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Assuming a regulsr -.ometry of finite-spaced spherical
particles (12) a theory for the effective thermal conductivity
(%e) of all kind of two pht. . paterials is developed. The
flux modifieation is carriv. out by consivering the effective
neighbouring interactiony i. the solution of Poisson's |
equation. The theory is exi.aded to egtinate the he of loose
amnd granuiar materiai ausulang an effective continuous medie
approximation. “he tneory 1. wpplied to moist and dry (looge)
two phase systems consideris dizpersion of solid phase in
effective continuous media 3 imed by moist air and solid phasge,
A comparisoa of calculated ¥oilueg of he with the reported

experimental r1esults shows s00d agreement.

*Lecturer Goveruament Collegv, bholpur.

1. INTRODUCT ION

The effective properties of hetercgensous multi-phaage
media has been estimated in the literature [1-107) using three
different methods i,e. method of generalized function L1—4],
the method of multipole expansion [5-87) and volume averaging
approach {9,107, The generalized function technigue uses
perturbation expansion of locally varying functions, the multi-
pole expansion method considers the sources distributed
periodically in a continuous media and tine volume averagling
method applies the property of statistical homogeneity and
local heterogeneity of multiphase media. However, these
approaches are applicable mostly to composites and material
mixtures [ 10-17 ] assuming either a random or a periodic
geomwetry. Further the lettice-type periodic model formed by
finite-spaced, point-spherical and interacting solid particles
{187 hes been explored to estimate the A, of all kind of two
phase msterials., However, the common loose materials like
beads, sand, soil ete,, have & varisple porosity ranging from
3 to 7. The Ke of such lcose materials has been widely
meagured but the theoretical investigations [9,14,15,18] are
disappointing. The continuous medium at such large porosity
is contributed by both the phases, solid phase and air phage.
We,therefore, jn the present endeavour consider an effective
continuous media [19) composed by equal volume fraction of
solid and gas phases. By allowing Bmal} dispersions of air,
solid or vapour phaese in the effective continuous media we

produce the porosity of dry or moist soili.
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2. THEORY

.1, iffective Ihermal Conduct . vity Of Ywo Phase liedium.

Wé congider a steady line Lource in a cylinarieal
container filled with a two pivo e medium and assume that there
ig a nomogeneous cubic digperciosn of finite gpaced, point
spherical and interacting solic particles of phase Rz in the
continuous phase {air) diy wit: iy the two phase sample. wWe
consider = position dependaut conductivity funetion %(i) where

A(R) = A+ 6 (h, i‘vi} {rmn )
such that

b(R,ri) = 1 for R—ri Sy (1)

0 for H—I‘i vy

Here 8y lg the radius of :int spheres. The flux J and

potential ¢ at point ﬁ satisty

J(R) = - A(R) ~ #() (2)
la steady state div J — 0. Vuoi eq. (1) for l(ﬁ) in eq. (2)

a1d applying steany state coni:tion the div } = 0 transforms
into a Poisson equation | igi. L.ing Green function method the

solution or joigson equation iu ,iven by

ey T 1 1
D = ol e

3. {5(?1-,?1)(2\2—2\1)
VSR fav (3)
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Considering only nonvanishing part[phe solution (3/
evaluated over the considered cubie geouetry round the line
source (fig. 1) yields a field distribution at the source 1187

given as

= = -2 B U TN !

B(0) = E,(0) + i. v Js v{.;.-* v i:(ri)-aa] (4)
i

Considering the relevent interactions the field modification
<dB »=<¢F - ﬁo > is estimated directly from the point
spheres of phase m2 situated in X-Y pl=ne surrounding the
senoer. Using volume averaging approach the effective
thermal conductivity 2, is given by the eg. (2) as
¢T>
Re = o (5)
E >+ < dE >

where <dE> is change in field because of dispersion (as
given by eq. (4)). lowever, the initial field at the source

before any dispersion ig made is Eo' Hence

<J> = 7B (8)

