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Thermal conductivity of a partially wet granular material
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We report an experimental study of the thermal conductivity of a granular material when water is added to
the system. Because of the formation of liquid bridges at the contacts between grains, the thermal conductivity
increases. Below a critical amount of water, the number of bridges increases. Any additional water simply
flows by gravity to the bottom of the container. Simple theoretical models account for both the critical amount
of water and the measured thermal conductivity.
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Granular media exhibit amazing behavior, when at rest, The samples are prepared by pouring a nmass20 g of
these systems are known to be metastable, and, for instang¥anular material in the cylinder. The apparatus is then
their mechanical properties depend on their his{drly If a  tapped in order to reach a reference state. The initial com-
large enough shear stress is applied, they can flow almogaction of the granular material is then large enough to pre-
like liquids, but they exhibit solid-like frictional properties vent a significant increase of its density later during the ex-
[2]. As well as the understanding of their mechanical properiment. Repeatedly adding a small amount of distilled
erties, the study of the transport coefficients in granular matwater to the system makes it possible to measure the thermal
ter addresses interesting and puzzling questions. In particeonductivity of the same granular packing with different wa-
lar, the physics of the contact between grains, as well as ther content(volume of wate’V=0 to 3 ml). Each time we
nature of the granular packing, play an important role in theadd water, we seal the system and set the temperafure
thermal and electrical conductivities in these systdBls 120 °C for 6 h inorder to help the water to invade homoge-
These properties are of great practical importance both imeously the space between the grains. We then set the tem-
nature and in industry because they determine, for instanceeraturely to 50 °C and wait for 2 more houfduring which
the electrical conduction of a carbon powder used as contadhe water condenses homogeneously in the systesfore
or the efficiency of sand buffers used in nuclear-waste destarting the measurements.
posits. Studying the effect of humidity at the contact scale The experiment consists in measuring the asymptotic tem-
could also help in understanding the effect of humidity onperatureT; of the inner cylinder for different values of the
the thermal properties of glasswool commonly used as thefeating powelP injected along the axis of the column. A
mal insulators. Experimental and theoretical studies of thgower supply injects a constant currérih the heating wire.
thermal conduction in a dry granular material have alreadyThe additional measurement of the voltadgebetween two
been reported3-5]. Humidity can modify significantly the points A and B (distance fromA to B: d=1 cm) located
ability of these systems to conduct heat. In the following, wenear the half of the cylinder length gives the heating power
extend these experimental studies to the case of partially weter unit lengthP=UI/d and the local temperature of the
granular matter and suggest theoretical explanations of oureating wireT;, that we deduce from the wire resistivity per

findings. unit lengthp=U/dl (dlogp/dT=3.99x10 % K~1). Three
The principle of the experiment is similar to the one used
in Refs.[4,5]. We measure the energy loss through a column PTFE

of granular material in the steady state. We impose the tem-
perature of the outer surfadg while we inject a given heat-
ing power P per unit length along the axis. In the steady
state, the asymptotic temperatUreof the material along the
axis depends on the thermal conductividyf the material.
The largerk is, the smallefT; is.

The experimental setuffig. 1) consists of a copper tube
(length: 15 cm, outer radius: 3 cm, inner radiugy
=0.6 cm) maintained at constant temperatiig=50.00
+0.05°C by a temperature regulator. A second copper tube
(outer radius R;=0.2 cm), placed along the axis of the first

one, contains a heating wifeonstantanused as both heat- s":;‘ﬁ; |Mu|timeter
ing element and temperature sensor. The heating wire goes

back and forth from one end to the other of the inner tube \—GT'B—‘
insuring that energy is homogeneously injected along the

whole length of the system. The granular material fills the Computer

gap between the two tubes and two PTFE caps seal the sys-

tem. FIG. 1. Experimental setup.
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5 TABLE I. Mean diameter of the grainsR2 volume fraction of
44 glass in the granular packing@, and thermal conductivitk, for
3 5. each of thedry samples.
©
- 21 Type R ® Ko
14 of grains (wm) [W/(m K)]
00 ! 2 3 4 5 Glass beads 04520 0.62 0.17
125+50 0.64 0.17
P (W/m) 360+ 30 0.68 0.22
FIG. 2. Temperature difference vs heating power. We check that Crushed glass 12550 0.58 0.17

