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SOIL TEMFERATURE aND HEAT FLOW

-, 3%
HANMAST  CHAUDHARY , Lepartment of Fhvsics, University of

Rajasthan, JAIFUR 302004, INRIA. ;

Various= b&ologicai and chemical cactivities are expressions
cf heat transfer. Such' phenomena may continue in sufficient
amounts 14 émrtain values of temperature be kept around.
Nitrification begins Favourably dfter the soil temperatursz is of
the order of 10— z¥C. The optimum temperature for plant arowth

varies widely. In fact the amount of heat flow 1n s01ls affacts

———

germination. Even the thermal! properties of the seed vary with

tzmperature . While designing roads and buildings, laying pipe

lines and uncderground cables, the need far the thermal

characteristics of .the concerned soil is felt. Through sucn data

one recognices why and how the annual temperature variation
penctrates into the swil at 1arger depths than diurnal variation.
The study of =zoil temperature tells us what values of max imua and

minimum temperature may occur in.the dry soil surface and alsa

how these will be affected when the moisture and other
ernviranmental conditions are altered. Resides, the tharmal

ineul ative nature of dry send enables ome to use it as & solar

sand cotlector gand use it to cut down heat dissiﬁatianl fram heat

cstores (Fig 1.9 . . )

N ~ L] )
-, - . praa e ual
1.0 Heat Balance at the Soil Surface 77

As topoparaphy is uneven, there exists plant cover, there

might be different adjoiming locations of 1and and moisture,
thersfors the  term "aoil surface” leoses ihts me@aning as  a
mathamatical swurface. we term it as an vactive surface", which

moans that it 4w oa  dynamically active region at  which solar

inzolaticr is im acticn. It is at the active surface wherea heat
Ceamsfor with bhe surface air  and  tho  underlying il 1 ayers

coouse . The tempersture oscillations selts to gaep soil layer o

simns teicknsss 15 deternined by the thermophysical cosfficients
Cand the period of the heat wave ), and the 1owest of it is  the

constant temparaturs Tevel (Fig.2).



The principal source of  all thermal effecls on  coi]

surtace iz the direct short-wave solar radiation. Let ws call the
r

) } . 3 . —1 -2 A

intensity of this flux  as Ftlir'* (cal min cm ) . The RICHEW

conktribution comes from diffuse radiation Sﬂli-f . The Takter reaches

——the active surface after scattering by dust particles and air
componante of atmosphere. In addition to the above both we also
=]

have Tong-—wave radiation 1w 'E:LF\' from  the atmosphere. Now  we

consider the parlt given out by the surfarse. Heat energy iz mainly

reflected as short-wave radiation by an amount, say, SC}R' ©lso,
part of the long-wave radiation is emitted by the activa surface
into the atmosphere, say, E em" The <csum of radiation F]ukies

(Fig.2) at the active surface during the day tims is

Foay © Soire ™ Spie Y ELr™ Sgr ™ EBon (la)

At night as R .\' = S ..
g P e "Lif SR

- E . (1)

R N.i/ g ht L.Fe em

After occurrence of all losses into the active cuwface
the amount of fluw remained shouwld be shared by (i) F  —~  the
with «cwface air. P ois defined os

quant ity spent om heat exchange

. o '
o= N0 —_ (2)
.I’ A o) ¢ r_}.»:) 1 =0

is the coefficient of turbulent thermal diffusivity, Cpis

Here, 0
o /d» is tempe=ratuwre gradient.

the specific healt of air and

(13) T = an amount utilised in evaporaticon and is defined as

day (3

bhere, L is the datent heat of vaporizaticn of water and de/dx

i3 AT garadionb.

(i1 Mo— a2n omounc aocounted For the Ireat transmitted to  the
anderl ying soils by caonduction.

-~y
Wi



The tieat Flwe Ho[dnbo bhe soil is expresoasd as

4

Ho= C a8 + x (=) (4)

whare C is the heat capacity of the surface lTayer of thickness
wi th bzse | cmz, A€ ie the temperature di fference on  thik
layer per unit time, and-A is the thermal ccnr'lcjuct‘ivi't.\,' of the
3011 Below this ayer (:':1—> o). '

In summer, during the clé\y, Froand T are directed from  the
s0il surface to the atmosphere and Ho from  the soil sw~face
inwards underlying soil . At night in summer, the directions are
correspondingly reversed .'

Thus, thé heat bal ance equation forr a bare <ol surfaco

in smwmmer in day Lime is

] L Ae . A8 Aq
S o o e G o - = -~ o B AT —) (. =2 ) _
pin® Prie” Sert ELpm Eap= 0O +X G5, =, G wmt A n=C

’

B gD

The praoblen is for complicated if a surface is partially covered

by vegeltation. For summer in day time

.

A Ag
E" . 3 63 - 5_._;; o - L= = ol + oo - N ikl
Lir . COAf gt ELg™ Eont 8% 2™ I3 m‘m Ax Ar

.

