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ABSTRACT ®

3
3)2 and CaCl2 was undertaken on Red River clay and Almasippi loamy sand.

The downward movement of NO; and Cl_, the latter serving as a tracer for

A field study of the movement of NO, and Cl from surface applied

Cca(NO

water movement, was quite small from application of the salt in July until
April of the following year whén the ground thawed. At that time No; and
Cl moved to the water table.

The moisture contents of the‘ébil profiies in the fields were found to
be related to the soil temperature. The seasonal variation in the soil
temperature at a fixed depth was found to be a typicai cosine function. The
amplitude of the cosine curve decreased with soil depth.

Laboratory investigatiohs involved the study of water, NOE and C1
movement-in s0il columns of different moisture contents incubated with and -
without a temperature gradient. Other factors studied inclqded the effect
of freezing one end of the column, reversal of temperature gradients, closed
versus open columns and continuous columns as compared to those with an air
gap.

In a closed continuous soil column with a temperature gradient but
without freezing process, the movement of soil moisture was a circulation of
soil water as a result of vapor condensation at the cold end and the return
flow of liquid to the warm end. As the consequence -of this circular movement
the moisture accumulated at the cold end and salt concentrated at the Qarm
end. The reéults obtained with discontinuous columns, in which the return
flow of liquid was partially blocked, showed a similar concentration of salt
near the warm end as was observed with continuous columns. It seemed,

however, that the process of concentration of salt near the warm end of the

soil column was due not only to the liquid water movement but also to the



Soret effect.

Both vapor and liquid forms of soil moisture moved to the frozen zone
of soil columns. The rate of vapor movement was, however, greater than that
of liquid water movement. The relative changes in c1 conceﬁtration based
on soil solutioﬁ and soil material in the frozen zone as compared to the
initial values before subjecting to a temperature gradient were used in
order to deduce the relative speed of vapor and liquid movement.

The distribution patterns of soil moisture, cl and Nog after thermal
treatment in open soil columné were different from those observed in the
closed columns. The position of maximum moisture content in the open
column after subjecting to a temperature gradient was not located at the
coldest end of the colummns as was found in the closed column.

Reversing the direction of the thermal gradient during the period of
thermal treatment, in order to simulate the freeze-up of the surface in
fall and thawing from the surface inispring, resulted in an increase in
salt transport to Both ends of the soil column as compared to the column
without such reversal treatment. The stability of the soil moisture in a
system as governed by the direction of thermal gradients might be the cause
of the increased salt transport.

A mathematical formulation for the simﬁltaneous transport of vapor
and liquid with condensation and vaporization under a thermal gradient in
soil was carried out. Simultaneous partial differential equatioms for
vapor and liquid transport in unsaturated soil columns were presented.

Analytical or numerical solution of the differential equations could not

be carried out.
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1 INTRODUCTION

Joffe (1949) defined soil as a natural body of mineral and organic
constituents differentiated into horizons. Soil differs from the material
below it in morphology, physical make up, chemical properties and
composition, and biological characteristics. The definition fully embraces
the nonequilibrium characteristics of soil. The temperature distribution
within natural soil systems also follows the nqn—équilibrium characteristics
of chemical composition and soil moisture. Moisture content, the pres-
ence of solublé substances and soil temperature are very important in
governing plant growth and leaching or accumulation of soluble substances
in the soil. These factors vary with plant growth and seasonal or diur—_
nal fluctuations in atmospheric temperature and rainfall.

The soil moisture distribution in natural systems is never in equilib-
rium. The movement of soil moistufe takes place within a soil profile.
.Movement inducea by rainfall or evaporation from the éoil surface is well
known. The moisture moving downward after rainfall carries with it éis—
solved substances. The moisture moving upward accumulates the substances
on the surface due to evaporation from the soil surfacg. Thus the direction
and magnitude of soil moisture movement directly affects the movement of
dissolved substances many of which are valuable plant nutrients. The
movement of dissolved substances can also Fake place under uniformal soil
moisture conditions. This process is generally called diffusion.

A temperature gradient within a soil profile either directly

-or indirectly induces mass transport. The mechanism by which mass is



transported under a thermal gradient in soil is not fully understood.
However, thé mechanism seems different from convective or diffusive
transport. Soil water may be present in vapor; liquid and solid phases
while the transported substance of interest exists primarily in the liquid
phase. The thermal gradient influences the movements of‘vapor, liquid and
dissolved substances in different ways.  In addition to influencing move-
ment, the thermal gradient may alsp‘result in phaée changes in soil mois-
ture depending on local conditions. Because of varying solubilities of

a substance in these phases, accumulation, depletion or'exclusion_of the
substance may occur depending upon the magnitude of the phase change.

Thus under a thermal gradient the movement of dissolved substances be-
comes very complicated.

In Manitoba, surface soil temperatures can range from about +30 to
~-35 C during a period of one year. The surface is the warmest part of
the soil pFofile during the cfop growing season. For more than half of
the non-growing season, the surface soil is colder than lower horizons
and frost may occur as deep as 1.5 meters. The transport phenomena
that occur during the frozen period are not fully understood. The dif-
ferences in NOE—N éontent_of soil profiles sampled in fall and spring in-
dicates that mévement of water and dissolved substances does take place
in the soil during this period.

In order to investigate the mass transport that occurs during the
fall to spring period, field and laboratory experiments were conducted.
The field experiment was designed to determine the_mégnitude of transport
of surface-applied Ca(N03)2 and CaCl2 both of which contain water séluble
anions. The laboratory investigation was initiated in order'to determine

the relative speed and direction of liquid and vapor flow and the




movement of dissolved salt under a temperature gradient in a soil column.

A mathematical modelling approach was also attempted.




2 LITERATURE REVIEW

2.1 Field Observation

Water is one of the most important materials for crop growth. The
amount of water used to produce 1.25 x 103 Kg/ha of wheat is 3.05 x 106
Kg/ha but 997 of this water is lost by evaporation and transpiration
(Shaykewich 1974). Water not only supports plant turgidity but also acts
as a medium for the transport of essential plant nutfients. The ability-
of a soil to supply water and nutrients to crops is an important factor
in agricultural production.

The direction and magnitude of water and solute movement under natural
field conditions is very complicated. This is partly due to the hetero-
geneous nature of soil, microclimatic change and differences resulting
from the presence or absence of a growing-crop. Many.field investigations
have involved the measurement and prediction of water and solute move-
ment under very dry or very wet conditions. Generally Darcy's law or a
modified f;rm of Darcy's law was successfully applied to describe the
soil moisture transfer process. Diffusion and convective transport equa-
tions were used to describe solute transfer in soil. In applying theée
equations, an isothermal assumption was generally made in order to de-
scribe the water and solute transport in soil. Field observations and
the theory of mass transport under isothermal conditiéns have been re-
viewed by several workers. Infiltration of moisture into soil, the gen-
eral application of flow theory in the field and the factors affecting.
the flow were reviewed by Parf.and Bertrand (1960), Swartzendruber (1966),
Nielsen et al. (1972) aﬁd Klute (1973). Solufe transport associated

with water movement was discussed by Nielsen and Biggar (1973). The

presence or absence of a water table upon moisture transport was reviewed




by Raats and Gardner (1972).

Soil under natural conditions is not in a steady state with respect
to temperature distribution. Seasonal and diurnal variations in atmos—
pheric temperature affect the surface soil temperature. If the variation
in the seasonal atmospheric temperature is expressed as a cosine wave
then the soil temperature can be expressed by

T = To + Tle—kxcos(wt - kx) . )
where T is the soil temperature, To is the average yearly temperature of
the soil surface, Tlis the amplitude of the surface temperature wave, @
is the frequency, k = (w/ZA)%, A is the thermal diffusivity, t is time
and x is the depth (Carslaw aﬁd Jaeger 1959). The equation expresses the
fact that the surface temperature wave is transmitted downward . with
damping. The diurnal temperature change is also expressible by a cosine
wave, so that an equation-similar to the above can be applied to the di-
urnal change in soil temperature (Cary 1965). In the latter case, how-
ever, the cheﬁge in soil temperature throughout the horizon due Fo sea-
sonal variation wae taken into account by adding a linear term. Field
observations made by Smith (1932) indicated that diurnal fluctuations of
soil temperature occurred to a depth of approximately 30 cm and seasonal
fluctuations occurred below this depth. The maximum soil temperature
gfadient due to diurnal temperature variation was found to be 10 C em
(Rose 1968a). These temperature variations were known'to induce mass
transport in soil. Lebedeff (1927) and Edlefsen and Bodman (1941) at-
tributed the upwa:d movement of moisture during the winter season to va-
por transfer caused by the temperature gradient associated with the annu-
al wave. Rose (1968 a,b) observed water movement in the field corre-

sponded to the diurnal temperature change. He found that the direction




of liquid movement was upward through the profile even at suctions as

low as 200 cm of water during both day and night. Water movement fluc-
tuated in response to the diurnal temperature gradient with vapor moving
downward at night time and upward during day time. At suctions greater
than 5000 cm of water the predominaht flow was in the vapor phase. He
postulated a theory of mass transport due to a thermal gradient. How~-
ever, the theory was found to be inadequate. He attributed this inade-
quacy to the assistance to vapor flux that can be provided by a disconti-
nuous liquid phase. Jackson et al. (1973), during 16 days of measure-
ment, observed a downward flux of soil moisture below 1 to 3 cm during
several hours between sunrise and early afternoon. They concluded that
there was soil water flux in the surface zone of a field subjected to
diurnal variation. Soluble salts such as Cl also followed a diurnal
pattern but out of phase with soil water during the first few days after
irrigation in the O to 0.5 and O to 1 - cm depth increments. The
diurnal ampli;ude of Cl_, however, decreased with time as the soil pro-

gressively dried (Nakayama et al. 1973).

There are few field investigations cohcerning soil moistﬁre transport
during the winter period. Willis et al. (1961) detected no upward movement
of soil water during the winter in North Dakota. However, in another study
Willis et al. (1964) found that watér table drop was associated with depth
of frost. The drop was accompanied by an increase in soil moisture in the
frost zone above the water table. TFerguson et al. (1964) found that an
appreciable amount of water moved to the frozen zone in plots in which the
unfrozen subsoil water was heldlat tensiéns 1éss than about 2 atm.. They

also noticed that water held at tensions of less than 5 atm. moved

toward the frozen zone whereas soil water held by greater than 5 atm.




tension was not mobile toward the frozen zone. Sartz (1969), on the other

hand, speculated that the frost was formed mainly by percolating water
from the surface rather than by moisture transported from subsoil. He
showed that water could readily infiltrate more than 60 cm of hard-frozen
ground. However, he found that the frozen ground impeded percolation
during spring melt.
2.2. Laboratory Investigation

Most laboratory studies were initiated to investigate the effects
of hydraulic conductivity, soil-water characteristics, soil-salt reaétion,
salt-water interaction, temperature, temperature gradient and potential
gradient upon water and salt movement. Movement under uniform tempera-
ture conditions is called isothermal mdss transport and movement under -
the influence of a thermal gradient is known as nonisothermal mass trans-
port.
2.2.1 Isothermal Mass Traﬂsport

Under cgnstant temperaturg conditions, the description of mass
transport is relatively Simple and many studies have been conducted.

Darcy (1856) was the first sciéntist to derive an empifical mathe-
matical formula to describe saturated water flow throﬁgh a p&rous medium.
This simple mathematical formulation is known as Darcy's law and is :

J = -KVh (2)
where J is the total flux, K is.the proportionality constant called the
hydraulié conductivity and h is the h&draulic head.

Darcy's law was derived from observation of water flow through a
sand. Olsen (1966) showed thaf this law was obeyed at low water graai—
ents in saturated kaolinite over a wide range of porosities. Other stud-

ies (Fireman 1944; Low 1960; Olsen 1962,1965) also showed support for



the application of Darcy's law to water flow in saturated clays. Lutz
and Kemper (1959) showed that while Darcy's law was followed reasonably
well for certain hydrogen — and calcium - saturated clays a positive
deviation from Darcy's law was observed for ofher similar clays. It was

also found thdt water flow in kaolinite and 50 per cent montmorillorite

ciosely obeyed Darcy's law but this was not the case for 9, 30, and 40
per cent montmorillorite samples (Miller et al. 1969). Miller and Low
(1963) reported the presence of a threshold gradient for water flow in

clays. The threshold gradient decreased with decreasing clay content

and increasing temperature. Even above the threshold gradient, they found
the flow-hydraulic head relationship was curvilinear for samples of a

high clay content at low gradients and for samples of a low clay content

, at any gradient. Swartzendruber (1962 ) found meaéured values for water
flow exceeded that predicted by Darcy's law when sandy materials contained
more than 5 per cent clay. Swartzendruber (1968) recalculated values for
thydraulic conductivity, K, cited in the literature and found.2 to 4 fold
variations in K to be fairly common with variability as high as 5 to 15
fold.

Factors which may account for differences between measured water

flow and that predicted by Darcy's law has been discussed by several au-
thors (Olsen 19663 Swartzendruber 1966,1968). Probable reasons for the
deviations are : (1) the presence of a threshold gradient to initiate wa-

ter flow and (2) increases in the hydraulic conductivity with increasing

gradient. The tentative explanations of non-Darcian behavior are (1)
quasi-crystalline water or modified water properties (Miller and Low 1963;
Low 1961), (2) particle réarrangement (Micheals and Lin 1954; Martin 1962

Mitchell and Younger 1967), (3) electrokinetic effects or streaming




potential effects (Micheals and Lin 1954; Kemper 1960), (4) range in pore
sizes (Miller and Low 1963; Olsen 1966), and (5) experimental errors
(Olsen 1965,1966).

Most of the processes involving soil-water movement in the field,
and in the rooting zone, occur‘while the soil is in an unsaturated con-
dition. Unsaturated water movement is more complicated and difficult to
describe quantitatively than saturated flow. The processes of unsaturat-
ed flow change with changing water content, suction, and conductivity,
which may be affected by hysteresis. Most studies have been conducted
to investigate if Darcy's laﬁ would describe unsaturated water flow.
‘Many authors (Richards1931; Kemper 1960; Miller and Low 1963; Swartzen-—
druber 1963; Olsen 1965; Thameé and Evans 1968; Miller et al. 1969) re-
ported unsaturated water movemeﬁt deviated from Darcy's law. Deviations
of 8~fold between measured values and that predicted by Darcy's law have
been observed by Abdel-Aziz and Taylor (1965), Rawlins and Gardner (1963)
and Swartzendfuber (1968). Many factors causing non-Darcian behavior of
unsaturated water flow in soil have been suggested, but the extent of
the confribution by each factor is not fully understood. Richards (1931)
found that K in equation (2) is a function of temperature and'moisture
tension. Kemper (1960) suggested the resistance to flow caused by a
streaming potential affected the value of hydraulic conductivity.
Swartzendruber (1963) and Thames and Evans (1968) accounted for some of
the discrepancies between theoretical and experimental data by empirical-"
ly adjusting the theory to account for non-Darcian flow.

Darcy's law was modified by Richards (1931) in an attempt to de-
scribe unsaturated water flow. The modification included the provision

that the conductivity be a function of the matric suction head. Darcy's
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law, as modified by Richards (1931) can be rewritten
J = -K(T')Vh (3)
where T' is the matric suction. This formulation did not take into con-
sideration the hysteresis effect of soil water (Miller and Miller 1956).
Topp and Miller (1966) pointed out that the relationship between hydrau-
lic conductivity and volumetric water content was affected by hysteresis
to a much lesser extent than is the K (Ir') function. Thus Darcy's law
for an unsaturated soil can be expressed as
~J; = R(8)Vh (4)
where ¢ is the volumetric water content of the soil. Many attempts have
been made to develop equations for calculating hydraulic conductivity, K
(9), kChilds and Collis-George 1950; Marshall 1958; Millington and Quirk
1959, 1961; Kﬁnze et al. 1968; Jackson et al. 19653 Green and Corey 1971).
Reasonabl§ aécurate K (0) values can be calculated for water contents as
low as the wilting point for a large number.of soil types provided that
accurate soii»water characteristic curves are available.
The concept of treating soil water movement as a diffusion phenome-
mon was proposed by Childs (1945) and Childs and Collis-George (1950).
A partial differential equation describing liquid-phase water movement
in a porous medium was proposed by Childs and Collis-George (1950)
3 = -D(e) 2> (5)
where they defined diffusivity, D (8) = K (8) dh/de. The flux and force

relation, equation (5),was then combined with the equation of continuity.

Thus,

50 5 30
st = ax 0(8) ) - ©)

was used to describe horizontal water movement and




“%%'=*52;—(D(6)—%i—")+—§—§}—({§—)— )
‘was used to describe vertical water flow. Later Klute (1952) derived sim-
ilar equations using a different method of derivation. Equations (6) and
(7) are valid only when diffusivity is a unique function of moisture con—
tent. Gardner and Mayhugh (1958) found that the relation between D (8)
and water content could be approximated by the empirical equation

| D(O) = aebe (8) -
where a and b are constants. The empirical relation equation (8) is
known as the exponential diffusivity function. This equation does not
adequately estimate diffﬁsivity for very dry soils probably due té the
contribution of Qapor movement. Hallaire and Henin (1958) questioned the
validity of_equations (6) and (7) to describe unsaturated flow. Since
the diffusivity, D, is not a unique functioﬁ'of moisture content, it ex-
hibits hysteresis which ié caused by water hysteresis (Topp and Miller
1966). Diffusivity is also a function of moisture gradient (Swartzendru-
~ ber 1963), soil texture (Philip 1957, the.solute concentration, and
ionic composition (Reeve 1960; McNeal and Coleman 1966; Rhoades and
Ingvalson 1969;'Yaron and Thomas 1968).

