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ABSTRACT

This research was focused on the understanding and modelling of the transient
conductive heat transfer process in carbon fibre / epoxy composite tools. Using a
comparative test method, the transverse and in-plane thermal conductivities of the 2/2
twill eight-ply laminate used in this research were determined as 0.57 W/mK and 1.87
W/mK respectively. These values were applied to the analytical and numerical models
investigated. No simple closed form analytical solution was found that could accurately
represent the problem. The finite element analysis software MSC Nastran Thermal
Preference was used to carry out the numerical analysis of the problem. The modelling
carried out indicated that the temperature gradients across the model were most affected
by the applied convection and by the in-plane to transverse thermal conductivity ratio.
Comparing modelling and experimental results showed that MSC Nastran was not
flexible enough to allow accurate heater response predictions for use in advanced design
of complex integrally heated composite tools.
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1

1 Introduction
Modem aircraft are making more extensive use of advanced materials such as
composites and hybrid materials. The interest in composite materials such as carbon
fibre/epoxy (CF/Ep) or glass fibre/epoxy (GF/Ep) and hybrid materials such as
GLARE© fibre metal laminates stems from their high strength to weight ratio.
Composite and hybrid materials often have a lower density than metals, are capable of
sustaining high tensile loads and are less prone to fatigue than metals. The degradation
of strength at high temperatures restricts the use of most composites to temperatures
below 150°C for structural applications [1][2]. The good load carrying capabilities of
composites as well as their high resistance to fatigue make them ideal for many aircraft
structural applications. The use of composites has been limited in the past due to their
high costs and by the difficulties associated with inspection and damage assessment.
New non-destructive inspection (NDI) techniques and better understanding of
composites has led to improved manufacturing techniques and higher use of composites
in aircraft. The weight reduction resulting from the use of composites in aircraft
structures enables more efficient aircraft to be built.
In currently produced civil transport aircraft, use of composites has been restricted
to primary empennage structures and to secondary structures in various parts of the
aircraft. Composites were first used in flight surface primary structures on commercial
aircraft on the Airbus A300. Boeing introduced composite flight surfaces in their 111
commercial aircraft. The use of composites on the Airbus A320 and Boeing 111
aircraft is shown in Figure 1-1 and Figure 1-2.
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Figure 1-1: Composite Structures in the Airbus A320 [1]
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Figure 1-2: Composite Structures in the Boeing 777 [1]

New aircraft are making wider use of composites. Boeing’s new 787 will have the
most composite use o f any commercial civil aircraft: 50% of its structure by weight is to
be constructed o f composites (Figure 1-3) [4]. Airbus is also increasing the amount of
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advanced materials in their aircraft with the A380 having approximately 25%
composite materials (Figure 1-4) [4],

Figure 1-3: Exterior Material Composition for Boeing 787 Dreamliner [5]
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Figure 1-4: Composite Materials on the A380 [6]

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

4

Military aircraft, such as the Boeing F I8, have made use of composites for a longer
period of time, typically in control surface structures and aircraft skins. The use and
experience gained in military application of composites has helped to increase their use
in commercial aircraft.

Manufacturing of composites has typically been carried out by hand lay-up or
automated fibre placement with autoclave curing. This results in expensive, highenergy consumption manufacturing processes. However, the increase in demand has
been a driving factor in the emergence of low-cost composite manufacturing techniques
for low to medium production industries such as the aerospace industry. Liquid
composite moulding (LCM) techniques such as resin transfer moulding (RTM) or
vacuum assisted resin transfer moulding (VARTM) can produce high quality parts outof-autoclave, reducing manufacturing costs. Low-pressure processes such as VARTM
have allowed lower cost composite tools to be used instead of the commonly used
metallic tools. Aluminum, steel or Invar are typically used to manufacture composites,
in order to sustain the high pressures encountered in autoclave and press manufacturing
processes [7] [8]. These tools or moulds are expensive to manufacture and can also
prove difficult to modify or maintain. One major issue encountered when using
aluminum and steel tools is that of mismatched coefficients of thermal expansion (CTE)
between the substrate and the tool. This can lead to warping and dimensional
inaccuracies in the finished product.

Two methods of heating have been typically used

for RTM and VARTM; convective heating using air-recirculation ovens and conductive
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heating using integrally heated metallic tools. Radiation heating has also been used by
means of heat lamps; however, this is typically used as a secondary rather than a
primary heat source, usually for VARTM. Integral heating has also been reported for
RTM applications to reduce processing times and increase initial resin flow. For these
applications the metallic tools are heated using hot oil or electric cartridge heaters.

Conductive heating has been extensively used with composites, particularly in
military applications, to repair both metallic and non-metallic structures. Heater
blankets have been used to bond composite repair patches to the damaged structures.
Despite the wide use of conductive heat transfer for bonded patch repair, little work has
been reported on conduction heating of composites. Several issues are encountered
when applying a conduction heating process to composite patches and to composites
substrates. For example, direct conduction heating using uniform power density heaters
can result in asymmetric temperature profiles in a CF/Ep composite laminate [9].
Uneven temperature distributions can lead to under-cured sections and to induced
stresses due to mismatched coefficients of thermal expansion (CTE) between the
composite patch and the patched structure and due to uneven degrees of cure obtained
in the composite patch. This effectively reduces the load carrying capabilities and
lifespan of the composite patch applied.

Based on its expertise with composite patch applications and with composite
manufacturing, the National Research Council of Canada Institute for Aerospace
Research (NRC-IAR) has developed a conduction-based heat transfer technique for use
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with composite tooling. This integral heating technology uses heat transfer tiles
coupled with multiple zones of closed loop temperature feedback control to ensure a
uniform tool face temperature is achieved. NRC is currently applying this heating
technology to VARTM and other resin infusion applications. The heating technique
optimizes the cure cycle for each part, by using real-time temperature control and real
time epoxy cure kinetics and rheology to determine the optimum cure time based on the
part’s measured temperature. Applying this technology to LCM allows the processes to
be made more cost effective by:
•

Providing an accurate temperature distribution in the composite part being
cured.

•

Allowing epoxy cure cycle optimization through higher linear ramp rates,
shorter soak times and epoxy cure kinetics optimization.

•

Reducing the part scrap rate caused by epoxy under-curing.

•

Optimizing the energy usage through conduction heat transfer.

•

Increasing part throughput by providing more efficient manufacturing.

There has been very little reported work on the possibility of using integral tool
heating with composite tools [9]. A number of process analysis studies have recognized
that composite tools can be a cost-effective alternative to metallic tools for out-of
autoclave processes. The use of composite tools would result in similar CTE between
the tool and the part, reducing the handling and post-processing costs associated to part
machining [12]. Carbon Fibre/Epoxy (CF/Ep) and Glass Fibre/Epoxy (GF/Ep) woven
prepreg composite systems are often used for composite tooling applications. Woven

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

7

materials offer more dimensional stability and are less prone to warping than the more
traditional unidirectional materials used in composite structural applications. A
composite tool heated with electric resistance heaters could produce good quality parts
at lower energy consumption and with lower initial investment costs [9][11]

Tools for composite applications are often designed and made empirically, based on
past experience. In order to further increase the efficiency of the composite
manufacturing process, increased knowledge of the heat transfer process through the
tool is required. This will allow for optimum placement of electric heaters, in order to
achieve temperature homogeneity on the tool face. To date, all of the heat transfer work
done at NRC has been based on experimentally derived data. The next step is to use
this experimental data for the development of analytical and numerical models, which
can be used to design integrally heated composite tools. This research is intended to
contribute to the development of the design methodology for composite tooling and has
the following objectives:
•

to evaluate the use of commercially available finite element software for the purpose
of modelling transient conductive heat transfer through a CF/Ep tool,

•

to attempt developing a simple analytical model capable of predicting the transient
conductive heat transfer process through a CF/Ep tool.

The initial phases of the thesis will focus on obtaining the thermal properties of the 2/2
twill CF/Ep composite prepreg used in this research in order to use these properties in
the FEM and analytical models.
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2 Literature Review

2.1 Background

The subject of composite tooling is not covered extensively in existing literature and
none could be found regarding the heat transfer analysis of composites for tooling
purposes.
In the current study, the composite tool to be investigated is a carbon fibre/epoxy
(CF/Ep) 2/2 twill (Figure 2-1) woven laminate. This type of laminate is preferred to
unidirectional laminates for tooling applications since it provides more strength and
geometrical stability. The twill weave also offers more conformability than plain weave
and unidirectional fabrics. The literature review will concentrate on this type of
composite.

(a) Schematic representation

(b) Carbon fibre fabric

Figure 2-1: 2/2 Twill Weave Fabric
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Most of the reported heat transfer analyses were carried out in order to better
understand and improve the curing process of unidirectional laminate composites. The
majority of these analyses focused on cure process parameters, such as degree of cure
and reaction heat dissipation [13]-[18]. However, as composite tools are already cured,
the cure information is not required for the heat transfer analysis considered in this
thesis. The scale of the application is also important to consider; the CF/Ep tools are
used to mould, heat up and cure large composite structures and the scale of interest is a
macroscopic structural scale. Many models have been developed on sub-structural and
microscopic scale in order to analyse the heat transfer process in composites [19],[20].
These models offer interesting information and knowledge of the processes involved,
but are impractical to use in the analysis of large complex structures. Constitutive
models such as the ones provided by Auriault et al. [21] and Graham et al. [22] yield
valuable information, particularly in terms of transverse effective heat conductivity, and
are more readily scaled up to structural scales.

2.2 Heat Transfer Processes for CF/Ep Tools
As with all heat transfer, three modes of heat transfer are possible for CF/Ep
composites, namely convection, radiation and conduction.
In the case of CF/Ep tools, both the resin and reinforcing fibres are in solid state and
neither undergoes a phase change to a fluid form. Consequently, the amount of heat
transferred within the composite due to convection is negligible. The geometry and
aspect ratios of the parts under consideration also render the amount of radiation heat
transfer from and within the part negligible.
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Within the CF/Ep tool, the primary form of heat transfer is conduction. The heat
conduction occurs in three-dimensions; there is in-plane conduction in the x- and ydirections, and through-thickness conduction in the z-direction. In the case of
unidirectional laminates, the longitudinal or y-direction has a different heat conduction
rate than the x- and z-directions (Figure 2-2). In the case of a balanced woven fabric, if
both the fill and warp are the same, it can be assumed that the two in-plane directions
(Figure 2-3) have the same heat conduction characteristics while the transverse
direction has a differing heat transfer rate.

Figure 2-2: Unidirectional Laminate

Figure 2-3: Plain Weave Fabric

The heat in the composite is conducted through the fibres and through the matrix.
These components have differing thermal characteristics and the resulting composite
material will have thermal properties between that of the fibre and that of the matrix. It
should be noted that fibres are better heat conductors along their length than through
their thickness. This results in a low through-thickness thermal conductivity that is
further reduced by the thermal resistance at the fibre-to-matrix interface when the fibres
are placed into a matrix. Although literature regarding the effects and determination of
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thermal contact resistance between the fibre and the matrix is available [20]-[24], it
has been shown that this thermal contact resistance can be assumed to have minimal
influence on the effective thermal properties of the composite. Studies such as that of
Ning et al. [25]-[26] as well as those of Zou et al., Kaminski and Roberts et al. [27][29], have shown that this assumption produces acceptable results for thermal models.

2.3 Required Physical Heat Transfer Parameters
In order to evaluate the heat transfer through a CF/Ep composite tool, knowledge of
several physical parameters is required.
The composite tooling system is initially at room temperature and undergoes
heating to a specified temperature, which is held for an optimal amount of time, before
being brought back to room temperature. It is therefore subject to both transient and
steady state heat transfer. The material properties needed to evaluate these heat transfer
modes are:
•

Fibre volume fraction

•

Density

•

Thermal Conductivity

•

Specific Heat

Both the fibre volume fraction and the density o f the composite prepreg material can

often be obtained from the manufacturer. In cases where the fibre volume fraction is
not known, James et al. [30] have shown it is possible to determine this through acid
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digestion. Thermal conductivity and specific heat must be determined as they are
required for steady-state and transient heat conduction analyses.

2.3.1 Steady-State Heat Conduction
For three dimensional conduction heat transfer, the following Laplace equation
represents the temperature as a function of three spatial Cartesian coordinates [31] [40]:
3 2T

d 2T

d 2T

-^ - +-^ - +^ - - 0
ox
ay a z

(2.1)

This equation can be solved analytically (for simple cases), numerically and
graphically. The analytical solution is often carried out using the technique of
separation of variables with known and homogenized boundary conditions. The
solution to (2.1) is a function of all three spatial coordinates and is used to calculate the
heat flow in the x, y and z directions with Fourier’s Law [31]:
r)T
q, = -kA, —
Where:

(2.2)

q; is the heat transfer rate in the i direction (W)
k is the thermal conductivity (W/mK)
Aj is the cross sectional area perpendicular to the heat flow q, (m )
T is the temperature function (K)
i = x, y or z and is a spatial coordinate (m).

Four of these parameters are set by the geometry and operation settings, namely q,
A, T and the spatial coordinate. The overall thermal conductivity, k, is a material
property. In the case of a composite material, this property is a combination of the fibre
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and resin’s respective thermal conductivities. Due to the anisotropy of both the
composite material and the fibres themselves, both the transverse and in-plane thermal
conductivities need to be evaluated.

2.3.1.1 Thermal Conductivity in Unidirectional Laminates
Longitudinal Thermal Conductivity
In the case of a unidirectional laminate being subjected to a heat flow, the thermal
conductivity in the direction of the fibre can be defined using the rule of mixtures
approach. Hashin [32] and Halpin [33] have shown that:
k , = V f ku + ( l - V f )kr
Where:

(2.3)

ki is the longitudinal thermal conductivity of the composite
Vf is the fibre volume fraction of the composite
ki;f is the longitudinal thermal conductivity of the fibre
kr is the thermal conductivity of the resin.

