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e knowledge of thermal properties of solis is of
importance in engineering works whoye tranaport of heat takes
place. While designing roads and mildiags, laying pipelines
and underground cables usefulness of the knowledge of thermal
properties is immediately felt. Mrough the duts on heat
conduction one recognises why and how ths aprual temperanture
variation psnetrates into the soil at larger depths than
diurnal varistion. The sibject of soll temperatures tells uas
what values of maximum and minimus tempersturs may ocour in
the dry scil and how thome will be modified when the moisture
is altered. The garsination and the emergence from seed are
highly sffected by the moisture and temperature of the soil.
Bealdes, insulative mature of 4dry sand enables ons to use it
%8 & solar sand collector and to cut down heat dissipation

from altsrnative heat devices.
1. Soil temperature

The temperature regime of the a0il and of the adjoining
alr layer affects the microclimate of the aoil. The temperature
of the s0il dependa on the thermophysical coefficients of the
#0i]l and the quantity of heat that snters or leaves the soil.
To an open field, the prime source of hest is insolation or
solar radiation which on reaching a surface ip partly reflected
and remaining amount is absorbed in a thin layer. Tis absorbed
amount is used up in heating the soil and the air. In addition
sose portion is utilised as latent hest for the evaporation

of work. 4 frection of the absorbed amount is also smitted
by the soil surface as long wevelengih radiution.

If we define H,, the heat flux incident to active
surface as short wavelength diffuse and dirsct radiacion, Tan

-be the reflection coefficlent, H“ the thermal energy transferred

into the soil, l!d that ioto the alr, Il“ be the heat flux
utilised in eveporation and Hy, the net out ward flux rudiated
out by the soil in the form of long wavelength radiation, then

the energy balance squation of the sctive surface is

(1-ry) By =B, +B, + B, +H, (1)

in general, one finds tillage incresses the theraal
resistance of the upper soil layer in conssquance 1t decreases
amount of heat flux into the soil. 4s such after tillage one
would get an increese in the tempersturs of the surface. Tillage
affecte “ai and Hlo too. The temperaturs of aoll can be
calculated from the theory of hest conduction wus & function of
depth and time, once H-o and cosfficients of hest transfer of
the s0il are knowan.

A bare soll eurfsce is open to direct and diffuse sun
rays, that is why it becomes qQuite warm aaring the hottest part
of the day and in cold sessons bare surface loses ita heut to
the environsent much faster. 4 vagitative cover protects a
large amount of insolation thereby it prevents the underlying
80il from becoming as warm as a bare surface. ln cold seasons,
& vegetative cover bebaves as an insulated blunket thers by



preventing heat loss from the soll. The protected asoil is cooler
in susaer and warser in winter than the bare ons. Pig. 1 gives
scil temparature in bare and graas sovered soils.

Using soms published data (ref. #) one cen obtain useful
information about ssasonsl heat flux L into and out of a sol).
The soils gain between 7 to 10 Ki/cn® in the aix montha from
March to Augist. This amounts to about 4 per cent of the
incldent value. Jor the hot months like May and Juns the net
heat flux into the a0il is 70 to 90 J/ca®. 0o & bot sunny day
one might find dosnwsrd flux of the order of 200 J/cn® and upwerd
flux of 80 J/om®. Thus, the net flux snin on & sunny day is 10
per cent of lnooming redlation. Omce again, it should be borne
in mind that the veluss of inflow and out flow of thersal energy
are basically governed by local conditiona.

The temperaturs of soll alao depends upon its properties.

