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SE LI NG H GH PRESSURES UNDER SWUR CuNDI 11 UNS

ABSTRACT

Seal i ng high pressure gases with elastonmers is a problemas el astoners are

essentially a supercondensed gas.

The primary interactions (type of gas,

heat, pressure) and secondary interactions (water, inhibitors, etc.) that
lead to seal failures are reviewed and di scussed.

Daniel L. Hertz, Jr.
Seal s Eastern, Inc. Red

Bank, NJ

NOVENCLATURE

C concentration (Henry's |aw)

D diffusion, diffusivity

Ev energy of vaporization
EPDM ratio 2E/IP (Table Il)
FKM 1, ratio 1TFE/ 1P (AFLASD)
FKM 2, ratio 3.5 VF/ 1HFP( FLUO?ELD, \Y TCND)
FKM 3, ratio 1.8 VFy/ 1. 2HFP/ | TFE( FLUO?ELD,
\Y TO\ID
FKM 4, ratio 1.4 VF/1.3HFP/ 1TFE( FLUO?ELD,
\Y TO\ID
FFKM  ratio 2TFE/ IPWE (KALREZ")

Hy heat of vaporization

P perneability or perneation coefficient

Pc critical pressure

S solubility of solubility coefficient

T tenperature - kelvin

Te critical tenperature

\% nmol ar vol urme

Ve critical vol ume

fo) solubility paraneter

U di pol e monent val ue

density

SUBSCRI PTS

C critical value (thernodynam c)

d di spersi on conponent of solubility paraneter
h pol ar conponent of solubility paraneter

p di pol e conponent of solubility paraneter

r reduced val ue (actual value : critical point

val ue)

I NTRODUCTI ON

Primary Environnent

Deep drilling in M ssissippi basin and western Canadi an
fields is uncovering hot, high-pressure natural gas fields
containing high percentages of both hydrogen sul fide (H2S) and
carbon dioxide (CO2). The sour gas production conditions (1),
100 MPa pressure ([115,000 psi) at tenperatures as high as 238°C
(460°F), create a difficult environment for el astoneric seals.
The high tenperatures indicate that the gases are in their
supercritical state (Table 1).




TARLE 1

Fhysical Properties - Cases

cH, LEER Hy&
Critisal renparagula "I'I__l::ll'.'l 190, 1 I3046.2 I73.4
Critical :-:'eusure—?l_ [MPa) -3 = ] 9.0l
Cricical '-.-r:]une-'.-'c llif:l.llh._l::l B.133 2.137 2. 867
Critical denui::.--l-'ﬁikg."drr’] 0,163 0. 46E 0. 340

The high pressure raises the gas density, and this causes
the gases to have extraordinary sol vent power (2,3,4,5).

The totally dissimlar chem cal and nol ecul ar aspects of

the three gases create a "m xed sol vent system which is

very difficult to seal.

Secondary Environnent

The inevitabl e presence of water nakes the C02 and
H2S very acidic and therefore necessitates large scale
use of inhibitors to prevent corrosion. Ol soluble (film
form ng) am nes create a persistent |iquid hydrocarbon
environnment that can cause pronounced permanent swelling
of various elastonmers. Low nol ecul ar wei ght al cohols may
al so be injected to prevent freezing (clathrates).
Equilibriumshifts of pressure or tenperature can subject
the seals to potential explosive deconpression.

These primary or secondary environnents or their
conbi nation can lead to seal failure through physical
change or tine-dependent chem cal nodification.

The various potential failure nmechanisns are
briefly reviewed bel ow, on the basis of relatively
limted know edge.

DI SCUSSI ON

Critical Phenonena

The critical tenperature Tc of a gas is the
t enperature above which the gas cannot be |iquefied no
matter how hi gh the pressure.

The critical pressure Pc is the |owest pressure at
which a gas liquefies at its critical tenperature.

The critical molar volune Vg is the volune of
one nole at the critical pressure.

The critical pressure, critical nolar volunme, and
critical tenperature are the values of pressure, nolar
vol une, and thernodynam c tenperature at which the
densities of coexisting liquid and gaseous phases just
becanme identical. Figure 1 is a schematic
pressure-tenperature (P-T) diagramillustrating the
location of the supercritical fluid region.

