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A method for the analysis of heat transfer within a multifunctional tensioned cable structure, resulting
from external heating by the impingement of a hot gas, is presented. This method, which is based on inverse
analysis, uses a conveniently applicable parametric model representation. The problem of failure predic-
tion due to the thermal degradation of the various components within complex cable structures can be
difficult due to the lack of information concerning both the anisotropic thermal properties that are typical
of these composite structures, and the heat transfer between components internally. The method of analysis
presented here provides a means of overcoming these difficulties and conveniently analyzing the perfor-
mance of multifunctional tensioned cable structural elements that are subject to external heating. Proto-
type simulations of heat transfer within a complex cable structure using the inverse parametric model
representation are presented.
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1. Introduction

Failure due to thermal degradation within a multifunctional
tensioned cable structure can be difficult to predict because, in
general, both the anisotropic thermal properties and the internal
heat-transfer paths that are inherent with these structures are
not well defined. This is because cable structures are normally
used for multiple purposes. For example, the cable generally
must sustain high tensile stresses, which require a structural
element, and may incorporate both power and control lines.
The structural component must also have sufficient stiffness at
peak loads to limit the strains induced in the insulated metal
wires and fiber optic signal strands. Given these general char-
acteristics of multifunctional cable structures, it is to be ex-
pected that a physical model representation for predicting fail-
ure resulting from the exposure to a specific heating
environment should present a problem requiring significant
levels of effort in terms of both mathematical analysis and
computer simulation. This level of effort may not be appropri-
ate for the practical analysis of performance and failure pre-
dictions of complex cable structures. Methods of inverse analy-
sis, however, provide a means for the quantitative prediction of
performance characteristics, while at the same time minimizing
the inclusion of inconvenient levels of mathematical complex-
ity (Ref 1). These methods are especially convenient for the
analysis of thermal response using thermocouple measure-
ments (Ref 2, 3). In this work, a relatively simple and conve-
niently applicable model representation of heat transfer within
complex cable structures is presented, based on inverse engi-

neering, for the analysis of the structural response due to ther-
mal degradation. This model is applied to a prototype analysis
of a cable structure consisting of graphite/phthalonitrile com-
posite strands. This prototype analysis serves two purposes:
first, it serves as an example of model calibration, or parameter
adjustment, according to experimental measurements of the
temperature field via thermocouples that are distributed at vari-
ous positions on the cable structure; and second, it is used as an
example of simulations for predicting structural failure due to
thermal breakdown resulting from the exposure of a given
linear structure of a composite nature to a specific external heat
source.

2. Parametric Model Representation

For unsteady heat deposition within a cable structure of a
finite cross section, a consistent parametric representation of
the time-dependent temperature field is:
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In these equations, TA is the ambient temperature of the cable
structure and the time t � Nt�t (Nt � 1, 2, 3, . . .) is expressed
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as Nt multiples of discrete time steps, �t. The coefficients C(xk,
yk, zk), which specify the spatial distribution of discrete surface
heat elements, and the diffusivities �1, �2, and �3 are adjustable
parameters of the inverse model defined by Eq 1 and 2. The
quantities a and l are the lengths of the sides of the rectangular
cross section of the wire structure (Fig. 1). In general, the wire
structure is characterized by an anisotropic thermal diffusivity
such that the “through-thickness” diffusivities (i.e., �2 and �3)

are significantly less than the “in-plane” diffusivity �1. The
spatial coordinates (xk, yk, zk) and (x, y, z) are the discrete
locations of the heat elements on the surface of the model wire
structure and positions within the wire structure at which the
calculated temperature is defined, respectively (Fig. 1). The
solution to the heat conduction equation given by Eq 2 repre-
sents a modification of that given in Ref 4.

3. Prototype Analysis

The cable structure considered for the present analysis was
a silicone rubber-impregnated coated assembly with carbon (C)
fiber strands having a rectangular cross section, a � 3.175 mm
(0.125 in.) and l � 6.350 mm (0.25 in.). Surface heating of this
prototype cable structure was achieved using an electric hot air
source, the maximum air temperature of which was 600 °C.

