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A B S T R A C T   

Graphite foams with excellent effective thermal conductivity and large surface area have primarily constituted a 
new area for the emerging fields of energy conversion, conservation, and management, potentially crucial for 
reaching the goals of carbon neutrality and emission peak. For such energy applications, graphite foam’s thermal 
conductivity and permeability pave the physical foundation for understanding, designing, and operating ther-
mofluidic flows inside the porous medium. However, previous prediction models of conductivity and perme-
ability seldomly considered the effects of random distributions of pore shape and size intrinsically induced 
during processing of the graphite foam. To rectify this problem, analytical models of permeability and effective 
thermal conductivity for graphite foam are derived based on fractal theory, being duly accounted for random 
distributions of pore shape and size. In parallel, pore-scale numerical simulations are carried out, providing cross- 
validation and shedding light on transport mechanisms at pore level. Analytical model predictions and numerical 
simulation results are compared with existing experimental data. Results revealed that fractal analytical models 
accurately predicted the permeability and conductivity of graphite foams in a porosity range from 0.686 to 
0.918, with different parent ligament materials and filling fluids (e.g., air and paraffin wax).   

1. Introduction 

Porous media with large specific surface areas and high conducting 
solid skeletons have received increasing attention, particularly in energy 
applications. For instance, upon depositing catalyst particles on solid 
skeleton, the porous structure supported catalyst can take advantage of 
the superiorities of fluid mixing and high heat conduction of the solid 
skeleton [1]. A significant number of energy applications with porous 
reactors have been established, including fuel cells [2,3], heat storage 
[4–6], thermal absorption [7,8], hydrogen storage [9,10], electro-
chemical flow cell [11,12], and building energy management [13,14]. 
Common in such applications, thermofluid flow through porous skeleton 
with chemical reactions is a fundamental process [15,16]. Therefore, the 
determination, design, and operation of porous thermal reactors are 

highly dependent upon permeable flow and surface heat conduction 
inside the porous structure. 

On another front, the continuous development of power electronics 
industry leads to increasing demand in thermal management and hence 
requirement for improved heat dissipation efficiency. Aluminum and 
copper with high thermal conductivity are widely used as the primary 
material for heat exchanger constructions [17]. Often, for industrial 
fields like aerospace and transportation, the weight of heat exchanger 
becomes a critical issue. As a result, highly porous cellular aluminium 
and copper foams with ultralightweight attributes, high specific surface 
area, and relatively high effective thermal conductivity have become 
attractive for active cooling applications in the last two decades. 

More recently, in addition to aluminium and copper foams having 
open cells [18,19], cellular graphite foams have also been exploited for 
energy and thermal management applications. These graphite foams 
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have relatively low density (0.2–0.6 g/cm3) [20], high porosity 
(75–90%) [21], high specific surface area (5000–50000 m2/ m3) [21] 
and, in particular, excellent effective thermal conductivity (40–160 W/

(m ⋅K)) as the thermal conductivity of graphite materials range from 800 
to 1900 W/(m ⋅K) [22]. In comparison, the effective thermal conduc-
tivity of aluminium foam is only 2 to 26 W/(m ⋅K), for the thermal 
conductivity of aluminium varies from 140 to 237 W/ (m ⋅K)) [23]. 
Further, when weight is of critical concern, the thermal conductivity to 
weight ratio is greater than 200 for graphite [24], much larger than that 
(45) of copper or that (54) of aluminium [17]. Therefore, highly porous 

graphite foams with attributes of ultralightweight, high specific surface 
area, and high effective thermal conductivity have become attractive for 
thermal management [22], active cooling of power electronics [25,26], 
electromagnetic shielding [27,28], thermal energy storage [29–31], and 
etc. The key process in the above energy applications is fluid flow and 
interstitial heat transfer inside pore space. Understanding the physical 
mechanisms of fluid flow and interstitial heat transfer inside the pore 
space is essential for practical applications. In addition, at the macro-
scopical scale, it is of significance to determine its permeability and 
effective thermal conductivity as well as quantify the effects of 

Nomenclature 

Symbols 
a Weight value 
A Cross− sectional area of each cell (m2) 
Ap Cross− sectional area of each pore (m2) 
d Pore size (m) 
dE Euclidean dimension 
ds Ligament thickness (m) 
Df Fractal dimension of pore size distribution 
DT Fractal dimension of average tortuosity 
k Thermal condcutivity (W/(m⋅K)) 
K Permeability (m2) 
L Measurement scale (m) 
L0 Characteristic length (m) 
N Number of pores 
P Pressure (Pa) 
R Thermal resistance (K/W) 
Rchain Thermal resistance of a chain (K/W) 
RD Relative devation 
S Surface area (m2) 

t Half width of ligament (m) 
V Volume (m3) 
Vtotal Total volume (m3) 
Vpore Pore volume (m3) 
Vt− p Total volume of the RS (m3) 
Vs− p Total volume of ligaments within the RS (m3) 

Greek symbols 
λ Pore diameter (m) 
ε Porosity 
τ Tortuosity 
γ Dimensionless parameter γ = ds/d 

Subscript 
av Average 
e Effective 
f Fluid 
max Maximum 
min Minimum 
RS Representative structure  

Table 1 
Unit cell models of effective thermal conductivity for graphite foams.  

Reference Unit cell Expression Comments 

Druma et al. [34] keff = ks(1 − P/100)1/n 

where 

P = 100
Vvoid

Vtotal  

- Semi-analytical solution  
- When porosity (ε) is very low, n = 2/3; when 0.60 < ε < 0.95, n = 0.77  
- Not suitable for the full porosity range  
- Periodic distribution assumed 

Yu et al. [35] 
ke = (1 − 2t + 2t2)

(1/t − 1)2 + σ
(1/t − 1)2

+ 1
kf +

2t(1 − t)
(1 − t)σ + t

ks 

where 
ε = 1 − 3t2 + 2t3  

- Analytical solution based on simplified equivalent solid square bar structure  
- Valid range of porosity: ε = 0.72 − 0.88  
- Periodical distribution assumed 

Leong and Li [36] ke = keuγat + kem⋅(1 − 2γat)+ kebγat 
where 
γat = t/a  

- Analytical solution based on thermal and electrical resistances  
- Valid range of porosity: ε = 0.77 − 0.88  
- Periodic distribution assumed 

Chai et al. [37] ke =
LA + LB + LC + LD + LE + LF
LA

kA
+

LB

kB
+

LC

kC
+

LD

kD
+

LE

kE
+

LF

kF  

- Analytical solution based on thermal resistance model  
- Not suitable for the full porosity range  
- Periodic distribution assumed 

Klett et al. [24] N/A 
ke = α

(ρbulk
ρs

)m
ks 

where 
α = 0.734, m = 1.427  

- Empirical correlation  
- Valid range of porosity: ε = 0.72 − 0.88  
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fundamental morphological parameters, since they characterize how 
fluid and heat are transported in the graphite foam. 

To model the microstructure of a graphite foam consisting of 
randomly distributed ligaments that form interconnected pores, either 
analytically or numerically, previous efforts have been largely mainly 
made to construct a representative periodic unit cell (UC) with an 
idealized topology. Once a UC is selected for a specific foam, there are 
currently two common methods to calculate its permeability and 
effective thermal conductivity.  

