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ﾏ;デヴｷ┝く  O┗Wヴ;ﾉﾉ デｴWヴW ┘;ゲ HWデデWヴ ;ｪヴWWﾏWﾐデ HWデ┘WWﾐ デｴW W┝ヮWヴｷﾏWﾐデゲ デｴ;ﾐ aﾗヴ 
デｴW IﾗヴヴWﾉ;デｷﾗﾐゲ ;ﾐS ;ﾐ;ﾉ┞デｷI;ﾉ W┝ヮヴWゲゲｷﾗﾐゲ ヮヴWゲWﾐデWS ｷﾐ デｴW ﾉｷデWヴ;デ┌ヴWく Aﾐ 
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Nomenclature 

A             cross sectional area 兼            mass  

V             volume  

dp            diameter 

K             thermal conductivity 

L1            upper aluminium block thickness 

L2            lower aluminium block thickness  

Ls            sample thickness  芸彫           upper block heat transfer rate 芸彫彫           lower block heat transfer rate 芸鎚           sample heat transfer rate 

Do                 insulation outer diameter 

D            aluminium block diameter 

Dst           struts thickness 

dlu           node thickness 

T             temperature 芸挑墜鎚鎚      heat loss to outside ッ劇          temperature difference 

Greek symbols 綱             porosity 貢            density 

Abbreviations 

ETC & Keff   effective thermal conductivity 

PPI          Pores Per Inch 

TPS         transient plan source 

NaCl       sodium chloride  

V.S          very small samples 

S              small samples 

M            medium samples 

L              large samples 

Subscript 

s             sample 

sol          solid 

t             total 

Al           aluminium 

p            pore 



o            outer  

i             inner 

Av         average  

eff         effective 

in          insulation 

 

1. Introduction 

Metal foams and sponges are versatile materials (see for example  [1] and [2]) 

that have a number of thermal applications in regenerators, air-conditioning 

systems, gas turbines, electronic cooling and chemical reactors[3-6]. Their 

main advantage is their high specific area which enhances the heat transfer 

and permits miniaturization of the thermal system. Moreover, their geometric 

construction enhances flow mixing as a result of their tortuous pathways [5, 7]. 

As a result, they have attracted considerable attention in recent times.  The 

thermal conductivity is an important parameter for such applications and can 

be accessed by approximating the porous material as an equivalent 

homogenous medium.  When heat, driven by a temperature gradient, flows by 

conduction in this situation, the use of the Fourier law implies knowledge of 

the effective thermal conductivity (ETC). 

Heat exchange in porous structures is complex as it takes place in two phases. 

There is a network of solid ligaments of generally high thermal conductivity 

and a fluid with lower thermal conductivity [8, 9].  The principle process of 

heat transfer in non-flowing fluid saturated media is conduction through both 

the solid and fluid phases. However, convection and radiation cannot 

necessarily be neglected in all cases [7, 10]. 

In such situations, the effective thermal conductivity, ETC, is no longer a 

property of a single material but depends on both the solid and fluid material 

properties, and also the structure of the porous medium; e.g. its porosity and 

pore size. A further problem with these materials is that the repeatability of 

the morphology is not constant, even when the same manufacturing 

conditions are employed, resulting in an inherent scatter in the material 

properties unless very large samples are tested [5, 11, 12].  

Porous materials are generally characterised using their porosity and pore 

size.  The porosity (綱, the inverse of the amount of solid material) is well 

defined and easily measured, it only requires that the mass and volume are 

known. The effective thermal conductivity has been found to be highly 

sensitive to the porosity, increasing as the porosity decreases [5-8, 13-15]. The 

effect of pore size on ETC is less significant, and generally no noticeable effect 

of pore size has been reported [5, 8, 9, 15], provided the pore size is below a 



certain value shown to be 4 mm diameter in closed cell polymer foams  which 

is sufficient to suppress convection [3, 16, 17]. Although it can be 

demonstrated that the pore size has little direct influence on ETC, the pore size 

will influence the foam fabrication process, and by establishing limits on what 

foams may actually be produced (there are usually upper and lower size 

limits). To this extent, pore size can affect the ETC [12, 18]. The pore size itself 

is additionally not well defined as measures including both average pore 

diameters and Pores Per Inch (PPI) are presented in the literature. Conversion 

between the these measures is also subject to ambiguity [3, 17]. 

 There have been a number of attempts to provide theoretical 

approaches (often based on a simplified unit cell structure) and empirical 

correlations to predict ETC in porous materials. The models require some 

assumptions to be made; relating to the topology, the arrangement of the solid 

and fluid phases (whether in series or parallel) and the repeatability of 

distribution of the unit cells [19, 20]. There are many different production 

techniques available [3, 17]. Different production technique and the type of 

material have an effect in terms of strut shape and size, and distribution of the 

pores [21], as well as the base material from which the porous metal is made. 

However, these general approaches have not been successful in predicting the 

ETC of most open celled metal sponges with accuracy. Strategies that go 

beyond simplified unit cell structures have been explored, for example, by 

analysing the real foam structure obtained from 3D computed tomography 

[12] to observe its effects on the ETC.  This can support the development of 

more accurate generic correlations [10, 12, 18], but is limited by the small 

volumes of foams that can be investigated in this way. A review of the wide 

range of theoretical and empirical approaches for porous metals found that 

each model defines a specific morphology and is hence of limited applicability 

to other types [11, 12, 18]. This is discussed in more detail later in this work.  

Both steady state and transient techniques may be used to measure the 

thermal conductivity of complex materials [5, 6, 8-10, 15, 22, 23]. The transient 

method was first demonstrated by Gustafsson et al [24] in 1979 for ETC 

measurements of insulating materials. The most common type of transient 

measurement is the Transient Plane Source technique (TPS) [25, 26], where a 

single element acts as both temperature sensor and heat source . It has been 

widely used to measure the ETC of porous materials [6, 12, 23]. The TPS 

element is positioned between two samples with similar characteristics and 

measures the instantaneous temperature gradient with time [6, 25, 26]. The 

main advantages of this approach are that the tests are easy and rapid, and it 

is possible to measure a wide range of thermal conductivities [6, 10]. The 



analysis can be complex and quantification of uncertainty difficult [10]. Special 

care of the thermal contact resistance in terms of surface roughness and 

contact pressure is required [6].   

 There are a number of steady state methods which can be used to 

measure the thermal conductivity [10].  The basic principle of a steady state 

method is to measure the temperature gradient along a sample length under 

steady state conditions. The rate of heat transfer is obtained by measuring the 

temperature difference across a known reference material [9, 27] or the 

dissipated heat from the temperature change in a water bath [5]. The main 

advantages of this method are the simplicity of the evaluation technique, good 

precision and accuracy and the opportunity to conduct unidirectional 

measurements [10].  Whilst the main disadvantages are the long times 

required to achieve steady state conditions, complicated instrumental 

procedure and the potential difficulties due to thermal contact (which can be 

especially challenging for a porous matrix [10]).  

The primary objective of the experimental work reported here was to 

measure the effective thermal conductivity of open celled aluminium porous 

metals with different pore densities and the assessment of models and 

empirical correlations at a lower range of porosities than previously available. 

In this study a comparative steady state method was used where heat transfer 

through the porous media is allowed to become constant, permitting the 

;ヮヮﾉｷI;デｷﾗﾐ ﾗa Fﾗ┌ヴｷWヴげゲ ﾉ;┘ [5, 9, 27].  Most previous investigations on open 

celled metal sponges have examined materials with high porosity (綱 > 0.9).  

This study aims to experimentally measure the ETC at a lower range of 

porosities (0.57 < 綱 < 0.77) using aluminium sponges manufactured using the 

replication method [28]. The fluid was air. Four different pore sizes (based on 

the size of the particles used to manufacture the material) were tested, 

ranging from 0.8 to 2.1 mm in average diameter. The validity of available 

models and correlations in the literature was tested.   

