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Ageing of a granular pile induced by thermal cycling

Thibaut Divoux, lon Vassilief, Hervé Gayvallet and Jearri€lophe Géminard

Université de Lyon, Laboratoire de Physique, Ecole Nornsalpérieure de Lyon, CNRS, 46 Allée d'lItalie,
69364 Lyon cedex 07, France

Abstract. Here we show that variations of temperature, even of a fewedsgn amplitude, induce the ageing of a granular
pile. In particular, we report measurements of physicapprties of a granular heap submitted to thermal cycles. Nanve
focus on the evolution of the thermal linear-expansionfideht and of the thermal conductivity of the pile with thenmoer

of cycles. The present contribution nicely supplementsantearticle we published elsewhere [Phys. Rev. 11, 148303
(2008)] and introduces a different and promising methodrpdse temperature cycles to a granular pile.

Keywords: Granular compaction, thermal cyling, ageing, thermal espm, thermal conductivity.
PACS: 45.70.Cc, 47.57.Gc, 62.20.Hg, 64.70.P-

INTRODUCTION dependence of, and A, with the numbers of imposed
temperature-cycles.
A static granular pile is essentially feagile construc-
tion [1, 2]; Minute perturbations applied at the micro-
scopic scale (the surface roughness of a grain) can lead Pt 100 sensor
to macroscopic reorganisations of the pile [3]. A remark- _\
able signature of this fragility is the sensitivity of a gran
ular pile to temperature variations. First presented as
hindrance to assess the sound propagation in sand [4] ¢
to perform reproducible measurements of the stress dis
tribution at the base of a granular pile [5], the sensitivity
of granular matter to temperature fluctuations has beel
since used to pack grains [7, 8, 9]. Indeed, a granula
heap submitted to temperature cycles, even of a few de
grees in amplitude [6, 7, 10, 11], experiences successiv. I
PC
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large-scale "static avalanches" [3], which induces the Heating cables —| /WW\
slow compaction of this fragile construction. Such reor-
ganisations are possible because of the stress anisotropy
inside the pile [12] and of the surface properties of the Nitrogen flow —

grains [6, 11]. _ _

In a recent letter [11], we reported a time-resolvedF_IGURE 1. Sketch of the first experimental setup.Inset: _
study of the dynamics associated with the compaction 0{:)lct_ure of the upper part of th_e column. The granular level is
a granular column submitted to thermal cycles. Here, wendicated by the white dotted-line.
demonstrate that temperature variations, even of a few
degrees in amplitude, also induce ageing in a granular
pile exactly as moisture [13], constant applied-stresk [14 THERMAL DILATION
and chemical reactions between grains [15] do. Here, we
dwell on two physical properties of the granular pile, In this section, we report, in a first experimental configu-
namelyky, its thermal linear-expansion coefficient, and ration, the evolution of the thermal linear-expansion co-
Ag, its thermal conductivity which both evolve in time efficient of a granular column submitted to thermal cy-
because of temperature varations. Both physical propeles. The experiment consists in imposing temperature
erties remain poorly studied in the case of a 3D pilecycles to a granular column and in measuring the result-
free to dilate and, thus, to reorganise under temperaing variations of the column height.
ture variations. Indeed, previously, omy has been as-
sessed numerically and experimentaly in the case of a
bidimensional and compressed static-bed (see [16] and
references therein). We thus address here the issue of the

Granular matter




Experimental setup 0 : ——— :
-2 o

The experimental set-up (Fig. 1) consists in a ver vl
tical glass tube (height 1.7 m, inner diameter 13 mm: ¢l
firmly fastened to a wall into the basement of the physic: E
department, in order to flee mechanical vibrations. The 8f
sample consists of a column (heidth) of spherical glass <= -10p
beads (diameted) poured into the tube. An additional -12F
gas-input, at the bottom of the column, makes possibl 14}
to loosen the pile thanks to an upward flow of dry ni- . . . . i
trogen. The temperature cycles are imposed by meai 0 200 400 600 800 1000
of a heating cable (Prolabo, 40 W/m) directly taped or n

