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ABSTRACT

Synthetic jet fuels provide a number of benefits over petroleum-derived fuels. They
have thus been considered as alternative fuels. Compatibility issues, however, are of
concern; specifically the interaction of synthetic fuels with polymeric materials which
are commonly used to seal fuel systems. This is because of differences between the
composition of synthetic fuels and petroleum-derived fuels. Synthetic fuel streams
contain no or very low aromatics, unlike petroleum-derived fuels. This investigation
was consequently initiated to gain a greater understanding of the factors affecting seal
swell in the aviation industry. The study focussed interactions between fuel

components from various fuel classes and nitrile rubber (NBR).

Currently fully and semi-synthetic jet fuels are required to contain a minimum of 8%
aromatic components by volume in order to minimise any changes in polymeric swell

when switching between synthetic jet fuels and petroleum-derived jet fuels.

In this study procedures were refined to allow seal swell to be assessed. ASTM D1414
and D471 were used as base methods together with the use of an elastomer
compression rig that had been designed and built at the Sasol Advanced Fuel
Laboratory (SAFL). A method was developed to remove plasticiser for the O-ring seals
to provide samples that are more representative of O-rings in service. Experiments

were conducted on both new and conditioned (deplasticised) NBR O-ring samples.

Materials tested in this investigation included petroleum-derived Jet A-1,
Fischer Tropsch-derived synthetic paraffinic kerosene (SPK) and pure compounds
including isomers of n-, iso- and cyclic paraffins, aromatics and oxygenates. The
paraffins were tested as neat components. With the aromatics and oxygenates, 8%
(v/v) blends with coal-to-liquid (CTL) SPK were prepared to simulate fully synthetic jet
fuels that meet the minimum 8% aromatic specification. The data which were

collected were primarily changes in mass and volume of the O-rings which underwent



fuel exposure. An assessment was made of both the kinetics of fuel uptake and the

extent of swell achieved at equilibrium.

Initial experiments focussed on method refinement. This included the measurement
techniques (gravimetric, volumetric and seal swell rig), O-ring conditioning
(i.e. plasticiser removal), the effects of temperature and the solvent to polymer ratio
used. The greatest level of repeatability was achieved with gravimetric measurements.
Similar swelling trends were observed with volumetric measurements, although with

lower repeatability.

Solubility parameters and molar volume were shown to be key determinants of seal
swell. It was demonstrated that the extent of swell was not significantly different
between n- and iso- isomers of octane and dodecane. What was different was that
n-paraffins initially swell faster than their iso-equivalents. A significant difference was
observed with cycloalkane isomers which swell to a much greater extent. It is
suggested that this difference is the result of a combination of molar volume and

solubility parameter differences.

A study on a series of n-alkanes showed that although solubility parameters increase
with increasing carbon number, seal swell decreases. Molar volume, by contrast,
decreases. Thus for n-alkanes molar volume is the key determinant. A statistically
significant correlation between the density of n-alkanes and the extent of swell was

observed.

Investigations into blends of coal-to-liquid (CTL) SPK showed that the seal swell was
highly dependent on the hydrocarbon aromatic used. Some blends swelled more than
petroleum-derived Jet A-1 and some less than Jet A-1. Again molar volume was
demonstrated to be important but also the ability of aromatics to form
hydrogen-bond like interactions with NBR. Lower molar volumes and higher &, values
produced more favourable swelling. The importance of the presence of multiple rings
was also demonstrated by the increased swelling of the C10, tetralin, over other C10

aromatics such as n-butylbenzene.



Aromatic ethers caused significantly more swell than hydrocarbon aromatics. Some of
these aromatic oxygenates swelled even more than petroleum-derived Jet A-1 even
when used at the minimum 8% aromatic level. This was explained in terms of their

even stronger polar and hydrogen bond interactions.

The effects of temperature were an increase in the rate of swelling, as expected, and a
slight decrease in the extent of swelling at elevated temperatures. However, the
influence of temperature on the aromatic oxygenate, benzyl alcohol, which has
previously been reported as producing large swell even when added at concentrations
as low as 0.5%, was significant. It is suggested that this is because of the very strong
hydrogen bond between benzyl alcohol and NBR. Because of the exothermic nature of
hydrogen bonding, the equilibrium constant for this interaction decreases at elevated

temperatures leading to less swell.

The results from this study suggest that lighter (lower carbon number) SPKs and SPKs
containing cycloparaffins would promote swelling. The addition of lighter, higher 5,
and/or multi-ring aromatics to SPK would produce the most swell of the aromatic
species added. This could be even more enhanced by the presence of aromatic
oxygenates. Such compounds could be targeted for blending with synthetic paraffins
to produce fully synthetic jet fuels but their impact on other properties such as flash

point and distillation behaviour cannot be ignored.
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INTRODUCTION

CHAPTER 1

1. INTRODUCTION
1.1. Motivation for This Study

The development of alternative fuels has been driven by concerns about the use of
petroleum-derived fuels, such as particulate matter (PM) and sulphur dioxide
emissions, expected escalations in the oil price and supply constraints (1) (2). The use
of alternative fuels, however, comes with its own set of challenges. Alternative fuels
need to be fully fungible with existing fuels, requiring no engine modification and
must be compatible with materials used in aircraft fuel systems. Synthetic fuels
produced by Fischer Tropsch (FT) processes utilising coal and natural gas best meet
these requirements yet may still require the addition of low level blending

components to meet current specifications (3).

The first use of synthetic fuels in commercial aviation applications was in early in 1999
at OR Tambo International Airport (ORTIA) in Johannesburg, South Africa, when semi
synthetic jet fuel (SSJF) was introduced. This SSJF, a blend of FT synthetic jet fuel with
petroleum-derived Jet A-1, addressed potential complications associated with
synthetic fuel (4). A number of additional specifications were incorporated into
Def Stan 91-91 (5) and ASTM D7566 (6) to allow the use of SSJF as a commercial jet
fuel. These included setting a minimum volume aromatic content of 8% in order to

limit volumetric changes of polymeric seals in the fuel system (6).

Following the success of SSIF, a fully synthetic jet fuel (FSJF) was approved in
July 2008. A minimum 8% aromatic content by volume was still required but this could
be achieved using synthetic aromatic compounds (7). Blending a synthetic fuel with
aromatics, however, raises processing complexity (3). The 8% minimum aromatic
specification is under investigation as it appears to be based on a historical value that
has shown adequate seal swell performance in the past and is not necessarily the

polymeric failure limit (3) (8) (9).
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Currently an approved synthetic jet fuel component, synthetic paraffinic kerosene
(SPK), used in semi synthetic jet fuel is produced from components obtained via
High Temperature Fischer Tropsch (HTFT) processes. The product produced is mainly
iso-paraffinic in nature (10). Future interest in using the Low Temperature Fischer
Tropsch (LTFT) processes to target diesel and jet fuel range products is under
investigation (11). This, however, would alter the product chemistry by producing
more n-paraffinic molecules (12). The change in the paraffinic isomers, moving from
iso- to n-paraffins results in a slight increase of fuel density, an increase in freezing

point and may further affect the degree of polymeric swell.

The purpose of this study was to look into the effects that various chemical classes
have on the compatibility of polymeric materials in fuel systems. This study specifically
focused on nitrile rubber (NBR) because this rubber has shown to be more sensitive to
changes in fuel chemistry than other polymers typically found in aviation fuel
systems (2) (13). In particular the study investigated what structural properties of

aromatic compounds would produce the most swell.

Considerably less seal swell has been observed when seals are exposed to synthetic
paraffinic kerosenes (SPK) which do not contain aromatic species than when they are
exposed to petroleum-derived Jet A-1. As a consequence O-rings, which have swollen
due to the effect of petroleum-derived fuels in service, may shrink, harden and fail

when exposed to synthetic fuels with no or very little aromatic content (14).

The effects that fuels have on polymeric materials is of great interest since seals,
gaskets and hoses are used in a number of key areas in fuel systems where seal failure
resulting in fuel leaks may lead to devastating consequences. Therefore, a conversion
to pure synthetic fuels cannot be made without considering changes in sealing

properties of the polymer.

The aromatic content is not the only factor which may affect the chemical
composition of a synthetic fuel. The fuel may vary significantly because of the

feedstock and the method of production. Since HTFT and LTFT products are notably



INTRODUCTION

different in their iso- and n-paraffinic nature, these effects may also impact on the seal

swell caused by synthetic jet fuels (4).

1.2. Objectives

The objectives of this study were therefore to:

¢ identify appropriate experimental procedures in order to investigate seal swell
repeatability,

¢ identify a suitable method for the extraction of plasticisers in “as received”
O-ring samples to produced O-rings similar to O-rings used in service,

e gain a greater understanding into the effect that fuels and solvents have on
seal swell, by investigating the effect of different structural characteristics, e.g.
branching, cyclisation and molecular size on seal swell,

e assess the impact of low level blending components, such as aromatics and
oxygenates with SPK on seal swell in comparison with Jet A-1, and

e understand the influence of different structural characteristics of aromatic

compounds on seal swell.

1.3. Scope of the Study

The primary focus of this investigation was on the effects that various chemical classes
have on the swelling of NBR O-rings, using methods based on ASTM static exposure
technique D1414 (15) (Standard test methods for rubber O-rings) and D471 (16)
(Standard test methods for rubber properties — Effect of liquids)) and using an

elastomer compression rig built at the Sasol Advanced Fuels Laboratory (SAFL) (17).

Other indirect methods of observing seal swell such as the use of an Elastocon (18)
were not investigated. Furthermore other test methods which assess changes in the
properties of O-rings such stress relaxation and tensile tests which have been used by

other research groups were not investigated in this study (3) (4).
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Only NBR O-rings were investigated as these have been shown to be most sensitive to
changes in fuel composition. Fluorosilicone and Viton O-rings were consequently not

investigated even though such elastomers are also used in aviation fuel systems.

The in-service effects on O-rings were restricted to plasticiser extraction. Effects such
as hardening as a result of heat induced crosslinking were not addressed. Nor were

the effects of the exposure of O-rings to fuel derived peroxides investigated.
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CHAPTER 2

2. LITERATURE REVIEW

2.1. Petroleum-Derived Fuels

Petroleum-derived fuels are produced by the refining of crude oil which primarily
contains hydrocarbon molecules. These include paraffins (alkanes), naphthenes
(cycloalkahes) and aromatic hydrocarbons. Other elements are, however, present.
Along with nitrogen, oxygen and sulfur, crude oil also contains trace elements of
metals such as iron, nickel, vanadium and copper. Depending on the processes used to
upgrade crude oil, these polar compounds may or may not be found in the final

product, which may alter fuel properties (19).

Since the paraffins that are present in crude oil generally have between 5 and 70
carbon atoms per molecule, fractional distillation is required in order to separate
these components into the required carbon number range for a particular fuel

application.

Table 2.1 indicates the typical carbon number and boiling point ranges for each

product produced.

Table 2.1: Commercial products produced from crude oil, indicating carbon chain

range and boiling point (20)

Carbon chain range  Product produced Bolling point range (°C)
CtoCy LPG <45

Csto Cyg Gasoline 45-155

CotoCy3 Kerosene 165 -260

Cioto Cz4 Diesel fuels 240 -360

Ci3to Cyo Fuel oil > 360

Relatively high concentrations of aromatic and sulfur compounds may still be present

in the final fuel. The aromatic compounds increase particulate matter emissions, an
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environmental concern (3). Aromatic compounds, however, boost density (4). There
exists thus a delicate balance between environmental concerns and the required

properties of the fuel.

2.2, Synthetic Fuels

Unlike petroleum-derived fuels, synthetic fuels can be produced from a number of
different raw materials, such as coal, natural gas and biomass. Currently coal and
natural gas are commercially converted into liquid hydrocarbons by
Coal-To-Liquid (CTL) and Gas-To-Liquid (GTL) Fischer-Tropsch (FT) processes (21). The
final syncrude produced from High Temperature Fischer Tropsch (HTFT) or Low
Temperature Fischer Tropsch (LTFT) processes can differ significantly. The decision
whether to use HTFT or LTFT is based strongly on the product stream being targeted
and on the available feedstock (22). There are, however, cost and environmental

considerations which also impact on the decision about which process to use.

Due to the nature of processing and handling of coal, CTL synfuels are more costly
than GTL synfuels, in addition to having higher greenhouse gas (GHG) emissions
because of the higher carbon to hydrogen ratio in coal compared to natural gas (21)
and the energy requirements of the processing steps involved. Figure 2.1 shows both
the production costs and total GHG emission of producing liquid transportation fuel

(including gasoline, kerosene and diesel) from a number of different feedstocks.

The dark segments in Figure 2.1 shows a conservative estimate of the amount of that
resource available, while the lighter portion represents a less certain estimate (21).
Given that the availability of oil is expected to decrease, the interest in using synthetic
fuels is likely to grow, with specific focus on GTL technology as cost and GHG

emissions are more favourable (21).
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Table 2.2: Comparison of LTFT and HTFT processes (11) (24)

LTFT HTFT
Temperature (°C) 210- 260 310-340
Modern reactor Fixed slurry bed Fixed (Sasol advanced synthol)
type fluidised bed
Main products n-Paraffinic waxes Gasoline range, alpha olefins

and oxygenates

Table 2.3: Product selectivity for LTFT and HTFT processes (12)

Products LTFT Arge HTFT Synthol
(weight %) (weight %)

Carbon number distribution

C3 =G, LPG 10 30

Cs— Cyo, naphtha 19 40

C11 — Cyp, distillate 22 16

Cx2and heavier 46 6

Aqueous products 3 8

Compound classes

Paraffins Major product >10%

Olefins >10% Major product

Aromatics <1% 5-10%

Oxygenates 5-15% 5-15%

S- and N-species None None

Water Major by-product Major by-product

It can be seen in Table 2.3 that HTFT processes favour the production of straight
run gasoline. The LTFT process predominantly produces heavy oils and waxes
which may be cracked down into the middle distillate range. This results in the
synthetic fuel requiring blending or processing in order to produce a suitable
fuel for commercial applications (27). For example the LTFT product must
undergo isomerisation in order to meet jet fuel freezing point specifications as

well as requiring the addition of aromatics to boost density.

10
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As FT products are dependent on manufacturing conditions and the final refinery

processes, the chemical composition may vary depending on the process.

2.3. Civil Aviation Jet Fuels

2.3.1. Petroieum-Derived Jet Fuels

Several grades of petroleum-derived kerosenes are approved to be used in
commercial gas turbine engines. These include, but are not limited to, fuels such as
Jet A-1, Jet A, and Jet B. Jet A-1 is an international jet fuel suitable for most turbine
engines and has a freezing point of -47°C. Jet A is used only within the continental
United States of America, it has a higher freezing point specification of -40°C. Jet B is
predominantly used in very cold climates where cold weather performance is
essential, such as Northern Canada and Alaska. This fuel comprises a greater
distillation cut including naphtha and kerosene, and has a freezing point of -51°C.
Although these fuels differ slightly in respect to their distillation cut and some of their
specified properties, they contain the same hydrocarbon chemical species,

i.e. n-paraffins, iso-paraffins, naphthenes and aromatics (28).

Jet fuels are produced to internationally standardised sets of specifications such as
ASTM D1655 (29) and Def Stan 91-91 (5). A number of specified properties target
legacy Issues. Aircraft have long service lives. Consequently fuels need to be able to be
used in old aircraft (> 20 years) as well as newer aircraft. Furthermore they need to be
available worldwide. This consequently limits the nature of alternative fuels that can

be developed to be used interchangeably with petroleum-derived Jet A-1.

