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Abstract The thermal conductivity of two soils was in-
vestigated through laboratory studies. These laboratory
experiments used the single probe and dual probe meth-
ods to measure and compare thermal conductivities. The
soils used were classified as sand and loam. Thermal
conductivity measured using single probe method ranged
from 0.95 to 2.11 for sand and from 0.49 to 0.76 W/m K for
loam. Thermal conductivity measured using dual probe
method ranged from 0.98 to 2.17 for sand and from 0.51 to
0.78 W/m K for loam. Finally, it was found that sand had
higher values of thermal conductivity than loam for all soil
conditions studied.

Nomenclature
d constant perature during cooling after
–Ei(-x) exponential integral
I current in the line source, A
q¢ energy input per unit length of heater per

unit time, W/m
R specific resistance of the wire, X/m
r distance between electrodes, m
S slope of the straight-line portion of the

temperature rise or fall versus ln(t)
T sensor temperature, C�
To initial temperature, C�
t time, seconds
th heating time after which cooling would start,

seconds
to heat pulse duration, seconds
tm time at which DTm is recorded, seconds

DTm maximum temperature change at a distance r
from the heater, K

qc volumetric heat capacity, J/m3 K

Greek symbols
k thermal conductivity of the material

surrounding the line source, W/m K
j thermal diffusivity, m2/s

1
Introduction
Soil thermal properties are required in many areas of
engineering, agronomy, and soil science, and in recent
years considerable effort has gone into developing tech-
niques to determine these properties. Thermal conduc-
tivity is considered one of the most important thermal
properties of plant environment. It is considered as the
property that controls heat flow through materials of
different types.

The thermal conductivity of a soil depends on several
factors. These factors can be arranged into two broad
groups, those which are inherent to the soil itself, and
those which can be managed or controlled, at least to a
certain extent by human management. Those factors or
properties that are inherent to the soil itself include the
texture and mineralogical composition of the soil. Factors
influencing a soil’s thermal conductivity that can be
managed externally include water content and soil bulk
density. The way a soil is managed will play an important
part in determining its thermal conductivity. Any practice
or process which tends to cause soil compaction will in-
crease bulk density and decrease porosity of a soil. This in
turn will have a significant effect on thermal conductivity.
A certain soil will not necessarily have a given value of
thermal conductivity unless all of the factors are ap-
proximately the same whenever the measurements are
taken.

Thermal properties can be determined indirectly by
measuring the rise or fall of temperature in response to
heat input to a line source at the point of interest [1, 2, 3, 4,
5]. De Vries [6, 7] developed models that allow estimation
of thermal conductivity and volumetric heat capacity of
soils from the volume fractions of their constituents and
the shape of the soil particles. The dual-probe heat-pulse
technique [8, 9, 10, 11] has also been used to make
measurements of soil thermal properties. It consists of two
parallel needle probes separated by a distance (r). One

Received: 28 November 2000
Published online: 17 April 2002
	 Springer-Verlag 2002

O.K. Nusier
Assistant professor. Civil Engineering Department.,
Jordan University of Science and Technology,
P.O. Box 3030, Irbid, Jordan
E-mail address: nosama@just.edu.jo

N.H. Abu-Hamdeh (&)
Associate professor. Agricultural Engineering and Technology
Department., Jordan University of Science and Technology,
P.O. Box 3030, Irbid, Jordan
E-mail: nidal@just.edu.jo

Correspondence to: Nidal H. Abu-Hamdeh
Postal Code 21110,
P.O. Box 422, Irbid - Jordan

