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Abstract--Based on experimental results the hypothesis is established, that the heat transfer from a 
heated metal wall to a packed bed of metal spheres is governed by three mechanisms: molecular con- 
duction, electromagnetic radiation and electron transfer. Tile third mechanism can originate heat fluxes, 

which are much higher than those coming from the second one. 

N O M E N C L A T U R E  

C~b, heat capacity of the packed bed; 
C, electromagnetic radiation constant; 
d, sphere diameter; 
6, gap width; 
e, emissivity for electromagnetic radiation; 
E~,, electron energy; 
7, accommodation coefficient; 
h, heat-transfer coefficient; 
h*, Plancks constant; 
k, surface roughness; 
;to, heat conductivity of the continuum gas; 
2h, heat conductivity of the packed bed; 
2.4, heat conductivity of the particles; 
A0, mean free path of the gas molecules; 
A,,, wave length of the de Broglie waves related 

to the free electrons in the metal phase; 
m,,, mass of an electron; 
~, void fraction of the packed bed; 
0h, heat flux ; 
r, particle radius; 
Ph, density of the packed bed; 
S, bed height; 

~, = Ag2,~,~ modified mean free path of the 

gas molecules; 

t, time; 
u, velocity. 

STUDYING the heat transfer from heated plates to 
packed beds of spheres under various pressures and 
varying contact time, one discovers an anomalous 
behavior, when the material of the spheres is a metal, 
In order to analyze this effect one has to remember 
fundamental laws governing the unsteady state heat 

transfer from a heated wall to a packed bed as far as 
they are already known [1]. 

{1) If the depth of intrusion A of the temperature 
profile is larger than some particle diameters, see 
Fig. 1, the packed bed can be considered to be a quasi 
homogenous medium, having a uniform heat conduc- 
tivity 2b as well as a uniform density Oh and a uniform 
heat capacity C~,~. 
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F1¢;. 1. Unsteady state tempera- 
ture profiles in a packed bed. 
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In this case the Fourier theory is applicable, from 
which the time dependent heat-transfer coefficient, 
defined by 

0h 
h -  = - - (1) ,% - ,~,k 

can be derived. 0h is the amount  of heat supplied to 
the bed and 0b is the integral mean temperature of 
the bed 

SpbCpb(Oh--O~) = ~ @dt. (2) 
j( ) 

1087 



1088 

In the experiments referred to later, the boundary 
condition of constant heat supply to a plate of finite 
capacity being in contact with the bed was verified. 
For this case the Fourier theory leads to 

2 ~/(2bpbCm) 
h - (3) 

for developing temperature profiles and 

h = 3 ;b  (4) 
S 

for fully developed temperature profiles, see also [2]. 

(2) If the depth of intrusion A of the temperature 
profile is smaller than one particle diameter, the packed 
bed is to be considered as a heterogenous medium. 
For very small values of A, i.e. for very short contact 
times all the heat transfer resistance is concentrated in 
the gaseous gap between the wall and the particle, 
since the particle temperature is still the initial tem- 
perature 0~, see Fig. 2. 
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F~G. 2. Temperature profile for 
very short contact time. 
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where the width of the gaseous gap is smaller than the 
mean free path of the gas molecules. The second term 
in equation (5) accounts for the radiation, providing 
that the temperature difference Oo-0~, is not too large. 

(3) The validity of these fundamental laws had been 
tested by experiments described elsewhere [3]. The 
results are shown in Figs. 3 5, where the heat-transfer 
coefficient h is plotted against the contact time t for 
packed beds of spheres from polystyrene, glass and 
bronze. Parameter is the gas pressure p in the pack- 
ing. The gas was always air. At the left side of the 
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FIG. 3. Experimental data and theoretical prediction of 
heat-transfer coefficients h vs contact time t at various 

pressures for packed beds of 1-0 mm glass spheres. 

Calculating the heat-transfer coefficient h for a per- 
fect sphere being in contact with a perfectly plane wall, 
assuming that heat is transferred by conduction 
through the gaseous gap along parallel paths and in 
addition by radiation, one obtains [1]: 

t 
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In this equation 2g is the heat conductivity of the 
continuum gas, and G is the modified mean free path 
A o of the gas molecules 

2 - y  
~ A g -  (6) 

7 

where 7 is the accommodation coefficient. The first 
term in equation (5) accounts for the heat conduction 
taking into consideration, that near the touching point 
of the sphere with the wall there is always a region, 
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FIG. 4. Experimental data and theoretical prediction of 
heat-transfer coefficients h vs contact time [ at various 
pressures for packed beds for 1.05 mm polystyrene spheres. 
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The usual explanation is, that the spheres are not 
perfectly round, and giving pure solid heat paths 
providing additional heat transfer through the solid 
phase. In the case of poor conductors, this additional 
heat path is of minor significance, but with very good 
conductors as metal particles, this contribution will 
become important. From steady-state heat-transfer or 
heat-conduction experiments, which were performed 
many times before, one cannot decide, whether this 
explanation is true or not. From the unsteady state 
heat-transfer experiments, however, one can learn, that 
the additional amount  of heat which is transferred to 
the metallic packing under vacuum is independent of 
the contact time! If the explanation given in Fig. 6 
was true, this additional amount  of heat should 
decrease with the contact time according the Fourier 
theory, applied to the pure metallic heat path. 

