
THE UNTVERSITY OF I{ÆqITOBA

EFFECTS OF THER}{II^L GRADIET{TS TTPON

IUASS TRA}ISPORT IN SOTL

CHI CHANG

A TÉIESIS

SUBT"IITTE]] TO THE FACULTY OF GRADUATE STLÐTES

IN P,\RTIAL FULFILMENT OF THE REQUIREI'ÍEIìÏS FOR itiE ÐEGREll

DOCTOR OF PHI].OSOPHY

DEPARTYIENT OP SOIL SCIE¡ICE

WINNIPEG, ]"IANITÛBA

JANITARY, 1976

by

-.-l

'r:a-.

:t.;-ti..'.::Ì
,,,,;:l: ..,:.]



''EFFECTS OF THERMAL GRADIENTS UPON

FîASS TRANSPORT IN SOIL"

by

CHI CHANG

A clissertation sublnitted to tlle Faculty of Cracluatt: Sttrtlies ol'

thrr Univcrsity ol' Manitob:r irr partial l'ull'illnlcnt ol' tlrr: roqttirclncltts

ol'tl¡c tlcgrcc ol'

t)o('ToR oF PltlLosoPllY
@ t976

l)enuissioll hts bcc¡l gr:uttcrl to tltc LllllìAlìY Ol; T'llli LlNlVlilì-

SITY Ol; IU^Nl't'OllA t0 lcrttl or sell copies of this disscrtrttiott, ttr

the NATIONA L LIBRA lìY OF (lANAl)A to nlicrol'ihn tltis

tlissertation and to lend ol'sell copics ol'the l'ilnt, and UNIVUI{SITY

MICROFILMS to publish an abstrilct ol' this dissert¿rtion.

The ur¡thor rescrves other ¡rtrblicatioll rigltts, ancl lreitllr:r tltc'

{issertatiou nor eXtensivc cxtracts fronr it nray lre printed or t¡tl¡cr-

wise reprodr¡ced without thc ¿t[ttht¡r's writtclt ¡rertttissitln.



ACKNOWLEDGEMENTS

Sincere appreciation is extended to many organLzaLions and individ-

uals who supported my graduate study. In particular, I would like to

express my apþrecíation to the following:

I am deeply grateful Ëo my advísor, Dr. c.M. cho, for his help

throughout this study. Professor Cho generously shared hís ídeas and

his personal contributions are many more than I am able to acknowledge

ín this page. !JíthouË his guidance and consËant encouragemenË through-

ouË the entire period of my study, helping me wíth Patience and care ín

other maËters than study, this research Would not have been possible'

Partícipation ín several research projecËs with Dr. Cho provided excel-

lent opportunities in gaining research experience'

Specíal thanks are due to my dissertation commiËtee members' Dr.

G.i. Racz and Dr. R.A. Hedlin, for their thoroughly and patiently going

through from one draft to another and makíng imporLant suggestions to-

wards improvement. I am deeply indebted Ëo them. Thanks are al-so due

to Dr. C.F. Shaykewich, Associate ?rofessor of Soil Physics, UniversiËy

of Manítoba, Dr. D.E. Elrick, Assoeiate Dean of GraduaÈe Studies, Uni-

versity of Guelph, and Dr. G.K. Yuill, Professor of Mechanical Engineering'

UniversiËy of Manitoba, for their careful reading of the dissertation and

valuable suggestíons.

Appreciation is also extended to Mr. L. Hordo for his efforts in

obtaining field samples especially in the fteezi:ng cold winter and to

the Provincial Soil Testing Laboratory of Manitoba for the use of their

laboratory facilities.

I am grateful to the l{ational Research council, FaculÈy of GraduaÈe

Studies, University of Manitoba for their financíal suPPortr my graduate
i:-.i
!'..
,:'. : :



study and Computer Centre, Uníversíty of Manitoba for their providíng

computer funding.

Fínally, a special thanks is extended to my wife, Mei-Huey to whom

I am deeply indebted for her alert and excellent vrork in typing this

dissertatíon and for her help in many other ways throughout this study

and Ëo my parents for their sacrifice and encouragement.



ABSTRACT

A field study of the movement of NO, and Cl from surface applied
5

Ca(NO^)^ and CaCl^ \,ras undertaken on Red River clay and Alrnasippi loamy sand.- J-¿ ¿

The downward movement of NO] and C1-, the latter serving as a tracex f.or

uTater movement, \¡ras quite small from applícation of the salt ín July untíl

April of the followíng year when the ground thawed. At that time NO"- and

Cl moved to the Trater table.

The moistuïe contents of the soil- profiies in the fields were found to

be related to the soil temperature. The seasonal varíation in the soil-

temperatuïe at a fixed depth was found to be a typieal cosine function. The

amplitude of the cosíne curve decreased wíth soil depËh.

Laboratory investigations involved the study of water, NO, and Cl-

movement ín soil- columns of dífferent moisture contents incubated with and-

without a temperaLure gradient. Other factors studied íncluded the effect

of freezing one end of the column, ïeveïsal of temperature gradients, closed

versus open columns and contínuous columns as conPared to those r,rith an air

gap.

In a closed continuous soil column with a temperature gradienË but

without freezíng process, Ëhe movemerit of soil moísture vlas a circulation of

soil water as a resulË of vapor condensatíon at the cold end and the reËurn

flow of liquid to the r,¡arm end. As the consequence of this circular movement

the moisture accumulated at the cold end and salt conceritrated at the warm

end. The resulÈs obtaíned with discontinuous columns, in which the return

flow of liquid was partially blocked, showed a similar concenËration of salt

near the warm end äs was observed ¡¿ith continuous columns. It seemed,

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

soil colunn was due not only Èo the liquid water movenenË but also to the



Soret effect.

Both vapor and liquid forms of soil moísture moved to the frozen zone

of soil columns. The raËe of vapor movement was, however, greater than that

of liquid \,/ater movement. The relative changes in Cl concentration based

on soil solution and soil material in the frozen zone as compared to the

inífial values before subjecting to a temperat.ure gradient were used in

order to deduce the relative speed of vapor and liquid movempnt.

The distríbutíon patterns of soíl moisture, Cl- and NO] after thermal

Ëreatment in open soí1 columns vrere different from those observed in the

closed columns. The positíon of maximum moisture content in the open

column after subjecting to a temperature gradient \n7as not located at the

coldest end of the columns as \^Ias found in the closed column.

Reversing the direction of Lhe thermal gradient during the period of

thermal treatment, in order to simulate the fteeze-up of the surface in

fall and thawing from the surface in spring, resulted in an increase in

salt transpoïË to both ends of the soíl column as compared to the column

without such reversal treatnent. The sËability of the soíl moisture in a

system as goveïned by the direction of thermal gradients uright be the cause

of the increased salË transPort

A mathemaËical formulation for the simultarieous transPort of vapor

and liquid with condensatíon and vaporízation under a thermal gradienË in

soíl was carríed out. SimulËaneous partial differential equations for

vapor and liquid transporË in unsaturated soíl colunns l{ere presented'

Analytical or numerical solution of the differential equations could not

be carried out.
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1 INTRODUCTION

Joffe (L949) defined soil as a natural body of mineral and organic

constituents differentíated. into horiroo". Soil differs from the material

below ít ín morphology, physical make up, chemical properties and

compositíon, and biological characterísËics. The definitíon fully embraces

the non-eguilíbrium characterístícs of soíl. The temperature distribution

withín natural soil systems also follows the non-êquilíbríum characterístícs

of chemícal composition and soil moísture. Moisture contenË, the pres-

ence of soluble substances and soil temperature are very importanË 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 aËmospheríc temperature and rainfall.

The soil moisture distribution in natural systems is never ín equilib-

rium. The movement of soil moisture takes place withín a soil profile.

Movement índuced by rainfall or evaporatíon from the soil surface is, well

known. The moisture movíng dovmward after rainfall carries with ít dís-

solved substances. The moisture moving upward accumulates the substances

on Èhe surface due to evaporation from the soil surface. Thus the direction

and magnitude of soil moisture movement directly affects the movement of

dissolved substances tnany of which are valuable plant nutríents. The

Eovement of dissolved substances can also take plaee under uniformal soil

moisture condit.ions. This process is generally called diffusion.

A temperature gradient \.Iithin a soil profile either directly

or indirectly índuces mass tïansporÈ. The mechanism by which mass is



transported under a thermal gradient ín soil is not fully under.stood.

However, the mechanism seems dífferent from convective or diffusive

transport. SoiI r¡Iater may be present in vapor, líquíd and solid phases

while the transported subsËance of ínteresË exists primarily ín the liquid

phase. The thermal gradient influences the movenents of vapor, liquid and

díssolved substances in dífferenË \,rays. In addition Ëo influencing move-

ment, the thermal gradient may also resulË in phase changes ín soil moís-

ture depending on local conditions. Because'of varying solubílities of

a substance ín these phases, accumulation, depletion or exclusion of the

substance may occuï depending upon the magnitude of the phase change.

Thus under a thermal gradient the movement of dissolved substances be-

comes very complícated.

In Manitoba, surface soil ËæperaËures c¿Irì. range fr.cnn about *30 to

-35 C duríng a period of one year. The surface is Lhe r,¡armest Part of

the soíl profíle duríng the crop growing season. For more than half of

the non-grow-íng season, the surface soíl is colder than lower horízons

and frost may occur as deep as 1.5 meËers. The ËransporL phenomena

t.hat occur during the frozen period are riot fully understood. The dif-

ferences in NOJ-N content of soíl profíles sampled in fal-l and spring in-

d.ícates that movement of wat.er and dissolved subsËances does take place

in Ëhe soil duríng Ëhis period.

In order Ëo ínvest.igate the mass transport that occurs during the

fall to spring period, fíeld and laboratory experímenËs were conducted.

The field experÍmenË \^ras designed to deËermine the magnitude of transport

of surface-applied Ca(nOr) , and CaCL, boÈh of which contain r^later soluble

anions. The laboratory ínvestÍgation r'¡as ínitíated ín order to detertine

the relatíve speed and dírection of liquid and vapor flow and the



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

A mathematícal rnodelling approach was also attempted.



2 LITERATURE REVIEII

2.1 Fíeld Observation

tr'Iater is one of Ëhe most ímportant. materials for crop growth. The

amount of water used to produce L.25 x 103 Kg/ha of wheat is 3.05 x 106

Kg/ha bux 997" of this lrater is lost by evaporation and transpiraËion

(Shaykewic]nIgT4). Water not only supporËs plant turgidity but also acts

as a medíurn for the transport of essentíal plant nutrients. The abilíÈy

of a soíl to supply water and nutrients to crops is an ímportant. facËor

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 riature of soi1, microclímaÈic change and differences resulting

frc¡m Ëhe presence or absence of a growing.crop. Many. field ínvesËigations

have involved the measurement and predíction of \^Iater and solute move-

menË under_very dry or very wet condítions. Generally Darcyts law or a

urodífied fofn of Darcyts law \¡ras successfully applied to descríbe the

soil moisture transfer process. Diffusion and convective transPort equa-

tions were used Ëo describe solute transfer in soil-. In applying Ëhese

equaËions, an isothermal assumption was generally made in order to de-

scribe the water and solute ËransporÈ in soil. Field obse:r¡atíons and

the theory of mass transporË under isothermal conditions have been re-

vier¿ed by several r¿orkers. Infiltration of moisture into soil, the gen-

eral applícaLion of flor¿ theory in the field and the factors affecting

the flor,r were reviewed by Parr and BerËrand (1960), Swartzendruber (1966),

Nielsen et aI. (Lg72) and KluËe (1973). Solute transport associated

with waËer movement TÍas discussed by Níelsen and Biggar (1973). the

presence or absence of a water table upon moisture transport was reviewed
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by Raats and Gardner (1972).

Soí1 under natural conditíons is noË in a steady state with respect

to temperature dístributíon. Seasonal and diurnal variations in atmos-

pheric temperature affect Èhe surface soíl temperature. If the variation

in the seasonal 
_atmospheríc 

temperature is expressed as a cosine wave

then the soíl temperature can be expressed by

(1)

where T is the soil temperature, To is the average yearly temperature of

the soil surface, TrJ-s the amplitude of the surface temperature wave, û)

is the frequency, k = (u/2lt)%, ¡1 is the thermal diffusivity, t i-s tine

and x is the depth (Carslaw and Jaeger 1959). The equation expresses the

fact that the surface temperaËure wave is Ëransmitted downward wíth

damping. The diurnal temperature change is also expressible by a cosíne

I^lave, so that an equation similar to the above can be applíed to the di-

urnal change in soil temperature (Cary 1965). In the latter case, how-

ever, the change in soil temperature throughout the horizon due to sea-

sonal variation was taken into accounË by addíng a linear term. Field

observations made by Smith (L932) indicated that díurnal flucÈuations of

soil teuperature occurred to a depËh of approximately 30 cm and seasonal

fl-uctuations occurred below this depth. The maxíuum soil temperature

gradient due to diurnal temperaÈure variaËion was found to be 10 C cn-I

(Rose 1968a). These temperature varíations were known to induce mass

transport in soil. Lebedeff (L927) and Edlefsen and Bodman (1941) at-

tríbuted the upward movement of moísture during the winter season to va-

poï transfer caused by Ëhe temperature gradient associated with Èhe annu-

al ¡¡ave. Rose (1968 arb) observed r'rater moveneriÈ in the field corre-

sponded Ëo the diurnal temperature change. He found that Ëhe direction

T = T + T e-kxcos(ot - kx)ol

I
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of liquid movement \,/as up\,rard through the profile even at suctíons as

1ow as 200 cm of water during both day and night. I^Iater movement fluc-

tuated in response to the diurnal temperature gradíent. with vapor moving

downward at night time and upward during day tírne. At suctions greater

than 5OO0 cm of vrater the predomÍnant flow was in the vapor phase. He

postulated a Ëheory of mass transport due to a thermal gradient. How-

ever, the theory r,ras found Ëo be inadequate. He attributed thís inade-

quacy to the assistance to vapor flux thaË can be provided by a disconti-

nuous líquid phase. Jackson et al. (L973), during 16 days of measure-

menË, observed a downward flux of soil moisture below I to 3 cm during

several hours between sunrise and early afternoon. They concluded that

there was soíl rnrater flux in the surface zone of a field subjected to

díurnal varíatíon. Soluble salEs such as Cl also followed a diurnal

pattern but out of phasé with soil Inrater during the first few days after

irrigation in Ëhe 0 to 0.5 and 0 to 1 - cm depth increnents. The

diurnal amplitude of Cl , however, decreased with time as the soil pro-

gressively dried (tlakayama eË al. 1973).

There are.few fíeld investigatíons concerning soil moisture transport

duríng the winter period. I,üíllís et al. (1961) detected no upward movement

of soí1 ï,rater during Ëhe winter ín North Dakota. However, in another stud¡l

!Ii]-lis et al. (1964) found that water table drop was assocíated with depth

of frost. The drop T^ras accompanied by an increase in soíl moisture in the

frosÈ zone above the \,Iater table. Ferguson et al-. (1964) found Ëhat an

appreciable amount of water moved to the frozen zone ín plots in which the

unfrozen subsoil \^ratèr was held at. t.ensions less than abouÈ 2 atm.. They

also noticed that \¡Iateï held at tensions of less than 5 aËm. moved

toward the frozen zone whereas soil waÈer held by greater than 5 atm.
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tension \,ras not mobile tor¿ard tlne lrozerl zone. Sartz (7969), on the other

hand, speculated that the frost was formed rnaínly by percolatíng water

from the surface rather than by moisture transported from subsoíl. He

showed that water could readily infiltrate more_ than 60 cm of hard-frozen

ground. However, he found that the f.rozen ground íropeded percolatíon

during spring melt.

2.2. Laboratory Investigatíon

Most laboratory sËudies were initiated Ëo'ínvestigate the effects

of hydraulic conductivíËy, soil-water characteristics, soil-salt reaction,

salt-water inËeraction, temperature, temperature gradienË and potenËial

gradíent upon vrater and salt movement. Movement under uniform tempera-

ture conditions is called isothermal máss Ëransport and movement under

the influence of a thermal gradient is known as nonisothermal tnass traris-

port.

2.2.L IsoËhermal Mass Transport

Under consËant Ëemperature conditions, Ëhe description of mass

Ëransport is relatively símple and many sËudies have been conducted.

Darcy (1856) was Ëhe first scientist to derive an empirícal mathe-

matical formula to describe saËurated waËer flow through a porous rnedium.

Thís sinple mathematÍcal formulatíon is known as Darcyrs Iaw and is :

J = -KVh (2)

where J is the total flux, K ís .the proporÈionalÍty constant called the

hydraulic conductivity and h is the hydraulic head.

Darcyr s law was derived frorn observaÈion of water flow through a

sand., Olsen (1966) showed thaL Ëhis law was obeyed at low \^7ater gradi-

ent.s in sat.urated kaolinite over a wide range of porosities. Other stud-

ies (Firernan L944; Low 1960; olsen L962,1965) also showed support for
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ttre applícatío¡r of Darc-v-f s l-aw to r,rater flow ín saturated clays. Lutz

and Kernper (1959) showed that while Darcy's law was followed reasonabl-y

well for cerÈain hydrogen - and calcium - saturated elays a posÍtive

deviation from Darcyrs law vras observed for other similar clays. It was

also found that water flow in kaolíníte and 50 per eent montmoríllorite

c.losely obeyed Darcyls law but this r¡ras riot the case f.or 9, 30, and 40

per cent montmorÍlloríte samples (Miller et al. L969). lfiller and Low

(1963) reported the presence of a threshold gradient for $rat,er flow in

clays. The threshold gradíent decreased with decreasing clay content

and Íncreasing Ëemperature. Even above Ëhe threshold gradient, they found

the flow-hydraulíc head relationship was curvílinear for samples of a

high clay cont.ent at low gradíents and for samples of a 1ow clay contenÈ

at any gradient. Swartzendruber (1962 ) found measured values for waËer

flow exceeded tha-t predicted by Darcyrs law when sandy materíal-s contained

more Ëhan 5 per cenË clay. Swartzendruber (1968) recalcul-ated vaiues for

hydraulic conductivity, K, cited in the liËerature and found 2 to 4 f.oLd,

variatíons ín K to be fairly cornmon with varíabilíty as hígh as 5 to 15

f olc1.

Factors which may account for differences between measured waÈer

flow and that predicted by Darcyr s law has been discussed by several au-

thors (Olsen 
.1966; Sr,¡artzendruber 1966,1968). Probable reasons for the

devÍations are : (1) the presence of a Èhreshold gradíent to initiaËe wa-

ter flow ancl (2) increases in the hydra.ulic cond.uctivity with increasing

gradient. The Ëent-ative explanations of non-Darcian behavior are (1)

quasi-crystalÏine r,raÈer or moCifíed r¡¡ater properties (Miller anci Lov¡ 1963;

Low 1961), (2) particle rearrangenent (I4i-cheals aud Lin 1954; Martin 1962;

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

t:
t. :'
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potential effects (Mícheals and Lin L954; Kemper 1960) , (4) range in pore

sizes (Mí11er and Low 1963; Olsen 1966), and (5) experimenLal errors

(Olsen 1965,1966).

Most of the processes involvíng soil-water.movement in the fíeld,

and in the rootíng zone, occur while the soil is in an unsaturated con-

dítíon. Unsaturated water movement is more complícated and dífficult to

descríbe quantíËatively than saturated flow. The processes of unsaturat-

ed flow change with changing water content, suction, and conductivity,

which may be affected by hysËeresis. Most studíes have been conducted

to investigate if Darcyts law would describe unsaturated wat.er flow.

.Many authors (Richardsl93l; Kemper 1960; Miller and Low 1963; Swartzen-

druber 1963; Olsen 1965; Thames and Evans 1968; Miller et al. 1969) re-

ported unsaturated water movement deviaËed from Darcyr s law. Deviations

of 8-fold between measured values and'that predícted by Darcyrs law have

been observed by Abdel-Azíz and Taylor (1965), Rawlins and Gardner (1963)

and SwarÈzendruber (1968). Many factors causing non-Darcian behavior of

unsaËurated r.rater flow in soil have been suggested, but the extent of

Ëhe contríbuËion by each factor is not ful1y understood. Richards (1931)

found that K in equation (2) is a function of temperature and moisture

tension. Kemper (1960) suggesËed the resistarice to flor¿ caused by a

streaming poËential- affected the value of hydraulic conductiviËy.

