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Ah&a&-Thermal conductivity and electrical resistivity of porous materials, including 304L stainless 
steel Rigimesh, 304L stainless steel sintered spherical powders, and OFHC sintered spherical powders 
at different porosities and temperatures are reported and correlated. It was found that the thermal conduc- 
tivity and electrical resistivity can be related to the solid material properties and the porosity of the porous 
matrix regardless of the matrix structure. It was also found that the modified W~~emann-Franz-Lo~nz 
relationship is valid for the porous materials under consideration. For high conductivity materials, the 
Lorenz function and the lattice component of conductivity depend on the material and are independent 

of the porosity. For low conductivity, the lattice component depends on the porosity as well. 

NOM~CLATURE 

constant in Wiedemann-Franz- 
Lorenz equation [Wm- ’ K- ‘1; 
constants, equation (9); 
constant in Wiedemann-Franz- 
Lorenz equation [V” K- ‘] ; 
constant, equation (3); 
temperature [K]; 
temperature coefficient for conduc- 
tivity, equation (11) [K- ‘1; 
temperature coefficient for resis- 
tivity, equation (12) [K-l] ; 
thermal conductivity [Wm- ’ K- “1; 
electrical resistivity [Chn]; 
porosity. 

* This research is sponsored by NASA-Lewis Research 
Center under Contract No. NAS 3-12012. Mr. A. Fortini 
is the NASA Program Manager and Mr. John Dutton is 
the Program Leader from The Boeing Company. 

Subscript 
0, solid material (r = 0). 

INTRODUCTION 

THERMAL conductivity of porous material is an 
irn~~ant property in determ~~g the tem- 
perature distribution of coolant and of the 
porous structure in transpiration cooling. Due 
to the irregularity of the microstructure, con- 
fident calculation of the theoretical thermal 
conductivity of porous material is rather difkult 
if not impossible. Existing prediction methods 
are based on certain simplifications; such as, 
parallel cylinders, laminates in series, spheres 
dispersed in a conducting medium, etc. Even 
with a well defined microstructure, the problem 
remains complex due to the existence of the 
interface resistance. Therefore, with the excep- 
tion of parallel cylinders, a semi-empirical 
approach is the only practical way of confidently 
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predicting the thermal conductivity of porous 
materials. This approach was used by Grooten- 
huis, Powell and Tye [l] who measured the 
thermal conductivity and electrical resistivity 
of sintered bronze powder at several values of 
porosity from 293 K to 473 K. They found that 
all the data on thermal conductivity ,l and 
electrical resistivity p at different temperatures 
T may be represented by a straight line given 
by equation (1). 

L = 2.43 x lo-* (11 

For thermal conductivity calculations of porous 
bronze, they suggested the use of the fo~owing 
equation : l 

I( 

A, 
- = 1 - 2.15 
2, 

where 1, is the thermal conductivity of solid 
material. 

Recently, Aivazov and Domashnev [Z] de- 
rived an expression for the thermal conductivity 
of porous materials as follows: 

A 1-r -=- 
10 1 + nt2 

where n is an ex~~entally determined con- 
stant. 

The purpose of the present study is (1) to 
provide experimental data of thermal conduc- 
tivity and electrical resistivity of different porous 
materials over a temperature range from 373 K 
to 1273 K, and (2) to develop semi-empirical 
equations for the prediction of thermal con- 
ductivity, electrical resistivity, and their inter- 
relationship from these data. The porous ma- 
terials studied are (1) 304L stainless steel woven 
wire, (2) 304L stainless steel sintered spherical- 
powder, and (3) oxygen-free high conductivity 
copper sintered spherical-powder. For conveni- 
ence, these materials will be called Rigimesh, 
stainless powders and copper powders respect- 

ively in this paper. Three difIerent porosities 
of each material are investigated. A detailed 
description of porous material microstructure, 
dimension of specimens, and method of measure- 
ments are reported in [3-6]. 

THERMAL CONDUCTIVKY AND 
ELECTRICAL RESISTIWTY 

The thermal conductivity and electrical resis- 
tivity for Rigimesh, stainless steel powders and 
copper powders are shown in Table 1 (a), (b) 
and (c), respectively. Using the thermal con- 
ductivity and electrical resistivity of solid ma- 
terial as a reference, the dimensionless thermal 
conductivity &, and the d~ensionle~ elec- 
trical resistivity pe/p can be computed. It was 
found that both A/& and p,,/p are insensitive to 
temperature. The mean values of these two 

quantities as a function of porosity are shown 
in Table 2 and Fig. 1. The solid lines in Fig. 1 

o-5 
Porosity, ( 

FIG. 1. Dimensionless thermal conductivity, ,QX,, and dimen- 
sionless electrical resistivity, pa/p of porous materials. 