 

2.  Metal samples 

Sｷ┝デ┞ ﾐｷﾐW ;ﾉ┌ﾏｷﾐｷ┌ﾏ ゲヮﾗﾐｪW ゲ;ﾏヮﾉWゲ ┘WヴW ヮヴﾗS┌IWS H┞ デｴW ヴWヮﾉｷI;デｷﾗﾐ 
ﾏWデｴﾗSが ┌ゲｷﾐｪ ｪ;ゲ ヮヴWゲゲ┌ヴW デﾗ aﾗヴIW ﾉｷケ┌ｷS ;ﾉ┌ﾏｷﾐｷ┌ﾏ デﾗ ヮWヴﾏW;デW ; ヮヴWaﾗヴﾏ ﾗa 
ゲ;ﾉデ ふN;Cﾉぶ ヮ;ヴデｷIﾉWゲが ┘ｷデｴ デｴW ゲ;ﾉデ HWｷﾐｪ ┘;ゲｴWS ﾗ┌デ ﾗﾐIW デｴW ;ﾉ┌ﾏｷﾐｷ┌ﾏ ｴ;ゲ 
ゲﾗﾉｷSｷaｷWSく A SWデ;ｷﾉWS SWゲIヴｷヮデｷﾗﾐ ﾗa デｴW ﾏWデｴﾗS ;ﾐS Wケ┌ｷヮﾏWﾐデ ┌ゲWS I;ﾐ HW 
aﾗ┌ﾐS ｷﾐ ぷヲΓへく TｴW ヮﾗヴﾗ┌ゲ ﾏWデ;ﾉ ゲ;ﾏヮﾉWゲ ┘WヴW ﾏ;SW ｷﾐ aﾗ┌ヴ SｷaaWヴWﾐデ ヮﾗヴW 
ゲｷ┣Wゲが Iﾉ;ゲゲｷaｷWS H┞ デｴW ;┗Wヴ;ｪW Sｷ;ﾏWデWヴ ﾗa デｴW ｷﾐaｷﾉデヴ;デｷﾗﾐ ゲ;ﾉデ ヮ;ヴデｷIﾉWゲ ┌ゲWS ｷﾐ 



ﾏ;ﾐ┌a;Iデ┌ヴｷﾐｪが ;ゲ デｴｷゲ ｴ;ゲ ; SｷヴWIデ ヴWﾉ;デｷﾗﾐゲｴｷヮ ┘ｷデｴ デｴW ゲｷ┣W ﾗa デｴW ヮﾗヴWゲく  TｴW 
ゲｴ;ヮW ;ﾐS SｷゲデヴｷH┌デｷﾗﾐ ﾗa デｴW ヮﾗヴWゲ ｷゲ ヴ;ﾐSﾗﾏ ｷﾐ ﾐ;デ┌ヴW ヴWaﾉWIデｷﾐｪ デｴW ゲｴ;ヮW 
;ﾐS ヮ;Iﾆｷﾐｪ ﾗa デｴW ゲ;ﾉデ Iヴ┞ゲデ;ﾉゲく PﾗヴW ゲｷ┣Wゲ ヴ;ﾐｪWゲ ┘WヴW ふヰくΑヱ-ヱくヰ ﾏﾏが ヱくヰ-ヱくヲ 
ﾏﾏが ヱくヴ-ヱくΒ ﾏﾏ ;ﾐS ヲくヰ-ヲくヴ ﾏﾏぶく  TｴW ゲ;ﾏヮﾉWゲ ┘WヴW ﾏ;ﾐ┌a;Iデ┌ヴWS aヴﾗﾏ 
ΓΓくΓХ ヮ┌ヴW ;ﾉ┌ﾏｷﾐｷ┌ﾏが デｴW ;┗Wヴ;ｪW ゲ;ﾏヮﾉW Sｷ;ﾏWデWヴ ┘;ゲ ヵヰくヱ ﾏﾏ ┘ｷデｴ 
デｴｷIﾆﾐWゲゲ ヴ;ﾐｪｷﾐｪ aヴﾗﾏ ヲヲ ﾏﾏ デﾗ ンヰ ﾏﾏく  TｴW ;ﾉ┌ﾏｷﾐｷ┌ﾏ デｴWヴﾏ;ﾉ IﾗﾐS┌Iデｷ┗ｷデ┞ 
┘;ゲ デ;ﾆWﾐ デﾗ HW ヲヰヵ WっﾏくK ;ﾐS aﾉ┌ｷS ヮｴ;ゲW ┘;ゲ ;ｷヴ ┘ｷデｴ デｴWヴﾏ;ﾉ IﾗﾐS┌Iデｷ┗ｷデ┞ 
ヰくヰヲヶヶ WっﾏくK ;デ ンヲﾗC ぷンヰへく  TｴW ヮﾗヴﾗゲｷデ┞ ふ綱ぶ ﾗa デｴW ゲ;ﾏヮﾉWゲ ふデｴW ┗ﾗｷS ┗ﾗﾉ┌ﾏW 
Sｷ┗ｷSWS H┞ デｴW デﾗデ;ﾉ ┗ﾗﾉ┌ﾏWぶ ┘;ゲ aﾗ┌ﾐS H┞ ﾏW;ゲ┌ヴｷﾐｪ デｴW ゲ;ﾏヮﾉW ﾏ;ゲゲ ふ兼鎚岻 
;ﾐS ┗ﾗﾉ┌ﾏW ふ撃痛)が ;ﾐS I;ﾉI┌ﾉ;デｷﾐｪ ┘ｴ;デ デｴW デﾗデ;ﾉ ﾏ;ゲゲ ﾗa デｴW ゲ;ﾏヮﾉW ┘ﾗ┌ﾉS HW ｷa 
┘ｴWヴW ゲﾗﾉｷS 岫兼痛岻 ぷヲヲが ンヱが ンヲへ 綱 噺 貢鎚墜鎮 伐 兼鎚 撃痛エ貢鎚墜鎮 伐 貢銚沈追  2.1 

 

 
Figure 1. Low magnification images of the surface appearance of different pore size 

samples. 

 

The samplesげ porosities ranged from 0.57 to 0.77 with different pore sizes 

and uncertainties less than 0.7%.  Shown in Figure 1 are the photos of tested 

samples for different pore sizes. The sample specifications and effective 

thermal conductivity results are given in Table 1. 



Table 1 Geometrical parameters and experimental results of effective thermal conductivity of aluminium metal sponge samples 

