630E-15 l.llSE-14 S.451E-15 l.OOO l.OOO 9.734E-15 1.120E-14 S.463E-15 l.-OOO l.-OM 

PFA-2_4.6-4.3bar0cvdes 9.369E-15 1.093E-14 S.171E-15 1.003 1.000 9.376E-15 1.-094E-14 S.17BE-15 l.OOO 1.050 

FFA-2_4.7 -4.Sbar0cyde3 9.130E-15 1.052E-14 7.363E-15 l.'OOO I . : : : 3.137E-15 1.053E-14 7.969E-15 l.OOO 1.OO0 

P FA-2_4. B - 4.Sba r Ocyd es 3.547E-15 1.106E-14 B.327E-1S l.OOO l.OOO 3.5686-15 l.lOSE-14 S.345E-15 l.OOO l.OOO 

F FA-2_4.9 - 4.Sba r Ocycl es 9.410E-15 1.091E-14 S.237E-1S l.OOO l.OOO 9.417E-15 1.032E-14 8.213E-15 l.-OOO 1.000 

PFA-3_l-3.Bbar4cydes l.OSE-14 1.24E-14 9.26E-15 l.OOO l.OOO 1.066-14 1.25E-14 9.2SE-15 l.OOO 1.000 

FFA-3_2-3.Sbar4D/des l.OBE-14 1.26E-14 S.4EE-15 l.OOO l.OOO 1.-09E-14 1.26E-14 9.47E-15 1.O00 1.-000 

P FA-3_3 -1 ba r Ocv cl es 1.62eE-14 1.S72E-14 1.418E-14 l.OOO 1.626E-14 1.B71E-14 1.41SE-14 1.030 1.632E-14 1.S75E-14 1.424E-14 l.OOO 1.633E-14 1.87SE-14 1.424E-14 1.003 

PPAr3_3-3.Bbar4cï-des 1.033E-14 1.213E-14 9.0&0E-15 1.000 1.000 1.-040E-14 1.214E-14 S.06SE-15 l.-OOO 1.000 
PFAr3_4-3.Sbar4i:ydes 1.030E-14 1.193E-14 S.979E-15 1.OO0 1.000 1.331E-14 1.194E-14 S.555E-15 l.OOO l.OOO 

PPA-4_3-lbar0c^des 1.614E-14 1.S&0E-14 1.407E-14 1.OO0 1.620E-14 1.S65E-14 1.413E-14 l.OOO 1.6276-14 1.874E-14 1.419E-14 l.OOO 1.633E-14 l.SBOE-14 1.424E-14 1.000 

PPA-4_4-lbar0cYdes 1.66SE-14 1.935E-14 1.455E-14 l.OOO l.e63E-14 1.925E-14 1.451E-14 l.OOO 1.676E-14 1.945E-14 1.462E-14 1.000 1.671E-14 1.933E-14 1.457E-14 1.030 

FEF-2_l-3.Sbar4cydes 9.504E-15 1.107E-14 S.289E-15 l.OM l.OOO 9.495E-15 1.107E-14 S.2B1E-15 l.OOO l.OM 

FEF-2_2-lbarCcydes 1.622E-14 1.S71E-14 1.415E-14 l .OX 1.623E-14 1.S72E-14 1.415E-14 1.000 1.637E-14 1.88SE-14 1.428E-14 1.OO0 1.636E-14 l.BSBE-14 1.427E-14 1.-300 

FEP-2_2-3.Bbar4cYdes 7.S12E-15 l.OSSE-14 e.813E-15 0.94S l.CCC' 7.7S5E-15 1.0S4E-14 6.7906-15 0.948 1.0K5 

FEP-2_3 - 3.Bba r 4cYdes 3.150E-15 1.067E-14 7.9S0E-1S l.OOO 1.033 5.167E-15 1.06SE-14 7.555E-15 l.-OOO 1.0K) 
FEF-2_4-3.Bbar4crdes 9.029E-15 1.05BE-14 7.S75E-15 l.OOO l.CCC 9.043E-15 1.060E-14 7.SS7E-15 l.OOO 1.00-0 
FEP-3_2-lbarOcvdes 1.432E-14 1.650E-14 1.243E-14 l.'OM 1.433E-14 1.64SE-14 1.250E-14 l.OOO 1.445E-14 1.6646-14 1.260E-14 l.OOO 1.444E-14 1.660E-14 1.259E-14 l.-OOO 