It should be noticed that the resin is assumed to be isotropic, whereas here the fibre
is assumed to be anisotropic.
Transverse Thermal Conductivity
The transverse thermal conductivity of a laminate is a function of the fibre and resin
thermal conductivities, but it cannot be represented by a rule of mixtures approach.
Several methods have been proposed to mathematically define the transverse
conductivity of unidirectional composites. Some of these are discussed in this section.
The model proposed by Rayleigh [34] has inspired many representative volume
element models. Rayleigh elaborated a mathematical model to describe the transverse
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conductivity of a material containing a rectangular array of cylindrical inclusions as
shown in Figure 2-4.

•
• •
• •

•
t
J•
•
/

<------- a -------->

\

lines of flow

—>

a

equipotential lines

Figure 2-4: Rectangular array of cylindrical inclusions

To carry out his analysis he assumed that the inclusions and the medium possessed
different thermal conductivities and derived the following expression for thermal
conductivity [34]:

2P
K eff

Where:

= k r

, , n 3p4 2 Ip8 r2
v + P ~~v rT^4
-~7^rS*
ft
v n

(2.4)

kt,eff is the effective transverse thermal conductivity
kr is the matrix thermal conductivity
p is the proportional space occupied by the cylinders equal to (p/a)*Vf in
the case of a rectangular arrangement.
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v' is a function of conductivity of the cylinders such that v' = (l+ v)/(lv)

v is the ratio of fibre to matrix thermal conductivity
S4 and Sg are equation constants respectively equal to 3.1512 and 4.2557
in the case of a square arrangement where a = p.

The thermal conductivity value found can be effectively interpreted as a ratio of the
composite thermal conductivity over the resin thermal conductivity. This model has
been found to represent the transverse thermal conductivity of materials with acceptable
accuracy. It does not take into account the thermal contact resistance between fibres
and resin.
Farmer et al. proposed a model that is based on Rayleigh’s and that includes the
effects of the thermal contact resistance between the matrix and the fibres. The
modification made on Rayleigh’s model concerns only the expression of the function of
conductivities v':

v 1+1 + -

ah.

J

v"‘ - 1 + ^ ah

J

C

C

Where:

(2.5)

hc is the interfacial thermal conductance across the fibre-matrix interface

The Hasselman-Johnson thermal conductivity model is also based on Rayleigh’s
findings and includes the thermal contact resistance between the matrix and the fibre.
The resulting effective transverse thermal conductivity model is as follows:
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Where:

kt,eff is the effective transverse thermal conductivity
kr is the matrix thermal conductivity
kf is the isotropic fibre thermal conductivity
Tf is the fibre radius
hc is the interfacial thermal conductance across the fibre-matrix interface

The Hasselman-Johnson thermal conductivity model provides accurate representation of
the thermal conductivity up to fibre volume fractions of 50% and is within a 5% error
up to fibre volume fractions of 70%. Graham et al. created a finite element model that
was verified against the Hasselman-Johnson model [22].

In order to apply the Farmer and Hasselman-Johnson thermal conductivity models,
it is necessary to have a measure of the value of the thermal contact conductance. This
makes the models difficult to use, as there are no methods to directly measure the
thermal contact conductance; it has typically been back calculated from experimental
results [20].

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

17

Cha et al. [24] developed a mathematical model using a similar approach but
with a triangular fibre arrangement as opposed to a rectangular one. A set of equations
were developed, and the effective thermal conductivity was defined as follows:

K .,= = z 7
1 L

Where:

(2.7)

1 0

kt eff is the effective transverse thermal conductivity of the composite
qo is the is the uniform heat flux applied to the top boundary
L is the distance separating two fibre centres in the z-direction
To is the uniform temperature of the bottom boundary
Tl is the is the average temperature at a horizontal plane and is
expressed by: TL = ^ ^ T(x, L)dx where b is the distance separating two
fibre centres in the x direction.

This model was solved numerically and the results obtained were compared to the
Hasselman-Johnson model; it was found that the model proposed by Cha et al. produced
valid results up to fibre volume fractions of 70%. The solutions obtained also allowed
the estimation of the fibre’s transverse conductivity [24].

Other methods, not based on the representative volume element approach have also
been used to determine the transverse thermal conductivity of unidirectional laminates.
One such method is that by James et al. [30] who proposes that transverse thermal
conductivity cannot be obtained through one simple analytical expression due to the
dependence of thermal conductivity on geometry and volume fractions. Instead, the
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thermal conductivity can be bound by two equations. In this case, the higher bound
would be provided by the rule of mixtures (equation (2.3)) and the lower bound would
be given by the Thornburgh and Pears equation [30]:

The equations proposed effectively provide a lower and upper limit for transverse
thermal conductivity.
Another approach is to use the analogy between thermal conductivity and in-plane
shear. This is the approach that is proposed by Halpin [33], leading to the following
equation set for the determination of effective transverse thermal conductivity:

(2.9)

Where kf is the isotropic thermal conductivity of the fibre. The results provided by this
model were found to be in agreement with available experimental results.
Springer and Tsai also proposed a model for the transverse thermal conductivity of
unidirectional laminates, as reported by Twardowski [39]. The Springer-Tsai model as
corrected by Walker [39], is as follows:
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1
B

+ —

K -

( 2 . 10)

5 = 2| — -1
kf

Where kf is the isotropic fibre thermal conductivity. This model was found to have a
good accuracy and has been used to model experiments.

2.3.1.2 Woven Fabric Composites
Very little work has been reported regarding the heat transfer properties of woven
fibre laminates. Dasgupta et al. [35] have proposed a model to evaluate the thermal
conductivity of woven composites. Ning et al. [25][26] have developed closed-form
solutions for the evaluation of the in-plane and transverse thermal conductivities of
woven composite fabric. Both the model and the closed-form solutions are based on the
thermal-electrical resistance analogy.

In-Plane Thermal Conductivity
Ning et al. [25] assumed a plain non-hybrid weave laminated composite. The warp
and fill parameters are assumed to be different, yielding different thermal conductivities
for the two in-plane directions. To carry out the analysis a unit cell is defined and
idealized as shown in Figure 2-5.
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1

Figure 2-5: Idealized Unit Cell for Plain Weave Laminate [25]
The unit cell is sectioned into elements based on the properties of the materials
present. The thermal resistance, R;, of the zth conduction element is defined as:
L.
R: = ■
Where:

( 2 . 11)

L; is the length of the zth conduction element
kj is the effective thermal conductivity of the zth conduction element
Si is the area of the conduction element cross-section perpendicular to
the heat flow.

All elements are evaluated and an overall equivalent resistance expression is derived
using the effective in-plane thermal conductivity keff,w- Equating these, an expression
for the effective thermal conductivity in the warp direction is obtained:
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Where:

gf, gw are the gap width between two neighbouring yams
af, aw are the width of the fill and warp yams
h is the thickness of the lamina
hf, hw are the thicknesses of the fill and warp yams
hr is the thickness of the matrix
kr is the thermal conductivity of the matrix
kdi are the thermal conductivities of the yams with the fibres at an angle
in the warp or fill direction (d = w,f ; i = 1,2).

Results of predictions done using this model were found to match up well with those
found in other literature, namely those of Dasgupta et al. [35].
Dasgupta et al. [35] proposed an analytical model based on the thermal resistance of
the components and their networking. Unlike Ning et al. [25],[26], the analytical model
is not independent of heat transfer parameters, which are assumed uniform in order to
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obtain a solution. Numerical analysis and experiments were also carried out to
evaluate the accuracy of the model.

Transverse Thermal Conductivity
Ning et al. [26] followed the same partitioning of an idealized unit cell to develop an
expression for the transverse effective thermal conductivity of a plain non-hybrid weave
laminate:

1+ e-J at

1+

Ll
at

8 Ws f
a,., a f
h

h

]Si_K
kwi h
(2.13)
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a..
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Results obtained from Ning et al.’s transverse thermal conductivity model were
compared with other existing models and experimental data. The results obtained were
found to be in agreement with the pre-existing data.
It should be noted that both models proposed by Ning et al. [25][26] are developed
using the geometry of the weave, and as such do not make any assumptions regarding
boundaries or heat flow parameters.
Dasgupta et al. [35] also studied the transverse thermal conductivities of weaves.
As the model for the in-plane and transverse thermal conductivities were developed
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using a similar approach, the transverse thermal conductivity model is also dependent
on the thermal boundaries applied.

2.3.2 Transient Heat Conduction
Transient heat conduction occurs as the material is being heated up or cooled down.
In the case of composite manufacturing, the interest is on the heating, sometimes termed
ramp-up, to the curing temperatures. For certain composites, it may be necessary to
have multiple ramp-ups for the same cure, if different curing temperature levels are
required for the properties expected of the finished product. Transient heat conduction
is governed by [15],[36]:

J^„r)=v(*vr)
or:

(2.14)

a f ,k r —
ar"i + —a
x dx)

Where:

dy v

'

d ( , dr^
+ — kz T ~
d y , dz . d z .

t is time (s)
cp is the specific heat (J/kg-K)
k is the anisotropic thermal conductivity (W/mK)
T is temperature (K)
V is the gradient operator

In order to be able to evaluate this equation, the specific heat of the composite must
be known. Unlike thermal conductivity, specific heat is not a directional property of the
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material. If the specific heats for the matrix and the fibre are known, the value for the
composite specific heat can be obtained using the rule of mixtures approach [14]:
p c p =Pf Vf Cpf + P r { l - V f ) c pr
Where:

(2.15)

p is the density of the composite (kg/m3)
Pf, pr are the fibre and resin densities
cp,f, cp>r are the specific heat of the fibre and resin (J/kg-K)

It should be noted that work has been reported in which transient heat conduction
analysis was used to determine the thermal conductivity of the composite [28]. This
does not seem to be the preferred method, as most research found in the literature
indicates that the thermal conductivity was found using steady-state heat conduction
analysis.

2.4 Experimental Determination of Thermal Properties
Many mathematical models have been developed to represent heat transfer through
composites. However, few reported experiments have been carried out to verify these
models. The observed trend is to verify the models by using a previously established
model. Therefore there is little information in literature regarding the experimental
procedures used to determine the thermal properties of composite materials.
Of the experimental procedures reported, the trend has been towards the use of
smaller sized specimens, mostly due to concerns over the cost of manufactured
composites. All experimental procedures reported make use of thermocouples to obtain
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specimen temperature readings at steady-state. James et al. [30] noted that errors
introduced in temperature measurement often amount to ±10% error in the value of
thermal conductivity calculated. In order to remedy this problem, certain researchers
use a correction factor in the calculation of the thermal conductivity [18].
Three types of apparatus for thermal conductivity measurement have been described
in literature. Farmer et al. [20],[23] and Hsu [38] used a guarded hot plate apparatus, as
shown in Figure 2-6, which is designed to measure the thermal performance of
materials with low thermal conductivity. This apparatus can measure both the in-plane
and transverse thermal conductivities of the composites, using plate specimens as
shown in Figure 2-7. In order to obtain a thermal conductivity value, the apparatus
measures and averages the properties obtained for two nearly identical specimens being
tested simultaneously.

Graphlte/Epoxy
Laminates

Main Heater
•Power
Supply
Radiation
Shields

Auxiliary
Heaters

A* v

*

-M . V *

C oolant

Vacuum Grease used on all faces to promote
contact between laminates and heaters.

Figure 2-6: Guarded Hot Plate Apparatus with Experimental Setup Enclosed in a
Vacuum [23]
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0 denotes the ply alignm ent in degrees

Figure 2-7: Specimens used by Farmer et al. for Thermal Conductivity
Measurements a) in-plane and b) transverse [23]

Han et al. [37] used a similar concept. The apparatus used in this case consists of an
electric foil heater centered between two aluminum faceplates, which constitutes the
central heat source. The samples are placed on either side of the heat source, adjacent
to the faceplates and are cooled on the outer edges by cooling plates. The cooling plates
located on both external faces are cooled by means of cold water circulating within the
plates. This apparatus is shown in Figure 2-8.
In order to adequately measure the heat flow, thermocouples are positioned in the
faceplates, on the cooling plate surfaces and in the specimens along the heat flow axis.
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Figure 2-8: Thermal Conductivity Measurement Apparatus Used By Han et al.
[37]

James et al. [30] chose a comparative approach for the measurement of thermal
conductivity. Two standards of known thermal conductivity are used to measure the
heat flow and once this heat flow has stabilised, the thermal conductivity of the samples
can be determined. A schematic of the experimental set-up is given in Figure 2-9:
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Figure 2-9: Typical Set-up Used in a Comparative Thermal Conductivity
Measurement System [30]
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Though the measurements obtained through the use of these experiments seem to
yield results that are within an acceptable error range, the long time constant of low
thermal conductivity materials remains a problem, as up to 10 hours may be necessary
before steady state is achieved. This makes taking measurements a cumbersome
process and has been noted by all researchers who perform this type of experiment.

2.5 Conclusions Drawn from the Literature Review
The heat transfer analysis of composites has largely been focused on improving the
cure of composites, particularly unidirectional laminates. Few examples were found of
heat transfer through cured composites and even fewer examples dealing with woven
composites.
Many of the analytical models developed to represent the heat transfer process in
composites, were developed at a micromechanical level. Very few of the models
proposed were verified experimentally. Typically only models that had been developed
for larger scale applications were backed by experimentation.
Several different methods have been proposed for the analytical evaluation of the
thermal conductivities of composites, particularly for transverse conductivity. As many
of these models were not verified experimentally, a comparative study will be necessary
to determine the best approach to approximating the thermal properties of the composite
material system particular to this study.
There are few reports of experiments performed to determine the thermal properties
and behaviour of composites; only four reports detailing experimental works were
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found. This trend had also been noted by Tucker in 1996 who remarked that though
fibre and resin material properties could be obtained, little data was available on the
effective conductivity of resin-saturated preforms [17].
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3 Problem Statement
Currently, composite parts are typically manufactured using tools made from metals
such as Invar or aluminum. Traditional processing of composite parts makes use of
large ovens or autoclaves for curing: this is expensive due to the energy required to heat
the oven and maintain the temperature required for the curing of the part. Integral
heating of metallic tooling has been reported; hot oil is typically used as a heat transfer
medium and the tool temperature is controlled through temperature feedback.
However, these metallic tools are expensive and can result in composite part distortions
due to the CTE mismatch between the tool and the composite part. Applying heat
transfer tiles to composite tools would reduce the costs associated with heating and
processing by providing an easily controlled electric heat source and by minimizing
CTE mismatch to reduce part distortion.

