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Chapter 1

Introduction

The research project is part of a NKT project to improve flexible pipes used in
crude oil transport. This report evaluates the progress made during the first
year of the modelling project. This part of the project concerns modelling of
the flux of gasses through the pipe walls of the flexible pipe. The permeated
gasses cause an increase in pressure in the annulus. If this pressure is large
it may cause the outer sheath to burst. Also if large amounts of carbon
dioxide, hydrogen sulfide and water permeate from the inner of the pipe
to the annulus, corrosion of the pressure reinforcements causes a reduced
lifetime of the pipe. It is therefore important to be able to predict the gas
flux through the pipe walls.

In order to model the permeation of gas a large foundation of experimental
data is required. The needed data is supplied by NKT-Research and IVC-
SEP, DTU.

The modelling work has been divided in two; a model for the measuring
cells used to obtain the required experimental data on permatiom properties
and a model for a flexible pipe consisting of several layers of polymers and
steel.




Chapter 2

Literature Study

A literature study has been performed to obtain knowledge on the transport
of small molecules through a membrane. In the following pressure-induced
permeation is considered. It is believed that the permeation process can be
divided in three; the dissolution of gas in the membrane on the high-pressure
side, a diffusion through the membrane and a release of gas at the low-
pressure side. Therefore, the literature study has focus on the understanding
of sorption of gasses in polymer membranes and of the process of diffusion
of gasses through polymer membranes.

2.1 Sorption of gasses in polymer membranes

The sorption of gasses in polymer membranes depends strongly on the nature
of the polymer, the pressure and temperature. At moderate temperatures
and pressures (below the critical values) only small amounts of gas is assumed .
to be dissolved in the polymer and hence Henry’s law apply for the amorphous
part of the polymer:

C=8P (2.1)
where C is the concentration of dissolved gas per volume unit polymer, S is
the solubility coefficient or the inverse Henry’s law coefficient (volume gas
per volume unit polymer and pressure unit) and P is the pressure of the gas.
Apparently, very little work has been done on sorption outside the range of
Henry’s law. According to Stern et al [101] Rogers, Stannett and Szwarc
have determined the following empirical expression for the solubility:

g Sop
(1 —0oSop)
where Sj is the solubility coefficient at zero concentration or pressure and o
is ”a temperature-dependent constant that characterizes the concentration

S=£=Soexp
p
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dependence of S”. In Stern et al [105] the solubility of a large number of
gasses in polyethylene is compared. The following empirical relation is found
between the solubility and critical temperature of the gas

T\ 2
log Sp = —5.64 +1.14 (—c)

T
where Sy is Henry’s law solubility, T, (K) is the critical temperature of the
gas and T (K) is the temperature. For temperatures below the glass tran-
sition temperature the solubility is given by a combination of Henry’s law
(amorphous part) and Langmuir sorption (glassy part) [5], called the Dual
Sorption mode. However, this is not discussed in this survey because the
polymers considered are above the glass transition.

2.2 Diffusion of gasses through polymer mem-
branes

Once the gas is dissolved on the high pressure side of the membrane it dif-
fuses towards the low pressure side because of the difference in chemical
potential. The amount of gas transported by diffusion is controlled by the
applied pressure and temperature, and the nature of the gas and the poly-
mer. In addition, the nature of the gas and the polymer depends strongly on
the applied pressure and temperature which must be taken into account in
any modelling of solubility as well as diffusion. The temperature dependence
is typically given by an Arrhenius expression:

| D=Doexp—_R§,d o

where Dy is a reference value of the diffusion coefficient. Often this is ex-
trapolated to a value at zero temperature. E; is the activation energy for
the diffusion. Both Dy and E; are determined from experimental values of
the diffusion coefficient at given temperatures. According to Stern et al [101]
Rogers, Stannett and Szwarc have expressed the average diffusion coefficient
dependence on temperature and pressure by an empirical expression:

A Dr

D = Dyexp (1a) ~ Dy exp (T;;)
where Dy is the diffusion coefficient at zero pressure, a ~ %9: is the penetrant
activity, p, is the applied penetrant pressure, p* is the vapor pressure of the

penetrant and 7 is a temperature-dependent constant.
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Stern et al has done an extensive work on the applications of the Fujita
free volume model. The modelling of diffusion is in most cases acceptable,
however, the free volume model requires a lot of experimental data to deter-
mine all of the needed parameters.

In Appendix A seven articles/books are chosen from the literature list of
127 articles and books and are referred in greater detail. Appendix A also
includes a collection of permeability data found in the literature.

As a short conclusion to the literature study it is noted that, eventhough
a lot of work is put into relating permeability to temperature and pressure
all relations are empirical or semi-empirical and requires a large experimental
foundation to use. Also, the focus is on the permeability not the individual
diffusion and solubility coefficients.




Chapter 3

Solubility and diffusion from
experimental data

The experimental foundation is supplied by NKT Research and IVC-SEP,
DTU. At these departments experiments to determination of D, S and Pe
are performed at a number of gasses and polymers at a range of temperatures
and pressures. Two different measuring techniques are used and described in
the following. The techniques are solubility measurements on a high-pressure
balance and the time lag method.

3.1 Solubility Measurements

The principle for the solubility measurements is that a polymer sample of
known geometry is placed on a balance in a closed vessel. Gas is applied at
a given temperature and pressure and the weight. increase due to absorption
of gas is measured as a function of time. The concentration of absorbed gas
is determined as the mass of gas, m(t), divided by the mass of the polymer
sample at atmospheric pressure. The maximum concentration of gas that -
can be dissolved in the polymer is easily determined as the plateau of a plot
of concentration vs time (illustrated in figure 3.1). If Henry’s law applies a
plot of Cpnas versus P gives a straight line with the slope S (the solubility
coefficient).

Furthermore, the diffusion coefficient is calculated from the transient.
From Fick’s second law

dc D82c

a~ o7 .
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Figure 3.1: Determination of maximum concentration

A Amount of gas
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Figure 3.2: Determination of diffusion coefficient

the total amount, m(t), of absorbed gas is given by:

D\ %8
- m(t) =4-10°ApC (;) vt oo
where A is the surface area of one side of the sample, p is the polymer density,
C is the maximum concentration of gas in the polymer, D is the diffusion
coefficient and ¢ is the time. The equation only applies until the polymer is
"saturated” with gas. The relation is derived in Appendix D.

A plot of the absorbed amount as a function of the squareroot of time is
illustrated in figure 3.2. The diffusion coefficient can now be determined from
the slope, «, of the initial straight line of the absorption versus /¢ curve:

0.001a\?
D=W(4Ap0> (3-2)
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Figure 3.3: Pressure induced flux
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Figure 3.4: A theoretical timelag curve

3.2 Time Lag

The principle for the experimental setup is illustrated in figure 3.3. A high
pressure, Py is applied to the membrane forcing the molecules to diffuse
through the membrane to the low pressure, Pr, side. The amount of gas
permeated through the membrane is measured as a function of time and
plotted. Figure 3.4 illustrates a typical plot of the flux versus time. The
concentration profile in the membrane is given by an analytical solution to
Fick’s second law (equation 3.1) assuming that the concentration on the low
pressure side is zero and the diffusion coefficient is a constant [85]:

Cc=0, (1 : _”i) 3 27Cr’o i (1 + a)cos(nr) — a sin (ﬂrﬁ) exp (_Dn27r2t>
n=1

L n L L2

C is the concentration at position z and time t, Cy is the concentration on
the high pressure side, L is the membrane thickness, D is the binary mass

diffusivity, o = g%ogg and C; ~ 0 is the initial gas concentration in the




membrane. Integration with respect to time gives an expression for the total
amount of gas leaving the membrane as a function of time:

2 2 ©© 2.2
QZADCO[t I? oL 1 (_ant)j}

I |""6p mpim®P\TT I
The timelag is obtained from the linear part of the curve obtained as t — oo:

ADC, [ L2] L?
7 =T=——

Q= 6D

6D

From the intersection (Q=0) of the steady state straight line with the x-axis
the timelag, 7, is determined and the diffusion coefficient, D, can be calcu-
lated. From the slope, J, of the straight line the permeability coefficient, Pe,
is calculated knowing the applied pressure difference across the membrane,
Ap:

J
Pe = A_p
Finally, the solubility, S, is obtained from
Pe
)
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Chapter 4

One Dimensional Models

Two models are developed; one for evaluation of experimental data and one
for the flexible pipe. The geometries of the two models differ. The membrane
used in the measuring cell is flat - this situation is best described in rect-
angular coordinates. The geometry of the flexible pipe requires cylindrical
coordinates.

4.1 Rectangular Coordinates

The principle of the experimental setup is illustrated in figure 3.3. The trans-
port of molecules through the polymer is assumed to be in one direction only
and no reaction is occuring. The concentration distribution of component A
in the membrane at any time is given by the equation of continuity [4]:

dc A ON Az

E Y
where c,4 is the concentration of A in moles per volume unit polymer at time ¢
and position z. Ny is the molar flux relative to stationary coordinates (mole
of A pr surface area polymer and time). The flux independent of position is
given by
. NA=$A(NA+NB)—CDV$A (41)

where N4 and Np are the fluxes, A is the diffusing component, B is the poly-
mer, c is the total concentration in moles/volume, D is the mass diffusivity
in the binary system and z4 is the mole fraction of component A. The first
term on the right-hand side is the molar flux of A resulting from the bulk
motion and the second term is the molar flux resulting from diffusion. Since
only small amounts of A is assumed present in the polymer the bulk flux is
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neglected and the one dimensional flux is given by:

BCA
Ny, —D—%

The diffusivity is expected to vary with temperature and pressure and there-
fore also with position. Insertion in the equation of continuity yields:

Ocy O O0ca
Bt a(‘p am) (42)

The needed set of boundary and initial conditions are given by:

CA (my 0) = Ci'm'
CA (0) t) = CO
CA (L, t) = (C

where Cj,; is the initial gas concentration in the membrane, Cy is a known
concentration at the high pressure side of the membrane and Cy, is a known
concentration on the low pressure side of the membrane, typically this value
is set to zero. L is the thickness of the membrane. The initial condition
Cini ~ 0 expresses that the membrane is initially clean and contains no
traces of gas.