4 leatf .
(=] BN I oy - - 3 - a . . - XAer 4 = 0
EJD i b[Ii-F ¢ L'[_F\' “ 1 cr‘a-FTl aaft TSR 1;;';1.1r'1 @m-{és airlw@at r

P -2,

. . L leat .
i Lhe radiation consgtant of the leaf, ET’“‘-SF ie. Teaf

Here, )
\

[ I
| eaf

mrefloctivity, a . .
Yo B ead

ce Uransfer geefficient and - is the pumerical  factor which

ig heat transport coefficient, X is  the

58

iU

deponds upon moistbuwrd content .

: e
T R e L P e
Tomporature Reains of Doils *

fl

¥

To invantigste U He tempearature field dn sall, we must
fing the sguation & 0 = FGl,y,z,t), whare €0 15 the s011

| temporature, L is the tims and x, vy, = are spatial cartesian

£



cocrdinates, Here we asoume that the soil 1o icotropic.  This

means Lhat @ is aszumed to vary with depth @ and the horizontal
.

surfaces parallel to the soil surface are congidered isothermal .
&g &8 . ! . SG

Thorefore, v, =ozw o 0oan 4 we are only left with 22 o & =
’ - . &

fFGo,t) . We also aﬁ%ume“that heat transfer in soil occurs through
the m@chianism of conduction only, as’ in a homogeneous solid body.

As suchy 1t i35 the Fick law connecting heat flux density ¢ M to

the t(-:.?mp:)eer*atn_lr*e-r-gra‘dierl't; hotcs ‘
H=-x 22 (7)
{ -'\'
where A i . the coefficient o+ thermal conductivity

(cal/cm/zec/ Cb) or (W/m/E) of the soil . In fact, the values of
varilows thernophysical coefficients  are  required to  weite  an
exact differential equation. These coefficients Fform the baciz
Lhrough which we can obtain solutions to bhe .@m mirgebics  peablan

wf finding, evaluating and analysing the temperature field in &

011 . L. .
Let “(ET be the rate of change . of healt Flux density with
depth ). Then, in the volume oW =il du ) » heat stored in
. . . &H . . -
it time will be —'(3—:)1:1:-:. Aieo 1T one defines L as the

Rs Rl= N

volumetric heat capacity cal/cmg/uc) ythen Ciiﬁ)dx ie the
amount of heat’ stored in the soil. On eguating the amount of heat
stored in the coil found above by {a) the difference in heat f7ux

density and () by the temperatuwre change caused, one gets -

& H L ose -
- ("_—":":' ) d s = D (é—t ) d n .
L R R - N @

e

& S - 58
(- A 2=) = T =—
& & % &t
S " :
SG "B &E
T - (%)
ek \ s -

4



. -
o ic termed as coefficient of thermal diffusivity ¢ me o

2 —1 ) Y
cmTs ). -

The equation (PI)uvis the differential equation for € (x,t)
which must be obeyed by any possibla 'tE?mDEI’“.E\'tLH’“"é.? variation caussd
by heat transport. T obtain  an introductory discussion of
temperature variation, we assume that thes temperature varies as a

pure harmonic. fuhction of time around &an average vaiue of

tamperature @) at @ll depths.

.

The surface temperatwre (x=0) can be weritten 3G

g (0,t) = 8 % Fg Bin w t
0

(107

HMere, € the average temperature in the =oil which is ascumed  fo

be the came at all depths. ﬂ‘.e ig the amplitude of the periodic
Q
mave ot the curface and @ is the angul ar freguency. For diurnal
. . - - -1 .
variation w = 2nm / 241x60x460 = . The temperature at any arbitrary
depth would similarly be '

..t‘

& (x,t) =& + A, Sin fot + ¢ ()] ('t
(]

The amplitude and ph:ase term © (x) can be determined by using

the above in the differential "equation. Thus, we get the

N

temperature variation at depth in the soil as

- —a Q o 3
g (x,t) & A .boe“p ! d) ‘.::.J.n { vt J ) (12

Hers, o is defined a=m the damping clepth . (n  comparing the
r

pyguat ion af tempoeature’ at the surface Leq.(10) lwe fimd  that in

came of the later, the anplitude is  zmaller by & factor of
muo (—a b o2 alss n phasw shitt of, — ) ociuwrs. Thus, femperature
- i . , ] '

Cigiiminies ab dopbhs and T mas lmum aium will be alttained at

diiferant times . The coil constant d is  determined th rough the
Eiermal pharactoristic of the soil and  the fraguency of
e



Lemprorature vacrialion by
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Cod s (9 aswe ) YE (1237 .
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.

. : AT . 1/2 _ : .
For annual variation it 1s (365) = 19 timas 1argsr than diurnal
variation. The .diurnal variation - becomes unperceptible st the
the thermal characteristic of

depth of 0.3-0.5 m. depending on

he =0il . The annual variation is not found beliow 10 m.

Now, w@. weits the expression for heat flw density H
" :

{cal/cm /) for a sinusoidal variation

66‘ o j, /’? v E o
. - - R g 2 TN g R LS
H (2,8 N —— (\9 (XC o ) 2 (—d-) i ool,lziwo T F 4)

- 0
~—

) 172 .
{ »C ) is called the copfficient of heat storage {W m

OCal) 7z of tha-‘ ol . ‘

<

What we note from the above equation is that heat flw is

also a harmonic function of time with n/4 phase advanced as

conpared with the temperatwe variation at a wiven depth. This

nhase shift of 1/4 betwezn H and & correspends to a time shift of
3 hours for diwenal  variation .and 1.5 months  for annual
variation. As an example, the maximum temperature at a surtace

with grass is approximately 13 hes.. The maximum heat flux
density ié‘u a o1l ‘does not occur at the time aof  maximum
insolation, bhut earlier. .Thisz 15 thca to  the intoraction of
varicus componemnts in the energy balance at the surf &Ce .

