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ABSTRACT

Ductile iron (DI) pipes have been used for the conveyance of drinking water in drinking
water distribution systems over the past several decades. It has been @stiatatkenost
half of all new water mains installed in North America are DI pipes. Althoughp@litself
is resistant to chemical permeation, the polymeric gaskets that join ankespgdd segments
are reported to be susceptible to permeation by organic contaminants. Pipe-drurondiffusi
cell experiments, and numerical simulations were conducted in this researchri@daster
mean to evaluate possible permeations through DI gaskets.

Of the five types of gasket materials tested using the gravimetric soggioethylene-
propylene-diene monomer (EPDM) had the highest sorption of gasoline, while
fluoroelastomer rubber (FKM) exhibited very low sorption of gasoline. The sorption test
results suggested that the least to most resistance to permeation of prasolinedor the
five gasket materials were EPDM, styrene-butadiene rubber (SBR), chloropbbee (CR;
neoprene), acrylonitrile butadiene rubber (NBR), and FKM. A typical gasket was found to be
made of two portions, the heel and the bulb, of the same polymer but different formulation.
Gravimetric sorption tests suggested that the heel portion of all gaskets mayebeesistant
to permeation than the bulb making it the limiting step for permeation of organic compounds
in gasoline.

Pipe-drum experiments showed that SBR gasket had the highest permeation rates of
benzene, toluene, ethylbenzene, and xylenes (BTEX), followed by CR, EPDM, and NBR.
With regards to threats to drinking water under water stagnation conditions in thé@ipe, t

ug/L maximum contaminant level (MCL) for benzene will likely be exceeded dunii@y a
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Xii
hour stagnation period for SBR gaskets in contact with free-product premium gasd@Re. N
gaskets were found to be sufficiently resistant to permeation by benzene or otber BTE
compounds in gasoline and the benzene concentration is unlikely to exceed EPA MCLs.
Assessment based on data from the pipe-drum experiments suggested that whefidhere i
of water in the pipe, benzene and other BTEX compounds in gasoline will not exceed EPA
MCLs.

A diffusion cell device was developed to obtain diffusion coefficients of BTEX
compounds for various gasket materials under controlled conditions. Using curve fitting of
the permeation data by numerical modeling, the diffusion coefficients of BTEX compounds
through SBR and NBR gasket materials was found to range froro10® cnf/s. The
steady-state permeation rates were found to correlate in a linear sHgtdiwith thickness
while the diffusion coefficients were found to be invariable to the thickness of the polyme
tested (2 mm to 5 mm). The diffusion cell provided a rapid, inexpensive, and relatively well
controlled means to study permeation of polymeric gasket materials for DI pipp&seadata
obtained were used to model benzene permeation of the pipe-drum experiments.

The permeation of benzene through a 4-inch SBR gasket of a pipe joint was modeled
using Multiphysics diffusion module. The simulations showed that the heel portions as well
as part of the bulb portions of a gasket were likely to be in contact with the contaminants.
Model simulation predicted that a 4-inch SBR gasket under hydrostatic pressure would
permeate more organic chemicals than a pipe without hydrostatic pressure, pesti@igrigk

to organic chemical permeations. Increase in the length/size of the bulb portionnziha 4-i
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SBR gasket by compression or swelling from 10% to 30%, reduced the permeated mass of
benzene by about 29% to 71% within 150 days of exposure to gasoline.

In summary, SBR and NBR gaskets are compatible with any level of gasoline
contamination in groundwater. NBR gasket is the most effective choice when a gasket
material resistant to gasoline is desired. Diffusion cell experimentsrnbination with
numerical simulations can be used in evaluating possible BTEX permeationseffect
Gasket exposure area and its orientation in the socket after pipe joint assentikbfyato
affect permeation path and permeated mass of contaminants. Results from thiarstoely
used as a basis for crisis management for DI pipes exposed to gasoline and for developme
of a better gasket to improve the reliability of infrastructure of developmenttef wa

distribution system.
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CHAPTER 1. INTRODUCTION

1.1 General introduction

Over the past several decades, ductile iron (DI) pipes have been used for the
conveyance of drinking water in drinking water distribution systems. Rajani andKleine
(2003) estimated that almost half of all new water mains installed in Northi¢enage DI
pipes. In comparison with other metal pipes such as cast iron, cement, and cement-lined
pipes, DI iron pipes exhibit better resistance to corrosion and therefore have lower
maintenance expenses. Plastic pipes have been marketed as an alternativeippestaee
lighter, more easily installed, and more durable than metal pipes in environmentidith a
soils. However, plastic pipes are limited in their usages by the total loadingsgouhd
surface such as traffic and buildings. On the other hand, DI pipe has long been recognized as
the superior pipe material due to its strength and durability (Bonds, 2000; DIPRA, 2003).
Although DI pipe itself is resistant to chemical permeation, the polymeririaatthat join
and seal the pipe segments are reported to be susceptible to permeation by organic
contaminants (Holsen et al., 1991; Park et al., 1991; Selleck and Marinas, 1991; Glaza and
Park, 1992; DWI0772, 1997; DIPRA, 2003).

According to a recent survey, permeation incidents for DI pipes were reported due to
gross soil contamination with highly volatile hydrocarbons and chlorinated organic solvent
in the area surrounding the pipe (Ong et al., 2008). Permeation of organic contaminants
through the polymer materials adversely affects the quality of drinking wadkstribution

system and poses a health risk to consumers. The chemical permeations for drirdiing wat
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pipe gaskets are sparse, qualitative and incomplete. There is a need to conductylaborator
experiments under controlled conditions to understand further the permeation of organic

contaminants though gasket materials.

1.2 Motivation and Objectives

Previous studies have greatly improved the level of understanding of chemical
permeation through polymers and their associated risks. However, there are sdinargig
issues that remain unresolved especially for chemical permeation through tigaskaat
within a DI pipe joint. There are very few studies conducting permeation of chemicals
through an intact gasket and virtually no studies on the modeling of chemical permeation
through an intact gasket. Pipe-drum experiment where a pipe joint is submergedngethe ta
chemical in a drum is one of conventional techniques for studying permeation of chemicals.
Pipe-drum experiments provide permeation rate data but require a long time before
breakthrough is obtained. Because of the shape and the irregular geometries of tae gaske
permeation pathways of organic compounds may be complex. In addition, the influence of
thickness on permeation properties of the polymer is unclear and debatable. Furthermore, i
is unclear how a gasket would orientate within the bell and spigot of the pipe and which
surfaces of the gasket would be exposed to external contaminants and internal dritding wa
especially when the gasket is in service. Testing of the different sizesketgjéor the

different pipe sizes with pipe-drum experiments would be time consuming and costly.
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The overall goal of this research was to examine the permeation of gasoline #arough
commonly used gasket for DI pipes. The research involves lab experiments and numerical
simulations. The specific objectives of this study were to:

1) Study the permeation of gasoline through DI pipe joints with various gasket

materials using pipe-drum experiments under simulated environmental conditions

2) Develop a low cost testing device to evaluate gasoline permeation through gasket

materials for controlled boundary conditions and to investigate the thickness
effect on diffusion coefficients

3) Obtain diffusion coefficients and possible contact/exposure areas (boundary

conditions) of chemical permeations through different gaskets with numerical

modeling.

1.3 Dissertation Organization

This dissertation is organized with Chapter 2 introducing the fundamentals of
chemical permeability and diffusion through polymers and a comprehensive review of
previous research on the permeation of organic contaminants through polymericlsndteria
Chapter 3, permeation experiments using various gasket polymeric materiglks-arymm
apparatuses were conducted to assess the permeation of gasoline (in particeliae, benz
toluene, ethylbenzene, and xylenes, or BTEX) through the gaskets of DI pipe joints. In
Chapter 4, a low cost diffusion cell device is presented and used to examine the parmeati
of organic solvents through various gasket materials and thicknesses under controlled

boundary conditions along with numerical modeling of the permeation results. In Chapter 5,
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the results of the modeling efforts in Chapter 4 were incorporated in a model to sithelat
permeation of BTEX for pipe-drum experiments of Chapter 3 and for various contamination
scenarios. The general conclusions and future work for the dissertation are presented i

Chapter 6.
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CHAPTER 2. LITERATURE REVIEW

2.1 Background

Organic polymeric materials are extensively used in every day products, ook as
packaging film, protective clothes, disposable gloves, geomembranes in landfillspand pi
gaskets. They are one of the most widely used materials due to their superiodphysica
chemical properties and low cost (Massey, 2003). These materials have water-proof
capabilities and are used to contain various gaseous and organic liquids. However, polymeri
materials are not completely resistant to permeation, and for criticata@oh such as
containing hazardous materials or wastes or use of protective clothing, it isantfort
understand the extent of chemical permeation. Over the past several decadesseaginee
scientists have examined the permeation of hazardous compounds through polymeric
materials used in every day products which may result in human health risk (Cranklkand Par
1968; Crank, 1975; Comyn, 1985; Neogi, 1996).

Plastic pipes are increasingly being used for drinking water mains and serescdue
to their ease of installation and light weight property. Polymeric gasketiseaan ductile
iron pipes and plastic pipes of water mains to secure sections of pipes and to prevgaet leaka
Drinking water in both plastic pipes and ductile iron pipes are threatened by hazardous
chemicals and petroleum products in contaminated soils due to gasoline spills agdeakag
from underground storage tanks (Park et al., 1991; Holsen et al., 1991a; Glaza and Park,
1992). Almost half of all new water mains installed in North America are dudile i

(Rajani and Kleiner, 2003). Although DI pipe itself is resistant to permeation, thetgas
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between pipe sections are susceptible to permeation by organic contaminants éHalse

1991a; Park et al., 1991; Selleck et al., 1991; Glaza and Park, 1992; DWI0772, 1997; Ong et
al., 2008). In the case of a water main, the odor and smell of the chemical in drinking water
may not be noticeable even though the maximum contaminant level (MCL) has been
exceeded. Contamination of drinking water due to possible permeation of chemicals through
plastic pipes has been investigated by several researchers (Holsen et al., 1991aat®91b; P
et al., 1991, Selleck et al., 1991, Glaza and Park, 1992; Hopman et al., 1992; Ong, et al.,
2008), but studies on the permeation of organic chemicals through polymeric gaskets of

ductile iron pipes and plastic pipes are limited.

2.2 Permeation Definition and Mechanism

The permeability of penetrants through any polymeric material is dependent on two
main factors: the solubility of a penetrant in the polymeric material and ehefrdiffusion
through the material. The solubility of a penetrant is dependent on the chemicatiorterac
between the permeant molecule and the polymer; and the rate of diffusion is dependent on the
size of the permeant molecule and the physical texture (amorphous or crystéliives)
polymer. The permeability coefficient measures the relative permeatiovidreduad is used
to compare the permeability of the penetrants through different polymers. Peanetrant
general could be liquid or gases. The most often studied gases and vapors are water vapor,
oxygen, carbon dioxide, and nitrogen (Massey, 2003; Duncan et al., 2005).

Permeation is assumed to occur over a three-step physico-chemical process: (1)

adsorption: penetrants partition from surrounding medium (soil or solution) to the surface of
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the polymeric material, (2) diffusion: penetrants diffuse through the polymeteriaigs, and
(3) desorption: penetrants partition from polymeric material into the receivadgim

(Holsen et al., 1991a; Duncan et al., 2005; Rowe, 2005).

2.2.1 Sorption

Sorption is a generalized term used to describe the penetration and dispersal of
penetrant molecules into a polymeric matrix. It may include absorption, adsorption,
incorporation into micro-voids, cluster formation, and solvation-shell formation (Rogers
1985). Due to the interaction of the penetrant with the polymer, the distribution of penetrant
at the surface of the polymeric material may be different due to the penetragntcatian,
and can be affected by temperature, and the swelling-induced structural stagegabyrner.
The activity of the penetrant within the polymer would be dependent on the mode of sorption
in a polymer and the extent to which penetrant molecules are sorbed.

If there is no solvency of the polymer or swelling of the polymer, the partitioning of the

penetrant into the polymeric materials may be described by Henry's Law.
Cn =SC. [1]
whereC , is the concentration of penetrant on the polymer surface in contact with the

medium; C, is the concentration of penetrant in the medium; §ni$ the partitioning

coefficient for a given penetrant-polymer pair at a given temperature.
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2.2.2 Diffusion
Once the penetrant has partitioned into the material, the penetrant diffuses and moves
within the polymeric matrix by Brownian molecular motion and by the difference in

concentration gradient.

Fickian Law of Diffusion
Diffusion of the penentrant can be described using Fick’s First Law. The lawthttédse
rate of transfer of the diffusing penetrants through unit area of a sectionxndinection is

assumed to be proportional to the concentration gradient measured normal to the section
oC

(=)
ox

5

F = _—
o0X

[2]

whereF is the rate of transfer of penetrants per unit area of the segtjmmg/s), C is the
concentration of penetranisg{cnt), x is the space coordinate measured normal to the
section (cm), and is the diffusion coefficient (cffs). The first law is for diffusion under
steady state condition where the concentration throughout the section is not varying with
time.

By considering the mass balance of penetrants diffusing through a representative
element volume in Cartesian coordinates, the governing equation describing non-ateady st
diffusion is as follows:

o _0 9, 0 [ dC 0 5 aC
ot ox

aad ad 3
ox" oy Yoy oz Zaz) 3]
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whereD,, D,, andD, are the diffusion coefficients in the X, y, and z directions. It can be

simplified to one-dimensional diffusion as shown below, which is known as Fick’'s Second
Law (assumingD =D, =D, =D,).

oC
=205 4]

If the diffusion coefficient is a constant, then the equation becomes

6C 0°C
ot =D ox? (5]

Note that the above equation assumes that the polymeric material remainmidtdoesa not

change in size due to swelling.

Classification of Diffusion
Alfrey et al. (1966) proposed a useful classification for diffusion behavior based on the
relative rates of diffusion and polymer relaxation. The authors proposed:
» Case | or Fickian diffusion, in which diffusion is much less than that of polymer
relaxation rate;
» Case Il diffusion, the other extreme in which diffusion is very rapid compared
with polymer relaxation rate; and
* Non-Fickian, or anomalous diffusion, which occurs when diffusion and polymer
relaxation rates are comparable.
Polymer relaxation is the phenomenon of stretching or reorientation of polymer
structure which provides free volume for absorption and diffusion (Crank, 1975; Duncan et

al., 2005; Rowe, 2005). Different polymers have different polymer relaxation rates. Fre
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volume itself is an intrinsic property of the polymer matrix and can be thought of as
extremely small-scale porosity (molecular scale) arising fromdpe ft between entangled
polymer chains and is dependant on the vibrations and translations of the surrounding
polymer chains. Free volume pores are dynamic and transient in nature. Absorption and
diffusion of molecules in plastics will depend to a considerable extent on the avagable

volume within the polymer (Duncan et al., 2005).

Diffusion Coefficients

For many penetrant-polymer systens,is a function of the sorbed penetrant
concentration (Crank, 1975; Comyn, 1985; Rogers, 1985; Park and Nibras, 1993; Park et al.,
19964, 1996b; Sangam and Rowe, 2001; Vahdat and Sullivan, 2001; Vesely, 1991; Neogi,
1996; Duncan et al., 2005). The concentration dependence of the diffusion coefficient is a
reflection of the plasticizing action of sorbed penetrant (Rogers, 1985). In thishease, t
governing equation of Fick’s becomes

oC
E__x( (C )—) [6]

There are relatively few rigorous solutions for the diffusion equation for a

concentration-dependeit. One procedure to estimal¥C) is to utilize a solution for a
constantD for a given concentration and then extracting a value (@) from those data
for various concentrations. In this procedure, Equation [6] is transformed into:

oc _ a c aD(C)
ot

(—) [7]
oX
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Experiments are then performed over sufficiently small intervas stich that

dD(C)
aC

is small compared witl>(C) so that the second term may be neglected. This gives

a mean or integral value of the diffusion coeffici@nt over the concentration rangg, to

C,, defined as

= _ 1 C,
D = & ¢ jcl D(C)dC [8]

D may be determined over several ranges of concentration to obtain an estiD&®) of

2.2.3 Desorption
Desorption is the opposite process of sorption. Net desorption occurs if the

concentration of the penetrant in the receiving medium is lower than the concentration
required for maintaining the partition equilibrium with the polymer. As in sorption @pces
Henry's Law can be used to express the relationship between the concentrationsan the t
phases

C,. =S,C, [9]
whereC , is the concentration of penetrant on polymer surface in contact with the receiving

medium; C, is the concentration of penetrant in the receiving medium;Sans the

partitioning coefficient between a given penetrant, receiving medium, and polymer at
temperature of interest. When the receiving medium is identical to the exposednaedi

there is no hysteresis in the sorption/desorption isoth&mmay be assumed to be equal to

S, in Equation [1] (Rowe, 2005; Mao, 2008). Note that if penentrant molecules are strongly
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bound in the polymer, the desorption of the penetrant may exhibit significant hysteresis.

Then desorption is not simply the inverse process of sorption.

2.2.4 Permeability
The permeation of small molecules through polymer material involves sorption,
diffusion and desorption processes. For a polymer with a fixed thicknesgh

concentrations at the two surfaces equaltpandC,,. The flux through the polymer is

given by

c,-C

F= D"ll—p2 [10]

Substituting Equation [1] and Equation [9] into Equation [10], and assuming the exposed
medium and the receiving medium share the same solubility para8tetethe penetrant,

Equation [10] becomes

where P is defined as the permeability or permeation coefficient/&mEssentiallyP is a
mass transfer coefficient that takes account of the sorption, diffusion and desorption

processes (Rowe, 2005).

2.2.5 Factors affecting penetrant permeation through polymer
The rate at which an organic chemical penetrates the polymer is dependent on many
factors, which can be generalized as physical, chemical and environmental f&ciors

example, these factors include polymer material type and thickness, the typeticttipegne
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contaminant, the concentration of the contaminant in the pores of the soil surrounding the
materials, the presence of other contaminants, the extent of soil contamination, and the
temperature or pressure in the environment (Silkowski et al., 1984; Vahdat, 1987; Selleck et
al., 1991, Perkins and You, 1992; Joo et al., 2004, 2005; Park et al., 1996a; 1996b; Anna et

al., 1998; Duncan et al., 2005; Chao et al., 2006a, 2006b, 2007).

Polymer Type and Properties

Polymeric materials used for environmental and public health purposes include
polyvinyl chloride (PVC), high-density polyethylene (HDPE), nitrile rubber and neoprene
(CR) (Jencen and Hardy, 1988, 1989; Park et al., 1996a, 1996b; Papiernik et al., 2001).
Polymers can be classified into three groups based on their physical response to heat:
thermoplastics, thermosets, and thermoplastic elastomers. Thermopkstiesformed and
reformed to different shapes, while thermosets do not become moldable when heated.
Thermoplastic elastomers show both properties of thermoplastics and thermbsetsaii
difference between thermoset elastomers and thermoplastic elastothers/ge of
crosslinking bond in their structures. Crosslinking is a critical structuralrfadich imparts
high elastic properties.

Polymeric materials can be crystalline, amorphous, or semi-crystdianang both
crystalline and amorphous polymers) in structures. Higher crystallinitynigrgideads to
better barrier properties (Massey, 2003). Amorphous, or so-called glassy polwhiis, e
anomalous or non-Fickian behavior (Crank, 1975). PVC is an amorphous glassy polymer

with very limited flexibility of the polymer chains while PE is a partialtystalline rubber-
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polymer having amorphous areas with high chain mobility. Low molecular weight organic
molecules permeate PVC material through the free volumes of the relativebbile

polymer chains, whereas permeation of PE occurs through the amorphous areas @y relative
mobile polymer chains. This polymer structural difference accounts for theediffer
performance between PE and PVC to resist the permeation of organic chemicals. The
permeation of organic chemicals through glassy PVC pipe is typicallyfeddsas a Case Il
diffusion (Vonk, 1985; Berens, 1985). As such, PVC is regarded as virtually impermeable to
certain organic compounds at a low solute activity while permeation does occur in PE at
these low solution activities (Vonk, 1985, 1986; Mao, 2008)

For HDPE geomembranes (semi-crystalline polymers), the crystatimes act as
impermeable barriers to permeating molecules in two ways (Naylor, 1989).chissalline
regions act as excluded volumes for the sorption process and as impermeablefdyarriers
diffusion. Secondly, they act as giant cross-linking regions with respect to thase cha
where penetrants enter and leave those regions from the surrounding non-cryst#itine ma
during sorption and diffusion process. The cross-linking strains the mobility of the polymer
segments and makes the diffusion process more dependent on the size and shape of the
penetrant molecule (Naylor, 1989; Rogers, 1985).

Diffusion is favorable (shown by an increase in value of the permeation coefficient)
when the polymer and penetrants are similar in structure. For instance, strong polar
molecules have very low transport rates through polyethylene (PE), which is non-polar.
Rowe et al. (1996) found that the permeation affinity for PE has the following order:

alcohols<acids<ketones<esters<aromatic hydrocarbons<halogenated hydrocéibbns w
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was also shown by the work done by other researchers (August and Taztky, 1984). Rowe et
al. (1996) studied the diffusion of organic pollutants through HDPE geomembranes and
observed that some organic compounds (methyl ethyl ketones, acetic acid) mignatet at
slower rates than chlorinated solvents (dichloromethanes, 1,1-dichloroethane, and 1,2-
dichloroethanes). Work done by Park and Bontoux (1992) showed that a polar compound
(methanol) was found to be absorbed less than nonpolar compounds (toluene, 1,2-
dichlorobenzene, and 1,1,1-trichloroethane) in nonpolar thermoplastics such as polybutylene

(PB) and PE.

Penetrant

Permeation rates are impacted by the type of penetrant, its concentration, arel the si
and shape of the penetrant molecule (Silkowski et al., 1984; Vahdat, 1987; Park et al., 1991,
Selleck et al., 1991; Perkins and You, 1992; Joo et al., 2004, 2005; Park et al., 1996a; 1996b;
Anna et al., 1998; Duncan et al., 2005). Contaminations in the field are generally
characterized by complex mixtures of organic chemicals. Petroleum procutis anost
common contaminants, encountered in the field due to the spill or leakage from underground
storage tanks. Gasket materials can be in contact with either free producteg@sni-
aqueous phase) or different concentrations of gasoline aqueous solutions (aqueous phase), or
even with organic vapor if the pipe is in the unsaturated zone of the contaminated aquifer in
field.