Sample
 A 綱 計勅捗捗  

W/m.K 

Sample 
B 綱 計勅捗捗  

W/m.K 

Sample
 

C 
綱 計勅捗捗  

W/m.K 

Sample
 C 綱 計勅捗捗  

W/m.K 

Sample
 D 綱 計勅捗捗  

W/m.K 

V.S-1 0.7225 21.45 S-1 0.6301 33.15 M-1 0.6103 36.92 M-17 0.7578 21.22 L-1 0.6158 34.17 

V.S-2 0.6962 23.67 S-2 0.6272 33.20 M-2 0.6205 35.80 M-18 0.6853 28.58 L-2 0.5943 40.00 

V.S-3 0.666 24.34 S-3 0.6184 36.76 M-3 0.6323 33.29 M-19 0.6816 25.42 L-3 0.6371 33.39 

V.S-4 0.659 35.98 S-4 0.6272 35.00 M-4 0.6425 32.31 M-20 0.7170 22.67 L-4 0.6116 37.80 

V.S-5 0.6822 31.96 S-5 0.6960 26.37 M-5 0.6308 33.79 M-21 0.6919 23.90 L-5 0.6235 31.85 

V.S-6 0.6595 27.61 S-6 0.6992 25.71 M-6 0.6000 37.62 M-22 0.7091 26.01 L-6 0.6207 31.10 

V.S-7 0.6643 27.34 S-7 0.7302 21.11 M-7 0.6369 32.19 M-23 0.7306 24.55 L-7 0.6612 29.54 

V.S-8 0.715 26.63 S-8 0.6683 29.73 M-8 0.6415 31.22 M-24 0.6896 26.38 L-8 0.6492 31.60 

V.S-9 0.665 36.32 S-9 0.6680 27.93 M-9 0.6168 36.23 M-25 0.7018 28.20 L-9 0.6491 33.44 

V.S-10 0.643 35.3 S-10 0.6990 23.39 M-10 0.6922 28.93 M-26 0.6937 24.84 L-10 0.6974 25.01 

V.S-11 0.680 31 S-11 0.7246 22.26 M-11 0.6902 27.30 M-27 0.5750 42.21 L-11 0.7075 24.65 

V.S-12 0.679 28 S-12 0.7107 22.04 M-12 0.6766 28.00    L-12 0.7224 26.04 

   S-13 0.6770 30.38 M-13 0.7628 19.90    L-13 0.6929 25.83 

   S-14 0.7227 26.50 M-14 0.7796 16.60    L-14 0.6907 27.24 

      M-15 0.7527 20.00    L-15 0.7222 21.27 

      M-16 0.6317 30.00    L-16 0.7311 22.44 

A- Very small pore size samples (dp=0.7-1.0 mm & PPI=20-25) 

B- Small pore size samples (dp=1.0 -1.2 mm & PPI=15-20) 

C- Medium pore size samples (dp=1.4 -1.7 mm & PPI=10-15) 

D- Large pore size samples (dp=2.0 - 2.4 mm & PPI=5-10) 

 



3. Experimental Apparatus and Effective Thermal Conductivity Calculations 

       Shown in Figure 1 is a schematic diagram of the apparatus used to estimate 

the effective thermal conductivity in this study. The method used is 

comparative steady state which is widely employed to measure the ETC of 

porous materials, e.g. [5, 9, 27].   

 

Figure 1. A schematic diagram of a comparative steady state technique used for effective 

thermal conductivity measurements. 

TｴW デWゲデ ヴｷｪ IﾗﾐゲｷゲデWS ﾗa ; ｴW;デWヴが ;ﾉ┌ﾏｷﾐｷ┌ﾏ HﾉﾗIﾆゲ ヮﾉ;IWS ;Hﾗ┗W ;ﾐS 
HWﾉﾗ┘ デｴW ゲ;ﾏヮﾉWが ; IﾗﾉS ゲﾗ┌ヴIW ふｷﾐ デｴｷゲ I;ゲW ; ┘;デWヴ H;デｴぶ ;ﾐS ｷﾐゲ┌ﾉ;デｷﾗﾐく  A 
ヱヰヰ W WﾉWIデヴｷI ヴWゲｷゲデ;ﾐIW ｴW;デWヴ ゲ┌ヮヮﾉｷWS ; ┌ﾐｷaﾗヴﾏ ｴW;デ aﾉ┌┝ ;ﾐS ┘;ゲ ｷﾐ 
デｴWヴﾏ;ﾉ Iﾗﾐデ;Iデ ┘ｷデｴ デｴW ┌ヮヮWヴ ;ﾉ┌ﾏｷﾐｷ┌ﾏ HﾉﾗIﾆが ┘ｴｷIｴ ;IデWS ;ゲ デｴW ┌ヮヮWヴ 
ｴW;デ aﾉ┌┝ ﾏWデWヴく TｴW ﾉﾗ┘Wヴ HﾉﾗIﾆが ヮﾉ;IWS ﾗﾐ ; H;デｴ ﾗa aﾉﾗ┘ｷﾐｪ IﾗﾗﾉWS ┘;デWヴが ┘;ゲ 
デｴW ﾉﾗ┘Wヴ ｴW;デ aﾉ┌┝ ﾏWデWヴく TｴW デｴｷIﾆﾐWゲゲ ふLヱЭLヲぶ ﾗa Hﾗデｴ ;ﾉ┌ﾏｷﾐｷ┌ﾏ HﾉﾗIﾆゲ ┘;ゲ 
ヵヰ ﾏﾏ ;ﾐS デｴWｷヴ Sｷ;ﾏWデWヴ ┘;ゲ Wケ┌;ﾉ デﾗ デｴW ;┗Wヴ;ｪW Sｷ;ﾏWデWヴ ﾗa デｴW デWゲデWS 
ゲ;ﾏヮﾉWゲ ふDЭヵヰくヱ ﾏﾏぶく  Bﾗデｴ デｴW IｴｷﾉﾉWヴ ;ﾐS ｴW;デWヴ デWﾏヮWヴ;デ┌ヴWゲ ┘WヴW 



;Sﾃ┌ゲデ;HﾉWく  Aﾉﾉ ヮ;ヴデゲ ﾗa デｴW ヴｷｪ ┘WヴW Iﾗﾐデ;ｷﾐWS ┘ｷデｴｷﾐ ヮﾗﾉ┞ｷゲﾗI┞;ﾐ┌ヴ;デW ヴｷｪｷS 
aﾗ;ﾏ ｷﾐゲ┌ﾉ;デｷﾗﾐ ┘ｷデｴ ; デｴWヴﾏ;ﾉ IﾗﾐS┌Iデｷ┗ｷデ┞ ﾗa ヰくヰヲヲ WっﾏくK デﾗ ﾏｷﾐｷﾏｷゲW ｴW;デ 
ﾉﾗゲゲ デﾗ デｴW ゲ┌ヴヴﾗ┌ﾐSｷﾐｪゲ ぷンンへく 

 TｴW ゲ;ﾏヮﾉW ┘;ゲ ﾉﾗI;デWS HWデ┘WWﾐ デｴW ;ﾉ┌ﾏｷﾐｷ┌ﾏ HﾉﾗIﾆゲが ┘ｴﾗゲW ゲ┌ヴa;IWゲ 
┘WヴW ヮﾗﾉｷゲｴWS ;ﾐS デｴWヴﾏ;ﾉ ｪヴW;ゲW ┘;ゲ ;ヮヮﾉｷWS デﾗ ヴWS┌IW デｴW デｴWヴﾏ;ﾉ Iﾗﾐデ;Iデ 
ヴWゲｷゲデ;ﾐIW ;デ デｴW ﾃﾗｷﾐく  T┘Wﾉ┗W K-デ┞ヮW デｴWヴﾏﾗIﾗ┌ヮﾉWゲ ふSｷ;ﾏWデWヴ ヱくヵ ﾏﾏぶ ┘WヴW 
┌ゲWS デﾗ ヴWIﾗヴS デｴW デWﾏヮWヴ;デ┌ヴWゲ ;デ aﾗ┌ヴ ヮﾗゲｷデｷﾗﾐゲく TｴヴWW ｪヴﾗﾗ┗Wゲ ┘WヴW SヴｷﾉﾉWS 
デﾗ ｷﾐゲWヴデ デｴWヴﾏﾗIﾗ┌ヮﾉWゲ ;デ W;Iｴ Iﾗﾐデ;Iデ a;IW ｷﾐ SｷaaWヴWﾐデ ヴ;Sｷ;ﾉ ﾉﾗI;デｷﾗﾐゲ デﾗ 
ﾏW;ゲ┌ヴW デｴW デWﾏヮWヴ;デ┌ヴW ヮヴﾗaｷﾉW ;デ デｴW ゲ┌ヴa;IWゲく MW;ゲ┌ヴWﾏWﾐデ ﾗa デｴW 
デWﾏヮWヴ;デ┌ヴWゲ ｴWヴWが ヴ;デｴWヴ デｴ;ﾐ ;┘;┞ aヴﾗﾏ デｴW Iﾗﾐデ;Iデ ;ヴW;ゲが ┘;ゲ ﾐWIWゲゲｷデ;デWS 
H┞ デｴW ヴｷｪ SWゲｷｪﾐく TｴW デｴWヴﾏﾗIﾗ┌ヮﾉWゲ ┘WヴW I;ﾉｷHヴ;デWS ;ｪ;ｷﾐゲデ ; ﾏWヴI┌ヴ┞ 
デｴWヴﾏﾗﾏWデWヴ ┌ゲｷﾐｪ Hﾗｷﾉｷﾐｪ ┘;デWヴ ;ﾐS ﾏWﾉデｷﾐｪ ｷIW ;ゲ ヴWaWヴWﾐIW ﾉW┗Wﾉゲく TｴW 
SW┗ｷ;デｷﾗﾐ HWデ┘WWﾐ デｴWヴﾏﾗIﾗ┌ヮﾉWゲ ;ﾐS ﾏWヴI┌ヴ┞ デｴWヴﾏﾗﾏWデWヴ SｷS ﾐﾗデ W┝IWWS 
вヰくヲ鋲Cく Eヴヴﾗヴゲ S┌W デﾗ デｴWヴﾏﾗIﾗ┌ヮﾉWゲげ Iﾗﾐデ;Iデ ;ﾐS ﾉﾗI;デｷﾗﾐ ;ヴW ｷﾐIﾉ┌SWS ｷﾐ デｴW 
ﾗ┗Wヴ;ﾉﾉ ;II┌ヴ;I┞ ;ゲゲWゲゲWS ﾉ;デWヴく  

