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ABSTRACT

A comparison of the effects of solar radiation on sandy-loam and clay-loam soils with convective

boundary condition was made. The dimensional governing equations (the continuity, momentum and

energy equations) were converted to non-dimensional form using some set of dimensionless quantities,

which resulted to a pair of partial differential equations of second order. With the use of perturbation

method, these equations were reduced to ordinary differential equation and then solved analytically.

Using the numerical values of the thermal conductivities of sandy-loam and clay-loam soils, a good

comparison was made between the effects of the solar radiation parameter and internal heat generation

parameter on the two soil samples. These results were worked out with the use of Matlab R2009b and

visibly displayed on graphs for clearer illustration. For a rise in the intensity of solar radiation and

mounting internal heat, the temperature of the soils increased generally. However, the proportion of

moisture content influenced the level and the rate at which the temperature is boosted in both soil

samples.
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1 Introduction

Information about soil temperature is very
essential and required in the vast area of
Agriculture, soil science and engineering. Some
crops thrive under a relatively good soil
temperature  while some  require lower
temperature to germinate and grow. The thermal
properties of these various soils can serve as a
pointer to what is likely going to be their response
to different sources of temperature. Though
there are other sources of heat, like the internal
heat which comes from the decay of naturally
radioactive isotopes emanating from the earth
crust, yet the main source of heat available for
soils is solar. This is when the sun emits some
electromagnetic waves towards the earth surface
out of which a good portion is been absorbed by
the soil. Moreover, because of the nature of these

individual soils, it may be necessary to combine

two or more soil types in order to get the best of
what the farmer is looking for before planting.

In the light of this, researchers have over time
been examined the thermal properties of various
soils. Amrollah [1] for example studied the
thermal properties of clay-loam soil which is the
major agricultural soil in Arak, Iran. His results
revealed that the moisture content and the bulk
density have significant influence on the thermal
conductivity of the soil sample. However, the
bulk density increases the thermal properties of
the soil more than the moisture content. Abu-
Hamdeh and Reeder [2] investigated the effects
of density, moisture, salt concentration and
organic matter on the soil thermal conductivity.
Their work shows that at soil densities that ranges
from 1230kg/m> to 1590 kg/m3 and moisture
contents that ranges from 1.4% to 21.2%, the
thermal conductivity of sand increased from
0.58W/m K to 1.94 W/m K, that of loam
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increased from 0.29 W/m K to 0.76W/m K, the
one of clay-loam increased from 0.36W/m K to
0.69W/m K, and that of sandy-loam increased
from 0.19W/m K to 1.12W/m K. Under a
frozen and uunfrozen conditions, Ying and
Bingcheng [3] examined the peat soil and sandy
soil thermal properties. They used a method of
dual-probe heat-pulse (DPHP) to measure
thermal properties of six peat soils collected from
an oil mine sand reclamation study site.
Generally, they discovered that the peat soil
decreased the thermal conductivity when it is
been compared with the sandy soil. When the
watet content increases, their result thermal
shows that the thermal conductivity also
increases but there was decrease in the heat
capacity.

Sen et al [4] examined a relationship between the
matric suction and the thermal conductivity of
soils generally. Using ecighteen different soil
samples, their results established that universally
when the soils are dry, irrespective of the value of
the bulk densities and the soil texture, there is a
relationship between the thermal conductivity
and the matric suction. But at wet soils, the bulk
density and the texture greatly affect the
relationship between the thermal conductivity
and the matric suction by making it vastly
nonlinear. lan ¢ a/ [5] formulated a model to
examine in the soils the heat transfer process. The
model incorporated the moisture level, the
temperature and the density of the soil sample.
The model also makes a room for estimating the
thermal conductivity ~ with laboratory
experiments. David ¢ a/ [6] compared thermal
conductivities of soils with vatious grain classes
and sizes related to their depth using direct
measurement and calculated methods. Their
results showed that when the soil is saturated, the
thermal conductivity increases with increase in
the quantity of quartz or sand grains and bulk
density. Moreover, in calculating the thermal
conductivity, regular bulk density gives the best
fit for the formula.