the thermal conductivity is not significantly modified during the

measurements by increasing and, then, decreasing the heating

power P (the experimental points are numbered in the order theycoMpared to the thermal conductivity of the material filling
are measured the space between thefk,=0.025 W/(mK) for aif. The

temperature is then roughly constant within a grain except in
a thin region of thicknesk and radiu€R* around the contact
point. Assuming that the granular material is homogeneous
and that its thermal properties are isotropic, Batchelor and
O'Brien [3] showed that

multimeters, connected to a computéa a GPIB interface,
make it possible to measure simultaneously, |, U for
different values of and, thus, to obtain the temperature dif-
ferenceT,— T, (within 5x 1072 K) as a function ofP. We

measure the temperature differenice- T, in the steady re- K 1 K\ 2
gime for ten values of the heating power(Fig. 2). k—oz 1+ -Pp In(k—g +K-3.9, (2
The thermal conductivitk of the granular material filling a 2 a

the gap between the cylinders is deduced from the eXperlivherep is the number of neighbors at contact with one bead,
mental data as follows: the measurements are performed, far 4~ » IN(R*/R ) a constant of the order of unity. This
from the §eal|ng caps, In a region where we expect thg eMasult holds true fokg>k,. In a random granular packing
perature field to be radial. If the temperatures of the cyllndersb26 5 and ¢~063 so that Eq.(2) leads to k
are homogeneous, the temperature differeRg®) — T, is -0 1'3 W/(mK) with K=—21 as sdggested in Re[fs]o

given by The discrepancy between the theoretical prediction and our

R experimental result is about 25%. Using the usual valugs of
In(—') and®, the mean experimental vallg=0.18 W/(mK) and
T(P)—Tq= Ro b EP (1) Eg.2lead t=—1s0 thatR*/R =0.6 andh/R=0.2. The
: 0 27k k -~ size of the region associated with a contact point is not very

small compared to the bead size, but this result is not sur-

The thermal conductivitk is given, within a multiplicative  prising as the value of the ratlg /k,=56 is not very large :
geometrical constanp, by the slope of the linear law the temperature field extends in depth in the glass b&fd.
Ti(P)—T,. Using the experimental valuR;/Ry=1/3, Eq.  point out that the experimental vallie= —2.1 reported for
(1) leads toB=17.5. We calibrated, in addition, the system the experimental examples in Reff3] leads to R*/R
by measuring the known thermal conductivity of a viscous=0.35, and then to a penetration depffiR=0.06, only three
silicon oil (Rhodorsil 47V10000 which, because of its high times smaller than our experimental valudoreover, we
viscosity, avoids convectigrand obtainegB=18.5. Convec- assumed that the surface area of the contact between two
tion would lead to underestimaj@whereas the 5% discrep- glass beads is zermeglecting then the direct heat transfer
ancy can easily originate in the uncertainty on the geometryjrom glass-to-glass through the Hertz’' conjadteverthe-
(radii, lengthd between the solders ivandB, homogeneity less, we can conclude that our experimental results and the
of cylinders temperatures. .). In the following, we use8  theoretical description of the thermal conductivity in granu-
=18.5. lar packing agree quantitatively. The discrepancy originates

The granular materials consist of three samples of spherin the fact that the theoretical description does not account
cal glass beadgtypical diameters 45, 125, and 360m), for the detailed temperature field around a contact. On the
and of crushed glass graiimean size 125um). We use other hand, the thermal conductivity is expected not to de-
clean glass grains without any specific surface treatment. Wpend significantly on the shape of the grains as long as the
give in Table | the size, the typical volume fraction of glasslocal shape and number of the contacts are not drastically
@, and the thermal conductivitk, of each of thedry  changed. The experimental results obtained in the sample of
sample. crushed glass grains are qualitatively in agreement with this