The major objectives of this project are to understand and model the conductive heat
transfer through a carbon fibre/epoxy composite and to evaluate if modelling could be
used in the design of composite tools.

3.1 Objectives
The project was developed to fulfill the following major objectives by:
1. Evaluating the use of MSC Nastran finite element analysis (FEA) software as a
predictive tool to model transient conductive heat transfer through CF/Ep tools.
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2. Attempting to develop an analytical model capable of predicting the transient
conductive heat transfer process through CF/Ep tools.

3.2 Approach
The proposed approach to meeting the tasks outlined above is to use finite element
analysis and information existing in literature to evaluate the transient and steady state
heat transfer through the carbon fibre tooling composite structure. Initial work will
focus on obtaining the thermal properties of the tooling material: a comparative steadystate heat transfer test will be developed to evaluate the directional thermal
conductivities of the CF/Ep tool material. The results are to be compared to values
obtained from models found in literature and will be used in further modelling for this
research.

Finite element models will be used to predict the dissipation of heat through a flat
carbon fibre/epoxy plate. The finite element model is to be developed in three
dimensions in order to explicitly model the ply orientations and material interactions.
The FEA model will be used to evaluate the effect of varying material parameters such
as specific heat, thermal conductivity as well as modified boundary conditions.
Additionally, information found in literature will be used in the attempt to develop a
simple, non-iterative analytical formula to describe the transient heat-transfer through a
simple CF/Ep laminate tool.
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The comparative test method to be used for the steady state measurement of
thermal conductivity is based on methods described by James [30] and is detailed in
Chapter 2. The specimens used for the thermal conductivity determination will be
round in order to reduce the heterogeneity of any edge effects encountered. The
experimental FEA heat transfer model validation will use a round specimen as well;
however, these will be larger than those used for thermal conductivity determination to
better observe the temperature gradients along the specimen. The experimental
procedures developed for this research are based on previous heat transfer experiments
carried out at NRC-IAR.
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4 Determination of Thermal Conductivity
In order to carry out either an analytical or numerical analysis, the directional thermal
conductivities of the composite system under consideration were necessary. An
experiment was devised to obtain these properties experimentally.

4.1 Test Setup
To carry out predictive analysis of the heat transfer process through a composite, the
directional thermal conductivities must be known. The composite used in this research
was an eight-ply ACG LTM-33-CFO-700T 2/2 twill tooling laminate. The composite
material was a balanced CF/Ep weave and the orthogonal in-plane directions were
assumed to have the same directional properties. An experiment was devised based on
the comparative testing method [30],[38],[45]. This experiment allowed measurement of
thermal gradients across a column of materials thereby allowing the determination of the
effective thermal conductivity of a CF/Ep laminate (Figure 4-1).
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Figure 4-1: Measurement Column
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To determine the thermal conductivity of the specimen, the magnitude of the heat
flow passing through the column must be known. Two standards of known thermal
conductivity were located at the top and bottom of the column. By measuring the
temperature gradient across the standards, an estimate of the magnitude of the heat flow
passing through the column was calculated. The specimen of unknown thermal
conductivity was located between the standards and the temperature gradient across the
specimen was also measured. Using the heat flow magnitude determined and the
temperature gradient measured, the thermal conductivity of the specimen can be
calculated.

The standards used in this experiment consisted of an isotropic metal alloy with
known thermal conductivity. Both aluminum 6061 (Al 6061) and stainless steel 304 (SS
304) standards were used through the course of this experiment. The two materials for
the standards were selected because they allow a broader spectrum of thermal
conductivity to be covered; Al 6061 has a thermal conductivity of 154 W/mK whereas SS
304 has a much lower thermal conductivity of 16 W/mK. The standards are 12.7 mm
(0.5 in) thick and have a 101.6 mm (4 in) diameter. The diameter was selected to obtain
a large enough section in the center of the specimens that would be unaffected by edge
effects, while keeping a small enough specimen to reduce manufacturing costs. The
thickness of the standards was selected to allow vacuum bagging while allowing a
temperature gradient to be measured across their thicknesses.
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Specimens were required to have the same diameter as the standards as well as flat
and parallel faces. The heat was applied by a 86.4 mm (3.4 in) diameter silicone rubber
heater blanket. The heater blanket has a maximum power of 66.8 W and was located at
the top of the column. In order to ensure proper surface contact between the heater
blanket, the standards and the specimen, the column was placed under a vacuum bag. A
vacuum of one atmosphere (-101.3 kPa or -14.7 psi) was applied and maintained for the
duration of the measurements. In addition, IMS Infra-Kote thermal compound was
applied in between the standards and the specimen contact faces as well as between the
bottom face of the measurement stack and the aluminum. A layer of breather cloth was
placed around the measurement column to prevent thermal grease from reaching the
vacuum fitting.
The heat was drawn from this assembly by the means of two adjustable cold air guns.
The air guns operate off compressed shop air and produce cold air by creating swirling
vortices. Insulation was placed on top of the vacuum bagged assembly and weighed
down with lead shot blankets to minimize heat losses. The experimental apparatus is
schematically shown in Figure 4-2. The cold air flow temperature was monitored and the
cold air stream was adjusted as required to produce a steady heat flow through the
assembly.
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Figure 4-2: Thermal Conductivity Measurement Assembly
The cold air guns provided an effective means of drawing the heat from the
apparatus. Although the temperature distribution across the base plate was not as
homogeneous as it would have been if an ice bath had been used, the heater blanket used
was not powerful enough to provide the heat required if such a cooling method had been
selected. The temperature distribution was homogeneous over the centre of the lower
face of the bottom standard, with only the outer edges (approximately 1 cm) being
warmer. As the temperature readings used for the thermal conductivity determination
were taken from the centre of the standards, the lack of homogeneity on the outer edges
had negligible effects on the readings of interest in this research.

4.2 Temperature measurements
The temperature measurements were taken by means of spot-welded K-type
thermocouples. The thermocouples have two metre leads and were calibrated using a
Fluke 518 Dry Block Calibrator. Six slots 1.58 mm deep and 1.58 mm wide were
machined into each standard in order to accommodate the thermocouples, as shown in
Figure 4-3. In the case o f the aluminum standards, the slots were mirrored on the top and
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bottom surfaces, such that pairs of thermocouples were located along the same vertical
axes. In the case of the stainless steel standards, the longer radial slot was mirrored; only
one face contained the additional two thermocouple slots. The thermocouples were
potted into the slots permanently with Omega CC High Temperature Cement Filler.

Top Surface

Bottom Surface

Figure 4-3: Thermocouple Slots on Aluminum Standards
In order to allow adequate temperature control of the heater blanket a thermocouple
was placed on the heater blanket. This thermocouple monitored the heater blanket
temperature to prevent over-heating. A thermocouple was placed on the bottom the
aluminum base plate to monitor the temperature of the incident cold air stream produced
by the cold air guns. A total of 14 thermocouples were connected to the assembly.
However, only eight thermocouples could be connected to acquire data at once; due to
this limitation initial tests were conducted using only the four central embedded
thermocouples, the heater blanket monitor thermocouple and the cold air monitor
thermocouple.
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The thermal conductivity measurement experiment devised was found to be nearly
identical to the experiment suggested in the ASTM E1225-04 [45]. This standard was
not obtained until after the experiment for this thesis had been devised and started. It is
therefore only used as a reference tool to assess the performance of the experiment
devised.

4.3 Specimen Description
To measure the in-plane and the transverse thermal conductivities, two types of
CF/Ep specimens were required (Figure 4-4). Both a transverse thermal conductivity
specimen and an in-plane thermal conductivity specimen were manufactured. Stainless
steel, aluminum and polyethylene specimens were also produced in order to evaluate the
accuracy of the apparatus (Figure 4-5).

Transverse Specimen

In-plane Specimen

Figure 4-4: Composite Specimens
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Figure 4-5: Isotropic Specimen

4.3.1 Transverse Thermal Conductivity Specimen
A transverse thermal conductivity specimen was manufactured using ACG LTM-33CFO-700T carbon fibre tooling prepreg. The specimen was manufactured following the
specifications and guidelines provided by the manufacturer [46]-[50].
The material was removed from the freezer 24 hours before layup in order to thaw.
The composite material was cut into four 0/90° squares and four 45/-45° squares; the
squares were cut to be 178 mm square. The eight cut pieces were laid up in two fourlayer assemblies having orientations of [0/45/-45/90]. The two resulting layups were
debulked at room temperature for 25 minutes. The two layups were then assembled to
obtain the final layup of [0/45/-45/90]s. The final layup was debulked for 25 minutes
before being trimmed to a 140 mm square. The composite layup was then vacuum
bagged. The manufacturing procedure and vacuum bag assembly are schematically
shown in Figure 4-6. All composite manufacturing operations were carried out in a clean
room environment.
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Figure 4-6: Schematic Representation of Layup Process for Transverse Specimen
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The vacuum bag assembly was placed in the autoclave (Figure 4-7) and the
composite was cured following the specifications established by ACG. The initial cure
was carried out following the cure schedule shown in Table 4-1.

Table 4-1: Cure Schedule
Step Temperature
No.
(°C)
1
25
2
3
5

25
25
25
25-70

6
7
8

70
25
25

4

Pressure
(kPa)

Applied
Vacuum

Operation

0
0-145
145
145-620
620

27" Hg
2 7 “ Hg
Vent
Vent
Vent

Place Assembly in Autoclave
Ram p pressure up
Vent vacuum to atmosphere
Ram p pressure up
Ram p temperature up

620

Vent
Vent
Vent

Tem perature dwell
Ram p temperature down
Ram p pressure down

620
0

Dwell/Ramp
Time (min)

Figure 4-7: Vacuum Bag Assembly in Autoclave
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A post-cure was required to obtain the optimum properties of the material. The
post-cure was carried out in a programmable air-recirculation oven following the post
cure schedule shown in Table 4-2.

Table 4-2: Post-Cure Schedule

Step No.
1
2
3
4
5

Temperature
(°C)
25-170
170
170-160
160
160-25

Ramp Rate
(°C/min)
0.3
-

-5
-

-2.5

Dwell/Ramp
Time (min)
484
15
2
480
64

Following the post-cure in the oven, the fully cured square composite plate was water-jet
cut to a 102 mm (4 in) diameter disk (Figure 4-8). The final thickness of the disk was 5.5
mm.

(a)

(b)

Figure 4-8: Fully Cured Composite: (a) Immediately After Cure and (b) After
Water-jet Cutting
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4.3.2 In-plane Thermal Conductivity Specimen
To test for the in-plane thermal conductivity another specimen was manufactured.
The initial manufacturing process used is similar to the process used for the transverse
thermal conductivity; two composite sections eight inches square were laid up with ply
orientations of [0/90/0/90]s. Thirty 12.7 mm strips were then cut from the debulked
eight-ply composite sections. The strips were then stacked to obtain a 12.7 mm thick
plate. The plate was debulked and vacuum bagged (Figure 4-9) as with the transverse
thermal conductivity specimen. A schematic of the procedure is shown in Figure 4-10.

Vacuum B ag-----Breather Cloth —

jvacuum
Composite----------Edge Dam ---------Perforated Peel Ply
Peel P ly -------------Butyl T ape----------Figure 4-9: Schematic of the In-plane Composite Specimen Vacuum Bag Assembly
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Figure 4-10: Schematic Representation of Layup Process for In-plane Specimen
The cure and post-cure operations were identical to those used for the transverse
thermal conductivity specimen and are detailed in section 4.3.1. The specimen was then
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water-jet cut and one side was faced using an end mill in order to have flat and parallel
faces. The final specimen thickness was 9.8 mm.

4.3.2.1

Calibration Specimens

Isotropic calibration specimens were manufactured to assess the accuracy of the
apparatus. Three types of materials of known thermal conductivity were used, namely A1
6061, SS 304 and high-density polyethylene (HDPE). These materials were selected
because their thermal conductivities range from 0.46 to 153 W/mK. The materials were
machined to be four inches in diameter with parallel, flat surfaces. The A1 6061 and SS
304 specimens were manufactured to a 12.7 mm thickness and the HDPE was
manufactured from a 6.35 mm thick sheet. The specified thermal conductivity for each
material is given in Table 4-3.

Table 4-3: Calibration Specimen Thermal Conductivities

Material

Thermal
Conductivity @
25°C (W/mK)

Source

A l 6061
SS 304
HD PE

153
15.58
0.46

MIL-HDBK 5H
MIL-HDBK 5H
Poli HI SOLIDUR
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4.4 Data Acquisition
4.4.1 Hardware and Software
In order to operate the heater blanket and to acquire thermocouple readings the
following hardware was used:
•

A ToolSmart™ four-channel heater relay module,

•

A National Instruments SC 2345 connector block with eight K-type thermocouple
connectors and a heater relay connector,

•

A laptop computer

The National Instruments connector block was connected to the computer via a
National Instruments DAQ card. The Q420 ToolSmart™ software (Comtek V 1.0) was
used to acquire the thermocouple data and to control the heater blanket. The software
allows the user to enter the desired heat-up rate, soak temperature, soak duration and cool
down rate [44]. A thermocouple was configured as the control thermocouple for the
heater blanket. The readings obtained from this thermocouple were compared to the
desired temperature and the heater blanket was turned on and off as required. A second
thermocouple positioned directly on the heater blanket was configured as a heater
thermocouple and monitored the heater blanket temperature. If the heater blanket
exceeded its specified maximum suggested operating temperature, the software would
automatically turn off the heater blanket to avoid over-heating.
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4.4.2 Settings
4.4.2.1

Calibration Thermal Conductivity Measurements

The isotropic specimens were tested at three different soak temperatures. The soak
temperatures were adjusted depending on the material in order to remain within the
heater blanket’s heating capacity. The data acquisition rate was set to record ten data
points per minute. The heat-up rate was specified as l°C/minute for all heat trials the fall
rate was specified as 3°C/min and the soak time as 30 minutes. For certain trials, the
soak times were extended by “pausing” the soak phase during the trial in order to achieve
steady-state conditions. The soak temperatures selected for each trial are given in Table
4-4.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

48
Table 4-4: Soak Temperature Settings for Calibration Specimens

Soak
Material

SS 304

(0
£
C
O
"O
c
+-*
C
O

43

|

5
5
I
43
1
50

5550

1

SS 304

1

1

45

R
1

HDPE

17
18
19
20
21
22

SS 304
(New)

23
24
25
26
27
28

45
50
55
45
50
55

A l6061

11
12
13
14
15
16

E

55

1 +—
•

HDPE

1 ^
1 C
D
I C
O
1

70 I
4555 II
70

Trial

Soak
Tem perature

(°C)

1 "O
1
1
1

c

4.4.2.2

5
6
7
8
9
10

Material

Tem perature
(°C)

45
50
40
40
45
50

E

<

Trial

W

Al 6061

1

33
34
35
36
37
38

50
60
70
50
60
70

39
40
41
42
43
44

55
65
75
55
65
75

45
46
47
48
49
50

50
60
40
50
60
40

CF/Ep Thermal Conductivity Measurements

Similarly, the CF/Ep specimens were tested at three different temperatures based on
the capacity of the heater blanket. All settings but the soak time and temperature were
identical to those used for the calibration specimens. The soak temperature settings for
the CF/Ep specimens are given in Table 4-5. A nominal soak time of 45 minutes was
used.
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Table 4-5: Soak Temperature Settings for CF/Ep Specimens

Specimen

T ransverse

In-Plane

Test

Soak
Temperature

1
2
3

(°C)
50
70
80

4
5
6

50
70
80

7
8
9
10
11
12

50
60
70
50
60
70

4.5 Results
Several heat trials were carried out in order to verify the accuracy of the apparatus
used to measure the thermal conductivity of the CF/Ep specimens. The majority of the
heat trials were carried out using isotropic dummy specimens of known thermal
properties. The results obtained are shown in this section.