3.0.The Indlusnce ofiSocil Thermal Properties on the Temparature

S R

|.:.‘ /o (‘_3 ] mes I I

Lo Fracve nobticod that the heat flux density in the coll 1S
o A R - _ . S
propori ional o (Dw) . The values of cosfficients for cand are

N 0,007 cge units and o = 0.5 cgs unidis. Fow peRal, A~ =  0.0007
Lo sandd, we geb d = 1502 cm. and dor peat, d =

.

)



4

5.1 cm.. As the surface amplitude of heat flux  im  inversely
. . . i 172 - N
croportional Lto o= AT / . We get r? = 0.04 cgs units and
: sand A
ﬁpeqtz G.0%. Therefore, we conclude that the curface ampliltude
Tt

for peat is twice that of sand. We should also note here that
the decroase of amplitude-is more rapid in the peat soil which iz
having a ocmalier value of d.

’
.

The above exemple chows clearly now: the thermal
cmef%iéients of thea ED£T influence the temperature and heat Flux
values in the soil. We chall now consider this subject in detatil.
In fact, it is necessary to know a set of four thermophysical
coefficients: A, T, a and B. Thiz set gives us & comprehensive
representation of th2 thermal properties of the 5011 .

The thermal conductivity A ) characterises the 50il

from its ability te conduct heat and i3 the amount of heat
transferred by the soil per unit time through unit area under

unit temperature gradient.( W /m £oED

The volumetric specific heat (C) characterices the soil

1=

from the viewpoint of its capacity.to heat up or cool down. It 1S
the amount ef heat necessary to change the temperature ot one

. : 0
cubic centimeter of soil by on= degres.( Cal/ cm3 /"G

The thermal diﬂ{uéivity (o) is numerically egual to the

thermal conductivity of a soil sample with unit volumetric

specific heat.( m / 5 )

)
.

R

The heat storage coefficient’ () characterises the 5011

from the viewpoint of its storage gual ities and iz numerically
equal to the thermal cariductivity of the =oli cample whose

; : - oo . . A WA R S P
chermal diffusivity is egqual to unity. O lhom i c ™

fe ke enil RMaz capillapy-porous structure, heat exchance
Tqik miveuld bo o considored to take plaoce by a combination of tho
following proontoeEsn = .
tiy Thormal conduction over the mass of individual aranules of

5071 3d 5011 skelshon,

+
)



(i1) hzat conduction from particle to particle at  Lthe contact

polnts,

(1117 the molecul ar heat conduction theouah the water and a1
e nen in the e, .

(iv) convection by the gac or liguid in the pores, &

{v) radiation fr-aom particles.

Using the analosgy of thermal conductivity ( A ) we

cond
may @xpress hthe coefficients of convective Kanv and radiative
heat  transfer Krwd as well as a coefficient of moisture
- =

conduetivity A . Ve can write the respective fluxes in the

moils
form of Ficks eguation(?) as

& )
= hastinal (14)
Hcmnd kcmnd &

Each of the coefficlients kcond? kaHV’ Rpa&’ Kmmis is a
cempl icated funtion of various parameters characterising the
thermophysical properties and state of the soil. We give hero in
brief the {actDPSJEE%ecting the thermophysical characteristics of
the soil.

Conductiaon The condluctivity of ths soil. depends on the

4

configuratiorn of the constituent phases, packing density or
porosity, the naturz of contact between the particles, the
“dimencions of the particles, temperature, water content etc.. UWe

shall be taking this topic in detail in the next section.

Convection The natural convection in soil may occur due to

presocure difference . Under the influence of thi=s, the f1low of gas
ar liguid may. occuws accompanied by the flow of  heat. #nalysis
chowm thab in natural thick tayers and in the presence of small

N ; : S I 4 I 1 avers
Lomporaturs deaps, convecltion does not ocour ab all . For ayers
e bo 20 am. in  thigkness and ‘=t temperature drop of

1O convoction fw nobt obsseved. As cuch bhe transport of  heast

: : J U . - .
Ppeommn e tw e mmeonanismof conveotion
4

o ignored in natural

concbiong . For carticles and size of ceill pores of o 0.1-0.10 mm,
’
CorseeEion amounts to 0.15-0.3% of the total heat transter. Onty
H .



.

for vy large particles and pores of . 3.0 mm. this percentage

-]

Rediation At relatively low temperatures and for samples not

having large sized granales, Krad is also negligibly =mall. At
L

soil temperatures up to 637 C the radiative flux density is 0.5 X

.

1o~ ca1/cm2/59c. For pores of size 0.1 mm. and 1.00 mm. the heat
flux due to radiation will be roughly 0.2% to 2.3% respectively
of the total F{ux.dua to all types of heat transfer. In anamously
aggregated soil, when the size reachaes 6 mm . Hrad may bhe .. 7%.

