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- .. " aBsTRACT o

\

. \

It is possible to model mathematically the sinmultaneous

‘transport’ of xheat and water in llquld and vapor phases in

-

unsaturated saturated porous 'medla."‘fThe theoretlcalu

development of. the model 1s an adaptatlon and extensxon of

the Phlllp and de Vrles' non 1sotherma1 model oased on the

vmore general pressure head apprdﬂch. A methodology for'

suhsurface coupled heat and »water ’transport sultanle 5for,

By !

-~ field - ap ll"at ons is proposed .This methodology involves
| P +

‘lcalculatlon of ratlos of tranSport parameters in comblnhtlon-

\\

Hlth a detalled heat flux eguatlon,_the 1ntroductlon 'of a

vnew approach for tae calculatlon of lquld thermal dlffu51on

_7de Vrleb'type theory to S&tﬂrated regions;i oy

rcoetflclents ‘ and the. exten51on»» of the Phllip‘ aad

A

o i

; . . o

N/

“ﬁ"i“” general and yéréatilezf‘one dlmen81onal '-computer_r‘
ﬂ“slmulatloh program for modeling coupled non 1sothermal
transport i" developed - based ‘,onfﬂf3a”gfff unlfled']

1Qunsaturated saturated approach. Temperature, prgssure heaaa‘

and water content, ‘as.. vell as all .relevant transport

.coefflclents ,and fluxes of head and fluld ~omponents arefl

predlcted by the moael Thyé model lS successfully Verlfl:dv

7ﬂ.w1th fleld and complementary laboratory data collected for“

this purpose. A varlety of fleld and laboratory methodsihbnd )

RS

'1nstrwmentatlon :was used to collect thlS array of. data. Thef'

S 'n”’.w
N

iy

©viii




.equipment - for thermal conductivity  measuraments . was

ana

amount of error. '.

.

Ihe ' influence of /?oupllng on diutnal subsurface

mOlStUEe and heat tranéfer can be‘evaluated by comparlng the'-
tran51ent non- 1sotherma1 numerlcal solutlons to the heat andv'
-water',transport problemv. under r_varylng top boundary

ACOnditions.‘ The‘ reSults ’confirm that coupllng does natd7

appre01aoly 1nfluence the temperature fleld but doe§ affect

the evaporatlon and“ subsurfaCe m01sture fluxes. - Thus,

dependlng on the dlrectlon Qf the temperature and\7pressure

head -gradlents, the evaporatlon and subsurface water f‘u

may have been overestlmated or underestlmated 51gn1f1cantlytd
z'u51ng an exsothermal gmodel.‘vxme ,analys1s of - tramsport o

_coefficients indicated' that*fthermally .indu*ed* -moiSture'"

'mGVement be"omes domlnant at very lob water contents.,it[is

\\suggested that for long term» 51mulat10ns Aunder vextended

;,dr}Cug_ condltlons, the coupled non-isothermal model should7}

brﬁé'préf4‘ red irn studY1ng the 1ong range seasonal lnfluencesf“‘“m A5

'’

on water\tramESi:t fhe non- 1sotherma1 theory ,an be applled

to -calculate ev poratlon from dry land surfaces. Slmulatlonff

. e

"results_ show.,a very 4xnterest1ng cycllcal j.evaporat;onf"

. .pattern., . -

The theoretiéalf'pahd.v fleld ana1y51s pointed'.dut'

:‘dlfrlcultles and def1c1enc1es of non-lsothermal models, sueh .

A
'-a.

;_i*'

radesigneéd to meet .the requirementS'bf,tmis stuly. An ecror

sis ‘is usedjto ident:ify the data causingl_the“greatest__

e = -




as the cal“ulatlon of flow enhancement factors' and llgﬂld\<
. N ) . st
, the;mql dlffu51on coefflcxents, the - fleld performance ofu,m
‘ ER Y . N
“areas \ofss

fhermdcouple' psychormeters ‘"aha/ue others.
A\

'shydrogeologlcal - 1nterestA such models,ifSuch:’as, tﬁef
thermal 1nfluences ;ehfffhe-'f‘

B

subsurface waste.heat dis

“\mlgratlon‘ of .radlonucleldes andH”bther; enV1ronmental and' 

byarologlcal proolems are p01nted out.e‘ﬁ" A o S
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. CHAPTER 1~

RO
R STATZHENT orgrnr PROBL'EM
N e - 5 {
1

«In recent years, there has been c%n51derable and varled

,;,. r\

”fresearch 1nterest “in’ problems kelatlng to the 51multaneous

M

jtranster of heat and mass in flow systems.:,Although-_thrs

<

’progreSs is/d v131ble lin'ﬂaé -broad range"of 'SCientific_
l'dlsc1p11nes (thtaker,i1977' Rossen and Hayakawa, .1977; fde“
ﬁinles,p 1975ﬂ’ Guymon and Luthln, 1974-.Klute, 1973 Harlan;\
'hi§53 Nlelsen et al., 1972 Keey,&'1972' iFulford » 1969 )
,there 1s llttle ev1dence that thlS work is maxlng an 1mpact' i‘”

on hydrogeologlcal research (Stallman, 196& 1967 ). Howeverglﬁf’

o

"iffthere. are «a 'number of practlcal problems that would be of,
Llnterest “to; the hydrogeologlst'_concerned w1th~ thermal
'flnfluences on. the subsurface flow reglme, for example, the h;u%"

mlgratlon; of radlonucleldes away fro 5subsurface' waste R

/-

»fﬂmanagenentl 51tes in dry desert reglons‘ hydrothermal

-:_convectlonlln porous medla, subsurface waste heat dlsposal'-d
‘evaporatlon from land SurfaceS'?seasonal fluctuatlons of the_f;t'
h,water table ?in’ oold enV1ronmentS° natural and art1f1c1al

fi;recharge problems, systems for ‘land trLatment of vaste water."”
ulnvolv1ng a surface 5011 saturatlon followed by evaporatlve
irdrylng,- underground storage\ of cryogenlc flulds and heat l.:ffﬁ_
.storage 1n aqulfers- laylng of plpellnes 1n cold reglons and";'

3,pother frost problems- and generally the suhsurface hydrology

P N
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of 'arid, semiarid, as well as cold regions. = - -
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%;:heab' transport have been studled-exten51vely, many aspects

are ‘not yet' well understood The' fact lthat‘ dlfferent

'»;transfer »mechanlsms operate :sImultaneously,. and often 1n
fopposite' dlrectlons,- poses serious - dlfflcultles ,in_ the‘

development of a suitable mathematlcal framework ~.and

¢

B

Although problems involving-the'simultaneousﬂvater and .

CLet us now exapine some of tne reasons why the 7p;oblem’

" of ‘the ;51multaneous -movement of;-water% and ~3H9at_ﬂis,so‘

, compleir Transfer of lquld occurs malnly vas_’a 1resu£t)lofﬂ

Vgravity;--.external ‘,pressure' forcesy gcapillary,,forces,

- P =
sorptlon forces'“and-'electrlcal forces (de” Vrles, 1965

+ - °

Nerpln and Globus, 1969 ). Transfer of vapgr ls governed by

‘several mechanlsms, for example,'vapor dlfoSlon. under thei

3

1nfluence - of vapor concentratlon dlfferences and flow under':u‘
.the 1nf1uence of external pressure, grav1ty and frlctlon at;
°the~: llgUld vapor f 1nterfaces.-ﬁ Heat is transported byv
conductlon, radIatlon .and -convectlon klncludlng sens;blet :
heat transfer~rby llquld and‘:vapor’ movement,,as well asi

latent heat transfer by vapor- movement ).' The:.compllcated-fié

_;‘)_ ‘v.\ a3

»-1nternal- geometry of : t P pOrous medla adas, further

;complex1t1es to the llquld vapor heat transfer.‘In -addltlon»

oy

{to these dlfflcultles, lt should be noted that even basrc

B i 2

,'and thermal CQHdHCthltleS as functlons of m019ture content

)

2

2

"quantltles such as the sq1l water potentlal or tne hydraullc,’nf

L SR
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B ana temperature are. not -easy to measure.

co

In the past, particular mechanisms of moisture and heat

l

transﬁer in porous media have been empha51zed whlle others
have been totally ignored (Harmathy, 1969; Young, 1969;
”Whltney ‘and” Porterfield,v‘1968; King,' 1969; Matthes and
Boweni 1963; Wiegand and Taylor,'l961; Cary, 19671 ). In most
cases, -this tendency to emphasize only some ofu‘ the
mechanisms has been vadequate_ for,.particular situatio s.

.

However, continued reliance on simplified analySes ha led
"to contradlctlons and dlfflcultlos in generallzlng tg other
* cases (Fulford, 1969 ). F o . : ~ _/
In general, the movement of water and heat in porous

media - may bevvanalysed u51ng three. levels of analysis:

J

e

level of analy51s, one’ develOps tranSport theorles based on

‘the movement of molecules. Statlstlcal mechanlcal condepts

imight bel used to overcome the difficulty nydiSContinuous

media. At the micrOSCOpic”hlevel one~amay utlllze the
¢
contlnuous medlum approach and examine the detalled behav1or

- of flUldS wlthln the pores. An example of thls approach is’

‘the appllcatlon of the Nav1er Stokes equatlon to the problem
of flndlng the detalled flu1d veloc1ty pattern wlthln"the
pores. The dlfflculty of . thlS approach is in the complex1ty
'of ‘the” boundary condlt;ons between the phases present.A ThlS

dlfchulty may be c1rcumvented by, u51ng a. macroscoplc level

‘of analy51s in- thch one replaces mlcroscoplc _varlaoles ,hyg

o

v : S '.,
-0 S

'- . . - ) bd ) ) / |
‘moleculari m1croscop1c and‘macroscoplc. For the molecular
g -

-




” - ) m ' : ‘1 Ty
. . . o \ N . » <
their * volume ' averages. These averages are taken over an

~

‘elementary volume large enough to: contain a: representative .

assortment of pores, but also  shall ’enough e maintain

. ’ - - [N ¢

approximately constant values of .macroscoplc varlablesf

within thelelement (Klute, 1969 ). Therefore, at thls level
of ° analysisp_ overall macroscoplc . values of phy51cal

.

uproperties of  a representative volume ‘element are .

€ t
introduced, such ‘as  hydraulic .and thermal conductivies,

4dif%usivitiesi,and volumetrlc neat capac1t1es, among others.
A stuay of the - connectlon between rthe‘ description‘{of 'the'
transport Aprocesses on;;the mlcrOScopichhand _macroscopic
_ levels‘hprovides afurther“- insight v'into. the | transport
. pr0cesses,’espec1ally wlth respect to ‘the calculatlon of the";‘
_macrosJOPic : transport~ coeff1c1ents ~from approprlate;
mlcroscoplc oL molecular aspects of the porous nedla. .

- s SN

2

Two main macroscoplc rodels generally form"thé_ ba51s
for predlctlng water and. temperature dlstrlbutlons 1n porous

medla' the mechanlstlc model of. Phlllp and de Vrles (1957 ),

based '__ru51on‘ and heat flow theory, whlch has been

L ~
AN

'_adapted'for'porous m%dia' and the phenomenologlcal approach,'
1based on irreverslhle' thermodynamlcs (deGroot and Mazur,
1962 Prlgoglne, 1967' Fltts, 1962-‘Katchalsky and Curran,
- 1965; ¢ danley,c 1969 ). In both these macroscoplc theorles,
theo'principal 'probLem i§v to ;express | the“: mlcroscopic*
vphenomena of flow in proper»macroscoplc terns, inSuring that

those' mechanlsms of " primary 1mportance are 1ncluded whllev'

those of secondary 1mportance are neglected ThlS evaluatlon

e

.
o
i3
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'of the relative 51gn1{}cance of the mechanlsms tends
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~d1ftu51on tneory nased on the modlfled Fle'S

2

of

equatlon

porous medla, predlcted the vapor flux den51ty as

" where

dv

DVV@V

1s the vapor flux aen51ty ( gm/cmz/sec )

The "51mple" vapor

(-1

is a pore geometry factor { dlmenSLOnless )

is

the

volumetrlc

air

(cm3 air/cm3 soil )

is

the

porosity

('dimensionless )

is:

the.:

VOlumetric

of .

( cm3 water/cm3 5011 ),

is

_Aporous medla ( dlmen51onless )

content

of the medium

b J

W

the'

-porous

0

the.molecular.diffusion coefficient of

.‘;‘> /-

'1s a tortu051ty factor,for dlfoSlOD of gases in

" medium .

S
J

s

Hater content of the medlum

‘water”

51multaneous ’

for -



oy

‘ - vapor in air ( cm2/sec )

1% : . is a mass- flow factor arlslng from dlfferences

in boundary condltlons governlng alr and vapor

components « dlmen51onless )

;‘e, is the den51ty of water vapor ( gm/cm3 )

<

Dy= fﬁ“v is the dlfqulon coefflclent of water vapor in

y

t he porous medlum ( ‘cm2/sec )

N . o ‘ _"
The transport of water'vapor_ln s0115 under 1sothermal and

solute-free conditions has . been studled experlmentally by

chkson (1964a, b,’c,'1965) and Rose (1963a, b)g'uho found

that t(1-1) descrlbes 1sothermal water vapor transport in a
satlsfactory manner.

.\W/\ . }.‘

Howeverv (1-1’), ‘whlie" édequate in isothermal

 conditions, underestlmated the vapor flux significantly

' under temperature gradlents,i S0 that the . ratio of the."

observed vapor. flux to the value predlcted by the 51mple

dlffu51on theory ranged from about U4 to 18 (Phlllp }and -dea'

Vrles, 1957 ) Moreover, “the 'above equatlon predlcted a.

max1mum vapor transfer at a much lower m01sture.content than .

";the observed one.

Gy

rhe Phlllp and de Vrles theory,'ln short, attempts to

‘reconcile- those dlscrepanc1es -by taklng 1nto account tne

rollow1ng two factors whlch were prev1ously neglected. At
low . m01sture content the llqpld phase is not "ontinuOus_but

' 1s conflned to small "1slands" in the necks ~of ‘the 'pores .

\a-y'




between solid_ particles. . Hater ‘vapor, however, does not

B

: Lo » . -
necessarily flow around-these water fllled necks, -as. -was
assumed ip the 51mple dlffu51on theory. It can*condense on

~one side of these "1slands" ' move in the llguld phase

through ‘the lquld wedge and evaporate from the. other. 51de.vg

'These "1slands" therefore act effectlvely in shortenlng thet'
actual path length ffor. japor‘dlffu51on. Thus, the. entlre.
pore volume -~ .not’ just .the' air- fllled 'por051ty ——'pis'
,effectlve ‘in vapor transfer as a serles-parallel process of
flow through reglons ‘ofi vapor‘ and lquld ThlS llguld—k‘
:assistedf' vapor transfer at»ilow“-m01sture “contents uas;'
conflrmed experlmentally under 1sothermal condltlons by Ro;e'

{(1963a, b,,1965 ).‘Such lquld vapor 1nteractlon, therefore,vﬁ

N i

.s not restrlcted to. temperature induced’ dlffu51on as Phlllp:

and de Vrles suggested

' The . second ~factbr,‘¢onsidered',wasy the" 'temperature.'
':gradientv across alr fllled pores wlthln the porous medlum.

. ‘ - )
»bIt was found that this gradlent is several ‘tlmes greater“

than “the average gradlent across'-the porous medlum as a

: Accordlng to ‘Philip’-andv“d Vrles, ‘the ratlo 'of . the

<>

temperature gradient 1n the air- fllled pores to the overall

: ‘temperature gradlent may be as large as 3 2 for dry sand or

hlgher (Wood51d€\and Kuzmak 1958 ). Thls represents a large :
,Iacrease' 1n.tHe thermally 1nduced vapor flow because of the

:non-llnear %epehdance of vapor pressure on temperature. This

'bratlo can’ be measured accordlng to the method of de Vries

', Saw




\’ ‘ . B

<{1963). when certaln assumptlons are made about the shape of

the soil partlcles ‘and thelr thermal conduo¢1v1t1es.-,

Taxlng into account the above factors in the vapor flux
, )

) .equatlon, Phlllp 'and de Vrles developed ~.an ,approx1mate

analysls uhlch generally prov1des' satlsfactory agreement
with the experlmental observatlons. S In order “to describe
thermally lnduced llquld movement Phlllp and de‘Vries

.modlfled Darcy S equation by 1ncorporat1ng 'the temperature

dependence of surrace ten51on 'and Tits ,effect on matr1c~

potent;al. TaDle 1- 1 summarlzes the equatlons and parameters’-

of the Pnlllp and de Vrles model (Phlllp and de vVries, 1957;

rde Vrles, 1958- de Vr;es ani ﬁecr, 1958b; de Vries{f1975'),

Some of the shortcomlngs of thls ana1y51s are ﬁhat .the
'temperature coeff1c1ent of the matrlc potentlal 1s greaterf

than that of the surface ten51on of pure water considered oy‘_"

-Phlllp and de Vrles (Wllklnson and Klute,.1962 Cary, 1966

_Jury *and Mlller, 1974), and that the Phlllp - de Vrles model"~
predlcts zero thermally 1nduced water flux in a saturated
‘system, whlch has been shown not to be the case (Taylor 'and-~‘

‘_;Cary‘ 1960 Corey 'aud Kemper,i1961-'Cary, 1966 ). From a

R

_practiCal viewpoint,'the determlnatlon of the numerous 50111

_'and water parameters appearlng 1n the equatlons of Table 1- 1

makes the appllcablllty of that model dlfflcult.

g iy

Due to the fact that all transfer of heat and m01sture
‘-occurs under non-equlllbrlum condltlons the concepts of the:

‘theory of non egulllbrlum thermodynamlcs may be applled to
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- porous media (Groenevelt and‘Bolt,e1969;vKay and Groenevelt, z
197&;'Groenevelt and Kay, 1974 ) - 'Such an approac h was flrst.A\ v
attempted for porous SOlldS by Luikov. (1966) and Taylor and bt
Cary (1960 ). For a system in whlch the s1multaneous flow of
heat and 'water only are con51dered the approprlate fluxes

may be. wrltten Ain a form s1m11ar to those derlvedfby Phlllp.l

and . de Vrles (Tablef 1 2 ). J

’ \
'derlvatlon and a comparlson of such € uations with those of

ry (1973) presented a

Phlllp andﬂde Vrles.~_

SO o The non-equilibrium thermodynamlcs rapproach is more

Do o general than the Phlllp and de Vries's one because"it‘ does
‘. not ‘invoke any models or mechanisms - and . can beveasily

'extended to include other influencing factors, ‘suCh as

osmotic or»Aconcentratdon'-gradientsﬁiamong-others; Certain

N .;‘,A theorens anderestriétionsf,allow_‘thef use 'ofitgpej-OnSaQEIf
' reciprocity relation whicn.states that' .‘ |
S Lwg = Lgw  \ C -1y
" thus reducing the‘ number of the unkno n phenomenologlcal
coeff1c1ents (Taole 1-2) by one.; Cary (1963 196& ), among-
-others, ,h?s demOnstrated lthe valldlty of the.'Onsager
'”relation in .50115. The }_madn. .problem-‘.with:- this
phenomenologlcal approach eis'\thatipit does not 'proyideV»
1nsight into the transport coeff1c1ents, whicn makes their
'calculatlon | dlfflcult. | Other llmltationsv include the
o s following: the domaln for which the equatlons apply must be-v;
| very close to equlllbrlum for the’ Onsager rec1procal

L~

relations Jto»l be _»Valld.' xThe condition . for " linear
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pﬁéhomenologicai relations inherent in the deneral‘theory
2 .

implies constant coefficients, -a situation which does not

correspond to real porous medla flow condltlons. Although ln

_Lecent 'years\Sagnlflcant progress has been made with regard’

to far rrom—equlllbrlum‘ thermodynamlcs v(Glansdorff and

‘Prigoglne, 1971; " Prigogine and‘fNicolis, 1977 ), such

progress has not yet reached the area of flow through porous,

'medla.

The similarity of the'equations in 'Tables 1-1 and = 1-2

has prompted a _comparlson of the two preV1ously dlscussed-

approaches by several researchers (Gee, 1966; -DHKSen " and
Miller, = 1966; Hadas, 1968; Cassel et al., 1969 ). However,

these s01ent1sts were not able to demonstrate any clearcut

advantage of one method .over - the other 1n approx1mat1ng the’

observed data. //s'

L4

\ -

Analytlcal solutions ’of the, non- llnear transient

) equatlons (1 6) and (1 7, or (1 16) and (1 17) of Tables 1- 1.' o

and 1-2, resPectlvely, are _notl avallable,' unless 1t is

‘assumed that the transport coeff1c1ents appearlng .in those

'equatlons are constant. Tnls assamptaon is the bas;s for the
analytlcal solutlons presented by Crank (1956 ), de Vrles

and Peck (1958 Yo Lulkov and_ Michailov (1965 ). Husaln et
\ L

al. (1971 ).> However, the ’transp

'conduct;v;tles' and _diffusivities,‘ which ‘represent. the-

thermophysical,. propertles_’of' porous” média -~ ;are “not

constant but depend on m01Sture.‘COntent and “temperature

izients - like:

o

T e £ M v Aden Yt o3 St s K LT i L
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"(Klute, 1973a). Therefore; numerical.'methodsf are the-

approprlate means for solv1ng these non- llnear equatlons._

a

‘The numérical approach; however, is limited by.the,lack

of satisfaCtory vmeaSurements» of 'porous”_media prdpertiesa

under- non—lsothermal condltlons, nhich are needed for model

'descrlptlons (Fulford L969' WOOdlng and ,Morel-Seytoux,1976;

thtaker 1977 ). Therefore, " the dlfflculty in comp4ring

theoretlcal and model results with: experlmental data isf the

major obstacle 't07 carrylng.'out_numerlcal calculatig¢ns on’
‘coupled systemsr

Experlmental 1nvest1gatlons of 51multaneous Hater'jand

_heat transport " have been almost exclu51ve1y carrled out in
the laboratory (Stallman, 1967- Jackson et: al.,. 1975 ),

thtle or no empha51s has been placed on lnvestlgatlng fleldb»

’.

51tuatlons. ‘The- hot and dry surface layers of bare 501ls are‘

one example where temperature_effects on water transfer are

o
¢

'~very pronounced because of the predomlnance of 'm01sture__-
ytransport"ln the vapor phase. Also, 1n deeper layers ‘of the

ground, seasonal 'cllmatlc trends may_ create” per51stent-

‘

'temperature“Véradients' which’ can;-transport,_kater_-iana

‘vertical direction. - . . ¢

'However, few 1nvestlgat10ns -- based prlmarlly 'onfhthe'

g Phlllp _and de Vr1 S theory -—-have been carrled out in the:
‘fleld. Investlgatl ns of the noz 1sothermal 'water flux of

Q\the‘rupper. 15 cm of a bare sorl_(Rose; 1968a, b, c) shoﬁed»'

. lthat\the\tHErmally;igggffd, vapor,.flux--waspqu» comparable//f/s



-

magnltude\\tto the liquid flux 'and uas‘ osc1llatory in

. \

'dlrectlon and magnxt\de..A fleld and modellng study of . heat

Itransfer‘ in bare 501ls \(Wlerenga and dewlt, 1970)’showed
d._ close agreement -between predlcted- ’andU obserned-f SOii‘
temperatures for a wet 5011 A study of the slmultaneouslf
water and heat fluxes within - the top 10 cm of a fleld SOll_t
(J%ckson :et al., 1974 1975) showed'that the Philip‘and de -

Vrles theory best predlcts the 5011 water flux under dlurnal S

vcondltlons at 1ntermed1ate water contentsu‘

4 : \
e N

At presen@} a_wide discrepancy seems to =2xist  between

the ,'field—scjle!__approach“fof'the hydrogeologists and'the,j

N

'local _scale'm”approach‘vof _theg‘.soil»' physicists;v “The

Y

.hydrogeologlsts' approach ‘has 'been» largely emprrlcal and»‘ 3

C

Sy

fcrudely aver\glng, uhlle the more phy51cally based ﬁ"mlcro"

approacn .of~ soil physxc1sts has so far not been sucCessFul

' in descrlblng t, fleld _condltlon :and »itso, assoc1ated |

heterogene;ty (Suartzendruber and Hlllel, 1973’).~These_tvo

- approaChes are parallel Tines 'of attack ;that‘“have fnotd*“

L.

”conyerged.* If  both apbrOaches moved towards a common scale
of system characterization, the above mentjioned discrepancy-

might cease to exist., . = . -

lg_order to reoon01le tnese approaches,;I propose the

»development of a’ theory thch wlll treat . the subsurface flowd

~

vdoma;n~ as 'an-lntegrated‘entlty, rather: than as a- serles of

-

~ isolated or’ loosely connected local Msystems;'f Severalf

© S

.scientists (Chllds,/b1960; Stallman, 1964, 1967; Efee;e,.




L

fthe unsaturated zone.

1965a; Klute, 1969{,Qaﬁ Bavel, 1969 Vachaud et al., .1975)
ahaue‘rargued for: an 1ntegrated approach to the problem of

' _ground water recharge and dlscharge._.In empha5121ng ,the-

-

'lelslon of Hydrology | into surface and groundwater B
- Hydrolegy,. hydrogeologlsts have tended to. forget ‘taat eveuts
at the surface and’ underground uaters are connected ' _,notﬁ'.

Just as. a matter, of geologlc contlnufky --'but)in‘a real

O . o
~Sense, 1n that there ic contlnuous movement \of  water from-

£

one‘ domaln into the other. This connectlng link constitutes,

-aAccordingly3-the following' main objectives)\are ‘set

forth for this thesis:

.

-to develop and apply a methodology for subsurface couplea'.

)

heat 1'and _‘vater : transport sultable _fory flel&?'

appllcatibns-

to develop and test a general computer. slmulatlon\ model'
-fora,the s1multaneous vater and heat movement 1n7

unsaturated saturated subsurface domalns based on anv-{

s

adapt lon of the Phlllp,and de Vrles model

to'ceyaluate the lnfluence.'of 'coupllng fon; vdiurnai‘,'
subsurface moxsture and heat transfer,.and to use'

o | the coupled flow equatlons to calculate? evaporatlon

from dry land surfaces.'
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“, " THEORETICAL DEVELOPMENT . . . T

2.1 Introduction - - S o L cr

In- this ’chapterflithe equatlons for water and'heat e

transport in porous medla are derlved. These wlll be- used in .
: SR L ey
Chapter u; forﬁ'the development [df: a general -dlgltalv . SRR

!