The thermal conductivitk, measured in thelry samples  prediction.
of glass beads is compatible with theoretical predictions, and The thermal conductivitk of the granular materials de-
with former experimental results. The thermal conduction inpends on the water content of the system. The experimental
granular packing is mainly governed by the conduction at theesults are given as functions of the volume fractibn
contact points between the grains when the thermal condue=V/V, of water in the free space between the graixsig
tivity of the grains[ky=1.4 W/(mK) for glas$ is large  the volume of water added to the system arngthe free
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0.26 1 = 0.165 W/(m K)
| k= 0240 Wim K
02411 0216

022+

written asN=3pm/(3mR3p,), wherep is the number of

contacts per grairm the mass of graingk the radius of one
grain, andpy=2.19 g/cni the specific mass of glass. As
long asN,<N, the addition of water increases the number of
Glass Beads bridges. WherN,=N, every available nucleation sitge.,
01618 , , , Diameter 125 pm point of contackis used and there is not any remaining pos-
00 01 02 03 04 05 06 sibility to form a new bridge. FoN,>N, the water added to
Volume fraction f the system simply fills the remaining free space between the
grains, and flows to the bottom of the container. This feature
ccounts for the existence of a critical volume fractign
he conditionN,=N leads to

0201
0181

Conductivity k [ W/(m K) ]

FIG. 3. Thermal conductivitk as a function of the volume
fraction f in the case of spherical glass beads. Dots; experiment
data. Line; interpolatiohEq. (4)].

8 _.fe

volume available between the grainé\s expected, due to Ub=3 7 p

the larger thermal conductivity of watéy,=0.64 W/(mK)

(compared to ajy the thermal conductivitk increases as We report in Table 11, the values of the typical volume of

water replaces air in the free space between the gt&igs  water in the bridges around a gram,/R® deduced from

3). We point out that the results, obtained in the differentEq. 3 and from the experimental valuesRfnd®. In the

samples of beads, do not depend significantly on the charagase of spherical glass beads, we computgtR®=0.166

teristic radiusk of the graingTable Il). The most interesting for the experimental value of the wetting angte=35°

feature is that the experimental data exhibit two differentmeasured, in addition, in the case of water droplets depos-

regimes: at small additional volumé < f.=0.25), the ther- ited on a glass plajeWe then obtain the experimental value

mal conductivityk increases significantltypically by 50%  of p=6.6+0.2 (Table I that is in good agreement with the

at f., we write k, the value ofk at f.) whereas a smaller typical number of contacts around a bead in the case of ran-

increase is observed at larger volumés>f.). The forma-  dom packing.

tion of liquid bridges between grains accounts for the exis- The formation of liquid bridges also accounts for the val-

tence of a critical volume fractiofi;, and for the quantita- ues of the thermal conductivity measured experimentally.

tive variation ofk. Within the granular sample, there exists an isotropic random
Indeed, in a humid granular material, the water tends tmetwork of grains bounded by a total numtéf contacts,

form liquid bridges where their nucleation is the easiest, and the thermal conductivity of the partially wet granular

at the points of contact between grain the experiments packingk satisfies, provided thad, <N,

reported herein, the additional amount of water is always

large enough to insure that the air between the grains is al- N N-=N, N

ways vapor saturated. Thus, the geometrical characteristics K- Ko + k_b )

of a single liquid bridge are entirely determined by the ther-

modynamical condition of zero pressure difference betweemwhere k;, is the thermal conductivity of the system when

the inside and the outside of the bridge, by the wetting conevery point of contact is surrounded by a liquid briddé (

dition on glass, and by the geometry of the grains. The indi=N,). The experimental values &f, deduced from Eq4),

vidual volume of the liquid bridgesy, is given, provided that and from the experimental datgig. 3) are reported in Table

the size and shape of the grains are the same within thi [6].

