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Abstract: Novel carbon foam with high thermal conductivity is prepared by thermal
treating of mesophase pitch under certain temperature and pressure condition. With
fractal theory, the thermal conducting property of this novel porous material is
discussed. Then we deduce the area fractal dimension of carbon foam. A thermal
conductivity model of carbon foam is proposed. The relationship formula of effective
thermal conductivity is presented by using thermal resistance method. Through
computation, the effective thermal conductivity of carbon foam is acquired. The
value of model forecast is consistent with that of the actual observed for carbon
foam. This method has provided the theoretical basis for better using its fine heat
conduction performance.
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Introduction

Mesophase pitch-based graphitic carbon foams with high thermal conductivity
(80—-200 W/m K) was first prepared by Oak Ridge National Laboratory in 1998 [1] and
attracted great interest in thermal management systems to improve single and
multiphase heat transfer. Since internal structure of porous material is very complex,
heterogeneity and indeterminacy will appear in a certain scope along with the irregular
internal structure in actual porous medium. It is therefore difficult to evaluate thermal
parameter accurately by traditional methods. Fractal is a word firstly coined by
Mandelbrot [2], and has been widely used in non-linear and micro-scale science. It
can well describe the disorder and stochastic performance of porous media, however
it was seldom used in effective description of thermal conductivity of carbon foam.

A thermal-conductivity model was proposed in this paper to investigate the heat
transfer of porous carbon foam. Images of several foam samples by scanning electron
microscope (SEM) were analyzed using the fractal theory, and the area fractal
dimension of carbon foam was deduced. The relationship formula of effective thermal
conductivity is obtained by effective thermal conductivity of carbon foam. The results
by this model are consistent with the actual observation from carbon foam and the
available literature data.

Fractal model and effective thermal conductivity
Raw foams are prepared from mesophase pitch in a stainless steel mold by heating to
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appropriate temperature under adequate pressure. The raw foams are further
carbonized and graphitized; the carbon foams with three-dimensional reticulate pore
structure are shown in Fig. 1. The foam has a high effective conductivity and its
average thermal conductivity can reach as high as 180 W/m K [3]. The main purpose
of this paper is to establish a fractal model for calculating the effective thermal
conductivity of carbon foam by fractal theory.

Before using the fractal theory, it is necessary to introduce some definitions of fractal
indexes. The fractal dimension d is the most important parameter for describing the
fractals. A two-dimensional object, such as the SEM figures of carbon foam we
obtained previously, can be divided into N(®) self-similar smaller squares, each of
which is scaled down by the length of the side. Therefore, the fractal dimension d can
be defined and calculated by following equation:

N ()~ o

where N is the occupied space plot (line, surface or volume) of fractal objects, 0 is
scale of measurement, d is the fractal dimension [4].

Fractal dimension d determined by the slope of straight line N (&) verses & in the
plotting of the logarithm S-X. Carbon foam material has a network structure with the
three dimensional honeycomb skeleton struts mutually connected and each
honeycomb unit structure is different (Fig. 1). However looking from comparatively
wide range, the honeycomb unit has a similar characteristic and carbon foam is
therefore a material having fractal structure by so-called the box-counting method
definition [5]. We can calculate the dimensions of these SEM images. Regarding the
carbon foam sample, cell area mean value S and the measure criterion X assumes
the linear relations on S-X logarithmic coordinate chart. In other words, it satisfies the
following linear relation:

log(S) = logC + d log(X),

The fractal dimensions of the foam are calculated and shown in Fig. 1 where the
slopes of this line are the fractal dimensions.

Fig. 1. The cell area fractal dimension in carbon foam.

The simplified actual irregular cell rules for a regular circular cell, so that the original
profile and the actual profile of the gap have the same size. As a result, the foam
along the vertical direction and the direction of parallel have the same area fractal
dimension d, and consequently same effective conductivity characteristics. Such a
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unit cell of carbon foam is schematically shown in Fig. 2a.
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Fig. 2. (a) Simplified heat conduction. (b) Thermal conductivity model of unit cell.

In Figure 2a, Lo is the characteristic length for whole unit cell and L; is the
characteristic length for the cavity feature length of the cell. Thus, for unit fractal cell of
carbon foam, its simplified model of the thermal conductivity can be described by
Figure 2b.The heat conduction process of units fractal foam can be analyzed by
thermal resistant network as shown in Fig. 4. We try to use this method in this paper to
establish the relation between the average porosity and the effective thermal
conductivities of carbon foam. The heat conduction of thermal resistant network can
be represented in Fig. 4. Paths of heat flux through a cell represented by electrical
circuits.
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Fig. 4. The thermal resistance network.

If, moreover, we assume that the thickness of the cell at the direction perpendicular to
this paper is the unit length 1, the thermal resistance of every part of the cell can be
given as
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Similar to the calculation methods of circuit parameters, the whole thermal resistance
of the cell is
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where R is the effective thermal conductivity of carbon foam. According to the paths of
the thermal resistance network, the whole thermal resistance can also be written as:
R=_to 1 (3)
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Substituting Eq. (1) and (2) into Eq.(3), the equation can be simplified as:
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On one hand, in accordance with the previous six assumptions, the porosity of carbon
foam can be given as:

Lo?
where L, is the cavity diameter of the cell, and L, is the diameter of the cell.

¢ (5)

Substituting Eq. (5) into Eq.(4), the correlation between the thermal conductivities and
the porosity can be obtained.
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According to another definition of fractal dimension [2], the relationship between the
porosity and the fractal dimension can also be presented as:

¢ = K'Adil (7)
where x is a constant.

Moreover, as shown in Fig. 1, it is apparently seen that the scale of different kinds of
cell is in the range from 3 to 5 um. In order to build an all-purposed model for each
kind of foam, we use the average scale that we have investigated previously. Then, it
is assumed that Ais (4.5 %4.5) um?. Substituting this value into Eq. (7) and combining
with the average fractal dimension which is approximately equal to 1.535, we can
obtain the value of constant &, 0.161, and Eq. (7) can be rewritten as

$=0.161x 20.25 (8)

Finally, after Eq.(8) has been substituted into Eq.(6), the formulas that describe the
relationship between the fractal dimension and effective thermal conductivities of
carbon foam are obtained.
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Where Ay is the thermal conductivity of solid wall in carbon foam, Ag is the thermal
conductivity of air. Ay, between 1300 W/ W/m K and 1700W/ W/m K, Ag=0.03 W/m
K [6] respectively. By calculating, the effective thermal conductivity of carbon foam is



148 W/m K-179 W/m K. The area fractal dimensions of vertical direction to foam cell
profile and that along the direction are almost the same, thus the effective thermal
conductivity difference of carbon foam between the vertical and along the foaming
direction is not big. The average effective thermal conductivity of carbon foam is 148
W/m K-179 W/m K. The effective thermal conductivity by calculation is extremely
close to the experimental results and the deviation of the calculated and measured
value is less than 5%. The fractal methods and thermal resistant network can
therefore be used to well predict heat conduction in porous media. The effective
thermal conductivity of carbon foam is closely related to its each component thermal
conductivity and the porosity as well as fractal dimension, and has nothing to do with
other factors.

Conclusions

In this paper, based on fractal theory, the fractal dimensions of carbon in their
cross-section can be determined from the SEM images using the box-counting
method. The relation between the fractal dimension and the porosity of carbon foam
has been established. We also succeed in establishing a fractal model for calculating
the effective thermal conductivities of carbon foam. The value of model forecast is
consistent with that from actual observed carbon foam and that from literature data.
This method could predict the effective thermal conductivity of porous materials with
different structure.
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