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Thermal conductivity of crystalline
particulate materials
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In order to explore the relationship between effective thermal conductivity of an evacuated
powder and the bulk thermal conductivity of the same material, the effective thermal
diffusivities of particulate NaCl and Dianin’s inclusion compound with ethanol guests
(abbrev. ED) with effective porosities ~ 0.5 were measured and used to determine their
effective thermal conductivities below 300 K. Calculations showed that contact heat
conduction is the predominant mechanism, i.e., heat transfer by radiation and by
conduction through the gas phase are negligible in the measurement conditions. The
effective thermal conductivity of particulate as-synthesised ED powder was found to be
proportional to the bulk thermal conductivity for three different samples. On the other hand,
the effective thermal conductivity of NaCl powder was found to have a softer temperature
dependence than the bulk thermal conductivities reported for measurements of NaCl single
crystals. This was related to increased concentration of structural defects formed during
mechanical grinding of the NaCl sample. © 2000 Kluwer Academic Publishers

1. Introduction conductivity through evacuated particulate materials is
Particulate (or granular) materials are ubiquitous in navirtually independent of chemical composition and can
ture and also are used extensively in many technolobe described as the sum of a temperature-independent
gies. Modelling of granular materials in various appli- contact thermal conductivity term and a dominating ra-
cations, from materials processing to geophysical andliative thermal conductivity term that is proportional
astrophysical environments, often requires knowledgéo T2. This concept seems to be supported by mea-
of the effective thermal diffusivityDes, and effective  surements of disordered materials with low degrees of
thermal conductivityes. Dramatic differencesin prop- crystallinity in which the intrinsic thermal conductivity
erties of bulk and finely divided matter have even ledis effectively temperature independent in the tempera-
some scientists to refer to the latter as a separate staftere range between 100 and 500 K [6—8]. On the other
of matter [1]. Although the problem of heat conduc- hand, some models of heat transfer through particulate
tion through particulate matter has been discussed famaterials have assumed that the effective thermal con-
more than 100 years [2], several problems remain unductivity of evacuated particles is proportional to the
resolved. Furthermore, given the difficulty in obtaining bulk thermal conductivity [3].
single crystals for the measurement of intrinsic thermal In order to delineate the relationship, if any, between
conductivities, itis useful to explore the relationship be-effective thermal conductivity of evacuated crystalline
tween the (more accessible) powder thermal conductivparticulate materials and intrinsic thermal conductiv-
ity and that of the bulk for well-characterized systems.ity, we have determined the effective thermal conduc-
Theimportant contributors to thermal conductivity in tivity of two evacuated highly crystalline non-metallic
particulate matter can be conduction through the gaggowders, NaCl and a molecular crystal (Dianin’s inclu-
conduction within the solid and across solid-solid con-sion compound with ethanol guests), in the temperature
tacts, and radiation. The nature of the solid material, th&ange from ca. 40 K to 300 K. Most studies of thermal
gas pressure, temperature, particle size, particle mosonductivity of particulate materials have focussed on
phology and effect of radiation all could play roles in refractory materials, and, to a lesser extent, on metals;
determining the effective thermal conductivity of par- the present investigation increases the scope to molec-
ticulate materials. Removal of the gas can simplify theular materials as a step towards understanding thermal
situation somewhat and, at ambient conditions, the efeonductivity of softer particulate matter.
fective thermal conductivity of evacuated non-metallic
powders can be as low as one percent of the intrin2. Experimental methods
sic (bulk) thermal conductivity [3]. Accordingto a  Values of thermal conductivity,, were obtained from
widely accepted [4] conjecture [5], the effective thermalmeasured thermal diffusivityp, and reported values of
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heat capacityC, and densityp, according to 0.3

K™

K:D'Cp‘p. (1)
0.2 e

1o

A®
+
#
b

Thermal diffusivity was measured using a highly sen- &
sitive apparatus for modulated thermal measurement® Nesele
of low thermal diffusivity particulate materials at sub- — 0.1 ©
ambient temperatures. This apparatus, which had bee
shown with solid benzene to give measurementsforlov . ‘
thermal diffusivity materials (in the rangex110-8 to ' 100 200 300
5x 1078 m? s71), reliable within+30%, is described T/K
in detail elsewhere [9, 10].
Powdered NaCl of grain size less than 0.074 mm wasigure 2 Effective thermal conductivities of evacuated, powdered sam-
obtained by grinding ACS grade (99% pure) polycrys-ples of the Dianin inclusion compound with ethanol guests, as functions
talline NaCl material in a ball mill. The powder was of temperature. The error bar represents total uncertainty (random and
heated for 24 hours at 420 K and then evacuated for 25/Stematic)* ED-I; o ED-lla; e, ED-lib.
hours after placement in the cell to remove adsorbed

gases. The resulting particulate material was characallowed the conversion of thermal diffusivity ta

terized by 50+ 2% porosity [porosityp is defined as  for ED, as shown in Fig. 2. Before comparing effec-

P = (Pbulk — Pefr)/ Poulk]- tive and bulk thermal conductivities, it is necessary to
The particulate sample of the molecular solid wasestimate contributions of heat transfer by conduction