The diffusivity is expected to vary with position and equatlon 4.2 must be
solved numerically. As numerical approximation the finite difference method
is used. The mesh used in the finite difference approximation is illustrated
in figure 4.1. The partial derivatives are approximated by [109]:

4 t—At

Jca  Cai—Cyuy
ot At
dca _ Chip—Chi
dr 2Az
9 ( D Ocy ) _ Diyq (Cﬁx,i+1 - Cﬁ,i) - D; (Cﬁ,z‘ —chi)
Oz oz Azx?

where the subscript i refers to the internal nodes of the finite difference
mesh. The approximations are inserted into equatlon 4.2. In short form the
rearranged equation is written:

t ¢ t
@iCy i1 +bicy; + ciCy i = ds

12




v A Membrane

—_—
Direction of flux

Figure 4.1: The spatial finite difference discretization, N=7 nodes

where the coefficients are given by

At

5D

At
b.,' = 1+-@(Di+1+Di)
At ‘

= Tl
— A=At
di ‘— CA,i

a; =

The boundary conditions are incorporated to the system of equations by
rearranging. At the high pressure side:

a2Cy + b2cf4,2 + 6262,3 = dy &
t t
bgCA,2 +CCh3 = dy — a3Cy

and at the low pressure side:

t ¢ —
AN-1C4 N-2 + bN-ch,N—l +eny-1Cr = dy_1 &
¢ t —
aN-1Cs g T ON-1Ca N1 = dy-1—cn-1CL
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In total V — 2 equations are to be solved for N — 2 variable concentrations.
In matrix form the system of equations is written as:

Kw=f

where K is the tridiagonal coefficient matrix, w is the variable concentration
vector (w = (ca2,.--sca,n—1)) and f is the function value vector. The system
of equations is solved using a fortran77 subroutine (TRI) programmed by
Peter Szabo.

4.2 Cylindrical Coordinates

The modelling of a flexible pipe requires a model for the mass transport
considering several layers of diffusion barriers and pressure reinforcements.
In this section the modelling is simplified so that the annulus between the
two polymeric layers is considered as an empty equilibrium chamber. In
section 4.2.1 a model for a single polymeric layer in cylindrical coordinates
is derived. This model is extended to a triple layer model consisting of an
inner polymeric layer, an equilibrium chamber and an outer polymeric layer
in section 4.2.2.

4.2.1 A single polymer layer

The derivation of the governing equations in cylindrical is similar to the
rectangular case and will not be treated in detail. The equation of continuity
in cylindrical coordinates in radial direction (again reaction is neglected) [4]:

BCA 10

B rar
The flux is given by equation 4.1 in cylindrical coordinates and neglecting
the bulk flux:

BCA
Ny = -D—
Ar 6"'
For a position dependent diffusivity equation 4.3 is written:
6c,4 10 aCA
—_——=— -D) = .
ot ror (r( ).Br> (44)

The set of boundary and initial conditions is given by:
ca(r,0) = Cini
ca(R1,t) = Chg,
ca(Ry,t) = Chg,

14




where R; is the inner radius and R; is the outer radius of the polymeric layer.
The finite difference mesh is analog to figure 4.1 in the radial direction. The
finite difference approximation follows accordingly:

Ocy cyi — i
. At
Oca _ Chap— i
o 2Ar
0 (mgﬁ‘- ) _ TinDin (s = i) = miDi (ch; — ¢yim1)
or ' Ar?

Inserting the approximations in equation 4.4 and rearranging the system of
equations is written as:

¢ t ¢
Aicyiy + Bicy; + Cicy i = Di

where
At
A,; = —WT,'D,'
At
B, = 1+ 2(7‘.,,+1D,+1 +7‘,D)
At
G = ——E—gTi+1Di+1
D; = ot

The incorporation of the boundary conditions are similar to the rectangular
case. Again the equations are written in matrix form and are solved using
the tridiagonal matrix solver.

4.2.2 Multiple layers

In figure 4.2 a cross section of the pipe showing the considered situation is
illustrated. The figure illustrates two polymeric layers separated by an equi-
librium chamber. The equation of continuity in the form given by equation
4.3 must apply to both polymeric layers. The initial and boundary conditions
are given by:

CA(T, 0) zm
CA(Rl,t) = Cpg,
CA(R4,t) =C

15




Figure 4.2: Three layers; inner liner, annulus, outer sheath

where R, refers to the inner radius of the inner polymeric layer and R, refers
to the outer radius of the outer polymeric layer. The gas in the annulus is
assumed to be in equilibrium with both polymeric layers. A mass balance

for the equilibrium layers yields:
dc Oc 1 oC,
=2 —Rs(- D2) 5, 4 = 3 (R: - R}) th'

R, R3

Ry(— Dl)

where Rj3 is the inner radius of the outer polymeric layer and R, is the outer
radius of the inner polymer layer, D; and D, are the diffusivities of polymer
layer 1 and 2, respectively, and Ceq is the accumulated gas in the equilibrium
chamber. If ideal gas behavior is assumed and if Henry’s law is assumed
valid (that is, only small amounts of gas is dissolved in each polymer layer)
the finite element approximation to the mass balance is:

S1Pey — Oy -1 SoPeg —Cnys 2 ooy Peg = Pag ™
AR Bs(—D) ARE 2RT (Rs — B) At

where S; and S, are the solubilities at the equilibrium boundaries of polymer
layer 1 and 2, AR™ and AR are the node spacing of polymer layer 1 and 2,
R is the gas constant and T is the temperature in the equilibrium chamber.
R; refers to the radii given in figure 4.2. The finite difference mesh consists of
N number of nodes in layer 1, one node in annulus and M number of nodes
in layer 2. Note that the concentration at the node placed on the boundary
between polymer layers and the equilibrium is replaced by the equilibrium
pressure.

Ry(~D))

16




Left are two equations effected by the use of pressure instead of concen-
tration at the intermediate boundaries: ’last’ equation for polymer layer 1
and ’first’ equation for polymer layer 2. The affected equations are rewritten
in terms of equilibrium pressure using Henry’s law:

AN_.lcf,;,N_2 + BN_1C:1,N_1 -+ CN_lcf,LN =Dy &
AN—lch,N_z + BN_lc‘j;,N_l =Dy_1-— CN—ISIPetq
An43€s N2 + BN+3Ch nas + Cna3Chnss = Drys &
Bn13Clnys + Cn+3Cinia = Divis — Any3SePy

The boundary conditions are used as in the single layer case. In matrix form
the system of equations to be solved is written:

Kw=f

where K is the tridiagonal coefficients matrix, w = (ca2, ..., C4,N-1, Peg, Ca,N+3,
where N + M — 3 is the total number of variables and the vector f consists
of the function values. The solution to the system of equations is a concen-
tration profile for the two polymeric layers and the pressure in the annulus
and is obtained using the TRI solver.

4.3 Heat Transport

For the multilayer case (figure 4.2) the heat transport is modelled. The basis
is the equation of energy in one dimension in cylindrical coordinates [4]:

or IG(BT)

*5t
It is assumed that the density and the thermal conductivity are constants,
that only solid non-moving materials are considered and that no viscous
dissipation occurs. The initial and boundary conditions are given by:

T(T1 0) = T;Zm'
- T(B,,t) = T

The energy leaving one layer must enter the next, thus for the boundaries
between the layers:

17

ey CA,N+M—3)

gy




where the superscripts indicate different layers. From Fourier’s law of heat
conduction:

g=—kVT =
oT?! Tt
I _ I
k or =k or <
oT! oTH
I I -
e (4.6)

The finite difference approximations are given by:

oT Tt — TtAt

ot At
2. (riﬂﬂ_> — Tit1 (1’;«‘.4_1 - 'I;t) -7 (1’? — fZ';:t_l)
or or - Ar?

Gathering the coefficients the discretized system of equations is written:
o TEy + BT + 7T = 6 (4.7)

where the coefficients are given by

o = F
T Ar?
oC, k
pi = "—_A:_W(Ti+l+ri)
-k
%= T,;A’I‘2 i
o _PCp t—At
% = AtT"

At the boundaries between the layers equation 4.6 replaces equation 4.5.
Discretisation of this yields:

AT + BT +CT, =0

where the coefficients are given by

k!
A= N

kI kII
B = aatam

k”
G= ~pm
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The boundary conditions are implemented as described for the mass trans-
port. In matrix form the system of equations to be solved is written as above
described:

Kw=f

where K is the tridiagonal coeflicients matrix, w = (T5...Ty_1) where N is the
number of radial nodes and temperature variables and the vector f consists of
the right hand sides to the governing equations. The solution to the system
of equations is a temperature profile for the two polymeric layers and the
annulus and is obtained using the TRI solver.

19




Chapter 5

Two Dimensional Models

The one dimensional model for two polymeric diffusion barriers separated by
an equilibrium chamber is valid when diffusion is possible from the entire
surfaces of the polymers. However, due to the pressure reinforcements in
the annulus the major part of the outer surface of the inner liner may be
blocked by metal resulting in the concentration variation with axial position
important. To simulate the altered diffusion pattern in the inner liner, a 2D
model is required.

