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Résumé — MOLDI™ : un modéle de perméation pour calculer la composition de fluides dans
I’annulaire de conduites flexibles — Les pipelines flexibles employés dans la production d’ hydrocar-
bures offshore utilisent des gaines de polymeres pour assurer I’ éanchéité interne et externe. Ces couches
de polymeéres laissent cependant diffuser certains gaz qui peuvent fragiliser, par corrosion, les couches
métalliques situées entre les deux gaines et affecter la durée de vie d’ une conduite flexible. Cette fragili-
sation ne s opére qu’ en présence d' eau liquide, qui doit donc aussi étre prédite.

Cette publication décrit la modélisation par € éments finis des phénomeénes de diffusion de fluides &
travers les conduites flexibles. Le gradient de température dans la structure, @ément important dans les
vitesses de diffusion, est pris en compte. Cette diffusion est couplée a un calcul thermodynamique qui
permet de prédire les phases liquides et gazeuses qui peuvent étre présentes dans |’ annulaire de flexibles.

Ces modéles sont regroupés dans le logiciel MOLDI™, programmé sous Matlab et doté d'une interface
graphique conviviae pour gérer les entrées-sorties du programme. Cet articleillustre les possibilités de ce
logicidl.

Abstract —MOLDI™: A Fluid Permeation Model to Calculate the Annulus Composition in Flexible
Pipes — In the offshore petroleum industry, flexible pipes, used as risers or flowlines, are made with
internal and external polymer sheaths that ensure internal fluid and outer seawater integrity. These
polymers exhibit permeability towards some gases which can create potential damage mechanisms (CO,
corrosion and hydrogen attack) and reduce the lifetime of the steel layers located between the internal
and the external plastic sheath. These damage mechanisms are associated with water condensation,
which must therefore be predicted.

The following paper describes a finite element model named MOLDI™ used to predict diffusion of gases
through layers of flexible pipe versus time. The temperature gradient in the pipe is taken into account, as
permeation rates depend on temperature. It is coupled with a thermodynamic flash calculation that gives
vapor and liquid phases, compositions and volumes in the annulus. Associated mathematical models and
resolution methods are examined, as well as the coupling of diffusion and phase prediction. MOLDI™
was programmed under Matlab, with a friendly graphical user interface that helps input and output of
data and results. This paper illustrates the possibilities of this software.
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INTRODUCTION

In the offshore petroleum industry, flexible pipes, used as
risers or flowlines, are made with internal and external poly-
mer sheaths that ensure internal fluid and outer seawater
integrity (Figs. 1 and 2). These polymers exhibit permesabi-
lity towards some gases, especially towards methane (CH,y),
hydrogen sulfide (H,S), carbon dioxide (CO,), and water
(H,0) that can be present in the bore. They can create poten-
tial damage mechanisms (CO, corrosion and hydrogen
attack) and reduce the lifetime of the stedl layers present in
the annulus, defined as the space located between the internal
and the external plastic sheath. These damage mechanisms
are associated with water condensation, which must therefore
be predicted.

This paper describes afinite eement model MOLDI™ used
to predict diffusion of gases through layers of flexible pipe
versus time. The temperature gradient in the pipe is taken into
account, as permeetion rates depend on temperature. All types
of pipe layers can be modeled, and the shielding effect of
metdlic layers on polymer sheaths is considered. It is coupled
with a thermodynamic flash calculation that gives vapor and
liquid phases, compositions and volumes in the annulus. This
flash caculation is appropriate for water condensation. Many
of the smplified assumptions of a previous paper (Frost and
Buchner, 1996) on this subject are here removed.

However, to reduce the caculation time, a smplified 2D,
axisymmetrical geometry is considered in the finite element
model. This geometry, with related assumptions and equa-
tions of heat and mass diffusion, is first explained. The
prediction of gas and liquid phases in the annulus is then

presented. Associated mathematical models and resolution
methods are examined, as well as the coupling of diffusion
and phase prediction.

