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ABSTRACT

Prediction of soil thermal conductivity & 15 particularly
difficult at high temperatures T (50-90°C) and wvery low
moisture content 0; the & value may increase with temperature
by a factor of 3-5. This phenomenon is due to water vapor
migration resulting in latént heéat transfer, which is strongly
dependent on soil water characteristics (SWC). In the past, the
SWC influence on & prediction was never studied in great detail
- mainly due to a lack of reliable SWC experimental data at
low 8. Currently, hydraulic properties of snils can be evaluated
from numenous prédictive models correlated with experimental
data. The paper objectives focus on: effects of SWC on &
prediction; explanation of nonlincar variation of k at high T with
8 ranging over the full degree of saturafion; large &k over
predictions at low @ and high T. Results obtained show very
strong & dependence on the SWC function; therefore, accuracy
of SWC estimates cannot be disregarded. The paper explains a
nonlinear k behavior at high T as a combined effect of water
vapor migration, SWC, and soil air relative humidity. To this
end the paper provides also information about Soil Thermal and
Transport Properties — Expert System (STTP-ES), collection of
the notable predictive models for these properties, for both
moist and frozen soils, which have been gleaned from the
literaure and integrated into one software package, The
appendix provides a brief description and recent modifications
made o the STTP-ES. Closing discussion concentrales on
STTP-ES shoricomings, development of the Windows driven
package, Expert System extension to other porous media and
the database development.

INTRODUCTION

Thorough  knowledge of soil thermal and  transpon

characteristics 15 required in computer modeling of heat and
moisture flow in engincering and science applications such as:
underground high voltage power cables; district heating systems
(underground pipes); high-level radioactive waste underground
storage; heat pump ground heat exchangers; high temperature
ground heat storage; designing roads, airfields, buildings, and
gasloil pipelines in sub-arctic regions; anificial ground freezing;
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air  pre-conditioning for  greenhouses, livestock shelters,
mushreom plants; medeling of heat and waler transport in
bare/vegetated soil; evaluation of the heat flow and temperature
variation near the ground surface; and thermal soil remediation.
Reliable estimates of these properties. particularly thermal and
hydraulic conductivity, arc not casy 1o obtain, partly due to their
high textural wvariahility in the ficld, and partly because
measuring procedures are time consuming, expensive and emror
prone; hence the available data is often fragmentary and
dubious. Consequently, there is a growing demand for relinble
physically based predictive models based on easily obtained and
reliable input data. Unfortunately, it is unlikely that a single
model exists which can produce good estimates for all soils
encountered in the field. Prediction of soil thermal conductivity
k is particularly difficult at high twemperatures (50-90°C) and
very low moisture content, 15 value may Increase with
temperature by a factor of 3-5. This phenomenon is due to waler
vapor migration resulting in latent heat transfer, which is
strongly dependent on soil water characteristics (SWC). In the
past, the SWC influence on k prediction was never studied in a
great detail - mainly due to a lack of reliable SWC experimental
data at low 8. Currently, hydraulic properties of soils can be
evaluated from numerous predictive models correlated with
experimental data. The paper objectives focus on the following:
analysis of effects of SWC on the & prediction, explanation of
nonlinear variation of & at high T with @ ranging over the full
degree of saturation, and large & aver-predictions at low 8 and

high T.

MATERIALS AND METHOD

Three soils of different texture {Roval, Palouse-A and
Palouse-B) whose thermal conductivity data were published by
Campbell et al, {1994) are used in this paper. Soil texture and
mineralogical information is summarized in Table 1.