Heat and Mass Transfer 39 (2003) 119–123

DOI 10.1007/s00231-002-0295-x

119

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.ALLGEMEIN ----------------------------------------Dateioptionen:     Kompatibilität: PDF 1.2     Für schnelle Web-Anzeige optimieren: Ja     Piktogramme einbetten: Ja     Seiten automatisch drehen: Nein     Seiten von: 1     Seiten bis: Alle Seiten     Bund: Links     Auflösung: [ 600 600 ] dpi     Papierformat: [ 657.638 847.559 ] PunktKOMPRIMIERUNG ----------------------------------------Farbbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 150 dpi     Downsampling für Bilder über: 225 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Mittel     Bitanzahl pro Pixel: Wie Original BitGraustufenbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 150 dpi     Downsampling für Bilder über: 225 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Mittel     Bitanzahl pro Pixel: Wie Original BitSchwarzweiß-Bilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 600 dpi     Downsampling für Bilder über: 900 dpi     Komprimieren: Ja     Komprimierungsart: CCITT     CCITT-Gruppe: 4     Graustufen glätten: Nein     Text und Vektorgrafiken komprimieren: JaSCHRIFTEN ----------------------------------------     Alle Schriften einbetten: Ja     Untergruppen aller eingebetteten Schriften: Nein     Wenn Einbetten fehlschlägt: Warnen und weiterEinbetten:     Immer einbetten: [ ]     Nie einbetten: [ ]FARBE(N) ----------------------------------------Farbmanagement:     Farbumrechnungsmethode: Alles für Farbverwaltung kennzeichnen (keine Konvertierung)     Methode: StandardArbeitsbereiche:     Graustufen ICC-Profil: Dot Gain 10%     RGB ICC-Profil: sRGB IEC61966-2.1     CMYK ICC-Profil: R705-Noco-gl-01-220499-ICCGeräteabhängige Daten:     Einstellungen für Überdrucken beibehalten: Ja     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja     Transferfunktionen: Anwenden     Rastereinstellungen beibehalten: JaERWEITERT ----------------------------------------Optionen:     Prolog/Epilog verwenden: Nein     PostScript-Datei darf Einstellungen überschreiben: Ja     Level 2 copypage-Semantik beibehalten: Ja     Portable Job Ticket in PDF-Datei speichern: Nein     Illustrator-Überdruckmodus: Ja     Farbverläufe zu weichen Nuancen konvertieren: Nein     ASCII-Format: NeinDocument Structuring Conventions (DSC):     DSC-Kommentare verarbeiten: NeinANDERE ----------------------------------------     Distiller-Kern Version: 5000     ZIP-Komprimierung verwenden: Ja     Optimierungen deaktivieren: Nein     Bildspeicher: 524288 Byte     Farbbilder glätten: Nein     Graustufenbilder glätten: Nein     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja     sRGB ICC-Profil: sRGB IEC61966-2.1ENDE DES REPORTS ----------------------------------------IMPRESSED GmbHBahrenfelder Chaussee 4922761 Hamburg, GermanyTel. +49 40 897189-0Fax +49 40 897189-71Email: info@impressed.deWeb: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<     /ColorSettingsFile ()     /AntiAliasMonoImages false     /CannotEmbedFontPolicy /Warning     /ParseDSCComments false     /DoThumbnails true     /CompressPages true     /CalRGBProfile (sRGB IEC61966-2.1)     /MaxSubsetPct 100     /EncodeColorImages true     /GrayImageFilter /DCTEncode     /Optimize true     /ParseDSCCommentsForDocInfo false     /EmitDSCWarnings false     /CalGrayProfile (Dot Gain 10%)     /NeverEmbed [ ]     /GrayImageDownsampleThreshold 1.5     /UsePrologue false     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /AutoFilterColorImages true     /sRGBProfile (sRGB IEC61966-2.1)     /ColorImageDepth -1     /PreserveOverprintSettings true     /AutoRotatePages /None     /UCRandBGInfo /Preserve     /EmbedAllFonts true     /CompatibilityLevel 1.2     /StartPage 1     /AntiAliasColorImages false     /CreateJobTicket false     /ConvertImagesToIndexed true     /ColorImageDownsampleType /Bicubic     /ColorImageDownsampleThreshold 1.5     /MonoImageDownsampleType /Bicubic     /DetectBlends false     /GrayImageDownsampleType /Bicubic     /PreserveEPSInfo false     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>     /PreserveCopyPage true     /EncodeMonoImages true     /ColorConversionStrategy /UseDeviceIndependentColor     /PreserveOPIComments false     /AntiAliasGrayImages false     /GrayImageDepth -1     /ColorImageResolution 150     /EndPage -1     /AutoPositionEPSFiles false     /MonoImageDepth -1     /TransferFunctionInfo /Apply     /EncodeGrayImages true     /DownsampleGrayImages true     /DownsampleMonoImages true     /DownsampleColorImages true     /MonoImageDownsampleThreshold 1.5     /MonoImageDict << /K -1 >>     /Binding /Left     /CalCMYKProfile (R705-Noco-gl-01-220499-ICC)     /MonoImageResolution 600     /AutoFilterGrayImages true     /AlwaysEmbed [ ]     /ImageMemory 524288     /SubsetFonts false     /DefaultRenderingIntent /Default     /OPM 1     /MonoImageFilter /CCITTFaxEncode     /GrayImageResolution 150     /ColorImageFilter /DCTEncode     /PreserveHalftoneInfo true     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /ASCII85EncodePages false     /LockDistillerParams false>> setdistillerparams<<     /PageSize [ 595.276 841.890 ]     /HWResolution [ 600 600 ]>> setpagedevice



