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Nomenclature

A = pre-exponential factor, 1/sec. N = element shape function

c = specific heat, J/kg K N = shape function matrix

C = capacitance matrix Q = heat of decomposition, J/kg

E = total number of elements R = gas constant, 8.314 kJ/kg-mole K
Ea = activation energy, ki/kg-mole increasing rate of furnace

f = force (heat load) vector temperature

h = enthalpy, J/kg t = time, sec.

k = thermal conductivity, W/m K T = temperature, °C

K = conductance matrix T = temperature vector

I = element length, m Vi = volume fraction

L = laminate thickness, m X = spatial co-ordinate, m

m = mass flux, kg/m?-sec. Q = element domain

n = number of spatial nodes © = time step (weighting) parameter
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o = density, kg/m® T = total
At = time step size, sec. = transpose
Subscripts ® = ambient
¢ = conduction Superscripts
cr = critical
d = density e = element
f = final i = time position
= furnace _ = average
;r f g:sre reinforcement = partial derivative with respect
i = nodal position to time
k = Kelvin I
0 = initial values Abbreviations .
p = constant pressure FEM = finite element method
r = resin matrix GRP = glass reinforced plastics

Note: The symbols defined above are subject to alteration on occasion

Introduction

Polymer composite materials are increasingly being used in offshore structures
for forming fire and blast walls. These materials offer the possibility of
significant savings in platform topside weight and in installation and
maintenance costs. Additionally, they are resistant to the marine environment.

An attractive feature of the use of polymer composite materials in offshore
structures is their fire-performance characteristics, and, therefore, the ability to
predict the thermal response of these materials when exposed to fire is of great
interest to researchers in this area. Furthermore, accurate knowledge of the fire
performance of these materials is essential for the optimum design of thermal
protection and evacuation systems in offshore structures.

Experiments in furnace tests and one-dimensional models of offshore panels
and plates[1,2] have revealed that glass-fibre reinforced composites have
excellent fire-resistance properties and give protection against fire for
considerable periods. These properties are given by the decomposition of the
resin material, which acts as a coolant. Among the various numerical methods
suitable for thermal modelling, to date only the finite difference method[1,2] has
been used to approximate the mathematical model of heat flow in these
materials used in offshore components. However, because of widespread
acceptance of the finite element method and its versatility for thermal problems
involving non-linear governing equations and complex geometry and boundary
conditions, this method has been chosen throughout this work.

Fire-resistance is generally defined as the time required for the average
temperature of the cold face of a laminate to reach 160°C[3]. This value is, as
might be expected, significantly shorter than the complete fire penetration time.

In many applications, the incident heat fluxes are large enough to cause both
thermal decomposition of the resin material and surface recession so that these
two processes have the same level of importance for an accurate prediction. Since
the fire-resistance investigation of GRP panels needs a temperature rise at cold
face of less than 160°C, the authors’ interest, in this particular situation, lies in a
mathematical model which includes only thermal decomposition of the resin



material and chemical reactions under 1,000°C with no surface recession
occurring. The aim of this work is, therefore, to develop a general finite element
technique to simulate the fire performance of GRP panels, relating to hydrocarbon
fires, for use as blast and fire-resistant wall and floor elements of offshore modules.
A finite element computer code, written by Bettess and Bettess[4], has been
developed to apply the model to the standard thickness of a polyester-based GRP
laminate, 10.9mm, used in offshore components. While the finite element model
permits a rather general representation of the decomposition process and different
boundary conditions, the specific solution presented here uses a first-order
Arrhenius equation with constant thermal and transport properties throughout
the decomposition process. Furthermore, the boundary condition at the hot (front)
face of the laminate has been set up as an incident heat flux using an empirical
formula[1] and the cold (back) face of the laminate has been insulated. The
accuracy of the model has been evaluated by comparing the predicted
temperature profiles with those obtained experimentally from furnace tests[1,2].