5.1 Gas diffusion through polymers

The considered pipe configuration is illustrated in figure 5.1. Diffusion from
the inner liner to the equilibrium chamber is only possible in the slits be-
tween the C-profiles. The concentration profiles are given by the equation of
continuity in two dimensions in cylindrical coordinates:

aCA _ 10 aCA 0 6c,4
Bt ror (TD or ) + 0z b 0z (5:1)
The pipe considered is highly symmetrical; the C-profiles and the slits are

repeated throughout the pipe. Therefore, the temperature and concentration
profiles obtained for one-half of a C-profile and one-half of a slit are repeated

Inner Liner

/ \\[/ \\l/ \\[/ \\[/ \\[/— C profiles

Outer Sheath

Figure 5.1: The inner liner is partially blocked by metal wires
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Figure 5.2: Symmetry section - one-half C-profile, one-half slit

throughout the pipe as well. The symmetry section considered is illustrated
in figure 5.2. The initial and inner and outer boundary conditions for the
pipe section:

ca(r, 2,0) = Cip; (5.2)
cA(-R/ina z, t) = Cin
CA(Rout; Z, t) = Cout

At the symmetry planes and the boundary between the inner liner and the
metal blocking the following constraints have to be fulfilled:

%9;'1(7", Zim t) =0 (53)
%Ef"(n Zout,t) =0

%(R{mt; Zmetah t) =0

The nomenclature is given in figure 5.2. Concentrations on ‘the boundaries
to the annulus are bounded by an equilibrium equation. The equilibrium
equation is derived from a simple mass balance: Accumulated = In - Out,
where '

LI

In = 27Rl,At N,dz
OLII

Out = 27RIAt N,dz
0

Acc = V(cfmn - Cf;u? ¢

where superscript I refers to the inner liner and superscript I7 refers to the
outer sheath. At is the time interval, N, is the gas flux across annulus-
polymer boundaries, L7 is the length of the slit, L/ is the inner surface of

21




the outer sheath, V' is the free volume in the annulus (i.e. the voids between
metal wires), Cenn i the concentration of gas in annulus at the indicated
time. The mass balance yields

t—At

LI LII ct —c
on |RL, [ N.dz— R / Nyds | = i S (5 g
0 0

The integrals are solved numerically by the trapezoidal formula. For the
inner liner:
L AL

N.dz = -DI=——

1
A A I[ (CNpaart = CNpag—1,1) + (CNpoas2 — CNppg—1,2) +

1
+(CN ad» aht"l CNrad—lxNalit"l) + E(chadrNslit - cNRad‘lvNalit)]

For the outer sheath

i AZ
_ II
Nrdz - D A [ (chad+3 1= chud+211) + (chad+312 - chad+212) +

0

1
+(chad+3,Naz—1 - cha.d+2yNa:=“1) + §(CNrad+31Na= - cNRad+2,Na:n)]

The dissolved gas at the polymer boundary is in equilibrium with the gas
pressure in the annulus according to Henry’s law. This yields:

LI
I I I
Int'f = [ Ndz = —DI22 A = [ (Nuit — 1)ST Py —
0
Ny —1
'2_ch¢¢—1,1 - Z CNraa—1i ianad—l,Naut ]
=2
L A II
VA
Ir | —_ Ir el _
Int A N,-dZ = - Arll [ 2Cde+3,1
Naz—-1 1
II
CN,¢d+3,‘l' - _2.CNRad+3,Naz - (Naz — l)S Pann ]
=2 :

In the above equations V,,4 is the number of radial nodes in layer 1, N, is
the number of axial nodes on the slit and N, is the number of axial nodes
in layer 2. The annulus gas concentration in equation 5.4 is converted to
pressure by the ideal gas law

__ Dann

cann - RT

22
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Figure 5.3: Finite difference mesh

where R is the gas constant and T is the temperature. Equation 5.4 is now
written

T A
zmt%- (RL,Int — REIng'T) — ph = —plott (5.5)

Equation 5.5 relates the annulus pressure and the concentrations in the in-
ner liner and the outer sheath given by equation 5.1. The solution to the
equations is approximated by finite difference.

5.1.1 Finite Difference Approximation

An example of the finite difference mesh used for the pipe geometry is il-
lustrated in figure 5.3. The second order derivatives in equation 5.1 are
approximated according to

0 ( poe (rD)i ;i (kg — o) = (rD)im; (chy — chny)
or or Ar?
U S S
S D?E) _ DTt - Dy
9z \ " 0z) 3 (Azt +Az)

where i, j is the row, column position of the node. The value of the diffusion
coefficient is calculated between two nodes, the minus indicates lower row
or column number and the plus indicates higher row or column number. In
short form the discretized equation is written

t t t t 1 —_
Ulc'—-].,j + Uzcﬂ_l’j + U3Ci,j + U4C,£’j_1 + U5ci,j+1 -_ UG
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where

At
U, = —— iy
' PRTAY (rD);- J
At
— +
U = 1 jAr? (TD)i+'j
Us = C:;At
for the inner liner:
At . _ 2At Dfs  Di,-
U = 1+ T ;T2 ((TD)“J' + (TD)""J') + Azt + Az~ (Az+ + Az~
U = __ 24t Diy
YT T Azt + Az Az
U = — 2At 'D::j+
5 T T Azt+Az Azt
for the outer sheath:
At + - At (., -
e (D), + (D)) + — (D + D)
At
Us = —35Di;-
At
Us = ~malur

Note that this formulation of the axial discretization allows for different axial
node spacing in blocked and un-blocked part of the inner liner. At the bound-
aries to the annulus equation 5.5 is used. At the inner and outer boundaries

the boundary concentrations given in equation 5.3 replace the concentration

variables. At the symmetry planes the concentration constraints given in
equation 5.4 are implemented. In matrix form the system of equations is
written

Uw=Db

where U is the Uy, Uy, Us, Uy, Us coefficients at each inner node (that is, nodes
not positioned at the boundaries), w = (¢1, ..., €Ny Panny CN+25 -+ CN+M+1) 18
the variable vector, N and M is the number of inner nodes on the inner liner
and the outer sheath and b is the function vector. The leading dimension,
LDA, of the coefficient matrix is given by LDA=NUCA+NLCA+1 where
NUCA=NLCA is the number of upper and lower diagonals equal to the
maximum number of axial nodes. The system of equations is solved using
the IMSL double precision band matrix solver DLSLRB.
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Figure 5.4: The division of a pipe in sections

5.2 2D temperature profiles

Due to the high conductivity of the steel in the annulus a 1D temperature
model is sufficient for each symmetry section. However, heat exchange with
the surrounding water is inevitable and the temperature of flowing fluid de-
crease along the pipe. Since it is assumed that the local (a small symmetry
section) axial temperature does not vary the "2D” modelling is reduced to
determination of the wall temperature, T;, along the pipe and then solve the
1D model across the polymer barriers as described above.

Therefore, the principle of the two dimensional modelling of temperature
profiles in the polymeric layers and the annulus is to solve the 1D model at
different sections of the pipe (illustrated in figure 5.4). This procedure is
possible when the temperature on the inner boundary, T, is'given.

5.2.1 Estimation of wall temperature

The wall temperature is coupled to the average temperature of the fluid
flowing through the pipe. Therefore, an equation for the bulk temperature
as a function of axial position is required before the wall temperature can be
estimated in each section. The equation of energy in two dimensions relates
the axial temperature gradient due to flow to the radial heat transfer due to
conduction:

or k19 ( 6T)

Yo = oCyrar \"or
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Averaging over a cross section of the pipe:

S/ B 10 (0T
2 —rdr = — 2 (= _
71:/0- v azrdr 27r/0 oCyr o7 (rar>rdr (5.6)

where R; is the inner radius of the pipe. The integral on the left side of
equation 5.6 is rewritten:

Ry aT a R1
/0 vzgrdr =% /0 v, Trdr

The average of the product of velocity and temperature is defined by

o foRl v, Trdr
o fOR]L rdr

2 (B
= / v, Trdr
1J0

Inserting this in the rewritten lefthand side yields:

Ry
vz?—T—rdr = —1- 2—(?- <v,T >
0 az

2102
The right hand side of equation 5.6 is rewritten:

[* 2L (Y rar = _k_[@]
o pCprdr \  or — pCp | Orl,

<v,T> =

_ kR, 9T
pCp Or |p,
The transferred energy is given by Fouriers law:
dT
= —k—
e dr

The equation of energy is now rewritten as:

—6—‘< v, T >= — 2 |
8z ="' 7T TRpc, 'm
A bulk temperature, Ty, defined by Bird et al [4] is introduced:
T, = <v,T>
<Y >
oT, 2

<v, > = (5.7)

5z = " RapC,
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The overall heat transfer coefficient is defined by [59]
qg= UAT = U(Thot - Tcold) (58)

In the considered case Tj,: is the bulk temperature of the flowing fluid in
the pipe and T4 is the temperature of the surrounding water cooling the
pipe. At steady state the transferred energy, ¢, must be constant at a given
position in the pipe. Inserting 5.8 in 5.7 and assuming the wall temperature
to be constant on each section of the pipe yields an expression for evaluation
of the bulk temperature in a given section of the pipe:

Ty _ 2U;
< 'Uz > _b' = —R1pCp (Tb - water) And
3z (Tb water) = m (Tb water) ~
Ty~Twater _ — 2U; z
f _'Tw‘l‘ﬂf]tnlet Tb"Twater d (Tb Twater) - R1pCp<v:> fzinlet dz <