FEP-3_3.1 - 3 .Sba r Ocvd es 9.447E-15 l.lOeE-14 S.240E-15 0.399 9.447E-1S 1.106E-14 S.240E-15 0.999 S.458E-15 1.107E-14 S.249E-15 0.999 9.458E-15 1.107E-14 S.249E-15 0.555 

PEP-3_3.10 - 5.3 ba r Ocy d es S.74SE-15 l.OllE-14 7.627E-15 l.OOO S.7S0E-15 l.OlSE-14 7.S41E-15 1.000 S.743E-1S l.OllE-14 7.626E-15 I .O» 8.757E-15 1.015E-14 7.637E-15 l.-OOO 
FEF-3_3.11 - 5.3 ba r Ocyd es B.720E-15 l.OlOE-14 7,e05E-15 l.OOO 8.74BE-15 1.012E-14 7.630E-15 1.003 S.721E-15 l.OlOE-14 7.6066-15 l.OOO S.749E-15 1.012E-14 7.531E-15 1.000 
FEP-3_3.12-5.3bar0i:¥des B.E12E-15 3.g6SE-15 7.511E-15 1.000 B.S30E-15 3.32BE-15 7.492E-15 l.-OOO B.&05E-15 5.551E-15 7.505E-15 1.003 S.5B4E-15 3.S1SE-1S 7.4S7E-15 1.000 
FEP -3_3.13 - 5.7 b a r Ocy-d es S.496E-15 3.S22E-15 7.410E-15 l.'OOO S.493E-15 3.S10E-15 7.412E-15 l.OOO B.45SE-15 S.S26E-15 7.412E-15 1.000 8.501E-15 9.S14E-15 7.414E-15 1.000 
FEF-3_3.14-5.7barOi:vdes B.5B5E-15 9.919E-15 7.45SE-15 1.000 S.e21E-15 9.919E-15 7.S19E-1S l.OOO S.591E-15 9.926E-15 7.453E-15 1.000 S.627E-15 5.926E-15 7.524E-15 l.OOO 
FEP-3_3.15-5.7barOcYdes S.41SE-15 9.715E-15 7.340E-15 1.003 S.415E-15 3.720E-15 7.340E-15 l.OOO 8.4148-15 5.7156-15 7.33SE-15 1.OO0 8.421E-15 3.727E-15 7.345E-15 l.OOO 
FEF-3_3.2 -3.SbarOcvdes 3.S35E-15 1.133E-14 S.57aE-15 1.033 3.S75E-15 1.136E-14 8.613E-15 1.000 5.8466-15 1.1346-14 S.5S7E-15 1.C»0 5.8866-15 1.137E-14 B.622E-15 l.OOO 
FEP-3_3.3 -3.Sb3rCcvdes 3.52SE-15 l.lOlE-14 3.303E-15 1.<X>0 3.4SBE-15 1.394E-14 S.275E-15 LOOO 9.5236-15 l.lOOE-14 8.305E-15 1.0t» 9.4S6E-15 1.-394E-14 8.273E-15 1.000 
FEF-3_3.4-4.3barCc¥des B.67SE-15 1.C03E-14 7.563E-15 1.000 S.643E-15 1.O02E-14 7.53BE-15 l.-OOO B.661E-15 1.O02E-14 7.554E-15 1.003 S.62SE-15 S.S5aE-15 7.525E-15 1.000 
FEP-3_3.S - 4.3 bar Ocyd es B.7B3E-15 1.015E-14 7.660E-15 1.005 8.766E-15 1.014E-14 7.645E-15 1.000 B.751E-15 1.016E-14 7.66SE-15 1.000 S.775E-15 1.315E-14 7.653E-15 1.000 
FEP-3_3.6 - 4.3 b a r Ocyd es B.e32E-15 l.OlOE-14 7.5S1E-15 1.000 8.6388-15 5.S82E-15 7.534E-15 1.000 B.701E-15 l.OllE-14 7.58SE-15 1.000 B.643E-1S S.3S4E-15 7.544E-15 l.OOO 
FEP-3_3.7 - 4. Bb a r Ocycias B.511E-15 g.S14E-lS 7.423E-15 1.000 S.499E-15 S.730E-15 7.412E-15 1.0X B.51BE-15 3.B22E-15 7.425E-15 l.OOO S.505E-15 S.79BE-15 7.41SE-15 l.-OOO 
FEF-3_3.S-4.Sbar Ocycles B.eSSE-lS 3.373E-15 7.551E-15 l.OOO 8.63BE-1S 9.935E-15 7.534E-15 l.-OOO B.673E-1S 9.993E-15 7.564E-15 1.CX>3 B.657E-15 S.S5SE-15 7.550E-15 l.OM 
FEP-3_3.3 - 4. Bb a r Oc/cles 3.621E-15 3.353E-15 7.513E-15 1.000 8.6646-15 1.002E-14 7.557E-15 l.OOO S.620E-15 9.953E-15 7.51SE-15 1.000 B.665E-15 1.002E-14 7.55SE-15 l.OM 
FEP-4_a-lb3r0o,-des 1.405E-14 1.622E-14 1.225E-14 1.300 1.430E-14 1.6146-14 1.221E-14 l.OOO 1.415E-14 1.635E-14 1.236E-14 l.OOO 1.412E-14 1.62SE-14 1.232E-14 1.000 