Fig. 1 Schematic representation of the model multifunctional cable
structure

Fig. 2 Overall view of the experimental arrangement used for heat-
ing the prototype cable structure

Fig. 3 C fiber prototype cable structure after testing showing a silica
coating resulting from decomposition of the silicone rubber. This silica
coating insulated the cable structure from further heating, even though
the hot air temperature was increased.

Fig. 4 Temperature history of a graphite fiber composite strand
prototype cable structure. The internal temperature reached 600 °C
(1112 °F), after which point the silicone rubber decomposed to form a
silica coating that insulated the cable.
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Shown in Fig. 2 and 3 are the experimental arrangements for
heating and the prototype cable structure, respectively. The
heating pattern after an experiment, shown in Fig. 3, which
appears white, is correlated with the formation of a silica coat-
ing resulting from the decomposition of the silicone rubber
matrix of the cable structure. This pattern was adopted for
assigning the spatial distribution of surface heat elements (i.e.,
the values of coefficients C and a set of positions (xk, yk, zk)
defined in Eq 2). For the purpose of this prototype analysis, two
thermocouple measurements were made during the heating pe-
riod. One thermocouple was attached within the center of the
cable structure, below the point of maximum heating, while the

other was attached on the surface of the structure at the point
of maximum heating from the hot air source. Shown in Fig. 4
are temperature histories corresponding to thermocouple mea-
surements at these two positions, on and within the graphite-
fiber prototype cable structure. Also shown in Fig. 4 is a sig-
nature corresponding to the exothermic reaction associated
with silicone rubber decomposition.

In the case of the prototype cable structure considered here,
there is not any time of failure, which correlates with actual
mechanical breakage or cracking. Further, the time period prior
to the decomposition of the silicone rubber coating is not as-
sumed as the time prior to failure. For the purposes of this

Fig. 5 Comparison of the calculated and experimentally measured temperature histories for three different modes of thermal conduction. (a) �1�
7.7 × 10−4 m2/s, �2��1, �3��1; �1� 3.0 × 10−3 m2/s, (b) �2� 0.27�1, �3��2; and (c) �1� 3.7 × 10−3 m2/s, �2� 0.0176�1, �3��2. Bottom
and top “coarse” curves are for experimentally measured temperatures at the center and on the surface, respectively. Bottom and top “smooth” curves
are for simulated temperatures at the center and on the surface, respectively.
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prototype analysis, the total time period of the experimental
measurements, 500 s, is that which is assumed as the time prior
to failure.

The inverse model defined by Eq 1 and 2 is a function of the
adjustable parameters C(xk, yk, zk), �1, �2, �3, and �t. For the
purpose of this prototype analysis, the authors consider only
adjustment of the parameters C(xk, yk, zk) and �1. This is con-
sistent with the authors’ use of two thermocouple measure-
ments of temperature histories. The values of �2, and �3, are
assigned according to their relationship to �1. This relationship
is specified according to the mode of heat conduction occurring
within the wire structure. Three modes of heat conduction are
considered: purely isotropic, moderately anisotropic, and an-
isotropic (typical of laminate wire structures). A typical value
of �2/�1 for a graphite/epoxy laminate is 0.01757, which the

authors have adopted for their prototype analysis. The discrete
time step �t and the total number of time steps Nt were 0.4865
s and 1000, respectively.

Shown in Fig. 5 are the calculated temperature histories, at
the locations of thermocouple measurement, corresponding to
three different modes of heat conduction within the prototype
cable structure. For each case, the values of C(xk, yk, zk) and �1

have been adjusted so as to achieve the best correspondence of
the calculated and measured temperature histories over the en-
tire time interval extending over 500 s. The spatial distribution
of C(xk, yk, zk) was that of the decomposition pattern shown in
Fig. 3 such that the discrete locations (xk, yk, zk) were at a grid
spacing �l � 1.27 × 10−3 m. Shown in Fig. 6 to 9 are simu-
lations of heat transfer within the prototype cable structure over
a period of time prior to the assumed point of thermal break-

Fig. 6 Simulations of heat transfer within the prototype cable structure corresponding to the three different modes of heat conduction. Case (c)
is characteristic of the actual physical response of the prototype C-fiber composite strand cable structure. Two-dimensional slice of the three-
dimensional temperature field at 1 s
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down corresponding to the three different modes of heat con-
duction: �1� 7.7 × 10−4 m2/s, �2��1, �3��1; �1� 3.0 × 10−3

m2/s, �2� 0.27 �1, �3��2; and �1� 3.7 × 10−3 m2/s, �2�
0.0176�1, �3��2. The time-dependent temperature fields
shown in Fig. 6 to 9 are for the xz-plane at the midpoint of the
y-axis (Fig. 1).