A model including a higher-order Arrhenius equation, temperature-
dependent thermal and transport properties together with more accurate
boundary conditions at the hot and cold faces and different configurations and
materials of offshore components, will be presented in a future papetr.

Problem description

The problem of predicting the behaviour of polymer composite materials
exposed to a fire environment, particularly hydrocarbon fires in offshore
structures, may be divided into two different parts: internal and external
processes. The internal process includes all the physical and chemical processes
which occur in any laminate of offshore components. The external process,
however, addresses itself, first, to the determination of the shape, size and
intensity of the flame in the boundary layer and, second, to heat transfer from
this flame over the related laminate to others. Table | schematically depicts a
cause-and-effect flow chart involving the internal process. According to the fire-
resistance definition, the model developed in this work is intended to model the
exposure time of the laminate hot face for which the laminate cold face remains
at temperatures less than or equal to 160°C. Therefore, only the first five events
of the internal process depicted in Table | have been considered.

Mathematical model

Several mathematical models have been developed which simulate the thermal
response of materials undergoing decomposition and chemical reactions. The
earliest models were proposed by Bamford and Malan[5], Murty and
Blackshear[6], Murty[7], Kung[8] and Kansaet al.[9], to study chemical reactions
and decomposition of wood in an attempt to develop fire-retardant timber. Later,
the primary models were developed by a number of researchers[10-15] to
account for the temperature-dependent thermal and transport properties,
utilizing an nth order Arrhenius equation, decomposition due to carbon-silica
reactions, accumulation of decomposition gases and the associated internal
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(1) Radiation heat flux, caused by fire, into the front face of the laminate.
(2) Pure transient heat conduction which is governed by the thermal properties of the laminate:

« surface temperature is not sufficiently high, less than 200-300°C, dependent on material
processing, composition and heating rate;

* no chemical reactions occur;
612 « temperature gradients versus time are initially sharp.
(3) Degradation and chemical reactions (pyrolysis):
« surface temperature is sufficiently high, 200-300°C but less than 1,000°C;
« resin material degrades to form residual char and gaseous products;
« the chemical reactions zone moves from heated surface through the material;
¢ thermo-chemical expansion and/or contraction occur;

* owing to the accumulation of the decomposition gases, internal pressurization of the
material occurs;

« the temperature gradients versus time reduce and the solid material is kept cool.
(4) Final products and the completion of pyrolysis reactions:
e temperature gradients versus time increase sharply.

(5) Transient heat conduction which is governed by the thermal properties of the remaining
glass reinforcement.

(6) Carbon-silica reactions:
« surface temperature exceeds 1,000°C;
« the carbon residue from the pyrolysis reactions and the silica filler react chemically;
< additional decomposition gaseous products are produced;
« additional thermo-chemical expansion and/or contraction occur.
(7) Surface recession:
Table I. « the active material is eventually consumed at the heated surface;
Flow chart listing the « the residue char reaches the melt or fail temperature.
events in a laminate (8) Flame:

exposed to a fire L .
environment ¢ the remaining material burns out completely.

pressurization, thermo-chemical expansion and/or contraction, non-linear
parameter estimation to determine certain thermal and transport properties, the
absence of local-thermal equilibrium, and a coupled solution for the equation of
energy, mass transport and momentum.

The model, which has been developed here to predict the behaviour of GRP
laminates in a fire environment, is based on the mathematical model proposed
by Henderson et al.[12]. In addition to the assumptions made in their model,
further simplifying assumptions are applied as follows:

(1) No intermediate compounds are produced when the resin material
sublimes.

(2) Thermal and transport properties of the laminate are constant during
the decomposition process of the material, i.e. for the first four events
indicated in Table I.

(3) A first-order Arrhenius equation is adopted.



(4) A zero value for the final density of the resin material is applied.

Model for GRP

A composite layer which is an infinite plate with finite thickness L is selected as fire-performance

a basis for the problem.