I PO 

;i;; T- 

304 L SS Rigimesh q n 
304 L SS powders 0 
OFHC Cu powders A t 
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Table 2. Dimensionless conductivity and resisthit); 

Materials Porosities l/l, I’olP 

304L ss 

Rigimesh 

0.093 

O-203 
0.385 

304L ss 

Sintered powders 

0.0924 

0.215 
0.315 

OFHC 0.103 

Sintered powders 0.210 
0.304 
-.___ __~_. 

0.869 0.790 

0.530 0.494 
0.267 0.243 

0.739 0.750 

0.528 0.526 
0.347 0.330 

0.805 0.810 

0.528 0.494 
0.403 0.380 

are represented by a correlation discussed in FIG. 2. Comparison of experimental data and correlations 

the following section. of thermal conductivity of porous materials. 

CORRELATION OF DIMENSIONLESS 

CONDUCTIVITY AND RESISTIVITY 

Different correlation equations have been 
published in the literature [l, 2, 7-121. The 
present experimental data can be represented 
best by equation (3). It was deduced for a porous 
material having a number of different pore 
configurations [2]. 

Using the results in Table 1, it was found by 
statistical analysis that the mean value of n is 
11; therefore, the dimensionless conductivity 
is given by the following: 

II l-5 
z= 1 + 11t2. 

Equation (4) yields a good correlation for all 
experimental data (see Fig. 2). However, it 
should be noted that n is sensitive to (1) the 
manufacturing characteristics of porous ma- 
terial, (2) the contamination of material asso- 
ciated with the sintering process, and (3) the 
accuracy of the porosity, conductivity, and 
resistivity measurements. Similarly, the cor- 
relation of electrical resistivity is given by : 

PO l-5 
-= 

P 1 + 11r2. 

Porosity, ( 

73 304 LSS Rigimesh 
0 304 LSS Powders 
n OFHC Cu Powders 

; X3> (14) 
Cylindrical Pores (12) 

V F:am%al, (15) 
V Feltmetal, (15) 
l Porous 301 SS, (16) 

Equations (4) and (5) are shown as solid lines in 
Fig. 1. Considering the complexity ofthe problem 
and the significant differences in microstructures 
from Rigimesh to sintered powders, it is 
concluded from Fig. 1 that the correlation is 
satisfactory. 

Other correlations and experimental data 
It was shown in [l] that for sintered matrices, 

the experimental data on thermal conductivity 
can be correlated best by a simple straight line 
given in equation (2). 

An extensive review of literature on thermal 
conductivity of porous materials performed in 
[13] shows that equation (2) indeed represents 
such experimental data as well. This correlation, 
together with equation (4) and the model of 
parallel cylinders, are shown in Fig. 2. Some 
experimental data are also shown in the figure 
for comparison. For clarity, the experimental 
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data for sintered powders compiled in [l, 131 
are not shown in this figure. 

Figure 2 shows that the equation 

A 1-E 

n,’ 1 + ll> 

correlates all the experimental data very well. 
On the other hand, the parallel cylinder model, 
A/A, = 1 - r would overestimate the conduc- 
tivity while the correlation ,?/A, = 1 - 2.15 
would underestimate the conductivity when the 
porosity is larger than 0.30. 

Figure 2 shows also that the conductivity for 
Foametal and Feltmetal at high porosity (r 2 
O-42) can be represented by equation (4). No 
experimental data for these materials at low 
porosities are available to substantiate the 
correlation. 

RELATION BETWEEN THERMAL CONDUCTIVITY 

AND ELECTRICAL RESISTIVITY 

Relation established in literature 
Published literature [17] shows that within 

the temperature range where there is no mag- 
netic transformation the thermal conductivity 
and electrical resistivity of solid materials are 
approximately related by the following equation 
which is based upon the Wiedemann-Franz- 
Lorenz law. 

I,=L-T+b 
PO 

(6) 

where L = Lorenz function 

LT 
- = electronic component of thermal 
PO conductivity 
b = lattice component of thermal 

conductivity. 

Values of L and b for different materials can be 
found in [17]. 