" 3 

Q 
Mo corrections No corrections, outliers removed Correctionsapplied Correctionsapplied, outliers removed 

Sample Perm Upper Lov/er Perm Upper Lower Perm Upper Lovrer R̂  Perm Upper Lower R̂  

,AS4U D-l_l - 3.Sb a r OcYcl 63 4.05SE-16 5.1S6E-1Ê 3.542E-16 0.S7S 4.1716-16 5.1S2E-16 3.641E-16 O.SSl 4.931E-16 6.17SE-16 4.304E-16 0.9S4 4.S01E-16 5.SSSE-16 4.131E-16 0.334 

AS4UD-2_l-3.Sbar0cvcle3 l.S7EE-a6 3.227E-16 1.725E-16 0.334 1.S7S6-16 2.SSBE-15 1.640E-16 0.932 2.4766-16 3.7656-16 2.161E-16 0.957 2.343E-16 3.467E-16 2.045E-16 0.586 

AS4UD-3_l-3.Sbar0cvcle3 7.01SE-16 S.44ÊE-16 6.126E-1S 0.997 7.026E-16 S.4066-16 6.132E-16 O.SSS 7.13S6-16 8.6256-16 6.2306-16 0.555 7.1416-16 8.5S4E-16 6.233E-16 0.558 

AS4UC-4_l-3.Sbar0c¥i:les 7.620E-a6 9.074E-16 6.652E-a6 0.999 7.655E-16 5.075E-1S 6.6S2E-16 l.OOO S.7616-16 1.0376-15 7.6476-16 0.555 8.7606-16 1.031E-15 7.6466-16 1.000 

.Wö- l_ l - 3.SbarOcvcles 5.114E-16 6.391E-1Ê 4.464E-ie 0.996 5.0S76-16 6.207E-16 4.440E-16 l.OOO 5.5806-16 7.4336-16 5.2206-16 0.554 5.3S26-16 7.187E-16 5.144E-16 O.SSS 

AS4C-1_: - 3 .Sb a r Ocyd es 2.6366-16 3.7016-16 2.301E-16 0.925 2.4666-16 3.341E-1S 2.153E-16 0.972 3.17S6-16 4.4136-16 2.7746-16 0.S15 3.1156-16 4.200E-16 2.713E-16 0.970 

.AS4U.-1_3 - S.SbarOcydes 5.731E-16 7.2S6E-16 5.0036-16 0.571 5.S36E-16 7.2S16-16 5.DS5E-16 0.332 3.0566-16 4.5S2E-16 2.702E-16 0.S35 3.1076-16 4.307E-16 2.713E-16 0.953 

.wa-l_4 - S.Sbar Ocvdes 7.7256-16 9.2566-16 6.7446-16 0.55S 7.714E-16 3.237E-16 6.734E-16 O.SSS 6.5SEE-16 S.46SE-16 6.101E-16 0.555 7.0556-16 S.532E-16 6.1S4E-16 O.SSS 

AS4a-l_5 -S.SbarOcydes 7.423E-15 S.S646-16 6.4S5E-16 0.555 7.403E-16 S.S37E-1S 6.462E-16 l.OOO 7.485E-16 8.553E-16 6.537E-16 0.557 7.640E-16 S.115E-16 6.665E-16 0.999 

A54Q,-1_6 - 3. Bba r Ocycl es 7.5526-16 3.217E-16 6.5S2E-16 OS54 7.S676-16 3.4S5E-16 6.567E-16 O.SSS 7.7326-16 S.4616-16 6.750E-16 0.SS2 S.012E-16 9.6846-16 6.995E-16 0.538 