Using eqs. (5) and (6) one finds

M
le = m— - ve for kz > kl
' {1 + ﬁgéz-] + ve for A, < Ay
<Eo>
hair
As x==—— in goil is almout sero, the field modification
solid
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<dﬁ> is lirited to the overlap.ing contribution from few
nearest neighbours. summing the eq. (4) upto fourth nearest

neighbours {18 ] we find

. Ny = AL . y =1
— £ 2
e = 217 584ae (55 3_11) v (7)
<dE> o ‘
when TS5 i1s less then unity e¢. (7) may be written as
o
Ao = M. : -
_ - 2 1 Ha/3}
).e = ?\1 i_l + 3.844 (W) 4 (8)
+ for 2\2 >N
- for ?\2 < 7\1

bxpression (8) is applicable s7 Luall dispersions of phase
»,- At large dispersions eq., (7' should be used. when
is small %, is solid and »; is air eg. (8) 1s written as [18]

_ 2/3:
g =N, SL1+25.844 wgl (9) (.5 > o> 0)

Eowever, when Ay is air and ;) is solid eq. (8) transforms into

N = A J1-1.545 u;f/s'} (i0) (.5 >, > 0)

vhere a and 3 sgtand for air ai solic phases.
<+2. Thermal Conductivity of wfivctive Contiauous Medis.

43 eys. (9) and (10) are valid at small dispersions,
of
we consider small n successive dispersions eachévalue 6#/a
of air phase in continuous soliu phase {r,). Under the

limit nékpa = C.5 the resuliing medlas would be effective
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continuous media {19]. The thermal conductivity of. this
medium following eq. (10) is

- 2/3.\n _
Reg = Bg (1-1.645 8y /°)® ( for msy, = 0.5) (11)

)ec cen be also estimated by making n successive dispersions
each of value 6948 in the continuous air phase. Under the

limit né Vg = 0.5 eq. (B8) leads to

A =2, (1+3.844 & 2/3)111‘ (8% _ = 0.5) (12)
ec = Ma . WB or (n WB = Q. b4
The self consistency of egs. (11} and (12} for 5*’3 =&y 5, = &
leads to
2.n
2o = Nhg {142,209 5§73 1 5009 (s $2/5)%) (15)

Por the rapid convergence of series expansion of eq. {13) we
need that n ghould lie in the vicinity of unity 119]. Thus
eq. (13) for n > 1 yields

) 2/3\2"
220 3Rh 192,99 (n6w?/3) 5,039 fno 277 b oGe

e

Averaging the function nﬁxya/s for n > 1 in the region n = i
ton= 1.5 we find

<t w¥35 o ene763  (for now - 0.5)
This on substitution in eq. (14) yieids,

1/2 :
Do > 0.6132 (Rahs) (15)



2.3. Application To Loose bsterisls,

loc..

The/two phase systew iv Uormed by allowing small dispersions

of soiid or gas phese ( %o O 7} in the elfective continuous
=2 I

media to produce & porosity ronce of .3 to 7. The he of

Looge two phage system 119 Tor Juch small dispersions is

given through eus. {9) and \I0) o,

- . BE7AY =9 -
R = Rgo (1 + 3844 577 ( 5, = v, - 0.5) (16a)
and A, = A__ (1-1.545 '2/") { ¥, =v_ - 0.5) (161}
e T Tec “t ta Ta T Vg .
£.4. Apvlication to Moist Loo.s ..oterials.
The zadition of wmoisti~ in & loose malerisal replaces

the air in void opace of the sennie. The thermal conductivity
of void when the sample ig corpietely dry is that of dry air.
A pgradusl addition of meisture content in the sabple increase
the thermal conductivity of vwoin sir, The procesd is gimilar
to the digpersion of water varour in a econtinuous air medis,
The thermal conduetivity ol +1. moist air (hma) in void space

is given through eys., (7) ane (") as

Ay~ ha . WA -1 ;
?méﬁ = ]\.a {_1—3.844 (m} e, ﬁ (18&)
5 i "} me (€4 0.5)
Al saturstion the air in void .ponce iu corpletely replaced by
waler and thus hma teads to hw. ilere ‘yma is the volume
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fraction of woisture with respect to void volume (air). If Vi
be the volume fraction of moisture and ¢ that of air (in air

salureted sample) the Ypg 15 given as
Yma = ["Vm/ \Pa]
where W, =‘_m/m] ¥,

" herefore Voo = (m/M).
2 =\ -1
. ) 2/3
when (m/N) - 1, Noa = N \}+3.844 (X§:§§;) (1~‘Pma) / } (18b)

