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ABSTRACT

A laboratory experiment was carried out on cylindrical columns
equipped with temperature devices to investigate temperature profiles
for separaled soil particle fractions during incoming and outgoing heat
flow processes. Three soil particle size fractions were separated from
Kassasin loamy sand and Nubaria calcarcous sandy loam soils.
Temperatures werc measurcd along the vertical dimension at the center
of the soil column using copper-constant thermocouple wires and digital
thermometer. Thermal conductlivities, diffusivities, heat capacities were
calculated for both investigated soils. Also, values obtained for
determined soil particle size fractions heat capacities were compared
with calculated ones by 3 different methods. Moreover, total and partial
heat gain or loss for soil particle fractions were calculated. The effect of
the soil particle size fractions; i.e., their porosities on the flow of heat
was examined.

It was found that the determined temperature fluctuations with
depth for the loamy sand soil are lower than for the calcareous sandy
loam soil. It was also found that the flow of heat along the soil depends
on the apparent soil density and its size fractions, due to the variation in
the thermal conductivity.

Total heat gained during 6 hours heating within the upper 20 cm
for Nubaria calcareous sandy loam soil particle fractions having average
diameters 4.175. 2.675 and 1.59 mm and total heat loss during 6 hours
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cooling from the upper 30 centimeters to the atmosphere were higher than
those obtained for the corresponding fractions obtained for Kassasin
leamy sand soil. This response occurred taking into consideration that
the former soil fractions had lower apparent densities and higher CaCOs
contents than the latter ones.

Fractionated heat loss or gain occurred during the first 1.5 hours
generally exhibited the highest values and decreased with the increase
in time. It was also noticed for both soils particle fractions that partial or
total heat gain or loss generally incrcased as particle diameter
decreased.

Key words: conductivities, diffusivities, heat flow processes , partial
heat gain or loss , soil temperature profiles, thermal heat
capacities.

1. INTRODUCTION

It is well known that thermal energy which reaches the soil
surface is subjected to reflection, absorption and conduction.
Conduction accounts almost exclusively for heat transmission in the
soil. Generally it decreases as heat energy penetrates the soil. The
speed with which heat is transferred in the soil, upward (cooling) and
downward (heating), depends upon the existing temperature gradients
and heat conductivity of the soil.

The thermal conductivity of a porous material depends greatly on
its volumetric density. It increases as volumetric soil density increases.
Eigenson, (1952); Van Wijk (1963): De Vries, (1963) and Campbell,
(1985). Semmel e al (1990) stated that heat conduction and thermal
diffusivity should increase rapidly as soon as the dry soil particles are
surrounded by water films enlarging their contact area. The formation of
water films depends on soil water content and matric potential. The
presence of water in the soil pores will lead to the application of
Fourier’s law which deals with multidisciplinary systems. Ghuman and
Lal (1985) and Jury ez al. (1991) found that clay soils had lower thermal
conductivity values than sandy soils at all levels of water contents.
Moreover, conductivity increased with increasing soil water content.
This 1s explained by the fact that thermal conductivity of the air filling
pores is much less than that of the solid constituents. Hadas ( 1977 a
and b ) stated that the thermal conductivity of a soil depends on



-673-

its mineralogical composition, texture, water content and its particle
shape, as well as their space arrangement. Nimmoc and Kstin, (1988)
concluded that thermal conductivity of porous material depends greatly
on moisture content.

Knowledge of simultancous transfer of heat and moisture in soils
near the soil surface is of great importance O meteorologists, soil
scientists, and ecologists,( Johnson and Lowery 1985 and Parlange et
4l.1998) They studied cvaporative losses of soil water and its thermal
regime, as well as the energy and mass exchange phenomena occurting
at the soil surface. They concluded that effective thermal conductivity
of porous material depends greatly on moisture content due to its very
high value of heat capacity compared 1o the other two phases of soil
constituents: namely, solids and air. Also, they calculated thermal
diffusivity values for soils with different tillage practices representing
different kinds of soil structure. Thermal diffusivity in the 5 to 15 cm
soil depth was 20-25% higher in the untilled, than in the ploughed soil.

Some investigators were devoted to investigate the influence of
thermal gradients in soil moisture transport, (Cary and Tylor, 1962 and
Cassel et al.,1969). The rate of heating soil particles depends on particle
heat capacity, size of particles and other properties. Very small particles
can be heated more rapidly while larger particles absorb more heat than
smaller ones. The thermal conductivity of granular materials increased
with temperature and this may be explained by the fact that an increase
in temperature is accompanied by an increase in heat conduction of the
medium filling the spaces belween the grains, and also by the
intensification of radiant heat transfer within the granular material.
Golovanov, (1969) investigated the dependence of upward and
downward heat flow within the soil and temperature time functions on
soil particle sizes.