The solutions to equations (6) and (7) for infiltration and redistri;
bution have been sought using both analytical and numerical techniques for
several boundary and initial conditions. A numerical solution for water
infiltration into a loam over a silt loam soil and vice versa was obtained
by Hanks and Bowers (1962). Rubin and Steinhardt (1963) obtained a numer-
ical solution for infiltration of rain into soil. Some digital computer

solutions for two dimensional transient flows have also been reported

(Hornberger et al. 1969; Taylor and Luthin 1968; Rubin 1968). Other

11
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numerical solutions based on different boundary conditions were provided

by Klute (1952), Day and Luthin (1956), Rubin and Steinhardt (1964),
Whisler and Klute (1965), Freeze (1969), Rubin (1968) and Staple (1966).

It is difficult to make general conclusions from these numerical solu-

tions. However, due to the more general availability of high-speed digi-
tal, analog and digital—anaiog computers and impréVed numerical methods,

a more general and practical numerical solution for-the equations qf flow
is likely to be developed. On the other hand ‘analytical solutions, even

if they are based upon simplifying assumptions, have the advantage of

showing the structure of the flow and its dependence upon parameters char-
acterizing the soil. Approximations such as the use of a weighted mean
diffusivity to obtain the inflow or outflow behavior of water in a soil
column (Gardner 1969, 1962; Doeriﬁg 1965) or the assumptions that the wa-
ter content in a drying soil column is dependent upon time and not on its
position (Gardner and Hillel 1962), and the assumption that the soil is
uniform and dﬁder a unit hydraulic gradient.(Biack'et al. 1969; Davidson
et al. 1969) have been successfully used to obtain solutions for partic-

ular flow problems. An extensive summary of various solutions based on

various boundary conditions has been presented by Kirkham and Powers

(1972).
Vapor transfer under isothermal conditions is minimal. However, in
‘relatively dry soil vapor flow is probably the controlling mechanism

(Jackson 1964a, 1964b; Rose 1963a, 1963b). Vapor flow can be expressed

by Fick's law with the gradient of the water vapor density being the
driving force.
J =-DVp ‘ (9)
v v v .

where Jy is the vapor flux, DV is the diffusivity of vapor and va is the




vapor gradient. By assuming that changes in liquid water with time are
much greater than vapor density changes with time Jackson (1964a) ob-

tained the equation,

30 3 3oy 98
ot x (Dv 28 dx ) (10)

for non~steadf. vapor transfer in terms of soil water content, ® . Rose
(1965 proposed an equation for simultaneous liquid and vapor transfer
J = -K Vh an
where Jw, the total water flux is equal to liquid flux plus vapor flux,
(Jl + JV), the total hydraulig conductivity, KW, is qual to the vapor
hydraulic conductivity plus liquid hydraulic conductivity, (Kl + KV), and

h is the hydraulic head. Mcre recently an equation has been suggested

for non-steady state simultaneous liquid and vapor transfer (Nielsen et

al. 1972)
a6 23 99
5c = ox Doy Tax ) (12)
where the combined diffusion coefficient for liquid and vapor is
D, =D —20¥ 4 (13)

v v 96 6

Dissolved salts tend to move simultaneously with soil water either
by diffusion or convection or by both processes. Diffusion is due to a
concentration gradient of dissolved salt and convection is caused by mass
flow df soil solution. The processes of diffusion and convection can oc~
cur simultaneously, either in the same or opposite directions. The mag-
nitude and direction of salt movement are affected by (1) the concentra-
tion and concentration gradient of salts in the soil solﬁtion, (2) the
direction and rate of movement of the soil solution, (3) soil texture
and structure (Thomas 1270; Olsen et al. 1965; Kissel et al. 1973), (4)
the degree of interaction between salt and soil particles as affected by

factors such as soil cation exchange capacity (Thomas and Swoboda 1970;




Dyer 1965) and (5) the rate of net production of the salt.

Diffusion is the predominant process for salt movement if there is
no convection. Fick ( Crank 1967 ) quantitatively described the dif-
fusion process by adopting the mathematical equation of heat conduction
derived some yeérs earlier by Fourier. The mathematical expression of

diffusion in a medium was described by the equation:

J =-p-Lm_ (14)

m 9%

where Jm is the diffusion flux of a substance, D is the diffusion coeffi-
cient, Cm is the concentration of diffusive material, and x is the space
variéblef

Diffusion of dissolved salt takes place mainly in the soil solution.
Thus, the rate of diffusion or flux in soil is a function of the degree
of saturation of the soil with moisture (Klute and Letey 1958; Porter et

al. 1960). Fick's law, modified for moisture content, is

J =-1p6 —tm_ - (15)
m ax

where 0 is tﬁé volumetric moisture content. The magnitude of the diffu-
sion coefficient, D, is generally smailer in soil than in bulk water.

Van Schaik and Kemper (1966) introduced the pore width factor, y , the
viscosity factor, o ,.and the tortuosity factor, (LX/Le)z, into the dif-
fusion equation. Equation (15) modified for the above factors, was writ-

ten as:

- - Ix 2 oCp  _ _9Cp
Jm - Do ( Le e 9xX DD ax (16)

where LX is the distapce between two points, Le is the acute distance
through which the ions diffusg and Dp is equalto D(LX/Le)zeYa (Po?ter et
al. 1960; Van Schaik and Kemper 1966). Combining equation (16) with
equation of continuity resulted in

2
Bgm =D ) Cm (17)

ot p 9X




where Dp s the apparent diffusivity, was assumed to be a constant (Phi-
lip and Brown 1964; Clsen and Kemper 1968). Numerous soil properties
such as bulk density, water content (Graham-Bryce 1963; Klute and Letey
1958; Romkens 1964; Brown 1953; Kemper et al. 1964; Olsen et al. 1962;
Porter et al.V196O; Biggar and Nielsen 1967; Jackson 1973), texture,

kind and amount of clay (Lai and Mortland 1961; Olsen and Watanabe 1963),
interaction of water and soil particles (Olsen and Watanabe 1963; Olsen
et al. 1965), soil compaction (Philip ° and Brown 1965) tortuosity (Por-—
ter et al. 1960; Van Schaik and Kemper 1966), negative adsorption (Van
Schaik énd'Kemper 1966), and ion size and charge (Shainberg and Kemper
1966a,b) were showp to affect Dp . A detailed review on this topic has
been presented by Olsen and Kemper (1968). Due to the requirement of
electrical neutrality, diffusion of anions must be accompanied by cations
or counter diffused by other anions. Therefore the properties and concen-
trations of counter diffusing or codiffusing ions also affect the diffu-
sion process: The apparent diffusion coefficient for an ion is the aver-
age of the separate'diffusion coefficients of two or more ioms. Josf

(1952) expressed the apparent diffusion coefficient, D for a two ion

12°

system as:

D. = Dlg?C(DZ]ET;CZf)%) (18)
12 21010y T 25050, | '

where Z is the valence of the ions and the subscripts 1 and 2, refer to
the ionic species. The solutions for the diffusion equations for various
boundary conditions have Eeen given by Jost (1952) and Crank (1967).
Undef normal field conditions liquid water always tends to flow.
Liquid water moving in soil will carry dissolved salts along with it and

diffusion processes may take place simultaneously. The simultaneous

15
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diffusion and convection processes were described by
: 2 -
9% _ _,.vc. +DV
ot veve # DV Gy (19)

where Ci is the concentration of component i, v is the center of mass ve-

locity and D is the apparent diffusion coefficient. This equation was

presented by Scheidegger (1954) and first introduced into soil literature
by Day and Forsythe (1957). Equation (19) can be transformed into a form
of a diffusion equation by substitution. This has been shown by Cho

(Kirkham and Powers 1972 ) and the solutions for the equation can be ob-

tained.

The velocity distribution of water flow and the concentration of
salt within pores and sequences are nof uniform. This nonuniform velocity
phenomenen is known as hydrodynamic dispersion. This dispersion process
can enhance the diffusion process. The apparent diffusion coefficieﬁt,
called the disperSion coefficient, is a function of flow velocity and

tends to increase with increasing flux (Nielsen and Biggar 1963, 1967;

Scheidegger 1963; Taylor 1953). Anion exclusion introduces anisotropy
and factors such as jion exchange and hydration also affect the solute dis-
~persion coefficient (Nielsen and Biggar 1961, 1962; Day 1956; Berg and

Thomas 1959; Mokady et al. 1958; Mokady and Bresler 1968; Bresler 1973;

Krupp et al. 1972).

The dissolved salts are subjected to reactions in soil such as trans-
formation, fixation, plant uptake, exchange, precipitation, and chelation.

Some of these reactions are purely chemical reactions and some are the re-

sult of biological activities. Some reactions increase the salt concen-
tration in the soil solution whereas some reactions remove salt from the
soil solution. The chemistry of ions in soil is a very complicated proc-

ess. The mathematical formulation for simultaneous processes of diffusion,




convection and chemical reaction of an ion was expressed as:

aCq.

2 .
= . +
v veVC, + DVC. + ¢, (20)

where ¢i is the chemistry term used to describe soil-ion interactions

(Fitts 1962; de Groot 1952; Crank 1967). Few studies have been done on

this subject because the chemistry of ions in soil is not fully understood.

The theoretical analysis and the analytical solution of equation (20)

for nitrogen movement with nitrification and adsorption has been studied

by Cho (1971) using first order reaction kinetics. Other authors (Lapi- -

dus and Amundson 1952; Oddson et al. 1970) assumed that the chemistry was
a reversible reaction and also obtained solutions for equation (20).
Laboratory studies conducted by Musa (1968), Carter et al. (1967), Erh et
al. (1971), Overrein (1968, 1969), Meek et al. (1970) and Stewart et al.
(1967) showed that nitrogen transformations greatly affected the con-
vective transport of nitrogen in soil.
2.2.2 Nonisothermal Mass Transfer

The firé& evidence, obtained in laboratory studies, of soil moisture
movement induced by a thermal gradient was provided by Bouyoucos (1915).
He found a net transfer of moisture from warm to cold regions. The re-
sults of numerous observations and investigations of the effects of ther-
mal gradients upon massltransfer have been reported periodically since

then (Moore 1940; Smith 1944; Gurr et al. 1952; Taylor and Cavazza 1954

Hutcheon 1958; Anderson and Linville 1960; Jackson et al. 1965; Weeks et

~al. 1968; Cassel et al. 1969; Westcot and Wierenga 1974; Field-Ridley

1975).

Soil moisture may flow in either liquid or vapor phase or simultane-

ously in both phases under nonisothermal conditions. Various methods have

been employed to study the relative magnitude of water transfer in the
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liquid and vapor phases. One such method comsists of inserting an air
gap and labelling the'liquid with inert ions. Bouyoucos (1915) was the
first to attempt to segregate liquid and vapor flow characteristics by di-
viding a soil column into two parts with an air gap. He found that water
flow wés lérgely in the liquid phase. Winterkorn (1947) also comsidered
that film flow of liquid water from the warm to the cold end was a more
important mechanism than vapor flow. Smith (1940) criticized Bouyoucos'
work on the bésis that the‘temperature gradient affected only a small
part of a soil column with an air gap. Machkean and Gwatkin (1946) and
Jones and Kohnke (1952) showed that thermai transport of moisture oc-
curred largely in the vapor phase. Smith (1944) conducted an experiment
and found that moisture movement under the influence of a temperature
gradiént was due to a cyclical process of vapor condensatidn and lécal
capillary flow.

Gurr et al. (1952) assumed that the movement of the Cl~ ion in
soil was due solely to liquid water convection. They iabelled the soil
column' uniformly with a-small amount of Cl salt to evaluate the mag-
nitude of liduid flow by measuring the- redistribution of_Cl— after
having subjected the soil columm to a thermal gradient. It was found
- that there was a net transfer of moisture from the warmer to the colder
end and Cl moved from the colder end to the warmer end. They concluded
that water froﬁ the warmer region moved as vapor into the colder end where
it condensed and then returned as liquid to the warmer region. By using
the C1 ion as a liquid flow indicator Weeks et al. (1968), Jackson et
al. (1965) and Hutcheon (1955) also concluded that soil moisture movement
in a closed container under a thermal gradient was a circular convection

process. Taylor and Cavazza . (1954) employing a segment technique and




Rollins et al. (1954) also arrived at the same conclusion as Gurr et al.
(1952) for a closed soil column. Thermal diffusion of C1 in soil, if
any, was neglected in arriving at the above conclusion since the magni-
.tude of thermal diffusion of many Cl salts iﬁ pure water was very small
(Fitts 1962 and de Groot 1952). The magnitude of soil water movement
was found to be dependent u?on initiél water coﬁtent, bulk density, tem-—
perature gradient and mean temperature. An initial soil-water content
of one third of moisture equivalent was found to have maximum moisture
transfer (Gurr et al., 1952; Hutcheon 1955). Studies by Maclean and
Gwatkin (1946) and Hutchéon (1955) showed that the net movement of mois-—
. ture was markedly influenced by the bulk density of soil. The net ﬁove—
ment of soil moisture teﬁds to increase with increasing temperéturé gra=
dient and increasing average temperature.

Various theoretical analyses have been proposed to describe moisture
_transfer under the influencé of a thermal gradient. All of these theo-
ries can be divided into two groups. The first group can be represented
by the studies conducted by Philip and de Vries (1957) and Dirksen (1969).
The second group is based on the theory of irreversible thermodynamics
(Taylor and Cary 1960, 1964; Cary and Taylor 1962a,b; Cary 1965; Bolt and
Groenevelt 1967;Joshua and de\Jong 1973; Kay and Groenevelt 1974; Groene-
velt and Kay 1974).

Philip and de Vries (1957) developed a theory for simultaneous heat
and water transfer in porous media under a tempefature gradient. They,
considered that vapor and liquid water movement were independent and tﬁat
there was no interaction between the two during the course of movement.

Vapor and liquid movement were treated separately. They modified the sim-

ple vapor transfer theory by considering the vapor density to be a ..~
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function of saturated vapor density and relative humidity. The vapor
density gradient was expressed as
Vp = HVpo + po VH (21)

where p 1is the vapor density, H is the relative humidity and p is the
0

saturated vapor density. Furthermore, they assumed that the saturated
vapor density was a function only of temperature (T) and that the rela-=

tive humidity was a function only of volumetric moisture content, (8).

Thus,
; |
Vo = H ——Q—d; VL + P ———gg ve - (22)

By using this relation and the éimple vapor diffusion equation they ob-

tained

o

- VT - D
Jvap pw DT vap

6 vap”® \ (23)

where J is the vapor flux, p is the water density, D is the
vap W T vap

thermal vapor diffusivity and D is the ordinary vapor diffusivity.

6vap

Thus vapor flux was separated into two components, that due to the tem-

perature gradient and that due to the moisture gradient. Considering

that the water potential was a function of temperature and water content

they obtained liquid flux as
J

Yliq  _ _ - . 24

%ﬂ DT 1quT DG 1iqVe (24)

where J,, 1is the liquid flux and D . and D . are the thermal
liq _ T liq g liq

liquid diffusivity and ordinary diffusivity of watery respectively; They
derived the total flux of water by summing the individual fluxes. The e-

quation, after substitution into the continuity relation was:

90
3t

= V-(DTVT) + V-(DGVG) _ (25)

where DT’ the thermal water diffusivity, is equal to D "and

T wvap + DT 1iq

. « The heat cdn—

. . i . +
De, the ordinary diffusivity, is equal to D6 vap De liq

duction equation was:




T

C

5o = V- (AVT) - LV- (D, Vapve) (26)

where C is the volumetric heat capacify of the soil, XA, the thermal con-
duc;ivity, is equal to DV vap pr s L is thg latent heat of water va-
porization and T is the temperature.

Philip and de Vries (19575 attributed the high apparent vapor trans-
fer to the contribution of 'liquid islander' to the vapor movement and
to a higher average temperature gradient in pores than the épparent ther-
mal gradient. It is intefesting to note that they did not consider the
rate.of vaporization nor condensation in developing the liquid transport
equation.

Taylor and Cary (1960) attempted to develop a theory of soil water
movement under a thermal gradient based on‘the theory of irreversible
thermodynamics. Their application of the theory was rudimentary. Later,
Taylor and Cary'(1964) applied the theory of irreversible thermodynamics
to a closed soil system uﬁder a continuous thermal gradiént. They as-

sumed that the center of mass of the system was fixed with the solid ma-

trix which was used as a reference for measuring flow velocities. A set

of equations was obtained for describing simultaneous heat and mass trans-

port:
n ’ af "k
_ - _ dlnT
I ki U T T e b - 95 gy (27)
Pk
d(¢=7)
_n _ T dlnT (28)
Tq T e T TR ) b 7 0 o

where J is the flux,Q is the phenomenological coefficient,u is the
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chemical potemtigl, i1and k a‘re for comp'onents iandk, q is the heat and X
is the external force. Furfhegmore they assumed that water was the only
flowing matter, that the chemical potential of water was a single valued
function of water content and that gravitational force was the only ex-
ﬂternal force. Undgr isdthermal conditions equation (27) was expressed_

as:

| JW‘=—QW—§—£—‘ o o
" where Y is the total water potential. They claimed that equation (29) is
similar to Darcy's law (4). Nielsen et al. (1972) have extensively re-
viewed the work dome by Taylor and Cary (1960, 1964), Cary and Taylor
(1962a,b) and Cary (1963, 1964, 1965, 1966) on the application of irre—
versible thermodynamics to mass and heat transfer in soil. 1In most of
the studies the authors claimed that the Onsager's reciprocal relation-—
ship held in their system. Cary and Taylor (1962a) showed the Onségér's
reciprocal relation held for vapor and hgat transfer but that tﬁé vapor
flux equatio& was not adeédate to describe moisture movement in their sys-—
tem. In a later paper Cary and Taylor (1962b) extended the flux equation
to descripe both liquid and vapor trénsfer. The rate equations were then
tested and found to give reliable predictions of water and énergy flow
through soil. The interaction coefficient also agreed with the Onsager's
reciprocal relation. Cary (1965) separated the flow into liquid and vapor
flow components and fﬁrther divided the liquid component into that flowing
‘due to pressure and thermal differences. His flow eqqation, based on ir-
reversible thermodynamics, predicted fluxes in agreement with his experi-
mental observations. Joshua (1971) and Joshua énd de Jong (1973) showed

that the Onsager's reciprocal relation held for their system. Kay and

Groenevelt (1974) and Groenevelt and Kay (1974) derived heat and water
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transport equatioﬁs in frozen and unfrozen soil for both vapor and liquid
phases and they claimed that they had theoretically proved the Onsager's
reciprocal.relation. Cassel and his co-workers (1969),‘on the other hand,
calcnllated,théif data by using the theory of Philip and de Vries (1957),
Fick's law, and the theory of Taylor and Cary (1964). They found that
the theory of Philip and de Vries ga§e.the best agreement with their ob-
.servations. Fick's law and Taylor-Cary's equations underestimated the
observed flux. Matthes and Bowen (1963) modified Fick's first law by
substituting the relationship between temperature and vapor pressure‘for
the pressure gradient. They ﬁsed the equation to predict vaporization
and condensation at various points in the soil column during the course

of vapor transfer under a temperature gradient. They assumed that the
relative humidity was near 100 per cent throughout the soil columm.