Peter ef al. |7] in their research established the fact
that properties of soil are been altered by thermal
remediation. They pointed out that though the
use of the thermal remedial method has the
ability to treat contaminated soils without waiting

for a long period of time, yet the method poses
some threats of reducing the functional capacity
of the soil in terms of minerals, textute, organic
matter, pH, heavy metals and sustainability of the
vegetation by the soil, which are all based on the
temperature used in the heating and the time of
the heating.

Xuezhen ez al. [8] developed and integrated an
irrigation method into a model of Weather
Research and Forecasting alongside the Noah-
MP land surface scheme to examine the irrigation
effects on surface climate. Their research was
done in Northwest China, at the River Basin of
Heihe where the water that comes from this
mountainous location is mainly used to irrigate
their farmland. They observed that as a result of
the irrigation, the daily mean temperature in the
area where the irrigation was done reduced by
approximately 1.79C, while the humidity was
raised by approximately 2.3 g kg'!. Some others
include Momen e# a/ [9] who applied this in the
study of under Crack-Sealed Asphat pavements
in order to understand the damage done by
moisture content from the underground soil and
to give proper guides while building crack seals to
reduce the amount of moisture that may be
entrapped under these pavements. Onwuka [10]
examined crop growth as been influenced by soil
temperature and some other properties.
Oladunjoye and Sanuade [11] studied the thermal
diffusivity and specific heat of soils in
Olorunsogo Power plant in south-west Nigeria.
Danelichen e a/ [12] used different methods in
the Brazilian Pantanal to estimate thermal
diffusivity of a gleyic solonetz soil. Monika [13]
worked on selected soil thermal conductivity
models. Usowicz and Usowicz [14] compared
results of experimental and estimation methods
of determining thermal conductivity of soils.
Ross [15] researched into the precipitation, the
temperature and the sunlight effects on the soil
gardens for correct plantation. Smiriti [16] studied
some six conditions that are suitable for rice
cultivation. Kamal e 4/ [17] researched into
understanding the Earth air tunnel heat
exchanger performance as a factor of some soil
properties and the geometrical flow. Under an
inorganic and organic fertilization, Ahmed ez o/
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[18] studied organic nitrogen and organic carbon
mineralization in semi-atid soils.

As stated above, one main importance of
knowing the thermal properties of these soils is
to be able to predict their reaction to temperature
from a source. Therefore, this work compares the
effects of solar radiation on sandy-loam and clay-
loam soils while imposing a convective boundary

condition.

2  Mathematical Analysis

The heat transfer equation in two-dimensional
form and in unsteady state is considered. The
flow is reduced to a function of vertical axis (
z'—axis) and time (t') only following
Mohammed [19] by assuming an infinite flow
along the horizontal axis (y' —axis). The solar

radiation is taken to be in the direction along
gravity toward the soil directly which is an
optically thin environment. With convective
boundary condition of sine of function and under
the Boussinesq’s approximation, the governing
equations are written as below:

Continuity equation

ow
—=0 1
oz ®
Energy equation
_ — — _
w0 LT QT
ot oz pC, 0" pC, 01 pC,

©)

Subject to the following boundary conditions:

TON=T, +(, _T;){u Asin (%ﬂ

(i.e. at the soil/ground surface) 3)
T(ot) T, @
(i.e. when the soil depth increases indefinitely)
where, Z is the dimensional soil depth
perpendicular to Y. tand W are the
dimensional time and suction  velocity

respectively. T , T,, and T are the dimensional
temperature, wall temperature and free stream

temperature respectively. 0, C D> K and g, ate

density, specific heat capacity, thermal
conductivity and the Radiative heat flux
respectively.

Introducing  the following dimensionless
parameters:
fw; W, Z T-T,
W= —0 5 = L 5 0 = % y
t w T,-T,
0="2 t= t 5

And the variable suction velocity as used by
Nwaigwe [20] is given as

W =-w, (L+&4e'") ©)

where W, is the initial suction velocity, A is the

suction parameter and @ is the frequency of
oscillation. The negative sign indicates that the
suction is towards the surface of the ground.

Moreover, A and & are very small such that
eA<<1.
Besides, according to Krishna and Reddy [21] the
radiative heat flux is given as
B — a3 (T -T)

0z

where & is the absorption coefficient.

)

Also, following the trend of Kareem and Salawu
[22], Akinpelu ez a/ [23] and Akinbobola and
Okoya [24], the thermal conductivity is chosen to

be linear function of time and given as:

k=k, 1+21) ®)
where &, tand K_are the variable thermal
conductivity parameter, time and the constant
thermal conductivity.