sample, and that the bridges form only where the grains are We can estimaté&, by studying the thermal conductivity

in contact(because of a high energetic barrier, the spontanesf a hexagonal packing of glass spheres partially bounded by

ous nucleation of one bridge is difficult when the grains arewater bridges. The previous theoretical description leading to

apar}. The number of bridges in the system is givenMy  Eq.(2) does not apply here because the bridges are large and

=Vl/vy,, whereV is the volume of water added to the the contact not independent of each other. We will assume

sample. The total number of contacts in the system can bihat the system is globally isotropic so that we can calculate

the thermal conductivity along any direction. We choose, for

convenience, an axis perpendicular to a dense dihfiEm-

peratureT,), and we will estimate the mean heat flux per

=
5—1 . 3

TABLE II. Critical volume fractionf., thermal conductivities
ko andky, [Eq. (4)], volumepu, /R® of water per grain, and typical

number of contacts per gram unit surface area assuming that the temperature of the next
dense plandl’ is T, (Fig. 4). The temperature gradient is
Type Diameter f, Ko K pv,/R® p given by
(pum) [W/(m K)] [W/(m K)]
(T1=To)

Glass 045 022 017 0.27 113 6.8 VT=—F"7. )
beads 125 0.23 0.17 0.24 1.08 6.5 2\/gR

360 0.28 0.22 0.31 1.09 6.6
Crushed 125  0.26 0.17 0.23 Each grain of the planél accounts for a surface areéa

=2\3R? so that the heat flux through a graihl

041301-3



J.-C. G’EMINARD, AND H. GAYVALLET

H=m,(To-Ty)

H=n¢(Tp-Ty)

FIG. 4. Sketch of thermal conduction for hexagonal packing. On

the left hand side, the grain belonging to the dense plahg i§
connected to a single grain belonging to the next dense pldhg (
On the right hand side, the grain is connected to two grains.

=2/3R%J, whereJ=—k,VT denotes the heat current per-

pendicular toll. The mean number of bridges around a

single grain equals 6.5, so that a grain belongindItas
statistically connected to 1.625 grains belongindlto We

will assume that this situation corresponds to a grain that i

connected to 1 or 2 grains dll’ with weights 0.375 and
0.625. If we define the coefficieny, (7,) by 7=H/(Ty
—T4) [7,=H/(Ty—T;)] when the grain is connected to a
single grain(two graing of I1’, the heat flux is given by

(6)

As a consequence, the thermal conductityof the wet
granular packing is given by

2
ko= \/ 35(0-3750.+0.6257,).

We obtain, in addition, an estimate of; by studying the

H=(0.375p,+0.6257,) (To— T1).

(7)
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E’ 0.20

(=3

5 018 Crushed glass grains
8 o6l M?an3|ze:125um:

0.2 0.3 04
Volume fraction f

0.5 0.6

FIG. 6. Thermal conductivitk as a function of the volume
fraction f in the case of crushed glass grains. Dots; experimental
data. Line; exponential interpolatidsee text

catenoidal bridgeil;=0.17R, so thaty;=1.25R (one would
find the same result within 1% with, equal to the radius of
the catenoidal bridge at the saddle paifithe coefficienty,
corresponds to the situation of a grain connected to two of its
neighbors in the next dense plaié. One can estimate, by
application of the superposition theorem, that=3 7,.

The theoretical estimate df,=0.35 W/m K given by
Eq. (7) agrees to within 30% of the mean experimental value
k,=0.27 W/mK. The accuracy of our estimationlgf does
not make it possible to validate our description of the ther-
mal conduction through the contact. Nevertheless, the model
accounts for the observation that adding a small amount of
water (about 6% of the total volumecan produce a large
variation in the thermal conductivity. It also shows that the
thermal conductivity of the system remains much smaller
than that of either glass or water alone. The model illustrates

hegt flux through two glass spheres in contact clzonnec-ted bya&yain the importance of the physics of contacts for the physi-
cylinder of water(length 21, along thez axis, radiug o; Fig.  cal properties of granular packings, but the theoretical de-
5). We then do not take into account the detailed shape of thecription of the thermal conductivity in such systems needs
liquid bridge. Even in this simplified geometry, the determi- further development in order to get a more reliable estimate
nation of the exact temperature profile is not straightforwarcbf k,, .