The term 'thermo-osmosis' is fréquently used to describe liquid flow
under a thermal gradient. For saturated Na—kaolinite thermo-osmesis was
found to increase with increasing temperature gradient and compact pres-—
sure (Dirksen 1969). In the case of saturated Na-bentonite thermo-osmo-
sis decreased with increasing average température but did not change with
changes in thermal gradient (Dirksen 1969). He also observed that ther-
mal water flow occurred from the warm to the cold‘side.

According to the experimental results obtained by various workers,
liquid, vapor, and solute all moved from the warm to the cold end during
the early stages of thermal treatment. After the hydraulic pressure was
built ‘up liquid water along with solute returned to the warm end while
vapor continued to wove to and condense. at the cold ené in a closed soil
column,

The presence of the ice phase in a porous medium greatly increases




the amount of mass transfer under teﬁperature gradients and alters con-
siderably the process of moisture and solute movement. Water moves from
unfrozen soil into frozen soil (Dirksen and Miller 1966; Hutcheon 1958;
Field~Ridley_1975; Globus 1962; Hoekstra and Chamberlain 1964; Hoekstra
1966, 1969) and the solute is transmitted in the same direction (Field-
Ridley 1975). 1In a completely frozen soil column, Cary and Mayland
(1973) found that both water and solute moved from warmer to cooler ends.
Dirksen and Miller (1966) and Hoekstra (1966) showed that a great deal of
water accumulated in the frozen zone and the accumulation increased‘with
time. The change in the moisture content within the frozen soil was too
great and too rapid to be explained by thermal vapor diffusion alone.
They suggested that liquid moved through an absorbed continuous unfrozen
water film. AThe existence of continuous unfrozen water phase in frozen
soil has been established by many workers (Apderson 1966, 1967; Anderson
et al. 1973; Béuyoucos 1916; and Williams 1964a,b). The thickness of
such a film iﬁ frozen soil evidentiy decreases with temperature (Anderson
et al. 1973). Thus the rate of flow of liquid water decreases rapidly
with a decrease in temperature below O C.

Water méves toward the region where ice is forming because the'ice
phase serves as a sink for liquid water present in the frozen soil, which
then imbibes water from the unfrézen soil., This in turn prodﬁces a water
content gradient in the unfrozen‘soil. The results obtained by Hoekstra
(1966) showed a sharp decrease in water content of unfrozen soil toward
the frozen soil. Dirksen and Miller (1966) believed that the flow in the
unfrozén soil was not a direct consequence of the temperature gradient in
the unfrozen soil but was mainly aAresuit of the events taking place in

the frozen part of the column, which created a hydraulic gradient in the
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unfrozen soil. They also believed that when ice ceases to form and a

steady state has been attained the temperature gradient is responsible

. for any further movement of water in the unfrozen soil. Cary and Mayland

(1972) reported that in frozen soil, moisture flow in the liquid phase
followed Darcy's law. However, Andérson and Hoekstra (1965) found liquid
transport in frozen soil was due to electrical potential gradients.

Hoekstra (1966) discussed the forces that drive the water into fro?
zen soil in terms of thermodynamic theory. In an unfrozen soil the chem-—
ical potential of soil water is a direct function of moisture ﬁontent,
and decreases with water content. Thus if a temperature gradient is
placed across a soil column and the temperature of the cold plate is
higher than the freezing temperature, a steady state moisture contént
will be reached. On the other hand, in a frozen soil the chemicai poten-
tial of ice is independent of the éresence of soil. Thus the amount of
ice can increase Qithout affecting the amount of unfrozen water and no
equilibrium moisture content can be reached.

Ice crystals freeze out of a solution in a relatively pure state.
The majority'of soluble salts are excluded from frozen water and concen-

trated in the unfrozen water films and may form relatively high-concen-

- tration brines. A twofold concentration difference over a 24 cm distance

was found in Cary and Mayland's (1972) experiment. Their results sug-

gested that mass flow of dissolved salts in a liquid film of water was"’

_the principal transfer mechanism even vapor and salt diffusion were some-

times significant. They believed that during the frozen period, the salt
and water may have moved somewhat independently.

The effects of initial water content and soil texture upon mass
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transfer under a temperature gradient with the cold end below freezing

temperature was studied by Field-Ridley (1975); She found initial soil

.water content affected moisture redistribution in a clay soil. The wet~

ter soil columns (ﬁbove field capacity) showed a moisture content gradi-
ent in the unfrozem portion which was not present in-the drier soil col~-
umns (field éapacity). Ice accumulation in the frozen zone appeared to
be smaller at higher than at lower moisture contents. The percentage of
moisture transferred from unfrozen to the frozen zone was also smaller

at the higher moisture content. Nitrate was used as a tracer in this

3

concentration in the soil solution. The high

study. In the frozen zone she found a high NO, concentration on a dry

3

NO; concentrations on a soil weight basis was attributed to liquid

transport whereas the low concentration in the soil solution was due to

soil basis but a low NO

vapor transport. This dilution was greatest at the'point of maximum ice
accumulation; indicating that the contribution of vapor transport was in
excess of that of liquid transport. InternalACOnvection of soil moisture
was demonsfrated by some of her results.

The mathematical formulation and a numerical solution of heat and
mass ‘transport for a partially frozemn soil have been attempted by Harlan

(1973).
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3 THEORY
3.1 General Theory of Transport Phenomena
Pure isothermal viscous flow can be described by the equations of
mass and momentum transport. In the case of nonisothermal fluid flow an
additionél equation is needed to describe the transport-of energy.
Consider any extensive property B of a system, for example, the
mass, the momentum, the energy, etc. Associated with the quantity B is
a specific quantity b, defined as B per unit mass. The general conser-
vation equation is developed by balancing any property B over a station-
ary’volume element, dV, through thch the fluid is flowing.
rate of B _ Rate of B Rate of B , Rate of B | P
[accumulation] B [ influx } - [ Outflux } N [productio%} (30)
The mathematical expression of equation (30) is

9
ot

fv (Ob)dv = —fA Jb-dA + IV ¢bdv (31)
where P is the mass density, V is the volume, A is the area, Jb’ the flux
of B, is equal to p V'b, ¢b is the production of B and v' is the veloci~

ty of the flow medium. After applying the Gauss theorem equation (31)

can be written as:

9 I =
fv{ ot (Db)+VJb—¢b}ov—0 (32)
where V is the gradient operator. Equation (32) is valid only when

3
ot

(*b) + V-J =0 (33)

b~ %

This is the general conservation equation.

3.1.1 Equation of Continuity of Mass
Equation (33) can now be applied to obtain the mass continuity equa-

tion for component i in the fluid system. Thus the equation of continui-

ty of mass for component i is




3%
ot

, . | 0.
. = . =
+ V (pivi) ¢i_ or —_Lat + Vv Ji ¢i (34)

where pi is the density of component i, vy is the linear velovity of com-
popent i, Ji is the flux of component i and is equal to pivi, and ¢i

is the rate of internal production of component i in a volume element.

By summing all the mass components, we obtain the equation of continuity

for the total mass of the system.

ap T op
T + V-(PV) =0 or 5t

+ v-VP + PV-v = 0 (35

n

where P, the mass density, is equal toizlpi and v, the centre of mass
n

velocity, is equal to (,leivi)/p. The sum of total internal produc-
i=

tion of mass is equal to zero, i.e.

n
£ ¢, =0 (36) |

i=1"1
If the time derivative is changed to the.substantial derivative, equa-

tion (35) becomes

do _ ‘
S TPV = 0 (37) .,

The diffusive flux, ji’ of component i with respect to the centre of mass
velocity is
1

iy =.Pi(vi -v) =J, - PV

and equation (34) can be rewritten

P35 4 v.vo + v\)+v" = | )
3t (R 3j =9y
or | Sy (8,
Pz .
% + V.3, 4+ 0Vev = o,
' Y1 i R §

T

For incompressible viscous flow
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Vev = 0 : - (39,

‘The equation of continuity of mass for component i under incompressible

flow becomes .

LS '
—_— e =
at + v Ji ¢i (40)9
For total mass ‘flow it becomes
dp .
I 0 (41),

3.1.2 Equation of Motion

" If the property B represents the total momentum, equation (33) can

&

be used to describe the momentum transfer.

5
—gigt) = - V. QPvv) + 0oy + V.0 (42)
where yx is the external forces and o isvthe stress tensor. Substitution

of equation (35) into equation (42) gives

dv
p Fra px + V.o _ (43).

3.1.3 Energy Transport Equation
The general continuity equation can be used to write the equation

of conservation of energy as

_é%— {P(E + %v-v)} = = V. {p(E + %v-v)v + 3g} +ovex+ Ve(veo) (44)

where E is the internal energy and jE is the energy flux which is com-—

posed of two terms. One term is due to diffusion flux of fluid and the

other is due to conduction of energy.

Equations (38), (44), (45) are the equations of conservation of
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mass, momentum, and energy, respectively. There are several vnknowns in
these equations.
They are
1) ji and ¢i for the equation of continuity of mass
2)_0 for the equation of mction
3) jE for the equation of energy transport,
If these quantities are known, equations of continuity cén be solwved
depending on the boundary and initial conditionms. ‘For a non—equilibriumv
system, these unknowns can be obtained from the theory of irreversibie
thermodynamics.
3.%.4 Phenomenological Relation
There are three postulates in the theory of irreversible thgrmody—

namics. The first postulate is the 'assumption of local equilibrium'.
It states that the thermodynamic relationships within a microscopic vol-
ume of an irreversible system are the same as those of equilibrium ther-
mddynamics, i.e. all irreversible processes for a microscopic voluﬁe can
be described by equilibrium thermédynamic relatioﬁships. Gibbs equation
can be expressed in terms of local variables for each volume, dv, as

dE = Tds - PA(L) +.7 p dX, (45)

p i=1"i 1 :

where s is the specific entropy, T is the temperature, P is the pressure
and My is the chemical potential of component i and the equation is lim—

ited to fluids. The Gibbs-Duhem equation,
) 12171 M., ( )

may be applied to a nonequilibrium system. It is generally accepted that
if the gradients cf the thermodynamic functions in a system are small,

the theoretical consequences of postulate T are valid for the system.
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The diffusive energy flux can be separated as
n : .
=q+.2.j. B, +.I j.PV, . (47)

where q is the second ~law  heat flux, Ei is the specific internal ener-
gy of component i, and Vi is the specific volume of component i. The

energy transport equation can be rewritten as

dE

© at

n o _
= :v — . - 3 1 .
o v. v q viEIJiHi+ pv-X (48)

where ﬁi is the specific enthalpy of component i. The equation pf con-

tinuity of entropy from the general equation (33) is

e = Ty + 5+
(49) .
. ds - . ¢S
o dt viJS + T /

where jS is the diffusive entropy flux and ¢S/T is the rate of entropy
production., Substitution of the relations expressed by equations (33),

(44), (45) and (47) into equation (49) results in the explicit expres-—

sion for the entropy production, o . The term, @S = ¢S/T is made up of

o

four terms, ¢1 s ¢2 . ¢3 and ¢4 . ¢1 , ¢2 and ¢3 are

: 3\
¢1 = (o + PI):Vv
¢, == ¥ gy = xy) > (50)
¢3 = —q-VlﬁT
/

where I is the unit tensor. The last term ¢4 » the chemical production
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term, is not presented. Each of the terms ¢1 , &

and ¢3 is regarded as

2

the product of a flux and force, and is written as:
o = ZGiFi : (51)
where Gi is the flux and Fi represents the driving forces.

Postulate II is a phenomenological relation. It implies that if the
internal entropy production can be defined in the form of equation (51),
the fluxes or current, Gi’ is a linearAhomogeneous function of the
driving forces, Fi. Thus,

G, = I, .F. (52)
i ij’j
where Qij , the phenomenological coefficient, is independent of the
forces.
Postulate III states that if & can be denoted by equation (51) and

if Gi is expressed as the linear homogeneous function of Fi’ the re-

sulting matrix of phenomenological coefficients is symetric,

B 15 = %1 I 63
‘This equation is known as the Onsager's recipfocal relation.

The validity of postulate III has been shown by Fitts (1962) and de
Groot (1952).' A great deal of cgution is required in applying Onsager's
reciprocal relation. Even if é set of fluxes and forces, satisfiés equa-
tions (50) and (52), the Onsager's regiprocal relation may not hold
(Fitts 1962).
.3.1.5 Momentum. Transport

There is no theoretical relation between the stress tensor and Vv. The

generally accepted relationship is that pf Newton, and is
c +PI = - —%r nIv.-v + 2n(Vv)S + PIV.v (54)

where n is the shear viscosity coefficient, ( yv )S is the symmetrical
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part of the tensor and Y is the bulk viscosity coefficient. ' If the re-

lationship expressed by equation (54) is used, then

V-o = -VP + (—%— 0+ PV(Vev) + nV_Zv (55). .

Normally the bulk viscosity coefficient, ¢ , is vefy small. Substituting
equation (55) without a ¥ term into equation (43), the Navier-Strokes
equation,

dv
dt

o = - VP +px+ NV + k- nv(V.v) (56)

is obtained.
Saturated water flow in a porous medium is generally a steady state

flow, so that

=0 and V.v =0 (57)..

If gravitation is the only external force acting on the system tﬁe
Navier—Strokés équation becomeél ‘ j’

ogyh = N7y (58)
where Vh , hydraﬁlic head, is equal to Vp - pgl (Hillel 1971) and 1 is

‘the height of soil column.

Viscous liquid flow through a capillary tube can be expressed by
eqation (58) in cylindrical coordinates. If the external force is due

only to gravitation without any applied pressure, then

dv _ P&
T )l = - vh (59)
where r is the distance from the centre of the tube. Integration of

eqation (59) results in the velocity profile. The profile is parabolic

in the tube,




9

v =—"8 yh@r® -r?) (60)

= ————Lm

where R is the radius of the capillary tube. The rate of the volumetric

flow of fluid, Q, through the tube is
R
Q = zwﬂ)vrdr (61) .

By using equation (60) and integrating equation (61), the Hagen-Poisuille

equation

L
Q=_1_R_r§>_th

8

is obtained. The Hagen-Poisuille equation expressing the relation be-
tween the volumetric liquid flux and external force can be applied to
water flow in soil. By applying the parallel pipe model (Scheidegger
1963) to a soil, the total flux is obtained by summing the individual

fluxes, as

n n ’
£.Q, = _igl_ﬂ_Rl_pg__ vh (62)

b
i=171 8/

If equation (62) is divided by the total area, A, of the soil column then

the average velocity or flux is
n ' '
J == (I—155% ) /A Vh=-Kvh (63)

where Eg;ﬁépg/Sn)/A is equal to K, the hydraulic conductivity. This e~

quation (63) is similar to Darcy's law. JW is the flux of the water and
is not the diffusion flux with respect to the centre of maés as shown by
Taylor and Cary (1964) and Nielsen et al. {1972). It is seen from equa-

tion (63) that K, the hydraulic conductivity is a function of pore size
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and viscosity of the liquid.
For an unsaturated soil K is a function of water content. The
change in @ass within a volume element without chemical reactions can be .

described by the equation of continuity of mass

80y,

at

= - Vo V) | e

When the average velocity from equation (63) is substituted into equation

(64) the rate of change in moisture content becomes

20 y.@wm) = - V(K-_%%— V8) = = v ( D(6) V) 65) .

Where D(0), the diffusivity, is eqﬁal to K 3h/36. Equation (65) is com-
monly used for describing unsaturated water fiow. It should be empha-
‘sized;here that the derivation of equation (65) is based on Navier-

Stokes' equation (Equation (56) and (59)) rather than using the relation

= -3 5.V )
0y = =32y 35 gy = Xy

of equation (50), which is commonly employed by many soil scientists
(Taylor and Cary 1964; Neilseﬁ et al. 1972; and Cary 1965,;1966).
3.1.6 Mass Transport

Dissolved solutes teﬁd to move simultaneously with the soil solu-
tion. The equation of conservation of mass of component i, equation (38),
is employed. The unknown-quantities of equation (38) are v and ji.
The cengre of mass velocity, can be obtained from equation (63). The

diffusion flux ji can be obtained using postulate II. Thus




n
~§. = Q. VinT +
3 = ByVAnT H5E @ Vo

(665

where VT is the gradient operator at uniform temperature. A more com-

monly observable quantity such as concentration gradient, can be substi-

-tuted for the chemical potential gradient in equation (66) as:

_ncl Buj
Yoy SkZi e, Yk -
k
A working equation of the form .
. 1 n-in Bui
R T "

k

is obtained. The diffusion coefficient Dik and thermal diffusion coef-

ficient Bi can be defined as :

n - éUj -
= = .
D j§1gij ap, and B8, Qio/T

The diffusion flux becomes

n-1 :
= piBiVT +k£. D..Vp (67) .