. .

Mass Transfer Moisture movement in soil ocours both as vapour

-

and liquid. The moicstuwre flow carries heat with' it, which
modifies the conditions of heat transfer and also affects the
value of thermal coefficient of the =0il. As long as the soil
tempen-ature does not’ exceed EODC, the heat transport by vapour

flow is not mpre than 10% of the total. The effect of liguid fiow

-

R -

is aven smaller. The average valus of kvqu 0,137 X 10 cas
. [

units. The measured values of the soil ‘s thermal conductivity are

3 ( i.e. not

imn

20 to 40 times higher than Xvap.-FDP natural soil

. L

__bhighly eroded, nor are ancmalously wet or overheated ) it i

mn

rezasonable to neglect the effect of mass transfer on  the values

aof thermophysical characterigtits of the =soil.

. Lan} - 1=
E - - . . s LAY R
J.1l.Thermal Conductivity of Soits™'™? .

- i

Let us firet condider the factors which influence theo

magnitude of eguivatent  thermophysical characteristics of tho

so1l .

a) Strwcture and influence of aggregation The mutual positicnsz

of 20il particles and peres constitute the system and, as such,

may aive highly diversified values of theroal conductivily. As an
. . . _
suannle, we consider the idealized situation where solld grains

s soounod o be EphEHEE pmacked symmatricslly. & cubic pecking {
porod oy AL Witir e th- irmtooa lopss  sysbem  andg 3
Dovanonal packing ( porosity 20,900 W ) will  vield & compaci
sowtom. Mibln thie varisd size of particiss and random packing the



e

conploxity of the problem ingreases. In the Jlauwre . we have

-

)

shown biow the  conductivity wvaluwes may vary it we consider
L4

different aterusturecs of the soil, other Jactors remaining the

Same.

An increase in the sire of particles and pores should
atter overall heat transfer. Wien scoil aggregates are crushed,
the number of ‘contacts between the many resulting paﬁtic]es
sharply incrzase. Thesa contacts are looss and the interstitial.
air phace is less conductive} this results in decrease of
effective cmmductivit}. O the other hand, experiments bhave shown
a rise of 0% in A_ of enlarged granules. For soil containing

many targe paricles like sand, the thermal conductivity increacses

as comparsad with finge ftextuwred clay.”

+

(b) Chemical-mineralogical composition HDifferent s=oils have

) " * - - .
difference in tho chemical mineratogical compesition Df their

e —

skeletons. They., have silicon, feldspar, quartz, mica, metal
oxides or marb1m;qé;anite, schists, limestonz ete.. Therefore,
the thermal conductivity'of the solid phase ¢ KE ) hecomes 4
crucial factor. Th2 conduction of  heat  theoogh interst}tia]
medium  aleos  occurs. Therefore, the value of . the thermal

conductivity of the fluid phase ( K{'Say dry air or vapour) iz
also an influerntial factor.

(c) Temperaoture A change in the temperature affects the thermal
procese i the =oil pore. The thermal conductivity of soil

irncreases wilth the rise in femperaturs (Fig.é&). For calculalting

the rmizse 1n  thernal conductivity of soils per degree with

reasonabls acowracy, the following empirical formual a iz also
veergd '

o e . S S , =1 A
AT CLEE DELAS o Th o 20500 AL) { deg ) (10
&
Vi o iwo b opoenidic wzight and I iz the peiticle ciza.
Fororoni bty oand Specific Weight Eanerimontal astudy on &

varioty of disporsed media has shown that porosity of the medium

10



strangly affects the thermophysical characteristics. There 1s an
appreciable increase In equivalont conductivity dus to ain

-t
ty are

incroasze in specific weight. Specific  welght and poroé&
related through a simple gxpressiaon. It 1s  instructive to have
exprecssions of conductivity estimation in terms of the porosity
of the sample. It has been found that the conductivity of tha
coil increases a= porosity decredses (Fig.7). Thig 1is becauce
non—conducting air in the pores is replaced by a fraction of good
conducteor ol ids. I

r

() Soil Water Water content is the most influential factor ir

modifying the thermal coefficient of the soil. The physical

reasoning for this it that ,when soils are wetted, air, a poor

conductor s rémmvmd and replaced by water, 'a goad conductor. For

sandy so0ils, over the possible range of water content variation,
=

the effective conductivity (Fig.8) may vary by o factor of o or

oven 10.

Like ﬁheﬁ%é] conductivity, other thermal characteristics
o, 3 and C also depend on the abové factors. It 'may beé noted that
veaetation, mulches, irrigation and drainage aleso change the
thermal characteristics of the soil. surface. The dark  so0il will
abaoelr more eneray. Red and yellow scil will show & more rapid
tamperature rige than white soil. Tihe tharmal  conductivity of

different soils follaow the order A sand > leoam @A clay »x psat.

o = . . ' A 2,344,6,7
4.0.Estimation’ of the' thermophyslical coefficients ey

e thalt  two  independent  thermal pmarameaters

oisl in  the expression when we areg concerned with the
gquantitative description of heat transfar. Thiese are : thmemal
conductivity A and  heat capacity p=rounit volume & of ithe