Substituting equations (5) — (8) into equation (2),
we obtained,

06 w00 _ 1[0 (. 000\ e
E—(l+gAe )az _Pr {az((l+(§t) 62)} R°+Q¢&
®

The boundary conditions (3) — (4) with the
dimensionless parameters (5) also became

6(0,t) =1+ Asin( t) (10)

(at the soil/ground surface)

@(0,t) >0 (11)

(when the soil depth increases indefinitely)

where the Prandtl number is given as
w

P = ’EC P , the radiation parameter is

0
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2
given asR? = 4a 26\N and the internal heat
Wo
generation parameter is given as Q = QW
PC W5

3 Method of Solution

Equation (9) is a partial differential equation of
second order which can be reduce to ordinary
differential equation and solved analytically. In
view of this, the regular perturbation method is
employed and the assumed solution for the
temperature gradient is given as:

0(z,t) = 0,(2) + &' 6,(2) (12)

Substituting equation (12) and its derivatives into
(9), while neglecting the higher order terms

0(5)2 and some more simplifications,
O +&Et0) + PO, +PQY, =PR* (13
O+ E10+ PO + PQO, - Piwd, =P Ab,
(14
The  primes  correspond to  ordinary
differentiation with respect to variable z.
Employing equation (12) also, the corresponding
boundary conditions (10) and (11) become:
6, =1+ Asin( nt), 0,=0
(at soil/ground surface) (15)
0, -0, 6, —0 (16)
(when the soil depth increases indefinitely)
Solving equations (13) — (14) analytically using
auxiliary equation and undetermined coefficients
methods alongside the boundary conditions (15)
— (16), the resulted transient temperature
distribution for the soil is gotten to be:

0=N,+N, 17)
where,

N, =Ce" +C,e"* +C,

N, = 15\'3“"‘(C4er“3Z +Ce"* +Cem +C7e"‘22)

P \/ p? P.Q
m, =— + ==
2L+ &t) V4@+<&t)° 1+t

[ P \/ p? PQ }
m, = + ~—
2L+ t) VAT ED? 1+t

N P (ilo-Q)

P \/ p?
m, =— + >
2(1+¢&t) 41+ &) 1+ £t

m, :_( I:)r +\/ F)r2 + Pr(lw_Q)J
201+ &)\ 4@+ Et)? 1+t

C,=-C,e "
C, =1+ Asin(at) + C,(e ™* —1)

C3:R%

_C emlz
C4 - er?13z
C.=—(C,+C,+C,)
B -P.AmC,
® m2+stm’+Pm +PQ-Piw
c, - P, Am,C,

" mZ+stm?+Pm, +P.Q-Piw
4  Results and Discussion

The numerical results of equation (17) which is
the model developed for transient temperature of
the soils was computed using Matlab R2009b
software and displayed on graphs. Effects of the
emerged physical parameters which are the solar
radiation parameter and the internal heat
generation parameter (QQ) were examined on the
temperature of sandy-loam and clay-loam soils,
and a good comparison was made. Furthermore,
the Prandtl number (Pr) was also examine on the
temperature gradient of both soil samples.

In the table 1 below, values of the thermal
conductivities and moisture content used for

both soil samples are shown.

Table 1: Thermal conductivities and moisture
content for sandy-loam and clay-loam soils [2]

Soil type Thermal Moisture
Conductivity Content (%)
(W/m K)

Sandy-loam 0.19t01.12 1.4t021.2

Clay-loam 0.36 t0 0.69 1.4t021.2

In addition, some default values for some of the
parameters involved were adopted in the study
except or otherwise stated. These include the
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Prandtl number Pr =0.71, internal heat
generation Q = 0.01, frequency of oscillation

o= %, epsilong =0.01, timet=1.0,
suction parameter A =0.5, radiation parameter
R =0.1 and the amplitude of oscillation A=1
In figure 1, as the thermal conductivities of both
soil samples (the sandy-loam and clay-loam)
increased as a result of increase in the moiture
content from 1.4% to 21.2% wet basis, the
corrensponding temperature of these soils
increased as well. However, the rate of increase
in the sandy-loam is more than that of the clay-

loam.