Thermal conductivity data includes wvariation of soil
temperature ranging from 30 to 90°C, Thermal conductivily of
soil has been evaluated using deV-2 model (Tamawski et al,,
2000) which iz zimilar to the model proposed by de Vries
(1963}, In contrary 0 the de Viies model, the deV-2 model




Table | Summary of soil physical properties (porosity and
mass (ractions of various components)

Soil  Povour I, X

ayal 047 0145 0536 0435 0313 D0O0I6 0190 005
Palomse-A 051 0305 0113 0385 020 0044 0290 004
PalowseB 057 0460 0093 0350 0064 0021 0380 0085

assumes that water is a continuous medium over the full range
of samration, Evaluation of the shape walue of air pockets
follows an empirical power relation proposed by MNeiss (1982).
The de¥-2 model is one of ten thermal conductivity models
built in the Seil Thermal and Transpart Properties — Expert
System (STTP-ES). The following information is applied to all
& models: (i) five standard mincrals, plus organic matter; (ii)
temperature-dependent thermal conductivity of the principal
minerals are taken from Neiss (1982) and Landolt-Bomstein
(1982). In soils encountered in the field, quartz may exist in
various mineralogical forms (crystalline, amorphous, and etc.).
Often the smaller quarz grains in soils will show less
crystallinity than larger idiomorphic crystals. As the thermal
conductivity of quartz decreases with lower crystallinity, the
STTP-ES uses a reduced k value for quartz (5.65 - 6.25
Wi{m-K) ar 20°C) as compared 1o that encountered in literature
(7.75 = 8.8 WimK)), which normally refers (o measurements
on larger idiomorphic minerals. The STTP-ES has also an
option, available 1o all models, W account for the comribution
of latent heal transport due to water vapor diffusion in seils
exposed o high temperature gradient. This option requires,
however, a good knowledge of soil water characteristics
(SWC). Soil water relations, i.e. soil moisture characteristics,
are evaluated from any of ten SWC maodels (see Appendix).
Verification resulis show that the deV-2 model prediclions
follow closely experimental data (+15%) of soils exposed 10
moderate temperatures and for moisture contents near field
capacity (FC)L Al a very low moisture contemt and high
temperatures, the deV-2 model was not tested against the
accuracy of SWC predictions.

ENHANCED HEAT TRANSFER MODEL

De Vries model (1963) has been described in a number of
publications (e.g. Hopmans and Dane, 1986, and Tarmnawski ct
al., 2000). Therefore, it will not be repeated here. However, for
the purpase of thit study, the de Vries madel for the enhanced
heat transfer due to latent heat transport of water vapor
diffusion 15 given a3 follows:
=k, +RI -k, (1)

'tw

k., refers to the transport of latent heat when soil air is

saturated with water vapor. It is calculated according to de Yries
(1963):

D _p dp &
BTy pp=po dT

Onee the retention curve (i.e. SWC) for the soil is defined, the
relative humidity, RH, is calculated from the following relation
which assumes local thermedynamic equilibrium linking R to
the soil water pressure head h:

e e L 3
RH c:u|{ R,Tx] (3)

Table 2 Values and expressions for paramciers used in
calculating the equivalent thermal conductivity of transport
of latent heat when soil air is saturated with water vapor (T
in *C)

Parameter Value'expression
ko Wim-K) 0.02454 + 0.0000727 T
Hy . Jikg 2503000 - 24321 T
D, miis 0.0000225 [(T + 273.15)273.15)" 7
R IkgK) 461.5
Te K T+273.15
Bs . o 101325 — barometric pressure
P P2 ¥
expl Yo, Ty +a,InT, ]
Fu=l
where:
@ == 58002206 10"
a,=1.3914993
@ =—4.8640239x 107
ay=4.1764768x107*
ay=— 14452093 1
a, =6.5459673
92 Pk p.l[ ifﬂn?}"'wﬂ?J
ar janl
| g, m's’ 0.8l

Valug and expressions used for all paramelers are presented in
Table 2. The soil water pressure head 4 is defined by a SWC
model. )

Two extreme SWC models are used 10 study the effect of
SW on predicting soil thermal conductivity k. The following
SWC models are tested with respect to k prediction by the deV-
2 model:

1. SWE Model I: Wosten et al. {1995)
2. SWC Maodel 11: Brooks and Corey (1964)/Campbell (1974)

This investigation is applied to three different soils, namely:
Royal (coarse soil), Palouse-A (medium soil), and Palouse-B
(fine soil).