Tb = Twater + [Tb - water]inlet exp (—ng’@j (z - zinlet)) (59)

where U; is the overall heat transfer coefficent based in inner surface area.
This is given by [4]

1 /(1 3 In{r,/rp-1)

Y= (h,- Y2 )
The outer heat transfer coefficient is neglected. rg is the inner radius, h;
is the heat-transfer coefficient for the inner of the pipe, r, and r,_; are
the inner and outer radii, respectively, of the considered layer n and %, is
the conductivity of layer n. The value of the inner heat transfer coefficient is
dependent on the type of flow inside the pipe. For laminar flow the coefficient
is calculated from [59):

2%y _ 2kmC, S
= DNGz " DkL
Ng, is the Graetz number, 7 is the mass flow rate and L is the section

length. For turbulent flow the coefficient is given by [59):
1
_ ko osndt k (D<uv,>p\"® (Cou\?
hi = 00235 NRINZ, = 0.023% ( . :

Once the bulk temperature is known the wall temperature is calculated from
[59]

inside resistance
overall resistance

Do
2Ty — Topater) (5.10)

T,=Ty— AT =T -

Ty=T -

U.‘
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where D, is the outer pipe diameter and D; is the inner pipe diameter.
From this equation it is possible to determine the wall temperature at each
section of the pipe once the bulk temperature is obtained from equation 5.9.
It should be noted that an iteration is required if the physical properties
of the fluid and the polymers vary with temperature. Knowing the wall
temperature distribution it is possible to calculate the temperature profiles
in the three layers of the pipe wall using the one dimensional temperature
model described in section 4.3.
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Chapter 6

Program

The governing equations given in the previous sections are solved by a For-
tran90 program made by Susanne Brogaard Kristensen. Three main pro-
grammes have been made; a 1D flat, a 1D cylindrical and a 2D cylindrical
geometry. The 1D flat geometry programme is for comparison with data
measured for application of the time lag method. The 1D cylindrical geom-
etry models the pipe neglecting the effect of the metal boundaries whereas
the 2D cylindrical geometry solves for the effects of the metal blocking.

6.1 The 2D Model

In the following subsections the data structure and the subroutines used to
solve the 2D diffusion problem are described. The 2D problem is by far the
most complicated and the programme to solve this requires more data and
subroutines to keep track of where the nodes are placed than what is required
to solve 1D problems. Therefore, if the 2D solution procedure is understood
it is a relatively simple task to understand the 1D solution procedures (not
discussed in this report).

6.1.1 Data Structure

The data structure is similar for the three programmes. Global input and
variables are stored in the modules input and variables. Repeated variables
are defined as types and node numbering, coordinates, concentrations and
temperatures are related by the use of pointers. Therefore, for a given node
number the variables are easily extracted. Also this data structure simplifies
the task of making a user interface in Visual C++ if desired.
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Figure 6.1: The local numbering

6.1.2 Subroutines

Subroutine Data reads the input from a input file and converts to the units
used in the calculations. If a User Interface is used the data is stored directly
in the modules and the subroutine is not used.

Subroutine InnerNodes assigns global numbers to the inner-nodes. The
numbering is illustrated in figure 6.1.

Subroutine BoundaryNumbering assigns a ” type number” to each nodes.
The ”type number” indicate the position of the nodes as given in tables 6.1
and 6.2 and illustrated in figure 6.2. These types are used in subroutine
CalcCoeff to implement the boundary conditions.

Subroutine GlobalNumbering assigns global numbers to all the nodes.
The global numbering is illustrated in figure 6.3.

Subroutine grid calculates the axial and radial coordinates for each node.
Subroutine CalcCoeff calculates the coeflicient matrix and function vector
from the finite difference discretization. The coefficients and function values
are stored in a global matrix and vector, respectively.

Program Cylinder2D is the main programme. The solution procedure is
initiated by calling the subroutine Main.

Subroutine Main allocates/deallocates memory and calls the subroutines
in the correct sequence in the time and section loops.

Subroutine InitialBoundary stores the initial concentrations in the global
concentration vector.

Subroutine ConcReloc relocates the calculated concentrations to the global
concentration vector also containing the boundary concentrations. In addi-
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Figure 6.2: The type numbering
Type | Position
0 Boundaries
1 Lower left corner
2 Left column
3 Upper left corner
4 Upper row, metal cover
5 Upper row, no cover
6 Upper right corner
7 | Right column
8 Lower right corner
9 Lower row
10 | Inner nodes

Table 6.1: Innerliner types
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Right column
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Table 6.2: Outersheath types
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Figure 6.3: The global numbering
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tion the calculated equilibrium pressure is relocated to the global equilibrium
pressure variable.

Subroutine Flux calculates the gas flux out of and in to the polymeric
layers. At steady state the fluxes must be equal for correct solution.
Subroutine ConcOutput writes the output to a file.

Subroutine ConvOutput writes variables necessary for calculation of the
convergence order (often this subroutine is commented out).

Subroutine WriteInput writes the used input in a file.

Subroutine Diffusion contains the diffusion equation (e.g. diffusion as a
function of pressure and temperature) and calculates the diffusion coefficient
at a given position.

Subroutine Solution contains the solubility equation (e.g. solubility as a
function of temperature) and calculates the solubility coeflicient at a given
position.

Subroutine Energy calculates the 1D temperature profiles independent of
the concentration calculation.

6.1.3 Input file

Using an input file requires the input to be typed in the following sequence:
1. Number of radial nodes on the inner liner |
Number of axial nodes on the metal part of the inner liner

Number of axial nodes on the slit of the inner liner

- Wb

Inner radius of the inner liner, cm

Outer radius of the inner liner, cm

o

Half-length of metal cover, cm
»Free-volume” in annulus, %

Half-length of slit, cm

e

Total pipe length, cm
10. Number of radial nodes on the outer sheath
11. Number of axial nodes on the outer sheath

12. Inner radius of the outer sheath, cm

33




13.
14.
15.
16.
17.
18.

19.
20.
21.
22.
23.
24.
25.
26.

27.
28.
29,
30.
31.
32.
33.
34.
35.

Outer radius of the outer sheath, cm
Number of time steps

Size of time steps, s

D, for inner liner, crm?/s

E, for inner liner, J/mol

4 constants for pressure modelling, if only temperature modelling the
constants 0,0,1,1 are used

So for inner liner, cm3/cm® bar

E; for inner liner, J/mol

Density of inner liner, kg/cm?
Conductivity of inner liner, W/cm K
Heat capacity of inner liner, J/kg K
Dy for outer sheath, cm?/s

E, for outer sheath, J/mol

4 constants for pressure modelling, if only temperature modelling the
constants 0,0,1,1 are used

Sy for outer sheath, cm3/cm?® bar

E, for outer sheath, J/mol

Density of outer sheath, kg/cm?

Conductivity of outer sheath, W/ecm K

Heat capacity of outer sheath, J/kg K

Initial concentration in inner liner, mol/cm3
Initial concentration in outer sheath, mol/cm3
Partial gas pressure on the inner of the pipe, bar

Partial gas pressure on the outer of the pipe, bar
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36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.

Sea depth, m

Inlet temperature, K

Water temperature, K

Initial temperature, K

Density of annulus, kg/cm?
Conductivity of annulus, W/em K
Heat capacity of annulus, J/kg K
Density of fluid, kg/cm3
Conductivity of fluid, W/cm K
Heat capacity of fluid, J/kg K
Viscosity of fluid, kg/cm s

Fluid inlet pressure, bar

Fluid outlet pressure, bar
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Chapter 7

Results

In the following the calculated solubility and diffusion coefficients are re-
ported. From the diffusion and solubility coefficients concentration and tem-
perature profiles are calculated for a horisontal pipe.

7.1 Solubility

The solubility measurements are performed by Abhijit Dandekar at IVC-
SEP, DTU as described in section 3.1. -So far the polymers polyethylene
(PE) and polyamide-11 (PA-11) and the gasses CO,;, CHy and He and
mixtures of 90mole% CHy + 10mole% CO,, 90mole% CHy + 10mole% He,
90mole% CO, + 10mole% He, have been examined at 25°C and different
pressures. In table 7.1 the pressures (in bar) at which the measurements are
performed at 25°C are listed. The solubility measurements data are repro-
duced in Appendix B. The maximum concentration of absorbed gas in PE is
plotted against pressure in figures 7.1-7.5. The amount of dissolved gas for
each gas/gas mixture is compared in figure 7.6.
From the figures it is concluded

gas PE PA-11
CO, 7.02, 20, 30, 40 13.79787, 29.45, 39.05, 49.68
CH, .5.61, 50, 100, 150 50.68, 100.25, 149.9778
He v 50, 100, 150 -

CO, + CH, | 54.1155, 83.05, 108.787, 150, 149.33 -

CO; + He 3.09, 15.64, 27.2597 -

CH,;+ He 55.356, 100.87, 149.076 -

Table 7.1: Solubility measurements at 25°C

36




PE/CO,
0.012

0.010 -
0.008 J

0.006 [ )

C (mgCO,/mgPE)

0.004

0.002 4

o-ooo L} L] T T T L] T T
0 5 10 15 20 25 30 35 40 45

p (bar)

Figure 7.1: Max. gas concentration vs pressure, CO, in PE
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Figure 7.2: Max. gas concentration vs pressure, CHy in PE
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Figure 7.3: Max. gas concentration vs pressure, CHy + CO, in PE

1. CO; is more soluble than CH, in PE

2. at low pressures the concentration of gas from mixtures of 90mole%C H,
or 90mole%CO, and 10mole% He in PE coincide with the concentra-
tions of pure CHy and COs, respectively.