4.5.1 Results Obtained Using Al 6061 Standards
The temperature data obtained from the eight thermocouples were plotted against
time to obtain the temperature profile of each trial. Based on the temperature profile, the
steady-state heat transfer time and duration were determined: the temperature readings
obtained over that time span were averaged and the average temperature gradients across
the two standards and the specimens were calculated. The following equations were used
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in order to obtain the heat flow across the top and bottom standards as well as to
determine the average effective thermal conductivity of the specimen:

The heat flow through the apparatus was evaluated by:

kstd ^ H A v e

TCAw)

Where: qx/A is either qi/A or q2/A the heat flow per unit area in the top and
bottom standards respectively (W/m2).
kstd is the thermal conductivity of the standard at the average temperature
measured across the standard (W/mK).
T h Ave is the value of the hot side temperature measurements averaged over
the steady-state period (°C).
Tc Ave is the value of the cold side temperature measurements averaged
over the steady-state period (°C).
Ax is the thickness of the specimen (m).

Based on the heat flow values obtained for the top and bottom standards, limit thermal
conductivities were calculated:
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,

<?, 'Ax
- = V(t H Ave - tC Ave ))

(7 -2)

Where: kx is the thermal conductivity of the specimen based on qx (x = (1,2)).

The effective thermal conductivity was calculated by taking the average of ki and k2 as
follows:

k = k1 + kJL

(?3 )

Using these equations, the thermal conductivity of the specimens was evaluated.

Four sets of data were collected using the 6061-T651 aluminum standards. For each
set, three temperature settings were investigated with two heat surveys carried out for
each temperature setting. The temperature settings used for each specimen are
summarized in Table 4-6.
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Table 4-6: Temperature Set Points for Isotropic Material Specimens
Specimen Material

Temperature Set Points

SS 304

43°C, 50°C, 55°C

Al 6061

40°C, 45°C, 50°C

HDPE

45°C, 55°C, 70°C

SS 304 (new)

45°C, 50°C, 55°C

The values obtained were compared to the expected results for each material. The SS
304 and Al 6061 material properties were taken from Mil-HDBK-5H. The material
properties of the HDPE were provided by the manufacturer.
The results are shown in Figure 4-11 to Figure 4-14.
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Figure 4-11: SS 304 Thermal Conductivity Measurement Results Using Al 6061
Standards
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Figure 4-12: Al 6061 Thermal Conductivity Measurement Results Using Al 6061
Standards
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Figure 4-13: HDPE Thermal Conductivity Measurement Results Using Al 6061
Standards
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Figure 4-14: New SS 304 Thermal Conductivity Measurement Results Using
Al 6061 Standards

The values measured experimentally showed a large and varying degree of error
when compared to the expected thermal conductivity value. Two SS 304 disks from
different manufacturing batches were used in order to ascertain the material type and
conditioning. This approach verified that the errors recorded were due to the apparatus.
In order to better measure the error encountered, the percent error was plotted against the
expected thermal conductivity of each specimen (Figure 4-15). The percent error was
calculated based on the average of all the thermal conductivity values measured for each
specimen.
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Figure 4-15: Percent Error as a Function of the Expected Material Thermal
Conductivity Using the Al 6061 Standards
Though a negative error would be expected in the measured thermal conductivity due
to heat loss in the system, negative error is only observed for the aluminum specimen. As
the difference between the standard’s thermal conductivity and the specimen’s thermal
conductivity increases, there is a logarithmic increase in the error measured. As the
material of interest in this research has a thermal conductivity below that of SS 304, the
aluminum standards would not be adequate to accurately measure the thermal
conductivity due to the large error in that range of thermal conductivities.

In Figure 4-12, two sets of points (point A and B) were lower than the other data.
Due to the relatively large error obtained with these first two trials, the insulation was
improved around the measurement stack resulting in better thermal measurements.
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To reduce the difference between the thermal conductivity of the standards and of
the specimens, SS 304 standards were also used. The results for these are given in the
following section.

4.5.2 Results Obtained Using SS 304 Standards
The thermal conductivity of the specimens were calculated in the same manner as that
described in section 4.5.1 .
The temperature set points used for testing with the SS 304 standards are summarized
in Table 4-7.

Table 4-7: Temperature Set Points for Isotropic and Composite Material
Specimens Used with SS 304 Standards
Specimen Material

Temperature Set Points

SS 304

50°C, 60°C, 70°C

HDPE

55°C, 65°C, 75°C

Al 6061

40°C, 50°C, 60°C

CF/Ep Transverse

50°C, 70°C, 80°C

CF/Ep In-Plane

50°C, 60°C, 70°C

As with the trials carried out with the Al 6061 standards, the thermal conductivity
values obtained for the isotropic materials were compared to their expected thermal
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conductivity values. The results obtained for each material are shown in Figure 4-16
to Figure 4-18.
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Figure 4-16: SS 304 Thermal Conductivity Measurement Results Using SS 304
Standards
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Figure 4-17: HDPE Thermal Conductivity Measurement Results Using SS 304
Standards
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Figure 4-18: Al 6061 Thermal Conductivity Measurement Results Using SS 304
Standards
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As with the Al 6061 standard, the error encountered in the thermal conductivity
measurements varied depending on the specimen considered. The percent error was
plotted against the expected thermal conductivity of each isotropic specimen (Figure
4-19).
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Figure 4-19: Percent error as a Function of the Expected Material Thermal
Conductivity
When comparing the error obtained in the thermal conductivity values found for the
SS 304 and the HDPE when using the SS 304 standards and the Al 6061 standards
(Figure 4-15), the same trend can be noticed; however, the magnitude of the error was
approximately seven times smaller when using the SS 304 standards.
Since the SS 304 standards offer better accuracy in the range between the HDPE
thermal conductivity and the SS 304 thermal conductivity, these were used to determine
the in-plane and transverse thermal conductivity of the composite laminate. The results
obtained for the transverse and in-plane thermal conductivities are shown in Figure 4-20
and Figure 4-21 respectively.
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Figure 4-20: Measured Thermal Conductivity for the Transverse Thermal
Conductivity CF/Ep Specimen
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The measured thermal conductivity was plotted against the error for the specimens
of known thermal conductivity. Using the resulting curve, the expected error for the
composite specimen was estimated. Based on the error, the transverse thermal
conductivity was calculated as 0.57 W/mK and the in-plane thermal conductivity was
calculated as 1.87 W/mK (Figure 4-22)
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Figure 4-22: Error as a Function of the Calibration Specimens’ Average Measured
Thermal Conductivities
The value obtained for thermal conductivity was compared to the value estimated by
the models found in literature. According to the manufacturer, the LTM 33 CFO 700T
prepreg has a fibre volume fraction of 58%. This point was plotted against the curves
obtained from six of the models for transverse thermal conductivity in literature as shown
in Figure 4-23. As can be seen, there is good correlation between the value measured and
Rayleigh, Farmer and Hasselman-Johnson’s models.
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Figure 4-23: Experimental Point Compared to Literature Models

The values determined for the transverse and in-plane thermal conductivity of the
composite were used in the FEM prediction analysis described in Chapter 6.
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5 Analytical Approach
An analytical approach was sought to assess the possibility of using a relatively
simple calculation method for predicting the conductive heat transfer characteristics
within a composite tool. This would prove to be a valuable asset in the design and
trade-off studies of composite tooling systems and processes, since it would provide a
quick method of estimating the effectiveness of a system or process.

Although a number of numerical schemes can be used to solve this type of heat
conduction problem, the focus here was on finding a closed-form solution, which could
adequately be used to describe the conductive heat transfer process though a carbon
fibre/epoxy, 2/2 twill, composite tool.

5.1 Conduction Heat Transfer
The conduction heat transfer process in itself is not complex; however, the
anisotropic nature of composites causes the conductive heat transfer properties to vary
widely depending on the orientation of the heat flux applied. In the application
considered in this research, the heat is applied through a heater blanket or through a heat
tile that is bonded to the tool; the heat tile consists of a heater blanket that is applied on
a copper metal sheet. Both transient and steady-state heat transfer need to be
considered for an accurate depiction to be obtained.
As stated in section 2.3.2, transient heat conduction obeys the energy equation
(2.14). Fourier’s law, equation (2.2) should also be respected when steady-state
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conditions are attained. In order to obtain a valid solution, it is essential to know the
boundary conditions that are applied to the part. In the case of the application
considered, and assuming the heater blanket was centered on the composite plate, the
known boundary conditions and initial conditions were as follows:
•

"7

'7

At z = 0 V (x,y)e [0, (x + y )

1 / '?

= Thb]

q = n where n is a known value
(W/in2)

•

At z = 0 V (x,y) <t [0, (x2 + y2)1/2 = t Hb ]

q = 0 (assume perfect insulation)

•

At x = L and z =-d

q = 0 (assume perfect insulation)

At

•

x = 1, y = 0, z = 0

At t = 0

T = T setpoint(t)
T = Too where T<» is room
temperature (°C)

The boundary conditions are shown schematically in Figure 5-1:
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Figure 5-1: Known Boundary Conditions

These boundary and initial conditions are all directional and cannot be generalized due
to the orthogonal properties of the 2/2 twill woven CF/Ep composite material used.

5.2 Temperature Field Determination
Transient conductive heat transfer can be described by equation (2.14):
ipCpT) = V(&Vr)

(2.14)

Due to the anisotropy of the material, the equation cannot be reduced to a two- or
one-dimensional form. As such the thermal conductivity of the material is expressed as
a 3 x 3 matrix of the form:
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K
k=

k xz

k yx

kyy

k yz

k«

K y

K.

(4.1)

However, within a given ply, the matrix may be simplified to a diagonal matrix if no
rotations about the z-axis are present:
K
k= 0
0

0
k yy

0

0

"

0

(4.2)

k zz.

If the ply is rotated by 0 around the material z-axis and assuming that the out of plane
heat flux is negligible, the off-axis ply properties are obtained by using the
transformation matrix

[T

aq]:

[t J =

cos 9

sin#

0

-s in 9

cos#

0

0

0

1

Applying the transformation matrix yields the rotated thermal conductivity matrix
k’:

ka cos2 0 + k ^ sin2 9
k' = (£,.xx - £

yy

)co s# sin #
0

( k ^ - k ^ ) cos#sin#

0

k xxrr cos2 9 + k yy^ sin 9

0

yy j

0

The temperature gradient VT is represented by a 3 x 1 matrix:
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'3 T/dx"

[vr]=

dT/dy

(4.5)

dT/dz
The heat flux applied is related to equation (2.14) by the Fourier equation for heat
conduction in anisotropic materials [40]:
3T
j= x ,y ,z

i = x, y fz

(4.6)

u '* j

The heat flux can also be expressed in matrix form, [q;]:
4*

w=

qy

(4.7)

Equation (4.6) can then be written as:

fo]=-[*Mvr]

(4.8)

There are various methods which have been proposed by authors to obtain solutions
to these equations. The methods include Laplace transforms, separation of variables
and superposition methods, as shown in a number of heat transfer references such as
Holman [31], Poulikakos [40] and Kutateladze and Borishanskii [41]. The methods
proposed all provide a set of equations to which the initial and boundary conditions may
be applied.
The most commonly used method is the method of separation of variables. In the
case of three-dimensional analysis, the temperature field as a function of position and
time can be determined by solving equation (4.9):
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520

a2© a2© i a©

~+ ~TT + H T - — TT
dx
dy
dz
a dt

(4-9)

Where: 0 is the homogenized temperature function 0 = T - T <*,
In order to separate the variables, the homogenized temperature function is
expressed as follows:
© = X(x)Y(y)Z(z)S(t)

(4.10)

Through mathematical manipulations, a set of four equations is obtained:
X ' + A2X = 0
Y " + B 2Y = 0
Z ' + ^ 2Z = 0

(4.11)

S' + a(A2 + p 2 + y 2)s = 0

Solving these equations for each variable and back substituting into equation (4.10)
yields an equation with eight unknown constants, which are determined using the
boundary and initial conditions.

5.3 Temperature Prediction
In order to accurately predict temperature in the composite laminate, the initial
temperature distribution in the body, as a function of x, y and z, must be known. The
boundary conditions can be of different types, but must be known in three dimensions
and as a function of time. As in most practical problems, the known boundary
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conditions are incomplete for the tool heating process of interest for this research;
obtaining a closed-form solution is not possible. These types of problems are common
in practical models and are typically referred to as ill-posed problems.
Ill-posed problems are typical in engineering and applied sciences. A branch of
mathematics has developed, whose field of study is the solution of ill-posed problems.
Authors such as Hao [42] and Ang [43], have proposed solutions to a range of ill-posed
conduction heat transfer problems; however, the understanding and proper application
of these solutions require extensive mathematical knowledge and the application of
such solutions is typically restricted to simple part geometries and to simple heat flow
applications. As such, the practical use of these solutions is tenuous for the objectives
of this research.