FIG. 5. Experimental data and theoretical prediction of 
heat-transfer coefficients h vs contact time t at various 

pressures for packed beds for 0"94 mm bronze spheres. 

figures the maximum heat-transfer coefficients accord- 
ing equation (5) are indicated by full lines. The 
coefficients were calculated with an accommodation 
coefficient of 7 = 0'9 and an emissivity for the radiation 
of e = 0"95. At the right side of the figures the Fourier 
law according equation (3) is represented by dotted 
lines. The heat conductivity )-h for the bed was cal- 
culated using the formulae given by Zehner and 
Schltinder [4], see Appendix. 

During the experiments no fully developed tempera- 
ture profiles were obtained, so that equation (4) is 
not applicable. 

One can see from the Figs. 3 and 4 that the experi- 
mental data are in good agreement with the predicted 
ones for polystyrene and glass spheres. The experi- 
mental data for bronze spheres, however, are higher 
than the predicted ones. The discrepancies show to be 
worst at low pressure and short contact time. At a 
pressure of 0"001mmHg heat should be transferred 
only by radiation according the second term in 
equation (5), which yields 

h = h  .... =0"04 c . c ( T " ~  3 ~ 5 W / m 2 K  
U00/ 

at room temperature (Tin = 300K). While this value 
was observed indeed with nonmetallic spheres, the 
value obtained with bronze spheres is roughly five 
times larger (25 W/InK). 

(4) The observed phenomenon, that heat transfer and 
heat conduction in packed beds of metal spheres are 
always better than predicted by correlations, which fit 
very well with experimental data obtained from packed 
beds of nonmetallic spheres, is not quite a new one. 

Metallic 

heat path 

FIG. 6. Metallic heat path caused 
by a non spherical shape of the 

particles. 

Since this was not observed, one has to conclude, 
that the additional heat path is not allowed to have 
any heat capacity. There must exist an additional 
heat-transfer mechanism having the characteristics of 
a radiation process. Since the law of radiation by 
electromagnetic waves is well known and under no 
circumstances can explain the observed high heat- 
transfer rates, one has to postulate another mechanism. 

The hypothesis introduced now is, that there is an 
additional heat transfer caused by an electron transfer 
due to the so called "tunnel effect", which means, that 
a certain amount of the free electrons in the metal 
phase are allowed to bridge a certain vacuum gap 
between two metal bodies. The energy of the free 
electrons in the metal phase is very close to the Fermi 
energy E: while the energy barrier preventing the elec- 
trons from escaping the metal phase is E,,, as shown 
in Fig. 7. If 6 denotes the width of the gap between 
the two bodies the probability for electrons penetrate 
this gap can be calculated by applying the laws of 
quantum mechanics, which yield [5] : 

1 
D =  1 2 (7) 

1 + 1 4 ( K + K )  sinh2(/~il ) 
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with 

E~ h* 
K = - -  and A~ - (8) 

E f x/(ZmeE~) 

h* is Planck's constant, m,, the mass of an electron 
and E e the height of the energy barrier. A~ is the 
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FIG. 7. Fermi energy and energy 
barrier for electrons tunnelling the 
gap 3 between two metallic bodies. 

de Broglie wave length of an electron having the energy 
E~. Usually Ef is between 3 and 7eV, while E~ is 
between 1 and 5 eV. E~ can be lowered by thin oxide 
layers at the metal surface. Assuming K to be unity 
one obtains D as a function of 6/A~ as shown in Table 1. 

Table 1. 

6 
D 

A~ 

0 1 
1 0,42 
2 0,07 

Assuming furthermore that for bronze spheres as 
used in the experiments with a slight surface oxidation 
E, is about 1 eV the de Broglie wave length becomes 
12 A. Since the crystal lattice spacing is about 5 A the 
spheres of the packing would be welded together when 
approaching to within that distance. 