3. a mixture of 90mole%C Hy and 10mole%CO; is less soluble than pure
CO;, and more soluble than pure CH,

4. Henry’s law applies only at low pressures

The maximum concentration of absorbed gas in PA-11 is plotted against
pressure in figures 7.7-7.8. The amount of gas dissolved in PA-11 is compared

in figure 7.9.
From the figures it is concluded

1. CO, is more soluble than CH4 in PA-11
2. Henry’s law applies only at low pressures

The effect of the kind of polymer is compared in figures 7.10 and 7.11.
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Figure 7.4: Max. gas concentration vs pressure, CHy + He in PE

From the two figures it is observed that more gas is dissolved in PA-11
independent of the type of gas. Eventhough the experimental foundation still
is limited a few general tendencies seem clear for all combinations of COs,
CH,, PA-11 and PE:

e CO, is more soluble than CH,
e more gas is dissolved in PA-11

e Henry’s law applies only at low pressures

7.2 Diffusion coefficients

The diffusion coefficients are calculated as described in section 3.1 from the
initial slope of the plot of amount of absorbed gas as a function of the square-
root of the time. The plots with the fitted linear functions and an example of
the calculation procedure are given in Appendix C. The calculated diffusion
coeflicients are shown in figure 7.12 and 7.13.

For quick comparison all the diffusion coefficients are plotted in the same

graph (figure 7.14).
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Figure 7.7: Max. gas concentration vs pressure, CHy in PA-11
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Figure 7.8: Max. gas concentration vs pressure, CO, in PA-11
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Figure 7.11: Comparison of the solubility of CH, in the two polymers
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Figure 7.12: Diffusion coefficients in PE at 25°C
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Figure 7.13: Diffusion coefficients in PA-11 at 25°C
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Figure 7.14: Diffusion coefficients in PE and PA-11 at 25°C

T, (K) | P, (bar)
CO, | 3042 | 738
CH, | 1906 | 46.0
H,S | 3732 | 894

Table 7.2: Critical gas properties

Please note, that the solubility measurements in PEwérenotperformed
on a sample with a well-defined geometry. Therefore, the determination
of the surface area is subjected to some uncertainties making the diffusion
coefficient of gas in PE qualitative more than quantitative. A few tendencies

are observed from figure 7.14:
e the diffusion coefficients is larger in PE than in PA-11

e for a given polymer the diffusion coefficients of CO, is larger than CH,

7.3 Thermodynamic properties

In table 7.2 critical constants [98] for the considered gasses are listed. The
glass transition temperature is an important property for understanding the
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behaviour of the polymer. The glass transition temperature depends on five
factors [83]: the free volume, the attractive forces between the molecules,
the internal mobility of the chains, the stiffness and the length of the chains.
Therefore, it varies strongly from polymer to polymer. However, since the
glass transition temperature is characteristic of the polymer one might expect
this temperature as well as the critical gas properties to be of importance for
modelling of the solubility/diffusion processes. For the polymers considered
in this project following glass transition temperatures are reported by NKT
Flexible:

PA-11: T, = 0-10°C
MDPE:T, = —80°C
PVDF:T, = -28°C

7.4 First approach modelling

For the solubilities the results given above indicate that for experimental
conditions close to the critical properties of the gas the solubility increase.
The critical properties of COs is not far from the experimental temperature
and pressure and it is observed that this gas is the more soluble compared to
CH,. The diffusion may be related to the glass transition temperature of the
polymer. The glass transition temperature for PE is the lowest of the three
and one can imagine that the movements of the polymeric chains increase
with increasing temperature. If this is true the experiments will support
the sequence of diffusion coefficients: PE > PVDF > PA-11. The variation
of the diffusion coefficients with temperature and pressure is modelled as
an Arrhenius temperature relation and a second order polynomial pressure
dependence:

D(T,p) = K f(T)g(p)

(D) Dy exp(—E4/RT)
g(lp) = Ap*+Bp+C

I

where the coefficients A, B, C is fitted to pressure data and Dy, E; is fitted to
temperature data. The coefficient K is fitted to a known diffusion coefficient
at a given temperature and pressure.
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7.5 Concentration and temperature profiles

The results of the 2D model is illustrated by a case study provided by NKT
flexible. A horizontal pipe is considered. Since data for o0il low through the
pipe is not yet available the example is based on the flow of water through a
pipe with a three layers pipe wall.

The innerliner is made of PA-11 and the outer sheath is made of PE. The
experimental foundation does not yet support modelling of the coefficients as
function of temperature and pressure, therefore, Arrhenius parameters from
Polymer Handbook [75] are used. Note that in the present form the program
is prepared to model temperature as Arrhenius and pressure as second order
polynomials for the diffusion coefficient. The Henry’s law solubility coefficient
is assumed to follow an Arrhenius temperature dependence and the effect of
pressure is ignored. However, small alterations of the program allow for
pressure dependent solubility.

Multicomponent diffusion is not investigated so the permeating gasses,
CH, and CO, is treated separately. If small amounts of gas dissolve in
the polymers additive fluxes may be a reasonable approximation. In future
experiments will validate or dismiss this hypothesis.

The pipe is 10° cm long divided in 10 sections for calculation purposes.
Innerliner properties:

D; =20.3cm

AD = 0.6cm
p=1.034-10"%kg/cm?
k = 0.0021W/cm K

C, = 2092 /kg K

Outer sheath properties:

D, = 25.75¢m

AD =0.7cm
p=0.954-10"%kg/cm?
k = 0.004W/ecm K

C, = 2000J/kg K
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Annulus properties:

C-profile = 1.0cm
slit = 0.07cm

free volume = 15%
p="179-10"%kg/cm?
k=05W/em K

C, = 460.5J/kg K

Fluid properties:

u=10"5kg/cms
p=1.0-10"3kg/cm?
k = 0.006W/cm K
Cp, =4184J/kg K
Pintet = 93bar

Poutlet = 92.99bar

Finite difference parameters:

No. of time steps = 20
Size of time steps = 5000000s
No. of radial nodes, inner liner = 30
No. of metal nodes = 30
No. of slit nodes = 30
" No. of radial nodes, outer sheath =30 -
No. of axial nodes, outer sheath = 30

Initial and boundary conditions:

Cini = 0.0mol/cm?
Tini = 281.15K
T;n = 343.15K
Tout = 281.15K

The remaining input parametei‘s depend on the type of gas permeating the
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polymers. For CHy in PA-11:

Dy = 79.2003cm?/s

Eq = 59000J/mol

So = 2.9-103cm?/em?® bar
E, = -16700J/mol

P,, = 93.0bar

For CH, in PE:

Dy = 19.0020cm? /s

E4 = 45600J/mol

Sp = 0.2244cm® /em3 bar
E, =1700J/mol

P, = 0.0bar

For CO; in PE:

Dy = 0.2087cm?/s

E4 = 35600 /mol

S = 2.39 - 1073cm?®/cm?® bar
E; = —-5500J/mol

P,: = 0.0bar

For CO, in PA-11:

Dy = 8.6790cm?/s

E4 = 51900J/mol

Sp = 3.92 - 10~*cm?®/ecm? bar

E, = —18000J/mol

P, = 1.0bar
Parameters for diffusion and solubility of CH, in PA-11 are not available
in Polymer Handbook. These coefficients are therefore approximated by
comparison of known data of diffusion of CO, through PE and PA-11 and
CH, through PE:

Dco,,pa-11 _ Dco,,pE

Donypa—11  Dom,pE
Dco,,pa-11

Dco,,PE

DCH4,PA—11 = DCH4,PE

49




Axial temperature profils
343 ' ! T ! T T T T
[ Wall temperature —+—
Bulk temperature ---x---

~..
~.
~
.
~,
.,
~,

3425 + % -

oo
.

342

341.5

341

TK)

340.5

340

339.5

30000 20000 30000 40000 50(')00( ;soooo 70000 80000 90000 100000
: Z{m
Figure 7.15: Axial temperature profile along the pipe. Each point corre-
sponds to one section

However, eventhough most of the diffusion and solubility data are approxima-
tions a qualitatively interpretation of the predicted temperature and concen-
tration profiles serves the purpose of understanding the complex flow pattern,
the time constants and the pressure build-up in annulus.

On a Pentium II celeron 400 MHz the duration of calculation is approxi-

The temperature profiles depend only on the physical constants of the
pipe wall and the type of diffusing gas has no influence of the calculated
profiles.

The concentration profiles depend strongly of the type of gas diffusing
through the polymers.

Therefore, temperature and concentration profiles of the two gasses are
discussed separately in the following,.

7.5.1 Temperature profiles

The fluid flow in the pipeis turbulent (Nge = 420000), therefore, temperature
gradients along the pipe is small as illustrated in figure 7.15. Thg temperature
profiles in figure 7.15 is almost perfectly straight lines, that is %;%‘— = (. Thus,
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Figure 7.16: Radial temperature profile along the pipe. Each point corre-
sponds to a radial node

the assumption of neglecting the axial conduction is valid. The temperature
profiles across the pipe wall is illustrated in figure 7.16 for each section. Only
a small variation in the temperature profiles as a function of pipe length can
be seen because of the turbulent flow.