',SLmulatlon model of non-lsothermal transport eih” porous _ - g
. '_ . - . = 4

i

!

medla.-The fOllOang presentatlon is based on the transport p

u

phenomena}.v1ewpolnt and is"concerned wlth the fluxes ofbv}ﬁ-.iﬁﬁ
.‘mass,'momentum.and energy .vhlch descrlbe dthe macroscoplo:
:iequatlons of: change for porous medla. These quantltles can.'fe'i;}p
be determlned from ba51c prlnc1ples.of ph;ilos llsted beloq.':t ff’jf'
(Blrd et al., 1950) AT =""'\;~L5',; o C f J¢h¥i
COBtlDUlty equatlon Be/at + Y7(Qv) = i:'* ”i;ﬂ*-g3“ R
(Conservatlon of mass equatlon) o - 7U'tf"f>v3,.fk2-1f5 | .
. Momentum equatlon = eDV/Dt eg - Vp +}4V2V . (2 2) “
Thermal energy eqn.,, ec DT/Dt = -qu 'J:(ap/a'r)e va—«d’v (2 3) |
f. whete T;t | “1 . ';".. L_t ".‘;,:."" SR 5:L:. . 3‘-;;; ;‘pu
é {is the mass deu51ty (gm/cm37)
_is the mlcroscoplc vector flow veloc1ty ( cm/sec )

._D._,. R r

*)lb;ls the dynamlc V1sc051ty ( p01se y _“g IR R Ly

[

< is’ the specxﬁlc heat capac1ty ( cal/gm/C )

‘tp._“is the p01nt fluld pressure { dy e/cm2 )

s e
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-

:caplllary pﬁtentlal (Rose, 1966, Corey et al 1967')./

o

17
R
‘g4 1is the conductive heat flux ( cal/cm2/sec )
@b is the vi cous dissipation functlon ( sec~2 )
D/Dt is”the-substantlalvtlme derlvat;ve-
and! all -other quantities ‘are -as defined previously. A:
m— , . ' ) ‘

detailed derivation ‘of the simultaneous 'heat,‘ mass and

momentum transfer in porous medla from basic prlnclples has

\

'recently been glven *by Uhltaker (1977). However, for reasons

of 51mp11c1ty and brevxty, ,a less ‘rlgorous approach in

der1v1ng the regulred equatlons wlll be followed here.

v
-

Before proceeding,” it is essential to examine the

parameters of interest in this study and the assumptions

made* in deriving appropriate equations, which are nece ssary

for the determination of° these parameters. Pressure

]

potential‘- 6; pressure head of ‘interstitial water and.

e

tlme, are Jﬁhe“”maln quantities sought in" the present

_deyel'o’puent. Te pressure potentlal of 1nterst1t1al water lS

b4

i,

‘res- .us from a pressure that is dlfferent‘from the refereuce\

pressure nof‘ one - standard .atmosphere. If a unit welght is

poteutlal has ~the “unit -of length (cm) and is often called

san N

pressure head d:(see giso "Pe. 26). ‘The pressure head of

interstitial water is positlve in saturated‘porous‘media,
/ : L

'zero at the water table and negative in unsaturated media.

.This negatlve pressure potentlal is also known as’ matrlc oT

e ) v

/

temperature of the porous medium, as functlons of QEEEE“EEE*f‘

Ve
A

"the actipn of its energy per unlt quantity of water\\that'

'taken as the'unit Quantity of water, then the‘ pressure'

Y

T

}
.
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222 Assumet_é_e

——

The following are -“the .pajor assumptions and
'approximations' underlying the derivation of .thé»coﬁpled,

non- 1sothermal equatlons ’of Wwater and ' heat” transfer in

N

Jporous medla to be presented in this chapter~'
v1)tthe ' system . is comprlsed ofs a non- deformable and.

chemiéally inert metrix, with ‘liquid‘~water and its

e ; -'b. LR
vapor in the voids among the grains; :

'2) liquid@ flow 'can be desériped by a DarCy-tYpe'equation,
which implies -- among?other things —— that the flow

.

is laminar;

. 3 all flow paranetérs “are unique functions, so tha;/f—a//ﬂ
- e : s ' ' : T u
= hysteresis is avoided; : s _

_ u)'solutef effects are negligiblej: no water 'composition o

v.aariable or electrochemical effects are consideread;-

5) the liquid ﬂate;‘and its- vapor are‘in_avqontinuons local
phase equilibrium in the pores; '

6) the macroscoplc heat flux equatlon as 'presented by de

Vrles (1958) ulth negllglble-'heat, transfer”byrair

]

‘convection, radlatlon and V1scous generatlon of heat

(2-55) is consrdered “to be a ‘valid approx1na%ion‘of

porous medla heat flux' ‘ - N

'

t7) the 5011 relatlve humldlty is 1ndependent of temperature

S _ R
at, constant water content' o 3

N

8) air. pressure remalns “constant and a1r effects (entrapped 3

. P

alr, solutlon of 5011 alr) arevnegllglble.; R ']-‘ «

- . ~
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When the aboﬁe;assumptions are applied to porous media,

they generally present no serious llmltatlons (de Vries and
Peck 1958 ). Propaoly the most,‘serious exception .is
assumption 3) tabove,‘ which‘ removes ) hysteresis‘ from
-considerationf flt .lS well- known that relatlonshlps such as
the uater characterlstlc functlon‘ (\vas 9‘) “and _to a
smaller »'degree the hydraulic“'anductivity. function
(K vs 8 or k Vs ?) exhlblt hysteretlc 'behav1or, espec1ally
for _the*,near—surface domain. ,However, , as. Ehlllp (1955)
polnted out;-hysteresis does not in. itself invalidate the
use of subsurface water flow equatlons, as long as the water

characterlstlc relation adopted is appropriate to -the L

phenomenon under study. In order to Lsidestep the problem,"

v sc;entlsts con51dered monotonlcally drylng or wettlng Flow o

problems and avoided materlals whlch exhlblt pronounced
hysteretlc behav;or, such 'as swelllng 50115 and others. In
other cases a mean wettlng drying characterlstlc curve” was

shown to. be satlsfactory under fleld condltlons (Watson et
_ | )

-al., 1975 } . Rose (1971) concluded that varlatlons caused by

hystere51s, though real .are likely to be . negllglble dimh

~'relat1vely dry 50115 and therefore 1t should be poss1ble-to'
A

\
1gnore hystere51s in practlce wlthout serlous errors. Royer
and Vachaud (1975), however, concluded that hystere51s was

too 1mportant to be neglected in- thelr fleld study.'

R —

T

: : e o : ‘
Although problems 1nvolv1ng ;;;tere51s have been solved

‘numerlcally,_assumlng that the ysteretic functlons Here

e

Cf

knoun in suff1c1ent detall (thsler and Klute, 1965 %ubln, o

© . - . PR . . L . o ,-.Z&;‘



o required.

~

1967; Ibrahinm and Brutsaert 1968 ; Freeze, 1965a, 1971 ),

‘the complexity' of the developed theoretical techniques for

, handling_ hysteretic phenomena quantitativély, ~ and the:

uncertainties assoc1ated with ‘them make the applicability of'

'fsuch techniques difficult (Poulovassilis, 1962' Topp and

Miller, 1966;-Topp, 1969 1971 »POUlovaSSIIIS and Childs,b

19714); Considerable research lS still reguired in the area
of™ hystere51s,‘so that the techniques developed recently can

be: simplified and effectively used in the hysteretic

behaVior of field SOllS (Watson et al., ﬁ975-‘Klute, 1973 ).

: Also evaluations of the errors 1ntroduced both by neglect 5f

‘hysteresis and by ’the,.use of approx1matevtreatments‘ared

“

. In “the xfollowing? -Sections}'_vsthe‘l ‘constitutive

' relationships 'between fluxes and appropriate gradlents for

1'1vaporxandflliquid, ‘as- well 'as for heat 'transport are

deueloped Transport parameters or coeffic1ents are. defined}}fa"
;and/or oriefly dlscussed Subsequently theb tranSient waterl:”
“fEand ‘heat flow equations are derived by 1nvok1ng conservation :
‘e“;prinCiples., As will be pOinted out, the equations developedt
;_‘are ‘more general than those usually found in the:literature,
in that they are valid for both ,unsaturated _and- saturated g&

' domains,_ as well-" for non-homogeneOUSv‘porouS‘ media."°

~~Finally, a fieldoorlented methodology is» developed for

Iestdmating »the various transport coeffiCients 1nvolved 1n‘

4 .
coupled, nqn-isothermal equations.

v
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2:3 Vapor Transport

sBy.makiuo the following assumptious
1) the water'vaporvbehaues as an ideal gas, which means that
| . tae vapor‘density ev( gm/cm3g) is related'to the vapor
bpressuge P, ( cm HéO‘) by the ideal gas law (2-4 ),
, _ and | ' | | | |
, \

\' e | S @, = (M/RT )egp, C(2-4)

where
tlm is'the molecular ueigﬁt of water'vapor‘x gm/uolé )»
R is the universal. gasucouStant ('erg/mole/K>)
Tfis_temperature ( K ): '
Q‘is'the llquld water denSLty ( gm/cm3 )
, gfis'the accele;atlon of.grav1ty (_cm/secZA)“

< .i2) the total gas pressur® P. is constant throughout the’
. . N . . . N : . . . . . N N y

a modlfled rlcklan type expres51on to deScribe ~vapdr flux '
(~qv )vln porous medla can be wrltten as follows (van Bavel{
j952; ROlllnS et al., 195u;>de Vr;es, 1975):

q,/¢ ‘-‘»-foqv(ng/RT) e, o (2-5)

where V'=,P/lP-pvr; is the mass’ flow factor whlch 1s always
S _ | . H
)_//close to - unity; © £ is a  pore  gdeometry factor v

- L . > - a _ ,
‘(dimensionless ), and Da ~ is the molecular diffusion

- coefficient of water vapor in air ( cm2/sec ).

The molecular dlfoSlon poeff1c1ent DQ of water :vapor

-~

f:iuv\alr is a functlon of temperature and total gas pressuref

Q

‘ and may be expressed as (Kruger et al.,_1970)



the total gas pressure (atm), T and

;e - L .

| : . : ' . N | o

o Dy = ¢ (B/2) . (T/To)" L (2-6)

where Po.lstthe standard atmospnerig pressure (1 atm); P is
% are absolute (Kelvin)

temperatures.»T —273.15 K; c—0.217 cmz/sec and n=1.88. (2-6)'

is .an empirical relationship based on béth isothermal and

non-isothermal ekperimental ‘data and on theoretical

o

considerations (de Vries and Kruger, 1967 ).

The pore geometry factor f. is a'nodification.designed”
to account for the effects of the increase of the diffusiony
path Length that resultsr from the presence of'the solid .

matrax and the effects that result from the presence of the

; Tiquid . phase enhanc1ng flow (see p. 7).'Phlllp and de Vries

(1957) expressed f as follows-

£=ap  for sy S (2m7a)
f=«(a+xly for b . .. (2-7b)-
.where 4 is },tortu051ty f_ e dlmen51onless ), ; jusuallyfn

'approxlmated by the constant value 0. 66 (Penman, 1340) ;. ¢ is

'por051ty ( dlmen51onless )y and 5& is the m01sture content at

whlch -llquld 'contlnulty flrst occurs in the porous medlum.

.

This latter quantlty ‘is approx1mated here by the' m01sturel

1content correSpondlng to the matrlc potentlal of one ‘bar of

v

"the characterrstlc curve (q)vs 9 ). In equatlon- (2-7b Y, X

is a functlon of mOLSture content. It 1s approxlmated as 7t~

a/ax '(Phlllp» and de Vrles,u.1957 ),A,where‘fawaf-g(air:w"

content) and a,‘ f J ~v-~-tendso to 'unit_'y' wh'en ' llquld-

. - AR

»continuity'no longer ex1sts and to zero near saturatlon.

a 0l
,
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The pore geometry factor for ,2°gas insoluble in water
may also be repgesented as (Currie, 1960,1@6ﬁ; Rose, 1968a,

b)

(0D, '(D /%) (2-8)
where D is the dlfoSlon coeff1c1ent in moist soil of a gas
insoluble in water ( cm2/sec ),‘ D5 and .Dg are diffusion
Ccoefficients of  the Same gas in air angd dry soil

respectively ( cm2/sec ). The.ratio ( D/Dg ) accounts for
the reduction ofx diffusion by the Presence of m%ter, and

( /D, ) accounts for the tortu051ty or the presence - of

'soil matr;x.

In ordar to express the vapor flux (2-5) 1n terms of
varlanles of titerest ‘such asi T and 91 or ¢ . thae
‘thermodynamlc relatlonshlp expressed in equation (2-9) is
.used (Edlefsen and Anderson, 1943 ). It is based’ on thei
fassumptlon that : continuous equilibrium. exists betyeen

A

vapor and llgUld contents per unlt volume‘

B = ph=p expudg/RTnp} R (2-9)
'wherebg"ls thé saturated water. vapor pressure ( cm Hz0 )
and h is the 5011 relatlve humldrty (dlmen51onless ) - On the
basis;of arguments presented by Phlllp and Qe Vrles (1957 ),

it 'can.wbe shown that the relatlve humldlty h'is malnly a

<

function'of m01sture content, and that the saturation cvapor
pressure p: is a functlon of temperature only. Thus; the

vapor pressure can be expressed as

B =i ohE S (20

Applylng tha chaln rule bf dlfferentlatlon to V@v in }2-5)

LN

w.

-
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and making use of (2-10 ),”fhe‘following relationship is
obtained: | _ ~ ,
Vi, = p% (h/30)78 + ho@pfsam (vm, - (21
wheré (VT)q represents ;he averagé temperature gradiént
across air-filled pores in the’pérous medium.urhis‘gradient,
as jis .mentiqqéd in Chapter 1 (P’ 7), may be se#erél times
. larger than "the overall macroscopic gradient'VT, so that =
(VT)q = QVT : | - | .(_2.-1,.2)

where §> 1. As 1nd1cated by Philip and de Vries (1957y< ahd‘
‘Rose v(1968a, b) , typical values of ¢ range fronm 1;3 to 3.Q

for most soil materials.

~ In order to replace the dh/30 gradient ih'(2411) .by; a’
pressure head gradient, (2-9) ié;differéntiafed.wifh reépéct_‘
to 9 to give | ' ’ |

/30 = (Mg/RT) hf’ /30 L | <2513)

so that (2-11). becqﬁes o ‘. | ‘ “ 
vpv = b (Mg/BT)h 3Pp/39 V4 + h(dpv /aT) {(qu /V1} VT -_'("2‘-,1,4)‘

-or \ : : 7 |
VR, = 8} (M9/ED) bV 4+ &h @plsam VT. (2215

‘Substituting (2-15) in (2-5) yields tthVépor flux in terhéi

of _the unkhowns-q;and T:Wv ‘ | | ’
gv/Q = '—f,DQV(ug/RT)Zp’nVAP‘- cfnav(ug}m) h'(-apf/am gr (2{16)'

By deflnlng the followlng generallzed parameters

T Ky = fDu(Mg/RT)zp h - - (2-17)
where qu (cm/sec) lS the vapor conduct1V1ty,?hh&\;
Dr, = 3fDaV(MG/RT) h dpfsar . (2qg)

'wheregDTv ( cm2/sec/C ) is the thétmal‘“vapor diffusivity, .
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the Vapor flux, can be more simply written as

9v/Q = Ky, V- D VT | | (2-19)

For the saturated zZone, the vapor flux becomes zero.

The startlng point for the theoretical formulatlon of .
liquid transport is the momentum pr1nc1ple -- expressed by
the - Navier- -Stokes equatlon (Schllchtlng, 1968 Le Méhauté,
1976) == which descrlbes the isothermal flow of a NewtOnian

1ncompress1ble fluid with constant v1sc051tyi'

gDV/Dt = g | -% +Uvzy o C L (2-20)
. LN . o ! o . ) .
gravity pressure friction
Inertial Forces! ;' Applied_FOIces
R A .
. S

Because thef; boundary conditions Cin porous media are
N . v .

extremely complex (the mle%SCOplC flow veloc1ty ﬁV egualsv_
zero,'at .the surface of every graln ), the above equatlon
muSttbe,transformed to a _more useful form.; Consequently,.
instead of deallng with mlcroscoplcally varylng values of
' velocxty and pressure, only .thet mean values need to 'be
cornisidered. Also by maklng the followlng approx1mat10n5' |
j) for“a porous medlum the lnertlal forces are negllglble,;e
whlch is the case wlth a steady, lamlnar Flow?and |

2) the Viscous (Eriction) forces are3.proport10nal. tot'tne-'

1 These forces characterise the natural resistance of matter
-to any change in 1ts statefof;motion. o EE



mean velocity of the fluld flowlng through a porous medrum;
‘whlch is an emplrlcal approx1matlon

the Nav1er Stokes equatlon (2 20) reduces to L o
= @9~ +(f/k )V o= e(g- V“/?)-*(y/k )V ! N R (2‘21)

where V is the macroscoplc (mean) vector 1 ow-veldcity amd P

is the mean flUld pressure. Both of these quantltles are the

’outcome of smoothlng the actual mlcroscoplc dlstrlbutlon of
VelOClty and- pressure over a volume larger than that of the

individual. %ores. Solv1ng (2 21) for v ‘one obtalns' \‘\- ;

T =-—(ke/)u)\[ “VB/@+g ] '—,(ke/,‘) ch' = | |
| -(keg/)‘)V<I> —KVQD “K V(p+2). B (2-22)
where $1= gfb- o (BRI 2] = gipr2) (2-23)

¢> is the total (hydraullc) potentlal correspondlng to thne

hydraullc head ( cm ),

k is. the’ 1ntr1n51c permeablllty ( cw? ) . of the porous

medlum' and , a, HF

z is  the elevatlon (cm ), here taken as positive in the

upward dlrectlon.‘

h(2722) is- the Darcy equatron (Hubbert 1956) for ,the"steady
,Alsothermal _solute free flow of water 1n 1sotroplc saturated"

porous media with constant hydtaullc 'conduct1v1ty K., By

i

o expre581ng. that equation,”in the followlng form, the

- macroscopic flow velocity for ~an van;sotropmc. medium. is

defined as

where K is the hydraullc condu t1v1ty tensor.'

\ f,rIm"summary, [provi&ed,‘that"the inertial terms ' are

Vo= q¢/9 = -qu> e (2eauy



~

© 27

neglijible, as is oenerally the caSe withvarous media, the
macroscopic mean flow velocmty ‘is dlrectly proportlonal to
. the macroscoplc mean potential gradlent Thls represents tue-
“hydrodynamlc element in Darcy s equatlonr Impllc1t in 'thls,
'Vequatlon is ‘the statlstlcal requlrement that the ‘medium must
.be "suff1c1ently homogeneou*" the scale of the averaglng.
’volume‘fa the so- called /6arcy scale" -- ;for Eocal mean

quantities, such as V-and»pﬁor ¢>, to ex1st (Phlllp, 1970 ).

| Darcy's equatlon .can be'aopliedtto unsaturated porous
?.medla (Rlchards, 1931; childs _and COlllS George, 1950) when
the _hidraullc conduct1v1ty  K is allowed ~to vary as a
functlon ;of the matric’ potentlal Y o the volumetrlc
‘moisture content 9 This change is due to the fact that tne

- unsaturated bydraullc conduct1v1ty decreases very rapidly as

"the porous medla water content decreases from its Saturation

]

value and as. the pressure head becomes negatlv : Thus, for -
unsaturated medla, (2 22) 15 expressed as’u_r ;hﬂ:, ' e v
qt/ﬁ = -K(\P)VQ— ‘-K(G)VQ S R (2:25)

Assuming the coordlnate z _to‘ be positive in a. downward

dlrectlon, the hydraullc head becomes o 5,l~ IR )
R S CP \P | . (2-26)
'j“‘-f\\\\so\that (2-25) is wrltten as,‘ S /;//%yfk/i“V‘ - ,
LN, d¢/p ;"'-:<(~WT)—z]- -KV\P+K1 L o _ (2-27)
;”,\jyére\both K and qlare functlonS\\ef\\m01sture content and

temperature,' and i is a 'unlt vector 1n the 9051t1ve YA

‘dlrectlon.»
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- In. order to generallze Darcy S equatlon (2 22-and 2-27)

vto take into . account non- 1sothermal condltlons, (2-27) is

expanded u31ng the chaln rule of dlfferentlatxon

[+

q(/g = -K 3‘{»’/39 V8. -K awaT VT+K1 o N (2.. 3)
or e , _ o - o o : , _
U’ = ~Dgt Ve Dy VT 4K§ - R PR (2—29)
- where “the »folIowrhgpv;generalized | dlffu51v1+1es _.are’
ilntroduced'rv; .“; _ A L ——
Dgg- = K (3?/39) ~- liquid-moisturéhddfrusiVity(cmz/secy
| | " _ ,. (2= 30)
' Dy = K (DQVST)Q-— llquld thermal dlffu51v1ty(cm2/sec/C) "i":‘xv

In employlng the dlfqulVlty concepts .mentdoned above fre_\r\\\\\
should _be- stressed that although vapor transport through

: iporous media’iS‘mainly carrled out by. true fdlfoSlon,'theic;r
process of llguld movement ls not achleved by dlffu51oh but.

© by v1scous flou..The term "dlfoSlVlty" arose iu. order to_hr“

set 'the transportt equatlon in‘_a_ form analogous to the

equatlons of dlffu51on and heat conductloq. For . equatlons of |

‘\s\

thls form, numerous ,mathematlcal solutlons are ava;lablep
(Crank 1956 Carslaw .and,Jaeger, 1?59:). Houeyer;fthe main -
,problem in applylng the liéuid moisture-diffusivity _conceptvvf'
to..real 51tuatlons is that such a concept is. restracted to .
homogeneous unsaturated porous medra (Klrkham 'audf Powers,
'f1972 ). Therefore, -in ;this .work, c2528) and (2-29) are.
written’as functions of QJand T | L B o
q(_/g = -x“vqa DnVT +Ki _l SR | L (2-32a)

N



’h Where ois the water—alr 1nterfa01al ten51on ( dyne/cm ),

-nappllcanle to' both saturated and unsaturated porous medla

:fcaplllarlty holds:

( cm—t. )._' Hence,

where KW( K 3 o - ':' f D . (2;32by

~

aand valld for- heterogeneous condltlons.'

In order to estzmate the llquld thermal dlffu51v1ty DTI

; (2 3 Philip and de Vrles (1957) argued that 1n‘1the range

/

'of domlnant lquld transfer, the negatlve pressure potentlal

eQJ is determrned by caplllarlty ‘and thus the eguatlon of

V= (zmhe o (2-33)

>

e

o T : L
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fThus, (2c3?€f is more general than (2-29) because 1t ‘is

,‘\‘

g1/r ,is,:the ‘mean curvature of'fthe water—alr' 1nterface‘s

"hvap/ar] =(2/1) do/ar= (*v&) dcydr—(dlnaydT)q; Xq’ (2-34)

B v

o mechanlsms, besrdes the preV1ously mentloned surface tensroufﬁv

"wherex'X'= dlnanT 1s the temperature coeff1c1ent of surface

" e n_

ten51on, whlch isg reasonably constant in’ the range of 10 to

used by Phlllp and de Vrles (1957) and numerohs .subseguent:

1nvestlgators (Gee 1966' Rose, 1968a, b;,C"Cassel et al.,_u

7.7' 1969; Fritton et al., 1970) to estlmate 011 AR

ot

'1!

Klute 1962-ﬁ' Gary, 1956-7 Jury ‘and Hlller, 1974.).~{ The

Y
. A RN o . . T

S

_3OiQCQ' Thus,_the follow1ng 51mple surface ten51on model was~

e syyE (235
*“‘Houever,»there~frevproblems Hlth thls..51mple formulatlon.
e Measured 56' ue53 of BQ/TTHere consxstently hlgher than the -

'calculated estlmates from the above eguatlon (Wllklnson Aand‘

Y

N explanatlonff:_ th///dffferences isl that several otherg*--'



, where

dodel, also_ contribute‘ to 11qu1d f ow in the presence of

_temperature gradlents (Cary, 1966 ).

In‘drder to c¢ircumvent this diff culty, I ‘'propose an .

~alternative formulation  which give a'betterfapproximation -
A A ’ ’

to measdredbdata; Invokiﬂg assumpt'ons 5) 'and. 7) llsted

<

prev1oualy in this :chapter ( see/also 2- 9 and 2—10 ), the

followlng relatlon can be deduced gy dlfferentlatlon. . \

,A t]J/c)T (R/Mg)] lnh | B (2-36) ¢
‘ SO t,ha}ti. | i o o ,

| B D-n =K ~(‘-R/rg<j) ‘:?i“l 1hh| ﬁ"‘-'2‘3'.7.) .

Both the above descrlbed mo el (2 37) and ~the - surface'

-

_'ten31qn model -ﬁor _estlmatlng ﬁﬂ, however, sufrer from the
‘iimitatlon that they ]pot; appllcable 'to Faturated,
conditions, Taylor ahd_ Cary (1950 L,A reported several._

/inStahcescof thermally«rinducedn flow in saturatedf pofoqs__v

media. . BRI o B

2.5 Total Water Transport

. B . T Tt

fin order to obtaln the comblned llquld and vapor flux‘g

S or total water flux qw/Q {f both llquld (2 32) and vapor‘ B

(2 19) flux components are,a?ded algebralcally as follous, - ;‘
N qw/ﬁ N qt/e*q' (3 =,‘K\¥V‘l’ PrVT *RL -t T _' .' (2-38)

KY KWV+KWI - total hydra lic conduct1v1ty(cm/sec) (243éf
'_ DT Df,+DTl'-- thermaf wat r dlffu51v1ty(cm2/sec/C)‘ (2-&0)

'Ihe' total non isothermal' . water flux (2 38) 1s governed by

‘. SN
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bParcy's equation plus terms included to acc€unt for vapor

o, ‘ :

flux and thermally . drive uid and vapor. This
. Q

constitutive relation was term general Darcy law" by

Guymoh and Luthin (1974 ).

2.5

ransient Flow Equationsg

! Both vapor andﬂ liquid  _equations‘ discussed.
previously describe only steady flow‘processes in which tae

e
flux and potential gradient at each point' remain constant
. ) : J A petefab i ;

with time. 1In ordér to' extend théﬁzflow " processes to
R .
transient‘ or unsteady conditions ‘~fiﬂ Lhich the flux and
potential gradient vary with &ime "=~ the princiéle of
'cgnservation of méss, expreséed bé fhe continuity equﬁtion
(Cooper; 18966,; Dg Wiest, 1966; Eagleson;1970j is . introducéd
in (2-41 ) as: 'l ; | |
2Rps /At + Vigh =0 | (2-u)
yhere ~ngi$ the volumetric dégree of s?turatioﬁ ( 0S5w513)n‘
By combining (é—u1) with _the.:previo;sly ‘iérived : fiux
»equations; the transieni flow eguations result. Substitutidg
Darcy's.equation€(2-22) into  (2-41) yields" '. ,
| dMePsw) /3t =V @K Vy+z) 1 - - ': (21“2)
Expanding. the left-hand-side of (2-42) and éubstituéing in

it the - mathematical definitions of water and formation

v o

compressibilities (Jacob, 1950; -De ﬁiest, 1966; -Ccooper, *
1 1966; Cooley,1971 ), one obtains (2-43 ) . .