Figure 2.4 below shows the carbon number distribution for a Merox treated

Jet A-1 (30).

11












LITERATURE REVIEW

from Sasol’s Secunda refinery (5) (7). The world’s first commercial passenger flight
using FSIF took place on the 21 September 2010 from Lanseria Airport in
Johannesburg to Ysterplaat Air Force base in Cape Town during the Africa Aerospace

and Defence 2010 exhibition.

in order to produce a jet fuel from HTFT products produced from coal the preferred
upgrading process to produce FT kerosene involves oligomerisation and subsequent
hydrogenation. The key feedstocks are C3 and C4 olefins produced during the HTFT
step. By contrast LTFT products produced from gas would be waxes which would

require hydrocracking, hydrotreating and fractionation (4).

2.3.3. Synthetic vs. petroleum-derived jet fuels

Differences in the composition of petroleum-derived Jet A-1 and the various synthetic
fuel components are compared in Table 2.4 (4). The table shows that there are
significant differences in density and the aromatic content between synthetic jet fuel

components compared to petroleum-derived Jet A-1.

In order to meet the density specification additional components need to be added to
the SPKs. Typically these are aromatic compounds since they have higher densities. It
can be seen that the GTL SPKs contain more n-paraffins than the CTL SPK in the table.
The Jet A-1 used for comparison contains a significant faction of cycloparaffins. These

too increase the density of Jet A-1.

The compatibility of synthetic fuels with aviation fuel systems is a particular issue.
Strict regulations regarding the levels of aromatics in synthetic jet fuels were
introduced in order to prevent potential problems arising from seal swell

differences (5).
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Figure 2.8: Monomeric unit representation of the molecular structure of NBR

Fuel seals are one of most common applications for NBR components and are typically
O-rings in the shape of a torus with a circular cross-section. Depending on the
application, the polymeric component can be tailored to meet the required properties
needed in service. These properties can be altered by varying the polymeric matrix or

by the addition of additives that promote the desired properties.

2.4.2. Polymer Additives

Polymer additives are used to modify polymeric properties and to aid in processing so
as to produce articles fit for service. These additives include crosslinking agents,
plasticisers, stabilisers (which prevent polymer degradation) and reinforcing

fillers (38).

Plasticisers play an important role in determining the degree of seal swell caused by
solvent interactions and are thus particularly examined in this report. They are added
to polymers to lower the glass transition temperature which results in the increase of

flexibility. As a result the ease of processing and degree of seal swell is affected.

Two typical plasticisers, dibutyl phthalate (C¢H2,04) and dioctyladipate (C22H4204),
used in NBR wvulcanisates, are shown in Figure 2.9 (39). These molecules are able to
embed between the polymeric chains, resulting in the chains being spaced further

apart, thus increasing the free volume (38).

18
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dibutyl phthalate dioctyl adipate

Figure 2.9: The molecular structure of typical plasticiser molecules dioctyl adipate and

dibutyl phthalate used in NBR vulcanisates (39)

Different hardness polymers may be produced by altering the amount of plasticisers
present but also by changing the degree of vulcanisation and filler loading. The
extraction of plasticiser in service from the component is a common problem
associated with the use of polymeric components. This may result in changes in

physical properties and dimensions of the polymeric article.

2.4.3. Polymer Ageing
The ageing of polymeric materials is a complex chemical process which results in the
deterioration of the polymer. This may be via chain scission, an increase in chain

crosslinking and the removal of additives such as plasticisers and stabilisers (40).

The ageing process may be accelerated by the environmental conditions to which the
O-rings are exposed, e.g. high temperatures, mechanical stress, and exposure to
solvents, ozone and oxygen. The conditions that the polymeric component will be
exposed to in service needs to be assessed in order to determine the impact of
ageing (40). Commonly NBR components used in the aviation industry are subjected

to varying temperatures and exposure to fuels and lubricants in service.

Thermal ageing results because at elevated temperatures the rate of oxygen diffusion

into a polymeric material is accelerated which leads to oxidative degradation by

19
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excessive crosslinking and molecular scission. As temperature increases the rate of

polymeric deterioration caused by oxidation increases (40) (41).

The effects on polymeric materials due to the exposure to fluids can be determined by
carrying out tests in known fluids for specific immersion periods. Certain fuels and
solvents diffuse into the polymer and may result in additives, such as plasticisers
leaching out. Factors affecting the rate of molecular transport of solvent into the

polymer are discussed in the following sections.

2.5. Factors Affecting Transport Phenomena and Degree of Swell

A dynamic environment is created when polymeric materials are exposed to solvents.
These solvents are able to migrate into the polymeric matrix, thereby forcing the
polymeric chains apart (14). This results in a subsequent increase in volume and a
decrease in hardness of the polymeric component. More complex swelling behaviour
is seen with polymeric materials that contain plasticisers and processing oils. In this
case the overall volume change is a combination of competing processes: the diffusion
of solvent into the polymer, causing swelling, and the extraction of removal of
plasticisers, causing shrinkage. The level of swell is highly dependent on the relative

dominance of each process.

The transport of molecules through a polymer takes place due to random molecular
motion of individual molecules (42). This process is driven by the chemical potential
difference between the bulk solvent and the solvent in the polymer, and involves
sorption, diffusion and permeation (42). As the chemical potential begins to equalise
the transport phenomena begin to slow (43). This may be observed in Figure 2.10

which shows how the rate of molecular transport decreases with time (44).
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An O-ring exposed to Jet A-1 displays an overall volume increase; this being the sum of
the fuel absorbed and plasticiser extraction. If the deplasticised sample was then
switched to an SPK, an overall volume decrease would be observed once the
extraction of the Jet A-1 had taken place. The best outcome of switching fuel types can
be observed in the last illustration which shows no volume change effect. This can be
brought about by using SPK with the addition of low level blending components such

as aromatic compounds that can promote swell.

The selection of blending components is based on the desired behaviour in the final
product. For example, when seal swell is of priority, blending components that show

seal swell potential should be selected.

The theoretical degree of swell can be estimated by taking solubility parameters,

molar volume and solvent shape into account.

2.5.1. Solubility Parameters

The relationship between the polymer and solvent may be further understood by
considering solubility parameters. Solubility parameters assist in determining the
degree to which a polymer may swell when in contact with a solvent. The principle
behind this is the concept that “like dissolves like”. Thus if the solvent solubility
parameter is similar to that of the polymer, the two are likely to be miscible or in the
case of crosslinked polymers, significant swelling will occur. Of interest are the

Hildebrand and Hansen solubility parameters.

2.5.1.1. Hildebrand Solubility Parameters
The Hildebrand solubility parameter for a solvent is defined as the square root of the
cohesive energy density. This may be calculated from the heat of vaporisation and the

molar volume as seen in Equation 2.1 (45).
5= AH, —RT (2.1)
\J Vin
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where:
AH, = heat of vaporisation
R = molar gas constant
T = boiling point in kelvin
Vi = molar volume

The Hildebrand solubility parameter is a numerical value that is essentially a measure
of the energy of vaporisation (46). Molar volume is an integral part of Hildebrand’s

equation. Smaller molar volumes favour lower cohesive energy densities.

Since vaporisation and solubility both rely on overcoming the intermolecular van der
Waals forces holding the molecules together, the Hildebrand solubility parameter
allows the solubility behaviour of a solution to be predicted using a single term
component. Table 2.5 indicates the Hildebrand solubility parameters for a selected

number of solvents.

Table 2.5: Hildebrand solubility parameters for selected solvents (47)

Compound type Solvent Carbon Molar volume & ((MPa)*?)
number {cm*/mol)
n-Paraffins n-Hexane Ce 131.6 14.9
n-Heptane G 147.4 15.3
n-Octane Cs 163.5 15.5
i-Paraffin 2,2,4-Trimethylpentane Cj 166.1 14.1
Cyclic-Paraffins Cyclohexane Cs 108.7 16.8
Methylcyclohexane (o7 128.3 16.0
Aromatics
Toluene C; 106.8 18.2
o-Xylene Cs 121.2 18.1
Alcohols n-Hexanol Cs 1249 21.0
n-Heptanol C; 141.4 20.5
n-Octanol Cs 157.7 20.6
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The table shows that as the chain length of n-paraffins increases, the solubility
parameter increases. This is due to greater forces of attraction between larger
molecules because of more molecular contacts. The surface area of molecules is the
| major factor that affects the degree of induced temporary polarity. Large molecules
are found to have a greater number of temporary dipoles and as a result have greater

intermolecular attractions (46).

It is also apparent that cyclic-paraffins and aromatics have noticeably higher values
than n- and iso-paraffins. Furthermore iso-paraffins have lower solubility parameters

than n-paraffins.

The aromatics have greater solubility parameters because of the charge distribution
around aromatic rings. Aromatic rings typically have a §* on the hydrogens and a § at
the centre of the rings. This leads to dipole-dipole interactions. In the table the
alcohols show the highest solubility parameters because of the possibility of hydrogen
bonding. This has the effect of increasing the enthalpy of vaporisation which exceeds

the relative increase in boiling point.

2.5.1.2. Hildebrand Solubility Parameters for Solvent Mixtures

The Hildebrand solubility parameter for a mixture of two or more solvents can be
estimated by averaging the Hildebrand values of the individual solvent by volume,
(Equation 2.2). Using this principle, the behaviour of jet fuel surrogates based on seal

swell can be predicted (46).

Spiend=2Pd; (2.2)

where:

volume fraction

&
!

& solubility parameter of component
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62= 8% + 6%, + 6%, (2.3)
where:

Szd = dispersion component

Szp = polar component

8% = hydrogen bonding component

The observed dispersion forces in aliphatic hydrocarbons are a resuit of induced
polarity fluctuations around the molecular surface caused by the proximity of other
molecules. These induced attractions caused by changes in the molecules polarity are

known as London dispersion forces (46).

The cohesive energy due to the interaction between permanent dipoles is termed the
polar solubility parameter. The dipole moment of these molecules is the primary
parameter used to calculate these interactions (47). The final cohesive energy
contributor is the hydrogen bonding component. This term not only includes the
hydrogen bonding interaction between molecules, but also any residual interactions
that contribute to the total cohesive energy that are not accounted for by the

dispersion and polar components (47).

Table 2.6 shows Hansen solubility parameters for NBR as well as the determined
values for the co-polymer based on 30% poly(acrylonitrile) which is typically used for
fuel exposed O-rings (49). Table 2.7 shows Hansen solubility parameters for a
synthetic jet fuel (S-5), petroleum-derived fuel (JP-5), n-octane, iso-octane, toluene

and benzyl alcohol.

Table 2.6: Hansen solubility parameters for nitrile rubber and its components (49)

Polymer Solubility parameter ((MPa)%)
6total 6d sp sh
Poly(acrylonitrile) 25.3 18.2 16.2 6.8
Poly(butadiene) 18.0 17.0 0.0 1.0
Nitrile rubber (30% acrylonitrile) 18.3 17.4 49 2.7
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The solubility parameters shown in Table 2.7 may be used to predict which solvent
would potentially show the greatest interaction with a specific polymer. Comparing
the data in Table 2.7 with the values for NBR in Table 2.6, it is expected that toluene
and benzyl alcohol would show a stronger interaction and lead to a high degree of
swell. The table further shows how solvents such as n-octane only have a dispersion
component in contrast to the benzyl alcohol which shows strong hydrogen bonding

and polar interactions.

Table 2.7: Hansen solubility parameters for selected fuels

Solvents Solubility parameter ((MPa)m)

6total 84 5p 6n
S-5* (Synthetically derived) 16.0 16.0 0.0 0.0
Jp-5* (Petroleum-derived) 16.5 16.5 0.2 0.5
n-Octane** 15.5 15.5 0.0 0.0
iso-Octane® 14.1 14.1 0.0 0.0
Toluene** 18.2 18.0 1.4 2.0
Benzyl alcohol** 23.8 18.4 6.3 13.7
* Ref (49) " Ref (47) # Ref (50)

2.5.1.4. Uncertainties Associated with Solubllity Parameters

The total values obtained using either the Hildebrand or Hansen solubility parameters
are expected to be equal. Differences do, however, occur. These are the resuit of
experimental difficulties in determining heats of vaporisation, particularly for
substances with high boiling points. Additionally uncertainties in determining both the

polar and hydrogen bonding solubility parameters arise.

Hansen and Skaarup derived an equation to determine the polar solubility parameter.
This equation requires the use of molar volume, the dipole moment, the refractive
index, and the dielectric constant (51) (47). These values, however, are not available
for many compounds. Thus estimations of these values were required which may lead
to inaccurate values. The hydrogen bonding parameter is frequently determined by

subtracting the polar and dispersion parameters from the total energy of vaporisation.
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This method is reasonable should accurate and reliable data be available for the latent

heat and the dipole moment.

Should this data not be available, group contributions are used which may result in
some error (47). The most widely used method for estimating group contributions of

64, 8, and 6y, is that presented by Hansen himself (52) .

Since solubility parameters best describe the interactions of pure molecules,
uncertainties rise when considering mixtures of solvents and co-polymers. For
example volume additivity rules are used to estimate the Hansen solubility parameters

for the NBR co-polymer (45) (49).

The solubility parameter concept generally aids in determining the degree of swell.
There are, however, exceptions to the rule that have to be further investigated.
Factors such as molecular volume and molecular shape may further affect the
swell (3) (14). The use of the Flory-Rehner theory helps in understanding some of
these effects.

2.5.2. Flory-Rehner Theory

Flory and Rehner developed a theory for the extent of swell at equilibrium for a
crosslinked polymer exposed to solvents (53) (54). Their theory accounts for the ability
of elastomers to absorb large amounts of solvent without dissolving and their being

able to deform extensively with correspondingly small stresses (55).

The hypothesis is based on the free energy change of swelling consisting of the free

energy of mixing and the free energy of elastic deformation (55).

AG = AGp, + AGe) (2.4)
where:

AG, = free energy of mixing

AGyq = free energy change due to elastic deformation
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Swelling increases the entropy which results in a decrease in free energy. The enthalpy
of mixing slightly offsets this effect since for most mixing processes this is

endothermic.

The enthalpy for swelling is represented by Equation 2.5 (33). The smaller this value

the greater the degree of swell.

AHy, =mRTY 05 (2.5)
where:

n, = number of moles of solvent

R = molar gas constant

T = temperature in kelvin

X = polymer-solvent interaction parameter

dp = volume fraction of the polymer

s = volume fraction of the solvent

This can then be used to arrive at a relationship between the crosslink density of the

polymer and the degree of swelling.

Crosslink density = ZrI,VrI == [In(l(— ¢);/' b+ ij ZJ (2.6)
e 2v[Ad% -Bod

where:
pr = density of rubber
M, = the average molar mass of polymer segments between crosslink
() = volume fraction of rubber at equilibrium
X = polymer-solvent interaction
Vs = molar volume of solvent
A = theoretical constant

= theoretical constant
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The theoretical constants “A” and “B” are dependent on treatment of the free energy
of expansion. The most widely used values for constants “A” and “B” are 1 and 0.5

respectively (56).
The Flory-Rehner equation uses the polymer-solvent interaction parameter, x, which is
determined with the use of the solubility parameters. In newer theories, i has been

replaced by the x;, parameter.

The calculation of the x;; parameter is as follows (47).