The aim of the current study was to investigate the effect of two
<oil textures on temperature profiles and soil thermal conductivities,
diffusivities and capacities. A second objective was to calculate partial
and total heat gain or loss for particle size fractions per time and per
depth.
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2. MATERIALS AND METHODS

2.1. Experimental apparatus and procedure:

A laboratory experiment was carried out to investigate
temperature distributions for two soil textures and three particle size
fractions for each soil under heating and cooling cycles. An apparatus
was constructed for this purpose, Figure (1). It consists of insulated hard
PVC (70 cm long, 10 cm outside diameter and 9.5 cm inside diameter)
column, heating unit, ice tank, 2 aluminum discs, 14 locations for the
thermocouple wires, and temperature measuring devices. The outer
surface of the soil column was insulated by 3 cm glass-wool mat to
guarantee heat flow only in the vertical direction. A heat source, electric
disc heater, was placed on the upper surface of the first aluminum disc.
The diameter of the disc heater was about 100 mm and its power is 200
watt (220 volt and 10 ampere). The power supplied to the heater was
controlled by a variac transformer. It provides a controllabie constant heat
flux at the top of the soil column. The electric power input to the heater
was measured by an in-line digital watt-meter (accuracy = 0.5%). Each
one of the aluminum discs was 95 and 15 mm in diameter and thickness,
respectively. The second aluminum disc was placed at the bottom of the
soil column directly in contact with ice-water mixture.

Eight copper-constantan calibrated thermocouples, 0.4 mm in
diameter, were inserted inside the test materials at the center of the
column, Figure (1), to measure soil temperature at eight depths.
Additional thermocouple was fixed at the back of each aluminum disc
to measure its temperature. Furthermore, a grid of 25 thermocouples
were distributed radially inside the soil column at 25 mm under the soil
surface to be sure that radial heat flow is nearly eliminated. One
thermocouple is used to measure temperature of ice-water mixture in
the ice tank (heat sink) beside one of two thermocouples was fixed at
the outer surface of the PVC soil column while the other was fixed at
the surface of the insulating pad to calculate radial heat loss. The
readings of the thermocouples were taken by a digital thermometer
(accuracy £ 0.4 °C)

The total rate of heat generated from the heater (q:) was
transmitted by conduction in vertical and radial directions according to
the following formuia:
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(1) Test unit N
(2) Insulation mat
(3) PVC column
(4) Disc heater
(5) Aluminum disc
(6) 25 radial points for
thermecouple wires
(7) Eleven single point
thermocouple wires
(8) A.C. Variac
(9) Selector switches
' Ce {10) Digital thermometer
i (11) A.C. Voltmeter '
‘ (12) A.C. Ameter
(13) Wallmeter
(14) Ice — tank
k(] 5) Ice — water mixture

- | —

Fig. (1): Schematic diagram of the experimental apparatus and measuring devices.
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G= Qe T Ges 1
Where:
G = total heat input, W
q.y = vertical heat flow, W
q.r = radial heat flow, W

Due to the fact that the maximum heat loss by conduction in the
radial direction, q., was about 0.05% of the total heat input, Eq (1) is
rewritten as follows:

§ sgesRk —h- SROEA - G @)
Where: Ge.v = Vertical heat foliow, W
K ~  Thermal conductivity of the solid particles
W/m°C.
A _  Cross-sectional area of the soil column, m’
AT = Temperature difference, °C
AX = Spil thickness, m
P = Porosity, %

[f the thermal conductivity of the air in the soil pores is taken into
consideration, Eq (1) can be rewritten as follows:
AT (3)

L BT, i
a =q., = K (1-P)A AX K. PA —

Where K, = thermal conductivity of air. 0.161 callem. °c. sec, Black,
(1965).

2.2. Preparation and analysis of soil sample:

Representative soil samples were collected from two different
locations at 0-70 cm depths. The first soil sample was collected from
Kassasin loamy sand soil located at 30 kilometers west of Ismailia city,
north of Cairo-Ismailia desert road. The second soil sample was
collected from Nubaria calcareous sandy loam soil located at 40 km
south west of Alexandria at Cairo- Alexandria desert road. Soil samples
were analyzed for particle size distribution as described by Gee and
Bauder. (1986). OM % and CaCOs % according to Page, (1982).
Particle, and bulk densities were determined and total porosities were
calculated as described by Klute, (1986). Table (1) shows some physical
characteristics of the collected soil samples.
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Table (1): Physical characteristics of the collected soil samples.