I 39/3\P+ (B7¢)s¢ 1 At = VK [V (y+2) ] _ (2-43)
.~\\-——\v7“-—f/ o ' S j -

>. F

¢
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where s¢ is tﬁe'specrfiCVStorage coefficient ( cm-1! ) and
| =30/ + (4/¢) s | (2-44)
»

*'is a generallzed storage coeff1c1ent (cm=1 ). It is assuned

'that the spatlal varlatlons 1n e are negllglbleadue to * the

_ Sllght compre551b111ty of” water. -
. >// :

(2-43) is the transient 1sothermal flow eguatlon thCh

oS megiéf }For o

the e%aét;cgstorage.

//

applles to both saturated and unsaturated DO
_saturated media, (2 43) reduc

equatlon

s, a«p/At '-VK[V(\}»z) b //

|

(2=

f

"For unsaturated medla, (2 43) reduces tp ards' equation'

Cy a\p/at‘ Vx[ V((fu-z) : ‘ S : (2'-.96)'

where Cw = Be/a$ (2‘“7)

. .lsw;hefgﬁerlflc water capacity ( cm—1 ). ///”///fff//ff’

B applyin -the continuit rinciple to the
yppy_g:,/yp p .the

: non—isothermel vapo 2-19 ), llquld (2—29) and total water

flux

the folloulng dlfferentlal i

) equatlonS- are /;///f

///////////GBtained. R t“,w/"//ﬂf.v_v . ,:vj;////</////

A0,/3t = - V‘(qv/e) +E = V(K%V\IJ*DT VT) +E ~7 7 (2-u8)

- 'b/

ag,/at/—;- V(qg/g) E = V(KWW+D-,-¢VT I\l) -E (2-49)

_/ae/At = = Vi) = Vikg W rski) _' L (250

*

. The pgs51b;llty ‘pf"ﬂater transfer from’ the llquld\to the

vapor phase and 'Vice »versav'is accounted for by ‘the

source-51nk (evaporatlon condensatlon) term ‘B 1n (2-48) andi

(2-49) (de Vries, 1958 ). I - S T
Assuging that iiquid aud vapor phases

are, always in
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e€quilibrium -- which is shown to be a valid assumption

(Novak and Coulman, 197u)~-- the"following relation' holds
(de vries, 1958) for any small reglon of porous medlum-

& = (-8 o= ($- 91)(Q,/Q)h =

S ($=00) (3 /) exp((Mg/R_T)\p] R o (2-37

N

.vDifferentiating the above relatibnship'with,respect to tinme

by Reans of the chain- rule and substituting‘ tbe Lesult

togetber~1with the relation '6_ Q, - 9 in (2 50 ), one.

. obtalns the general ‘non- 1sothermal tran51ent flow equatlon

3073t = g aev/at =
[ 1+(€v/e> exp {ng/RT} (p-0y) (g/RT) awaej /3t
*+ (e,,/e) exp {Mgy/RT} (¢-6p) (VQ,, ae/a'r !qu/RTZ) ]a’r/at

V(K\PV\P +DTVT -:(1) R (2—52)'
or R Co . SR ,
bt = (14a) aﬂ&;/_?,ﬂt,t,(sl-,,s)v dr/E = ﬁfgﬂiyw—ﬁ#)  (2-53)
fhere~ -
A= (ev/e) exp[ngq;/m] (Me-) (4g/R7) 3y 20y
B = (g/R). exp{ug\p/RT] A~ 9,)(1/q,,) ¢, /3T

B
\

(e:/‘Q) exp[ﬂg\p/RT] - a,ung/qu

AﬁowéVer, many terms in the above equatlon _are negligibly

TSmallfcompared to domlnant terms “in that equatlon Thus term

A in the~ eguatlon above 1s of the order of 10-12 (¢ é()
3‘#/39 { cn-1 ) . term B is of' jothe order of 10=7 ({’ 91)
( C',‘_ .),‘ and term G 1s of the order of 10— 14 ({3 gl) ( cm—1

C‘% ). Therefore,v‘for 'm01sture contents *abOVe extreme7

;dryneSS, terms A! 'B, and G can be neglected' so that the

above eguatlon becomes 1dent1cal to (2 50 ). :

.2
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A \ | .
In' order to expfegs (2-&9 ), (2 u9) and (2 SO) in terms

of one dependent variable | (%}) . the concept of . the
generalized .storage coeffic1ent ‘(Z—UQ) “is 'invoked. For
instanoe (2-50) becomes R _ }
F a\p/at = V(K\{,V\{HD Vr- Ki) . o S (2-514)

-The  above relat;onshlp constitutes the general

non-isothermal transient flow equatlon for both saturated

and unsaturatedeporous media.
2.7 Heat Tfansport -
| ."The_heat f_.luxv'qh througnrporons mediavmay be‘ expressed
as follows: | - | |
s _ . . SR o B
qhz' ded *\qu_, +q,, *95 . o ) ) (72-55)
where T _, i" |
ded = -Nvr- . R A ',‘  (2-55a) N
Gen = I_“;"To)‘qv: e (2-550)
%y oy (T-T)g, :  (2-55¢) 7
% = ¢, (1-T, g, I (2 55d)
deq 1s the conductlve (Fourler) heat flux. :# is the thermal
conduct1v1ty of the porous medlum ( cal/cm/sec/o )
_,1n the hypothetlcal case where no 11quld:eor vapor
P | movement occurs,' | T

qlh 1s the latent heat flux by vapor movement L'(To) is the
latent heat .of vaporizatlon‘ of .water at_ the
'arbltrary reference temperature T |

'qs; and q,l axe convectlve sen51ble heat fluxes transported

by the mov1ng vapér and llquld respect1ve1 cv—and
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¢y are the specific heats of water vapor (at

A

constant pressure) and liquid water, respectively.
Sk ‘

The separation @f Jgh ihto these component’ parts is
discussed by de vVries (1958 ) 4 who_"recognized »Yhe

vapproximate character ,of (2- 55).‘The approx1mate natur@ of

that relatlonshlp stems from‘ the fact’ that whlle" all,

processes .of heat transfer “ere - assumed to take place

o

unlformly throughout the porous medium (notlce the addltlve

‘structure of 2- 55 ),,they in fact do not. rurthermore, it is

assumed. that heat transfer by air convectlon and radlatlon‘

is negligible, which is usually the case. (de Vrles, 1958 |

Identlfylng the heat of vaporlzatlon per unlt mass at
temperature T by , | _ :
o LT (D) L’(To)’fcv (T-h) Cy (T To) : . (2+56)

in (2 55), the follov1ng relatlon is obtalned“ _ B

th = —)VT +L'(T) g, +cl q, (-1, y , 0 (2-57) ‘

" or, by . replac1ng the,water vapor flux g, above by5(2-19),>

one obtalns

: qh= -2V QL' (T) K%V\P +c{qv,AT R (2-58)

where' . , : ‘ .
A= A* +QL‘1'(T) DTY : ( o . ) | (2-‘:9)

',_A is the thermal conduct1v1ty of a porous medium 1nclud1ng

to.

the °ffect of heat transfer by vapor movement under_

the influence of ' temperature - gradients.

'AExperimentally,’ it. is"this guantlty _ which_, is

measured and not ) because vhen a temperature,

o 35
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“ - 3’_" . \\‘ ( L
,gradient is imposed across a porous medium, fluid
motion yili ceftaihlyﬂoccur;'

AT 1is | theé ‘differegce in temperature between . the
cross—sectlous in questlon.

In term: of 9 (2—59)'becomes

W= VT —QL'(T) ngve +ct q AT | | (2-80).
A » e
', At saturatlon,:the'second'term»of the _right-hand ‘side

of (2-58) ‘and (£-60) ' pecomes zero, so that the saturated

1

“heat flux eQuation becomes

qh = -AVT +C‘ quT - » o | T (2-61)

K

In o}deg to derlve the transxent heat flow equation,

the pr1nc1ple of heat conservatlon is used in a manner

similar to the one usedﬂ"n der1v1ng the water flow
.equatlons. The equatlon for the conservatlon of heat, in the

absence of sources or 51nks, may be expressed as

aﬁ/.-)t=-th, (2 62)

g

where H is the total heat content of a unlt volume of ‘moist
poroj//medlum ( cal/cn3 ).,The total. heat content term may

be broken ‘down into. the followlng constltuent5°

H = HA*Ht +H +H¢+Hw B o | ’“_ | : (2-63),
‘Vher\e ‘

CHy = oy (T-T.) SRR  (2-63a)
By = LTaeb a3
Boseghmny g
Hy = o 919‘("1""&) . B Il (2-63a)
: , o . ' : ' o o ‘



37

1

W = (RT/3h) 3h/3T R A (2-63f)

. W

Hy ‘is the heat éontent of the ary ‘porous mediun; Hgy the

. |

latent heat of the vapor; Hv and Hy)  the he%ﬁ) contents Qf
" vapor and liquid water, respectlvely. and Hy is the heat of
wetting. (2gﬁ3f)-- representlng the differentiai heat of
wetting W -~ is obtanned accordlng to thermodynamlc theory
‘(Edlefsen and Anderson, 1943), J.in that equatlon ~is the
mechanical egulvalent of heat By grouplng the heat capa01ty

terms fron (2-63a, é and d ), the followlng total heat

capac1ty of a m01st porous medium may be deflned

N
' 1)

c = Cd*CvQQV‘*CgQQL - o | | }- (2-64)
Comblnlng (2-55) and (2- 63) in the‘ heat conservatlon
equatlon (2-62) and. maklng use of deflnltlons (2-5€) and
(2-64 ), one obtains - |
C AT/3t +L'(T) (qa&/au qu ¥ et ,‘
V()« VT) “Sw VT =g q VT Coe ",‘S _. (2-65)
~'where the continuity equation,‘as 1nd1cated by the first two
: terms of (2-50) is used as well By‘combining.the last  two.
‘terms of . the rlght—hand side of. (2-65),‘ he foilowing
generai tranSLent heat flov equation is obtalned |
C 3T/t +L1(T) (R By 3t Vay) -gw MWyt = f L
7o VI) -cy q,VT | S | __ (2-66)
The tera QW Beg/at representlng the heat content change due
to llberatlon of 'the heat. of . -Wetting is a small quantlty,-
, espec1ally for porous medla wlth a small clay fractlon and,

theretore, can be nheglected. The Bﬁv/at term may also be

neglected due to its negligibly small 'magnltude. Flnally7
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replacihg 'qv in the abo#e equation by (2-19 ). one_obtains?c

ﬁﬁbe reduced tfansient heat. flow equation o i SRS

v
3

C 3T/at = V(QVT) Lt (T) V(K\P‘V\b) ~C¢ VT | (2-67)

At saturation, tne second term of the rlght hand side of the

above equation become .zZero and (2 67) reduces to.

CoT/t = VQVT) wVT . ' (2-68)
N . , .
Table 2-1 summarizes_ the - Eiﬁ\lf forms of the developed

‘equations and transport coefficients.

The derived flow7-equations (2—5&) and (2 67) form a

-

System of coupled partial dlfferentlal equatlons - which, in

principle, may be solved in order to predlct the evolution

of a given flow system subject to approprlate .boundary angd.

-initial condltlons. HoweVe:,-< the flow eguations are

non-linear; that is, ., the various transport parameters.

‘appearing in (2-5u)‘ and (2467) are functions of the

dependent varlables \P(or 9) and T; this fact makes the

solutlon of the above equatlons very dlfflcult. Chapter a,

J

contalns a more complete elaborat;on of thlS problem and a
dlscuss1on of methods that may be utlllzed to solve the flow

,equatlons.

- As mentloned in Chapter 1, the coupled' non-isotherma;

flow equatlons ‘bave not - been adequately tested ‘bj

application to field probienms. Accordlngly, _ffeld: datae -~

. i

-
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necessary to develop relevant models -- are&gextreﬁgl“;'

\ ' ‘ . . TR '“w
Scarce. One of the ma jor difficulties' in anpli@atlons of;.

Nt

such“medels.-to' field situations -is the[*calqgletion of s

G

transport coeff1c1ents - because they - - constitute

idlfflcult ~to-measure ~phy51cal‘_properties of.the‘porous*and

'flnid mnedia. in_ this ‘section I will develop ‘51mpllrlbd"

procedures for estlmatlng the transport Parameters for a
unlfled unsaturated-saturated proflle wlthout sacr1f1c1ng '. &

accuracy in relation to the analytlcal relatlons of Table .

Al

2=7. Next, the ‘heat ‘and water transport -equatlons will be

considered in one- dlmens1onal " form, Formulatlons based on ..

v

both pressure head w and water content ¢ as_ the dependent
!, . )

varlables vlll be put forward
By intrgduCing,a Dew gquantity p* defined gs
b= Dbgysoyy, o (2-—69)

and . substituting from Table 1-1 the analytlcal expre551ons

for—DTv and,Dev’ the followlng eXpre351on resultS'

o ah/ae)/(Ch dp; /dT) o, (2=0)

3 -

The advantages of using the’ above expre551on over the

expre351ons for the transport coeff1c1ents DO and DT’ are

»clearly evident. Slmply stated 'u31ng3the D d=f1n1tlon, one

'av01ds the follow1ng terms common 1n the analytlcal formulas

of D9 and nT or f(a) and E 1if. Rose s 1968a, b
formulatlon is used ) » Dq, v, Mg/RT ’ thus ellmlnatlng the

uncertalntles assoc1ated Vlth thelr dlrect calculatlon.'W1thi

wthe exceptlon Ofpc', ,vhlch may be a approx1mated» 'from‘



thermal conductivity and water flux'c T

. ) SR SRR 41

AU - o
literature data or simply as dindicated in Chapter 4 (p.

141), the evaluation of D*-'may' not’ be difficult in' the

field, provided that the }so;l psychrometers- used for

,»measurlng 5011 relatlve humldlty (h) functlon properl§/

—

o ‘;\‘\ N : - . %

I euggest furtner\that the measurement of heat flux,e

fleld condltlons as descrlbed in Chapter- 3,' together with
m01sture, temperature _and‘pressure potentlal maasurementa.
Thus, after measurlng the above quantltles appe%flng in

(2 60-), - the only unknown remalning in the eguatlon is the

N coefflclent‘Dev . whlch may ‘be calculated as

Dg, = [ ~9)," -X(31/32) *C/.C.IWAT T 2leLlt bz ] ., (2~71)
KWN can be obtalned by multlplylng Do, by the spec1f1c water'..
capa01ty Cw (2 47 ). Hav1ng thus estlmated o ,and ng, 1t lS
oov1ous that D can be estlmated from the deflpltlon of ~Df-

(2m69 ). o Rt

‘In_,View of the. uncertalntles regardlng the Phlllp anai
de Vries! (1957) surface ten51on model for D11 PR § .proposef'
an alternatlve formulatlon (2 37 ). h Thé“;uasaturated .
hydraullc conduct1v1ty may . vbe' calculated from: ther
non—lsothermal expre531on of the water flux, ouce thetlatter‘

is known for each layer 1n the proflle. P "d

As  for ‘the saturated reglon, the water flux may be.

calculated from the heat flux equatlon (2 61) as follows-,

©

ql = qh+)3T/Bz ]/(clAT) e (2=72)

Once ‘the saturated water flux is known, the' liquid;'thermalf_f

S
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'diffdsivity DTZﬁ-may_ be calculated from the non- lsothermal‘{

&%quld rlux equatlon (2 32) as , | .

Dpy = (~K 23z ~q,,/g +51)/(3T/32) S (2-73)

(Chapter 3 ). ‘

ThlS proposed methodology may be used to estanllsh and
solve non- 1sothermal equatlons for field systems. Although a

dlscu531on on the accuracy and llmltatlons of thls approach'

ﬂ is presented later (Chapter 3), it is . 1mportant to remember

that thlS methodology depends malnly on thé”accuracy of theg
estlmatlon of the water fluxes and, Particularly, of'the_;Q

heat rluxes.
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CHAPTER 3

FIELD -AND LABORATORY STUDIES L s

e

3.1 In rouuctlon o o o y -

h éeneral lack of adequate data:eon ”the srmultaneous

‘heat and water: transfer 1n porous medla has _Severely lrmlted

fleld testlng of the non—lsothermal theorles and modellng—of
coupled systems. "For this reason the 31gn1f1cance Of_
s thermally 1nduced flow, espec1ally under fleld conditions;'a

.has not yet been deflnltely assessed. At—the tlme I de51gned

“thei set :or fleld experf&ents for thlS sbudy 1n early 1974,
therev' vere no comprehen51ve ‘ 'J.uelds\'5 }experlments ]_oh"
-non-lsothermal flow reported &n the llterature. Onlyua few‘
‘daspects of the problem had been con51dered -Rosq.YlSGSa, b)°

'fuorked*“ Ulth ' non—lsothermal water flux only, whereas,

Hlerenga and de Hlt (1§%0) worked -Wwith %he heat flux - only.

In recent years, there has neen ev1dence of - more complete

treatment'of the 3gﬁpled'aspects‘of the problem._Jackson et"

'-hg';al;'.(19§u; o ?heat and water fluxes under

: field~¢ond1tloﬁs However, thelr'work concentrated =only on‘5r-
o /// NI
"= the top yo cm of the 5011 and seVeral relevant quant;tles R

in the non-lsothermal flou _equatlons were,inotuedlrectly

measur ;n_thelr experiments._:
! 7 o

o
w" o
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appeared that_the followlng crlterla woul

. 3) ‘the area should be easlly acces

-
. N
Q

- o 4y

-Thas’f an important objectlve of this rosearch was to

£ Y |
de51gn a fleld experiment to measure dlrectly the ‘relevant

‘.

phy51cal quantltles .that woulkd enable me to 1mplement the

%]

o

methodology i for-i non—isothermal - studles - undér~ fleld
condltlons that I proposed 1n Chapter 2 (Sectlon 2. 8). ThlS
program of fleld studles wlll be supported by .approprlate
1aboratory studles. | - B . -’:: o S

S
\
[
'

3.2 Preliminary Considarations .

A major problem with the.. flebd measurement‘approach-das

the selectlon ﬁof’ a sultable fleld

_have to be met-

Y

‘1) . surf1c1al materlals at the. 51te should _be of un;form

R

texture with clayfcontentsﬁkggs than 20- 25%

. i e
3

[

) the area should  be chard&ﬁeréged /by 5a shallow water

, ST S N
tabl&-;' : S qgr

it

%Q

0

s
32

meteorologlcal statlon located a »reasouaplxi'SQort'

’ ) . : e 0Ty

S dlstance from the fleld 51te.

[N .

av01d the compllcatlons that would arlse from hydraullc and

b -

tnermal heterogeneltles, serlous swelllng ‘d hysteretlc

effectsa uhach oﬁcur,'iﬁ ,clayfrlch,501ls. The crlterlon or"

,%fac111tateh'the; iustailation of 1nstrumentatlon and re%uce

v ; s i L - X . -

sable ' and close' to .the

base statlbn. iitk vould? be',preférable to- have a

4y

h’shallow uater _taple< is ‘a practibal, one,” de51gned "top’J

Al
LT
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costs. Proximity to the base station‘ will, in general,

assist the field operatlon, while, the presence of a nearby

meteorological station will provide the researcher with .a~

suitable set of data Ceadily ava;lable.

3=3 Location and Surficial Geology 'of the Study Area

w
.

A field site meetingﬁvmostlgf the.criteria mentioned
above was sel cted near -Taber, " Alberta

(Lsd. 11-Sec.13-Tup. 10~ Rg.17- wan), approximately 50 km east

of the Canada Agriculture Lethbridge Researéh Statlon,*

Lethbridge, Alberta (Flg. 3- 1). The study area is part of a

.large terrace above the escarpment of the Oldman River (Flg.

3-17) It is entlrely,underlaln by_ glacial till. This unrt -

-

ranges 1in thicknessi from several centlmeters to more tnan

nine- meters. In the lmmedlate v101n1ty of the study area,

this 111 unlt is foudd at a depth of approxlmately 5.5

meters. Two types of materlal overlie the tlll'/(a) alluvial

sand ghd gravel and (b) aeolian sand. In the’ study area, tne

de9051ts overlylng the till con51st of sandy material that'

is classified texturally as sandy loam to sand. Some

+discontinuous thim silt or clay loam lenses are  interbedded

with the sand. o . - L

'"TheA water table depth lS varlable, ranglng from. 2 to 3
meters below the surface of the study area. Iu-general, the

‘lack of potholes 1nd1cates good internal drainage.‘

o .

el
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TWo sites, whlch were located approx1mately 150 meters
apart, were selected ~for detalled - study.. An  area
approximately 9x9 meters square around each site was fenced

to protect them from cattle gra21ng nearby.

’a ~—

None ~0f the two Sites , Vas, fh0wever,' :entirely'
satisfactory. The ertreme)'sandiness of . one of the Sites,
(Site‘1) seVerely restricted the ‘range of fleld-measured
nydraullc head dlstrlbutlon and llmlted the effectlveness of

4 ,

} laboratory support data on the range of water characterlstlc‘
and hydraullc conductiv1ty functlons. mhe second 51te (Site”
b)” although havlng tne more favorable .sandy loam textures,
was-, characterized by . an relatively. highA degree 'of

»heterogenelty of the subsurface proflle.- In analy51ng the

- field data, however, more empha51s was placed on data from.

the second 51te.,‘ . o L e

.The T%oer area is generally characterlzed by hot and-
dry summers ahd cold wlnters (Fig. 3-2): A small weather
.-statiOh is locaqed approximately five -kilometers ~from'_the‘

f
S

field sites.

t

-
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3.6v'ggasurement of Basic Parageters and Equipment ngu;:gd

for the Present Study .

In the follbuiné paragraphs, a brief descriptiod“of the
parameters required for coupled non-isothermal field studies

will be wpresented ; for instance, types of nmaterials,
hydraulic' potential, water content, vwater characteristic
; , S b , e , »

functions, hydraulic conductivity; density and porosity,

temberature, thermal, conduct1v1ty, ‘heat capac1ty and uater

and’ neat fluxes. Also the “equlpment 'apd/nvmethods of

N

'installation used to measure the above mentloned parameters

wlll be brlefly aescrlbed

Hydrometéordlogical' equipment at the study _area

. - consisted of ‘a hygrothermograph placed in an instrument,"

N

—-::::§éétfﬂ&entation iae installedﬁ at . Site 1. Each of the two
sites was ' équipped with ‘the 1nstrumentatlon deplcted

diagrammatically in Eig. 3-3. Three plezometers xwere

flnstalled at Slte 1 (1a, 1b and 1C) and two at Site ‘2 (2a '

P
-and 2b) -in - June 1975 The rest of the 1nstrumentatlon Mas

-3

installed durlng:June 1976. All lead.wlres protrudlng from

the dground surface were protected by pa551ng them through

'rubber tubes,ather-outer dends;jaf_ whlch were covered oy .

Vplastic55bags.“For. the collection of fleld data darly or

weekly v151ts to the. 51tes vere made at irregular 1nteryalsf

odurlng _'the_ sumner early fal '1976 ‘measurement' peridd,?b
9

hereafter\rererred to as the 76 measurement period.
o . Y - o : . . | o .

‘h

shelter, a Gen atmometer and a standard rain gauge." Thlﬁ N

a7

.

z

&
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piezometer
- 2 water-table well .

-3 soil psychrometers /

4. thermistor probes
" thermal conduc_tivity arobe
neutron access tube
tensiometers '
hydrometeorological equipment

-

| Figure 3-3. Site instrumentation diagram
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26.1 Soil Types J/

Both sites were sampled during the summers of 1975 and,
: .

1976 - using a Stlrllng auger drill and a. hollow-sten auger.
Depth 1ntervals of approx1mately 30 cm -- with a . finer

spac1ng. forvthe upper~layers ofothe profile - were sampled

down to 485 cm depth. Soil texture was determlned in  the

-

&aooratory using ‘the hydrometer method (Day, 1965).

L N —_————— =

PR »

Piezometers vere installed in -order to measure
Saturated hydraulic ?otentials/‘at the sites; They were
constructed . from 3.8 pn I. D.»PVC-pipe; The loweraBO cm of
each pipe were hacksaw slorted and Wrapped vith fiberglass

‘tape to fornm an intake, and the lower end of the pipe was

' /
- capped. The piezometers were _emplaced by lowerlng them

inside ‘of the 15 cm hollow-stem auger after the center—blt-

;uas removed A mlxture of . sand from the hole and pea gravel

<

was_ poured around the out51de of the PVC plpe to cq?er the

.

siotted 1nterval The'uhole waS‘ then fllled wlth _the;

excavated materlal and ‘the surface around the protrudlng end’

Can

of the plpe was sealed wlth bentonlte.vThe upper end of the
plezometer was capped using a PVC.- flttlng wlth a: small hole

drllled in it for pressure equalxzatlon.

Two piezometers (1@  and 24) were neither 51ottedinor

A : «



oo 52

- capped at the lower end but a stainless steel screen of

approximately 1 mm mesh was attached to the lower end of the

tube. The purpose of this type of instrumentation was to

enable calculation of predominantly*vvertical hydraulic

conductivities, -as 'will be discussed ‘later (Sections 3.6.5.

and 3.7.6).

i

Plezometers vere lnstalled at the followlng approx1mate

depths: 564\}1b), 435 (1d), 405 (1c) and 350 (la) cm at Site

1 and 475 (2b), 440 (2d) and 390 (2a) cmn at Slte 2a¢rAfter

installation, the piezometers wer%%ﬁ@éveloped by repeated
Bty

bailing.

3-6.2.2 Tensiometers

Although the pressure potential or head 1is positive

- compared to atmospheric pressure under saturated conditions,
. . N . ‘,.

it is negative under unsaturated conditions.'This negative

pressure head is due to: capillary and adsorptive» forces

.whlch_ attract and blnd water in- the 5011 and thus lower its

potential energy below that of bulk water (H;llel, .1971).

. Tensiometers (Richards, 19“9,_1965; Kluteuand Gardner,1962)'

‘are used to measure negative pressure "head  up to

: approkimately -0.8 bar, whlch is- the alr—entry or bubbllng

pressure of the” ten51ometer porous cup.pﬂ

All tenSLOmeters were tested in the laboratory prlor tor

’1nstallatlon in the field and the porous cup conductance and

“response tlme constant fot ;mostf of, them were determlned o

.
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according‘jto the procédures outlined in Danielson (1956) .