Saleem et al. (1989) reported smaller diffusion coefficients through low-density

polyethylene (LDPE) for compounds with higher molar volume such as aliphatic aromatic
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and chlorinated penetrants than compounds with lower molar volume. In another example,
the magnitude of the diffusion coefficients for chlorinated benzene compounds wess small
than methyl substituted benzenes due to the bulky chlorine atoms, which markedly reduce
their mobility. The shape of penetrants has been reported to have a profound effect on the
diffusion process (Berens and Hopfenberg, 1982; Saleem et al., 1989). Penetrants with
linear, flexible and symmetrical molecules have higher mobility than rigiécutds. For
instance, Saleem et al. (1989) showed that the diffusion coefficient for o-xyleheweas

than for p-xylene. This is attributed to the symmetrical structure of p-xytenpared to the
distorted shape of o-xylene with its two adjacent methyl groups. Berens and Hopfenberg
(1982) have shown that the diffusion of n-alkane and other elongated or flattened molecules
are higher, by a factor of 1000, than the diffusion of spherical molecules with similar
molecular weight.

Based on pure-Fickian diffusion within a polymer, the penetrant-polymer partition and
diffusion coefficients are usually assumed to be constant and are independent of the bulk
concentration of penetrant. However, this assumption is only valid when the bulk
concentration is low. In most cases, the diffusion coefficient is a function of the bulk
concentration of the penetrant because, in the presence of the penetrant molecules, the
polymer will weaken due to the interactions between adjacent polymer chains and the
penetrants, which in turn leads to plastization of the polymer. Vonk (1985) reported that the
diffusion coefficient of toluene in the softened PVC increased by several ordergrofuda
in comparison with that in the original PVC. Muler et al. (1998) also found that the diffusion

coefficients in PE geomembranes were approximately one order of magnitudéolioarer
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agueous solution than for a pure solvent. In a sorption study of organic chemicals in
thermoplastics and elastomers, Park and Bontoux (1992) showed that the partitiorenoeffici

increased logarithmically with increasing solvent activity for nonpolar compounds.

Environmental factors

The surrounding environment factors, such as temperature, hydrostatic pressure, and
soil characteristics, also play a part in influencing the permeation of orgalutaptd. The
permeation process is temperature dependent since energy is required for thégerme
process. lItis expected that for many polymer-penetrant systems, plots Df izegthe
reciprocal of the absolute temperature are linear over a limited tempeeatgee(Saleem et
al., 1989; Aminabhavi and Naik, 1998). It has been established (Naylor, 1989; Chainey,
1990) that over small temperature ranges, temperature dependence of the diffusioity solubil
and permeability coefficients can be described by the Arrhenius relationship:

=)

D=D,e ® [12]

(-Ep

=)
P=Pe RT [13]
whereE; andE, are the activation energies of diffusion and permeation, respectively, and

D, and P, are the diffusion coefficients and permeation coefficients at absolute téumpera

T.
Impact of hydrostatic pressures on organic compound permeation is uncertain. Selleck
and Marinas (1991) indicated that hydrostatic pressure within the pipeline may provide

resistance to permeation, although this assumption was not based on any clear
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thermodynamic theory. An article in Opflow (2006) indicated that contaminants may be
drawn into the pipe at each gasket connection due to the hydrostatic pressure differences
This statement was challenged through a communication note by an AWWA committee
(Larson, 2006) where the committee claimed that gaskets were designed toadibiztte
internal and external pressures while providing a seal under pressure. The conuntités
indicated that there would be widespread evidence of leakage due to the externaltltydrosta
pressure if the article in Opflow was the case. It is generally believedrniatrease in the
contaminant pressure may result in two opposing effects: (a) increase the redioceat the
contaminant dissolved in the polymer material, and (b) decrease the “free volume’atue t
increase in pressure on the polymeric material (Stern, 1972).

The permeation rates are affected by the organic content of the adjacent &ails of t
pipe (Holsen et al., 1991b). In high humidity or water-saturated conditions, partitioning into
the soil organic matter is the dominant mechanism for soil uptake of organic dsemcia
which lowers the organic concentration and therefore affects the concentratiemgra
(Chiou and Shoup, 1985). Mao (2008) showed that the higher organic matter in the organic
topsoil had greater soil uptake of BTEX than low organic carbon sand resulting in a
significant decrease of BTEX concentrations in the soil pore water which in sulteckin a
lower permeation rate of BTEX through PE pipes than for similar experimehtsowit

organic carbon sand.
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2.2.6 Estimation of permeation properties
Gravimetric sorption method

The equilibrium sorption of a contaminant by a polymeric material in the gravimetri
sorption test has been used to correlate the permeation properties of polymeiadanate
(Berens, 1985; Park and Bontoux, 1993). In the gravimetric sorption test, the percent weight
gains are typically plotted against the time of the experiment and the diffusticient
estimated using the “half-time method” (Crank, 1975; Neogi, 1996). Assuming constant
diffusion coefficient and no swelling of the polymer, the mass sorbed for a polymerssheet

given by:

00 m—O

M, -D(2m+1)* 7't
M, Z (2m+1) p{ /2 } [14]

where M, is the total mass of contaminant absorbed byhbetsat time, and M, is the

equilibrium mass attained theoretically after iftBrtime. The equation assumes that the
concentration on each surface of the sheet imneddiattains a value corresponding to the

equilibrium uptake when placed in the contaminagsl remains constant afterwards. Using

L =1/2 is given by:

[

Tuzyo_ 1 | 17
RS {16 9(16)} 1l

Equation can be further simplified with the errdabout 0.001% as

= 0.049— [16]
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whereD; is the diffusion coefficient (cffs) obtained from half-time method;is

thickness of material (cm)i,,, is the time where the mass sorbed equals to hdito

equilibrium mass sorbed (s).

The measurement of mass uptake by the polymempamtively simple, but it does
not yield information on the time needed for thataminant to break through a given
thickness of polymer. In addition, the sorptiom&eaor is dependent on the geometry of
polymer materials and appropriate equations corisgléhe geometry of the test specimen
must be used to process the sorption data. Bedcdtise irregular geometry of a pipe gasket,
the gasket must be trimmed to regular shapes whittirn raised the question of how the
sorption results of the regular shaped specimem$utiy represent or be used for evaluating

the permeation of an intact gasket.

Time lag method
The plot of cumulative mass permeated with timelmansed to estimate the diffusion
coefficient by using “the time-lag method” (Crard§75). Using Fick’s diffusion equation,

the total mass of chemical diffusing through a plaheetQ, as a function of time, is given

by the following equation based on the simplifyaggumptions: (i) the outer concentration
of contaminant remains consta@ ); and (ii) the initial concentration of the contiaamnt in

the polymer is zero; and (iii) the inner concemndrabf the contaminant is kept at zero.

) [17]

Cc 2 6

Q _Dt 1 2a(-1" _ _ ~Dn°rrt
=== ex
=S et

As t approaches infinity, then
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DC, /(?
= (t-—— 18
Q= ( 6D) [18]
The equation has an intercept on thaxis given by

B gz B gz
T, =—orD; =— [19]
6D L 6T,

where D, is the diffusion coefficient (cm2/s) calculatedtbye-lag methody is the

thickness of material (cm); arid is the lag time (s) at steady-state permeation.

2.3 Permeation of Organic Contaminants through Ductile Iron Gaskets
Permeation of plastic pipes by organic chemicalg reault in the degradation of
drinking water quality. Since permeation can oathrer from the vapor or agueous phase,
both water mains and fittings installed in the \@&l@aone and saturated zones are susceptible

to contamination by permeation (DWI10441, 1992)

2.3.1 Previous studies

In the 1980’s, two surveys on the effects of orgahiemicals on drinking water pipes
were completed in Netherlands (Vonk, 1985) andhenUnited States (Thompson and
Jenkins, 1987). Most pipe permeation incidents weleged to petroleum products (98
percent of all incidents), mainly gasoline spilideaks (Thompson, 1987; Holsen et al.,
1991a). The aromatic compounds in gasoline, benzeluene, ethyl benzene and o-, m-, p-
xylene (BTEX), permeated PB and PE pipes readifijvaere the compounds of concern in
permeation incidents. A small number of incidgbtpercent) involved chlorinated solvents

such as trichloroethylene (TCE). Other contamisidimat exhibit high rates of permeation
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included simple chlorinated aromatics, chlorinaaed unchlorinated straight-chain aliphatic
hydrocarbons, and phenolic compounds (Holsen 1@®1a, 1991b). Plastic pipes showed
excellent resistance to the permeation by stropglsr pesticides (e.g., paraquat, malathion,
and atrazine) and long-chained high molecular wehgtrocarbons (DWI0032, 1990; Vonk,
1985). Park and his colleagues (Park et al., 18%4za and Park, 1992) showed that organic
contaminants might be permeating through the gasKatipe joints in the water distribution
system. Recently, a national survey in the U.8dooted by lowa State University showed
that the majority of the reported incidents wergoagted with gross soil contamination in
the area surrounding the drinking water pipes. fAibhk risk areas for occurrences of
permeation incidents included industrial areasnfarsites of fuel stations, and near
underground storage tanks, but permeation incidemsalso occur in low risk areas such
residential areas, mainly due to the disposal anttlantal leaking of gasoline, oil, and paint
thinner products (Holen et al., 1991a).

The occurrence of contamination was generally ifledtby the customer as indicated
by an unusual taste and odor in the tap water.nfamy highly toxic substances, including
benzene, vinyl chloride, and dichloromethane, #iséetand odor thresholds are well above

the drinking water maximum contaminant levels (MC({3W10441, 1992).

2.3.2 Ductile iron (DI) pipe joints and gaskets
In the early 1970s, ductile iron (DI) replaced geagt iron as the pipe material for most
of drinking water pipes. In recent years, almast af all new water mains installed in North

America were estimated to be ductile iron (Ragaui ldleiner, 2003). The most popular and
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easiest-to-assemble joint and fitting for DI pipghe push-on joint (Bonds, 2003). The joint
consists of a single rubber gasket placed in awgratside the socket of the bell end of the
pipe. The beveled end of the pipe (or spigotushed past the gasket, compressing the
gasket, and forming a pressure-tight and dependaidle

For DI pipes, permeation through gaskets is thet iiady pathway, other than leakage
through cracks or holes due to corrosion or phy&lare of parts of the iron pipe itself
(DIPRA, 2003; Rajani and Kleiner, 2003; Bonds et2005; Rajani, 2008; Rehan, 2008).
The most common DI pipe gaskets used are the Tyjaskets for diameter ranging from 3
to 24 inches (Bonds, 2003; Griffin, 2006). Gagketerials used in push-on joints are made
of ethylene-propylene-diene monomer (EPDM), chlogoprrubber (CR; neoprene), styrene-
butadiene rubber (SBR), acrylonitrile butadienebet(NBR), or fluoroelastomer rubber
(FKM). Different types of gasket are recommendedufse under specific circumstances.
For instance, SBR and CR are used for water digtob, while NBR and FKM gaskets are
used for pipes conveying hydrocarbons and petroleraducts. Among these gaskets, SBR
is the most commonly used pipe gasket in the drokvater field (more than 90%) due to its
low cost (Park et al., 1991; Ong et al., 2008)evitius research has reported that SBR is less
resistant to gasoline than NBR (Glaza and Park] 1 3fut there are no studies on the
susceptibility of contaminant permeation through dther gaskets (Park et al., 1991; Glaza

and Park, 1992).
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Effect of different portions of a gasket

Close examination of Tyt§hgaskets indicates that a typical gasket consfsishard
“heel” and a soft “bulb” portion. The heel portianchors the gasket in place during the
assembly of the joint and the bulb forms the hy@diisseal. The heel and bulb may have
different resilience characteristics and differeatymer formulations and possibly different
permeation characteristics. No research has iigatstl the permeation differences of the
bulb or heel portion of a gasket. Either portioaynhe the rate limiting step for the

permeation of organic chemicals through the gashkdtinto the drinking water.

Influence of material thickness

Because of the various sizes and geometries oetgmakd polymeric products
available in the market, the permeation patteBTEX compounds may be different for
different thicknesses and different gasket produblslson et al. (1981) examined Neoprene,
Latex, PVC and Buna-N gloves against chlorofornmtgee, toluene, and trichloroethylene
and found that the permeation rate for each matgpa was inversely proportional to glove
thickness. Berardinelli and Hall (1985) studied germeation of latex neoprene gloves by
acetone and reported that the breakthrough timediastly proportional to the square of the
material thickness, and that the steady-state romerate, or steady-state concentration of
penetrant was inversely proportional to thickne®sncen and Hardy (1988) examined
permeation of toluene and 1,1,1-trichloroethaneugh different thickness of neoprene
gloves and acetone through natural rubber glovesf@und that the square root of the

breakthrough times were linearly related to thekihesses of the gloves while the steady-
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state permeation rates were inversely proportitmalaterial thicknesses. Schwope et al.
(1988) used open-loop and closed-loop mode basédmarnican Society for Testing and
Materials (ASTM) Method F739 to test permeation oftgective cloth and found that the
breakthrough times were not proportional to theasgwf the material thicknesses. Work
done by Vahdat (1987) on the permeation of tolubreugh butyl nomex, neoprene,
polyvinyl alcohol (PVA) and butyl gloves showed thize permeation rates were dependent
on the challenge concentration, thickness of madtand the area exposed, but the estimated
diffusion coefficients were independent of thesg#des. A study by Park et al. (1991) on the
permeation of mixtures of organic chemicals thropglybutylene, low-density polyethylene
(LDPE) pipes and SBR gaskets showed that the estthtaffusion coefficients for the
polymeric materials decreased exponentially ashfo&ness of the polymer material
increased. In other studies, Park et al. (1998861) reported that the diffusion coefficients
of methylene chloride, toluene, trichloroethylem€E), and m-xylene decreased
exponentially with material thicknesses for thenpeation of mixtures of these chemicals at
concentration of 10-100 mg/L through high-densiiypthylene (HDPE), very low-density
polyethylene (VLDPE), and polyvinyl chloride (PVG@omembranes. Norenberg et al.
(1999a, 1999b) indicated that permeation coeffictkatreased with increasing membrane
thickness for permeations of nitrogen, oxygen, amgwbn through polypropylene and
polyethylene membranes in gas cell experimentstudy by Tseng et al. (2000), using
positron annihilation lifetime spectroscopy (PALS)measure dye-probe diffusion
coefficients in thin films of monodisperse polystye, found that the diffusion coefficients

decreased exponentially with increase of film thigsses at temperature below i6Gnd

www.manaraa.com



27

diffusion coefficients increased when the film #mess was at about 350 nm. Soles et al.
(2003) examined water vapor through poly(tert-bytaxboxystyrene, PBOCSt) using
incoherent neutron scattering measurements anchitedi that the diffusion coefficients
increase exponentially as film thicknesses incred&mgt et al. (2004) investigated moisture
diffusion through poly(4-ammonium styrenesulfonodd films using Fickian and two-stage
absorption models and found that water diffusioeftcients into the films increased
exponentially as a function of initial film thickeg Studies on the influences of thickness on
the diffusion coefficients of a polymeric materaiposed to organic chemicals are limited
with data showing both linear and exponential dati@ens, while a study showed no

correlations.

Experimental devices for polymeric materials

Testing apparatuses based on ASTM F739 are commeatyfor thin materials with
thicknesses of less than 1 mm (Berens, 1985; Ahah,d998; Phalen and Que Hee, 2003;
Xu and Que Hee, 2006; Chao et al., 2006a; 2007¢wdnie suitable for materials used in
membranes and gloves. There is no commercialsiitifucell device with capability of
testing irregular and thick polymeric samples ia tharket. In a recent report, a research
team from University of South Florida reported tteed for the development of a new
diffusion cell to evaluate oxygen diffusion througncrete composite systems with the fiber
reinforced polymer films of thickness ranging fr@75 mm to 7.2 mm (Khoe et al., 2009).
The pipe-drum or pipe-bottle apparatus where a pigepipe joint is placed in a drum or

bottle containing the penetrant is commonly usestidy permeation of chemicals (Vonk,
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1985; Park et al., 1991; Ong et al., 2008; Mao, 206&rmeation rates are estimated by
measuring the concentrations of the penetrantseinvater inside the pipe. The pipe-drum
experiment is a time-consuming experiment andHmktpolymers or large diameter gaskets,
a long time is needed before break through occhiffarts are needed to develop various

experimental setups which can improve and speddating of thick polymeric materials.

Numerical simulation

To author’s knowledge, no studies have investigdtegermeation of organic
contaminants through DI pipe gaskets using numlemcalels. There were a few studies
simulating permeation of organic compounds thrgpigistic pipe materials and
geomembranes. Selleck and Marinas (1991) develapagtical solutions for pure-Fickian
diffusion of hydrophobic contaminants through plapipes. In their modeling work, the
driving force for the diffusion process was thdelénce between the internal activity (in the
drinking water) and external activity (in the saf)organic compounds, with the assumption
of equilibrium partitioning of organic compoundgwween the pipe wall and the pipe water.
The analytical solutions were used to calculatebtieakthrough times for 3/4-inch
polybutylene pipes exposed to a variety of organitaminants. Chao et al. (2006a; 2007)
employed one-dimensional analytical model to evalpgrmeation parameters of organic
compounds through nitrile and neoprene gloves hagid density polyethylene (HDPE)
geomembranes. Predictions of the one-dimensiondeffitted well with the experimental
results of the ASTM F739 diffusion cell. They foutmat the diffusion coefficients estimated

from the sorption tests and diffusion cell werepii@priate in modeling. Duncan et al.
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(2005) indicated that ABAQUS, a modeling packagseldeon the finite element method, was
used in simulating the permeations of water moestum several studies (Hambly et al., 1996;
Loh et al., 2005). Numerical models are used ppEment experimental measurements,
improving understanding and enabling extrapolatibbehaviors over timescales and in
large components that are not experimentally colewen Modeling thus can be undertaken
to help analyze experimental data diffusion ceflid predict possible performance of a
particular polymer material exposed to organic soty

While numerous studies have focused on the perareaticontaminants through
plastic pipes in the water industry, little is knoabout the performance of commonly used
elastomeric gaskets in DI and PVC pipes in coneitt organic contaminants and the
chemical permeation of gaskets under contaminaoowlitions commonly encountered in

the field.

2.4 Summary
Protection of drinking water supplies and distribntsystems from contamination is
important to minimize health risks. An understangdof the permeation of contaminants
such as gasoline products especially BTEX througynperic gaskets and pipes will further
improve efforts in engineering sustainable andgutdte water distribution systems. While
many studies have focused on the permeation ohoanants through plastic pipes in the
water industry, not much is known about the perfomoe of commonly used polymeric

gaskets in contact with organic contaminants.
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The pertaining issues to chemical permeation dtefasnclude the performance of
different gasket materials in the field, the imgaat material thickness and different portions
of a polymeric gasket on BTEX permeation, the patme pathways of pentrants within a
gasket, and possible exposure surface area okatgaghe DI pipe joint. Although there is
a need to understand the risk of chemical permesatirough gaskets, there are sparse
studies available to assess the risks. In additientechniques to study the chemical

permeations through gaskets are limited.
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CHAPTER 3. PERMEATION OF GASOLINE HYDROCARBON COMPOUNDS
THROUGH GASKETED DUCTILE IRON WATER MAINS

CHU-LIN CHENG, SAY KEE ONG, JAMES A. GAUNT
A paper to be submitted to the Journal of Ameriéater Works Association
3.1 Abstract

Contamination of drinking water from the permeatdydrocarbon compounds into
the drinking water pipes has been of public headtticern for decades. In this study,
permeation experiments and gravimetric sorptiots t@ere conducted to understand the
sorption and permeation behaviors of the benzeherne, ethylbenzene, and xylenes
(BTEX) in gasoline through five polymeric gaskettar@ls for ductile iron pipes. For the
gravimetric sorption tests using premium gasolméha contaminant, ethylene-propylene-
diene monomer (EPDM) had the highest equilibriumpson of gasoline of the five gasket
materials, while fluoroelastomer rubber (FKM) hhd towest equilibrium sorption of
gasoline. Each gasket was made up of a heel batbaortion consisting of the same
polymer but different formulation. The heel portisorbed less than the bulb portion
implying that permeation through the heel porticayrbe slower than the bulb portion.

DI pipes with EPDM, CR and SBR gasket exposed topne gasoline were found to
be permeated within 50 days, while DI pies with SiRket exposed to 100% gasoline-
saturated aqueous solutions was found to be peeoheathin 210 days of exposure. Pipe-
drum experiments showed that acrylonitrile-butadiarbber (NBR) was more resistant to
BTEX permeation than styrene-butadiene rubber ($SBf®)most commonly-used gasket
materials in drinking water distribution systen®orption rates of contaminants into the heel

portion of the gasket from the sorption experimevidge found to correlate with the
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permeation rates of BTEX compounds from the pipg¥xdexperiments. However, for DI
pipes with SBR gaskets exposed to premium gasdhedyenzene concentration in the pipe-
water with 8 hour of stagnation was estimated teed the EPA maximum contaminant
level (MCL) for benzene but with flow in the pipaetMCL will not be exceeded.

Keywords: Permeation, polymeric gaskets, BTEX, diaton pipe, sorption

3.2. Introduction

In a recent nation-wide examination of groundwatsa drinking water supply wells,
up to 55 different volatile and semi-volatile orgaoompounds were detected at low
concentrations ranging from 0.01 pg/L to 100 pghgdorski et al., 2006). Many organic
compounds including mono-aromatic compounds sudieagene, toluene, ethylbenzene,
and xylenes have been found to be harmful to humeaith. Contamination of aquifers and
soils as a result of gasoline spills, leaking ugdmind storage tanks, and solvent spills from
industrial sites, which may threaten drinking watexins and service lines due to organic
compounds permeation through plastic pipes andegsmsi ductile iron pipes (Park et al.,
1991; Holsen et al., 1991a; Glaza and Park, 1983ny permeation incidents involving
plastic pipes, such as polyvinyl chloride (PVC)lypthylene (PE), and polybutylene (PB),
have been reported including several permeatiadents for water mains for ductile iron
(DI) pipes with gaskets (Thompson and Jenkins, 1P8rk et al., 1991; Holsen et al., 1991a;
Glaza and Park, 1992; Ong et al., 2008). AlthoDghpipe itself is resistant to permeation,
the gaskets used to join and seal the pipes acestilsle to permeation by organic

contaminants (Holsen et al., 1991a; Park et a@118elleck et al., 1991; Glaza and Park
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1992; Ong et al., 2008). DI pipes are widely us@tl DI pipes accounting for almost half of
the new water mains installed in North America @Rapnd Kleiner, 2003). Drinking water
may be contaminated with the organic chemicalseniog to MCL even though the odor
and smell of the organic chemicals in drinking wat@y not be noticeable.