The possibility of obtaining an approximate solution was also investigated. Due to
the nature of the composite laminate of interest in this research, the problem may be
assumed two-dimensional and the analysis could be carried out in cylindrical
coordinates:
3 20
dr

1 dO
r dr

d 20 _ 1 dO
dz
OC dt

And manipulating:
R ' + - R ' + A2R = 0
r

z " - p 2z = o
S' + a ( p 2 - 2 2)5 = 0
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This dimension reduction is possible due to the fact that the laminate layup leads to
quasi-homogeneous in-plane heat transfer properties; the assumption that temperature at
a given radius does not vary with angular displacement is acceptable. This reduces the
amount of boundary conditions required. Translating the known boundary conditions to
cylindrical coordinates yields:
•

A tz = 0 V r < r HB

q = n where n is a known value (W/in )

•

A tz = 0 V r > r n B

q = 0 (assume perfect insulation)

•

At r = L and z =-d

q = 0 (assume perfect insulation)

At r = 1, z = 0

T — T Setpoint(t)

At t = 0

T = T„e where Too is room temperature (°C)

In order to solve this analytically, further assumptions are required. The following
simplifying assumptions could be made:
•

The heater blanket could be assumed as a point load and located at r = 0, z = 0

•

The control thermocouple location could be assumed to be at the heater blanket
point load location.

The resulting boundary conditions are represented schematically in Figure 5-2:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

71

z

Figure 5-2: Simplified Boundary Conditions

These simplifying assumptions increase the amount of known thermal boundaries;
however, further simplifying assumptions would be required to facilitate the evaluation
of the equations. Though additional simplifying assumptions are theoretically possible,
the system obtained by making these assumptions is no longer representative of the
physical system of interest. Furthermore, the simplifying assumptions made do not
allow a proper representation of the temperature variations which occurs in composites
nor do they allow manipulation of the control thermocouple location, heater blanket and
power density.
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Therefore, although simplification of the problem described is possible it would
render the analysis unrepresentative of the current physical system studied.

5.4 Conclusion
No closed-form solution has been found that could be applied to the physical model
of interest in this research. This is due to incomplete knowledge of boundary conditions
and to the anisotropy of the material studied. Though an analytical solution could be
found if further simplifying assumptions were considered, the analysis would no longer
be representative of the physical model studied. The usefulness of such a model would
be limited since it would not be applicable to real-life problems, which are typically
more complex than well-defined and controlled laboratory experiments.
The interest is now to investigate the possibility of using off-the-shelf numerical
analysis software in order to predict the thermal behaviour of a composite whose basic
thermal properties are known.
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6 Finite Element Modelling
Finite element analysis can be used to discretize and analyze the system
numerically. In this project, the MSC Patran pre- and post-processor was used to define
the geometry, mesh and boundary conditions and to view the results. MSC Nastran
Thermal solver was used to carry out the analysis.
A description of the thermal problem and the modelling parameters used are
described in Section 6.1. The test program is detailed in Section 6.3 and the modelling
results are presented in Sections 6.4 and 6.5.

6.1 Model Description
6.1.1 Thermal Problem
A number of simplifications were used to allow modelling of the heated composite
tooling system. Two tooling system heating configurations were investigated; one
configuration used the heater blanket as the heating medium while the second
configuration included a copper heat tile to distribute the heat over the substrate. These
tooling system configurations were based on the composite systems that are being
investigated at the NRC-IAR.
The substrate is a circular flat plate composed of eight plies of woven composite,
which has a symmetric lay-up of [0,45, -45, 90]s. The heat is provided by a silicone
heater blanket 62 mm in diameter, which has a uniform power density of 9.3xl0'3
W/mm . The heat is conducted into and through the composite. A control
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thermocouple is placed on the composite to provide the temperature feedback
necessary for the controlled ramp and soak of the part: the software uses the
temperature feedback to turn the heater blanket on or off as required. Schematics of the
two problem configurations are shown in Figure 6-1 and Figure 6-2.

C om posite
Heater B lanket

In su la tio n

Figure 6-1: Thermal Problem Using Heater Blanket

C om posite

In su la tio n

Figure 6-2: Thermal Problem Using Heater Blanket With Copper Tile
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6.1.2 Methodology
Due to the symmetry of the problem studied, only a quarter of the physical model
was represented in finite element.

The model was evaluated using three-dimensional HEX8 hexagonal elements and
WEDGE6 wedge elements. The eight-noded hexagonal elements were selected as they
offer good accuracy in thermal model calculations. The six-noded wedge elements
were chosen in order to obtain a radiating pattern of elements. To orient the ply
material according to the lay-up, each ply was modelled as an independent set of
geometrical solids. Figure 6-3 and Figure 6-4 shows the mesh created to represent a
thermal problem similar to the schematic of Figure 6-1.
A mesh of 15 concentric quarter-circles of elements was generated. The 14
outermost quarter circles are composed of hexagonal elements whereas the innermost
quarter circle of elements is composed of wedge elements. All element thicknesses
correspond to the thickness of the solids to which they are associated. Each layer, with
the exception of the heater blanket, is composed of two geometric solids.
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W ed g e Elements

Hexagonal Elements

Figure 6-3: Specimen Mesh - Top View

Heater Blanket

z

Figure 6-4: Specimen Mesh - Side View
In the case of the configuration with the heater blanket and the copper tile, an additional
layer of elements is included between the heater blanket and the top laminate layer.
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The elements were separated into groups, based on their assigned properties and
orientation with respect to the main material axes. The groups are shown in Figure 6-5
for the heater blanket configuration. A list of the groups is given in Table 6-1.

Table 6-1: Element Property Set Groups
G ro u p

P ro p e rty S e t

G ro u p

P ro p e rty S e t

1

Silicone Rubber

4

CF/Ep Weave - orientation -4 5 °

2

CF/Ep Weave - orientation 0°

5

CF/Ep Weave - orientation 90°

3

CF/Ep Weave - orientation 45°

6

Copper*

* for heater blanket and heater tile configuration

I

Heater Blanket - Silicone Rubber
I CF/Ep weave - orientation 0°

■ ■

CF/Ep weave - orientation 45°

■ ■

CF/Ep weave - orientation -45°

I

I CF/Ep weave - orientation 90°

Figure 6-5: Element Groups

Three types o f materials were used for these models, namely carbon fibre/epoxy
(CF/Ep) 2/2 twill composite, silicone rubber and copper. The CF/Ep directional
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material properties were rotated as required by the ply orientations. The material
properties used for the parametric studies are given in Table 6-2 [30] [36] [44] [49]. The
material properties were drawn from literature and were not used in the final predictive
model.

Table 6-2: Nominal Material Thermal Properties**
P roperty
kn, k22

(W/mm-K)
k33

(W/mm-K)
P

(kg/mm3)
cp

(W/kg-K)

CF/Ep

P roperty

C o p p er

S ilicone R u b b er

0.1

k
(W/mm-K)

0.391

0.00022

P

8.9x1 O’6

1.249x1 O'6

385

1880

0.002

1.4x1 O'6

,

(kg/mm3)
cp

(W/kg-K)

800

** These values were used for the parametric studies

A volumetric heat generation load of 0.0164 W/mm3 (268 W/in3) was applied to the
heater blanket. This corresponds to a power of 24.95 W for the heater blanket. The
volumetric heat generation function was controlled by a material property field which
caused the volumetric heat generation to be on when the overall average temperature of
the heater blanket was below 100°C and off if this temperature was exceeded.
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6.2 Mesh Sensitivity Study
In order to assess the accuracy of the mesh used, a mesh sensitivity study was
carried out. The model was analysed using adiabatic boundary conditions and a varying
mesh size.

6.2.1 Model Mesh Variations
Three mesh sizes were used in the sensitivity study:
•

A coarse mesh of 708 elements and 868 nodes.

•

A nominal mesh of 2898 elements and 3394 nodes.

•

A refined mesh of 11224 elements and 12841nodes.

The mesh sizes were based on the global element edge length used to generate the
mesh. For the coarse mesh a global edge length of 10.4 was used, 5.2 was used for the
nominal mesh and 2.6 was used for the refined mesh. The global edge length is the
length of the edge of elements located along the x-axis. In all cases the thicknesses of
the elements were equal to the thickness of the geometric solids they were associated to.
The three meshes generated for this study are shown in Figure 6-6.
A volumetric heat load of 0.0041 W/mm3 was applied to the heater blanket solid
and adiabatic boundary conditions were applied to the models.
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Figure 6-6: Top View of Meshes Generated (a) Coarse Mesh, (b) Nominal Mesh
and (c) Refined Mesh
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6.2.2 Sensitivity Study Results
The temperature results obtained were plotted as a function of time. Figure 6-7
shows the location of the nodes for which the temperature data were taken. It can be
seen in Figure 6-8 and Figure 6-9 that the results for the nominal and refined mesh are
very close. There is little or no difference in the amplitude and oscillations between the
nominal and refined mesh whereas the coarse mesh typically shows larger amplitude in
oscillations when transferring from the ramp-up to the soak segment of the temperature
profile.

• r = 0 mm
t = 0 mm
® r = 76.2 m m

A

Figure 6-7: Node Locations for Temperature Measurements for Mesh Refinement
Analysis
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Figure 6-8: Temperature Profiles for Various Mesh Sizes at the Top
Surface (t = 0, 3 points)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

83
120
100

— coarse mesh
— refined mesh
— nominal mesh

1000

500

1500

2000

2500

3000

T im e (s)

106

104

102

100

94

— co arse m esh
— refined m esh
— nominal m esh

1000

1200

1400

1 600

1800

2000

2200

Time (s)

Figure 6-9: Temperature Profiles for Various Mesh Sizes at the Central
Axis (r = 0, 3 points)

Based on these results, the nominal mesh was selected for modelling; the increase in
node numbers and calculation time when using the refined mesh would not be justified
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given the very minor differences in the results obtained between the nominal and
refined meshes.

6.3 Modelling Test Program
Two modelling phases were carried out for this research; the first modelling
phase consisted of parametric studies and the second phase consisted of predictive
modelling of the specified heat transfer problem (Section 6.1.1).
The parametric studies were carried out in order to assess the effects of the
variation of thermal conductivity, specific heat and copper tile thickness on the results.
This also allowed an evaluation of the sensitivity of the model to these parameters.
Nominal material properties drawn from literature were used for this phase of the
modelling as the trends observed during the parametric studies are not linked to a
particular numerical material property value.

6.4 Parametric Studies
6.4.1 Model Descriptions
Four test case configurations were used to carry out the parametric studies for this
model. The difference in the model configurations stemmed from the presence or
absence of a copper heater tile between the heater blanket and the CF/Ep substrate as
well as from the boundary conditions imposed. In all cases, the initial temperature was
set to 20°C and a volumetric heat generation load of 0.0041 W/mm3 (67.13 W/in3) were
applied to the heater blanket. This corresponds to a power of 6.24 W for the heater
blanket. The volumetric heat generation function was controlled by a material property
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field which caused the volumetric heat generation to be on when the overall average
temperature of the heater blanket was below 100°C and off if this temperature was
exceeded. In two configurations adiabatic boundary conditions were applied and in the
remaining configurations very small convection was applied to the free surfaces to
mimic imperfect insulation. The convection coefficient was varied from 0 to 2 W/m K
with 2 W/m K being the lowest value typically attributed to free convection [36]. In the
adiabatic cases, the surrounding environment is assumed to have no effect on the heat
transfer occurring within the system under consideration (q = 0 and h = 0). The four
model configurations are outlined in Table 6-3.

Table 6-3: Model Configurations
Configuration
A
B
C
D

Boundary Condition
Adiabatic
Adiabatic
Convection
Convection

Heating Configuration
Heater Blanket
Heater Blanket & Heat Tile
Heater Blanket
Heater Blanket & Heat Tile

Using these different configurations, the effects of various parameters were
evaluated. The effects due to variations of in-plane and transverse thermal conductivity
were observed, in addition to the effects due to changes in specific heat. The heater tile
thickness and convection coefficient were also varied where applicable. A test matrix
was established for these tests; this matrix is shown in Table 6-4.
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Table 6-4: FEM Test Matrix
Composite Properties
Test
Configuration

ID#

Ki

CP

(W/mm.K)

(J/Kg.K)

0.1
0.1
0.1
0.4
0.1
0.025
0.1

0.002
0.02
0.02
0.02
0.0002
0.02
0.02

800
800
700
700
800
700
900

62.2
62.2
62.2
62.2
62.2
62.2
62.2

fW/mnA
0.00928
0.00928
0.00928
0.00928
0.00928
0.00928
0.00928

0.1
0.1
0.1
0.1
0.1
0.1
0.1

0.002
0.02
0.0002
0.0002
0.002
0.002
0.002

800
800
800
800
800
800
800

62.2
62.2
62.2
62.2
62.2
62.2
62.2

0.00928
0.00928
0.00928
0.00928
0.00928
0.00928
0.00928

2
3
4

0.1
0.1
0.1
0.1

0.002
0.002
0.002
0.002

800
800
800
800

62.2
62.2
62.2
62.2

0.00928
0.00928
0.00928
0.00928

2.00E-06
5.00E-07
1.00E-06
1.50E-06

1

0.1

0.002

800

62.2

0.00928

5.00E-07

2
3
4
5
6

7
1

B

2
3
4
5
6
7

1

C

D

Convection
Convection
Coefficient
<W/mm2K1

(W/mm.K)
1

A

Heater Blanket
Power
Density

Diameter
(in)

kyy

Heater Tile
Thickness
(mm)

0.5
0.5
0.5
1
1
1.5
2.25

1.5

In the case of configurations A and C, the mesh generated (Figure 6-3 and Figure
6-4) is composed of a total of 2898 elements, 2691 of which are hexagonal and 207 of
which are wedge elements. These models contain 3394 nodes and are composed of 17
geometric solids to which the material properties were assigned. The models used to
evaluate configurations B and D contain 3243 elements, with 3013 elements being
hexagonal and 230 elements being wedge elements. These models contain 3755 nodes
and are composed of 19 geometric solids.
The hexagonal elements used in these models are 8-noded elements are Patran
HEX8 that are analysed by Nastran Thermal as CHEXA elements. The wedge elements
containing 6 nodes are Patran WEDGE6 elements that are analysed by Nastran Thermal
as CPENTA elements [53]. All analysis except cases Cl and C4, were analysed using
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200 15-second time steps, for a total time of 3000 seconds (50 minutes). The
convection coefficients used in cases C l and C4 caused the applied heat load on the
heater blanket solid to turn on with increased frequency; the time step of 15 seconds
was too large for this type of load analysis and 600 time steps of 5 seconds were used to
obtain improved results.
In all cases, perfect contact was assumed between all layers of the model. No
contact resistances were modelled.