7.5.2 Methane diffusion

The concentration profile for diffusion of C'H; through one symmetry section
of one pipe section is illustrated in figure 7.17. The pressure build-up in
annulus along the pipe at different time steps is illustrated in figure 7.18. A
small axial pressure drop is observed in annulus. The time dependence of the
pressure build-up is illustrated in figure 7.19 for the first pipe section (note
that in order to obtain acceptable accuracy in the initial pressure-time curve
the calculation is performed at At = 500000 and 200 time steps). From the
figure it is seen that a steady-state pressure of ~ 1.91 bar is reached after
approx. 500 days.
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Figure 7.17: Concentration profile for CHy. Each point corresponds to one
node in the finite difference mesh

7.5.3 Carbon dioxide diffusion

The concentration profile for the diffusion of CO; through one symmetry
section of one pipe section is illustrated in figure 7.20 The axial pressure
gradient of CO; in the annulus is similar to the pressure gradient of methane
and is therefore not illustrated here. The pressure of carbon dioxide in an-
nulus as a function of time is given in figure 7.21. From the figure it is seen
that a steady-state pressure of ~ 0.35 bar is reached after approx. 1000 days.
This is twice the steady-state time for methane. The partial pressure of CO,
(1 bar) is much lower than the partial pressure of CH, (93 bar) inside the
pipe and therefore the driving force for mass transport is much lower causing
a longer time to steady state. CO; is a more permeable gas than CH, in
both PA-11 and PE, thus the annulus pressure relative to the partial inner
pressure is larger for CO,

7.5.4 Effect of C-profiles

The effect of the innerliner being pressed against the C-profiles due to the
high inner pressure is illustrated by comparing the annulus methane pressure
at different coverage degrees of the inner liner. The reduced pressure due
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Figure 7.18: Axial CH, pressure in annulus along the pipe. Each curve
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Figure 7.20: Concentration profile for CO,. Each point corresponds to one
node in the finite difference mesh
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Figure 7.21: Pressure build-up of CO; as a function of time for section 1
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Figure 7.22: The pressure is reduced as a function of C-profile coverage

to the C-profile is compared to the pressure calculated using a C-profile
coverage of 1e-3%. The input parameters are as given above for the diffusion
of methane. The dimensionless pressure, P = I—D% is plotted against %-
coverage in figure 7.22. The diagonal represents the case of diffusion through
an unbounded polymer of the width corresponding to the slit width. The

determined curve shows pressures higher than the diagonal pressures caused

by the 2D flow pattern. The time to reach steady-state is also effected of the

C-profiles as illustrated in figure 7.23.
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Chapter 8

Conclusions and future work

This report describes the work done on modelling and simulation of the
complex diffusion of gas through the wall of a flexible pipe. The diffusion and
thus the pressure in annulus depends strongly on the diffusion and solubility
parameters of the gas-polymer system and on the degree of blocking of the
outer surface of the inner liner due to pressure reinforcements. The report
evaluates the basis modelling required to describe the complex geometries
and flow patterns. Qualitatively results of temperature and concentration
profiles are shown in the report. For the program to serve any modelling
purpose in ’real life’ the results need to be validated and possibly the model
needs corrections. Hopefully, a full-scale test of a flexible pipe will provide
the required temperatures and pressures in annulus to validate the models.

8.1 Future work

‘Left is to model diffusion as a function of pressure, hydrogen sulfide diffusion;

gas flow in annulus, effect on pressure of venting of annulus, the corrosion of
steel in annulus, and a major subject - the multicomponent diffusion. Work
on the flow and venting of annulus as well as the corrosion aspects have
already been initiated. Thoughts on corrosion is given below whereas the
flow in annulus and venting is left for a later report.

Corrosion

In the presence of water the flux of carbon dioxide through the inner liner
may cause corrosion of the steel in the annulus. The corrosion process is
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given by

CO;+ HO — H,CO4
F6+HZCO3 - FCCO3+H2

If the amount of CO; in annulus is large the corrosion will reduce the lifetime
of the pipe drastically and a full pipe model must include corrosion aspects.
Before any extensive work on corrosion is initiated it is investigated whether
or not the problem really is significant. A worst case estimate of the amount
of steel subjected to corrosion is based on the assumptions:

e all diffused CO; reacts with Fe
e 1 mol CO, reacts with 1 mol Fe

e the 1D one cylindrical polymeric layer model estimates the CO, flux
(largest flux)

For polyethylene as inner material the following flux is calculated:
~ 16years : J = 0.478¢
The metal volume in annulus is obtained by:

V(em®) = =L ((RIH)? - R.,)?) - (1 — 0.01- %free-volume)
m(g) = V- Dsteer

Inserting the values

V(em®) = w-0.535-(10.75° - 10.15%) - (1 —0.01:15) = 17.92em®

m(g) = 17.92-7.9=141.53g Fe

That is, after 16 years 55 +100% = 0.34% of the metal is corroded. This is
an insignificant amount considering the time frame and the high permeability
of CO, through polyethylene.

However, for oil fields with a higher content of CO, corrosion might not
be neglected this easily. Therefore, a study of corrosion aspects in annulus
of a flexible pipe is initiated.

The aspects of hydrogen embrittlement and corrosion due to hydrogen
sulfide in annulus still needs to be examined.
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Appendix A

Literature Study

In this appendix seven articles are referred in details. it should be noted
that the text represents an initially thorough literature study that is not
complete. The seven articles are chosen arbitrarily and do not discuss all
aspects of solubility and diffusion. In 1960 Rogers et al [82] reported a
number of measurements of solubility and diffusion coefficients of methyl
bromide, isobutylene, n-pentane - n-octane, cyclohexane, benzene, toluene,
ethyl benzene, p-xylene, chloroform, carbon tetrachloride and ethyl bromide
in PE at temperatures from —8°C to 30°C. The effects of crystallinity of
the polymer on the solubility are discussed. An empirical linear relationship
between the solubility coefficient and the molar volume of the penetrant is
presented:

So = S5 exp (GV)

where Sj is the solubility coefficient, Sj is the solubility coefficient at zero
concentration for a penetrant of zero molar volume (probably dependent of ~
the shape of the penetrant molecule), G is a constant probably dependent on
the nature of the polymer and V is the molar volume of the penetrant. The
dependence of the solubility coefficient on the concentration of the absorbed
penetrant is shown empirically to be exponential:

S = Spexp (oc)

where Sy is the solubility coefficient from the intercept at ¢ = 0 of (S,¢)
plots amd o is a constant characterizing the concentration dependence of
the solubility coefficient. Three method for determination of the diffusion
coefficient are compared - rate of sorption-desorption, transmission time-lag
and D = %. It is concluded that for some penetrants the coefficients are the
same independent of the choice of measuring technique/used equation and
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for some penetrants the diffusion coefficients depends on the method used
for determination. The experimental data suggest that the integral diffusion

coefficient
1
D= 1 / Ddc
c2

C1 — Cy

depends exponentially on the activity of the penetrant
D = Dy exp (aa;)

where Dy is the diffusion coefficient at zero activity, pressure and concen-
tration, « is a constant for a penetrant-polymer system at a given temper-
ature and a; = ;'i; is the approximation to the vapor activity when p° is
the saturated vapor pressure at a given temperature. After mathematical
manipulations the permeability coefficent is now given by

P = Pyexp (aa; + oc)

where Py = DySs.

In Fujitas ’personal note’ from 1961 [26] the general theory of diffusion
and sorption is discussed for the cases where the penetrant is a solvent or a
plasticizer. In the case of Fickian sorption (usually above the glass transi-
tion temperature) detailed description of how to determine D(c) from sorp-
tion/desorption measurements - based on Crank - is given. In addition the
variation of D(c) to temperature is illustrated in two graphs. It is concluded
that the dependence of the diffusion coefficient of the concentration of the
penetrant is determined by the nature of the polymer-penetrant system. If
the penetrant is a solvent the dependence is pronounced where as a non-

solvent does not give a strong concentration dependence of the coefficient.
Variable surface concentration is explained by slow establishment of the equi-
librium concentration in the glassy polymer and an equation to relate surface
concentration to time is given - however, it is a fact that equilibrium is at-
tained instantaneously in rubbery polymers. Two-stage sorption curves are
discussed in details. An equation for timelag:

t1(c) = szoci” wD(w) [[° D(ugdu] dw
[ o D(U)dU] ,

where %, is the timelag, ¢° is the constant surface concentration, L is the
thickness of the membrane, w and u are concentration vectors and D is a
function of the concentration. The concentration dependence of the diffusion
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coefficient is discussed by derivation of the free volume method based on
Cohen and Turnbull. Analogies to the theory for viscosity (WLF) are drawn.

Stern et al have done extensive work on the effect of pressure on the
permeability and the applications of the free volume theory. In [101] perme-
ability coeflicients have been measured for Cy H, F; and C H F; in polyethylene
at penetrant pressures up to 35 atm and temperatures —18 —70°C. It is con-
cluded that log(P) versus log(Ap) is linear expect for the lowest temperature.
The data is representaed by an empirical relation

* P =P(0)expmAp

where P is the permeability, P(0) and m are constants depend on the tem-
perature and Ap is the pressure across the membrane. The Arrhenius plots of
the same data different behaviour of the two gasses in the polymer. Following
empirical equation is given for the permeability:

[ + So0] o1 — 0292

1- SoO’ph

P=DS = Pyexp

where Henry’s law does not have to apply. 7 and o are temperature de-
pendent constants, p* is the vapor pressure of the penetrant and Sy is the
reciprocal of the Henry’ law constant. The free volume theory is derived. In
[103] permeability coefficients for Ar, SFs, CF, and CoHyF; in polyethylene
are given at temperatures 5 — 50°C and at applied gas pressures up to 15
atm. Free volume parameters are calculated using steady-state permeability
measurements and unsteady-state absorption measurements. The parame-
ters agree acceptably. Free volume parameters are given for comparison for

CO,, CHy, CyH, and C3Hg. When using the free volume model expansion

and compressibility coefficients for the pure polymer are required. In [105]
a number of permeability coeflicients of gasses in poly ethylene are listed
at a wide range of temperatures and pressures. For carbon dioxide data is
given up to 54.4 atm. and up to 61.0°C. The dominating trend is that
log(P) is independent of the applied pressure at a wide temperature range -
the lowest temperature being an exception. Pressure dependence is detected
when Henry’s law does not apply or if the diffusivity is concentration depen-
dent. The solubility and the diffusion coefficients are correlated to critical
temperatures by the corresponding states principle - satisfactory agreement.