X =P+ =6, -5, ] (2.7)
where:

B = entropic contribution to the interaction parameter

\' = molar volume of solvent

R = molar gas constant

T = temperature in kelvin

6, = solubility parameter of solvent

5, = solubility parameter of polymer

The equation shows that when the solubility parameters of the polymer and solvent
are similar the polymer-solvent interaction parameter will be minimised. Equation 2.6

predicts increased swell under these conditions.

Hansen accounts for the empirical  term by replacing x1..

_ (2.8)

31















LITERATURE REVIEW

interfacial mass transport of the plasticiser to the external solvent is the rate
controlling step rather than the diffusion of the plasticiser in the polymeric matrix to

the surface (59).

2.6. Previous Investigations into the Effect of Blending Low Level Components into
SPK on Seal Swell

A number of previous studies have been performed on the effect of SPK:aromatic

blends on seal swell. Many of the reported studies, however, do not indicate

experimental parameters such as samples size, temperature, conditioning procedure

and the sample to solvent ratio, replicating the results is challenging. This makes direct

comparison between experiments, where the same low level blend components are

used, very difficult.

Most swelling studies have been carried out on “as received” samples. This results in
having to take the rate of plasticiser extraction into account and requires a greater
time for the experiments to reach equilibrium. Work done by Corporan et al. (10) and
Graham et al. (2) are of the few studies where experiments were performed on

deplasticised samples.

The specifications for SSIF and FSJF require a minimum aromatic content by volume of
8% (29). It is uncertain whether this represents the true limit of aromatics needed to
produce adequate behaviour. As cost and environmental aspects are affected by the
addition of blending components, this needs to be further investigated (3). Blends of
various aromatic compounds in synthetic fuels have in previous studies caused
different degrees of seal swell. Therefore, it is expected that when aromatic
compounds are added to meet the minimum 8% level, this would result in varying

degrees on swell, depending on the aromatic used (3) (17).

Muzzell et al. observed different mass swell changes when N0674-70 coupons and
NO0674-70 O-rings where treated with a number of fuels (34) (see Table 2.8). What was
observed is that far less fuel was taken up by a synthetic fuel (S-5) than

petroleum-derived JP-5. The addition of an aromatic solvent which contained Cg — Cy,
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hydrocarbons was seen to increase swell. The degree of swell lay midway between the
SPK and the JP-5 because only 10% aromatic solvent was added. Petroleum-derived jet

fuels have aromatic contents closer to 20% (5).

Table 2.8: Average mass change after 43 days at 40°C for NO674-70 NBR coupons and
N0674-70 O-rings exposed to a number of fuels (34)

Fuel Mass Swelling Ratio (Q%)
N0674-70 Coupons N674-70 O-rings

S-5 097+0.1 -0.28+0.1

S-5 + 10%A150 3.71+0.1 0.55+0.1

JP-5 580+0.1 1.20+£0.1

ECD-1 572%0.1 1.2510.1

S-5 synthetic GTL kerosene from Syntroleum Corporation

A150 mixture of Cy ~ Cy, hydrocarbons with >99% aromatics

JP-5 petroleum-derived US Navy jet fuel (28)

ECD-1 ultra-low sulfur diesel

It is unclear why Muzzell et al. (34) observed lower swell for O-rings than coupons
although the rubber compounds were the same. It is possible the coupons were thick

and so not all plasticizer had been leached out.

Thus investigations into blending components using a number of aromatics and
oxygenates have been performed (17) (19). Research has further shown that
oxygenated compounds, such as benzyl alcohol added in concentration of only 0.5%
can produce similar swell to that of petroleum-derived jet fuel at 23°C (17). This result
is significant as it shows that depending on the additive used in the fuel blend,

significantly different properties can be obtained.

Link et al. investigated the swelling effects on a number of synthetic fuel blends.
Nitrile rubber O-rings were used in this study. They followed the ASTM D1414 (15) and
D471 (16) methods for obtaining volume swell data. The results for the various blends

are shown in Table 2.9.
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Table 2.9: Swelling of NBR O-rings in S-5 blended with a number of additives (27)

Additive Blending level (%) Volume swell
after 48 h (%)

Conventional jet fuel (JP-5) - 16.2+1.0

Hydrocarbons

Cycloparaffins

Decalin 1 0.810.1

Aromatics

Tetralin 1 0.910.1

Naphthalene 1 1.240.5

Oxygenates

n-Paraffinic alcohols

1-Octanol 2.5+0.3

Aromatics

Phenol 1 15.4+1.0

2,4-Dimethylphenol 1 12.810.4

2-Ethylphenol 1 13.5+0.5

2-Proplyphenol 1 12.040.2

Benzyl alcohol 1 17.510.4

Benzyl alcohol 0.75 13.0+0.0

Benzyl alcohol 0.5 6.8 10.1

1-Naphthol 0.2 3.310.1

They concluded that it was possible to match the degree of swell of nitrile O-rings
swollen in petroleum-derived jet fuel with synthetic fuels blended with certain
additives. The additives which showed the most promise were aromatic hydroxy

compounds such as the phenols, naphthols and benzyl alcohol (27).

Link et al. (27) felt that an ideal fuel additive should produce similar swell as
conventional petroleum-derived fuels, be effective at low concentration, not
introduce significant environmental or toxicity hazards and not alter fuel properties
adversely (27). The results in the table were compared to the swelling values obtained

for conventional jet fuel (JP-5) and synthetic jet fuel (5-5) which were 16.2 £ 1.0 and
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0.710.2 respectively (27). These results should be viewed with caution, however, as it

is uncertain whether equilibrium had been reached.

Graham et al. (2) compared the swelling of “as received” and deplasticised samples
exposed to Jet A and SPK. They study also looked at 8% blends of 10 hydrocarbon
aromatics with SPK. This study extended beyond NBR to include fluorosilicone and
fluorocarbon O-rings and sealant materials such as polythioethers and polysulfides.
While fluorosilicone was shown to have some response to aromatic types, NBR was
much more sensitive to fuel changes. Fluorocarbon O-rings were effectively inert.

Experiments with NBR were performed on new as well as deplasticised O-rings.

The use of deplasticised samples allow for more realistic in service conditions to be
simulated as well as reducihg time of samples to reach equilibrium. Graham et al.
extracted the plasticiser from the “as received” O-ring samples by soaking them in
acetone for 24 hours, then rinsing them with fresh acetone and repeating this step 3
more times. Following the plasticiser extraction the samples were air dried for

24 hours followed by drying in a convection oven at 60°C for 1 hour (2).

As general rule it was found that the extent of swell increased with decreasing molar
volume and increasing 8, and &,. Of these parameters they felt that molar volume had
the least influence and &, the most. Graham et al. (2) made measurements after only
40h. It is clear that in many experiments, equilibrium had not been reached even
though they used small O-rings (2mm X 2mm). Nevertheless, these authors felt that

this time was still sufficient to allow discrimination between fuels.

Most recently the effect of blends of toluene and naphthalene in GTL kerosene has
been assessed by Anderson (3). Anderson investigated the swelling interaction by
monitoring stress relaxation of “as received” nitrile O-rings at 30°C for 5 days. He
compared swelling data of blends of GTL SPK and aromatics with stress relaxation data
with that for samples exposed to Jet A-1. It was shown that as the aromatic content in
the fuel is increased the percentage stress relaxation decreases. The study raised

questions about the minimum aromatic specification as blends of GTL SPK+ 8%
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toluene did not appear to have as great an effect on the stress relaxation behaviour as

naphthalene (3).

Anderson concluded that care needs to be taken when adding aromatics to the
minimum aromatic specification. Further this study showed that the strength of the
interaction between the polymer and the solvent plays a significant role and may be

more important that molar volume effects (3).
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CHAPTER 3

3. EXPERIMENTAL PROCEDURES

3.1. Materials Used

The nitrile rubber (NBR) O-rings, used in this study, were supplied by Bearing Man Ltd
(Johannesburg, South Africa). These had an inside diameter of 20mm, a 2.5mm
cross-sectional diameter and a Shore-A hardness of approximately 70. Later
dilatometric measurements were performed on smaller O-rings of inside diameter
4.2mm and cross-sectional diameter 1.9mm and Shore-A hardness 70. These were
also supplied by Bearing Man Ltd. The decision to use NBR O-rings in this study was
made because NBR components show the greatest swelling sensitivity to the aromatic
content in fuels when compared to other polymers typically found in aviation seals (2)
(10). The response, therefore, of NBR components to solvents would thus be the

extreme case.

Investigations into the behaviour of polymeric seals were conducted on “as received”
O-rings, and conditioned, i.e. deplasticised samples. The conditioning process is

described in a section that follows.

Commercially available fuels and fuel components used in this investigation included
petroleum-derived jet fuel (Jet A-1) from the Natref refinery, and CTL SPK and GTL SPK

from Sasol.

Table 3.1 indicates pure solvents used in this study as well as their purity, their
solubility parameters and their molar volume. These were supplied by Sigma-Aldrich
(St Louis, USA) wunless stated otherwise. Other suppliers were Merck

(Darmstadt, Germany) and Kimix (Cape Town, South Africa).

Unless specified otherwise, the use of SPK in the rest of the document will refer to CTL

SPK.
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Table 3.1:  Solvents used in study with indication of grade, solubility parameter and
molar volume (47)

Chemical class  Solvent Purity Solubility parameters Molar volume
((MPa)*?) at20°c®
(cm®mol™)

84 5, 6, Srotal

Hydrocarbons
Normal n-Hexane (96%) 149 0.0 0.0 149 131.6
n-Octane* (99%) 155 0.0 0.0 155 162.5
n-Dodecane* (99%) 16.0 0.0 0.0 16.0 227.1
n-Tetradecane* (99%) 16.2 0.0 0.0 16.3 260.4
Branched iso-Octane (98%) 14.1 0.0 0.0 14.1 166.1
iso-Dodecane see 147 00' 00" 147° 2283
Cyclic Cyclohexane (99%) 16.8 0.0 0.2 16.8 108.7
Methylcyclohexane (99%) 16.0 0.0 1.0 16.0 1283
1,2-Dimethylcyclohexane  (99%) 167 o00' o 16.7' 1442
Cyclooctane (99%) 172 o0 o 17.2" 1345
Aromatic Toluene** (98%) 18.0 14 20 18.1 106.3
o-Xylene (99%) 17.8 1.0 31 18.2 120.6
Ethylbenzene (99%) 17.8 0.6 14 17.9 1225
Mesitylene (99%) 18.0 0.0 0.6 18.0 139.1
Cumene (99%) 18.1 12 12 18.2 139.4
p-Cymene (99%) 176" 1.2* 12* 17.7' 1566
n-Butylbenzene (99%) 174 01 11 174  156.1
sec-Butylbenzene (99%) 179" 12* 12 180" 1555
Tetralin (99%) 19.6 20 29 19.9 136.3
Oxygenates
Linear Diethylene Glycol
Monomethyl Ether (99%) 16.2 7.8 12.6 22.0 118.1
(DIGME)
Aromatic Anisole (99%) 17.8 4.1 6.7 19.5 108.7
Benzyl Alcohol (99%) 184 6.3 13.7 23.8 103.6
Benzyl Methyl Ether (99%) 179" 49" a3 19.1' 1287
Dibenzyl Ether (99%) 19.6 3.4 5.2 20.6 190.1
Other
Dichloromethane (99%) 18.2 63 6.1 20.2 63.9
(CH.Cl,)**
JetA-1 - 165 o01' 03" 165" 1937
CTL SPK - 154 00" 00' 154" 2125
GTL SPK - 157 00' o00' 257 199.0
* Supplied by Merck ** Supplied by Kimix *** Mixture of highly branched isomers
# Estimated value $ Molar volumes calculated from densities (60)
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Where solubility parameters in Table 3.1 were estimated, they are estimated using
group contributions in Hansen (52) . Solubility parameters of the fuels were estimated
from their molecular compositions. The solubility parameters of the component
molecules were first estimated using the group contributions in Hansen (52). The
overall solubility parameters were found by using the volume weighted average of the

individual solubility parameters.

3.2. Equipment Used

In order to determine the effect that different solvents have on NBR O-rings, a variety
of exposure experiments were carried out. These allowed the differences in swelling
characteristics of chemicals from different structural classes to be studied. These
experiments were conducted using static exposure techniques as well as an elastomer
compression rig which measures the dilation of an O-ring when exposed to solvent. A

description of the experimental equipment is supplied in the following sections.

3.2.1. Mass measurements
During static exposure experiments, mass measurements were made using a Mettler

Toledo AT20 analytical balance with an accuracy of +2ug.

3.2.2. Dilatometric measurements
Volumetric measurements were calculated from the diameter and area data obtained

using a Nikon ShuttlePix P-MFSC microscope with an resolution of t1um.

3.2.3. SAFL Elastomer Compression Rig

An elastomer compression rig was designed and built at SAFL to provide continuous
dilatometric measurements of O-rings undergoing exposure treatment. The rig was
specifically designed for the use of O-rings with an internal diameter of 20mm and a
cross-sectional diameter of 2.5mm (17). The rig consists of six modules, allowing
different solvents to be tested simultaneously. A more detailed description of the rig

may be found Appendix B.
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3.2.4. Thermogravimetric Analyser

A QS000IR thermogravimetric analyser (TGA), supplied by TA Instruments
(New Castle, USA), was used in this study. The TGA measures changes in weight as a
function of temperature. The sample is placed on a high precision balance with an
accuracy +0.5ug in an electrically heated infrared furnace. The instrument was
calibrated for mass using reference weights and for temperature using a calibrated

thermometer (ambient temperature) and the Curie temperature of Ni (358°C) (61).

3.3. Experimental Methods

The procedures used to investigate swelling were based on the methods in
ASTM D1414 (Standard Test Method for Rubber O-rings) (15), ASTM D471 (Standard
Test Method for Rubber Property-Effect of Liquids) (16) and the study of Visram (17).

Both gravimetric and dilatometric data were collected.

3.3.1. O-ring Conditioning Procedure

The conditioning of O-rings removes plasticisers and extractable curatives present in
the nitrile rubber O-rings. Because this process occurs naturally in service, a greater
understanding of the degree and rate of extraction was required. Furthermore,
because the plasticisers have been removed before seal swell experiments, a simpler
swelling process occurs allowing only solvent transport into the seals to be
investigated. Using deplasticised O-rings eliminates the contribution of plasticiser

extraction to any changes in seal swell.
The conditioning procedure was conducted as follows:

e 20 O-rings were placed in 800mL of CH.Cl, in a 1L sealable Schott bottle.
e The O-rings were left in solution for 3 days at a constant temperature of 23°C.
e The solvent was replaced with fresh supply and samples were left for an

additional 3 days.

After the extraction of plasticiser the solvent in the O-ring was removed. The samples

were allowed to dry in a fumehood at ambient conditions for 1 day, followed by
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vacuum extraction at 50°C for 5 days at -0.80bar. A Scientific Manufacturing CC

vacuum oven was used in this study for this purpose.

3.3.2. Static Exposure Treatments

ASTM method D1414 (Standard Test Method for Rubber O-rings) (15) and D471
(Standard Test Method for Rubber Property-Effect of Liquids) (16) contain the base
methods for the solution exposure experiments. Variations on these are described in

the appropriate sections.

3.3.2.1. Gravimetric Method

The static gravimetric method was conducted as follows:

The initial masses of the samples were recorded.

¢ The samples were then placed in the relevant solvent.

e At specified times the samples were removed from the solvent and blotted dry
whereafter they were weighed.