6.4.2 Results
In the following sections, the results for the four test configurations are discussed.
The results for each configuration set are given in Table 6-5 to Table 6-8. Each table
summarizes the parameters varied and provides the magnitude of the temperature
gradient (AT) during the ramp up phase as well as during the hold phase of the FEM
analysis test. The temperature gradient at r = 0 is the difference in temperature between
the composite laminate’s bottom and top face nodes at the specified time. The
temperature gradient at t = 5.04 mm is the difference in temperature between the
composite laminate’s outer radius (r = 76.2 mm) and centre axis (r = 0 mm) nodes. The
heat-up rate is also provided in the summary table. This indicates the maximum heat-up
rate achieved assuming that the heater blanket is always on during ramp-up. It is
calculated as the slope of the curve during ramp-up.
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6.4.2.1

Configuration A (Heater Blanket, Adiabatic)
Table 6-5: Result Summary for Configuration A Cases

Results

Mat jrial Prooe rties
C ase ID

AT (°C)

heat-up
rate
(°C/m in)

k*
(W /m m )

k2
(W /m m K )

(J/KgK)

r = 0 mm

t = 5.04 mm

0.1

0 .0 02

800

2.202

1.028

r = 0 mm
0.024

t = 5.04 mm

A1
A2

0.1

0.02

800

0.249

1.628

0.000

0.000

A3
A4

0.1
0.4

0.0 2
0.02

7 00
700

0.248
0.242

1.621

0.008

0 .0 00

0.346

0.003

0.000

3.99
3 .9 9

A5
A6
A7

0.1
0.025
0.1

0.0 00 2

800
7 00
900

11.691
0.248
0.250

0.055

0.025

0.000

3.51

6.730
1.634

0.007
0.059

0.002
0.001

3.99
3.13

0.02
0.02

cp

t = 2205s

t = 1005s

0 .000

3.51
3.51

From the results obtained in cases A l, A2, and A5 as well as cases A3, A4 and A6
(see Table 6-5) it can be observed that transverse and radial conductivities do not
influence the heat-up rate. However, it can also be observed that an increase of the
specific heat, cp, for given transverse and in-plane thermal conductivities and for a fixed
heat input, causes a decrease in heat-up rates. This can be seen in Figure 6-10. The
decrease in heat-up rates is explained by the added energy storage capacity of the
material. The heat-up rates are related by a quasi-linear relationship at the heat capacity
range of interest (700J/kgK to 900J/kgK) as shown in Figure 6-11.
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Figure 6-10 Temperature Profiles for Various Specific Heats (r = 0, t = 0)
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Figure 6-11: Heat-up Rate as a Function of Specific Heat
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From the results obtained and shown in Table 6-5 and in Figure 6-12 it can be
seen that the radial and transverse temperature gradients are not significantly influenced
by changes in specific heat.
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Figure 6-12: Radial and Transverse Temperature Differential as a Function of
Specific Heat

During ramp-up, the transverse temperature differential decreases sharply as the
transverse thermal conductivity increases from zero to approximately 0.0025 W/mmK.
The decrease in temperature differential then remains low and tends to level off
asymptotically. The radial temperature differential increases logarithmically with
increasing transverse thermal conductivity; however, it remains low (below 2°C) at all
values of transverse thermal conductivity observed in this study. This can be seen in
Figure 6-13.
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Figure 6-13: Transverse and Radial Temperature Differential as a Function of
Transverse Thermal Conductivity During Ramp-Up

During ramp-up, the in-plane thermal conductivity has little effect on the transverse
temperature differential. As the in-plane thermal conductivity is increased from zero to
0.4 W/mmK the radial temperature differential decreases following a decreasing power
function. The temperature differential decreases rapidly from zero to 0.1 W/mmK, then
has an asymptotical behaviour as shown in Figure 6-14.
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6.4.2.2

Configuration B (Heater Blanket and Tile, Adiabatic)

For this configuration, the nominal properties values were used for the in-plane
thermal conductivity and for the specific heat of the composite laminate.
The results for configuration B are given in Table 6-6.
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Table 6-6: Result Summary for Configuration B Cases
M aterial P ro D erties
Case ID

B1
B2
B3
B4
B5
B6
B7

K
(W/mmK)

tcu
(mm)

0.002
0.02
0.0002
0.0002
0.002
0.002
0.002

0.5
0.5
0.5
1
1
1.5
2.25

R e s u lts
AT °C)
t= 1 0 0 5 s
t = 2205s
t = 5.04 mm
r = 0 mm
t = 5.04 mm
r = 0 mm
0.594
1.365
0.025
0.000
1.150
0.002
0.007
0.183
0.017
5.572
0.020
0.000
0.010
1.627
0.004
4.018
0.418
0.179
0.181
0.993
0.784
0.322
0.784
0.322
0.597
0.240
0.597
0.240

heat-up rate
(°C/min)
2.71
2.71
2.71
2.21
2.21
1.86
1.51

From the results obtained in cases B1 to B3 (Table 6-6) it can be observed that
transverse conductivity does not influence the heat-up rate; this agrees with previous
results obtained for configuration A. However, it can also be observed that for a given
transverse thermal conductivity kz and a fixed heat input, an increase of the copper tile
thickness, tcu, causes a decrease in heat-up rates. This can be seen in Figure 6-15.
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Figure 6-15: Temperature Profiles for Various Copper Tile Thicknesses (r = 0, 3
points)

The decrease in heat-up rates can be explained by the added thermal mass of the
copper tile. The magnitude of the heat-up rate was plotted as a function of copper tile
thickness (Figure 6-16): the initial section of the curve (tcu from zero to approximately
2mm) follows a third order polynomial trend, whereas the later section of the curve
would tend to follow a logarithmic trend as seen in Figure 6-16 and Figure 6-17
respectively. It is important to note, that the work carried out with copper heater tiles at
NRC to date used copper thicknesses ranging from 0.5 mm to 2 mm; therefore, the
interest would lie in the initial part of the curve for tile thicknesses up to approximately
2 mm.
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Figure 6-16: Heat-up Rate as a Function of Copper Tile Thickness with
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Figure 6-17: Heat-up Rate as a Function of Copper Tile Thickness with
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The transverse temperature differential was found to decrease with increasing copper
tile thickness (Figure 6-18). This can be explained by the slower heat-up rates
encountered with increased copper tile thickness: this allows more time for the heat to
travel through the substrate. However, the transverse temperature differential is also a
function of the transverse thermal conductivity. The temperature differential decreases
sharply as the transverse thermal conductivity increases from zero to approximately
0.0025 W/mmK. For all cases the temperature differential is low (below 2.5°C) and
tends towards an asymptotical behaviour. This trend can be seen in Figure 6-19, and is
comparable to the trend observed in Figure 6-13.

Measurement Locations

Copper Tile Thickness (mm)

Figure 6-18: Transverse AT as a Function o f Copper Tile Thickness D uring

Ramp-Up
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Figure 6-19: Transverse Temperature Differential as a Function of Transverse
Thermal Conductivity for SS 304 Standards During Ramp-Up

These analyses indicate that the effectiveness of the copper tile is dependent on the
transverse thermal conductive properties of the substrate. The lower the transverse
thermal conductivity of the substrate, the more effective the copper tile will be in
obtaining a low temperature gradient across the tool face. This can be seen in Figure
6-20. This behaviour is due to the high ratio of in-plane versus transverse thermal
conductivity. The heat conducts quickly through the tile to produce a uniform heating
along the top of the substrate. At high in-plane to transverse thermal conductivity
ratios, the low transverse thermal conductivity, relative to the in-plane thermal
conductivity, allows heat to distribute uniformly in-plane before significant transfer in
the transverse direction occurs. As the ratio of in-plane to transverse thermal
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conductivities decreases, so does the effectiveness of the copper tile as the heat
begins to transfer through the thickness before it has spread uniformly in the in-plane
direction.
The radial temperature difference is affected by the copper tile thickness;
however, the most significant effect is obtained by the inclusion or absence of the
copper tile. Increases of the copper tile thickness have little influence on the radial
temperature spread (0.6°C at 0.5mm of thickness to 0.24°C at 2.25mm of thickness).
This can be seen in Figure 6-21.
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Figure 6-20: In-Plane Temperature Differential as a Function of Transverse
Thermal Conductivity for a Set Copper Tile Thickness During Ramp-Up
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Figure 6-21: Radial Temperature Differential as a Function of Transverse
Thermal Conductivity for a Set Transverse Thermal Conductivity During RampUp

6.4.2.3

Configuration C (Heater Blanket, Convection)

Free convection to an air temperature of 30°C was applied to the model in addition
to the volumetric heat generation load. The results are given in Table 6-7
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Table 6-7: Result Summary for Configuration C Cases

C ase ID

C1
C2
C3
C4
A1

Boundary
Condition
h
(W /m 2K)
2
0.5
1
1.5
0

Results
AT
t = 1005s
r = 0 mm
2.223
2.209
2.214
2.219
2.202

t = 5.04 mm
1.057
1.037
1.045
1.052
1.028

°C)
t = 2205s
r = 0 mm
2.250
0.427
0.957
1.790
0.024

t = 5.04 mm
1.091
0.251
0.499
0.750

0.000

time to soak
(sec)
2655.00
1695.00
1815.00
2 040.00
1140.00

From the results obtained in cases Cl to C4 it can be observed that the convection
coefficient highly affects the time required to reach soak conditions (Table 6-7). Figure
6-22 shows that an increase in convection coefficient from 0 to 2 W/m K increases the
time required to achieve soak by approximately 1515 seconds or 130 %. It should be
noted that past experience with heat transfer work at NRC-IAR has shown that the heatup profiles obtained with heater blankets and adequate insulation are quasi-linear in
nature. This would indicate that the typical convection losses would range between
convection coefficients of 0.5 W/m2K to approximately 1.5 W/m2K.
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Figure 6-22: Temperature Profiles for Various Convection Coefficients

It was found that the convection coefficient has little influence on the transverse
temperature gradient during the ramp-up phase. However a quasi-linear increase in
temperature gradient is observed during the steady state or soak phase with increasing
convection (Figure 6-23). It is important to note that the temperature gradients
encountered are small at approximately 1°C.
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Figure 6-23: Transverse AT as a Function of Convection Coefficient

Similarly, convection has little effect on the radial temperature gradient during the
ramp-up phase. However, the impact is more pronounced during the steady state phase
with radial temperature gradients rising to 2.25 °C at a convection coefficient of 2
W/m2K (Figure 6-24). There is more impact from convection on the radial temperature
gradient than on the transverse temperature gradient (2.25 °C at 2 W/m K radially
compared to 1.09 °C transversely).
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6.4.2.4

Configuration D (Heater Blanket and Tile, Convection)

The results for configuration D are given in Table 6-8.

Table 6-8: Result Summary for Configuration D Case
Results

BC*
Case ID

(W /m 2K)
D1

AT °C)

h

0.5

t = 1005s
r = 0 mm
0.784

t - 5.04 mm
0.322

t = 2205s
r = 0 mm
0.246

t = 5.04 mm
0.113

time to soak
(sec)

*BC = B o u n d a ry C o n d itio n s
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No further significant trends were observed with the addition of convection to
the copper heating tile. The results obtained corroborate the results obtained with the
configuration C cases (Figure 6-25).
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Figure 6-25: Temperature Profiles for Various Copper Tile Thicknesses

6.4.3 Conclusions
In the absence of a copper heater tile and of convection loads, the heat-up rate is
only affected by the specific heat of the material. The relationship is quasi-linear with
heat-up rates decreasing with increasing specific heat. The addition of the copper tile
decreases the achievable heat-up rate; increasing the copper tile thickness causes a
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decrease in heat-up rate due to the increase in thermal mass added to the system.
Adding convective boundary conditions increases the amount of time required to
achieve soak conditions by causing non-linear heat-up rates. The thermal conductivity
of the material was not found to have any effect on the heat-up rate of the system.
The transverse temperature gradient in the system is most highly affected by
variations in the transverse thermal conductivity of the system. A rapid decrease in
transverse temperature gradients is observed for both A and B configurations when
increasing the transverse thermal conductivity from 0 W/mmK to 0.0025 W/mmK. The
addition of the copper heater tile contributes to lowering the transverse temperature
gradient with the highest reduction occurring at the application of the tile. Additional
thickness increases to the copper heater tile have little effect on the transverse
temperature gradient. It is important to note that without the application of convection,
there are no temperature gradients encountered during the soak phase. The application
of convective boundary conditions to external surfaces causes a measurable temperature
gradient to occur during the soak phase; however, little difference is measured in the
heat-up phase temperature gradients.
The radial temperature gradient was found to be most affected by the in-plane
thermal conductivity. There is a rapid decrease in radial temperature gradient when
increasing the in-plane thermal conductivity from 0 to 0.075 W/mmK; further increase
in in-plane thermal conductivity have less impact on the radial temperature gradient
encountered. It was found that the copper heater tile addition had little impact on the
radial temperature gradient unless the transverse thermal conductivity is low enough to
promote homogenisation of the upper surface temperature before any significant heat

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

106

transfer can occur in the transverse direction. The radial temperature gradient is
then negligible. As with the transverse temperature gradient, convection has little
impact on the temperature gradients encountered during the heat-up phase. The
addition of the convection causes the radial temperature gradient to increase
proportionally to the convection coefficient during the soak phase.
The directional thermal conductivities were found to have the highest influence on
the temperature gradients. Low thermal conductivity inputs lead to more sensitive
models; as the thermal conductivities get lower, small changes in thermal conductivity
lead to higher temperature gradient changes than at higher thermal conductivity values.
This was particularly visible in the adiabatic cases. The presence of convection
boundary conditions plays a large role in determining the magnitude of the thermal
gradient, particularly in-plane. Therefore, although the temperature gradients are
dependent on the material properties, they are also highly influenced by the boundary
conditions applied. As such the slight changes in thermal conductivity can be offset by
the convective boundary condition applied to the model; the exact effect of each will be
difficult to assess accurately without extended experimental validations.
It is important to note that an accurate specific heat value is not critical to achieve
acceptable modelling of the composite system for heat transfer characteristics as
specific heat variations have little effect on the observed temperature gradients. The
power input used for the parametric studies was also lower than the value that will be
used for the predictive analyses; this was done in order to avoid heat spikes and to
obtain observable differences when changing the physical properties. With a
significantly higher power input 0.0164 W/mm3 (268 W/in3), small thermal
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conductivity variations do not show as pronounced an effect due to the high amount
of heat input into the material. However, the general trends observed in this parametric
study will hold at higher power input values.