- The awerage response time constant  was anprox1mately 2

.7m1nutes. Scales dlrectly reading in cm Hzo were attached to

-fleach mercury manometer ten51ometer and adjusted for the zero -

readlng.
J{ ~\:;' :

e

For fleld 1nstallatlon, a_ hole was made the'soil to

- the‘ approprlate depth u51ng an’ approx1mately 2.5cm I. D.

(Klng tube. Before 1nsert1ng the ten51ometer, a 'handfulf of

'-loose 5011 “from the hole and a small -amount of water was

.poured into’ the hole to 1nsure water contlnulty betwen the

!

"'ten51ometer gagp and the SOll The ten51ometer was. 1nserted

lnto the hole Hlth a twlstlng downward motlon and the " soil

-surface around the ten51ometer ‘was sealed wlth a small

amount’ of bentonlte.‘<Ten51ometers. uwere lnstalled in

dupllcate at‘ both 51tes to depths of approx1mately 30 60, ‘

90,.120 and 180 cm in‘ a sem1c1rcle around the neutron accessf
b2

tube (Sectlon 3.6. 3). After 1nstallat10n,’.all ten51ometers

in each nest were fllled wlth deaerated dlStllled water and \W

_the mercury pot~was fllled L":};ﬂ,’l”tffﬁf ) "f7k;'”

In'order“to minimize'the"influence' of temperature ubn
s R - _’[)'"

"the. operatlon of the ten51ometers, the flrst readlng of the,

'rleld instruments was taken ‘as7:early 'E theﬁ mornlng ‘aS':

,jposs1ble before fthe,;sunv had warmed the ten51ometers to a

‘

temperature dlfferent from that of the 5011‘

e
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Because the ‘upper limit of the tensiometer range ‘is

about -0.8 atmospheres,*’soil psyChrOmeters ‘are used to

«

'measure uater potentlal at hlgher ten51ons or suctlons. SOll,‘

psychrometers are’ thermocouple psychrometers thch ;neasure

'the relatlve vapor pressure or relatlve humldlty of the

“water vapor in a system (Brown and vaanaveren, 1972). Soil .~
water potential may be inferred from measurements of

relative humidity h%using the thermodynamic relation ' (Rose,

1966) B o |
b= iRT/ng) In b PR (’3;1)-

Because tpe vapor pressure depends on both the matric (or

k3

negatlve pressure head) and psmotlc components of ‘the 50111;“"

water potentlal psychrometers measure both components whllevd-

S
ten51ometers only measure the matric¢’ component of soil water
Lo
potentlal

The'-psychrometers:'used for thls"Study‘xverenofﬂthef}5

-
-0

,Peltler type.-They_ were‘.constructed followlng procedures
. . : ’

outlined in ‘Wiebe etval. (1971). and Lopushlnsky and Klock;«

(1970), except that’ ready made Chromel Constantan (O 025 ‘mm

in dlameter .from Omegal-Englneerlng Ing. thermocouplev

o

Junctlons Here used.jThe thermocouple ]unctlon was protected:

4by a cup—shaped ceram1C' bulb,.1constructed'_u51ng- metmods‘

|

descrlbed by Lopushlnsky nd Klockx(1970); These:ceramicn'

y ;
bulbs were checked for thelr air-entry value by means _of a

: : R 3 .
"-hanglng ».yater column.y The.»cerag h:pcup _was consxderedj»

3 R

Cal Cee .
e e s ot e Ay L

i
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f

‘satlsfactory lf the air-entry value was 1n§§%§5range of at
N ‘y | J’li ik . . . .

porous cup,

o fleast 200 cm Hzo.KPrlor to the insertion of;:fh
. thermocouple juncﬁlons were cleaned carefully. using an
ultrasonlcc device. ‘All 5011 psychrometers were callbrated,
under controlleqd temperature condltlons with KCL saltv

solutions for whlch the vapor pressure was known.,Fig. 3-4

>
/
F

shows two of the callbratlon curves obtalned. A number of

ready—made Wescor Inc. psychrometers were also used.

Forv'field installation, 'a trench approx1mately 90 cm
deep was dug at each 51te (Flg.3 3) and two or three sozll
_psychrdmeters- were emplaced 1n the 31de walls of the trench

at  chosen depths. pThe . copper lead . wlres Were ' lald‘;

”’_horlhontally 1n the trench for a short dlstance before belngg

'.brought to the ground surface. At depths greater than 90 cm;v

s

the .psychrometers were taped in palrs on a wooden dowel at .. ¥

'"the approprlate depths and- the dowel .was 1nserted | anit
augered,hole. Psychrometers were 1nstalled at depths ranglng3
g'from approx1mately 1p,cmf,to:‘240 cm. The fleld recordlng
"apparatus con51sted of ‘a battery operated Kelthley 1SOBI;
kmlcrovolt ammeter, a mllllamperemeter and an HP fleld chart

.

"fr\corder (Moseley 71OOB).

~A§&6.3hﬂ ter Table and Hater Content

Water table Hells were constructed by slottlng PVC plpeh;f:
throughout most of ltS length wrapplng 1t wlth flberglassﬂf

.and emplac1ng 1t 1n boreholes. The volumetrlc water contentb,f
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from a depth of approxxmately 20 cm below the ground surface

e _,‘;..

down to the water table 'was;‘measured 'usxng the neutron -

scatterlng method (Gardner, 1965; Long and French 1967). At

‘each site, an alumlnum access tube, approx1mately 4: meters

long, 4. O cm I. D. and sealed at 1ts bottom, was 1nserted ln"

t

an- augered hole. A Nuclear-Chlcagc model 5810 neutron “depth

probe - in conjunctlon wmth a portable scaler model 5920 was'

'used to take three one-mlnute counts for each 15 or: 30 cm

depth ,1nterval. Standard counts were . taken before and after

water content measurements. The ratlo of the average' count.

~

to the 'average standard count fkas used* An - a llnearh‘

_‘_regress1on eguatlon provided by the manufacturer to estlmate‘

1

'<jthe vater content on a volumetrlc ba51s.d

Prior: to' fleld use, ithe‘neutron probet,was' callbrated'
] +E

§

v}uu51ng a sand Hlth a comp051tlon 51m11ar to that at the flerd"v

'51tes.~ Thls sand, wa passed through a 2lmm .Sieve and was

. packed'in layers'to an average den31ty of 1.5 gm/cm3':inh,aﬁ

,0'22 m3 drum._-By sampllng the sand for m01sture content .

'

u51ng a small hand auger, and comparlng hthé -average=,water_-‘
gcontent afi_tgbi samples for each depth Hlth that obtalneé‘
:u51ng the neutron‘probe,bthe callbratlon curve of Flg.” 3 5
ﬁtwa”;.obtalned FT llnear regre551on equatlon was used to

'-"obtaln a best £it to the measured data.:w.f

. 3.6.4 Water Characteristic Curves '

The relationfhetueen uater;contenty and pressure' head
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(vater oharaC}Qristicgburve) at each site was obtained froa
. R ) 4 g 2

simultaneous field measurements using the neutron probe -and

tpe tensiometers. However, due to the limited range of water
! ) ! % ) '
contents and ‘pressure heads observed during the measurement

‘ ' / . - ) N . . o
period, <characteristic curves were. determined in the

«

laboratory in order to check the field results and to e'xtend

the range of measurements
‘ ~ ' ]
'Eour separatg' methods were kK utili'zed for testing the

s0il samples ig the laboratory in order to obtain water

. . & ‘ 3 " . - ‘ .
characteristic curves over a sufficiently wide range of
oo PN ' '?‘

o

" tensions. For ten51ons above 15 bars, vapor egquilibration

]

techniques. involving saturated_H2$0+solutions‘were employed

(Dénielson, 1956) . For measurements in the 1 to 15 bar

tension range, 5. procedure' desoribed bylﬁichards (195&,

'-1965) 1nvolv1ng a’ pressure melnrane apparé&gs was - used For

fthe/ ten510n range of 100 to 1, OOOImb pressure COOEﬁrSmHlth

iaceramlc porous plates were utlllzed (Rlchards, 195& 1965).’-u

;A" saturatlon-caplLlary pressur¥ 7‘( or pressuren head)'

exﬁerlment (uallberte et al., 1966) ﬁas employed»to measure

the wateﬁ‘characterlstlc functlon for ten51ons less than 100

R RN

-

mb.a Data‘ from - gravrmetrlc- m01sture determlnatlons~‘vere-

N )

converted to volumetr1c4m01sture contents by multlplylng by_

” the bulk den51ty4of the soil’ samples.

a ..

Qe IS
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where R is the radlus of the plezometer,

e L ‘the plezometer.

N O | | / 60

The ,saturated hydraulic conductivity Tas measured in

~the field using the piezome;er method (Kirkham, 1955;

constructed by slottlng the casxng, hydraulic; dG%ductivity

1s measured essentlally in a horizontal dlrectlon uhlle with

-

only the end of the ca51ng avallable as an 1n+ak%, hudraullc

<

‘conductivity is determlned in a predomlnantly vertical

direction.

»
2 Cy

4 The hyﬁrauIie codductivi;y is defefmined by the use .of

the followiﬁg formule; bésed en Da;cy's eQuation (Kickham,
: ‘ - . ,‘ o Yl .

1945) L ' . >

i

or, u51ng Hvorslev's (1951) definition of ba51v tlme lag T*,

K = nRZ/(ST ) ) . (3-3)

Y, is the dis;ance‘f:om the water table to the waté:\.

.~ : lefel ih,theepieibmeter at time t,;

Kimz ln(y,/yz)]/[S(t -t.)} S 32

-Hvorslev,‘ 1951). When the inlet section of a R;ezometer is

‘yifis' the diStanee-prm.the waterptaﬁle.tp‘the.uatefi'

& ~—

' _levelxin the piézometet'at time tys

-

.S isea?spape'faEtbf Hlth dlmen51ons of length Which
e e -

N depends ”en' the geometry of the 1ntake of

!
-

- - s

1 A
. N <
e

L‘\

_Values  of the shape factorvfored;ffeteﬂt  GOhfigerdtions:fofv
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the piezometer ’intake are given by Luthin and Kirkham

| ‘
(1949),»Hv0#slev (1951),‘Youngs (1968), among others. For
, :
the slotted piezometers used in thlS study, the shape factor

'ls given as (Hvorslev, 1951) - ‘

5= 2nL/[1n{L/D +-d?77§7573}] | e . (3- u)

(where L. and D are the length and dlameter of the plezometer'
lntake respectlvely): ‘ot as a graph relatlng S/D vs L/D
(Luthin and Kirkham; 1949; al- Dhahlr and Horgenstern, 1969),

oL as a table of values presented by Youngs (1568). For/ the

.open- end plezometer, Hvoslev (1951) proposed

.;,‘!, L
Bl

s = 2. 750 - (35

vhile ruthln and Klrkham (19&9) suggested ,

o | L s = uSD j” - . (3-5bj \
The lat¥er relatlon is preferred by Haasland (1957) because

the flrst ‘one (3 Sa) is based on small tank experlments.
Saturated hydraulic conductivity of ‘disturbed 1 om
sieve samples was also determlned in the laboratory u51ng ,r'y

vthe constant head method (Klute, '965).

Unsaturatedihydraulic' conductivity' over a 'range of,
' oL ' . ; ;
'water ”coﬁtents.'waS' determlned in the laboratory usxng the

ethods of Brooks and Corey (196&) and Lallberte -et’ al.-"
(1966);» It was shown (Brust et al.,.1968' Klute, 1972) that
-these f metﬁods ‘ agree ‘ better ~ With t fleld measured

5 conduct1v1t1es than others.
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Briefly, the determlnatlon procedure vas as follovs. An

'ayerage’ characterlstlc_ (desaturatlon) curve (\va Sy or9)
Obtained fron three S0il samples ¥as “derived apd the
relatlonshlp between hyﬁraulic conduct1v1ty and pressure
- head was determlnea. The methods and egulpment employed were

4
those descrlbed in Brooks and Corey (1964), 'Anat- et al.
By . . . ) : ‘
(1965),, Lallberte et al. (1966), van Schaik and Lali berte
(1968) and van Schaik and  Graham - (1969). - Frop the.

desaturatijion cuIVe, the res1dual saturatlon S was
' . & .o

a determined b _a trlal and error procedure (Brooks and Corey,
e v _ )
1964) .. The e fectlve saturatlon Sa » defl;%d by Brooks and

Corey (19b as

'

Se =(S ‘Sr)/(1‘s,—) ) . (3 6)
is. linear for Se less than approx1mately 0.8 when plottedf

versus on a. log log paper. The~slope of thlS stralght line

-portion ris _called the pore size - dlstrlbutlon 1ndex 3"
(Brooks and Corey,.1964). The 1ntercept of the stralght llne,

“at' Se-1 0. is cal1ed the>bubb11ng or alr entry pressure 4@,'

I-

: ;whlch corresponds very closely to the mlnlmum pressure hoad-

. .\-"\ .
at - thch alr beglns to enter a- saturated porous medlum anae

- ]

- ~+Ahe ,,gas_ phasez flrst becomes contlnuous..ixhey relatlve

hydraulic conduct1V1ty Kr ( K/K,Qt )‘may then be calculated ‘

as

ixy‘='5e‘2f33{543f"_ ST eI

Foor

: ‘ . : S

.
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Accordingly, by combining the experimental desaturation -

data with the calculated value of residual saturation, ‘the

relationship between *J and § from saturation to residual

saturation is obtained. When the experimentally determined

K, vs 7 ﬁelatiOnShip is plotted on a log—log.papé?c a

stralght line results for\P<41 , as is" implied by (3-8)

above. This llne has a slope of *-m and lntercepts the ¢-axls‘

at thetlalr-entry pressure WL' Where Ky =1, 0.“ThlS stralght

'llne may be extrapolated to hlgher absolute values of 4)

Thus, by comblnlng this K? vs ¢ relatlon with the 4)vs 8

Lrelatloushlp for the same soll th

as -a functlon of water content 9 B2 1 saturatlon to

“,saturatlon 1s obtalned.

furhe,unSaturated hydrau11$ conduct1v1ty may\'also' be
-qeterminedﬂfln - the field u51ng a water balance eguatlon as
'deSCribed by Rose et al. (1965) and. othens._ o o
‘f_vgy/éf; R +I -E 2 ste/ét dz‘u.l» | ,'A_  ‘:l t;: (3—5)
"'wheref‘Rhis'the rate of preCLpltatlon (actually "effectiveﬂ
I | preCLpltatlon); RN -_7"',; R
I- is the rate of lrrlgatlon appllcatlonr:

E 1s the ewaporatlon rate-*l
4 .

;Once ;C the o unsaturated WaterjA flux j qw/Q_ is_,'knoun

(Sectlon 3 6.10 2), nth_' lsotnermal fand‘;‘non lsothermal.

e g

e expre551on .for' qw/Q (2 38) in one dlmen51onal\form may be“'

e -

used to calculate K. Thus, u51ng the non 1sothermal water-“f"'

fLux‘, equatlon (2—38p in COmblnatlon 'w;th (2-37), the

~

A;

“‘vfic',couduct1v1ty;‘

;qnsaturated hydraullc éonduct;VLty tmay_,he calculated as-'

o



A

(2-22)

- follows

lKl = mmmmtm—mstesodoos s mo oo L. (3_10’
‘QV/BZ (R/Hg)lln hlaT/az+1 ‘

i

;or, using the much simpler isothermal water flux eguation

KL = (qu/R)/ (3p/32) +1) S )

The. procedures for calculating hydraulic conductivity

“prdpGSed.by Brooks and’Corey (196&) using (317) or (3-8), or

those developed by Childs and Collis-George (1950), Marshall

(1958) and rllllngton.

.and - Quirk" (1959,‘1960 ) u51ng the
\ : .

watek characteristic fu ction become field',methods 1f the

water” Characteristic' is

Although these methods mhy be adequate for wet so;ls thoh
satlsfy the capillary model of flow, they . are not
_satisfactory for drier soils. In thls case,‘ ad$orptive

forces oecome domlnant and the anove caplllary ten51on—based“

» . L )

,modelsv~‘may - not be adequate (Gardner, 197&). These

;computationalf methods for; obtalnlng f_thé » hydraullc
. conductiVity function"are ,mOSt snccessﬁﬁi Hhen'applied to

. soils posseSSLng a narrow raﬁge of pore ,31ze distributionS‘

X

'".TNlelsen et -al,,‘ 1972).' For well aggregated soxls, where

-

con51deraple amounts of wateg. -are"relatlvely 1mmob11e i ¢

P

<3

determlned by field measurements.»

Rt

,1ntra—aggregate pores (re51dpal saturatlon), better results . S

l:pln the method of Brooks and Corey (196&).

[ I oo

are obtalned if the uater"fllled pore space Sw' 1s replaced

7by an effectlve Hater—fllled pore sPace (S —sr), as was done -

PO Les

o o - : A R
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‘Bulk density was calculated from cores of known volume
obtained in the field to _depths of 3approximately 90‘ Cci.

Hklternatively, 'a Cs—gamma densitY‘-probe‘(Modei P205) was

L

'also used to measure bu ﬁ“w ities . at various depths..

7

AN S y ) v .
et hod: (Blake, 1965) . Once*t’ul;_k‘ and particle density is

knowu, por051ty ? canmqbeliuetermlned frem théﬁEOILO”TJ
relatlonshlp. . U _ S . Q; s 5
where Q; ms~bu1kpdbnsrtyoand | n.;. ?A

0, is_particle densrt¥. | ep\isﬂ  ..'._ zfi
326.7 Temperature a | o \

‘Soil temperatures vere me§§ured in the fleld u51ng

#

general pquosé ' ged thermlstor probes of the serles 400
4Flsher Catalogue No. 15-176 -22) 1n comblnatlon wlﬁh' a YSI
Telethermometer ' model S w2, A1l thermlstor‘-probes were

Callbrated in the laboratory wlth mercur thermometers.»'Theﬁ_’
\aVerage thermlstor temperature dev1at d 'less than 0. . 11 C

2

from the mercury thermometer temperature Kn the range ”of. Of;’
u

'to_;BO' Ca For fleld lnstallatlon, the sa procedure as for

the 5011 psychrometers vas used Thermlsto s were. emplaced”‘

at - depths of apProx1matelY 1, 2 5, 5, 10,' 0, €0, 120:J25b;~l\
. - A\ ‘G‘~ . '.. o
. 370 and 500°cm at’ both study’ sites.

v
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Air temperatures were measured us1ng a hygrothermograph
whlch provided - contlnuous temperature and air humldlty
reCOrdings over weekly perlods.'The hygrothermograph which
was also checked for accuracy in ‘the laboratory, was placed

;n an instrument shelter approx1mate1y 1.3 meters above the
B - ‘™

ground surface.:

- The thermal conduct1v1ty of the subsurface_,profile‘.at
the fleld sites was measured u51ng thermal conductimity
iprobes (Blackwell, 195h*oJaeger, 1956"Carslaw and Jaeger,

" 1959; Wdee Vries ' and Peck, 1958a). The followlng formula is

'applled for: such determlnatlons

=00 In(tast) VL UR(R-T) ] (3-13)

vhere ‘' 1swthe_thermal conductiv1ty of the, porous -medium -

\u

(cal/cm/eec/C); o

o

Q=§ZR' ris. the heat produced per unit- tlme and un1t lengthf‘

of tae probe heatlngr Element I"is the

. current and ‘R' ‘is,-the\\reEIZtance\\EQE;\

Y

L. o '»centlmeter of the heat source,_ L

>

(rz-r;)ﬂ 1s the temperature Eise (or drop) durrng :the_‘time-n

$

-

) ' '_-~ {.. ;\‘av_"“ lnterval (tz-t’ ). ."_ . ’ "‘,;;. ".:i"' ".: '. v { . ‘.

" I - AT

The thermal onduct1v1ty probes used;for'thié'Study; -

were- 51milar to those descrlbed by Slusafchuk;'andp_FOUlger'

/‘ ‘T R . o . oo 0‘@ .
/. ‘.>_,;.ﬁ_ S W

.
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.)‘ "

(1973).1 The followlng mod§r1catlonslwere employed One bead

thermlstor (GB35L 1~ Fenial/yiectronlcs,~uThermlstor Manual")

was potted in a hole 1n the . wall of a 4. 85 mm oD plastlc
tube. Teflon-coated constantan wlre ( of 0. 127 'mm' dlameter_

‘plus 3 @il teflon:Jwall) was - wound tightly in a blfllar

manner around the plastlc tube u51ng a lathe to vform a

heatimg element# approx1mately 33 cmfglong; The four lead

4
- -

wires ( 2 thermlstor leadsvtand.hé_bCOnstantan leads) Qere,
.connected to four—wlre coaX1al cable. A stalnless steel
ring, 3.8 cn in dlameter, wlth a: groove near its  perimeter
- and small protrudlng rods from Jtéof opposite sides, vas
.attached near the top of the 8.0 m O.D.' stainlessstteel.
tube. A plastlc cap was then glued into the groovegf thev

‘ring to 'seal andv protect the lead vwlrefcoax;al cableA'”

Q

. : ‘_‘. . E "_ ¢ .
junctions. An arch- shaped th1n~.sta1nless steel . rod wasﬂ

attached to the rlng. A long steel w1re was connected to thef

f

arch for recovery purposes- (Flg. 3- 6). ,Thel probes were

checked fbr, leaks by 1nsert1ng them for sev=ral days in a

[ - ST

long pZ pe fllled ‘Wwith water._

-

i

.oalow the - water table, a dev1ce was des1gned (Flg. 3-7) to“fﬁ

flt and lock .on?{the .two protrudlng rods ’of ”the« r1ng:=

DY

IDetallsl‘on/ the operatlon and constructlon of thérmal;h'
.conduct1v1ty probes may also ‘be found Yin -Wechsler (1966) ; -
- Janse ' and Borel (1965) ; . Jackson and Taylor (1965). Be%h_et‘

al, (1971), Frltton et a1.7(1974), among others.
L4 .

T - &

In ordergtovinsert and recoVer thel probes’ at*.cepths

ko

I

,mentloned above,f This dev1ce vwas connected to steel rods -

=

JrovH
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which'fit'together to facilitate installation lin boreholes-
of any desired depth. Alupinunm condult tubes, approxlmately‘~

S

5 cm in diameter, vere ‘inserted in drllled holes ‘at' depth57

of approx1mately 305 and 340 cnfln Slte 1, and 31% cm and

440 cn in‘Site 2. The conduct1v1ty probes were emplaced into

the 5011 at Qhe bottom of the condult tubes by u51ng ftne

- dev1ce describéd above. At shallouer depths of approx1mately

.6, 30 and 60 cm t he: probes were- 51mply 1nserted horlzontally

l

‘1nto the walls of the trench dug ‘at -each slte. In, all cases,

only tne heatlng curve was. con51dered ‘The duratlon ‘of each

experlment ‘in the fleld was approx1mate1y 12 mlnutes.‘

Prior»to,field installation,vthe* thermal conductlv1ty

fprobes kere' callbrated in the laboratory u51ng air- -dry andfﬁ

water-saturated 20/30 mesh Ottawa ‘sand (ASTH de51gnatlon'vﬁf

C- 190). A 12 V battery 1n comblnatlon wlth an EICO converter

i =

'and ‘a Lamda voltage regulator was used (Flg-'B;B).to providel:

v

a constant -voltage \agurcev of ‘40"Y “in  the. field 'and"p

laboratory experlments. A dlgltar multlmeter va s used to”’
T . , '

'“nmonltor t ' dmange of the‘re51stance of the heater element"> :

-_:wltnﬁtlme. A typlcal callbratlon curve 1s shown in Flg.‘3 9

wherevthe' therual conduct1v1ty of hei dry*AOttaua sand~

'.calculated \at nthree; dlfferent tlmes 1s~shown 1n order to

¢,

'1nalcate the varlatlon of thermal conduct1v1ty measurements._i.-‘
«ff(The ther@astor re31stance versus temperature; curve wasfh[
-plotted u51ng the ‘manufacturer's data). A random check ofa'

"~ the thermlstor resrrténce and the temperature lndlcated by a‘_!"

<B :

2 mercury thermometer showed a; satlsfactory agreement Hlth the:

o

Lo
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.«e 3-7v Thermal ‘con uctﬁv1ty probe 1nsertlon
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value of thermal

7"

conductivity for the coarse gralned dry Ottava sand obtalned

'from flve probes () 7. 21ux10-' cal/cm/sec/C) by Slusarchuk

and ~coulger (*973) as__Well as of thelr guarded hot plate

value (7 262X10“* cal/cm/sec/C) —-Q.whlch was treated ‘as.

- R

their. thermal conduct1v1ty standaﬁ

l

~-- with the mean value

(7« 114 10, 168)X10-' cal/cm/sec/C} obtalned fffEszuu?ﬁten ;

probes under _the ~same dondltlonsf? showed a satlsfactory

‘ correspondence (Table 3~ 1). For »callbratlon purposes, ﬂthé e

Nratlos' of - ' alr-dry and saturated Ottawa sand thermal

conduct1v1t1es for each probe to those~ of Slusarchuk and

.o~

.Foulger"(1973) u51ng the guarded hotwplate apparatus were'

jolned by stralght llnes,. assumlng ‘a_|11near' relatlonshlp ?7

between 'thermal conduct1v1ty and water‘content. Therefore,
; ) | "

at 1ntermed1ate 1water contents between

saturatlon,a the \calculated thermal B %nductivit}, may (be"‘
d1v1ded oy the above ment10ned_~ratlog“at “the approprlate

'-yater :p%ntent ,to?vg;vefa'Standardized thermal conduct1v1ty

':A“ -

. value.

‘e‘Several emplrlcal (Kersten, ’1949)i-and :semi-empirical

| equatlons | (de ‘ Vrles,,f,1963) haVe .b(

calculatlngZ However, as van, Rooye&-»and

f\} lndlcatedk none ot thOSe ‘equatlons \Tas able t \\g&ve f?"

,f g e :u
\
, ]
-
air, dryness f.'jand,_ O
aen‘ developed for j7 S
Wlnterkorn (1957) S
r‘\

\conSLStently dependaole results.A‘Th- thermal conduct1v1ty

probe method avo;ds all problems 1nvolved
A

qalculatlon of tbermal conduct1v1ty (Klbball et al., 1976

wlth a theoretlcal ff”rf

/
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. Q 00302 . - 0.0300 - 00301 W/cm a = 1% -
S 1853 . -  1.778: 1893 © ¢ s = zkrnog (ty/ty)
A 714 x 10 7.39 x 107 ssﬁ x 107 al/cm.\uc c )\ = :0.0438" o/s

"PROBE # 7

- cal/crry ssc 'C » : ‘ :
(Stusarchuk " & F'oqlgcr', 1973)
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The volumetric heat capacity'of a'Soil (de Vries).1963)

‘

1dcan pe found by addlng the heat capa01t1es of the uineralb

‘"matter A Cy) # the organ;c,matter (C9)' the aater (C,) and
vthe’air'cOnstltuents in abunit volume of porousﬂmedlum._ ?he‘
heat capacity of air\;ls very small and ‘can be neglected.