Dianin’s inclusion compound [4-(3,4-dihydro-2,2,4- through the gas phase and by radiation to the total ther-

trimethyl-2H -1-benzopyran-4-yl)phenol] with ethanol mal conduction.

as guest (abbrev. ED) [11], obtained by recrystallization

of ED from ethanol solution (quench of a near-boiling

saturated solution in an ice bath, followed by cooling to3.2. Heat conduction through the gas phase

260 K). The maximum size of needle-shaped crystals iThe thermal conductivity of a gas phase at such low

the unsieved sample, called ED-I, was around 0.6 mnpressures that the gas exhibits properties of a discon-

by 0.05 mm. Another two samples, ED-lla and ED-IIb, tinuous medium [this critical Knudsen pressure can be

were prepared by the same method but with smallefound asPx, = 2%2kg T /(0 2d), whereos is the ef-

guantities, and this produced more homogeneous partfective collision cross-section of a gas molecule dnd

cles sizes, an order of magnitude smaller than in ED-lis the effective dimension of pore spacer /100,

Each sample was placed in the cell and tapped lightlyvheren is the mean particle diameter] [17] can be es-

for 5 min; then the cell was evacuated briefly with atimated from [18]

roughing pump to remove air and to establish saturated

vapour conditions. The effective porosity for each was ki=Y'-P.d.- T2 (2)

50+ 2%, i.e. essentially the same as for NaCl.

with the coefficienty” given by

3. Results and discussion Z(vq + 1)C,V,
3.1. Effective thermal conductivities "= 2();9 Z)\/%ZI (3)
The measured thermal diffusivities were used to deter- (2-2)ven

mine the effective thermal conductivities using Equa-
tion 1. For NaCl, using the literature data for heat

capacity [12] and thermal expansion [13, 14] gave theof heat capacities, = Cp/C,)
= V).

values Oficer show'n in Fig. 1. Similarly, k”OWF‘ val- It is illustrative to calculate the thermal conductiv-
ues of heat capacity [15] and thermal expansion [16]ity through helium gas at 300 K, the largest contri-
bution to heat transfer through the gas phase for the
0.3 present experiments. The critical Knudsen pressure can
be estimated to be 8 10* Pa forn=0.05 mm (thus,
d=5x 1077 m) andocs=2.18 A [19]. Assuming
ideal gas conditiongyy =5/3 andC, = 3R/2, the pa-
rameterY” is 36.4 ms 1.K~1/2 for ideal conductive
heat transfer from incident gas molecules to the sur-
face of the solid particles, i.eZ=1. At 100 Pa, the
upper limit of the pressure in the present experiments,
0.0 & ‘ , ‘ the effective thermal conductivity of the gas phase,
“o 100 200 300 IS 21x107° W-m~1.K~1. Thus, for sodium chloride
powder with an effective thermal conductivity at 300 K
T/K of ca. 0.13 Wm~1.K~1, conduction through the gas
Figure 1 Effective thermal conductivity of milled NaCl powder in vac- phase constitutes less than 0.02% of th,e heat t_ran,s'fer_at
uum as a function of temperature. Error bars represent both systematRRI€Ssures less than 100 Pa. For ED, this contribution is
and random uncertainties. even less, ca. 0.01%.

whereZ is the accommodation coefficiemR,is the gas
constantVi, is the molar volume angly is the ratio
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3.3. Heat conduction through radiation 1.0
To estimate the radiative contribution to the total hea N
transfer, the Rosseland formula [20] for radiative ther-«’ 3
mal conductivity can be used: \% o6 b
2 -3 v P &, %+ (-)f’ °

kr = 16NgorT/[3(ar + BR)], 4 : 04 F 500%00
whereng is the refractive index of a solidr and g < o2
are, respectively, the effective absorption and scattel . .
ing coefficients of the heterogeneous material, agnd -0 100 200 300
is the Stefan-Boltzmann constant. It has been show T/K

[8] for spherical particles at 300 K that the effec-

tive scattering coefficientBgr, can be estimated as Figure 4 Contact thermal conductivity of evacuated, powdered samples
12(1— p)/[n(2— p)]. Radiation absorption at these of the Dianin inclusion compound with ethanol guests, as functions of
temperatures is negligible for sodium chloride powdertemperature+ ED-I; o ED-lla; o ED-lIb.