6.5 Predictive Analysis
6.5.1 Model Description
Predictive analysis for the thermal problem with heater blanket (shown in Figure
6-26) was carried out using MSC Nastran. In order to model the controlled process
accurately, each model was separated into two parts: the ramp-up constituted one part of
the model and the soak conditions constituted the second part of the model. The
separation of the models into two parts was necessary, as the thermostat control
function used to model the heater blanket cannot be made a function of time.

Control
j|^

y Thermocouple

Composite
Heater Blanket

In su la tio n

Figure 6-26: Thermal Problem with Heater Blanket
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The first part of each model was modelled using a time dependent temperature
function applied to the heater blanket. The input used to determine the temperature
function is given in Table 6-9.

Table 6-9: Input for FEM Heater Blanket Ramp-Up Temperature Function

Time
(sec)

Temperature
(°C)

0
1800

25
117

The end temperature was a best estimate made using the following assumptions:
•

80% of the heat provided by the heater blanket was assumed to travel into the
substrate. This approximation is based on typical heat exchanger and duct
insulation efficiencies found in literature [31][51][52].

•

The directional heat fluxes are directly proportional to the directional thermal
conductivities.

•

The heater blanket has a homogeneous temperature.

•

The distance between the control thermocouple and the edge of the heater
blanket is 12.7 mm.

•

The desired temperature of the control thermocouple at 1800 seconds is 85°C

The calculations were carried out as follows.
Based on the thermal conductivity measurements discussed in section 4.5.2, it was
found that kx = 1.87 W/mK and kz = 0.57 W/mK, therefore:
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k z = 0.3kx

(5.1)

Assuming that the heat flows within the specimen are directly proportional to the
directional thermal conductivities of the material:
<7^

0.3qx

(5.2)

And assuming 80% of the heat output by the heater blanket is transmitted to the
material:
*2 a ct

=

0 - 8^ i„pUt

9 act = L3^

08
\ •q*2 x =
— q.
— i
* input
1.3

(5-3)

qx s — x 0.0082 W / mm2 = 0.00505 W / mm2
1.3
Assuming a one dimensional Fourier’s Law application:
v AT

qx = kx ~ r

Ax
„
q rAx _
■• T
= —,
1- T
1 HB
T 1 CTC
kx
_
0.00505 W I mm2 x 12.7 mm
Tm = ------------------------------------ + 85 C
0.002 W / mm°C

(5.4)

t hb = 1 1 7 ° C

It should be noted that the above is a simple approximation for modelling purposes
based on available material properties and on expected heat losses to the surrounding
insulation system. The thermal conductivity values used are the experimental values.
These values are much lower than the nominal values used for the parametric studies
and are also more homogeneous (3:1 vs. 50:1 for kx/kz). The ideal ramp-up using a
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heater blanket with a homogeneous temperature is not representative of the actual
process but gives an approximation of the resulting temperature spread in the material
for the soak condition.

The soak phase was modelled using volumetric heat generation within the heater
blanket solid. The heater blanket heat generation was controlled using the MSC
Nastran thermostat control (CONTRLT) function: this function allows the user to set a
temperature dead band above which the heater is turned off and below which the heater
is turned on [54]. The end conditions of the ramp-up part of the models were used as
initial values for the soak part of the models.

An ideal insulation case was modelled using adiabatic boundary conditions. As this
case is not representative of the real system, additional cases were modelled using low
convection boundary conditions on the outer surfaces of the substrate and heater blanket
to simulate heat losses in the system due to imperfect insulation. Based on the results
obtained with the parametric studies and discussed in section 6.4.2.4, convection
9

9

coefficient values were selected between 0.5 W/m K and 1.5 W/m K. Cases were also
modelled using a volumetric heat generation value equivalent to 80% of the heater
blanket’s manufacturer specified heat output value. This was conducted to account for
the heat losses to the insulation occurring at the top of the heater blanket. A value of
80% was selected based on engineering judgement and on the typical efficiency of heat
exchange devices [31][40][41].
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The different model configurations are given in Table 6-10:

Table 6-10: Prediction Model Configurations
Boundary Condition

Heater Blanket Output

1

Adiabatic

100%

2

Convection h = 0.5 W /m 2K

100%

3

Convection h = 1 W /m 2K

100%

4

Convection h = 1.5 W /m 2K

100%

5

Convection h = 0.5 W /m 2K

80%

6

Convection h = 1 W /m 2K
Convection h = 1.5 W /m 2K

80%

Configuration

7

80%

The mesh generated for the predictive model is identical to the mesh generated for
configurations A and C of the parametric studies, which did not include the copper heat
tile. All analyses were conducted using 10-second time steps; the first part of the model
contained 180 time steps while the second part contained 300 time steps.

6.5.2 Results
The temperature data for the node locations shown in Figure 6-27 were extracted for the
predictive analysis and for comparison to experimental validation data.
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Figure 6-27: Location of Nodes Used for Temperature Data Extraction

The temperature results obtained were plotted as a function of time; these were
compared amongst each other in order to evaluate any significant differences between
the results. The results obtained are summarized in Table 6-11. The average maximum
temperature was calculated based on the soak temperatures at the central radius bottom
face node (r = 0, t = -5.04 mm). Similarly, the average maximum temperature was
determined for the outer edge nodes (r = 76.2 mm) and these values were used to
calculate the temperature gradients along the central axis, bottom face and outer radius
of the models. The temperature differentials of interest are primarily the ones on the
bottom face, as this is the tool face. It is also important to recall that the temperature
under the heater blanket is not readily measured since the presence of a thermocouple
wire would impede the intimate contact required between the heater blanket and the
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substrate. Therefore only the temperature at the top of the heater blanket can be
measured.

Table 6-11: Results Summary for Predictive Analyses
AT (°C)

Configuration
1
2
3
4
5
6
7

bottom
1
19
35
48
19
34
47

outer edge
0.0
2.5E-03
4.6E-03
6.3E-03
2.5E-03
4.5E-03
6.3E-03

centre radius
0.3
1.7
3.4
4.9
1.8
2.9
4.6

Average Maximum
Tem perature (°C)

Minimum
Tem perature (°C)

90
103
114
122
101
112
120

87
81
76
72
80
75
71

It was found that there was little difference between the cases with full heat input
and 80% heat input: the maximum difference of 1°C was noted in the temperature
gradient along the bottom face of the substrate at a convection coefficient of lW /m K
and 1.5 /m2K. There is therefore little value in reducing the heat input from the heater
blanket to compensate for thermal losses within the system. The results obtained for the
adiabatic case and for the 0.5 W/m K convective coefficient case are unrealistic based
on previous experience with heated composite systems. The heat retention within these
models is too high; the lack of heat losses in these models means there is little heat
input required from the heater blanket over the span of the process time modelled. It
can be concluded that the estimated convection coefficient must be higher than
0.5W/m2K for a more realistic representation of the heat transfer process in the system
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to be obtained. The temperature profiles obtained for configuration 3 and 4 (Table
6-10) are shown in Figure 6-28 and Figure 6-29.
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Figure 6-28: Time vs. Temperature Profile for Configuration 3
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Figure 6-29: Time vs. Temperature Profile for Configuration 4

These results will be compared to the experimental results obtained from the
FEM validation experiments.
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7 Experimental FEM Validation
The first experimental phase consisted of the thermal conductivity determination.
This initial phase was required in order to obtain the thermal conductivity values
required for the FEM. The second experimental phase is the FEM validation test, which
reproduced the heat transfer problem described in Figure 6-1. This phase consisted of a
series of heat transfer tests to verify the results obtained through the FEM predictive
analysis.

7.1 Test Setup
A 152 mm, eight-ply composite disk was heated using a 62 mm 24.95 W heater
blanket. Eight thermocouples were used to monitor and control the temperature across
the composite. The heater blanket was placed at the centre of the top surface of the
composite disk and held in place under a vacuum bag. This also ensured proper contact
between the heater blanket and the composite. The assembly was placed in insulation
to limit possible heat losses from the system (Figure 7-1 and Figure 7-2).
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Figure 7-1: FEM Validation Test Setup

Figure 7-2: Experim ental Test Setup
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7.2 Temperature measurements
The temperature measurements were taken by means of eight K-type
thermocouples. A control thermocouple was placed on the composite 8 mm away from
the edge of the heater blanket. A heater thermocouple was placed at the centre of the
top surface o f the heater blanket in order to prevent the heater blanket from over
heating. Six thermocouples were added in order to monitor the temperature across the
surfaces of the composite disk (Figure 7-3 and Figure 7-4). The thermocouple (TC)
locations are provided in Table 7-1.

Monitor Therm ocouples

Figure 7-3: Schematic of Thermocouple Placement on the Composite Disk and
Heater Blanket
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Figure 7-4: Instrumented Top Surface of FEM Validation Specimen
Table 7-1: Radial Location of Thermocouples

1
2
3

Radial
Location
(mm)
0.0
38.1
57.1

4

73.0

5
6

0.0
38.1

7
8

57.1
73.0

TC#

Q_

1-

E
o
o

CD

7.3 Specimen Specifications and Fabrication
The 152 mm composite disk was manufactured using eight plies of ACG LTM33-CFO-700T carbon fibre tooling prepreg. The procedure followed is identical to that
used to manufacture the transverse thermal conductivity specimen (Section 4.3.1) with
the exception of the size of the trimmed square specimen; the un-cured layup was
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trimmed to a final dimension of 191 mm (7.5in) square and was water-jet cut to a
diameter of 152 mm after post-cure.

7.4 Data Acquisition
The data acquisition system used for this experimental phase was identical to that
used for the determination of the thermal conductivity of the composite material
(section 4.4.1). The temperature profile outlined in Table 7-2 was used for this phase of
the experimental work.

Table 7-2: Temperature Profile Settings for the FEM Validation
ramp-up
soak
cool-down

2°C/min
85°C for 50 mins
7°C/min

The results obtained for all experimental tests are discussed in the following section.

7.5 Results
The temperature data obtained from the eight thermocouples was plotted against
time and against radial distance to obtain the temperature profiles of each test. The
results are shown in Figure 7-5 and Figure 7-6. It is important to note that the central
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temperature reading for the top face was taken on the heater blanket and that the
radial temperature profdes are given for a time of 80 minutes.

200
180
160

average temperature
103°C at r = 0

140

120

100
30 °C

Programmed Temperature

100
T im e (m in )

Figure 7-5: Temperature Profile for FEM Validation Test#l
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Figure 7-6: Temperature Profile for FEM Validation Test#2
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Figure 7-7: Radial Temperature Profiles for FEM Validations Test #1 and #2
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In both FEM validation tests it was noticed that the temperature at the outer edge of
the specimen was approximately 2°C higher on the bottom face than on the top face
(Figure 7-7). This is thought to have been due to a better insulation of the lower face of
the specimen; due to the vacuum bag, a vacuum line was connected to a vacuum bag
protruding from the edge of the specimen. A tight cut-out was made in the insulation in
order to provide for this contingency; this could have contributed to an increase in edge
effects on the upper surface leading to a lower temperature.
Both trials showed similar bottom face temperature differentials of 30°C between
the central axis (r = 0) and the outer edge.