The most widely used and easiest to assemblef@iml pipes is the push-on joiat
two examples are given in Figure 1. To join thaegi a single rubber gasket is placed in a
groove inside a socket of the bell end of the pipe the beveled end of the pipe (spigot) is
pushed past the gasket into the bell end of the. pifhe gasket is compressed and a pressure-
tight seal is formed. The gasket is made of polyermaaterial such as ethylene-propylene-
diene monomer (EPDM), chloroprene rubber (CR; newrestyrene-butadiene rubber
(SBR), acrylonitrile butadiene rubber (NBR), anabfioelastomer rubber (FKM). SBR and
CR are typically used for water distribution pipdsile NBR and FKM gaskets are used for
pipes conveying hydrocarbons and petroleum prodaroighen hydrocarbon-resistant gaskets
are required for water distribution pipes (Griffiipe Products Co., 2007; Ductile Iron Pipe
Research Association, 2007). About 90% of the giasksed in water distribution pipes are
SBR gaskets due to its low cost and good dural§figrk et al., 1991; Rahman 2007; Ong et
al., 2008). SBR gaskets have been reported tedserésistant to gasoline permeation than
NBR (Glaza and Park, 1991). However, there arg feav studies on the susceptibility of
contaminant permeation through SBR and NBR gasietther elastomeric gasket
materials (Park et al., 1991; Glaza and Park, 1992)ile numerous studies have focused on
the permeation of contaminants through plasticpipehe water industry (Berens, 1985;

Holsen et al., 1991; Selleck and Marinas, 1991; Hopand Hoven, 1992), not much is
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known about the performance of commonly-used efastiz gaskets in contact with organic
contaminants, or the permeation mechanism of cantarts under commonly encountered
field conditions.

The objectives of this study are: (1) to investgile permeation of benzene, toluene,
ethylbenzene, and xylenes (BTEX) in gasoline, tghoa commonly-used gasket for DI pipe
joints under simulated environmental conditiong] é2) to evaluate the performance of
different gasket materials at different contamirn@oncentrations; and (3) to assess the
impacts of BTEX permeations on drinking water dydtor various pipe sizes and stagnation
and flow conditions in the pipe. Sorption of BTE} various gasket materials using the
gravimetric sorption tests, and the permeatiorsratel diffusion coefficients obtained from
pipe-drum permeation experiments will be comparedrt of the study is to assess the
threshold contamination under environmental coadgiin the field that may result in

exceeding of the MCLs for BTEX compounds in the king water.

3.3. Materials and Methods
3.3.1 Reagents and apparatus
The type of gasket used for the study is T§tgaskets. Tytohgasket is the most
common type of gasket used with a market shard%f @Muller Water Products, 2006).
Use of Tytoff gasket for this study is for experimental purpases does not imply
endorsement of the product.
Tyton® gaskets of five different polymer compounds (SERPM, NBR, CR and

FKM) in 4-inch push-on DI pipe joints were used.eTdaskets (manufactured by U.S. Pipe,
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Birmingham, AL) and DI pipes were provided by @nfPipe Products Co. (Council Bluffs,
IA). Examination of Tytofi gaskets indicated that a typical gasket consistechard “heel”
and a soft “bulb” portion (see Figure 1). The hsation anchors the gasket in place during
the assembly of the joint and the bulb forms thdrbstatic seal (Bird, 2006; Rahman, 2007).
The heel and bulb are made of the same polymerdmpounded differently with more
carbon black for the heel portion to make it hai@ard, 2006). No previous research has
described the sorption or permeation charactesistithe bulb or the heel portion of a
Tyton® gasket. Either portion may be the rate limititepsfor the permeation of organic

compounds.

3.3.2 Equilibrium sorption

To investigate the impact of different gasolinegaisket materials, equilibrium
sorption tests were performed on the five gaskéénads in premium gasoline, regular
gasoline, 10% ethanol gasoline (E10) and premiusolgee with 10% methyl tertiary-butyl
ether (MTBE). The samples were placed in 120 mlloh&-lined, screw-capped jars filled
with gasoline and kept at room temperature (23%2Q). Samples were removed at regular
intervals, wiped dry using a paper towel and weighging an electronic balance (Mettler
Toledo AG204, Columbus, OH) with an accuracy oQ.@ram. The samples were weighed
until constant weight was reached and equilibrienpson was reported as percent weight
gain. Since premium gasoline showed the highesepeweight gain of the four gasolines
for all gasket materials tested, premium gasolias shosen as the solvent for all subsequent

sorption tests and pipe-drum permeation experiments
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To study the impact of heel and bulb material orm@ation, sample specimens of
size 1 cmx1 cmx0.6 cm (0.4 inchx0.4 inchx0.25 irafithe heel portion only, bulb portion
only, and a cross-sectional portion of approxinyagejual heel and bulb portions for all five
gasket materials were prepared. The specimensimerersed in premium gasoline and

periodically removed and the weight measured asrithesl earlier.

3.3.3 Pipe-drum permeation experiments

To study the permeation of gasoline through th&efamaterial of pipe joints, pipe-
drum apparatuses were used to simulate a pipeljomed in gasoline contaminated soils.
The bell and spigot ends of the DI pipe were cuéngths of 17.8 cm (7 inches) and 13 cm
(5 inches), respectively. The end of each pipewelded with a steel plate with a 0.6 cm
(0.25 inch) fitting attached. A 0.6 cm (0.25 inclopper tubing with a 0.6 cm ball valve for
sampling of the water in the pipe was connectetied.6 cm fitting (see Figure 2). Welding
was done by Home Welding and Metal Fabrication (Ari®s The bell and spigot were
assembled according to the manufacturer’s spetiditand efforts were made to ensure that
the bell and spigot were properly aligned. Theep@nts were restrained from separating by
using steel straps as shown in Figure 2. In &&@@xperiment, a pipe joint with a specific
type of gasket material was placed in a 18 L (foga) steel drum at an angle as shown in
Figure 2. the drum was then filled with silica darThe pipe-joint apparatus was filled with
deionized water by introducing the deionized watty the bottom fitting until deionized
water flowed out from upper fitting and valve. TWedves were then closed. Contaminated

water or gasoline were then slowly added to fél thum. Each drum had a copper tube
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extended from outside of the drum to the bottorthefdrum and another copper tube at the
rim of the drum to replenish the external contaramasolution without opening the drum
(see Figure 2). The space between the copper &uakethe holes in the lid and the side of
the drum were sealed with gasoline-resistant,agikccaulking. The lid was secured to the
pail with a lever-lock.

Samples for analysis were collected in 40-mL viapped with Tefloftcoated
silicone rubber seals by gently applying compressethto the apparatus through the valve
connected to the upper fitting. The samples ctlbérom the pipe joint were analyzed with
a gas chromatography (Tractor 540, Austin, TX) ppad with a packed column (1%
SP1000 on 60/80 mesh Carbopack B), a photoionizatbector, and an automated purge &
trap concentrator (Tekmar LSC 2/ALS). After eaampling, the pipe joint was rinsed and
flushed three times with deionized water beforshrdeionized water was added from the
bottom fitting to remove all air head space inpiy@e joint. Samples were collected weekly
or monthly depending on the external contaminantentration used. The method detection
limits for benzene, toluene, ethylbenzene, m-xykeme o+p xylene were 0.24)/L, 0.24
ug/L, 0.26ug/L, 0.29ug/L, and 0.53ug/L, respectively.

Five pipe-drum apparatuses each with a differegkefamaterial were set up with free
product premium gasoline as the external contaminmatn addition, eight pipe-drum
apparatuses were set up to simulate environmexpakare of SBR and NBR gaskets to
groundwater contaminated with gasoline with conegians approximately equal to 100%,
50%, 20% and 5% of aqueous saturation. One apsanats set up to simulate

environmental exposure of FKM gasket to groundwsaturated with gasoline (100%). The
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aqueous solutions of gasoline were replaced mobthjyjumping fresh solutions into the
bottom of the drum and collecting the overflow frtime valve at the rim of the drum.
Approximately 68%, 66%, 67% and 79% of the origic@hcentrations of the aqueous
solution remained at the end of each month. W&tkrated with gasoline (100%) was
prepared by mixing 1 L premium gasoline and 10 iowiged water in a 12-L glass bottle for

48 hours with constant stirring.

3.3.4 Data analysis

The “half-time method” was used to estimate th&udibn coefficient from the
percent weight gain plots of the sorption testafRr 1975; Neogi, 1996). The half-time
method assumed a constant diffusion coefficientramdwelling effects during the uptake of

the solvent by a polymer sheet. The equationhifertdtal mass of contaminant adsorbed is

given by:
o _ 2
. D L K i

where M, = total mass of contaminant absorbed by the sitdaghe t (mQ)

M, = equilibrium sorption attained, theoreticallyeafinfinite time (mg)

D = diffusion coefficient (crfis)

l = thickness of material (cm)

t = time (S)

Assuming that the concentration at the surfacénatevalue corresponding to the

equilibrium uptake immediately after the sheetl&ced in the contaminant and remains
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constant, the value ;’22 when the mass gained is equal to half of the madsed at

equilibrium (M L =1/2), the equation is given as:
T, 1 1,7
Y= In{—-=-=(— 2
(ﬁz D {16 9(16) 2

Equation [2] (with an error of about 0.001%) carsbaeplified and rearranged to :

= 0.049—— 3]

where D, = diffusion coefficient forl\l\zIt =1/2 (cnt/s)

00

T,,, =time required for mass sorbed to reach halfjoildrium mass sorbed (S).

The “time-lag method” was employed to estimatedifieision coefficients from the
plots of cumulative permeation mass curves for Bdekpounds with time (Crank, 1975;
Park et al., 1991; Glaza and Park, 1992; Neogi61@9ao et al., 2006). The time-lag
method is derived from Fick’s diffusion equationdssuming: the outer concentration of
contaminant remains constant; the initial concéiatneof the contaminant in the polymer is
zero; and the inner concentration of the contantirsakept at zero.

The total mass of chemical diffusing through a plaheetQ, (mglcnf), as a

function of timet, is:

Q _Dt 1 2&(-1)" ~-Dn’rt
=—————§ ex 4
C, 7 6 mL w P ) 4]
where C, = the concentration of contaminant on the out#e sif the membrane (mg/L)
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As t approaches infinity, the equation becomes:
Q=Ce-4 5]
N 6D
Extending the asymptote of the curve of Equatidrig3he t axis, the intercept, , is

given by:

g 2
DTL = E [6]

L

where DTL = diffusion coefficient (crfis) estimated fronT, L

T, = the lag time (s) at steady-state permeatioer@ept of t axis).

3.4. Results and Discussion

3.4.1 Gravimetric sorption test

The results of sorption tests for five differentdly’ gasket materials were tested in
three different types of gasoline and gasoline % MTBE (Figure 3). Except for E10, the
order of percent weight gain for gasoline, fromhaigt to lowest, was EPDM, SBR, CR,
NBR, FKM. For E10, the order of weight gain fronglhest to lowest was EPDM, SBR,
NBR, CR, FKM. Equilibrium sorption for the SBR, NBtdhd EPDM gaskets was reached
within one day. CR and FKM gaskets showed a slanease with time. Since the sorption
of premium gasoline for all gaskets showed higleecent weight gain than other gasoline,
premium gasoline was used to conduct the pipe-gremmeation experiments to correlate

with the sorption results.
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For premium gasoline, the order of percent weigtih from highest to lowest for a
gasket specimen was EPDM, SBR, CR, NBR, and FKM, avplercent weight gain of 127%
for EPDM and less than 1% weight gain for FKM. Tingh sorption by EPDM implies that
EPDM material may have more free volume to sorb prengasoline or has more polymer
interaction with the organic chemicals of gasoli@gulting in larger extends of relaxation of
the polymer molecule in respond to the solventcofparison of the percent weight gain of
the heel and bulb portion showed that the bulbipof all gasket materials except for CR
were found to sorb more gasoline than the heelgro(Table 1). The percent weight gains
for all gasket materials except for CR were rougdgyal to the average of the percent weight
gains of the bulb and heel portion.

Equilibrium sorption of a contaminant by polymematerials has been correlated to the
permeation property of polymer materials (Bere®851 Park and Bontoux, 1993; Altinkaya
et al., 2006). Measurement of mass uptake in thgien test is comparatively simple, but it
yields no information on the breakthrough time pedneation rates of the contaminant
through the gasket. Moreover, the sorption behasaarbe complicated by factors, such as
geometry of polymer materials, heat effects dusoteent absorption, area exposed to

solvents, and swelling of the polymer material.

3.4.2 Permeation experiments
The results of pipe-drum apparatus experimentgyysiamium gasoline showed that the
order of total BTEX breakthrough for the variouskgt materials matched the order of

maximum sorption in sorption tests except for FKMIggs (Figure 3). Without considering
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FKM, the order of breakthrough was EPDM > CR = SBRBR at approximately 35, 50,

50, and 124 days, respectively. FKM is the mosstast of all the gaskets to hydrocarbon
permeation based on the sorption data expressgel@nt weight gain. It is possible that
the BTEX permeated may be due to leakage sincesthtive hard FKM rubber created some
difficulties in mounting the pipes (Bird, 2006).

The estimated permeation rates for total BTEX awdvidual compounds through the
five different gaskets estimated from the slopethefpermeation curves of cumulative mass
with time are presented in Table 2. SBR mateial the highest permeation rates for total
BTEX, followed by CR, EPDM, and NBR. In generak fhermeation rates of toluene were
higher than of benzene, ethylbenzene, and xyleresIfgasket materials.

A 4-inch DI pipe with SBR gasket exposed to a 13@¥rated aqueous solution of
gasoline in a pipe-drum apparatus showed a brealghrtime of 210 days while the
breakthrough time for the SBR gasket exposed @4 Saturated aqueous solution of
gasoline was approximately 240 days (Figure 4Y. pjzes exposed to 20% or 5% saturated
aqueous solutions of gasoline, no permeation wasrgbd through SBR gaskets after more
than 550 days of exposure. In the case of NBRKd Baskets exposed to gasoline-
saturated water (100%), there were no measurablkegpermeation after 550 days. Gasket
thickness, i.e. the length of permeation pathseexded to estimate the diffusion coefficient
using the time-lag approach. Since a gasket igpoessed in the space of pipe joint and the
gasket may swell due to sorption of the hydrocartmmpounds, the original gasket
thickness before it was inserted into the joint wssd in the estimation of the diffusion

coefficients.
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3.4.3 Correlation of sorption and permeation experits

Since the sorption of the heel is much less thahdhthe bulb and the heel is most
likely in contact with the external contaminants tieel portion would impact the overall
permeability of the Tytohgaskets. Table 3 presents the estimated totaXKB¥Emeation
rates for 4-inch Tytohgaskets and the percent weight gain, and sorpdien(percent weight
gain/miri“z) for the heel portion only. The heel portion ¢Vl gasket had a 97% weight
gain from the equilibrium sorption test. Both CRI&EBR gaskets had 57% and 61% weight
gains respectively but the permeation rates fadaheo gasket materials were higher than
that of EPDM. The percent weight gain for NBR whewt 27% but the BTEX permeation
rate of 0.36 mg/joint/day was the lowest of therfgasket materials (excluding FKM). In
general higher permeation rates were observedafgkegs that had high sorption rates.

Based on the above observations, simple lineaeledions between the permeation
rates and percent weight gain (W%) or sorptiorsr&lé%/mir?”) were attempted as shown
in Figure 6. The R-squared value for a linearesgion of permeation rates and sorption
rates was 0.73, while the R-squared value was 63, linear regression of permeation
rates and percent weight gain. Based on the dasipted in Figure 6, there seemed to be a

correlation between sorption rates or percent wegghn and the permeation rates.

3.4.4 Estimation of total BTEX diffusion coefficienfor Tytorf gaskets

Total BTEX Diffusion coefficients for Tytdhgaskets were estimated from the results of

the sorption tests and the pipe-drum experimertsredig to the half-time and time-lag
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methods, respectively (Table 4). The length okghased in the estimation of the diffusion
coefficients for the time-lag method was 2.54 d&DM had the highest percent weight
gain and the highest estimated diffusion coefficfenboth methods, followed by CR, SBR
and NBR. The estimated diffusion coefficient usihg half-time method for a slice of SBR
gasket (including bulb and heel) was 9.55%&£@¥/s, while the estimated diffusion
coefficient for a slice of NBR gasket was 3.20%0r/s. The estimated diffusion
coefficients from sorption experiments were gemgi@ie order of magnitude larger than the
estimated values from pipe-drum permeation experisnesing the time-lag method. Unlike
the other polymer materials tested, estimated sliffu coefficient using the half-time method
for the FKM gasket was two order magnitudes sméfign estimated diffusion coefficient
using the time-lag method. These results geneneligct the earlier explanation where the
FKM gasket for the pipe-drum experiment was notaitest or aligned properly due to the

stiffness of the gasket and therefore may havereqeed a minor leak.

3.4.5 Risk assessment of drinking water exposedntaminated soils
To evaluate BTEX permeation and its impact on dnighkvater quality, the mass

permeated per joint per day| , and the permeation ratg,,, in a pipe joint were employed.

The permeation mass per joint used was based @exfeFimental data and is given by,

M
F =— 7
"= A 7]
where F = permeation rate in one pipe joint (mgftaay)
M = mass permeated per joint per day (mg/joinyday
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A = area of the gasket contacted by solvent$)(cm

Using Fick’s First Law

F,=- ‘Z—i =-D C°A_XC‘ [8]
where D = diffusion coefficient of gasket material (@g)
C, = solution concentration at outer boundary efghasket (mg/L)
C = solution concentration at inner boundary ef glasket (mg/L)
Ax = permeation distance (cm) (gasket thickness)

By assuming the inside concentrati@), to be zero (drinking water within the pipe)

and the thickness (i.e., length of permeation pathhe gasket to bg the equation becomes,

F, :—D% [9]

For the same type of gasket material (i.e., theesdiffusion coefficient) and the same
external concentration, the partitioning coeffit¢gewould be the same (same polymer-
solvent pair) and is given by:

Frals = Fnal, ==D(C, =0) [10]

Substituting for the permeation rate, , with equation [7], the equation [10] becomes,

Myy =My [11]
A A,
Rearranging:
MZ:Mlﬁi,orM2=Mlﬁ [12]
52 Ai IBL
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where S, = length factor (=§i)
1
Ba = area factor (QAA
A

Knowing the dimensions of two gaskets, Equatior] fEh be used to estimate the
permeation rate for a gasket of different size fingithe experimentally determined
permeation rate of a single pipe. The estimatech@ation rates for various sizes of gaskets
as shown in Table 5 were based on the experimpetaieation rates for benzene for a 4-
inch DI pipe from pipe-drum experiments, which wérg6 mg/joint/day for SBR gaskets
exposed to free product gasoline; 0.159 mg/joigtfda SBR gaskets exposed to gasoline
saturated water; and 0.073 mg/joint/day for NBRkg&sexposed to free product gasoline.
The permeation rate of 6.56 mg/joint/day for SBRased to free product gasoline was
based on eight pipe-drum experiments and equaktonean plus three-standard-deviation
margin (99.7% confidence level). The other twonpeaition rates were from single
experiments. Based on Equation [12], the permeatite of a single gasketed joint
increased with larger sizes of DI pipe since fhefor a larger DI pipe is larger than th
(based on manufacturer’'s data, Griffin Pipe Prodiat Council Bluffs, IA). For example,
the permeation rates for 10, 16, and 24-inch piple 8BR gasket exposed to free product
gasoline were estimated to be 11.5, 21.0, andrB@/joint/day, respectively. The estimated
total contact surface area for a 4-inch gasket irséte calculation was 44.41 émwhich
was the area perpendicular to the push-in direction

Typical flow velocities in water distribution pipeanged from 2 to 10 feet per second

(ft/s) (0.6 to 3 m/s). Using 2 ft/s, the flow rdite a 24-inch pipe is estimated to be 11,520
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gpm. As presented in Figure 7, the estimated fiae needed to obtain a contaminant level
equal to the benzene MCL for 100 feet (5 jointsq @4-inch DI pipe with SBR gaskets
exposed to free product gasoline was approximételym. This means that a minimal flow
would easily provide sufficient volume per unit &mo that the benzene MCL will not be
exceeded. In the case of NBR gaskets exposedtbima the flow rate needed so that the
benzene was less than the MCL in a 24-inch pipeOaagpm (Figure 8).

The concentrations of benzene that might resuth fperiods of stagnation were
estimated using the benzene permeation rates ile badnd presented in Figure 9.
Assuming a scenario of 100 ft of 4-inch DI pipettwb gaskets) and containing 247 L of
water exposed to free product gasoline, the benzemeentrations after 8 hours of stagnation
were estimated to be 19 pg/L for SBR gaskets ahgid/L for NBR gaskets. In this
scenario, the 5 pg/L MCL for benzene was exceede8B&R gaskets but not for the NBR

gaskets.

3.4.6 Impact in flowing water mains

Engineering decisions regarding permeation of gadiegasoline should be based on
the rate of permeation by benzene since the MCbdozene (5 pg/L) is 200 times lower
than that of toluene (1,000 pg/L) and of the BTEXhpounds, benzene is the most soluble
in water. In the experiments involving 4-inch SBRon® gaskets exposed to free product
gasoline (a worst case scenario), the averag®ta@ermeation by benzene was 2.72 + 1.28
(standard deviation) mg/joint/day (based on thateegperiments conducted with SBR

gaskets). Allowing for a safety margin of threenstard deviations (99.7% confidence), a
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benzene permeation rate of 6.56 mg/joint/day maydeel to predict benzene concentrations
in flowing mains. Assuming this permeation rategplume of 347 gallons (1,312

L)/joint/day of water would be required to obtaic@centration of benzene equal to the
MCL of 5 pg/L. This corresponds to an average ftate of 0.24 gpm for every joint
exposed to contamination in 4-inch DI main. Sitleeanalytical method detection limit
(MDL) for benzene (0.24 pg/L) was about 21 timesdothan the MCL, a flow of 5 gpm for
every joint exposed to contamination would resubbénzene concentration for DI pipe with
SBR gaskets that are not analytically detectable.