Swartzendruber (1963) and Thames and Evans (1968) accounted for some of

the díscrepancies between theoretical and experimental daËa by empirical-

ly adjusting the theory to account for non-Darcian flow.

Darcyts law was modifíed by Richards (1931) in an attempt to de-

scribe unsaturat,ed water flov¡. The nodificaÈion included Èhe provision

that the conductívity be a functíon of the matric suction head. Darcy's
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law, as nodified by Ríchards (1931) can be rev¡riÈten

J = -K(f)vh (3)

where I is the matric suction. Thís formulation díd not take into con-

sideratíori the hysteresis effect of soíl \nrater (Míller and Miller 1956).

Topp and Miller (L966) pointed out that the relationship between hydrau- ll

lic conductivity and volumetric r¡rater content was affected by hysteresis

to a much lesser extent than is the K ( r ) function. Thus Darcy's 1aw

for an unsaturated soil can be expressed as 
i,,

i;
-JI = K(e)vh (4) 

i,where O is the volumetric T¡Iater content of the soÍl. Many attempts have :.,

been made to develop equaËions for calculating hydraulic conductivity, K

(0) ' (Childs and Collis-George 1950; Marshall 1958; Millington and Quirk

1959, I96L; Kunze et al. 1968; Jackson et al. 1965; Green and Corey LgTl).

Reasonabli accurate K ( 0 ) values can be calculated for r¡rater cont.ents as

low as the wilting poinË for a large number of soil types provided that t,

;

accurate soii \¡rater characteristic curves are available.

The concept of treatíng soil water novement as a diffusion phenome-

mon was proposed by childs (1945) and childs and collis-George (1950)

,:,., '¡;':,',:,,;,'A partial differential equatíon describíng liquid-phase hrater movement , ,., ,':,:
':. -: -:l:'::.in a porous mediuu T¡Ias proposed by Childs and Collís-George (1950) 
,,;,',::',::,',,Ì,

Jr = -D(o) +: (5)

r¿here they defined diffusiviry, D (e) = K (0) dh/de. The flux and force

relationrequation (S)rwas then combined with the equation of continuity. ;:.,::,:_:.,,..::.:-:.-..

Thus, 
i: ' : ': :

jï=+ (D(e)+) (6)

was used to describe horizontal water movement and



11

9=-5(D(o)-+-)+ aF(e)
dE dx dx dx

(7)

'was used to describe vertical water f1ow. Later Klute (1952) derived sim-

ílar equations usíng a dífferent method of derívatíon. EquaÈions (6) and

(7) are valid only when diffusívity is a unique functíon of moistuïe con-

tenË. Gardner and Mayhugh (1958) found that the relaËion beÈween D (0)

and water content could be approxirnaËed by the empirícal equatíon

D(o) = aebo (B)

where a and b are constants. The empirical relation equation (B) is

knor¿n as the exponential díffusivity function. This equatj-on does not

adequaËely estimate diffusivíty for very dry soils probably due to Ëhe

contrj.bution of vapor uovement. Hallaíre and Henin (195S) quesËíoned the

validiËy of equations (6) and (7) to describe unsaturated flow. Sínce

the diffusivity, D, is not a unique function of moísËure content, iÈ ex- i

híbits hysLeresis which is caused by roater hysteresís (Topp and Miller

1966). DÍffusivity is also a functÍon of moisture gradíent (Sroartzendru-

ber 1963), soil texture (Phílip Lg57 ), the solute concentration, and

ioníc compositíon (Reeve 1960; McNeal and Coleman 1966; Rhoades and

Ingvalson L969; Yaron and Thomas 1968).

The solutíons to equatÍons (6) and (7) for infi-lËration and redístri-

bution have been sought usíng both analytical and numerÍcal techniques for

several boundary and íniËial conditíons. A numerical sol-uËíon for water

i-nfiltration inÈo a loam over a silt loam soil and vice versa ï^ras obtained

by Hanks and Bowers (1962). Rubin and Steinhardt (1963) obtained a numer-

ícal solutíon for infiltration of rain ínËo soi1. Soure digital compuËer

solutions for two dimensj-onal transíent flows ha'¡e also been reported

(Hornberger et al. L969; Taylor and Luthín 1968; Rubin 1968). Other

:: 1..:,. '.ì :

I i. - t¡_: ;-
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numerícal solutions based on different boundary condítions were provided

by Klute (1952), Day and Luthin (1956), Rubín and Sreinhardr (1964),

Irrhisler and Klute (1965), Ereeze (1969), Rubin (196S) and Staple (1966).

It ís difficult to make general conclusíons from these numerícal solu-

tíons. However, due to the more general availability of high-speed digi-

Ëal, analog and digital-analog computers and ímproved numerícal methods,

a more general and practícal numerical solution for the equations of flow

is likely Ëo be developed. On the other hand'analytical solutíons, even

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

showing the structure of the flow and íts dependence upon parameters char-

acterizing the soil. Approximations such as the use of a weighÈed mean

diffusivity to obtaín the ínflow or ouËflor¡ behavíor of vrater ín a soíl

column (Gardner L969, 1962; Doering 1965) or the assurnptions that the wa-

ter content in a drying soil column is dependent upon time and not on its

position (Gardner and Hille L 1962), and the assumption Ëhat the soil is

uniform and under a unit hydraulic gradient (81-ack et al. 1969; Davidson

et al. L969) have been successfully used to obtaín soluËions for partíc-

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

various boundary condit.ions has been presented by Kirkharn and Powers

(r972)

Vapor transfer under isothermal conditions is minimal. However, in

relatively dry soil vapor flor¿ is probably the controlling mechanisu

(Jackson L964a, L964b; Rose 1963a, 1963b). Vapor flow can be expressed

by Fickr s law with the gradient of the üraËer vapor densíty beíng the

dríving force.

=-DVo (9)
vvv
is Èhe diffusivity of vapor and Vg' is the

J

Dvwhere Jy is the vapor flux,
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vapor gradient. By assuming that. changes in liquíd water wiËh time are

much greater than vapor density changes r¿ith tirne Jackson (1964a) ob-

taíned the equatÍon,
â0 â .r, âpv â0-ã- = J; ( D., -æ- a" )

for non-steaay vapor transfer in terms of soil- r"rateï content,

(1965) proposed an equation for simultaneous líquÍd and vapor

(10)

0 Rose

Èransfer

(11)

(r2)

(13)

J --KVhüt f¡I

where Jn,, the total water flux is equal to liquid flux plus vapor flux,

(Jl + Jv), the total hydraul-íc conductivíty, Kr, is equal Ëo the vapor

hydrarrlic conductivity plus liquid hydraulÍc conduetivity, (Kr * K.,r), an<l

h is the hy<í::aulj.c hea<l . Mcre recently an equation has been suggested

for non-steacly state sÍmultaneous liquíd and vapor transfer (Nielsen et

al. 1972)

--lo- = ð ,' ,, âo r
ôt êx t "gr, âx )

where the combined diffusion coefficíent for liquid and vapor is

Do',, = or, *fft * o,

Dissolved salts Ëend to move símultaneously with soil water either

by díffusíon or convection or by both processes. Diffusíon ís due to a

concentration gradient of dissoh'ed salt and convectíon is caused by mass

flor¿ of soil solution. The processes of diffusion and convectíon can oc-

cur sínultaneously, eiËher in the same or opposite directions. The mag-

niÈude and di-rection of salt movement are affected by (i) the concentra-

tíon ancl concentratíon gradient of salts in the soíl scluti.on, (2) the

dÍrection and rate of movement of the soil sol-ution, (3) soil texture

and structure (Thouras 1970; O1sen et al. 1965; Kissei et al. 1973), (4)

the degree of interaction beÈween salt and soil par:ticies as affected by

factors such as soi.l cation exchange capacJ-ty (lhomas and Swobr¡da 1970;
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Dyer 1965) and (5) rhe rare of net producrion of the salr.

Díffusion ís the predominant process for salt movement if there is

no convection. Fíck ( Crank L967 ) quantÍtatíve1y described the dif-

fusion process by adopting the mathematícal equation of heat cond.uction

derived some years earlier by Fourier. The mathematical expression of .l

diffusíon in a medium r¡ras descrlbed by the equatíon:

J.,=-rj** (r4)

where J is the diffusion flux of a substancer D is the díffusion coeffi- :.::..:,:
m

cient, C- ís Ëhe concentration of diffusive material, and x is the spacem ---- -E---
¡t..: .'

variable. :..,,.., 
.,. .

DiffusÍon of dissolved salt takes place mainly in the soil solution.

Thus, the rate of díffusion or flux in sqil is a function of the degree

ofsaËurationofthesoi1withmoísture(K1uteandLetey1958;PorËeret

a1.1960).Fick's1ar,r,nodifiedformoisturecontenË'ís

J = - De 9t'" (1s)Itr âx \"'

where 0 is the volumetric moisture content. The magnítude of the diffu- 
l

:

sion coefficient, D, ís generally smaller in soil Ëhan in bulk r¡rater. 
I

van schaik and Kemper (1966) introduced the pore width factor, y , the 
1,...:,

víscosíty factor, c , and the tortuosity factor, {l*/L")z, into the dif- 
r'':::'

,tt,,,t.r,..,

fusÍon equaËion. Equatíon (15) nodified for the above factors, TÂras writ- .',.:.', ,'.

ten as:

-J = De(+lT. :9- =D^+þ (16)mLedxpdx

r¿here L* is the distance beËween Èwo points, L" is the acute distance i,.:..,:,:,.

, .:...::..:.

Èhrough which the ions diffuse and Do is equalto D(Lx/L")'eya (porter et

al. 1960; Van Schaík and Kemper L966). Combiníng eguaÈion (16) with

equation of continuity resulted in

-**=o ?'g. (r7)ât -p ðx¿ 
. ,,,. ,,,
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vrhere D^ , the apparent diffusivity, r^ras assumed to be a constant (Phi-p

lip and Brown 1964; Clsen and Kemper 1968). Numerous soil propertíes

such as bulk density, water content (Graham-Bryce 1963; Klute and LeËey

1958; Romkens L964; Brovm 1953; Kemper et al. 1964; Olsen et al. 1962;

Porter eË al. 1960; Biggar and Niels en 1967; Jackson Lg73), texture,

kind and amount of clay (Lai and Mortland I96L; Olsen and Watanabe 1963),

ínteraction of water and soil particles (Olsen and l^Iatanabe 1963; Olsen

et al. 1965), soi-l compaction (Philip. and Brown 1965) torËuosity (Por-

ter et al. 196O; Van Schaik and Kemper 1966), negative adsorption (Van

Schaik and Kemper 1966), and ion size and charge (Shaínberg and Kemper

I966a,b) were shown to affect DO . A detaíled revievr on this topic has

been presented by Olsen and Kemper (1968). Due to the requiremenË 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 diffusíng oï codiffusing ions also affect the díffu-

síon process. The apparent diffusion coefficient for an ion is Ëhe aver-

age of the separate díffusion coefficíents of two or more ions. Jost

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

system as:

DrDo ( ZrC, 1' Z"C" \ (18)
I2 zicrDl + z2c2D2

where Z is the valence of Ëhe ions and the subscrípts L and 2, refer to

the ioníc specíes. The solutions for the diffusion equations for various

boundary conditions have been gíven by Jost (1952) and Crank (1967).

Under normal fíeld conditíons liquid water always Ëends to flor,r.

LÍquid lrrater moving in soil wíll carry dissolved salts along with it and

diffusion processes may take place simultaneously. The simultaneous



diffusíon and convectíon processes were described by

( 1e)

r¿here C- is the concentration of component í, v is the center of mass ve-l_

locity and D is the apparenË diffusíon coefficient. This equation was

presented by Scheidegger (1954) and first íntroduced ínto soil literature

by Day and Forsythe (1957). Equation (19) can be transformed into a form

of a diffusion equation by substítution. This has been shown by cho

(Kirkhain and Powers L972 ) and the solutíons for the equation can be ob-

tained.

The velocity distributíon of water flow and Ëhe concentration of

salt wíthin pores and sequences are not uniform. Thís nonuniform velocity

phenomenon j.s known as hydrodynamic díspersíon. This dispersíon pïocess

can enhance the diffusion process. The apparent diffusíon coefficient,

called Ëhe dispersion coeffícient, is a function of flow velocity and

tends to increase with increasing flux (Níelsen and Bíggar 1963, 1967;

Scheidegger 1963; Taytror 1953). Aníon exclusíon Íntroduces anisotropy

and factors such as ion exchange and hydration also affect the solute dís-

persíon coeffícient (Nielsen and Biggar 1961, L962; Day 1956; Berg and

Thomas L959; Mokady et al. 1958; Mokady and Bresler 1968; Bresler 1973;

Krupp et al. Lg72):

The dissolved salts are subjected to reactions in soil such as trans-

formatíon, fíxation, plant uptake, exchange, precipitat.íon, and chelation.

Some of Ëhese reactíons are purely chemical reactíons and some are the re-

sult of biologícal activit.ies. Some reactions increase the salt concen-

Èration ín the soil solution whereas some reactions remove salt from the

soil solution. The chemistry of íons in soil is a very complieated proc-

ess. The mathematical formulation for simultaneous processes of dÍffusíon,

+9 = -v.vc. + ovz c.
dc l_ l_
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convection and chemical reactíon of an ion r¡ras expressed as:

jF- = v.vc. + Dv2c. + O. (20)

where Ô, is the chemistry term used to descríbe soil-ion interactíons

(Fitts L962; de Groot L952; crank L967). Few srudíes have been done on

thís subject because the .h"*í"try of ions ín soíl is not ful1y understood.

The theoretíca1 analysis and the analytícal solution of equatíon (20)

for nitrogen movement wíth nitrification and adsorption has been studíed

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

dus and Amundson 1952; Oddson et al. L97O) assumed that the chemistry was

a reversible reacÈion and also obtaíned 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 Srewarr er al.

(1967) shor¡ed that nitrogen transformations greatly affected the con-

vective transporÈ of nítrogen in soil.

2.2.2 Nonísothermal Mass Transfer

The first evídence, obÈained in laboratory sËudies, of soil moisture

movement induced by a thermal gradient \^ras provided by Bouyoucos (1915).

He found a neÈ transfer of moisture from \^rarm to cold regíons. The re-

sults of numerous observations and investigations of the effecÈs of ther-

mal gradients upon mass transfer have been reported periodically since

then (Moore 1940; Snith 1944; Gurr er al. L952; Taylor and. Cavaz za 1954;

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

al. 1968; Cassel et al . L969; I^Iesrcor and I,Iierenga I974; Field-Ridley

t975).

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

ously in both phases under nonisothermal conditions. Varíous methods have

been employed to study Ëhe relative magnitude of rrater transfer Ín the
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liquid and vapor phases. One such method consists of ínsert,ing an air

gap. and labelling the líquid with inert íons. Bouyoucos (i915) rvas the

first to atËempt to segregate liquíd and vapor flow characteristÍcs by di-

vídíng a soil column into two parËs with an air gap. lIe f ound that r\,ater

flow was largely ín the liquid phase. I^Iínterkorn (L947 ) also corrsidered

that filn flow of liquj-d vrater from the \ì/arm to the cold end v¡as a more

imporËant mechanísm than vapor flor¡" Snith (1940) criticízed Bouyoucosl

work on the basi.s that the temperature gradíent affected only a small

part of a soil column r¿ith an air gap. Mac&ean and Grvatkin (1946) and

.Jones and Kohnke (L952) showed that thermal transporË of moisture oc-

curred largely in the vapor phase. Smith (L944) conducted an experimerrÈ

and found that moisture movement under the influence of a temperâture

gradient \"ras due to a cyclical process of vapor: condensation and. loea1

capíllary flow.

Gurr et al. (Lg52) assumed that the movemenË of Ëhe Cl ion in

soil r.ras due solely to liquíd water convection. They labelled the soil

column uniformly with a sma1l amount of Cl salt to evaluate the mag-

nitude of líquid flow by measuring the redisÈríbution of Cl- after

having subjected the soil column to a Ëhermal gradient. It was found

that there rrras a net transfer of moísture from the warmeï to the colder

end and Cl moved from the colder end to the warmer end. They concluded

Ëhat rvater from the warmer regíon moved as vapor into the colder end where

it condensed and then returned as liquíd to the T¡rarmer regíon. By using

the Cl ion as a liquid flow índicator Weeks et a1. (1963), Jackson et

al. (1965) and Hutcheon (1955) also concluded that soÍ1 moisture movenerit

in a closed container under a thermal gradíent \¡/as a circular convection

process. Taylor and Cavazza (1954) empl-oying a segment technique and



Roll"íns et al-. (L954) also arrived at the sarne conclusion as Gurr et al-.

(L952) for a closecl soil column. Thermal diffusion of Cl ín soil, if

any, ktas neglected in arríving at Èhe above conclusion since Ëhe magni-

tude of thermal díffusion of many Cl salts ín pure r¡rater lsas very small

(Fitts 1962 and de Groot L952). The magnitude of soÍl rirater movement

was 
.founcl to be dependent upon ínitial water contenÈ, bulk density, tem-

perature gradient and mean tempera-ture. An ínÍtial soÍl'water content

of one third of moisture equivalent was found to have ¡aaximum moisture

transfer (Gurr eË al. L952; Hutcheon 1955). Studíes by Maclean and

Grvatkín (1946) anci Hutcheon (1955) shovred that the net movemenË of mois-

tuïe l,ras narkedly ínfluenced by the bulk density of soÍ1. The neË move-

rnent of soil rnoísture tends to increase r¿ith íncreasing temperature gra:

dj-ent and increasing average temperature.

Varíous theoretical analyses have been proposed to clescribe moisture

. 
transfer under the influence of a thermal- gradient. All of these theo-

ríes can 1,¡e divided into tl^ro groups. The first group can be represented

by the studíes conducted by Phí.lip and de Vries (1957) and Dirksen (1969).

The- second group is based <¡n the theory of irreversible thermodynamics

(Taylor ernd Cary 1960, L964: Cary and Taylor I962a,b; Cary i965; Bolt and

Groerrerrelt 1967;Joshua and de'ro.r* I973; Kay and Groenevel t L974; Groene-

velt and Kay !974).

Philip and cie Vríes (i957) developed a theory for simtrltaneous heat

and rvater transfer in porous media under a tenpeiature gradient. They,
1

considerecl that vapor and liquid waËer movement vrere índependent and Ëhat

there was no interaclíon between tire Ëwo du.i:Íng the course of movement.

Vapot: and liquid movement r'ierè treaÈed separately. They modified the si¡n-

ple vapor transfer theory by consÍder-íng f-he vapor riensity to be a ,-: .--



function of saturated vapor densíty and relative humídity.

densíty gradíent \,ras expressed as

Vp = HVpo * Oo VH

The vapor

(21)

.:l:)tr-:t:'..:::ii)

l:--l: :l::.'

dP^ - 'tHvp=Hjþvr+po#ou
relation and the símple vapor diffusion equation

.f p __Jt"p -Þ=- = - Dr vapvr - De .r"Pvo

where tr"n t" the vapor f1ux, O*t" the water densíty, DT.r"p is the

thermal vapor diffusivity and Or.r"n is the ordinary vapor díffusivity.

Thus vapor flux vlas separated into tr^ro components, that due Ëo the tem-

perature gradient and that due to the moisture gradient. Consídering

that the !üater potential r^ras a function of temperature and waËer conteriË

they obtained líquíd flux as

Jtiq 
--np-- - - Yr tiqvr - De tiqvo

Iü

where p is the vapor density, H is the relative humidity and pO ís the

saturated vapor density. Furthermore, they assumed that the saturated

vapor density \^7as a function only of temperature (T) and that the rela-

tive humidity was a function only of volumet.ric moisture content, (0).

Thus,

By using this

tained

(22)

they ob-

(23)

(24)

at
where Dr, the thermal water diffusivity, Ís

De, the ordinary diffusivity, is equal to D

ducÈion equation was:

= V.(DTVT) + V.(DOV0)

where J,-_ is Ëhe liquid flux and D-,-_ and D^,=_ are the thernalIaq _t l.r_q 0 laq

liquid diffusivity and ordínary diffusívíty of wateË respectively. They

deríved the total flux of rÀ7ater by suumin_g the indivídual fluxes. The e-

quation, afÈer subst.Ítution into the continuity relation r^¡as:

âe (2s)

oT .r"p * o, t'n "ou

- ¿ . The heat con-
aafl

equal

+
0 vaP

to

D
e
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T¡rhere C ís the volumetric heat capaciËy of the soil, À, the thermal con-

ductívity, ís equal to D-- --^- Lp , L is the latent heat of \^Iater va-' vvap
porízatíon and T is the temperature.