TｴW ヴｷｪ ┘;ゲ ゲ┌ヮヮﾗヴデWS H┞ デ┘ﾗ ;ﾉ┌ﾏｷﾐｷ┌ﾏ ヮﾉ;デWゲ ﾉﾗI;デWS ;デ デｴW デﾗヮ ;ﾐS 
Hﾗデデﾗﾏが HﾗﾉデWS デﾗｪWデｴWヴ デﾗ ;IｴｷW┗W ; ｪﾗﾗS Iﾗﾐデ;Iデ HWデ┘WWﾐ ;ﾉﾉ ゲ┌ヴa;IWゲく  TｴW 
デWﾏヮWヴ;デ┌ヴWゲ ;デ aﾗ┌ヴ SｷaaWヴWﾐデ ｴWｷｪｴデゲ ┘WヴW ヴWIﾗヴSWS W┗Wヴ┞ ゲWIﾗﾐS H┞ デ┘ﾗ USB 
TC-ヰΒ TｴWヴﾏﾗIﾗ┌ヮﾉW D;デ; LﾗｪｪWヴゲく  Aデ W;Iｴ ｴWｷｪｴデ デｴヴWW デWﾏヮWヴ;デ┌ヴWゲ ┘WヴW 
ヴWIﾗヴSWS デﾗ SWデWヴﾏｷﾐW デｴW ヴ;Sｷ;ﾉ デWﾏヮWヴ;デ┌ヴW SｷゲデヴｷH┌デｷﾗﾐ ┘ｴｷIｴ ┘;ゲ aﾗ┌ﾐS デﾗ 
HW ﾉWゲゲ デｴ;ﾐ ヲくヵХく  Fﾗヴ デｴW ﾏ;ﾃﾗヴｷデ┞ ﾗa ﾏW;ゲ┌ヴWﾏWﾐデゲ ヴWヮﾗヴデWS ｴWヴW デｴW ｴW;デWヴ 
┘;ゲ ゲWデ デﾗ ヵヰ鋲C ;ﾐS IｷヴI┌ﾉ;デｷﾐｪ ┘;デWヴ aヴﾗﾏ デｴW IｴｷﾉﾉWヴ ;デ ヵ鋲Cく TｴW IﾗﾐデヴｷH┌デｷﾗﾐ ﾗa 
ヴ;Sｷ;デｷﾗﾐ ｴW;デ デヴ;ﾐゲaWヴ HWデ┘WWﾐ デｴW ;Sﾃ;IWﾐデ ﾉ;┞Wヴゲ ｷﾐゲｷSW デｴW ゲ;ﾏヮﾉW ;ﾐS 
HWデ┘WWﾐ デｴW Iﾗﾐデ;Iデ ゲ┌ヴa;IWゲ ﾗa デｴW ゲ;ﾏヮﾉW ;ﾐS デｴW HﾉﾗIﾆ ┘;ゲ aﾗ┌ﾐS ﾉWゲゲ デｴ;ﾐ 
ヱХ ;ﾐS ヰくヵХ ヴWゲヮWIデｷ┗Wﾉ┞ aﾗヴ ﾗデｴWヴ W┝ヮWヴｷﾏWﾐデゲ ﾗﾐ ヮﾗヴﾗ┌ゲ ﾏWデ;ﾉゲ ぷヱヴが ンヴへく Iﾐ 
ﾗヴSWヴ デﾗ aｷﾐS デｴW ｴW;デ ﾉﾗゲゲ デｴヴﾗ┌ｪｴ デｴW ｷﾐゲ┌ﾉ;デｷﾗﾐが デｴW デWﾏヮWヴ;デ┌ヴW ┘;ゲ 
ﾏW;ゲ┌ヴWS ｷﾐ デｴヴWW ヮﾉ;IWゲ ;デ デｴW ｷﾐゲ┌ﾉ;デｷﾗﾐ ﾗ┌デWヴ ゲ┌ヴa;IWく AaデWヴ ;IｴｷW┗ｷﾐｪ ゲデW;S┞ 
ゲデ;デW ふれ ヱヰヰヰ ゲぶが デWﾏヮWヴ;デ┌ヴWゲ ┘WヴW ヴWIﾗヴSWS aﾗヴ ヲヵ ﾏｷﾐ┌デWゲ ;ﾐS デｴW ;┗Wヴ;ｪW 
デ;ﾆWﾐ ﾗ┗Wヴ デｴｷゲ ヮWヴｷﾗSく  E┝;ﾏヮﾉWゲ ﾗa デｴW W┝ヮWヴｷﾏWﾐデ;ﾉ ヴW;Sｷﾐｪゲ ｷゲ ゲｴﾗ┘ﾐ ｷﾐ 
Fｷｪ┌ヴW ンく 



 
Figure 3 experimentally recorded temperatures with time for a single test.  Positions 1 and 2 

refer to either side of the heated aluminium block and positions 3 and 4 refer to the water 

cooled block.  

The one dimensional heat transfer problem was applied in the upper 

and lower aluminium blocks and the porous metal sample, when at thermal 

equilibrium (steady state). The average of the heat transfer rates in the upper 

and lower aluminium blocks was used to obtain the ETC of the porous material 

sample. 

Assuming no radial conduction, radiation or convection heat transfer the 

heat flux is a function of the sample thickness only. The heat balance equations 

through the upper and lower blocks are: 

                芸彫 噺 伐畦┻ 計凋挑 擢脹擢諜 噺 畦┻ 計凋鎮 岫脹豚寧迭貸脹豚寧鉄岻挑迭                      3.1 

                芸彫彫 噺 伐畦┻ 計凋挑 擢脹擢諜 噺 畦┻ 計凋鎮 岫脹豚寧典貸脹豚寧填岻挑鉄                      3.2 

           The heat loss (Qloss) to the environment was estimated by applying the 

heat equation through the insulation material.  The inner side temperature of 

the insulation (Ti) was assessed by the average of outer temperatures at all 

levels:    

                                            芸挑墜鎚鎚 噺 態訂挑濡懲日韮岫脹日貸脹任岻狸樽 岫帖任 帖斑 岻       3.3 

where: 

A= cross sectional area of the sample and aluminium block, m
2
 計凋挑= thermal conductivity of aluminium block material, W/m.K 計沈津= thermal conductivity of insulation material, W/m.K 



L1, L2 and Ls are the lengths of the upper block, lower block and sample 

respectively.  