4. Discussion and Conclusions

The simulations shown in Fig. 6 to 8 are for a heat source
having the characteristics of the experimental arrangement de-
scribed by Fig. 2 and 3. The values of the parameters C(xk, yk,
zk), �1, �2, �3, and �t have been adjusted according to the
inverse model defined by Eq 1 and 2 with respect to this spe-
cific heat source. These parameters will, in principle, provide

an estimate of the response of the wire structure to heat sources
having different spatial and temporal characteristics.

The level of anisotropy is specified according to the ratio
�1/�2 (where �3� �2). In practice, this quantity may be as-
signed according to the temperature history measured by an
additional thermocouple measurement at a different location
along the x-coordinate. One can, in principle, adjust both �1/�2

and �1/�3 according to the temperature histories measured by
two additional thermocouples. In the case of more than three
measured temperature histories, the model parameters should
be optimized following a least-squares procedure (Ref 3).

The simulations presented in this study serve to isolate two
properties of complex cable structures contributing to their
ability to resist degradation due to external heating. One prop-
erty, the average diffusivity �1 for heat transfer along the length

Fig 7 Simulations of heat transfer within the prototype cable structure corresponding to the three different modes of heat conduction. Case c is
characteristic of the actual physical response of the prototype C-fiber composite strand cable structure. Two-dimensional slice of three-dimensional
temperature field at 110 s
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of the cable structure, is representative of the capacity of the
surface of the cable structure to resist heating. Relatively low
values of �1, which correlate with relatively high heat capaci-
ties of the materials, would imply a good barrier to heat transfer
to locations within cable structures. The other property is the
level of anisotropy within the transverse cross section of the
cable structure, which was specified according to the ratios
�1/�2 and �1/�3. These ratios represent the capacity of the
internal configuration of the cable structure to resist heat trans-
fer along directions within the transverse cross section of the
cable structure.

The significant feature of a method, based on inverse analy-
sis, is its convenient applicability for analysis of the perfor-
mance of multifunctional cable structures subject to external
heating. Although this method employs a parametric model

representation defined in terms of a rectangular cross section, it
is sufficiently general for the representation of anisotropic heat
transfer within a cable structure of arbitrary cross section. Con-
sistent with the inverse-modeling approach, the model param-
eters are assumed to represent the average or “lumped” re-
sponse of a complex cable structure, the cross section of which
is characterized by a heterogeneous distribution of different
types of materials. It follows, therefore, that values of the
model parameters, obtained by “inversion” of thermocouple
measurements, are not sensitive to details concerning the cross
sectional shape of a given cable structure. This insensitivity,
based on the assumed nature of the model parameters, provides
a basis for representing heat transfer in complex cable struc-
tures by the relatively simple and convenient model defined by
Eq 1 and 2.

Fig. 8 Simulations of heat transfer within the prototype cable structure corresponding to the three different modes of heat conduction. Case c is
characteristic of the actual physical response of the prototype C-fiber composite strand cable structure. Two-dimensional slice of three-dimensional
temperature field at 305.1 s
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Finally, it is important to note that the model presented here
considers only one aspect of the overall process of thermal
degradation within multicomponent tensioned cable structures.
A complete characterization of such degradation by means of a
model must consider the physical nature of the coupling be-
tween the impinging hot-gas plume and the surface of the cable
structure, as well as the coupling between the heat transfer and
mechanical response properties of the cable structure. In prin-
ciple, the temperature fields calculated by means of the inverse
model defined by Eq 1 and 2 should be easily combined with
model representations of these other aspects of thermal degra-
dation within cable structures. The goal for the development of
such model representations, however, should still be a minimi-
zation of the inclusion of inconvenient levels of complexity.
This goal is usually achieved using methods based on inverse
analysis. The advantage of using inverse models to calculate
temperature histories within complex cable structures is that

they provide a basis for predicting failure rates under different
types of heating conditions.
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