Philip and. de Vries (Lg57) attributed the hígh apparent vapor trans-

fer to the contribution of tliquíd islanderr to the vapor movemenË and

to a higher average temperature gradíenÈ ín pores than the apparent ther-

mal gradient. It is interesting Ëo note that they did not consider Ëhe

rate of vaporízation nor condensation in developing the liquid transport

equation.

Taylor and Cary (1960) atterpted Ëo develop a theory of soil \,rater

movement under a thermal gradíent based on the theory of irreversible

thermodynamic.s. Their applieation of the theory was rudímentary. Later,

Taylor and Cary (1964) applied the theory of irreversible thermodynamícs

to a closed soíl system under a continuous thermal gradíent. They as-

sumed Ëhat the center of mass of the system was fixed with the solíd na-

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

of equations r¡ras obtained for descríbing simultaneous heat and mass trans-

port:

C+= V'(ÀVT) - LV'(ou.r"oou)

r(dçþ-)rÌ - nro
n

Ji =tlt0it { xt

n
tn =ulrnnt { xt

dlnT

(26)

(27)

(28)d(+)
r{ ¿}-)r} - ç¿

dZ

dlnT
qq dz

where J ís the fluxrfl is the phenomenological coefficíentrg is Ëhe



chemícal- potential ,i,and kare for components íandk, q is the heat and X

is the external force. Furth"r*ore they assumed that water r¡ras the on1-y

flowing matter, that the chemical potential of water I^ras a single val-ued

function of water content and that gravitatíonal force \¡ras the only ex-

ternal force. Under ísothermal conditions equatLor- (27) was expressed

AS:

J =-Q
t¡I

(2e)

r¿here r/ ís the total \^rater potenËial. They claimed that equation (29) is

similar to Darcyrs la'¡ (4). Nielsen et al. (1972) have extensively re-

viewed the work done by Taylor and Cary (1960, 1964), Cary and Taylor

(I962a,b) and. Cary (L963, 1964, L965, Lg66) on the applícatíon of írre-

versible thermodynamics to mass and heat transfer in soil. In most of

the studies the authors claímed that the Onsagerrs reciprocal relaËíon-

ship held ín their system. Cary and Taylor (L962a) shor¿ed the Onsagerrs

reciprocal relation held for vapor and heat transfer but that the vapor

flux equation was not adequate to describe moisture movemênt ín their sys-

tem. In a later paper Cary and Taylor (1962b) extended the fh,rx equaËion

Ëo describe both liquid and vapor transfer. The rate equations were then

tested and found to give relíable predictions of water and energy flow

through soil. The interaction coefficient also agreed r¿ith the Onsagerrs

reciproeal relation. Cary (1965) separated the flow into liquid and vapor

flow components and further divided Èhe liquid comporient inËo that flowing

due to pressure and thermal differences. His flow equation, based on Ír-

reversible Èhermodynamics, predicted fluxes in agreement with his experi-

mental observations. Joshua (1971) and Joshua and. de Jong (1973) showed

Ëhat the Onsagerts reciprocal relation held for their system. Kay and

Groeneve.lt (Lg74) and Groenevelt and Kay (Ig74) derived heaÈ and water

dú
dz

22



23

transport equations Ln fxozen and unfrozen soil- for both vapor and iíquid

phases and they claimed that they harl Èheoretically proved the Onsagerrs

recÍprocal relation. Cassel an<i his co-v¡orkers (f969), on the other hand,

calculated theír data by usÍng the theory of Philíp and de Vries (1957),

Fíckt s law, ancl the theory of Taylor and Cary (L964). They found that

the- theory of Phí1ip and de Vríes gave the best agreement r¿ith thej-r ob-

servatj-or:s. Fickrs law and Taylor-Caryts equatÍons underestimaled the

ol¡served flux. Matthes and Bowen (1963) rnodified Fickrs fírst law by

substitutíng the relatíonship betrveen temperature and vapor pressure for

the pressure gradient. They used the equaËion to predict vaporÍzation

and condensation at various poiirËs in the soÍ1 colurnn duríng the course

of vapor transfer rrnder a temperature gradÍent. They assurned that the

rel-atj-ve humiCity r.¡as near 100 per cenË throughout ttre soíl co1umlì.

The term rthemo-osmosist is frequently used to describe liquid flow

under a thermal gradient. For saturated Na-kaolinite thermo-osmosis r¡as

founrl to increase r¿ith increasing temperature gradient and corTipact pres-

sure (Dirksen 1969). In the case of saturated Na-bentonÍte the::mo-osmo-

sis decreased with increasÍng averagè temperature but did not change with

changes in t-hernal gradient (Dírksen 1969). He also observed that ther-

mal water flow oecurred f::om Ëhe warm to the cold side.

Aceording to the rrxperimerrtal results obtained by various vrorkers, ..

líquid, vapor, and solute all moved from the rr/arm Ëo the cold end duling

the early stages of thermal treatment. After the hydraulic pressuïe rrras

buíl-t:up líquÍ<l -u¡aier along rvith solute returned to the warm end while

vapor conti.nued to nove to and con<lense. ai: the cotd en¿ i-n a closed soil

column.

The presence c¡f the íce phase i:r a porous ¡nedium greatly increases
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the amount of mass transfer under temperature gradíenËs and alters con-

siderably the process of moisture and solute movement. I^Iater moves from

unfrozen soil into frozen soil (Dirksen and Miller 1966; Hutcheon 1958;

Field-RidLey 1975; Globus 1962;'Hoekstra and Chanberlain 1964; Hoekstra

1966, 1969) and the solute ís Lransmitted in the same direction (Field-

Ridley 1975). In a completeLy frozen soí1 column, Cary and Mayland

(L973) found that both !¡ater and solute moved from warmer to cooler ends.

Dirksen and Miller (1966) and Hoekstra (1966) showed that a great deal of

!,rater accumulated in the frozen zone and Ëhe accumulation increased with

tíme. The change in the moísture contenÈ withín the frozen soil \,ras too

great and too rapid to be explaíned by thermal vapor diffusion alone.

They suggested that líquid moved through an absorbed contínuous unfrozen

\^rater fílm. The existence of continuous unfrozen Lrater phase in frozen

soil has been establÍshed by many workers (Anderson 1966, L967; Anderson

et al. 1973; Bouyoucos 1916; and trIilliarns 1964a,b). The thickness of

such a film in ftozen soíl evidently decreases with tempeïature (Anderson

et al. 1973). Thus the rate of flow of liquid water decreases rapidly

with a decrease ín temperature below O C.

trtater moves toward Èhe region where íce ís forming because Ëhe ice

phase serves as a sink for liquid waËer present in the flozen soíl, which

then imbibes water from Lhe unfrozen soíl. Thís in turn produces a r,Tater

contenË gradient in the unfrozen soíl. The results obtained by HoeksËra

(1966) showed a sharp decrease in water conÈenË of unfrozen soil toward

the frozen soil. Dirksen and Miller (1966) belíeved thaÈ the flow in the

unfrozen soil was not a direcË consequence of the temperature gradient in

the unfrozen soil but was maínly a result of the events taking place in

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

steady state has been atËained the temperature'graCient is responsíble

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

(1972) reported that ín frozen soi1, moísture flor,' ín the f-iquid phase

followed Darcy's law. Ilowever, Andi:rson and Hoekstia (1965) found líquid

t.ransport ín frozen soil was due Èo electrícal potentíal gradí.ents.

Hoekstra (1966) díscussed the forces that drive the water into fro-

zen sajL in terms of Ëhermodynanic theory. In an unf,rozen soil the chem-

ical potential of soil !íater is a direct function of moísËure content,

and decreases with r,rater content. Thus if a temperature gradient is

placed across a soil column and the temperature of the cold p1aËe ís

hígher than the freezing t.emperature, a steady state moisture content

will be reached. On the other hapd, in a frozen soíl the chemical poten-

tíal of íce is independent, of t-he presence of soil. Thus the amount of

ice can íncrease without affecting the amount of unfrozen T¡Iater and no

equilibríum moisture conÈent can be reached.

Ice crystaLs freeze out of a solution in a relatívely pure state.

The rnajorÍty of soluble salts are excluded from f.tozer' wat.er ancl concen-

trated ín the unfrozen r¡rater films and may form relatívely high-concen=

Èration brines. A twofold concentration difference over a 24 cnt- dístance

was found ín Cary and Maylandrs (1972) experíment. Thei-:: results sug-

gesËed that mass ilow of dissolved salts in a liquici fihu of water ,¿as

Ëhe principal transfer mechanism even vapor and salt diffusion rnrere some-

tímes signÍficant. They believed that during the frozen period, the salÈ

and water may have moved somewhaË independently.

The effects of initíal r¡rater conËent and soil texture upon mass
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transfer under a temperature gradient vríËh the cold end below f.reezíng

temperature ùras sËudied by Fíeld-Ridley (Lg75). She found inítial soil

water content affected moisture redistril¡ution in a clay soi1. The wet-

ter soíl columns (Above field capacity) showed a moisture content gradi-

ent in the unfrozen portion which \,¡as not pïesent in the drier soil co1- .,'.,.,,i,,
: :..:: ::- ..

unns (field capacity). Ice accumulatíon in tl'¡e frozen zone appeared to

be smaller at higher than at lower moísture contents. The percenËage of

moisture transferred from unfrozen to the frozen zone r^ras also smaller 
.....,:.,,

I.-:::.:::.'.:'

at the hígher moisture content. Nitrate vlas used as a tracer in this
l;: .:.:::

study. In the frozen zone she found a high NO] concentratíon on a <lry ,,',',"',:",
J

soil basis buË a low NO, concentration in the soil solution. The high

N0] concenËratións on a soíl rveight basis r¡ras attríbuted to liquici
J

transpoït whereas the low concentration Ín the soil solutj-on was due to
i

vapor Êransport. This diluËíon vras greatest at Ëhe poínt of maximum ice I

accumulaËion, indicating that the contribution of vapor transport r¿as in

excess of that of liquid tïansport. Internal convection of soil moisture
i

was demonstrated by some of her results.

The rnathemaËical formulation and a numerical solut{on of heat and

mass transport for a partíally frozen soil have been attempted by llarlan

(te73).

-: r--r : r-:,i
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3 THEORY

3.1 General Theory of Transport Phenomena

Pure isothermal viscous florv can be described by the equations of

mass and momentum transpoït. In the case of nonísothermal fluid flow an

additíonal equation is needed to describe Ëhe Èransport of energy'

consÍder any extensive property B of a sysËem, for example, the

mass, the momentum, the energy, etc. Associated wíth the quantity B is

a specifíc quantity b, defined as B per unit mass. The general consel-

vation equation ís developed by balancing any propeÏty B over a station-

ary volume element, dv, Ëhrough ¡"¡hich the fluid is flowing.

f'"t.olB. I=[R?.:-ornl - fn"."-:f tl *[*"'of el
laccumut-ationt I inrlux I - I outrlux .J 

- Liiiã":;t;"J 
(:o¡

L*""-*--- "-""J L ---- ---- J L

The mathematical expression of equation (30) is

(31)

(33)

,.o + (pb)dv - -f LJb'dÁ + y'., ôodv

where g is the mass density, V is the volume, A is the area, Jb, the flux

of B, ís equal to g vtb, Þb is the produciíon of B and vt is the veloci-

ty of the flow medium. After applying the Gauss theorern equation (3'1)

can be wriÈten as:

/"{+(pb)+o'Ju-00 }clv=o (32)

where V is the gradient operator. EquaÈion (32) is valíd only when

+(pb)+v'Ju-ôb=o
This is the general conservatÍon equation.

:3.1.1 Equation of Contj-nuity of Mass

Equation (33) can noúü be applied to obtain the mass continuity equa-
.' 

:

tíon for component i in Èhe fl-uid system. Thus the equaËion of eoirtinuj-- 
:

ty of mass for component i is i.',','¡.-l. ,t-..
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\o.o'a
ar + V'(P.v.) - ó.l_l_ a

r0.
Ë+v.Ji=Oi (34)

(3s)

of mass

produc-

r¿here 0. ís the density of component i, v. is the 1ínear velovity of com-

ponent í, J- is the flux of component i and is equal ¡q 9,v,, and 6.r- ^ ' l_ l-' 'i
is the rate of inËernal production of component i in a volune element.

By summíng afl the mass components, r¡/-e obtain the equation of contínuiÈy

for the total mass of the system.

+ V.(9v) = 0 or * v.V9 + PV.v = 0
âp
ar

âp
âr

r,rhere P, the

velociËy, Ís

tion of mass

n
mass density, is equal aoilrOi

n
equal to ( . X P, v_. ) /p . The sum- i=l l_ t_

is equal to zeto, í.e.

and v, the centre

of total internal

nx.ö. = 0 (36)
l-=I'L - - .

If the tirne derivative is changed to the.substantial derivative, equa-

tion (35) becomes

dP + ov.v -dt'
The díffusive flux, ji, of component i

velocÍ-ty ís

ji = oi(ui - v ) =

and equatíon (34) can be rewritten

o (37) .,
wíth respect to the cent.re of mass

J. - P.vt1

.a:,r':'..

âo _.

--+v.vP. +
df 1

:'

#*o'ii

For incompressible víscous flow

P.V.v + V. i. = ó.a -l- l-

+ P.V.v = ô.l- , 't_

(38)
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V.v = 0 (39),

The equaËion of contínuity of mass for component Í under Íncompressíble

flow becomes

ro.q. .ì 
I-ã-+v'jí=Ôi

For total mass flow it becomes

*f=o

O 9u =pX*V.r'dr

3.f.3 Energy Transport Equation

3.1ì.2 Equation of Motion

If the property B represents the total rnomentum, equatÍon (33) can

be used to descríbe the homentum transfer.

-lç)- = - !.@vv) * e¡ * v.o (42)

r,¡here ¡ is the exËernal forces and o ís the stress tensor. Substitution

of equation (35) into equatíon (42) gives

(40),

(41 ),

(43)

The general continuity equation can be used to r¡rrite the equation

of conservation of energy as

+ {p(E + %v.v)} = - v.{p(E + %v.v)v * j¡} +pv.x+ v.(v.o) (44)

where E is the ínternal energy and j, ís the ene,rgy flux which is com-

posed of two terms. One term is due Ëo díffusion flux of fluid and Ëhe

other is due to conductíon of energy.

Equations (38), (44) , (45) are the equations of conservation of
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mass, momentum, and energy, respectively. There are several unknowns in

these equaÈíons

They are

t) ji and Q, for the equaÈion of conËínuíty of mass

2) o for the equatíon of mctíon

3) jU for the equation of energy transporË.

If these guant.ities are known, equatíons of continuity can be solved

dependíng on the boundary and initial conditions. For a non-equi-librium

system, these unkno\¡ms can be obtained frorn the theory of irreversible

thermodynamics

3.f .4 Phenomenological Relatíon

There are three postulaËes in the theory of irreversible therrnody-

namics. The first postulate is the rassumpt,ion of 1ocal equilibriumr.

It stat.es that the thermodynamic relationships within a microscopíc vol-

ume of an irreversible system are the same as those of equíli-brium Èher-

modynamics, i.e. all irreversible processes for a microscopíc volume can

be d.escribed by equilibrium thermodynamic relationshíps. Gibbs equaËion

can be expressed in terms of local vari.ab-Les for each volume, dv, as

(4s)

where s is the specÍfic entropy, T is the temperature, P is the pressure

and U. is the chemí cal poËential of component Í and the equation is lim-

Íted to fluíds. The Gibbs-Ðuhem equaÈion,

-sdr + *ap =-l.x-au- G6)P i=] i'i

may be applied to a nonequilibrÍum systeTn. It is generally aecepted f.hat

if the gradíents of the therraod.ynamic funcrto.r" in a system. are small, i

the theoretical collsequences of postulate I are va1íd for tlte system.

dE = rds - pd(+) *rirurd*,
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The diffusíve energy flux can be separatetl âs

where q is the secon<l lavr

gy of component í, arrd l.

energy transpor.t equation

njE = 9 *ilri,

ä (Ps)
ât = - v.(spv

'-+l - -o'js

nnil, j itvi

heat flux. B. ís the-a

the specÍfic volume

be rewri tten as

(47)

specifÍc ínternal ener-

of component í. The

(48)

equation of con-

E.
L

AS

can

r +l = o:Vv - V.q - vr!,:rrir+ ov.x

where H- ié the specific enthalpy of component í. The
l-

tÍ-nuity of entropy from ihe general equation (33) is

where i is the dÍffusive entropy"s

product-ion. Substitution of the

(44), (45) and (47) ínto equation

sion for the enÈropy production,

four tei:ms, Ol , ö2 , 0" and 6O

+ j=)

(4e)

flux and ö"/T is the rate of entropy

relatíons expressed by equatíons (33),

(49) results in the explícit expres-

Õu . The term, Os = Os/T is made up of

0t ' Ó, and Ö, are

,ós* -T-

f
,OS

T

ô, = (o * Fr):vv

þr= - t ji (vrui - Xi)

0a = -n'VlnT

(s0)
r :.,:

where I ís the unit tensor" The iasË term 0r, , the chemical production



term, is not presented. Each of the terms 0, , Þ, and 0, is regarded as

the product of a flux and force, and is written as:

o = xG. F. (51)

where G. is the flux and F. represents the drivíng forces.

PostulaËe II is a phenomenologícal relatíon. It írnplíes that if the

internal entropy production can be defíned in the form of equatíon (51),

Ëhe fluxes or current, Gi, is a linear homogeneous function of the

driving forces, Fi. Thus,

Gi = x0ijFj (Sz¡

where f,l-, , the phenomenological coefficient, is índependenË of ther-J

forces.

Postulate rrr states that if 0 can be denored by equation (5r) and

if Gi ís expressed as the linear homogeneous function of F., Ëhe re-

sulting matrix of phenomenological coefficients is symetric,

32

CI.. = 0..r-J JA
(53). .

(s4)

Thís equation is known as the Onsaget's reciprocal relation.

ïhe validiËy of posËulate III has been shor.¡n by Fitts (1962) and de

Groot (Ig52). A great deal of caution is required ín applying Onsagerrs

reciprocal- relation. Even íf a set of fluxes and forces, satísfies equa-

tíons (50) and (52), the Onsagerrs recíprocal relation rnay not hold

(FitËs 1962)

3- 1- 5 lvf6s¡en f rrm. I"ranSport

There ís no theoretical relation between.ËhestresstensorandVv. The

generally accepted relationship is that of Newton, and Ís

o*PI nIV.v+2n(Vv)s*rplV:v2=- 3

where n is the shear viscosity coefficient, ( Vv )" is Èhe s¡rnrmetrical
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part of the tensor and rl is the bulk viscosity coefficient. If the re-

lationshíp expressed by equation (54) is used, then

v.o=-vp+Cln+p)v(v.v)+nv.2v (ss)..

Normally the bulk viscosity coefficient, ü , is very small. Substituting '.,'',

equatíon (55) v¡ithout a rp terur into equation (43), the Navie4-strokes

equatíon,

t + = - vP +px+ nv2v + * nú(v'v) (56) ,'',-','
)'.a : .a:

ís obtained.

Saturated T^raËer flow in a porous medium is generally a steady state

flow, so that

9u =o and v.v -o (57)..dr

If gravitatíon is the on1-y exËernal force acting on the system the

Navier-SËrokes equation becomes

pCVh = nV2v (58)

where Vh , hydraulic head, ís equal to Vp - pCl (Hillel I}TI) and 1 is

the heíght of soil coLumn.