1) One is to modify the generalized models originating from packed 
beds to fit the experimental results of other porous media with 
distinctive pore structures. The Kozeny-Carmen equation [32] and 
the Maxwell-Eucken equation [33] are two models that are 
commonly applied to calculate permeability as well as effective 
thermal conductivity for a wide range of porous media. Although 
these extensions of classical models for packed beds could obtain 
satisfactory predictions for other types of porous media, empirical or 
fitting parameters are present in the Kozeny-Carmen model of 
permeability and the Maxwell-Eucken model of conductivity. Such 
parameters often vary from one type of porous medium to another 
and have no physical meanings.  

2) The other method to determine the UC of a porous medium is based 
on the morphological and topological reconstruction of its pore-scale 
structure. Specifically, for graphite foams, Table 1 summarizes the 
various UC-based prediction models of effective thermal conductiv-
ity developed. At present, the models for the effective thermal con-
ductivity of graphite foam are mainly empirical models [24], 
semi-analytical models [34] and analytical models [35–37]. For 
comparison, also included in Table 1 is the empirical model obtained 
by fitting the experimentally measured effective thermal conduc-
tivity of graphite foam [24]. Notably, a semi-analytical expression of 
effective thermal conductivity was obtained based upon a hexahe-
dron UC with angular point and spherical holes [34]. Nonetheless, a 
major limitation of the model is that the involved empirical param-
eters vary with the porosity of graphite foam. Although Yu et al. 
[35], Leong and Li [36] and Chai et al. [37] also developed analytical 
solutions of effective thermal conductivity for graphite foams, the 
UCs adopted in their models were somewhat idealized and assumed 
to be periodically distributed, thus cannot accurately describe the 
randomness of pore size and distribution typically in graphite foams. 
In addition, the pore-scale behaviors of thermofluidic transport 
predicted by these models are different from the actual transport 
phenomena in porous media and hence need to be further exploited. 
It should also be pointed out that the UC has been extensively used to 
study heat conduction in graphite foams but rarely the permeability. 

Existing studies paid little attention to studying and exploring pore- 
scale permeable flow and heat conduction in graphite foams with 
randomly distributed pore sizes and shapes. Fractal theory has an 

excellent performance in characterizing the transport properties of 
porous media [38,39]. To address this issue, the current study aims to 
adopt the fractal theory [40] to describe the randomness of porous na-
ture that inherently existed in graphite foams and develop analytical 
prediction models of permeability and conductivity. For validation, 
model predictions are compared with experimental and numerical 
simulation results. Besides, to provide in-depth analysis and insight into 
the mechanisms affecting permeability and effective conductivity, 
pore-scale numerical simulations on heat and fluid flow features are 
conducted by reconstructing the foam topology. 

2. Analytical model of graphite foam 

2.1. Theory of fractal porous media 

The pore shape and pore size of a porous medium are often self- 
similar [41], following a fractal law, as shown in Fig. 1 for graphite 
foams having high porosities. To characterize the cumulative numbers 
of pores N and pore size of the porous medium with pore size equaling to 
or bigger thanλ, the following fractal law has been developed [42]: 

N(d ≥ λ)= (λmax/λ)Df (1)  

where d denotes the length scale, λmax represents the maximum pore size, 
Df is the fractal dimension of the porous medium. Here, 0 < Df < 2 and 
0 < Df < 3 denote two- and three-dimensions, respectively. It has been 
established that the fractal dimension Df takes the form of [43]: 

Df = dE −
ln ε

ln(λmin/λmax)
(2)  

where dE is the Euclidean dimension, dE = 2 or 3 denotes the two- or 
three-dimensional space, ε denotes the porosity, and λmin represents the 
minimum pore size. 

The size distribution of pores in a porous medium is typically discrete 
and discontinuous. As shown in Fig. 1, the number of pores in a porous 
medium such as graphite foam is numerous. Thus, Eq. (1) can be viewed 
as a continuous and differentiable function. Upon taking differentiation 
on λ in Eq. (1) in an infinitesimal small range from λ to λ+ dλ, one has 
[42]: 

− dN =Df λDf
maxλ− (Df +1)dλ (3)  

where − dN > 0. For Eq. (1), the total number of pores Nt ranging from 
λmin to λmax is determined by Ref. [42]: 

Nt =(λmax/λmin)
Df (4) 

Thus, dividing Eq. (3) by Eq. (4) leads to: 

−
dN
Nt

=Df λ
Df
minλ− (Df +1)dλ= f (λ)dλ (5) 

Fig. 1. Graphite foam: (a) scanning electron microscope (SEM) image of graphite foam [24]; (b) idealized cubic with random pore size and distribution; (c) 
representative structure (RS). 
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where f(λ) = Df λ
Df
minλ− (Df+1) is the probability density function for pores 

in a fractal porous medium [42,43]. Based on the probability theory, the 
probability density function satisfies the following normalization con-
dition [42,43]: 
∫ +∞

− ∞
f (λ)dλ=

∫ λmax

λmin

f (λ)dλ= 1 −
(

λmin

λmax

)Df

≡ 1 (6)  

when and only when 
(

λmin

λmax

)Df

≅ 0 (7) 

It follows that, when λmin≪λmax holds, the theory of fractal geometry 
can be used to calculate the basic properties (e.g., permeability and 
conductivity) of porous media [43]. 

The formulations detailed above pave the theoretical basis of fractal 
geometry describing the complex pore-scale morphologies of porous 
materials. 

2.2. Permeability model 

With the distribution and size of pores, as well as the tortuous tube- 
like pores in a porous medium assumed to satisfy the fractal law, it has 
been demonstrated that the generalized analytical model of perme-
ability takes the form [42]: 

K =
π

128
L1− DT

0

A
Df

3 + DT − Df
λ3+DT

max (8)  

where λmax is the maximum pore size, A and L0 are separately the cross- 
sectional area of the cell in which the pore (with the cross-sectional area 
Ap) resides and the characteristic length corresponding to a set of fractal 
pores (including all fractal pores, regardless of pore sizes), and DT de-
notes the fractal dimension for the average tortuosity. 

Graphite foams are composed of many randomly-distributed spher-
ical pores with different sizes, as shown in Fig. 1. Built upon the fractal 
models presented in the previous section, the cell cross-sectional area A 
(i.e., summation of pore cross-sectional and solid cross-sectional area in 
each cell) can be analytically expressed as [44–46]: 

A=
Ap

ε = −

∫λmax

λmin

π
ε

(
λ
2

)2

dN =
πDf ,2λ2

max(1 − ε)
4
(
2 − Df ,2

)
ε

(9)  

where Df ,2 = 2 − ln ε
ln(λmin/λmax)

and Ap denotes the pore cross-sectional area. 
Fig. 1(a) presents the scanning electron microscope (SEM) image of a 

representative graphite foam [24], from which it can be seen that the 
pores are not only randomly distributed but also have random sizes. At 
the same time, the shape of the pores is also self-similar. This provides 
the physical basis for using the fractal theory to characterize 
morphology of the graphite foam. Therefore, it is assumed that its pore 
distribution satisfies the pore-scale fractal law. It can be found in Fig. 1 
(a) that the pore shape of the graphite foam is close to spherical. Given 
simplicity, pores are treated as spherical and randomly distributed 
within a sufficiently large cubic cell. The pores of varying sizes penetrate 
each other, as displayed in Fig. 1(b). The shape of the pores is self-similar 
in the fractal hypothesis. Therefore, only one representative structure 
(RS) needs to be selected for theoretical modelling and numerical 
simulation. The RS shown in Fig. 1(c) is a self-similarity pore structure in 
the fractal distribution of the graphite foam, which approximates the 
random structure displayed in Fig. 1(a) and (b). 