15 T T 3 3

“‘\‘ — Thermal Conductivity = 0.19
“\‘ Sandy-loam — Thermal Conductivity = 1.12
Thermal Conductivity = 0.36

10

Thermal Conductivity = 0.69 ||

\\ Clay-loam
. % i

0 0.2 0.4 0.6 0.8 1

Soil Depth
Figure 1: Temperature profile for increasing thermal
conductivity of both the sandy-loam and clay-loam
soils at about 1.4% and 21.2% moiture content.

Figures 2, and 3 depict the temperature profiles
at increasing radiation parameter and internal
heat generation parameter respectively for sandy-
loam soil, at 1.4% moisture content or wet basis.
The results show that as both parameters
increased, the temperature of the soil generally
increased as well.

12; . : . .
\ R=0.10
101 ——— R=0.30 |

: R=0.50
8 \ ——— R=0.70 ]

0 0.2 0.4 0.6 0.8 1
Soil Depth

Figure 2: Temperature profile for increasing
radiation parameter on sandy-loam soil at about
1.4% moiture content.

Soil temperature

14 . . . .

12} — Qi0.0l |
o | ——— Q=005
5 Q=0.10|1
[ A=
g Q=0.12||
o
£
5 ]
3 ]
7]

0 r r r r

0 0.2 0.4 0.6 0.8 1

Soil Depth
Figure 3: Temperature profile for increasing
internal heat generation parameter on sandy-loam
soil at about 1.4% moiture content.

This is similar to what happened in figures 5 and
6 which are the temperature profiles for
increasing values of solar radiation and internal
heat generation parameters respectively for the
clay-loam soil, at the same 1.4% level of moisture
content or wet basis. It is evidently seen that the
temperature of the soil also increased. Figures 4
and 7 represent temperature profiles for different
values of Prandtl number for both the sandy-
loam and clay-loam soils respectively, also at
1.4% wet basis. As the Prandtl number increased,
the temperature of both soil samples decreased.

10 L L L L
— Pr=0.71
8 —— Pr=0.80 |
I Pr=0.85
Pr=0.90 |
1

Soil Depth

Figure 4: Temperature profile for increasing Prandtl

number on sandy-loam soil at about 1.4% moiture content.

Soil temperature

14 - : : :
12} R=0.10 | |
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05 R=0.50 |-
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Figure 5: Temperature profile for increasing
radiation parameter on clay-loam soil at about
1.4% moiture content.
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Figure 6: Temperature profile for increasing
internal heat generation parameter on clay-loam
soil at about 1.4% moiture content.
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Figure 7: Temperature profile for increasing
Prandtl number on clay-loam soil at about 1.4%
moiture content.

Figure 8 is the temperature profile for the
comparison of the effects of rising radiation
parameter on sandy-loam and clay-loam soils.
With the moisture content of about 1.4%, as the
intensity of the solar radiation increases, the level
of increase in temperature of the clay-loam soil is
more than that of the sandy-loam. Besides, the
rate of the increase is also slightly greater in clay-

loam than in sandy-loam.

T L L L L L L L L L

L) Sandy-loam, R=0.10
8 Rate of increase in sandy-loam Sandy-loam, R=0.30 |

\ Sandy-loam, R=0.50

—O— Clay-loam, R=0.10
— O Clay-loam, R=0.30 ||

—O— Clay-loam, R=0.50

\\\
~—
Rate of increase in clay-loam ——l
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Soil Depth

Figure 8: Temperature profile for the comparison of
the effects of rising radiation parameter on sandy-
loam and clay-loam soils at about 1.4% wet level.

However, in figure 9, when the moisture content
is increased to 21.2% wet level, at mounting solar
radiation, then the level of increase of the
temperature of the sandy-loam becomes greater
than that of the clay-loam. Moreover, the rate of
the increment in sandy-loam also becomes

greater than that of the clay-loam.

10 '@ T T T T T T T T
@8 s Sandy-loam, R=0.10

8+ (\ZC\O | Rate of increase Sandy-loam, R=0.20
® @% in Sandy-loam Sandy-loam, R=0.30
§ A\ —O— Clay-loam, R=0.10
g 6F ~—O Clay-loam, R=0.20
g —O— Clay-loam, R=0.30
[
Z 4r 2.
83 Rate of increase

in Clay-loam =
2 [
0 r r r
0 0.1 0.2 03 04 05 06 07 0.8 0.9
Soil Depth

Soil temperature

Figure 9: Temperature profile for the comparison of
the effects of rising radiation parameter on sandy-
loam and clay-loam soils at about 21.2% wet level.