In 1964 Li and Henley [49] report experimental data of permeation of
polar as well as nonpolar gases through polyethylene at pressures up to 11
atm. The density of the membrane is p = 0.922g/cc and the volume frac-
tion amorphous phase is @ = 0.533. The temperature dependence of the
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permeation of CO; in the range 15 — 40°C obeys an Arrhenius expression:

P=P exp(—ﬂ) &

P =5.625-10"5 exp(—§-9§)

Li and Henley comment that P’ and E, are functions of pressure when the
permeability varies with pressure. The pressure dependence is expressed as
a modified Fick’s law:

V= (Rew) (2)
N=(Fy+P) (%’i)

where N is the flux, P, is the permeability at a zero downstream pressure, P
is a second permeation constant that is a pressure correction term, Ap is pres-
sure across the membrane and Z is the membrane thickness. The activation
energy is correlated to the Hildebrands solubility parameters. No pressure
dependence is observed for the permeation of carbon dioxide whereas the
permeability of methane increases with increasing pressure. Li cites a num-
ber of researchers - the solubility and diffusion constants can be correlated
to exponential equations similar to the permeability. Finally, it is concluded
that the thickness of the membrane does not affect the constants.

Naito et al, 1991, discuss the pressure effect on gas permeation for,
amongst others, carbon dioxide and methane through polyethylene and polypropy-
lene. Based on Stern et al and Li et al the premeability is assumed to depend
exponentially on pressure as a consequence of the dlffusmn coeﬂic1ent s ex-
ponentially dependence of pressure. T

P = Pyexp (Bp2)
D= Do €Xp (,3112)

The expression for the diffusion coefficient introduces a parameter,f = 3, +
%aS , related to the hydrostatic pressure and the concentration of penetrant.
The expression is based on a simplified Free Volume model given by Stern
et al. The used PE membrane has a density of p = 0.915g/cm® and a
crystallinity of 0.43. Henry’s law is assumed valid in the pressure range and
the solubility constant is measured by the timelag method at presures below
1 atm and at T = 25°C. The 3 parameter is related to molecular diameters.
Graphs of log P vs p, show an increase in permeability with pressure up to
50 atm (25°C).
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Miyake et al, 1983, reports experimental data of solubility and diffusion
coefficents obtained by the time lag method for hydrogen isotopes, methane
and inert gases through tetrafluoroethylene and polyethylene. Relations to
heat of vaporization and the Lennard-Jones force constants of the gases to
the coefficients give no good agreement for methane - good agreement only
for the inert gases.

Handbook of Gas Diffusion in Solids and Melts by Shelby [93] discussed
many aspects of diffusion of gasses through glasses, ceramics, metals, poly-
mers, nanoporous materials and melts. However, the diffusion of gasses
through semi-crystalline polymers above the glass transition temperature is
not discussed in greater detail. The behaviour of partially crystalline ma-
terials are concluded to correspond to that of inorganic glass-ceramics and
ceramics with amorphous grain boundary phases. The permaability and dif-
fusion are - as before - given by

D= Doe—AHd/RT
K= Koe_E"/RT

where D and K are diffusion and permeability, AH,; and E}, are activations
energies and Dy and K| are constants. The diffusion of gasses in crystalline
polymers are corrected for the longer path due to the crystals by a tortuosity

factor: :
D = D*/r8 ' (A1)

where D* is the diffusitity of the gas in the amorphous phase, T is the tor-
tuosity factor and B is a chain immobilization factor that account for the
changes in the amorphous phase near the crystals. Chemical bonding might
be important for the solubility of gasses in the polymer. The trend for inert

gasses being-that the solubility increases with"increasing size of dissolved —

entity. According to Shelby the correct relationship between gas solubility
and gas identity in polymers is not clear. The solubility is related to atomic
diameters of the gas molecules, to the Lennard-Jones force constants, to the
critical temperature and boiling point of the gas but none gives a unique
relation. The solubility and diffusivity may vary ’opposite’ causing the per-
meability to decrease, increase or even remain constant. A big molecule as
carbon dioxide might have a higher permeability than a small molecule as he-
lium eventhough the diffusion of helium is much higher because the solubility
of carbondioxide is higher.
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Experimental data found in the literature

Only a few data on diffusion and solubility are available in literature. A
few more data is found for the permeability. The data found in literature is
gathered and converted to the same units. Data presented graphically has
been scanned from original work and is reproduced in the following.

In table A.1 and A.2 constants for permeation of polyethylene to carbon
dioxide and methane are given.

[Polymer [ p | o« [T [ p | S | D ] Pe | Ref |
PE 0.922 10533306 1 ]0.221]9.24-1077| 2.04-10~" |[[49
LDPE 0.915 — [298]|<1]0.257 - see figure A.3 | [66
Alathon 14 || 0.918 | 0.552 | 308 | 2 | 0.234 - -
Alathon 14 || 0.918 | 0.552 | 293 | 2 | 0.242 - - [46]
Alathon 14 || 0.918 | 0.552 | 298 | 2 | 0.268 ~ -
Grex 0.964 | 0.23 | 298 | ~ 1 - 1.24-10~7 | 2.71-107°
Alathon 14 || 0.9137 | 0.57 (298 | ~1| — |3.72-1077| 9.47-10~% | [61]
Table A.1: Permeability to CO.
2 reported independent of pressure
[Polymer | p | « | T | p| S§ | D | Pe | Ref |
PE 0.922 | 0533 | 306 | 1 | 0.040 | 31-10~7 | 1.24-10~7 | [49]
LDPE 0.915 - 298 | <1| 0.104 - seefigure A.3 | [66
PE 0.92 | 0.47- | ambient | — | 0.17% | 212+ 62
0.53 0.01° | 0.06-10~7
Alathon 14 || 0.918 | 0.552 | 308 2 0.100 - -
Alathon 14 || 0.918 | 0.552 | 293 2 0.098 — - [46]
Alathon 14 || 0.918 | 0.552 298 &} 0.100-{~ e
Grex 0.964 0.23 298 ~1 - 0.57-107 | 2.92-107°
Alathon 14 | 0.9137 | 0.57 208 | ~1 - 1.93.-1077 | 2.17-10% | [61]

have been converted. In the following original figures are reproduced.

Table A.2: Permeability to CHy
2 reported independent of pressure
b apparently dimensionless

p is the density in g/cm?, o is the volume fraction amorphous phase, T
is the temperature in K and p is the pressure in bar. Solubility, S, is given
in cm3STP/(cm? polymer bar), diffusion, D, in cm?/s and permeability, Pe,
in cm® cm/(scm? bar) unless otherwise is noted. Where necessary the units
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Figure A.1: The temperature dependence of the permeability of PE and
PA-11 to HgS, COz and CH4, [56]
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Figure A.2: Permeability curves of polymers, [12]. Rilsan=PA-11,
COFLON=PVDF. The crosses is CROSSFLEX=Cross linked PE.
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Figure A.4: Permeation constants of methane, ethane, propane, butane, and
nitrous oxide through polyethylene, Z is the thickness of the membrane, [49]
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Figure A.5: Permeation constants of ethylene, nitrous oxide, carbon dioxide
and dichlorodifluoromethane through polyethylene, Z is the thickness of the
membrane, [49]

Li a.nd Hénle& [49] also report constants for cé,lcﬁié,tioﬁ ck)k‘f.'kéhe ;;t;rméability
from the following equation:

P Ple~ o

The constants for the permeability of carbon dioxide to polyethylene in the
temperature range 15 — 40°C are given in table A.3
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E, P
2.50 - 10* | 0.004
2.84-10% | 0.135
2.98-10% | 0.025
3.01-10¢| -

Table A.3: Permeability constants

Li and Henley state that the constants must be functions of pressure if
the permeability is pressure dependent. Pressure dependent permeabilities
are illustrated in figures A.4 and A.5.

1]
(o]

)

o
fe)

c¢m3(STP)-em
em2-sec: emHg
~
o)

O -
@™ O

o
n

PERMEABILITY COEFFICIENT, P x 109 [
g
L
]

R
]

MEAN PRESSURE, py, {otm.)