Around those models, MOLDI™ uses five databases of
material characteristics, fluid properties, diffusion data, field
conditions and solutions. It is programmed under Matlab,
with a friendly graphical user interface that helps input and
output of data and results. Some details on databases and
resultsillustrate the possibilities of this software.

Results can then be used as an input for a corrosion mode,
to estimate the life of the flexible pipe.

1 MODELING

Fundamental parameters and equations used to obtain the
annulus composition are defined in the following.

The flexible pipe geometry is first described. It is shown
how the three-dimensional structure of the flexible pipe can
be transformed into atwo-dimensional one.

Hypotheses of the models, mathematical formulations of
heat and mass transport, and phase prediction are then pre-
sented, with associated boundary and initial conditions.

1.1 Geometrical Model

Asshown in Figure 1, aflexible pipe used as ariser isacom-

plex three-dimensional structure typically made of the

following layers (from inside to outside):

— acarcass, which isametalic construction used to prevent,
totally or partially, collapse of the pipe internal sheath due
for example to externa pressure;

Anti-wear
S layer

. Carcass
Zeta pressure
vault

ArmOours -

Pressure sheath

Figure1

Flexible pipe structure.
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Schematic permestion in the pipe.
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— aninternal pressure sheath, which is an extruded polymer
layer that ensuresinternal fluid containment;

— apressure vault, which is a structural layer with a laying
angle close to 90°, to increase the resistance of the pipe to
internal and external pressure;

— tensile armor layers, which are structural layers with a
laying angle typically between 25° and 55°, and consist of
helically wound wires. They are used to sustain tensile
loads and internal pressure. Tensile armor layers are
counter-wound in pairs;

— anti-wear layers, which are non-metallic extruded thermo-
plastic sheaths or tape wrappings, used to minimize wear
between structural layers;

— an outer sheath, which is an extruded polymer layer that
protects the pipe against penetration of seawater and exter-
nal damages.

The annulus is defined as the space located between the
internal and the external plastic sheath.

To reduce the calculation time, a simplified 2D, axisym-
metrical (r, Z) geometry (r: radius, z distance along the pipe
axis) isconsidered in the model for mass diffusion.

This is obvious for thermoplastic cylindrical sheaths.
Helices (pressure vault, tensile armors layers, anti-wear
layers) are transformed into rings as shown in Figure 3. To
keep the shielding effect of helices on sheaths in the 2D
model, the width b' of aring is obtained by making equal the
surfaces of the ring and the helices on their lower substrate.
Then, if bisthereal width of ahdlix, and a itslaying angle:

,_ b
b= sin(a) @

Thegapj' between two ringsis aso obtained from the real
gap j between two helices with:

-
1= Sn(a) @

Thicknesses and radii of rings and initial helices are
the same.

For heat diffusion, and for a given layer made of free space
and rings, it is considered that the temperature in the free
gpaceis equal to the temperature of the rings of the layer. Heat
diffusion is then solved in a 1D model (no variations versus
2), where temperature depends only on theradiusr (Fig. 4).

Those models alow us to transform in a smple way the
real geometry into an equivalent axisymmetrical one. In
Figure 5, an example of plane equivalent structure with three
polymer layers and two armor layersis given.

A triangular mesh of the structure (Georges, 1991) is auto-
matically obtained from the Partial Differential Equation
(PDE) Toolbox of Matlab (PDE Toolbox, 1996; Matlab
Users Guide, 1996).

Stedl components are considered as impermesble to fluids
that diffuse through the pipe. Then they are not meshed. Only
the free volume between stedl hdlices (or rings) is meshed.

A layer of free volume is introduced in the 2D model
between two layers of rings to avoid closed volumes (and
fluid accumulation) that superposition of rings could create.