Viscous líquid flor¿ through a eapillary tube can be expressed by

eçation (58) ín cylíndrical coordinates. If the external force ís due

only to gravítation without any applied pressure, then

i . d , -g!-)Ì=- PB vr, (59);t d, (r dr )i=- 
n

where r is the d.istance from the centre of the tube. Integration of

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

in the tube,
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v = ++ vn(n' -tt) (60)
+n

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

florn' of fluíd, Q, through the tube is

R
O = tn"f vrdr

0
(61)

by usíng equaËion (60) and integrating equatíon (61), the Hagen-PoÍ.suílle

equatíon

4

e=-fi RPg vh'8n

is obtaíned. The Hagen-Poisuille equatíon expressing the relation be-

tr,reen the volumeËric liquid flux and external force can be applied Ëo

v/ater flow in soil. By applying the para1lel pipe model (Scheidegger

1963) to a soil, Ëhe total flux ís obtained by surnming the individual

fluxes, as

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

the average velocity or flux is

,!,a, = -rËri4#L on

J, = - {Ë,-E+- ) /r vtr = - KVh

(62)

(63)

where (Ë -n4pg/gn)/A j.s equal to K, Ëhe hydrauU.c conductivity. This e-
l_=I

quation (63) is simíl-ar to Darcy's law. J* Ís Ehe flux of the v¡ater and

is not the diffusion flux with respect to tlle centre of mass as shovrn by

Taylor and Cary (1964) and Nielsen et al. AglZ). It is seen from equa-

tion (63) that I(, the hydraulic conducËívíËy ís a functicn of pore size
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and vfscosity of the liquid.

For an unsaturated soil K is a function of water content. The

change 1n àass withín a vol-urne elernent vrithout chemical- reactions can be.

described by the equatíon of contÍnuity of mass

Lrhen the average vel-ocity from equation (63) is substituted into equatíon

(64> the raËe of change in moísture content becomes 
;,.,,.,,,: 

,,

;i':. .::.::_

P- = - v.(KVh) = - p(K-+ v0) = - v ( D(o) ve) (6s)at ' \:\ a0

35

!ühere Ð(0), the diffusiviry, ís equal to K ãh/ä0. Equarion (65) is com-

monl-v used for descrj.bing unsaturated rrrater fiow. It should be ernpha-

sized ,here that Èhe derivation of equation (65) is based on Na.uier-

SËokesr equatíon (Equation (56) and (59)) rather than usíng the relarion

n
0, = -ilrir'(vru, - xi)

of equation (50), ruhich is comnonly employed by many soíl. scientists "'.
.¡.::. t:a::

(Taylor and cary L964; Neilsen er al. 1972i and cary 1965, 1966) ,'.,'.,'.,

3.1.6 Mass Transporr

Dissolved sol-ut.es tend to move simulÈaneously wiÈh the soil solu-

tion. The equation. of conservatÍon of mass of component i, equaEion (38),

is employed. The unknown quantíË:Les of equatÍon (38) are v and j ..
The cenËre of mass velociËy, can be obtaíned fr:om equation (63). The

diffusioir flux j: can be obtained using postulate II. Thus
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-i. = f). VInT f .n. í --io . ---- -ilroijvruj (66)

where v.n ís the gradient operator at uniform temperature. A more com-r - 
.;.:

rnonly observable quantíty such as concentration gradient, can be substi- !':.r.i

tuted for the chemíca1 potential gradient in equation (66) as:

n-t âui
oruS =rlriÞf, vrpt "

A working equation of the form

-jí = nio å vr +i¡;E,nr5*fr orou

ís obtained. The díffusion coefficíent D.O and thernal diffusion coef-

fícient B. can be defined as :
l_

n ãu-iDit =5l1CIrj âei and ßt = rl'o/T

The diffu"ion flux becomes

Il:1- ji= Ißivr *rIiD*vor. (6t¡

(68)

A general- mass transport equaËion of component i ín an incompressíble

fluíd can be obtained by substÍtuting equatíon (66) ínto equation (38),

+ = - v.vp. + v(Êivr) + v(illDrkvpk) * 0i

âp.
-=+ = -v.Vp. + V.(ß.VT) + v. (¡..v p.) + ó-. dE r_ - l- l_t_ i_' 'i

This equation means that the concentration change within a volume element

is due to convection, vVpí, thermal diffusíon, V(ß.VT), ordinary
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diffusion, V (DiiVpi), and chemical productÍonr Õr.

Special cases of physical situations regardíng equatíons (66) and

(67) will be analyzed. Itlhen there is no temperature gradient, no inter-

action betr^reen components, no convection and no chemical reactíons, equa-

tions (67) and (68) become

ji = - Diiv pi and +F : v.(D..vor)

and they are Fíckts first and Fickrs second laws of diffusion, ïespec-

tively. Equations (13), (18), (f9) 
"r,a 

(5) are all special cases of

equation (68).

The díffusíon flux wíth respect to solvent, r,.is

where Êi is equal to Ê.(f¿. r-or/ou 
0.3)/0. and Dtik í" equal ro Dit (Oij

-p,/p*Q-.-p,/p-Q.-*p,p, /p-a- -). For steady state conditions ín a closedr_ rrJ r_ rr-r l_J'rrr
system

ji = jj = jrl = = o

and equation {70) becomes

- ( ïf )j, = - ( +F )j, = "" = *k = constant. .

Thus

......'



substituting this relationship into the flux equation results in

n_ 1 ,:.. ::..-:...:ì:

-jl = 
È 

oLu (vok +pkskvr)

where sr., the soret coefficÍ-enË, is defined. as -r.,,/pr,. For a two compoK k"k
nentSyStem'thesubscriptS1and2representSo1uteand'so1ventrespec

tively, and "t:: 

:':::;

-j: = D' (vo, - p,s.vT) (7r¡ .:1 11' I t r '

,€ombining this equation \,/íth equation (38) and assumÍng

j]=j- r v: 0 and 0 = 0
IIT

, gr-ves

ð91 = D ,2ijr 117T1 - V.(ptSlVT) (72) .

If VT is constant, AT/Ax = ^t/L, 'r is the temperature dif ference between

two points and 1 ís the distance. Equation (72) for a one dimensÍonal

systen takes the form,

-âgt-=¡ u--'of- -rs 
â9l

ôt 11 ;ît- - T s, - a* (73) '

If we define
ls=,11t

equation (73) can be rewrítten as

-2Ðp. ij p, ap_

li = or, ,T -'r -ã; (7 4)
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n-loißi=åoi.r."r'

Equation (74) has the sarue form as the transpoït equation und.er a



' :r .-,

?o
J¿

convective system. It is thus notíced that the effect of a temperature

Eradient upon mass transport of component i under a non-convective sys-

tem can be ídentically described as convective transport.under isothermal

conditions (de Groot L942; Cho 1975*).

3.2 Mathematical Development for Experimental Conditions

A general theory for mass, momen.tum and. energy transport has been

discussed ín the previous sectíon. In this section the development of

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

encountered ín the experíments

3.2.L EquaËíons of Mass TransporË

In an unsaturated porous medÍum, soil water can exist simultaneously

in three phases i.e. vapor, liquid and solíd (ice). In the rnajority of

cases, the transfer of substances in the ice phase is negligible. The

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

the transport. of liquid Ì^taËer is caused by diffusion and by convectíon.

The movement-of vapor and liquid can occur simultaneously and may be in

the same or opposíÈe direction. A phase change may take place in the

course of movemenË. Under a temperature gradient heaË transfer also

takes place

A vertical unsaturated soil colunn with uniform moisture and salt

content was selected. Thís system is closed with respecË to mass but is

open wiÈh respecË Ëo heat. The flux of vapor ís defined on the unit

cross section of air sPace while flux of liquíd is based on unit cross

secÈion of soil.

If the chemical potential gradíents are expressed as a function of

the vapor densÍty, P, , and volumetric moisture content, e2 , then

* C. M. Cho, unpublished work.
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J I

-J=
2

orr in a workable forn,

0 VlnT
lo

Q VlnT
2o

âu.( rf)ou,

âri -( *¿)vedVo ,

+CI

)

be

t1

{-CI

(7s)

(76).

22

-ej =Peßvr
lti

*eDVP
lr

-j =0ßVT+DV02 22 2 2

In the above equation e sËands for porosity and Ê

the thermal diffusion coefficient.

If Ëhe totaL flux, J, and Ciffusíve f1ux, j,

eqLlaËíon (lø) can be dÍrectly substitutecl inËo

nuÍt1'. Thus

can interpreted as

are assumed to be equal

Ehe equation of cont.í--

"#l- 
= v.(eprßror * eDrvpr) + eO

â0-r:- = V'(0 I VT + D Vo ) + óoL 2 2 2 2 '2

(77) .

'-1-:,.t

Solutíons of these simultaneous equations under one dimensional- steady

state conditÍons(special conditíons)have been solved (Ctro t97S*). It was

assumed that e , ßl , Dl, ß, and D, were constant and the temperature

profile I¡Ias a linear distribution. The Ëemperature gradient for one di-

mension rrras expressed as:

VT= T: r_ï

where i is the unj-Ë vector, l is the clistance and'r ís the teinperature

* C.M. Cho, unpubl.Í.shed. work.
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difference. The transpcrt equetions ot- vapor and l.íquid

a2p,
Dr -lÇå- + 0,

a2o^Dr- alt * þ,

k(oo-o)=-ó2- 2 2' '2

waËer

)

I^Ief e

The reactions of vaporization (S., ) and condensation (ôr) were assumed to

be a linear rate law

âor
Ar

30,
âr

r0, - kI (P

r â0,
= R -:_ ___I_ r"l l. ðx

' â0^
=R-:-/J--21 âx

(78) .

(7e)
o

-p)+i l'

.oI¡Inere Pl rs Ëne

o.
P 1 \'Ias def l-necl

15 atur. as:

saturated vapor pressure correspondíng to Ëemperature

in the range of moisture held by soil from saturation

T.

to

ooz is the waËer

9o=
t

holding

oo=
2

capacity at

e; (r) =

a ¡t APoei(r) = oi * ì+; "

equílibrium and ís defíned as:

.âeor*-ir-T"*
0

2

1^-^.f AO"dx=g"Vo c2 2

where A- ís the cross sect.ional area, 1 ís the lengËh of the column, V ísc

the total volume of the colunn and ã; is the initíal volumetríc rnrater

content. Therefore equation (79) becomes

.0, -kr(p, - oî) + k2(0* - ur) * (kr + - o, **l

and

i._ --: :.

T

T*

SubsLÍËuting equatíon (80) inËo eqiration (78) yÍelds

(Bo) .



âp - a2p
ð. = Dr ¡;z- + ßt

-2
= n, 

-*9- 
* e,
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âp

âx
T

1

âe
ar

5on5u*-L*
eee

(8i )

+-S-+kp-ko-kxJ-dxl23

where

P=p -p*11
0=0 -e*22

^^O ^^o
k3 =,+i--#ti

For initíal condiËions where t = o ancl 0 S x S

or=Po and o2=en

then

p=po-p*
I

' o=oo-o*
I

The boundary condiÈions become

D ,90 -u (p+ rÃ

r dx r' Pr) = o

or*-vr(o+ol)=o 1"..=,
and x=1

where
.Tvt = - þtT

'r=-9rÏ
salt movement occurs only in the liquid phase. There-fore the flux of

salt has to be defined on the basis of liquid qrater

-jj = QroVlnT * nrroruå t' nrroruå n"Ëõ#
T- -:
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where subscrípt 3 is salt. The ur'and u3l are based on liquíd phase. Ac-

cording to the Gibbs-Duhem equation

vruå=-ffooru¡

where n, is the mole fraction of salt and

n, * n, = 1.

SubstituÈing equation (83) inro equarion (82) gives

(83)

I
.t- j; = CIroVlnT * {a., - nr/I\rtìf t.å

where Crt is the concentration of salt based on solution. The equatíon,

modified to a workable form, is

tl 
- 

¡l I- jj = caß3vT * oroC, (a+¡.

The total flux of salt is

J =i'e *cv
- 3 .3 2 3 (85)

rvhere C. is the salt concentration based on soíI volume, v is the centreJ

of mass velocity and approximately equal to the líquid \,rater velocity i.e.

. v = Jrlo, (s6). i,,_: ,.,......

i'.;:-,, ,:-,¡.,.,.
J,, is the total flux of T,rater. If Ëhe equation of continuity of mass is '.,,,,,, ',,.,,.¿'':-.:..::

i_:.j.a:,-.::-:-
.....:.ì:: ::-applied, then ì:.:'::,'::::.-::-

ac^
,.-=-V.tr*0, (87).

0, is negligible and substitutíng equations (84), (85) and (86) inro

equation (87) results in

âC^rt
-fr = v. (ercrß3vr) + v. (o2D3vca) - v. (caJz/e) (88).

i :r :-r..-....
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rf it is further assumed that ßrr Ð, and tz/uz are constanË and tempera-

ture distríbution wiËhin the column is assumed .to be linear then equation

(84¡ for one dimensj-on can be expressed as:

2ac^ ec^ - âc^-tt" = D3 --:# * (Bs | - trter) ;} (Be ),

By defining

v3=-grT-nJ2/e2

and rer¿riting equation (89), we obLain

âc^ à2c^ ðc^

-3 = D- _:_;L _ v- _:___L_ (90).ilt 3 âx' 3 âx \--l'

The ínitíal conditíon i-s 
:

oC3=C3 at t=0 0Sx<1.
i

The boundary condítion becomes I

dc^ 
l

D"-==-C"v.=0 at t:>0rx=0 and x=1.J.dx33

,' -,, .,,- ,, ¡,Solution of equation (90) when J^ Í¡ras zero and ß- r /L was constant under :;.'::::':
¿ 3 .': .:

- .t"'tttt'símilar boundary and inítial conditions as above was sho¡¿n by de Groot ..:,,',,'.:,.:

(L942). However, under ordi.nary experimental cond.ítions Ëhe temperaLure

profÍle r¿ithin a soíl column is usually non-línear and best descrÍ.bed by

an exponential form of equatíon. The following form of temperature func- : :,: .;

:''':::: :;ì-

tion

T=a_b"-B* (or¡

; was chosen. In the above equation a, b and g are constarì.t.s and x is the

distance from the cold end. The chemical terms are chosen as a sirnple
'
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where p? is as defined before. The vapor densiÈy has a positive devia-'I

tion from línearity with temperature. The temperature distribution as .,,':..

shorvn in equatÍ-on (91) has a negative devíation from linearity v¡ith dis-

Ëarice. Therefore the vapor density can be approxímated as a línear func-

tion of d.istance and. r¿ater content, :;;
',,,:,,

.0r = - kr(0, - oil = - þz

9O
o o o * AP, ôP,g, = g;(t, 0r) = gr(x, tr) = oi * f -*'- )x + (-f lu,

By using this relation equation (92) becomes

.0r -kr9*kr9r*kux

IÍnear rate law as:

where

(ez¡

(e3).

(e4)

â P., âet âr +P-iE-

&
0=0 -P11

o
âp-kr=k, ( Aei

o
âp_kr=kr(;f

r. T' Irdx K- ee-g*-ðPi-I dx

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

port of vapor and 1íquid water can be obtained by substitutíng equatÍons

(91) and (94) ínto equation (77). If ít ís assumed that ß1, Dl, ß, and

D, are constant, the one dimensíonal transpot:t equêtíons are

(KrP,e-gx +

n2o
+ De - ì;-'-

I âx- K spee-Bx - k p + k e + k
l-i L 22 3

OL

-I

dx
(9sa¡
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+þ = Kro-B* # - KrE,,,e-Bx * or{þ+ klp - kro, - \x

urhere K, = ßrgb, and K, = ßrgb.

e can be expressed as:

e=.0"_02

where 0 is the saturated water content. Therefoïe equatíon (95) becomesS

(u" tr)*þ- o,*þ=- (k,e-gx0, *o,*þ)+*K,e-Bx

(os - ur) +þ+ Dl (os - rr)+
- Klgp(es or)e-gx - kro * krur+ k3* I

ð0. -': ð2e^ 
L ¿¿ r 

!r'ur.
* =Kr.-B*+ -Kr'orer**o^*-þ+krp -kr.r-kr* {' 

.

I

(esu¡

i.j;-::--i:.:;

ir'.:.::':::.

The inÍtíal condÍtions are

p- = po
t

p=po-pl
I

The boundary conditions are

and

o,{}-+x, 1o*of )--o

o, #-rKro, = o

o, *- * *, ço * of )e-BL

or++Kr_ore-sl =o

at t = 0 and 0 S x S 1.

al- x=0

r:0.

=') 
.. lx=1
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The analytical solutions of equation (96) have not been obtained.

For sà1t ntovement the exponential temperature distribuËion model was

chosen. The t.ransporÈ equaËion of salt becomes

47

â c" ð2c^ -oy a C^

f = or-.-få + (rre-sx- rzlo) -# - crkr'e-s*-

r¿here K, = ßrgb. The initial conditíon is

.r* ezloz) G7)

oC =C33

The boundary conditions

t = 0 and 0 5 x S 1.

at

at

at

are

where vl = lr/eZ-K3. The analyrical solurions

tempËed, but rìras ngt obtaíned.

MathemaËical models for soil columns r¿ith

open systems T^rere not attempted in Ëhis study.

rlo

of equation (97) \./as at-

íce phase, semiuolrèn 'or

dC^ |
o, -ut'- - Crv, = 0

dC^ t 
-.olD, -ii- - C.vreÞ* = 0 :)
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4 MATERIALS AND METI{ODS

4.1 Field Experiment

Two experimental sites were ehosen for the study of mO, and C1 move-

ment in soil. one site was located on an Almasippi loamy fine sandT

close to Haywood, Manitoba. This is a slightly alkaline soil (Table 1).

The other site was located on a Red Rívei clay soil at Glenlea, Manitoba.

The dímensions of the experimenÈal plots were 4.5 m x 4.5 n. Two

plots \^rere establíshed on the Alrnasippi loqrny fine sand síte, one plot

\^ras treated with ca(Nor), and cacr¿ on oct. 5, 1973 and the other plot

úras treaËed on July 3, 1974. A síng1e ploË on the Red River clay soil

was treated with Ca(NO"), and CaCLron Nov. 2, Ig73. NO; - N- and CI-J¿

were applied at 1681.5 Kg/ha. The cr ion was applíed to serve as a

traceï forwaterrcvement. SÍnee Cl is not adsorbed by soíl or subject

to assimilatíon by soil organísms to a signifícanÈ degree, a Eeasuremerit

of Cl movemerit would províde information on NO] movement. Ten thermo-

couples were inserÈed in the soil at each síte at depths of 2.5, 5, 10,

20, 35, 50, 75, 100, 125 and 150 cn. soil sampl-es were Ëaken at varíous

Èímes at 15.2 em intervals to a depth of 182.4 cm or to depth of ground

r^later for the Alnasíppí loamy fÍne sand site and to I21 6 cm for the Red

River clay soil sit.e. Temperature and rainfall were recorded. The field

studies r^rere terminated in Apríl, Ig75. Soil samples were taken usíng a

5.1 cm diameter auger when the soil was not frozen. A Kango electric

harnmer was used for taking frozen soil samples. Due to sanpling diffí-

culties, samples \¡rere not t.aken from the Red River clay soil when frozen.

Bach sample was stored in a sealed plastic bag and t.ransported to Ëhe 1ab-

oïatory in a cooler. The samples were sÈored at 5 C for one or two days

and the moisture content and the Cl , NO3 - N and NOZ - N concentraÈions

in the samples determíned.

È..



: --.1 l'

49

TASLE 1 SOME CHARACTERISTICS OF THE SOILS

Soil name

TexËure

C.E.c. (meql1009)

PTT

Specific conductance 0.8
(runhos/cm)

Cl (ppm)

Organic matter (%)

Afunasíppi

Loamy fine sand

15. 5

6.6

10-30

2.5

Red Ríver

Clay

44.7

8.0

0.8

10-400

2.6
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Nitrate, No, and c1 were extracted by shaking l0 g soil r¿íth 50 ml

dístil1ed qrater for 30 minutes. The suspensíon r¡/as filtered through

whatman No. 42 fírter paper and rhe 
"o;-.N 

and 
"o;-.N 

coircenrraríons of

Ëhe filtrate determined using a Technícon AutonaLyzer (Kamphake et al.

1967). The Cl concentratíon was d.etermined by potentiometric ËÍtration

using a RadiomeËer titrator equipped wíth a combinatíon AgCl-HgSOO elec-

trode. Standard AgNO, solution ¡¿as used as titrant.

Gravimetric water conËent was determíned on another portion of soíl

by drying at 110 C for 48 hours.