Fig.l Gas Pressure-Tenperature Phase Di agram
Gas Thernodynam ¢ Properties

The key thernodynam c properties for methane,
carbon di oxi de, and hydrogen sulfide are detailed in
Table 1. Methane, a sinple hydrocarbon, has the |east
solubility in the elastonmers under discussion. This is
verified by its solubility paraneter. The m ni num
interaction is due to both the nol ecul ar

symetry, which offers no opportunity for either a

per manent di pol e nonent or hydrogen bonding attractions,
and the mninmumdensity it reaches under high pressure.
Car bon di oxi de has both a small permanent dipole and an
uneven el ectric charge distribution, creating the
potential for nultiple types of associations, including
strong hydrogen bondi ng. Hydrogen sulfide is an
unsymetrical nolecule and therefore has a permanent
dipole as well as active hydrogens avail abl e for hydrogen
bondi ng. For nore detailed nolecul ar descriptions of the
gases, see references (6,7).

El ast oner Consi derations

Three el astonmers are under current consideration
for use as sealing conmponents. The rationale for their
usage is briefly outlined:

Et hyl ene- propy! ene terpol ymer (EPDM . DCE sponsored
investigations (8) with associated publicity have created
consi derabl e interest. Al though these polynmers are not
oil resistant, they undergo little interaction with
net hane, even at high pressures, because nethane's
maxi mum gas density values are relatively |ow

Tetrafl uoroet hyl ene- propyl ene copol yners (FKM .
AFLAS[] | a half fluorinated el astoner, has greater heat
resi stance than EPDM QG| resistance is inparted by the
pol ar tetrafl uoroethyl ene conponent. Although the
hydrogen-fluorine ratio is about 1/1, these polyners have
a miniml tendency for dehydrofluorination due to heat or
a basic (high pH) environnent.

Tetrafl uorethyl ene-perfluorovinyl nethyl ether
(FFKM . KALREZL] , a totally fluorinated el astoner, has
had good acceptance in sour crude service. It has the best
overal |l heat and fluid resistance of any el astoner
currently available. The difficulty in nolding |arge
sections coupled with high cost has limted sealing
designs to those utilizing O0-rings and V-rings.

Gt her El astoners

Hydr of | uor ocar bon el astoners contai ni ng vinylidene
fluoride (VF2) mononers (FLUORELL] , viTON] ) have an
i nherent tendency to dehydrofluorinate, yielding
hydrogen fluoride. The reaction is initiated by heat and
basic environnents. VF2 or 1,1-difluoroethylene is
technically a gemnal difluoride, and the fluorine is
readily elimnated by a base. This is essentially the
nmechanismutilized to create the original cure site to
crosslink such fluoroel astoners.

Hydrogenated nitrile rubber. HNBR is essentially an
et hyl ene-acrylonitrile copol ymer. Reacting the basic
nitrile (NBR) elastoner in solution wth hydrogen
elimnates nost of the highly reactive double bonds in the
but adi ene backbone segnents, converting theminto ethyl ene
units. Prelimnary data on hydrogen sul fide gas m xtures
appear prom sing but should be verified. The possibility
of hydrogen sul fide reacting through the
acrylonitrile-cyano groups, as proposed by Pfisterer et
al. (9), should be considered.

Table 2 and Figure 2 provide sinplified reviews of
fluorine-containing el astomers and applications for which
they shoul d be considered serviceable. Table 2 shows that
all el astomers under consideration are polynerized from
gaseous nononers. Thus, elastoners can be sinplistically
consi dered as being essentially




super condensed gases or |iquids.
TABLE 2
El ast oner Mononers

Mononer Descri ption

Substi t ut ed1 Al kene

(non) et hyl ene-E

propyl ene- P
(partial) vinylidene fluoride-VF2
(fully) tetrafl uoroethyl ene- TFE

hexaf | uor opr opyl ene- HFP
per fl uoronmet hyl vinyl ether-PWE
(1) Mononers are substituted if one or nore hydrogen
are replaced with another el enent.
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Fig. 2 Elastoner Selection

Gas- El astomer I nteractions

Reid et al. (10) note that gas-liquid equilibrium
cal cul ations at high pressures are nore difficult
than those at |ow and noderate pressures
because of

1. Lack of information on actual nolar vol une.

2. Conplexity of the equations needed to calcul ate

the vapor-phase fugacity coefficient.

3. Supercritical conponents.

4. Little understood supercritical phenonena

such as retrograde condensati on.