1.2 Physical Parameter Hypotheses

For a given pressure p and temperature T, the fluid quantity
absorbed by the surrounding at saturation is measured by
using the solubility coefficient S(Comyn, 1986; Flaconnéche,
1995). The fluid flow from the surrounding is measured by
using the mass diffusion coefficient D.

Sand D depend on the temperature following Arrhenius’ law:

and:
O e, 0 o)

D = D, exp-—=
P rrH
S Es Dy, Ep are characteristic constants for each pair of
polymer/gas. They are fitted by a least squares optimization
method (Gauder, 1981), on experimental data. R is the
constant of perfect gas.

Figure3

2D helix model for mass diffusion.

< SRR
<[>

Figure4
1D modél for heat diffusion.
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Boundary conditions for temperature.

1.3 Heat Transport

In general, the temperature T in a materia is governed by
Fourier’ s Equation (Crank, 1968):

p c%—l— =Mk T) (5)
where p, ¢ and k are respectively the density, the specific heat
and the thermal conductivity of the material.

In the present model, it is considered that the steady
state of heat diffusion is obtained faster than that for fluid
diffusion: the heat transient state is neglected. Hence, the
temperature depends only on the radial parameter, and the
heat equation can be written as:

oo b0 ®

This equation is true for a homogeneous material, without
discontinuities. Wherever discontinuities (with normal n)
occur (between the layers), the general conditions are the
following:

— continuity of heat flux density:

rg,=—rk (n-0OT)=—k" (n-0OT") (7
— no perfect contact:
T T =-k-&h.q, (8)

where, throughout, exponents + and — denote the right and
left limits of a discontinuous function at the discontinuity,
respectively.

The constant £ is the hesat transfer coefficient on the
considered interface. It is not used in the present version of
MOLDI™: a modified value of heat conductivity of steel
components was adopted instead of this coefficient. Then:

gh=0 and T =T ©)

Boundary conditions are directly given by working condi-
tions. If the internal and external temperatures of the flexible
pipe are known and assumed constant, and if r,, and r,, are
respectively the interior radius and the exterior radius of the
pipe, the boundary conditions are given by:

( int? t) T (10)
T(Mow ) = Tog (11

Theinitial conditions are:
T(rint <r< rext’ t) =0 (12)

1.4 Mass Transport

If Cisthe fluid mass concentration, diffusion is governed by
Fick’slaw (Crank, 1968):
aCc
ot
In the present version of MOLDI™, only linear mass dif-
fusion is considered, assuming:

D= Doexpﬁ—E E (14)

= (I C) (13)

As the diffusion coefficient D depends only on tem-
perature, Fick’slaw can be written in cylindrical co-ordinates
for the 2D model of the pipe:

6t arﬁ ) 6r§ %@D(‘I’)%—i (15)

On the discontinuity surfaces (of normal n), i.e. between
the materialss, the following conditions must be respected:
— continuity of the flux density of concentration:

(e =-D (n OC) =-D* (n (TIC*) (16)
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— continuity of the pressure:

+ —n- = E _E =0 1
S (17)
Equality (17) uses Henry's law (for more details see
Bendli et al., 2001):

C=Sp (18)

The boundary conditions are the concentrations on the
internal and external walls. They are determined by assuming
that the skins of the sheaths are saturated by the fluid at the
environment pressure (equal in this case to the partia pres-
sure of the considered fluid), on the external and internal
radii of the pipe, so that:

Clrine 2 ) = Ti) Py = Ciry (19)
Clr g 2 1) = YTo) Peyt = Cot (20

Everywhere else, on the boundary dQ of the domain, the
flux isnull:

D(NIC)=00ndQ\(r=r,;r=rg,) (21)

Initialy, the concentration is null in the domain except on
the external and internal walls of the pipe:

C(r,zt=0)=0forr#r, andr#r_, (22)

The previous mass transport equations were established
for asingle component. In the case of mixing with n, compo-
nents, the mass transport problem is treated independently for
each component, giving D;, §, G, ;and C, ; (L<i<ny).

int, i

1.5 Prediction of Gas and Liquid Phases
in the Annulus

The vapor-liquid equilibrium of n; components is determined
in the annulus at a given temperature T and pressure p (or
volume V. nquS) with the mole number n, (1 <i <n,) of each
component i obtained from the diffusion cd culation.