The RS of Fig. 1(c) still exhibits a complex structure, making theo-
retical analysis difficult to carry out. Therefore, to facilitate the 
analytical modeling of transport properties for graphite foams, its RS is 
further simplified to various extent, as depicted in Fig. 2. Firstly, its 
irregularly shaped ligaments are simplified as cuboids. Secondly, all the 
circular pores are treated as square pores. Finally, the diagonal liga-
ments are changed to ligaments that are connected at the midpoints of 
the opposite sides, as shown in Fig. 2. Note that these equivalent treat-
ments are all based on the premise of equal porosity for the RS geometry. 
Eventually, the orthogonal-rod representative structure is obtained by 
simplification, as shown in Fig. 2(d). 

With reference to Fig. 2(d), let d, ds and 2t represent the length of 
the RS, the ligament thickness and the ligament width, in respective. 
When the pore of the RS is the maximum, the corresponding pore size is 
the maximum. In Fig. 2(d), the maximum pore size is related to its 
corresponding volume Vmax− p, as: 

λmax =
̅̅̅̅̅̅̅̅̅̅̅̅̅
Vmax− p

3
√

=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Vt− p − Vs− p

3
√

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Vs− pε
/
(1 − ε)3

√

(10) 

Fig. 2. Simplification process of representative structure (RS) for graphite foams: (a) 3D view of original RS (approximate pore structure; Fig. 1(c)); (b) 3D view of 
simplified transition model I; (c) 3D view of simplified transition model II; (d) 3D view of orthogonal-rod RS; (e) top view of approximate pore structure; (f) top view 
of simplified transition model I; (g) top view of simplified transition model II; (h) top view of orthogonal-rod RS. 
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where Vt− p and Vs− p are the total volume of the pore and the total vol-
ume of solid ligaments within the RS, respectively, with the latter 
calculated as: 

Vs− p = 24tds(d − t − ds) (11) 

The fractal dimension DT of average tortuosity is a key parameter in 
the generalized analytical model of fractal permeability presented in Eq. 
(8), given by Ref. [47]: 

DT = 1 +
ln τav

ln(L0/λav)
(12)  

where λav and τav are separately the average pore dimeter and the 
average tortuosity. When the pore-scale flow channels are approxi-
mately straight in a porous medium, DT = 1.0. Once the parameters (λav, 
τav and L0) in Eq. (12) are determined, DT is finalized. The average pore 
diameter λav takes the form of [47]: 

λav =
Df ,3λmin

Df ,3 − 1
(13)  

while the characteristic length L0 are given by Ref. [48]: 

L0 = λmax

[
πDf ,3

6
(
3 − Df ,3

)
1 − ε

ε

]1
3

(14) 

Here, ε is the porosity, Df ,3 = 3 − ln ε
ln(λmin/λmax)

, λmax and λmin are the 
maximum and minimum pore size, respectively. 

When λav and L0 are determined, only the average tortuosity τav has 
not been determined in Eq. (12). The tortuosity of a porous medium is 
defined as the ratio of the actual tortuous flow path length to the straight 
(minimum) length [49]. However, typically, a porous medium contains 
many streamlines. Therefore, it is excessively difficult to calculate each 
tortuous path’s tortuosity to obtain the average tortuosity. Nonetheless, 
it is confirmed that the average tortuosity can be evaluated by averaging 
the representative streamlines [50], thus making it possible to estimate 
the average tortuosity in a complex porous medium using the geometric 

theory. The current study is mainly aimed at an isotropic open-cell 
graphite foam, for which the entrance direction of streamlines is 
depicted in Fig. 3(a). Solid ligaments in the foam are irregularly 
distributed because they contain many pores with random sizes. 
Accordingly, to further simplify the calculation, the ligaments of the 
simplified RS in Fig. 3(b) are employed to calculate the tortuosity as well 
as to simplify the irregularly distributed ligaments. Fig. 3(c) and (d) 
further reveal the distribution of streamlines near differently distributed 
ligaments: the former depicts the distribution near a single ligament 
while the latter shows the distribution near a dislocated ligament. 

In the current study, the average tortuosity τav is estimated by the 
weight analysis average of all possible flow streamlines detouring the 
struts in the RS (see Fig. 3(b)), as: 

τav =
∑n

i=1
aiτi (15)  

where a is the weight value, with the sum of all weighted values 
equaling to one (

∑n
i=1ai = 1), τi is the local tortuosity corresponding to 

the i-th flow streamline, and n denotes the total number of streamlines. 
In particular, when all the weights are equal (a1 = a2 = ⋯ = an), Eq. 
(15) becomes a statistical average [50]. Given that a good deal of flow 
paths is contained in an RS, it seems unacceptable to calculate all the 
streamlines to obtain the average tortuosity. It has been proposed that 
τav is mainly affected by the longest and the shortest tortuosity in a RS 
[50]. 

Fig. 3(c) and (d) demonstrate two representative distributions of 
streamlines in the cubic RS with a size of λ. With the size of each solid 
strut denoted as ds, the pore volume of the cell I (or II) in Fig. 3(c) and (d) 
can be readily calculated by: 

VRS− pore =

(
λ
2

)2

λ − λ⋅d2
s (16)  

while the total volume of cell I (or II) is: 

VRS− total = λ
(

λ
2

)2

(17) 

Therefore, for cell I (or II) in Fig. 3(c) and (d), the porosity can be 
calculated by: 

ε=VRS− pore

VRS− total
= 1 − 4

(
ds

λ

)2

(18) 

It follows that: 

ds

λ
=

1
2

̅̅̅̅̅̅̅̅̅̅̅
1 − ε

√
(19) 

For streamline 1 in Fig. 3(c), lAB = lEF = λ
2 − ds, lBC = lDE = ds

2 , and 
lCD = ds. Based on the tortuosity definition, the tortuosity of streamline 1 
in Fig. 3(c) can be expressed as: 

τ1− 1 =
lAB + lBC + lCD + lDE + lEF

lAB + lCD + lEF
= 1 + 2

ds

λ
= 1 +

̅̅̅̅̅̅̅̅̅̅̅
1 − ε

√
(20) 

For streamline 2 illustrated in Fig. 3(c), the actual length lGH and the 
straight length of flow path lGH are equal, and hence its tortuosity is 
simply: 

τ1− 2 =
lGH

lGH
= 1 (21) 

In Fig. 3(c), the streamline is tortuous near the ligament but almost 
straight further away from it. As porosity decreasing, the volume of 
ligaments in the RS increases, causing more tortuous streamlines. The 
two weight for streamlines 1 and 2 in Fig. 3(c) are a1− 1 =

λd2
s

λ(λ/2)2
= 4

( ds
λ

)2 

and a1− 2 =
λ(λ/2)2 − λd2

s
λ(λ/2)2

= 1 − 4
( ds

λ

)2, in respective. Hence, the average 
tortuosity τ1 in Fig. 3(c) can be achieved as: 

Fig. 3. Distribution of streamlines in the representative structure: (a) repre-
sentative structure; (b) streamline distribution in simplified representative 
structure; (c) streamline distribution near a single ligament; (d) streamline 
distribution around a dislocated ligament. 
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τ1=a1− 1τ1− 1+a1− 2τ1− 2=4
(

ds

λ

)2

τ1− 1+

[

1− 4
(

ds

λ

)2
]

τ1− 2=1+(1− ε)
̅̅̅̅̅̅̅̅̅
1− ε

√

(22) 

For streamline 1 in Fig. 3(d), lIJ = lKL =
ds
2 , lJK=

λ− 3ds
2 and lLM = lKQ = ds. 