Siil propedty -. Kassasin loamy | Nubaria calcareous
g '5 sand soil sandy loam soil
Particle size distribution
C.S % 64.40 1.70
F.S. % 20.00 78.10
Silt Yo 3.70 9.10
Clay % 11.90 11.16
{ CaCO3 % 1.90 36.20
' O.M %o 0.85 0.54
Bulk density, gem” 1.57 1.33
Particle density, g cm™ 2.65 2.50
Porosity, %o 40.75 46.80
Aggregate size distribution
MWD mm 1.560 0.747
GMD mm 0.189 0.111

Each air dry soil sample was placed on top of a series of sieves
and shaken using vibrating shaker, Klute, {1986). After 5 minutes
shaking period, the retained sample on each sieve and on the bottom pan
was weighed and its percentage of the total sample weight was
determined. The percentage rctained on cach sieve was multiplied by
the average sicve hole diameler calculated from asieve hole and the
sieve hole above.

Three particle size fractions were chosen for each one of the two
investigaicd soils. Each particle fraction was oven dried at 105° and
packed in a column at approximately equal ficld apparent densities.
Each column was replicated three times. Each column was subjected to
heating then cooling cycles. During healing cycle, temperature
measurements were recorded at 30 minutes intervals for more than 6
hours. The heat input and heat sink were kept constant during the
experiment. During cooling cycle, the power for the heater was
switched off. Then, the heater and the adjacent aluminum disc were
removed from the top of the soil column. Temperatures were recorded
at 30 minutes intervals for more than 6 hours.
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3. RESULTS AND DISCUSSION

Simultaneous heat flow parameters were calculated for the
investigated soils using the formulae derived by Ghuman and Lal
(1985). They are:

Lnk = 0.028 x -2.158,
Lna = 0.028 x -7.887,and
Lnc =-0.003 x -1.071
Where : k is the thermal conductivity, mcal./s. cm “c;

a is the thermal diffusivity, cm’/s.;
¢ is the thermal capacity, cal./g."c and
x is the sum of sand, silt and organic carbon in percentages.

Ghuman and Lal stated that these regression equations were
deduced at 0.10 cm’® cm” water content for soils vary in texture from
sandy loam to clay. The results obtained for the Kassasin loamy sand
soil are 1.3946, 0.0045 and 0.2624 and for the Nubaria calcarcous sandy
loam soil are 1.4138, 0.0046 and 0.2620, respectively. Ghuman and Lal
(1985) stated that thermal conductivity values for air dry soils did not
appreciably vary, 0.70 to 0.60 mcal./s. cm “c for sandy and clayey soils,
respectively, at zero percent volumetric water content. The obiained k
values also did not appreciably vary, therefore confirming their
conclusion although the obtained values are almost twice their values.
They also stated that their k values tremendously increased as soil
moistare content increased. In the mean time, as soil bulk density
decreased, the thermal conductivity value became low.

The thermal capacities for both soils were calculated by 3
different methods: Method 1 is used by applying the formula of
Ghuman and Lal (1985) as mentioned before. Method 2 is used by
applying the formula C= k/a presented by Geiger (1965) using the
calculated values of thermal conductivity (k) and thermal diffusivity (a)
according to the equations given by Ghuman and Lal (1985). Method 3
is suggested by De Vries (1963) using the following equation: Cv= 0.46
Xm + 0.60 Xo + Xw, where Xm, Xo and Xw are the volume fractions
of soil mineral matter, organic matter and water, respectively. The
thermal capacities were also determined and the obtained results are
given in Table (2). Method 1 used to calculate gravimetric or volumetric
soil heat capacity, Cs or Cv, proved to be very close to the determined
value for the Kassasin loamy sand soil, 0.2624 and 0.4120, respectively.
However, method 2 is more suitable to calculate soil heat capacity for
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Nubaria calcireous sandy loam soil, 0.2314 and 0.3077, respectively.
The low dezrmined Cs value obtained for the latter soil compared to
the former sne is probably related to its high CaC0:%, Table (1).

To evaluate the effect of soil particle size fractions and calcium
carbonate content on heat capacity, comparisons were made between
determised and calculated values, Table (2). The data clearly show that
all cakulated Cs values by method 1 are higher than the determined
ones, whereas all calculated Cs values by method 3 are lower than the
determined ones. Moreover, the Cv values for the various particle size
fradtions calculated by method 1 or 3 for the Kassasin loamy sand soil
arehigher than the corresponding ones for the Nubaria calcareous sandy
loim soil. In the mean time, the determined C values for the former soil
ar higher than the determined C values for the latter one. The wide
variations between measured and calculated C values led to the
uggestion that the determined C values for the various soil particle size
fractions should be used. Moreover, it is noticed that as the diameter of
particle size fraction for either soil decreased the measured C values
increased. The major contribution of solid particles on soil heat capacity
is related to its apparent density because of the increase in CaCOs
content, Table (3), could not completely diminish the increase in C
values. Therefore, the high bulk density of the loamy sand soil, led to its
high C value and low k value, therefore, was responsible for the fact
that it suffered from extreme temperatures. On the other hand,
calcareous soils are considered cold ones, Geiger (1965). Hence,
Nubaria calcareous sandy loam soil C,K and bulk density values should
be carefully examined in order to evaluate their temperature status.