Ihus, the volumetrlc heat'capac1ty of a 5011 is glven as
= Xuim Coumy fx,C, feCw. | " | :* o - (3-15)

where

'nkn.

iS~the-volumetric~heat capacity"(cal/cm3/C) of a

'.m01§t porous medium and x_“, x° are the volumetrlc fractions
%of mlneral matter and organlc matter respectlvely, and - 6 is

the volumetrlc'water content.’"def Vrlesv.(1963) glves fne:
‘following'_'averagem valuegl of<gheat capacities: C.“=0.4§;
'cal/cm3/C and Co —0 60 'Cal/cm3/é ,':Thedvvolunetrlc‘.heata

-

-capac;ty of~ Water is. unlty. Thérefore,.the abowe equation
e S : . / . : oY ’ I
. becomes; . . ./ :

f§¢5$ 0. “oxmm +0.60%, + éb,_ T L (319)

a

for eacn volume 1ncrement of the subsurface proflle._dNotice

j_vthat for nou*deformable 50115 and for negllglble heat of

wettlng (Stxgter,ff969) the volumexrlc heat capac1ty is a g

llnear runctlon of tne VOlumetrlc water content.,:>”'

T organic .matter\épntentfonialneight{baSie for;each

_Zr:jo cm deptn: 1ncrement (wlth a flner spac1ng in the flrst 305 | ;b hﬂ %\

4'cm) .o determlned ln the laboratory usang a variant of thej'
iﬁ7ﬁalkley and Black (193&) wet oxldatlon method (Plper, 19503

;ﬂlRlchards,f195uL,




1 SN

>

In order' to obtaln' the volumetrlc percentages of

organlc and mlneral fractlons of the varlous soil layers, an
. .

average organlc matter den51ty of '1.3 gm/cm3 v(de’ Vrles,,

76

1963), was assumed The average mlneral partlcle densaty was .

found to be 2. 64 gm/cm3 in the top 60 ,cm_‘of the- proflle,
lhlS value' was a551gned to the entlre subsurface proflle.;;

U51ng these denSLty values together w1th the fleld—measuredV

bulk densltles, the organlc and mlneral matter fractlons xo,"

and xmm«were calculated as follous.uﬁ

X, = (Qb/Q,‘ ) R L (3-16)
X = (1-ct') e.,/g, N (3—.17)
iwhere'q' is the organlc matter fractlon by velght ' measured

experumentally. Values "of‘ Xo and xmm at each depth in tne

Nt

pEOflle remaln constant for non- deformable medla."However,

because the volumetrlc, water percentage 9 varles ln tlme,'

the volumetrlc heat capac1ty (3- 1“) varles as a functlon"of

tlme. " "‘y R ;f -_f:vf- . ‘5 .

'were computed by thef temperature»vﬂntegral

SIET

subsurface profllev

"rmethod (Portman,‘ 1954 ;. Lettau and Dav1dson,_’:

: _and Jackson,‘ 1975)._ In “thms#
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:/glven © time 1nterval. . The equatlon for the‘-heat fluX'

s computatlon can. be derlved from the heat ‘balance equatlon

(2 62), whlch in one—dlmeu51onal form 1s
/

{

depth z to dept//z+dz resflts in

o xpdz . . S .
qh < qh'“"" _/:: dar/st dz L (3m19)

. k, L e aT/at ‘-qu/éz - (e

‘Multiplying both 51des of (3 18) by dz and 1ntegrat1ng from‘

The term under the 1ntegral represents the"change';in_ heat_

'-°°“tent LPRT_unit  time. Equatlon (3-19) is aPPlled by

dlyldlng the.subsurface proflle 1nto N layers _of. thlckness'

.AzL, Accordlngly, tt 1s poss/hle to. dlscretlze (3 19) in the_'

. ffollowlng manner:. _ ': SRR I 't")

".ghlc‘ = qh-lm’ +C; Az AT /At : - B (3-20).'

Due 'to_'the fact“ that the heat content of: all’ 5011 layersi

(C ). can be determlned the heat flux at any depth the

subsurface :proflle. can be computed if the heat flux at any_

a“reference depth is- taken to be at least 100 co (Klmball andqtffﬁvp

-{Jackson,,1975). In the present study,. h reference deptn

‘e, b

has“ been chosen below the water table depth, where the heat

el

fflux can be calculated from the thermal conduct1v1ty and the

- temperature gradlent vlth reasonable accuracy.
‘The heat flux ”meter’.approaCh" (Lettau and'

:é5porous medlum are the same. Unfortunately th;
' L o '

. one particular depth ~can..be estlmated Generally,. thls_'

x“

Dav1dsou,f

1365"Fuchs amd_Tauner, 1968) mlght appear to .l

=]




known depths 1n the proflle.

'
- - )
L]
N

~.only determlne neat flow by conductlom because the meter 1s

N by i

-

’1mperv1ous to llquld and gas. Therefore,, heat transfer -by“
’water’ lquld and vapor movement cannot be determlned The

same llmltatlon is apparent with the.;null allgnment 'methodf

-.temperature gradlent are used to prov1de zero heat fluxes at

e

A S . N ¥ ‘
. o N L. S
) o . ) . o
3¢ §=19.2 ﬁate£<£lér e e S
- . U
‘\: The total vater flux 1n the: vunsaturated ‘ZOHGl: , be

L - .

*measured _in. the» same ,way s the heat flux-lthat is,- by

' _accountlng for the change of water content 1n the subsurface-

proflle over a glven tlme 1nterval. f',a' one dlmen51onal

'ewater balaﬁcé is employed the follOV1ng dlfference equatlon

'w'lS obtalned 1n a manner - analogous to (3- 20)

CI.,/Q L qw/gtu." +Azt (A9L/At) S .‘ e (3-21)

"fcalCulated u51ng the above equatlon (Rlchards et al., 1956;

'gNlelsen et al '1973). i‘ﬂ v
' certaln 'depth may npt
-problem 'vith‘ thlS. approach

fconductlvlty functlon_ must be determlned

Rose et al., 1965 Rose and Krlshnan, 1967' van-‘Bavel Vet_'l

:al.;' 1:68'p FIocker' et ‘al., 1968-p Hlllel et al., '1972;

. A :
1 reference waber flux at'wa

The prOCedure I
——

'p_have adopted is- the followlng.n (1)4.sample .5011 from any

.player' of tae subsurf;ce proflle and determlne the hydraullc :

'”‘”fﬂ.to determlne. The major

f(&lmoall :and‘ Jackson, ,1975), _whege null' points “in- the f_

Y g

‘”%afvater, fluxes alpng the - whole proflle' can 'be_ eas;ly -

'Onceu the water flux 75 car partlcular depth is known, the .

the_ ahydrau11c13~ s




&

relevant parameters,_

‘hydraullc head

fcontribution to

‘gsurface‘ SOll, 1n comblnatlon wlth the pon 1sother
flux.,equationlf(2-38)
jprererable.: Appllcat hﬁ*atv“

proposed by Brutsaert

-Therefore,

' such a. method 1s presented in sectlon 3. 8).

bottom ‘of this layer, ;thel

sucn“,as the

-depth d*

are‘already;known.

'y

. § i ] ‘ . . . . . : .

The procedure followed_hyiNielsen et.al., 19
‘fDavidson et'ﬂai.; 1969 among othérs ;—-,

: coverlng the ground surface ulth plastlc sheets and

.?;ero, water

not.

be appropriate -under rconditions 7near . sa
- Suppression. of-.. evaporation will~-1ncrease ~the s
temperature reglhe ,ana, ohange “the ._ _water  vap

tota14 water flow. The. method use

‘(19680) for calculatlng bare 5011 evaporatlon by ap

<of the prrnc1ple of water qonservatlon (3 9) 1n a vf

(1975) ﬁpidwcalculatihg fev

fluxes basedv on non—dlmen81onless’ parameters (s

concept;) resulted in unacceptably hlgh evaporatlve

thlS approach was not tak n further.

to the saturated water flux,vthls may be calculated

'-heat flux eguatlon as suggested 1n (2*72).’(An eval

flux. (no evaporatlon) at the surface -5

Y

turation.

fff}gﬁxr

.. -
conduct1v1ty—water content functlom »in the ‘laboratory; (2)
. o e ° L T g
usg, ,thé : non-lsothermal flux_..equation (¥ 38) in
" one- dlmen51onal form to calculate the' water 5flur at the

g functlon belng known. Other .

l{lﬁﬂtlon of

64,

R

which | involves

of the method

aporatiVe

Lmllarlty

fluxes.

Ulth regard

from the

1at10n of
N\

o

1973;

.assuming

‘hay qot

uhsﬁrfaCei
or flux,'
d by ROse-

pllcatlouj

g
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The potentlal evap7rat1ve flux from a saturated surface_’

; was measured at the fi eld 'Sltes u51ng . a Gen atmometer
‘ - ;

(Mukammal : 1961). s‘ atmometer con51sts of a flat black

Th

by dlstllled water eld ln a tube whlch 1s, connected ~to fa‘

.supply reservoir. -

([
e
o
n
=

1=

let

i

1

1o :

e
=
v

in

10
=
0n

i

1=

lo
=

3.7 Experimenta

'Site"j 1s.comprlsed of uhlform medluu sand (Figs; 3-10a
and- 3= 11) of an average partlcle den51ty of 2.6542 gm/cm3ﬂ;M
Underlylng t he bsand is’“a clay loam tlll found at’ depthsf_.
belou aéproximately 5.5 m., &pwever,_an 1solated‘lc;ay_*loam_r
lens' was.:sampléd at'naf u30 460 1cm depth interval.'Tte

1var1at10n wlth depth of other physxcar' proPerties._of;:the"

Slte N sand is 1nd1cated Ln Flg._3 10 Alth0ugh5the texturaf‘

proflle ' is : nearly unlform,"tthe» saturated hydraullce"

conduct1v1ty 1s varlable, (Fig. 3- 10). ThlS 51tuatlon 15")

probanly due to dlfferences 1n the compactlon state of the

-

porous materlal as well as to experlmental,errors.

Site 2 has'a qpre»couplicatedfgeological setting than

Site 1. The -subsurface units are texturally'faridblé both

- 'w/\

laterally and vertically, vwith Sahdv loam predomlnatlng‘d1dj.’

(Fig.ﬂ 3-11).V1Fig; - 3- 12 shows the varlatlon w1th depth of

5011 textures, as well as other fWhysmcal propertles ,of';ad
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Figure 3-TOPhysical properties of Site 1
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Figure 3-11. Soil texture triangl

e for- th’e‘f,gtudy’ area




Mo o
R s T T o Co ,
sampled borehole at'Site 2. A correlatlon between percentage

'wof sand and‘_saturated hydraullc conduct1v1ty 1s apparent»
(Flg. 3 12). The average partlcle den51ty of the top 30
Hll was 2 6281 gm/cm3 7 7 5‘fm" o i} ;3' N

N

oo

aniic_. head Avalues iat 'the_ Taber, sites,i

-

determlned from he plezometers, shoved a relatlvely smallv

fluctuatlon “during . the’ 1975 ]976 measurement peri@d (Flg.h

» ~

J.vf 3-13),’Because of the relatlvely hlgh hydraullc condu t1v1ty 

SN,

of thé‘porous materlals of the 51tes, .the recovery ratem.of

e B s
each plezometer after T moval -of. water from them was

relatlvely rapld, ranglng fr m atAfev‘;mlnutes.'to several
hours dependlng on, vhere ‘the\ plezometer was. termlnated.a.u

Therefore, 1t\Vas not nocessary tq\correct head measurements

! I

£

for the ef ts of tlme lag (Hvorslev 1951; Freeze, 1969b).

. .\\\l . . A ] ¢

-
=

. E X ) o ) B
The tlme dlstrlbutlon of hydraullc head as'lndlcated b]'fn

tensfometers and plezometers at Slte 1, as well ab the vater

table fauctuatlons durlng a Diue teen hourv_.measurement

L}

v;nper;o@, are*\shoin 1in_ F;g.'f3;1u:4fThe  advantage of such’

ents’ is that

dlurnal changes of

proloagad'’

-v%aseveral'jpﬁySical parameters “cah’"5é7 studledfln detall to;L
assess thelr srgnlflcance. From Flg. 3 1u 1t can be'vdeducedn d;. .i ?r
that the dlrectlon of flow was generally dovnwards. However;'
the 'dlrectlon vof flov vas not always constant dependlng onhha

| whether water vas . 1nf11tratlng after a, ralnfail <1vas?h§€

N
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‘eVaporatdngf:during an extended drying_period.fFor'eXample,

; R . S . ' - S
the_period ofrmeasurements-deplcted in Fig. 3-14. (August

//11512 1970) rollowed a perlod of 51gn1£1cant ralnfall (Flg.=

/

7

i

/

/

L

v .
3 13) and water was Stlll percolatlng downward. However¢

tOHard the ‘end of the measurement perlod the hgdraullc ‘head
gr dlent betueen ten51ometer 6. and plezometea\.la was

revi:sed 1nd1cat1ng the completlon"ofé.the percolatlon

pProcess and a return to evaporatlon—controlied upward flow.

...A\\ : K
-

. The. plezometrlc head dlstrlbutlon 1nd1cated doanward waterA

fﬁflou t shallow depths superlmpOsed on a. deeper upwand water

ent tnroughodt the 1976 measurement perlod

'a . N l \\4:‘- -

Av

floy cindltlon (Flg\ 3 1&). Thls saturated flow pattern was

CODSlS

Thé hydraullc 'Head dlstrlbutlon pat Site 2 was more

PRy

The ‘%lg nlflcan t

\

compllca\ed -and varlablb than at ”Slte
o

degree £ heterogenelty\of the subsurface proflle of Slte 2f
vcontrlbuJ tox thlS hydraullc head pattern.. Flg.~ 3 -15

presents/ tventy—four,hour measurement of hydraullc head,;-

where -a; reversal 'of hydraullc head ‘ gradlent -betueen

on

ten51ometers ‘ﬂw"_andf_ﬁ is observed twlce-zdurlng ’that

.

measurement perlod However,; the .observed hydraullc head

’_dlstrlbutlon in the saturaged zone w1th an upward water flow‘-

" pattern at shallow depths superlmpOsed on a deeper downvardT“

o

'water flow paf%ern was. con51stent throughout_:the:».976'

measurement perlod TR "ff o .
. ‘ ‘ . 1

-

' Despite the care taken 1n constructlng aud callbratlng

-

: theﬁSo: Dsychrometers, thelr performance in the__f1eld_~was

3

LI : o - M < oo ’
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)
not-!satisfaCtory.‘:Normdziy, 'soil psychrometers are most

useful for dry soils with tensions above one ‘atmosphere

beca se of the hiqheﬁ resolution of the psychrometer output;;,

.However, after instellation, an extended wet perlod followedfa

with soil ?uater ten510ns usually in the ten51ometer range,

ThlS altuatlon reduced the‘ effectlveness:foff psychrometrlc

measurementc‘ Although occa31onal good psychrometer readlnga

'wete obtalned, they were not,con51stent. In addltloﬂ,‘tHEJ"

calibratlon of the'psychrometers 1e£t?in the field probably'

changed - with -~ time as a result of‘ﬂcor;osion of the

psychrometer wire (Wicbe et:ali; 1971). It was considered
. SN , , A .

impractical to"tem0ve. and recalibrate thefpSychrometers

during the_course of the"field'qmeasdrement “pe:iod."rgg ;,1‘

o

procedure of encasing thermocouple psychrometers in

"perforated stalnless steel tubes (Moore and Caldwell;. 1972)'—

would _have fa0111tated . removal, 'reCalibtation' and

lreinsertion in the field.

3.7.3 Water. Contents

Aftypicalodistribution of water Contents'atTSite» 1 44//‘

-7obtéined‘ by using ‘tne ,neutron probe -- is shown in. °yéi

 »3-16; Due to the very uniform graln size of dthev.sand;/‘the
uatet content dlstrlnution> 1nd1cated',1n;thetmfidnre‘ienAdn
smooth curve. In contrast, the distribhtion'of”noiétnté:ﬁithfd
depth at Slte 2 is compllcated (Fig. 3717)-1The §reSence:.ofu
lower hydrgullc conduct;ylty layers,‘such’athhegsiity-1onm

yXSiL)'oroloam (L)'layer-in‘betieen’the' predominantly Sandy.j

o .
S

RO

y,n..,y-:. .



if*ﬁ'fif%fﬁjﬁ~%757f» . e Lo S 9
" ’,/’ A\X‘R s o o : 9
'é;;jalgam (SL) layers,, produces the observed m01sture "bulges"

Just aboVe thOSe log,conduct1v1ty layers.‘Thxs water\content

‘ ‘ . . . ) &7
o ‘variatfon of 5011 temperature wlth tlme and depthf
2 ) for‘;‘“ diurnal
, S Hv_l:“ Ry R -
’ together: wlth he‘ alr temperatures ‘at the slte

grapn for Slte 1 1s shown in- Appendlx A. ':A d1551patlon’ﬁofp

.

:thew\ amplltude of the temperature .wave” w1th depth“*is

partlcularly .5ev1dent Assumlng - nearly'

temperature tlme dlstrlbutlon, the damplng depth D ~-- that?

is, . the depth at whlch the. amplltude\ of fluctuatlon.fis

: dlmlnlshed by a facxor of 1/e or O 37 tlmes\the amplltude of
' l
the surface temperature‘—-'

" and de Vrles,,19o3) ‘:";-' T S i’.', _';» o

D = (Dcopagz. (3-22)'
where Q»-is ‘the  radial frequency and equals 27 tlmes the

\\ -

'freﬁuency' of the; temperature varlatlon.g Thus,‘

diurual- varlatlon, w equals 21/86 uoo or 7. 27x10 s sec-1

Therefore, con51der1ng the near-average values 1nd1cated iu

Table 3- 2 .whlch represent the top 60 cm of the subsurfa”

proflle for the month of August 1976 the damplng depths for
~

the dlurnal temperature varlatlon for Sltes 1 and 2 are 1u 9

\\d\ﬁ\a\gm respectlvely..Correlated Hlth a smaller

depth 1s a more rapld decrease of . ‘the’ temperature amplltude

~

the 3131§_‘

harmonlc,

1s glven by the rormula (van dl]k”

for the,

damplng"

¢
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(Figs. 3-18 and A-1) as shoun by van,_Wijk and de Vries

. © e
v g . . . i L

© (1963). T ©

The cunyldtive potential evaporat®en as indicated by

0. PP

.the'Gen‘atmometer‘at.the_ Taber sites 'during.:twot disurnal = -

' periods in, ' August '1976:_are-shown in'Figs;‘A-2'and:§f3 of

Appendix A. The air _;emperatures‘ and ;ind‘vspeeds_ -+ as

indicatedjtby a - portable anemometer -- are also shown on

"{‘"ii PR A i

'those;figuresi’A correlations between air temperature‘ and;b

.uind hspeed on the one hand and potentlal evaporatlon on the .~ 'h
vpother are apparent from those . rlgures.- L :5573‘ S :,> ’5
. . . T “ ‘55.
B;Z;S_Characterlstlc Curves

Thelwatern characteristic"curve_'obtained from field -
measurements‘wduring the 1976 measurement perlod for Slte N
d-ls,shounfin_Fng 3419 together wlth laboratory determlned
>Values.f’gDespltey;’th apprec1ablek scatter kof data,“a

. satlsfactory agreement between fleld and laboratory data-,'s-"

.observed

‘The. fleld water characterlstlc relatlonshlp for Slte 2

"obtalned durlng ’e; same perlod lndlcated-'tVOj'distinct

3characterlst1c curves,.jone for thev uppermost 45 cm and R L

'.another for the 45 to 180 cm depth 1nterval (Flgs. 3- 20 ‘and P
"3-21). All fLeld tens1ometer data were carefully scrutlnlzed
,to reject the data from ten31ometers whlch had alr-bubbles , 5';A- -

‘p"ln the manometer tube, too much a1r ln the tensiometer“_air

‘,ttap,;3 or had been serv1ced a, short .time"before “the
RO o R T e S
~
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-~ Figure 3-18. Tfpe-depth distributibngof temperature

at\Site*Z;
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measurement The data were cla331f1ed in Flgs. 3f20 and 3-21

acc0rd1ng to whether the 5011 was wettlng or drying durrng

the perlod of measurement The data scatter arednd t&é mean;

CnaraCterlstlc curve (qu. 3- 21) isA approxinarely : 1 5%

. \? . -~
volumetrlc m01sture.. ThlS 1nd1cates that field hyst@re51s

L was | probably Anot‘ .lmportant _ The ~overall comp051te;f

» characterlstlc . .curve for 'slté‘ 2‘-obtainedy-from_-vapor

egurllbratlon technlgues,‘ pressure membrane and_ pressure'

plate apparatuses, and desaturatlon cells is shown in Flg.fh

3= 22 together wlth fleld measured data. The reader"should“
refer ‘to Appendlx B for further laboratory data and tne1r

comparlson wlth fleld observed water characterlstlc vaLues.

.The relatlon between pressure head and water content 1n

’

f"'jj\ ﬂnsaturated 501ls is ‘not generally o a unlgue -.and

o srbSle valued oneciFeré, a laboratory experlment was used to'

~

assess the major wettlng and drylng curves of. the uppermostf
' ~20 cm of the soil at Slte 2 The results of this experlment.f
are shown 1n Flg. 3= 23. A 51gn1f1cant degree of hystere51s,

.approx1mately twlce that 1nferred for the top 180 cm of Slte-

‘ .

2 (Flg. 3 21), was observed for that 5011.

Q\;: ;fﬁ..ﬁ. | 4..,,_ﬂ; S -

"

=2 ——— e — .._._—__———_—_

R yl’ 3 7 6 ﬂydraullc C ]

:The saturated hydraullc conduct1v1ty qut of s01lsf

R

= below t he water table Was calculated in the fleld u51ng 'the

[

Hvorslev (1951) tﬂ%thod. Table 3-3 shows the results of these"'"

\

analyses wh;ch frepresent averages of approx1mately‘three
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»test: together with stt values determlned in the laboratory
:hslng the’ constant headgmethod., In general, the \agreemeat-
betyeen field- and  laboratory ‘values of hydraulic

~conductivity and their correlation with sojl texture falls

~within  the ekpected range - of reliabilrty for _such
measurements. )
The results of the laboratory hydraulic ‘conductivity
'measurements are ‘presented. in two sets of curves for each

.site. Each set consists-bf'the following four relationshipss

(41vs Sw or6 ), (Se Vs W ). (Kr vs 41) and (K} Vs 9 ). 'onlj
‘the- K (?) and K(Q) relatlonshlps for the top 20 cm of Site
2dare‘shown here (Figs. 3 24 and 3 25) as-the latter is usedh
as an‘ihput'reiatiohshlp 'ih ,the: 51mulat10n Study to beh
'"presehted in Chaptervu. (The rest of these relatlonshlps are

showh' in Appendix C). T e laboratory hydraullc conduct1v1ty'
@ .

meashremehts are Characterlzedfby their 1;m1ted rahge af

{
{

water‘ content or prese rey,head_’values - dver whiohf theg
‘hydraulio'oonduoti§ity;oah\be'determined; The ‘exteneion-:ofe
imeasured _“hydraulic' condpotivity 'values tov lowerA water
hcontents or higher abSolute“valdes of preesare head 'is Tof
”dubiOUS valldlty,'espec1ally when . the extrapolatlon is’ weli
beyond the measured data. ‘Although hthe ahove mentxoned'
method of hydraullc oonductkyity _meashremehth proVidesfa
jsatisfactory tool for extendinosthezvhydrahlic conductivityw
values through the llnear portlon of the Kr(?) relatlonshlp,v

: caht;on_ should Aalways be. exerc1sed ”in' 1nterpret;ng ahd.7m
"Quahtifyingfsuch eitrapolated results. ‘”_' “‘e- . |

o
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. The porosity value used in the hvdraulicf.conductivity

- fexperiments was bcalculated from (% 12) u51ng fleld-'and

laboratory-measured values of bulk and partlcle den51ty of

‘the upper 5011 layers of the 51tes. It was assumed that tne

—

ﬁcalculated value of 41% por051ty was representatlve of ‘the“

v

field condltlon _and'bwasﬁ constant : Measurements of water

contents at .saturation near 'the water table u51ng the

neutron probe'Vconfirned the represent&tlveness of 'such a

por051ty value. ThlS assumptlon wlth regard to the' por051ty5-

dlstrlbutlon‘ - although used vexten51vely- in subsurface 

‘water modellng studles -- is pronably an over51mpllf1catlon.“

However, a lack of Ileld data prevented the- more detalled»

descrlptlon of por031ty varxatlon.

i

An"attempt -to"calculate.fthe unsaturated hydraulic

: conduct'v1ty by fleld methodS'_was‘»made//uslng graphlcally.

1smoothed
jwater COn‘enta (15 to 25% byf;olume) at Slte 2 below a depth
of a few c:nha

jprobanly be reduc

(3- 11) was utlllzed\

ata~'from “Site 2. Because of the relatlvely nlgh'
‘ rs,'and because neasurement errors 'would,

the reference. fluX‘"calculated ”as

: descrlbed cin Sectlon 3\8\30 2. The agreement between freld_

N the 1sothermal fleld method based on -

;,measured and laboratory deternlned hydraullcl conduct1v1ty o

_values was found to be satlsfac ory (Flg. 3- 26)..




10t —

07

10-2.

T T TT]

¥
K-_—'%F'cm/hr ’ |
I

TTTT]

|

!

Lab determlned K(@) relatlonshlp
adjusted for observed temp

o calculated_ from field measurements

Loty

i

voe bl L 0y

F1gure 3 26 F1e1d-deter‘m1ned K (e) curve for S1te 2

. 7

35



_ 108
7

' 3a7.7 Ihermal'ggnductiv;QX‘agg-_e at- Capacity

Figure (3-27) shows a typical field‘curveiobtained
during the- month of_JuLy 1976 from Sitet1 using the thermal.
.conduct1v1ty bprobe;..The_ value of ‘thermal conduct1v1ty
ccalculated from these: data is also 1nd1cated. The points -on
such graphs asymptotlcally dapproach al stralght llne
somewhere between 100 and 200 seconds after the start of the
test. The early tlme dev1atlon 1is due to lnltlal lag effects‘
(Wechsler, 1966) malnly attrlbutable to the effects of probe

&

dlameter and conduct1v1ty, and contact reslstance ,between

‘the test medium and the probe. : .

