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RESUMEN. EIl objetivo de este trabajo es explorar la influendel comportamiento histerético en el transpatéecalor,
estudiando las propiedades térmicas de un suelfrdimoso en condiciones de laboratorio. Para efle utilizé un sensor
térmico de doble aguja. Para la caracterizacionrbiindmica se utilizaron minitensiometros y sondas-DR, y un WP-4
para caracterizar la zona mas seca de la curva. fuapiedades térmicas mostraron una relacion lineah los contenidos
hidricos. Se observo un modelo de histéresis esftamiporal, en términos de propiedades térmicate Esmportamiento
histerético podria estar relacionado con factoresno los diferentes grados de saturacion, los cambiola temperatura y
su influencia en el transporte de calor, y la getifaade la lamina de agua alrededor de las partésul

ABSTRACT. The aim of this research is to explore the inflieent hysteresis on heat transport in soils undgeexental
laboratory conditions. Soil thermal properties weletermined using a dual-needle sensor. To charizet¢d ()] function
minitensiometers, WP-4 Dewpoint potentiameter, BBR probes were used. Cv aidshowed positive linear correlation
with soil volumetric water content. The divergeniesr values could be explained by relationship betweaater content
and porous media diameter, and the spatial intécactbetween heat transfer and soil moisture. A igpé&mporal
hysteresis pattern was observed in thermal propsertHysteretic behavior could be related with festas: degree of
saturation, the influence of temperature differelcethe heat transport, and the geometry of theewkstyer around the
particle.

1. INTRODUCTION

Characterization soil physical data are requiredchany field and laboratory experiments. Some &iofl data are related
with thermal properties and heat transport. Themnaperties in soils are: the thermal conductigity W-m*.C*), the soil
volumetric heat capacityQ(, MJ-m>C?), and the thermal diffusivityd, mnf-s*), combining both describes the rate of
transmission of temperature change within the(8klozawa and Campbell, 1990; Bristow et al., 1994)

Soil thermal properties are influenced, amongottariables, by particle size distribution, volurieewater content and bulk
density. The particle size and its distributionoaleve an effect on the manner in which the magstsrheld (Singh and
Devid, 2000). Soil water content has an importatd in determining soil thermal properties, dughe conduction through
soil is largely electrolytic (Van Rooyen and Wirkem, 1957). Other soil physical properties havesser effect, whether it
is compared with the water content effect (Al Naksdndi and Kohnke, 1965), and bulk density.

On the other hand, in laboratory conditions therproperties largely should be influenced for dgyand wetting processes
driven by water potential differences, being thiatienship between water potential and water cdnéenonsequence of
wetting and drying history (Hillel, 1980). This efft of a non-unique water-retention curve, i.e.gbié water hysteresis, is
relevant for the gas-phase continuity, which infice on soil thermal properties. The hysteresis pmemon has been well
documented in the literature beginning with the kvof Haines (1930), and followed by other authstgh as Philip (1964);
Poulovassilis and Childs (1971), Kutilek and Niel§&994), and Bristow (1998) who related thermaiparties with water
potentials.

The purpose of this research is to explore tHaence of hysteresis as one of the decisive fadtocausing differences on
heat transport. Thus, the aim of our work is dididie two different directions; (i) to measure andahalyze soil thermal and
hydrodynamic properties, and (ii) to explore thepatts of hysteresis on soil thermal properties ura@erimentally
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controlled conditions.

2. METHODOLOGY

A sampling plot was located in Can Solé Roaddsih the Llobregat delta plain (Northeast of Spaithe samples were
obtained between the surface and 30 cm below thacsu Particle size distribution, bulk densitytatoorganic carbon
content, and calcium carbonate content were medi$or@ach sample.

Measurements of thermal-hydrodynamic propertresal columns constructed specifically for thipesment were made.
Fig. 1 shows, the column device was developed usiethyl methacrylate component (25 cm diametergrB3arge), with a
inner slope of 3°. The slope allowed a well dragmafthe gravitational water content, avoiding pogdTo obtain a correct
wetting process from the bottom of the column,dbgice was connected to a separatory funnel. T¢teument worked as a
water deposit. To obtain a well-defined drying eyske used the communicating vessel principle.

The lower levels of the column were refilled wittagel (4 to 8 mm of diameter) and sand particle $250 to 100Qum). .
Both layers were allowed to reach a necessary veet in the column, and a homogeneity wettingcpss of the sample,
respectively. A separatory funnel provided a motiergater potential gradient into the soil columev&al sensors were
placed for two different levels (a and b), and ttausontrol two different moisture scenarios.