The Sgreide and Whitson (1992) modification of Peng-
Robinson Equation Of State (EOS) is used to predict aqueous
and vapor compositions. The following set of non-linear
equations has to be solved:

— vapor and liquid EOS, with state=V or L:

RT asae
P=sae — psae (vsite — ppsiae) (ysiate —

r zbstate) (23)

— equilibrium condition, expressed as identity of vapor and
liquid fugacities:

fiV = fi'- (I<isn) (249
— Mass conservation:

ntz-+nVzV-nz=0(1<i<n) (25)

— stoichiometric equations:

ng ng
Sz -1=0Y 2 -1=0 (26)
i=1 i=1

— volume conservation if the volume is known:

ntv-+nVW—-nv=0 27

where:

n=-1-2,r, =-1+42
The fugacity f3#¢is calculated using:

0 f state ] Dp(vstate — bstate D

e ?baae(zgae_

O D (28)
(2 aaczsde
aste 0 = b D Ovstate — ppstate [
+ a O
bsaeRT (r, — 1) g ase bslale Hvstate —r bslale|:
where:
vatate
state =
Zsae = 0 (29)

The equation parameters a¥®¢ and b¥®® are determined
from pure component data (critical pressure, critical tempera-
ture and acentric factor, all available in the component data-
base) and mixing rules. Binary interaction parameters for the
a parameter are defined for each couple of components that
can be present in the annulus (Carroll and Mather, 1995;
Valderrama and Obeid-Ur-Rehman, 1988). Sgreide and
Whitson (1992) propose a modification of the pure compo-
nent a(T) parameter for water and suggest using different
binary interaction parameters in the two possible physical
states.

The molar volume of water is corrected using a volume
trandation (Péneloux et al., 1982), to improve the liquid
(aqueous) phase volume prediction.

2 METHODS AND RESOLUTION TOOLS

2.1 Analytical Expression of the Temperature

Heat diffusion is governed by Equation (6). The solution of
this equation is given by:

T=alIn(r)+b (30)
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where g and b, are constant on each layer i (1<i<n,.,

with Nayer the number of layers) located between the radii r =

r,andr =r,, . The values of the coefficients a and b, are

determined by using the boundary conditions on the flexible
pipe and by using the interface conditions:

— Equation (30) and perfect contact conditions at the inter-

faces (EQ. (9)) give:
i=nIayef
O, O
Toi —Tie = Inprt
ext ~ lint |z=1 g nB r H
— heat flux density continuity (Eg. (7)) gives.

Mo=—4a=-H,8,,=X

where x isaconstant.

Then:
Tee — T,
X=1= am . » @ = —kL, b =Tine —ayIn(ry)
i _ilnDrHlD i
izzl ki Bri H
and b =In(r)@ —a) +h4

fori=2to Mayer-

2.2 Gas and Liquid Phases Prediction in the Annulus
(Flash Calculation)

Pressure-temperature calculations are performed when the
annulus pressure is given or when venting occurs. In other
cases, volume-temperature calculations are considered, and
the annulus pressure is aresult of the equilibrium calculation.

The lowest temperature in the annulus T, ;. determined
from the andytical expression of the temperature, is used as
the temperature for phase prediction.

Successive substitutions (Gramajo, 1986), followed by
Newton's method with quadratic convergence, are used to
obtain the solution. To illustrate the successive substitutions,
a pressure-temperature calculation is considered. Unknowns
are the mole numbers n™@¢ (1 < i < n) of each component i
in each state (with state = V or L). After agiven initidization
of these unknowns, they are successively determined: x, =
n'/nV, a¥e and b¥@® from the mixing rules, V- and v from
EOS (23), f;Y and f.- from Equation (28).