Its tortuosity can thence be obtained as: 

τ2− 1 =
lIJ + lJK + lKL + lLM

lIJ + lJK + lKQ
= 1 +

ds

λ
= 1 +

̅̅̅̅̅̅̅̅̅̅̅
1 − ε

√

2
(23) 

Similarly, for streamline 2 in Fig. 3(d), as lNO = ds and lJN =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

l2JK + l2KN

√

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

λ
2 −

3ds
2

)2
+
( ds

2

)2
√

, its tortuosity is determined by:   

For the strut topology shown in Fig. 3(d), the ratio of streamline 1 to 
2 is not influenced via porosity. Streamlines 1 and 2 are equally likely to 
occur, regardless of the porosity variation in Fig. 3(d). Thus, they take 
the same weight for tortuous flow, e.g., a2− 1 = a2− 2 = 1

2, yielding: 

τ2=a2− 1τ2− 1+a2− 2τ2− 2 =
1
2
τ2− 1+

1
2

τ2− 2 =
2+4

̅̅̅̅̅̅̅̅̅̅
1 − ε

√
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
14 − 10ε − 12

̅̅̅̅̅̅̅̅̅̅
1 − ε

√√

4
(25)  

where a2− 1 and a2− 2 are the weight value for streamlines 1 and 2, 
respectively. 

In a real porous medium like the graphite foam, the pores often have 
a random distribution in size and shape and the corresponding solid 
ligaments are irregular. Therefore, it is difficult to measure experimen-
tally the proportions of the two ligament distributions in Fig. 3(c) and 
(d). In the present study, for simplicity, the analysis on tortuosity 
detailed above is accepted for the cases shown in Fig. 3(c) and (d), i.e., 
a1 = a2 = 1

2. Here, a1 is the weight value for the dislocated and equi-
distant arrangement in Fig. 3(c), and a2 is the weight value for the 
square configuration in Fig. 3(d). Then, based on Eqs. (22) and (25), the 
average tortuosity is manipulated to be: 

τav=a1τ1 +a2τ2 =
1
2
τ1 +

1
2

τ2 =
6+(8 − 4ε)

̅̅̅̅̅̅̅̅̅̅
1 − ε

√
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
14 − 10ε − 12

̅̅̅̅̅̅̅̅̅̅
1 − ε

√√

8
(26) 

For Eq. (12), the parameters λav, L0 and τav are all determined by Eqs. 
(13), (14) and (26). Therefore, the fractal dimension DT of τav is also 
determined. 

Eventually, as the required parameters are determined, the perme-
ability of a graphite foam can be explicitly expressed as:  

where γ = ds/d and ζ = t/d. 

2.3. Effective thermal conductivity model 

Thermal conductivity of graphite foam is analyzed using a combi-
nation of the fractal theory and the thermal-electrical analogy. To this 
end, the fractal morphology of the foam is described using the approach 
introduced by Yu and Cheng [51] for granular porous media. As shown 
schematically in Fig. 4(a), Yu and Cheng [51] regarded a granular 
porous medium as composed of curved granular chains. Built upon this 
approach, to model heat conduction in graphite foam, the original 
granule in the granular chains is replaced by a RS representing the 

graphite foam, as shown in Fig. 4(b). Then, for predicting conductivity, 
the following steps are undertaken sequentially:  

1) Calculate thermal resistance of individual RS;  
2) Calculate thermal resistance of a RS chain composed of RSs in series;  
3) Calculate the effective thermal conductivity of graphite foam 

composed of different RS chains in parallel. 

2.3.1. Thermal resistance of representative structure (RS) 
Upon considering the symmetry of the RS as shown in Fig. 5(a), a 

one-eighth cell is selected to analyze its thermal resistance, with its top 
section subjected to constant heat flow. Since the parent material of 
graphite foam has a very high thermal conductivity, the foam exhibits a 
large conductivity ratio of solid ligament (ks) to filling fluid (kf ): for 
instance, when saturated with air, the ratio is as high as 30188–75471. 
Therefore, heat conduction mainly exists along the z-axis direction in 
parallel, and only the thermal resistance along the thermal flow direc-
tion needs to be considered. In addition, the thermal contact resistance 
of graphite ligaments as well as convection and thermal radiation in the 
RS are ignored during the analysis of effective conductivity. 

With reference to Fig. 5(b), let ds, 2t and d denote the thickness of 
ligament, width of ligament and pore size, respectively. The one eighth 
of the RS can be divided into three layers (i.e., A, B and C) from left to 
right (i.e., the x-axis direction). The A-layer can be further subdivided 
into three sublayers (i.e., A1, A2 and A3), and their thermal resistances 
can be calculated as: 

RA1 =
d

2ksdst
(28)  

K
d2

s
=

1
32

Df ,3
(
2 − Df ,2

)

Df ,2
(
3 + DT − Df ,3

)

[
πDf ,3

6
(
3 − Df ,3

)
1 − ε

ε

]1− DT
3 [

24
ζ
γ

(
1
γ
−

ζ
γ
− 1

)
ε

1 − ε

]2
3 ε
1 − ε (27)   

τ2− 2 =
lIJ + lJN + lNO

lIJ + lJK + lKQ
= 3

ds

λ
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

1 − 3
ds

λ

)2

+

(
ds

λ

)2
√

=
3
2

̅̅̅̅̅̅̅̅̅̅̅
1 − ε

√
+

1
2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

14 − 10ε − 12
̅̅̅̅̅̅̅̅̅̅̅
1 − ε

√
√

(24)   
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RA2 =
d − 2t

kf ds(d − 2t − 2ds)
+

2t
ksds(d − 2t − 2ds)

(29)  

RA3 =
d − 2t
2kf d2

s
+

t
ksd2

s
(30) 

The A-layer thermal resistance is obtained by connecting the A1, A2 
and A3 sublayers in parallel, as: 

1
RA

=
1

RA1
+

1
RA2

+
1

RA3
=

2ksdst
d

+
kskf ds(d − 2t)

ks(d − 2t) + 2kf t
(31) 

Similarly, the thermal resistance of the B-layer composed of B1, B2 
and B3 sublayers in parallel is calculated as: 

RB1 =
2ds

kst(d − 2t − 2ds)
+

d − 2ds

kf t(d − 2t − 2ds)
(32)  

RB2 =
2d

kf (d − 2t − 2ds)
2 (33)  

RB3 =
d − 2t

kf ds(d − 2t − 2ds)
+

2t
ksds(d − 2t − 2ds)

(34)  

1
RB

=
1

RB1
+

1
RB2

+
1

RB3
=

kskf t(d − 2t − 2ds)

2kf ds + ks(d − 2ds)
+

kf (d − 2t − 2ds)
2

2d
+

kskf ds(d − 2t − 2ds)

ks(d − 2t) + 2kf t

(35) 

As noticed in Fig. 5(b), the thermal resistances of the C1, C2 and C3 
sublayers are connected in parallel to construct the C-layer thermal 
resistance. Then, the C-layer thermal resistance can be calculated as: 