The heat flow through the sample is the average of both heat flow 

through the upper and lower aluminium blocks corrected by subtracting the 

heat loss to the surroundings: 

                                               芸鎚 噺 町内袋町内内態 伐 芸挑墜鎚鎚    3.4 

The effective thermal conductivity can be found by applying the energy 

balance equation through the sample as 

                                             計勅捗捗 噺 芸鎚┻ 詣鎚【畦岫劇凋塚態 伐 劇凋塚戴岻     3.5 

The experiment was repeated by rotating the samples, and the average value 

of the results obtained is reported.  The results and geometrical specifications 

of the tested porous aluminium samples were given in Tables 1.  To calibrate 

the thermal conductivity measurements, three solid materials of known 

characteristics (aluminium, brass and steel) were also tested. Their thermal 

conductivities were found to be within 5% of the published values [30]. 

Whilst in this analysis natural convection was assumed to be negligible 

previous workers have demonstrated that it can contribute to heat transfer in 

this type of test [9]. To test for its impact the rig was rotated such that the heat 

source was below the sample. This configuration has been shown to encourage 

air movement within the pores due to buoyancy forces [9]. Natural convection 

depends on the temperature, and so measurements were performed for a 

range of heater temperatures; the results are shown in Fig. 4 for large pore size 

samples.  The effective thermal conductivity increased with temperature, as 

might be expected as both the thermal conductivity of air and aluminium 

increase with temperature.  However, once these factors were taken into 

account, it was found that the relative contribution of convection also 

increased by ~1% for an 8
鋲
C rise in the air temperature.   

 



 

Figure 4. The impact of temperature on the contribution of natural convection to ETC 

The dependence of sample properties on convection was explored by 

testing four large pore size samples (dp = 2.0 - 2.4 mm) with different porosities 

in both upward and downward configurations.  Shown in Figure 5 is the effect 

of porosity on the contribution of convective heat transfer to ETC, including 

data from a high porosity aluminium foam [9] whose pore size is roughly 

equivalent to the pore size tested here. The contribution of natural convection 

is calculated as the percentage increase in ETC when measured with heat flow 

vertically upwards, over the value when it flows in the opposite direction 

(suppressing the convection contribution), and is found to increase with 

porosity as a result of increased fluid space. However, the overall contribution 

from natural convection remains low. Subsequent measurements were 

performed with the direction of heat downwards to minimize influence of 

convective heat transfer. 

 



Figure 5. The effect of porosity on the natural convection contribution on 継劇系 (33°C) 

4. Uncertainty analysis 

There are a number of measured parameters which lead to the main 

uncertainties in this experimental work. These parameters should be taken 

into account to estimate the errors in ETC and porosity. Porosity can be 

expressed as function of cross sectional area (畦), length (詣鎚) and sample mass 

(兼鎚) of the sample:   綱 噺 血岫詣鎚┸ 畦┸ 兼鎚岻     4.6 

The uncertainty of the porosity can be estimated [7, 14, 15, 35] as: 絞綱綱 噺 俵磐絞畦畦 卑態 髪 磐絞詣鎚詣鎚 卑態 髪 磐絞兼鎚兼鎚 卑態
     4.7 

The other important parameter is heat transfer and its uncertainty is function 

of the error in upper and lower heat flux meters (芸彫 ┸ 芸彫彫), physical dimensions 

of the sample and temperature differences (ッ劇) as: 芸鎚 噺 血岫詣鎚┸ 畦┸ 芸彫 ┸ 芸彫彫 ┸ ッ劇岻     4.8 

Therefore, the uncertainty can be found as  絞芸鎚芸鎚 噺 俵磐絞畦畦 卑態 髪 磐絞詣鎚詣鎚 卑態 髪 磐絞芸彫芸彫 卑態 髪 磐絞芸彫彫芸彫彫 卑態 髪 磐絞ッ劇ッ劇 卑態
     4.9 

Considering the relation which used to calculate the effective thermal 

conductivity the related parameters can be expressed as follows: 計勅捗捗 噺 血岫詣鎚┸ 畦┸ 芸鎚┸ ッ劇岻     4.10 

Then the uncertainty of the effective thermal conductivity can be as  絞計勅捗捗計勅捗捗 噺 俵磐絞畦畦 卑態 髪 磐絞詣鎚詣鎚 卑態 髪 磐絞芸鎚芸鎚 卑態 髪 磐絞ッ劇ッ劇 卑態
     4.11 

The uncertainties of parameters which were used in the valuation of effective 

thermal conductivity are given in Table 2. From the above calculation the 



uncertainty of the porosity was found to be <1.8% and the uncertainty of the 

effective thermal conductivity was <6.1%. 

Table 2 Parameters Uncertainties 

Parameter Uncertainty 

Sample length (Ls) 0.4% 

Sample Area (A) 0.8% 

Sample Weight (ms) 0.25% 

Porosity (綱) 1.8% 

Temperature Difference (ッ劇) 0.25
鋲
C 

 

5. Experimental Results: 

Shown in Figure 6 are the measured effective thermal conductivities of 

tested samples plotted against porosity. There was some scatter in the results 

which is inherent from the nature of porous metals, the manufacturing process 

and the size of samples that could be manufactured.   

 

Figure 6.  The effective thermal conductivity versus porosity 

 (Ks=205 W/m.K, temperature is 33
噴
C) 

In order to compare the measured values of ETC with those available in the 

literature, ETC is presented (Figure 7) normalized with the thermal conductivity 

of solid material from which the porous structure is made.  The results of other 

workers are also presented. 

 



 

Figure 7 Normalized thermal conductivity versus porosity 

It can be seen that for the samples tested here, and those of other workers, 

the ETC decreased as the porosity increased. The foams manufactured by 

Solórzano et al. by the powder metallurgical method resulted in closed cells 

with a similar range of porosities to those manufactured here. They used the 

Transient Plane Source (TPS) technique to determine ETC.  Three 

representative measurements of high porosity metal foams manufactured 

using investment casting have been included. The samples tested in Paek et 

al[5] and Bhattacharya et al [15] are Duocel foams, produced by the ERG 

Materials and Aerospace Corp.  Dyga and Witczak [9] do not mention the origin 

of their samples but are reported as ranging from 20 to 40 PPI.  All used a 

similar method to determine ETC as the one used here. 

The thermal conductivity of the air (fluid phase) was smaller than the 

aluminium (solid phase) hence the main mechanism of heat transfer was 

conduction through the ligaments of the metal network. Reducing the volume 

fraction of the fluid (decreasing porosity) increases the thickness of the struts 

(the elements of the solid skeleton) which form the unit cells resulting in 

higher values of ETC.  For the range pore sizes typically found in these 

materials the size of the pores does not have an influence on ETC. 

6. Validity with correlations and models 

SｷﾐIW デｴWｷヴ SW┗WﾉﾗヮﾏWﾐデが デｴWヴW ｴ;┗W HWWﾐ ; ﾐ┌ﾏHWヴ ﾗa ゲデ┌SｷWゲ ﾗﾐ ｴｷｪｴ 
ヮﾗヴﾗゲｷデ┞ ﾏWデ;ﾉ aﾗ;ﾏゲ ;ﾐS ゲヮﾗﾐｪWゲ ふ0 б ΓヰХぶ ｷﾐ デｴWゲW ETC ｴ;ゲ HWWﾐ ゲｴﾗ┘ﾐ デﾗ HW 
ゲデヴﾗﾐｪﾉ┞ ｷﾐaﾉ┌WﾐIWS H┞ デｴW ﾏﾗヴヮｴﾗﾉﾗｪ┞ ﾗa デｴW ┌ﾐｷデ IWﾉﾉ ぷヱΓへく EﾏヮｷヴｷI;ﾉ ;ﾐS 
ゲデヴ┌Iデ┌ヴ;ﾉ H;ゲWS ﾏﾗSWﾉゲ ｴ;┗W HWWﾐ SW┗WﾉﾗヮWSが ｴﾗ┘W┗Wヴが デｴWﾗヴWデｷI;ﾉ ﾏﾗSWﾉゲ ﾗa 