For the experiment involving a 4-inch NBR gaskegi@sed to free product gasoline, the
benzene permeation rate was experimentally fouihe @.159 mg/joint/day, which means
that a flow of 0.0058 gpm for every joint exposedontamination would be required to
obtain benzene MCL concentration and a flow of @& would render the benzene
concentration undetectable for one DI pipe joint.

For a 4-inch SBR gasket exposed to 100% saturaeebas gasoline solution
(containing about 168 mg/L total BTEX), the benzpeemeation rate was found
experimentally to be 0.073 mg/joint/day, which wibtequire a flow rate of 2.7 x T@pm to
obtain to the benzene MCL and a flow rate of 0.0a® gvould render the benzene
concentration undetectable.

Clearly, only a minimal flow in a water main, eviarthe worst case scenario, will
reduce benzene concentrations below the MCL and likebt render benzene undetectable.
Since the benzene threshold odor limit is 190 ptpé,benzene MCL can be exceeded before

taste and odor are detected in the drinking w&eg(et al., 2008). According to the Ductile
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Iron Pipe Research Association (DIPRA), the comifhmm velocity in DI pipe with
cement/cement-mortar linings used for potable wiat2rto 10 feet per second (ft/s) or
approximately 80 to 400 gpm for a 4-inch pipe.rdalistic conditions, contaminants would

be diluted to undetectable levels with a minimuawflof 2 ft/s in a 4-inch pipe.

3.5 Conclusion

Gravimetric sorption tests for five different Tyfbgasket materials (EPDM, SBR, CR,
NBR and FKM) for DI pipes in premium gasoline indeghat EPDM had the highest
sorption (127% weight gain) in comparison to theeotgaskets, while FKM, known its
resistance to gasoline permeation, exhibited \@mdorption (about 0.65%). TytBn
gaskets consist of a hard “heel” and a soft “bylbition. Gravimetric sorption tests for the
heel and bulb portion of the five gasket materiiadscate that the bulb portion sorbed more
than the heel for all gasket materials except fer Gor SBR Tytofi gaskets, the bulb
portion sorbed about 66% more than the heel partiile the bulb portion is known to
provide the hydrostatic seal for the water in thpepobservations indicated that an external
contaminant must first pass through the less pdrladeeel portion. The permeability of the
heel portion would, therefore, determine the ovgratmeability of an SBR gasket. This
would not be the case for NBR gaskets since equifib sorption experiments showed the
heel and bulb portions to be nearly identical.

Pipe-drum experiments with 4-inch DI joints usiingefdifferent Tytoff gasket
materials exposed to free product premium gasaslmsved that EPDM and CR performed

similarly to SBR with equilibrium permeation ratt520 total BTEX/joint/day for SBR.
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Breakthrough of gasoline was observed for the theskets after 35 days of
experimentation. NBR was the most resistant (liheakgh time of 124 days) to permeation
with equilibrium permeation rates of 0.36 mg t®alEX/joint/day. These pipe-drum
experiments indicated that NBR was more resistapetmeation than SBR.

After 7 months of exposure to saturated solutidngagsoline in water (about 168 mg/L
total BTEX), breakthrough time was observed throthlghSBR gasket after 210 days at a rate
of 0.073 mg/joint/day of benzene (0.203 mg/joiny/ad total BTEX). No permeation was
observed through the NBR or FKM gaskets exposedttoaed solutions of gasoline for 550
days (18 months). Permeation was observed foSBR gasket exposed to 50% aqueous
solutions of gasoline after 240 days. No permean@s observed through NBR gaskets
exposed to 50%, 20%, and 5% saturated agueousossiutf gasoline and for SBR gaskets
exposed to 20%, and 5% aqueous solutions of gasolin

Under conditions of stagnation, such as in a seine, the ug/L MCL for benzene
will likely be exceeded during an 8-hour stagnapeniod for SBR gaskets in contact with
free product gasoline. Under these circumstardBR® gaskets would be sufficiently
resistant to prevent permeation by benzene or &hEX compounds in gasoline to a level
that would exceed EPA MCLs. As long as there Isagt a minimal flow of water in the
main, benzene and other BTEX compounds in gaselméd not exceed EPA MCLs, even
under the worst conditions of gasoline contamimataue to dilution.

The overall diffusion coefficients of intact 4-indlyton® gaskets were estimated from
the results of the sorption test and pipe-drum expnts according to the half-time and

time-lag methods. The estimated diffusion coedfitifor a slice of SBR gasket using half-
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time method of 9.55x10cn¥/s, while the diffusion coefficient for a slice NBR gasket
gave a diffusion coefficient was 3.20%16nf/s. The estimated diffusion coefficient from
sorption experiments were generally one order gfmtade larger than estimated values

from pipe-drum experiments using the time-lag métho
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Table 1 Percent weight gain (W%) per gram of gasket material in premium gasoline

Total (Heel + Bulb) Heel Bulb
SBR 80.03+1.35% 61.11+1.47 % 97.31+2.78%
NBR 27.72+0.82% 26.91 % + 0.89 29.04+£1.48 %
EPDM 127.02 £1.86 % 97.34+£1.21 % 141.58 % + 2466
FKM 0.65+0.09 % 0.81+0.11% 0.82+0.11%
CR 46.87 +1.06 % 57.13+0.41 % 43.84 +1.34 %

Table 2 Measured permeation rates (mg/joint/day) through 4-inch Tytofi gaskets

Gasket  Benzene Toluene Ethylbenzene  m-Xylene  o+tgn¥y ;_?Itza;
EPDM 1.06 2.25 0.12 0.29 0.31 3.93
SBR’ 2.72 2.22 0.068 0.164 0.185 5.20
CR 1.47 2.34 0.08 0.19 0.22 4.23
NBR 0.16 0.12 0.004 0.008 0.008 0.36
FKM™ 0.15 0.23 0.013 0.030 0.033 0.49

[#: average values from 8 experiment; *; possiblkhge]
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Table 3 Heel rubber sorption and gasket permeation rates for premium gasokn
4-inch Tytorf Gaskets

Experiments
EPDM CR SBR NBR FKM

Equilibrium sorption

0 0 0 0 0
for Heel (Wob) 97.3% 57.1% 61.1% 26.9% 0.81%

Sorption rate for Heel

(W% /mir?) 3.27 2.06 2.09 0.38 0.0073

Permeation rate
(mg BTEX/day) 3.93 4.23 5.20

[# average of 8 values; * possible leakage]

0.36 0.49*

Table 4 Estimated total BTEX diffusion coefficients for various gaskets

Estimation method Diffusion coefficient (éfs)
EPDM CR SBR NBR FKM
Half-time 1.20x10 1.05x10° 9.55x10 3.20x10 6.73x10°
Time-lag# 2.29x10 1.77x10 1.46x10’ 8.90x10° 1.62x10™

* possible leaking of pipe joint in pipe-drum exjpeent
# estimation based on assumption of original gaskeitness of 2.54 cm
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Table 5 Estimated permeation rates of benzene through 4-ind¢b 24-inch DI pipes with
Tyton® gaskets
Pipe Gasket Contact

Permeation rate (mg/joint/day)

Diameter width*  area** B Ba

(ins) (cm) (cn) SBR-Gasoliné  SBR-100%" NBR-Gasoliné
4 3.63 44.41 1.00  1.00 6.56 0.073 0.159
6 3.63 62.28 1.00 1.40 9.20 0.102 0.223
8 4.72 89.63 1.30 2.02 10.18 0.113 0.247
10 5.08 108.94 1.40 2.45 11.51 0.128 0.279
12 5.08 128.72 1.40 2.90 13.59 0.151 0.329
14 5.84 201.63 161 454 18.52 0.206 0.449
16 5.84 228.22 1.61 5.14 20.96 0.233 0.508
18 5.84 254.81 1.61 5.74 23.40 0.260 0.567
20 5.84 281.40 1.61 6.34 25.84 0.288 0.626
24 5.84 334.57 1.61 7.53 30.73 0.342 0.745

width (thickness) of gasket as provided by manuifiset

largest cross section area of gasket (estimated finanufacturer’s data)
gasket in contact with pure premium gasoline

gasket in contact with gasoline-saturated water

from experimental data

*k

++
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TYTON JOINT® Pipe 3" — 24"

); N |

FASTITE JOINT® Pipe 30" — 48"

e

Figure 1 (left) Cross-sections of push-on joints of DI pip€Griffin Pipe Products Co.,
Council Bluffs, 1A); (right) cross-sections of push-on gasks including heel (black) and
bulb (gray): (a) Tyton® (b) Fastite® (Rahman, 2007)

Water out
» A
— ' B
Water in am <+
|

]
[]
= Gasoline in
<4— [N ] m » :
n
overflow B 1 ___C
D
E

A: Pipe water sampling and replenishing tubing
B: Drum solution replenishing tubing

C: Steel restraining strap

D: Ductile iron pipe joint

E: Gasket

Figure 2 Pipe-drum apparatus used for permeation experiments
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Figure 3 Equilibrium sorption tests for 5 different gasketmaterials in 4 contaminants

(P: premium gasoline, R: regular gasoline, E: 10% ethanol gasolinée{0) and M:
premium+10% MTBE)
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Figure 4 BTEX permeation through five types of gaskets exposed to premium gasdi
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Figure 5 BTEX permeation through SBR, NBR and FKM gaskets exp@sl to aqueous
gasoline solutions of 100%, 50%, 20% and 5% saturation.
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Figure 6 Correlation of permeation rate with percent weight gain (W%) and sortion
rate
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Figure 7 Flow rates needed to obtain MCL concentration of berene of 5ug/L for 20 ft
and 100 ft of 4-inch to 24-inch DI pipes with SBR Tytofi gaskets.
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Figure 8 Flow rates needed to obtain MCL concentration of berene of 5ug/L for 20 ft
and 100 ft of 4-inch to 24-inch DI pipes with NBR Tytofi gaskets.
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Figure 9 Benzene concentrations after 8 hours of stagnation in viaus sizes of DI pipes
with SBR and NBR Tyton® gaskets (100 ft of pipe with 5 joints) [Note: Concentrations
for SBR-gasoline were calculated using a permeation rate equed the mean obtained
from 8 experiments plus 3 standard deviations (99.7% confidence).]
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CHAPTER 4. THICKNESS EFFECTS ON GASOLINE HYDROCARBON
PERMEATIONS THROUGH GASKET MATERIALS: EXPERIMENTS AND
NUMERICAL MODELING

CHU-LIN CHENG, SAY KEE ONG, JAMES A. GAUNT

A paper to be submitted to the Journal of Ameriddéater Works Association

4.1 Abstract

A cost-effective experimental device was develojgeidvestigate the impact of
material type and material thickness on the penoratf benzene, toluene, ethyl benzene,
and xylenes (BTEX) in gasoline through ductile i{@1) pipe gaskets. Experiments were
conducted for styrene-butadiene rubber (SBR), aoityile butadiene rubber (NBR),
fluoroelastomer rubber (FKM) prepared from 4-inchpijle gaskets. Diffusion coefficients
were inversely estimated from the experimental dgtasing the MULTIPHYSICS software
for a diffusion model.

The estimated diffusion coefficients of BTEX compda for SBR and NBR gasket
materials were in the range of 16nf/s and 18 cnf/s, respectively. Experimental results
for FKM material indicated that FKM material was ciolesed impermeable to BTEX.
Estimated diffusion coefficients using experimemata from diffusion cell experiments
were in good agreement with those obtained frongigratric sorption experiments using
intact gaskets.

Diffusion coefficients for benzene and toluene tigio various thicknesses and
different portions of SBR gaskets were estimatetl@mpared with the estimations using

the traditional time-lag method. The results ofdelcsimulations showed that steady-state
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permeation rates had a linear correlation with p@lythickness, while no correlation was
found between material thickness and diffusion fa@ehts for material thicknesses ranging
from 2 mm to 5 mm.

Key words: Diffusion cell, permeation, gaskets BXT ductile iron pipe, modeling

4.2. Introduction

Ductile iron pipes are widely used as drinking wabains for drinking water
distribution system. The most popular and easystemble joint and fitting for DI pipe is
the push-on joint where polymeric gasket is plaoea groove inside the socket of the bell
end of a pipe (Figure 1) and the spigot end oftergpipe is pushed into the bell end of the
first pipe, compressing the gasket and formingesgurre-tight seal. The most popular gasket
type used for DI pipe with diameters ranging froito 24 inches without use of other
accessories or tools for assembly is the T9gesket (Figure 1). Styrene-butadiene rubber
(SBR) is the most commonly used synthetic matémiare than 90%) due to its low cost
(Ong et al., 2008). Nitrile (NBR), ethylene progiyé diene monomer (EPDM), neoprene
(CR), and fluoroelastomer rubber (FKM) are otheramats available and are used for
specific environmental applications. For examplBR and FKM gaskets are recommended
by the water industry for use in contaminated ssiilge the materials have good resistance to
organic chemicals permeation (DIPRA, 2006).

Chemical permeation through polymeric gaskets ve®korption onto the outer
surface of the gasket in contact with the contatronafollowed by diffusion within the

gasket, and desorption from inner surface of tlskefanto the water in the pipe (Holsen et

www.manaraa.com



76

al., 1991a; Duncan et al., 2005; Rowe, 2005). n@drest in many chemical permeation
studies are the impact of material type, thickraagsgeometrics on chemical breakthrough
time, permeation rate and diffusion coefficientteg chemical. Berardinelli and Hall (1985)
studied the permeation of latex neoprene glovesckyone and reported that the
breakthrough times were directly proportional te figuare of the material thickness, and that
the steady-state permeation rates, or steadyesiatentrations of diffusants were inversely
proportional to material thickness. Jencen andlfét988), examining the permeation of
toluene and 1,1,1-trichloroethane through diffetbitknesses of neoprene gloves and
acetone through natural rubber gloves, found ti@stuare root of the breakthrough times
were linearly related to the thickness of the gtowile the steady-state permeation rates
were inversely proportional to material thickneSshwope et al. (1988) used the open-loop
and closed-loop mode of American Society for Tegséind Materials (ASTM) Method F739
to test the permeation of protective cloth and tbtirat the breakthrough times were not
proportional to the square of the material thiclsned/ork done by Vahdat (1987) on the
permeation of toluene through butyl nomex, neoprpobyvinyl alcohol (PVA) and butyl
gloves showed that the permeation rates were depend the challenge concentration,
thickness of material and the area exposed, buggtimated diffusion coefficients were
independent of these factors. A study by Park €1891) on the permeation of mixtures of
organic chemicals through polybutylene, low-dengtlyethylene (LDPE) pipes and SBR
gaskets showed that the estimated diffusion coeffis for the polymeric materials
decreased exponentially as the thickness of thenmslmaterial increased. In other studies,

Park et al. (1996a; 1996b) reported that the diffusoefficients of methylene chloride,
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toluene, trichloroethylene (TCE), and m-xylene dased exponentially with material
thickness for the permeation of mixtures of thdsenaicals at concentrations of 10-100 mg/L
through high-density polyethylene (HDPE), very ldensity polyethylene (VLDPE), and
polyvinyl chloride (PVC) geomembranes. A studylisgng et al. (2000), using positron
annihilation lifetime spectroscopy to measure dy@bp diffusion coefficients in thin films of
monodisperse polystyrene, found that the diffusioefficients decreased exponentially with
film thicknesses at temperature below i6@ut diffusion coefficients increased when the
film thickness at about 350 nm. Soles et al. (2@&mined permeation of water vapor
through polytert-butoxycarboxystyrene (PBOCSt) byg incoherent neutron scattering
measurements and found that the diffusion coefftsiencreased exponentially as film
thicknesses increased. Vogt et al. (2004) invastdymoisture diffusion through poly(4-
ammonium styrenesulfonic acid) films using Fick&rd two-stage absorption models and
found that water diffusion coefficients into thirfs increased exponentially as a function of
initial film thickness. Studies on the influenad@ghickness on the diffusion coefficients of a
polymeric material exposed to organic chemicaldiaméed with data showing both linear
and exponential correlations, while a study shomedorrelation.

The objectives of the study are to investigatepitreneation of benzene, toluene,
ethylbenzene, and xylenes (BTEX) in gasoline thhogasket materials of DI pipe under
controlled conditions using a simple and cost-¢ifecdiffusion cell and to study the
influence of polymeric materials and material tmeks on the permeation of organic

compounds.
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4.3 Materials and Methods
4.3.1 Sorption experiments

Tyton® gaskets made of SBR, NBR, EPDM, CR, and FKM (GriFfipe Products
Co., Council Bluffs, IA) were tested in this studi.typical gasket consists of a hard “heel”
and a soft “bulb” portion as shown in Figure 2.eTteel and bulb are made of the same
polymer but the heel is typically compounded wittr@ carbon black to make it harder
(Bird, 2006). To the author’s knowledge, no reskdras reported chemical permeations
through the bulb or heel portion of a gasket.

Gasket specimens from both heel and bulb portiare warefully cut from a 4-inch
gasket using a razor blade. Each specimen hdadkadss of 1 cm (0.4 inch) and a surface
area of approximately 3.2 ér(0.5 incH). The specimens were immersed in free product
gasoline in 120 mL Tefldhlined, screw-capped jars and periodically takenamal their
weight gains measured using an electronic baldviegtler Toledo AG204, Columbus, OH)
with an accuracy of 0.001 gram. Before weighihg, damples were wiped dry with paper
towels to remove free product gasoline that magresent on the sample surface.

The times needed for the mass sorbed to be eqtla tnaximum sorbed were
estimated from the plots of percent weight gairsusttime of the sorption test and the times
were used to estimate the diffusion coefficieniagithe “half-time method” (Crank, 1975;
Neogi, 1996). The half-time approach describeshss uptake of organic chemicals by a
polymer sheet with the assumptions of constantisidin coefficient and no swelling of the

polymer sheet. The equation is given by:
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M, -D(@m+1)? 77t
M, Z (2m+1) p{ /2 } =

© m—O

where M, is the total amount of contaminant absorbed bystteet at timé¢ (sec),M, the

equilibrium mass absorbed theoretically after itdinime (sec),D is diffusion coefficient
(cn/s), m is an exponent, and is the material thickness (cm). The equation mestthat
the concentration at each surface immediatelyrettaivalue corresponding to the

equilibrium uptake when the sheet is placed incttr@aminant and remains constant

afterwards. The value GZIE =T,,, is given by:

00

Tyoy__ 1 Jmr 171
( )=- D {16 9(16)} [2]

The above equation can be further reduced witketiar of about 0.001% as:

/g 2
=0.049— [3]

1/2

D

T1/2

where D, is the diffusion coefficient (cffs) for the timeT,,, when the mass absorbed is

equal to half of the infinite equilibrium mass atisex.

4.3.2 Diffusion experiment

To analyze chemical permeation through gasket matédea diffusion cell based on
the ASTM F739 method of a closed-loop system wagldped as shown in Figure 3. The
diffusion cell consisted of two 40 mL glass vidlkCHEM, Rockwood, TN) representing the
collection chamber and the challenge chamber. idcB-outer diameter (OD) steel flat

washers was attached to each vial (Figure 3apvied by attching a 1-inch OD steel flat
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washer to the 2-inch OD washers with epoxy resishasvn in Figure 3. The gasket
specimen was placed between the two vials anditfewere held together with three 0.48
cm (3/16 inch) hex head cap screws through thigk @n (0.2 inch) holes on the washers
(Figure 3b). Each gasket specimen was cut intpesb&square pieces with dimensions of 15
mm x 15 mm x 3.8 mm (0.6 inch x 0.6 inch x 0.15)ncThe space between the two 2-inch
washers was then filled with epoxy resin (Figureadd 4d). This was to minimize possible
chemical permeation through the sides of the gesgatimen. Preliminary sorption
experiments using epoxy resin samples were condbbgténmersing the resin samples in
free product premium gasoline and the weight gasre less 0.1 % after 44 days (1053 hrs)
indicating that interaction between the resin aasb{jne was very limited. The collecting
chamber was filled with distilled water while theatlenge chamber was filled with gasoline
or gasoline-saturated aqueous solution. Glasssh&ack added in the collection chamber to
assist mixing of the solution. Before sampling thiffusion cell was gently agitated back
and forth to assure that the solution within thiection chamber was well mixed.

For diffusion cell experiments, only SBR, NBR ariiMF gasket specimens were
used. EPDM and CR were found to be quite susceptithe permeation of BTEX when
exposed to premium gasoline (Ong et al. 2008) agr@ wot used in diffusion cell tests.

The permeation behavior of the bulb and heel postiwas studied using specimens
of 2 mm thickness from the SBR gaskets. The imphtitickness on permeation was
studied using specimens with thicknesses of apprataly 2 mm, 3 mm, 4 mm, and 5 mm

from the bulb portion of SBR gaskets.
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A total of seven diffusion cells with different thinesses of the bulb and heel
portions of SBR gasket and one with bulb portioNBR gasket were set up and were
exposed to free product premium gasoline. Twaudifin cells each with 2.53 mm thick
SBR and 2.33 mm thick NBR bulbs were prepared With% gasoline saturated solutions.

Since the FKM material is nearly impermeable togletrm-based organic chemicals,
an experiment using a 2.69 mm thick bulb portiothef FKM gasket in contact with free
product gasoline was prepared to provide infornmatttoassess that diffusion cell through
FKM material and verify that diffusion cell was iretksetup properly and there were no
leakages.

The data from the diffusion cell were summarizedwsulative mass permeated with
time and the diffusion coefficients were estimataded on the “time-lag method” (Crank,
1975). The time-lag method is an estimation tempaiderived from Fick’s diffusion
equation. The total mass of chemical diffusing@tigh a plane shee®, (1g), assuming the:
concentration of chemicals on the challenge chamsiderremained constant; the initial

concentration of the chemicals in the polymer wer® zthe concentration of the chemicals

on the collection chamber side was zero, is given b

Dt 1 2 &(-)° - Dn’rr't
2 Z(nz) exp )
1

c 7 6 7 7 4

whereC is concentrationyg/L), D is the diffusion coefficient (cAfs) calculated by time-

lag method; and is the thickness of material (cm). Agsec) approaches infinity, then
Q=CC¢-5 g
R 6D

Equation [5] has an intercepf on thet axis defined as the lag time and is given by:
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4.3.3 Chemical analysis

Water samples from the collection chamber wereyaedl|for BTEX using a gas
chromatograph (Tractor 540, Austin, TX) equippethvei packed column (6 ft x 2 mm; 1%
SP1000 on 60/80 mesh Carbopack B), a photoionizatbector, and an automated purge &
trap concentrator (Tekmar LSC2/ALS). The detechionits for the gas chromatography
method for benzene, toluene, ethylbenzene, m-xydedeo+p-xylene were 0.24/L, 0.24

ug/L, 0.26ug/L, 0.29ug/L, and 0.53ug/L, respectively.

