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Introduction experimental results measured the thermal conductivity of satu-

. rated and two-phases porous media. Theoretical models have been

Th_e predlctlo_n of the effective thermal conductivity of soils i rgposed, but the studies on the thermal conductivity of unsatur-
very important in many heat and mass transfer phenomena rel & porous media are limited

to ground, including waste disposal in_ unsaturated _geolog_ic Me-Tvo recent paperE8,9] compared some modeling approaches
dia, geothermal energy extraction, drying problems |n_mu|t|pha§8 redict the effective thermal conductivity of high temperature
heat and mass transfer in porous and fractured media, enhal Two of the models tested {i8] are modifications of the
oil recovery, radioactive waste storage, ground heat pumps )

h h ; i d related bl h inal one of de Vrie$4]. The third theoretical model was origi-
eat exchangers, forest fires and related problems, heat tranglgly, ,roposed in[10] for four-phases soils in partially frozen

from high voltage power cables, thermal soil remediation and s@ul \qitions and later modified for brickd1]. A model for the
behavior under forest fires. The effective thermal conductivity i$,armal conductivity of unconsolidated porous medium, based on
dependent on a wide variety of properties related to the soil, iggyijjary pressure-saturation relation, has been propogd@jnA
cluding mineral composition of the solid particles, dry densityg|ation was obtained for the thermal conductivity of the unsatur-
porosity, temperature and water content. ated porous medium wheK,,/K.<0.2. The stagnant thermal

A soil is a multiphase porous medium. A dry or water Saturat%nductivity of spatially periodic porous media has been studied
soil is a two-phases medium, composed of solid particle and gas13). Two models to predict the effective thermal conductivity
or liquid water, respectively. A soil partially saturated by water i§¢ consolidated porous media, like cellular ceramics, have been
a three-phases medium, with the liquid water disposed among #i&eloped irf14]. A model to determine the thermal conductivity
solid particle by adsorption and capillarity]. In a partially satu- of g ped of solid spherical particles, immersed in a static fluid,
rated soil, heat and mass transfer are coupled by several meghRen the conductivity of the matrix solid is greater than that of
nisms of thermally induced and water potential-induced flow gf,e gas, has been formulated[it5].
water in liquid and vapor phaség]. If the temperature is below  The present paper presents a further enhancement of the model
the freezing point, part of the water can be in the solid state angoposed in[10], with modifications that take into account the
according to the conditions in the porous medium, liquid watejpecific nature of the soil investigated, including the Permanent
can coexist, as unfrozen water, with the solid ice to form a foufyjlting Point and the Field Capacity. Permanent Wilting Point is
phases medium. Besides the large spectrum of problems ideg#fined as the water remaining in the soil in the smallest of the
fied, the interest of the present paper is focused on three-phag@ropores and around individual soil particles. Field Capacity is
soils at temperatures in the range 30—90°C. Several experimem§@l water content present in the soil after a day, when rain has
measurements are present in the literature at high temperatgspped and the irrigation water has been shut off. At this time the
[3-7]. The soils measured span many different types, varying #xamination of the soil will show water has moved out of the
mineral composition, dry density, porosity and water content. Benacropores, its place has been taken by air, but the small pores
cause of the large variety of experiments, the present paper femain filled with water.
cuses on the results g8], in order to show the general agreement
and the trend of the theoretical predictions. Theoretical Approach

Areview of the literature has revealed that many theoretical and ] . )
experimental studies have been carried out to determine the effec! Ne present model is based on the assumption that the unit cell

tive thermal conductivity of porous media. In the past years sorféthe soil is composed of a cubic space with a cubic solid particle
at the center. Figure 1 presents the cubic cell in the case of a
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Fig. 1 (a) Cubic cell for two-phases dry soil;  (b) cubic cell for
three-phases soil at low water content; (c) cubic cell for three-
phases soil in unsaturated conditions; and (d) cubic cell for

three-phases soil near saturation conditions

_|t_3\/g_3 1
'B_E_ . Vg (1)

wherepy is the solid particles density ang the dry density of the
soil.