New values x" of x are then determined from:

In(xre) = In(x;) = In(£\") + In(£¥)
Then, new values of n@¢ are deduced from:

new
nlnew — N Xi V,new — n;
' 1+ xew 1+ xew

The method is repeated until [f- —f.V| < ¢, wheree isthe
desired precision. It can be accelerated close to the solution
by switching to Newton’ s method.

2.3 Finite Element Method for Numerical Solution of
the Concentration

The finite eement method (Bank, 1990) available in the PDE
Toolbox (1996) of Matlab, imposes a P, discretisation. This
means that for solving the system given by Equations (15)-
(17), the unknowns must be continuous over the full domain.
However, the concentrations depend on the solubility in each
medium, and therefore, are not continuous. In order to
overcome this difficulty, a variable change is performed
according to Equation (18). Then, the resolution of the
variational problem (Johnson, 1987) defined by Fick’slaw is
equivalent to solving it by using Henry’s law (Eg. (18)),
where the pressure p becomes the unknown that is continu-
ous over the full domain.

2.3.1 Variational Formulation

LeeQ=Q, [ ,0...[Q  bethe domain of the flexible
pipe of length H (Fig. 5) that is investigated, 0Q its boundary,
and its partition {Q}; _ ; \. ' is the part of the boundary
where concentration is imposed (Dirichlet condition), I the
part of the boundary where flux concentration is imposed
(Newman condition). {I" , I'\} isapartition of 0Q.

S(M) and D(M) are the solubility and the diffusivity coef-
ficient a point M at each time. The component concentration
at M isdefined by:

C(M, 1) = SM) - (M, 1) (31)

peq(M, t) is equal to the pressure in the free volume
between rings, and is equa to the equivaent pressure in the
plastic sheaths.

Let Py 'y xR" — Rand P, such that:

OMO(@Q-Tp), P(M)=0
and (32)
OMIT o, P(M)=Py(M, 1)
One can define also afunction p by:

A variational problem in pressure can be formulated by:

Find p regular functions such that:
oMO Q

i1<i<N
- rwzm(rD(MM (S(VM).p)
OMO TR0 t p(Mst) 0 39
OMO TyO tOn (SMyEp) 0
OMO Q, p(M,t=0)=0

Let E, the set of functions enough regular such that:
pMI L, =0 (35
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To establish the variational formulation, the differential
Equation (34) is multiplied by a function p, O E, and the
equality obtained on each sub-domain Q; is integrated by
parts.

Thisyidds:
Upd E,
i=N
9(S(M) [p) _
J;erth— iz:laéi rD(M)CO(S(M Y pdn ptda(36)
— [rD(M)O(S(MD p pydv
Q
Upd E,
IVWQW: = [rD(M)0S(M.p)J pydv (37
Q o)

As D(M) O (S(M) Op) is continuous crossing the sub-
domains:

i=N

> [ rD(M)O(SM) pinp, da
i=1 00 (38)

= 5[ rD(M) O(S(M I pII pydv
Q

With Equations (35) and (36), it implies that:

[ rOMI(SMY pRnp da= 0 (39)
Q
Finaly the problemiis:
Find p such that:
U pd E,
(40)
Ir% pdv = —[ rD(M) O(S(M I P pyclv
o) Q

2.3.2 Discretisation

The discretisation chosen in the PDE Toolbox (1996) of

MatlabisaP, type element. Let:

- Q, ={K}, < atriangulation of Q;

— E,,, adiscrete sub-space of E,, for the functions p,, linear
oneach K, and null on T ;

- {a}, . theset of triangulation nodes,

- and {@}, . . ,» functions connecting the nodes, such that
01, @ islinear by element and @(a) = ; where 3, isthe
Kronecker tensor.