4.3.4 Numerical simulations

MULTIPHYSICS 3.2 (previous FEMLAB, COMSOL, Stockhol®weden) was
employed to simulate the permeation process ofnbcgaompounds through polymeric
gasket materials. The module employed in MULTIPHYSIB.2 was the “Transient
Analysis of Diffusion” program under the Mass Balamé Chemical Engineering module.
The diffusion process can be described by theicl&sskian diffusion equation:

‘2_? +0(-D,0C) =0 7]

where D, is the diffusion coefficient of contaminants iretpolymeric material. The gasket

specimens were modeled as shown in Figure 5 witlvainious dimensions and boundaries.
Each polymeric specimen (bulb and heel portion ghsket) was assumed to be

homogeneous, its diffusion coefficient assumedagat within the particular material and
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the polymeric materials assumed to have no reautittinthe experimental solvents. Any
possible impact of uneven surface of the gaskepksand small gaps between specimens
and the stainless washers of diffusion cell apparatre neglected.

The extra polymer material, about 0.5 mm, that m@dn contact with attacking
solvents and distilled water (opening window onheside of the chambers) was also
examined for its impact on the overall resultwéts found that the influence of the extra
polymer volume on BTEX permeation was very lowglédsan 0.0001%) based on model
simulations.

The initial and boundary conditions for the diffusicell specimen are as follow
(Figure 5):

Initial condition t <0, C=0; throughout specimen

Boundary conditionst 20, C = C,; at the attacking side

t>0, C =0; at the collecting side
t >0, 0C =0; at the edge of the specimen

The concentration<;,, on the challenge side was calculated based on the

equilibrium soption experiments where it was asdithat the specimen was saturated
instantaneously with attacking chemicals.

Numerical simulations for permeation of BTEX wewaducted for: (i) exposure of
SBR bulb and heel portion to premium gasoline éarfthicknesses of approximately 2 mm,
3 mm, 4 mm, and 5 mm, (ii) exposure of NBR bulbtjeor for thickness of 2 mm to
premium gasoline, and (iii) exposure of SBR and NRifb portions to saturated gasoline

agueous solution for a thickness of approximatetyi2. Simulations were conducted by
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using Equation [7] with an initial diffusion coeffent based on the time-lag method followed
by adjusting the diffusion coefficient to provideet“best fit” by minimizing the root mean

squared errors (RMSE). In addition, simulationseaenducted wittC =C,, for the
collecting side of the diffusion cellC,,, is the average of the zero concentration in the

freshly added water and the concentration whemvtiter was sampled.

4.4 Results and Discussion

4.4.1 Sorption experiment

The order of percent weight gain for the five gaskaterials when exposed to free
product gasoline from high to low was EPDM, SBR, GIBR, and FKM (see Table 1 and
Figure 6). The mass of free product gasoline d&exbby EPDM was approximately 127%
of its own weight, while FKM showed the lowest inese, with less than 1% increase in its
weight indicating that EPDM and SBR gaskets wesesptible to BTEX permeation when
in contact with gasoline spills or contaminatedssoi

Table 1 shows that for all five gasket materialsegit for CR, the bulb portion of a
gasket sorbed more than heel portion. The masstadxs by the bulb portion of SBR was
about 30% higher than the mass sorbed by the e while the mass absorbed by the
bulb portion of NBR gasket was about 10% highenttie mass absorbed by the heel
portion. The sorption results suggested that thie portion of the SBR gasket may be more
susceptible to gasoline permeation than the heébpowhile the bulb and heel portion of a
NBR gasket may have similar permeation behavigasnline. Estimated diffusion

coefficients of gasoline using the half-time mettiadthe sorption experiments were
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3.20x10" cnf/s and 3.81x10cnf/s for bulb and heel portions of SBR, and 1.62%&07/s
and 1.35x10 cn/s for the bulb and heel portions of NBR, respetiiv The slight

difference in diffusion coefficients between butiaheel for the SBR gasket were not as
expected since the percent weight gain was 30% foothe bulb portion. The sorption test
is relatively simple providing the total mass oéaficals absorbed but it does not yield
information on the breakthrough time of the contzant. Moreover, the sorption of
chemical by the gaskets is complicated by factoch @s the geometry of polymer materials,
swelling of the polymer materials, and heat effeltts to solvent absorption. Nevertheless,
the results from sorption tests can be used toigegwreliminary information on chemical

permeation before more intensive tests such assibifi cell methods are used.

4.4.2 Diffusion cell experiments

A typical plot for the cumulative mass permeatesus time for total BTEX and
individual compounds is shown in Figure 7. In &odi, Figure 8 compares benzene
permeation for different materials and thickne$ee400% aqueous solutions. Using the
“time-lag” method for a given thickness of the Spen, the estimated permeation rates are
presented in Table 2. The diffusion coefficieisBTEX for various thicknesses for
premium gasoline were found to range from 4.57%af/s to 5.27x18 cnf/s. Benzene
and toluene were the more permeated compoundems & both concentration and time.
Benzene was the first compound to be detecteceiedliecting chamber while the

cumulative mass of toluene permeated with timetwasighest due to its abundance in
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gasoline. In general, the permeated masses o€berand toluene were approximately
twenty-five times more than ethylbenzene and fones$ more than xylenes.

The estimated total BTEX diffusion coefficient 8BR-Bulb was 4.57x10cnf/s
based on the time-lag method, while the diffusioefficients for benzene, toluene,
ethylbenzene, and xylenes were 5.24%&07/s, 3.75x10 cnt/s, 4.14x10 cné/s, and
3.69x10" cnf/s, respectively. The bulb portion of a SBR gagkepntact with 100%
gasoline aqueous solution gave a time lag of aBdbithours (Figure 8 or Table 2). With a
thickness of 2.53 mm, the BTEX diffusion coeffidievas 1.16x18 cnf/s. The permeation
rate was estimated to be 0.0031 mg/hr, which isiab0 times less than the permeation rate
of 0.028 mg/hr in contact with free product premigasoline. Furthermore, the diffusion
coefficients of BTEX through SBR-Bulb and SBR-Haewterials exposed to free product
premium gasoline were within the same order of ritada with a value of 10cnf/s, but
were one order of magnitude smaller for SBR-Bulpased to 100% gasoline aqueous
solution.

The time lag for the NBR-Bulb in contact with premm gasoline was about 63.6
hours (2.65 days). With a thickness of 2.69 mma,dstimated diffusion coefficient for total
BTEX was 5.27x18 cnf/s and the permeation rate was 0.0151 mg/hr. BR-Rulb
exposed to 100% gasoline aqueous solution gaveealdéig of 436 hours (18 days) with an
estimated BTEX diffusion coefficient of 5.8x1@n¥/s for a specimen thickness of 2.33 mm.

No permeation was found for the FKM-Bulb specim&@.82 mm thickness after

more than 1085 hours (45.2 days) exposure to fiegupt premium gasoline (Figure 8).
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Within the testing period and for a thickness o, results showed that FKM was resistant

to BTEX permeation.

4.4.3 Estimation of diffusion coefficients usingmerical models

Figure 9 to Figure 11 show representative curgmdjtof the experimental data using
the numerical model by minimizing the RMSE (assunihg 0, at the collecting side).
Figure 9 and Figure 10 show the curve fit for SRRbkand heel materials for various
thicknesses for free product gasoline while Figurgrovide results contrasting NBR and
SBR bulb materials with 100% gasoline-saturatedtgni.

As shown in Figure 9, the model was able to cuitvthé experimental data by
adjusting the diffusion coefficients except foh&ckness of 2 mm. The predicted curves
captured the main trend of the experimental daiawsg the breakthrough of the chemicals
followed by a transient state to steady-state patioe of chemicals. A possible reason for
the over prediction of the model for 2 mm thickhekel portion and 3 mm thick of the bulb
portion of SBR gasket is that the collecting siflehe chamber may not be at “zero”
concentration, which was the assumed boundary tondor the model. And therefore, this
would mean that mass permeated in the experimemiovoe lower than if the concentration
in the collection chamber was truly at zero con@gin (as shown in Figure 9a and 10a).
To minimize this condition, the water in the cotlag side should be changed more
frequently. This simulation was investigated byveufitting the experimental data by using

C =C,, atthe collecting side.
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The estimated diffusion coefficients for BTEX amndividual compounds through the
bulb and heel portions of SBR and NBR materialagisiumerical modeling for bot@ =0

andC =C,,, for the collecting side are at the same magnitusieobserved before for the

time-lag method, diffusion coefficients of same enetl exposed to premium gasoline were
about 10 times larger than that of 100% gasolineeags solution (see Table 3). The
estimated diffusion coefficients using model sintiolas were generally smaller than the

values estimated using time-lag methods (see Talitegure 12, Figure 13). Usim@g=C,,

in models simulating SBR Heel 2 mm and Bulb 3 ntme, ¢urve fittings improved slightly
from that of usingC =0. For other thicknesses, permeation curve fittingjag both

concentrations at the collecting side were idehtica

4.4.4 Effect of thickness and permeation parameters

Presented in Figure 14 is the plot of benzene patiorerates and the thickness of the
specimens. As shown in Figure 14, benzene diffusaefficients were poorly correlated
with the thickness of the specimens implying thatkness has limited impact on diffusion
coefficients. Although the work was conductedddimited range of thicknesses (from
approximately 2 mm to 5 mm), the results were sintib that of Vahdat (1987) but were
different from other researchers (Berardinelli &tadl, 1985; Park, 1991; Park et al. 1996a;
1996b; Shishatskii et al., 1996; Papiernik et2001), where diffusion coefficients were
found to vary with thicknesses. Steady-state patime rates were found to linearly correlate
with the thickness of the specimens. These resdts similar to that found by others

(Vahdat, 1987; Jencen and Hardy, 1988).
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4.5 Conclusion

A simple diffusion cell device was successfullydige obtaining experimental data
for the estimation of permeation parameters suchfasion coefficients and permeated
masses. The diffusion cell provided sufficientadatthin a short period of time as compared
to use of actual pipe joints. An advantage ofdifieision cell is that the environment is
well-controlled by reducing the various uncertasti Another advantage is that it is time
efficient while investigations in permeation of BXEompounds through an intact gasket
carried in pipe-drum apparatus take months.

Diffusion coefficients estimated by numerical ctitetng with C=0 andC =C,, at

the collecting side were found to be at the sarderasf magnitude as the coefficients
estimated by time-lag method. Steady-state perareedtes were found to inversely
correlate exponentially with polymer thickness ffilsion coefficients were found to be

unaffected by the polymer thickness from 2 mm toré.
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Table 1 Percent weight gain of various gasket materials in premium gasoline

Estimated diffusion

Heel + Bulb  Percent weight gain Half timealthr) ticient (cri/s)

SBR 80.03 + 1.35 % 4.97 3.23x10
NBR 27.72 +0.82 % 15.85 1.43x10
EPDM 127.02 + 1.86 % 5.89 1.20%40
FKM 0.65 + 0.09 % 51.27 6.91xF0
CR 46.87 + 1.06 % 5.62 1.15x30
Heel only
SBR 61.11 + 1.47 % 3.57 3.81x10
NBR 26.91 % + 0.89 % 17.99 1.35%10
EPDM 97.34+1.21 % 3.72 1.90x30
FKM 0.81+0.11 % 33.38 9.39xF0
CR 57.13 +0.41 % 3.10 1.01x30
Bulb only
SBR 97.31+2.78 % 5.06 3.20x10
NBR 29.04 + 1.48 % 12.42 1.62x10
EPDM 141.58 % + 1.66 % 6.42 1.10%%10
FKM 0.82+0.11 % 43.62 7.34xF0
CR 43.84 +1.34 % 7.63 4.19%30
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Table 2 Diffusion coefficients from experimental data and model for bulb ath heel
portions of a SBR and NBR gasket exposed to premium gasoline

SBR Time lag approach (cifs) Numerical curve fitting (cffs)
Heel Compounds Time lag Bulb Time lag Heel Time lag Bulb Time lag Heel
2mm (hr) () (hr) (2.93 mm) (hr) =) (hr) (2.93 mm)
BTEX 2.4 7.15x10
1.7 1.03x18 3.8 4.20x10
T 1.9 8.94x10 3.9 4.00x10
E 3.3 5.16x10 5.7 2.85x10
X 3.1 5.59x10 3.8 4.20x10
Bl Bulb Heel Bulb Heel
3mm (3.11 mm) (2.55 mm) (3.11 mm) (2.55 mm)
BTEX 5.6 8.06x10 9.3 3.23x10
B 3.0 1.51x10 8.1 3.73x10 7.1 6.00x10 8.7 3.35x1d
T 5.5 8.21x10 9.5 3.18x10 6.6 6.22x10 9.4 3.05x10
E 8.0 5.60x108 14 2.15x1d 8.4 5.06x10 17 1.65%x10
X 10.4 4.29x10 12.9 2.34x10 6.1 6.70x10 8.6 3.35x10
Bl Bulb Heel Bulb Heel
amm (3.84 mm) (3.86 mm) (3.84 mm) (3.86 mm)
BTEX 15 4.57x10 9.3 7.43x10
13 5.24x10 12.4 5.55x10 13 4.98x10 15.8 4.15x18
T 18.2 3.75x10 12.9 5.35x10 14 4.48x10 15.8 4.15x10
E 16.5 4.14x18 17.9 3.85x10 221 2.48x10 24.2 2.35x10
X 18.5 3.69x10 19.6 3.52x10 14.7 4.04x10 15 4.15x10
Bl Bulb Heel Bulb Heel
5mm (5.09 mm) (4.84 mm) (5.09 mm) (4.84 mm)
BTEX 14.6 8.19x17 21.9 4.95x10
16 7.50x10 20.9 5.18x10 16.9 5.42x10 21.2 4.00x18
T 21.1 5.69x10 22.4 4.85x10 21.8 5.22x10 215 3.78x10
E 21.3 5.62x10 23.4 4.64x10 27.3 3.92x10 25 2.55x10
X 26.6 4.51x10 23.7 4.58x10 19.4 5.92x10 20.8 3.98x10
NBR Time lag approach (cifs) Numerical curve fitting (cffs)
Bulb Compounds Time lag Bulb Time lag Heel Time lag Bulb Time lag Heel
2mm (hr) (2.69 mm) (hr) (—) (hr) (2.69 mm) (hr) (—)
BTEX 63.6 5.27x18
B 63 5.32x16 68.9 3.68x18
T 68.3 4.91x18 81 2.95x18
E 68.3 4.90x18 96 1.90x16
X 67.9 4.94x16 84.4 2.48x18

B-benzene, T-toluene, E-ethylbenzene, X-xylenes
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Table 3 Diffusion coefficients from experimental data and model for bulb grtions of a
SBR and NBR gasket exposed to 100% gasoline saturated aqueous solution

SBR Time lag approach (cifs) Numerical curve fitting (cffs)
Bulb Compounds Time lag Bulb Time lag Bulb
2mm (hr) (2.53 mm) (hr) (2.53 mm)
BTEX 254.6 1.16x18
175 1.69x16 264.1 8.67x18
T 370 8.01x1§ 245.7 8.98x18
E 241.3 1.23x18 328.6 5.75x18
X 277.4 1.07x18 286.8 7.67x18
NBR Time lag approach (cifs) Numerical curve fitting (cffs)
Bulb Compounds Time lag Bulb Time lag Bulb
2mm (hr) (2.33 mm) (hr) (2.33 mm)
BTEX 4355 5.77x18
423 5.94x1§ 469.8 3.91x18
T 437.2 5.75x18 462.2 3.66x18
E 4295 5.85x19 510.3 3.05x18
X 485 5.18x10 530.4 2.75x18
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=

Figure 1 Cross-section view of a push-on joint of DI pipe with a Tytdhgasket (adapted
from Giriffin Pipe Products Co., Council Bluffs, IA)
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Figure 2 Cross-section view of a 10 cm (4-inch) SBR gasket showgiheel and bulb
portion and various dimensions
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4.76 mm (3/16 inch) Nut

Cap screw bolt

Figure 3 Schematic layout of a diffusion cell device.
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Figure 4 Diffusion cell before and after sealing the gasket specimen: (ajjl view of a
diffusion cell; (b) view showing blot; (c) view showing space betweeraghers; (d) view
of space washers filled with epoxy seal
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Figure 6 Sorption uptake of premium gasoline by five types of gaskets
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Figure 7 Cumulative mass permeated per unit area for BTEX copounds through bulb
portion of NBR gasket exposed to free product premium gasolinfConcentrations of
benzene — 19.8 g/L; toluene — 75.9 g/L; ethylbenzene — 14.7 g/L; m-xylen83.7 g/L,;
o+p-xylene — 32.5 g/L)
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Figure 8 Permeation of benzene through bulb/heel portions of SBR and NBR dias
with different thicknesses and concentrations (100% represents spimens exposed to
100% gasoline saturated aqueous solution, while others exposed to premium gass)in
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CHAPTER 5. NUMERICAL SIMULATIONS AND PREDICTIONS OF BENZENE
PERMEAITON THROUGH TYTON ® GASKETS AND
ITS IMPACT ON WATER QUALITY
CHU-LIN CHENG, SAY KEE ONG, JAMES A. GAUNT

A paper to be submitted to the Journal of Ameriddéater Works Association

5.1 Abstract

The objective of this study was to investigate g@egpermeation paths and potential
patterns of organic compounds permeating throudynmpic gasket materials of ductile iron
(DI) pipe joints in drinking water distribution ggsn. Numerical models for various
boundary conditions were developed using Multiphg/8i2. Numerical simulations were
conducted to fit the permeation data from pipe-daexperiments by minimizing the root
mean square error.

Numerical simulations of an intact SBR gasket usilifigision coefficients
determined by a separate diffusion cell device @tbthat the heel portion and part of the
bulb portion of a gasket were likely to be in cantaith the contaminants after assembly.
Compression of the gasket under hydrostatic pressay pose greater risk to contaminant
permeations mainly due to an increase in exposddcguarea of the heel portion. If the
length/size of the bulb portion of a 4-inch SBRlgdsvas increased from 10% to 30%, the
permeated mass of benzene were found to be readioed 29% to 71%.

Key words: Permeation, swelling, SBR, NBR, orgasampounds, DI pipe, FEM simulation
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5.2. Introduction

In recent years, almost half of all new water mamssalled in North America are
ductile iron (DI) pipes (Rajani and Kleiner, 20083ome of the advantages of DI pipes over
plastic pipes include: higher tensile strengttrersith not affected under typical variations of
temperature, ability to withstand four times highgdrostatic pressure and eight times higher
crushing load, and strength not compromised owez (DIPRA, 2003). Iron pipe have been
used for more than 100 years in 600 or more @tdlith the United States and Canada (Bonds
et al., 2005). Although DI pipe itself is resistém permeation, the gasketed joints between
pipe segments are susceptible to permeation bymrgantaminants (Holsen et al., 1991a;
Park et al., 1991, Selleck et al., 1991; GlazaRadk, 1992; Ong et al., 2007). Water mains
and service lines consisting of plastic and duatda pipes are known to be impacted by
petroleum products from gasoline spills or leakdga® underground storage tanks (Park et
al., 1991; Holsen et al., 1991a; Glaza and Par8219ng et al., 2007; Mao, 2008). The vast
majority of the permeation incidents of plasticipgpand polymeric gaskets involve soils
contaminated with petroleum products. Permeatoidéents involving plastic pipes, such as
polyvinyl chloride (PVC), polyethylene (PE), andydmutylene (PB), have been reported
while few contamination incidents for water mairssng ductile iron (DI) pipes joints with
gaskets have also been reported (Thompson anchdedki87; Park et al., 1991; Holsen et
al., 1991a; Glaza and Park, 1992; Ong et al., 2008¢re are direct methods to observe
contaminant permeations through a gasket. Stutiehiemical permeations of pipes and
gaskets are typically conducted using pipe-drunegrgents or diffusion cells. Several

nondestructive testing methods such as infra-iRpgpectroscopy, refractive index,
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reflection spectroscopy, X-ray diffraction (XRDpdanuclear magnetic resonance (NMR)
can be used to measure optical and interior pnesest the polymer material (Duncan et al.,
2005), but have not been used for an intact DI ggsket. It is not possible to directly
monitor the permeations of chemicals through trekets of DI pipe joints since the gasket is
hidden within the bell and spigot assembly andntie¢al of the DI pipe would shield the
gasket from spectroscopy methods. Even if spestipysmethods can be used, the carbon
black in gasket materials may prevent the direseolation of polymer-organic chemical
interaction within the polymer material. As sustydy of chemical permeations would rely
on pipe-drum experiments and numerical modelindpefpermeation data. To date, there are
no numerical modeling studies that can predictmigehemicals permeating through an
intact gasket of a pipe joint.

The goal of this chapter is to numerically simulde permeation of gasoline through
intact DI pipe joints for the pipe-drum experimeathapter 3. The objectives of the
modeling work were to investigate: (1) contaminaxposure area of a gasket; (2) impacts of
net swelling of the polymer on permeation; (3) passpermeation path of contaminant; and

(4) potential diffusion limiting portion (heel oulb) of a gasket.

5.3. Materials and Methods
Permeation of BTEX through SBR and NBR gasket materin the pipe-drum
experiments (Chapter 3) were the main focus ofntlmerical modeling. The 4-inch SBR
and NBR gaskets obtained from the supplier weralainn shape and dimensions. The

percent area of heel and bulb portion for the tvaskgt materials was found to be
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approximately the same. A cross-section view @& polymeric 4-inch Tytoh gasket
installed in DI pipes is shown in Figure 1. Foe thipe-drum experiments, one side of the
gasket was in contact with deionized water whike dpposite side was exposed to attacking
solvents which were gasoline or different concemns of gasoline aqueous solutions. To
estimate the surface of a Tyfogasket in a pipe joint where contaminants comeoimact
with, paint was applied to the area between thiednel the spigot of an assembled pipe joint.
After one week, the joint was disassembled andwthie paint on the gasket (Figure 2)
indicated that the heel portion of the gasket wasarily exposed to paint. The contact area
of heel portion of the gasket can be viewed asistng of three parts: a rectangular area
(al), a ring area (a2), and a trapezoid-like aa& &s shown (Figure 2). While the actual
contact area might vary somewhat due to variatiorield assembly techniques, these three

surfaces approximate the surface area of the gaxgesed to external contamination.