4. 2 Laboratory Experíments

The soil used for the experíment.s was taken from the 0 to 15-cm

depth of a I^Iellwood clay loam soil. The soíl was aÍr dried, passed

through a 2-mm sieve and stored at room temperature. Some characteris-

Èics of the soil are shown in Table 2.

An acrylíc tube, 3.8 cu inner diameter and 16 cm 1ong, was sectioned

into I cm lengËhs and filled with soil. One end of the column was sealed

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

connected to a Haake Model FK*or a Lunar Model nt{ton"a"nÈ temperature

círculâtor. The consËruction of the soil coluron is shown in Fig. 1. The

columns were insul-ated with fiberglass. In co,lumns with an air gap, t\47o

perforaËed copper plates separat.ed by a 0.5, 1, or 2 cm copper rÍng were

placed ín the rniddle of the coluron, 6, 4, or I cm from the cold end of a

coluun. The aír gap served as a semipermeable membrane to vapor but was

impermeable to liquid T^rater and solutes. A 0.5-cu air gap r¡as inserted

between the middle sectíons of a soil coluun ¡¡hen the temperaËure of the

cold end was above the freezing point. tFor'columns with the temperature

of. the cold end belor¡ the freezing point 0.5, 1, and 2 cm gaps were used
* Ployscience Cooperation. ** Brinkmann Instruments.

'.9.;i'
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TABLE 2 SOME CHARA,CTERISTICS OF T{ELLI^IOOD SOIL

pH

Organíc carbon (%)

Total N (%)

Specífic conductance
(rnmhos/cm)

C:8.C. (ureq/100g)

Exchangeable cations
(neq/ 100e)

Ca

Mg

K

Na

H

7" Sand

"/. SlLt

7" CLay

5.2

4.53

0.37

r.7

28.7

18.4

6.0

1.1

0"1

6.6

50.3

33.4

16. 3

¡ l l-:
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and r{ere placed at B, 6, 4, or I cm from the cold end. The construction

of the air gap ís also shown in Fig. 1.

The soil was uniformly míxed with r^rater, KCl, and Ca(NOr)r. 4HZO.

The concentratíon of N was 500 pprn-N for all experiments. The concenËra-

tions of KCl r¿ere 10 or 20% and water contents were 27 or 32lZ depending

upon the treatments selected. Moísture conËenË ( % ) and N concentratíon

(ppm-N) r¿ere based on dry soí1 weíght and the concentration of KCL ( i4 )

was calculated on a soil solutíon basis. The premixed soíl ¡.¡as uniformly

packed into the column; Ëhe bulk densíty varied between I.2 arLd 1.3 g/"r3.

The prepared soil- column \¡ras iuunediately subjected to a temperature

gradient. The Cl served not only as an indicator of líquid flor^r but

also.as a solute which depressed the vapor pressure.

The warm end of the soil coluurr was maintaíned at room temperature

which r¡as about 22 C. The heat exehanger aË Èhe cold end was maintained

aË various co_nstant temPeratures. Temperatures of the soil colunÍt.s rrrere

measured at 2-cm inÈervals using thermocoupl-es inserted abouÈ 0.5 cm into

the section through smal1 holes in the walls of the acrylic rings.

Six different experiuents were conducted:

1. Effect of moisËure and. salt concentration on mass transport

2. Effect of the freezing process on mass Èïansport

3. Effect of different geometrical- configuratÍons on mass transport

4. EffecË of air gap length and posiËion on mass transport

5. Simulation of natural conditions

6. Open system.

4.2.I Effect of Moisture and Salt ConcenÈration on Mass Transport.

In order to study the effect of moisture content upon mass trans-

porË, twelve soíl columns, six wíth and six without an air gáp, were
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used. Several combinatíons of salt concentratíon and moísture content,

with or without an air gap' r{ere used to study the salt effect. Moisture

contents were 27 and 32%, KC1 concentrations r¿ere 10 and, 20"/" and a 0.5-
cm air gap I^7as inserted. between the rniddle sections in some of the soil
columns. All columns contaÍned 500 ppn No3-N. The d.uratíon of therural

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 TransporË

soíl was míxed unifoimly with 102 KCl, 500 ppn No3-N and warer

equíva1-entto 27 or 327" of soí1 weight and placed into acrylic tubes.

Two columns with 27"Á moisture Ì¡rere treated for 20 'days. Al1 other col-
ulnns \¡rere treated for 10 days. The cold end temperature for all the co1-

urnns hTas maintaíned at -19.5 C.

4.2.3 Effect of Different Geometrical Confígurations on Mass Transport

All the soíl columns used in this experiment contaíned l0Z KCl,

500 ppm-N and 27% moisture. Duration of the thermal treatment was l0

days.

Four columns r¡rere placed vertically with the cold end on top. The

cold end temperature of Èwo of these columns was -19.5 C and the teuper-

ature for the oÈher two colu¡nns üras 0.5 C. Four oËher columns were

placed horizontally. Temperatures, maintained aË the cold end of the

coluurrs, r^lere identical Ëo temperatures maintained for the vertical col-
unns. Each of the treatments had colurons with and. without an aÍr gap.

4-2.4 Effect of Air Gap Length and position on Mass Transport

This experiment was initiated to deternine the lengÈh of air gap

necessary to stoP the return flow of liquid r^rater from the cold end to

the warm end after Idater accumulated aË the cold end. All colunns were

j::. :
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placed vertically \,¡íth tlne f.rozen end on the bottom and all systems r^rere

closed except for t¡¿o columns which had the cold síde on the upper paït

of the column and were open on the cop.

All columns vlere treated for 10 days. The soil used ín thís experi-

ment ülas premíxed vüith 102 KCI and 500 ppm NO^-N and wetred to 27% moís-
J

ture.

The first study ínvolved the use of a 0.5-cm air gap placed between

the 6th and 7th sections (6 to 7 cn) from the top of the soil coluun wíth

the cold end on the top and open. The purpose of leavíng the soil sur-

face open to the air v¡as to create an infinitely large vrater sink in the

f.rozen port.ion.

A second study using a l-cm air gap located at the 5th section of

the coluutrr ¡.ras conducted. A closed system r¡ras useil with the cold end of

the coluurn locaEed at the bottom. In order to provide a large sínk for

soÍl moísture without uuch reducËion ín porosiËy, the colder region

(ñur sections) was filled wíth dry soil. There was no moisÈure, cl or

NO] added in the colder chamber at initíation of the thermal trearment.J

ïn a third study, the soil column rlras prepared by the same method

as the second. study except thaË the colder region was fílled with pre-

mixed soil. A 2-cm air gap was used in the fourth study. The gap was

placed at the second and third sectíons from the coldest end. The fro-

zen comparËment had only one sectíon which was filled with air dry soi1.

The temperature on the cold end was adjusted so that the Ëemperature

of the soil sectÍon on the cold side of Ëhe aír gap r,ras just below the

freezing point (-1.0 C) and the t,emperature on the r¿arm side of the air

gap just above Èhe freezing poínt (0.5 c). rn general this method. re*

sulted. in a large thermal gradient in the unfrozen part of the soil.
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4r2.5 Simulatíon. of Natural Condítíons

In Manitoba, thè surface soil of cultj-r'ated land freezes at the be-

ginning of the winter. The frost penetraËes dovmward with time to l-50

or 160 cm depending upon soil and temperature condj-tions. In spring as

the surface soil thaws the soíl below the surface remains frozen and the

soÍ1 below the frozen layer continues to freeze. The soil profile is

usually free of frost in late spring or in early sltnrrer.

The effects of gradually c.hanging the,dírection and magnítude of the

thermal gradient upon mass Ëransport was studíed. soil columns con-:

taining 102 KCl, 277" moisture and 500 pprn NO]-tl were placed verÈically.
J

The top end of the column was f.rozen during the first 10 days cf thermal

Ëreatment. Duri-ng the second 10 days, the botËom end. of the colu.mn was

îtozen, Ëhe cold t.reatment on the top end of the column terminated and

the soil allor¿ed to \¡/arm to room temperature. water contenË, Cl and

NO;-N concentrations of the soÍl sections were determined.J

4.2.6 Open System

One end of the soí1 column r¡Ias sealecl r.rith a copper plate and the

other end rsas att.ached to a heat exchanger buílË to maíntain a const¿nt

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

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

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 \,üere surrounded by the ex-

changer. Thus there vras no temperature gradíent -yrithin the top 3-cn sec-

tj-on of the colunn. Another large heat exchanger was placed about 4 cm

above the open soíl surface (Fig. 2). The la.rge heat exchanger main-

tained atnospheric temperature near the top of column close Ëo that of
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Large heat exchanger
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Out

Fíberglass
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Fig. 2. Construction of the open soil column.
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the soil surface. The soil was premíxed with I0% KCL, 500 pprn-N and 277.

moisture. The duration of the thermal treatm.rra r"" 10 days. Two tem-

peratures were chosen for the cold side of the colunn. 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. temperature close to

room temperature..

4.3 Determínatic ¡n of NO3-N, NO,-N, Cl and lJater Content of Soil

At the end of Ëhe thermal treatment, the column \^ras removed from the

heat exchanger and cuË into l-cm sections. The soil in each section was

mixed throughly.

The extraction and. determínation of Cl , NO] and NO] was similar to
5¿

that described ín section 4.L (fieLd experíment). The quantity of soil

extracÈed was reduced Ëo 59 due Ëo the limited quantity of soÍl in each

l-cm section. Chloride content r^ras determined using a Buchler Digital

Chloridometer equipped with Ag and Pt electrodes. The concenËrations of

Cl and NO.-N hrere expressedaspF Cl orN based on both dry soil weight
3

and soil solution. The water content of samples r^ras expressed in Z based

on dry soil weíght.
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5 RESULTS AND DISCUSSTON

5. I Field Experiment

5.1.1 1973 Almasíppí Sandy Loam SoÍl- Plot

The NO.-N content of the unfertilized Almasippi soíI. profil-e variedJ

from 1 to 10 ppm; the C1- c,rncentratÍon varíed from 10 Ëo 30 ppm. The

distribution of NO], Cl and moisture in the unfertilÍzed Almasippi soil
J

at various sampling tirnes are sho\.m in Appendix B. The distribution

curves of surface applied NO] and C1 and moisture content are shown ín
J

Fíg. 3 to I for Èhe 1973 Almasippi plot. Because of sampling variatíon

and uneven fertilizatíon, Ëhe concentrations (C) of NO,-N and Cl r^reïe

expressed as a percent¿tge. of the highest concentrations ( a*"* ) in the

sampling profíle i.e. C/a*r* x 100, An arbitrary leve1 of 5 to 6 times

the concentration in the checlc soil was chosen as criterion to d.ífferen-

tÍate between soil samples enríched and'not enriche<i by the added salts.

The depth of penetration and the accumulative raínfall betrveen samplÍngs

are qhown Ín Table 3.

The soil temperatures at various depths for eacl'l sampling time are

shown in Table 4. The soil temperature increased with increasíng depËh

from OcËober 15, L973 to March 28, 1974. From April 17 to Augusi 7, 1974,

Ëhe surface soíl temperature increased r¿íth time and Ëhe temperature

decreased wíth depth. 0n April 17, 1974, Ëhe top 30 crn soil temperature

increased to above the freezing poÍ.nt, but the 30-cm zone the soíl was

still frozen. After August 26, 1974, the Èemperature of soil ptofile de-

creased again. It was clearly shown that the soil temperature hras a sine

function of time for each depth ín a soil profíie.

NÍtrate and Cl boÈh penetrated to depËhs of. 23 cm (Table 3) r¿ith

mosÈ of the salts remai.rrj-ng in the top 15 cm of soil (l'ig. 3a) during the
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TA3LE 3 AMOI]NT OF PRECIPITATION AND DEPTH OF SALT PENETRATION

IN 1973 ALMASIPPI PLOT ON VARIOUS SAtvfpLINc DATES

sampling Date Deprh of penetraríon (cm) Rainfall (nm)

NO^ cl
J

23 23

38 38

23 23

23 23

23 23

23 23

23 23

23 23

** **122 I22
** **r22 r22

::*** _*** LO7

** --1*
r37 I37

*** ***

Oct.15, L973

Nov. 2, L973

Nov. L4, L973

Nov. 28, L973

Dec.11, 1973

Jan. 23, 1974

Mar. 1, L974

Mar. 28, 1974

Apr. L7, 1974

May 6, L974

May 28, 1974

Jun.10, I974-

Jun.20, L974

Jul. 3, L974

Jul. ll, L974

Jul- 23, L974

Aug. 7, L974

A,tg. 26, I97 4

to

Apr. 19, L975

*** ***

*** ***

trace

trace

snohT cover

SftOI¡7 COVef

SIIOI^I CO\Ief

SnO\¡I COVef

SIIOI¡I CO\/ef

srrord cover
¿

7 6.0

s6. 0

5.3

16.0

trace

18.0

7.2

6.9

** **183 183 :

** **183 183

*** 
-*** 

60. o

*** ***

* AmounË of snow thaw equal to the amount of water.

** Applied NO; or Cl appeaï at water Ëable level
*** ]rJe applied NO] or CI found above !,rater table level.
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TASLE 4

Sarnpling Date
2,5 5

OcË.15,.I973 5.5 5.0

Nov.2, L973 0.2 L.2

Nov.14, 1973 -2.6 -I.6
Nov.28, 1973 -5.2 -3.7

Dec.11, I973 -6.8 -6.1

Mar. 1, L974 -4.5 -4.0

l{ar .28 , I97 4 -4 .5 -3 . 4

Apr.17 , Ig74 2O.2 L4.2

May 6, L974 16.0 10.9

Jun.10, L974 17.6 15.5

Jun.20, I974 26.0 2L.5

Ju1.11, I974 35.8 33.1

Ju1.23, I974 35.3 32.8

Aug. 7 , 1974 37.8 33.5

Aug.26, 1974 18.0 16.2

Oct.31 , I974 4.5 4.3

Dec.19, !974 -3.5 -4.5

Feb.19, I975 -3.0 -3.5

Apr.19, 1975 22.O 2O.0

SOIL TEMPERATURE ( C ) OF 1973 ALMASIPPI PLOT
AT VARIOUS DEPTHS ON VARIOUS SAMPLING DATES

10 20 35

5.0 6.9

2.6 4.O 5.5

-0.6 0.0 0.6

-2.8 -L.4 -0. 6

-5.5 -4.2 -3.2

-3.8 -3.5 -3.0

-3.2 -2.7 -2.3

7 .3 L.4 -0. 3

5.5 2.2 1.9

L3.4 11.6 LL.4

20.0 19.0 L7.0

28.6 24"L 22.8

28.r 2s.r 24.7

27.2 24.3 23.8

L4.B 14.8 16.5

4.3 5.7 7.0

-s.0 -4.6 -3.6

-3.7 -3.6 -3. I

15.0 7 .O 2.8

Depth (cm)
50 75

9.8

6. B 8.2

1.7 3.4

o.2 r.7

-2.8 -0.2

-2.6 -1.6

-1.9 -i .0

-0. s -0.5

1.3 0.0

11. 3 10. 7

14.5 L4.s

2L.B r.9.3

23.6 2t.4

23.0 21.2

L7.2 16.8

.7.7 8.0

-2.4 0. 0

-1.6 -0"4

7.9 L.9

r25 150

11. 5

10.5 10.4

6.s 7.5

4.2 5. 1

2.3 3.2

0.0 1" 0

0.2 0.9

-1. t.

-1.6 -t.2

8.2 6.9

11.0 10.0

15.0 13.2

17.5 15.5

L7 .9 16.1

15.2 14"s

8.0 B. 3

2.6 3.5

0.6 1.1

2.8 3.0

100

11. 0

9.2

5.1

2.9

L.2

-o.7

-0.2

-0. 5

-L.2

9.5

13.0

16. 8

19.4'

19. i

16.0

7.8

L.4

0.4

L.9
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firsË 10 days after application of the salts. The salts penetrated to a

depth of 38 crn 18 days after applicatiorr. However, most of the applied

, No] and cl remained in the surface 23 cm of soir. The sur:face soilJ

started to freeze after November 2, 1973, and the frosÈ front penetraÈed

to 20 cm by November J.4, 1973. The salt penetration front seemingly

moved upward fc the 23-cm depth (Table 3) which was the approxÍ-maËe

depth to which frost had penetrated. Samples obtaíned on November 14,

1973 showed that the majority of the salts remained i.n the surface soil
(Fig. 3). During che period when the surface soil was frozen (November

L4, 1973, Èo March 28, I974) the concentration, distribution or: penetra-

tion of Nol arrd c1 in the soíl profiles dl-d nor change (Fíg. lJc,d. and.5'
Fie. 4).
' The v/ater input was about 76.2 cm snow rvhÍch was equj-valent to 7.6

cm rainfall during the spring thaw. After the snorn, melted ancl the sur-

face soí1 sËarted to thaw NO] and C1 moved down beyond 122-cm depth evenJ

though the sc¡il stil1 had frost betvreen Èhe 75-cn and 150-cm depths on

April 17 and l{ay 6, 1974 (Fig. 5a,b). There v¡as about 5.6 cm raiufall be-

tl¡7een April 17 and YIay 6, 1974. Ihe recoveries for borh Cl. and NO] were

very low and amounted to only aboul 20-30% of the amount applied. The

salt front did not appeaï to move betrveen April 17 to May 6 , Ig74. The

ürater table Í/as very high and was located at the 64-cm depth on May 28,

L974. The amount of rainfall was 10.7 cm, duríng the May 6 to May 28,

1974 períod. Thís rise of the water Ëable may have been due to Lhe let-

eral movement of ground \¡/ater. Ttre high Cl- and NO, concentrations in

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

the check soil ('êhown in Á,ppendíx B ) also suggested that lateral move-

utent of grouncl \,later haci occ.urred. The applÍ-ed salts could not be found
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in the soil profile above Ëhe water table on May 28, 1974 (Fíg. 5c). Fig.

6c shows the distríbution curves of no, and cl- in the soil profile on

June 10, L974. The hTater table moved down to tlne L22-cm depth and the

applíed NO, and Cl- were located just above the water table.

The 1evel of water table \^ras at the 152-cm depth on June 20 and July

11, 7974. The applíed tlo, and cl \^7as not found in the soil- above the

\"rater table (Fig. 7a,b). As the waËer table dropped rhe applied No] and

Cl was found ín the soíl profiles at the 168-crn depth on July 23, Lg74

and at 183 cm on August 7, 1974 (Ej-e. 7c,d). From August 26, rg74 ro the

end of this experíment, February 19, rg75, the No, and c1- concentratíons

in the soíI profile r,¡ere less than one tenth of the amount applied. The

maximum concentrations of no, and Cl- for every sampling profile from

August 27, L974 xo February 19, L975 are shown in Fig. 8. It r¿as con-

cluded thaÈ the applied No, and cl qrere lost completely from the soil

profile.

The moísture distribution ín the soil profíle also ehanged with sea-

sons. The surface soil r¿as colder than the subsoil from time of applíca-

tion of salt to March 28, 1974 and, the moísture content of the top 38 cm

soil was higher than that of lower horizons (Fig. 3 and 4). The average

volumetric rnoisture content of the top 30 cm soil was about 12% which was

the fíeld capacity of this soil and the average moisture conterit of che

subsoil was about 42. After the spring thar^r the temperature decreased

wíth increasing depth and Èhe temperature gradient . Ìsas very greaË

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

Ínto the soíl uras about76.0m. The moísture content of the top 46 cm

soil was almost uniform and was hÍgher than the moísture content of the

soil profile during the winter period. The moisture content of the soil
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profile increased wíth depth to about 33"Á at the top of the vrarer table.

The ternperature on the surface soil continuously increased during

June 20 to August 7, 1974. Due to only trace amounts of rainfall during

thís period the moisture content of the soil profile decreased except

near the \¡rater table. The surface soil temperature reached a high of

37.8 c and the moisture content decreased to 3 or 4Å (Fig. l). The 1or¿

moisture content in ttre top part of the soil profile night have caused

the upward movemenË of moisture which night accôunt for the reappearance

of some of the applied salt ín the soil profile at the July 23, L974 sam-

pling dates (Fig. 7c,d)

On August 26, 1974 tine temperaËure r^ras almost uníform throughout the

soíl profile from 0 cm to 150 crn. The increase in the moisture conËent

for the surface soil on August 26, 1974 was mainly due to the 5.5 cm of

rainfall beÈween August 7 atrrd August 26, Ig74. I^Ihen Èhe surface soil

temperature decreased the tenperature íncreased with depth. The moísture

content of the top soil was higher Ëhan that of the subsoil except near

rhe warer rable (FÍg. 8).