Major factors wbich differsatiste ons from the other are:

(1) oolour, which oontrols the amount of salar absorption,

(11) constituents, compactiness and moisturs content, whioh
affects specific heat and thermal conductivity. ZThe dally
variation in tempersture hes been found greater with dark soils,
and the loss of heat from them during the aight is slso faster.
However, with increasing depth the temperature differences
between dark and light coloured soils are smsller. It should be
noted that colour influences warsth of soil, but thias might not
be 20 imporiant factor as compared to other properties of soil.
The dazk camplexion of soll is usually due to organie material.
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The organic meterials possess lurger aspscific hest velue and
iow thermal conductivity. The less porous sand warms up quickly
because of lurge conductivity velue, peat soils ure slow in warming
becauge their pores are filled with non-conductive aiy. The
Presence of wuter causes the large temperature rise because water
is much better conductor of hest thun air. The {rost penetration
hus bsen found festest 1n sand thun in clay and slomest ia peout.

2. Heat transport.

The transmission of thermal energy in soil takes pluce by
the process of conduction through the solid greins and the fluid
filling pores, by convection and rediation between the mallg of
& ore. Io0 develop mathsmatics it is often assumed that the
thermal properties of the so0il in wn aggragate do not depend on
spuce coordinates. 4ll types of heat transfer mechanisms muy be
reduced to conduction by introducing the squivalent coefficient
of thermal conductivity X of the soil. The resl flux density H
(which is the quantity of heat flowing per unit time across u

unit surtace area) is proportional to temperature gradient

{8,98.)
ﬁz_l). across the given width (‘g“l) of the soil sample
£

(e-0.)
n-xﬁ-’;’_—x}y--xﬁ (2)

2, termed eas thermal conductivity of the soll 1s in fact u factor

of proportionality in eq. {2) whose velue is different for
‘al'.’:‘_

different;unit of A 1. W X} or cul/om/a/OC. The squivalent

ooslticient of thermal conductivity I\.q is
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Fhysically, high value of thermal daiffuaivit of & soll indicat
loq =2+ 2ony * Praa ¥y Y, high ¥ cates

its capabllity for rapid and cousiderable changes in temperaturs.
with pore dismeter leas than 6 mm and 2 ¢ » 10°C the ocontribution

due to convective trensfer is negligibly small. If the pore
diameter 1s less than 0.080 mm then contribution due to radistive

When one considers the heat flux into the soil over a certain
period the knowledge of one mors coefficient 'b’' which is Vi€ = M

is found useful. b is called as thermal effupivity (w l'zl’l/z °l"1).
heat transfer can alac bs neglected. Ope arrives at 4 comclmelon

This coefticient characterises the soll from view point of its
that for capillary radiua less than 0.001 cm and with small

storage qualities.
temperature differences the transport of heat in pores by way

of convection and radiation 1s very very small and the chief 3+ Temperature variations in soil

Rechaniss responsible in transporting heat in soile 1s conduction
To obtein an introductory discussion of temperature

(ref. B).
variations in #0il we here take a simple treatment {ref. £2). Lat
Let -3H/8x 1s the rate of change of heat flux density Us assume thut at all depths the temperuture viries as pure
with the depth (x) then in a volume d¥{=ixixdx), heat stored in barmenic function of time around aa aversge vulue of temperature.

unit time pifl be -(2B/3x) ax. Also, 1f one defines C as the

' The surface temperature (i.e. at x = 0) can be written
volumetric heat capaoity i.s. the smount of heat nesded to ralse

as
the temperature of a unit volume of soil by ons degree (cal ow 3 o¢™y)
8(ost) w0, + Ay sinot (5)
then C(20/3t) dx is the amount of heat stored in the soil. Equating M
the heat storage found from (s) the difference in heat flux Here, 6., is the average temperature in the soll during & period,
density and (b) the temperature change, one gets which is aspumed to be the same at all depths. A% is the amplitude
-3/ax = C 20/0% (3 of periodic wave at the surfuce and ..+ is angular frequency. For
diurnal variation .. = 28/86400 -'1. The temperauture ut any
substituting B fros (2) in above one gets the aifferentiate ! arbitrary depth x would also be a sine function of time
equation of heat conduction in one dimension as
!fi 8(x,t) = o, + Ao, sin| « t + $(x) ] (6)
-2 (a)
dx The amplitude and phase terms can be determined with the help of
where, &« = A\/C = l/sl 1a called the coefficlent of thermal (6) and (4) ms such temperaturs at a depth x is

sittusivity (2%371) of the eoil. Here s is the specifioc heat
0(x,%) = O,y * & exp (-x/D) sin{.. t - x/D) {(7)
L ]