Trer diffusivity o and heat storage cpafficint 7 of Lo

il mAatoeial ccan So determined fthrooash the Enowl adan of ~ and C

withy bl problam o

oy, yes o wish o

s ez ol bon ik these e

1 onhze addective foctors.

i1

. - .
- - pa e R R e by amy
In t o i Ll



4.1 .Heat capacity (C) . We have already defined Uthe volumetric

hezt oeapecity of zZoil as the amount of heat needed to raise the
temperatursz of unit vplume of soil by one degree. To Dbfgin an
idea wi the capability of heating or cooling aof scil we need the
value of heat capacity per unit volume or specific heat of the
soil . Quartz has the lowest vaTQe of{ﬁpecific heat and humus the
largest, excepting watér. Therefore, it 1is  an  indication that
addition of humus and water will affect the heat capacity of the
=01l greatly.. Wet soils have much higher heat capacity than dried

ornes . This explains the cold nature of wet =oils. However, it meay

7 be noted that in the range of temperatures occuring in the field,

the epecific heat values vary littie. Therefore, for calculation

purposcs, we take a constant value of specific heat for  a given

of dry zand with temperature

soil . The variation of ecpecific heat
iz shown in the {ig.9.

The heat capacity per unit volume of =oil may’ be
calculated by adding the heat capacities of the diffasrent
constitusnts of the soil in & cubic contimeter. If ¢h, @N and ¢1
* = 3 o

are the volump fractions of the solid material, wate~ and air

recpeatively, then

oomm " EN I - -
i \q‘JS[ S ¢’Wl W, c’biﬂra

- . ) . - - [
For most soil minerals at normal  terperature, C_=0.46 cai/g/ C

. .- 3 - . .
and dengity pis 2.7 g/cm . For - organic materials,

C_=0.6 ca=
present ,in  the above

uriite and o = 1.3 tgs units. If water is
guoression, the contribution of air is negligibly small. If @
denotes the volume fraction of  soill minsral , & _ that of the
: o
Ggrganin matorial and since CJ =1 , we can caltculate the hoeat
v .
canacity of soil throwah
C o= 0,484 ¢p  + O.bh b @ (14)
T o 1
lathenntloat Ty, khe abovoe s it 13 A welahted
! C f | ;o T ,_.2 57
TR R} R W ol X af bhie consbituent heats "

The thermal conductiviity of

» e om

4,7 . Thermal conductivity of <oils



«

zc:il an rob be calculated by taking the weighted arithmetic m2an

of thoa conshilltuent conductivities. BT3] acrount of different
. NP1

influmntial factors has to be made iT a real good sxpression  for
Fhe estimation of the thermal conductivity of soil. The  kheemal

conductivity of soil solids A_ can be shtained through

3 fod .
.

‘ & (1 — ¢ ) .
’ A = x T 24 (17}
5 Qq o .

where: qu 7.7 W/m/E i= ﬁﬁe value of thermal conductivity of
quartz and ¢q is the volume fraction of quartz present iT the
zoil ; KD = 2.0 N/@/H ie the thermal conductivity of soil minerals
othor than qdar‘z having wvolume F?actimn (Iﬂﬁq). The thzrmal
conductivity of water Kwﬂ 0.6 W/m/K and that of air K1= 0.026

ViZm/Zk .

We know that bheat flux density H is proportional  te  the
temperature gradient existing in the soil and the propovtionality
constant is termed as thermal conductivity. As the soil is made

tp of many  components, an  appropriate valuz of conductivity
. A

A

shoulcd be assianed to the considered homogenescus system. This is

. ‘ -
termed as the effettive thermal conductivity ( A ) which depends

. . . . . - . '
on the mineral cemposition, phase orientation, texture, amount ol

b |

air pic.. & workable expression faor  Ghe estimation of A 1=

D]

chtained by considering simple modeis for a real systam. Hera,

wz congider the soil to be made uwp of two components &
continuous medium of conductivity K{ with volume fracticn ¢, and
dispersed grandles of conductivity KE with volume fraction {(i-@).

This sohene doscribes dey sand o fully satwrated sand.

Uhen one assumes that the flux lines are not markedly
al tored through bending towards or away fram grains, oneg arrives
2t memni-empirical  expresesions  for calculating  the effective

contiustivity of the sail. Considering tha soll as a meadium  madoe

R T S Rl

£1at layere of selid and fluid, two plans a-e

ezl Loed o owhimwm i fig 10,

A oparaltel disbeibution of phasss giving max inum KE, Hancs,

i schems: hobhaves as a good conductor of heat. Mathematical 1y,



il ie  the weilightwd arithmetic Me an of the constitusnt

conducbivitiss .

o SR =N, + (1-g) X

& f B

i 1)

(18)

{(ii) A series distribution of phases which vyields minimum

Hence, this schems behaves as & better

insul ator of heat . It

the weighted harmonic mean of the constituent comnductivitiez.