and, in order to get an estimate of the heat flux, we assume The results qualitatively change when the shape of the
that the stream lines are parallel to thaxis.The mean ther- grains is changed. When water is added to the sample of
mal conductivity along the stream line located at a distance crushed glass grair(&ig. 6), the thermal conductivity of the

from the axis can be written as

e KgkwU

TR (kg Kz @

where u is the position of the water-glass interface? (
=2uR—u?). The total heat fluH is given by

A+u
A

H KoKy

T(To—T1)  Kg—Ky ©

0
—Uo ],

(R+A)log

with A=[k,/(kg—Kky)]R. In our experimental conditions,

for a cylindrical bridge having the same volume as the

FIG. 5. Two beads bounded by a cylindrical bridge.

sample increases continuously and there does not appear a
well defined critical volume of water. This result is in agree-
ment with the variability of the size and shape of the contacts
between the grains. The decreasing sldgkl f suggests that

the small bridges form first. Indeed, the computatiorv gf

and k,, [obtained from Eq.(7)] shows thatdk,/dvy is a
decreasing function of,, and thus, that the small bridges
are the most efficient.e., they induce the same changekin
using less water than large bridge$he slopedk/df is al-
ways smaller for crushed glass grains than for glass beads
having the same typical size, suggesting that the bridges are
typically larger in this case. The thermal conductivity tends
roughly exponentially to its asymptotic value with a charac-
teristic volume fractiorf ;.=0.26 (Table Il). The total varia-

tion of the thermal conductivity compares to the variation
observed in samples of glass beads; assumingkthahds
exponentially to its asymptotic value, and taking into account
the linear increase of the measured valuék abovef, we
estimatek,=0.23 W/(mK). This value ok, is smaller than

the value measured in glass beads, again in agreement with
the facts that the bridges are larger in this case and that only
a part of the contacts are surrounded by liquid bridges for
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f=1f. (the number of contacts between grains is not known (3) A simple geometrical model accounts for the experi-
in this case& We nevertheless point out that, even if the mental value of the critical volume for which every contact
behavior ofk as a function of is qualitatively different, the between grains is surrounded by a liquid bridge.

total variation of the thermal conductivity compares with (4) A simple thermal model accounts for the measured
the variation measured in samples of glass beads. thermal conductivities.

In summary, we have measured the effect of additional We plan to extend this study to the effects of both a
water on the thermal conductivity of packing of grains hav-change in the wetting properties and of an applied mechani-
ing different size and shape. The main features are as fokal stress on the thermal properties of granular materials. We
lows: checked that the qualitative behavior described aliexés-

(1) The experimental value of the thermal conductivity of tence of a critical volumeremains true when the wetting
the dry samples of glass beads is in agreement with Batchability of water on glass surface is changgerfect wetting
elor's theoretical description of the thermal conduction offor grains cleaned in sulfochromic acid and weak partial wet-
random packing of beads. The shape of the grains does ntitg for grains whose surface is treated with silartdow-
change significantly the thermal conductivity of the material.ever, the quantitative results are not reliable because water

(2) When water is added to the system, the increase of theends to accumulate on the walls or at the bottom of the
thermal conductivity originates from the formation of liquid container when the wetting ability of water on the glass sur-
bridges at the points where the grains are in contact. As lonface is decreased. In addition, our experimental configuration
as there exists in the system contacts between grains that atees not make it possible to apply a well-controlled me-
not surrounded by a liquid bridge, the addition of water leadshanical stress. We expect, in this case, the grains to deform,
to the formation of new bridges. For a larger additional vol-leading to an increase in the surface area and in the number
ume, the excess of water, driven by gravity, simply flows toof the contacts between grains. Quantitative studies will be
the bottom of the container where it fills the space betweerthe subject of a further publication as they require the design

the grains. of a different experimental setup.
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