Choosing p,,(M, t) = @(M), and decomposing p,, on the

@ 's base, the ordinary differential equations are then

obtained:

j=n

Ok & n Y My
=

j=n

dp; (1) £ Kyp =0 (41)
=

at

with:

My = I rS(M)e, (M) @; (M)adv (42

Qy

Kij = [ rD(M)S(M)0e; (M) ¢ (M)dv

Qy

+ [ rD(M)O(SM)@; (MY @ (M)dv
Qy

The resolution of this system is then done by a classical
method (Johnson and Erikson, 1991).

2.4 lterative Time Coupled Problems

At a given time step t, the diffusion problem is first solved
for each component considered in the problem. This gives
each component concentration C! (i = 1 to ny) in the annulus
free volume, from which the component mole number n' is
deduced asfollows:

nit = Citvannulus = St o pit _Atvanﬂulus (44)

where §! and p* are respectively the component solubility
and partial vapor pressure at the previous step time.

The thermodynamic equilibrium is then solved and gives
the component fugacity f! and partial vapor pressures p!,
which are used as annulus initial condition of the next step
(t + At) diffusion problem. The solubility § is determined
as

S == (45)

2.5 Venting

The closed annulus can be vented if the annulus pressure p is
greater than a venting pressure P, .. Component mole num-
bers n! are modified to obtain an equilibrium at the venting
closure pressure P osre @Nd the annulus free volume

Vanuus Prent @0 Pt gosure € defined by the user asinputs

of the problem.

The following method is used to model the venting:

— the solution of the flash calculation with temperature
T Pressure P o and mole numbers n' is deter-
mined. It gives an artificial volume V of the mixing, made
of aliquid volume V- and/or agas volume VY,

— the new mole numbers are corrected to obtain a volume

Varnuius (OF @ variation of the volume AV =V -V, J

from one of the following three cases:

. if V- =00r VW =0 (only one phase), then:

V
new — t _Yannulus
n =n

\Y
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- if Vb #00r VW #0 (two phases), and VW > AV, then:

AV
npew =t ——ntv

vV

where n*V is the mole number of the ith component in
the vapor phase;
- if V- #£00r VW # 0 (two phases), and VY < AV, then:

w AV -V

new — nt —
n; =np—n VL i

where n' ! is the mole number of the ith component in the
liquid phase.

One can note that, with this method, the vapor phase is
first vented.

2.6 Fugacity and Pressure

The pressure p can easily be replaced in MOLDI™ (espe-
cialy in Henry's law and the mass trangport eguation) with
the fugacity f of the component, which is equa in the vapor
and liquid phases. Then, the boundary conditions (19) and
(20) become:

Clrpzt)=9T,)f,=C

int

(19b)

and:
Clrgp 2 1) = YTy Ty = Cone (20b)

In this case, of course, all solubility coefficients Sthat are
used in MOLDI™ must have been determined as functions
of the fugacity of the components.

2.7 Programming

The general algorithm of the heat-mass diffusion and thermo-
dynamic equilibrium, that constitutes the kernel of
MOLDI™, is given in Figure 7. There are two main loops:
one loop for each time step, and one loop on mass transport
calculations for each component, followed by a gas-liquid
(flash) calculation.

The kernd is programmed with Matlab language Version
5.0, using the PDE Toolbox (1996) of Matlab for finite
element calculations. Note that some modules of PDE were
modified for this application, especialy because the problem
was solved by using the pressure as unknown.

3 VALIDATION

MOLDI™ was validated on several theoretical cases:

— for hesat transport, the analytical solution was compared to
MOLDI™ solution on multi-layers geometry;

— for mass transport, MOLDI™ has been used for repro-
ducing permeation measurements performed at |FP

data input

meshing

temperature calculus
t=to

|
|
|
|
—| t=t+At
|
|

i=1to nf(loop on components)
[

pressure boundary condition
next

next I component
time integration of the pressure
diffusion equation

f
| flash calculation

initialisation of partial pressures or
fugacities in the annulus

Figure 7

Chart organization of the kernel MOLDI™ working.