probe contains a heater and the other a temperature sen-
sor. With the dual-probe device inserted in the soil, a heat
pulse is applied to the heater and the temperature at the
sensor probe is recorded as a function of time. Soil thermal
conductivity can be determined from these data.

The purpose of this study was to determine thermal
conductivity of sand and loam soils as affected by bulk
density using the single and dual probe techniques. The
results obtained using the single probe method will be
compared with the results obtained for the same soil type
but using the dual probe method. Furthermore, thermal
conductivity of other soil types evaluated using both
methods will be compared.

2
Theory
Due to the linear heat source and cylindrical geometry of
the single probe dissipation sensors, sensor temperature
(T) during heating is related to time (t) according to the
theoretical solution for a line heat source [7, 8, 12, 13]

T� To ¼ ðq0=4pkÞ lnðtþ toÞ þ d ð1Þ

Where To is the initial temperature (C�), q¢ is the energy
input per unit length of heater per unit time (W m–1), k
is the thermal conductivity of the material surrounding
the line source (W m–1 �C–1), to is a time correction
used to account for the finite dimensions of the heat
source and the contact resistance between the heat
source and the medium outside the source, and d is a
constant. The corresponding equation for sensor tem-
perature during cooling after th seconds of heating is
given by [12, 13]

T� To ¼ ðq0=4pkÞ½lnðtþ toÞ � lnðtþ to � thÞ� þ d ð2Þ

Nonlinear least-squares regression is used to solve for
k. An alternative approach is to assume to>t so that
ln(t + to) approximately equals ln(t). With this as-
sumption, linear regression can be used to calculate k
from heating data with Eq. (1) and ln(t) as the inde-
pendent variable or from cooling data with Eq. (2) and
ln[t/(t–th)] as the independent variable. Furthermore, if
the relation between T and ln(t) is linear, then k can be
simply estimated from the change in sensor temperature
between two times, t1 and t2, by

k ¼ ðq0=4pÞ½lnðt2Þ � lnðt1Þ�=½Tðt2Þ � Tðt1Þ� ð3Þ

For cooling, the analogous to Eq. (3) is

k ¼ ðq0=4pÞ ln½ðt2=t1Þðt1 � thÞ=ðt2 � thÞ�=½Tðt2Þ � Tðt1Þ�
ð4Þ

Eqs. (3) and (4) can be approximated by substituting
I2R for q¢ as

k ¼ 0:0796 I2R=S ð5Þ

where k is the thermal conductivity (W/m K), I is the
current in the line source (A), R is the specific resistance of
the wire (X/m), and S is the slope of the straight-line
portion of the temperature rise or fall versus ln(t) during

heating process (i.e. S = DT/Dln(t)) and S is the slope of
the straight-line portion of the temperature fall versus ln[t/
(t–th)] during cooling process (i.e. S = DT/Dln[t/(t–th)]).