Figure A.6: Dependence of permeability coefficients for carbon dioxide in
polyethylene on mean pressure.. The experimental permeability coefficients
(-0-) are compared with values calculated from a free volume model (- - -
) in conjunction with free-volume parameters evaluated from independent
solubility and unsteady-state diffusivity measurements, [103]
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Figure A.7: Dependence of permeability coefficients for methane in polyethy-
lene on mean pressure. The experimental permeability coefficients (-0-) are
compared with values calculated from a free volume model (- - -) in conjunc-
tion with free-volume parameters evaluated from independent solubility and
unsteady-state diffusivity measurements, [103]

Stern et al [103] reports constants for evaluation of permeability coeffi-
cients. From the data in table A.4 and A.5 the permeability is calculated
from:

InP(py) ~ InP(0) + mpy,

where P is the mean permeability coefficient for one-dimensional, isother-
mal transport of a penetrant gas through a planar non-porous membrane,
Pm = 3(pn + p1) is the mean pressure on the membrane, P(0) is the value of
P at zero penetrant pressure and m is a measure of the pressure dependence
of P. v
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Polymer | p T | o By m
PE 0918 1293 [ — |[1.13-1077]2.37-1072
PE 0.917 | 293 | 59.2 [ 1.35-10"7 | 1.97- 1072
PE 0918 | 298 | — [1.35-1077 | 2.86- 1072
PE 0.914 | 298 | <1 [ 9.75-10°8 -
PE 0.918 | 306 | — |2.03-10"7 | 2.86-1072
PE 0.922 | 306 | 10.9 | 2.03-10~7 0

Table A.4: Permeability to CO,

Polymer | p T | pa Py m
PE 0.918 {293 | — |2.70-107% | 2.76-1073
PE 0.917 | 293 | 54.3 | 2.63-107% | 4.93-1073
PE 0.918 | 298 | — |3.60-107% | 2.76-1073
PE 0.922 | 298 | 93.8 [ 1.43-1078 | 4.64-1073
PE 0.914 | 298 | <1 | 2.18-10"8 -
PE 0.918 {306 | — |5.85-107%|9.87-10*
PE 0.922 | 306 | 4.9 | 6.00-107% | 2.47-107!

p is the density in g/cm3, T is the tem perature in K and py, is the "highest
applied pressure” in bar. The permeability, P(0), is given in cm3 cm/(s cm? bar)

and m is in bar.

Table A.5: Permeability to CH,
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Figure A.8: Permeability coefficient for the system carbon dioxide-Alathon
15 polyethylene as a function of pressure differential up to 54.4 atm, [105]
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Figure A.12: Permeability of HDPE,PA11 and 12 and COFLON to CH, gas,
[19]

Summary

Eventhough the amount of data is small some tendencies are observed.

Solubility

It is a general assumption that Henry’s law applies for the solubility of gas
in polymer, thus the solubility given by ¢ = S - P (where ¢ is concentration,
S is the solubility and P is the pressure) must be independent of pressure.
An expection to this assumption was reported in 1969 by Stern et al [105].
In this article the solubility coefficient is related to the pressure and the
temperature. However, not many references to this relation has been found
in the literature. :

A comparison of the few data on solubility of carbon dioxide and methane
in polyethylene (table A.1 and A.2) indicates that CO; is more than twice
as soluble as CHj.
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Figure A.13: Methane diffusion and permeability constants, [61]
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Diffusion

Not much can be concluded from the diffusion coefficients in table A.1 and
A.2. Except for the measurement made by Li and Henley [49] the diffusion
of methane tends to be lower than diffusion of carbon dioxide. In figure
A.13 the temperature dependence of the diffusion coefficient for permeation
of methane through polyethylene is shown.

Permeability

Most of the data reported in this section concerns the permeability. The
temperature dependence of the permeability for all the gas-polymer systems
under consideration is obvious (figures A.1, A.2, A.9, A.11, A.12 and A.13).

A comparison of the permeability of methane in polyethylene at low pres-
sure (low pressure is assumed in figures A.1 and A.13) and at high pressure
(figure A.12) indicates an increase in permeability with pressure at constant
temperature. The same tendency is observed in figures A.3, A.4 and A.7.
However, in figures A.3 and A.7 the pressure dependence is of a smaller order
of magnitude.

For the permeability of carbon dioxide through polyethylene the figures
indicate two kinds of behaviour. The permeability is independent of pressure,
figures A.5, or the permeability is an increasing function of pressure, A.3
and A.6. Figure A.8 illustrates both types of behaviour depending of the
temperature. The isoterms is constant at high temperatures and increase
with pressure at low temperature.

However, the figures can only be compared qualitatively because the crys-
tallinity and experimental conditions affect the measured values. In tables

A.1 and A.2 the general tendency is a decreasing permeability with increasing

crystallinity (low «).

Considering figures A.1, A.2, A.11 and A.12 the sequence of low to high
permeable polymers is PVDF < PA — 11 < PA — 12 < PE and the sequence
of low to high permeating gasses is CHy < CO, < H,S. According to Naito
et al [66] the molecular diameters of carbon dioxide and methane are:

dco, = 3.897A
den, = 3.796A

Note that eventhough CO, is the larger molecule it permeates faster. Shelby
[93] explains this fact by the higher solubility of carbon dioxide in the given
polymers.
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Appendix B

Solubility Measurements

In the following the solubility measurements made by Abhijit Dandekar,
IVC-SEP, DTU is reproduced.

Solubility
C 02 in PE
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CH, in PA-11

CH4 in PAT1
0.006 T . r
p=50.68 bar —+—
p=100.25 bar
p=149.9778 bar —a—
0.005 : 1
E 0.004 :
<
a.
o
E
< 0.003 -
x
o
[=.]
E
£ 0.002 .
0.001 [ ]
O i 1 I
0 50000 100000 150000 20000¢
t(s)
He in PE
Hein PE
.6 T T T
34 p=50 bar —+—
- p=100 bar —— |
345 p=150 bar —e—
344 F .
E -
g 342 1
3 ——
g 341 1
£
34t ]
33.9 L : 1
338 | :
33.7 . : .
0 50000 100000 150000 20000(¢

t(s)

94




10mol% CO; + 90 mol% C’H4 in PE

10 moi% CO2 + 90 mol% CH4 in PE

~—r— T

0.007 |

0.006 |

0.005

p=54.1155 bar —+—
p=83.05 bar ——— 1
p=108.787 bar —s—
p=150 bar —— |
p=149.33 bar ——

0.004

0.003

m (mgGas/mgPE)

0.002 [¥

0.001

a

0 n

0 10000 20000 30000 40000 50000

t(s)
10mol% He + 90 mol% CH, in PE

10 mol% He + 90 mol% CH4 in PE

60000

70000 80000

0.0045 T T

—T T T

0.004

p;55.356 bar ——

p=100.87 bar —— |
_p=149.076 bar —=—

%

e,

0.0035
o 0003
%
£ 00025
2
2 0.002
E
E  o0.0015
0.001 {#
0.0005
0 . . . - s
0 10000 20000 30000 40000
t(s)

95

50000 60000 70000 80000




10mol% He + 90 mol% CO, in PE

m (mgGas/mgPE)

0.008

0.007

0.006

0.005

0.004

0.003

0.002 f

0.001 §

10 mol% He + 90 mol% CO2 in PE

T T T

p=3.09 bar ——
p=15.64 bar —+—
p=27.2597 bar ——

0

10000 20000 30000 40000 50000 60000 70000 80000 90000
t(s)

96




Appendix C

Diffusion Coefficients

In this section the calculation procedure and the linear fits made for deter-
mination of diffusion coefficients are described.

Linear fits
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CH, in PA-11
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Calculation procedure

The calculation procedure is illustrated using the example of CO, diffusion
through polyethylene at 7.02 bar. The slope of the linear fit to the initial gas
weight increase is read to o = 1.4182 - 10™3mg/ s1. The surface area of one
side of the sample is determined to A = 0.875¢m? and the polymer density is
p = 0.954g/cm?® (from NKT data sheets). From the solubility measurements:

Comaz = 0.0026225%2  The diffusion coefficient is given by .

mgPE *

D= (0001 * _ ([ _0001-1.4182.10°°
T U \4A4pCrmaz) ~  \4-0.875-0.954 - 0.0026

2
) = 8.146 - 10~%cm?/s
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Appendix D

Diffusion Coefficient Equation

In this section an equation to determination of the diffusion coefficient from
solubility measurements is derived. The considered situation is illustrated in
figure D.1. For constant diffusion coefficient Fick’s second law is valid:

dc d%c
o o
In the illustrated situation the boundary conditions are:
t<0 : ¢c=Cy=0
y=0 : c=C
y—=oo : c=Cp=0

o¢
ot
t<0
y=0
Yy = 00

A dimensionless concentration, ¢ = c% is introduced:

=D%g
19p=0
p=1
:9p=0

This problem is analog to example 4.1-12 and 11.1-8 in Bird et al [4]. Thus

the solution is given by

—n2
¢ =1—§%r=j:e Tdn, 1= 75

That is

=1—erf—‘7{ﬁ

v




Figure D.1: The sample is enclosed in gas

The flux across boundary of the sample in mol/cm?s is given by

ly=0 = “Dg_;ly-co
=D-4

vVrDt

The total amount of gas after a given time interval is obtained by integration

in time and mulitiplication of the total surface area (assuming the sample is
thin):

m(t) =24AM [jCi\/2dt

= 4AM01\/§

where A(cm?) is the surface area of one side of the sample, M (g/mol) is
the molar weight of the gas, D(cm?/s) is the diffusion coefficient, ¢(s) is the
time and Cy(mol/cm?®) is the concentration in the boundary equal to the
maximum concentration of gas in the polymer when steady state is reached.
It should be noted that this equation is only valid as long as the assumption
of zero gas concentration in the middle of the sample is a fair approximation.

From the equation a straight line with the slope o = 4AMC, \/—g is expected

when m(t) is plotted against v/f. The diffusion coefficient can be calculated
from the slope by:

2
«
D=m (4AMC’1)
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The maximum concentration of gas in the polymer is commonly determined
as mgGas/mgPolymer. If this is the case the equation

0.001c\ 2
p=m (4Ap0{)

should be used. Here p(g/cm?) is the polymer density and C}(mgGas/mgPolymer)
is the maximum concentration.
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