The saLts, ca(wor), and cacrr, applied on rhe soíl surfaee in rhe

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

freeze-up and the spring thaw, the distríbution of NO] and Cl- did notJ

change. The najor portion of the appliéd No, and cl moved out of the

soíl profÍle- during Èhe spri¡g thaw. On the basis of the ÈoÈal input of

the water (Table 3) during the spring Èhaw perÍod, the average of volu-

metric moisture content (12.77") before the snorr melt and the soíl water

holding capacíty of this sol]- (2Li4 by volume) the rdater front could reach

a depth of 92.2 cm und.er ísoÈhermal conditíons. The downward movement of

water alone did not seem t.o account for the salt movement. Thernal

i:;
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gradíents níghË be another possíb1e drivíng force for salt movement. The

moísture content of the surface soíl- was a function of rainfall and soil

temperature. I^Ihen the surface soíl temperature was lor"rer than the subsoil

temPerature the moisture content. of surface soil was about I2"/.. As the

temperature of surface soil increased the moisture content of surface soil

decreased to 3"/". It was not knor¿n whether the decrease ín the moisture

content was solely due to thermal effects or due to the combíned effects

of thermal forces and evaporatíon. The movement of Cl- and NO] was sírni-

lar in this study.

5.I.2 1974 ÃLmasippi Sandy Loan Soil plot

The salts were applied on the plot on July 3, 1974. The criteria

for deËerminíng the depth of the salt peneÈration fronË and the soíl tem-

Perature ilistributÍon of the soil profile at all samplÍng tímes \,rere the

same as in the previous study. The depth of penetration and the accumula-

tive amounË of rainfall are shown ín Table 5. Fig. 9 shows the dístribu-

Èion of cl and No, in the soil profile on July 11, JuLy 23, Augusr 7, and

August-26, 1974. Salls moved down to 23 cn duríng the first 8 days after

application. The rainfall between July 3 and July ll, 1974 was l.g cm.

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

1974. However, the depth of penetration of Cl- and NO] remained unchanged.

(Table 5). The majority of the applied salrs remained ín the top 15 cm of

soíl during Èhís period. on August 26, L974 x]ne majority of Èhe cl re-

mained. in Ëhe surface soil, a1-though, most of the No; moved d.own to 38 cm.

Raínfall from August 7 to August 26 was55.0nn. This amount of rainfall

míght be responsible for the movement of salÈs.

As the surface soil temperature decreased the surface moisture in-

creased. This has been díscussed in section 5.1.I. The major portions
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TASLE 5

Samplíng

Jul. 11,

Jul. 23,

Ang. 7,

Aug. 26,

Oct. 3,

Oct. 31,

Dec.19,

Feb. 19,

Apr. 19,

AMOUNT OF PRECIPITATION AND DEPTII
IN 1974 ALMASIPPI PLOT ON VARIOUS

OF SALT PENETRATION
SAMPLING DATES

Date

L97 4

t97 4

r97 4

r974

L974

L97 4

L97 4

L975_

L97 5

c1

23

23

23

38

53

53

53

53

**
L22

Depth of
No¡

23

23

23

38

s3

53

53

53

*
L22

PenetraÈion (cn) Rainfall (rnn)

18.0

7.2

6.9

55

frace

4.6

snoÞI cover

snorf cover

70.o

I. r _.-

* Amount of snow Ëhaw

** Applíed NO; or Cl

equal t.o the amount of waÈer.

appear at water table level.
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of both Cl and No, were located at the 23-cm depth but the penetration

front of both cl- and Nor- moved down to 53 cm on october 3, Lg74 (Fig.

10) even though trace amounts of raínfall were recorded. Fig.lgbrc and d

sho¡¿ thaÈ the locatíons for both salt penetration fronts and C*"*rs r¡/ere

unchanged during the v¡inter períod. This result ¡¿as similar to that ob-

taíned in the previous study (Section 5.1.1) i.e. the concentration pro-

files of cl and No, did noË change during the winter.. Again after the

spring thaw both cl- and tto] disappeared. from rhe soil profile (Fíg. 1l).
The results índicate that. suûÌmer-applíed salt, remains close to the

surface untíl the next spring thaw. Some local movement occurs due to
occasíonal precipítatíon. However, during spring thaw the salts are

rapidly transported dornmward in the soil profíle.

5.1.3 Red River Clay Soil plot

The cl- contenÈ of the Red River cray was very hígh and varíable
(Table 1). rlis hieh initÍal cl conËent obscured measuremenrs of the

movement of applied Cl Therefore the results of movement of applied

cl are not presented. The concentration of No, in thís soil príor to

addition or uo, was also higher than that of the Alnasippi sandy loam.

Because of the high initial No;-N concentration in the soil profíle, Èhe

criteríon for determining the depËh of applied No; penetration r^ras chosen

to be tr¿ice the concentration of the check soíl. ïhe depth of f.fO, pêriê-

tratÍon and the accumulative amount of raínfalI betrreen two sampling Ëímes

are shor¡n in Table 6. The soil temperature profiles at eaeh samplÍng time

are lÍsted in Table 7. The only ¡¡inter soil temperature measurement
was conducted on November 14, 1973. Soil tenperatures increased then de-

creased with tirne for each depth from May 6 to oct. 3L, 1974. The soil

temperature decreased ¡¡íth depth from May 6 to August 26, 1974 but

i:::::-tr:
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TA3LE 6 AMOI]NT OF PRECIPITATION AND DEPTII OF SALT PENETRATION
IN RED RIVER CLAY PLOT ON VARIOUS SAI4PLING DATES

Sampling Date Depth of Penetration (crn) Raínfall (rn )
No¡

23

23

23

23

23

23

23

23

..
* total precípíÈation in terms of rainfall.

Nov. L4, L973

May 6, Lg74

Jun. 2O, L974

Jul. 4, L974

A,rg. 7, 1,974

Aug. 26, 1974

Oct. Z, L974

Oct. 31, L974

snoúr cover
&

t32

L7B

4.3

37 .O

6s.0

53i0

13. 0

&

¿
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TABLE 7 SOIL TEMPERATURE ( C ) OF RED RIVER CLAY P].OT
AT VARIOUS DEPTHS ON VARIOUS SAMPLING DATES

78

Sampling Date

Nov. L4, 1973

May 6, L974

Jun. 20, 1974

Jul. 4, 1974

Aug. 7, 1974

Aug. 26, L974

Oct.31, I974

Depth (en)
10 20 35 50

-0. 1 1.0 2.A 4.2

7.5 2.5 0.3 -1.5

20.5 L2.5 14.5 L2.0

24.7 L9 .2 LB.2 L6.6

27.4 22.9 20.8 19.3

L9.4 16.9 16.9 L7.3

5.7 6.2 6.8 6.9

75 100 i50

5.s 6.s 8.3

-2.0 -2.I -t.7

10.5 9.2 7.5

13.4 9.6 7 .7

L7 .6 1,4.9 12.7

16.1 14.2 13.2

6.9 7.4 7.s

2.5 5

-2.0 -t.2

L2.6 11. 3

35.5 27 .0

34.2 3r.2

33.4 31.8

25.2 23.3

5.8 5. I

i. : :::,

¡1 .l
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increased with depth on November 14, 1973 and october 31, T974.

The sal-ts were applied on November 2, L973. There \¡rere no wínter

samples obtained as sampling of the frozen clay soil- v¡as very diffÍcult.
Fíg. 7.2, 13 ancl 14 show the resul-ts of moÍsture conrenr and NO] distrÍ-
bution from November 14, L973 Ëo october 31, L974. The applíea llo, pene-

trated to a depth 23 cm but most of the applied NO, staVed ín the surface

zone 12 days afËer applicaËion. The patËern of NO] aistríbutíon and Ëhe

depËh of No" penetration dj-d not change appreciably from November 14,J

1973 untíl October 31, 1974.

The movement of applied ttO, in sandy loam soil was dÍfferent from

that in clay for the fall surface-applÍed salts. The applied NOI rnoved

nraÍnly downward duríng the perÍ-od of spríng thaw ín the sandy loam soil.

Nítrate díd not move down at all o.¡er Ëhe períod of a year in the clay

soíl. A clay soil has a hígher porosity than a sandy sci1. However, the

.average pore síze of a clay soÍl is smaller than Ëhat of a sandy soil.

The contínuity of air space under fietd conditions in a clay may be al-

most non-existent. These physical characterístics could have contrj.buted

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

soil.

5.2 LaboraËory Experi.rnents

The distributíon of moÍsture and Cl ín vertical soil columns with

2J% moísture and l.0Z KCI for 5 and 10 deys under isothermal condiËions

(. at room temperatrrre ) are shor,m Ín Fíg. 15. Neither moisture nor Èhe

Cl- ion moved uncler: the influence of gravítational force alone. The ex-

Ístence of an air gap r¡ithin Ëhe soil column also did not affect the dis-

tributíon of either moisture or the Cl íon uncler isotherrrral conditi.ons.
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B4

5'2'L Effect of Moi-sÈure and salt concentrations on Thermal Mass Transport
All of the soíl columns employed for thís study were placed verti-

cally wíth the cold side on the bottom. As far as stability of soíl
moísture T¡/as concerned this geometrical arrangement was the most stable

configuration. Initíal moísture contents of 23, 27 and 32i4 were chosen

for the study of the effect of moisture contenl on water movement under

a temperâture gradÍent. The temperature distrÍbution of the soil columns

reached steady state several hours af.ter the thermal Ëreatment !üas íníËj.-

ated. The resulting ternperature profiles for soil columns with inítial
moisËure contenis of. 23, 27 and 327" are shown in Fig. 16. The Ëempeïature

distrj-butions were nonlinear and íncreased assl,mptotically with Íncreasing

distance from the cold end. This nonlinear temperature distríbutíon was

mainly drre io íncomplete ínsulatÍon and non-uniform moisÈure distribution.

Even r¿hen identical temperâtures l¡rerê irnposed on all of the soil columns,

the ternperature dÍstrÍbution was differer¡t. The <iifferences in Ëenpera-.

ture dísti:ibutícn paËterns among the different moisÈure contents and be-

tl.reen the columns w:lth and without an aír gap at the same j-nitial moísture

content could be due to the effects of moístuïe content on thermal con-

ductÍvíty

For the pu.rPose of clarity, soil columns without an air gap v¡i1l be

called ccntj.nuous scil columns and those with an aír gap will be called

discontinuous soil columns. The dÍstribution of continuous patterns of

moisture in the soil coluuurs 10 days after initi.atj.on of the temperature

treatment are shor*¡n in Fig. 17. There vüas very lÍttle or no net r^rater

flow in the soil col-umn with an initial moisËure content of 23"/". A rela-

tively greatel: net ro.oísture transport. to the cold end r,ras found in the

column wit.h 277' moisture content Ehan in the soil colurnn at 32"/, moisture



*-x 237" HZO \,rithout gap

o 

- 
o 277" HrO wÍ.th gap

o-o 277. HzO wÍ.thout gap

ô-ô 327. H2o wíth gap

'ö-l-- 912
COLD ENDDI.STANCE FROM

FÍg. 16. Temperature dÍstribution in soil
columns r¡ith various inítial moís-
ture contents after 4 hours of
thermal Ëreatment.
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content (Fig. 17). Moísture gradienæ, directed from the cold end to the

lrarmer part' formed in the soil columns. The magnitude of the gradíent

lras greater at 27"/" moísture than al 32"/". Smaller moisture movement, ín

relatively dry and wet soí1 columns as compared to íntermedíate moisture

cctntent under a temperature gradient was also found by Gurr et al. (LgsZ).

The drying moisture characterístíc curve (Fig. 18) indícates that at 23,

27 and 32"Å moisture content soil r¡rater was held at tensions of L732, 565

arrd. 282 cm-H,O sucÈíon, respecËively.
¿

Moisture transport. to the colder region was greater in the díscon-

tínuous soil colunn ( an aír gap in the middle of the column ) than ín

the continuous soil coluurn ( no air gap ) (Fíg. r7). The air gap was

used as a semípermeable membrane to vapor. The greater llater movement

in the discontinuous colutnn as compared. to the continuous column sug-

gested thaÈ the moisÈure moved to Ëhe cold end ín the vapor phase and the

returning liquid flow df.d not cross the air gap. If there !üas no returnof

liquid flow ín the closed soil column the rate of moisture flow should be

equal for coluuns r¿íth or wiËhout an air gap under the influence of an

ídentical therrnal gradíent. The hÍgher r^rater transfer Ín the d.isconÈÍn-

uous column was explained on the assumpËion that the gap prevenËed the

return flow of liquíd condensed at the cold regÍon. In addition Ëo the

above explanation' a slightly higher thernal gradient beËween the ends of

the air gap, more air space ( more than 502 ) and larger pores for vapor

flow at both ends of the aír gap than in the soil itself could. partially

contribute to the greaËer \,üa.ter movement in the discontinuous soil column

as coupared to the conËinuous soil coluuul. Vapor Eovement in the soil

column under a tempeïature gradient r,ras an important mechanísm for soil

water movement. The vapor pressure of free úrater-at various temperatures

87
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is shown ín Table 8. The relative humidity of the soil atmosphere under

suctions of 0 to 15 bar decreases frorn 100 xo 98.8%. Ifithín experimental

error' the val-ues in Table B could be directly used to describe vapor

pressures ín the soil column. The vapor pressure changed Írom 4.715 riun-Hg

at the cold end to 2I.583 u¡m-Hg aË the r¿arm end for the colurnn utírh 27l¿

moisture. The average vapor pressure change was about O.733 ûrB-Hg per de-

gree ín the temperature range of 0.5 xo 25 C.

TASLE 8 SATURATED VAPOR PRESSURE.OF I^TATER
AT VARIOUS TEMPERATURES

:. ;.t -:: :

TC

0

5

10

15

20
'25

Pressure
nn-Hg

4. s79

6.543

9.209

12.7 88

L7.s35

23.7 56

KC1 wad*emþloyed not only as a vapor pïessure depressor buË also an

indicaËor of liquíd tlater moveuent. The vapor pressure of an aqueous so-

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

in vapor pressure by the addition of KCl seemed less imporËant than Ëhe

change in vapor Pressure due to d. temperature gradient. Because of the

possible difference in the behavior of NO] and Cl , the behavior of NO]5'3
and Cl was compared.. Chloride concentraËions of 0, 10 and 202 based on

soil'solution were used. The distríbution curves oi moísËure content and

Cl concentration for colu-mn s at 27"Á inÍtial moísture content and 10 days

of thermal treatment are shown in Fig. 19. I'foisture movement, was only

slightly affected by changes in salÈ conceritration for both continuous and

díscontinuous soil columns (Fíg. 17 , 19). There was only a 5% dif.f.erence
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TABLE 9 VAPOR PRESSURE OF AQUEOUS SOLUTIONS

oF KCt*

ConcentraÈion

mole/1

0.0

0.5

1.0

2.0

* From Smithsonían Tables.

** At temperaÈure 100 C.

&-c
Pressure^^

mn-Hg

760.0

747.8

735.6

7LL.2

I
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r-n vaPor pressure vrhen salt content r^Tas varied from 0 to 207" KCL. The

effect of temperature upon vapor pressure r{as much greater than the ef-
fect of salt concentration. Therefore there hrere no observable effects
of salt content on \¡later transport. The salt content also had. no or very
little effect upon the temperature dístrfbution r¿hich was the same as the

temperature distríbution of the soíl colunn withouË salt (Fíg. 16).

The Cl- ion moved to the warm end. The amount of Cl transporË was

differenË for rhe 10 and zo"/" Kcr rrearmenËs (Fig. 19). The relative a-
mount (7") of Cl- movíng ar^7ay from the cold end was the same for coluuurs

with different salt contenË. The difference in the magnitude between the

tr.Io r/¡as caused by the dif ferences ín the initial salt content. Conse-

quenÈly the gradient. of salt distribution ï"¡as greater with x;,e 20./" than

with the lo% Kcl treatment. The salt was aluost depleted aÈ the cold.est

end and transported tor¡ard the warm end.. rt was, however, noticed. Ëhat

the concentration of Cl , based on soil weight, at the hrarnest end of the

column I^7as not the híghest. The maximum concentration of Cl was locaÈed

at a dÍstance of 4 cm from the cold end in the conËinuous soil columns

treated i¿íth 10 and 20% KCL. The Cl gradíent r¡ras very great in the cold.er

portÍon of Èhe soil eolumn and very small in the ürarmer part. Chloride

dístríbution was very similar to the dístríbution of temperature in the

column. Thus ít ís possible that the greater saIÈ gradíent nas due to a

greater temperature gradíent.

The results obtained-using the discontínuous soil coh:mns showed that
the.movement of the Cl- Íon was similar to that obtained for continuous

eolumns for both the 10 and 2O7" KCl treatments. The only difference T^ras

that the cl concentrati.on, based on soÍ1 weight, was higher aË the gap

than that observed with continuous columns. This was expected since Èhe

\;.:'-;....:: | .
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gap behaved as an impermeable barríer to the cl . According t.o the Èheo-
ry of internal círcular vrater novement and the assumption that the cl
moved only wíth the liquid. water, the rate of cI movement should be
greater in the cold region of the discontinuous column than in Èhe conËin-
uous col.umn. Il0wever, Fig. 1g sho¡"red that the movement of cl in the
colder half of the soil column was smaller in the discontínuous corumns

than in Ëhe contínuous column. This result rright be due to the higher
moisture content ín the colder regíon of the discontinuous soíl column
than that in the conËínuous column. chloride movement could also take
place by some other means such as by the soret effect.

The rate of c1 movement expressed on a soir sorution basís was

greater than when expressed on a dry soir weight basis. This courd. be

due to cl moving to Ëhe vzarmer end and wateï mgving to the eold end

The cl concentïation eurves based on dry soil weight showed that there
was almost no cl movement ín the v/armer part of Èhe discontinuous column.

The moisture distributíon of the contÍnuous soil column díd not
change when the duration of the thermal treatment rra.s varied (Fig. 19,

20) ' Thus' \'rater movement under a temperature gradient reached a steady
state afËer 5 days of temperature treatment ín a cl0sed scil corumn.

Holnrever, a steady state Ìras not aÈtained Îor a c10sed soil column with an

air gap even after 20 days. The amount of moisture moving to the cold
region increased wiÈh time. This indicated a circular movement of water
ín the closed continuous soil columns

chloríde transport did not reach steaciy state for either continuous
or discontinuous soil colunns at the end of. 20 days. chloride continu_
ously moved towards the warmer end. with tíme. The distance from the cold
end to the point where the cl- concentration rvas belov¡ its ÍniËial value

.:':.':':-

i - --:-,, ,i
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or the zone of. Cl depletÍon íncreased with tíme. For the discontinuous 
.':r':

system' the Cl also continuously moved to the r¡¡armer end ín the colder
half of the coluun with time. rn the r¿armer half of the discontinuous

system the Cl seemed to stay statíonary.

rn the soÍl iolumn wíth 207" KCr simílar results (Fig. L9r 21) were ,.'.1 ,;,,,:

':_ -

obtained for both Cl and moisture movement. After 20 days of thermal

treatment the point of maxímun Cl concentrâtion on a. dry soil basis ï¡ras

at a point 8 cm from the cold end for the 2o7" RcL column whereas the zone i,.::,,.,,,

'.:.a,.:,.t:,,,:of maxímum Cl concentratíon was found. at the \¡rarmest end. for the coluilri 
::-' 

:

treated with 10% KCl. Therefore, ít seemed that the salt concentration

did affect salt transport but did not affect net hrater transport.