With the first and second assumptions, the phenomenon of energy
conservation for one-dimensional heat transfer in the laminate of thickness L
undergoing thermal decomposition is given by the following non-linear partial
differential equation:

e7 _,d°T . 9T dp

PRk FeR LT v pL ) g
subject to the initial conditions
T(x.t)=T..p=p,. m, =0 for 0<x<L,t=0 ()

and the following boundary conditions
Tx,n=fn for x=0,1>0 (3a)
dT/dx=0,m =0 for x=L, >0 (3b)
where f(t) is the time-dependent temperature of the heated surface.

In this work the function f(t) is defined on the basis of the empirical formula
obtained from furnace tests by Wu et al.[1] as:

T,()-100R¢) 1 ¢>0
fly={ 710K 3
293 (K} if t=0
where T(t) is furnace temperature (K), and is expressed as:
T,(}=T.+273+(1100- T )R(r) (3d)

and R(t) is the increasing rate of furnace temperature and can be stated as:

R(t)=1 —exp[—exp((l?] log 12;8)} (3¢)

For a glass-fibre reinforced composite with aligned long or continuous
reinforcement, the density, transverse thermal conductivity and specific heat
are evaluated, by the law of mixtures, as:

p=V,p, +(1-V,)p,, (4a)
V., 1=V

LI (4b)

kL k k
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respectively.

Assuming no expansion of the laminate material and considering the second
and third assumptions, the Arrhenius equation can be expressed as:

op

ZZ_AP exp(—E,/RT,) (5)
If the accumulation of the generated gas is ignored, the gas mass flux, m, atany
spatial location and time, may be calculated as:

i, = ["@pfo1)dx (6)

(4c)

The enthalpy of the laminate, h, and the generated gas enthalpy, hg, have been
assumed to be functions of temperature only and are given by:

h . T
= ij ¢,dT (7a)
and:
'
he=| c,dl (7b)

respectively. According to the second assumption, these two equations can be
simplified as:

hch(T—Tw) (8a)

(T-T.) (8b)

h,=c,,
Equations (1), (5) and (6) form a set of non-linear partial differential equations
which must be solved simultaneously using the initial and boundary conditions,
Equations (2) and (3), for p, my and T respectively. Both density and its loss rate
are calculated by the Arrhenius equation. The model is extremely sensitive to
these values. This is to be expected since the rate of energy consumption or
addition resulting from the decomposition is proportional to 0p/ot.

Finite element formulation

The set of non-linear partial differential equations, equations (1), (5) and (6)
developed in the previous section, has been solved numerically using a mixed
explicit-implicit finite element technique[16]. With regard to this technique, the



density loss rate, density and gas mass flux are evaluated explicitly, whereas
the nodal temperatures are computed using an implicit formulation.

Density loss rate, density and gas mass flux
In order to enter the density loss rate, density and gas mass flux equations into
the finite element formulation, two notations have been used: time position, i,
and nodal or space position, j.

Using the above notations and equations (5) and (6), the density loss rate and
gas mass flux can be represented as follows:

ap i+l ler+| )
(ar]_, Ar @)

v pi"-p;
()" = -Z[T] A, (10)
where

prl_p’ =-Ap ew[ /R(T)] (11)

Additionally, using equation (11), the density at each time and nodal position
can be calculated as:

;+1 p { — AAt exp[_EA/R(?;t ): ]} (12)
Substitution of equations (9)-(12) into equation (1) results in:
,-+.‘8T d°'T , y=  aT (ap
Pi “ 31 kaxz _(mx);- Cr:xﬁ (El (Q h—h ) (13)

Element equations
The solution domain, which is a one-dimensional body of thickness L, is divided
into E linear elements of the same length, |, and two nodes each.