¢ Finally the samples were returned to the solvent.

The containers were placed Inside a closed box in order to eliminate any influence of
light exposure. Although this is not specified in the ASTM methods it was, however,

deemed important for the long exposure experiments conducted in this study.

The procedure was continued until the samples had reached equilibrium, i.e. until a
change of mass was no longer observed. From the data the mass swelling ratio (Q%)

was determined as a function of time.

m -m
Q% =100———=2 (3.1)
[+]
where:
Mo = mass before swelling
m = mass at time, t
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Because this technique requires the entire O-ring to be within the field of view of the

microscope, the smaller O-rings supplied by Bearing Man Ltd were used.

This allows for the volume swelling ratio (R%) to be calculated.

3/2
Ag
R%=10 (—] -1 (3.3)

0

where:

Ao
A¢

initial projected area

projected area at time, t

3.3.3. Dynamic Experiments Using the Elastomer Compression Rig

The operation of the elastomer compression rig was as follows:

e The displacement transducer and compressed air inlet were disconnected from
each cylinder.

e The base on the cylinder was unscrewed and a single O-ring was placed inside
the O-ring groove.

e The cylinder was then reconnected and run under compression for 24 hours to
allow for the rig to settle.

e 80mL of solvent was introduced to the fuel chamber in the base of each

cylinder, and the compression rig started so data could be collected.

Knowing the O-ring groove depth and by determining the difference in position (AX)
between the position when the O-ring is fully compressed (maximum pressure) and
when it was fully expanded (pressure = zero), the cross-sectional diameter of
the O-ring can be calculated using Equation 3.4. Once the O-ring diameter is

determined, the change in swelling ratio (R%) can be calculated using Equation 3.2.
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O-ring diameter = g.d + AX (3.4)
where:

gd. = groove depth

AX = difference in position

3.3.4. Method Refinement

Before the effect of different chemical classes on swell could be assessed, a number of
preliminary experiments were conducted in order to investigate certain experimental
variables. The effects of solvent to polymer ratio, of cutting samples, of temperature
and measurement technique (gravimetric vs. dilatometric) were Initially investigated
in order to minimise experimental uncertainty and to determine repeatability. The
preliminary experimental procedures are discussed in the following sections and relied

heavily on static gravimetric measurements.

To reduce solvent usage, it was decided to conduct static gravimetric exposure
experiments on bisected samples, unless otherwise stated. The use of entire O-rings
was used in the volumetric experiments in order to reduce any inaccuracies caused by
distortion after bisecting the sample. Entire O-rings were used in the compression rig

studies because of the nature of the rig’s design.

3.3.4.1. Degree of Repeatability

The degree of repeatability was investigated by treating a number of O-ring samples
under the same conditions in solvents that showed significantly different swelling.
Table 3.2 shows the solvents used in this investigation along with an indication of the

number of experiments undertaken.
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Table3.2: Sample number and solvents used to determine the degree of

repeatability for the various experimental methods

Gravimetric measurements Dilatometric Compression rig
measurements measurements

10 samples in Jet A-1 10 samples in Jet A-1 10 samples in Jet A-1

5 samples in toluene 5 samples in toluene

5 samples in n-dodecane 5 samples in n-dodecane

Repeatability of volume swell, determined from projected area measurements on
smaller O-rings, was estimated using the average coefficient of variation of the volume

swell of 3 samples in 28 different solutions.

3.3.4.2. Solvent to Polymer Ratio Effects

The effect of the solvent to polymer ratio was investigated by using gravimetric
measurements for different volumes of Jet A-1 for each swelling experiment. Swelling
was undertaken in 15mL, 20mL, 40mL and 80mL of Jet A-1 at 50°C using entire O-rings
with mass and volume of approximately 0.42g + 0.01g and 0.34 cm® % 0.02cm’®
respectively. The ratios used are above and below the required volume ratio described
in the ASTM D1414 and D471 methods of approximately 30mL of solvent per O-ring
(15) (16). 80mL:O-ring is the ratio at which the compression rig is designed to
operate (17)).

3.3.4.3. The Effect of Temperature
In order to investigate the effect of temperature, experiments were conducted at 23°C
and 50°C. The experiments conducted at 23°C were done in a thermostatically

controlled room, while for experiments at 50°C samples were placed inside an oven.

3.3.4.4. The Effect of Plasticiser Extraction
The effects that the presence/absence of plasticiser have on the mass swelling ratio
was investigated by performing experiments on both plasticised and deplasticised

O-ring samples in 20mL of solutions at 50°C.
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3.3.5. Investigation into the Effect of Chemical Class and Structure

The main focus of this study was to determine the effects that various chemical
classes have on the swelling of elastomeric O-rings and to determine the level of
blending compounds required to produce a fungible fuel. Previous studies into this
effect have been carried out using a number of techniques including gravimetric
measurements, optical dilatometry and elastomer stress relaxation (3) (10) (14) (27)
(43) (57). In this study, only gravimetric measurements and optical dilatometry were

used to investigate changes in swelling.

The effects of various chemical classes on seal swell were studied using bisected
O-rings. A delay in obtaining the microscope for optical measurements resulted in
gravimetric studies being initially focused on. In these situations the changes in
volume are calculated from the mass of fuel/solvent that is absorbed. The methods for
calculating this may be found in Appendix D. In later experiments, both optical and

gravimetric measurements were made.

Each investigation was carried out on a single section of the O-ring sealed inside
Schott bottles with 20mL of solvent at 50°C. Both experiments on “as received”
samples and deplasticised samples were performed. The chemical classes specifically
focused on in the study were: n-, iso- and cyclic-paraffinic, aromatics compounds and

oxygenates such as ethers. The compounds used are listed in Table 3.1.

3.3.5.1. Blends with SPK

Molecules such as aromatics have the effect of increasing the degree of seal swell
when added to highly paraffinic fuels. These effects where investigated by making
solutions of the respective blending components in SPK. All solution blends used in
this study were prepared by volume according to standard laboratory practice.

Typically 8% blends (v/v) in SPK were tested.

3.3.5.2. Switch-load Testing
The final experimental procedure undertaken on seal swell was an investigation into

switching from petroleum-derived fuel to synthetic fuels, known as switch loading.
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These experiments were done in order to represent more realistic conditions that an

O-ring may face in service should the fuel chemistry be changed.

Initial switch loading experiments were run on statically treated O-ring samples by
switching solvents every 7 days from Jet A-1 to SPK, and recording mass changes. This

was followed by experiments on blends of SPK and low level additional components.

3.3.6. Density Determination

Because extractables are remaved from new O-rings when exposed to solvent, the
density of the O-rings changes, the extent of any density changes were measured. The
density measured from the deplasticised samples allowed for a comparison of directly
measured and calculated volumetric changes. This allows for preferential absorption

in mixed salvents to be studied.

Density investigations were made using a 25 mL Marienfeld density bottle. Each O-ring
was cut into four segments and then placed into the density bottle together with
distilled water. Care was taken to ensure no air bubbles were present on the samples

or in the density bottle.

The density of the samples was calculated as follows:

p= B, (3.5)
m, —(mt -m, —ms)

where:
m = mass of liquid required to fill the bottle an its own
me = total mass of density bottle with sample and liquid
mp = mass of density bottle
mg = mass of sample
PL = density of liquid used
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3.3.7. Thermogravimetric Analysis

TGA experiments were carried out on “as received” and deplasticised O-ring segments
of approximately 10ug by placing them in a 50uL platinum pan. The samples were
subjected to heating rate of 5°C/min using normal TGA operation mode. The
percentage mass change was recorded from 23°C to 650°C. High purity nitrogen gas,
supplied by Air P‘roducts (Johannesburg, South Africa) was used as purge gas at a flow
rate of 25mL/min. The data obtained from the TGA was analysed using TA Instrument

Universal Analysis 2000 software.
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Samples swollen in Jet A-1 approach an equilibrium mass swelling ratio of
approximately 3% whereas the samples exposed to SPK approach a negative mass

swelling ratio of slightly below -4%.

It can thus be expected that should a petroleum-derived fuel be switched to pure
synthetic paraffinic kerosene, a dramatic decrease in seal swell could result which

might cause leakage.

In this study, both gravimetric (Q%) and volumetric measurements (R%) were
recorded at various time intervals. Mass measurements were deemed adequate to
investigate a number of the preliminary studies, such as the effects of temperature,
solvent to polymer ratio, conditioning procedure and the effect of plasticiser

extraction.

Certain volumetric measurements were also carried out in this section in order to
determine the repeatability of such measurements and the relationship between mass

and volume measurements.

4.1.1. Static Gravimetric Experiments
The static validation experiments were run as preliminary experiments in order to
investigate the effects of solvent to polymer ratio, repeatability of method and the

effects of temperature.

4.1.1.1. Solvent to Polymer Ratio

First, an appropriate solvent to polymer ratio had to be chosen. The data obtained
from the investigation into the effects of solvent ratio can be seen in Figure 4.2.
Samples were exposed to 15mL (+ 50:1 by volume), 20mL (+ 60:1), 40mL (+ 120:1) and
80mL (1240:1) of Jet A-1. The numbers in brackets are the approximate solvent to
polymer ratios. This was done in order to see whether the solvent to polymer ratio
would affect the extent and rate of plasticiser extraction. Little distinction can be seen
between the four graphs plotted where the ratio is greater than or less than the

recommended solvent to polymer volume ratio described in the ASTM D471 method
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In-service, plasticiser is likely to be rapidly lost and for a large part of an O-ring’s
service life there will be little plasticiser present in the O-ring. The effects that
different chemical classes have on O-rings in-service can thus best be shown on
deplasticised samples. The development of a conditioning process to best reproduce

samples found in service was thus necessary.

In this investigation, O-rings were exposed to Jet A-1 and dichloromethane (CH,Cl,) to
investigate plasticiser extraction. The decision to use CH,Cl, was based on the
expected acceleration of plasticiser extraction since CH,Cl, has a similar solubility
parameter to that of NBR and its extractable additives. It was found that O-rings
exposed to CH,Cl, displayed a far greater rate of solvent absorption and extent of
swelling ratio than Jet A-1. Table 4.2 summarises the key information obtained from

the respective experiments.

Table 4.2: Gravimetric measurements on “as received” O-rings swollen in Jet A-1

and CH,Cl,(17)
Solvent S ((MPa)"z) Percentage mass  Percentage mass
swell at 6 days (%) swell at 14 days (%)
JetA-1 at50°C 16.5 4.8 (0.1) 3.8 (0.1)
CH,Cl, at23°C  20.2 232.9 (8.7) 235.5 (11.9)

The values in brackets are the standard deviations of the mean. N=3,

The larger standard deviation for the CH,Cl, measurements are because of the very
high volatility of CH,Cl,. The data shows that after 6 days the samples exposed to
CH,Cl, at 23°C had reached equilibrium unlike the samples in Jet A-1 at 50°C. After

6 days, the solvent was evaporated (see section 3.3.1).

Figure 4.8 provides an indication of the amount of solvent extracted under extended
vacuum. CH,Cl, evaporates considerably faster than Jet A-1 under these conditions.
This is because the boiling point of CH.Cl, is 39.6°C while typical jet fuel has a boiling
range of 160 - 260°C and thus CH,Cl; is rapidly removed from the O-ring at 50°C (28)
(62).
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4.1.5.1. Optical Dilatometry

Optical measurements were made by placing the samples under an optical
microscope. Initial experiments were conducted on “as received” samples exposed to
Jet A-1, n-dodecane and toluene to determine the repeatability of these experiments.

Table 4.4 summarises the results.

Table 4.4: Volumes changes of “as received” O-rings exposed to varying solvents

at 50°C
Solvent ) Sample size Average swelling  Coefficient of
((MPa)¥3) at 7days (%) variation (%)
Toluene 18.1 5 113.3+6.2 3.7
Jet A-1 16.5 10 7.0£05 35
n-Dodecane 16.0 5 16104 39

The uncertainty values for the average mass swelling ratio reflect the 95% confidence interval

When comparing the results with the gravimetric measurements in Table 4.1, the
average volume changes at 7 days can be seen to be larger than the gravimetric
measurements. This is expected since the densities of the solvents/fuel are lower than

that of the rubber and filler.

When comparing the coefficient of variation (CV) of the optical measurements with
the values obtained in mass experiments, it can be seen that that the CV values for the
optical method is slightly higher. This is a result of one cubing the cross-sectional
diameter (Equation 3.2 in section 3.3.2.2). The coefficient of variation of the

one-dimensional dilation is 0.6-0.7%.

The average coefficient of variation for the equilibrium volume swell calculated from
projected areas of small O-rings exposed to 28 solutions at 50°C was calculated. Each
of these exposure experiments involved three O-rings. The average was 2.6%. The
average coefficient of variation of the mass swell was 3.8%. The reason for the larger
coefficient of variation for the mass measurements is that smaller O-rings have larger

surface area to volume ratios which means that any variation in the amount of solvent
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4.2. Discussion
The development of the conditioning procedure, the effects of temperature on seal
swell and experimental duration were essential for further experiments, designed to

look into the effects of various chemical classes on seal swell.

4.2.1. Measurement Approach
Since in service failure of O-rings may be due to a decrease in sample volume, the
benefits of using volumetric measurements over the use of gravimetric measurements

are therefore apparent. Nonetheless both approaches provide useful data.

The use of the compression rig was initially intended to be the main experimental
procedure for dilatometric changes since the rig was designed to simulate in-service
operation, specifically switching from one fuel to another. Static measurements would
have validated the rig data. Because of unexplained electronic noise affecting the data
collected, it was decided to focus on static experiments. These are the typical

measurements found in literature (2) (10) (49).

The use of the elastomer compression rig had previously been demonstrated by
Visram (17). Figure 4. is a comparison of O-rings tested in Jet A-1 and CTL SPK (KerOA
in the figure) at 50°C. A is the one-dimensional dilation in cross-sectional diameter in

the direction of original compression. Note the similarity in shape with Figure 4.4.
Although the rig could in principle provide volumetric changes due to swell and allow

easy study of fuel switches, increased electronic noise meant that it was not reliable

enough to be used further.
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calculated volume change being a slight underestimate. A look at Figure 4.17 and

Figure 4.18 reveals that is the case here.

4.2.2. Duration of Solvent Exposure

Seal swell experiments were continued until equilibrium to eliminate misleading
conclusions that could have been drawn from samples still undergoing changes.
Allowing samples to reach equilibrium allows the effects of diffusion to be removed
(32). Hansen supports this by stating that “using the solubility parameters to
determine swell is only suitable at equilibrium, which is not usually reached in
previous studies” (64). It was, therefore, decided that subsequent experiments in this
study should be run to equilibrium conditions. Equilibrium conditions are likely not
achieved in some of the literature. This is surmised because exposure times are often

of the order of 2-3 days.

For equilibrium to be reached could take in excess of 180 days for “as received”
O-rings. This was the case for SPK swelling. By contrast deplasticised O-rings reached
equilibrium between 14 and 21 days. Experiments on smaller O-rings revealed that

this could be achieved in as little as 3 to 6 days.