(cad &1°1) ang ¢ (g en3) 1s the denaity of the sample.
1% may be noted on comparing (7) with (8) that at the depth x the



amplitude is lesssned by a factor exp (~-x/D) and thers occurs a
shift in phase by {~x/D). The constent D is termed as damping
depth. This is connected to Shermal charucteristics of the soil
and frequency of temperature varistion and is given by

D= (pa/ )2 (8)

The damping depth in a so0il depends on the period of the tempers-
ture variation. For anmual variastion it is V365 19 times laxger
than diurnal veriation. The resder may find an sxhaustive
description on the subject in refs. 2 and 4. Here we descride

only some reaults of intersst.

Using eq. (2) snd a similar expression 1ike eq. (8) the
heat flux density B (cel cm 2.-1) for a simisoldal varilation of

temparature is

H(x,¢) = =\ :;-;! * 4y, (O ¢ ) V2 g3p(-x/D) sln( t4d-x/D + u/4)

what we note is flux 1s aleo a harmonic functlon of time with =/4
Phese advanced ss compared with temperature variation at a given
depth. This phase shift of s/4 between H and & corresponds to a
time shift of 3 hours for dlurnal variation and 1.5 months for

anmusl variation.
4.1. Thermal properties of soila

¥e have seen that two independent thermal propertiss of
scils enter into the expressions when one desls with Quantitative
descriptiocn of heut tranafer. Thess are; thermal conductivity M

10

and the heat capacity per unit volume C or speciftic heat 5.

Warts has the lowest value 0f specific heut wnd humug the lurgest,
excepting water. As such it is obvious that humug and water will
affect heat capacity of the soil greatly. Wet acils have much
higher heat cepacity than dried. This axplains the cold nsturs

of wet solls. However, it may be aoted in tha range of tempera-
tures occuring in & field the spacific heat values vary siightly.
In fig. 2 varistion of spscific hest of dry sand with temperuture

is show.

The heat capacity per unit volume of & 80il could be
caloulated by sdding the heut capacities of differsat constltuents
of s0il in a cubic centimster. lf ¢., °..; and ¢‘ denote the
volume ng"ctiou of aolid material, water and air, raspectively,
then

C=0,,¢9 C +00C (<)

For most soll minerals, using vulues from ref. z, at 10°C an
average value of C_ = 0.46 cal €% ! ana density 2.7 g cu™>
holias. For organic ainerals C' = 0.6 and % = 1.3 are accepted
uverage values. The air contribution in (9) is negligibly small.
Thus, 1f 0.. denotss volume fraction of goil minerals, v, that
0f organic material and since ¢ = 1 cal cm™d O¢"1 gng may
celculate hoat capacity of the soil through

€ a0.46 ib. + 0.6 @o * OW (10)

'4.2. Thermal conductivity of solls

in the preceeding section we bave known that the heat
capacity of a a0l is welghted urithmatic mean of constituent
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heat capacities. The thermul conductivity of soil cen not
be satisated 0 simply. Thermal conductivity, of the asoil is
governed by factors like constituent conductivities, volume

frections of constituenta, packing, temperature, pressure stec.

Thermal conductivity of soll solids l- can be astimated
using Johansen's suggestion through
? (-9}
Q
"‘o

1y -)“

o {11)

)‘q «7.7 o1} 1y the value of thermal conductivity of quarts
and °q is volume fraction of quarts present in the soll, I\o a 2.0
1s 'hat of soll minersls other than querts having volume

fraction (1-¢q). The thermal conductivity of water A = (.6

and thermal conductivity of air N = 0.026 at 20°C and 1 ats.