-y 1ik' "k

I

A general mass transport equation of component i in an incompressible

fluid can be obtained by substituting equation (66) into equation (38),

a0

i _ _ o.vo : n=1 :
Y- v Vpi + V(BiVT) + V(kélDikvpk) + ¢i .
If Dik=-0 when i % k and Dii# 0, the above equation becomes
ap. 0 ,
———L- e -v.V 1 + V. (BiVT) + V. (Diiv pi) + ¢i (68) -

This equation means that the concentration change within a volume element

is due to convection,.VVpi, thermal diffusion, V(BiVT), ordinary




diffusion, V(Diini), and chemical production, @i.
Special cases of physical situations regarding equations (66) and
(67) will be analyzed. When there is no temperature gradient, no inter-

' action between components, no convection and no chemical reactions, equa-

tions (67) andA(68) become

98
se - Y (P3;vP5)

j, =-D,.Vp  and
1 i1 1

and they are Fick's first and Fick's second laws of diffusion, respec-

tively. Equations (13), (18), (19) and (5) are all special cases of

equation (68).

The diffusion flux with respect to solvent, r, . is

.'=p — = _ . -
I i(vi vr) Ji P T i p Ir (69) .

Thus equation (67) becomes

n-—-1 )
T~ . —s' = ' ' p
Ji piBiVT + 2 Di]V 1 (70)

o 1 _ 1 .
where Bi is equal to Bi(gij pi/pv er)/pi and D', 1is equal to Dt (Qij

- - 0+ Q ). e o .
pi/prﬂrj pi/Qr ir pipj/pr rr) For steady state conditions in a closgd

system

and .equation (70). becomes

P g'vT = —"3'D.'vp
BT = K ik k
Vo Vo
- (“g%;')jl =~ ( V%— )j2 = =R S constant. .

Thus
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Substituting this relationship into the flux equation results in

n-—1
s '
3} = I’ Dy, (W0, +0,5 V1)

where Sk’ the Soret coefficient, is defined as —Kk/pk; For a two compo-

nent system, the subscripts 1 and 2 represent solute and solvent respec-

tively, and

4" = D' (VO - P § VT _ : 71). .
J.1 11(1 11) 7D

€ombining this équation with equation (38) and assuming

j'=j s, v=0 and ¢ =0

1 1 . 1
gives
9P _ . 5~ y.(p .
5T DV -V (DlsIVT) (72)

If VT is constant, AT/Ax = 1/1, Tis the temperature difference between

two points and 1 is the distance. Equation (72) for a one dimensional

system takes the form,

E G LS T AL T 73) .
ot 11 9x2 1 1 9% '
I1f we define
. T,
— o=V
17
equation (73) can be rewritten as
2
op 9P 3p N
1 -7 I 1
ot DII 3x? Vl dx 74)

Equation (74) has the same form as the transport equation under a -




convective system. It is thus noticed that the effect of a temperature
gradient upon mass transport of éomponent i under a non-convective sys-
tem can be identically described as convective transport under isothermal
conditions (de Groot 1942; Cho 1975%).

3.2 Mathematical Development for Experimental Conditions

A general theory for mass, momentum and energy trénsport has been

discussed in the previous section. In this section the development of

v

theory is confined to mass transport and is restricted to the conditions

encountered in the experiments. '

3.2.1 Equations of Mass Transport

In an unsaturated porous medium, soil water can exist simultaneously
in three phases i.e. vapor, liquid and solid (ice). In the majority of
cases, the transfer of substances in the ice phase is negligible. The

i movement of moisture in the vapor phase is mainly due to diffusion and

the transport of liquid water is caused by diffusion and by convection.
The movement of vapor and liquid can occur simultaneously and may be in
the same or opposite direction. A phase change may take place in the
course of movement. Under a tempefature gradient heat transfer also

takes place.

A vertical unsaturated soil column with uniform moisture and salt

content was selected. This system is closed with respect to mass but is
open with respect to heat. The flux of vapor is defined on the unit

cross section of air space while flux of liquid is based on unit cross

section of soil.
If the chemical potential gradients are expressed as a function of
the vapor density, pl » and volumetric moisture content, 62 , then

% C. M. Cho, unpublished work.
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| )
Q VInT + @ (—lyyp
1o 11 9Py

T 1
(75)
‘ dii
-j =QVInT +Q (—2-)vs
2 20 22 = 99, 2
or, in a workable form,
~€j =9p €B VI + €D VP
1 .01 1 1 1
(76) .
-3j =6BVT +DVe
2 2 2 2 2

In the above equation € stands for porosity and B Ean be interp?eted as
the thermal diffusion coefficient.

! If thé total flux, J, and diffusiQe flux, j, are assumed to be equal
equation (76) can be directly substitufed into the equation of conti-

nuity. Thus

ep |
_§£__Jl_.= Ve(eP B VT + €D VP ) + €9
ot 11 1 1 1

7.

29 _ ~
——2-=V-(6 BVT+D Ve )+ ¢
2 2 2 2 2

il

ot

Solutions of these simultaneous equations under one dimensional steady
%
state conditions (special conditions)have been solved (Cho 1975 ). It was

assumed that e , 81 s Dl’ 82 and D, were constant and the temperature

2

profile was a linear distribution. The temperature gradient for one di-

mension was expressed as:
T
VI = 1 =
1

where i is the unit vector, 1 is the distance and t is the temperature

* C.M. Cho, unpublished work.




. difference. The transpert equations of vapor and liquid water were

2
ap T oP 8 p
LA N, LI 1
ot B1 1 9x + Dl 3x2 + <bl
. (78) .
36 36 320
%2 _ T %2 272
ot B, 1 T T D T2 f %,

The reactions of vaporization (¢.) and condensation (¢.) were assumed to
1 , 2

“be a linear rate law

v "o 0 '
ey =~k (P = P) ¥k (0, -8) == ¢ (79)

0 . ,
where Py is the saturated vapor pressure corresponding to temperature T.

o . . v . . .
Py was defined in the range of moisture held by soil from saturation to

15 atm. as:

% ap°
% = p =P —1 T
1 (=P = T 1%

6; is the water holding capacity at equilibrium and is defined as:

o o * 56°

2 2 2 oT

< x
1

and

1 _
Soa 0%x = 8%V
-0 ¢ 2 2

“where Acis the cross sectional area, 1 is the length of the colummn, V is
j 20, L. :
the total volume of the column and 8, is the initial volumetric water

2

content. Therefore equation (79) becomes

(o] (o]
% % op 096
€6 =-k (P -P)+k (8 -0) + (k -k —2) = x (80).
1 11 1 2 2 2 1 9T 2 T 71

Substituting equation (80) into equation (78) yields




2 k 'k k
0 _p 30 T 30X LY X3
- 8t Dl ox + B1 1 8x € o+ € 6+ e
(81)
30 5%9 T 39
-9 - < NELAT N p - -
st - Dy axZ T BT Tax T k0 - kx
where
= A%
p Dl pl
_ _oa*
6 62 62
k= ¢ a0y 88 ) I
3 T 3T 1
For initial conditions where t = o and 0 £ x < 1
0 0
[ pl = P and 62 =8
then
o %
P =P - pl
o)
6=86 -6
1
The boundary conditions become
dp *
—_— - Vv (P + P =
Dl dx 1( 1) 0
at x = 0 and x =1
de * '
D2 Tax vz(e + 62) =0
where
v, = - B L
17 11
T
Vo = =BT

Salt movement occurs only

in the liquid phase.

Therefore the flux of

salt has to be defined on the basis of liquid water

~j!'=Q_ ViaT +Q_V
30 3

1
3

2 T2

ﬂ' + Q VvV u!
33 Tu3




where subscript 3 is salt. The uz'and u; are based on liquid phase. Ac-

cording to the Gibbs-Duhem equation

Vou! = - —3y ! (83)

where n3 is the mole fraction of salt and

= 1.
n2 + n3

Substituting equation (83) into equation (82) gives
' : 8],1'

S e 3 '

Jg = Q5,V1nT + {0, - @, G n3)} ac; ve,

v . . .
where C3 is the concentration of salt based on solution. The equation,

modified to a workable form, is

P ] v '
- v : .
iy = C4B,VT + D VC, (84)

The total flux of salt is -

il

J,=3le + | |
5 = 3359, ,CSV (85) |

where C3 is the salt concentration based on soil volume, v is the centre

df mass velocity and approximately equal to the liquid water velocity i.e.
v = J2/62 : (86) .

J2 is the total flux of water. If the equation of continuity of mass is

applied, then

oC

—3 . . _ U.
5T v J3 + ¢3 (87).
¢3 is negligible and substituting equations (84), (85) and (86) into

equation (87) results in

oC [ : ) ot :
—3 . - y. . - V.
| 5T \Y (92C383VT) +V (62D3VC3) v (C3J2/62) (88).




If it is further assumed that 83,'D3 and J2/62 are constant and tempera-
ture distribution within the column is assumed to be linear then equation

(88) for one dimension can be expressed as:

. 2
aC 2 C aC
—_—3 . _— T —_3 89
ot D, —3;;%—+ By 7 - 3,/8,) 9% (89),
By defining
T
R T L PYAP
and rewriting equation (89), we obtain
. 2
3C 3 C aC
i- =D zq -V 3 (90),
ot 3 ox 3 29X -

The initial condition is

The boundary condition becomes

dc

—3 _ = - . = =
D3. = Cs\)3 0 at t>0, x 0 and X 1.

Solution of equation (90) ﬁhen J2 was zero and 83 T/1 was constant under
A éimilar boundary and initial conditions as above was shown by de Groot
(1942). However, under ordinary experimental conditions the temperature
profile within a soil column is usually non-linear and best described by
an exponential form of equation. The following form of temperature func-
tion

T =a - be &* (91)
was chosen. In the above equation a, b and g are constants and x is the

distance from the cold end. The chemical terms are chosen as a simple
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linear rate law as:

R A (92)

where pi is as defined before. The vapor density has a positive devia-
tion from linearity with temperature. The temperature distribution as
shown in equation_(gl) has a negative deviation from linearity with dis-
tance. Therefore the vapor density can be approximated as a linear func-

tion of distance and Water‘content,

) o
0 o o ap el
Pl =0 (T, 8) =0 (x,0) =0 +(——J—)x+(—4~)e (93).
1 1 2 1 2 2
By using this relation equation (92) becomes
€¢1 = _-klp + k262 + kBX (94)

where

P
[l
=
~
A~

This equation has the same form as equation (80). The equation of trans-

port of vapor and liquid water can be obtained by substituting equations

- (91) and (94) into equation (77). 1If it is assumed that 81, Dl’ 82 and
D2 are constant, the one dimensional transport equations are
3p e 30 _gx OP
—1 28 _ -gX .___L_ 8X 1
€ 37 + 9 St (K.p. e + D1 ') ax + K ce 5%
' (952)
2 .

+Deapfq_—’—Kgp~é"gX—kp+ke +k x

1 9x’ 171 1 2 2 3
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' 2
86 26 9°6
—_2 88X T2 -8xX ] -
7t K?_e . Kzg eze + DZ—%—B " + klp k262 k x (95b)

where Kl = Blgb,' and K, = Bng.

€ can be expressed as:

where GS is the saturated water content. Therefore equation (95) becomes

46

3p 38 —ox op Y:) ~
®g-8,) 3¢ 1 ot (kye ™78 + D 5% ) Tax T Kpe
, 2 "
~ : 9P o 3°p
A o oM - : S
(,eS 62) 5x T Dl (es 62) %%
- X 8 -8 - +k 6 + 1
1go( o 2)e klp kz ) kgx .
2 >
30 w30 - 20 (96) .
P2 g omex %% o 8% 4y p 232 _ -
St 2e Py Kzgeze + D2 % + klp k262 kax

The initial conditions are

p1=p.

pP=p -0p

The boundary conditions are

dp o
SOS =
D1 ———-de +K1 ( +Dl) 0
6 at x = 0
—_—2 =
D - + K262 0

v
(=]

and . ft

do

Dl dx

%
+K, (PO ye 8l = g

at x = IJ
de v -0
=2 8l _

D2 . + K262e 0
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The analytical solutions of equation (96) have not been obtained. -
For salt movement the exponentiai temperature distribution model was

chosen. The'transport equation of salt becomes

2
o C 3°C - 3 C - 9
'3 .. 3 gX_ 7’3 _ 8% _ 9
5t D3 g2 T (Kge 3, 10,) =5 - Ckgee Cy o (3,780 (97
where K3 = Bng. The initial condition is
0. < o <
C3 = 03 at t=20 and 05x31.

The boundary conditions are

dC '
-———3—— - = » X =
D3 ix Csv3 0 at . 0

dc o1 '
— 3 = = =
D3 in C3v3e 0 at b4 1
where v; = J2/62—K3. The analytical solutions of equation (97) was at-
tempted, but was not obtained.

Mathematical models for soil columns with ice phase, semisopen :or

open systems were not attempted in this study.




4 MATERTALS AND METHODS

4.1 Field Experiment

3

ment in soil. One site was located on an Almasippi loamy fine sandy

Two experimental sites were chosen for the study of NO_ and C1 move-
close to Haywood, Manitoba. This is a slightly alkaliné soil (Table 1).
The other site was located on a Red River clay soil at Glenlea, Manitobé.
The dimensions of the experimental plots were 4.5 m x 4.5 m. Two
plots were established on the Almasippi loamy fine saﬁd site, one plot
was treated with‘Ca’(NOB)2 and CaCl, on Oct. 5, 1973 énd the other plot

2
was treated on July 3, 1974. A single plot on the Red River clay soil

2 3
were applied at 1681.5 Kg/ha. The Cl ion was applied to serve as a

was treéted with Ca(NO$)2 and CaCl, on Nov. 2, 1973. NO. —mNjiand c1
tracer for water movement. Since C1  is not adsorbed by soil or subject

to assimilation by soil organisms to a significant degree, a méasurement
of C1 movement would provide informétion on No; movement. Ten thermo-
couples were ;nserted in the soil at each site at depths of 2.5, 5, 10,
20, 35, 50, 75, 100, 125 and 150 cm. Soil samples were taken ét various
times at 15.2 cm intervals to a depth of 182.4 cﬁ or to depth of ground
Water for-tﬁe Almasippiiloamy fine sand site and to 121.6 cm for the Red
River clay soil‘sité. Temperature and rainfall were recorded. The field
studies were terminated iq April, 1975;' Soil samples were taken using a
5.1 cm diameter auger when the soil was not frozen. A Kango electric
hammer waé used for taking frozen soil sémples.“ Due to sampling diffi-
culties, samples were not_taken from the Red River clay soil when frozen.

Each sample was stored in a sealed plastic bag and transported to the lab-

oratory in a cooler. The samples were stored at 5 C for one or two days

and the moisfure content and the Cl , NO3

- N and_NOE — N concentrations

in the samples determined.
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TABLE 1 SOME CHARACTERISTICS OF THE SOILS

Soil name Almasippi ' Red River
Texture Loamy fine sand ' Clay
C.E.C. (meq/100g) 15.5 . | 44.7
pH 6.6 | 8.0
Specific conductance | 0.8 0.8
(mmhos/cm)
i c1” (ppm) 10-30 10-400

Organic matter (%) 2.5 2.6




Nitrate, NO; and C1 were extracted by shaking 10 g soil with 50 ml

distilled water for 30 minutes. The suspension was filtered through

3-N and NO£-N concentrations of

the filtrate determined using a Technicon Autonalyzer (Kamphake et al.

whatman No. 42 filter paper and the NO

1967). The Cl1 concentration was determined by potentiometric titration
using a Radiometer titrator equipped with a combination AgCl—HgSO4 elec-

trode. Standard AgNO3 solution was used as titrant.

Gravimetric water content was determined on another portion of soil
by drying at 110 C for 48 hours.
4.2 Laboratory Expériments

The soil used for the experiments was taken from the O to 15-cm
depth of a Wellwood clay loam soil;.'The soil was air dried, passed
through a 2-mm sieve and stored at room temﬁerature. Some chéracteris+'
tics of the soil are shown in Table 2.

An acrylic tube, 3.8 cm inner diameter and 16 cm long, was sectioned
into 1 cm lenéths and filled with soil. One end of the column was sealed

with a copper plate and the other end was attached to a heat exchanger

* %k
connected to a Haake Model FK or a Lunar Model RK constant temperature

circulator. The construction of the soil column is shown in Fig. 1. The

columns weré insulated with fiberglass. In columns with an air gap, two
perforated co?per‘plates Separated by a 0.5, 1, or 2 cm copper ring were
placed in the middle of the column, 6, 4, or 1 cm from the cold end of a
column. The air gap served as a semipermeable membrane to vapor but was
impefmeable to liquid water and solutes. A 0.5-cm air gap was inserted

between the ﬁiddle sections of a soil column when the temperature of the
cold end was above the freezing point. For columns with the temperature

of the cold end below the freezing point 0.5, 1, and 2 cm gaps were used

* Ployscience Cooperation. *% Brinkmann Instruments.




TABLE 2 SOME CHARACTERISTICS OF WELLWOOD SOIL

pH
Organic carbon (%)
Total N (%)

Specific conductance
(mmhos/cnm)

C.E.C. (meq/100g)"

Exchangeable cations
(meq/100g)

Ca
Mg
K
Na
H
7 Sand
% Silt

% Clay

5.2

4.53

0.37

1.7

28.7

18.4

6.0

1.1

0.1

6.6

50.3

33.4

16.3

51




52

l 3.8 CM ~I
R i Copper
47 <

7 N\

% \

] N

¢ N\fomerstase

% N ;

% N\ g
& / Soil \ .
&) // \\ Io
2 E

Acrylic

77777777777

Copper

tHieat Exchanger

SOONOMVNANNNNNANN

77

i

Connected to
a constant

temperature

circulator
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and were placed at 8, 6, 4, or 1 cm from the cold end. The construction
of the air gap is also shown in Fig. 1.