CO,, gas permeation through PVDF

0.05L | — mMoOLDI™
—— Experimental curve

0 1 2 3 4 5 6
Time £ (s) x 104

Figure 8

Flux Q (in moles per cm?) of CO, through PVDF, as measured
and calculated with MOLDI™,

(Flaconnéche, 1995). In this case, a very large pipe radius
was artificidly used to model the diffusion across a plane
membrane, in isothermal conditions. The comparison
between MOLDI™ results and experimental data (for
example, CH, diffusion in a plastified PA11 membrane,
CO, gas permeation through PVDF ) was encouraging. An
example is shown in Figure 8. It presents the flux Q (in
moles per cm?) of CO, through a plane circular membrane
of PVDF (thickness: 0.001150 m, radius: 0.02 m) as a
function of time. The constant temperature is 100° C and
the pressure of CO, is 2.5 MPa. Figure 8 shows good
correlation between experimental and numerical results;
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— anumericd validation of the phase equilibrium cdculation
was performed using an | FP existing software.

Coflexip Stena Offshore and IFP are aso performing vali-
dation tests on simplified and red flexible pipes. Simplified
pipes consist of an internal plastic sheath with a pressure
vault, both inserted in a stedl cylinder. These vaidations will
be presented in a future paper.

4 DATABASES DESCRIPTION

In this section, the five MOLDI™ databases supplying the
heart of the geometrical, diffusion and thermal-dynamical
modd are presented.

4.1 The Component Database

It contains the characteristics of the components considered
in the diffusion problem. Each component is described by its:
— chemical formulg;
— molecular weight (kg/mol);
— critical temperature (T ) (K and °C);
— critical pressure (P,) (MPa);
— acentric factor.
Figure 9 shows awindow from this database.

4.2 The Material Database

It contains the characteristics of the materials used in flexible
pipes.

Each materia is described by its type (polymer or steel)
and thermal conductivity (W/m-K).

4.3 The Component/Material Database

It contains the data needed for permesation calculations, i.e.
the diffusion (D) and solubility (S coefficients for each cou-
ple component/material. Figure 10 shows awindow from this
database.

4.4 The Flexible Pipe Database

The flexible pipe database alows to create, copy or modify a
flexible structure for permeation calculation.

Only mono-annular structures are allowed. The internal
carcass is not considered as a layer in MOLDI™. The fol-
lowing data are used to create a structure:

— free volume of the annulus per meter of pipe (cm3/m);

— pipeinternal diameter (that is the internal diameter of the
interna plastic sheath);

— adescription of each layer. Two types of layers are con-
sidered:

* continuous layers (plastic sheaths) for which the mater-

ia and thickness of the layer must be given;

* cross-layers (steel wires, tapes and anti-wear tapes) for
which the materid, the thickness, and the description of
the layer must be input. The width of the wire or tape,
the number of wires or tapes by pitch and the angle of
helices must also be given.

An example of this databaseisgiven in Figure 11.

Fleaibis

D Chass Eae

Figure 11
Flexible pipe database.
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4.5 The Field Conditions Database

The field conditions database allows to define a case study

made out of the combination of the following items:

— aflexible pipe;

— agiven number of components that will permeate through
the pipe;

— their partia pressurein the pipe;

— interna and externd pressures and temperatures;

— asdmulation time;

— aventing pressure.

The flexible pipe and the components must have been
previously defined in the flexible pipe and components
databases.

Note that the calculation performed with a flexible pipe
can be quite long, depending on the number and the type of
the layers in this pipe. To reduce the calculation time,
MOLDI™ offers the possibility to generate automatically a
simplified structure from the original flexible pipe. This
simplified structure is defined with an internal plastic sheath,
asted vault and an externa plastic sheath asfollows:

— from the origina pipe, the internal and external plastic
sheeths, the free volume of the annulus, and the shielding
effect of the stedl vault on the internal plastic sheath are
kept;

— the steel vault thickness becomes the thickness of the
original annulus;

— the stedl vault therma conductivity is modified to obtain
similar temperature distributions in the internal and
external plastic sheaths in the original and simplified
pipes. The mode is reduced to hdf of aring and gap of the
pressure vault, as shown in Figure 12. Calculations
performed with a simplified structure are slightly less
precise (mainly for the transient state) but significantly
faster when compared to afull pipe model.