1
RC

=
1

RC1
+

1
RC2

+
1

RC3
=

kskf t(d − 2ds)

2kf ds + ks(d − 2ds)
+

2kstds

d
(36)  

where 

RC1 =
ds

kst2 +
d − 2ds

2kf t2 (37)  

RC2 =
2ds

kst(d − 2t − 2ds)
+

d − 2ds

kf t(d − 2t − 2ds)
(38)  

RC3 =
d

2kstds
(39) 

Upon paralleling layers A, B, and C, the thermal resistance of the one- 
eighth RS in Fig. 5(b) is calculated as: 

1
Rone− eighth− RS

=
1

RA
+

1
RB

+
1

RC
=

4ksdst
d

+
kf (d − 2t − 2ds)

2

2d

+
2kskf ds(d − 2t − ds)

2kf t + ks(d − 2t)
+

2kskf t(d − t − 2ds)

2kf ds + ks(d − 2ds)

(40) 

Eventually, the total thermal resistance of the RS is obtained as: 

1
RRS

=
2

Rone− eighth− RS
= dβ (41)  

where 

β= 8ksγζ + kf (1 − 2ζ − 2γ)2
+

4kskf γ(1 − 2ζ − γ)
2kf ζ + ks(1 − 2ζ)

+
4kskf ζ(1 − ζ − 2γ)
2kf γ + ks(1 − 2γ)

(42)  

2.3.2. RS chain model 
Previously, a granular porous medium consisted of non-contacting 

and curved granular chains [51], as shown in Fig. 4(b). Based on this 
concept, the graphite foam of concern is assumed to be composed of RS 
chains with different pore sizes. Then, for the idealized foam topology of 
Fig. 5(a), a tortuous RS chain is formed by a series of RSs having iden-
tical pore size, as shown in Fig. 4(b). Further, the graphite foam is 
composed of tortuous RS chains having different pore sizes in parallel, 
and the RS chains are assumed to obey the fractal distribution law. 
Subsequently, the effective thermal conductivity is obtained in two 
steps. The effective conductivity of a single RS chain is first derived 
using a series model. Then, the effective conductivity of graphite foam 
composed of multiple RS chains with different pore sizes is derived using 
a parallel model. 

The actual length (Lt) of a fluid passing through a porous medium 
with pore size λ satisfies the fractal law [42]: 

Lt(λ)= λ1− DT LDT
0 (43) 

In the current study of graphite foam, the flow of heat along a single 
RS chain with pore size λ is assumed to have a heat conduction actual 
lengthLt(λ), in which the number of RSs is Lt(λ)/λ. Fourier’s law then 
dictates that the thermal resistance of a single tortuous RS chain is: 

Fig. 4. Schematic demonstration of thermal path in porous media: (a) granular 
chain in granular porous media [51]; (b) RS chain in graphite foams. 

Fig. 5. Schematic of representative structure thermal resistance: (a) represen-
tative structure; (b) top, (c) front and (d) side view. 
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Fig. 6. Schematic of geometric structure parameters for the numerical simulation model of graphite foam: (a) solid phase; (b) cross-section diagram; (c) main view of 
a cross-sectional diagram. 

Fig. 7. Computational domain and boundary conditions: (a) representative 
mesh; (b) boundary conditions for permeability; (c) boundary conditions for 
effective thermal conductivity. 

Table 2 
Results of grid independence test.  

Foam specimen Grid 1 Grid 2 Grid 3 Grid 4 

297085 895789 1959090 4365895 

Pressure drop ΔP (Pa)
GF-1 4.86× 10− 4 5.08× 10− 4 5.92× 10− 4 6.03× 10− 4 

Difference 19.4% 15.8% 1.8% Baseline 
Heat flux (W/m2)

GF-1 502554 501857 501048 500796 
Difference 0.35% 0.21% 0.05% Baseline  

Table 3 
Parent and filling materials of graphite foams for effective thermal conductivity 
simulation.  

Materials ks (W /(m ⋅K)) Materials ks (W /(m ⋅K))

ORNL GF [24] 1300 Pure CF [52] 3.5 
ARA24-D foam (1000 ◦C) 

[20] 
0.25–25 (~14) UGF [53] 330–740 

(~535) 
ARA24-D foam (2800 ◦C) 

[20] 
~1150 Air 0.0267 

POCO foam™ [24] 1640 Paraffin wax 
[53] 

0.28 

Note: a “GF”, “CF” and “UGF” represent graphite foam, carbon foam and ultra-
thin graphite foam, respectively. 

Table 4 
Pore-scale geometric parameters.  

Foam sample ε a (mm) R1 (μm) R2 (μm) R3 (μm) ds (μm) 

GF-1 0.686 0.4 102 50 194 96 
GF-2 0.709 0.4 100 40 200 86 
GF-3 0.732 0.4 110 50 195 77 
GF-4 0.749 0.4 115 52 192.6 70 
GF-5 0.767 0.4 120 50 190 64 
GF-6 0.783 0.4 122.6 50 190 59 
GF-7 0.798 0.4 125 50 190 54 
GF-8 0.813 0.4 129 50 187 49 
GF-9 0.835 0.4 133 50 185 42 
GF-10 0.852 0.4 136 50 183 37 
GF-11 0.876 0.4 140 50 180 31 
GF-12 0.892 0.4 150 24 160 26 
GF-13 0.918 0.4 150 32 170 20 

Note: a “Sim” represents simulate data, and ds is calculated by Eq. (47) where ζ =

0.08.  
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Rchain =
Lt(λ)

λ
RRS =

λ− 1− DT LDT
0

1 + 2γ
β− 1 (44) 

From Eq. (3), the number of tortuous chains is − dN =

Df λ
Df
maxλ− (Df+1)dλ within the infinitesimal range of λ to λ+ dλ for pore sizes. 

Thus, with these chains taken as connected in parallel, the total thermal 
resistance of the graphite foam is finalized as: 

1
Rt

=

∫ λmax

λmin

Df ,2λDf ,2
maxλ− (Df ,2+1)dλ

Rchain
(45)  

2.3.3. Effective thermal conductivity 
According to Eqs. (9), (14) and (45), the effective conductivity of the 

graphite foam can be obtained as: 

ke =
L0

ARt
=

(1 + 2γ)
(
2 − Df ,2

)
ε

(
DT − Df ,2 + 1

)
(1 − ε)

[
πDf ,3(1 − ε)
6
(
3 − Df ,3

)
ε

]1− DT
3 (

1 − ε
DT − Df ,2+1

2− Df ,2

)

β (46)  

where β is determined by Eq. (42). From Fig. 5(a), the porosity ε can be 
expressed as: 

ε= 1 −
Vs

VRS
= 1 − 24ζγ(1 − ζ − γ) (47)  

where γ = ds/d, ζ = t/d and 0 < γ + ζ < 0.5. The dimensionless 
numbers are related to the structural parameters (d, ds, and t). For 
different porous materials, the value of ζ may be different. When the 
dimensionless number ζ is determined, the dimensionless number γ and 
the porosity ε are in a one-to-one correspondence by Eq. (47). The 
structural parameters in Fig. 2(d) are simplified models of complex 
graphite foams. These structural parameters are difficult to measure 
based on experiments, and many experimental data also lacks these 
parameters. But these parameters have actual physical meanings. 
However, precisely determining these parameters needs to be further 
studied in the future. 

Fig. 8. Direct numerical simulation models with varying porosities: (a) graphite foam assembly; (b) solid phase; (c) fluid phase.  