Since on the other hand the contact of the particles 
in the experiments was fully reversible, the minimum 
distance between the spheres (and between the spheres 
and the plate, respectively) must have been at least 
two to three times the crystal lattice spacing. But this 
still gives a distance tunnelling electrons can penetrate. 
The heat flux due to such an electron flux depends on 
quite a number of parameters, which are difficult to 

be determined. The model of a perfect sphere in contact 
with a perfect smooth wall, which turned out to be 
surprisingly successful to predict the heat transfer by 
conduction (equation 5), certainly will not be a realistic 
one to describe gap widths of some AngstrSm. It 
seems to be more reasonable, that the gap width of 
this order of magnitude corresponds to the size and 
geometrical structure of the surface roughness. A 
second parameter is the influence of a thin oxide layer, 
which presumably covered the spheres as well as the 
heated wall. A third one may be another layer of 
adsorbed material at the surfaces, such as H20  or 
other substances. Some quantum mechanical calcula- 
tions are being carried out at present based on several 
models and simplifications. To obtain additional in- 
formation the electrical resistance of the packed bed 
will be measured also. 

Summing up one can say, that there are three 
mechanisms of heat transfer involved, when heating a 
packed bed of metallic particles being in contact with 
a hot wall: 

1. Conduction 
2. Radiation 
3. Electron transfer. 

The heat transfer by conduction is controlled by the 
Fourier mechanism as well as by the Knudsen mech- 
anism. The Fourier mechanism is predominant at high 
and normal pressure while the Knudsen mechanism is 
prevailing at low pressure. Under high vacuum only 
radiation according the Stefan Boltzmann mechanism 
accounts for the heat transfer as far as nonmetallic 
packings are concerned, but in addition also heat 
transfer by electron transfer occurs with metallic pack- 
ing. The latter mechanism gives rise to transfer rates 
being much larger (e.g. five times) than those caused 
by the Stefan-Boltzmann radiation. The electron trans- 
fer mechanism arises, when the ratio of the character- 
istic gap width to the de Broglie wave length of 
electrons tunnelling the surface energy barrier is in the 
order of unity. 
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APPENDIX 
Calculation of the apparent heat conductivity of the 

packed bed, see [4] : 

)~. = [ l - x / ( 1 - ~ )  ] l+-Kn,/o+ONu~ + \ / ( l - 0 )  2u 

( [ N - ( I  + Kn*) ~]B 
2'b 2 ~L )~ N B 1 
20 N-M~,  ( -N- - -M~- - - - - In  M - N-L M / l  + K " ]  

B + I  2~ ~, 
- 2B ) . ; [ l - ( N  M)-(B-I)Kn*JJ 

N =  (l + Nu, 221)( l + Kn *) 

2a 2 1 

O~4Cs(T~3 d 

G 

TRANSFERT THERMIQUE DE PAROIS CHAUFFEES A DES LITS FIXES DE 
PARTICULES METALLIQUES POUR DIFFERENTES PRESSIONS 

R6sum6--En se basant sur des r6sultats exp6rimentaux, on 6tablit l'hypoth6se que le transfert thermique 
d'une paroi m6tallique chaude ~ un lit fixe de sph&es m6talliques est gouvern6 par trois m6canismes: 
la conduction mol6culaire, le rayonnement 6lectromagn6tique et le transfcrt 61ectronique. Le troisi6me 

m6canisme peut d6velopper des flux dc chaleur plus importants que ceux qui proviennent du second. 

W~RMEI~BERTRAGUNG VON BEHEIZTEN WANDEN AN METALLISCHE 
FI~ILLKORPERBETTEN BEI VERSCH1EDENEN DR('JCKEN 

Zusammenfassung Auf der Basis expcrimenteller Ergebnissc wird die Hypothese aufgestellt, dab der 
W~irmei_ibergang von einer beheizten Metallwand an ein Ftillk6rperbett aus metallischen Kugeln durch 
drei 0bertragungsmechanismen beherrscht wird: molekulare Leitung, elektromagnetische Strahlung 
und Elektroneni_ibertragung. Letztere kann W;,irmestr6me bewirken, die viel gr613er sind als die 

der Strahlung. 

YIEPEHOC TEFISIA OT H A F P E T b l X  C T E H O K  I< FISIOTHbIM CJIOYlM 
METAYlSIHqECI£HX q A C T H I 2  FIPH P A 3 f l H q H b l X  ~ A B Y l E H H g X  

AmtoTauMg- -na  OCHOBe 3KcrlepHMeHTa.JlbHblX pe3yYlbTaTOB nocTpoena rHrloTe3a 0 TOM, RTO 
nepeHoc ~enna OT HarpeTofi MeTa~.qHHecKo~ CTeHKH K I'IJ/OTHOMy C.rlOIO MeTaYl.r[HqeCKHX qaCTHtl 
onpe~e~neTcn TpeMfl MexaHHBMaMI4: MOgleKyYl~lpHOfi rlpOBO~HMOCTblO, 3YleKTpOMaFHHTHblM l,[3.rly- 
'-IeHHeM H IIepeHOCOM 3YleKTpOHOB. TpeTH~[ MexaHrI3M MO~eT nbl3BaTb TeHYlOnble rlOTOKH, KOTOpbIe 

3HaqHTe~bHO 6O.~bme rlOpO~lleHHblX 3~eKTpOMaFHHTHblM n3~yqeHHeM. 