The effective thermal conductivity of the unit cell can be evalu-
ated by solving the heat conduction equation, with the assump-
tions of parallel isotherms or parallel heat flux lines. The parallel
isotherms assumption, adopted 1®—11], is based on the hypoth-
esis of a very high thermal conductivity in the transverse direc-
tion, while the parallel heat flux lines is valid when the thermal
conductivity, in the transverse direction, is zero. Both assumptions
have been tested ii6] for two-phases media.

The effective thermal conductivity of the medium has been
evaluated in the present paper with the parallel isotherm hypoth-
esis and is calle; . For the two-phases porous medium of Fig.
1(a), Kt is given by:

1 p-1 B

Kr KB Ko (B 17K, @
where K¢ is the thermal conductivity of the gasir and water
vapor in general but water if fully saturajec@ndKg the thermal
conductivity of the solid particle. The first term in E@) corre-
sponds to the thermal resistance of the gas in the cross seldjon (
and length (;—1), while the second term is the thermal resis-
tance of the materials gas-solid in the cross secﬂiﬁ)we(nd length
(1s).

When the soil is neither dry nor fully saturated by water, water
is distributed inside the cubic cell according to adsorption and
capillarity. If the water content is very low, water is adsorbed
around the solid particle, as assumed in Fi@)1The adsorbed
water W, is assumed empirically to be a fraction of the water
content at the permanent wilting poiWp, according tg17], as

WC =C Wp (3)

where the constant depends on the type of soils investigated.
The present paper assumes 0.375 as suggested [18]. The
adsorbed wateW,, as given by Eq(3), is the only empirical
assumption of the present model.

When the water contenYy, is greater thaiWw,, water bridges
are establishes among the six solid particles surrounding the cubic
cell, with the distributions assumed in Figclor 1(d), depending
on the amount of water content. The effective thermal conductiv-
ity of the unit cell can be evaluated, with the assumption of par-
allel isotherms, and the expressions are reported in Appendix A.

Comparisons With Experimental Results

The soils investigated if8] are reported in Table 1 below. The
soils of Table 1 belong to three textural groups of soils: coarse,
medium-fine and fine, as reported in the first column. The name of
the sail is in the second column. The third column presents the
range of dry density measured. The quartz content percentage is in
the fourth column. The thermal conductivity of the solid particles
of each soil, according to the evaluation carried ouf 3 is
reported in the fifth column. Volkmar soil has a thermal conduc-
tivity more than two times higher than the other soils because its
quartz content is 97 percent. In the other soils the quartz content

answer to spherical particles with a point of contact, which is ary from 35 percent for Palouse B to 55 percent for Mokins. The
negligible cross section for heat transfer. When water is presgjitth column shows the porosity range, corresponding to the dry
the major contribution to heat conduction is given by the crosgensities of the third column, as evaluated[#). The last two
section of the water bridge formed between the two particles. Teglumns show the Permanent Wilting Point water contéaht,
porosity of the soilg, is taken into account by the ratio of the voidand the Field CapacitWi, as evaluated ifi8]. The experimental
volume to the total volume of the cell. The dimensions of theata of[3] were found with the transient thermal probe method.

cubic cell, although reported in Fig. 1, do not need to be consid-The thermal conductivity of water is assumed a function of the
ered, because they can be expressed as ratios with the solid gatiperaturél, (in °C), according to:

ticle as in the following. The ratio of the lengths of the cubic cell

and of the solid particle, as reported in Fig. 1, is:
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Table 1 Experimental data [3]

Textural Group Soil Pa (g/cm’) % Quartz | K, (W/m K) € Wp (%) | Wg (%)
Coarse L-soil 1.15-1.7 38 2.61 0.4-0.59 52 9.9
Coarse Volkmar 1.27-1.69 97 4.71 0.362 - 0.52 8.6 15.7
Coarse Royal 1.09 - 1.51 42.5 2.57 0.432-0.59 9.9 20.3

Medium - fine | Walla-Walla | 0.94 - 1.52 48.4 2.53 0.429 - 0.647 9.6 26.2
Medium - fine Palouse A 1.11-1.52 38.5 231 0.425-0.58 12.9 30.9
Medium — fine Salkum 0.99 - 1.31 45.5 2.21 0.508 — 0.628 13.9 30.0
Medium - fine Mokins 0.94-1.47 55 2.64 0.45-0.648 15.1 30.8