- ¢ + {1~¢) 5—1
A b
£ S

(19)

Mathematically, one then has an interaediate mean diich

corresoond to the randeomisation of Tayers.

a (1)
. &2 f =

. . 1 .
A plot for  these* schemes 1s  shown

(20)

in the figurse 11.

cross—hatched area indicates the realisablse region on sands

5011 S . . .

In order toa aobtain an agreement

A

o

153

wili

The

ricd

with the acbserved values

on spils we might take the weighted geomestric mean of the Mak I mkm

ard minimum  velues of  thermal conduetivities. Calling

A.M. (Eg.18) as h1} ang H.M. (Eg 19) as

n 1-n
o 11 €

In the above schems m'h fraction of the
made up of altornate zones of solid and
roothe direction of heat f1ow (giiing

iimﬁ)th fraction of the sample zones ig

o dirocoion af heat Flow (giving K¢)“

AT o o varidous moils and A /A L 130 ones
= . Pl L
GLE (1=Tog @)
o :

oy Ci‘f‘-‘#’ (1))

14 :

A we then have
A
(21)

sample is taken to

tha

b e

Fluid oriented parallel

Kll)

and the remaining

oriented perpendicular to

Using measured valu=s

cemi—empiricaily geto

e

e

o+



ustration; we give tuxporimental values of =311%

-—

Herer, ez oan 1]

Toam ang those computed from the above axpressions.
. -4

. »* . .
Expérimental. Calecul ated
: .4
¢ €A X 1'::14 ) n (A _X10° )
ca]/c&/sec/oﬁ . ca]/cm/sec/ac

20

0 .548 4,15 O, 402 G4 .20
0.401 4 .68 0L ATE 7.02

2 Lap]

0.332 7.18 N 0L5E15 vl

"To canvert cal/cm/sec/PC into W/a/E multiply by 418.7

The above table also gives us the idea that, in a sand-1ike
system, about S0 péwcent of the. cample zete parallel  to  the
Jireetion of heat flow and an almost similar amount perpendicudars
o the direction of heat  flow.

A rigomous mathematical formulation for ?he conductivity
of two-phase svstemns requires restrictions on the shape of the
oraine and the orientation of phases. If ong considers a regul ar
arrangemeEnt of spheres of the dispersed’ phase faorming  a cubic

lattice, we obtain on considering third order interaction

N =h -

. - ' " - e s .-"_/3 - o
)\c-e == )\,; C 1 - 2 X 2.30% ( iy Y @ i \

I3
(]

In

ase of dry sand we may use

:.-‘ 3 ~ .
AL m A (1 - 2.309 @ 3, _ ()

.
.

By conirically introducing’ the cosfficient of packing
ciieh in buen dooonds upon mutual packing, structural =21 ement and
irtribution elensnt amd distributivn of air one finds for  cubic

By ,

P O R A o : ()
e s -
(2ol — g ®



N

Al Foe telberahieral packing of parbicl

A

o In
<

o
Q.40 5+ 0,31 ¢ e
— (28)
O S

gepmetrilc

of A

€,

The mean may be oapp

mpestimal ion

N1 - @) o

w

>

=)

5

Yraction of th:

conductivity of

where y is the volume

fthe thormal ice .

.

The temperature dependence of

A

Tied to frozen spnils for thzo

- )]
1

unfrozen water and A
-

thermal conduclbivity of air

zrd that aof A abowes the freezing point of water are given by
s i =
snpicical BHDressions:
' — 5
A= 0,237 + 6.41 ® 10 7 6 (25)

SRR 293,013 + &

G interesting. feature is

interstitial
at

conductivity of sand at

sampl e becomes much insulative 1ow

A heat

the lTatter.

such  a samplo A

disnipation from

An mxpressicn for thermal

IS

intorstibtial air pressues sobodies ter

pressyre and pooo— characteristic valoe
C H

st oy

1E

a8 (29

0.4685 (30

of thermal
19 . Thz=

envelape

the

the variation

pressures  (Fig

pressures. AN of

oo will heat.

reducs

.

ot at

conductivity sand

air

the

=S the intzrebitial

= of

sUre

1l

Fr

ihat watuo of interztitiad

czomnte, The characterlstic pressire 1

S Pl 3euﬁﬁ,aﬁ Ciiel bhoemal conductivity of the samplz  reducss
o bzt iz i;1q:~at? Ye noemal  &ie nrezzure, 1 ko iz the
Cermad conductivi by of the sand al mocmaloainr presslre tihen its

_thermal conductivivy

interstitial ¢

im pressurs s alven by
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4.3 .Effective thermal diffusivitys: Ny defined the =2ffective

thermal diffusivity of a soil mample  as  the ratio of  toe

effoective tigrmal conaductivityy, divided by the effococtive
volumaebric specific heat of the soil. The volumetric specific

- AR = D .
healt C (cal/cm™/ L) is given by

C,= =T, p, ¢, (32)

[

For the sample whoszm constants are p_= 2.0 g/cm Cs: O.184

1=

o e 3 - e u} . - ,
cal/g/ 12, S QL0012 g/am, C&= 0.24 cal/grs T, ¢ = 0.346,

o e 3 .o, —
CrpCd+ p U (1= @) = 0.804 cal/am /o (33)

P

- . . R S o - ,
For such a 30il1 whose Kem Hda.11 X 10 "calt/onm/sec/ C, a_can bz
ohtained e