4.2.3. Effect of Temperature on Seal Swell

Knowing that the solubility parameter of a solvent and polymer are independent of
temperature, the observed differences in seal swell caused by temperature variations
are expected to be due to changes in solvent mobility, molar volume and the increases
in polymeric chain mobility (43). The change in molar volume is due to thermal
expansion taking place between solvent molecules, thus as temperature is increased

the molar volume increases which should result in lower swell (65).
Mostafa et al. investigated the effect of temperature on swell (43). Although they

exposed 30 X S X 2cm NBR moulded disks to motor oil, their results provide insights

into the observations made here. The results are presented in Table 4.6.
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Table 4.6: Mass swelling ratio at 48 h for varying concentration of carbon black filled

NBR moulded disks exposed to motor oil (43)

Temperature (°C) Mass swelling ratio at 48 h (Q%)
NBR sample 1 (0*) NBR sample 2 (30*)
25 1.82 1.18
70 2.37 1.50
100 4.65 2.35
125 4.80 242
. Parts carbon black per hundred of rubber by weight

Mostafa et al. established that samples treated at elevated temperatures showed an
increase in swell. This effect was explained by postulating that at elevated
temperatures chain mobility would increase, resulting in the softening of the rubber

leading to greater swell (43).

Mostafa et al. however, only recorded data for the first 48 hours. It is highly likely that
the samples at lower temperatures had not yet reached equilibrium conditions.
Consequently the results should be treated with caution. This highlights the need to

ensure that equilibrium has been reached when comparing data.

The effect of temperature was also investigated by Joseph et al. using NBR/EVA
polymer blends treated in p-xylene (58). NBR/EVA exposed to p-xylene at various
temperatures appear to have reached equilibrium and show that samples treated at
elevated temperatures show a greater swell. Joseph et al. explained the greater swell
seen for samples treated at elevated temperatures as being due to the greater
polymeric chain mobility at higher temperatures. This temperature relationship,
however, was not seen in this study when NBR O-rings were exposed to o-xylene or
Jet A-1 (Figure 4.6 and Figure 4.7). The extent of swell actually decreased as

temperature rose. This is discussed in more detail in section 5.5.5.
The findings in this study and of Mostafa et al. showed that at higher temperatures a
faster rate of solvent absorption is seen (43). This is expected since the diffusion

coefficient for solvent entering the polymer, and for the plasticiser leaving the
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polymer, is larger at elevated temperatures. To save time, later experiments were
performed at 50°C. Equilibrium conditions could be achieved far sooner allowing more

experiments to be performed.

4.2.4. Plasticiser Effects

Extractable polymeric additives such as plasticisers and curatives complicate the
interpretation of swelling data obtained from “as received” samples undergoing
solvent exposure. Any mass or volume changes observed during the exposure of
plasticised O-rings are the result of a combination of solvent entering the polymer and
the extraction of additives. The amount of extractable additives is important as
different polymer compounds will contain varying amounts of additives, which will
affect the overall change in swell. Caution must thus be exercised when comparing
two different data sets as the percentage plasticiser may vary significantly despite the
samples having a similar hardness. Hardness is a function of both plasticiser/extender

oil, filler level, cross-link density and temperature (42) (43).

in order to investigate the effects that these extractable additives have on seal swell,
it was important to determine the amount of additives that could be extracted and
the rate at which this process occurs. This was achieved by comparing the mass of
deplasticised and “as received” O-rings exposed to the same solvent and under similar
experimental conditions. The O-rings used here contained about 10% plasticiser.

Density measurements indicated this was equivalent to a 12.5% change in volume.

Plasticised samples initially passed through an absorption peak before losing mass.
Such behaviour is typical of plasticised samples (57). Experiments on deplasticised

samples displayed a classic monotonic uptake curve to an equilibrium plateau.

The swelling data from “as received” O-rings exposed to n-dodecane showed only a
decrease in mass. This is most likely to be due to the mass of plasticiser extraction

being greater than the solvent being absorbed.

4.2.5. O-ring Conditioning
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Corporan et al. conducted experiments on deplasticised samples. The method of
plasticiser extraction process was, however, omitted by Corporan et al. (10). It was
found in this study that solvents that show high seal swell potential will remove
plasticisers rapidly from the O-rings. CH,Cl, was chosen because it is highly volatile

and can be extracted rapidly from the sample following plasticiser extraction.

Additional extraction experiments conducted on prior conditioned samples showed no
further mass loss. This is supported by TGA thermograms in which plasticiser appears
to be absent. By contrast it was difficult to remove all the Jet A-1 from the deswollen

samples in a reasonable time.

Deplasticised O-rings are likely to be more representative of O-rings after a few
months of service. Running the plasticised and deplasticised experiments separately
allows the effect of plasticiser extraction to be distilled. This is illustrated in Figure

4.19.

These curves allow the rate of solvent absorption and plasticiser extraction to be seen
separately. The deplasticised O-ring curve shows the rate of solvent absorption. By
subtracting the absorption curve for the deplasticised O-ring from the absorption
curve for an “as received” O-ring the plasticiser extraction curve can be obtained.
When one compares the deplasticised case with the calculated plasticiser extraction
curve, it can be seen that the rate of solvent absorption (initial slope) is greater than
the rate of plasticiser extraction. This can is most likely due to the greater molecular
volume of the plasticiser giving rise to a smaller diffusion coefficient. For instance
dibutyl phthalate has a molar volume of 266cm® compared to a molar volume of two

common components of jet fuel, n-butylbenzene (156cm®) and n-dodecane (227cm’).
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CHAPTER 5

5. EFFECT OF DIFFERENT CHEMICAL CLASSES ON SEAL SWELL

This study was commissioned to gain a greater understanding of the effects that
various chemical classes have on seal swell. The investigation explores the current

minimum aromatic specification contained in Def Stan 91-91 (5) and ASTM D7566 (6).

5.1. Investigations using Pure Components

The chemical classes investigated in this study included n-, iso-, and cyclic-paraffins as
well as various aromatics and oxygenates. Experiments were performed to gain a
greater understanding of the chemical factors influencing seal swell and to provide

insight for the investigation into later blending studies.

5.1.1. Paraffinic Isomers

An iso-paraffinic synthetic kerosene, produced via CTL FT processes, is currently
approved for use as a jet fuel blending component (4). Future production of synthetic
jet fuel may use alternative feedstocks and production processes which may alter the
fuel chemistry. Thus, the effects that changing the paraffinic isomers have on seal
swell were investigated. In this study, isomers of octane and dodecane were used to
better illustrate the effect of various paraffins and their isomers. The swelling of

samples exposed to CTL and GTL SPK were also compared.

5.1.1.1. Pure Paraffin iIsomers {Octane and Dodecane)

The effect that different isomers of octane have on seal swell can be seen in
Figure 5.1. Although octane is lighter than the components found in jet fuel, it was
used in addition to dodecane because of the ready availability of two cyclic isomers. It
was found that when “as received” O-rings were exposed to n-octane, the mass
uptake increased and then rapidly decreased. Iso-Octane, by contrast, displayed a

gradual decrease in mass from the onset of the experiment.
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5.1.2. Effects of Carbon Chain Length on Seal Swell

The data in Section 5.1.1.1 shows that greater swell was observed for samples swollen
in octane than those exposed to dodecane. The solubility parameter of n-dodecane is,
however, greater than n-octane. The behaviour observed is thus likely driven by the

smaller molar volumes of the n- and iso-octanes.

To elucidate this further, an investigation into the effect that molar volume has on seal
swell was undertaken. This was carried out on “as received” samples at 50°C exposed

to a range of n-paraffins i.e. n-hexane, n-octane, n-dodecane and n-tetradecane.

Table 5.2: Solvent properties and experimental summary for “as received” O-rings

exposed to different n-paraffins on at 50°C

Solvent Molar volume Solubility Average mass swelling Caiculated volume
at20°C parameter ratio at equilibrium (%)  change at equilibrium
(cm®mol™) ((MPa)*?) (%)

n-Hexane 130.6 149 -2.4(0.1)at40d +1.8

n-Octane 162.5 15.5 -3.9(0.1)at80d -1.8

n-Dodecane 2271 16.0 -6.1(0.0) at 300 d -6.1

n-Tetradecane 260.4 16.2 -6.3(0.1) at 300d -6.5

The values in brackets are the standard deviations of the mean. N=3.

The investigation into this set of n-paraffins showed that samples exposed to n-hexane
took up the most solvent by mass. It was observed that as molecular volume increased
the extent of swelling decreased for the n-paraffins. The solubility parameter seems to

have very little effect. Table 5.2 summarises the results obtained.

By noting that at equilibrium the plasticiser, which comprised 10% of the mass the
O-ring, has been extracted, the change in volume that results from plasticiser
extraction and solvent uptake can be calculated. This is also reported in Table 5.2. The
same trend as the mass uptake is observed. These results are discussed more fully in

section 5.5.1.2.
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5.1.3. Pure Aromatic Hydrocarbon Solvents

The current specification for synthetic jet fuels requires a minimum of 8% by volume
aromatic compounds (5). This specification is intended to minimise changes in seal
swell when switching fuel types and raise the density of the fuel. The specification
does not specify the type of aromatic species. Therefore, the degree of swell caused
by different aromatics was investigated to see what effect structural differences
within the aromatic class have on seal swell. This was performed with both pure
solvents and 8% (v/v) blends with SPK. The blend data may be found in section 5.2.

The chemical structures of the aromatic compounds investigated may be found in in

6 & &

Figure 5.5.

toluene (C7) o-xylene (C8) ethylbenzene (C8)
mesitylene (C9) cumene (C9) p-cymene (C10)

§ 8

n-butylbenzene (C10) sec-butylbenzene (C10) tetralin (C10)
Figure 5.5: Chemical structure of aromatic compounds investigated
These compounds were chosen to span a range of carbon numbers, molecular size

and aliphatic chain structure. Of these, toluene, o-xylene, cumene and mesitylene

were selected for study as pure compounds.
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Exposure to pure hydrocarbon aromatic compounds resulted in rapid swelling of NBR
O-rings. The extent of swelling at equilibrium was significantly higher than that of the
paraffins tested previously. It was found that there is a wide variation in the extent of
seal swell across the aromatic compounds investigated. Table 5.3 summarises the key
information from these experiments as well as showing the mass swell ratio after
solvent extraction. The volume change at equilibrium is calculated in a similar fashion

to that used in section 4.2.1.

Table 5.3: Solvent properties and experimental summary for the exposure of

“as received” O-rings to pure aromatic compounds at 50°C

Solvent Molar volume  Solubility parameter Mass uptake Calculated Mass swell
at 20°C ((MPa)’”) atequilibrium  volume change at  after solvent
(cm’mol") (%) equilibrium (%) extraction (%)
6 6, O, Orom
Toluene 106.3 180 14 20 181 753(2.1) 109.3 -9.9(0.2)
o-Xylene 120.6 178 10 31 182 75.1(2.0) 107.2 -10.0(0.2)
Cumene 139.4 181 1.2 12 182 47.4(11) 69.9 -10.2 (0.2)
Mesitylene 139.1 180 O 06 180 46.0(1.2) 67.7 -10.1 (0.2)

The values in brackets are the standard deviations of the mean. N =3.

The data shows that the extent of swell is dependent on the aromatic solvent in which
swelling occurs. The data suggests that as molecular volume increases swell
decreases. However, it can be seen that the swell of o-xylene is very similar to
toluene. This suggests that the hydrogen-bonding solubility parameter, &, might be a
key determinant of the degree of seal swell. The mass after deswelling with these
solvents is consistent with the 10% plasticiser content obtained using
dichloromethane. This is further evidence that relatively volatile solvents that swell

NBR well are most suitable for O-ring conditioning.

5.1.4. Pure Oxygenated Aromatic Solvents

It has been previously reported that the aromatic alcohol, benzyl alcohol (BzOH), in
concentrations as low as 0.5% in SPK can produce significant seal swell (17) (27). The
effect that other oxygenated aromatic compounds have on seal swell was, therefore,

investigated.
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The oxygenated species which were studied are illustrated in Figure 5.6.

OH
Ho” O N

benzyl alcohol diethylene glycol monomethyl ether (DIEGME)

@éé

benzyl methyl ether dibenzyl ether

Figure 5.6: Chemical structure of oxygenates investigated

DIEGME was included with the aromatic ethers because it is a non-aromatic polar
compound which has similar solubility parameters to benzyl alcohol (see Table 3.1). It

is used as an anti-icing agent by the US Air Force (28).

The degree of swell for samples exposed to the pure oxygenates: benzyl alcohol
(BzOH), dibenzy! ether and anisole was initially investigated. The increase in mass for
these samples may be seen in Figure 5.7. Anisole was selected in order to investigate
the effects of the hydrogen bonding since it is similar in structure and size to benzyl
alcohol but does not form conventional hydrogen bonds (H- bonds to N or O). Dibenzyl
ether was selected to probe the effect of the presence of more than one aromatic
ring. Table 5.4 summarises experimental results as well as the solubility parameters
and molar volume for the selected solvents. The data for toluene, the monaromatic
solvent with the highest extent of swelling, is provided for comparison. Investigations
with the other oxygenated species were carried out in 8% blends in SPK. This is

discussed in more detail in section 5.2.
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It is apparent that greater swell occurs when NBR is exposed to aromatic oxygenates
than to aromatic hydrocarbons. This is likely the result of increased hydrogen bonding
and polar interactions between the nitrile groups of the NBR and the oxygenated

solvents. This is reflected in the higher 8, and 3y, for these solvents than for toluene.

5.2. Blends of SPK with low level components
in a real fuel any such components would be blended at much lower concentrations.
The blending of these compounds with SPKs such as those studied here is crucial to

determine the effects of their potential use in future applications.

5.2.1. Blends of SPK with petroleum-derived Jet A-1

The specifications for semi-synthetic jet fuel allow the blending of Jet A-1 with up to
50% SPK. In order to assess the effect of the composition of an SSJF on seal swell, a
number of SPK : Jet A-1 blends were prepared to which O-rings were exposed. The

data is summarised in Table 5.5.

As progressively more Jet A-1 is blended into the SPK, there is an increase in the

extent of swell. This is to be expected since the neat SPK contains no aromatic species.

Table 5.5: Swelling of deplasticised O-rings exposed to blends of petroleum-derived

Jet A-1 and SPK at 50°C

% Jet A-1 Mass change at equilibrium (%) Volume change at Volume change at
equiiibrium (%) — large equilibrium (%) — smail
O-rings O-rings

0 (neat SPK) 4.8(0.1) 8.8(0.3) 7.7 (0.9)

25 7.0(0.1) 11.9(0.3) 11.0(0.6)

50 9.0 (0.0) 13.9(0.3) 13.1(0.4)

75 10.8 (0.1) 17.1(0.1) 16.1(0.5)

100 (neat Jet A-1) 14.4 (0.1) 20.7 (0.2) 20.1 (0.6)

The values in brackets are the standard deviations of the mean. The standard deviations for volume changes of small O-rings are
larger because the contribution of flash to projected area is larger.

As the Jet A-1 content increases the amount of aromatic species increase and so does
swell. The increase in mass uptake and volume change is near linear with % Jet A-1.
Note that although deplasticised O-rings swell by 8.9% by volume in SPK, the O-ring

has shrunk from its original dimension which it had when it was received because of
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the 12.5% volume contraction as a result of plasticiser removal. The trends observed

for the small and large O-rings are the same.

5.2.2. Blends of SPK and Aromatic Hydrocarbons

In order to investigate the effect that aromatic blending has on the swelling of O-rings,
a number of different blend solutions were prepared. The decision to use
predominately 8% volume blends was made so that the stipulated minimum aromatic

content required by synthetic jet fuels could be probed (5).

Table 5.6 is a summary of the changes in mass and volume when O-rings are allowed

to swell in blends of SPK and aromatic hydrocarbons.