. Assuning]' that ~ the h.entireh suhSanace' profilev is . ¢
'homogeneous withv resoect' to | thermal conduct1v1ty, af
relatlonshlp between thermal conduct1v1ty and water content
)(9) is represented in -F;g. e3-28_7by a . handedrawn‘-line_
passing throughk_the points. :The Jlimited range of uater'
;contents' over7‘which the | thermal 'conductivities- were
deternined in the’ fieid as well as thermal conduct1v1ty
heterogeneities; prevented a bettef deflnltlon of . the ,2(9)
relationship. | | |

.fhe nolumetrlc heat capac1ty C(Q) functlon, calculated"

from the procedure outllned 1n Sectlon 3.6 9, “is shown in

Flg.c 3-29. The dev1atlons from non- llnearlty observed 1n -

that flgure are due ‘to the varlatlon 'in  bulk den51ty‘ and_

,organlc matter content (Flg. 3 12).
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-8 ggaluatigg of Field and Labor ory Studies T'fi '

_— —— -—

Reliable' fleld ‘measurements can be achleﬁed by USlng

properly de51gned and callbrated fleld 1nstrumentatlon int

/

/
P

comblnatlon ' wlth ‘ careful fleld 1nsta11atlon '1nvolvin§
‘,mlnlmum 5011 dlsturbance and approprxate "spacing. Honemer;
even .if° approprlate‘ gwecautlo s are_.taken, tne‘ fleldv'
researcner is faced with mangﬁdxéficultles in assurlng the
long-ternm 'accuracy‘ of the 1nstrumentatlon. Forvexample, in
the case"of _the mercuryv ten51ometers, ,tne.'problemsw of
'maintainrng ,thea associated manometer completely -rull.ofi
'liguid under partial ‘vacuum,- time‘ lag and . temperature
1nfluences 'on] ten51ometer performance causem'appreciabie
dlfflcultles in obtalnlng accurate measurements of matrlclsf
potentlals over a long perlod of tlme. Other problems wlthu
.tens1ometers relate to dlfflcultles in malntalnlng cqnstant’
phys1cal .contact wlth the. 5011 ' especaally 'Wltn.,wlndy
5cond1tlon5' d}sruptlons caused by repeated~ seriningrﬂzand_"

plant roots whlch tend 'tb ’grOV‘ around ‘fhe base of the
' ST SR S : e
tensaometer. ' '-,~ 5

1\.. e . BRI

"As' mentloned earlier,'f the' fleld dﬁse-.‘éfd soil
-psychrometers uasf not satlsfactory. ILLS result lS typlcal
-of problems reported by other workers (Maclean,l197u'p Mayo,
'1976).- Thus,_dfeﬁ; successful fleld measurements alth soll"
sychrometers are reported 1n the» llterature_ (Enfleld and

-Hs;eh, 3971': Merrll and Rawllns,1972'“uoore and Caldwell

18725 ﬁheeler et al., 1972). The - major shortcomlngs of thls

¥ R o,



g {;

N aCCUfaCY'-Of_-derlve‘d data .whlchx*are

&
4

’psychrometrlc measnrements themselves and the

-recallbratldh 'of’fleld psychrometers necessary for accﬁrate I

.magnlt@de of 'the>‘changes are large, such as infthefupperf~

o

- -
«.
. < .
(-: . - - - %
S 5 . . .
. o _ 113
° .
e - . .
- . “ % a . ) '

frequenﬁ

measurements. oL . ST e .

U . . S . At

W

»

s,Thé‘Nariation' of w&terw‘content‘ and 'temperature is

Qusﬁally ,very' small under normal condltlons and 1t is often

s

not p0551ble ;to' measure» these changes.fﬁOnly%‘when‘ thef

BRI

. . o oo ’

B 4 [ .
A - ° o - u y

- inStrumentation are © related V-too.the dellcacy ‘Of"the'

Cpo ' e “‘ . ) , . -" . B . ) un

O . L ‘4 -
“5011 _zoneé and.,caplllary frlnge, can' these «hanges.  be,

.measured w1th reasonable accuracy. DifFicultles in ﬁeasuring‘

B ;e

.
small_ temperature and m01sture gradlents also 1nfluence tne

P v\_ A3 L

© e F

i

TN

‘.‘,variaplesq""lhgs;"the_ p0951b111ty of accurately spe01fy1ng

fthe heatjflux -and 'partlculafly» the -water,;flux at'-Some':
K o, . . .

ulocation ~in the suoi@rface lproflle lis:-not great. .-nf

make the fleld endeavor easxer. preVer, the small\magnltude

i .
fr

Hi

Ae

addltlon, the small magnltu&e of several paramoters~1nvolved S

. E ’d“_. . ©fs
;nJ the calculatlon. of the rsubSurface flow reglme end

o v/ 9.. <
e§béc1ally 'of *the thermal dlffu51on coeff1c1ents, coupllng

:
Y

5‘

coeff1c1ents_;and c0nductiVity coeff1c1Ents* add tb= the

g _ _ :
dlffmcultles 1nzapp1ylng flow. theorles. g,'qf “f » S
£ N D o
“:ﬂ’.“h e T ?‘_~' s “i o , . Coe

- 2
- f .

p’. The methodology proposed 1n,Séction 2-8 would appear to
. h‘

| e i {;: A

Tfof relevant quantltles often poses serlous error problems.

A °
For example, I found that calculatlng h%- saturated‘-water

¢.

flux from the heat flux eqmatloh (2 61), a% was sngested p1

Stallman (1963) and Bredéhoeft and Pa adopoulos (1965), was
5

R

s ‘s
. N R . . Lot . - E ) M
o . . » : n . ° .
8 .- R Teer LU T T e . .. _ .
o N . . 7 T @ . & -
- P - . . -
& B . » . . +
v R [ 2 % . 0’

'functlonsv of these

.
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‘ f, quantltles 1mvolved in that equatlon,'makes' this procedure'

g questlonable for f1eld 51tuat10ns.‘f

s . .
SN . . . N )
. Ve .
. . B
.
N

‘114

-

\not'a-gatisfactory measure .of water flux 1f comparéd - with'™

T

*the-;value‘ obtained from _a"Darcy—tybe expre551on.w'This

\

apparent discrepancyIis probably .due to the "very small
magnlﬁﬂia, of ’theo convective term ‘in (2—61)2 'which 'in'

' a55001at10n wlth small errors in measurements of the varlous

\

The field methodology depends strougly'on theaaccurate

it

vdetermlnatlon of uater and e;pecxally of the heat-fluxes, in

J
N w

‘the subsur face proflle' (Tafior ané Cary, 1965).>HoweVer,
m~relat1vely small errors in the calculatlon of heat and water
fluxe propagatey and ampllfy ‘in" subsequent _ transpprt

-coefficieut..calculations.' For example, let HFube”the'ratio

.

of the heat flux: calculated u51ng the- temperature 1ntegral'

Sectlon' 3.6.10,1) ,over 'the‘ heat flux calculated

using.(Z?§8) or (2f60).;Also'1et'DC_fbé the ratlo ’of,»the

N

'watEr, vapor dlfqulOD coeff1c1ent Dev& - (2 71) neglectlng'

ol

the ' convectlve. term -i 'eStlmated u51ng ‘thel~heat »fluxi

A

._calculated' by the' tempetature integral methodlpover_the

o - . ) -

diffusi@n “coefficient . calculated .usind the . heat - flux

,Mequation‘ (2—Séf'or (2-60).oI‘found‘that for the surface 120

cm of Slte 2 5011s, a.ratio of heat fluxes,HF ranging. fromf
. i L

1.0 to . 8 resulted in ‘a ratio of water vapor dlffus1on

»

“coeff1c1ent§'DC ranglng from 1 .to -over 30. Thls dlscrepancy
is” caused ‘in part oy error propagation 1nvolved in (2= 71),r

:ithh requlres that tvo nearly equal numbers be subtracted

“

v(prov;ded‘ the 4temperature ‘gradlent is negatlve) and the,u

>



'obtaihed by - usgng a. d:ter vbalahcev equation _(Section

Y

-

"\\ .

Similarly,,let WF '

¢

b;

3.6.10.2)-‘over ‘the water ! flux calculated : usihg - .the

. non—isothermal‘.wate{' fluxrequatlon (2 38). Also, let HC be

the ratlo of the hydmaullc conduct1v1ty calculated us1ng the

proposed fleld procedure (Sectlon 3.6. 5 - 2) ~—_w1th.the‘waterm

flux calculated from a, water balance equatlon - ~over the

~ -,

hydraullc ‘conduct1V1ty calculated u51ng the same fleld

procedure but with the water flux calculated hy (2 38). l‘

-

found that for the upper 120 cn of Slte 2 50115, a WF ratlo

ranglng from 1 to 10 resulted in an HC ratlo. ranging from
* 1o to over 17 E o : S T T

- —~

BecaUSe of * the problems orlglnatlng from measurement

"errors, fleld heterogeneltles, replacement gofv some field

_datab by laboratory.-data,‘ahd %nadequac1es :im Sthe model .

expressions of the varidus transport parameters -- asy

oppdsed to iactually measured quantltles; 4¥‘the proposed

field methodology was not carrled\any further w1th the data

"%
better fleld equlpment, better‘ 1nstalled and‘ callbrated

thlS methodology w1ll prove to ‘be of practlcal 51gn£f?éance

t& -u

s

in environments .where’ temperature ﬁhradlents' éﬂe',lvery

pronounced.

A

In order to determlne the magnltude of thevuncertalntj
L i . ‘o

. . J ; : _
involved in. eVery experrmental measurement, c-an error,‘

»the"ratio of the, water"fluxﬂl

i

,presented here. Ideally, however, wlth the avallablllty of_f
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analysis similar to the ones performed by Gardner (1965),

Hanks and Jacobs‘(1971), Frltton “(1974) , Fluhler ‘et al,

(1976),7 among otheqs,vhas

. quantity F be a-function‘of

representing measured input

’ vxg) andvthat these,input

been'carried‘out- Let a. measured

several 1ndependent varlables X,

data,_that-ls F = f (x,,“x

2.". se e

data are in error by tAx., isz,

Cesa s tAX,, respectlvely. These 'errors. v1ll cause o an- error

'YAF"in"the computed result

F. Expandlng the functlon f in a

Taylor serles and neglectlng all hlgher order terms, as “the

L3R

'A&L's' w1ll all’ be small'quantltles, one obtalns (Doebelin;

1975)

f(x,xAx,,vxlisz,...,

f(x,, xl,..., xh) +Ax,3f/éx,

/“J v
I

Xy, t4x, ) =

+Ax,_ af/ax1 R +Ax,,af/ax,, o T - . (3—"‘2'3‘)-

The absolute error Eq b}

Eq=AF= Iﬁm,af/éx,l +1sz f/axl[ ?...+|Ax gf/gxnl ’»',l(B-éu)‘

glven by

- where the absolute value 51gns are used Tto -av01d 90s51ble

j~~._rec1uct1.on of . the total error by negatlve 51gns of partlal

”der1th1ves assoc1ated with

' Thus, the ~actual error.AF wlll never exceed Eq as long as -

p051t1ve Ax;'s, or vice versa.

the'Ax"s do not exceed thelr estlmated values. The form of

>(3 2&) ‘is useful because it

y

1nd1cates whlch varlables (xL r)f

.erert tne strongest 1nf1uence on the accuracy of the overall

-result. ;The maxlmum, error

approach is dlfferent frof - the'

lgstandard error approach (Beers, 1959 Lyon, 1970), 1n - which

a 'statlstlcal average of

' present »—f--usuallyluthez

the errors AxL 's llable to be’

root mean-square errors' _r]- i$
&(' '
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»estimated.

In order to 1llustrate the practlcal usefulness of thlS
‘technlgue, ‘approx1mate measures_‘of the uncertalnty 1n the
Lvarlous parameters 1nvolved in calculatlng :the heat flux
'(3 20) ln a general manner, as related to the present }1eld~
'measurements, are obtalned us1ng the max1mum error -approach
outllned above; The results of ‘this. analy51s are detalled 1n.

Tablev‘3;4.thor error analy51s 1t is necessary to arrlve atl
Aan estlmate of error- (AxL) for each of the varlables. 'iheset
error ‘estimates could be standard dev1at10ns,‘95% confldence

“lntervals ranges or’ other measures of error. lhe max1mum'

. absolute error estlmates used here (column (4) of Table 3- 4)

?were based on the 1nstrumentatlon and experlments used for‘é

thls study.,The error estlmates of spec1f1c heats c,, co and
density of organlc matter e are based on data glven by de
'bvries ‘1963)'V, he varlaole fxcﬂ exertlng uvthev greatest
’,1nfluence on the accuracy of tne overall result is 1nd1cated
vby: an arrow in column (6) of the table for oach of ‘the four

example calculatlons shovn there. . f

'f.It should be noted that for this"analysis ano ‘errors"
‘verer aSSLgned to the' problem .of measuring true fleld
w,condltlons caused by 1nstrumentat10n' emplacement and “the
‘resultnng dlsturbance 'of the 501d fleld heterogeneltles,u'7
annual heat wave 1nfluences (Hanks and Tanner,-,1972y, data‘

smoothlngr, departure\'of reallty From theory, and p0551bly

tother factors. Because the computed errors depend ,thelff*

AN
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TABLE )- ae T

Maxisuw tgror asalywis for heat flu! pnrnlct-rl l! uu 2

o

5y R Y] M. L))

Pqoation & sag-’ x; lagnitude of x, Approa. nax. ava. (aP/32, jax,  Contribl to abs. Total abs. Total relative
nitude of P . . arror ccrot of term T, ecroft . erroc (ia %)
. . ! i 1

————————— S S SRRl S S — ———
{eqa. 3-19) e, 0:.46 cal/g/c 0.02 [’f" %]“.' ; or0107 : ; .
. oL s ) ) - g .
Sy ] 0.F0 cal(q/c 9.02 v [pn nb]nica 0.00012
0' —_ | . - .
+ at 0.0055 . 0.0007 [‘o"b_ C-Db]_m, 0. 00030
a 17 o . .
4 . "o s
*a] :° ’ _ . B ¢ (l-a) ca' s . .
o o 1.42 gremd 0.1 2 . b0, . 0:0Y68 =—— 0.03A 9.3
o b : ‘s ®s ’ .
3 o . ) . i ¢ (1-a") T
o 5, 2:68  gsewd .01 . [ . ]Ac' 0l0006)
. . . Py ' ‘e
R , ,
) . . 3 . . _.cou' s ! '
o 1.1 grea’ - 0.01 : [ 2 ] o . *.0.000019
. o, S
. - . K .~ o
L PR kLY 0.01 S el < 0.01 o
. . . g - ) . . R .
feqn. 3-13) t © '0.0249 A 6.900% [( kit ""(‘2/‘ ’] 0. 000068 ———
n : 49.%a.  Qsem 0. Coum tiop (', AL 0.060017
o - () ar '
s
2 . . - .
B I T, 9.9 . ¢ 0.0% E Cou38) 'R 1oy (‘z/‘x’] ap,  0-000057. 9exwt - 1.7
e v ' . ot 2 o .
S‘ ’-N - .
-3 . 19.0 Ce 1.0 [( m T 1" (efey )] a1, 0-000057
" ‘a . ' . ~ 1 E
‘ R )

B 400.0 sec ' neglicible
©oawi.r08x1073 X .
1/ ¢ sec’C - ¢t - 29.0 sec negligible:

....-.......-....-...-.......................

= : 1) . L P
c .0.018 [§ (u/n:)h]m < 0.0118 . K .
’ ' . . 1+l : '
W AT - 0.1 CoCc . 0.05 . [{ (A-!A()]A(n) 0.0616 ~——
P*] . T, . e : L . . .-
o , el : . i ; . :
. 4z 12.0 c 0,25 . § Clat/acy A(Al) 0.°0026 0.075& IR
b i Y L :
Ciy . . ‘. . . .
T At . . ..%.0 . he 0.02 [{LC(AT/MﬂA(“) T .0.00008
- Q'= 0.1211 cal. X ) : o v
* ’ The ) s .
................»..--..,,..‘..-....................-......._.,....;.._......‘.'...;..'.‘;................
G D ea=ftio oimre T Ty Y
s @aht. C . RN v : -0877 )
Bk T, 2000 ¢ 0.0 <. 2 lar T lase
- D 1 - ) .o Az [ ' . ,
. :
) . . . .
) . : .
. T, 19, . - : R .107 -
= . T+l 2 (4 0.05 [ Ax]"hl ‘ Ao.{ozss 0.10 vzs 1
P o ' . ) - .
z C 20 ca .28 . [’m."t] Gy 0.0088 * S et
: . R B ot a(as) - v ol . .
- : : - (an* 4. - S o
a

spata froms a depth of £0 ce from s‘u‘r 2 during. the August |3¥1u,197f ‘ssasuresent _p-“':xod_’
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L

‘vmagnitude'lof the uarlables 1nvolved :H)the~error ana1y51s;
irepresentatlve data from some ‘depth (60 cm ' in vthe ‘examples
shown, in Tabie 3—&), Hhere ‘the “time chauge“in_various
phy51cal propertles is not very pronounced here‘arhitrarilyh;
.chosen. The purpose of this exerc1se is not\\to‘ present ‘a‘

‘;precise'-and detalled. errcor’ analy51s'but to get a general
feellng of the approx1mate max1mum errors 1nvolved 'invpthls;‘

. . : /
type{oﬁ field calculatlon.". . diﬂ-

"Ohe‘UShOuld _ndt”-he’ dlscouraged by the error analy51s
v‘i‘showh aoove\because any other fleld method would " most llkely:h
:-result in 51m11ar, 1f not greater, uncertarntles (Fluhler et‘;
pal., 1976)..The max1mum error analy51s ‘cah; be used ,asv-aj’
.crlterlon fo?, selectlng the best fleld method from others‘ab
,avallable.'Such a selectlon was done, for example, by Hanks:

:'“and Jacobs' (1971) whwl'showed that the calorlmetrlc « or‘d
'temperature 1ntegrai) method for estlmatlng 5011 heat flux‘
resulted ﬂih;;a',smaller relatlve' error‘than the heat fluxjde:

.meter approach or the" comblhatlon of heat flux meter and

ffcalorlmetrlc method..';



CHAPTER 4 -

MODEL STUDIES

‘
=

4.7 Introduction.

The purpose of thlS chapter 1s to apply the theoretlcal
and experlmental resdlts of the prevlouS'chapters to model
4the 51multaneous 'transport of %ater and heat in-  the
“vsubsurface. ThlS ,modellng effort is not 51mply deSLgned to
» reproduce flow mechanlsms but is an 1ntegra1 part hofd:the
study' of " these mechanlsms.' It-gprovides_<tne ﬁehicle:for
- better understandlng of ,theu floW*Qprocesses. fntoived* it

’»estaollshes ”thev framework in, whlch ‘to collect the fleLd

Hdata' it is the dev1ce to test the adequacy of any ex1st1ug4

',theorles through ;sen51t1v1€y analy51s and 1t prov1des tueg

'dthus for thelr control.

i
1

- . Y

‘4.2. The ‘m_ath‘ematfica'l? Mod"el' |

The flrst stép in a quiz::tatlve modellng effort of tue

151multaneous heat and mass ansfer in. porous medla 1s tue’f'
‘development of a - mathematlcal model Such:a_'model con51sts_"
_ of the .system of- coupled, non llnear,' second order,_

‘fparabolic ‘partial ”differentiai eguatlons : developed  in-

- R - . . B

120 ¢

Vo

-means for predlctlon of non- 1sotherma1 flow processes and -
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Chapter' 2 (2-5& and -* 2-67) and presented below in

one- dlmens1onal form' ‘ - . o _ _
F 3$/at.= Q(Ky 3?/32)/32 +B(D QT/BZ)/QZ"‘BKASZ ;d (3413)
C /3t = 3(A3T/32) /32 +3(0, S92 /3 o 4,31/ (4= 1b)
fwhered o _. s : . | .
i Ear; 3945¢ in. the unsaturated aonev
'= Ss in the saturated zone .
.'KLP = K + va'_."i‘ s
Dr =Dy + Dy
= 0;06x"“ +0.60%, + 0
b= L va - L uju : i L (4=1g)
QQ)Q = -KWBQVSZ —DTéT/ot‘fki:._d; f‘;;/g B | (é'jdf

Because tie flow of heat and vater, is treated ds

coupled phenomenon, it is necessary to specafy 1n1t1al and
boundary condltlons at fhe- 'same boundarles ~,for-  botn
: , :

equations (4- 1a b). Therefore; I used the - followlng type of

"1n1t1al and boundary condltlons assoc1ated with (4-1a,b),‘

‘Initial Conditions  T(z,t) T(z) @ t=0, z€(0 L) (4-2a)

Piz,t)

d,:(z) @ t= =0, z€(0, L) (4-2b)
Top'Boundary‘Conditionsy'_I(O,t) = T(t) @ >0, 2=0 ‘(4-3a)

L=
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du/g (0,t) = £ E(t) * = (U4-3b) /.
vspe01f1ed evaporatlon ’ or

1nflltratlon ratev;

Bottom Boundary Conditions - 9T/9dzl,_, . =0 ' P .(ﬁ-3c)
Y T ay/e(let) = 2wty (4-3q)
specified water flux entering

or leaving the ‘system

.The solution ¢f (4-1a,b), wlth the lnltlal and'boundary
condltlons (%-2) an? (4- 3) respectlvely, form a mathematical
ba31s for descrlblnq the spatlal and temporal distribution

“of temperature. and\ pressure head, as well as-all'rel

‘fluxes and transport Foeff1c1ents in porous medla. Tne f'rm

ofi_the~ present mathematlcal model 1s more general than the
T , \

;ione used by Phlllp andxde Vrles (1957) in that the pressure’

- L b
head blsj_used> as the\ dependknt variable ~instead of the
/
volumetrlc water .contedt 9 Because 41 is a - contlnuous'

functlon Of p051tlon and tlme, its values are 1dent1cal on

both 51des of an 1nternal\boundary separatlng two dlfferent

“types of porous medla,-ww'

ch lS not the case with 9-values._
‘Fbr thlS reason, the * bas d equatlons ‘a "'appllcable tot-,
layered and heterogeneous porous me 1a, ‘parts of whlch are
_completely saturated while '.‘he B—bai
"'to_ homogeneous and unsatura ed porous medla (Corey, 1977).‘.
‘ However, one dlsadvantage of t e ¢ based approach, whlch =i$hl
~avo;ded 'in_. the‘ 9—based f rmulatlon, _is thef strobg?'

: non—llnearlty of “F in . (u—1a), e. ec1a11y in tne v1c1n1ty of

d apgroa"h is’ limitedv"



very sharp wetting fronts.

ﬂ;; The N_ 1cal Approach

R ‘ ‘ cr ) . .‘\ N

The ;complexity. ofAfthe system of coupled non-linear

~.

\partial,dlfferential equations (2¥54) and - (2-67) suggests

"that‘ analytical soldtions are not;'pOSSible;“ Numerical

teohniQues provide the most practical means -for obtalnlng'»a

A
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. "‘\\

N ;.

solution‘- to.  the '(u 1) system of partlal dlfferentlal -

‘eqqations. Because the dlrectlon of heat and -m01sture< flow

N

is predominantly‘ unldlrectlonal, chose ‘to. solve the

ome- dlmen51onal 'form of the 1coupled equatlons. Besides'

reduc1ng the compllcatlons of -the modellng effort ‘the

‘one- dlmens1onal form also reduces the amount of experlmental

data requlred and thus the uncertalnty assoc1ated wlth thelr

calculatlon. The latter 51tuatlon holds espec1ally‘ with

regard tqqg determlnlng ~transport dqoefficients " for

non- homogeneous -‘porous . media. However, -.once . a

/ -~
one- dlmen51onal solutlon to the relevant syste of partlal

dlfferentlal equatlons is establlshed,.the exten51on to‘ two

or three dlmenSLOnal 51tuatlons snould be fea51b1e.

T The system‘ of _equatlons (4 1) may be solved u51ng af

varlety of numerlcal methods, the most common of whlch are

‘the flnlte dlfference (Forsythe and Wasow, 1960 Rlchtmyer‘

. and uorton,-'1967;, Smith, 1/969 'Mltchell, t/1 s von

RoSenbergr 1969-‘ Remson et %al- 1971) and flnlte eleﬂent.x

v i

methods (Zlenklewlcz 1971' Desai and. Abel 1973 Sagerllnd,'
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' 1976; Pinder and Gray, 1977).'Although.the recently popular
flnlte element metnods are more advantageous for tWwo= or

three- dlmen51onal problems?kespec1ally if complex geometrles
~N

are'vlnvolved at present they show llttle or no advantagef

over the ‘better - known flnlte dlfference .technlques 'for.

‘non—linear tr ‘51ent one—dlmenSLOnal problems (Emery and
Carson) 4671; ercer and Faust, 1976). ﬁ
o I

The finite difference .approach was followed here. The

/

o'derivatives“ in they coupled vequations - (U=1). and in the

‘correspondlng 1n1t1al and boundarydtconditions (4-2) -and

‘(u-3)“were'vreplaced by finite difference'approximations at
dlscrete p01nts of the solutlon domaln.'The resultlng systenm

.df non- llnear algebralc equatlons are solved for ¢:,and T

The water characterlstlc-'lnput .functlon'.was.utiliZed to
~obtain ‘the corresponding_ 9 values.f Figuré -1 shdwsh'a

'Schematic' dlagram of t h'- one- dlmen51onal model chosen to.

I3

represent contlnuous water and heat flow from . %the 'ground”

:surface to 'a p01nt neneath the water table. The subsurface*

‘proflle is | dlscretlzed -using the equidistant finite"

”difference nodes- shown in Fig,=441.