I and M represent the varylng moisture content and the moisture

content at saturation (by weight percent ) respectively,

Thug the thermal conductivity of effective continuous
media changes with a change in the thermal conductivity of
void air., Following egs. (i5) and (19) we find

1/2

Ao, 2 6132 (}‘ma}\s) (19)

T'he volume fraction of solid phase remains constant even upto
saturation, When Vg » 0.5, we assune a small dispersion of
solid phase equivalent to Ty = ¥g - 0.5 in the effective
continuous media formed by the moist air and solid phase.
Following ey. (10) the effective thermal conductivity of the
sample is given by

: IS Y gyt
e = ng {1-3.044 (%—5;‘;—0) fg/"} (20)



3, COVPARLGON WITH EXPRIL M Ao KEsSULYS AND DIsCUsslONo

The effective thermal conductivity of looge two
ph#se mnaterisls is estimated using relevont expressions in
Taple 1. e find that the estimated 2, values using egqs.(16a)
and (16b) are better adopled to experimental results as
compared 10 the eslimationsy c:crried using any other expression.
Here in most of the caues ihe cstimated and reported values

of ¥, differ (systemg 2~7, 9-131; with in 0-5 percent. The

average devietion is about + 4.5 percent.

Estimations for me of molst sarples are performed

using two gse. of datas for so¢iut gand., The estimation of

2, for moist semples requires the caleusation of N, and hee

a

prior to the calcuistion of Rt. we have calculated the

velues of », using egs. (18) to (£0), for woist indian
desert sand“C and moist Italica sand®d, Yhe variation in
le with moisture content is rnlotted in figures 2 and 3. In
cagse of lndian desert sand the theorelical curve represents
nearly a mean graph of experinmenisl resulis, while in case
of itelien sand the estimatled values are little larger as

compared to the reporied experimental results. The deviation

in case of ltalian sand is avout 16 per cent.
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Pigure Captions

A lattice plane of dispersed spheres around the

gengor in X-Y plane.

Variation in the effective thermmi conductivity of
Itelian san&%}]with meigture content. UYheoretical

}e curve —— Experimental pointse.

Variation in the effective thermal conductivity of
Rajusthan Uegert sand with moisture content{2e]

“heoretical he curve -»— bxperimental points e -
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Teble 1. Comparison cf calculsted and experimental values of ym ﬁzarpf|pu for vericus kind of loose

meterials,

oo Ao using — e ..

System Locose material Mzxwell Lichtrecer Xumer et @l's Frecsent
sy stem j formuls formules formule expressicons (Exveri-
ds g Yy (62 1(1€bY - meptal)

1 Zirconia @OEQQH\MMMMwH 1.998 (C.,C21 c.53 C.073 G.178 0.134 ¢.115 c.11¢
2 Zirconia @OmeH\PHMMbu 1.998 0.0297 (.42 0,141 C.341 0.25e c.254 C.22¢
3 Gless Umem\mewmu 1.200 0©.C275 (©.3% C.174 0.321 C.247 C.231 C.270
4 Miami silt yomﬂ\bwmwmu 2,93 0.C234 C.448 0©.072 C.74¢6 G.254 0.222 ¢.221
5 Dune mmd&\bH%qu 3.344 C.C2¢ G.325 1.74 0.515 0.403 0.34€ c.2e7
C.387¢ 1.73 C.5C9 C.391 0.342 0.37%5
CG.4052 1.€7 .467 ¢.357 C.338 C.22¢
¢.4297 1.59 C.415 ¢.316 0.29¢9 £.212
C.23%4 1.5¢€ C.396 C.301 c.2ap c.3c2
C,4502 1.52 C.37€ C.285 0.275 .20
C.460 1.5C G.358 g.27¢ ¢.262 £.274
€ Dune man\PHMMmu 3.344 (.026 C.480 1.43 {.325 C.244 C.232 n,230
C.48%  1.41 C.317 0.232 0,222 C.22¢
7 Mucd C.C2€ (.49 2.32 £.2%2 .25 £.25¢0 [SPRCAES
o rick CLOPE S Lat( f fte t.205 rora C.10a T
. T olal S . P P LD cna .
1. CZemernt (loossi/ ALl [ C.o¢ [ G197 AT L1201 A
1z Lime CLL2€ .73 T.0E1 C,lEex TL0Cd C.LER LrEE