The soil was uniformly mixed with water, KCl, and Ca(NO3)2‘ 4H20.
The concentration of N was 500 ppm-N for all experiments. The concentra-
tions of KCl were 10 ér 20% énd water contents were 27 or 32% depeﬁding
upon the treatments selected. Moisture content ( % ) and N concentration
(ppm-N) were based on dry soil weight and the concentration of KCL ( % )
~ was calculated on a soil solution basis. The premixed soil was uniformly
packed into the column; the bulk density varied between 1.2 and 1.3 g/cm3.
The prepared soil column was.immediately subjected to a temperature
gradient. The Cl served not only as an indicator of liquid flow but
also as a solute which depressed.thé vapor pressure.

The warm end of the soil column was maintained at room temperature
which was about 22 C., The heat exchanger at the cold eﬁd was maintained
at various qonstant temperatures. Temperatures of the soil columns were
measured at 2-cm intervals using thermocouples inserted about 0.5 cm into
the section through small holes in the walls of the acrylic rings.

Six different experiments were conducted:

1. Effect of moisture and salt concentration on m;ss transport
2. Effect of the freezing process on mass t;anéporf
3. Effect of different geometrical configurations on mass transport
4. Effect of air gap length and position on mass transport
5. 'Simulgtion of natural conditions
6. ‘Opeﬁ system.
4.2.1 Effect of Moisture and Salt Concentration on Mass Transport
In order to study the effect of moisture content upon masé trans—

port, twelve soil columns, six with and six without an air gap, were
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used. Several combinations of salt concentration and moisture content,
with or without an air gap, were used to study the salt effect. Moisture
contents were 27 and 327, KCl concentrations were 10 and 20% and a 0.5-

cm air gap was inserted between the middle sections in some of the soil

columns. All columns contained 500 ppm NOB—N. The duration of thermal

treatment was 5, 10 or 20 days. The temperature on the -cold end of the

columns was maintained at 0.5 C.
4.2.2 Effect of the Freezing Process on Mass Transport
Soil was mixed uniformly with 10% KC1l, 500 ppm NO3—N and water

equivalent to 27 or 32% of soil weight and placed into acrylic tubes.

Two columns with 27% moisture were treated for 20 :days. All other col-

umns were treated for 10 days. The cold end temperature for all the col-

umns was maintained at -19.5 C. '

4.2.3 Effect of Different Geometrical Configurations on Mass Transport
All the éoil columns used in this experimént contained 107 KC1,

500 ﬁpm—N éﬁa 27% moisture. Duration of the thermal treatment was 10 ;

days. . | |
qur columns were placed vertically with the cold end on top. The

cold end temperature of two of these columns was —19.5 C and the temper-

ature for the other two columns was 0.5 C. TFour other columns were
placed horizontally. Temperatures, maintained at the cold end of the
columns, were identical to temperatures maintained for the vertical col-

umns. Each of the treatments had columns with and without an air gap.

4.2.4 Effect of Air Gap Length and Position on Mass Transport
This experiment was initiated to determine the length of air gap
necessary to stop the return flow of liquid water from the cold end to

the warm end after water accumulated at the cold end. All columns were




placed vertically with the frozen end on the bottom and all systems were
closed except for two columns which had the cold side on the upper part
of the column and were open on the top.

All columns were treated for 10 days. The soil used in this experi-
ment was premixed with 10%Z KC1l and 500 ppm NO3—N and wetted to 27% mois-
ture.

The first study involved the use of a 0.5-cm ait.gap placed between
the 6th and 7th sections (6 to 7 cm) from the top of the soil column with
the cold end on the top and open. The purpose of leaving the soil sur-
face open to the air was to create an infinitely large water sink in the
frozen portion; | |

A seéond study using a l-cm air gap located at the 5th section>of
phe-column was conducted. A closed system was used with the cold end of
the column located at the bottom. In prder to provide a large sink for
solil moistu;e without much reduction in porosity, the colder region

(four sections) was filled with dry soil. There was no moisture, Cl or

NO3 added in the colder chamber at initiation of the thermal treatment.
In avthird study, the soil column was prepared by the same method
as the second étudy except that the colder region was filled with pre-
mixed soil. A 2—cﬁ air gap was used in the fourth study. The gap wés
placed at the second and third sections from the coldest end. The fro-
zen compartment had only one section which was filled with air dry soil.
The temperature on the cold end was adjusted so that the temperature
of tﬁe soll section on the cold side of the airAgap was just below the
freezing point (~1.0 C) and the temperature on the warm side of the air

gap just above the freezing point (0.5 C). In general this method re-

sulted in a large thermal gradient in the unfrozen part of the soil.




4.2.5 Simulation. of Natural Conditions

In Manitoba, thé surface soil of cultivated land freezes at the be-
ginning of the winter. The frost penetrates downward with time to 150
or 160 cm depending upon soil and temperature conditions. In spring as
the surface soil thaws the soil below the surface remains frozen and the
soil below the frozen layer continues to freeze. The soil profile is
usually free of frost in late spring or in earlyvsummer.

The effects of gradually changing the direction and magnitude of the
thermal gradient upon mass transport was studied. Soil columns con- -
taining 10% KCl, 27% moisture and SOQ ppm~NO;—N were placed vertically.
The top end of the column was frozen during the first 10 days of thermal
treatment. During the second 10 days, the bottom end of the column was
frozen, the cold treatment on the top end.of the column terminated and
the soil allowed to warm to room témperature. Water content, €1 and
NO;—N concentrationsvof the soil sectioné were determined.

4.2.6 Open System
One end of the soil éolumn wa§ sealed with a copper plate and the

other end was attached to a heat exchanger built to maintain a constant

temperature and yet expose the soil surface. Because the top end had to

_be open and cold, the heat exchanger could not be directly attached to

the top end. In order to create a relatively large thermal gradient a

hollow heat exchanger 3-cm long was fitted to the external surface of the

column. Thus, the top 3 cm of soil column were surrounded by the ex-

changer. Thus there was no temperature gradient within the top 3~cm sec-
tion of the column. Another large heat exchanger was placed about 4 cm
above the open soil surface (Fig. 2). - The large heat exchanger main-—

tained atmospheric temperature near the top of column close to that of
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Fig. 2. Construction of the open soil column .




the soil surface. The soil was premixed with 10% KC1l, 500 ppm~-N and 27%
moisture. The duration of the thermal treatment wa; 10 days. Two tem- .
peratures were chosen for the cold side of the column. One, unfrozen
treatment, had 0.5 C and the other, frozen treatment, had -19.5 C. On
both treatments the warmer part of the column had temperatﬁre close to
room temperature. -

57N, NO,-

At the end of the thermal treatment, the column was removed from the

4.3 Determination of NO_-N, NO_-N, Cl and Water Content of Soil

heat exchanger and cut into l-cm sections. The soil in each section was
mixed throughly.

The extraction and determination‘of Cl_, NOE and NO; ~was similar to
that described in section 4.1 (field experiment). The quantify of soil
extracted was reduced té 5g due to the limited quantity of soil in each
l-cm section. Chloride content was aétermined using a Buchler Digital
Chloridometer equipped with Ag and Pt electrodes. The éoncentrafions of
;;

and soil solution. The water content of samples was expressed in % based

Cl  and NO N were expressed as ppn C1 or N based on both dry soil weight

on dry soil weight.
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5 RESULTS AND DISCUSSION
5.1 Field Experiment

5.1.1 1973 Almasippi Séndy Loam Soil Plot
3
from 1 to 10 ppm; the C1~ concentration varied from 10 to 30 ppm. The

The NO_-N content of the unfertilized Almasippi soil profile varied

distribution of NO_,, C1 and moisture in the unfertilized Almasippi soil

39

at various sampling times are shown in Appendix B. The distribution

curves of surface applied NOS and C1  and moisture content are shown in

Fig. 3 to 8 for the 1973 Almasippi plot. Because of sampling variation

and uneven fertilization, the concentrations (C) of NOS—N and Cl were

_expresséd as a percentage of the highest concentrations ( Cma# ) in the

sampling profile i.e. C/Cmax-x 100. An arbitrary level of 5 to 6 times
the concenfration in the check soil was chosen as criterion té differen-
tiate between soil samples enriched and not enriched by the added salts.
_The.depth of penetration and the accumulative rainfall between sémplings
are shown in Table 3.

The soil temperatures at variogs depths for each sampling time are
shown in Table 4. The soil temperature increased with increasing depth

from October 15, 1973 to March 28, 1974. Frcm April 17 to August 7, 1974,

the surface soil temperature increased with time and the temperature
decreased with depth. On April 17, 1974, the top 30 cm soil temperature
increased to above the freezing point, but the 30-cm zone the soil was

still frozen. After August 26, 1974, the temperature of soil profile de-

creased again. It was clearly shown that the soil temperature was a sine
function of time for each depth in a soil profile.
Nitrate and C1 both penetrated to depths of 23 em (Table 3) with

most of the salts remaining in the top 15 cm of soil (Fig. 3a) during the
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TABLE 3

AMOUNT OF PRECIPITATION AND DEPTH OF SALT PENETRATION

IN 1973 ALMASIPPI PLOT ON VARIOUS SAMPLING DATES

Sampling Date

Oct.
Nov.
Nov.
Nov.
Dec.
Jan.

Mar.

Jun.

Jun{

Jul.
Jul.
Jul.
Aug.

Aug.

Apr.

15,

2,
14,
28,
11,
23,

1,

. 28,

17,
'6;
28,
10,

20,

11,
23,
7,
26,
to

19,

* Amount

1973
1973
1973
1973
1973
1974
1974
1974
1974
1974
1974
1974

1974
1974

1974
1974
1974

1974

1975

Depth of Penetration (cm)

NO3

23
38
23
23
23
23
23

23

*%
122

*%
122

Thkk

*%
137

kk%k

Bt
33

%%
183

®%
183

k%

k%

C1
23
38
23
23
23
23
23

23

%%
122

k%
122
*dkk

%%
137

fkk

*k%
k%

%%
183 -

*%
183

kkk

S 33

Rainfall (mm)

trace

trace

Snow cover

snow éover

SNnow cover

Snow cover

Snow éover

SNIOW cover
%

76.0 .

56.0

107

5.3

16.0
trace
18.0
7.2

6.9

60.0

of snow thaw equal to the amount of water,

*% Applied NOS or C1 appear at water table level.

*%% No applied NO; or C1 found above water table level.




Sampling Date

Oct.
Nov.

Nov.

Nov.
Dec.
Mar.
Mar.

Apr.

May

Jun.
Jun.
Jul.
Jul.
Aug.
Aug.
Oct.
Dec.
Feb.

Apr.

15,
2,

14,
28,

11,

1,
28,
17,

6,
10,
20,
11,
23,

7,
26,
31,
19,
19,

19,

TABLE 4

,1973

1973

1973

1973
1973
1974
1974
1974
1974
1974

1974

1974

1974

1974

1974
1974
1974
1975

1975
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SOIL TEMPERATURE ( C) OF 1973 AIMASIPPI PLOT
AT VARIOUS DEPTHS ON VARIOQUS SAMPLING DATES
Depth (cm)
2.5 5 10 » 20 35 50 75 100 125 150
5.5 5.0 5.0 6.9 —_ 9.8 - 11.0 — 11.5

0.2 1.2 2.6 4.0 5.5 6.8 8.2 9.2 10.5 10.4

-2.6 -1.6 -0.6 0.0 0.6 1.7 3.4 5.1 6.5 7.5
-5.2 -3.7 -2.8 -1.4 -0.6 0.2 1.7 2.9 4.2 5.1

-6.8 -6.1 -5.5 -4.2 -3.2 -2.8 -0.2 1.2 2.3 3.2

-4.5 -4,0 =-3.8 -3.5 -3.0 -2.6- -1.6 =-0.7 0.0 1.0
45 <34 -3.2 =2.7 -2.3 -1.9 -1.0 -0.2 0.2 0.9
20.2 14.2 7.3 1.4 -0.3 -0.5 -0.5 -0.5 —  -1.1
16.0 10.9 5.5 2.2 1.9 1.3 0.0 ~1.2 =-1.6 -1.2
17.6 15.5 13.4 11.6 11.4 11.3 10.7 9.5 8.2 6.9
26.0 21.5 20.0 19.0 17.0 14.5 14.5 13.0 11.0 10.0
35.8 33.1 28.6 24.1 22.8 21.8 19.3 16.8 15.0 13.2
35.3 32,8 28.1 25.1 24.7 23.6 21.4 19.4 17.5 15.5
37.8 33.5 27.2 24.3 23.8 23.0 21.2 19.1 17.9 16.1

18.0 16.2 14.8 14.8 16.5 17.2 16.8 16.0 ‘15.2 14.5

4.5 4.3 4.3 5.7 7.0 7.7 8.0 7.8 8.0 8.3
-3.5 -4.5 -5.0 -4.6 =3.6 -2.4 0.0 1.4 2.6 3.5
-3.0 -3.5 -3.7 -3.6 -3.1 -1.6 -0.4 0.4 0.6 1.1

22.0 20.0 15.0 7.0 2.8 1.9 1.9 1.9 2.8 3.0
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first 10 days after applicétion of the salts. The salts penetrated to a

- depth of 38 cm 18 days after application. However, most of the applied

, NO. and C1 remained in the surface 23 cm of soil. The surface soil

3

started to freeze after November 2, 1973, and the frost front penetrated
0 20 cm by November 14, 1973. The salt penetration front seemingly
moved upward to the 23-cm depth (Table 3) which was the approximate
depth to which frost had penetrated. Samples obtained on November 14,
1973 showed that the majority of the salts remained in the surface soil
(Fig. 3). 'During the period when thé surface soil was frozen (November
14, 1973, to March 28, 1974) the concentration, distribution or penetra-
tion of'NO; and C1 in the soil profiles did not change (Fig. 3c,d and
Fig. 4).

The water input was about 76.2 cm snow which was equivalent to 7.6
cm rainfall during the spring tﬁaw. After the snow-melted and the sur-
face soil started to thaw NO; and C1 moved down beyond 122~cm depth even
though the soil still had frost between the 75-cm and 150-cm depths on
April 17 aﬁd May 6, 1974 (Fig. 5a,b). There was about 5.6 cm rainfall be-
tween April 17 and May 6, 1974. The recoveries for both Cl1  and NO; were
very low and amounted to only abéut 20-30% of the amount applied. The
salt front did not appear to méve between April 17 to May 6, 1974. The
water table was very high and was located at the 64-cm depth on May 28,
1974. The amount of rainfall was 10.7 cm, during the May 6 to May 28,

1974 period. This rise of the water table may have been due to the lat-

eral movement of ground water. The high C1 and No; concentrations in

the deeper profile ( the location of depth varied with sampling time ) of

the check soil ( :8hown in Appendix B ) also suggested that lateral move-

ment of ground water had occurred. The applied salts could not be found




in the soil profile above the water table on May 28, 1974 (Fig. 5c). Fig.
6c shows the distribution curves of NOS and C1~ in the soil profile on

June 10, 1974. The water table moved down to the 122-cm depth and the

3
The level of water table was at the 152-cm depth on June 20 and July

applied NO, and Cl™ were located just above the water table.

11, 1974. The applied NO; and C1 was not found in the soil above the

water table (Fig. 7a,b). As the water table dropped the applied NO; and

Cl was found in the soil profiles at the 168-cm depth on July 23, 1974
and at 183 cm on August 7, 1974 (Fig. 7c,d). From August 26, 1974 to the

end of this experiment, February 19, 1975, the Nog and Cl~ concentrations

in the soil profile were less than one tenth of the amount applied. The

3
August 27, 1974 to February 19, 1975 are shown in Fig. 8. It was con-

maximum concentrations of NO ana Cl for every sampling profiie from
cluded thgt the applied NO; and C1 were lost completely from the soil
profile,

The moi;Euré”distribution in the soil profile also changed with sea-
sons. The surface soil was colder than the subsoil from time of applica-
tion of salt to March 28, 1974 and the moisture content of the top 38 cm
soil was higher than that of lower horizoms (Fig. 3 and 4). The average
volumetric moisture content of the top 30 cm soil was about 12% which was
the field capacity of this soil and the average moisture content of the‘
subsoil was about 4%. After the spring thaw the'temperature decreased

with increasing depth and the temperature gradient . was . very great

during the period April 17 to June 10, 1974. The total input of water

 into the soil was about 76.0 mm. The moisture content of the top 46 cm

soil was almost uniform and was higher than the moisture content of the

soil profile during the winter period. The moisture content of the soil




profile increased with depth to about 33% at the top of the water table.
The temperature on the surface soil continuously increased during
June 20 to August 7, 1974. Due to only trace amounts of rainfall during

this period the moisture content of the soil profile decreased except

near the water table. Tﬁe surface soil temperature reached a high of
37.8 C and the moisture content decreased to 3 or 4Y% (Fig. 7). The low
moisture content in tﬁe top part of the soil profile might have caused
the upward movement of moisture which might account for the reappearance

of some of the applied salt in the soil profile at the July 23, 1974 sam-

pling dates (Fig. 7c,d).

On August 26, 1974 the temperature was almost uniform throughout the
soil profile from 0 cem to 150‘cm. The increase in the moisture content
for the surface soil on August 26, 1974 was mainly due to the 5.5 cm‘of
rainfall between August 7 aﬁd August 26, 1974. When the surface soil
temperature decreased the temperature increased with depth. The moisture
content of tﬂé téb s0il was higher than that of the subsoil except near
the water table (Fig. 8).