The governing differential equation, equation (13), is cast into a matrix
equation by applying the weighted residuals approach of the finite
element method[17] and by approximating the temperature within each
element as:

T(x,r)=N(x)T(r) (14)

The weighted residuals approach requires that:
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: —k—+ 4= - ¢ =
According to the definition of the solution domain, equation (15) can be
rewritten as:

(W 2T . 8° VNI )
J.[pr'] Pa__kax?; (mk');'] PL aT (B_F:J (Q+h h)]Ndx=O(16)
0

i
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We substitute equations (8a), (8b) and (14) into equation (16) and use integration
by parts in one dimension, so that after some manipulation the resulting
element equations become:

P o franNy raN i 9N
s CE PR

a i+l
+Nr(a_prl (¢, —cp N eT + :iN [ ) [Q o m)T]dx=0

or:
CT+(K, +K, +K,/JT+f =0
or:
CT+KT+f=0 (17)

where C, K, K and K can be written, in global co-ordinates, as:

i .
C=LNTp; 'c N dx (18a)
K, =] INY (AN
G Har el
f Coatl aN
KJ‘, =J0Nr(m"")j (.'Pg—éTdI (180)

K, = [N[2 ] (¢, -, N (180)



Model for GRP

r+
f=ﬂ“%l [Q‘("‘;:‘Cm)Tm]d" (18e) fire-performance

The element matrices and the element vector, equations (18a)-(18e), are
evaluated numerically using Gauss-Legendre quadrature.

It should be noted that the boundary condition at the laminate hot face is
applied directly to the unknown temperature vector at each step of the
computation. Furthermore, the insulated boundary condition at the laminate
cold face adds only a zero value to the heat load vector.

Time step algorithm

A solution to the matrix equation, equation (17), has been given by Huebner et
al.[18] and Zienkiewicz and Taylor[17] using the weighted residuals approxima-
tion. This solution is represented as:

(C+A®K)T,, = [C-Ar(1- OK]T, - Arf (19)

where subscripts n and n+1 denote known and unknown quantities
respectively. Furthermore, f denotes an average value of f given by:

f=f +off,, -f,) (20)

Itis clear that, in general, at each step of computation, a full system of equations
needs to be solved. Thus, for an appropriate choice of ®, the matrix equation,
equation (19), can be solved using a non-symmetric profile matrix solver
together with the active column method. A Crank-Nicolson solution with time
step parameter, ©, of value 0.5 has been used to solve the matrix equation
implicitly and compute the nodal temperatures after each iteration.

Critical time step size

Zienkiewicz and Taylor[17] introduce the critical time step size, At for an
explicit scheme of the finite element method as:
{2
= 2 e (1)
1-20 3k

The overall computer code logic
The key operations flow chart of the finite element computer code developed in
this work is shown in Table II.

Application

Material properties

The proposed mathematical and numerical models can be used to simulate the
thermal response of a variety of decomposing polymer composite materials
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Table II.

Flow chart listing the
steps for the heat transfer
analysis section of the
finite element computer
code

(1) Initialize the system matrices, vectors and principle variables.

(2) Read finite element mesh data, material properties, including transient heat conduction
and decomposition data, and control ID value to perform different solutions.

(3) Start time-dependent calculation and determine furnace temperature according to equation
()

(4) Calculate the density loss rate, density and gas mass flux regarding the control ID value
for the required solution.

(5) Choose a suitable option according to the input element type and create element matrices,
K and C, and element force vector, f, using equation (18):

» get element shape functions and their derivatives;

« calculate the element matrices and element force vector contributions regarding the
input control ID value;

 integrate the element matrices and element force vector and add the results to the
previous values, then go to first sub-step of (5);

 choose a suitable solution of the finite element method, i.e. explicit, implicit (backward
difference) or the Crank-Nicolson.

(6) Assemble the system matrices and force vector, if any.

(7) Calculate and update time step size, At, using equation (21) or consider the chosen value for
the implicit solutions.

(8) Form system equations according to equation (17).
(9) Calculate the hot face temperature and apply the boundary conditions.
1

(10) Solve the matrix equation using equations (19) and (20) and find temperatures and density
losses.