1 us T/p of present data 
Using the results in Table 1, the functional 

relationship between I and T/p for the present 
data is shown in Figs. 3-5 for the stainless 

32_ 

26 - 

7 24_ 
Y 

;E 
b 

20 _ 

x’ 

x 

/ 

x 

x 

0 

/ ,/” Porosity 

A’ O-O 

x-o.093 

A-O 203 

o-o 365 

Temparoture/Resistivity.~. K si’ m-’ 

FIG. 3. Thermal conductivity vs temperature/resistivity of 
porous 304L stainless steel Rigimesh. 

32, 

26- 

T 24_ 
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7 

g 20_ 

I I I I I J 
0 2 4.. 6 6 IO 12X108 

Temperoture/Resistivity. F , Kfi-’ me’ 

FIG. 4. Thermal conductivity vs temperature/resistivity of 
304L stainless steel sintered powders. 
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IPO 

i 

.Lu $, ! 1 i i I 
80 100 120 i40 160 180110~ 

Temperature/Restsfiv~ty, $ , K 8’ ill-1 

FIG. 5. Thermal conductivity vs temperature/resistivity of 
OFHC sintered powders. 

steel Rigimesh, stainless steel powders, and 
copper powders respectively. For the stainless 
steel materials, Figs. 3 and 4 show that distinct 
straight lines could be drawn through the data 
for each porosity. The slope is essentially the 
same between different lines and thus indepen- 
dent of porosity. Therefore, for the stainless 
steel materials, the Lorenz function in equation 
(6) is indeed a constant independent of porosity, 
while the lattice component of conductivity b 
depends on the porosity. For the copper 
material, Fig. S shows that all the data can be 
essentially represented by a single line indepen- 
dent of porosity. Using a least square method, 
the line which represents best the experimental 
data is as follows: 

I =I 2.307 x lo-* 5 f 18.6 (copper powders). 

(7) 

In [ 11, it is shown that the thermal conductivity 
and electrical resistivity of bronze powders can 
be represented by the following relation inde- 
pendent of porosity. 

;1 = 2.43 x IO-*$ c 2.1 (bronze powders). 

(8) 
So far, the available ex~rimental data for 
porous materials show that: 

(1) The relation given by equation (6) is valid. 
(2) The Lorenz function L depends on the kind 

of material and is independent of porosity. 
(3) The lattice component of conductivity b 

depends on the kind of material for bronze 
and copper. It depends on the porosity as 
well for the stainless steel. 

Experimental results [lS] show that for porous 
bronze and copper, the lattice component of 
thermal conductivity is relatively unimportant 
(up to 14 per cent of total conductivity), while 
for porous stainless steel Rigimesh the lattice 
component of conduction (38 per cent) is almost 
as important as the electronic component of 
conduction. Therefore, it is approp~ate to 
postulate that within the temperature range 
where there is no magnetic transformation the 
lattice component of conduction depends on 
the porosity and temperature for all the ma- 
terials. But, due to the limit in experimental 
accuracy, the effect of porosity on the lattice 
component of conductivity can only be found 
in low conductivity materials where the lattice 
conductivity is important and cannot be found 
in high conductivity materials were the lattice 
conduc~vity is relatively unim~rtant. The 
experimental difficulty also precludes the deter- 
mination of temperature effects on the lattice 
component of conductivity. For engineering 
applications, it may be stated that for bronze 
and higher conductivity materials, the thermal 
conductivity and resistivity is related by a 
single line of equation (6) with a single slope L 
and a single intercept b independent of porosity. 
For stainless steel and low conductivity ma- 
terials, the thermal conductivity and electrical 
resistivity is related by a set of straight lines. 

Correlation of A vs T/p for 304L stainless steel 
The experimental data on thermal conduc- 
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tivity and electrical resistivity at different tem- 
peratures and porosities are correlated to a 
single equation by the following postulations: 
(1) The slope L in equation (6) is a constant 

independent of porosity. 
(2) The lattice component of conductivity 6 is 

a linear function of porosity, i.e. 

b = c, - C,{. 

Thus, equation (6) can be rewritten as 

The constants, L, C, and C, are found by the 
following steps: 

(1) For each porosity, determine the best slope 
L by a least squares method. 

(2) All the values of L found in Step (1) are 
added and divided by the number of 
porosities. The result is taken as the best 
value for L. 

32 

r 

(3) Using the best value of L in equation (9) 
and the experimental data of 1, T/p and [, 
the best values of C, and C, are determined 
by a least squares method. 