To obtaln workeble expressions for the estimation of
2 it is usual to consider that soll is aade 0f two componeats.
Continuous fluid (f) medium of conductivity A § with volume
fraction P and dispersed solids {s) of conductivity l. with
volume fraction (1-9). This description holds to dry or fully
saturated »o0ll. Wien one sssumes that the flux lines are not
snarkedly altered in presence of solid grains ons arrives at
semi-empirical sxpressions. Congidering the soil as » compoaite
system made of succesaive layers of solid and fluid two Plang,
as shown in fig. 3, are obtained (refs. 6 and 7). Mathematicully,
the parallel distribution is weighted urithmatic mean of
constituent conductivities,

= e e e (1-0) 2 (12)

1e

The aeries distribution is hurmonic mean
-1
. - .
mj.lfzo-‘{—ﬂ. | (13)

Ve then have a geometric memn as
$ . (1-0)
LI S (14)

4 plot for sxtremum eq. (12) and eq. (13) with jhntermsdbsle
#q. (14) is fig. 4. Oross-hutched area indicates realisable
region on sollas. Ao expression similer to Eq. (14) given
as below falls in the reslisabls region (ref. 7).
n 1-n
A e aBp(r-a) (15)

wh
o 0.5 { 1"1@“)

hy
Log|(xh) ¢ (1-0) |

Expressions (12) and (13) ure called ss extremum bounds on
thermal conductivities. On the basis of variationsl principles
Haghin snd shtrikmen (ref. 1) cbtained bounds which are nearer
to the realisable region. The geometric meun (14) may be
applied to frosen soils for the estimation of M,

). )\il"” 2 h{"’” (16)

where, 8 is the volume fraction of the unfrosen water and LY
the thermal conductivity of ice. Realdes statistical approaches
M may be calculated through rigorous mathematics where ons
conaiders idealimed geometiries and these are called as physical
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Bodels. Originally developed by Maexwell the following equation
bes been modified by de Vries (ref. £) that can be applied on
asolls

Gh, + Hi=3) A
QP SRS halh A | (17)
[0« 2 (1-3))

) -1
shere 7= ":'c[1 N (;: - 1) g\
1n-h1¢hg.+|h+‘c-1. u-u-.lngg‘-(bno.lmonogot-
g00d agreement for satirated scils. Mut to obtuln an agrosnent
for dry solls one should increase the calculated values by

25 per cent. In the literature ons finds a large number of
esipressions for the calculation of M. Ao interssted reader may

find some of those in refereuces given here.

Thermal conductivity of sand shows a large variation
on changs of interstitiel air pressure. Pig. 5 #ives variation
of thermal conductivity of dune sand with ipterstitial alr

pressures. One may notice that the bebaviour of thermal conducti-

vity of dry send with interstitial air pressure suggents itp
use as alternativs thermal insulstors.

4.3. Thermal diffusivity and thermal effupivity

The knowledge of thermal diffusivity becomes ssseatial
when ons deuls with problema when regular change of temparsture

occurs. Estimation of thermal diffuaivity of a soil can be
Bade 1f one has data of thermal conductivity and heat capacity.

14

For the sand whoee A = 6.11 x 10°% cal on 1s~1 92 and
C = 0.304 cal em > %3, « = M/c « 2.0 x W3 calyl,

Vhen ons considers regular dispersion of spheres (solid
Phuse) in continucus mediur (fluid) and accommodutes in the
Physical model third order interaction an exprescion for thermal
diffusivity follows as (ref. 8)

! .
« = e 106.6(1-0)2/3 —j_;_‘:'a'r + 6.298 (1~-0) “'i'““i \ {18)
Y )
whers 3}-;'-‘ and u;--':l

Sieilarly, thersal effusivity or coefficlent of heut storuge
wiiich gives the capability of the soil in storing heat may be
evaluated by

S
ﬁc-“ b

For the stated values of send it is 0.014 cul ca 2~ 1/2 01
6. Measurement of thermal properties of soil

The guarded bot plate method 19 & standard method to
deternine thersal conductivity of goils tut it 1s a steady stute

method which not only consumes much larger tine in finding thermal

conductivity but to moist aamples this method ie not wpplicable.
Here, we describe dynamicel methods for the msasuresent of

uductivity and diffusivity end a steady stuta method to
determine specific heat of dry solls.