ETC ﾗaデWﾐ ゲデｷﾉﾉ ヴWﾉ┞ ﾗﾐ W┝ヮWヴｷﾏWﾐデ;ﾉﾉ┞ SWデWヴﾏｷﾐWS Iﾗﾐゲデ;ﾐデゲ デﾗ ;IIﾗ┌ﾐデ aﾗヴ 
ﾏ;ﾐ┌a;Iデ┌ヴｷﾐｪ ┗;ヴｷ;Hｷﾉｷデ┞ ;ﾐS デｴW SｷaaｷI┌ﾉデｷWゲ ｷﾐ ヴWヮヴWゲWﾐデｷﾐｪ デｴW IﾗﾏヮﾉW┝ デｴヴWW 
SｷﾏWﾐゲｷﾗﾐ;ﾉ ゲデヴ┌Iデ┌ヴWゲ ぷヱヱが ヱΓへく MﾗSWﾉゲ ｴ;┗W ﾗaデWﾐ HWWﾐ H;ゲWS ﾗﾐ ; ﾐ┌ﾏHWヴ ﾗa 
ゲデヴ┌Iデ┌ヴWゲ ゲ┌Iｴ ;ゲ ; デ┘ﾗ-SｷﾏWﾐゲｷﾗﾐ;ﾉ ;ヴヴ;┞ ﾗa ｴW┝;ｪﾗﾐ;ﾉ IWﾉﾉゲ ぷヶへ ;ﾐS ンD 
デWデヴ;ﾆ;ｷSWI;ｴWSヴﾗﾐ IWﾉﾉぷヱΒが ヲΒへく  

The materials studied here have lower porosities and a more random 

structure than some other types of porous material so their ETC would not 

necessarily be expected to agree with equations derived for alternative types 

of metal foam or sponge.  However, it is desirable to have an expression that 

can predict ETC for porous metals over the range of porosities from 0.5 to 

values approaching 1.0.  A number of models and correlations have been 

selected and compared to available measurements of ETC, which are given in 

Table 3.  Three simplified models were used, one based on the assumption that 

conduction through the solid material can be either in series or parallel. A 

simple scaling expression was also used, along with デｴW D┌ﾉげﾐW┗ model [8, 15, 

36], and an analytical model based on the numerical and 3D tomographic 

structure parameters in terms of ratio between the thickness of the struts and 

the nodes (referred to as lumps in the originating work, and preserved in the 

notation here, Dst/dlu) and the node shape [18]. Two empirical expressions for 

high porosity (> 90%) foams are also compared to our experimental 

measurements. These are being applied beyond their proven range of 

applicability to observe if they might extend to lower porosity materials. 

 

Table 3. Models and empirical correlations:  

Name                                                                                                    Expression                                          

Simplified models: 

Simplified Coquard et al. model [18]                    計勅捗捗 噺  糠 岫な 伐 綱岻 髪 鋼岫な 伐 綱岻態     

                                                                                   糠 噺 血 蕃経鎚痛 穴鎮通斑 否,  鋼 噺 血 蕃経鎚痛 穴鎮通斑 否 

Simplified Series に Parallel                                          計勅捗捗 噺 計鎚岫な 伐 綱態 戴斑 岻                                              

and Misnar Models [6]    

 

D┌ﾉげﾐW┗ MﾗSWﾉ [37]                                                      計勅捗捗 噺 計鎚建態 髪 計捗岫な 伐 建岻態 髪 態痛岫怠貸痛岻懲濡懲肉懲濡岫怠貸痛岻袋痛懲肉 

                                                                            where 建 噺 怠態 髪 cos 岾怠戴 潔剣嫌貸怠岫に綱 伐 な岻 髪 替訂戴 峇     

Scaling Relation [6, 38]                                                計勅捗捗 噺 計鎚岫な 伐 綱岻津 

                                                                            where 券 樺 岷な┻はの┸な┻ぱの岻   

Empirical Correlations for high porosity foams:                                             

Bhattacharya et al. [15]                                                計勅捗捗 噺 畦岫綱計捗 髪 岫な 伐 綱岻計鎚岻 髪 怠袋凋芭凪肉袋迭貼芭凪濡  

                                                                                       where A= 0.35                                                       



 

   

The selected correlations and models are plotted with experimental data 

(our own and that of other workers) in Figure 8.  

 

Figure 8 Empirical correlations and simplified models versus porosity. 

From Figure 8 it can be seen that there is considerable variation in the 

predicted ETC, with mismatches between empirical correlations and the 

experimental results across the full range of porosity. The experimental data 

might be considered to be in better agreement than the proposed fits, the 

scatter observed between the samples tested here being less than that of the 

predictions.  This, in part, reflects the lack of experimental data that has been 

available for porous materials and the necessity for further measurements.  

The series-parallel or Minsar models over predicted ETC at all porosities by 

65% at a porosity of 70% and 86% at a porosity of 95%. The two models 

derived for high porosity materials, Bhattacharya et al.[15],  and Singh et 

al.[36], tend to under predict ETC at lower porosities by 24% and 50% at a 

porosity of 60% respectively, indicating some material/structural difference in 

the materials at this range from the higher porosity form.  Scaling relationships 

gave reasonable agreement for some of the measurements but tended not to 

Singh et al. [36]                                                          倦勅捗捗 噺 計彫岫怠貸庁岻計彫彫庁    ヰ г F г ヱ    

                                                                                       計彫 噺 懲濡懲肉岫怠貸悌岻懲肉袋悌懲濡                                  

                                                                                       計彫彫 噺 綱計捗 髪 岫な 伐 綱岻計鎚 

                                                                                       繋 噺 ど┻ひはぱぬ 岫ど┻ぬどぬな 髪 ど┻どはにぬ ln岫綱 懲濡懲肉岻岻 



work for material where the porosity was greater than 90% where they under 

predicted ETC by 77% at a porosity of 95%. TｴW D┌ﾉげﾐW┗ model predicted ETC 

well across the whole range of porosities, although the values of the effective 

thermal conductivity for the high porosity foams are so low the relative error 

will be significant. The successful predictions of this model is likely to relate to 

the fact that the fibrous structure in the model is assumed to be an infinite 

random arrangement of cylinders. The replacement of the cylinders with 

square bars of the same cross sectional area will not affect ETC [37], and so this 

random arrangement is a good representation of the strut structure of the 

tested foams.   

 Further to this, the shapes of the nodes and struts have a measurable 

effect on the predicted ETC. The cross sectional shape of metal fibre (strut) 

changes with porosity, from a circle at a porosity of 85% to a concave triangle 

when the porosity reaches 97% [15, 21, 39]. To include the effect of the 

thickness ratio of the nodes and struts, the predicted ETC from the Coquard et 

al model [18] was compared with experimental results with cubic and 

parallelepipedic node shapes. For both shapes at high Dst/dlu the ETC under 

predicted at low porosity by 15% and 36% for parallelepipedic and cubic nodes 

respectively, and tends to good estimation at very high porosities with high 

and low ratio. The overestimated values were found at lower porosities with 

very low Dst/dlu. When the ratio is 2.0 the shape of the nodes tends to a 

measurable difference of around 8% at a porosity of 65%. In this model the 

thickness ratio between the nodes and struts needs to be obtained accurately 

in order to be able to predict a reliable ETC value.   

 The analytical and numerical approaches describe the typical shape of 

unit cells as homogenous, without any misalignment or other defects, which in 

reality will be common. Such features will be the origin of the differences 

between the predictions and the experimental results.      

To further investigate the relationship between ETC and porosity an 

empirical scaling relationship was derived where: 計勅捗捗 噺 計鎚岫な 伐 綱岻津退捗岫悌岻     6.1 

Such that n was itself a function of the porosity.  It was initially anticipated that 

n would be a linear function.  Shown in Figure 9 is the value of the exponent n 

plotted against porosity for each experimental data point.  The measurements 

from this study and those of other workers presented in Figure 7 were used.  