4.4 Numggical”§glution‘

Although exp11c1t methods for solv1ng flnlte dlfference"”'

equat;ons are. 51mple and straxghtforward, the severe
' restrictions on meSh»,sizepban ‘time .increments that are

- sometimes necesSary, make - thlS method rather unsultable for

-
1

X
Ron
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Upper b.c. ST (t) = T*(t)

a,/p =€




'vptacticai applioations. Thus, I have adopted an implicit

°

- method. whichf is less“restfictive' but "numerlcaily mote o

ycompllcated because it- 1nvolves the solutlon of ‘a system of‘
;algebralc equatlons at each tlme step. Spec1£1oal;y, a‘fomm_,'
of ‘the,mCrank—Nlcpolsoma'1mp11c1t method. (kichtmfe: ) aqd
Mo;tom; f1967} 4was' folloied ‘(Kppéndik fD) ThlS‘lmpilClt
v]soheme’ conVerges Hithv.a; smaller dlscretlzatlon error,"
tO{(Ax)Z +(Az)?}, compared to the error 0{(A¢) +(Az)2} of them
jbackward dlfference 1mpllc1t 'methodf“ The resulting set of -

-_51multaneous non-llnear 'algebraic,;equations. using thé-

space-time network of Fig. 4-2 is as follows

" C
L - }fddhi

‘ | R

L+ — 1 » — RS
v - J-1 b R Y

] o
# T

s

Figure 4-2
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- . . . Q Pl .
. . . L . '5\::-:4 4 .
i J 3 J J e i N
AP Y B - G, - BT, ¢ BLT{ Y CiTiw = Hy 7(3_;'_”61)'
~A Ti' + BT/ -C'Ti,‘{”ig Lo *BY - ERquL= HY  (4-bDp)>
R < : . : E . ¢ y ‘ S .

.where o g v _ . o , S A
a J-‘/z_ A -‘ .

AL = \Pb/"_ S /:‘"v ('u? LI»L,) -

: . J Va, . o iV J=Va. - o Cpsudy
R R RS STty
o= K‘ﬁuﬂﬁ e . (4-e)

L= At/ (Azp J | C(4sEy
VU £X 74 : . _ ,': ‘
YRR D-TL_'/): | (4_ ‘U.G) ,

T o= pdtta L% P
X BL A DT"”/’ + D-rt.—l/z ( u’ ’L‘H) R
._'Ei. - o Va

SR T"-""/a

[sY]
|

C i/a '
LT Jt-“/:.(v) \Pr) e KePc o/ N’) 4/-')

+ DTL-H/ - ’I{ )

oo @l -t e Rl K{,./l)2Az - »(ZFf.‘V‘/r) (4-03)
A = {_{} + ci/’-%/zA % ‘ - (u;';.;nx_)

- B?";: 2 /v + Ry + A2 t-»s : ((4-41)
o 5)f+3§z--c£”‘q£‘/‘Az/2 | (4=t44)

- ( u‘-‘tl‘{v)'

(u—uok,

e (u-up)

‘:(9thi1 

B = D..Zfb D{Z'./T/L: SRR R |

?? = qiuWQC:A;,

oo DLH.g o
Dﬁt./.} (\!r’..--qh *ey V‘q&,”‘Az(T’_ I:’J)/z +(zd Ve, Tg.'
u,://" = (XJ-' xf:: ‘+X/‘3H _+x )/q L o o

. ‘XJ"l/z = +£L_‘ x_)'-l» )/4 : 3 / o

" (u-um)

(uesT)
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i, g jA .“ ,
Y /’“ = Y -1, ) /2 / " (4-4T)

(The read@,.is referred 'to Appendlx .D for the forms that

. (4-4) tak % he top and bottom Doundarles of the“ solutlon

domaine)

‘The system of equatlons (a 4) may'be:represented in

maﬁflx rorm as follows,x where"bracketsr indicate sgquare

¢, : -

matrices and braces/denotelcolumn matrices;

- ¥

s 1{4:} *LENT =)
[E]m +[D]{°r}

Fach of ,the matriées G, F, Q; D ahoféi represents ;a

tridladbnal dlagonally domlnant square matrlx.l Thus‘ the -

_ .system (4 5) has the followlng form T

{i'} - B S e (4-5a) .

L {T%;L B

[

¢
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— [ G A )
. - K ‘
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,‘._x\_s: e . '\B' o /.
NE LN T ,\ HL \
N AN : :
o N O
- SN N ., o
el o 1\ ./
(4-5c)
This " system of algebraic equations is Enon-linear

because the coeff1c1ent matrices G,’F,_B, D depend on‘vglﬁes‘
,of\pJand T ,.which are unknown;atlfhe time the eolut;on' to -
(4—4) or  (4-5) is 'sought. in' order to reﬁove this ’
non- llnearlty, _an' 1teratlon Drocess ~was ‘used in which
1n1t1al estlmates of the 4’ and TJ Values‘at each.pOLnt in
the solutlon domaln were made_'ahdi sqbsequen;ly‘ psed to

N

determine_those coefficient matrices.

— == —_——

".§glu§;9g of Llnear Algebralc Syst m'

At this p01nt let us brlefly examlne syst. - s of linear .
algenralc equatlons of the form '
(Al =y (-

where - [A] 1s an nxn constant matr1X"
) Co€ . .
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C{x} is a column vector of hnknown variables; and
{bp} is a constant column vector.
sSuch a . systen may be obtained, for example, -from

linearization of'(u-Sbl'by assuming the coefficient matrices

to

be ~constant.’ Numerical methods for sol¥ing linear

syftems, such as (U4-6), ‘may_.be“.diVided ‘into two tYpes

and iterative. The -direct methods,  exemplified by the

rGaossian elimination method, uill_yield the exact solution .

for dny non-singular system of egquations in a finite number

~

 of arithmetic operations in the absence of round-off or

~other computation ‘errors. However, errors arising fron

round—off, instability and loss of significance may-lead to

poor or - useless results. The 1terat1ve methods, on the other;*w -
hand, start _w1th an lnltlal approx1matlon and may converge_
to the solution of the systenm of'equatlons, by' apply;ng a

”7,suitable . algorithm.' The iterative :methods, although

approx1mate even if the process ‘c0nverges, are marked by

their sxmph1c1ty and relatlve 1nsensxt1v1ty to the. grbwth of

<

round-off errors. Many _systems of“equatlons arls;ng in -

. practice result, after discretization, in = coefficient

matrices that are 'Sparse".that_ is, they contain a high

-proportlon of zeros. For example, (M*Sc)'is”’such ,al'sparse

:system. Iteratlve methods, 1f they work, are ldeally sulted,'
lvfor the. solutlon of sparse matrlces, espec1ally it thelr_-’
order .is veryalarge, ellmlnatlon methods usually produce a"‘

‘ztriangmlar syStem [Fhat: is. 'n 1onger sparse (Dorn. and

o

Forsythe and holer,.1967; Conte and de Boor, 1972): ‘direct

i

Sig.
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‘.MSEEXZLen,W197§3; e - o
e P
L The ma%Fkx¢ §' may be pastitiqned.into tbree separate.”
ymatrlceg o “_ i | "." - h

o o | A'=,Lf0£q | BEE (6-7) -

vhere | . ‘ o | .

L is a. strlctly lower trlangular matrlx whose entries
are the entrles of A below the maln dlagonal 41

D is"a- dlagonal matrlx con51st1ng of the dlagonal

'entries of A; and

U is a strlctly upper dlagonal ‘matrix whose entries

;are t he entrles of A above “the maln dlagona

co

(4-6) may now be wrltten as
®

= . “»*',-. | [L+D+U]{x} = {b} - (u -8)
which gives rlse to the followlng well- known Jacobl (u 9),
Gauss—Seldel gu 10) and 6successuj% over relaxatlon {U-11)

N

. $ '
1terat1ve‘ schemes for the" solutlon_ of sYstems of linear .

"equat;ons (Varga, 1962) ".> e EE i%“b, SR o 9_
’ fot:= D-l(b-(L+U)§;2}Mf: b"fs(u;g)_”
'?x“* = (L#D)-2[p-gzt ]’ | . S '(hQiO)'

xg? = (wL+D)~1[wb+{(1 330 WOt ) (e

: S “ o

where wis a3 relaxatlon factor whlch lles between 1 and '2;'

-

and 15\\gg__1teratlon 1ndé£@‘Note that (u-11) reduces'tb‘
:j(u 10) when ul-»]. The matrlces M s D‘I(L+U) from (u 9), fu'
s (L+D)—1u from'-(a in and M= (wL+D)-x{(1 w)D-wU} from

gf‘(“ 11), are' deflned a the Jacobl, Gauss Seldel :qnd;.

*{ee;)succe551ve over—relaxatlon 1terat10n matrlces, respectlvely.

74f'051ng the above deflnltlons of the lteratlon matrlces, each,@

[
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of tne prev1ous three lteratlve ‘methods (4 9 to Uf11)i'haveﬁ
. 4 » e o
the general llnear form o , M ' ~jff |
x?* ="Mx* + b : ST (u=12)
\

o -

a nece%fary and . suff1c1ent condltlon for convergence of such
- 5

a linear lteratlve scheme 15 that the spectral radlus of thé%\

~

iteration matrlx M - Q(M) ';-- that is, the largest

elgenValue in absolute valwe of the lteratlon matrlx: M,"bee

b

" less . than unlty (Varga, 1962).‘ By Gerschgorln's theorem
(Varga,e1962; Conte'agd de,Boor,,1972), the spectral radlus

of the iteration matrig ! isflless ‘than unlty 1f ltag | -
> ;E;la@jr'for alli= 1,72, .v. 4. 0, where e{gf:are‘.thet
= . S . : -
L Ime ¥y = g T o )
~diagonal entries of matrix Aj; that_Ls,'lf the matrix A is a

Vdiagonelly-dominant,matrix; : e S 3 o

4.6 Solution of Non-linear Algebraic Systems * ..\.
e ‘ s e,

- L ‘ . - . .‘ o ’ . B \
-+ There: are no completely general ,methods for ‘solV1xg
v o . < " .
-@rbitrary. systems of non—llnear equatlons. Exlstence and/o
'uniQUeness of such solutlons is':a' largely unanswered'

_question .(Rall _1973). In addltlon to the complex1ty of the‘

‘programmlng regulred, there is no guarantee 'of, convergence-} \‘
of the 1terat10ns.f Howéver, ethey chtmithath aﬁsystem"oftft;
partial differential eQuations mdy be non;lmnear does_~notn
:preClude 1ts solutlon by one of ‘the ba51c methods presented
above in relatlon to 11near algebr@ic systems.. The oaime‘of-L

- amy -flnlte..dlfference-representatlon 1s-tolap§r0ximatevthe
bnon-linear parTiei.oirteremtiaf,ueégetion» by; en--algebralé

 equation which is  linear in its unknovns.‘Remson et al.

Ty

¢
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(1971) descrlbe some linearization ‘methods ford several
non llnear problems : in subsurface hydrology. VAlthoughnv
predlctlve correctlve schemes (Douglas and Jones, -1963),‘or

a

threeelevel itschemes ) (Lees, 1966-’ Mltchell, 1969) are"

effectiye lineariiétion methods,'"a Plcard type iteration

e

'(Remson'et al., 1971- thsler and Klute, 1965)'was used’here

L4

wzth the objectlve of xeeplng the numerlcal solutlon scnemeg'

*

¥

xlx
d§'51mple as pOSSlDle. This 51mp11c1ty crlterlon is also. the.

reasdn for u51ng a unlformf grld throughout the studled_,

profile. The llnearlzatlon scheme used -- -together vith the

g
~

maln steps of the numerhcal procedure -- ~ére . indicated in

3

,|.

the followlng block dlagram (Flg. b= 3).

Attempts ' po 'solveu .the systenm of eﬁuat}ons (4-5)

dlrectly u51ng matrlx 1nversxon techniquesg failed because

EG'lF] or [G - FD—lE] -- resultlngffrom

thef matrlces d[D»
solv1ng the flrst or second of the equatlons (u 5) for qJ or
T:and. replac1ng the result into the second or. flrst equatlonv
respectlvely fef could not he 1nverted because.they'were

algorlthmlcally 51ngular matrlces. Therefore, the‘ following.'

_'GauSS—Seldel lteratlon scheme-wasvused”to solye,the system.

,pcfﬂequations*(Q—S):#: _l';l'
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[ o : . : . i

Estimatqv'TJg,°QA for all grid points.
For first §fep set, * ‘T =p" yi-pr

.Calculate boefficieﬂﬁrmatrices b,vE, F, G|
atj-1/2 based on known quantities T, Pt
and estimated ones *N » *PJ utilizing
-experimental relationships, | ‘

btain a first solution ?TJ,HW by solving:
W= H-F W' using the | |
'Tl"=\H!—E1ﬂ.'Thomas algorithm

1

- Exit -~ \_Yes ' IS number \_: ' ”_T ; _
-\No convergence, v ~of Increase iteration

S iterations, K>X,?| number x = K+1.
No -
Check for. - ‘W= (Cri s i) /2]
.. <gonvergence No— . - D

CISPT - <€ jeypls g+ ) 2|

. res] , v . ‘
Increase time step ' J = J+1 L

No : '/ _

T - .. [ Figure =3 0 '



o :B “‘"
o
G F = (d Gauss >
[ b) {} Sawss.
E D j H" Seidel S (4-.13a)

||
[ea] (9]
(W) o
S
~\.\
H €
L.
W
oo
——
i
. ‘ ]
o o
(=] e ]
—_
e
H e
3

" (4=13b)

Thomas algorithm (4-13¢)

H - ﬁ uﬂ-———-» TJ

o
]
I

is G anu D are dlagonally domlnant trldlagonal matrlces, the

<.

Thomas algorlthm (Carnahan et -al.,' 1969 - von ‘Rosenb%rg,

1969) 'was used tov solve the Systen of equatlons (4-13b) .
ThiSfSCheme proved"tqw be, very fast in converglng to"a
sOlutiou.4'Convergence usually took place within. one or tdo;
blteratlons. Thus there wvas no need »to ”use the _succe551ve’

‘over= re&axatlon technlque.

A',listing. off the. FORTRAN IV computer program used to"

solve tne system of- equatlons (u 5) 1s preseqted in® Appendlx;b
"E. All calculatlons were carrled out on " the fAMDAHL 470VA6 2
ﬁcomputer of the Unlver51ty of Alberta Com?uélng Serv1ces. AL

brlef dlSCUSSlOﬂ of some of the features/ of . the computer
7

. 7
A
J

The subsurface proflle studled (SSQY cm- deep)u was

program follows.

lunlformly dlscretlzed u51ng 48 Z;pes (i = 2, wie, 49) of ;

) , .
! A
k]



«,direction of flow was upwards. A tlme step of. 0. 5 hr was

V!

o 136
'grid. size Az = 12 cm. The initial wateg‘table position was
at 300.cm below the surface node i = 2. The general

chosen by a lelted trlal ‘and error procedure. ;Im most of

the early runs, a tlme step of At 0. 2857 hr was used The ¥

5
.entlre Subsur face proflle was assumed to be homogeneous Hlth

-

. reSpect to the thermal .conduct1v1ty, whlch 1n- tufn 'was

o !

con51dered a functlon of water content only. However, with

regard to hydraullc conduct1v1ty, the saturated domaln. of

~the subsurface proflle vas treated as a heterogeneous medlum

whlle the - unsaturated domaln was treated as %:Jogeneous. In

.

: accordance with saturated porous medla flow theory- (Scott{

‘1963), saturated hydraulic: conduct1v1ty between adjacent

t

layers was taken as 'harmo 18 mean of the hydraulic

conductlvitiesvof‘th Fig. 4-4).

»]/'Tf' | 24z ¢
KL+I/;= -------------------
A {‘AZ/KtQ:S;‘AZ/K )}
S | (&—14)
K YY)
e
- | Fi urevu—d' | o 5 : v.dl_:

- The, saturated zone was' d1v1ded 1nto three layers (Flg. 4¥$1

with fleld measured hydraullc conduct1v1t1es of K. = 1, 256

'cm/hr,. for the flrst layer° K -‘O 687 cm/hr for the second,

:and K —O 054 cm/hr for the bottom layer. whlch 1nd1cated the ,
v : ‘ . : ' BB

c. %

| \gﬁl

A\

X
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" that p051t10n. draulic
oA i e j“fﬁg - e ,
_pogductiv;;les were correcped o} ihe‘e fe of tev rature
f:f o : L S : gw 2 b ¢ .

‘on densxty and v1sc051ty us1ng the followlnq r

P . W 4.»,‘( e
l‘-;\ ‘ : o K(T) K(Tr,*) (r/gt Yo (g/,)«_)T' LR G
where the _reference ;temperature Trﬁf_ was 10C for
saturated zone ahd T;‘{ = 20c¢C for’the‘unsgturated zone,
| v L4 .. l ‘ .‘ . ' . M" . ' \‘ .

Th% porous medlum was assumed to possess a  constant
por051ty value ¢==O 41 and elastlc storage propé@tles thatt

. can be effectlvelj represented by the spec1f1c storage S,.
‘}The. spec1f1c- Storage 'waS"a551gned a constant .v'alu.e.(Ss =

2x70~3 cm-1) for the'vsaturated ‘region -— which is an

. acceptable 'approxlmatlon when the‘ changes in water table

elevatlon occur slowly (McWhorter and Sunada, 1977) -- 'and

zero for the unsaturated zZone, ln effect _the unsaturated’
:porous medlum was assumed to Be 1ncompres51ble.

The top boundary condltlons consrst of a 5011 surface
etemperature fspeC1f1catlon for the heat flux equatlon and a
'.prescrlbed water flux (1nf11trat10n or evaporatlon) for .the
pressure head equatlon.;'TheQ surface temperature .may be;'
Aspec1f1ed as a 51nu501dal wave- or [ast piecewise functlons‘\

!

]Olnlng‘ measured data. In the case of evaporatlon condltlon”

>

the user does not have *tov spec1fy auf'evaporatlonl,flux'

‘relatlon because' it ris calculated‘-in ‘thedtérogram. The_

evaporatlon flux is calculated by u51ng 'thet water balance,_ -

equatlon (3 21) wlth the3 1nput flux calculated u51ng the'

\\«non-lsothe mal flux equatlon (2 38), and utlllzlng the uater

A\
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the time change of moisture content for the top mesh layer.

The bottom boundary water flux wass given a ge of .

. expected values baégd on direct /or. 1nd1rect observatlons of

‘

the hydraullc gradlent “and c»nduct1v1ty of“the bottom

- Dhaterial. The value a551gned to the hottom boundary flux 'Wwas

f

W o= 0.07 cm/hr downward. The si n convention‘followed was

(R

egative for upward flow and positiye for downward flow. The

b ttom ooundary for the ‘'heat flux' equatlon was a. zero

temperature 'gradlent specificagio . This gradlent was

approx1mated by a forward difference scghene, in contrast .to,_'

:the central dlfference schemes used gen rally throughout the"

~computer program to approx1mate spatlal erlvatlves.,f

As a convergence crlterlon, a tolera ce of é = 0.25 ‘or-

[}

0. 3C was used for the computer runs with a A¢ 0. 2837 hr
and € = ‘O,SC'_for ‘those "Wwith ' a }At' =N‘O.5 hr betweeni
temperatures calculated durlng two successive tlme\\steps,

3

§ excludnng ' the surface ,temperatures;_ Therefore, _%f. the
condltion',ng o= T{q_l <€ was satisfied, ,the computed‘
solutionﬁ'was accepted 'aslivalid; otherwise,'an‘iteratlon
‘,cyclex>was-ﬁactavated' (Flg, ‘Qfé). A similar‘:convergence
criterionv'could have_ been’ established for the 4hvalues.
f'However, gudglng from the results obtalned u51ng only
temperature\ convergence crlterlon, such a condltlon ‘was. not

._conSLdered necessary because the pressure, head valuesgvmayi
change> consxderably ' a”‘tlme‘,step,a.especially'fduringyi



~the bottom node became negatlve.
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-infiltration into a dry soil. The numerical scheme I used

!

proved to be very fast in converglng to_ the ahove

requlrements with only one or tvo iteratlons. If the number

Y ) _
of 1teratlons ‘exceeded -a vprescrlbed‘ number Kqu without

convergence, the’ procedure ias, stopped_-with' approprlate

messages prlnted (Fig. 4‘3).f The * computer 51mnlatlon was

also stopped and a warnlng message prlnted if the value;of

-

Because of. tne banded nature of the square matrlces D,

E, P, G, (u 5c) Hlth one upper and one lower dlagonal, these

‘matrlces were stored row-wlse (band storage mode) ‘S0 that

the zero elements were compressed out of the- matrlces. Thus;

dlagonal elements falllng 1nto the second column. Equatlon
(4~ 5) shows an example of the band storage mode” used to"i

min. . ‘ze computer memory regulrements.

l:ﬁ; Ay 5;fd

; " 0
Ay ag, ag 0 o | .‘_0 , S az,lr azz ag |
0o va_. C ay, O 0 stored as‘ | 2z, “'_a‘” ag, |
0 B TR O s e 3
0 o Ay ‘355' Ayl sy A ag
[nm]ﬁ S S [nx3_] (a-16)

i~

S

The SLmulatlon program can be controiled by the user 1n-'

- the followlng ways. By settlng the computer 1nput parameter ey



L

V.;mplemented in the present computer program.;_¢'

"Kdﬁ§1 egual‘to 1 or 0, the bottom boundary condltlon can be. -

\

-

oy

[cN
i C

Y

or‘1, the top boundary can be spec1f1ed as evaporatlon‘
o 1rlltrat10n. In a 51mllar way. by*puttlng KODEQ egualﬁto
0 or- 1, the - ‘user may spe01fy af.problem 'either in. an‘
uncoupled (1sothermal) or coupled (non 1sothermal) tran51ent
(unsteady) form.»KODE2 i, where i e}l, 2, .Q.,' ‘NJ L(NJ ';

number of ‘time steps) spec1f1es the number of tlme steps'

that may. be yklpped before the resuilt is prlnted.é'. R

At the beglnnlng of _the programmlng effort,_ balance;:~

eguatlons 'were'»used fto’ derlve the hydraullc conduct1v1ty”

;efunctlons.iThe Hater flux was calculated from - the measured”
" time change of . water cbntent and the known water flux at the_'

.bottom of tge top mesh layer. A 51m11ar balance eguatlon was -

/,

L

also used to calculate eyﬁeat flux from the measured tIme
. ¥,

"change of the 5011 heat content with the bottom, heat ‘flux

. o7
@y

calculated from the thermal condu¢t1v1ty and/temperaturet»

i p

-

'gradlent However, these schemes* espec1ally the latter one,'

't%ansport/ecoeff1c1ents 1nvolved Ln the system of equatlons"

e

resulted;wln numerlcal ‘psc1llat10ns//’and 1naccurac1es.,-”
£

/

'Therefore, the fleld approach proposed in- Chapter 2 was not'

i

PN
S \ N

a conseguence'_of ﬂthe above‘- development,'. tneﬂ

L
. -

(u 1) were estlmated analytlcally as shown in Chapter 2.-‘In_‘

3order -to 1ncrease the accuracy of such calculatlons, I used

I

‘vdouole prec1510n arlthmetlc throughout the program.-“Becauseﬂ,p‘

* Ty

w0

spec1f1ed as recharge or dlscharge. By settlng KODnS egual‘

.44,

a



1model 1nclude"ﬁ

S - . - B TY

'of uncertainties. surroundlng éihe’ DTI coeff1c1ent for

saturated condltlons mentlonedbln Chapter 2 (p. 29), and -rn

K4

Ed

order to rSlmpllfY the numerlcaL calculatlons somewhat, the.

dthermal dlfIUSlOD coeff1c1ent DT was assumed equal to zero

under saturated condltlons. "This assumptlon does not seemd

unreasolable 1n view of the smalI temperature gradlerts
observed in the saturated zone under study and of. ltS smaLl

thlcknes5° also the llmlted number of relevant data .f the

".saturated zone"severely llmlted dlrect use’ of - the quantlty‘

2

Btp/ BT (2 31)

“1ntroduc1ng con51derable errors.

~y

The ratio C o th /‘erage temperature gradlent in

air=- fllled pores to the oVerall temperature gradlent which

U

appears 1n the expreSSLOn of DTvvcoeff1c1ent (2 18), has to.

" be spec1f1ed‘” §% ' followlng values were adopted from datafj‘~

vprovlded by Phildp and de VrLes (1957) and Rose (1968a, by .

i

For T < 25C,‘§. fT g“ *and for T“% 25C, §}= 1 3. It should be

©
"’ \

‘h_noted' that a bonservatlve\ polnt"of V1ew was adopted 1n'

o

‘T-ch0@51ng \the 'C'-values and in 1nconporat1ng Rose's E

.hcoeff1c1ent - the llqu1d—ass1sted vapor enhancement factov'

_t——-lnto the pore geometry factor f¢ Th%;'computer program\

n

'1prov1des for both qhbased and e-based e&datlons dlscus5ed ln

;preV1ous chapters.‘ ‘_v'u e ﬁv'_g__- i

Experlmentally determlned lnput data to the 51mulatlon',:7

" B T L Wy, '.“':

-Lé- 1n1t1al dlstrlbutlon of temperature and pressure phead'?””'

Y

ff:l“ wlth depth (usually supplled as graphlcally smoothed’h_f

. . e
- E . s o N LRI : T ST,



curves) ; . v; : | o . /fr
-- timeldistribution of surface'temperarures (Es mentloned
in 'Chapter -3, the measured soil temperatures/at a depth—
"of less than 1 cm- were taken as surface temperatures),
-~ characterlstlc functlon(s) -~ qus 6
-- hydraul;c .conduct1v1ty functlon(s) -— ¥ Vs 9 (thls
function may ‘be optlonal because the user may decide to.

use the water balance equatlon for calculatln. 'K _built

: the mod ;L I o
1n#@f e modely; - S o =

-- tHermal conductivity-water ‘content relationship‘-—'),vs .

. , ! : ) . TS K i
6‘ T ] o o S . . .
X s . : S ‘ ' ) ] - N .

-=. distribution ‘of volumetr1C'percentages of organic matter
.and-miueral matter'with depth.

“ L

The dafa ~from. the characteristic and 'ﬁydraulicf'

‘conduCtiviryvfunCtions,_from the thermal conduct1v1ty-wateri'

fcontent relation)v'and from a serles of”table look up data’{-

sets appearlng in the program —-”such as the relatlonsh1p3/4
vs Q Vs T, L' ¥s T, R: vs T, c{ vs T and Dq'vs T --: were

calculated' u51ng the cublc spline. 1nterpolat10n (Ahlberg et .

~al., 1567 Conte and de Boor,, 1972)., ThlS 1nterporatlon

meihbd pr071ded a relatlvely 51mple, contlnuous and smooth

I

"curve through all p01nts of lnterest, Thus, values' at some }

‘ y

'-“unknown p01nts can be evaluated and many common operatlons,'

IVE N

such'as: dlfferentiatlon angd - 1ntegratlon, can - be 'eas;&y
‘performed.; 'fa "‘,'1.' e _f_ o r LT
The ofitput of the Program consists of a list of somé'

o
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physical-parameters'for the systen, suchs as the .section

E

length studied,m the gas constant, the spacific storagej

value, and others; numerical ’ information, such as the

-0

maximum sSimulation time, the size and number.of time and
space ,increments, ~ the maxiuumh"nuuber of vallowable
ﬂitefitlohs, - and others’ '~a‘ .list of  top boundary'
dtlme temperature dlstrlbutlon and initial depth dlstrlbutlon
of Q 6 and T the calculated temperature, pressure head and

moisture dlstrlbutlon, as well as all transport coeff1c1ents
and heat and water fluxes.