The experimental results were compared to the FEM results obtained for convection
coefficients of 1 W/m2K and 1.5 W/m2K. The results are shown in Figure 7-8 to Figure
7-12.
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Figure 7-8: Radial Temperature Profile Comparison Between FEM and
Experimental Results
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Figure 7-9: Outer Radii Process Temperature Profile Comparison Between
Experimental Results and FEM 1 W/m2K Convection FEM Results
100
FEM h= 1.5 W/m K

r =40 mm

90 r =57 mm

70 r =76 mm
60 -

Experimental
50 -

40 -

30 -

20

100

T im e (m in)

Figure 7-10: Outer Radii Process Temperature Profile Comparison Between
Experimental Results and FEM 1.5 W/m2K Convection FEM Results
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Figure 7-11: Centre Radius Process Temperature Profile Comparison Between
Experimental Results and FEM 1 W/m2K Convection FEM Results
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Figure 7-12: Centre Radius Process Temperature Profile Comparison Between
Experimental Results and FEM 1.5 W/m2K Convection FEM Results

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

127

The radial temperature profiles shown in Figure 7-8 do not appear to have the
same shape: this is due to the lack of experimental points available when compared to
the FEM. From the data points available, it can be seen that the outer radii data points
offer similar results to the FEM data points. The central points do however show a
large discrepancy.
In Figure 7-11 and Figure 7-12, the lack of sensitivity of the FEM simulation with
regards to heater control is visible when compared to the experimental results. In both
cases the peaks of heat when the heater is turned on have a much greater magnitude
than those observed experimentally. It is assumed that this is the result of a PED type
control issue within the Nastran control function. As a result, the central area of the
model has a different thermal response than the physical process. The effects of the
central discrepancy diminish with increasing radial distance and the outer radii data
points have a similar behaviour to those observed experimentally.
By observation of Figure 7-8 to Figure 7-12, it can be seen that the convection
boundary condition of 1.5 W/m2K offers the best representation of the thermal response
in the system. The thermal gradients observed outside the inner radii heat application
zone, are similar to those observed experimentally (Figure 7-10). The temperature
profiles in the heat application zone differ from the experimental ones in peak
magnitudes and in heater input frequency; however, the lower part of the oscillations
follow the same general trend as the results obtained experimentally (Figure 7-12),
whereas the trends observed for a convection boundary condition of 1 W/m2K do not
(Figure 7-11).
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8 Discussion
8.1 Thermal Conductivity Measurement
8.1.1 Thermal Conductivity Tests Conducted Using A16061 Standards
It was found that a large difference in thermal conductivities between the specimen
and the standards leads to very high errors in the measurements. A number of effects
were thought to contribute to this problem. To measure very low thermal conductivity
specimens with high thermal conductivity standard, an extremely large temperature
gradient would have to be measured across the specimen when compared to the
temperature gradient measured across the standards. This is due to the fact that he
thermal conductivity k is proportional to the temperature gradient. In the case of the SS
304 specimen and the A1 6061 standards, the thermal conductivity of the standards is
approximately 10 times higher than that of the specimen (16 W/mK vs 154 W/mK). As
such, assuming the heat is applied to the same cross-sectional area, that the heat flow
passing through the two materials is the same and that the standards and the specimen
are of equal thickness, the temperature gradient measured across the specimen should
be 10 times higher than that measured across the standards. However, the temperature
gradient on the SS 304 specimen was on average only three times higher than the top
standard temperature gradient (2.8°C) and five times higher than the bottom standard
(1.7°C). As the thermal conductivity difference between the standards and the
specimen increases, this effect becomes more pronounced. In the case of the HDPE, the
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material acts as an insulator within the measurement column; this makes the
temperature gradient across the standards very small and difficult to measure accurately
(0.5°C to 1.4°C). These small temperature gradients across the standards further
contribute to the error as the thermocouples are accurate to ±0.2°C at temperatures of
70°C. Additional tests showed that there is a measurable heat loss to the insulation: the
temperature of the insulation surrounding the measurement column increases noticeably
during the tests. Two thermocouples were placed in the insulation near, but not
adjacent to the measurement column. The thermocouple placement and the temperature
profile measured are shown in Figure 8-1. The heat lost to the insulation increases as
the specimen becomes less conductive thereby becoming a more difficult path for the
heat to flow through. This contributes to the smaller temperature gradients observed
across specimens with thermal conductivity that is significantly lower than that of the
standards.
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Figure 8-1: Thermal Measurements in Insulation Adjacent to Measurement
Column

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

80

130

Small amounts of parasitic heat transfer in the form of radiation and convection are
also assumed to occur: the direct effects of these are difficult to measure but are
assumed to be minimal compared to the parasitic conduction occurring through the
insulation.

Despite the difficulties encountered with the lower conductivity specimens, the A1
6061 specimen results indicate that the apparatus is reliable for specimens with a
thermal conductivity that is similar to that of the standards. The initial error obtained
with respect to the expected value was high (-31%); after the insulation around the
measurement column was improved the error was reduced to a range of -14% to -20%.
According to the ASTM E 1225-04 the error can be reduced to achieve a precision of
6.8% using a guarded apparatus [45]: as such the error obtained with insulation is
deemed reasonable.
A large discrepancy was observed between the heat flows measured by the top and
bottom A1 6061 standards. During experiments on the A1 6061 specimen the heat flow
measured on the bottom standard was found to be 17% to 28% lower than the heat flow
measured on the top standard. The lower heat flow measured in the lower standard is
thought to be due to the large heat sink the base plate represents. The aluminum base
plate effectively draws the heat out of the standard in both the transverse and radial
directions. The presence of the base plate also prevents perfect insulation of the bottom
standard as the standard cannot be fully insulated and heat loss occurs between the
bottom of the insulation and the base plate. The difference in heat flow measured
between the top and bottom standards has a high effect on the thermal conductivity
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value measured. The thermal conductivity values calculated from the top standard
for the A1 6061 specimen were within a 1% to 10% error from the expected value,
whereas the thermal conductivity values obtained from the bottom standard had larger
errors (24% to 30%). Though similar experiments using a guarded apparatus have
yielded good results using an average of values calculated from the top and bottom
standards, the use of the average in the current case may not provide the best data.
Further experiments would be required to confirm this; however, it is foreseeable that
the best results would be obtained using only the thermal conductivity values obtained
from the measurements taken across the top standard. This would only be valid if the
specimen and standard were of similar thermal conductivities.

8.1.2 Thermal Conductivity Tests Conducted Using SS 304 Standards
The measurements taken with the SS 304 standards further confirm that as the
materials present in the column become less conductive, more heat is lost to the
surrounding insulation. The minimum error achieved for the SS 304 specimen thermal
conductivity measurement using the SS 304 standards was 30% low. The thermal
conductivity readings obtained with the SS 304 also confirm that the apparatus is only
accurate with materials of similar thermal conductivity as the A1 6061 thermal
conductivity obtained showed an error of 81% low and the HDPE had an error of 50%
high. The error on the HDPE is seven times lower than the one calculated with the A1
6061 standards.
The thermal conductivity values measured experimentally for the CF/Ep laminate
(0.57 W/mK and 1.87 W/mK) were lower than those found in literature (2 W/mK and
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100 W/mK) but the transverse thermal conductivity value was found to be in
agreement with predictions from transverse thermal conductivity models found in
literature. The in-plane thermal conductivity was much lower than values found in
literature (~ 100 W/mK); it is assumed that these values were based on unidirectional
prepreg and on raw carbon fibre material values.
It should be noted that the thermal conductivity values used seemed to provide
acceptable results. Although there may be some source of error due to the values
entered, the general trends observed in all FEM models carried out are similar to those
observed on the physical model. Therefore, despite the large errors encountered, if the
apparatus is calibrated correctly, it is possible to obtain thermal conductivity values that
yield good modelling results.
Though the thermal conductivity results obtained were adequate for modelling
purposes, more accurate results are possible. This would be achievable with a stronger
heat sink and heat source. A more efficient means of containing the heat within the
column, such as the use of a guard heater, would also provide increased accuracy.

8.2 FEM Validation
Based on temperature outside the central heat input zone, it would seem that the best
modelling approximation is provided by assuming a convection factor of 1.5 W/m K to
account for the minor heat losses that occur in the system. As explained in section
6.5.2, the lower convection coefficients tested do not provide realistic representations of
the physical model; the material retains too much heat making the process too ideal and
unrealistic.
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The major difference observed between the time/temperature profiles of the
FEM and of the physical model lies in the cyclical aspect of the heating; the frequency
of the cycling is much lower in the FEM models than it is on the physical model. The
amplitude of the heater blanket temperature cycling is also much higher than that of the
physical model.
The central parts of the physical model and of the FEM have similar temperature;
however, the experimental data tends to suggest stronger edge effects are present than
what is modelled by the FEM for a fixed convective load boundary condition. The edge
effects are thought to have been due to the vacuum line attached close to the edge of the
specimen. As a hole had to be made in the insulation to accommodate the vacuum line,
the insulation on the top surface was not as complete as that of the bottom surface.

Though the model and the validation data show similar trends, MSC Nastran does
not offer adequate control of volumetric heat loads to allow the type of predictive
modelling required to match the behaviour of a heater blanket. The results obtained by
using the method described in this thesis (Chapter 6) provide results that would be
adequate to carry out a preliminary assessment of a complex apparatus that is expected
to be held at a fixed temperature for a specified amount of time. However, cases with
short ramp-up and soak times would not necessarily lead to acceptable FEM models
because the thermostat control function cannot be made a function of time in the current
version of MSC Nastran. The temperature of the heater blanket at the end of the rampup must be estimated; if the time at soak is long enough, the volumetric heat load will
compensate for slight errors occurring in the ramp-up temperature estimates. A short

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

134

soak time will not allow this to occur. The most restricting factor for the use of
MSC Nastran to model a full ramp-up and soak process comes from the ramp-up
function, which is estimated based on the physical properties of the material and on the
known heat input. Although such estimates can be carried out for simple geometries
such as the one used in this thesis, it is unlikely that such a process could be used with a
complex geometry and multiple heater configurations.

The extension of the modelling to a heater tile configuration using the determined
thermal properties of the CF/Ep composite could provide information of value to the
conceptual design or trade-off studies. As the model without a heater tile yields
acceptable results for initial design purposes, it can be assumed that the addition of the
heater tile in the FEM is possible without further loss of data or profile accuracy. The
results obtained for the heater tile configuration in the FEM parametric studies agrees
with what researchers at IAR have experienced. Amongst other results obtained with
the heater tile analyses, the effective copper thickness issue has been widely observed; it
is a known factor among the concerned researchers that if the copper tile is too thin, it
will not function as expected. This is thought to be due to the large thermal mass that
the composite then constitutes when compared to the heater tile. FEM could then be
used as a tool to determine the adequate copper tile thickness required for a specific
composite tooling system.
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9 Conclusions and Recommendations
9.1 Conclusions
The reviewed literature does not provide the means required to develop a simple
analytical solution to the transient heat conduction in a realistic CF/Ep woven laminate
tool. This is due to the high non-linearity of the problem as well as to limited
knowledge regarding the boundary conditions which are applied to the system. In order
to obtain the temperature distribution within the material, numerical methods must be
applied. FEM was the selected numerical method for this research; MSC Nastran was
used as the analysis code and MSC Patran was used as pre- and post-processor.
The thermal properties of the material were required for input into the model of the
physical heat transfer problem studied in this research. The specific heat was provided
by the composite prepreg manufacturer, however, the directional thermal conductivities
were determined experimentally using a comparative test method. The experimental
method devised produced thermal conductivity values of 0.57 W/mK for the transverse
thermal conductivity and of 1.87 W/mK for the in-plane thermal conductivities. The
thermal conductivity values measured produced results comparable to experimental
results when implemented into the FEM but large errors were encountered within the
comparative test apparatus while taking measurements. It was found that best results
with the comparative test apparatus were obtained with materials of higher conductivity
but more importantly with materials with thermal conductivity similar to that of the
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standards used. A better heat containment method must be used to limit the heat
loss of lower conductivity materials and to obtain less error.
The FEM carried out to predict the thermal response behaviour showed trends that
are similar to those found through the validation experiments. However, the lack of
control over the volumetric heat generating loads in MSC Nastran limits the predictive
capabilities of the software. Though the results of analyses, similar to that carried out in
this research, may be used as a tool for conceptual design or preliminary trade-off
studies, they could not be used as a final design tool. The many assumptions made for
the initial ramp-up phase imply that testing would be required to ascertain that these
assumptions are valid. Therefore, though the results obtained may be used in initial
design phases, they do not offer enough accuracy to be used in advanced stages of
design of integrally heating composite tooling systems.

9.2 Recommendations
In order to properly apply the FEM, more heat loss control is required during the
thermal conductivity determination. In order to limit heat losses, the apparatus would
have to be modified to either be used in a vacuum environment or to have an integrated
guard heater. This would effectively limit the heat losses, particularly when
determining the thermal conductivity of materials with thermal conductivities below
approximately 20 W/mK.
Other commercial FEM software packages should be investigated to determine if
they offer the flexibility of control required to model a control ramp-up followed by a
soak period. Software such as ABAQUS or ANSYS may provide the extra flexibility
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not offered by MSC Nastran, through existing functions or user implemented
subroutines. MSC Nastran does not offer the user the possibility of defining sub
functions, thereby restricting the control possibilities within the model.
Further work should be carried out to evaluate the accuracy of the predictive
modelling for composite tools using copper heater tiles. A copper tile could be bonded
to the FEM validation specimen and used to run experiments to be compared to results
obtained with FEM. The effectiveness of copper tiles for heat distribution is an asset
when heating composite tools since fewer heaters would be required to heat large areas.
A tool capable of adequately modelling the cure process (ramp-up and soak) could be
used to optimize the heat usage in the system thereby allowing a power saving and
reduced costs. Comparative work with technologies currently used would also be an
asset in such a project as it would allow direct comparison between known methods and
quantities.
The possibility of using woven material micro-geometry (fibre sizes, gaps, and fibre
angles) to produce a geometry based model to determine the thermal conduction
properties of a material should also be investigated further. This would require the
development of a method that would allow the easy determination of the geometric
properties of each type of weave encountered. Currently, in order to obtain this
information, several microscope observations of the material must be carried out. If a
simple method could be found that could provide the information required, the thermal
conductivity of any weave could be determined based solely on its geometrical
properties.
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In this appendix the results for all the predictive FEM cases are given. The results
are provided in the form of time and radial temperature profiles. The configurations
used for this study are given in the following table:

Table A -1: Summary of Predictive Simulation Configurations
Configuration

Boundary Condition

Heater Blanket Output

1

Adiabatic

100%

2

Convection h = 0.5 W /m 2K

100%

3

Convection h = 1 W /m 2K

100%

4

Convection h = 1.5 W /m 2K

100%

5

Convection h = 0.5 W /m 2K

80%

6

Convection h = 1 W /m 2K
Convection h = 1.5 W /m 2K

80%

7

80%
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Figure A -l: Process Temperature Profile for Configuration 1

120

Top and Bottom Faces

100

oo
2

80

3
2
q.

60

E
0
H
40

20

0
0

10

20

30

40

50

60

70

80

Radial Distance (mm)

Figure A- 2: Radial Temperature Profile for Configuration 1
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Figure A- 3: Process Temperature Profile for Configuration 2
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Figure A- 4: Radial Temperature Profile for Configuration 2
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Figure A- 5: Process Temperature Profile for Configuration 3
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Figure A- 6: Radial Temperature Profile for Configuration 3
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Figure A- 7: Process Temperature Profile for Configuration 4
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Figure A- 8: Radial Temperature Profile for Configuration 4
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Figure A- 9: Process Temperature Profile for Configuration 5
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Figure A- 10: Radial Temperature Profile for Configuration 5
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Figure A- 11: Process Temperature Profile for Configuration 6
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Figure A- 12: Radial Temperature Profile for Configuration 6
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Figure A- 13: Process Temperature Profile for Configuration 7
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Figure A- 14: Radial Temperature Profile for Configuration 7
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