The salts, Ca(N03)2 and CaClz, applied on the soil surface in the

fall penetrated down to the 23 cm depth before the soil froze. Between

freeze-up and the spring thaw, the distribution of NO. and C1 did not

3
change. ' The major portion of the apﬁliéﬁ”NOSband’Cl- moved out of the
soil profile during the spring thaw. On the basis of the total input of

the water (Table .3) during the spring thaw period, the average of volu-

metric moisture content (12.7%) before the snow melt and the soil water
holding capacity of this soil (21% by volume) the water front could reach
a depth of 92.2 cm under isothermal conditions. The downward movement of

water alone did not seem to account for the salt movement. Thermal
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gradients might be another possible driving force for salt movement. The
moisture content of the surface soil was a function of rainfall and soil
temperature. When the surface soil temperature was lower than the subsoil

temperature the moisture content of surface soil was about 12%. As the

temperature of surface soil increased the moisture content of surface soil
decreased to 3%. It was not known whether the decrease in the moisture
content was solely due to thermal effects or due to the combined effects
of thermal forces‘énd evaporation. The movement of Cl and NOS was simi-

lar in- this study.

5.1.2 1974 Almasippi Sandy Loam Soil Plot

The salts were applied on the plot on Julyv3, 1974. The criteria
for determining the depth of the salt penetration front and the soil tem-
perature distribution of the soil profile at all sampling times were the
same as in the prgvious study. The depth of penetration and the accumula-’
tive amount of rainfall are shown in Table 5. Fig. 9 shows the distribu-

tion of C1 and NO; in the soil profile on July 11, July 23, August 7, and .

August 26, 1974. Salts moved down to 23 cm during the first 8 days after

application. The rainfall between July 3 and July 11, 1974 was 1.8 cm.

Moisture content of the surface soil decreased from July 11 to August 7,

3
(Table 5). The majority of the applied salts remained in the top 15 cm of

1974. However, the depth of penetration of C1~ and NO. remained unchanged

_éoil,during thié period. On August 26, 1974 the majority of the C1 re-
mained in the surface soil,.although, most of the NO, moved down to 38 cm.

3
Rainfall from August 7 to August 26 was 55.0mm. This amount of rainfall

might be responsible for the movement of salts.
As the surface soil temperature decreased the surface moisture in-

creased. This has been discussed in section 5.1.1. The major portions




TABLE 5 - AMOUNT OF PRECIPITATION AND DEPTH OF SALT PENETRATION
IN 1974 ALMASTPPI PLOT ON VARIOUS SAMPLING DATES

Sampling Date ~ Depth of Penetration (cm)
NO Cl
. . 3 :
Jul. 11, 1974 23 23
Jul. 23, 1974 - 23 23
Aug. 7, 1974 ' 23 23
Aug. 26, 1974 38 38
Oct. 3, 1974 53 53
Oct. 31, 1974 53 53
Dec. 19, 1974 53 53
Feb. 19, 1975 53 53
Apr. 19, 1975 122* 122**

* Amount of snow thaw equal to the amount of water

*% Applied NO3 or C1~ appear at Water‘table level,

Rainfall (mm)

18.0

7.2

6.9

55

trace

4.6

snow cover

SNOowW cover

%
70.0
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" of both C1 and NO; were located at the 23-cm depth but the penetration

front of both C1~ and No; moved down to 53 cm on October 3, 1974 (Fig.
10) even though trace amounts of rainfall were recorded. Fig.10b,c and d
show that the locations for both salt éenetration fronts and Cmax's were
unchanged during the winter period. This result was similar to that ob-
tained in the previous study (Section 5.1.1) i.e. the concentration pro-
files of C1 and NO; did not change during the winter. Again after the
spring thaw both C1 and NO3 dlsappeared from the soil profile (Fig. 11).

The results indicate that summer-applied salt remains close to the
surface until the next spring thaw. Some local movement occurs due to
occasional precipitation. HoweVef, during spring thaw the salts are
rapidly transported downward in the soil profile.
5.1.3 Red River Clay Soil Plot

The C1 content of the Réd River clay was very high and variable
(Table 1). This high initial c1L conteﬁt obscured measurements of the
movement'ofiéﬁpiied Cl . Therefore the results of moﬁement of applied
Cl are not presented. Ihe concentration'of No; in this soil prior to
addition of NO; was also higher than that of the Almasippi sandy loam.
Because of the high initial NO3—N concentratlon in the soil profile, the
criterion for determlnlng the depth of applied NO3 penetratlon was chosen
to be twice the concentration of the check soil. The depth of,NO3 pene~
tration and the accumulative amount of rainfall between two sampling times

are shown in Table 6. The soil temperature profiles at each sampling time

are listed in Table 7. The only winter soil temperature measurement

was conducted on November 14, 1973. Soil temperatures increased then de-
creased with time for each depth from May 6 to Oct. 31,.1974. The soil

temperature decreased with depth from May 6 to August 26, 1974 but
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TABLE 6 AMOUNT OF PRECIPITATION AND DEPTH OF SALT PENETRATION
IN RED RIVER CLAY PLOT ON VARIOUS SAMPLING DATES o

. Sampling Date . Depth of Penetration (cm) Rainfall (mm)
NO
3
Nov. 14, 1973 23 Snow cover
May 6, 1974 23 132"
Jun. 20, 1974 23 178
Jul. 4, 1974 23 4.3
Aug. 7, 1974 23 37.0
Aug. 26, 1974 23 - 65.0
*
Oct. 2, 1974 23 _ 53.0
: ok
Oct. 31, 1974 23 . ‘ 13.0
* total precipitation in terms of rainfall,
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TABLE 7 SOIL TEMPERATURE ( C ) OF RED RIVER CLAY PLOT
AT VARIOUS DEPTHS ON VARIOUS SAMPLING DATES

Sampling Date Depth (cm) v
2.5 5 10 20 35 50 75 100 150

Nov. 14, 1973 -2.0 -1.2 -0.1 1.0 2.0 4.2 5.5 6.5 8.3

May 6, 1974 12.6 11.3 7.5 2.5 0.3 =-1.5 =2.0 -2.1 =1.7

Jun. 20, 1974 35.5 27.0 20.5 12.5 14.5 12,0 10.5 9.2 7.5

Jul. 4, 1974 34.2 31.2 24.7 19.2 18.2 16.6 13.4 9.6

~J
.
~J

Aug. 7, 1974 33.4 31.8 27.4 22.9 20.8 19.3 17.6 14.9 12.7

Aug. 26, 1974 25.2 23.3 19.4 16.9 16.9 17.3 16.1 14.2 13.2

Oct. 31, 1974 5.8 5.8 5.7 6.2 6.8 6.9 6.9 7.4 7.5
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- increased with depth on November 14, 1973 and October 31, 1974,
The salts were applied on November 2, 1973. There were no winter
samples obtained as sampling of the frozen clay soil was very difficult.
Fig. 12, 13 and 14 show the results of moisture content and NO. distri-

3
bution from November 14, 1973 to October 31, 1974. The applied NOE pene-

trated to a depth 23 cm but most of the applied NO3 stayed in the surface

zone 12 days after application. The pattern of NOE distribution and the
depth of-NO;vpenetration did not change appreciably from November 14,

1973 until October 31, 1974.

The movement of applied NO3 in sandy loam soil was different from

that in clay for ﬁhe fall surface-applied sglts. The applied NOE moved

mainly downward during the period of spring thaw in the sandy lbam soil.

Nitrate did not move down at all over the periéd of a year in the clay

soil. A clay soil has a higher porosify.than a sandy soil. However, the

average pore size of a clay soil is smaller than that of a sandy soil.

’5 The continuity of air space under field conditions in a clay may be al~-
most non-existent. These physical characteristics could have contributéd

to the retention of the applied salt near the soil surface in the clay

soil.

5.2 Laboratory Experiments
The distribution of moisture and C1 in vertical soil columns with
27% moisture and 107 KC1l for 5 and 10 days under isothermal conditions

( at room temperature ) are shown in Fig. 15. Neither moisture nor the

Cl™ ion moved under the influence of gravitational force alone. The ex-
istence of an air gap within the soil column also did not affect the dis-

tribution of either moisture or the C1 ion under isothermal conditions.
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5.2.1 Effect of Moisture and Salt Concentrations on Thermal Mass Transport
All of the soil columns employed for this study were placed verti-

cally with the cold side on the bottom.. As far as stability of soil

moisture was coﬁcerned this geometrical arrangement was‘the most stable

configuration. Initial moisture contents of 23, 27 and 32% were chosen

for the study of the effect éf moisture content on water movement under
a temﬁerature gradient. The temperature distribution of the soil columns
reached steady state several hours after the thermal treatment was initi-
ated. The resulting temperature profiles for soil columns with initial

moisture contents of 23, 27 and 32% are shown in Fig. 16. The temperature

distributions were nonlinear and increased assymptotically with increasing
distance from the cold end. This nonlinear~temperatur¢ distribution was
mainly due to incomplete insulation and non?uniform mqisture distribution.
Lven when identical temperatures were imposed on all of the soil columns,
the temperature distribution was different. The differences in tempera~
.ture distribution patterns among the different moisture contents and be-
tween the columns with and without an air gap at the same initial moisture
content could be due to the effects of moisture content on thermal con-

ductivity.

For the purpose of clarity, soil columns without an air gap will be
called centinuous soil columns and those with an air gap will be called
discontinuous soil columns. The distribution of continuous patterns of

moisture in the soil columns 10 days after initiation of the temperature

treatment are shown in Fig. 17. Theré was very little or no net water
flow in the soil column with an initial moisture content of 23%. A rela—
tively greater net moisture transport to the cold end was found in the

column with 277 moisture content than in the soil column at 32% moisture




35

30

 TEMPERATURE (°¢)

CaAY s

®*——x% 237 H_O without gap

2
® e 27% H20 with gap
o—o 27% HZO without gap
8——-a 327 H20 with gap

| 1 {

Fig. 16.

1 !
3 6 9 12 15
DISTANCE FROM COLD END -(CM)

Temperature distribution in soil
colunns with various initial mois-
ture contents after 4 hours of
thermal treatment.

85




86

*(PoppE 3TBS OU) jUSWITRA] TBWISY] Jo sAep (] I91jE .
de8 Ite 3InOY3lTA 10 YITM SUUNTOD TEOS UT UOTINGTAISIP SANISTOR LT *81a

(W) aN3 @109 Wo¥4 IINVISIQ (WJ)  aN3 Q102 Wo¥4 3INVLISICQ
i Zl 6 9 £ 0 Sl 4! 6 9 3 0

(= : T T ¥ - T T

T T L i 4

0¢

]
iz

oy

LY
(O

]
O

L
09

N~
3

o o Z
%26 = 0O°H V——9  %/Z7 = 0°H X—x 967 = O°H o—— o

(]

(]

05 Ch 0¢ 0z
"M A8 FYNLSIOW %

09

oL




content (Fig. 17). Moisture gradients, directed from the cold end to the
warmer part,‘formed in the soil columns. The magnitude of the gradient
was greater at 277 moisture than at 32%. Smaller moisture movement in
relatively dry and wet soil columns as compared to intermediate moisture
content under a temperature gradient was also found by Gurr et al. (1952).
The drying moisture characteristic curve (Fig. 18) indicates that at‘23,l
27 and 327 moisture content soil water was held at tensions of 1732, 565
and 282 cmrHZO suction, respectively.

Moisture transport to the colder region was gréater in the discon-
tinuous soil column ( an air gap in the middle of thé column ) than in
the continuous soil column ( no air gap ) (Fig. 17). The air gap was
used as a semipermeable membrane to vapor. The greater water movement
in the discontinﬁous column as coﬁpared to the continuous column sug—'
gested that the moiéture moved to the cold gnd in the vapof phase and the
refurning liquid flow did not cross the air gap. If there was no feturnof
liquid flow'gn the closed.soil column the rate of moisture flow should be
equal for columns with or without an air gap under the influence of an
identical thermal gradient. The higher ﬁater transfer in the discontin-

uous column was explained on the assumption that the gap prevented the

.return'flow of liquid condensed at the cold region. In addition to the

above explénation; a slightly higher thermal gradient between the endélof
the air gap, more air spaée t more than 50%Z ) and larger pores for vapor
flow at both ends of the air gap than in the soil itself could partially
contribute to the greater water movement in the discontinuous soil column
as compared td.the continuous soil column. Vapor movement in the soil
column under a temperature gradient was an important mechanism for soil

water movement. The vapor pressure of free water at various temperatures
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is shown in Table 8. The relative humidity of the soil atmosphere under

suctions of 0 to 15 bar decreases from 100 to 98.8%.

error, the values in Table 8 could be directly used to describe vapor

pressures in the soil column. The vapor pressure changed from 4.715 mm-Hg

at the cold end to 21.583 mm—Hg at the warm end for the column with 27%

moisture. The average vapor pressure change was about 0.733 mm-Hg per de-

gree in the temperature range of 0.5 to 25 C.

TABLE 8 - SATURATED VAPOR PRESSURE -OF WATER
AT VARIOUS TEMPERATURES

T C

10
15
20

25

Pressure
mm~-Hg

4.579
6.543
9.209
12.788
17.535
23.756

KC1 wa§“employed not only as a vapor pressure depressor but also an

indicator of liquid water movement. The vapor pressure of an aqueous so-—

lution of KCl at various concentrations is listed in Table 9. The change

in vapor pressure by the addition of KCl seemed 1less important than the

" change in vapor pressure due to a temperature gradient. Because of the

possible difference in the behavior of NO

3

and Cl—, the behavior of NO3

and C1 was compared. Chloride concentrations of 0, 10 and 20% based on

soil ‘solution were used. The distribution curves of moisture content and

Cl concentration for columns at 27% initial moisture content and 10 days

of thermal treatment are shown in Fig. 19. Moisture movement was only

slightly affected by changes in salt concentration for both continuous and

discontinuous soil columns (Fig. 17, 19).

There was only a 57 difference

Within experimental

s




TABLE 9 VAPOR PRESSURE OF AQUEOUS SOLUTIONS

oF kc1®
Concentration
moie/l
0.0
0.5
1.0

2.0

% From Smithsonian Tables.

*% At temperature 100 C.

k%
Pressure

mm—Hg
760.0
747.8
735.6

711.2
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in vapor pressure when salt content was varied from O to 20Z KC1l. The
effect of temperature upon vapor pressure was much greater than the ef-
fect of salt concentration. Therefore there were no observable effects

of salt content on water transport. The salt content also had no or very

little effect upon the temperature distribution which was the same as the
temperature disfribution of the soil column without salt (Fig. 16).

The Cl1 ion moved to the warm end. Thé amount of C1 transport was
different for the 10 and 20% KCl treatments (Fig. 19). The relative a-

mount (%) of Cl™ moving away from the cold end was the same for columns

with differenf salt content. The difference in the magnitude bétween the
two was caused by the differences in the initial salt content.. Conse- .
quently the gradient of salt distribution was greater with the 20% than
with the 10%Z KCl treatment. The salt was almost depieted at the coldest
end and transported toward the warm end. It was, however, noticed that

the concentration of Cl_, based on soil weight, at the warmest end of the

column was not the highest. The maximum concentration of C1 was located
at a distance of 4 cm from the cold end in the continuous soil columns
treated with 10 and 20% KCl. The C1 gradient was very great in the colder

portion of the soil column and very small in the warmer part. Chloride

distribution was very similar to the distribution of temperature in the
column. Thus it is possible that the greater salt gradient was due to a
greater temperature gradient.

The results obtained-using the discontinuous soil columns showed that

the movement of the Cl ion was similar to that obtained for continuous
columns for both the 10 and 20% KCl treatments. The only difference was
that the C1 concentration, based on soil weight, was higher at the gap

-than that observed with continuous columns. This was expécted since the




change when the duration of the thermal treatment was varied (Fig. 19

93

gap behaved as an impermeable barrier to the C1, According to the theo-
ry of internal gircular water movement and the assumption that the CI_
moved only with the liquid water, the rate of Cl movement should be
greater in the cold region of the discontinuous column than in the contin-
uouéicolumn. However, Fig. 19 showed that the movement of C1  in the
colder half of the soil column was smaller in the discontinuous columns
than in the continuous column. This result might be due to the higher
moisture content in the colder region of the discontinuous soil column
than that in the continuous column. Chloride movement could also take
place by some other means such as by the Sorgt effect.

The rate of C1 movement expressed on a soil solution basis was
‘greater than when expressed on a dry soil weight basis. This could be .
due to C1 moving to the warmer end and water vaihg to the cold end.

The C1  concentration curves based on dry éoil weight showed that there
was almost no Cl movement in the warmer part of the discontinuous column.
The moisture distribution of the continuous soil column did not

s
20). Thus, water movement under a temperature gradient reached a steady

state after 5 days of temperature treatment in a closed soil column.

‘However, a steady state was not attained for a closed soil column with an

air gap even after 20 days. The amount of moisture.moving to the col&
region increased with time. This indicated a c1rcular movement of water
in the closed contlnuous soil columms.

Chloride transport did not reach steady state for either continuous
or discontinuous soil columns at the end of 20 days. Chloride continu-
ously moved towards the warmer end with tiﬁe. The distance from the cold

end to the point where the Cl~ concentration was below its initial value
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or the zone of Cl1 depletion increased with time. For the discontinuous
system, the Cl also continuously moved to the warmer end in the colder
half of the column with time. In the warmer half of the discontinuous
system the Cl  seemed to stay stationary.

In the soil column with 20% KC1 similar results (Fig. 19, 21) were
obtained for both C1 and moisture movement. After 20 days of thermal
treatment the point.of maximum Cl concentration on a. dry soil basis was
at a point 8 cm from the cold end for the 20% KC1 golumn whereas the zone
of maximum C1~ concentration was found at the warmeét end for the column
treated with 10% KCl. Therefore, it seemed that the éalt concentration
did affect salt transport but did not affect net water transport.

As the moisture content increased, the effect of changing salt con-
centration on the moisture movement was negligible»(Fig. 22). However the
percentage of moisture transfe . decreased as the initial moisture con-

tent increased for both continuous or discontinuous soil columns (Fig. 19,

~ 22) .. Water transfer in the continuous column reached a steady state

afterJS days of thermal treatment.” For the discontinuous column a steady
state for water movement was not attainea‘even at the end of 20 days
(Fig. 22, 23, '24).