The dual probe methodology is based on a solution of
the radial heat conduction equation for an infinite-line
heat source in a homogenous and isotropic medium at a
uniform initial temperature. Volumetric heat capacity qc
(J/m3 K) may be determined with a dual-probe heat-pulse
method [7] as:

qc ¼ ðq0=4pjDTmÞ½Eið�r2=4jðtm � toÞ � Eið�r2=4jtmÞ�
ð6Þ

j ¼ ðr2=4Þf½1=ðtm � toÞ � 1=tm�=½lnðtm=ðtm � toÞÞ�g ð7Þ

where q¢ is the amount of heat input per unit time and unit
of length of a probe (W/m), j is the thermal diffusivity
(m2/s), r is the distance (m) between electrodes, DTm is the
maximum temperature change (K) at a distance r from the
heater, tm is the time (s) at which DTm is recorded, to is a
heat pulse duration (s), and –Ei(–x) is the exponential
integral. The exponential integral can be evaluated using
formula 5.1.53 of Abramowitz and Stegun [14] for 0 £ x
£ 1 and formula 5.1.56 of Abramowitz and Stegun [14]
for 1 £ x £ ¥. Apparent thermal conductivity of soil
k (W/m K) is obtained by definition [11]

k ¼ jqc ð8Þ

Substituting Eqs. (6) and (7) into Eq. (8) yields

k ¼ ðq0=4pDTmÞfEi½� lnðtm=ðtm � toÞÞ=ðto=tmÞ�
� Ei½� lnðtm=ðtm � toÞÞ=ðto=ðtm � toÞÞ�g ð9Þ

in which r is eliminated.

3
Materials and methods
The dual-probe heat-pulse device used for making meas-
urements in this study consisted of parallel heater and
sensor needle probes made from thin stainless steel tubing
100 mm long and 2 mm in diameter. The needles were
fixed on an acrylic plate by epoxy glue. The heater to
sensor probe spacing was 5 mm. The diameter, length, and
spacing of the needles were such that the assumptions of a
probe of infinite length would produce negligible errors in
the calculated thermal conductivity [15]. The line heater
was made from enameled Evanohm wire (Wilbur B. Driver
Co., Newark, NJ), which was pulled into the heater needle.
The heater resistance (R) was 300 X m–1. The temperature
sensor consisted of copper-constantan thermocouple
junction, which was pulled into and centered in the sensor
needle. The needles were filled with high thermal con-
ductivity epoxy glue to minimize radial temperature gra-
dients through the probe and to provide a water-resistant,
electrically insulated probe. Heat was generated by ap-
plying voltage from a 9-volt DC power supply to the heater
for a fixed period of time. Lower power inputs were used
to minimize the effects of heating on soil water movement
and, hence, thermal conductivity. Actual current through
the heater element was calculated with Ohm’s law by
measuring the voltage drop across a 10 X reference
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resistor in series with the heater wire. Heating power input
to a sensor was calculated by multiplying the resistance
per unit length of heating wire (300 X m–1) by the square
of the applied current. Heating power inputs of 11–12 W
m–1 was used in this study. During application of power to
the heater, temperature of the thermocouple and the ap-
plied voltage were recorded with a datalogger (Model
CR7X, Campbell Scientific Inc., Logan, UT). The single
probe configuration consisted of a heater and a tempera-
ture sensor mounted together in a thin needle-like probe.
With the heater and thermocouple pulled into the same
needle, it was filled with thermal conductivity epoxy glue
to provide a water-resistant, electrically insulated probe.

In our experiments rectangular steel boxes of dimen-
sions 30 cm length, 20 cm width and 20 cm height were
constructed in which the soil was packed. After packing
the soil in the box to the desired bulk density, the single
and dual probes were vertically inserted from the top of
the box into the soil at the same time with about 20 cm
between them. The electrical wire for both probes was then
connected to the power supply unit. For single probe
measurements, temperature was measured and recorded
every 5 s for the first minute and then every 10 s till the
end of the heating period (200 s). The power supply unit