.AS4a.-l_7 - 3. Sba r Ocyd es 6.S25E-16 S.206E-16 5.5616-16 0.999 6.S1S6-16 S.226E-16 5.S52E-16 1.000 6.7686-16 S.17SE-16 5.S-0SE-16 0.558 6.663E-16 S.070E-16 5.S17E-16 1.000 

AS4C;-2_1 - S.SbarOcydes 3.5156-17 7.270E-17 3.0656-17 0.75S 4.517E-17 7.S17E-17 3.343E-17 0.93S 2.3S4E-17 S.725E-17 2.0S1E-17 0.564 4.510E-17 S.122E-17 3.337E-17 0.876 

A54a-2_: - S.SbarOcydes 2.3566-16 3.165E-16 2.0576-16 0.5S4 2.437E-16 3.240E-16 2.1S0E-16 0.SS6 2.72SE-16 3.6386-16 2.3S2E-16 0.977 2.S59E-16 3.669E-16 2.435E-16 0.394 

AS4Q-3_1 - 3 .Sb a r Ocyd es 5.574E-17 1.4S7E-16 B.357E-17 0.526 1.0606-16 1.5S2E-16 S.24SE-17 0.SB7 1.2556-16 1.SS8E-16 1.0S6E-16 0.820 1.6176-16 2.2756-16 1.4116-16 0.975 

AS4G-3_2-3.SbarOcYdes 1.670E-16 2.3B7E-16 1.457E-16 0.573 1.7056-16 2.3S76-16 1.4BSE-16 0.937 1.0656-16 1.7166-16 S.2S3E-17 O.SSS 1.114E-16 1.711E-16 9.724E-17 0.956 

.A£4Q.-4_1 -S.SbarOcydes 1.150E-17 6.444E-17 1.004E-17 0.625 2.6716-17 7.374E-17 2.332E-17 0.357 7.022E-17 1.32SE-16 6.130E-17 0.B55 S.116E-17 1.3S7E-16 7.085E-17 0.364 

.A54A-l_l-3.SbarOcycles 5.202E-16 6.4776-16 4.541E-16 0.557 5.0S6E-16 6.218E-16 4,44SE-16 l.OZO 5.455E-16 6.S06E-16 4.757E-16 0.537 5.5266-16 6.7B6E-16 4.S246-16 0.555 

.AS4A-1_2 - 3.SbarOcycles 3.472E-16 4.SS36-16 3.031E-16 0.506 3.167E-16 4.231E-16 2.765E-16 0.S64 3.177E-16 4.550E-16 2.773E-16 0.SS2 3.0366-16 4.0716-16 2.650E-16 0.965 

AS4A-2_1 - B.Sba r Ocyd es 4.31BE-17 9.754E-17 3.769E-17 0.526 4.962E-17 1.060E-1S 4.331E-17 0.986 2.440E-17 SJ52E-17 2.130E-17 0.748 2.3456-17 7.6866-17 2.0436-17 0.358 

AS4.V3_1 -S.SbarOcydes 6.50BE-16 7.B46E-16 5.6S1E-16 O.SSS 6.525E-16 7.S02E-16 5.696E-16 0.999 6.8326-16 8.305E-16 6.016E-16 0.SS7 6.5556-16 3.3146-16 6.1076-16 1.000 

AS4.A4_1 - S.SbarOcydes 3.626E-16 4.574E-16 3.165E-16 O.SSS 3.5B2E-16 4.517E-16 3.1276-16 0.359 3.SB3E-16 5.0S7E-16 3.4326-16 0.3S6 4.1326-16 5.2136-16 3.651E-16 0.SS7 

O 
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Automation of measurements 

I n case i t is desired to improve ttie current volumetric measurement method, i t was advised i n section 7.3 to 

automate the measurements. This w i l l have some advantages w i t h respect to the manual measurement 

system that was employed i n this project: 

• More precise capillary readings; 

• Time control is better; 

• Less t ime required f r o m the researcher; 

• A l l data stored i n one place; 

• Inexpensive solution w i t h the Raspberry Pi. 