the outer surface of the tube wall. The resulting temper-
ature is measured by means of a sensor (Pt100, locatddGURE 2. Height variation h, vs. number of cycles
close to the free surface of the granular material) and &. One observes first an exponential behavior at short time
multimeter (Keithley, 196). The free surface of the ma-followed by a subsequent logarithmic creep at long time
terial, which is illuminated by a red LED (Kingbright, [The black curve corresponds to the test functign= ho +
L-793SRC-E, located inside the tube, above the granulle 8xP(—n/nc) +hy In(n).] Inset - Oscillations of the column
lar material) is imaged from the side with a video cam- "€ight associated with the temperature cyclés and & are
era (Panasonic, WV-BP500) connected to a frame grabr_espe(_:tlvely defined to be the amplitude of the increase and
ber board (Data Translation, DT2255). A macro runningthe drift of by at the cyclen (H = 140 cm, 2t/ = 600 s and

. ’ ! T =108°C))
under a data-processing software (WaveMetrics, 1IGO
Pro 4.0), drives the heating power, records the result-
ing variations of the temperature and measures acc
rately the heightd from the images: A subpixel resolu-
tion (namely, less than a tenth of a pixel which typically
stands for 5um) is achieved by considering the average
position of the free surface, assumed to correspond to the

Yefines the origin of timé = 0. The granular column is
subsequently submitted to, at least, 1000 cycles (7 days).

inflection point in the vertical intensity-profile averaged Results
over the whole diameter of the tube. Measurements are )
performed 20 times per temperature cycle. Under the action of the temperature cycles the

Due to long experimental times, we limit our report to €Olumn height decreases: we report the variation
a given diameted = (5104 90) um of the grains (Matra- n = H(271n/w) —H(0), wheren denotes the time in
sur Corp.) and to a given periodi2ew = 600 s of the cy- units of the cycl_e period or, equwal_ently when integer,
cles. The cycling period, 10 minutes, is arbitrarily chosentn® number of imposed cycles (Fig. 2). We observe
to be small enough to avoid excessively-long experimenthat the thermal-induced compaction is a very slow
tal times but large enough to insure that the associateBhenomenon: after 7 days (1000 cycles), the decrease of
thermal penetration-length = /2 /(Cw) ~ 6 mm is the.helght_ls of about 1.5 cm (about 1%. of the height
about the tube radiug (~ 0.2 W n2 K1 andC ~ 10° J which m_dlcates that thg system remains very far from
m~3 K~ respectively denote the thermal conductivity the maximum compact_lon (_roughly a decrea_lse of about
and heat capacity of a typical glass-grains pile [17].) Ith% C_)f the col_umn helght,_|.ehn ~ 10 cm) within _the
is here crucial to note that the column is heated homoge‘—aXpe”mem"’1I time. Accord_lngly, after the experiment,
neously along its whole length but that the temperatur ofetr?:ZﬁgiﬂIghrar;{eeilgsr:?g:‘eo]:gg:érﬁragtr;)rd;tczsr:ug]ﬁlI:Stise
s likely to vary in the radial direction. mate. We also checked during 3 days that the height

Prior to each experiment, the granular column is pre
pared in a low-density state thanks to the dry-nitrogenOf the column stays constant when no temperature cycles

upward flow. The top of the column is then higher than&"® ir_nposed, which broves that ambient mechanical
the field imaged by the camera (typically 1 cm above)wbratlons and changes in the room temperature have no

and we set the amplitude of the cyclAg,, to the largest (or little) eﬁect in our experimental conditions.
accessible value\T = 27.1° C. The prébaration of the Interestingly, the measurements are accurate enough

sample ends when the top of the column enters the oplo reveal the oscillations dff associated with the tem-
servation field. At this point, the granular column is perature variations (Fig. 2, inset). We observe on the raw

"quenched": The amplitude of the cycles is set to thedata that the amplituday,, which is proportional ta\T,

h UAT Ivi 1 271° hich increases logarithmically with(Fig. 3). The oscillations
chosen valudT lying between 1(8 and C, whic of H are due to the thermal dilation of both the tube and
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FIGURE 3. Amplitude A, vs. number of cyclesn. Black
lines : An = AT [ag + bp In(n)] (H = 140 cm, 21/w = 600 s
and, from bottom to topAT = 10.8,16.2 and 271°C.)

the granular material. In order to assess the contribution "/GURE 4. Sketch of the second experimental setup.