As the moísture content increased, the effect of changing salt con- ;

icentration on the moisture movement was neglígible (Fig. 22). However the 
i
i

Percentage of moisture transfe d.ecreased as the initial moisture con- j

'tenË increased for both continuous or dÍscontinuous soil columns (Fíg. L9, l

22): ' Water transfer in the conËinuous column reached a steady state
after5daysoftherma1treatment.Forthediscontinuousco1unnasteady

state for water movement was not aÈtained'even at the end of 20 days

(Fig: 22, 23, 24)

Chloríde rnovement ín the soíl column at 102 KCl was dÍfferent from

that of 20"Á KCL. For the continuous soíl columns the concentration of Cl

on a soil basís r^¡as nearly consÈanÈ from 6 cm onward with 102 KCl . ttr"r"
was amaximum concentration of Cl- at the warmest end for 2O'/" KCI- after l0 days

of Ëreatment (Fig. 22). The cl- moved continuously to the rvarm end. even at the

end of 20 days for both the 10 and 20"Á KCL treatments. The position of æ:rimum Cl-

concentratíon did not change but the number of l-cm soil sections wíth Cl

concentration below the Ínítía1 concentration increased r¿ith tíme for the
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20"Á KCI treatment. The Cl distribution patterns Ín the díscontinuous

soil columns at 327" moisture with 10 or 20% KCl were different from that
of columns at 27.Z moisture content (Fíg. 2or 2Lr 22r 23). A maximum cl
concentration was always found ín the rniddle of the colder half of the

column widn 327" moísture content (Fíg. 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 ï¡rarmer half (Fíg. 22r 23). T'his characterís-
tic was more Pronounced. ín the soíl columns with the higher KCl conËent

and persísted in all of the columns regardless of treatmeriÈ duration.
The percentage of Cl- movement was muctr smaller ín the soíl colunn wíth

the hígher moísture content than that with low moísture content for both

the 10 and 202 KC1 treatments

5.2.2 Effect of Freezing process on Mass Transport

In thís study, the temperature of the cold end on the bottom of the

soil col-umrl h7-as -19 C. The temperature distribution curves in soil col-
umn at 27 anð, 327( íníxíal- water conÈent 10 days after application of a

temPerature gradient are shown in Fig. 25. There was some difference in
the temperaËure distribution of the column between the trùo initial uoís-

ture contents- The dífference ín the therrnal gradíenÈs was maínly due to

the effects of moisÈure conÈent on soil heaÈ capaeíty and soil thernal dif-
fusívity and different boundary conditíons. ,The frost penetrated up to
6 cm from the bottom. The 5 to 6-cm section from Ëhe boÈËom was not fully
frozen, with frost being present ín only the central part of the sectíon.

This non-uniform freezing along the cross section of the colu¡¡n was due to
insuffÍcíent insulatíon. The tenperature gradients in this experÍment

were much greaÈer than that ín the unfrozen columns used ín previous

experimenÈs. The temperaËure distríbution was curvilÍnear.
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The redistríbution of moisture in the soil columns wlrth 27 and 32"Á

ínitial moisture contents 10 and 20 d,ays af.tet frost treatment are shown

Ín Fig. 26. The patterns of moisture disÈributÍon were quite different
from that of the soil colurnns without frost. Also the patterns of mois-

ture distríbution I^ras not the same in the column wíth high (32%) initial
moísture content as ín the column with a lower (27"Á) inítial moisture

content. The dÍfference in the moísture distríbution between frozen and

unfrozen colurnns was due to hígher temperature grad.ients Ín Èhe frozen soil
coluun and the retenËion of water at the frozen end by the freezing proc-

ess. In the columns wit}:. 277" initial r¡rater content the maximum moisture

content was found at the coldest,end, whereas, the posítion of the

highest moisÈure contenË was located at the middle of the frozen portÍon

for the coluuns at Ëhe higher (32%) inítíal moisËure content. This dif-
ference between the tr4ro'iniÈial moi-sture contents could be attributed to
the formation of different kínds of frost. A less permeable frost was

probably formed ín the column wíËh the high noisËure content. The moís-

ture content qras uniform throughout Ëhe unfrozen porËion of the soil co1-

unn aÈ both moisture levels. As the f.rozen period increased from l0 to
20 days the shape of moisture distributíon curves did not change. how-

ever' water continuously moved to the frozen zotte at both moisture levels
(Fig. 26). The frost front also moved. upward about I cm. The moi-sture

content in the unfrozen zone decreased and a very small moisture gradienË

was created. Steady staÈe conditíons for moisture movement and frost

penetratíon T¡Ias not attained at the end of 20 days. The relaËive rate of

üIater movement in the soil coluun with a high moísture content rras

smaller than in columns wÍth a low moisture content;

chloríde movement in the soil column wiËh frost form¡tion r,ras
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dífferent from that in the soil column without frost (Fig. 19 and. 26). The

Cl ion moved to both cold and r¿arm ends. The amounË of Cl ion movement

to the warm end r,¡as much smaller than that to the cold end. The amount

of Cl- íon movement to both ends Íncreased wíth increasing time of frost
treatment. The relative rate of Cl movemenË ín the soi1 column with a

low moisture content r^7as greater than that ín columns at a high moísture

content. The increase in Cl concentration on a dry soÍl basis ín the

fuozen zone indicated that the \üater moved to Lhe frozen zone in the liq-
uid phase. The Cl- concenÈration based on dry soil weight íncreased Èo-

wards the coldest end in the f.rozen zone. This denonstrated that the un-

f.tozen water in the froz,en zone moved to the coldesË end. The mÍnimum

Cl- concentratÍon on the soil solution basis Rras found near the frost
front. Thís indicated that r¿ater tnovemenË r¡ras greater than Cl movement.

The grealer movemenË-of-water-as:compared to Cl- T¡ras an índicatíon of the

importanc. o{ vaPor movement ín the waËet transfer. The s]-ope of the Cl

concentïation curve based. on the soíl solution was greater than that

based on dry soíl weíght ín the unfrozen zorle í.e. moisture moved out

from the unfrozen zone fasÈer than did C1-. This result also indicated

the presence of úrater vapor movement.

Little or no moísture gradienÈ existed in the unfrozen zone after l0

days of thermal treatuent. Thus the return liquid r,rater flow to the warm

end was negligíble if ít occurred at all. If Cl moved with líquid water,

Cl should not accumulate at the warm end. Hourever, the dístributÍon

curve of CI showed there \^ras an accuuulation of Cl at the warm end.

Even in the soil columns fncubated for 20 days, the small moisture gradi-

enÈ that was observed could not account for the ¡mount of Cl that moved

during the thennal treatment between 10 to 20 days. ThÍs result seemed.



to indÍcate that c1- transport under the infl-uence of a therrnal gradÍent

could not be a sirnple convecÈj-ve process alone

The mägnitude of mass trensport Índuced by a therrnal gradient, was

nuch greater in the soil column wíth Èhe cold side temperature belornr

freezing point than ín columns v¡ithout freezíng. The greater thermal
gradient and the effects of the freezing process ín the frozen soil pr:ob-

ab3-y account for the difference. The effects of moisËure content upcn

mass transport ín the soil column rsith or: without freezing $rere, hor.,ever,

simil-ar

5,2.3 Effect of stabí1ity confíguration on Mass TransporÈ

The vertÍcal column with the cold side on the bottom is the most sta-
ble geometric configuratíon because the d.ensity of hrater is maxj-mum ai 4 C.

Líquid convectioir " due to gravitatíonal force and temperature gradients
l¡Í11 not take place irl this type of a soÍl column configuraticn if the

soÍl was saturated with ¡sater. Convection would talce place Ín a vertical.
soi-l- column r'¡ith the cold end on the top. The directÍon of liquid flow is
shorvn ín Fíg. 27. The J-iquíd waËer aoves upward.s near t¡e side an<i dovrn-

wards in the middle of the column if íË assumed ihat the soil temperature

near the wall r¿as hígher than that in the míddle of the column due to Ím-

perfect insulaËion. The stability of a horízonËal column is much more

complicated than that of the veïtÍcal column. The liquid r,¡aÈer moves

do¡vnwards on the cold end then flows to\rard the r¿arm end. on the warm end

the rvater moves upwards then moves to the cold end to complete the círcu-
latíon.

The redist.ribution curves of waËer i.n

rations of soil columns with or ¡+Íthout an

19, and 28). The Cl distribution r.ras the

these three ciifferent confígu-

aír gap \¡rere very sirnilar (FÍg.

same for the vertical column

105
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r¿ith cold end on the bottom and. the horízontal column. ThÍs provided ev-

idence that the possi-blê líquid circulation in a horizontal column, if
there r¡ras any' could be sj-rnilar to that of the stable configuration. How-

ever' in the soí1 colurnn with cold end on the top the Cl distribution
was different from the others. The mínímum in C1 concentratíon was

found 1 ' 5 cm from the coldest end for Ëhe continuous vertical column with
cold side on the top (FÍg. 28). Forces responsible for the above dÍstrí-
bution of Cl- üiere not apparent by the instability of its geometríc con-

fíguration. For the discontínuous vertical soíl columns wíth the colcl

end on the top there I¡¡as no CI concenËrati on gradienË ín the warmer half
of the colurnn. There r¿as also no cl concentraÈion gradient (Fíg. 19 a'd
28) in the r¡Tarmer half of the horÍzontal column. rn the colder half of
the column the Cl concentration gradient vras greater in the díscontinu-
ous colunn wíth cold end on the top than in that with the cold end on the

botËom' The. greater C1 movement ín the colder half of the column with
the cold síde on the top could be attributed to an unstable configuration
and an increase in liquid r^Iater circulation. The resulËs obtained with
the horízontal column were simílar to that of the mosÈ stable confígura-
tíon' Behavíor of the NO] Íon was identícal to the behavior of the clJ_

ion' This study clearly showed that differences in geometric configura-
tion affected salt transporÈ. Moisture movemenÈ vas símilar in all the

various geometrical configurations.

The moisture dj-stribution ¡vas different when the top versus Èhe bot-
Ëom of a vertícal- column was frozen (Fig. 26 and 29). The rate of water

movement r,¡as smaller in the unstable soil columns ( cold sid.e on Èop )

than ín the stable soil column ( cold side on bottom ). The depth of
frost penetratÍon was s¡naller Ín both horizontal and unstable rrerËical
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columns than in the stable column. The rnoisture content riras uniform

throughout the unfrozen portíon of the unstable columns. The salt dís-
tribution curves of the vertical column with the f.reezhng end on top and

the horizontal column ¡¿ere similar. Howeverr' they were different from

that of the most stable configuration (Fig. 26 anð, 29). As noticed be-

fore there r^Ias a very smalI salt concentration gradÍent in the wlLfrozett

zone of the most stabl-e coluun after 10 days of thermal treatment. Ex-

cept for the three rnrarnest sectíons the concenËration gradient of salt ín
unfrozen zone of the soil column with the unstable configuration was

smaller than Èhat in the column wiËh a stable confíguraÈion. The salË

concentratíon gradient based on dry soí-l weight in the frozen zorie of the

unstable soil columns was greater than Ín the stable columns. This dif-
ference indícated that the raÈe of Cl movement ín Ëhe frozen zone r¡ras

smaller in the stable column than ín unsËabl-e columns. The concentratíon

of salt on a soÍl solutíon basis in the frozen zone also showed a uinimurn

concentration aË the frozen fronË. The pattern of the salt concentration

distribution based o¡ dry soil weight in the unfrozerL zorte showed that

the salt movement had some of the characteristics of a pushing process.

Thís wíll be díscussed later in this chapter.

5.2.4 Effect of Air Gap Length and posiÈion on Mass Transport

The air gap employed for the previous studÍes !¡as 0.5 cro and always

placed in Èhe niddle of the column. The temperature gradient in the

\,üarmer half of the soil column rüas very srnall (Fíg. 16). An experiment

was Ëherefore'conducted to maÍntain a substantially larger thermal gradi-

enÈ ín the warmer Part of the soÍl column by placing air gaps of varÍous

sizes at various posÍtions to stop the return flow of liquid water. The dis-

tribution curves of moisÈure, Cl- and t.emperature for a column open on the

l:.:;:ì:_;.-

::. -:: .:.

l.'. , -a .
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top end and with an aír gap placed at the íce-water phase boundary are

shoçm in Fig. 30. In the colder part of the column, the híghest moísture

content was found near the gap. This índicated. thaË transport of the un-

f.rozen liquid and vapor \"rithín the frozert zotre was smaller Ëhan the rate
of condensation of vapor at the frost front. Liquid transfer wíthin the

ftozen soil could be observed by the fact that there r¡ras an unequal Cl

distribution wíthín Ëhe f.iozen zone. Sone Cl vras transported from the

r¡Tarmer portíon to the colder portion r¡íthin thé frozen zone. There hras a

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

ture content located near Ëhe gap. This moísture redistribution was

caused by a greater rate of moisture movemenË from r¡rarn to cold end than

that of vaporízatíon and transportation to the freezing front through the

gap. rn the unfrozen portion of the colunn, cl was depleted in the

colder portion and transported to Èhe \¡rarner regÍon (Fig. 30). The phe-

nomena wag.._characterístíc of a pushíng process. rf only the salË was

pushed toward the warm end the concentration of the salt.at the warm end

r¡ou1d íncrease resulting in depl-etibn of sal-t at the cold end. ïhe con-

cenËratÍon of salt in the middle of the column ¡¡ould remain nearly con-

stant. I^Iith prolonged time the concentration gradient ¡¡ould be exponen-

tíal ín form. Due to the greaÈ moisËure gradient r4rithin the unfrozen

portion return flow in the liquid phase was possíble. However, íf a

pushíng Process had occurred the Cl distributíon curve índicated that

the process ï¡ras Ín its relatÍvely early stage.

The results obtained by changing Ëhe posiÈion and length of aír gap

and using air dry soil in the cold compartment indicated that the mois-

ture accumulated near the gap at Ëhe colder region and only a very small

amount of water moved tor¡ard Èhe coldest end (Fig. 3l). vapor movement
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tlíthín the frozerl zone was neglÍgí-ble even though the poros-ity was not
L1nítÍng vaPor transport. This confirmecl the finding that in a soíl col-
unn subjected to a Ehernal gradient, moísture transpor-t does not take
place directly from the Ì^Iarmest end to the coldest end. The transport
hTas a sequence of vapotization and con<lensatíon processes occurríng be-

tween the nearesË neÍ-ghbor vc¡lume elenents. The moisture gradíent in
this case was smaller in the warmer port.ion than lhat observed ín Fig. 30.
Evide-nce of the push:'-ng process in balt movement r,¡as also quit,e pro-

'

' llounced (Fíg. 31). AgaÍn return flow of lÍquid v¡ater was possible due to

' the relaiívely high moísture gradÍent. A comparÍson of the relative mag-

nÍËude of movement of moisture ancl salÈ betv¡een the díffeïenÊ set-up was

' not feasible because the conclitíons of every column were dífferent. The
i

I i-ncrease in moístuïe content and no detectable presence of cl in the

ì cr'¡lder reg:lon of the colum¡r (FÍg. 31) shovrecl that onl-y vapor moved across
ì

lhe air gap.

gradients were employed. The thermal gradíent became steady 3 days after
the applícation of thermal Ëreatrnent. The sÈeady state temperature and

' ¡ass dÍstrÍbuËion are shown in Fig. 32. The soil on Èhe cold side of the

, gaP &'as frozen and that on the warm sid.e \,üas not frozen. There \,ras no

detectabl" 
"otorrrra 

of !ùater in the gap. The s¡ater content of the soíl on

he cold sÍde of the gap was lower than on the warmer side of the gap.

] 
this indícated that the rate of r¿ater transport ín the eol.der region
( frozen zone ) hras greater than that of vapor transport across the air
gap as evidenced by the transPort of C1-, based on soil wei.ght, frorn the
v¡armer part of the frozen zone to the coldest region. The high deurand

for r¿ater in the colder si<le could prevent tire accunrulatÍo¡r of vraÈer

'.:::11::

...4. .;
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which could create the moisture gradient to cause líquid moisture return
flow ín the warmer part of soil column.

' The moisture gradíent in the IiTarmer region r¡/as very s¡nall or negli-
gible' The difference ín moisture content between the cold side and the
warm side of the unfrozen region was slíghtLy over L"/" (Fig. 32). The

moísture in the Ì{armer regÍon was under about r73g cm-H^o suctíon. The
¿

liquíd üIaËer flux due to this moísture gradient under isothermar condi-
tíon could be calculated using the relatíonship between hydraulíc con-
ductívity and þF relationship shown in Fig. 33. The value was found to
be around 0.0141 

"r37d"y "r2 r... o.o44g cm/day línear velociry. The

liquid r^Iater' flux agafnst the thermal gradient was expected to be sualler
than the calculaÈed value. 

l

rf the average dístance of c1 depletion was chosen as 2.5 cm ( from )

5 cm to 7.5 cn distance from Ëhe f.rozen end in Fíg. 32 ) and Ít is as_

sumed this was due to reÈurn liquíd Ì,¡ater movement, the flux and the lin- I

ear velociry of ürarer would be 2.5 x 0.225 x L.4 x r/Lo = 0.o7g8.r3/d"y
2-tcm for flux and 2.5 x I0 ' = 0.25 cm/d,ay for linear velocity. ïn the

calculatíon the moísture content Tras assumed. t.o be 22.5% and the bulk
densíty to be 1.4 duríng the 10 day period. T.hus Èhe cl exclusion of
approximateLy 2.5 cm from the air gap during the r0 day period c'ould not
have been caused solely by the liquid hTater flow which was ínitíated by

the moisture gradient. The cl concentration dístribution curve seemed

to be the result of a pushing process in the closed column due to the

thermal gradient. The pushing process of salt movemerit in a closed so-

luÈion sysÈem has been descríbed b.y de GrooL (rg42).and cho (1975T. The

pushing process is diagramatícarly shown in FÍg. 34. The sal_t content
was ínitially uniform rhroughouÈ the whole column (Fig. 34a). rf the
* C. M. Cho, unpubl-ished r.¡ork.

:.¡.r-]:,]::'rji:j:ì.t>-ì;:ir:::-rjj1:i:1_:jl:_::lr:-.:rlti¡:ì"Íü:::ì;:i:Ì:Ì::ì:r:t:t::jlf-j:j:::t:ìi:ì'-i-\'..):_.4:. .\:_ :_-: " ''
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pushing process due to an external force took place without diffusion the
salt dÍstribution would. be similar to that shov¡n Ín Fíg. 34b. rf the
salt movement were dtr.e to a pushing process along rfith diffusion the salt
concentratÍon curve should be like that shor,m ín l.ig.34c. Fínally the

¡ steady sta¿e concentration profile depicted in Fig. 34d r¿ou1d result. rt
is noticed that the concentration would increase exponentially from the
cold to the warm end. rf the system v/as open on the \¡/armer end the dÍs-
tribution of salt would be completely differenr (Fig. 35). There would

be no refl-ection of the transported salË at the vrármest end s:._nce there
was no v¡all' As was mentioned before some of the previous results shorved

a paËtern of distribution of salt simílar to that of Fig . 34c. rt was

thus assumed that the pushing process was operatíve: As the rate of re_
turn flow in the liquid phase decreased in the unfrozen zones (Fig. 30,

31 and 32) the characteristics of pushing process became pronounced. rn
the resul-ts shoqm in Fig. 32 liduid flov¡ to the warmest end was unlikely,
and hence, the cl distríbution was probabry the result of a pushing

P,lFÞcesS

rn the fourth study the length of the air gap r¿as increased to 2 cm

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

coldest section r¿as filled with air dry i{e11wood soil acting as a hrater

sink' There was moisture transporE across the air gap into the dry soj_l
(FÍg. 36) as was observed Ín Fig. 31. MoÍsture transfer across a r_cm

air gap (Fig. 31) rvas almost equal to that acïoss a 2-cm air gap (sig.
36). Evidentl.y the length of an air gap did not play an important ïole
in the vapor transport across the gap. The moísture gradient in the un_

frozen zonê was very small (Fig. 36). The, reÈurn flow, if any, to the
\ùarmest end would be very sma1l. rhe il- disÈríbution pattern showed a

i:.
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typical pushing process combined wíth diffusÍon as r^7as observed in the
result using unÍformly wer soil (Fie. 32).

The study revealed that salÈ movement un<ler a thermal gradient míght
be due to both convectíon and segregation, or a pushíng process. Thus,

the use of cl-as a tracer of 1íquid flow under a thermal gradient should
be carried out wíth greaË cautÍon.