The data obtained for soil temperature profile during heating
cycle for both soils proved that the upper 20 cm soil depth was
susceptible to temperature accumulation with time due to the presence
of heat source on the top of the soil column, Figure (2). Also, the lowest
18 cm soil layer was susceptible to heat loss with time due to the
presence of heat sink, Figures ( 1 and 2). At these boundaries, the
variation in temperature was around 1°C, Consequently, the
intermediate 30 cms of the soil were not affected by heat source or sink.

During cooling cycle, the layer exposed to temperature loss to the
atmosphere reached 30 cms for both soils. In the mean time, the effect
of the deep heat sink also extended to the lowest 18 Cm.

Concerning the detailed study on temperature profiles for the
various soil particle size fractions within the forementioned heating and
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coaling depths, the obtained results are presented in Tables (4 A and B),
which clearly show during the heating cycle that the average initial
temperatures, Ty poyr, Were 26.2, 20.5 and 25.2°C for Kassasin loamy
sand soil particle size fractions having average diameters 4.175, 2.675
and 1.59 mm, respectively. The average final temperatures. Ty jou
became 40.1, 43.7 and 51.6°C, respectively. The average initial
temperatures for Nubaria calcareous sandy loam soil particle size
fractions having similar diameters to the forementioned ones were 27.2,
28.6 and 25.5. At 6 hours of the heating cycle, these values became 45.9,
55.6 and 54.7, respectively.

During the cooling cycle, average Ty, for Kassasin loamy sand
soil particle size fractions were 41.8, 404 and 48.1°C, respectively.
Such values decreased to 30.0, 26.3 and 30.8°C at 6 hours, respectively.
The initial values obtained for Nubaria calcareous sandy loam soil
particle size fractions were 43.8, 52.1 and 32.8°C, respectively. These
values decreased at 6 hours to 31.8, 333 and 33.6°C. It was
interestingly found that Nubaria calcareous sandy loam total heat gained
during 6 hours per gram for the 4.175, 2,675 and 1.59 mm in diameter
particle size fractions within the upper 20 centimeters are 10.75, 19.08
and 21.35 respectively, Table (4). The corresponding values for
Kassasin loamy sand soil particle size fraction are 7.39, 13.43 and
18.23, respectively. This result indicates that Nubaria calcareous sandy
loam soil will probably be warmer than Kassasin loamy sand soil during
day time. However, under field conditions, 1t should be expected that
the reverse is true due to the high albedo for Nubaria calcareous sandy
loam soil. Hence, the values obtained for Nubaria calcareous sandy
loam soil total heat gained during 6 hours heating by solar radiation
should be less than 10.75, 19.08 and 21.35 calory per gram for the
forementioned particle size fractions. On the other hand, total heat loss
in calories during 6 hours per gram for the forementioned particle size
fractions from the upper 30 cm to the atmosphere from Nubaria
calcareous loamy sand are 4.70, 1043 and 10.87, respectively. The
corresponding values for Kassasin loamy sand soil particle size fractions
are 5.49, 6.38 and 9.03 respectively. Therefore, it is anticipated that the
Nubaria sandy loam soil will be cooler than the Kassasin loamy sand soil.
It should be pointed out that Nubaria calcareous sandy loam particle size
fractions had lower apparent densities and higher CaCO; contents than
the Kassasin soil particle size fractions.
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Partial heat gain or loss occurred during the first 1.5 hours
generally exhibited the highest values and gradually decreased with the
progress in time, Table (5). In this respect, De Vries (1963) Ghuman
and Lal (1981 and 1982); Evenori, er al. (1982) and Semmel et al
(1990) stated that the magnitude of soil heat storage or relcase can be
significant over a few hours, but is usually small from day to day. It
was also interestingly noticed for both soil particle size fractions that
partial or total heat gain or loss generally increased as particles diameter
decreased. Ghuman and Lal, (1985) stated that clay soil have low
thermal conductivity due to its low bulk density and this suggests that
they would exhibit larger surface temperature amplitudes compared
with loamy or sandy loam soils under equal heat flux densities.
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