The resulting equation as found by the foregoing 
procedure for the 304L stainless steel Rigimesh 
and powders is as follows: 

2 + 11.18< = 2.16 x lo-$ + 5.956. (10) 

This correlation is shown in Fig. 6 together with 
the experimental data. The maximum deviation 
between the correlation line and the experi- 
mental data is 9 per cent for the Rigimesh at 
O-093 porosity. Over 70 per cent of the dam 
falls within 5 per cent of the value given by 
equation (10). In view of the complexity of the 
problem, this correlation is deemed satisfactory. 

TEMPERAT~E EFFECTS 

Using the thermal conductivity and electrical 
resistivity at 373 K as a reference, the thermal 
conductivity and electrical resistivity at any 
temperature T (K) may be computed by the 
following equations: 

.A, 1 -= 
A 373 

PT=l 
P373 

+ Q (T- 373) (11) 

+ /3 (T- 373). (12) 

a-0.0924 Sintsred powders 

The coefficients u and /I are essentially indepen- 
dent of porosity and have the following nu- 
merical values [18] valid for a temperature 

A- 0.215 Sintrrsd powders range from 373 K to 1273 K. 
e- 0,315 Sintered powders 

X- a093 Rigimesh 

a- 0.203 Wglmesh 

OQOO89 I(- ’ stainless steel cI = 

~~265 K- ’ copper (13) 

f , KL?“m“ 
PREDICTION OF THERMAL CONDUCTIVITY 

OF POROUS MATERIAL 
FIG. 6. Correlation of thermal conductivity, i, electrical 
resistivity p, porosity c, and temperature T, of 304L stainless In general, the thermal conductivity and 

steel Rigimesh and powders. electrical resistivity of a solid material can be 
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found in the literature. This information may be at different porosities have been measured over 
used to estimate the thermal conductivity of the a temperature range from 373 K to 1273 K. 
material at different porosity and temperature Data have been analyzed and correlated. The 
by the following procedure: correlations were tested using existing data for 

other porous materials. Based on this study, 
the following conclusions may be drawn : Porous material conductivity computed from 

solid conductivity information 
When the thermal conductivity of solid (1) 

material is known, the thermal conductivity 
of porous material can be computed by use of 
equation (4) at corresponding temperatures. 
When the thermal conductivity of solid material 
is known only at a certain temperature, the 
thermal conductivity of porous material at any 
other temperature may be found by first com- 
puting the solid material conductivity at the 
porous material temperature by use of an 
equation similar to equation (11) and then 
obtaining the answer by use of equation (4). 

Porous material conductivity computed from 
resistivity data (2) 

When the electrical resistivity of a solid 
material as a function of temperature is given, 
the thermal conductivity of porous material 
can be found by two steps: 
(1) Determine the thermal conductivity of solid 

material as a function of temperature by use 
of equation (6) with appropriate constants 
L and b. 

(2) Compute the thermal conductivity of porous 
material by use of equation (4). 

When the electrical resistivity of a solid material 
is known at a temperature only, the thermal 
conductivity at the same temperature can be 
found by use of equation (6). Equation (11) can 
then be used to determine the solid conductivity 

(3) 

at any other temperature. Finally, the thermal 
conductivity of the material at a specific 
porosity can be computed by use of equation (4). 

1. 
CONCLUSIONS 

Thermal conductivity and electrical resistivity 
of stainless steel Rigimesh, stainless steel sintered 
powders, and copper sintered spherical-powders 

For sintered powders and Rigimesh, the 
dimensionless thermal conductivity can be 
represented by 

;! l-5 
n,= 1 + 11t2 

and the dimensionless electrical resistivity by 

VO l-5 -= 
P 1 + 1152‘ 

The thermal conductivity correlation also 
tits the existing data on thermal conductivity 
of foametal, feltmetal, and non-spherical 
sintered powders. 
Within the temperature range where there 
is no magnetic transformation, the thermal 
conductivity of porous metals is related to 
the electrical resistivity and temperature by 
the equation: 1 = (LT/p) + b. For a high 
conductivity material, such as bronze and 
copper where the lattice component of 
conduction is relatively unimportant, the 
slope L and the intercept b are a function of 
material but independent of porosity. For a 
low conductivity material, such as stainless 
steel where the lattice component of con- 
ductivity is almost as important as the 
electronic component of conductivity, this 
intercept depends on the porosity as well. 
The thermal conductivity of porous materi- 
als can be computed from the information 
of solid material thermal conductivity and/or 
electrical resistivity. 
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DETERMINATION DE LA CONDUCTIVITE THERMIQUE ET DE LA RESISTIVITE 
ELECTRIQUE DE MATERIAUX METALLIQUES POREUX 