MODEL PREDICTIONS
Verification of SWC models

Figs. la, 1b and lc show comparison of both SWC madels
with experimental data by Campbell and Shiozawa (1989) as a
function of volumetric water content 8. For a very fine soil as
Palouse-B, the SWC Model | shows very good predictions of
the soil pressure head — particularly in a range of low moisture
content. Fer medium and coarse soils (Palouse-A and Ruoyal,
respectively) the experimental data are between bath model
predictions. As the plots of SWC are in logarithmic scale, a
highly nonlinear variation of soil pressure head can be observed
at low waler content range.

Soil Air Relative Humidity

Eq. (3) is used to caleulate the suil air relative humidity, It is
an exponential function of soil pressure head; therefore, the soil
air relative humidity is & nonlinear parameter, especially at low
water content where soil pressure head varies rapidly. For all
soils under investigation, Figs. 2a, 2b, and 2¢ show evaluation
of soil air relative humidity vs. volumetric water content at a
temperature of 30PC, With other parameters held unchanged, the
only varigble in Eq. (3) is the pressure head. Ilienne, similar
outcomes as the pressure head are expecled, Le., very good
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Fig. 1 Soil water characteristics models and experimental
data of (a) Reyal, (b) Palouse-A and (c) Palouse-B as a
function of volumetric water content

predictions of the soil air relative humidity for the fine soil
{Palouse-B), while for medium and coarse soils (Palouse-A and
Roval, respectively). the experimental data are betwesn bath
model predictions.

Thermal Conductivity

Figs. 3a, 3b and 3¢ show comparison of experimental datn st
IPC with predictive & influenced by two differemt SWC
models. The results show that SWC has a definite effect on the
prediction of soil thermal conductivity. Generally, the SWC
Model 1l provides better predictive & than the 3WC Model 1,
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Fig. 2 Calculated relative humidity of soil air due to the
SWC models and experimental data of (a) Royal, (b)
Palouse-A and (c) Palouse-B as a function of volumetric
water confent

especially for Royal and Palouse-A at very low water content.
Although the SWC Model 1 is a better model for Palouse-B, in
terms of soil pressure head and relative humidity, it does not
warrant 4 bewer prediciion of & than the SWC Model 11 a1 low
waler content range, The deV-2 model over-predicts the thermal
conductivity of all three soils. It appears that the enhanced heat
transfer model due to water vapor migration by de Vries (1963).
a5 given in Eq. (1), over-estimates the ¢ffects of heat and mass
transfer al low waler centent,

As the temperature increases, the effect of SWC on the &
predictivns becomes more apparent. Figs, da, db and d¢ show
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Fig. 3 Calculated thermal conductivity of soils due to the
SWC models and experimental data at 30°C of (a) Royal, (b)
Palouse-A and {c) Palouse-B as a function of volumetric
water content

the predictive & of Palouse-A at 50, 70 and 90°C, respectively.
Similar trend is also observed for Royal and Palouse-B. AL very
low water content, the predictive & with the SWC Model |
increases more than the one with the SWC Model 11, hence,
Breater crror a5 compared to the experimental data. Al
temperature of 30°C, the deV-2 model using the SWC Model |
and [l is able 1o produce a maximum & at about 8 = 0.05 and
0.15, respectively, as observed in the experimental data with a
faximum & at about § = 0.20. The nonlinear variation of the
thermal eonductivity at a high temperature with O ranging from
dryness 1o saturation can be physically captured by the deV-2
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Fig. 4 Calculated thermal conductivity of soils due to the
SWC models and experimental data of Palouse-A at (a)
50°C, (b) 70°C and (¢} 20°C as a function of volumetric
water content

model. However, it seems that, with such a large &k over-
predictions at low@and high T, a better SWC model and
apparent ihermal conductivity maodel of soil air (ky,) are
required in order to predict the thermal conductivity of soils at
low waber content range. As shown in Fig. de, the deV-2 model
demonstrates a nonlinear behavior of the predictive & as a result
of the combined effect of SWC function, soil air relative
humidity and latent heat transport due 1o a high temperature
gradient.
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COMMENTS AND CONCLUSIONS

Results obtained show that the deV-2 model does over-
predict the thermal conductivity of soils with comparison to the
experimental data by Campbell et al (1994). The over-
predictions by the deV-2 model are strongly dependent on soil
air relative humidity, which Iz a function of soil water
characteristics, particularly at a very low mwisture content. It
appears that the enhanced heal transfer model proposed by de
Wries {1963) may not be adequate for soils al very low moisture
content range. One possible speculation is that at very low water
content the watér may exist as a colloidal form, which cannol be
removed ¢ven in owen temperature of 105°C (Hillel, 1982).
Under this circumstance, the latent heat transfer due to vapor
diffusion will be significantly reduced, hence, resulling in over-
predictions of & by the de Vries model. More study on this
phenamenan is néeded and should be thoroughly investigated in
the future.