(11) Add time step size, determined in step (7), then go to step (3), otherwise stop.

given the appropriate material properties. Further, recent indications have
revealed that, among a wide range of these materials used in offshore
components for fire protection and other applications, phenolic-based and
polyester-based composites are superior to the others. These two polymer
composites, in addition to their marine environment resistance characteristics,
offer an attractive combination of mechanical strength and low cost in
construction, installation and maintenance.

The material selected in this work is polyester-based GRP consisting of 0.45
and 0.55 per cent glass-fibre reinforcement and polyester resin respectively.
This material has been chosen for the study because most of the material
properties required as input to the numerical model have already been
determined. However, a great deal of effort has been expended to assemble an
accurate set of properties for polyester-based GRP. These properties were
collected from a number of sources, mostly Wu et al.[1], and are summarized in
Table I1I.

With regard to the second assumption made in the Mathematical model
section, the material properties of the laminate are evaluated using equations
(4a)-(4c) for the first four events indicated in Table I. At the stage of the fifth



Model for GRP

Property value fire-performance
Pre-exponential factor, A (1/sec) 1.0 x 103
Specific heat (glass-fibre), (cp)fr (Ukg K) 760.0
Specific heat (polyester resin), (cp)r (kg K) 1,600.0
Specific heat (gas), ¢, (J/kg K) 2,386.5 619
Activation energy, E, (kl/kg-mole) 0.5 x 105
Thermal conductivity (glass-fibre, bulk), k ¢ (W/m K) 1.04
Thermal conductivity (polyester resin), k. (W/m K) 0.20
Heat of decomposition, Q (J/kg) 2.3446 x 10°
Gas constant, R (kJ/kg-mole K) 8.314
Ambient temperature, T (°C) 20.0
Volume fraction, V; 0.45
Density (initial), o, (kg/m?) 1,812.0 Table I
Density (glass fibre), o, (kg/m?) 2,560.0 Material properties for
Density (polyester resin), p, (kg/m3) 1,200.0 polyester-based GRP
event, however, transient heat conduction is followed by the properties of the
glass-fibre instead.
Finite element mesh data
In order to implement the finite element computer code for the solution to the
one-dimensional standard polyester-base GRP laminate of thickness 10.9mm,
linear two-node elements of the same length have been adopted. The finite
element mesh data used in this work are presented in Table IV.
The critical time step size, At ., is calculated using equation (21). According to
this equation and considering the changes of the laminate density governed by
equation (12), the critical time step size decreases at each step of the computation.
This value should, therefore, be updated after each step of computation whenever
an explicit finite element solution is implemented. Using the initial value of the
laminate density, po,, presented in Table I1I, 1,812.0 (kgP), the initial value of the
Type Value
Total number of elements, E 10
Total number of nodes, n 11
Total number of degrees of freedom 11
Laminate thickness, L (m) 1.09 x 102 Table IV.

Element length, | (m) 1.09 x 103

Finite element mesh data
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Figure 1.
Comparison of the
predicted and
experimental
temperature profiles
using the Crank-
Nicolson solution

critical time step size would be 4.46 seconds. For a linear governing equation, an
implicit method such as the Crank-Nicolson solution is unconditionally stable for
any value of the time step size. The non-linear case considered in this work,
however, requires iteration at each time interval. If the time step size chosen is too
large, oscillations and then instabilities will result. Through a trial-and-error
procedure, it was determined that time step size of 5.0 seconds could be used for
the Crank-Nicolson solution with no instability occurring.

Results and discussion

In Figure 1, the predicted temperatures are plotted as a function of time at four
spatial locations along with the experimental data, obtained from furnace tests
by Wu et al.[1,2]. Figure 1 shows a close agreement between the predicted
temperatures and the experimental data. The average temperature difference
for all the data points shown in Figure 1 is 29.6°C.

To show how each term of the element equation, equation (13), contributes in
reducing the temperature rises through the laminate, four equations, i.e. pure
transient heat conduction, transient heat conduction and gas mass flux,
transient heat conduction and density loss, and full decomposition process have
been considered. Figure 2 depicts the predicted temperatures of the laminate
cold face versus time along with the experimental data using the above
equations.