.Chloride movement in the soil column at 10% KCl was different from
thét of 207 KCl. For'the continuous soil columns the concentration of Cl~
on a soil basis was neafly constant from 6 cm onward winh 10% KcC1. fnere
was.ajmaximum concentratio_n of C1™ at the warmest end for 207 ’KCl after 10 days
of treatment (Fig. 22). The C1  moved continuously to.the warm end even at the

end of 20 -days for both the 10_and 20% KC1 treatments. The position of maximum C1

concentration did not éhange but the number of l-cm soil sections with C1

Concentration below the initial concentration increased with time for the
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20% KC1 treatment. The Cl distribution patterns in the discontinuous
soil columns at 32% moisture with 10 or 20% KC1 were different from that
of columns at 27% moisture content (Fig. 20, 21, 22, 23). A maximum C1

concentration was always found in the middle of the colder half of the

column with 32% moisture content (Fig. 22). The Cl concentration on the
colder end of the warmer half of the column was found to be higher than
that of other parts of the warmer half (Fig. 22, 23). This characteris-

tic was more pronounced in the soil columns with the higher KC1 content

and persisted in all of the columns regardless of treatment duration.

The percentage of Cl1 movement was ﬁuch smaller in the soil column with
the higher moisture content than that with low moisture content for both
the 10 and 20% KC1 treatments.
5.2.2 Effect of Freezing Process on Mass Transport

In this study, the temperature of the cold end on the bottom of the
soil column was -19 C. TheAteﬁperature distribution curves in soil col-

umn at 27 and 32%~initia1 water content 10 days after application of a

temperature gradient are shown in Fig. 25. There was some difference in
the temperature distribution of the column between the two initial mois-

ture contents. The difference in the thermal gradients was mainly due to

the effects of moisture content on soil heat capacity and soil thermal dif- |
fusivity and different boundary conditions. 'The frost penétrated up to
6 cm from the bottom. The 5 to 6-cm section from the bottom was not fully

frozen, with frost being present in only the central part of the section.

This non-uniform freezing along the cross section of the column was due to
insufficient insulation. The temperature gradients in this experiment
were much greater than that in the unfrozen columns used in previous

experiments. The temperature distribution was curvilinear.




TEMPERATURE (°c)

...]5

-20

- 1 ! 1 1
0. 3 : 6 9 12 ‘ 15
B DISTANCE FROM FROZEN END  (CM)

Fig. '25. Temperature distribution in soil columns with temperature
gradients of -19-to 22 C (initial moisture contents:27 and 32%).
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The redistribution of moisture in the soil columns with 27 and 32%
initial moisture contents 10 and 20 days after frost treatment are shown
in Fig. 26. The patterns of moisture distribution were quite different
from that of the soil columns without frost. Aléo the patterns of mois-—
turé distribution was not the same in the column with high (32%) initial
moisture content as in the column with a lower (27%) initial moisture

content. The difference in the moisture distribution between frozen and

unfrozen columns was due to higher temperature gradients in the frozen soil

column and the retention of water at the frozen end by the freezing proc-

ess. In the columns with 277 initial water content the maximum moisture
content was found at the coldest end, whereas, the position of the
highest moisture content was 16cated at the middle of tﬁe frozen portion
for the columns at the higher (32%) initial moisture content. This dif-
ference between the two>initia1_moisture contents could.be attributed to
the formatiqn of different'kinds of frost. A léss permeable frost was
probably formed iﬁ the column with the high moisture content. The mois-
ture content was uniform throughout the unfrozen portion of the soil col-
umn at both moisture levels. As the frozen period increased from 10 to
20 days the shape of moisture distribﬁtion curves did not change. how-
ever, water‘continuously moved té the frozen zone at both moisture levels
(Fig. 26). The frost front also moved upward ébout 1 cm. The moisture
content in the unfrozen zone decreased and a very small moisture gradient
was created. Steady stafe conditions for moisture movement and frost
penetration was nét attained at the end of 20 days.v The relative rate sf
water movement-in the soil column with a high moisture content Waé
smaller‘than in columns with a low moisture content.

Chloride movement in the soil column with frost formation was

102




103

(4-01 X Wdd) 1I0S ABT NI NOILVYLNIONOD _(9
51°0L 0L°'g S2°/L 08°S S$E'y 067 $4°1 00°0

T

(4-01 ¥ Wda) Y3Lvm T16S NI NOILVEINIOROS _1d

50'51 06°Zi SL*0L 09°8 $4°9 OF'y §(°Z 0070

¥ T H ¥ T .
~~ Jw
—

o )
3 5
~ o] - N
58 3¢ -
- O~ O
(@] i N N .
Q imon o 4o
— O W
2o
[« BE
0
~~ I ™
o
ar
o
wn o
N’
ha B ¥ oY
i —
) o
>
® U 48
e »e
S~
-~ N o~
A 4 o
- O &
g ,
° .

o~ = 0

o)

x
- M

x
{, 1 ! 1 L i 0
(74 09 08 Ch 0¢ 0z 0} 0

"M A8 JUNLSION %

" DISTANCE FROM COLD END

(CM)

Adro_ X zmmv T10S AT NI NOILYYLINIONOD

12
S51°01-0L°8 §Z°L 08°9 St€'w 06'2 §7°1 000
T { 1 T . I T 1
A:Moﬁ X Wdd) ¥34¥M TI0S NI NOTLWYINIONDD _12
50°SL 06°Z1 SL°01 09°8 §4°9 0% §1°Z 00°0
I i i LIS 1 i i
se -
o
)
il -
i
QO
R
]
>
Y
i) -
AR
O N O
— )
oo N
O W .
O N
M
i 1 1 i 1] I
0L 09 09 Ot ot 02 01 0

‘LM A8 JYNLSION %

15

12

DISTANCE FROM COLD END

(cM)

Moisture'and>C1_ distribution in Ca

soil columns with a frozen end.

(NO3)9 and KCl-treated -

Fig. 26.




104

different from that in the soil célumn without frost (Fig. 19 and 26). The

I

Cl  ion moved to both cold and warm ends. The amount of Cl_ ion movement
to the warm end was much smaller than that to the cold end. The amount

of C1° ion movement to both ends increased with increasing time of frost

treatment. The relative rate of Cl1 movement in the soil column with a
low moisture content was greater than that in columns at a high moisture
content. The increase in Cl concentration on a dry soil basis in the

frozen zone indicated that the water moved to the frozen zone in the lig-

uid phase. The Cl1  concentration based on dry soil weight increased to-

wards the coldest end in the frozen zone. This demonstrated that the un-
frozen water in the frozen zone moved to the coldest end. The minimum

c1 concentration on the soil solution basis was found near the frost

i
|
f
i
|
{
!
i

front. This indicated that water movement was greater than Cl_‘moVement.
The greater movement#ofywéfer_as;compared to C1 was an indication of the
importance Qﬁ vapor movement in the water transfer. The slope of the Cl
concentration cufve based on the soil solution was greater than that
based on dry soil weight in the unfrozen zomne i.e. moisture moved out
from the unfrozen zone faster than did C1 . This result also indicated

the presence of water vapor movement.

Little or no moisture gradient existed in the unfrozen zone after 10
days of thermal treatment. Thus the return liquid water flow to the warm
end was negligible if it occurred at all. If C1 moved with liquid water,

Cl . should not accumulate at the warm end. = However, the distribution

curve of C1 showed there was an accumulation of Cl1 at the warm end.
Even in the soil columns incubated for 20 days, the small moisture gradi-
ent that was observed could not account for the amount of C1 that moved

during the thermal treatment between 10 to 20 days. This result seemed
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to indicate that C1 transport under the influence of a thermal gradient
could not be a simple convective process alone.

The mégnitude of mass transport induced by a thermal gradient was
ﬁuch greater in the‘soil column with the cold side temperature below
freezing point than in columns without freezing. The greater thermal
gradient and the effects of the freezing process in the frozen soil prob-
ably account for the difference. The effects of moisture content upecn
mass transport in the soil column with or wifhout freezing were, however,
similar. | |
5.2.3 Effect of Stability Configuratioﬁ on Mass Transport

The vertical column with the cold side on the bottom is the most sta-
ble geometric configuration_because‘the density of water is maximum at 4 C.
Liquid convection - due to gravitational force and temperature gradients
will not take place in this type of a soil cblumn cqnfiguratién if the
.soil was saturated with wéter. Convection would take ﬁlace'in a vertica;
soil column with the cold end on the top. The direction of liquid flow is
shown in Fig. 27. The liquid water moves upwards near the side and down-
wards in the middle of the column if it assumed that the soil temperature
near the wall was higher than that_in the middle of the column due to im-
perfect insulation. The stability of a horizontal column is much more
complicated than that of the vertical colﬁmn‘ The liquid water moves .
downwards on the cold end then flows toward the warm end. On the warm end
the water moves upwards then moves to the cold end to complete the circu-
lation.,

The'redistribution curves of water in these three different configu—.
rations of soil columns with or without an air gap were very similar (Fig.

19, and 28). The Cl1 distribution was the same for the vertical column
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columns after 10 days of thermal treatment (initial

H,0 = 27% and KC1 = 10%).

Moisture and Cl

Fig. 28,




with cold end on the bottom and the horizontal column. This provided ev-
idence that the possible liquid circulation in a horizontal column, if
there was any, could be similar to that of the stable configuration. How-
ever, in the soil column with cold end on the top the Cl  distribution
was different from the others. The minimum in Cl— concentration was
found 1.5 cm from the coldest end for the gontinuoug vertical column with
cold side on the top (Fig. 28). TForces responsible for the above distri-
bution of C1 were not apparent by the instability of its geometric con-
figuration. For the discontinuous vertical soil columns with the cold
end on the top there was no Gl concentration gradient in the warmer half
of the column. There was also no Cl  concentration gradient (Fig. 19 and
28) in the warmer half of the horizontal column. In the colder half of
the column the C1 concentration gradient was greater in the discontinu-
ous column ﬁith cold end’on the top than in that with the cold end on the
bottom. The greater C1 movement in the colder half of the column with
the cold sidé on the top could be attributed to an unstable configﬁration
and an increase in liquid water circulation. The fesults obtained with
the horizontal column were similar to tﬁat of the most stable configura-
tion. Behavior of the NO; idn was identical to the behavior of the Cl
ion. This study clearly showed that differgnces in geometric configura-
tion affécted salt transport. Moisture movément was similar in all thé
various geometrical configurations.

The moisture distribution was different whén the.top versus the bot-
tom of a vertical column was frozen (Fig. 26 and 29). The rate of water
movement was smaller in the unstable soil éolumns ( coid side on top )

than in the stable soil column ( cold side on bottom ). The depth of

frost penetration was smaller in both horizontal and unstable vertical
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columns than in the stable column. The moisture content was uniform
throughout the unfrozen portion of the unstable columns. The salt dis-
tribution curves of the vertical column with the freezing end on top and
the horizontal column were similar. Ho&ever; they were different from
‘that of the most stable configuration (Fig. 26 and 29). As noticed be-
foré there was a very small salt'concentration gradient in the unfrozen
zone of the most stable column after 10 days of thermal treatment. Ex-
cept for the three warmest sections the concentration gfadienﬁ of salt in
unfrozen zone of the soil coiumn with the unstable configuration was
smaller than that in the column with a stable.coﬁfiguration. The salt
concentration gradient based on dry soil weight in the frozen zone of the
unstable soil columns was greater tﬁan in the stable columns. This dif-
ference 1nd1cated that the rate of Cl movement in the frozen zone.was
smaller in the stable column than in unstable.columns. The concentration
of salt on a soil solution basis in the frozen zone also showed a minimum
conéentratio;maf the frozen front. The pattern of the salt concentration
dlstrlbutlon based on dry soil weight in the unfrozen zone showed that
the salt movement had some of the characteristics_of a pushing process.
This will be discussed later in this chapter. |

5.2.4 Effect of Air Gap Léngth and Position on Mass Trénsport

The air gap employed for the previous studies was 0.5 cm and always

_placed in the middle of the column. The temperature gradient in the

warmer half of the soil column was very small (Fig. 16). An experiment
was therefore.conducted to maintain a substantially larger thermal gradi-
ent in the.warmer part of the soil column by placing air‘gaps of various
sizes at various positions to stop the return flow of liquid water. The dis-

tribution curves of moisture, Cl1 and temperature for a column opeh on the
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top end and with an air gap placed at the ice-water phasé‘boundary are
shown in Fig. 30. In the colder part of the column, the highest moisture
content was found near the gap. This indicated that transport of the un-

frozen liquid and vapor within the frozen zone was smaller than the rate

of conaensation of vapor at the frost front.. Liquid transfer within the
frozen soil could be observed by tﬁe fact that there was an unequal C1
distribution within the frozen zone. Some Cl_ was transported from the
warmer portion to the colder portion within thé frozen zone. _Thefe was a

great moisture gradient in the unfrozen portion with a maximum in mois-

ture content located near the gap. This moisture redistribution was
caused by a greater rate of moisture movement from warm to cold end than

that of vaporization and transportation to the freezing front through the

i gap. In the unfrozen portion of the column, Cl1 was depleted in the

colder portion and trénsported‘to the warmer region (Fig. 30). The phe-

|
% nomena was- characteristic of a pushing process. - If only the salt was
i pushed toward the warm end the concentration of the salt at the warm end |

would increase resulting in depletion of salt at the cold end. -The con-

centration of salt in the middle of the column would remain nearly con-

stant. With prolonged time the concentration gradient would be exponen-

tial in form. Due to the great moisture gradient within the unfrozen
portion return flow in the liquid phase was possible. However, if a
pushing process had occurred the C1 distribution curve indicated that .

the process was in its relatively early stage.

The results obtained by changing the position and length of air gap
and using air dry soil in the cold compartment indicated that the mois—
ture accumulated near the gap at the colder region and only a very small

amount of water moved toward the coldest end (Fig. 31). Vapor movement
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within the frozen zone was negligible even though the porosity was not
limiting vapor transport. This confirmed the finding that in a soil col-
umn subjected to a thermal gradient, moisture transport does not take
place directly ffom the warmest end to the coldest end. The transpoft
was a sequence of vaporization and condensation processes occurringAbe—
tween the nearest neighbor volume elements. The moisture gradient in
this case was smaller in the warmer portion than that observed in Fig. 30.
Eviderﬁ:e of  the pushing process in salt movement was also Quite pro-
ﬁounced (Fig. 31). Again return flow of liquid water was possible due to
the relatively high moisture gradieﬁt. A comparison of the relative mag-
nitude of movement of moisture and salt Between the different set-up was

not feasible because the conditions of every column were different. The

increase in moisture content and no detectable presence of C1 1in the

colder region of the column (Fig. 31) showed that only vapor moved across
the air gaﬁ. | |

For the third study a l-cm air gap was used but different thermal
gradients were employed. The thermal gradient became steady 3 days after
the application of thermal treatment. The steady state temperature and
mass distribution are shown in Fig. 32. The soil on the cold side of the
gap was frozen and that on the warm side was not frozen. There was no
detectable amouﬁt of water in the gap. The water content of the soil on
the cold side of the gap was lower than on the warmer side of the gap.
This indicated that the rate of water transport in the colder region
( frozen zone ) was greater than that of vapor transport across the air
gap as evidenced by the transport of Cl_, based on soil weight, from the
warmer part of the frozen zone to the coldest region. The high demand.

for water in the colder side could prevent the accumulation of water
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which could create the moisture gradient to cause liquid moisture return
flow in the warmer part of soil column.
The moisture gradient in the warmer region was very small or negli-

gible. The difference in moistum content between the cold side and the

"warm side of'the unfrozen region was slightly over 1% (Fig. 32). The

moisture in the warmer region was under about 1738 cm—HZO suction. The
liquid water flux due to this moisture gradient under isothermal condi-
tion could be calculated using the relationship between hydraulic con-

ductivity and pF relationship shown in Fig. 33. The value was found to

 be around 0.0141 cm3/day cm2 i.e. 0.0448 cm/day linear velocity; The

liquid water flux against the thermal gradient wasvexpected to be smaller
than the calculated value.

If the average distance of C1 depletion was chosen as 2 5 cm ( from
5 cm to 7 5 cm distance from the frozen end in Flg 32 ) and it is as-
sumed this was due to return liquid water movement, the flux and the 1lin-

ear veloc1ty of water Would be 2.5 x 0.225 x 1.4 x 1/10 = 0.0788 cm /day
cm2 for flux and 2.5 x 10_1 = 0.25 cm/day for linear velocity. 1In the
calculation the moisture content was assumed to be 22.5% and the bulk
density to be 1.4 during the 10 day period. Thus the Cl exclusion of
approximately 2.5 cm from the air gap during the 10 day period could not
have been caused solely by the 11qu1d water flow which was initiated by
the moisture gradient. The C1 concentration distribution curve seemed
to be the result of a pushing process in the closed column due to the
thermal gradient. 'The pushing process of salt movement in a closed so-
Jlution system has been described by de Groot (1942) and Cho (19753. The

pushing process is diagramatically shown in Fig. 34. The salt content

was 1n1t1a11y uniform throughout the Whole column (Flg 34a). If the

* C. M Cho, unpublished work.
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Fig. 33. Hydraulic conductivity (Ky and pF relation curve
- of Wellwood clay loam.
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"coldest section was filled with air dry Wellwood soil acting as a water

air gap (Fig. 31) was almost equal to that across a 2-cm air gap (Fig.

119

pushing process due to an external force took place without diffusion the
salt distribution would be similar to that shown in Fig. 34b. If the
salt movement were due to a pushing process along with diffusion the salt

concentration curve should be like that shown in Fig.34c. Finally the

steady state concentration profile depicted in Fig. 34d would result. It
is noticed that the concentration would increase exponentially from the
cold to the warm end.. If the system was open on the warmer end the dis-~
tribution of salt would be completely different_(Fig° 35). There would

be no reflection of the transported salt at the warmest end since there

was no wall. As was mentioned before some of the previous results showed
a pattern of distribution of salt similar to that of Fig. 34c. It was
thus assumed that the pushing process was operativef As the rate of re-
turn flow in the liquid phase decreased in the unfrozen zones (Fig. 30,
31 and 32) the characteristics of ﬁushing process became pronounced. In
the results shown in Fig. 32 1liquid flow to the Qarmest end was unlikely,
and hence, the C1 distribution was probably the result of a pushing
pEocess.