Table 5 
Comparison between predictions of fractal permeability model and existing experimental measurements for graphite foams.  

Foam sample ε λ (μm) ds (μm) ζ K (Exp) (m2) K(Pre) (m2) RD (%) 

Leong et al. [54] 0.75 310 110a 0.058 7.74× 10− 10 7.78× 10− 10 0.52 
Straatman et al. [55] 0.82 500 82.3b 0.044 6.13× 10− 10 6.17× 10− 10 0.65 

Note. 
a Estimated from the scanning electron microscope (SEM) image in Leong et al. [54]. 

b Calculated based on empirical correlation [56]: 
ds

dp
= 1.18

̅̅̅̅̅̅̅̅̅̅̅
1 − ε
3π

√ ( 1
1 − e− (1− ε)/0.04

)

.  

Fig. 9. Comparison between theoretical model predictions and numerical 
simulation results. 
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3. Pore-scale numerical simulation 

3.1. Problem setup 

The commercial software ANSYS CFX 19.1 is employed to simulate 
both pore-scale permeable flow and conduction in graphite foams as 
well as explore the underlying transport mechanisms. 

To perform the pore-scale direct numerical simulations, quantifying 
the effect of local ligaments on flow and heat conduction behaviours is of 
vital importance. According to SEM images of graphite foam (e.g., Fig. 1 
(a)), the numerically simulated cubic unit pore structure for graphite 
foam is selected, with its solid geometry shown in Fig. 6(a). In Fig. 6(b) 
and (c), for the simplified foam solid geometry, the pores on each prong 
are quarter spheres of radius R1, the pores on each surface are circles of 
radius R2, the central pore is a sphere of radius R3, and the side length of 
the cubic model is a. 

It is difficult to use structured meshes to model the foam structures. 
The commercial software ANSYS ICEM CFD 19.1 is adopted to generate 
unstructured tetrahedral meshes, as shown in Fig. 7(a), with appropriate 
densification at fluid-solid contact surfaces. For grid independence 
checking, four sets of meshes with different elements (297085, 895789, 
1959090, and 4365895) are applied, and the results are demonstrated in 

Table 2. Predicted values for pressure drop and heat flux remain almost 
unchanged once the grid number exceeds 1.95 million: as the grid 
number is increased from 1959090 to 4365895, the pressure drop 
change is less than 2% while the heat flux change is less than 0.1%. 
Therefore, the number of mesh elements is no less than 1959090 in 
subsequent simulations. 

3.2. Permeability modelling 

To numerically calculate the foam permeability, the boundary con-
ditions adopted are displayed in Fig. 7(b): two faces are set as the inlet 
and outlet for air flow, and the other four faces are symmetric. To obtain 
stable and fully developed flow inside the pore-scale model, a periodic 
translational boundary condition with a mass flow rate of 3.13 ×

10− 12 kg⋅s− 1 is applied. Since the Reynolds number (based on cell size) 
is calculated to be less than 1.0, the effect of fluid inertial force can be 
disregarded. To ensure the accuracy of the present numerical simula-
tions, the convergence residuals for both continuity and momentum 
equations in every iteration are less than 10− 7. 

Fig. 10. Velocity field in graphite foam cells having various porosities: (a) GF-3; (b) GF-7; (c) GF-9; (d) GF-13.  

Fig. 11. Streamline distribution: (a) GF-9; (b) GF-13.  
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Table 6 
Experimental data of effective thermal conductivity for graphite foams filled by air or paraffin.  

References Bulk density (g/cm3) Ligament density (g/cm3) Porosity, ε ke (W /(m ⋅K)) Remarks 

Klett et al. [24] 0.6192 2.23 0.7223a 151.87 ORNL GF-Air 
0.6096 2.23 0.7267a 160.16 
0.6086 2.23 0.7271a 169.23 
0.5991 2.23 0.7314a 131.76 
0.5990 2.23 0.7314a 149.90 
0.5989 2.23 0.7314a 160.95 
0.5894 2.23 0.7357a 151.48 
0.5691 2.23 0.7448a 148.72 
0.5393 2.23 0.7581a 127.81 
0.4797 2.23 0.7849a 104.54 
0.4690 2.23 0.7897a 119.92 
0.4499 2.23 0.7983a 86.79 
0.4007 2.23 0.8203a 74.95 
0.3902 2.23 0.8250a 68.24 
0.3901 2.23 0.8251a 74.56 
0.3794 2.23 0.8298a 92.31 
0.3102 2.23 0.8609a 55.23 
0.2996 2.23 0.8656a 52.47 
0.2899 2.23 0.8700a 67.06 
0.2803 2.23 0.8743a 61.54 
0.2697 2.23 0.8790a 48.13 
0.2504 2.23 0.8877a 50.49 

Fleming et al. [53] 0.188 N/A 0.916 16.5 UGF-Paraffin wax 
0.166 N/A 0.925 14 
0.131 N/A 0.941 13.7 
0.088 N/A 0.96 7.1 
0.076 N/A 0.966 7.6 
0.048 N/A 0.978 2.6 
0.019 N/A 0.9913 2.4 

Klett et al. [24] N/A N/A 0.73 182 POCO FoamTM-Air 
Straatman et al. [55] N/A N/A 0.82 120 POCO FoamTM-Air 
Jana et al. [52] 0.280b 1.934 0.8551 0.151 Pure CF-Air 

0.170b 1.934 0.9123 0.099 
0.13 1.934 0.933 0.11 
0.080b 1.934 0.9585 0.061 
0.065b 1.934 0.9662 0.052 
0.058b 1.934 0.9700 0.048 
0.045b 1.934 0.9766 0.039 

Klett et al. [20] 0.579 2.06 0.7189a 1.201 ARA24-D Foam (1000 ◦C)-Air 
0.540 2.06 0.7381a 1.701 
0.530 2.06 0.7428a 1.601 
0.439 2.06 0.7867a 1.303 
0.420 2.06 0.7962a 1.104 
0.410 2.06 0.8010a 1.104 
0.369 2.06 0.8206a 1.203 
0.360 2.06 0.8253a 1.000 
0.240 2.06 0.8836a 0.701 
0.230 2.06 0.8883a 0.602 
0.230 2.06 0.8883a 0.701 
0.220 2.06 0.8931a 0.602 

Klett et al. [20] 0.589 2.23 0.7357a 151.3 ARA24-D Foam (2800 ◦C)-Air 
0.570 2.23 0.7446a 148.8 
0.549 2.23 0.7540a 85.6 
0.539 2.23 0.7584a 128.0 
0.480 2.23 0.7848a 104.8 
0.400 2.23 0.8207a 75.0 
0.389 2.23 0.8257a 68.1 
0.389 2.23 0.8257a 74.7 
0.379 2.23 0.8301a 92.3 
0.310 2.23 0.8610a 55.3 
0.299 2.23 0.8659a 52.8 
0.289 2.23 0.8704a 67.3 
0.279 2.23 0.8748a 62.1 
0.269 2.23 0.8792a 48.3 
0.250 2.23 0.8880a 50.7 

Note. 
a ε = 1 − ρbulk/ρligament, where ρbulk and ρligament are bulk density and ligament density, respectively. 
b ρbulk = ρligament(1 − ε).  
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3.3. Effective thermal conductivity modelling 

Owing to the fact that the parent material of a graphite foam varies 
significantly from one manufacturer to another due to difference in 
processing routines, thus has notably effect on its effective thermal 
conductivity. For the present pore-scale numerical simulations of 
effective conductivity, the thermal conductivities of different parent 
materials and filling substrates are shown in Table 3. The boundary 
conditions adopted for these simulations are presented in Fig. 7(c): the 
top surface temperature is fixed at 300 K (i.e.,T1 = 300 K), the bottom 
surface temperature is set at 299 K (i.e.,T2 = 299 K), while the 
remaining four faces are symmetric. It has been demonstrated that en-
ergy equations convergence criteria in each iteration set at 10− 10 ensure 
the calculation accuracy. 