Temperature ("C)
1,000

800

600

400

200+

FEM, polyester-based GRP
0 temperature profiles

T T T T T 1
0 200 400 600 800 1,000
Time (seconds)

----------------- Semi-empirical
Predicted
o a 0OExperimental




Temperature ("C)
1,000+

Key
o  Experimental data ey
————— Density loss only i
| —--— Pure heat conduction -
800 o -,
----------------- Gas mass flux only N .
Full decomposition .-~ .~ 7
600
400
200- g
FEM, polyester-based GRP cold
0 face temperature profiles
o T T

T T 1
0 200 400 1,000

Time (seconds)

600 800

Considering the cold face temperature profile, Figure 1, it is possible to evaluate
the fire-resistance behaviour of the laminate exposed to fire. According to the
concept of the fire-resistance defined in the Introduction and also the results
shown in Figure 1, the fire-resistance values of the Crank-Nicolson solution and
experimental data are found as 474.77 and 449.50 seconds respectively. The
accuracy of the numerical model can be verified by a very small difference of
25.27 seconds or 5.62 per cent between the predicted and experimental fire-
resistance results.

In Figure 3, the predicted temperatures are plotted versus depth from the hot
face to the cold face of the laminate at 100, 200, 400, 700 and 1,000 seconds.

In Figure 4, the predicted resin density and the laminate density fractions are
plotted versus time from the hot face to the cold face of the laminate at four
spatial locations. According to this figure, the completion of the pyrolysis
reactions occurs at p/p, = 0.64. It is clear that for times greater than 125
seconds the pyrolysis reactions reach completion at the hot face of the laminate.

Finally, Figure 5 illustrates the predicted density loss rate, on the basis of the
Arrhenius equation, versus time at four spatial locations. This figure clearly
demonstrates the time derivatives of the density profiles presented in Figure 4.
The feature presented by these density loss rate profiles in conjunction with the
corresponding temperature and density profiles, Figures 3 and 4, provides some
useful patterns followed by the pyrolysis reactions. The laminate layers
progressively lying deeper from the hot face illustrate a progressively lower
maximum pyrolysis rate and a progressively wider range of temperature in
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Figure 2.

Comparison of the
effects of different terms
in the element equations
on the predicted cold
face temperatures
together with
experimental data
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which pyrolysis reactions occur. In fact, the ratio of the maximum pyrolysis rate
to the temperature at which it occurs is roughly constant. While the rate curves
near the hot face are sharp, those at the intermediate spatial locations and near
the cold face show rather smooth and regular changes with a constant rate for
a certain duration.

Conclusions

Modelling the fire-performance of glass-fibre reinforced composites used in
offshore components has two major benefits. First, it speeds up the design
process and, thereby, reduces the cost of using this class of materials for fire-
resistance purposes. Second, it improves the knowledge of how these materials
behave when exposed to an unwanted fire.

The objective of this work was to investigate the applicability of the finite
element method to analyse the thermal behaviour of polymer composite
materials when exposed to fire. Basic concepts of the phenomena occurring in
the material exposed to fire together with the mathematical model and finite
element formulation were described in detail.

The finite element model associated with the computer code, developed
during this study, was used to quantify the fire-performance and thermal
response of a standard GRP laminate.

The predicted temperatures agreed with the experimental data with an
average difference of 29.66°C. The accuracy of the model was also verified by
comparing the predicted and experimental fire-resistance results. The
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comparison reveals an extremely small difference of 25.27 seconds or 5.62 per
cent. This model is, therefore, able to simulate fire performance characteristics
for a large range of typical offshore components including different construc-
tions and materials. It will enable accurate predictions of the lifetime of these
components in severe offshore hydrocarbon fires. Finally, by using the finite
element method, a wide range of geometries of composite components can
easily be studied with little change to the computer code. Work on a more
accurate one-dimensional model and also simple two- and three-dimensional
models is continuing.
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