5.3.1 Model setup

The program used to model the permeation procesgyahic compounds through
Tyton® gaskets for different conditions and secnarios tivasTransient Analysis of Diffusion
under the Mass Balance of Chemical Engineering neoduMultiphysics 3.2 (previously
FEMLAB, COMSOL, Stockholm, Sweden). To simplify tbemplexity of the permeation
process, the model simulations assumed a tightaselheglect possible impact of
incomplete contact or seal between gasket and ltipgoP bell and spigot. The conceptual
model used for modeling purposes was constructéslardimension (2-D) as shown in

Figure 3. The boundary of the pipe spigot and &edl the gasket were digitized and
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delineated using AutoCAD 2007 (Autodesk, Inc., 200ién imported into Multiphysics.
The coordinate system of the modeled gasket wasedefccordingly and the dimensions of
the intact gasket were added in scale with extuiaa

The heel and bulb portion were assigned as sepswhttomains (D1 and D2), in which
the diffusion coefficient for each subdomain can ddjusted accordingly during the
simulations. Two additional subdomains were idedi between the bell and the gasket
(D3’) and between the spigot and the gasket (D8¢ (Sigure 3) to represent the possible
gap/space. These two subdomains might be exposedntaminants or be filled with air.
Diffusion coefficients of contaminants in the afrSubdomain D3 and D3’ were set to 0.096
cm/s for benzene (Schwazenbach et al., 1993). Asheephoto of cross-section of the DI
pipe (Figure 1), the volume of subdomain D3’ mighty due to the hydrostatic pressure or
swelling of the gasket.

The diffusion process can be modeled using theicl&sckian diffusion equation:

‘2_? +0(-D,0C) =0 [1]

where D, is the diffusion coefficient of contaminants inetlpolymeric material. The

polymeric material of the bulb and heel portion veasumed to be homogeneous and their
diffusion coefficient assumed isotropic within tparticular material. Another assumption

was that the solvents used did not interact argbllis the polymer materials.
Boundary and initial conditions

The surface of the gasket exposed to the contaimmiaidicated by Boundary B1 was

assigned a boundary condition with a fixed coneiain of contaminant (Figure 2). When
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the heel portion does not form a hydrostatic seth the bell, it is possible that the
contaminants may advance into Subdomain D3'. iBxd¢ase, surface B3 consisting of both
heel and bulb portion will be exposed to the comtamis and the boundary conditions
assigned for B3 was a fixed concentration. Thé lpoktion of a gasket had revealed greater
vulnerability than the heel portion (see ChapterlI8)s possible that the bulb portion being
directly in contact with organic pollutants mayuksn faster permeation and greater risk of
drinking water contamination. The surface of thekgt open to the drinking water (B2) was
assumed to have a concentration of zero. Thecagfaf the gasket in contact with the pipe
bell and spigot were assigned a boundary conditforo flow, or zero concentration gradient
normal to the surface.
The boundary and initial conditions are summaragdollow:

t <0, Subdomain area D1, D2, D3, D3’, D6,=0; [2]

t >0, Boundary B1 and/or B3 =C,;

t >0, Boundary B2C =0;

t = 0, Boundary (all other surfaces of gasket in contatit

the bell and spigot of the pipd)iC =0;

The concentrationsd, ) for boundary B1 and/or B3 was calculated on thsidof the

concentration in the solvent/aqueous phase anpalyener partition coefficient by assuming

that boundary was saturated instantaneously witktacainants.
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Modeling scenarios

Even though Figure 1 provided an excellent pictireow the gasket would sit in the
bell and spigot section of the pipe, there is siilich uncertainty with regards to its actual
position and exposed areas. As such various sosnaere developed to examine whether
each situation has an impact on the permeatioherheals through the gasket.

Gaskets restrained in a pipe joint are limitedxdpamd longitudinally in the space
between the spigot and bell. Changes in the leoigtie gasket may be due to compression
during pipe joint installation, compression frondhystatic pressure under operation, and
swelling of the gasket due to the solvent soprtibgasket polymers. The actual length
changes for each of the above effects are unknawvit s possible that each of the above
effect can act in opposite directions resultingmunknown net change in the length of the
gasket.

The various modeling scenarios are summarizedliteTh Briefly, Scenario 1 was
setup to examine the impact of the water withis #dditional space in the socket on the
permeated benzene concentration. The additioaakespetween the gasket and the bell
exposing to drinking water is filled with drinkinvgater as shown in Figure 1. The water in
the space might be stagnant and chemicals cominfgora the gasket will have to diffuse
towards the opening between the beveled end afgiget and bell into the pipe. Subdomain
D5 was assigned to the space with a diffusion emefft of contaminant in the water, which
is 1.02x1C0 cnf/s for benzene (Banat and Simandl, 1996).

The purpose of Scenario 2 is to examine the passilritaminant exposure area.

Using the position of the gasket as per FiguredLFagure 2, the concentration tested were:
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(i) only heel portion (boundary B1) exposed to ¢bataminant with D3’ and D3’ filled with
air; (ii) boundary B1 and B3 exposed to contamineithh D3 filled with air, and (iii) B1 and
B3 exposed to contaminants with D3 filled with lighint. During the assembly of pipe
joints, lubricant is applied to the spigot and lingricated spigot is then pushed past the
gasket into the bell. The film of lubricant waghgd to the inside surface of gasket which
will come in contact with plain end of the pipe {in, 2006; US Pipe, 2008; ACIPCO,
2009). In addition to the previous paint experitméme Subdomain D3 can be either filled
by trapped air or lubricant.

Whether the hydrostatic pressures will promoterew@nt contaminant permeations is
still debatable. It is generally believed thatraerease in the contaminant pressure may
result in two opposing effects: (a) increase theceatration of the contaminant dissolved in
the polymer material, and (b) decrease the “frdemae” due to the increase of pressure on
the polymeric material (Stern, 1972). The shgoemeation path (thickness) due to the
compression of material may occur under hydrosgatssure. Meanwhile, swelling as a
result of sorbate-induced structural rearrangenrehsation would open up the free volume
and enhance permeation. Ong et al. (2008) condlacserial of pipe-drum experiments on
Tyton® SBR gasket under pressures of 0, 20, 40, andighgdound that the correlations
between hydrostatic pressure and BTEX permeatimugfn SBR gaskets were insignificant.
Scenario 3 was to test the effect of possible cbsungthe length of the gasket due to
hydrostatic pressure and swelling. The startingigaration for the gasket is as shown in
Figure 4 where the hydrostatic pressure has pusieegasket outwards. The boundaries and

subdomains were the same as Figure 2 except f@xihesed area of Boundary B3 and B1,
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which may be decreased and increased, respectitedythe redistribution of an intact gasket
from hydrostatic pressure. Meanwhile, the Bound@\exposing to drinking water
remained the same. Total of six conditions werewith a bulb portion length ranging
between -30% to +30% of the original length, whigtre 1.05 cm, 1.2 cm, 1.35 cm, 1.65

cm, 1.8 cm, and 1.95 cm respectively (Figure 5).

5.3.2 Determination of diffusion coefficients

For each of the scenarios, diffusion coefficierfteenzene in intact gasket
simulations were initially given a value based lo& time-lag estimation from previous
diffusion cell results (Chapter 4). The diffusicmefficients were then adjusted through
several trials until the experimental data poinggahed the theoretical permeation curve
plotted. The adjustments were made and the lgasires method was applied to determine
the diffusion coefficient of benzene that led te thest fit”. The least-squares method
employed in this study was the root mean squaned @RMSE). The fitting of the benzene

permeation curves were the experimental data of §&fRet from pipe-drum experiment.

5.4. Results and Discussion
5.4.1 Conversion of permeation mass through one jointibarea
In order to produce the proper cumulative massipitrarea over time (mg/cits)
from pipe-drum experiment data (mg/joint/s) for ralilg calibration, estimation of exposed
surface area was needed. The paint experimenteshthat the estimated exposed area was

57.78 cmi. However, it is possible that the exposed areptedarger than the painted area

www.manaraa.com



119

(Figure 6). The area represented the possiblermanrisurface area of a gasket contacting
with outside organic compounds after the pipe wasefd and the gasket compressed.
Looking towards the heel portion of a gasket, thhet@minant exposed area consisted of three
portions, which were the rectangular area (A1yg area (A2), and trapezoid-like area (A3)

as shown (Figure 6). The estimated areas wer® 2017 36.99 crf, and 29.55 cf
respectively. The total potential contacting scefaas 87.32 cfn This was larger than the
estimated area from the paint experiment. Thigelaestimated area assumed that
contaminants not only can be in contact with thp@edicular side of heel portion (A2) but
also some of the areas (Al and A3) adjacent tdhe actual exposed area might vary due to
the nature of the installation of a push-on pipetjwith the same size of gasket. Some bulb

portion might be exposed to contaminants if thdiegpon of lubricant is improper.

5.4.2 Validation of initial boundary condition and diffios coefficients

The numerical model was set up using the boundarglibons as shown in Figure 3.
The diffusion coefficients for heel (D1) and buld2) were initially assigned using the
benzene diffusion coefficient estimations from Glea@ and Chapter 4. The initial results
are presented in Figure 7. The benzene diffusiefficients used for both heel and bulb
portion from Chapter 3 were 1.47%16n¥/s, while the benzene diffusion coefficients from
Chapter 4 were 4.0xTCcnf/s and 5.42x10cnf/s, respectively. It was found in the
simulation that the estimated permeation mass vwggehthan the experimental data,
implying that assigned diffusion coefficients wéve large. The RMSE of using diffusion

coefficients from Chapter 3 was 12.0 (mgAsmvhile the RMSE of using diffusion
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coefficients from Chapter 4 was 74.9 (mgfxmThe same procedures were conducted with
the boundary conditions in Scenario 1.1 and Scerda@. The simulation results were
identical implying that the boundary conditionsdaray not be the main factors. Efforts
were made by adjusting diffusion coefficients oélhend bulb portion to curve fit the
benzene permeation data from pipe-drum experim&ngurial and error procedure.
Adjustments were made based on the results foutiteiprevious experiments, where the
diffusion coefficients of bulb should be largernithe heel portion and the difference in
value of the diffusion coefficient between the bali heel portion of a SBR gasket should
be within one order of magnitude. With the trintlaerror procedure, it was found that

diffusion coefficients were likely in the order ®® cn¥/s.

5.4.3 Evaluation of possible exposure area

The influence of Subdomain D5 on benzene permeateye simulated as shown in
Figure 8. The simulation of Scenario 1.1 and b istarted with assigning diffusion
coefficients for heel and bulb portions from Chapgte As presented in Figure 8 (b), the
assigned diffusion coefficients for the gaskeetitthe permeation data poorly with RMSE of
1.5 (mg/crd). When diffusion coefficients for both heel andtbwere assigned to the order
of 10° cnf/s, the simulated permeation curve fitted closéh ®RMSE 0.08 (mg/ch).
However, the simulation did not capture most ofdhta from experiments as shown in
Figure 8. Efforts were made to try to fit the aabwit were unsuccessful. In addition,

Scenario 1.2 the RMSE ranged from 0.1-1.5 (m§)cwhile Scenario 1.1 had RMSE
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ranging from 0.01-0.02 (mg/cn Based on simulations, the influence of Subdonis to
contaminant permeations seemed limited under thadary conditions.

Following the estimation of the magnitude of diffus coefficients for heel and bulb
portion, the possible exposure areas were thersi@djuo improve the curve fitting of the
experimental data. A model was set up accordiriggdoundary condition as Scenario 2.1
with only heel portion of the gasket (B1) was exgmbto contaminant. By trial and error, the
diffusion coefficients with least RMSE of 0.028 (rmigf) for heel and bulb portion of a
gasket were 2.13xTcnf/s and 5.43x1& cnf/s, respectively. However, it was found that
although it had least RMSE, the simulated permeatiowe cannot capture the intermediate
or the latter stage of the experimental permeataia. Scenario 2.2 was then conducted with
Boundary B3 exposed to contaminants. The diffusmefficients estimated from this
scenario for heel and bulb portion of a gasket iet8x10° cnf/s and 2.43x18 cnf/s,
respectively, and the RMSE was 0.020 (mdjcmi\s shown in Figure 9, the simulated
permeation curve under this scenario covered nfaeegermeation indicating that the heel
portion only acts as an anchor to place the gagkmtoper position in the socket during the
pipe joint assembly and does not form the hydrmssatal like bulb portion (Bird, 2006;
Rahman, 2007). According to the results from Sgerfal and 2.2, it is highly probable that
the part of the bulb portion of a gasket was likelype exposed to the external contaminants
(Figure 10). Therefore, the part of the bulb mortof a gasket may serve as a means for
contaminant permeation when pipe joint is not uryeirostatic pressure. This boundary
setting (Scenario 2.2) was also tested for tolygmeeation. The prediction had an RMSE

of 0.089 (mg/crf) with fairly good curve fit and the estimated difon coefficients of
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toluene for heel and bulb portion of a gasket vlet@x10® cnf/s and 3.03x18cnt/s,
respectively.

Scenario 2.3 was setup to study the possible impddtibricant on benzene
permeations within the SBR gasket. The oil-basbddant was assumed to be inactive or
close to impermeable to benzene and, thereforeddudica D3 was assigned a diffusion
coefficient of 2x13° cnf/s. The simulated permeation curve was simildhéoresult from
Scenario 1.2, implying that the space trapped wiitlor lubricant would have limited impact

on benzene permeation through SBR gasket.

5.4.4 Influences of hydrostatic pressure on permeations

Under hydrostatic pressure, the gasket was asstorexpushed by internal pressure
and relocated closer to socket (Figure 5). Intamdicompression or swelling will change
the length of the gasket (Figure 5). The boundanditions remained the same except for
Boundary B1 and B3, where B1 became larger andd8arbne smaller. Assigning the heel
and bulb portion with diffusion coefficients estited from Scenario 2.2, it was found that
the permeated mass increased about 40% (Figure 11).

Figure 12 showed the range of cumulative mass mddiee permeated through an
intact SBR gasket within a range of £30% lengthrentents of bulb portion. It was evident
as shown that the permeated mass of benzene dstredls an increase in length in bulb
portion of a SBR gasket. The simulation resultarofntact DI gasket showed that the pipe
joints under hydrostatic pressures were likelynrease permeation, which were similar to

the results of Rieber SBR gasket used in PVC pipeems done by Mao (2008). For the
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same boundary conditions, the permeation lendtkaly to be the main controlling factor to
permeation rates of benzene, which correspondseteesults in Chapter 4. Accordingly, by
increasing the length/size of the bulb portion dfiach SBR gasket from 10% to 30%, the

estimated permeated mass of benzene may be redyeddut 29% to 71% within 150 days

of exposure to gasoline.

5.4.5 Permeation path and limiting portion of a gasket

Figure 13 showed the predicted permeation pathwhgsntaminants under
simulated conditions without influence of hydrogtgiressure. Scenarios were run with D3
filled with lubricants and D5 filled with water fresent field conditions. Both simulations
in Figure 13 indicated that depending on the exmoateas of a 4-inch SBR gasket to
contaminants, either bulb or heel portions of agkiSBR gasket might be the limiting

portion to permeations.

5.5. Conclusion
The simulations of an intact SBR gasket in a pgmetjshowed that part of the bulb
portion of a gasket was likely to be in contactémtaminants after assembly. In addition,
hydrostatic pressure may push the gasket outwéglslg resulting in high contaminant
permeations due to a larger exposed surface area.
The domain of water in contact with the gaskethendrinking water side was found

to have minimal impact on benzene permeation.
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With the heel and part of the bulb portion of a S§gRket exposed to gasoline,
increasing the length/size of the bulb portion dfiach SBR gasket from 10% to 30%,
resulted in a reduction of about 29% to 71% ofggeemeated mass within 150 days of
exposure to gasoline. The results from this staybe used as a basis reference for
manufacturing an ideal gasket in improving theatality of infrastructure of water
distribution system.

Based on the simulation results, either bulb of pedions of a 4-inch SBR gasket
might be the limiting portion to permeations degagan the exposure areas of a 4-inch
SBR gasket to contaminants.
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Table 1 Scenarios for numerical simulation for benzene through a SBR gasket

Model settings

Purpose
. Examine impacts of addition water in the
Scenario 1 L
space within the socket
B1=G,
B2=0
B3=G
1.1 With water in the socket D3=Air
D5=Water
D1, D2 adjusted
B1=G,
B2=0 (at the end of bulb of the gasket)
B3=G
1.2 With water but B2 at the end of the gasket D3=Air
D5=Water

D1, D2 adjusted

Scenario 2 Examine possible exposure areas

B1=G,
B2=0
2.1 Only heel portion exposed to contaminants D3=Air
D3'=Air
D1, D2 adjusted
B1=G,
. B2=0
29 Both he_el and bulb portion exposed to B3= G,
contaminants D3=Air
D1, D2 adjusted
B1=G,
. B2=0
Impact of lubricant trapped between gasket _
2.3 and spigot B3= G
D3=Air/Lubricant
D1, D2 adjusted
B1=G,
. Evaluate impact of change the length on B2=0
Scenario 3 . B3=G
benzene permeation D3=Air

D1, D2 from Scenario 1.2
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Exposed to .
contaminant , e Gap space Bulb e

solutions B> / / / ..
% v

Bell perimeter %o,
/ Q..
Exposed to water 4

€ 254cm (linch) ==—p

Heel

Figure 1 Cross-section of a 4-inch DI pipe joint showing a Tytdhgasket and possible
surface exposed to exterior contaminants and interior drinking water

Figure 2 Cross section of a gasket showing contact area with paint
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D3': Gap space assigned as air or exposed to cordats

(,!
\/ "27/ D5: Water

7

7 /

€= 254cm(linch) ==—=p

D1: Heel

Figure 3 Schematic setup of a DI pipe jointed with a Tytofi gasket in a model
(B1 and B3: boundary with concentration of benzene, B2: boundary with zero
concentration, D1: heel portion, D2: bulb portion, D3’: trapped air or exposed to
contaminants, D3: trapped air, D5: fresh water)
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D3’ Gap space exposed to contaminants

B2: C=0
D2 Bulb
D1: Héel D3: Gap space assigned as air or lubricant

€= 254Cm (1inch) m—

Figure 4 Scheme of a gasket relocated by hydrostatic pressure (B1 and B3: boungar
with concentration of benzene, B2: boundary with zero concentration, D1: heportion,
D2: bulb portion, D3: trapped air or lubricant)
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e 2.54 cm (1 inch)

Figure 5 Net change of length of bulb portion due to hydrostatipressure and swelling
(1-original length; 2-compressed 30%; 3-swolen 30%)

www.manharaa.com




131

Angle ©=21.8°

Figure 6 Estimation of possible contact surface as compared to paint experinte
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Figure 7 Simulated cumulative mass permeated through a SBR gastkusing diffusion
coefficients estimated from Chapter 3 and Chapter 4
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D3': Gap space exposed to contaminants
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Figure 8 Simulation of the influence of space filled withwater, (a): model setting, (b):

result with RMSE of 1.5, (c): result with RMSE of 0.08 (Scenario 1)
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Figure 9 Simulated permeation curve for an intact SBR gasketxposed to free product
premium gasoline by adjusting the diffusion coefficients ofheel and bulb portion
(Scenario 2.2)
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Figure 10 Simulations of possible exposure surface area and pezation path of
benzene in a SBR gasket (a: in contact with heel and bufinrtions, b: in contact with
only heel portion of a gasket) (Scenario 2.2 and Scenario 2.1)
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Figure 11 Permeation curves showing increased cumulative per@i@n mass through a
SBR gasket under hydrostatic pressure without deformation
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Figure 12 Cumulative mass permeated for a SBR gasket with chargga length of bulb
portion from -30% and +30%. (Scenario 3)
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@ 2.54 cm (1 inch) %

Figure 13 Predicted permeation path of contaminants through an intaagasket: (a) both
heel and bulb portions exposed to contaminants, (b) only heelogiion exposed to
contaminants
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CHAPTER 6. CONCLUSION

The purpose of this study was to advance the viradesstry's understanding of the
impact of organic contaminants through commonlydugaskets used in DI pipes in drinking
water distribution systems. The major findings ever

Of the five gasket materials tested, gravimetripgon tests showed that EPDM had
the highest sorption, while FKM exhibited the lowsstption. The order of percent weight
gain for the five gaskets from highest to lowess \#E#® DM, SBR, CR, NBR, and FKM with a
percent weight gain of 127.02+1.86% for EPDM and kasn 1+0.11% percent weight gain
for FKM. The heel and bulb portions of the Tytagasket showed different sorption affinity
with the bulb portion sorbing more organic compaiimdgasoline than the heel portion for
all gasket materials except for CR.

Pipe-drum experiments with premium gasoline shothatithe order of breakthrough
time from earliest to longest for total BTEX foetlkarious gasket materials were EPDM >
CR = SBR > NBR. SBR material has the highest BfeKneation rates of 5.20
mg/joint/day, followed by CR, EPDM, FKM, and NBR.

Pipe joints with NBR and FKM gaskets were not susbpwhen exposed to
gasoline saturated aqueous solutions, while SBRfevaxl to be susceptible to chemical
permeation. The BTEX breakthrough times for 4-i68R gaskets exposed to 100% and
50% saturated aqueous solutions of gasoline wdiead 240 days, respectively. For pipes
exposed to 20% or 5% saturated aqueous solutiogasoline, no permeation was observed

through SBR gaskets after more than 550 days aisxp.
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With regards to threats to drinking water, underdittons of water stagnation in the
pipe, the Jug/L MCL for benzene will likely be exceeded during&hour stagnation period
for SBR gaskets in contact with free-product premgasoline. NBR gaskets were found to
be sufficiently resistant to permeation by benzenether BTEX compounds in gasoline
with benzene concentration unlikely exceed EPA MCLs.