3.4. Pore-scale simulation models of varying porosities 

To provide in-depth transport characteristics in a graphite foam and 
calculate its effective thermal conductivity and permeability, numerical 
simulations are performed with a series of pore-scale geometry models, 
with the porosity varied from 0.686 to 0.918. Table 4 summarizes 
relevant pore-scale geometrical parameters of the foam. For the calcu-
lation, the foam porosity is varied from 0.686 to 0.918 (i.e., 
0.686⩽ε⩽0.918). In respective, selected geometry models are presented 
in Fig. 8 with respect to graphite foam assembly, solid phase, and fluid 
phase. The overall size of computational domain (i.e., the cubic cell) is 
fixed as the porosity is varied, as illustrated in Fig. 8(a). Varying the 
porosity leads to variations in ligament thickness and shape (Fig. 8(b)): 
the higher the porosity, the thinner the ligaments and the smaller the 
nodes (i.e., intersection or joint of ligaments). Fig. 8(c) depicts corre-
sponding changes in fluid volume and shape as porosity is increased. 

Fig. 12. Comparisons among model predictions, experimental data and simulation data: (a) ORNL GF-Air; (b) UGF-Paraffin wax; (c) POCO foam™-Air; (d) Pure CF- 
Air; (e) ARA24-D foam (1000 ◦C)-Air; (f) ARA24-D foam (2800 ◦C)-Air. 
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4. Results and discussion 

4.1. Permeability 

4.1.1. Model validation 
In sharp contrast to effective thermal conductivity, previous studies 

are rarely concerned with theoretically determining the permeability of 
graphite foams. Therefore, existing experimental results [54,55] and the 
current simulation data are employed to verify the present permeability 
model. Table 5 compares the predicted permeability values with those 
experimentally measured; relevant pore parameters including ε, λ and ds 
are also listed. To quantitatively analyze the accuracy of model pre-
dictions, relative deviation (RD) is defined, as: 

RD=

⃒
⃒
⃒
⃒
Kpre − Kexp

Kexp

⃒
⃒
⃒
⃒ (48)  

where the subscripts “exp” and “pre” represent prediction and experi-
ments, in respective. 

The foam sample tested by Leong et al. [54] has a porosity of 0.75 
and a pore size of 310 μm. Based on the scanning electron microscopy 
(SEM) image provided by these authors, the ligament thickness of the 
foam is estimated as 110 μm. As to the sample tested by Straatman et al. 
[55], the porosity is 0.82, the pore size is 500 μm, and the ligament 
thickness is calculated using the empirical correlation [56], ds

dp
=

1.18
̅̅̅̅̅̅
1− ε
3π

√ (
1

1− e− (1− ε)/0.04

)
, as 82.3 μm. It can be seen from Table 5 that a 

maximal deviation less than 0.7% is achieved between model prediction 
and experimental measurement, thus demonstrating the validation of 
the proposed fractal permeability model. 

To enrich the diversity of porosity for graphite foam, 13 geometry 
models with porosities ranging from 0.686 to 0.918 are constructed for 
direct numerical simulation; Table 4 presents detailed parameters of 

these geometry models. Fig. 9 compares the permeabilities obtained by 
model predictions and numerical simulations and, again, satisfactory 
agreement is achieved, further illustrating the verification of the model. 

4.1.2. Pore-scale features for fluid flow 
Fig. 10 demonstrates how the numerically simulated pore-scale ve-

locity field in a graphite foam varies with its porosity. Increasing the 
porosity reduces ligament thickness and hence the resistance of liga-
ments to fluid flow. Macroscopically, fluid pressure drop through the 
graphite foam cell decreases, increasing permeability. Since the inlet 
and outlet of the graphite foam cell are set as periodic translational 
boundaries for constant mass flow, the velocity field in the central re-
gion of the cell decreases with increasing porosity in Fig. 10(a). A higher 
porosity with a fixed mass flow rate leads to a larger pore window area, 
causing the pore-scale velocity to decrease. 

Fig. 11 presents the distribution of streamlines in selected graphite 
foam cells. In Fig. 11(a), the pores around the cell edges are blocked by 
ligaments. Streamlines in the A area of Fig. 11(a) cannot enter the pores 
of adjacent edges, but can enter the pore located in the center of the cell 
via a small pore connected to the central pore. As the porosity is 
increased, the ligaments thickness decreases such that the edge pores are 
increasingly connected, as shown in Fig. 11(b). Thus, the streamlines 
can enter the central pore and the peripheral pores from the A area, 
respectively. It can be found from areas B and C in Fig. 11 that the 
presence of solid ligaments increases the streamline tortuosity. This 
indicates that the distribution of ligaments in a graphite foam is one of 
the main factors affecting its permeability. For the area D in Fig. 11, the 
streamline passes directly through the small circular pore located at the 
center of entrance surface and enters the central pore area: the 
streamline tortuosity is therefore much smaller in the D area. In Fig. 11 
(a), the fluid cannot enter the E area, due mainly to the blockage of 
ligaments. On the contrary, the edge pores are connected in Fig. 11(b) 
and hence the fluid can enter the E area. In addition, the proportion of 
high-speed streamlines (marked in red) in Fig. 11(a) is higher than that 
in Fig. 11(b) due to two main reasons. On the one hand, as the porosity 
increases from Fig. 11(a)–(b), the proportion of ligaments decreases in 
Fig. 11(b); under the condition of constant mass periodic flow, the speed 
of streamlines is relatively fast in Fig. 11(a). On the other hand, as the 
blocking effect of ligaments makes it almost impossible for the fluid to 
enter the E area in Fig. 11(b), the pore volume passed by the fluid de-
creases, thus increasing the fluid velocity. Under the combined actions 
of the two factors, the fluid velocity in Fig. 11(a) is larger than that in 
Fig. 11(b). 

4.2. Effective thermal conductivity 

4.2.1. Model validation 
To validate the proposed fractal model of effective thermal conduc-

tivity for graphite foams, existing measurement data [20,24,52,53,55] 
(Table 6) and theoretical predictions with alternative models [24,34–37, 
57,58] are both employed. Details of existing theoretical models are 
summarized in Table 1; corresponding effective conductivity calcula-
tions by these models are based on the properties listed in Table 3. As 
shown in Fig. 12, satisfactory agreement between the fractal model 
prediction and measurement data is achieved. Further, the proposed 
fractal model demonstrates a better agreement than most alternative 
models [24,34–37,57,58] presented in Table 1. The models of the 
Druma et al.‘s and the Chai et al.‘s always led to overestimated effective 
conductivities for a wide range of graphite foams considered. In 
contrast, within the porosity range of 0.65⩽ε⩽0.72, the predictions of 
the Leong et al.‘s model are smaller than experimental (or simulation) 
data. The models developed by Yu et al. [35] and Klett et al. [24] 
satisfactorily predicted the variation trends of conductivity with 
porosity; nonetheless, the model of Klett et al. contains empirical (or 
fitting) parameters. When the porosity is greater than 0.85, the pre-
dicted value of the Bai et al.’s model is in good agreement with the 

Fig. 13. Relative deviations (RDs) comparison: (a) different effective conduc-
tivity models for selected graphite foams; (b) average RDs for various effective 
conductivity models. 
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Fig. 14. Heat flux distribution: (a) graphite foam assembly; (b) top view of graphite foam solid phase; (c) top view of graphite foam fluid phase.  