Fine Palouse B 0.86—1.38 35 2 0.482 - 0.677 26 40.7

The thermal conductivity of air, equal t,=0.026 W/mK at tions as¢&>1, because of the phenomenon of enhanced vapor-
27°C, is assumed variable with the temperafligg (in °C), ac- phase diffusion. The thermal conductivity of water vapof8k
cording to the following equation:

K ,=0.02408+ 0.0000792T¢ (5) _HeD Py dps, @

TR T pepie AT

U

In a partially saturated soil the thermal conductivity of the gas,
present in the pore space, is due to water vapor mixed to air. T\Wﬁere
apparent thermal conductivity of the mixture of air and water
vapor is then given by:

R
Kap=Kat ¢-Kys- & (6) Ru:,va, (8)
where ¢ is the relative humidity of the gas mixture agds the
mass transfer enhancement factor, assumed by some investiga- H, =2503-2.3T¢; 9)
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Fig. 2 (a) Effective thermal conductivity versus water content in L-soil [3]; (b) effective thermal conductivity versus water
content in L-soil [3]; (c¢) Effective thermal conductivity versus water content in L-soil [3]; and (d) effective thermal conductivity
versus water content in  L-soil [3]
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Fig. 3 (a) Effective thermal conductivity versus water content in Royal soil

[3]; (b) effective thermal conductivity versus water

content in Royal soil [3]; (c) Effective thermal conductivity versus water content in Royal soil
conductivity versus water content in Royal soil [3]

[3]; and (d) Effective thermal

Substituting the numerical values of Eq—10 in Eq. (6), the

(10) apparent thermal conductivity is given by

T 1272
_ -5
D=2.2510 [27314 .

_ In the present model, on the basis of the Qiscussion carried on Kap=Ka+0.120 ¢; at 30°C, (12)
in [19], the mass transfer enhancement factes assumed 1.

The Field Capacity of a soil is the condition when water has
drained out of the larger pores but the small pores remain filled Kapp=Ka10.335 ¢; at 50°C, (13)
with water. In this situation, the air, trapped among the water
bridges, contains water saturated vapor, i.e., the relative humidity, Kap=Ka+0.962 ¢; at 70°C, (14)
¢, of the gas space is equal to 1. On the other hane) only in
perfect dry conditions; i.e., with water content equal to zero. This Kopy=Kat 4474 ¢;  at 90°C, (15)

is in agreement with2] where the relative humidity is a function
of the soil water content, according to sishaped curve, variable o o ) )
content which depends on the type of soil. In order to simplify th€mperature according to the E@). Above the Field Capacity
present theoretical model, this work assumes the relative humidfater contentWe , the apparent thermal conductivity of the gas is
as linearly variable from zero, at full dryness, to 100 percent, given by
the Field Capacity water content. Ko —K.+K (16)
In summary, the thermal conductivity of the gas phéseand app "ra s
water vapoy is given by Eq.(6), with é=1, and the relative hu-  Figures 2—6 present the theoretical predictions of this work.
midity is linearly variable with the water content, from dryness t&ach prediction can be subdivided in four regions. The first re-
field capacity, as gion, extending from zero water contentWé. , given by Eq.(3),
H=WIW, (11) corr_espon_ds to the con_diti_on of water adsorbed around thg _solid
F particle (Fig. (b)) and it gives the lowest thermal conductivity
The linear variation is only a hypothesis which can be removdzkcause of the absence of water bridges between the adjoining
with the more correct assumption ofssshaped curve, but, in a solid particles. The first discontinuity between the first and the
simple theoretical model like this, and with several complicatesecond region is due to the appearance of water bridges. In the
theoretical relations it seems very plausible. second region, fromiVc to Wi, water bridges are present among
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Fig. 4 (a) Effective thermal conductivity versus water content in Palouse A [3]; (b) effective thermal conductivity versus water
content in Palouse A [3]; (c) effective thermal conductivity versus water content in Palouse A [3]; and (d) effective thermal

conductivity versus water content in Palouse A [3]