Using a low cost diffusion cell, the estimated ukibn coefficient for total BTEX
through SBR material in contact with premium gaselivas 4.57x10cnf/s, while the
estimated total BTEX diffusion coefficient in coatavith 100% gasoline aqueous solution
was 1.14x18 cnf/s using time-lag method. Using diffusion cell andnerical curve fitting,
the diffusion coefficients of BTEX through the bulhd heel portions of a SBR gasket
exposed to premium gasoline were found to be o$#imee order of magnitude of 16nt/s.
When exposed to 100% gasoline aqueous solutioredtimaated diffusion coefficients for
SBR bulb portion were in the order of36nf/s. The estimated diffusion coefficient of total
BTEX for the bulb portion of NBR gasket exposegtemium gasoline was 5.28xie@nt/s
while the estimated BTEX diffusion coefficient diet bulb portion of NBR gasket exposed to
100% gasoline aqueous solution was 5.8%a®/s. Within the testing period and for a
thickness of 3 mm, the diffusion cell experimentggested that the bulb portion of a FKM
gasket was resistant to BTEX permeation. The gtstde permeation rates had an inverse
exponential relationship with the thickness of SigRRket materials while the diffusion
coefficients were found to correlate poorly witle tihhickness of the gasket materials.

Actual surface area of a gasket exposed to contartirmay vary due to assembly

and may influence the permeation. Modeling withrdact gaskets suggested that part of the
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surface of the bulb portion of a gasket may bdyikee pathway to contaminant permeation.
The estimated diffusion coefficients for heel amdblportion of a gasket using numerical
modeling of data from the pipe-drum experimentsenid times less than estimations from
the diffusion cell experiments. The opening spam®ipied by lubricant or air were small
compared to the gasket itself and the influenab@kpace being a sink or a source to
benzene permeation was found to be limited. Intaahd a 4-inch SBR gasket under
hydrostatic pressure with only change in its lengtiuld result in higher contaminant
permeations mainly due to an increase in exposddcsuarea of the heel portion. The water
in the space on the drinking water side of the gaglas found to be not a factor in benzene

permeation.

Future Research

This study used new gasket materials. The researclhe extended using old, used,
or compromised gaskets. However, the age, expasistery, and conditions must be
documented to fully correlate permeation rates withproperties of the gasket. Under field
conditions, gasket materials may suffer degradairasteterioration due to soil-water
conditions, physical stress variation, and biolabgaegradation. Such degradation or
deterioration may result in the loss of materiegdrsgths, especially the bulb portion making
the gasket more susceptible to chemical permeation.

Direct observation of the advance of permeated camgs within the gasket is the
preferred approach. Several high resolution meopE methods may allow this

observation. Positron annihilation lifetime spestiopy (PALS) is one technique which can
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be used to verify the permeation data. Since deddnd bulb portion have different
permeation properties, PALS technique may be abtkscriminate the permeation
characteristics of bulb and heel portions of a gask

Measurement of the free volume fraction for futurelges may provide in foundation
and correlations with the chemical permeation ratesdiffusion coefficients. Numerical
simulations can be conducted in 3 dimensions ahtatt gasket and may provide improved
estimation of the chemical diffusion coefficient®ermeation studies using a series of
similar organic compounds or compound with difféfemctional groups may further
elucidate the physical-chemical properties of ttganic compounds that impact permeation
rates and diffusion coefficients. The issue ofithpact of thickness on the diffusion
coefficient of a give gasket material needs tousthér investigated by using a larger range of

material thicknesses.
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APPENDIX
A.1 Pipe-drum Experiment Data for Chapter 3

Data for Ch3 Fiqure 4

SBR Water volume of pipe joint=1.88 L
Concentration of BTEX in pipe joinf§/L)
Time (Day) 71 14 21 2 3p B Ho 97 6 V7 B4 91 99 106 119 133
Benzene i 1o |6 7 3 1B7 1B6 3450 40  Jr48 2242  p177 |5370 |5211 | 588804
Toluene 2 3L 2 47 34 8 Bl 1B4 46  4B47 4255 19236 11695 ]128BF6(1 1952
Ethyl benzeng P P |2 2 2 2 4 4 L9 j (o]0] 96 130 614 768 798 1011
m-xylene ] 1 b b b M 46 260 555 1325 1p44 1992 P16l 2760
o+p-xylene ] b 1 7 7 7 312 $1 2p4 96 1428 1781 3152 p316 2936
BTEX 550 54 431 5 5p 211 284 464 162  8]49 7B44 14646 20104 329364 35243
Permeated BTEX mass in pipe joingj
Time (Day) 71 14 21 2 3p B Ho 97 6 V7 B4 91 99 106 119 133
Benzene P | I A 3 P5 268 50 }70 1B91  J046 §$215 9733 J0096 | a@®Fly 1693p
Toluene 5! 5B 41 91 45 199 1p1  J46 1402 G172  J999 1P244  2198777p4R530 3671
Ethyl benzeng a 1 I3 4 |4 4 8 8 B6 188 68 D02 154 | 444 1500 1901
m-xylene 1 1 1p 1 12 2 |2 D6 105 489 1p43 4491 B091  [3745 ]4063189 5
0+p-xylene 1 1p i 4 13 13 L3 P3 115 53 1120 3685 B348  }4046 4] 43552(
BTEX 104 101 7 9% 9B 396 535 8F2 3049 16§48 14747 3p054 J967608 34613 66257
Cumulative mass of BTEX permeated (mg)
Time (Day) 71 14 21 2 3p 4B Ho 97 6 V7 B4 91 99 106 119 133
Benzene op oo 01 d1 @1 3 p.7 1.2 2.6 9.6 [13.8 23.6 33.6 .4] 4354.4 71.
Toluene 01 O op 02 (2 (.4 5 D.9 2.3 0.4 18.4 37.7 59.73.7 8 109. 1458
Ethyl benzeng 0jo 00 do 0 §¢.0 D.0 Jo.0 0.0 0.1 0.3 0.6 1.5 71 2. 4.1 5. 7.
m-xylene 0. 0p 0Op 00 g1 J.1 .1 D.1 D.2 0.7 1.7 4.2 7.3 11.15.7 20.
0+p-xylene 09 Op Ojo o1 g1 1 1 D.1 0.2 0.8 1.9 4.6 7.9 .0]12 16.9 21.
BTEX 0.1 0.4 O. 0 0F oo 14 4.3 3 2.8  36.5 (1.6 1J11.3 .4}54200.4 266.B
EPDM
Concentration of BTEX in pipe joinft§/L)
Time (Day) 71 14 21 2 3p 4B Ho 97 6 V7 B4 91 99 106 119 133
Benzene B 1B B 17 344 20p1 4950 2§08 4536 629 900 |3370 |4133 2| 43M97 7864
Toluene 2 2L 2p 12 103  1j3 3490 1897 4B64 11282 P945 |7344 ]|93037]1 11458 21441
Ethyl benzeng D B |2 1 2 9 B2 L8 55 314 BO7 P21 436 537 649 1216
m-xylene 4 q B b P 7P 40 137 5B4 160 71  1p54 1334  |1622 2944
0+p-xylene ] 1 4 b B 44 39 158 23 75 55 1170 474 JL743 3144
BTEX 42 54 43 3] 45p 2296 86p8 4732 9250 21p82 16787 1P161 1609H8Y 2046p 36649
Permeated BTEX mass in pipe joingj
Time (Day) 71 14 21 2 3p 8B Ho 947 6 V7 B4 91 99 .06 119 133
Benzene 1p P 15 2 6fi7 3931 9306 5p91 §528 1p223 9212 |6336 | 7A@PLY 9394 14734
Toluene 3 3p 3 43 194 23 6961 3%66 8p04 21210 1B697 1380788JL749497 21541 40347
Ethyl benzeng B 5 |4 2 3 |7 b0 B4 103 102 b77 415 820 JL010 1220 2286
m-xylene 1 1p 1p b o 37 135 D4 p8 1004 1j29 1073 1982  |2508 ]304%34 5
0+p-xylene 12 1B 14 8 10 44 1p8 11 397 1171 1645 1231 p200 2772779 3 591
BTEX 78 104 8 79 86B 4242 162p1 8996 17B90 4d010 3J560 42861590 3400% 384F2 68863
Cumulative mass of BTEX permeated (mg)
Time (Day) 71 14 21 2 3p 8B Ho 47 6 V7 B4 91 99 .06 (119 133
Benzene op O 01 d1 @7 1.7 140 19.1 P7.6 3.8 |53.0 59.4 .1] 6775.4 84. 996
Toluene 0 O Off of1 g3 (.5 1 1p.7  18.9 10.1 p8.8 72.6 1190109.4 131.p 1715
Ethyl benzend 0jo 00 dqo @0 9.0 D0 Jo.1 0.1 0.2 0.6 1.2 1.6 4] 2. 3.5 4.1 7.
m-xylene 0. 0p 0p OJjo go g.1 .2 D.3 D.6 1.6 3.0 4.1 6.1 8.61.41 17.7
0+p-xylene 09 Op Ojo oo g1 1 .3 D.4 0.7 1.8 3.5 4.7 6.9 7] 9.13.( 18.9
BTEX 01 04 O 0p 1p 54 2147 396 4f.9 g8.0 1]9.5 1424 .6]72206.4 245J]  314/0
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Data for Ch3_Figure 4 (continued)

EKM.

Concentration of BTEX in pipe joinp§/L)
Time (Day) 71 14 21 2§ 3p P ES 3o F0 7 B4 92 99 112 |26 141 |154
Benzene it 2P q7 {5 6 1B9  jo1 94 B15 POl 176 301 443 946 1140 S 0%
Toluene 3 5p ¥ 114 151 1p5 104 72 B23 309 467 718 1435 1881 04 2801(
Ethyl benzend L 2 2 2 4 6 5 3 11 10 10 20 30 73 91 6482
m-xylene 3 1p B 11 38 3 b7 D1 38 59 |44 179 14461
0+p-Xxylene ] 1 b 11 4 32 8 b6 B3 21 42 65 L55 196 16307
BTEX 170 74 13¢ 12B 236 331 2p3 28 146 94 b37 866 316  p753 |3487541] 36962

Permeated BTEX mass in pipe joipgj
Time (Day) 71 14 21 2§ 3p A8 Ho 30 F0 7 B4 92 99 12 Jo6 141 |154
Benzene B S¢ 146 1¢3 1B0 461 190 L77 592 378 331 565 833 |1778 | 212379 357
Toluene 1 6p 108 1q1 2}4 2B3 335 96 699 607 581 878 |1350 [269836] 353764 735[
Ethyl benzeng i B WK 4 |8 10 8 6 PO 19 19 37 57 137 171 120 | 342
m-xylene 3 1 1L 11 40 34 0 L4 43 51 39 71 112 271 337 276 | 867
o+p-xylene 4 1 p M 31 6 p2 L6 48 62 39 78 123 291 368 314 | 953
BTEX 33] 14 25¢ 23p 443 644 46 49 1403 1117 Joio }629 pars |[51865d 6651 13089

Cumulative mass of BTEX permeated (mg)
Time (Day) 71 14 2] 2 3p 3 q0 39 F0 V7 B4 92 99 112 126 141 |154
Benzene op oL g2 (3 5 7 D.9 1.1 1.7 2.1 2.4 3.0 3.8 56 7] 7. 9.9 134
Toluene 0. oL o 03 (g5 .8 .0 L.2 1.9 2.5 3.1 4.0 5.3 8.0 .6/ 11 15. 22.7
Ethyl benzend 00 OO0 do .0 .0 D.0 0.0 0.0 0.1 0.1 0.1 0.1 2] 0. 0.3 0.9 0. 1.p
m-xylene 09 O0p Op 00 Q1 4.1 .1 D.1 .2 0.2 0.2 0.3 0.4 07 .0 1 13 27
0+p-Xxylene 0 Op Ojo oo g1 .1 1 D.1 0.2 0.2 0.3 0.4 0.5 8| 0. 1.1 1.4 2.4
BTEX 00 04 04 of 1p 1|7 2 36 4.0 b.1 6.1 7.8 0.2 15.4 0]22. 28.4 41
CR

Concentration of BTEX in pipe joinft§/L)
Time (Day) 71 14 21 2 3pb ¢ 40 47 3 V7 B4 91 99 106 119 133
Benzene p p D 6 6 306 86 3981 5170 P58 259 /736 4725 |8465 9|1312
Toluene | 1B 12 130 4p2 2428 4390 3p28 14823 1625 |8736 7[L29D64]
Ethyl benzend I i 0 1 1 1 7 L7 33 69 58 P34 317 308 483 716
m-xylene 4 B I B 16 41 14 12 12 473 85 734 1156 1670
0+p-xylene I b Y 17 45 6 1p6 166 57 B85 815 289 1861
BTEX 19 29 4 1 2 26 446 1341 58p2 9997 7p52 204546 2p348 135318304 3701

Permeated BTEX mass in pipe joingj
Time (Day) 71 14 21 2 3p ¢ 40 49 [0 7 B4 92 99 112 [126 141
Benzene B B i P 11 2 5f5 19434 6356 9720 125 1p527 14544 | 888314152468
Toluene 1 1p L B 25 43 2p6  7p3 4189 8p53 €821 29347 19975 16423242 3692y
Ethyl benzend D 3 0 2 2 2 13 B2 62 130 109 440 596 579 908 1346
m-xylene 1 1 | b / b 30 17 139 3p3 467 1977 176 380 Pp173 3140
0+p-xylene 1p L 7 B [7 32 5 1p2 368 312  1p35 1664 |532 p423 3499
BTEX 36 43 d 24 54 5p 8746 2521 10908 18794 13634 3626 254 gp8AG74 69591

Cumulative mass of BTEX permeated (mg)
Time (Day) 1 14 21 2 3p ¢ 40 49 [0 V7 B4 92 99 |12 [126 141
Benzene 0. 0f Oop 03 05 d.7 .9 .1 1.7 2.1 2.4 3.0 3.8 56 7] 7. 9.9
Toluene 0 031 0P OB 05 08 10 12 .9 D.5 3.1 4.0 5.3 8.0 .6]11 15.3
Ethyl benzend 0p 0p ojo Qo0 do .0 .0 D.0 0.1 0.1 0.1 0.1 2]0.03 0.5 0.9
m-xylene 0. 0.4 o. 0p o o)1 Q1 (.1 .2 D.2 0.2 0.3 0.4 0.7 0|1 1.3
o+p-xylene 04 0.9 oO. op ojp o1 d1 1 2 D.2 0.3 0.4 0.5 8]0. 1.1 1.4
BTEX 0.0] 0.2] 04 0.4 1. 1y 2p 2|6 40 9.1 1 /.8 10.2 5.4 0p2. 28.6
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Data for Ch3_Figure 4 (continued)

NB

Concentration of BTEX in pipe joinpu§/L)
Time (Day) 6 13 2 2Y 3p 41 48 36 3 V0 P8 111 118 [L24 132 139 | 146
Benzene B D L 0 1 2 0 0 1 2 p1 3451 07 190 172 3856
Toluene L L 4 1 1 4 1 3 12 15 59 53 24219
Ethyl benzend L P 0 0 0 0 0 0 0 0 0 1 1 0 2 1 4
m-xylene ] D D D 0 0 0 0 0 1 1 3 2 10
0+p-xylene D D D i 0 0 0 0 0 1 1 3 2 1
BTEX 18] 3 y ] 3 q b I 25 195 156 260 433 15792
Time (Day) 15 16¢ 16f 175 142 19 1bs  Joo P16 P23 231 238 251 3| 29
Benzene 477 244524 733 194¢ 1139 98§ 80 583 532 56 435 757 663
Toluene 20p 14f 259 363 119 68 642 621 543 518 4971 400 55¢  483]
Ethyl benzend B 1 4 3] 11 17 8 8] 114 15 19 12 28] 1471
m-xylene i 4 6) 7] 25 33] 17 19 27| 25 39 3] 54] 331
o+p-xylene 5 8] 28 34] 20 2] 30 23] 4Q 32 59 364
BTEX 689 429 7991114 3198 1909 1671 147 1194 1119 1154 910 1454 12324

Permeated BTEX mass in pipe joipgj
Time (Day) 6 13 2 2Y 3p 4 48 36 3 V0 P8 111 18 [L24 132 139 | 146
Benzene 1§ D P 0 1 4 1 1 2 4 39 485 00 B57 324 724 [L055
Toluene 1 ! L L 4 b 2 2 8 3 6 BO BS 310 99 P33 406
Ethyl benzend L 3 0 0 0 0 0 0 1 0 0 1 2 1 5 2 8
m-xylene ] L L L L Do 0 0 1 1 2 2 5 4 19
0+p-xylene L L L L 2 0 0 0 1 1 2 2 5 5 2
BTEX 34 q 4 3 4 1 B 1D 7 46 3¢7 2p2 470 438 b68 1489
Time (Day) 154 160 16f 175 142 19 1bs  Jo9 P16 P23 [231  |238 251 3| 29
Benzene 89F 515 9$5 1378 3447 2J41 1851 515 JL096 1000 |]1058 81823 12479
Toluene 380 27p 447 6§2 2244 1390 1p07 1167 021 974 934 752 5| 108094
Ethyl benzeng b P B 6 1 B2 L5 15 21 28 28 23 53 276
m-xylene g 1] 1 4 q2 3 4 b1l a7 73 58 102 634
o+p-xylene ] b 1p I q4 7 B9 b6 43 75 60 111 686
BTEX 1293 807 150p 2096 6041 3989 33142 271 4245 092 2170 1702734 23169

Cumulative mass of BTEX permeated (mg)
Time (Day) 6 13 2 2Y 3p 41 48 36 3 V0 P8 111 118 [L24 132 139 | 146
Benzene op Ojo oo do .0 .0 D.0 0.0 0.0 0.0 0.1 0.4 0.6 09 2] 1. 20 3.4
Toluene 0. op 0 00 do .0 .0 D.0 0.0 0.0 0.0 0.1 0.2 0.3 4] 0. 0.7 1.1
Ethyl benzend 0j0 00 do 0 .0 D.0 0.0 0.0 0.0 0.0 0.0 0.0 0] 0. 0.9 0. 0. 0.p
m-xylene 09 O0p Op O0J0 QO 4.0 .0 D.0 0.0 0.0 0.0 0.0 0.0 00 .00 0 04 O.
0+p-Xxylene 0. O0p Ojo oo do .0 .0 D.0 0.0 0.0 0.0 0.0 0.0 0] 0. 0.0 0.( 0.
BTEX 00 04 O 0p O ojL g1 q.1 1 D.1 .1 0.5 0.8 1.3 1.7 7] 2.4.2
Time (Day) 159 16¢ 16y 175 142 19 1bs  Joo P16 P23 231 238 251 3| 29
Benzene 3p 44 54 48 194 1p6 W4 5.9 L7.0 18.0 19.1 19.91.3 33.
Toluene 14 1f 2p 29 {1 4 1.6 B.8 0.8 0.8 11.7 12.5 13.52.6 2
Ethyl benzeng 0o oo d.o 0 9.1 D.1 0.1 0.1 0.1 0.2 0.2 0.2 3] 0. 0.9
m-xylene 0 0L O Oj1 Q1 d.2 .2 D.3 0.3 0.4 0.4 0.5 0.6 1.2
o+p-xylene 0. op Ojo 01 (g1 2 2 D.2 0.3 0.3 0.4 0.5 0.6 3| 1.
BTEX 59 63 7. 9p 159 195 236 2b.4 7.6 39.7 B1.9 3.6 3]36.59.5
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Data for Ch3 Fiqure 5

NBR exposed to aqueous gasoline solution of 100%s&ation Water volume of pipe joint=1.88 L
Cumulative mass of BTEX permeatedy)
Time (Day) [s 14 2l 2 4 4P 49 17 0 b7 103 24 146 174 202
Benzene L p 4 P 3 4 4 5 5 6 7 8 8 9 9
Toluene 1 1p 1B 13 3 5 L8 P3 25 26 27 27 27 29
Ethyl benzend 4 4 2 3 3 3 4 5 6 8 8 8 9 9 9
m-xylene y 3 i b 6 8 9 0 L1 L1 11 13
0+p-xylene 1 i = 5 6 8 0 0 L1 [12 12 13
BTEX 143 19 2| 2. 2y 2B B 41 0 b9 b2 65 67 68 74
Time (Day) 217 23 24p 272 346 30 3B4 398 12 ha1 472 501 531 4] 56
Benzene 1L 1 14 5 6 L7 [18 19 24 26 27 29 31 36
Toluene 3 3p 3 3B 9 0 o 12 51 51 52 53 54 58
Ethyl benzend 1§ 15 6 6 17 17 17 18 26 26 26 27 27 30
m-xylene 1 2 21 2L 12 2 3 P4 32 32 33 33 34 36
o+p-xylene 1 2 21 22 2 2 P2 P4 31 31 32 32 33 35
BTEX 84} 1049 10 11p 116 119 1p0 1p6 163 66 170 174 179 194
NBR exposed to aqueous gasoline solution of 50% gedtion
Cumulative mass of BTEX permeatedy)
Time (Day) o 14 21 2 4 4p 49 17 0 b7 103 24 | 46 174 230
Benzene L L 3 2 5 5 6 6 7 9 1.0 10 11 11
Toluene i D 7 19 5 2 B4 36 36 37 37 38
Ethyl benzend D i’ 1 1 2 2 2 3 4 5 6 6 6 6 7
m-xylene 1 b b 7 8 9 0 L0 L0 10 11
0+p-xylene 4 P b 6 7 8 9 0 LO 11 11 11
BTEX 4 7| 17 19 1 3t 3B 48 38 65 yo 72 74 75 80
Time (Day) 244 27 35p 370 384 3p8 412 441 72 bo1 531 564
Benzene 1p 1B 14 5 5 19 P1 23 25 28 34 43
Toluene 4 4p 1B 13 44 0 b3 b3 54 54 61 67
Ethyl benzend P 10 1 1 L2 [12 14 14 15 15 21 26
m-xylene 1 14 1p 1B 15 0 2 p2 P3 23 29 33
o+p-xylene 1 1 3 14 4 9 PO p1 22 22 27 31
BTEX 88 93 94 9 10p 11 130 1B4 138 142 71 199
NBR exposed to agueous gasoline solution of 20% sedtion
Cumulative mass of BTEX permeatedy)
Time (Day) o 14 21 2 4p P q7 143 1p4 146 74 P30 P44 272 352
Benzene L L i 4 3 3 4 4 5 6 7 8 8 8 11
Toluene 16 38 9 0 1o 1 a1 41 42 43 44
Ethyl benzend D 0 1 1 1 2 2 2 2 3 4 4 4 5 5
m-xylene ] I 3 b b 5 5 7 7 7 8 8
0+p-xylene 4 B = o 5 5 5 6 7 7 8 8
BTEX 4] 6 9 17 2 5 5 56 98 9 4 b7 68 72 77
Time (Day) 37¢ 38 398 41 441 42 501 431 64
Benzene 1B 1 15 7 1 b6 30 37 45
Toluene 4 4p A7 48 48 9 19 b2 53
Ethyl benzend 7 B 8 8 8 9 9 L1 11
m-xylene 1 1 1L 18 12 2 3 L4 15
0+p-xylene 1 1 1p 11 1 2 L2 L4 14
BTEX 86 89 9 9 10p 147 112 1p7 18
NBR exposed to aqueous gasoline solution of 5% seation
Cumulative mass of BTEX permeatedy)
Time (Day) 3 7] 2 3 8! 9 96 137 189 167 423 37 P65 345 363
Benzene L 4 B 5 5 6 7 7 8 9 9 10 12 15
Toluene 1p P J4 4 5 B5 35 36 36 38 39 40
Ethyl benzend D o 1 2 5 6 7 7 7 8 8 8 9 10 11
m-xylene 1 b b 7 7 8 8 9 9 10 11
0+p-xylene 4 b b 6 6 7 8 8 9 9 10 11
BTEX 2 6) 10 2 5. 5y 5p q1 42 7 yo 72 76 80 87
Time (Day) 377 39 40b 43 445 4ba 5p4 457
Benzene 1p 07 19 2 0 B7 16 56
Toluene 4 41 i 41 43 4 7 ]
Ethyl benzend I 12 2 2 13 13 13 14
m-xylene 1 1 1p 1p 13 3 4 L4
0+p-xylene 1 1L 1 12 3 3 L4 L4
BTEX 89 93 94 10 11y 191 134 146
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Data for Ch3_Figure 5 (continued)