5.1. Needle method for M

The needls method also called as thermal probe ias &
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compact instrument to determine the thermal conductivity of
insulative materials. In a steel needle an electric heater wirs
is spread throughout the length. 4 thersocouple ig placed in
the niddle of the heater. The thermocouple and heater leads
ore brought out through & plastic handle. Through a reference
device thermocouple ands are brought to a potentiometer. Hester
wire circuitory consists of a powsr supply (storuge battery)
and powsr seasuring unit. The thermal probe is placed in the
#011l and obassrvations are taken after thermal oquilibrium ia
establighed. The experiment is conducted in 10 minutes. The
probe and its electrical connscilons ure shown in fig. 6a (refs. 6
and 7). Thermal conductivity of the soll is culculated using
o (;3)

\ = constant 1% ——2
where 1 the curremt supplied to the heater, AV 1s the rise in
emf in duration t1 to tz. The constant in expresslon contains
resistance of heater wire, length of the probe and temperaturs
omf couversion factor for the thermocouple. & plot for emf

generated on probe is given in fig. 8{b).
5.2. Hot wire method for «

The hot wire method for the determinstion of thermal
diffusivity of the soil is bused on slmilar theory as thut of
the probe (Refs. 10 and 6). An experimental arrangement for
the hot wire is shown 1n fig. 7u. A4s in the PIrobes we have a
heuter socased in a sheath and ut & certain distance r (note not

adjacent to the heater as in case of the probe) from the heatsr

16

lies a thermocouple. This ssaembly is then inserted in goil
sample under inveatigation. Heating of a sample is illuptrated
in fig. 7b. PFrom the plot 88/t vs t the value of tuey 18 noted.
Then the thermal di ffusivity of the sample Bay be evaluated
through « = rg/nm.

5.3. Continuous fall electric method for s

in this method for the determination of specific heat |
the dry soil 1s allowed to fall through & double walled gluss
tubs. 4 steady electric current flows through centrally
stretched heater wire. & thermocouple is employed to measurs
the difference in tempsratures of incoming and cutgoing sand.
To vary rate of fall different dlametered nossles eaployed.
Specific heat s (cal/g/9C) of the sample can be celoulated frow

. = (1{-1:) XR x 107 /4 (m, 8, - m,A0,)

Hore 11 and 12 are the values of currents when rates of aoll
fall are m, and n, (u"l) snd corresponding eteady etate
temperature differences at the ends of gluss tube ure A 01 and

0 8g. Fg. 8 1llustrates schematic diagram of the method.
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1b. Seasonsl variations in soil temparaturs at various
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8. Thermal conductivity of 4dry dune sand with interstitial
elr pressure (Ref. 8).

6a. Thersal probe for measuring thermal conductivity of

solls.
6b. Thermo emf generated on s probe.

7a. A bot wirs arrangement for Beasuring thermul diffusivity
of soll.

Tb. Heat!ug curve of a sand sample in hot wire experiment.

8. Schematic diagram of continuous fall metbod for the
determinution of apecific heat of dry soil.
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Fig. 8. Schematic diagram of continuous taly
method for the determinatien of pecific
heat of dry soi - {1) Reservoir(2) Ther-
mocouple {) cork (4) sample (3) heater
($) evacyoted and silvered double wall-
ed glass tube (7} to patentiameter for
the measurement of | {9) glass tube coup -
led to a vibrator and (10) nozzte.(ret. §)