of the granular material alone, we first determine the am-
plitude,dh (z), of the tube displacement in the laboratory
frame as a function of the heighiorigin at the bottom
of the column) by marking its outer wall. The amplitude
oht(2) is found to be linear iz and the slope provides us
with an estimate of the linear thermal-expansion coeffi
cient,k = (3.640.4) x 1078 K~1, of the tube material.
Then, considering the relative variation of the inner vol- . .
ume, we write thegrelation between the amplitdgeand sta_mt te_mperaturée = 55 C (numerical PID controller
the relative variationdVy/Vy, of the volumeVy of the written in C++, precision 4 C.) whereas the granula_r
granular materialA, — oh(0) = H(8Vg/Vy — 2KAT) column is heated along its axis thanks to a nickel wire
- = 9/ Vg — . : -
Experiments performed for different heigHt demon- (diameterry, =100 um) connected to a power supply
strate that\, — oy (0) is proportional taH, which shows (Heyvlett Packard, 6633A). We measure smultapeously
thatdVy/Vy is independent off and, thus, that the whole the imposed curreritand the resulting voltagé (Keith-
heightH of the granular column is involved in the ob- Ieyc,j 136) n otrder to dteducehth(:] heagng PO f Utlh
served oscillations of the free surface. For a homogef’m_ e wire temperatur, which we de uce from the
neous temperature-variatioAT, in the whole cross- re5|stanceRW:_U/ !.The thermal conductivithg of the
section of the tube, we would hadVg/Vy = 3kgAT granular material is then assessed from the temperature
' g/ Vg = SKgAl.

With this assumption, we obtain a rough estimate of theTerenceTw — Te which depends linearly oR/Aq [17].
thermal expansion coefficient of the granular material,
Kg = [3.440.03In(n)] x 10~ K—1, which is thus found
to be very close ta and to increase logarithmically by Results
about 5% during the first 1000 cycles (Fig. 3) as a conse- o
quence of a variation of about 1% of the density (Fig. 2). [N order to measure the thermal conductiviy,is
increased by steps (typically 10) up g — Te ~ 40°C
and then decreased by steps down to 0. For each value of
THERMAL CONDUCTIVITY P, we wait until the steady state is reached and measure
the associated voltade and current. We obtainAg =
In this section, using a second experimental setup, wé0-16+0.02) W/m/K. Th|_s value is compatible with the
estimate the thermal conductivity of a granular pile andv@/ue expected for a pile of glass beadgdss = 1.4
perform a time resolved study of its evolution under cy-W/M/K) surrounded by airXair = 0.025 W/m/K) [17].
cles of temperature. The experiment consists in heating e interestingly also observed that, for the same ma-
and in measuring the temperature of a granular columge”a'v Aq slightly depends on the preparation (Fig. 5) :

along its axis of revolution thanks to a thin heating wire. Ag = 0.162 W/m/K if the system is tapped previous to the
measuremenig ~ 0.156 W/m/K if not. Itis then partic-

ulary interesting to consider the behaviour of the sample
when subjected to several temperature cycles. When the

Experimental setup

The experimental setup (Fig. 4) consists in a cop-
_per tube (inner diameter 1 cm; outer diameter 5 cm;
length 15 cm) partially filled with glass beads (diameter
d € [250— 425 um). The tube is maintained at a con-
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FIGURE 5. Thermal conductivity Ag vs. number of cycles

still not well understood and deserve to be further inver-
tigated. We already mentionned that the dilation of the
container is not necessary, which indicates that the dif-
ference between the thermal expansion coefficient of the
beads and that of the container is probably not the pri-
mary cause of the compaction, contrary to what was pre-
viously proposed [8]. We are currently investigating the
compaction of a granular column heated along its axis :
A study of the response of the system as a function of the
cycling period makes possible to analyze the role played
by the penetration length of the temperature field (by the
temperature gradient rather than by the temperature vari-

n. The upper curve corresponds to a pile which has been gentions) in the compaction process.

tly tapped previous to the experiment. The lower curve corre
sponds to a loose pile. Note first that the conductivity igéar
for a larger density. Moreover, the conductivity of the leos
material increases significantly when one imposes the thlerm
cycles (d € [250-425],AT = 40°C.)

measurements are repeated several times, one obser

that the thermal conductivity of the loose sample signif-

icantly increases with the numberof imposed cycles.

By contrast, the conductivity of the tapped sample only5

slightly fluctuates around a constant value.

The second experimental configuration does not make
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