was then disconnected and cooling period was started
immediately. The thermocouple continued to record the
temperature after the battery was disconnected. The tem-
perature was recorded every 5 s for the first 30 s and then
every 10 s until the end of the cooling period. Temperature
was plotted versus the logarithm of time. Slopes of the
linear portions of these curves were determined, and these
values were used to calculate thermal conductivity. Fig-
ure 1 shows an example of these plots. Thermal conduc-
tivity of the soil was calculated from the temperature-time
record and power input according to Eq. (5). For dual
probe measurements, power was applied to the heater for 6
seconds. During application and after termination of
power to the heater, temperature changes of the thermo-
couple were recorded. The peak tm and DTm values were
determined by inspection of the measured temperatures
by time data. Figure 2 is an example of plots of measured
temperature as a function of time at a sensor probe located
5 mm from the heater obtained using an 6-s heat-pulse.
These data show a rapid increase in the temperature at the
sensor probe to a maximum, and then a slow decrease
back toward the original temperature value. These data,
together with the values of to, q¢ and r were then used to
determine the soil thermal conductivity by using Eq. (9).

Fig. 1. Wire temperature as a function
of ln t during heating for sand at a soil
density of 1.25 g/cm3

Fig. 2. Measured temperature as a func-
tion of time at a sensor probe located
5-mm from the heater for sandy soil at a
soil density of 1.33 g/cm3 (dual probe
method)
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The same procedure was repeated for different soil bulk
densities for each soil type.

Measurements of thermal conductivity were made on
two types of soils: sandy soil (95% sand, 4% silt, and 1%
clay) and loam soil (40% sand, 35% silt, and 25% clay).
Soils were air-dried and screened through a 0.2-cm sieve.
Then the soil of known weight was packed to different
known volumes marked on the box to bring the soil
sample to the desired bulk density. Three levels of bulk
density were used.

4
Results and discussion
The average of heating and cooling estimates of k obtained
using the single probe method was used in this study. A
paired t-test was used to test the null hypothesis that k
obtained from heating data was not different than k ob-
tained from cooling data. The P value was 0.13, indicating
that both the heating method and cooling method yield
identical thermal conductivity values.

Thermal conductivities measured using single probe
and dual probe methods of sandy and loamy soils as a
function of bulk density are shown in Figures 3 and 4. As
shown in the figures, thermal conductivity increased with

increasing bulk density for the two soils using the two
methods. It appears that thermal conductivity increased
with increasing bulk density as a result of particle contact
enhancement as porosity is decreased. The sandy soil had
higher thermal conductivity values measured using the
single and dual probes than the loam soil at all bulk
densities. The decrease of effective thermal conductivity
with decrease in grain size may be explained by the fact
that as the grain size decreases, more particles are neces-
sary for the same porosity, which means more thermal
resistance between particles [16]. This suggests that loamy
soils with low thermal conductivities would exhibit larger
surface temperature changes, compared with sand under
equal heat flux densities. Thermal conductivity values re-
ported here lie well within the range of 0.15 to 0.79 W/m K
for loamy soil as given by Ghuman and Lal [17], and
within the range 0.50 to 2.25 W/m K obtained by Van Wijk
[18] for sandy soil.

In general, the thermal conductivities determined using
the single probe method were slightly lower and less ac-
curate than those determined using the dual probe method
for both soils. One possible reason is the density of the soil
near the probe was not as uniform as intended. These
small scale variations in soil density near the probes may

Fig. 3. Thermal conductivity for sandy
soil at three soil densities using single
and dual probe methods

Fig. 4. Thermal conductivity for loamy
soil at three soil densities using single
and dual probe methods
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yield differences in thermal conductivity for the two
probes. Another possible error in determination of ther-
mal conductivity may arise from poor contact between the
probe and surrounding soil. Poor probe/soil contact,
possibly from wobbling during probe insertion, may re-
sults in an air gap around the probe. This air gap decreases
the conductance of the soil adjacent to the probe which
produces errors in temperature readings and leads to er-
rors in the determination of k, so care is needed when
inserting the probe into the soil. Also, the complicating
factors arising from water movement in response to tem-
perature gradients caused by heating is another source of
errors in the determination of k. Low power inputs were
used since lower power inputs are preferable to minimize
the effects of heating on soil water movement and hence
thermal conductivity.