Fortuitously, however, the supercritical gases have
been incorporated into high pressure gas chromatography.
The use of high pressure gas (200 MPa) as a solvent in
macr onol ecul ar separations has devel oped an additional
nodest infornmation base for gas-el astonmer interactions
(2,3,4,5), which has been drawn on for this paper.

Sol ubility Paraneters

The solubility paraneter concept as summarized by
Hansen and Beerbower (11) is basic to any discussion of
el astonmer-gas interactions. Hildebrand and Scott (12)
desi gnated the energy of vaporization per cubic
centinmeter as the cohesive energy density (ced) and its
square root as the solubility paraneter O, thus:

i, = BT L
6w = RO L ARl L 1)

wher e AHV and AEV are the heat and energy of
vaporization respectively, and V is the nolar vol une.
Hi | debrand wote a book titled "Solubility of
Non- El ectrol ytes" (12). He recognized that there are
specific interactions between el ectrol ytes (polar
liquids) that are not as easily rationalized as those

bet ween non-el ectrolytes (non-polar liquids). Later work
by Burrell (11) and refinenents by Hansen (11) led to
commonly accepted solubility parameter concept whereby
AE = Aeq + AEp + AE . Thus, the true energy of
vaporization of a liquid AE, is the sumof the

di spersion forces (conmon to all matter), AEG , permanent
di pol e forces, AEp, and m scel | aneous, including

hydr ogen bondi ng, forces, AEh. Ml ar volune, V, is a key
nunber in the solubility parameter equation. Liquids are
approxi mately 1000 tines as dense as gases at standard
tenperature-pressure conditions (25°C, 0.1 MPa).
Conpression of a gas to 100 MPa (1000 bars) creates a
high density fluid-1ike gas that has properties |ike
those of a liquid but is highly nobile, |ike gas.

Hi rschf el der and Roseveare (13) devel oped an equation
applicable to gases at high pressures based on the
observation that, at high tenperatures, the internal
energy (AEy) of a gas at a constant tenperature is a
linear function of its density, and that at sufficiently
hi gh tenperatures the nol ecul es behave |ike rigid,
non-attractive spheres, which is not an illogical
assunption on the basis of the Lennard-Jones nol ecul ar
attraction-repul sion potential curves (Fig. 3).
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Fig.3 Lennard-Jones Potenti al

(van der Waals picture)

(a) repul sion curve

(b) attractive curve

(c) net resultant curve

Czubryt et al. (5) comment that high pressure gas

solubility paraneters are functions of only this
density, P, and are approximated by the Iinear
relationship

§ [edn . (2

s | Cliguid 14nquid

Earlier work by Gddings et al. (3,4) suggests
that by using reduced properties for density (Pr)
(ratio of apparent density to critical density) the
foll owing equation roughly approxi mates solubility
paranmeters of conpressed gases at higher pressures:

L
= 1,25 I-'Ll'|-":_l_-':'l_ Ligudd] I3}

Sunmary: Gas-El astoner Solubility Paraneters

The poor correl ation between swelling effect and
theoretical calculated solubility paraneters of gases
(Table 3) and el astoners (Table 4) indicates the need for
a better data base.




TABLE 3 (1)
Gas Solubility Paraneters

(kJ/ ol )
CHa <02 H2S
di sper si on- Od 9.2 11.1 19.4
di pol e- Op 0 7.2 8.2
H bondi ng- 6h 0 7.2 8.2
Sol ubi ity paraneter(0) 9.2 15.1 22.6
(1) Ref. 20
TABLE 4
1
El ast omer( ) Solubility Pararreters(z)
(kJ/ ol )
EPDM  FKM1 FKM2 FKM3 FKM4 FFKM
&d 16. 4 15.5 15.3 14.3  13.5 12.0
op 2.0 7.1 6.6 5.1 4.7 2.9
oh 0.6 10.0 9.2 7. 6.5 3.5
o) 16.6 19.8 19.2 16.7 157 12.9