A -

— n
' e = 2,0 X 10 7 cmT /sec (34)
e C

1
U

N

The prediction 'of effective thermal diffusivity is a much
more difficult problem than the prediction  of | cmnduﬁtivity. In
literatwe one finds various attempts and =ome of these are on
the 1ines of thermal conductivity pfedictiuns. Here, we glive ana
cxpression whicl ha%lbeen obtained’ for sand-like systens. In
deriving the farmula it has been assumed that sand is A Fregll ar
digsperzion of epheres in the continuous phase and the display is
Tike o gubic-1atticm. On accomodating the third order interaction

the ewprassion for thermal diffusivity ie

P ’ ’ ’
[ar . &} [« .}
e g a . . = a .
o = | i 4 4 1T ) { - . S -y ,‘}‘(j--q;‘l:\, { - , b] [GEERD]

/ -y
feroan Edample Teb o ws takse dune sand. ko have o = Fhadcm /30 and
—

o o= 201 X 10 emT /s, The o above  expression pradicks o= 1.84

= .



4y

e . . . A =
Cmo Sl dzapewe taonta] o value of bthe samplo is AR B I S S s.

'
1

4.4 Heat ctorage coefficient of soil Earilier we  defined the

heat storage quality of & spil sample by the heat storage

- )1/;; )1/';..

cosfficient #. It is mathemaltically @ = ( A © = f\e/( o

ele
Once we predict the values of. this coefficient Ethrough tho
erpression of  thermal conclucti\}i‘-ty and specific eat or
ol in‘*Fu'sivity. we can calcuwlate the heat storage coefficient of
s0i] material . For the stated value of the dune €and cample the

-
. .. - - il Q.
teal storage coefficidnt @ = 0.014 cal/em™/s/ L.

Like thermal diffucivity, obtesining the heat storaos

cosfficiesnt of a system made of wany compongnts on bheorebical

besis iz a difficult task. However); a cimple Hpression  can be
obftained if we assunms that the expressions for predicting  the
heat  cstorage coefficient are identical to the thermal
conductivity expressions. We can procecd as
2 2. w (1) -
(¥ 07 = ( ¥x ) ?, ( ¥ ) “ _ (362
2 T . -
A C 173 ’ A2 1732 . A 172 4,
b - P TS 5 2 Ch =g
YU G N S S T T A R g S KA
L O, L
e . + s -
. ' {(27)
. - L /2 . 172 . 1/2
Since [ = N~ C 3.= (A 0, )7 and @ = (X C 3
ince o= CALESD) U £ f . g2 e ’
2 £ oL -g)
ﬁ’(,_, ﬁ-f r?S ? (33)
-E_ = —— —,—-—-—_1 e .) [ g
e - i e (1~
f =
Brer asowume bhat !ISL___ i |?:';l"‘({-})€'_'|iCtE‘(ZJ- Throuwgbh the weighted goometric
T mean of the constituent specific heats i.c.

Thue , krowing heat oltorasge coefficlianis o

—
[



and Lo porosity. of the ovetem, the hoat storage cocfdicient of

bhie =mampl s ba predicted with a porcentage error of 5= s

S.0WMeazuwrement of thermal properties of coil

T have a knowledge of temperature field in a sample we
chould | measwre ité thereophysical coefficients. Experimental
values ars thz true representatives of the real situation;
therefore, theorelical estimations are encouraged where the
measuwranents are not peossible. It is often required to =valuate
those cimultaneousiy not only at & e=ingle point but throush
depths and even at times. In some :(tases ona needs thz dependencs
of tliese values upon temperature, water content and ctrucuture.

The methods for measurement can be divided into three catengries.

(1) Computationsal methods In a computational method we do

analysis of the temperatwre variation at =soil depths and time. We2
can obtain by this technique the thormal diffusivity of the soill
only. Here a periodic variation in temperature is assumed . The
advantage of such a method 1is that ‘ane reguires recording of  the
temperature only. The digacvantades are many s (i)Y the valus
obtained is an averags, and approximate, (ii) we can find only one

confficient.

(117 Field methode Here we use the technique throuah which we

obiain coefficients in the natural form  of the system, the

structura is not destroved. We may evaluate the paramzter with
_——depth and time %mo. The results mptained arg of course less
accurate ang v cannot study thé [meoperty under controlled
situaltion.

(1ii1) lLehoratorv methods These are the methods which, ave

-

R IR 3 - - - =y
Y wice ranae o

m

Tty andd  with  them  we Can inak

Hiing )l

The ovalues obtained are aten  accurate.  Howevar,

with thezm is that, oz the =sampls 18 browoh®

[ - o
=R W aril

Lo e Taboratomry Shracturme, o

Ponnoenture conditions arg disturbe.



I the following parageraphs we ahall bo  diccussing
vadtiows Toaboroatory methods and in particul ar those which  can e
ztdeptad for field nmmacurements, It is  dynamical ' methoda;'{which
Lake lTessor time Lhan ‘steady state methods, are profereced  for
most of the measurements. However it chould be noted that, the
steady state methods are the exact ones bhut adaptation of them to
varlous practiba] conditions is lTimited.

T.l.Thermal probe for the debtermination of KQL’7 Theorestically

when a line souwrce is buwied in an dinfinite sample, tho change in
temperature witih time at a point on the sowce determines thermal

conductivity by

Here, &, and &, are two values of temperature at times t. and tl;

2 1 .