the solid particles, due to capillarit§Fig. 1(c)). A continuous which has a moderate quartz contdd®.5 percentand Field
increase ofKy, up to the Field Capacity of the solWWg, is Capacity(20.3 percent The predictions are in good agreement to
predicted because of the variation of the relative humidity, age experiments at 30°(Fig. 3(a)) and 50°C(Fig. 3(b)), in the
given by Eq.(11). A second discontinuity in the model is presentomplete range of water content. Indeed, the data are within the
at the Field CapacityVg . The third region starts a/r extending predictions obtained with the two porosities reported in Table 1
up to the third _disco_ntinuity, _vvhich is due to th_e transition _fronrg]_ At 70°C (Fig. 3(c)) the predictions are in good agreement
the water configuration of Fig.(®) to that of Fig. 1d) and is pelow the field capacity but somewhat higher than the experi-
specific of the present theoretical model. The fourth region stagsnts at higher water contents. At 90¢&g. 3(d)) the theoretical
at the third disqontinuity and extends up to saturation. In the thiiﬁ’edictions are higher than the experiments in the whole range of
and fourth regions, at the two highest temperatU®'C and  yater content. Also for Royal soil it is evident that the slope
90°0), the effective thermal conductivity decreases We-We,  cpange in the experimental as well as in the theoretical results,
because the thermal conductivity o.f yva(gt saturationis lower occurs around the field capaci®0.3 percent Further on, at the
th?:r.' the apparent thermal conductivity given by ). . fi(eld capacity the soil exhibits the highest thermal conductivity,
igures 2—3 compare the theoretical predictions of this WOEK +he temperatures of 70°C and 90°C
with the experimental measurements of two of the coarse soils 8 p . e
Table 1[3]. Figure 2 shows the data fdr-Soil, which has the F'gl.”es 4-5 present the theprethal pregilctlons compgred to the
experimental data of two medium-fine soils of Table 1; i.e., Pal-

smallest quartz conter{B8 percent Wilting Point (5.2 percent ) o

and Field Capacity9.9 percent Two theoretical predictions are ©US€ A and Salkum. The conclusions are similar to those made

reported in each figure for two porosities, which correspond to ti{éth Figs. 1-2. The agreement is fairly good at the temperatures

extremes values of the dry densities of Table 1. The two predid9°C and 50°QFigs. 4a,b) and Sa,b). It is acceptable at 70°C

tions are in fair agreement with the experiments at 30F@. UP to the Field CapacityFig. 4(c) and Fig. §c)). The predictions

2(a)) and 50°C(Fig. 2(b)), in the whole range of water content.are higher than the experiments at 90fays. 4d) and 3d).

The predictions are a little higher than the experiments at 70°CFinally Fig. 6 presents the predictions and the experiments of

(Fig. 2(c)) and higher at 90°QFig. 2(d)). Note that the change in the only fine soil of Table 1; i.e., Palouse B. Figul@,6) present

the slope of the predictions at the Field Capacity is in good agrezfairly good agreement. Figurgdid) show the model provides

ment with the slope change of the experimental data higher values than the experiments with conclusions similar to the
Figure 3 presents the predictions and the data for Royal sglkevious ones.
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Fig. 5 (a) Effective thermal conductivity versus water content in Salkum [3]; (b) effective thermal conductivity versus water
content in Salkum [3]; (c) effective thermal conductivity versus water content in Salkum [3]; and (d) effective thermal conductivity
versus water content in Salkum  [3]
Conclusions W = water contentfm®/m?] _
The theoretical model, used to simulate three-phases porous c - adsorbed water conterjin /én ]3
p = permanent Wlltlng Pomﬂ}m /m°]

soils, gives predictions in very good agreement with the experi-
mental results at the temperatures of 30°C and 50°C. At the tem-
perature of 70°C the agreement is fairly good from dryness to tk#eek Symbols

We = field Capacity[m®/m°]