(1) Refer to Appendix for description
(2) Ref. 20

Ender (1) has recently published extensive
original data that should be thoroughly reviewed by
conpet ent thernodynam cists. H's paper reports vol une
changes of AFLASD, KALREZD and EPDM in H2S, 20 MPa(2900
psi), 125°C of 67% 25% and 61% respectively. Simlar
data for C02, 20 MPa, 100°C is 42% 37% and 13%
respectively. His data indicate that the solubility
paraneter corrections for Hydrogen bondi ng 5h and di pol e
forces 5p are probably inappropriate. This is |ogical
when considering physical properties of |iquids and
el astonmers at el evated tenperatures:

at 100°C, water is a gas, and el astomer |ose

60% of their tensile strength. This would al so provide
addi tional verification of Hirschfelder's

statement (13) that nol ecul es behave as rigid, non-
attractive spheres at high tenperatures. Reid et al (10)
are recommended for nore intensive background.
El ast oner Conpoundi ng Vari abl es

Non- el ast oner conponents in the conpounded el astoner,
such as fillers, curatives, and processing
ai ds, can al so produce pronounced swelling effects.
Fedors (14) has pointed out the substantial effects
of fillers on water absorption. The unusually high
swel ling of AFLASO conpared with EPDM and KALREZ[J
in hydrogen sul fide and carbon di oxi de noted by Ender
(1) is probably due to the triazine curative with its
strong hydrogen bondi ng carbonyl oxygens. This effect
woul d be sinmilar to the reaction between acetone and
acetyl ene so successfully utilized in acetyl ene storage
t anks.

Supercritical Gas Effects

The techni que of using high pressure supercritical
gases to solvate nol ecul es of high nolecul ar wei ght
(400, 000 and higher) has potentially serious
conplications with el astomers. G ddings (3) noted the
di sappearance of fluorocarbon 0-rings "except a small
residue” in supercritical amonia at 20 MPa. These were
probably made of an early type of amine cured el astoner
whose crosslinks hydrolyzed in the basic environnent.
The pol ymer, of well bel ow 400,000 mw, was apparently
sol vated by the system

The residue noted by G ddings consisted of the nornmal
carbon black fillers and nmetal oxides typically used for
conpoundi ng.

Expl osi ve Deconpr essi on

El astonmers in contact with any gas at sufficient
pressure ul timately becone supersaturated. The period
of time and the pressure involved are of little
consequence because the failure, which is due to fracture
or blistering, occurs at relatively |low pressures. In
a supersaturated state, the gas coexists in the el astoner
as a liquid. An equilibriumshift of pressure,
tenperature, or concentration causes bubble formation
at a flawsite in the elastonmer, neatly described by
Gent (15). The ability of the elastoner to perform
as a pressure vessel strong enough to contain the
expanding liquid depends on the sinple relationship 5@ 2,
where Gis the shear npdul us of the el astoner.
Figure 4, from Gent (16), shows that a 95 duroneter
el astomer has a shear nodulus of 10 MPa.
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Thus, the safe operating range of a 95 duroneter seal in a
hi gh pressure gas environnent is 25 MPa. Devel oping a
nmul ti phase network in the el astoner, as described by
Hirasuna et al. (8), can nore than double this value, but
the fornulations are relatively intractable and still have
a shear nodul us bel ow the desired value of 40 MPa. A 40
MPa shear nodulus in polyners is achieved only by
crosslinking an el astomer to an "ebonite" stage of using
plastic with 50% or nore microcrystallinity, such as PTFE.

I'n Ender's paper (1), various degrees of el astoner danage due to
the expl osi ve deconpressi on phenonenon are noted in relation to
the discussion on perneation of elastomers. Low solubility gases
such as nethane would tend literally to "explode" within the

seal on deconpression. Gases with higher solubility mght first

tend to undergo retrograde condensation, then migrate as a
l'iquid through the el astoner phase, and literally "boil off"

surface as a gas, causing littledanage. Retrograde condensati on,
a not too well-known thernmodynam ¢ phenonmenon, was a problem

commonl y encountered by peopl e doing high pressure gas

chromat ography (2,3,4,5) until they nodified their equipnent.

Perneation of El astoners

The passage of a gas through an el astonmer has

been reviewed by several researchers, Van Anerongen



(18) being the nost quoted. The basic interactions,
di ffusion, perneability, and sorbtion (solubility),
categori zed as transport phenonmena. These have been
adequately defined and quantified by Van Krevelin 19),
whom we quot e:

are

1. Diffusivity or coefficient of diffusion: D
D is the ambunt of nmatter (m) passing per
second through a unit area, under the
i nfluence of a unit gradient of concentration
(the "driving force"), as expressed in the
equati on
I.'_.r

dE

di

= TiLi——] .
':l:-|.‘|

The dinmension of Dis nf/s.