The value of n was observed to gently decrease with increasing porosity but 



then rapidly tail off beyond a porosity of 0.8.  In order to fit these data a power 

law was investigated, also shown in Figure 9, as a dashed line.  The best fit was 

found to be: 券 噺 に┻なの岫な 伐 綱岻待┻怠滞     6.2 

Resulting in final form of the empirical scaling law for porous metals for with 

pore fractions ranging from 0.5 to 0.98 to be  計勅捗捗 噺 計鎚岫な 伐 綱岻態┻怠泰岫怠貸悌岻轍┻迭展
     6.3 

 

 

Figure 9.  The exponent n from the proposed empirical scaling relationship as a function of 

porosity. 

 



 

Figure 10 Predicted effective thermal conductivity by modified correlation versus porosity 

Sｴﾗ┘ﾐ ｷﾐ Fｷｪ┌ヴW ヱヰ ;ヴW ゲWﾉWIデWS W┝ヮWヴｷﾏWﾐデ;ﾉ S;デ; ┘ｷデｴ デｴW ヮヴﾗヮﾗゲWS 
WﾏヮｷヴｷI;ﾉﾉ┞ SWヴｷ┗WS ゲI;ﾉｷﾐｪ ﾉ;┘ ｪｷ┗Wﾐ ｷﾐ Eケ┌;デｷﾗﾐ ヶくンく TｴW ;ｪヴWWﾏWﾐデ ┘ｷデｴ ;ﾉﾉ 
デｴヴWW aﾗヴﾏゲ ﾗa ヮﾗヴﾗ┌ゲ ﾏ;デWヴｷ;ﾉ ｷゲ IﾗﾐゲｷSWヴWS デﾗ HW ｪﾗﾗSく  TｴWヴW ｷゲ ゲﾗﾏW 
SW┗ｷ;デｷﾗﾐ ┘ｷデｴ デｴW けﾉﾗ┘げ ヮﾗヴﾗゲｷデ┞ ゲｷﾐデWヴWS ﾏWデ;ﾉ aﾗ;ﾏゲ ふ┘ｴｷIｴ ;ヴW IﾉﾗゲWS IWﾉﾉぶ 
ぷヶへ ┘ｴｷIｴ ｴ;S ゲﾉｷｪｴデﾉ┞ ｴｷｪｴWヴ ETC デｴ;ﾐ デｴW ﾗヮWﾐ IWﾉﾉWS ﾏ;デWヴｷ;ﾉゲ ヮヴﾗH;Hﾉ┞ S┌W 
デﾗ デｴW ゲデヴ┌Iデ┌ヴ;ﾉ SｷaaWヴWﾐIWく Aﾉゲﾗ ゲｴﾗ┘ﾐ ｷﾐ Fｷｪ┌ヴW ヱヰ ｷゲ デｴW ヮヴWSｷIデｷﾗﾐ H┞ ;ﾐ 
;ﾐ;ﾉ┞デｷI;ﾉ W┝ヮヴWゲゲｷﾗﾐ aﾗヴ IWﾉﾉ┌ﾉ;ヴ ﾏWデ;ﾉ ｴﾗﾐW┞IﾗﾏHゲ ぷヴヰへく  HWヴW デｴW デｴｷIﾆﾐWゲゲ 
;ﾐS ｴWｷｪｴデ ﾗa デｴW ゲﾗﾉｷS ﾏ;デWヴｷ;ﾉ SWIヴW;ゲWゲ ｷﾐ ヮヴﾗヮﾗヴデｷﾗﾐ ;ゲ デｴW ヮﾗヴﾗゲｷデ┞ 
ｷﾐIヴW;ゲWゲ ｷくWく デｴW IWﾉﾉゲ HWIﾗﾏW ゲﾏ;ﾉﾉWヴ ;ﾐS デｴW ┘;ﾉﾉゲ デｴｷﾐﾐWヴく  TｴW ヴWS┌Iデｷﾗﾐ ｷﾐ 
WaaWIデｷ┗W デｴWヴﾏ;ﾉ IﾗﾐS┌Iデｷ┗ｷデ┞ ┘ｷデｴ ヮﾗヴﾗゲｷデ┞ ｷゲ ﾏﾗヴW ﾉｷﾐW;ヴ ｷﾐ デｴｷゲ ゲｷデ┌;デｷﾗﾐく  Iデ 
ゲｴﾗ┌ﾉS HW ﾐﾗデWS デｴ;デ デｴWゲW ヴWゲ┌ﾉデゲ ;ヴW ﾗﾐﾉ┞ ;ヮヮﾉｷI;HﾉW aﾗヴ ┌ﾐｷSｷヴWIデｷﾗﾐ;ﾉ ｴW;デ 
デヴ;ﾐゲaWヴ ;ﾐS デｴ;デ デｴWヴW ｷゲ ; SｷaaWヴWﾐデ IﾗヴヴWﾉ;デｷﾗﾐ aﾗヴ ｴW;デ デヴ;ﾐゲaWヴ ｷﾐ ;ﾉデWヴﾐ;デｷ┗W 
ヮﾉ;ﾐWゲく  Iﾐ Iﾗﾐデヴ;ゲデ デｴW ｴｷｪｴ ヮﾗヴﾗゲｷデ┞ ﾏWデ;ﾉ aﾗ;ﾏゲ ふ綱 б ヰくΓぶ ;ヴW Iｴ;ヴ;IデWヴｷゲWS H┞ 
デｴｷIﾆWﾐWS ｷﾐデWヴゲWIデｷﾗﾐゲ ┘ｷデｴ デｴｷﾐﾐWヴ ┘;ﾉﾉゲ ヴWゲ┌ﾉデｷﾐｪ ｷﾐ ヴWﾉ;デｷ┗Wﾉ┞ ﾉﾗ┘Wヴ ┗;ﾉ┌Wゲ ﾗa 
ETC デｴ;ﾐ ﾏｷｪｴデ HW W┝ヮWIデWS ｷa デｴW ﾏ;デWヴｷ;ﾉ ┘;ゲ SｷゲデヴｷH┌デWS W┗Wﾐﾉ┞ ｷﾐ デｴW 
ﾏ;デヴｷ┝く 

TｴW WﾏヮｷヴｷI;ﾉ W┝ヮヴWゲゲｷﾗﾐ SWヴｷ┗WS ｴWヴW IﾉW;ヴﾉ┞ ｴ;ゲ ｷデゲ ﾉｷﾏｷデ;デｷﾗﾐゲが ｴﾗ┘W┗Wヴが ｷデ 
ヮヴﾗ┗ｷSWゲ HWデデWヴ ;ｪヴWWﾏWﾐデ ┘ｷデｴ デｴW a┌ﾉﾉ ヴ;ﾐｪW ﾗa W┝ヮWヴｷﾏWﾐデ;ﾉ S;デ; デｴ;ﾐ デｴW 
W┝ｷゲデｷﾐｪ ;ﾐ;ﾉ┞デｷI;ﾉ W┝ヮヴWゲゲｷﾗﾐゲく  WｴｷﾉW ﾏWデｴﾗSゲ デｴ;デ ﾏ;ﾆW ﾉｷﾐﾆゲ HWデ┘WWﾐ デｴW 
ゲデヴ┌Iデ┌ヴW ;ﾐS デｴW HWｴ;┗ｷﾗ┌ヴ IﾉW;ヴﾉ┞ ｴ;┗W ｪヴW;デ ヮﾗデWﾐデｷ;ﾉ デﾗ ┞ｷWﾉS ┌ﾐSWヴゲデ;ﾐSｷﾐｪ 
ﾗa デｴW ﾏWIｴ;ﾐｷゲﾏゲ ;ﾐS Iﾗ┌ﾉS ﾉW;S デﾗ ;II┌ヴ;デW ヮヴWSｷIデｷﾗﾐゲが ;IIWゲゲｷﾐｪ ;ﾉﾉ ﾗa デｴW 
ヴWケ┌ｷヴWS ヮ;ヴ;ﾏWデWヴゲ W┝ヮWヴｷﾏWﾐデ;ﾉﾉ┞ I;ﾐ HW Iｴ;ﾉﾉWﾐｪｷﾐｪく Sデヴ┌Iデ┌ヴ;ﾉ SｷaaWヴWﾐIWゲ 