Table 5.6: Solvent properties and experimental summary for the exposure of

deplasticised O-rings to blends of aromatic hydrocarbons and SPK at 50°C

Blend CNo Molar Solubility parameter Equilibrium  Calculated  Equilibium Calculated
component volume at ((MPa)"?) mass volume mass volume
20°C swelling change swelling change
(cm’morl™) ratio (%)—  dueto ratio (%)~  dueto
large aromatic small aromatic
Orings (%) ~large  Orings (%) — small
O-rings O-rings
8 & 6 brow
Toluene 7 106.3 180 14 20 181 9.0(01) 6.2 15.1(0.5) 74
o-Xylene 8 120.6 178 10 31 182 8.8(0.1) 5.8 13.3(0.4) 5.6
Ethyibenzene 8 1225 178 06 14 179 83(01) 5.1 12.8(0.8) 5.1
Mesitylene 9 139.1 180 00 06 180 7.7(0.1) 43 11.8 (0.8) 4.1
Cumene 9 1394 181 12 12 182 7.6(0.1) 41 12.0(0.5) 43
p-Cymene 9 156.6 176 12 12 177 6.9(0.1) 3.8 11.5(0.2) 3.8
n-Butylbenzene 10 156.1 174 01 11 174 7.3(0.1) 3.7 11.2(0.5) 35
s-Butylbenzene 10 155.5 179 12 12 180 7.1(03) 34 11.6 (0.5) 3.8
Tetralin 10 136.3 196 20 29 199 9.3(0.1) 5.9 13.7 (0.5) 6.0

The values in brackets are the standard deviations of the mean. Solubility parameters are for the pure blend component (not the
welghted average of the blend).

Distortion of the O-rings affected the volume changes measured by observed changes
in cross-sectional diameter. This distortion was the consequence of the large O-rings
not being perfectly circular. Such deviations from circularity are not an issue when
making projected area measurements. The uncertainty in the volume changes
determined from the swelling of large O-rings and the closeness of the measured

values meant that trends were difficult to discern. Hence volume changes were
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measured on small O-rings. Volume changes due to the presence of the aromatic
component in the blend were also calculated from mass measurements on large
O-rings. The smaller uncertainty in mass measurements allows trends to be discerned
for large O-rings. These calculated volume changes may also be found in Table 5.6. The
method for this calculation which is based on an accepted method used for calculating
volume fractions of rubber in swollen gels may be found in Appendix D. Note that the
contribution due to the aromatic is calculated by subtracting the contribution due to
SPK. Similar trends were observed for 4% blends of these aromatic compounds in SPK.

See Appendix E.

The volume changes calculated from the mass increases indicate that as the carbon
number increases (down the table) the extent of swell due to the aromatics decreases.
The one exception is tetralin which swell more than expected for reasons discussed

above.

5.2.3. Blends of SPK and Aromatic Oxygenates

Measurements were also made on 8% blends of aromatic oxygenates and SPK. Table
5.7 is a summary of the changes in mass and volume when O-rings are allowed to
swell in blends of SPK and aromatic oxygenates. Data for toluene and tetralin are

included for comparison.

It can be seen from the calculated volume increases, that the calculated volume
increase due to these aromatic hydrocarbons exceeds the volume increase of toluene
(the aromatic hydrocarbon with the greatest swell) by at least 5.1% (7.4% for small
O-rings) and in the case of dibenzyl ether by 11.3% (13.3% for small O-rings) in
absolute terms. In relative terms, i.e. the increase as a percentage of the volume
change caused by toluene is at least 80% (benzyl methyl ether) and 180% for dibenzyl
ether. The large increase in swell caused by these aromatic hydrocarbons is driven by
the significant increase over aromatic hydrocarbons in the hydrogen bonding
parameter, &y, and to a lesser extent the polar solubility parameter, ;. Interestingly
the large molecule, dibenzyl ether, swells the most of the oxygenates which do not

possess hydroxyl groups to form conventional hydrogen bonds with NBR.
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Table 5.7: Solvent properties and experimental summary for the exposure of

deplasticised O-rings to blends of aromatic oxygenates and SPK at 50°C

Blend component Molar Solubility parameter Equilibrium  Calculated Equilibrium Calculated
volume ((MPa)'”) mass volume mass sweliing  volume
at 20°C swelling changedue ratio (%) - change due
{em*mor ratio (%)— toaromatic smallOrings toaromatic
Y large (%) - large (%) - small

Orings O-rings O-rings
84 &5 O Srowm

Anisole 108.7 178 41 6.7 19.5 14.6 (0.0) 125 21.4(0.3) 13.7

Benzyl methyl ether 128.7 179 49 43 19.1 13.2(0.1) 11.3

Dibenzyl ether 190.1 196 34 52 20.6 19.1(0.1) 17.5 28.7 (0.5) 21.0

Benzyl alcohol* 103.6 184 63 137 238 10.1 (0.0) 6.5 12.4(0.6) 4.8

DIEGME 118.1 162 78 126 220 19.4 (0.3) 18.3

Toluene 106.3 180 14 20 18.1 9.0(0.1) 73 15.1(0.5) 74

Tetralin 1363 196 20 29 19.9 9.3(0.1) 7.0 13.7(0.5) 5.0

The values in brackets are the standard deviations of the mean. Solubility parameters are for the pure blend component (not the
weighted average of the blend). DIEGME and benzyl methyl ether were not tested on small O-rings because of a shortage of
~ 05 bend

DIEGME was investigated as it is currently being used in US Air Force jet fuel, JP-8 as
an icing inhibitor. The DIEGME level in JP-8 is, however, restricted to only 0.15% by
volume in order to reduce foaming (5). It was included at 8% for comparative

purposes.

The data shows that the samples exposed to the oxygenated blends at 8% (v/v) show

greater mass uptake and volume changes than Jet A-1.

Investigations using lower concentrations of dibenzyl ether were consequently

performed.

Figure 5.8 shows the swelling of deplasticised samples in SPK + 2%, 4% and 8%
dibenzyl ether to investigate the level of blending components required to produce
similar swell as seen in samples exposed to Jet A-1. Table 5.8 summarises the key

information.
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5.2.4. Effect of Temperature on the Swelling of SPK Blends

The effect of temperature on the seal swell ability of SPK additised with benzyl alcohol
(BzOH) was investigated because contradictory results were seen in previous research
conducted by Visram (17). Visram observed that at ambient temperature the seal
swell of samples exposed to Jet A-1 and SPK + 0.5% BzOH had similar seal swell at
48 hours of approximately 8% mass swell. However, in switch loading experiments
(where switching occurred every 2 days and that were conducted using the elastomer
compression rig at 50°C) a noticeable decrease in swell was observed once the fuel
was switch from Jet A-1 to SPK + 0.5% BzOH. This would not be expected if the extent

of swell was the same.

The temperature differed between two experiments performed by Visram (17), was
the temperature. Bench experiments were performed at ambient temperatures while

the rig operated at 50°C.

Figure 5.9 shows the effect of temperature on the swelling of O-rings exposed to
SPK + 0.5% BzOH. The graph indicates that O-rings treated at a lower temperature
actually reach a greater equilibrium mass swelling ratio which is in excess of the
samples exposed to Jet A-1. This is in line with what was observed in Visram’s work
where it was shown that at 23°C greater swell occurred than Jet A-1. However, at 50°C

the behaviour is reversed and the BzOH blend displayed less swell than Jet A-1.
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The blend of SPK + 4% dibenzyl ether shows less change than SPK + 8% toluene during
switch-loading events. This was expected from previous experiments (Table 5.6 and
Table 5.7). At equilibrium the swelling of SPK + 8% toluene is less than that of SPK + 4%
dibenzyl ether.

5.4. Blend levels at which the density specification is met

In order to meet the density specification additional components need to be added to
the SPKs. Typically these are aromatic compounds since they have higher densities. It
can be seen that the GTL SPKs contain more n-paraffins than the CTL SPK in Table 2.4.
The Jet A-1 used for comparison contains a significant faction of cycloparaffins. These

too increase the density of Jet A-1.

In order to meet the density specification additional components need to be added to
the SPKs. Typically these are aromatic compounds since they have higher densities. It
can be seen that the GTL SPKs contain more n-paraffins than the CTL SPK in the table.
The Jet A-1 used for comparison contains a significant faction of cycloparaffins. These

too increase the density of Jet A-1.

The compatibility of synthetic fuels with aviation fuel systems is a particular issue.
Strict regulations regarding the levels of aromatics in synthetic jet fuels were

introduced in order to prevent potential problems arising from seal swell differences .

Table 2.4 contains a comparison of the properties of Jet A-1 with various synthetic
paraffinic kerosenes. The table indicates that pure SPKs would fail to meet the
required density specification. By the addition of blend component to the synthetic
kerosene, the density can be raised to the minimum density of 0.771 g/cm? at 15°C

(4). Table 5.9 indicates the volume percentage of the aromatics tested here that
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would be required to meet the minimum density specification if they were added to

the CTL SPK and GTL SPK used in this study.

Table 5.9: Solvent blend percentage required in order to obtain minimum jet fuel

density specification of 0.771 g/cm®

Solvent Blend percentage of fuel Blend percentage of solvent
solvent in CTL SPK at which in GTL SPK at which
specification is met (%) specification is met (%)

Jet A-1 17.2 55.5

Cumene 6.2 28.4

Tetralin 31 15.4

Anisole 2.7 13.9

Benzyl alcohol 2.2 13.6

Dibenzyl ether 2.2 13.6

These calculations show that CTL SPK + 2.2% dibenzyl ether is sufficient to meet the
density specification for Jet A-1. It can be seen, however, that in the case of the GTL
SPK tested a considerably greater amount of blending components is required to meet
the minimum density specification. This is due to the density of this particular GTL SPK
being much lower. The GTL SPK blend with cumene which met the density

specification would in fact fail the maximum aromatics specification for jet fuel.

5.5. Discussion
The effect that different chemical classes have on seal swell are discussed in the

following sections.

5.5.1. Paraffinic Isomers

5.5.1.1. Paraffinic Structure

For a particular carbon number, the equilibrium swell observed for the n- and iso-
paraffins were similar. What differed was the rate at which solvent absorption

occurred, with n-paraffins absorbing faster than iso-paraffins. The initial increase
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observed for the n-paraffins can be attributed to the molar volume being slightly

smaller. This leads to the n-isomers reaching equilibrium sooner than the iso-isomers.

Cyclic paraffins swelled NBR to a greater extent than n- or iso-paraffins. This increased
swell means that SPKs which contain more cyclic paraffins would require less
aromatics to swell sufficiently. The higher density of cyclic paraffins would also mean
that less aromatic species would be required to meet the density specification. The
greater swell obtained with samples exposed to the cyclic-paraffins can be attributed
to both the greater solubility parameter of the cyclic paraffins as well as their lower
molar volumes compared to other isomers. A comparison of the n-hexane and
cyclooctane data is informative. These two compounds have similar molar volumes
(cyclooctane’s is slightly higher) yet the mass increase is 5.5% for cyclooctane but -
2.4% for n-hexane. This highlights that as soon as cyclic alkanes are included, the

effect of the solubility parameter becomes significant.

5.5.1.2. The Influence of Molar Volume

The lower the carbon number, the greater was the swell observed. This was observed
for both n- and iso-paraffins. As the carbon chain length increases so does the molar
volume and the solubility parameter. However, the influence of the increase in
solubility parameter appears not to be significant. This is because n-paraffins have no
polar and hydrogen bonding interactions which means that the solubility parameter is
dominated by the dispersion term. Although &4 increases this is solely because the

area of contact increases, a natural consequence of the increase in molar volume.

The smaller n-paraffinic molecules display the greatest gravimetric and volumetric
increases in swell. Results in the literature support this observation (2). This can be
further explained by considering Equation 2.7 which shows the Flory-Rehner polymer-
solvent interaction equation (14). The higher y, the lower is the swell. Thus care needs
to be taken when predicting swell purely based on solubility parameters, especially if
the interaction Is caused only by dispersion forces in systems in which the interaction

between the solvent and elastomer is weak to begin with (Ad4 > 3.5).
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O-rings: 3.4-6.2%; small O-rings 3-5-7.4%) compares with that due to the SPK (large
O-rings 8.9%; large O-rings 7.7%) which is surprising given that they constituted only
8% or the original blend. This indicates that the aromatic components constitute
between 25 and 50% of the solvent/fuel in the O-ring. This is indicative of preferential

uptake whereby the aromatic components are concentrated in the O-ring.

The data reveals a strong molar volume effect. The average increase for large O-rings
due to the aromatics are 6.2% for the C7 aromatic (toluene), 5.5% for the C8
aromatics, 4.2% for the C9 aromatics and 3.6% for the C10 aromatics
(tetralin excluded). The respective values for small O-rings are 7.4%, 5.4%, 4.2%, 3.7%.
Of the C10 aromatics, however, tetralin has both a small molar volume and also higher
84, 8, and &y. The increase in seal swell with increased &, and &, and lower molar
volume is consistent with the results of Graham et al/ (2). The contribution due to

tetralin is 5.9% (large O-rings) and 6.0% (small O-rings).

Within the C8 aromatics o-xylene contributes more to swell than ethylbenzene. This is
consistent with the larger &, for o-xylene. No significant difference can be seen
between cumene and mesitylene despite the former having higher §; and 5. It should
be borne in mind, however, that the estimates for the solubility parameters provided

by Hansen contain errors (47).

If one compares the data for these compounds with tetralin which has a similar molar
volume, it is immediately apparent that the latter has a much higher degree of swell
which can be ascribed to its much greater ability to form polar and hydrogen-bonded
interactions. This was also observed by Graham et al. (2) for new NBR O-rings but not
in fact for deplasticized O-rings. However, Graham et al. (2) did not allow their O-rings

to reach equilibrium which may account for this anomalous resuit.

The results indicate that the extent of swell is highly dependent on the type of
aromatics being blended with SPK. This has implications for any industrial process
used to provide aromatics to be blended to make a FSJF. The results here suggest that

monoaromatics with 8 and 9 carbons would provide better swell. However, the
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flashpoint of ethylbenzene and xylene are 20 and 25°C respectively. Toluene is 4°C
(62). The minimum flash point that Jet A-1 is allowed to have is 38°C which means
these compounds are not suitable as blend components (28). The flashpoints of
cumene (44) and mesitylene (48) are above the minimum, although below that
required by the US Navy. Because of fire risks at sea, the flash point for JP-5 is more
stringent at 60°C (28). Furthermore, large volumes of C9 compounds would also not
be suitable because more would be required to meet the density specifications (Table
5.9). They would also make it more difficult to meet a distillation slope specification

for FSJF.

C10 and heavier compounds would be more suitable for density and flash point
reasons although they come at the expense of less swell. Visram in fact noted much
less swell than toluene for C12 aromatics (hexyl benzenes) although his results must
be treated with caution given the lower diffusivity of C12 aromatics than toluene (17)
and the fact that he made measurements after just 2 days. The exceptions are
cycloalkyl aromatics such as tetralin. Not only would they swell more, but they have
high density, their boiling points are higher (impacting on distillation slope less) and
their flash points are higher. That of tetralin is 77°C (62). Because petroleum-derived
Jet A-1s may contain more than 5% C11 and higher compounds and significant
fractions of C10 (3-4%) aromatics, the seal swell observed for the 50:50 SPK:JetA-1
blend appears higher than expected. However, this is because the JetA-1 used in this
study contains cycloalkyl aromatics (5%), polyaromatics (4%) and cyclic paraffins

(22-27%).