Fig. 15. Influence of porosity on temperature distribution in (a) graphite foam assembly, (b) solid phase, and (c) fluid phase.  
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experimental and simulated data. However, the model underestimates 
the effective thermal conductivity of all graphite foams when the 
porosity is less than 0.85. In addition to the above comparison between 
model predictions and measurements, effective conductivity results 
obtained from pore-scale numerical simulations are also employed for 
comparison: satisfactory agreement with experimental data and theo-
retical predictions is achieved, as shown in Fig. 12. 

In Fig. 13(a), relative deviation (RD) is used to evaluate the accuracy 
of different effective conductivity models, and the current fractal model 
is seen to give better predictions than other models. For air-saturated 
ORNG GF and ARA24-D Foam, the RDs of the current model are lower 
than the Yu et al. model which provides good predictions among the 
existing models considered. For paraffin wax-saturated UGF, the RD of 
the current model is also lower than that of other models. Fig. 13(b) 
presents the average RD values obtained by mathematical manipula-
tions on the arithmetic mean of all data available. As seen in Fig. 13(b), 
the current model, with an average deviation of 8.73%, has the lowest 
RD amongst all the models considered, followed by the Druma et al. 
model (46.60%), the Yu et al. model (8.81%), the Leong-Li model 
(13.56%), the Chai et al. model (35.12%), the Bai et al. model (18.45%), 
and the Klett et al. model (17.41%). Although the Klett et al. model 
demonstrates a comparably low RD value, the model is naturally semi- 
analytical because it contains fitted parameters with no physical 
meanings. According to fractal theory for porous media, present model 
better predicts the effective conductivity compared to existing models, 
thus proving the feasibility of using fractal theory to explore heat con-
duction in graphite foams. The fractal theory entirely takes in consid-
eration of the randomness of pore size and distribution, in consistence 
with the actual pore morphology in graphite foams. 

The current graphite foam model describes the pore micro-topology 
and surface topography in detail, focusing on the important fractal 
characteristics of randomly distributed pores. Therefore, the analytical 
model (Eq. (46)) can more accurately predict the effective thermal 
conductivity of graphite foam, thus providing a reference for the design 
and improvement of graphite foam in thermal storage and thermal 
management applications. In the current study, the relationship be-
tween the effective thermal conductivity and porosity of various 
graphite foams is predicted with good agreement. Graphite foam here is 
mainly filled with air and paraffin wax. On the one hand, the effective 
thermal conductivity of air-saturated graphite foam can provide theo-
retical guidance for the design and utilization of compact heat ex-
changers. On the other hand, paraffin wax-saturated graphite foam can 
be used to prepare high-performance latent heat thermal storage system. 

4.2.2. Pore-scale features of heat conduction 
Fig. 14 demonstrates the heat flux distribution on pore structures 

having different porosities. It can be seen from Fig. 14(b) that the heat 
flux variation is mainly concentrated in the solid phase, with almost no 
change in heat flux for the fluid phase. The main physical reason is that 
the fluid phase is air whose thermal conductivity (0.023 W/(m⋅K)) is 
much smaller than that of graphite ligament (1300 W/(m⋅K)). This in-
dicates that the thermal conductivity of a graphite foam is mainly 
concentrated in solid ligaments, and the interstitial fluids play a negli-
gible role in heat conduction. As shown in Fig. 14, the heat flux on the 
ligament surface decreases with increasing porosity, mainly caused by 
the corresponding reduction in solid phase ratio. Therefore, the effective 
conductivity significantly decreases when the porosity gradually in-
creases. While the variation of heat flux is mainly distributed around the 
solid phase, such variation in the central region of the solid phase is 
smaller in Fig. 14(a) and (b). This indicates that heat conduction mainly 
occurs along the s-axis from top to bottom, with more negligible con-
duction within the face. 

Fig. 15 illustrates temperature distribution in graphite foam assem-
bly, solid phase, and fluid phase for geometry models with selected 
porosities. It can be found from Fig. 15(a) that temperature distributions 
in solid and fluid phases are different and are distinctively altered as 
foam porosity is varied. With increasing porosity, the area for the high- 
temperature range at the top region gradually reduces and that for the 
low-temperature range at the bottom region decreases, which together 
cause the area of the medium-temperature region to increase. A higher 
porosity results in thinner ligaments, thereby reducing their heat con-
duction capability (i.e., heat flux decreases). Heat is therefore accumu-
lated at the top region. As for the low-temperature range, similar 
phenomenon exists when the porosity is increased, thus further illus-
trating the decrease of effective conductivity with increasing porosity. 
Although the overall heat conduction follows the z-axis from top to 
bottom, the isotherm is not perpendicular to the direction of heat con-
duction (z-axis), because the pore structure alters local temperature 
gradient, i.e., heat conduction lines become tortuous. This illustrates 
that the pore structure of a graphite foam is an important factor affecting 
its effective conductivity. The effective conductivity may vary signifi-
cantly for the same porous material as its pore structure is altered. 

5. Conclusion 

Previous prediction models of conductivity and permeability sel-
domly considered the effects of random distributions of pore shape and 
size intrinsically induced during processing of the graphite foam. To 
rectify this problem, analytical models of permeability as well as con-
ductivity for graphite foam are developed based on fractal theory. In 
parallel, pore-scale numerical simulations are carried out, providing not 
only cross-validation but also shedding light on transport mechanisms at 
pore level. Analytical model predictions and numerical simulation re-
sults are both compared with existing experimental data. Fractal model 
satisfactorily predict the two transport properties, with validated by 
measurement data. The following conclusion can be drawn.  

(1) The permeability of graphite foam can be analytically expressed 
as a function of porosity ε, pore size λ, characteristic length L0, 
cross-sectional area A, and fractal dimensions (DT and Df ), and 
relevant parameters all have physical meaning and explanations. 

(2) In the range of foam porosity from 0.686 to 0.918, the perme-
ability model predictions are in good agreement with pore-scale 
numerical simulation results.  

(3) The effective thermal conductivity of graphite foam can be 
functioned analytically with porosityε, fractal dimensions (DT 
and Df ), and constituent conductivities (kf and ks).  

(4) Compared to existing models of effective thermal conductivity, 
the current fractal model achieves the smallest deviation 
(average of 8.73%) for graphite foams having different parent 
ligament materials and filling fluids (air and paraffin wax). 

The current study more comprehensively considers the influence 
factors of graphite foam on permeability and effective thermal con-
ductivity. Meanwhile, the current models can more accurately predict 
the permeability and the effective thermal conductivity of graphite 
foam. In addition, porous media are often regarded as continuous media 
in numerical simulation. Thus, the selection of physical parameters in 
the equation is related to the accuracy of numerical simulation results, 
such as permeability and effective thermal conductivity. Therefore, the 
current analytical model can provide theoretical guidance for engi-
neering applications. 
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