In thg féurth study the length of the air gap was increased to 2 cm

and placed in between the 2nd and 3rd sections from the coldest end. The

sink. There was moisture transport -across the air gap into the dry soil

- (Fig. 36) as was observed in Fig. 31. Moisture transfer across a l-cm

36). Evidently the length of an air gap did not play an important role
in the vapor transport across the gap. The moisture gradient in the un-
frozen zoné was very small (Fig. 36). The.return flow, if any, to the

warmest end would be very small. The c1” distribution pattern showed a
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typical pushing process combined with diffusion as was observed in the
result using uniformly wet soil (Fig. 32).

The study revealed that salt movement under g thermal gradient might
be due to both convection and segregation, or a pushing process. Thus,
‘the use of Cl as a tracer of liquid flow under a thermal gradient should
be carried out with great caution.

The behavior of NO; was similar to that of Cl as was obsérvedvprevié
ously. There was no denitrification during the experimentél period ana
this could.be due to the sterilizing or inhibiting effect of the high salt
concentration upon soil micro-~organisms. The recovery of added NO; varied
from 95 to 100%.- If NO; was subjected to some chemical reaction the be-
havior of NO; would be expected to be different from that of Cl—,

5.2.5 Simulation.of Natural Conditions |

The steady state temperature distribution throughout soil columns
subject to simulated conditions for the first and second 10 days were
slightly different. The temperature distribution during the first 10 days
was identical to that showﬁ in Fig. 25. The temperatﬁre curve fo; the 2nd
10 days is shown in Fig. 37. The resulting distribution of moisture and
c1 after 20 days of reversed thermal treatments are shown in Fig. 37.

‘The results obtained from this s0il column wefe different from that of the
soil column with only the bottom end frozen for 10 days (Fig. 26). The
depth of frost penetration was less and a.smaller amount of water moved
to the frozen zone in this soil column. When the botfom of the column
started to freeze after the reversal of the thermal treatment the top end
was still frozen. Therefore the moisture content was not uniform and the

amount of moisture available for movement was considerably reduced. Also

the changes in temperature gradient dufing the 2nd 10 days were
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éomplicated and different from that of the soil column with only the
bottom end frozen. All of these factors could account for the differ-
ence in the moisture movement between these two kinds of treatment.
However, the shape of the moisture distribution curves were similar

in these two different treatments. There was no moisture gradient

in the unfrozen zone.
The C1 distribution curve (Fig. 37) showed that there were two
maximum points with one located at each end of the column. This digtri-

bution was not observed when only the bottom of the column was frozen

(Fig. 26). The cold end at the termination of the experiment corre-
sponded to the warmest end at the termination of first 10 days of thermal
treatment. The Cl which accumulated during the first 10 days at the

warm end was eVidently‘partially trapped and remained there during the

Seécond 10 days of thermal treatment.

Changing the direction of the thermal gradient had a great effect on

mass transport .in a closed.sbil column. This suggests that the tempera-
ture change from winter to sbring also results in a redistribution of
soil moisture and salts in the soil profile.

5.2.6 Open System |

All the experiments excépt one result shown in Fig. 30 were con-

ducted in a closed system in which energy but not mass could be trans-
ported into or out of the system. In this study the soil columns with

an open top were used. The temperature distribution curve of the soil

column with an open top at the end of a 10 day thermal treatment is shown
in Fig. 38. The temperature of the cold side on the top was ~above
freezing. The temperature gradients were smaller in the first 3 cm than

in the rest of the column.
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‘end of the 10 day treatment the frost penetrated 8 cm. The surface soil

125

The moisture content increased slightly from the warm end to the cold
end except for the surface section. The drop of moisture content on the
surface was probably due to water vaporization from the soil surface.

There was a net loss of soil water from the system.

The C1 distribution showed that there was a minimum concentration
near the 3rd and 4th sections (cm) from the top. The distribution curve
below this point was very similar to those obtained in Fig. 28 and 29
with the exception that the degree of " pushing'" was greéter for the

results shown in Fig. 38. Opening the top in order for vapor to escape

evidently did not héve much effect upon condensation and possible return
of 1liquid flow as compared to the closed system. The decreasea Cl con-
centrétion within the top 3 cm could have been due to dilution and dif-
fusion of C1 from this zone to the position of minimgm Cl— éoncentra—
tion where -the maximum temperature-gradient existed.

As the‘ﬁempérature on the top end was decreased to below the

freezing point the top 3 cm of soil froze simultaneously and the temper-

ature gradient for this 3 cm of soil was very small (Fig. 39). At the

moisture content was smaller than the initial water content due to vapor

loss from the surface. It was evident that the rate of moisture move-
ment to the surface was smaller than the vapor loss from the surface as
there was accumulation of water within the frozen zone. Because the top

3 sections were frozen simultaneously and the gradient was small the wa-

ter movement in the top 3 cm was small. The moisture accumulated at the

4th section. The moisture gradient on the unfrozen zone was very small.
The C1 concentration curve (Fig. 39) showed that there was no C1 move-

ment into or out of the top 2 sections. In other words the liquid water
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flow was very small within these sections. Both higher moisture content
and Cl— concentration in the 4th section than in 3rd section from the
top indicated that the vapor and unfrozen liquid water flow toward the
4th section took place dﬁring and/or after the freezing process. The
patterns of moisture content and Cl concentration distribution from 4
cm déwn to the bottom end were similar to the result of a.closed frozen
system (Fig. 26).
5.2.7 GeneralbDiscussion

The results obtained indicated that moiSUnxaand salt tranqurt took

place due to imposed thermal gradient. Moisture always accumulated at

the colder region as a result of movement from the warm region. The

quantity or the rate of transport of moisture was definitely related to
the thermal gradient. The rate was greater with a higher gradient. It
seemed, however, the moisture distribution might not be directly related

to the-water flux because of the—internal~circulation of soil moisture.

The steady state moisture distribution in a closed soil system un-. .

der nonisothermal conditions could be obtained if there was no flow of
water or if fluxes dﬁe to various forces were equal in magnitude but op-
posite in directions. With a closed continuous soil column with the
cold end at a temperature above ffeeziqg a steady state moisture distri-
bution was obtained 5 days after thermal treatmenf. To observe the
mechanism of causing the steady state moisture‘distribution, an air gap
was used for blocking'liquid water flow. In addition various salt con-
centrétion were used to decrease the vapor ﬁressure. The éhanges in the
salt distribution was used as an indicator of liquid wéter flow. ﬂnder
a thermal gradient Cl in the cold end moved toﬁards the warm endT The

redistribution of moisture in the discontinuous soil column and C1
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concentration in both continuous and discontinuous soil column indicated
that steady state conditions for both moisture and C1 were not attained
in 20 days. The results suggested that vapor movement from warm end to

cold end was an important transport mechanism and that a circular water

. movement as a result of vapor moving to the cold end and liquid water

returning to the warm end, might result in a steady state moisture dis-
tribution in a closed soil system. This conclusion was based on the as-
sumption that Cl1 moved only with liquid water. Chloride movement under
a thermal gradient in aqueous solutions is well known and is caused by the
Soret effect. A part of the Cl movement in the soil system under a
thermal gradient might have been due to the Sofét effect the extent of
which was not known. When the liquid return flow Wgs'blocked by the air
gap, a.uniform concentratioﬁ of Cl was observed iﬁ the warmer half of
the column. Such distribution did not exclude the possibility of the
preSénce of the Soret effect.since thermal graaient'in the warmer half
of the coluég.wéé also very smali.

A large thermal gradient and ﬁo moisture gradient in a soil column -
were needed in order to diétinguish c1 movement due to the Soret effect
from flow with liquid water. Therefore a combination of several tech-.
niques such as an air gapvwith the colder region ffozen; an air gap with
ﬁhe colder region frozen and opened, changing the air gap length and an
air gap with one side filled with dry soil below freezing temperature -
were used. The air gap was used to block the liquid water flow aﬁd the
freézing process served as a water sink. By using these techniques a
larger thermal gradient was obtained. The moisture gradient was very
small in the unfrozen portion of the column. The C1 redistribution

curve in the unfrozen zone showed the characteristic of the pushing

\
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- laboratory, a change in the freezing directions was simulated. The top

one end frozen. The soil column : with open top end was used as an open
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process along with the diffusion process.’ Calculations on rate of water
flow due to the small moisture gradient and rate of movement of C1 indi-
cated that the Cl movement was greater than that due to liquid water

flow alone. An additional mechanism such as the thermal diffusion of

salt or the Soret effect might be operative.
In Manitoba the direction of thermal gradients along with the posi-

tion of frost in the soil profile changes from winter to spring. In the

end of a soil column was frozen first then the bottom end was frozen

with thawing of the top. The results showed that the rate of C1 move-

ment to both ends was greater than movement in soil columns with only

system where both energy and water could enter or leave the column. The

moisture content of the soil column increased with decreasing temperature

except the open: end and Cl1 concentration distribution showed that a
minimum concentration of C1~ appeared at 3 and 4 cm from surface in the
unfrozen soil column. For the soil column with one end frozen the mois—

ture content distribution also showed the surface evaporation and the

maximum moisture content and Cl concentration were located at 4 cm from

the surface. The results could not be compared with the closed system
because the thermal gradients were different between the two systems.
The effects of the stability configuration of soil column under a

thermal gradient were studied. The redistribution of moisture and C1

were affected by the stability of the column configuration. In the un-
frozen soil column with the cold end on the top a minimum C1~ concentra-
tion was found at a distance from the top but in the stable soil column

it was located at the coldest end. There was a greater amount of Cl
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moving to the warmer end in the unstable soil columns than in the stable

soil column with one end frozen. The frost penetrated deeper in the

;stable s0il column than in unstable so0il columns. The effects of salt

concentration upon moisture movement were also investigated. It was

found that salt concentration had very small or no effects upon the mois-

ture movement under a thermal gradient.




‘period of spring-thaw. The depth of NO

6 SUMMARY AND CONCLUSIONS

The field experiment was designed to determine the magnitude of
transport of surface-applied NO; and C1  in two Manitoba soils. Calcium
nitrate and CaClz'were applied on the surface of Almasippi loamy sand at
the rate of 1681.5 Kg N or C1/ ha and on Oct.5,1973andJulyZL 1974, on
Red River clay on Nov. 2, 1973. The distribution of temperature, mois-
ture, NO; and C1 were determined at various time intervals throughbut
this study. Chloride was used to serve as a tracer of liquid water
moving through the soil profile.

The results showed that the seasonal variation in éoil temperature
at the fixed depth was a typical cosine function. The surface soil temper-
ature was higher than that of subsuffacg soil in spring and summer, how-
ever, the thermai gradient was reveréed in fall and_winter. The distri-
bution of soil moisture was found to vary with the seasons. It was gen-
erally observed that wheﬁ'the tempetature of sufface soil was higher than
that of sub;;rféce soil, the surface soil moisture content was 1ow¢r than
the subsurface soil moisture content. On the other hand when the surface
soil temperature was lower than the SubSurface soil tempefature, the
moisture content of the surface soil was higher than that of the subsur-

face soil.

The movement of surface-applied NO; and C1 was found to be governed

by the climatic conditions but also by soil characteristics. In the

Almasippi sandy soil the rate of downward movement of NO; and C1~ was

found to be very small in summer, fall and winter periods. Appreciable

downward movement of surface applied NO; and C1 took place during the

3

soil profile during this period was greater than could be affected

and C1_ penetration into the
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by melting snow alone.
In the clay soil the downward movement of surface-applied NO; was
very small throughout a whole year. The amount of NO; remaining in the

soil decreased with time. However, the majority of the remaining NO

3

stayed near the surface. Denitrification and immobilization were two

3

concentration in the soil made applied C1~ ineffective as a tracer of

possible causes for the decrease in applied NO The initially high c1

liquid water movement.

Six experiments were conducted in the laboratory in order to inves-

tigate the relative speed aﬁd direction of liquid and vapor flow and the
movement of dissolved salt under a thermal gradient in a soil column.
The effects of moisture content, salt conéentration, stability of soil
‘column and freezing process on the mass transpoft were also studied.

The results indicaﬁed that the moisture always accumulated at the
colder region of the column. Chloride ion, on fhe other hand, accumu-
lated at thé\Warmer region of the column. The results seemed ‘to indi-
cate that a éircular cqnveCtion~of soil moisture as the result of vapor 5

moving to the cold end and the liquid water, formed by condehsation of

vapor, returning to the warm end might be an important transport mecha-

nism in a closed soil column. The salt movement due to thermal diffusion,
the Soret effect, could not be investigatéd in an unsaturated continu-
ous soil columm.

The steady state moisture distribution in a continuous soil column

was attained within 5 days after the thermal treatment. The amount of
moisture transported under a similar thermal gradieﬁt was the highest
when the initial moisture content was 27% as'qompared to 23 and 32%. The

Cl™ distribution in a continuous column changed with time indicating a
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steady state with respect to Cl1 was not attained. Analysis of moisture
and C1~ distribution in a discontinuous soil column indicated that the
steady state was not attained within experimental period, 20 days.

In order to distinguish c1” movement due to the Soret effect from
convective flow, several techniques such as combining air gap length and
position with freezing process were employed. The primary purpose of the
use of these tecﬁniques was to block the return flow of liquid water that
was formed By condensation of vapor at the colder region. The results
indicated that the C1 ions were depleted at the colder region and accu-
mulated at the warmer region. The characteristics of the C1~ distribu-
tion curve resembled the compressed box function. against a wall due to
pushing process. The comparison between the calculéted rate of moisture
flow due to moisture gradient and the measured rate of C1 flow indicated
that the C1 movement was greater than moisture movement. It seemed pos—
sible that the therﬁal diffusion of.salt was operative.

The freezing process at one end of a soil column retained whatever

transported to that region. In the frozen zone the C1 concentration

based on dry soil weight was higher than the initial value, however, the

c1 concentratidn based on soil solution was lower than the initial con-
centration. The results indicated fhat water moved to the frozen zone
in both 1liquid and vapor phases and the vapor transport was the dominant
mechanism.
The stability configuration of a soil column had some effects on

the final distribﬁtion of soil moisture, NOE and C1 after thermal treat-
ment. The minimum in Cl™ concentration was located at 1.5 cm from the
coldest end in continuous unstable—configu;ation vertical column without

a frozen end. The rate of Cl movement in the cold region of a
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discontinuous vertical column without a frozen end was greater in an un-
stable configuration than in a stable configuration. The rate of water
movement was smaller in the columns with a frozen tof end than that in the
soil column.with a frozen bottom end. The results showed that the liquid

water circulation took place in the unstable-configuration soil column.

The results obtained by reversing the thermal gradient of a soil
column with time in order to simulate the natural freezing conditions

indicated the Cl1 movement was enhanced. The amount of Cl1 movement to

both the frozen and warm ends in these columns was greater than that in

the so0il columns with only one frozen end.

In one experiment, the top end of the soil column was co;d and
Oopened in order to let the vapor move out from soii to atmosphere. The
results showed the maximum in water content and the minimum in Cl con-—
Centration were not at the coldest frozen end of an bﬁen soil column.,
The rate of c1” movement to the warm end in a soil column without a p
frozen end was greater in the open system than in the closed system.

Mathematical formulation of vapor and liquid transport in soil un- § 
der thermal gradient was attempted. The formulation differed from the
previous analyses (Philip and de Vries 1957; Taylor and Cary 1964). 1In

obtaining the formulation it was assumed that there was no cross inter-

action between substances of different phases. Thus it was assumed that
the vapor flux was independent of s0il moisture content and vice versa.
An interaction term between vapor and moisture content arose because

of the production term i.e. rate of vaporization or condensation. The

equations were non-homogeneous, nonlinear simultaneous partial differ-
ential equations of parabolic type. No solution, either analytic or
numerical, could be found. Thus, no attempt was made to compare the-

oretical distribution curves with those obtained expérimentally.
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APPENDIX A

* Designations for all of the figures are as follows:
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APPENDIX C
List of Symbols

A area

a,b é;nstant

C volumetric heat capacity of soil

Ci ‘ concentration of component i

D difquivity of substances

‘DV diffusivity of vapor

D diffusivity of liquid water

D12 apparent diffusion coefficient for components 1 and 2

E internal energy

Ei specific internal energy of component‘i

Fi force component j

Gi flux of component i |

g gravitation §

H relative humidity g
| ﬁi specific enthalpy of éomponent i %
| h hydraulic head of soil water ;
| I unit tensor

J = total flux of substance ' o ;'
E jE , diffusive energy flux . g

ji diffusion flux of component i

js diffusive entropy flux

j;i diffusion flux of component i with respect to solvent

K hydraulic conductivity of soil watér

LX distgnce between two points

Le acute distance between two points

1 height of soil column

P pressure

Q .volumetric flow rate of fluid

q heat flux

R radius of - the capillafy tube

r

distance from the centre of the tube

Soret effect coefficient
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viscosity factor
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specific entropy

temperature

average yearly temperature of the surface soil
amplitude of the surface temperature wave

time '

volume

volume of component i
weight fraction
distance

valence of the ion

thermal diffusion coefficient

pore width factor

matric suction

porosity

shear viscosity coefficient
constant '

thermal conductivity

chemical potential

chemical potential based on liquid phase
center of mass velocity

linear velocity of component i g
velocity of the flow medium
mass density

saturated vapor pressure

liquid water density

vapor density
stress tensor
temperature difference

rate of production of component i

rate of entropy production
bulk viscosity coefficient
external force ‘

total water potential
frequency

thermal diffusivity




volumetric water content
phenomenological coefficient
gradient operator

gradient at uniform temperature

Laplacian operator
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