It can be expected, as is the case where not all SPKs producing the same swell, that
among jet fuels those with lower naphthalene and cycloalkyl aromatic content would

swell less.

Anderson (3) concluded that the specification where aromatic content is specified
should also indicate the ability of an aromatic to be a good “hydrogen bond” donor.
Anderson proposed that it may be the combination of aromatics, polar species and

heteroaromatics in petroleum-derived fuel that actually lead to the observed swell
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and not entirely on the aromatic content. This is consistent with the observation that a
higher 8, as seen with tetralin, is beneficial for swell. Anderson worked with
naphthalene which has a much higher 5, (5.9) (47). Naphthalene content in Jet A-1,
however, is limited to 3% (v/v) because it is known to be a strong soot-producing

agent (5).

5.5.4. Blends of SPK and Aromatic Oxygenates

Although aromatic phenols and alcohols have been studied before (17) (27), this study
is the first to report on aromatic ethers. It was observed that aromatic oxygenates
swell even more than aromatic hydrocarbons and can provide the same swell at lower
concentrations. In particular dibenzyl ether and benzyl alcohol were seen to swell

significantly for reasons discussed below.

Despite its molar volume which is larger than any of the aromatic hydrocarbons and
oxygenates tested, dibenzyl ether swells O-rings significantly. This is driven by its
higher solubility parameters (35, 8, and &) than the aromatic hydrocarbons.
Significantly this result and that for tetralin suggest that dispersion interactions

(reflected by 84) are still significant.

it should be noted (Table 3.1) that the presence of ring structures (aromatic and
hydrocarbon) increases the dispersion solubility parameter. Both dibenzyl ether and
tetralin have more than one ring which would explain the greater 8y of these
compounds compared to monoaromatic compounds, e.g. toluene (54 = 18.0). This
suggests that the influence of 64 on the swell induced by aromatic compounds should
not be completely ignored when predicting an ideal swelling agent. Graham et al.
noted the influence of 8, and &, but ignored the influence of 8,4 in aromatics. This is

may be because of the low variation in 8 in their experiments (2).
The measurements made here are indicative of preferential uptake whereby

compounds in a mixture are absorbed to a greater extent than others. This was

observed for both aromatic hydrocarbons and oxygenates. It is suggested that the

108



EFFECT OF DIFFERENT CHEMICAL CLASSES ON SEAL SWELL

aromatic species are being concentrated in the O-rings over the paraffins. Table 5.10
indicates the concentration factor for both the hydrocarbon and oxygenate aromatics.
It is calculated as a ratio of the volume fraction of the component in the blend and in

the O-ring. The latter is calculated as discussed in Appendix D.

Table 5.10 Concentration factors of aromatic compounds during swelling

Blend Molar Solubility parameter Volume Concentration Volume % in Concentration
component volume at ((MPa)"‘) % in factor - large O-ring-small  factor — small
20°C O-ring—  O-ring O-ring O-ring
(em’mol?) large
O-ring
84 8 b Srowm
Toluene 106.3 180 14 20 181 410 51 489 6.1
o-Xylene 120.6 178 10 31 182 394 49 42.1 5.3
Ethylbenzene 1225 178 06 14 179 36.6 4.6 39.8 4.9
Mesitylene 139.1 180 00 06 180 325 4.1 347 43
Cumene 1394 181 12 12 182 317 4.0 35.8 45
p-Cymene 156.6 176 12 1.2 17.7 260 3.2 328 41
n-Butylbenzene  156.1 174 01 11 174 294 3.7 314 3.9
s-Butylbenzene 155.5 179 12 1.2 180 276 35 333 4.2
Tetralin 136.3 196 20 29 199 399 5.0 43.7 55
Anisole 108.7 178 41 6.7 19.5 585 7.3 64.0 8.0
Benzyl methyl 128.7 179 49 43 191
ether 55.9 7.0
Dibenzyl ether 190.1 19.6 34 5.2 206 66.2 ' 83 73.2 9.2
Benzyl alcohol®*  103.6 184 63 137 238 421 84.2 38.0 76.0
DIEGME 118.1 162 7.8 126 220 673 8.4

Data for 4% blends may be found in Appendix E. The high concentrating effect can be
seen. This is caused by polar and hydrogen bond-like interactions with NBR. The latter
are not conventional hydrogen bonds but result from interaction of the nitrile group
and the partial positive charges on the hydrogen atoms (67). Interestingly the
concentration factor reported for alkyl benzenes over alkanes during swelling of NBR
in Jet A-1 that is reported by Graham et al. (2) is 3.4 which is of a similar order to that

reported here.

These compounds do not have hydrogen atoms which are capable of forming
conventional hydrogen bonds with the nitrile group of NBR. Benzyl alcohol, by
contrast, is capable of such an interaction and this is reflected in its much higher
concentration factor than dibenzyl ether. Interestingly, this is not reflected in the pure

compounds where the % volume change after 2 days was 125% and that of benzyl
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alcohol was 127%. This suggests that the nitrile groups are swamped at higher
concentrations and that this concentration effect would be concentration dependent.

DIiEGME, which was also included in the test matrix is highly polar. This accounts for
the high swell observed although, despite having a hydroxyl group like benzyl alcohol,
the concentration effect was similar to the aromatic ethers. This would suggest the

hydrogen bond formed by benzyl alcohol with NBR is very strong, in contrast.

The results, observed with aromatic oxygenates, further support Anderson who noted
the importance of a solvent being good hydrogen bond donor to improve seal swell
ability (3). As noted previously, Anderson proposed that the swell due to Jet A-1 is also
influenced by polar species and heteroaromatics in petroleum-derived fuel. Note
though that even n-paraffins contribute to swell as demonstrated by SPK swelling

deplasticised O-rings.

5.5.5. Effect of Temperature on the Swelling of NBR O-rings

In all cases, where measurements were made, swell was reduced at elevated
temperature. This is in contrast to Mostafa et al. (43). Note though that Mostafa et al.
(43) worked with pure compounds and made measurements at 48h before
equilibrium had been reached. Importantly, the swell of blends with benzyl alcohol
was significantly reduced as the temperature rose, while the decrease for other blends
was less. Where studies on the swelling of elastomers by jet fuel do report
temperatures, the experiments are at one temperature only which is room

temperature (2).

By comparing the swell due to the aromatic species at 23 and 50°C it was found that
approximately 6% additional mass swell (absolute terms) was estimated to be the
benzyl alcohol at 50°C while this is closer to 11% additional swell at 23°C. The
contribution of each % benzyl alcohol to the total swell was thus increased by about
85% in relative terms when the temperature was lowered. By way of comparison the
extra contribution to the extent of Jet A-1 of dropping the temperature was only 8% in

relative terms (see Figure 2.1). Because of a decrease in density, the magnitude of the
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the enthalpy of mixing is positive (endothermic) or sometimes slightly exothermic.
Consistent with the Van’t Hoff equation (Equation 2.8), this would imply a greater
swell in the endothermic case as temperature rises. The size of AHp is small,

however, and the dependence is thus small.

However, in the case of hydrogen bonded systems, the enthalpy of mixing Is larger
and negative (69). This means that as temperature rises, the equilibrium constant
decreases and so less swell is observed. The larger the size of AH, the larger would be
the temperature dependence. The high increase in concentration of BzOH in the
O-ring over the base fuel as indicated by the concentration factor and the predictions
of Yamada et al, all point to a strong hydrogen bond and consequently exothermic
mixing (31). This then explains the strong negative dependence of BzOH swell on

temperature.

It is thus suggested that, in addition to the criteria for an ideal fuel additive, i.e. that
they should produce similar swell as conventional petroleum-derived fuels, be
effective at low concentration, not introduce significant environmental or toxicity
hazards and not alter fuel properties adversely (27), another be added, i.e. that the
extent of swell caused by such a component not be strongly temperature dependent.
This is especially import for jet engine fuel systems which are exposed to variations in

temperature. This points to the importance of elevated temperature testing.

It is furthermore suggested that this dependence on temperature will be more
pronounced for solvents/fuels which form strong interactions, i.e. those with high §,
and 3;,. However, confirmation of this hypothesis would require testing with a number
of components with &, which are not suitable for inclusion in jet fuels, e.g. chlorinated

compounds and so was deemed beyond the scope of this study.
5.5.6. Switch Loading

The final part of this study was to determine the effects that switch loading has on

seal swell with pure and additised synthetic fuels. This illustrates the potential
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problem that could occur should fuel be switched in service from a petroleum-derived
fuel to pure synthetically derived kerosene. Here, the experiments where the fuel was
switched from Jet A-1 to SPK demonstrate an extreme case with a rapid change in seal
swell occurring once the fuel was switched to the SPK. This change resulted in a
degree mass swell of approximately 8% in 24 hours. Thus, it can be expected that if
similar fuel switching were to take place in service, any failure that may follow due to

the change in O-ring volume would occur fairly rapidly.

The experiments conducted on “as received” samples showed that the seal swell
observed during the SPK cycle was somewhat lower than that of samples solely
exposed to SPK. This is due to the greater rate of plasticiser extraction during the Jet
A-1 cycles. This shows that the rate of plasticiser extraction is dependent on the

solvent being used and is accelerated during the treatment in Jet A-1.

In both “as received” and deplasticised samples undergoing switch loading tests the
swell obtained during the Jet A-1 cycles which followed the SPK exposure steps did not
reach the expected upper limit, this is presumed to be due to residual SPK remaining
in the sample. As SPK has a lower density than Jet A-1 the mass swelling ratio is
expected to be less than samples solely exposed to Jet A-1. Similar observations were
also made by Lamprecht (70) and Visram (17), the results of whom can be seen in

Figure 5.19 below (17).
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CHAPTER 6

6. CONCLUSIONS

This study focused primarily on the how NBR O-rings are affected by various

components in synthetic jet fuel. The following conclusions were drawn:

6.1. Method Development

It was demonstrated that highly repeatability results could be obtained by monitoring
changes in mass. These results could also be used to determine volumetric changes.
The measurements of volumetric changes, however, could not be achieved using
methods in the ASTM method D1414 (15). The use of a micrometer was too crude.
More success was achieved by changes in volume using a microscope. These changes
correlated well with those predicted from the gravimetric measurements.
Unfortunately the method of calculating volume changes from dilatometric
measurements (Equation 3.2) meant that the uncertainty was cubed. This did not
allow the method to discriminate between small differences as was observed during
the study on blends of aromatics with SPK. However, the use of small O-rings and the
measurement of projected areas reduced the uncertainty, allowing these small
differences to be discriminated. The use of area changes rather than cross-sectional

diameter changes also greatly speeded up the collection of data.

It was noted that the temperature, duration of the experiment and whether
plasticisers were present have a significant effect on the results obtained. By contrast

the fuel:rubber ratio had no effect over the range tested.

Typically in the literature, the temperature, experiment duration and O-ring
conditioning are not reported which makes the comparison of results difficult. In some
cases temperature is not controlled while in many measurements are made early (1 to
2 days) on “as received” O-rings. The latter is most significant because at this time

significant plasticiser remains in the O-rings. Furthermore the derivative of the mass
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(or volume) vs. time curves are steep which means that making measurements 3h

late, for example, can significantly affect the results.

It is suggested, here, that for comparative purposes measurements be made at
equilibrium. However, given the long time to reach equilibrium which may be
impractical in some cases, data be collected at elevated temperature, e.g. 50°C and
after at least a week, preferably two. In the case of poorly swelling systems, e.g. SPK
this might need to be extended. When small O-rings were used, equilibrium was

reached sooner (between 4 and 7 times) because of shorter diffusional path lengths.

Furthermore, it is suggested that experiments for the selection of additives/low level
blend components be made on deplasticised O-rings. This eliminates interpretation
problems caused by the fact that plasticisers extract into different solvents at different
rates. A method for preparing deplasticised O-rings using dichloromethane was
reported here. Any other solvent that swells NBR rapidly and significantly could also
be used, provided it can be easily removed from the rubber, e.g. by evaporation,

before further experiments are performed.

Caution must, however, be taken when using the results to infer behaviour at other
temperatures. This is especially the case for strongly hydrogen bonding additives such
as benzyl alcohol. This may have significant implications for real world systems and in
such cases, testing at a variety of temperatures is advised. It is suggested that this
might also be the case with systems, without conventional hydrogen bonds, but which

have high Hansen polar and “hydrogen-bonding” solubility parameters, 8, and &y

6.2. Effect of Different Chemical Classes on Seal Swell

Neat FT SPKs lead to seal swell that is less than that caused by Jet A-1. In the case of
many plasticised seals this may in fact cause seals to shrink, as was observed here,
since the uptake of SPK is less than amount the plasticiser leached out. For this reason,
low level blending components might be required and the addition of 8% aromatics in

SSJF and FSJF is mandated.
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It was observed that smaller paraffins swell NBR both faster and to a greater extent.
This effect is strongly determined by the molar volume of the solvent and thus its
carbon number and depends little on whether the SPK is n or iso-paraffinic. Swelling
was observed to be inversely proportional to density. However, in cases where an SPK
contains cycloparaffins, these compounds can be expected to contribute towards seal
swell. It is consequently predicted that lighter SPK cuts and those containing
napthenes will swell more. The effect on densities and flash point are opposite. The
former approach will make achieving density specifications harder and more
aromatics would have to be blended from another source to meet specification.

Cycloparaffins, by contrast, would improve the density of SPKs.

it has been demonstrated that the number of rings as well as the length and number
of the aromatic compounds side-chains under investigation is significant where
aromatics are concerned. Again lighter aromatics (smaller C numbers), which have
smaller molar volumes, lead to greater swell. However, their use as blending
components for SPKs is limited by their negative effects on flash point, density and

distillation behaviour. C10 and C11 aromatics would be better in this regard.

The results suggest that aromatics with higher &, would improve seal swell as was
demonstrated by tetralin. Tetralin contains two rings and that also plays a role. The
swelling of O-rings in SPK/dibenzyl ether support the importance of when &4 aromatic

compounds are blended.

Given the restrictions on naphthalenes, the most ideal aromatics to target from a seal
swell perspective would be cycloalkyl aromatics such as indanes and tetralins which

would require cyclisation of C10 and C11 monoaromatics.

It was shown in this study that aromatic oxygenates, such as the phenolic (anisole) and
benzyl (benzyl methyl and dibenzyl) ethers, produce even greater swell. This is
consistent with the solubility theory of Hansen since these compounds have higher &,

and &, and in the case of dibenzyl ether higher &4 values which are closer to those for
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NBR (47). Aromatic ethers have been shown to be capable of achieving the same swell
as Jet A-1 at levels below the level of aromatics in petroleum-derived Jet A-1s and in

some cases (dibenzyl ether) below the minimum 8% aromatic specification.

In fact the swell achieved by 50:50 SPK/Jet A-1 blends can be achieved by all aromatic
ethers below the 8% level. The 8% level was derived from analysis of Jet A-1s which

are hydrocarbon in nature and was not intended for such oxygenated compounds.

All aromatic species and aromatic oxygenates in particular are concentrated in NBR
above their level in the base fuel. This is likely also the case with Jet A-1 where the
aromatics present would also be more likely to be absorbed. The equipment available
did not allow this hypothesis to be tested. In the case of benzyl alcohol, very strong
concentrating of the additive occurred in the O-rings tested which likely indicated a
strong hydrogen bond between NBR and the alcohol. This strong interaction is also
suggested to be the reason why swelling of benzyl alcohol is strongly temperature
dependent since the equilibrium constant for such bonding would be temperature

dependent.