5
Conclusions
Thermal conductivities for sandy and loam soils at dif-
ferent bulk densities were measured and compared using
single probe and dual probe methods. The results show
that thermal conductivity varies with soil texture and bulk
density. For the two soils studied, an increase in bulk
density increased thermal conductivity. Loam soils exhibit
slight increase in thermal conductivity beyond a certain
bulk density. Loamy soil generally had lower thermal
conductivity than sandy loam soil. In general, the dual
probe method yielded thermal conductivities that were
slightly higher and more accurate than those obtained
using the single probe method. Since other soil thermal
properties can be obtained from a single heat-pulse
measurement, dual probe method is more useful and ad-
ditional studies are needed to test the dual probe method
for a range of soils at different conditions.

References
1. Abu-Hamdeh, N. H.: Effect of tillage treatments on soil thermal

conductivity for some jordanian clay loam and loam soils. Soil and
Tillage Research Journal: 56(3–4) (2000) 145–151.

2. Abu-Hamdeh, N. H., Khdair, A. I. and Reeder, R. C.: A compar-
ison of two methods used to evaluate thermal conductivity for
some soils. International Journal of Heat and Mass Transfer: 44(5)
(2001) 1073–1078.

3. Abu-Hamdeh, N. H. and Reeder, R. C.: Soil thermal conductivity:
effects of density, moisture, salt concentration and organic matter.
Soil Science Society of America Journal: 64(4) (2000) 1203–1548.

4. Abu-Hamdeh, N. H., Reeder, R. C., Khdair, A. I. and Al-Jalil, H. F.:
Thermal conductivity of disturbed soils under laboratory condi-
tions. Transactions of the ASAE: 43(4) (2000) 855–860.

5. Jackson, R. D. and Taylor, S. A.: Heat transfer in methods of soil
analysis. Am. Soc. Agron. 9 (1965) 349–356 .

6. De Vries, D. A.: A nonstationary method for determining thermal
conductivity of soil in sito. Soil Sci. 73 (1952) 83–89.

7. De Vries, D. A.: Thermal properties of soils. In Physics of plant
environment. W.R. van Wijk (ed). North-Holland, Amsterdam:
1963.

8. Campbell, G. S., Callissendrorff, C. and Williams, J. H.: Probe for
measuring soil specific heat using a heat pulse method. Soil Sci.
Soc. Am. J. 55 (1991) 291–293.

9. Bristow, K. L., Campbell, G. S. and Calissendorff, C.: Test of a heat-
pulse probe for measuring changes in soil water content. Soil Sci.
Soc. Am. J. 57 (1993) 930–934.

10. Kluitenberg, G. J., Ham, J. M. and Bristow, K. L.: Error analysis of
the heat-pulse method for measuring the volumetric heat capacity
of soil. Soil Sci. Soc. Am. J. 57 (1993) 1444–1451.

11. Bristow, K. L., Kluitenberg, G. J. and Horton, R.: Measurement of
soil thermal properties with a dual-probe heat-pulse technique.
Soil Sci. Soc. Am. J. 58 (1994a) 1288–1294.

12. Bristow, K. L., White, R. D. and Kluitenberg, G. J.: Comparison of
single and dual-probes for measuring soil thermal properties with
transient heating. Aust. J. Soil Res. 32 (1994b) 447–464.

13. Reece, Clive F.: Evaluation of a line heat dissipation sensor for
measuring soil matric potential. Soil Sci. Soc. Am. J. 60 (1996)
1022–1028.

14. Abramowitz, M. and Stegun, I.: Handbook of mathematical
functions. New York: Dover Publications Inc. 1972.

15. Kluitenberg, G. J., Bristow, K. L. and Das, B. S.: Error analysis of
heat-pulse method for measuring soil heat capacity, diffusivity,
and conductivity. Soil Sci. Soc. Am. J. 59 (1995) 719–726.

16. Tavman, I. H.: Effective thermal conductivity of granular porous
materials. Int. Comm. Heat Mass Transfer. 23(2):169–176 (1996).

17. Ghauman, B. S. and Lal, R.: Thermal conductivity, thermal dif-
fusivity, and thermal capacity of some Nigerian soils. Soil Sci. 139
(1985) 74–80.

18. Van Wijk, W.R. (ed.): Physics of plant environment. North-Hol-
land, Amsterdam: 1963.

123