+o i= the correction factor in time ta ber ocbhtainmsd with B

standard material. & is the power per unit length csupplied to

i v

tha line spouwoa. .

On this theory an instrument for  the determination of

thermal conductivity of soil is based and  is  known by thermsal

]

probe or needle method.

The construction of DPObE.iS simple and it can be fabricated in
thea ) aboratory workshop. In a hollTow steel neddle an electric
heater wire is spread throughout the length. £ Uthersmocouple 1s
placed in thoe middie of the heater. Ths thermocouplae  and heater
leades are broﬁght out thwéugh a plastic handle. Thirough &

roferencs point device  therdocouplz  ends  arz browght to a2

potentiometiric device © for measuring thermo-emt (Fig.13). Thea
clrcuitory consists of a mowers supply (o storags
A messuring unit . The chiermal probe (o Lhie
parsdlmr in Lrerecbod in Bhe Tooll o and onservalbions ars baken adtoer
chzirmal couwddibelun i estashl 1shed., neomvnerinosnt . 1s conductod

.

im 10 to 18 minuces. Thormal conductiviiy of the soil 15

=0



calcuwlated using

~ - e
N o= constant T I (Lﬁ/ti) (

H OV

where 1 iz the cwrent "(in mA) supplied to the heater, &4V is the

rice in emnt (in &VY) in the durstion tj to t,. The constant in the

a5

expression is determined through the knowledge of resistance of
the heater wire, length of the needle and the temperature-emi

canversion factor for the thermocoupla used.

I

.
.

—

S.2.Hot wire method {for a/ ' The hot wire methed for the

determination of thermal diffusivity of the =<=pil is based on
theary similar as thatta{'the probe . An experimental arrangemant
for the hot wire technique is shown in the figure 14. As  in  the
probe, hewé wz  have o heater “erncased in a  shezath and  a
thermocoupl e at a Ceﬁtain distance r from the heater (note, not
adjacant to the heater as in  the case of the prob2). This
azcembly is dnserted in  the <¢oil sample wunder investigation.

Hezating of a sample by ‘parallel wire is i1illustrated by the
&E
2

iz daotermined. The thermal diffusivity of the sample may then be

adJoining figuroe. Fram the plot of versus t, the value of &

eval uated thnuugh:
o o= /4 T (A3

- - . « . . f’ - . B 3 K .
Acalorimeterr method for finding diffusivity This method 1s

basad on  the theory of studying thersally a  soil sampic,
contained in a metallic container . (Figa.15), in the stage ot
gl e thoaemnal regime. Hnowing.(i) the shaps factor B of the
container which in the tase of cylindar depend on  its radius R
and Tenati 1 and (1) wsing  slops  of  los deflection of  the

gnlvanompior vercsus time curve opne may determine the diffusivity

.
Ll KU PR g a T g e e Lol . e i g e e
ST IRR VD S S v I A D A B I T Roc S - R R i e A
-~ ' -
e - $A A
coooTh ol T 2 — s : Ve
= R RO N
= L (- TR . ‘n):..
e _I-
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Comtinumes f211 elactrical method for determining specific heat'
-

One can  aocdify  Lhe well Enown Calendar  and  Bosoawse '3
Continuous Flow method which is commonly used 1n varilious

taboratories to find the specific heat of liguids. Hera the loose

canc/=oil is allowed to fall through a double-walled glass tube

(Fig.lé). A steady stats electric current Flows through a
centrally ctretched hgater wire! A.thewmocouple i emploved to
measuire tha diffEPEHCEgin‘thﬂ temperatures of the incoming  and
outgoing materials. Te vary the rate of fall nozzles of different

diameters are emploved. The specific heat C is calculated from
. 4 . B

0o (T - i) R OX 10’ /3 <m AG, = m A8 L) (4m)

Heire i1 and i . are the current values when the rates of material
___Fall are  m, and m., and the corrospordino steady atate
N o ’

e o

fepmperature difforences at the snds  of the glass tuwbe are Aﬂl and

.

A recpectiveliyw

Flane heat source method for the determination of heat storace

.7

coefficient 3 ' .

In this method, in primrciplie, the plane heat <=ource is
placed in a sample of soil and its temperature rise with time i3
noted. For such a zource the rise in temperatuwe at the centre o
e sourcs is proportionm] Lo therﬁquﬁwm moot of  time  and iz

ouoreszed az o,

4 - .
IS 1

o S/ : . . ,
of & vz (L) will be a ebtraioht lTine whose o]ope ED

A A — e

- . LFa

f’-_ ! 3]
Tham, Toas SaTwiS oF powsr
G omoures o and slope Boothe heat stor



172 .
T = 3 ’ (7
fo=a / E_Go

The conctruction of - the plane heat cowrce is éimp1e and 1t can
alsn be fabhricated in & Taborafmry warkshop . & heater element is
ctretched between two rtopper foils (Fia.17). In the centre of the
healbing plement one end of a thermocouplie is fived. This assembly
ic placed inside the sample. The temperature at the centre of the
heat source is recorded after evary 10 «. The observations are
teken for 290 & (Fig.if). The stope of the straight line between
t&mpeﬁatuP@.Q and (t)l/2 can be obtained by least csquare fitting

wsing a FC=XT conputer.

-
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