4.6 Graphical User Interface of MOLDI™

The graphical user interface of MOLDI™ uses all the

functionalities of Matlab graphical user interface. All inputs

in databases and outputs of solutions are introduced or
displayed with user-friendly windows.

The results concern dl the calculated variables, and awide
range of visualization possibilities are offered.

Some examples of visudization are given in Figures 13-17.
They concern a flexible pipe where four components
(methane, carbon dioxide, water and hydrogen sulfide) are
diffusing from the internal sheeth. Examples of visudization
show:

— the mesh used for calculation (length versus radius). One
can distinguish the internal plastic sheath, the annulus
(made of two armor layers and two polymer anti-wear
tapes) and the externd plastic sheath (Fig. 13);

— the temperature profile in the structure (2D) versus radius,
in°C (Fig. 14);

— the annulus pressure, a 2D graph, shows the variation of
total pressure (bar) in the annulus versus time and, partial
pressure of each component (Fig. 15). The partial pressure
of each component can be displayed separately. For exam-
ple, Figure 16 shows the water partial pressure. Drops of
pressure are due to venting that opens at 10 bar (1 MPa)
and closes at 7 bar (0.7 MPa). The partial pressure of
water increases rapidly when there is only a gas phase,
until the liquid phase appears. From that point on, its par-
tial pressure remains stationary;

— the volume variation of the condensed phase in the annulus
versus time (Fig. 17). This volume is given in cm® per me-
ter of flexible pipe. In the example, the condensed volume
increases with time, asthe steady stateis not yet reached.

Several 3D representations are also possible: pressures,
concentrations and fluxes versus length and radius in the
whole structure or in a given layer, for a given time.
Figure 18 is an example of this 3D display: the total pressure
(in bar) is shown at the end of calculation.

4.7 General Chart of the Software MOLDI™

The general chart of the software (Fig. 19) shows the interac-
tions between databases.

CONCLUSION AND PERSPECTIVES

A 2D finite element model, MOLDI ™, is developed in order
to calculate the annulus composition of a flexible pipe versus
time, including the following aspects:

— permesation of bore components through the thermoplastic
layers, namely CH,, CO,, H,S and H,O;

— calculation of the temperature gradient through the
structure and variation of permeation coefficients with
temperature;

— shielding effect of stedl vault on theinternal plastic sheath;

— thermodynamic phase equilibrium in the annulus alowing
water condensation caculation;

— gasreease out of the annulus through gas-rel ease valves.
Programmed under Matlab, with a user-friendly graphica

user interface, the software MOLDI™ offers a flexible envi-

ronment for engineering and research, and rigorous numerical
methods describing mass, heat diffusion and annular compo-
sitionin flexible pipes. MOLDI™ is based on interactive, rich
databases for offshore specialists, as shown in the paper.

In future, comparison between pressure and fugacity alter-
natives versus experimenta resultswill be performed.

MOLDI™ represents a significant improvement in flexi-
ble pipe design.
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Figure 12
Simplified structure of the flexible pipe.

Figure 13
Meshed structure.
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Figure 14
Temperature profile in the structure.

Figure 15
Annulus pressure versus time (1 bar = 0.1 MPa).
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Figure 16
Water annulus pressure versus time (1 bar = 0.1 MPa).

Figure 17
Condensed water volume in the annulus versus time.
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Figure 18
3D plot of pressure in the pipe, for agiven time (1 bar = 0.1 MPa).
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Figure 19

A generd chart of the software.
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