Field Capacity. The predictions are somewhat higher than the ex- =1,/ly = lengths ratios=W/1—¢
periments, above the field capacity. At 90°C the predictions arg _y, /Vt — porosity
higher than the experiments almost everywhere and a better com- $ = air relative humidity
parison can be obtained only with a reduced apparent thermal p = density,[Kg/m®]
conductivity of the water-vapor and air mixture. ¢ = mass transfer enhancement factor
v = lengths ratio
Acknowledgment v¢ = lengths ratio
The present work was partially supported by ABgenzia Spa- Subscripts
ziale Italiana. a = air
app = apparent
Nomenclature b — barometric
D = water vapor diffusivity in air[m%/s] c = gas phase
H_ = latent heat of condensatiopl/kg] d = dry
K = thermal conductivity[W/m K] p = pore
| = cubic cell length[m] s = solid particle
M = molecular masg,g/mol] T = parallel isotherm
p = pressure[Pa t = total
R = gas constan{,J/mol K] v = water vapor
Ry = water vapor gas constarifl/kg K] vs = water vapor at saturation
T = temperature[K] w = water
Te = temperature[ C] wa = adsorbed water
V = volume,[m?] wf = funicular water
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Fig. 6 (a) Effective thermal conductivity versus water content in Palouse B [3]; (b) effective thermal conductivity versus water
content in Palouse B [3]; (c) effective thermal conductivity versus water content in Palouse B [3]; and (d) effective thermal
conductivity versus water content in Palouse B [3].
Appendix A early variable with the real porosity of the medium, between
If the water content is lower thaW/., the effective thermal O.régzi,ofrc])rizfo.4764, and 0.226, foar=0.2595. The resulting ex-
conductivity is given by, Fig. (b); P )
1 —-1-46/3 -0
—_—= ’8 + 123 wa wa 3
Kt B'Kapp S[Kap;{B —1)+Ky)] TZT(B -1
s p
* 2 £ (AL) 0.183+ 0.22670.183 (0.4764-¢) |- (B%—1) (A3)
=|o. T (0. &)l (83—
Ko+ 3 8Ky + Kapp( BP—1— 3 5) 0.4764-0.2595
where The following variables are then defined:
W I
= =6. 22 (A2)
1-¢ lS IW 3 Vw wa
, . . . yY¥7=\v v 1 (A4)
The first term of Eq(A1) is the thermal resistance of gas in the ls Vs Vs
section (tz) of length (;—1s—2l,,,). The second term is the ther-
mal resistance of the materials gas-water in the sectipndf gng
length (4,,.). The third term is the thermal resistance of the
materials gas-water-solid in the sectidd)(of length (). With
reference to Fig. (b) the three terms can be looked from above to [we ViwilVs
below and also on the plane on the paper. =1, " N3y (A5)

If W>W,, Fig. 1(c) and Xd) the amount of water accumulated
among the solid particles is the funicular o, /V, according
to [20]. In order to simplify the modely,,;/V is assumed lin- In the configuration of Fig. (t), wherey;<1, Ky is given by:
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i 3 B>—B-y B-v—pB terials gas-water in the sectiolﬂ of length (;—1,,). The second

Ky Kapp-(ﬁz—yf)JrKW- y? " Kapp (BZ= 7)) + Ky 72 term is ti21e thermal resistance of the materl.als gas-water in the
section (;) of length (,,—1s). The third term is the thermal re-

n BB s sistance of the materials gas-water-solid in the sectigh ¢f
Kapp’(ﬁz_ Y)+Ku (=D +Ks length (s—1y¢). The fourth term is the thermal resistance of the
B s materials gas-water-solid in the sectidtﬁ)(of length (). With
+ Kt Ky (77—142-B-y—2 7-y)+A (A6) reference to Fig. (t) the four sections can be looked from above

to below and also on the plane on the paper.

whereA= Koy (82— =2 B y+2:7- ) For y;>1, Fig. Xd), K has the following expression:

The first term of Eq(A6) is the thermal resistance of the ma-

1 B*=B-y L By By B-vi—B
Ky Kapp'(B2_7f2)+Kw")’fz Kapp'(B2_72)+Kw'72 Kapp‘(lgz_yz_z'.g'7f+2'7'7f)+Kw'(72+2'ﬂ"7f_2'7'7f)
+ 7 a 7.2 (A7)
Kst Ky (y"=1+2-B-y1=2- v y) t Kgpp (B =¥ =2:B-y1+2- v ¥p)
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