R&sum&On rapporte et met en relation la conductivitt thermique et la resistivite electrique de materiaux 
poreux, comprenant l’acier inoxydable 304 L Rigimesh, des poudres spheriques f&t&es d’acier inoxyable 
304 L et des poudres sphtriques f&tees OFHC pour differentes porosites et temperatures. On a trouvt 
que la conductivite thermique et la resistivite Clectrique peuvent &tre relites aux proprietes du mat&au 
solide et a la porosite de la matrice poreuse independamment de la structure de la matrice. On a egalement 
trouvt que la relation modif& de Wiedemann-Franz-Lorenz est valable pour les mattriaux poreux 
consider&.. Pour des materiaux a haute conductivite la fonction de Lorenz et la composante du reseau de 
conductivite dependent du mat&au et sont indtpendantes de la porositt. Pour une faible conductivitt la 

composante du rtseau depend de la porositt. 

BESTIMMUNGEN DER WARMELEITFAHIGKEIT UND DES ELEKTRISCHEN 
WIDERSTANDES POR&ER METALLISCHER STOFFE 

Zusammenfassuug-Es wird iiber die WHrmeleitFahigkeit und den elektrischen Widerstand poroser 
Materialien bei verschiedenen PorositPten und Temperaturen berichtet. Rdstfreier Rigimesh-Stahl 304 L 
und OFHC gesinterte Kugelpulver wurden ebenfals untersucht. Es zeigte sich, dass die Wiirmeleitfahigkeit 
und der elektrische Widerstand auf die Eigenschaften des festen Stoffes und die PorositPt der poriisen 
Matrix bezogen werden k6nnen, unter Vernachliissigung der Matrixstruktur. Ausserdem ergab sich, dass 
die modiSzierte Wiedemann-Franz-Lorenz-Beziehung fiir die betrachteten Stoffe gtiltig ist. Fiir Stoffe 
mit hoher Leitfahigkeit hlngen die Lorenz-Funktion und die Gitterkomponente der LeitSihigkeit nur 
vom Stoff ab und sind unabhiingig von der Porositiit. Bei geringer Leitfahigkeit h&ngt die Gitterkom- 

ponente ausserdem von der Porositiit ab. 
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PACYET K03@DI4~klEHTOB TElWIOrIPOBO~HOCTM I? BJIEHTF’M~ECKOIW 
COrIPOTBBJIEHIW IIOPklCTbIX METAJIJIMYECKHX MATEPliiAJIOB 

AaEOTa~~-npeAcTaB~eHM 3HaYeHMH I~O~~~~~~eHTOB Te~~O~pOBO~HOCT~ M O;leKTpM- 

YeCKOrO CO~pOT~B~eH~~ IlOpPiCTbIX ~aTep~a~O~,~3rOTOB~eHHbIX Ei3 C~ep~yecK~X OOpO~KOn 

~Iep~aBe~~e~ crami 304 ,? El c@epmecmx nopowtos OFHC c pa3awfHoti nopHCTOCTbI0 

12 npH pasnliwwx TemnepaTypax. HattAeao, YTO KOed&ii~kfeHTbI TeIIJIoIIpOBOJJHOCTEl 11 

3JIeKTpWieCKOl?O COlIpOTHBJIeHUH BaBEiCFiT OT XapaKTepHCTiIH TBepnbIX MaTepllaJIOB &f IIOpllC- 

TOCTIl KIOpEiCTOti MaTpMUbI &I He 3aBI?CRT 01' CTpYKTJ'bbI MaTPElqbI. HaiQeHo TaK1Ke, qT0 

Mo~~~~qapoeaziHoe CooTnouIeH~e Bn~eiifama-QpaHsa-AopearZa cnpase~nmo gnn pacma- 
TpSfBaeMbIX nopI4clzIx MaTepilanoB. Aan MaTepMajroo C BbICOKElM ~O~~#~~~OHTOM 

Te~~O~pOBO~HO~T~~ ~YHK~~~ ..nOpeH&a $1 TeI~~O~pOBOAHOCTb, 06~~~OB~eHHa~ Kp~lCTa~~~~- 

YecKoZi peureTlio&, 8amcwr oT MaTep~a~a bi we 3amcwr 0~ ~~PHCTOCTE. $QEI ~aTep~~a~0~ c. 
HW~KMM K03I$+i~AeHTOM TeIIJiOlIpOBOAHOCTl4 TetUIO~pOBO~HOCTb,O6yCJIOBJleHHaFf KpElrTannn- 

secKo# pemeTKoi4, 3aBwsrr TaKwe n 0~ ~~~HCT~CTH. 