ｷﾐｴWヴWﾐデ ｷﾐ デｴW SｷaaWヴWﾐデ ﾏ;ﾐ┌a;Iデ┌ヴｷﾐｪ デWIｴﾐｷケ┌Wゲ ふWくｪく デｴW デｴｷﾐ ゲデヴ┌デ 
デｴｷIﾆﾐWゲゲWゲ ゲWWﾐ ｷﾐ デｴW ｴｷｪｴ ヮﾗヴﾗゲｷデ┞ ｷﾐ┗WゲデﾏWﾐデ I;ゲデ aﾗ;ﾏゲぶが ;ﾐS Iｴ;ﾐｪWゲ ｷﾐ 
ゲデヴ┌Iデ┌ヴW ﾗ┗Wヴ ﾉ;ヴｪW ヴ;ﾐｪWゲ ﾗa ヮﾗヴﾗゲｷデ┞が ﾏW;ﾐ デｴ;デ ; ｪWﾐWヴ;ﾉ IﾗヴヴWﾉ;デｷﾗﾐ aﾗヴ ETC 
┘ｷﾉﾉ HW SｷaaｷI┌ﾉデ デﾗ ;IｴｷW┗Wく 

 

7. Conclusion 

TｴW WaaWIデｷ┗W デｴWヴﾏ;ﾉ IﾗﾐS┌Iデｷ┗ｷデ┞が ETCが ﾗa ;ﾉ┌ﾏｷﾐｷ┌ﾏ ﾏWデ;ﾉ ゲヮﾗﾐｪWゲ 
ﾏ;ﾐ┌a;Iデ┌ヴWS ┌ゲｷﾐｪ デｴW ヴWヮﾉｷI;デｷﾗﾐ デWIｴﾐｷケ┌W ┘WヴW ﾏW;ゲ┌ヴWS H┞ ; 
Iﾗﾏヮ;ヴ;デｷ┗W ゲデW;S┞ ゲデ;デW デWIｴﾐｷケ┌Wく  TｴW ヮﾗヴﾗゲｷデ┞ ヴ;ﾐｪWS aヴﾗﾏ ヰくヶ デﾗ ヰくΒ aﾗヴ 
aﾗ┌ヴ SｷaaWヴWﾐデ ヮﾗヴW ゲｷ┣Wゲ ふれヰくΑ デﾗ ヲくヴ ﾏﾏぶく TｴW ｷﾏヮ;Iデ ﾗa デｴWヴﾏ;ﾉ Iﾗﾐ┗WIデｷﾗﾐ ﾗﾐ 
デｴW ﾏW;ゲ┌ヴWﾏWﾐデゲ ┘;ゲ aﾗ┌ﾐS H┞ Iﾗﾏヮ;ヴｷﾐｪ デｴW ヴWゲ┌ﾉデゲ aﾗヴ ; ｴW;デ aﾉ┌┝ ;Iデｷﾐｪ 
┘ｷデｴ ;ﾐS ;ｪ;ｷﾐゲデ ｪヴ;┗ｷデ┞く Iデ ｷゲ Wゲデｷﾏ;デWS デｴ;デ Iﾗﾐ┗WIデｷﾗﾐ ｴW;デ デヴ;ﾐゲaWヴ ﾏｷｪｴデ 
IﾗﾐデヴｷH┌デW ┌ヮ デﾗ ヴХ ﾗa デｴW ｴW;デ デヴ;ﾐゲaWヴ デｴヴﾗ┌ｪｴ デｴW ゲ;ﾏヮﾉWゲく   

TｴW WaaWIデｷ┗W デｴWヴﾏ;ﾉ IﾗﾐS┌Iデｷ┗ｷデ┞ ┘;ゲ aﾗ┌ﾐS デﾗ a;ﾉﾉ ┘ｷデｴ ｷﾐIヴW;ゲｷﾐｪ ヮﾗヴﾗゲｷデ┞く  
TｴW ﾏW;ゲ┌ヴWﾏWﾐデゲ ┘WヴW ゲｷﾏｷﾉ;ヴ デﾗ デｴﾗゲW ﾗa ﾗデｴWヴ ┘ﾗヴﾆWヴゲ aﾗヴ IﾉﾗゲWS IWﾉﾉ 
ヮﾗヴﾗ┌ゲ ﾏ;デWヴｷ;ﾉゲく  Cﾗﾏヮ;ヴｷゲﾗﾐ ﾗa デｴW ヴWゲ┌ﾉデゲ aヴﾗﾏ デｴｷゲ ゲデ┌S┞ ;ﾐS 
ﾏW;ゲ┌ヴWﾏWﾐデゲ ﾗa ﾗデｴWヴ ┘ﾗヴﾆWヴゲ ┘ｷデｴ ; ゲWﾉWIデｷﾗﾐ ﾗa ﾏﾗSWﾉゲ ;ﾐS W┝ヮヴWゲゲｷﾗﾐゲ aﾗヴ 
デｴW WaaWIデｷ┗W デｴWヴﾏ;ﾉ IﾗﾐS┌Iデｷﾗﾐ ゲｴﾗ┘WS デｴ;デ デｴW Wケ┌;デｷﾗﾐ ヮヴﾗヮﾗゲWS H┞ 
D┌ﾉげﾐW┗ ｪ;┗W デｴW HWゲデ ヮヴWSｷIデｷﾗﾐ aﾗヴ ヮﾗヴﾗゲｷデｷWゲ ヴ;ﾐｪｷﾐｪ aヴﾗﾏ ヰくヵ デﾗ ヱくヰく  
Hﾗ┘W┗Wヴが デｴW WaaWIデｷ┗W デｴWヴﾏ;ﾉ IﾗﾐS┌Iデｷ┗ｷデ┞ ┘;ゲ ゲﾗ ゲﾏ;ﾉﾉ ;デ ｴｷｪｴ ヮﾗヴﾗゲｷデｷWゲ 
ふｪヴW;デWヴ デｴ;ﾐ ΓヰХぶ デｴ;デ デｴW ヴWﾉ;デｷ┗W Wヴヴﾗヴ ｷゲ ｴｷｪｴ aﾗヴ デｴWゲW ゲ;ﾏヮﾉWゲく  Aﾐ 
WﾏヮｷヴｷI;ﾉ IﾗヴヴWﾉ;デｷﾗﾐ ┘;ゲ ヮヴﾗヮﾗゲWS aﾗヴ デｴW WaaWIデｷ┗W デｴWヴﾏ;ﾉ IﾗﾐS┌Iデｷ┗ｷデ┞ aヴﾗﾏ 
ヰくヵ デﾗ ヱくヰ H;ゲWS ﾗﾐ ; ゲI;ﾉｷﾐｪ ﾉ;┘ ┘ｷデｴ デｴW W┝ヮﾗﾐWﾐデ ; a┌ﾐIデｷﾗﾐ ﾗa デｴW ヮﾗヴﾗゲｷデ┞く  
Tｴｷゲ ｷゲ ヮヴﾗヮﾗゲWS ;ゲ ; ヮヴ;ｪﾏ;デｷI ゲﾗﾉ┌デｷﾗﾐ デﾗ デｴW ┗;ヴｷ;デｷﾗﾐ ｷﾐ デｴW ﾏ;デWヴｷ;ﾉ 
ゲデヴ┌Iデ┌ヴW ;ﾐS ヮヴﾗヮWヴデｷWゲ ヴWゲ┌ﾉデｷﾐｪ ｷﾐ SｷaaｷI┌ﾉデｷWゲ デﾗ SW┗Wﾉﾗヮ ;ﾐ ;ﾐ;ﾉ┞デｷI;ﾉ 
W┝ヮヴWゲゲｷﾗﾐく  
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