APPENDIX: SOIL THERMAL AND TRANSPORT
FROPERTIES - EXPERT SYSTEM (STTP-ES)

The main task of the STTP-ES is estimation of the thermal
and hydraulic properties of field soils on a basis of exsily
available data, such as the soil textural fractions and dry bulk
density. The most notable predictive models for these
properties, for both moist and frozen soils, have been gleaned
from the literature and integrated into a software package. This
effers a new possibility for casy selection of the most suitable
predictive model for the panicular soil, as well as an instant
evaluation/comparison of predicted and measured thermal and
hydraulic properies of soils either frozen or unfrozen. The
STTP-ES offers selection of the following models:

Thermal Conductivity

1. Kersten Equations,

2. DeVries-1 (uppraded version:
continuous medium),

3. DeVries-2 (upgraded version: water only as the continuous
miedium},

4. DeVries=3 (upgraded version; continuous air pocket shape
function, in & full rnge of soil welness),

3 DeVries=4 (upgraded version: one continuous medium -
weighted mixture of air and water),

6. Johansen-] (frozen or wet soils, temperatures from =20 up
1o 30°C),

7. Monlinear Kersten function model for wet soils and
lemperatures up 1o 95°C,

8. Gon (unfrozen and frozen soils),

9. SCA+TCR Sundberg (unfrozen and frozeén soils), and

10, Pande-Singh-Gori.

air or waber as the

Transport Characteristics
Hydraulic conductivily, waler retention and soil water
difTusivity:
. Model of Rawls (19913,
Model of Wosten et al. (1995),
Model of Wisten et al. (1998),
Model by Brooks and Corey (1964)/Campbell (1974),
Brooks-Corey model for aggregated soils (Wagner et al.,
1996,
Model of Van Genuchien (1980),
Van Genuchten model with Vereecken regression
equations for main parameters,
8  Gregson-Hector-McGowan model (paired measurements
needed),

bhode L B2 =

=

9. Van Genuchtén model using RETC-program, and
10. Selection from a database

The saturated hydraulic conductivity of moist soils:
Saxton &t al. (1986),
Rawls & Brakensiek (1989),
Campbell (1985),
Cosby et al. (1984),
Vereecken ef al. (1990),
Wosten et al. (1995),
Brakensick cf al. (1984), and

user inpul.

00 =3 O tA g L

Database

In addition, STTP-ES will have access to a database of
mecasured properties extracted from varipus sources. The
database is being generated according to the soil type (textural
fractions and organic matler conlent), meisture conient, and
temperature range. The thermal conductivity data are being
collected from the publishedfunpublished experimental data
available, The hydraulic conductivity data will be based on
enisting data from Rawls, van Genuchien, Swedish Saoils,
German, and possibly Australian soils.

Future

I. Incorporation of new soil thermal and hydraulic models
(pedo-transfer functions),

2. Dewelopment of a unificd database — upgrade, model
sensitivity analysis, comprehensive testing, STTP-ES
madifications, statistical analysis, and graphical display,
Development of a complete Expert System,
Development of the Windows driven package,
Extension of the existing Soil Expernt System to other
heterogencous materials of engincering and the physical
seiences interest, such as granular back-filling materials,
sandstones, building materials = including multifunctional
concrete, timberfwood, foeds, ceramics, fiber reinforced
materials and composiles, eie.,

6.  kmodeling epproaches 1o the above helerogeneous
matecrials,

7. Development of the WindowsWeb-based computer
platform, with event driven package promoting modularity,
and

& Development of the STTP-ES server mode for heat and
moisture flow in porous media applications, linked to the
server providing the Internet user with required thermal
and transport properties.

s
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