10 C(\) T T T T T 3 3 3 3
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—O— Clay-loam, Q=0.10
4+
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Rate of increase in clay-loam -
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0 01 02 03 04 05 06 07 08 09
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Figure 10: Temperature profile for the comparison
of the effects of growing internal heat generation
parameter on sandy-loam and clay-loam soils at

about 1.4% wet level.

According to figure 10, which is the Temperature
profile for the comparison of the effects of
growing internal heat generation parameter on
sandy-loam and clay-loam soils, at an increasing
internal heat, with about 1.4% level of moisture
content, the level of temperature rise in clay-loam
soil is more than that of the sandy-loam. In
addition, the rate of increase in this temperature
difference is slightly more in clay-loam soil than
in sandy loam.

ISSN: 2456-7132
Available online at Journals.aijr.in


https://journals.aijr.in/index.php

Soil temperature

136

Akinpelu et al., Int. Ann. Sci.; Vol. 8, Issue 1, pp: 130-137, 2020

10 '@ T T T T C C C C
CO Rate ofincrease Sandy-loam, Q=0.01
| in;sandy-loam _
8k 00 Sandy-loam, Q=0.05 ||
5 Sandy-loam, Q=0.10
6l —O— Clay-loam, Q=0.01 ||
O\ —O— Clay-loam, Q=0.05
. —O— Clay-loam, Q=0.10
2r Rate of increase
in clay-loam
0 r r r r r =
0 01 02 03 04 05 06 07 08 09
Soil Depth

Figure 11: Temperature profile for the comparison
of the effects of growing internal heat generation
parameter on sandy-loam and clay-loam soils at

about 21.2% wet level.

On the other hand, in figure 11, when the
moisture content or the wet basis is increased to
21.2%, the level of temperature rises in the sandy-
loam soil shot up more than that of the clay-loam.
The rate of this increase is also slightly more in

the sandy-loam soil than that of clay-loam.
5 Conclusion

A study on the comparison of the effects of solar
radiation on sandy-loam and clay-loam soils with
convective boundary condition was made. The
work revealed that when the intensity of solar
radiation is on the rise, the temperature of the soil
samples, i.e. sandy-loam and clay-loam, increases
generally. Similarly, a growing internal heat will
also enhance the temperature of the soils in a
general sense. Nonetheless, the level of moisture
content or the wet basis determined the level and
the rate at which the temperature is boosted in
both soil samples. When the wet level or moisture
content of the two soil samples are increased,
then the rising solar radiation and internal heat
amplify the temperature of the soils more than
when their wet level is low. This is because water
generally increases the thermal conductivity of
the soil. Since most biological processes in the
soil require heat to produce necessary nutrients
for the crop, and the solar radiation being the
major source of heat that affects the crops, it is
therefore advisable for agriculturists to
sufficiently increase the moisture content of their
garden/farm eatly in the morning before the sun
comes up to increase the thermal conductivity of

the soil. As the intensity of the sun increases, the

soil will have enough ability to absorb heat
necessary for these biological processes. If the
wetting is done in the noon, instead of increasing
the thermal conductivity of the soil, it will rather
cool the temperature down and will cause more
harm than good. Moreover, according to the
results gotten from the research, at a low wet level
or moisture content, the clay-loam soil generates
more heat than the sandy-loam as a result of
increasing solar radiation and internal heat.
However, when the wet level increases, the
temperature of the sandy-loam soil rises pass that
of clay-loam both in level and at rate. Therefore,
in term of required heat, aside some other factors
that are necessary for plant growth, when farmers
have stable water source for irrigation or wetting
of farmland, sandy-loam soil will be a good
choice for the plantation. But, in situation when
there is no adequate source of water to irrigate or
wet the farmland, clay-loam soil will be a better
choice. This research work focuses more on soil
temperature as an important factor required by
the soil in the formation of nutrients for crop
germination and growth. Nevertheless, it should
be noted that there are other factors that are
responsible for the growth of the crops which are
not captured in this work. Besides, there are other
soil samples that are not considered in this
research which can also be incorporated in a
future work.
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