2. Perneability or perneation coefficient: P
P is the ambunt of substance passing through a
pol yner filmof unit thickness, per second, per
unit area, and at a unit pressure difference.
It is normally expressed in the follow ng
di mensi ons:

10" °ni(sTP) / MS[Ba

wher e m3(STP) is the anount of gas in m3 at
st andar d tegperature gnd vessure (273 K, 1 bar).
[1 bar = 10° NNm = 10~ Pa(pascal) = 0.1 Mra.]

3. Solubility or solubility coefficient: S
S is the ambunt of substance (gas) per unit
vol une of solvent (polyner) in equilibrium
with a unit partial pressure (0.1 MPa), as
expressed in the equation
C = Sp (Henry's law). (5)
For sinple_gases S is usually given in 10'5m3
(STP per m polyner per bar, its dinension
t herefore being

10" 5nd(STP) / i’ CPa.

The three quantities nentioned are
interrelated by the equation

p = D9 (6)
El ast oner - Gas Response
The gases discussed are in their supercritical state,

above their critical tenperature (Tc ), and are therefore
no | onger capable of being |iquefied by increased
pressure. Wen dissolved in the elastonmer, they forma
true solution, i.e.; a liquid, albeit one having a high
vapor pressure. The degree of solubility depends on the
type of elastoner, nature of the gas, pressure, and
tenperature.

Since perneability (P) is considered to be the
product of diffusivity (D) and solubility (S),

p = D9 (7)

D and Swll be central to the discussion.
Diffusivity (D

Gas nucleation in el astonmers was addressed by Gent
(15) using gases of varying solubilities (argon,
nitrogen, COp) in nonpolar elastoners (natural rubber
SBR). Diffusion values for the three gases were quite
simlar for conparable el astomers, the rate of diffusion
increasing with tenperature. Solubility values were
relatively independent of tenperature. Van Krevelin (19)
comrents that, for the sinpler

and

gases,
acting as "probes of variable size.

the interactions are weak, with the gas nol ecul es
" Diffusion rates of

equi val ent gases in different elastoners vary wdely, as
reported by Van Anerongen (18).

Sunmmary — Diffusion

a. Hghly dissimlar gases (A Np, and CO, have simlar
diffusion rates in non polar elastoners)(Gent).

b. ldentical gases have a w de range of diffusion
rates in different elastonmers (Van Amerongen).

c. Tenperature universally increases diffusion
rates.
Solubility (S)
Since all elastonmers are subject to sone degree of
di ffusion, the solubility (S) conponent of the equation
P = D9 is reviewed. Beerbower (20) recently covered
gas-el astonmer solubilities in detail using Ostwald and Bunsen

coefficients but w thout specifically detailing Henry's |aw,

whi ch has great

rel evance to potential gas-el astoner

i nteractions.

Henry's Law

tenperature,
proportional

This law essentially states that, at any given
the solubility of a gas in aliquid is directly
to the pressure of the gas above the liquid at

equilibrium The |aw as fornul ated,
C=9S
where ¢ is concentration,

Sis solubility, and p is
pressure,

is considered accurate at

| ower pressures and tenperatures.

Ender (1) verifies the law as applied to gas-el astomer

interactions.

The | aw i ndicates that doubling the gas

pressure doubles the solubility. The lawis also valid for

gas

m xtures with the partial pressure used for each gas.

This indicates the absolute certainty of a strong

gas-
conbi nati ons.

el astonmer interaction with the nonpol ar-pol ar sour gas

Maron and Prutton (21), anpng others, have

pointed out that the strict applicability of Henry's lawis

lim

becones | ess exact,
consi derabl e vari ation.
signi ficance,
gas-

ted to | ower pressures. At higher pressures the |aw

and the proportionality constants exhibit
The nonlinearity is of little

as Ender's work points out the extensive

el astomer (swelling) interaction at relatively |ow

tenperatures (100 to 125°C) and pressures (30 MPa).

SUMVARY

will

manageabl e than ot hers.

achi

t her nodynami c response,
el ast omer type,

El astoners utilized for sealing high pressure sour gas

be subject to a predictable series of events, sone nore
Chem cal and thermal stability can be
eved by nmaterials selection. Elastonmer swelling, a

is a function of gas pressure,

and conpoundi ng i ngredi ents. Expl osive

deconpression is a strength of materials phenonenon.
El astoneric seal s should be used with caution in high
pressure sour gas service.