An SH-1 small dual-needle sensor (Decagon Devioe} was employed to determine thermal properfate soil column.
The SH-1 thermal sensor combined with KD2-Pro ([gecaDevices, Inc.) reader-logger used the heatpukthodology to
yield reliable and accurate sait and A estimations.C, was determined from thermal conductivity and diifity data,
following the expression:

c,=2 1)
a

To determine the volumetric water conteét &nd the water potentiallf, the soil column was monitored with two EC-5
frequency domain probes (Decagon Devices Inc.)tawodT-5 minitensiometer (UMS GmbH). The sensorsemglaced in
pairs (one T5 and one EC5 at the same level) fordifferent levels (a and b). A Campbell ScientffiR-850 and Decagon
Devices EM-50 data-loggers were used to collectda®. [ ¢)] data from saturation to -83 kPa with minitenseier
(Vandervaere et al., 1997; Nahlawi et al., 2007jemmeasured. However, to measure the dry end ofvitier retention
curve, a WP-4 device (Decagon Devices) was usege(R003; Thakur et al., 2005). Both data sets weesl to estimate the
water retention curve during the drying process.

3. RESULTSAND DISCUSSION

The studied soil from Can Solé Road was clask#ig silt loam textural class (USDA), with a pdetisize distribution for
silt content always higher than 60%, mean sandetwratbout 34%, and mean clay content about 4%. Melkndensity was
1.47 g-crii and total porosity 45%. Mean total organic carbontent was about 3.1%, and mean calcium carb@oatent
was 40.3%.

A soil water retention curve (Fig. 2) was obtair®y fitting the observed data to the Van Genucleigmation (1980). The
water retention curve showed a volumetric watertexinclose to saturation at approximately 0.45-cm®. The values of
water content for field capacity and permanentimglpoint were 0.20 and 0.09 &mm?®, respectively. The van Genuchten
model fit the estimated water retention data toeoled data with F10.98 and g 0.01. Estimated water content values were
in the range of the values found in the literatiorethese types of soils (Cameron, 1978; Guptalardon, 1979; Martinez-
Fernandez et al., 2003).

Soil wetting curves are presented in Fig. 3. W curves showed a well-defined wetting process.rsing the capillarity
between the a and b points (separated by 12 cng spemt 40 hours, with large differences in theewabntent between both
levels. When the probe a (upper level) startechtoeiase the moisture values (from O initial) prébpresented values at
about 35% of water content. These differences dsectto 20% when the probe b (lower level) reacla¢dration. At this
point, both levels reached steady-state conditionerms of water potential, the observed dataiakl kPa for level a, and
close to 0 kPa for level b. The temperature limkcates the daily temperature cycles for the olexbperiod. Note that exists
a slight decreasing on the soil temperature (betv&® to 340 hours of observation), this fact was th a decrease in the
room temperature. This involved a reduction oftdraperature of the water content inside the coldewice, affecting to the
evaporation demand.

Fig. 4 and 5, shows the influence of water candenthe thermal properties for the soil samplegishe level a dataset. The
thermal dataset was obtained simultaneously wihntétting process in the soil sample..

Thermal conductivity (Fig. 4) and thermal diffusivi(Fig. 5) versusvolumetric water content were directly observetada
However, the volumetric heat capacity (Fig. 6) aeelation of the functior(A) was calculated. In Fig. 4, the positive
relationship between the silt loam sdiland water content (Singh and Devid, 2000), suggsit the most significant
correlation when soil moisture was higher 20% \al*™r = 0.987 p< 0.01). The largest increase Anoccurred during the
wetting processes range. The thermal properfiean@ @), both showed a nearby steady-state scenario tigemolumetric
water content was close to 25% vol-Yghssuming a constant slope (Nakshabandi and Kohigat; Bristow, 1998), being
the water content at level b near to saturationdfé4a1974; Nobre and Thomson, 1993). Several ttefessvere evident
during the wetting process where the soil moisgirewed a slight decreasing (see grey line in Figaéithese points the
thermal conductivity values were different for theeme water content data. This fact elucidates d siysteretic behavior,
related with the manner as the pore water contexst advained and refilled again. Fig. 5, shows thaticmship between
thermal diffusivity as a function of water contdot a silt loam soil. Thermal diffusivity and theanconductivity showed a
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similar behavior, also with a constant slope betw&@% to 20% vol-val of water content, and steady-state conditions when
soil moisture was over 20% vol-VolThese different scenarios could be related tersevapor transfer before to reach a high
soil moisture, i.e. the fast increase of thealues between 10% and 20% vol-vof water content.

Variation of volumetric heat capacity for a $ilam soil as a function of water content is showfig. 6. The results showed
an increase of the volumetric heat capacity asmsoikture increased, varied linearly with water contents among air-drie
to 0.1 nf-m®, which is consistent with equation (1). The slop¢he curve is nearly the same as that obtaindtign4 where
the thermal conductivity curve was analyzed. Voltrineheat capacity did not increase uniformly wititreasing water
contents (Fig. 6). Initially, from 0.1 %m* volumetric heat capacity increased rapidly, jhst the contact among the particles
was improved by the film water content (Abu-Hamd2803). However, the increase of the measuremeasssiower than
expected.