It has been clearly demonstrated that the nature of the aromatic species plays a large
role in determining the extent of swell. The ideal candidate would have as low a molar
volume as possible, be a multi-ring structure and a high &, (possibly also 8,) while still

allowing all other jet fuels specifications such as flashpoint to be met.
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CHAPTER 7

7. RECOMMENDATIONS FOR FUTURE WORK

A number of recommendations are made for future work:

In this study a number of experimental procedures were investigated. It was found
that conventional ASTM methods where mass is measured had the greatest
repeatability. The mass measurements, however, do not take into account the density
effects of the solvent. It is thus recommended that future studies should attempt to
obtain volumetric measurements, either by the refinement of the mass to volume

calculation or by making more volume measurements, i.e. using more samples.

7.1. Equipment Improvements

Gaining accurate volumetric measurements is challenging. Repeatability, even using
microscopy, was lower. Cross-sectional diameter measurements are labour intensive
compared to mass measurements. A number of equipment and method

improvements are recommended.

7.1.1. Continuous Mechanical Measurements of Dilation

The compression rig has the potential to significantly reduce the labour intensive
process of static methods as well as reduce issues of repeatability. The rig also has the
potential to simulate in-service conditions and be tailored for ageing tests. A number
of adjustments, however, would be needed to be made before the existing rig could
be used. Possible changes include the replacement of the expanding silicon tubing
with an electronically controlled piston with built in displacement and pressure
transducers. This should address the level of mechanical noise and reproducibility
between experimental runs. It is also recommended the electrical circuits of the rig be
redesigned, as electrical noise would appear to be caused by adjacent cylinder

readings. Such a rig could also be tailored for ageing tests.
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Another option would be to modify an Elastocon, a commercially available instrument.
This instrument is used to study the stress relaxation of O-rings in lubricating oils and
could be used in a similar fashion (18). The instrument, would provide data from
which swelling would have to be inferred. The data is comparable to the compression
pressure seen in the SAFL rig. Like the rig, the Elastocon is designed to take multiple

samples.

Recently TA Instruments have released compression clamps that allow dynamic
mechanical analysis (DMA) measurements to be made in fluids. These could be used
to measure changes in the physical properties as a result of swell and could also be
used to monitor changes as swelling occurred. However, the instrument can only
operate on one sample at a time. Accelerated testing would have to be done at even
higher temperatures, e.g. 80°C which could also allow the temperature sensitivity of

swelling to be analysed.

Alternatively, such an instrument could be used to investigate any changes brought
about in the O-rings as a result of swelling. These O-rings would not necessarily have
to be swollen in the DMA but this could be done over a number of weeks on the
bench before testing. Since the DMA is more sensitive than DSC to the glass transition

temperature, Tg, the relationship between this and swelling could be studied.

7.1.2. Optical Measurements

The amount of uncertainty associated with volumetric measurements could be
reduced by measuring cross-sectional areas. Since the O-rings are black, high contrast
photographs, suitable for digital area measurement, can be easily obtained. This
method has been implemented by Graham et al. (49) and was used on small O-rings in
the later measurements in this study. An improvement, however, would be to make
the process automated in such a fashion that just one camera would be required.
Furthermore, the calculations of projected areas could be automated using a
computer program. This would increase reproducibility and make the process of
obtaining measurements less labour intensive. It would further be possible to provide

continuous measurements allowing absorption kinetics to be studied.
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Itis also recommended that some of the experiments where only mass measurements
were made could be repeated using smaller O-rings. Volumetric data should be

collected.

7.2. Future Experimental Work

7.2.1. Leakage

The mass and dimensional changes in O-rings investigated throughout this research
relied on the comparison of samples exposed to Jet A-1. This, however, does not show
the point at which leaking will occur. Consequently seal swell experiments are only a
proxy for identifying better or worse fuels but gives no indication on whether a fuel
with 8% aromatics would be acceptable in reality and guarantee no leaking. This
would require the design of a rig which would mimic how real O-rings are used in jet
engines. A method would also be required to accelerate the aging of O-rings and need
to include hardening as a result of exposure to hot fuel. This study would then be used
to relate leakage behaviour to seal swell so that the latter can be used as a predictor

with greater confidence.

7.2.2. Seal Swell of Real Jet Fuel

The importance of cycloparaffins and muiti-ring compounds for seal swell has been
shown. Most seal swell studies focus only on aromatics and primarily on those of
monoaromatics. It is recommended that the variation of swell across real Jet A-1
samples from around the world be investigated. These are expected to be highly
variable in terms of their naphthenic (cycloalkane) and naphthalene content. Such a

study could be used to assist with setting a baseline for acceptable swell.

7.2.3. Temperature Effects on Seal Swell

Since O-rings in service are exposed to elevated temperatures for prolonged periods
of time, these O-rings will undergo changes in their structure such as hardening. This
behaviour needs to be further investigated as it is expected that the changes in

polymeric structure affects the equilibrium ratio obtained.
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Low level blending components such as BzOH are highly temperature sensitive. It is
recommended that this sensitivity be further investigated, in particular, the
hypothesis that solvents with high 3, (and ;) are more sensitive to temperature. This
could be tested with other components such as naphthalene or chlorinated aromatics,

although the latter could not be used in real jet fuels.

7.2.4. Concentration of Aromatics in NBR

The measurements made in this study suggest that aromatic components are being
concentrated in the O-rings because of preferential absorption. Further kinetic
experiments should be undertaken in order to determine the implications that this
may have in a real world situations. A specific interest in switch loading experiments
should be focused on. This could be further studied by performing desorption analysis
on the swollen O-rings, e.g. desorption GC-MS or TGA-MS to determine what
compounds are preferentially absorbed. This would also validate the conclusions of
this study. Such a study could also investigate whether such concentration of

aromatics occurs with also with Jet A-1 and to what extent.

7.2.5. Polymer Selection

Although this research specifically focused on NBR O-rings, it is also recommended
that similar swelling experiments should be conducted on other polymers, typically
used in the jet engine fuel systems, such as Viton and fluorosilicone to investigate

whether the observations made for NBR are also applicable to such seals.

7.2.6. The Stability of Blends of Aromatic Oxygenates

This study demonstrated the possibility of using aromatic oxygenates such as dibenzyl
ether blends in concentration below 8% to produce similar swell to that of samples
exposed to Jet A-1. It is, therefore, recommended that further work be carried out
using aromatic oxygenates as a blending components to investigate the effect of such

additives on thermal stability.
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7.2.7. Polymer degradation

The TGA results in this study on conditioned O-rings showed a decrease in mass of
2.1% at 311.5°C. Investigation into the extraction method should be undertaken, to
determine whether changes in polymeric chain structure are occurring. Spectroscopic

as well as physical property measurement could be used to address this concern.

In this study it was further found that exposing NBR samples to neat dibenzyl ether
showed the greatest swell. Concerns over polymer degradation, however, arose. It is
thus recommended that further investigation into the degradation mechanism and
kinetics be undertaken. In particular, studies should be performed on 8% dibenzyl

ether SPK blends so that service life may be estimated.
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9. APPENDICES

APPENDICES

CHAPTER 9

9.1. Appendix A - Risk Assessments

Risk Assessment Form

General Experimental Procedure

Your Name:

Ross Burnham

Your Supervisor:

Dr Chris Woolard and Prof Eric van Steen

Location (where the activity will

take place):

Sasol Advanced Fuels Laboratory

Describe the activity:

Static swell experiments: Exposing polymeric samples to various
solvents at room and elevated temperatures in sealed Media
bottles. This includes making solutions according to general
laboratory practice.

Use of elastomer compression rig: Exposing polymeric samples to
various temperatures at room and elevated temperate in
compression rig, which is operated through the use of compressed

air.

Names of persons involved in this

activity:

Ross Burnham

Describe in detail the risks you
(and others) will face during this
activity and the potential

consequences of your activities:

Solvent exposure risks, hot surfaces, and the use of sharp items

such as scalpel blades.

Does this activity involve any
equipment / device designed or
built by you which is be plugged

into mains electricity?

All equipment used in this study is standard laboratory equipment

or has been previously used in prior research.
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Does your project involve any The TGA equipment used in this study use compressed gases
new equipment / device
designed which contain air or gas

at pressure?

Describe the personal protective | Standard PPE is to be worn. This includes nitrile gloves, lab coat
equipment (PPE) required during | and safety eye ware.

this activity — specify in detail:
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9.2. Appendix B - SAFL Elastomer Compression Rig Operation and Construction

The SAFL compression rig consists of six modules are connected to a compressed air
line which provides the needed pressure for the compression cycle. The rig monitors
the change in O-ring thickness while being exposed to various solvents. The
compression rig is also able to measure sealing pressure which can be related to

changes in physical properties of the O-rings.

Measurements of displacement and pressure during these experiments are made
using displacement and pressure transducers that are connected to the rig. The
displacement transducers used were non-contact differential variable reluctance
transducers supplied by MicroStrain (Williston, USA) with a resolution and

repeatability of £0.1% and +2um respectively.

A computer system operates the rig through the use of Lab View software. The
software monitors the displacement and pressure data as well as regulates the air

pressure inside the system through the control of a three-way valve.

Figure 9.1 illustrates the components of one of the six cdmpression modules. Inside
each module base an O-ring is placed inside a groove with a depth of 1.9+ 0.1mm. The
base of the modules also acts as a fuel chamber holding approximately 80mL of fuel,
which allows the O-ring to be in contact with fuel throughout the experiments. The
temperature of the cylinders is controlled by the bases being submerged in an oil

bath.
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9.3. Appendix C - Density determinations

Density Bottle Calibration
Mass of density bottle (mp) 23.1618g
Mass of density bottle + water [Mp.w) 48.2635g
Mass of water in density bottle [m,) 25.1017g
Femperature 19.5°C
Literature density of water @ 19.5°C 0.997538g/cm’
volume of density bottle = 25.16365 m\/p,
Density Measurements
“as received” O-rings
1 2 3 4
Mass of O-ring sample (g) 0.41645 0.42451 0.41990 0.42378
Mass of density bottle + water + sample (g} 48.34284 48.34359 48.34410 48.34288
Mass of water in density bottle (g) 24.76459 24.75728 24.76240 24.7573
Mass of water displaced by sample (g} 0.33711 0.33442 0.3393 0.3444
Volume of water displaced by sample (cm?) 0.33628 0.34357 0.33846 0.34355
Volume of O-ring sample (cm’) 0.33628 0.34357 0.33846 0.34355
Density of O-ring sample (g/cm’) 1.2384 1.2355 1.24061 1.2335
Average density of “as received” O-rings 1.2370 g/em®
Deplasticised O-rings
1 2 3 4
Mass of O-ring sample (g) 0.37415 0.36541 0.37557 0.36755
Mass of density bottle + water + sample (g} 48.34323 48.34255 48.34532 48.3442
Mass of water in density bottle (g} 24.80728 24.81534 24.80795 24.81485
Mass of water displaced by sample (g) 0.29442 0.28636 0.293745 0.286850
Volume of water displaced by sample (cm) 0.295146 0.287066 0.29447 0.287566
Volume of O-ring sample (cm”) 0.295146 0.287066 0.29447 0.287566
Density of O-ring sample (g/cm’) 1.2703 1.27291 1.27541 1.27814
Average density of deplasticised O-rings 1.2741 g/cm®
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9.4. Appendix D — Calculation of volume changes from mass changes

When making measurements, measurements are made at time zero and at intervals

thereafter.
These are designated, my and m, respectively.

In the case of deplasticised O-rings, the mass change due to the solvent may be found

as
ms = My— Mo

For “as received” O-rings, the loss of plasticiser needs to be accounted for and

accurate calculations can only be made at equilibrium.
mdepl = 0.9 mo and ms = meq - mdep|

The further derivation is for deplasticised O-rings, although it can be adapted by using

Mgepi for mg for *as received” O-rings.

The initial volume of the rubber, V, is given by

m
Vo = -9
Pr

The density has been determined independently. See Appendix C — Density

determinations.
For solvents which are not blends of SPK and aromatics

Mg
Ps
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Thus

Vs

R = —
Vo

For cases where blends of SPK and aromatics are used, concentration of the aromatics
in the NBR occurs. In those cases the volume of SPK needs to be separated from the

contribution of the aromatic species.
Based on the observation that the increase in swell for blends of SPK and Jet A-1 is
linear, it is assumed that the contribution of the SPK, Vspy, is the same in the blends as
for neat SPK. Vg is thus determined from measurements made when NBR is swollen
by neat SPK. This is then converted to R%sp«
So

R%arom = R%overall — R%spk
R%.arom is the contribution of the aromatics to overall swell.

The volume fraction of the aromatics in the solvent fraction in the swollen NBR is

R%arom
R% overall

¢arom =

Since the volume fraction of aromatics in the original blend was 0.08 we can obtain

the concentration factor as

CF = ® arom
0.08
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9.5. Appendix E - Volume % changes for 4% blends in SPK

Table 9.1: Solvent properties and experimental summary for the exposure of

deplasticised O-rings to blends of aromatic species and SPK at 50°C

Blend CNo Molar Solubility parameter Equilibrium mass Calculated volume
component volume at ((MPa)’”) swelling ratio (%) — change due to aromatic
20°C small O rings (%) — small O-rings
{cm’mol™)
84 & & Orow
Toluene 7 106.3 180 14 20 181 11.1(0.6) 34
o-Xylene 8 120.6 178 10 3.1 182 10.9 (0.3) 3.2
Ethylbenzene 8 1225 178 06 14 179 107(0.2) 3.0
Mesitylene 9 139.1 180 00 0.6 18.0 10.4 (0.2) 2.7
Cumene 9 1394 181 12 12 182 9.8(04) 21
p-Cymene 9 156.6 176 12 12 177 10.4(0.8) 2.7
n-Butylbenzene 10 156.1 174 01 11 174 9.4(03) 1.7
s-Butylbenzene 10 1555 179 12 12 180 9.8(0.1) 21
Tetralin 10 1363 196 20 29 199 10.9(0.5) 3.2
Anisole 108.7 178 41 6.7 195 14.9 (0.4) 7.2
Dibenzyl ether 190.1 196 34 52 206 17.0(03) 9.3

The values In brackets are the standard deviations of the mean. Solubility parameters are for the pure blend component (not the
weighted average of the blend).

Table 9.2: Concentration factors of aromatic compounds during swelling

Blend Molar Solubility parameter Volume % in Concentration
component volume at ((MPa)’”) O-ring—small  factor — smali
20°C O-ring O-ring
(cm’mal™)
8¢ 5p sh 6'I'ﬂnl
Toluene 106.3 180 14 20 181 304 38
o-Xylene 120.6 178 1.0 31 182 291 3.6
Ethylbenzene 1225 178 06 14 179 280 35
Mesitylene 139.1 180 00 06 180 259 3.2
Cumene 1394 181 12 12 182 221 28
p-Cymene 156.6 176 12 12 177 259 3.2
n-Butylbenzene  156.1 174 01 11 174 18.1 23
s-Butylbenzene  155.5 179 12 12 180 212 2.7
Tetralin . 136.3 196 20 29 199 295 3.7
Anisole 108.7 178 41 67 195 484 6.1

Dibenzyi ether 190.1 196 34 52 206 546 6.8
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