The behavíor of No] was sir¡rílar to that of cl as was observed. previ-
ously' There üIas no denitrifícation during the experimental period and

thÍs cor¡ld be due to the sterilízing or inhibiting effect of the high salt
concentration upon soil micro-organísms. The recovery of added No, varied
from 95 to 100%. rf Nol was subjected to some chemical reaction the be-
havior of NOl would be expected to be different from that of c1J 

_ urr ! çr err L l. r- uut LItaE or u_

5.2,5 SimulatÍon of Natural Conditions

The steady state temperature distribution throughout soil co1umns

subject to símul-aËed conditíons for the first and second 10 days were

slightly different. The temperature dístributíon during Êhe first 10 days

was ídentical to that shovm in Fig. 25. The temperature curve for the 2nd

10 days ís shornm in Fig. 37. The resulting dístribution of moisÈure and

cl afËer 20 days of reversed thermal ËreatmenËs are shown in Fig . 37.
The results obtained from this soil column were dífferent from that of the
soÍl column vsith only the botrom end frozen for 10 days (Fig. 26). The

depth of frost peneËration t,ras less and a smaller amount of water moved.

to Èhe f'tozen zone ín thÍs soil column. llhen the bottom of the column

started to freeze after the reversal of the thermal treatment the top end

hras still frozen' Therefore Èhe moisture content was not uníform and the
amount of moisture avaíIable for movement was consíderably reduced. Al-so

the changes in temperature grad.ienË during the 2nd 10 days were

i'
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complícated and different from that of the soíl column with onry the ': ,,',,,
bottom end ftozen. All of these factors could account for the differ-
ence in the moi.sture movement bet¡rreen these two kinds of treatment.
However, the shape of the moisture dÍstríbution curves vrere similar
in these two different treatments. There \¡ras no moísture gradient :,..::.. : :

:.r:..:_.-::::::ì:_.;r.in the unfrozen zorLe.

The cl distributíon curve (Fíg. 37) shorved that there were rrro

maximum points with one located at each end of the column. Thís dístri- 
r ,....,.i;.bution rùas not observed when only the bottom of the column rvas f rozen ,.,1. ,'¡'-1","'

(Fíg' 26)' The cold end at the termination of the experiment corre- 
,,,1¡.:;,,;,;,a,i;,,',,,.,,a;:,

sponded to the hrarmest end at the terminatíon of fírst 10 days of therma

treatment. The cl which accumulated duríng the first r0 days at the
:warm end was evidently partially trapped and remaíned there durÍng the f

lsecond 10 days of thernal treatuenÈ.
i
ichangíng the direction of the thermal gradíenÈ had a great effect on 
i

1mass transport in a closed soil column. Thís suggests that the tenpera_ 
],

ture change from winter to spríng also results ín a redistríbutÍon of l

soil moisture and salts in the soil profÍle. l

5:2.6 Open System .i:,.':,::,:...:.:,:.,

i,'i t::t,t'ii 

",l'. .:..-.. - ..-.All the experÍments except one result shown in Fig. 30 were con_ i.,.,,.,..;,,,,:,r:'..,

ducted in a closed system in which energy but not mass could be trans- ;ì 
":':',";',"':'")

ported ínto or out of the system. rn this study the soil columns wi-th

an open top hTere used- The ternperature distri.bution curve of the soil : . .

column with an oPen toP at Èhe end of a 10 day thepal treatment is sho¡+n 't¡',,,'.,:..,-,

in Fig. 38. The tempeïature of the cold side on the Èop was . above

freezing. The temperature gradients rirere smaller in the first 3 cm than
in the rest of the column
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The moisture content increased slightly from the warm end to the cold

end except for the surface sectíon. The drop of moísture.content on the

surface was probably due to r^raËer vaporization ffom the soil surface.

There rras a net loss of soil r^7ater from the system.

The Cl-- distribuÈion showèd that there r{as a minÍmum concentration

near the 3rd and 4th sections (cm) from the top. The distribution curve

below this point \,Ias very similar Ëo those obtained Ín Fíg. 28 and 29

wÍth the exceptíon Èhat the degree of " pushing'r' vlas greater for the

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

evidently did not have much effect upon condensation and possible return

of liquid flor¡ as compared to Ëhe closed system. The decreased Cl con-

centration within the top 3 cm could have been due to dil-ution and dif-

fusion of Cl- from thís zone to the position of mínímuu Cl concenËrâ-

tion where t'he maximum temPerature gradient existed-

As the ËemperaËure on the tóp end was decreased to below the

freezing point Ëhe top 3 cm of soil froze símultao.orr"ty and the temPer-

ature gradíent for thÍs 3 cm of soil was very small (Fíg. 39). At the

end of the 10 day treatment the frost penetrated 8 cm. The surface soil

moisËure conterit was smaller than the initíal water content due Ëo vapor

loss from Èhe surface. It was evident Ëhat the rate of moísture uove-

ment to the surface rras smaller Ëhan the vapor loss from the surface as

there rüas accumulation of water wíthin the frozen zone. Because the top

.3 sections were frozert süuul-taneously and the gradíent. was smal1 the wa-

ter movement in the top 3 cm was small. The rnoisture accumulated aË the

4th section. The moisture gradient on the unfro zerl zotre T,{as very smal-l-.

The Cf- concentraËion curve (fíg. 39) showed that there was no Cl move-

menË into or ouÈ of the xop 2 secÈions. In other words the l-iquid l¡ater
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flow was very small wíthin these sectíons. Both hígher moísture content

and Cl concentration in the 4th section than ín 3rd section from the

Ëop indícated that the vapor and unfrozen líquid water flow toward the

4th sectíon took place duríng andfor after tine f.reezing process. The

patterns of moisture content and C1 concentratíon dístributíon from 4

cm down to the bottom end were similar to the result of a closed f.rozen

system (Fie. 26).

5.2.7 General Discussion

The results obËained indícated Ëhat moisürre and salt transport took

place due to imposed thermal gradíent. Moisture always accumulated at

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

quantiËy or Ëhe rate of transport of moísture was definitely related to

the thermal- gradíent. The rate was greaÈer with a hlgher grâdíenË. It

seemed, however, Èhe moísture distribution night not be dÍ-rectly related

to the water flux because of the ínternal'circulation of soil moísture.

The steady state moísture distributíon in a closed soil sysËem un:-

der nonisoËhermal conditions could be obtained if there was no flow of

water or if fluxes due to various forces rüere equal ín magnítude buË op-

posite in directions. tr{ith a closed continuous soil- coluun wÍth the

cold end at a temperature above freezíng a steady state moisture dÍstrí-

buËion rsas obËaíned 5 days after thermal treatment. To observe Èhe

mechanísm of causíng Èhe sÈeady state moísture disÈribution, an air gap

was used for blocking i-íquÍd waËer flow. In addiÈion various salt con-

centratíon r,rere used Ëo decrease the vapor pressure. The changes in the

salt distri-bution t¡as used as an indicator of liquid r¡rater flow. Under

a thermal gradient Cl in the cold end moved tor¡ards the warm end. ïhe

redistribution of moisture in the discontinuous soil column and Cl

L27
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concentraÈion in both continuous and díscontinuous soil column indicated
that steady state conditions for both moisture and Cl were not attained
ín 2o days. The results suggested that vapor movement from warm end Ëo

cold end was an important transport mechanism and that a círcular úrater

movement as a result of vapor moving Ëo the cold end and líquid water

returning to the warm end, rnight result in a steady state noisture dis-
tríbutíon in a closed soil system. Thís conclusíon was based on the as-

sumption that Cl moved only with líquid water. Ch1oríde movement under

a thermal gradíent in aqueous solutíons is r,rell knovm and is caused by the

soret effect. A part of the cl movement in the soil system under a

thermal gradient rnight have been due Èo the Soret effect the exËent of
which \'ras not known. tr{hen the l-iquid return flow was blocked by the air

SaPr a uniform concentration of CI was observed ín the \¡rarrner half of
the colunn- Such distrlbution did not exclude the possibilíty of the

presence of the Soret effecÈ since thermal gradíent in the warmer half
of the column was also very sæal1.

A large thermal gradÍent and no moisture gradient in a soil column

were needed in order to dÍstÍnguish Cl movemenË due ¡e the Soret effeet

from flow wíth liquid water. Therefore a combination of several t.ech-

niques such as an air gap wiÈh the colder regíon f:rozen, an air gap with
the colder region frozen and opened, ehangíng the aír gap lengËh and. an

air gap wÍth one side filled with dry soil below freezing tempeïaËure ,

r¿ere used. The air gap was used to block the liquid. water flow and the

freezing process served as a r^rater sink. By usíng these techniques a

larger thermal gradient was obtained.. The moisture gradient Ì,ras very

snall in the unfrozen portion of the column. The Cl redisÈríbution

curve Ín Ëhe unfrozen zone shor¡ed the characterÍstic of the pushing



L29

process along r'¡ith the diffusion process. calculatíons on rate of water
flow due to the small moisture gradíent and rate of movement of cl indí-
cated that the c1- movement Ì^ras greater than that due to liquid water
flow alone' An additíonaI mechanísm such as the thermal díffusÍon of
salt or Ëhe Soret effect. might be operative.

rn Manitoba the dírection of thermal gradients along r¿ith the posi-
tion of frost in thê soil profíle changes from winter to spring. rn the
laboratory, a change in Ëhê f.reezing directions r^ras simul-ated. The top
end of a soil column was frozen first then Ëhe bottom end. was f.rozen
with thawing of the top. The results showed thaÈ the rate of cl move_

meút to both ends qzas greater than movement ín soil columns with only
one end frozen- The soil column-, with open top end was used as an ope'
system where both energy and water could enËer or leave the colunn. The

moisture contenÈ of the soil column increased with decreasíng temperature

except the open' end and Cl concentration distribution showed that a

minímum concentrâtion of cl- appeared at 3 and 4 cm from surface in the
unfrozen soil column. For the soil colunn wíth one end frozen the uoís-
ture content disÈribution also showed the 

.surface 
evaporation and the

maximurn moisture content and Cl- concentratÍon were located aË 4 cm from
Ëhe surface. The results could noË be compared. wÍth the closed systen
because the thermar gradients trere dÍfferent betr¡een the Ëwo systems.

The effects of Ëhe stabilíty confíguration of soil column under a

Ëhermal gradient were studied. The redístríbution of moísture and cl
were affecÈed by the stabílity of the column configuration. rn the un-
frozen soil colunn urith the cold end on the top a minimum cl concentra-
tion was,torru at a distance from the top but in the stable soil .colunn
it was locaËed at the coldest end. There Tdas a greater amount of cl

it,;;. r:;.', t

i: :.r:
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movíng to the $Tarmer end in the unstable soil columns than in the stable
soíl column with one end frozen. The frost penetrated deeper in the
stable soil column than in unstable soíl columns. The effects of salt
concenËratíon upon noísture movement r,¡ere also investigated. rt was

found that salt concentïatÍon had very smarl or no effects upon the moi-s_

ture movement under a thermal gradient.

lr.' :, ''.

t_-.,'
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6 SI]MMARY AND CONCLUSIONS

The field experiment rrtas desígned to determine the magnítucie of
transPort of'surface-applied No] and cl in two Manitoba soíls. calciumJ

nitrate and CaC1, ï^/ere applíed on the surface of Almasippi loany sand. at 
..,_.:.:i:the rate of 1681.5 Kg N or cl / ha anð,on oct. 5, Lg73andJuly 3, Ig74r. o' 1,,.1,¡,¡¡,

Red Ríver clay on Nov. 2, 1973. The distributíon of temperature, moÍs-

ture, No] an¿ Cl were determined at various tíme intervals throughàut
' 

-, ^_.i )^ _ . , 

L¿,* rrrLç¡ vérÞ LrrluuËrlu(lt 

,... .. ..this study' chloride was used to serve as a ttacer of liquid !,rater li*,", ,a'i

moving through the soíl profile. r'i" ::'

lir:..1.i ,. .The results showed that the seasonal varíation in soil temperature :il.:r,::::i) ,

at Ëhe fixed depth \^7as a typical .cosirie furctíon. The surface soil Ëemper-

ature was higher than that of subsurfaee soil in spring and. sumrner, how- .

i

ever'thethermalgradientI{asreversedinfa11andwinter.Thedistri-
jbution of soil moísÈure was found to vary wi-th the seasons. rt was gen- i.
lerally observed that when the temperature of surface soil was hígher than i

thatofsubsurfacesoi1,thesurfacesoí1moisturecontentwas1or¿erthan

the subsurfaçe soíl moisture conterit. on the oËher hand when the surface ',

soil temperature was 10¡¿er than the subsurface soil temperature, the 
,..ì:1¡,..1.:.1..:.moísture content of the surface soil was hÍgher than that of the subsur- 1',i:,::'l'.,,r:,r'
. 1,.4 .-. i:i

face soil. :.li¡r.:,:.1ì¡';.

':,L:tt:' 'l:t-'

The movement of surface-applied No] and C1 r^ras found to be governed'- o-

bythec1imatícconditionsbuËa1sobysoi1characteristics.Inthe

Almasippi sandy soil the rate of downward. movemenË of No] and cI was r...-r:,:,:::::.:3 - - :...i:,r...,,,..,,,.,

found to be very sma1l in summerr. fall and rrinter periods. Appreciable

downward movement of surface applied No] and c1- took place during theJ

period of spring-thar¡. The depth of No] and c1 penetration i_nto theJ
soil profile during this period üras greater Ëhan could be affected 

ì:ir,;ri:jj.r:.::::.i

i'i'¡ii'',:t': ':'..'

:,.1
:i. I

:i
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by rnelting snor¡r alone.

In the clay sofl the dorvnward movement of surface-applied NOI was

very small throughouË a whole year. The amount of No; remaíníng in the

soil decreased with tíme. However, the majority of the remaíning No]

stayed near the surface. Denitrif ícation and immob iLízatíon Írere t\¡ro
possible causes for rhe deerease in applied No;. The inirially high cl
concentraÈion in the soil made appli-ed CI- íneffecËive as a tracer of
liquíd r¿ater movement.

Síx experiments were conducted ín Ëhe laboratory in order Ëo inves-

tígate the relatíve speed and direcËion of liquid and vapor flow and the

moveEent of díssolved salt under a thermal gradient in a soil column.

The effects of moisture contenË, salt concentraËion, stability of soil
column and freezíng process on the mass transport v¡ere also studíed.

The results índícated thaË the moisture always accumulated aÈ the

colder region of Ëhe column. chloríde ion, on the other hand., accumu-

lated at the T¡rarner regíon of the column. The result.s seemed. ,to indÍ-
cate that a círcular convecËion of soil moisËure as the result of vapor

uoving to the col-d end and the líquíd water, formed by condensation of
vaPor' returníng Èo.the warm end night be an important transporË mecha-

nism Ín a closed soil colunn. The salt. movement due to thermal diffusion,
the Soret effect, could not be investigated in an unsaturated continu-

ous soil column.

The steady state moísture distributíon in a continuous soil column

r¿as attained within 5 days aft.er Èhe Èhermal treatment. The amount of
moisture Lransported. under a similar thermal gradient was the highesË

when the initial moisture contenÈ vas 277" as compared to 23 anrd, 327". ïhe

Cl- distribution Ín a continuous column changed with time indicating a
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steady state T^'ith respect Èo c1 was noË attaí.ned. Analysis of moisture
and Cl- distribution ín a d.íscontinuous soil column ind.ícated that the
steady state v¡as not attained ¡¿ithin experimental period, 20 days.

In order to distinguish Cl- movement due to the Soret effect from

convecÈíve flow, several techniques such as combining air gap length and

positíon with freezing process vrere employed. The primary purpose of the
use of these techniques hras to block the return florv of liquíd vrater that
vras formed by condensation of vapor at the colder region. The results
indicated that the c1 íons were depleËed aÈ the colder regíon and accu-

mulated at the \¡rarmer region. The characteristics of the c1 distribu-
tÍon curve resembled the compïessed box function againsË a wall due to
pushing process. The comparison between the calculated rate of rnoj.sture

flor,r due to moisture grad.ient and Ëhe measured raÈe of C] flow indicated
that the c1 movement rsas greater than moísture movement. rt seemed pos-

sible that the thermal diffusion of salt vras opeïative.

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

transported to that region. In the f.tozen zone the Cl concentraÈion

based on dry soÍl weight was hígher than the initiar va1ue, however, the

Cl concentratíon based on soil solution was lovrer than the ínitial con-

centration. The results indicated that r,raÈer moved to the f.rozen zone

ín both liquid and vapor phases and the vapor transport v¡as the dominant

mechanisn

The stability configuration of a soil column had some effects on

the final distríbution of soil moisËure, No, anct cl after thermar treat-
ment. The minimum in cl concenËrat,ion was located at l.5 cm from the

coldest end in corrtinuous unstable-confígur"tion vertical column without
a frozen end. The rate of cr movement Ín the cold region of a
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discontinuous verticaL column without a frozen end was greater in an un-

stable configuratíon than ín a stable configuration. The rate of water

movement was smaller in the columns with a ftozen top end than that ín the

soíl column wíth a frozen bottom end. The results showed that the líquid

\^7ater circulation took place ín the unstable-configuration soil column.

The results obtaíned by reversing the thermal gradient of a soÍl

eolumn with time ín order to simulate the natural freezLng conditions

indícated the Cl movement was enhanced. The amount of Cl movement to

both the f.rozen and warm ends ín these columns r^7as greater than that in
'the soíl columns with only one frozen end.

rn one experiment, the Ëop end of the soil column was cold and

opened in order to let Ëhe vapor move out from soil to atmosphere. The

results showed the maxím 'm in water content and Ëhe minimum in Cl con-

centration hTere not at. the coldest frozen end of an open soil coh¡mn.

The rate of Cl movenent to the r¿arm end in a soil column rrrithouÈ a

f.xozen end was greater ín the open syste¡n than in the crosed system.

Mathernatical- formulation of vapor and liquíd transport in soil un-

der thermal gradient rùas attempted. The formulation differed from Ëhe

previous analyses (Philip and de vries L957; Tayror and cary Lg64). rn

obtaining the formulation ít was assumed Èhat there was no cross inter-

action beÈween substances of differenË phases. Thus ít r,ras assumed that

the vapor flux was independent of soil moisture content. and vice versa.

An inÈeraction term between vapor and moisture content arose because

of the production term i.e. rate of vaporization or condensat.ion. The

equations \rere non-homogeneous, nonlinear simultaneous partial differ-

enËíal equaËions of parabolic type. No solution, either analytic or

numerical, could be found. Thus, rio attempt vras made to compare the-

oreÈical distribuÈion curves with those obtained experimentally.

i:::::.:;:
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APPENDIX C

a:tr:ea

constant

volumetric heat capacity of soil
concentration of component í
diffusivity of substances
diffusívity of vapor
diffusivíËy of 1_iquíd hrater
apparent diffusíon coefficíent for components 1 and 2
internal energy

specífic ínternal- energy of component i
force component

flux of component i
graviËatíon

relative hunidiÈy
specific enthaLpy of component í
hydraulic head of soil water

::::,ïî:l or 
",,r",ancediffusive energy flux

di.ffusion flux of component i
diffusive entropy flux
díffusíon flux of component i r¿íth respecË to solvenË
hydraulic conductivity of soil waËer
d-istance between Èwo points
acuÈe distance betr¿een t!üo points
height of soil column

pressure

volumetric flow rate of fluid
heat fiux
radius of the capillary tube
distance from the centre of the tube
Soret effect coefficient

166

List of Symbols

A

atb

c

c.
t_

D

Dv
D

D
T2

E
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S

T

T
o

T1

t
v

v.
l_

X

x

z

c

ß

T

r
e

specific entropy
Èemperature

average yearly temperature of the surface soil
amplitude of the surface temperature r^rave

time

volume

volume of eomponent i
weight fraction
distance

valence of the ion
viscosity factor
thermal diffusion coefficíent
pore width factor
matríc suction
porosity
shear viscosity coefficient
constant

thermal conductivity
chemical poËentÍal

center of mass velocity
linear velociËy of component i
velocity of the flow medium

mass densíty
saËurated vapor pressuïe
líquid r{ater density
vapor densj-ty

stress tensor
tempeTature d i fJerence
rate of production of component i
rate of entropy productíon
bulk viscosity coefficient
external force
Ëotal r^7ater potential
frequency

thermal díffusivity

n

K

À

u

i: r: _ :.: .

Ut chemical potential based on liquid phase
v

ui
fv

p

Po

Prü

pv

o
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ó's
rJ,

X
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0

o

volumetric r¡rater contenÈ

phenomenological coeffícient
gradient operator
gradient at uniform temperature
ï,aplacian operator

V

VT

v2