SBR exposed to aqueous gasoline solution of 100%gation
Cumulative mass of BTEX permeatedy)

Time (Day) 13 2( 3 3 4p 710 3 0 6 Jﬂj 139 67 195 203 210
Benzene L L 4 P 3 4 4 5 6 8 L0 19 24 83 134
Toluene 4 1 1p 15 9 6 b8 P9 30 31 32 58 [134 232
Ethyl benzend D P 2 2 2 3 4 4 5 5 5 6 11 11 13
m-xylene ] B 1 b 5 6 6 7 8 L0 13
0+p-xylene 4 P B 5 5 6 7 7 7 8 11 14
BTEX 6| 15 19 2 2! 3p 1p 48 0 6 b0 71 408 49 705
Time (Day) 223 23 26p 363 317 3p1 4p5 434 65 194 524
Benzene 556 702 1084 8004 9§65 10403 14975 11635 2187 129987671
Toluene 30 38)7 541 11181 1643 18p81 23484 2p162 43185 P45726562
Ethyl benzend 15 16 9 440 q77 37 1po7 J032 146 1268 1350
m-xylene 1 1 2p 943 1438 1778 2427 2p95 4541 859 3056
o+p-xylene 1 1 24 915 1393 1720 2142 2p10 4441 p738 2929
BTEX 905 114 171p 21545 294[16 33419 37B35 39334 4]1501 44439%6731p
SBR exposed to aqueous gasoline solution of 50% wwation

Cumulative mass of BTEX permeatedy)
Time (Day) 13 2( 3 3 4p 710 3 0 b6 7 139 67 P03 210 223
Benzene L L 3 2 4 5 7 1 L8 B9 40 68 P10 278
Toluene 1 14 10 43 0 L7 18 b1l 53 55 55 72 83 97
Ethyl benzend D i’ 1 1 2 2 2 5 5 5 5 6 6 6
m-xylene 1 p B § Y 7 7 8 8 8 9 9
0+p-xylene 4 p B a 4 7 8 8 8 9 9 1o
BTEX 7| 13 19 2 3 SIL <18 g5 1 b0 15 117 63 B17 400
Time (Day) 237 26 34p 363 317 3p1 4p5 434 65 194 524
Benzene 34p 447 538 ok2 1339 181 2083 154 h030 4974 5792
Toluene 11 148 140 264 3p0 463 60 83 1161 480 1852
Ethyl benzend 7 [7 3 8 4 |4 L6 18 20 23 32
m-xylene 1 1 1p 1B 0 1 3 B6 39 43 62
o+p-xylene 1 1p 1B 14 7 8 BO B3 36 41 65
BTEX 479 644 73 1240 1810 2317 2922 4125 87 562 7804
SBR exposed to agueous gasoline solution of 20% waition

Cumulative mass of BTEX permeatedy)
Time (Day) 10 11 3 8l 8 B 114 186 164 420 34 P62 342 360 374
Benzene L p 4 2 3 4 5 7 L6 p1 21 79 11 134
Toluene 4 14 1P 19 40 1 p1 p2 23 24 25 33 40 45
Ethyl benzend D 0 1 1 2 2 3 3 3 3 4 4 5 5 5
m-xylene ] p 3 i h u 4 5 5 5 6 6
0+p-xylene 4 P B o 4 4 4 4 5 5 5 6
BTEX [§ 1] 19 2 2 3B k3 7 40 1 b7 60 26 67 196
Time (Day) 384 40 431 46 491 5p1 554 489
Benzene 15D 143 232 2b6 Jo4 55 116 F00
Toluene 4 5p 6 2 0 1p7 131
Ethyl benzend b b 6 6 6 7 7 7
m-xylene i D D Jo
0+p-xylene B B o J0
BTEX 217 233 301 36D 446 412 519 g56
SBR exposed to agueous gasoline solution of 5% segtion

Cumulative mass of BTEX permeatedy)
Time (Day) 10 11 3 8 8 B 114 186 164 420 34 p62 342 360 374
Benzene L p 4 B 5 6 7 7 8 LO L1 11 23 30 34
Toluene 1y » 33 3 4 P4 P5 25 26 28 30 31
Ethyl benzend D 0 1 1 4 5 5 5 5 5 5 6 6 6 7
m-xylene 1 b b 6 6 6 6 7 7 8 8
0+p-xylene 4 b b 3 6 6 6 7 7 7 8 8
BTEX 5i 9 14 29 4 4 45 47 49 2 b4 b7 72 81 87
Time (Day) 384 40 43 4ep 491 5p1 554 489
Benzene 3p P 40 0 1 D1 1415 38
Toluene 3 3| 3 36 8 3 b0 b6
Ethyl benzend i 7 7 ] 8 8 8 9
m-xylene 1 1Pp 1 1 1
0+p-xylene D 1p 10 1 1
BTEX 94} 99 10 12 137 144 194 2p4
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Data for Ch3_Figure 5 (continued)

EKM exposed to agueous gasoline solution of 100%ts&ation
Cumulative mass of BTEX permeatedy)

Time (Day) 10 11 3 3 67 g0 7 3 1].4 1§36 64 po7 P20 234 262
Benzene 1 1 16 7 7 18 P3 24 25 25 26 27 28 30 31
Toluene 1 1 1p 32 13 5 9 B9 40 40 41 42 45 48 50
Ethyl benzend L L 1 1 2 2 2 3 3 3 3 4 6 8 8
m-xylene 3 3 b b 6 6 7 7 8 L0 1
0+p-xylene B 3 6 6 6 7 7 7 9 11 12
BTEX 37 44 4 4 4] 5B 15 18 0 2 B3 36 97 08 113
Time (Day) 344 36 374 3498 442 481 462 491 21 b54 589

Benzene 3B B 33 4 4 B5 B35 36 36 37 38

Toluene 5 5p 5p q2 3 3 b4 b5 55 56 57

Ethyl benzend P 10 0 0 L0 11 11 11 12 12 12

m-xylene 1 1 1p p 12 3 4 L4 14 15 15

0+p-xylene 1 1B 1B 13 4 4 L5 L5 16 16 16

BTEX 117 11 12 12p 134 136 1p9 130 33 L35 137

Data for Ch3 Fiqure 6

. . .| Sorption
Gaskets | Permeation rateweight gair]
(Heel portion) (mg/joint/day) (%) ratem
(%/min™)
EPDM 3.93 97.3 3.27
CR 4.23 57.1 2.06
SBR 5.2 61.6 2.09
NBR 0.36 26.9 0.38
FKM 0.49 0.81 0.0073

Data for Ch3 Fiqure 7

Flow rate needed to obtain benzene MClugf.)

SBR gaskets exposed to gasoline SBR gaskets exposed to 100% saturated gasolingosolu
) . | 20 feet long pip¢l00 feet long pi . .| 20 feet long pipg100 feet long pip
Size of DIpip{ (1 joint? PP G joints? PR [size of Ira]l PIP{ (1 joint) (5 joints)
(inch) GPM (gallon per minute) (inch) GPM (gallon per minute)
4 0.24 1.20 4 0.003 0.013
6 0.34 1.69 6 0.004 0.019
8 0.37 1.87 8 0.004 0.021
10 0.42 2.11 10 0.005 0.023
12 0.50 2.49 12 0.006 0.028
14 0.68 3.39 14 0.008 0.038
16 0.77 3.84 16 0.009 0.043
18 0.86 4.29 18 0.010 0.048
20 0.95 4.74 20 0.011 0.053
24 1.13 5.63 24 0.013 0.063
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Data for Ch3 Fiqure 8

NBR gaskets exposed to gasoline

Size of DI pip 20 feet_ ang pipthO fe<_at _Iong pip

(inch) (1 joint) (5 Jplnts)
GPM (gallon per minute)

4 0.006 0.029

6 0.008 0.041

8 0.009 0.045
10 0.010 0.051
12 0.012 0.060
14 0.016 0.082
16 0.019 0.093
18 0.021 0.104
20 0.023 0.115
24 0.027 0.137

Data for Ch3 Fiqure 9

Benzene concentrations after 8 hours of stagnétidd feet long pipe, 5 joints)

SBR NBR SBR
. . exposed to 100
Size of DI pip4  exposed to exposed to .
. ) . saturation
(inch) gasoline gasoline . .
gasoline solutioh
Concentration in pipeuy/L)
4 30.7 0.745 0.342
6 20.9 0.506 0.232
8 13.4 0.325 0.149
10 10.1 0.244 0.112
12 8.4 0.204 0.094
14 8.5 0.207 0.095
16 7.5 0.181 0.083
18 6.6 0.161 0.074
20 6.0 0.145 0.067
24 5.0 0.121 0.055
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A.2 Sorption and Diffusion Cell Experiment Data for Chapter 4

Data for Ch4 Fiqure 6

Sorption uptake of premium gasoline

EPDM
SBR Time Weight
Time Weight hr min min” | gain (g)| gain%
hr min min”* | gain (g)| gain% 0 0 0 0 0
0 0 0 0 0 2 120 10.95 1.052 35.9
2 120 10.95 0.696 235 4 240 15.49 1.543 52.7
4 240 15.49 1.035 34.9 10 600 24.49 2.541 86.9
6 360 18.97 1.309 44.1 22 1320 36.33 3.497 119.5
10 600 24.49 1.723 58.0 34 2040 45.17 3.715 127.0
22 1320 36.33 2.313 77.9 46 2760 52.54 3.711 126.8
46 2760 52.54 2.335 78.6 58 3480 58.99 3.662 125.2
70 4200 64.81 2.275 76.6 82 4920 70.14 3.626 123.9
94 5640 75.10 2.375 80.0 106 6360 79.75 3.595 122.9
118 7080 84.14 2.345 79.0 130 7800 88.32 3.579 122.3
142 8520 92.30 2.257 76.0 178 10680 103.34 3.591] 122.9
166 9960 99.80 2.257 76.0 226 13560 116.45 3.604 123.4
CR FKM
Time Weight Time Weight
hr min min'’* gain (g)| gain% hr min min'’* gain (g)| gain%
0 0 0 0 0 0 0 0 0 0
2 120 10.95 0.502 13.9 2 120 10.95 0.006 0.1
4 240 15.49 0.726 20.1 4 240 15.49 0.008 0.1
10 600 24.49 1.122 311 10 600 24.49 0.011 0.2
22 1320 36.33 1.505 41.7 22 1320 36.33 0.014 0.2
34 2040 45.17 1.646 45.6 34 2040 45.17 0.017 0.3
46 2760 52.54 1.692 46.9 46 2760 52.54 0.020 0.3
58 3480 58.99 1.692 46.9 58 3480 58.99 0.021 0.3
82 4920 70.14 1.660 46.0 82 4920 70.14 0.026 0.4
106 6360 79.75 1.632 45.2 106 6360 79.75 0.027 0.5
130 7800 88.32 1.619 44.9 130 7800 88.32 0.030 0.5
178 10680 103.34 1.601] 44.4 178 10680 103.34 0.035] 0.6
226 13560 116.45 1.591 441 226 13560 116.45 0.039 0.7

www.manaraa.com



Data for Ch4_Figure 6 (continued)

NBR
Time Weight

hr min min” | gain (g)| gain%
0 0 0 0 0

1 60 7.75 0.089 4.3
3 180 13.42 0.152 7.3
5 300 17.32 0.195 9.4
7 420 20.49 0.228 11.0
9 540 23.24 0.255 12.3
11 660 25.69 0.277 13.3
13 780 27.93 0.299 14.4
25 1500 38.73 0.391 18.8
37 2220 47.12 0.456 22.0
49 2940 54.22 0.502 24.2
61 3660 60.50 0.531 25.6
73 4380 66.18 0.551 26.5
85 5100 71.41 0.562 27.1
97 5820 76.29 0.571 27.5
121 7260 85.21 0.575 27.7
145 8700 93.27 0.573 27.6
169 10140 100.70 0.568 27.4
217 13020 114.11 0.558 26.9
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Data for Ch4 Fiqure 8

SBR Heel portion (3 mm) exposed to gasoline

Cumulative mass of benzene permeatey) (
Time (Hour) 1 2 4 6 s 13 24 3p 4B 3
Benzene D D b 3 46 211 5179 1431 1460 1324
Toluene 37 4 2(4 559 1081 1302 2104
Ethyl benzeng] D 0 0 6 9 4 P1 14 69 18
m-xylene b 1p a7 q2 1%7 1p9 331
0+p-xylene L D 16 8 45 1B2 208 347
BTEX 1 jl 14 94 208 484 1246 23p5 3438 5$23
SBR Bulb portion (3 mm) exposed to gasoline
Cumulative mass of benzene permeatey) (
Time (Hour) 1 2 4 o) g 1 2/ 3p 4B
Benzene D D Sl q1 161 3lL6 104 1098 16504
Toluene 2y 9B 142 360 7B5 1499 1801
Ethyl benzene] D 0 1 5 2 P6 b3 o1 130
m-xylene 1p 2p F9 128 252 30
0+p-xylene [ il P q2 132 2b1l 363
BTEX 0 0 6] 22 416 82 18¢2 29B1 4349
NBR Bulb portion (2 mm) exposed to gasoline
Cumulative mass of benzene permeatey) (
Time (Hour) 2 4 8| 12 24 3 4 6p R 46 1P0 158
Benzene D D D 3 0 1 1 3 b5 189 353 514
Toluene ! L L L il 14 2B5 440 171
Ethyl benzene D 0 1 1 1 1 1 1 3 9 16 31
m-xylene | L L P 6 31 0 V7
0+p-xylene D D D D i 2 1 12 B2
BTEX 1 3 3 3 3 3 4 31 13B 415 891 15[74
SBR Bulb portion (2 mm) exposed to 100% saturatesbiine solution
Cumulative mass of benzene permeatey) (
Time (Hour) 6 30 64 9( 114 144 148 192 2§10 188
Benzene D D D o 1 3 6 0 P3 p2
Toluene D L b 10 17 7 b8
Ethyl benzene] D 0 0 0 0 0 0 0 1 1
m-xylene D D D L 2 3
0+p-xylene D D D o 1 2 3
BTEX 0 0 [0 jl 7 g 1 2p 6B 117
Time (Hour) 336 389 43 A48 535 647
Benzene 7R 146 142 19 07 369
Toluene 12 198 249 343 4]L.8 920
Ethyl benzene] B A 6 8 0 | 2
m-xylene [i 1 14 1B 2 38
0+p-xylene 1 1p 20 44 1
BTEX 214 323 44 567 691 860
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Data for Ch4_Figure 8 (continued)

153

NBR Bulb portion (2 mm) exposed to 100% saturatesbtine solution

Cumulative mass of benzene permeatey) (
Time (Hour) 6 30 64 9( 114 14 148 192 210 288
Benzene D D 0 0 0 0 0 1 2
Toluene (] q D D D D D 0 1 3
Ethyl benzene D 0 0 0 0 0 0 0 0
m-xylene ( (] q D D D 0 0 0
o+p-xylene [] [ D D D D 0 0 0 0
BTEX o 0 0 fl 1 1 ] b
Time (Hour) 336 384 43 48y 53k 647 6f9 L5
Benzene b 15 43 34 b5 V7 136
Toluene 1¢ 2y 4p g5 1]1 1p2 321
Ethyl benzene D 1 1 2 3 5 1
m-xylene ] P p a 1 10 46
0+p-xylene | 4 4 4 7 10 46
BTEX 14] 29 49 71 10p 182 2(}4 5p0

Diffusion cell chamber volume=40 mL
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Data for Ch4 Fiqure 9

154

SBR Heel (3 mm) exposed to gasoline

SBR Heel (2 mm) exposed to gasoline Experimental Modeled
- . Permeate
. Permeate Experimental Modeled Time benzene benzen_e benzer?e
Time benzene benzeqe benzeqe (hour) (19) permeation | permeatio
(hour) permeation | permeatio (mg/nf) (mg/nf)
“O) | gty | (mgid) 0 0 J G
0 0 0 0 1 0 2 d
1 1 4 4 2 0 2 2
2 1 6 91 4 8 63 66
4 101 796 67p 6 47 374 280
6 217 1679 16111 8 109 86 641
8 369 2909 270p 12 267 2099 1668
12 544 4288 5043 24 734 577¢ 57116
24 1011 7991 12374 36 1306 1028p 10092
36 1634 1287p 197Q4 48 1844 1455[L 14516
48 225] 1772p 27034 72 2943 2316f 23313

SBR Heel (4 mm) exposed to gasoline

Experimental] Modeled | SBR Heel (5 mm) exposed to gasoline
: Permeate .
Time benzene benzeqe benzen_e Permeate Experimental Modeled
(hour) permeation | permeatio Time benzene benzene
(k) (mg/nf) (mg/nf) (hour) benzenel o meation | permeatio
0 0 a G “9) | gty | (mgind)
1 0 il 0 0 0 Qg d
2 0 1 0 1 0 1 0
4 0 il 1 2 0 1 0
6 0 2 24 4 0 il 0
8 0 2 102 6 0 il 1
12 32 251 468 8 0 1 11
24 500 3949 2833 12 0 il| 93
36 821 6514 6041 24 143 112% 1099
48 1244 983|L 9549 36 374 294% 2970
72 199¢ 1573p 16734 48 672 5291 531l6
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Data for Ch4 Figure 10
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SBR Bulb (3 mm) exposed to gasoline

Experimenta} Modeled
Time Permeate benzene benzene
(hour) benzene permeation| permeation
“9) | (mgmd) | mgnd)
0] 0 0 q
1 0 q d
2 0 1 1
4 32 25] 178
6 119 87% 61p
8 199 1556 1274
12 3871 3049 2989
24 863 6792 9180
36 1344 1060p 15665
48 1844 1451p 22166

SBR Bulb (5 mm) exposed to gasoline

SBR Bulb (4 mm) exposed to gasoline Experimentgd Modeled
- . Permeatq
5 Experimenta) Modeled Time | benzene | benzene
Time ermeate benzene benzene (hour) permeation] permeation
benzene - - (ng)
(hour) (19) permeation| permeatior (mg/nf) (mg/nf)
! (mgin®) | (mgind) 0 0 ] q
ol 0 0 0 2 0 0 0
2 0 1 0 4 0 0 q
4 0 1 1] 6 0 0 8
8 4 118§ 258 8 0 1 4(
12 60 188% 88B 12, 9 7( 238
24 136 4258 4216 24 267 2069 1981
36 263 8209 8311 36 626 4931 4795
60 537 1677p 16954 48 1004 790B 8041
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Data for Ch4 Figure 11

Bulb portion (2 mm) exposed to 100% saturated gasalolution

156

NB
Experimental] Modeled

SER Time Permeatetli Eenzene benzene

_ Permeateq) =XPerimentall Modeled | (hour) benzene| ,oeation | permeatior]
Time benzene benzene (n9)
benzene : : (mg/nt) (mg/nt)

(hour) o) permeation | permeatior 5 5 i 3
H (mg/nf) (mg/n) 5 5 5 3

0 0 0 q 30 0 1 q

6 0 0 g 66 0 1 q

30 0 1 d 90 0 1 q

66) 0 1 d 114 q ] (

90 0 2 4 144 0 p. ]

114 1 9 § 168 d p. ]

144 4 3( 2 192 d 3 y

168 8 6( 61 240 1 6 g
192 3 102 11p 288 3 2( 27
240 29 22Y 254 336 (s 47 60
288 3 414 45y 385 14 94 11p
336 4 721 71L 439 19 147 18p

385 134 1054 101p 487 29 224 27

439 18 141p 1388 535 43 33% 37

487 226 178B 1748 607 7( 551) 55

535 274 215p 2120 679 9§ 769 75

607 341 268\ 2731 915 1772 1351 154
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A.3 Simulation Data for Chapter 5

Data for Ch5 Fiqure 12

Intact gasket exposed to gasoline_With hydrosfassure and changes in bulb portion

157

. Permeate«li Experimenta Modeled
Time | ene| Penzene benzene permeation (mgim
(day) permeation
(ng) mgin?) | -30% | -20% | -10% | 0% 10% | 20%|  30%
0 0 0 i q q [ ] ) D
7 0 2 i q q [ ] ) D
14 0 5 q q ] ] ] D D
21 0 q [ ] [} [] D D D
28 0 7 61 i ] [ D D 0
35 0 14 24} 8p 2b 3 1 0 0
43 0 44 73 30p &7 32 9 2 1
50 1 84 1508 716 237 35 b9 9 2
57 1 13/ 268F 1393 485 2p3 77 27 7
66 3 293 488p 2743 1083 5p4 406 82 25
77 14 110)  871p 5342 2206 1481 126 34 81
84 14 1585 11889 751 a2f7 1907 $59 103 148
o1 24 2697 156597  102%8  46§l9  2]97 _ 1pis 648 251
99 34 385§ 20460 13946 65p0 4407 2p22 1042 426
106 43 4976 25346 17702 895 5433 2pi7 1504 641
119 54 6225 35916 26050 1327 8931 494 4704 [1230
133 71 8165 49310  369p1 19401 13f5/ #4731 4577 _ P206
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