[21], and therefore, the radiative thermal conductivity

coefficient can be written as 34.1. NaCl

kr = 4n20rT3n(2 — p)/[9(1 — p)]. (5)  Bulk thermal conductivities for NaCl were from mea-
surements [23] foa 1 cmsingle crystal. In order for

At 300 K, the maximum radiation intensity is at a Acontto be meaningful, the value efused inits deriva-

wavelength of $4x 10°° m according to Wien's tion should be representative of the particulate sample,
displacement law [22], and the refractive index of Which probably is notthe case here. The basis of this re-
sodium chloride for this wavelength is 1.49 [21]. markis that the maximum in the effective thermal con-
Thus, the estimated pre-temperature term in the exductivity of the present sodium chloride powder was

pression for radiative thermal conductivity in a pow- found at ca. 75 K, while in single crystals the maxi-
der of porosity 0.5 is 56 x 1071 W-m~1.K—4 and,at Mum is observed at ca. 15 K [23], which shows that

300 K, kg = 4.5 x 104 W-m~1.K~L. Therefore, radi- the NaCl powder has been degraded. The change in

ation constitutes only 0.6% of the heat transfer in thiglikely is related to an increase in the concentration of
sodium chloride powder at ambient conditions (and lesstructural defects in NaCl, produced during milling in

atlower temperatures), and this mode can be neglectete mechanical ball mill. Calculations suggest that local
A similar situation would be expected for ED. pulsed pressures created in such mills can be as high as

7 GPa [10], and mechanical grinding has been shown
.. to induce phase transformations with critical pressure
3.4. Contact thermal conductivity of up to 20 GPa [24]. Apparently, even grinding in a

We have shown above that heat transfer through radigortar can initiate transformations that have transition

ation and gas thermal conduction is negligible in these, .« res of up to 1.5 GPa at room temperature [25].
conditions, so the conduction through the solid Samp%Grinding of Dianin's compound has been shown to in-
is the dominant mechanism. The coefficients of contac}j, e irreproducible structural changes [11], and for this

thermal conductivityAcony defined as reason the ED samples in this work were not mechani-
cally treated. Molecular solids likely are even more sus-
ceptible to damage by grinding than ionic salts: solid
state amorphization of organic molecular crystals has

Whereker andus are the effective and bulk thermal oo op o 10 occurin a vibrating mill [26].) Although
conductivities, can be investigated as functions of tem-

: A sodium chloride exists as only one polymorph with
E%ragg%éé?{\‘};fyShown in Figs 3 and 4 for NaCl and rock-salt structure at ambient conditions, and milling is

unlikely to lead to the pressure-induced CsCl structure
(requiring a pressure of 26.8 GPa) [27, 28], an elevated
0.1 concentration of structural defects can be expected af-
ter milling the NaCl sample. Most of the temperature-
dependence oAconin powdered NaClAgont o T4,
. see Fig. 3) can be attributed tq: fit to the experi-
mental values of bulk thermal conductivity of sodium
3 0° chloride [23] in the temperature range between 50 K
A = B72XIOSXT 1 o and 400 K givesT ~123 dependence, ang oc T 02
K g atT > 100 K. A very weak temperature dependence
o of ket for microcrystalline conglomerates has been re-
0.001 T L ported and related to various kinds of structural dis-
o 100 so0  order [29, 30]. A slightly positive or zero temperature
T/K gradient of thermal conductivity has been observed in
the “ultimately” disordered amorphous solids [31]. An-
Figure 3 Contact thermal conductivity of evacuated, milled NaCl pow- Other example of softening of the temperature depen-
der as a function of temperature. dence of thermal conductivity has been observed for

Acont = Keff/Ks (6)
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local disorder induced by irradiation in quartz crystalstional to the bulk thermal conductivity, and therefore
[32]. Calculations, based on the experimentally determeasurements of powder samples yield direct informa-
mined parameters describing phonon relaxation protion concerning the temperature-dependence ofthe bulk
cesses in NaCl [23], indicate an effective NaCl crys-sample. On the other hand, the temperature dependence
tallite dimension of 10 mm, less than 1% of the true of the effective thermal conductivity of NaCl powder
dimension, again supporting the concept of a high conebtained by mechanical grinding is softened compared
centration of mechanical defects. Therefore, it seemso the bulk thermal conductivities of single crystals, and

likely that the strong temperature dependenc@gfi:

this is related to the formation of high concentrations

observed for powdered NaCl is attributable to the tem-of structural defects in grains of particulate materials

perature dependence iof

3.4.2. Ethanol-Dianin
The values ofs used to determiné\.qn: for ED were
from measurements [33] along tleeaxis of a single

giving rise to enhanced phonon scattering and conse-
quently to a less negative temperature gradient of the
effective thermal conductivity of the grains. Therefore,
for effective thermal conductivities of evacuated pow-
ders to be representative of the bulk thermal conduc-
tivity, the effects of radiation must be negligible, and

crystal of effective dimension ca. 1 cm and, as indicatedh

e sample must be representative of the bulk material,

above, the preparation of ED powder should not have inespecially with respect to structural defects.

troduced defects. Therefor@gont: for ED should allow
atest of the relationship betweeg andks for an evac-

uated molecular crystal. From Fig. AgontCan be seen Ac_knowledgements _
to be essentially temperature independent, and also inFhis work was supported by the Natural Sciences and
dependent of the samples (ED-1, ED-lla, ED-lIb). The Engineering Research Council of Canada and the Kil-

difference in the values of contact thermal conductiv-la
ity for NaCl (ca. 0.02 at 300 K) and ED (ca. 0.4 at all
temperatures) can be related to a number of factors,

m Trusts.

especially the larger contact area in ED powder duéReferences
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