At the end of this project a first at tempt was done to achieve this. The a im was to replace the current 

thermometer and atmospheric pressure sensor by sensors that are able to communicate w i t h the computer 

and direcdy store data to i t . Secondly, a camera should be connected to the computer, being able to make an 

accurate photograph of the current posi t ion of the l i q u i d slug i n the capillary at each t ime interval. Lasüy, 

the pressure transducer is currently communica t ing through an expensive NI9219, wh ich acts as a basic 

analog to digital converter (ADC), to a second computer: this needs to be replaced by an inexpensive one 

purpose ADC w h i c h is able to store data to the single computer. 

The proposed solution is bu i ld around the inexpensive (35 euro) Raspberry Pi 2 computer, wh ich has many 

I / O pins for communica t ing w i t h sensors and is therefore an interesting p la t fo rm for the goals ment ioned 

earlier. The entire system consists of: 

• Raspberry Pi 2 (the computer) , w i t h a Linux based operating system; 

• A "MCP9808" temperature sensor, w i t h an accuracy of 0.25 ° C and a precision of 0.0625 °C; 

• A "BMP180" atmospheric pressure sensor, w i t h an accuracy of +0.12 hPa and a precision as low as 0.02 

hPa; 

• A n "ADC Pi", a 17 bit ADC w i t h a possible gain amplif ier of 8, a reference voltage of 2.048 V and a 

+0.05% accuracy; 

• A C270 webcam, w iü i a resolution of 800x600. 

Of the above items, the ADC and webcam need fur ther explanation how they w i l l be used i n the data 

acquisit ion system. As the ADC has a reference voltage of 2.048 V and 2'^ steps, the inpu t Voltage f r o m the 

pressure transducer is discretised i n steps of 1.56i?~^ mV/step. The pressure transducer has a m a x i m u m 

voltage output of 100 m V at 21 bar, wh ich w i l l result i n 21000 Pa/mV As the gain can be amplif ied, this value 

can be reduced to 2625 Pa/mV. So the f ina l resolution of the pressure transducer attached to the ADC w i l l be 

41 Pa. As for the webcam: as i t makes pictures w i t h a height of 800 pixels and because the usable length of 

the capillary is 80 m m , the m a x i m u m achievable precision w i t h a webcam is 0.1 m m , wh ich is m u c h better 

than the optical measurements as are currently performed. 

A n overview of the two sensors (not attached to Raspberry Pi) is shown i n figure E . l . 
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74 E. Automat ion of measurements 

Figure E . l : MCP9808 and BMP180 sensors connected on a breadboard. 



O-ring sea 

It was desired to know i f t l ie O-ring was able to completely seal of a (possibly microcracked) composite 

sample, so no he l ium w o u l d spill into the atmosphere ru in ing the measurement performed. As this was not 

possible to check inside the apparatus itself, i t was decided to remove the O-ring f r o m the a l u m i n i u m cell 

and test its sealing capabilities i n a new test setup. To do this, the greased O-ring was placed on a composite 

sample and together placed on a larger a l u m i n i u m plate, lust outside of the O-ring a breather (wool) was 

placed and the outer edge of the a lumin ium plate was prepared w i t h tacky-tape, so the vacuum bag could be 

placed. Applying vacuum to the system showed that, on mul t ip le attempts, the O-ring sealed wel l (see figure 

F.l) as the atmospheric pressure d id not press the fo i l down i n the test area inside the r ing. 

Figure E1: First test witli regular air. 

However, Üiis only proved the O-ring was airtight, no t hel iumtight . Therefore a second test was conducted, 

using a he l ium balloon (Mylar?), instead of the standard vacuum bag fo i l for resin infus ion, to ensure less 

he l i um wou ld be lost due to permeat ion dur ing the test. Apart f r o m this and an addit ional inlet for the 

he l i um the setup remained the same (setup shown i n figure F.2). After purging the vacuum bag w i t h he l ium, 

the inlet was closed and a block of a l u m i n i u m was pressed onto the O-ring, taking care the vacuum bag was 

placed tightly and smoothly around the O-ring. After vacuum was applied however, the area inside of the 

O-r ing was also at vacuum (figure E3). The cause was discovered to be a couple of wrinkles at the O-ring, 

hence f low of he l ium was achieved out of the r ing . Despite repeating the test carefully mul t ip le times, the 

vacuum bag never was wrinkle free. Because of this, the test is regarded inconclusive and a new way should 

be investigated to gain knowledge how wel l the O-ring performs w i t h composite materials and he l ium. 
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76 F. O-ring seal 

Figure E3: Second test result with helium. 
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