In Fig. 7a, 7b and 7c, we show the wetting andndrgycles related to thermal properties data, wes observed for the
studied soil (i.e., 34% sand, and 4% clay). Allrthal properties in Fig. 7 were determined for thens spatial-temporal
scenario. Good agreement, in general, existed leetifee thermal conductivity measurements and tiépsteretic behavior
(Fig. 7a), which was subject to drying and wettitygles (Bristow, 1998; Bristow et al., 2001). Thainconductivity
measurements at the end of the wetting processeshawinear increase with the soil water conteWthereas, during the
drying cycle an unexpected reaction increased #ieeg of the soil thermal conductivity. When thetewdn soil began to
decrease, then the thermal conductivity startexpalrdecrease, in parallel to the wetting process.

Differences in temperature fluxuation betweenwiledting and drying cycle confounded the data. Ad&8ree Celsius change
in the soil temperature (due to changes in roonpé&ature) during the drying process controlledaiertlivergences in the
thermal dynamic behavior, as is the case of theig

On the other hand, the temperature oscillatiaimdithe wetting process was negligible, maintajrsteady-state conditions
all times. Although, several studies carried outd®yVries (1963), Campbell and Jungbauer (1994ingkeell and Norman
(1998) about the effects of the temperature oriltbemal properties, maintain that in a moist sbiio@mm temperature 10% to
20% of the total heat transport is as latent hbedugh the soil pores. This portion of the heahgpert is strongly
temperature dependent, roughly doubling for eactClif@mperature rise. Therefore, the variable teatpes produced a
small effect on the thermal conductivity when thmperature decreased 12°C, such that the heaparangas reduced (see
dot circles in Fig. 7a).

Fig. 7b and 7c show the influence of water canienvolumetric heat capacity and thermal diffusiyirespectively.
Volumetric heat capacity (Fig. 7b) presented a-gefined hysteresis process, and the variatiortaetemperature during
the drying curve did not affect either cycle.

On the other hand, Fig. 7c showed the greatffgrelices between both moisture cycles. Therm&lgdifity increased as
water content was increased in soil. Converselyinduhe drying cycle, , the values afshowed a constant increase. The
relationship between volumetric water content andops media diameter as well as the spatial interadetween heat
transfer and soil moisture may explain these dimecgs ina values.. The most significant factor is the thiess and
geometry of the water layer around the particleNakshabandi and Kohnke, 1964), which determinech#fat transfer in the
system.A and especiallyr values would depend highly on the manner in witieh best conducting mineral particles were
interconnected by the less conducting water please were separated by the poorly conducting gasepfi€oorevaar et al.,
1983). Therefore, the heat transport in the saktplace mainly through the narrow points of contastween the particles.
The water around contact points formed very effiectbridges” for conduction of heat. However, antfilm formed around
the soil particles during both processes, haviffgrdint A anda values for the same water content, such as wergrsin Fig.
7a and 7c. Also, the variations in the volume & #ir fraction (Oschner et al., 2001) explained Imat the variation in
thermal diffusivity data rather than other variablpist that in driest measures for this soil thlationship was not typically
linear.

Although, we used dionized water to carry outékperiment, there could exists a slight influeatéew dissolved solids on
suction causing changes in surface tension of #terveontent during the drying process (Case ankdhy&979). This would
indicate differences among the film water arourgghrticles. Also, the variations of the tempemiuould influence the rate
of latent heat, yielding significant differencestive gas phase, and controlling the different stesavhich occurred in both
cycles. Therefore, we could assume that the valti/sermal properties varied according to the tradrstate of the system.

4. CONCLUSIONS

A laboratory-scale study of heat flow and wataswonducted in Technical University of Catalofail thermal properties
and soil water contents were measured at two dejttisr different soil moisture regimes. A soil coludevice presented a
well-defined soil wetting process, yielding an gutedle observed thermal and hydrodynamic datadsgibw capillary rise in
the porous media favored a not collapse of the gityrdy the air-entry, and therefore a direct contaetween the thermal
sensors and soil. Thus, the special design ofdherm device presented a higher effectiveness.

The experiment produced a unique and comprehensita set useful for quantifying the spatial-terapdynamics ofl, C,
and a based on several moisture levels. Thermal pragsesiiowed an acceptable relationship with wateteobnshowing a
linear relationship.

Analysis of soil thermal properties provided anptete picture of a spatial-temporal hysteresitepatin soils. The influence
of the hysteretic behavior on soil thermal progsritishown in Fig. 7a, 7b and 7c, was related vetterml important factors:
degree of saturation, temperature changes andfligece on the heat transport, and the geomettiyeofvater layer around
the particle. Further research is planned for daténg the effect of additional variables (e.g. #féects on compacting and
water potential) on thermal hysteretic behavior.
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Figure 1. Soil column device scheme used to determine tihéhssmal and hydrodynamic properties. WC = FDRsbes to measure water content, h =
distance (cm) of the height of displacement ofglgaratory funnel, SH-1 = thermal sensor to meakerenal properties.
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Figure 2. Estimate soil water characteristic curve for thelied silt loam soil, observed values and + stash@aror. FC = field capacity, PWP = permanent
wilting point.
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Figure 4. Relation between soil thermal conductivig) &nd volumetric water content for wetting cycleegline indicates time steps where the soil
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