As the above dischsSion may suggest,. this 51mulatlon

model‘"is' general nd flex1ble. It .can handle any type or_

e

boundary condltlons, heterogeneltles, saturated unsaturated'
ﬂeglons, 1sothermal and; ‘non- 1sothermal 4,env1ronments,v

tran51ent and steady-state,systems.‘

v

4.8 Program I?,____QQE}.QB

. - {

P

.The ovérall.‘errorf of a 'simulation rasult may be
_considered as the sum of errors 1ntroduced by the numerlcal

finite" dlfference analog and/or errors 1ntroduced byﬂl

—

./possible , 1nadequac1es of the’ theoret1ca1 framework :in

°

descrlblng the partlcular phenomena. Although ;he‘lvalldltj

ﬁof‘ the uncoupled f(lsothermal) ‘equations is supported by a

-

con51derable Dody of llterature, the correspondence of :the

the phySlcal p;ocesses‘

coupled non-lsothermal eguatlons t

-~

has not_been*uell:established. Such u certalntles are malnly



_under . fleld condltlons. As I Hlll pblnt out in “the flnal

ﬁ U T g
| . p

%

due to the ' relative scarcit of studies verlfylng‘ the{&“,

validity of the non—lsothermal coupled models, especially‘ﬁ;i

;
chapter, con51derable reseQrch ‘is Stlll needed to verlfy

several aspects of such systems.~ However, thlS studgl and

-

. others__(Rose,é 1968a, <b c; Jackson- et al., 1974 1973)

‘truncation and round of £ ‘errors in approxlmatlng the

coupled equatlons.

'support its general valldlty. Therefore,‘I will assume‘ that

errors ih the sofétlon Zare,'lntroduced by the numerlcal

algorithm used- in the. present_ study --and ,notu,by, the
mathematical model.

\
\

Because' numerical technlques 1ntroduce lnstabllltl°$,

) . : ER
solmtion, it is necessary ‘to‘ check the 'solution 'with,
experlmental data ~and/or ‘a :theoretical (analytlcaly
solutlon. %heféfore, 'the ‘uncoupledi equatlons of heat and

water wlth constant coeff1c1ents —i"for".whlch 'analytlcal‘

© o)

'SOluthHS are avallable -- Were con51dered for thlS pﬁTpose

in order to glve an 1nd1rect check on the valld;ty‘-o ‘_the-_f

A llmlted number of analytlcal SOIutlons are avallable

s

”tor the complete heat transport eguatlon. Howeyer, no. trury

analytlcal solutlons for the m01sture equatlon are avallable-‘a

(Guymon and Luthln, 197&). Klrkham and Powers (1972)

'summarlze‘ some of Ph111p s (1969) approxlmate solutlon'

_techniques of‘ uﬁcoupled m01sture problems. Therefore, 1n--

order ‘to check twg.valldlty of 'the nnmerlcal method @thef'

/ .

Ly

NG

i
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[y
rs

' transient uncoupled heat equatlon with constant coefficients

was solved u51ng the sanme computer model The resuits were

/ .

ucompared wlt%inthe analytlcal solutlons descrlbed - for*
B example in Carslau and Jaeger (1959) or in Ingersoll et

al., (1954). Spec1f1cally,v_theu followlng‘ heat conduc}ion

problem was considered: o o o l: i ;ﬁ'.’
€ 2T/3t = 3D I1/32) /32 = A TRz w7
dT/3t = (A/C) a“"T/az2 S aZT/,;zz S o (4-17b)

wherev o(.is lthe‘ thermal dlffu51v1ty (cmz/hr) with ~the

follou1ng boundary and 1n1t1al condltlons- ,

H
1

ocavz=o"~' SR

L]
1

=0cazs=1 . © (4-17c)
T =T4=10C @t =0
-Thev analytical ‘solution~ to the abbéep problem = is

.
(Carelaw and Jaeger, 1959)°

ap 2 . o o . o
-r (4_[;/]1)2(2"” e_u(zvu-l)ﬂ. UL Scﬁgﬂ'—gﬂi v ,‘ - . (4-18a) .

or

+
5
Using the followlng representatlve input data, o = :H/C =

»

| T—(A,T/n‘){ _ sin 22 T LN ' e -'fvsm ME‘ -zsn%(t/im ;nz } (“ 18b)

.[8/0.5 = 16 cmz/hr and L 564 ca, one flnds that for t =';2u"

hr - and i 36 cm, for example, the analytlcal solutlon --

_u51ng the terms shown in (u 18b) --is- T(,.,“t.z4) -~ 8‘07:;

‘wh;le the numerlcal solutlon fobtalned u51ng the presentj‘
o$pn&=gram ulth a tlme step At-= 0, 2857 K was T(,.u t.u) =

| 'ﬂd;OSQ. 'The: agreement betveen 'the_ two .‘is,»' therefore;
-excellent--v(relative error. vﬂO 25%) suggestlng that tne‘

uncoupled tranSport equatlons are- solved correctlyl--FLgure""

]
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4=5 shous ‘ the - dinitial and"ﬁsimulated + transient
7temperature—depth dlstrlbutlon for the " ‘conduction ‘problenm

(4- 17) considered here.

The 51mulat10n results were also compared wlth observed
field data. Flgures u 6 and 4- 7 compare fleld and 51mulated"“
results. In all‘those.flgures the input depth distribution

" of - temperature or moisture

n the early afternoon of'August

13th, 1976 at Slte 2 are sho n wlth the continuous curves.
’ E \

If one kekps in ‘mind that

"in th 'fleld the unsaturated

cdomaln 1ncluded ‘some dlscontlnuous clay loam lenses but that
kol

the 51mulatlon model assumed a homogeneous unsaturated zone,;

the 51mulated results are in satlsfactory agreement wlth'the i

y e

observed data.

El

"

oot Ce

.

-

The present- modeling study. doeS“ noep7r9present'*”
. 4 .

exhaustive numerlcal treatment. Because 'dff the 1nherent
‘complexlty of the numerlcal problem ;andf'thei‘ahount ofd
»storage and~ computiné tlme requlredv the number of cases
that could be run economlcally were somewhat‘ llmLted he
v - 7
'max1mum t1me for:any one 51mulat10n trlalt;as one week. lhe’

@ c
9

dmfference equatlons (4- 4) becone the quglnal differentlal -

;equatlons (a 1) as.Az tends to dz and.At to dt. Therefore,

the accuracy of the flnlte“ dlfference approx1mat10n 'is_'af'd=

DN

-functlon ~of the flneness of the tlme and spatlal grlds used
‘in the solutlon,‘subject to computatlonal llmltatlons,- suchf
kas truncatlon and round-off errors. However, in order to use}

': the avallable computer funds most eff1c1ent1y, ratner coarse

- o : .
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grid systens were used to -reduce 'the storage and t1m°

‘reguirements. A computer 51mulatlon run of 168 hr (one week)

wlth a time step of 0.5 hr used approx1mately 25° sec of ,CPU
time in the Unlvegslty !'s fast AMDAHL computer° whlle, the 24
hr runs wlth a tlme step of 0. 2875 hr (wlth some minor later

modlflcatlons) used approx;mately 12 to 13 sec.

Owing to the non-llnear nature of the present coupled

=problem, caunaon should be exerc1sed 'in using abrupt imposed

boundary changes. It may only be p0551ble to handle these by

51gn1f1cant reductlons in the tlmeq‘step. However, abrupt

T . . : ' . -
-change may lead ‘to nore 'serlous problems 'Such as the

dlvergence of the solutlon. For better and faster 'results,
) L ]

the¢'1nput data sets should be representatlve, continuously

‘varylng and smoothed .;3'1“£5“;‘1,f'm,y44 S | ,,Y~J//

Dlscu331on @

Ahlimited'number of fsimulation problems were -solved

using " tXe computer:'s1mulatlon program descrlbed above. In
. _ . ute

':ever} 'case,~"both v\the}_ 1sothermal o (uncoupled) : and‘

non-lsothermal (coupled) models fwere' used ;,order to,‘

_evaluate p0551ble coupllng effects{\Three dlfferent _1n1t1ale'
- condltlons were ‘used 1n studylng the drylng or evaporatlon

o problem. These 1n1t1al condltlons are shown in- Flg. u -8 thev

correspondlng computer runs are referred to as Run 1 Run'“2

“and Run 3 '”he upper boundary temperature tlme dlstrlbutlons.7

‘used for these 51mulatlons are shown 1n Flg. ur9.vTable14-1hq
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‘summarlzes the condlt;ons for each run. A llSt of some

\

physical paramet@rs .and numerlcal‘\lnformatlon for these -

simulation rins are shown in Table a-h L "v‘
: A - ‘
i

Usmng the 1n1t1al condltlons for, uan’ (uet condltlon

_wlth tleld observed but smoothed data) and for Run ) (dry"

L.

- \
~

)

evaporatlon and m01sture fluxes as 1nd1ca ed 1n? Tables “4-3

V-

and m01sture; fluxes computed from the jncoupled eguatlons

'\

co tents are at lntermedlate levels (Run 1). ThlS 51tuat10n”

7 \A

holds true aS‘ long ‘as‘ the normal teMperature gradlents,

preva 1L ln” the 3011 that 1s,'when the hlgher temperaturesff

. are; aé\the top and decrease w1th depth 'ln OppOSltlon to the

potentx"l gradlents observed at the fleld 51tes. Thus, 'a

condltlon) 1nd1cated above, no apprec1a%;e changes _inhifhe'

system of equatlons,_(u~1) .for short tlme 51mulataons.7

““However, significant dlfferences Were observed ~in the

It should be noted 1n those tables that the evaporatlonff

re hlgher than 'thef ones - computed f om  the - coupled

temperature. fleld occurred by coup11 g -or uncoupllng thef_’

e uatlons, ‘and that the dlfference 1s gre ter when the water;v’

LA

.Jsmall f‘ow is. set up op9051te the potentlal gradlent to slowf‘°

°

‘Tables u-s and 4- 6

o R Lo N
.. . P . .

‘of K* ,wlth decrea51ng ‘water content than the one of mr

w7 . - . . ),

R

dry»ng rate.- However,, durlng the dlurnal cycle, when,

temperatu%e gradlents are reversed the op9031te holds true,j

u-1o and 4 11 1nd1cate a muchl faster decreasez'
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¢ ‘
(p.iso and thereafter). These flgures, in conjunction withe

the moisture flux_eouatlon_(z 38)1, show that the drier tne.
esoil hecomes the moreAdOminant theuﬁecond'term B inb (4-139)
becomes. Therefore;1 under very dry conditions and with the
tenperature décreasiné with deoth, the. positive (dounwardf
term B in  (4=19) exceeds the negative‘(upward) term A in
magnitude. As a consequence, evaporatlon 'becomes posftive;
that is, a condensatlon effect results. This‘situation was
simulated by '1m9051ng the: initial ;1and 3?#5@ ",boundary‘
conditions_ of Run 3, tFLgs. u;8<and‘u-9‘y consisting'oﬁ’ad

hlghly negatlve ? dlstrlbutlon wlth depth coupled'with high

.constant initial ~temperature
Why . a‘

,‘gradiént of ”9;55 ¥ sughout."A sample of simulated
'results are shoun in Tables u 7 and 4-8.

-ﬂ;' The transport coefflclents useé 1n'ithis' nodel differ

_ o L .
- from the famlllar form' of@ Phlllp and de Vries!=(1951)
'jcoeff1c1ent5\in‘that they @re derlved from the more ~general . -
'y?—based equatlons.‘ﬂAS' Canf be:‘Seen .i Elg._ 4- 10 '1the'

.model-calculated va'ivaluesf_(ZFJ7) - ”_f extremely )small..E}

However, in the ran@e of iater‘ contents where the 5011“
. - T s ‘ s
jrelatlve humldlty h- 1s belou 100%, the con51derable 1mcrease

\/v' _

\

e :
of\the pressure head gradlent ?*VBZ w111 cause the product AN

Y

"[unh Bw/ézy appearlng 'in' (u 1) to rise to a: maximum value

‘711n one—dlmen51ona1 form, thls e&hatlon becomes o

. ) qw/e z 3‘{1/32 D DT/)Z + Kl oo ,:_ (“__19)




. 'Z’

T

f(’-—-» cm/hr

-~

. Figure 4-10. Total yl_at'er:-‘(.bydra{ul-iv.c) conductivity ‘function Kq)-(e).ﬂ ST
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before eventuaﬂly fallln§ to zero as ﬂ,\ and therefore h,

-approach zero. Notlce in Brgw 4- 10 that KY domlnates over K

,'/

at very lou md;sture contents. o ' o v

/ . .
- N . . N
. b

ihe 'thermalndiffusion ooefficients'calculated"from the

. - " 165

model. are shown 1n Flg. 4 11. The DT coeff1c1§%t -increases( r

'r‘

: contlnuously with, decrea51ng m01sture conten ﬁnd becomes

to the break—up of the §—values used in 'this_.program

\ 1’{
the domlnant thermal dlffu51on c0eff1c1ent at lobt m01sture

fcontents, as. can be seen 1n the flgure. The breax in slope

in the DTV ecurve (marked by an ar/gw in the flgure) 1""&

\, B

-141) . AS mentloned before, there is-sOme‘uncértainty #

determlnatlon of Drl'coeff1c1ent, as proposed by the ﬁi'

_sz coeff1c1ent computed from‘%% 37) Wwere compared Hlth 'the'

3,

Zand' de Vrles' surface tens\on model (p.<29). Values of tﬁe‘l‘

"‘values' obtalned by the Ph llp and de Vrles model (2 35) andpf )

'Qde Vrles model. The DTZ coeff1c1ent ~(F1g. Q 11) 1ncreases'

‘were found 37% toﬁu1% larger than the 1atter, 'as- shovn ing:;

"of the fact that experlmentally measured values of W ',werel_

-Table 4- 9.,My approx1mat10n seems to be a better one ‘in view

-

'up,to-twice (ﬁilkinsol

(Jur ¥ fah-d uii\ieﬁr/

v

wlth 1ncrea51ng ‘uater' content before startlng to rapldly;.ff

decrease near- saturatlon. C RN

An- explanatlon of thls D12 coeff1c1ent pattern is 'as”v”

.

_deylatlons of water flux 1n porous medla from Qarcy!s 1aw;

-

"";' FER ‘ 'w;;x" R A R B AR 4

and Klute, 1962) ' 1more _as large?-

u) as . those computed by the Phlllp and;[

‘follows (Joshua and 'de Jonq, 1973). Most\Qg the observed.fv{'
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‘are :attributedb to:vinteractions. betueen;the vater and the
porous - nedium (Swartzendruber, 1969).‘ This interaction ‘is
proportlonal to the» area .of contact betmeen the porous
__medlum and llquld‘water and lncreases as ’the-‘medium pOrefe

sizes. decrease Hence,' as " the 4water content in the 501l
'

decreases, the prOportlon of water flow that occurs in the
,smaller pores 1ncreases and thus soil—water interaction_

1ncreases; In general couplang phenomena ' are' also .

: pronounced uhen lnteractlon betueenfthe fluld and the porous'

— : ’

medlum occurs., ThlS” phenomenon can be demonstrated by the -

. . increase .in thermally 1nduced wateQ flow whlch occurs wlth.
* B

. 1ncreas1ng soil dryness, a case presented 1n thlS the51s.'

'When s01l—water flow takes place at hlgh water contents,gfa-

]

large"proportlon of thls,'flow occurs through the larger
pores, . thereby_‘mrnimizing~ ‘the- effect of SOLI-water.
interaction.i Therefoje4/ the - decrease in. DT! at hlgh water‘

-

'contents nay be attrlbuted to ;low' 501l-water '1nteract10n.

’rhvﬁowever, at- very low, water contents,'when vapor flow becomest

/'lmportaﬂce,‘vthe 1argest proportlon of vapor flow would“"

.

;1,/‘ occur 1n the 1arge alr fllled pores- thus, 11ttle coupﬁ%ngal

w
. e

between heat and . m01sture can. be expected. . L\ 0 o ?f

e 1

Burnsen (1969) trled to apply the above observatlons to.

f :‘ ' " &-" 1

\

L turated*vclay ,suspen51ons. He reasoned that by decrea51ngf

[ R

conmgnt of tnese 'saturated .clay suspen51ons }by_u

: 1ncreaslng the;quompactlon ' pressure, the temperature‘\f;

L. .

'y_.gradlents..wouldfphecpmg'_more effectlve”h thanp] hydraullc:”7

_.gradients . in -3ca&sing water t ’noge
€T R PR . AR

within compactedh“}
e e

~ T -
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Ao
Nt

v . . ) . . 7 .

'sed{ﬁgﬁts. Although he observed an increase .in thermally

/

1nduced flou wlth 1ncrea51ng compactlon pressure, the amount

’ & # -

of such‘flow~1n hls experlments was generally less than thatV

reporxed for liquid uater 1n unsaturated 50115 at comparable

water contents. ThlS result was attrlbuted to the lnfluence

ENRY
WA

« conditions.

' u%fThe‘ calculateﬁ“w secondary maximup/(in'=the;.D7Z—r9’

‘relationship (Fig. 4-11) @t

ey K >'° +

‘decreasing,uater COntent'_compared“'f 'Fa' slower relatlve-~

#

decréasé”‘df K in that range of water contents (2- 37). Data'

to check the phy51cal 51gn1f1cance of tﬁls observatxoanarei-f

Co TN

. not avallable.w o -gm_‘ R SRR

- ) . [T - ] . o 'A":A,& . ~. .

" is 'usually extremely small. ln magnltude. As can:ée seen»ln

\

Fig; 4- 12, it 1ncreases' 51gn1flcantly ‘at low moxsture

. Ll e

of the;vvapor' phase whlch is"absent undar saturatedﬂ

he low water. conteQ£ jrange'_is

due’ . to.  the faster"relatlve 1ncrease ,o |1n “hy} u1th

5 I o S 168

- The transport coeffxcgent\gt\i\\1c) appearlng lh (a—1b)‘”:

contents. Thls 1ncreas§ - comblned w1th a large 1ncrease ln_f.

the_ pressure head gradlent B}V'azb--'wlll cause thls latent{.

heat flux component (D %*/az) appearlng ln (ﬂ—1b) to -"aCh“

”'<'a _maxlmum..value_.before eventually falllng to zero as 9

\ i N appreabieszero. . ,‘ . . . - - e . . ., . S .3'“‘” . n )  /_» B ..

\ : FR . f

|

' s ; e A ‘
here . was “notv” apprec1ab1y lnfluenced by coupllng

\V"_ The\temperature fleld 1n the 51mulat1on runs presented;y;

b X uncouRllng hecause in the ranQe of water contents over whlchff~

.most of " the sxmulatlons Here/'run, that His{ﬁ above 5% byicV

-~ .
L

~ . ' ;_ ST R

Voo et
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" functiofs vere inputvtojthef computer, s;mulatlon- model~ tof

T v R K . . S
“.-contents, as shown in Table 4-10... - - Z<:¥,'

. . . ' W . . '
. P . PR o .

volume, the conductive'tefm of the heat flux equation‘“Z—Sa)

was“'ddminadtbiover the . layentvand~cqnvecqive terns -of the

~ .

" "total heat flhx.'Under éery dryf conditidns,v h0wever,ﬂ the *

‘

R,

latent ‘heat term of the heat flux equatlon (2 58) becomes'

increasingly important. At the same txme, »the \conductive

term ~ decreases rapidly. Ft' shouldcbbe_‘hoted ‘that ;fheLf{'

convectlve term of the heat flux equai'fn (the*third tefmkcﬁf*.f

2 58) -- which is ‘usually neglected;ainv non-isothermal

studles f*js,bécemes' increaskngly imporﬁaht.at higher water

S
|
1

As can’bélsééﬁ-in~ Figs. ~ 4-10, 4=11. and 4-12 shown

above, the computed transport Tchfficienis afeféxtfemely-

&ariable“with“changing water content. Thls non-llnearlty efﬁﬂgff

the"system (u 1)- prevents ;characterlzatlon_ by constant

coefflcxents. 1should also 'é notlced that",whenc_the

volumetrlc ,Water‘ content becomes less thah fabeut sS%fl

¢

‘thermally driven mo;sturej is\ latger ‘than ‘the potential '

gfadieptvfloy jFi§9ﬁ41O),for the,Taber,sites;

' .
i

;The hydraullc conduct1V1ty—watergcontent relatlonshlp

» -

'"used in any water flou model‘exerts a 51gn1flcant 1nfluence

'-on,;fheA.SLmulatlon resultc becauser the - calculated uater »

~

‘fluxes andnseveral transport_ cdefficientsv depend OQ':thrs

\ .
%)

' relatlonshlp. For the present study, conduct1v1ty functlons

.for tuo dlfferent, deptnsg,of Slte 2 were. experlmentally

determined'_{Eigs,3—25,lic—1uf; Both hydraullc conduct1v1ty

e

A2 b
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" . .deteramine . ihich ‘one resulted in a better agreement between_

observed and 51Mulated results. I found that the hydraulxcf

{

"conduct1v1ty functlon of the surface ,20 cm of 5011 resulted'
.in a comparatlvely 'better match between 'ohserved and

51mulated data and was thus con51dered more ‘represehtatlve'
. of the uhole unsaturated profller': " p . |
S ,

»Ergurevf'4—1d ‘.shousfllthe'-sinusoidalh 1nput surface :
'vftempeiature-timevidistributlon‘”together.:wlth -the f*uodel‘
.-calculated :temperature dlstrlbutlon at depths of 12 and 2“,
Cm;vA decrease 1n amplltude of the temperature 4wave »and a -
.time lag wlth 1ncrea51ng depth are apparént in - that flgureh
The calculated evaporatlon flux tlme' dlstrlbutlon is :alse
ﬂshounb ‘A pattern 51mllar to: the temperature dlstrlbutlon is

'also observed/ulth the heat flux dlstrlbutlon calculated by"

'hh‘the model, és shown “in Flg.‘u 1u The tlme dlstrlbutlon of

'-j,fthe pressure head in. the v1c1n1ty of the water ‘table for the'
Usame drylng condltlons (Run 2) is shown in Flg. u—TS;h.where_
‘:;fth gradual decrease 1n the water table depth wlth tlme lS

N ‘-apparent.: et

LT The euaporatron rate;tlue . dlstrlbutlon f_uﬁaéf'-,a__
ds o al varylng env1r5;ment :resulted l;ﬁ_ a’ serles.,efib
'hfdlu;nal exaporatlon phases, as shown '1nj Flg.e”u¥16,;;wh1cht‘
:'tenaeu to damp down ln tlme as the surface zone de51ccatlonhv
‘fffprogressed to greater depths. Such a' pattern ”as_ actually‘
ﬁfai;measured th : fleld by Klmball and Jackson (1971). In_

“.51mulat1ng thls evaporatlon pattern, da -sxnusomdal',surface




L-30

em/he
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F1gure 4-13. T1me d1str1but1on of éVabdaat1on f1ux_;;}
temperatures at var1ous depths ‘15&3
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. temp ratune _distrfbntion fsimilar to the ‘one shown ‘in Flg.
. i ' o .
nd ghe 1n1t1al condltlons for Run 2 ,(Flgs 4r8) were

L app11 d. It should be notlced.that.aftef the third day of

evapo atlve drylng, a »sgable fevdpdration rate-tinelfwdve
‘ .wés';obServed“_pThe‘ time dlstrlbutlon of the water
.‘cm depgh is also 1nd1cated in Plgure a—is, Thisp
on;-exhlblts a 51m11ar dlurnal Cycle but wlthh

l
uctuatlons decrea51ng progg9551vely in the deepbr

L _ . _ A
\ /. Althongh spe01al empha51s was’ placed on. the drylng'
of\< prob em, the 1nf11tratlon problem could also be handledw.byn

P

present 51mulatlon model An example of' -a wettlngf'

N

atlon 1§ glvenm 1n Plg.v“q¥17, where . the ‘tlme depth

ssure heaﬁ proflles under a constant 1nf11tratlon rate of'

@E cm/hr ﬁre shown. ‘_-'}/,»
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':ffﬁrles—type‘ of non~1sothermal theory JC' beAmodlfled and’.

> ‘ | CHAPTER 5.
N CONCLUDING COMMENTS AND PEPOMMLNDATIONS' S

\Fh// present study has demonstrated the fea51hllxty of

]

;applylng and modellng the non- 1sothermak flow theory to a

4
ffleld 51tuatlona“Comprehen51ve field . and 1aboratory data

‘collected here are generally unavallazle 1n a 51;gle studyal
‘Mtit‘ hopedf that dthef present ~work partly overcomes'the”‘w

'deficiency'éaused byy a iaCK 'eg:-necessary data ;faf, tué;;'
appllcatlon and modellng of non-lsothermal theorles, and fer 
comparlsons _-of'f theoretlcal and model results huith‘
hexperlmental data..rThe[ 51mpllf1ed procedures fer':fierd
Fappllcatlons' of .non 1sotherma1 ' theory ddeveloéedfnhere,

(Sectlon 2.  8) are as, ‘accurate as the 'ava 1able"‘ana1ytical

a

. models/;and/are suggested for fleld appl.

! . :
env1ronments. SURI t,~v,f

*ations in sujtable

ThlS work showed that the mechanlstlc Philip and: der' |

e;tended tp\ saturated cqndltibns.’ 'Thesew- developments;wﬁ

'1nvolved ’ the.fintro act '»sof‘ a{_new' approac35

’calculatlon of 11qu1d thermal dlffus10n"coeff1c1e ts baSedhli
:on local vapor llquld equlllbratlon 1n porous medla (2- 37)

"also of procedures for calculatlng the.'yarlous ,transportfg

.coefflclents based;_ibnj7 calculatlng fratios-'vdf["éhe§35s'

179

h;fpr;-theffh |
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S o ‘ e e
coeff1c1ents and comblnlng these ratlos wlth a detalledﬁheat‘ ’
flux equatlon (Sectlon 2 8).'Several problems 1nvolV1ng the
appllcatlon ’.of.' tﬁé; proposed f1eldv methodology became
3pparent,_5uchi as  the 1nadequac1es\‘bt _the thermocouple,'h'

eters' used “in the fleld the 1nsen51t1v1ty of some""

nts to small changes ln fleld parameters the ‘very
small »magnltude of varlous transport coeff1c1ents 1nvolved

-,\3 . in non- lsothermal flow studles, and others (Sectlon 3 8).

A comparatlve study of the mechanlstlc and lrrever51ble“

S thermodynamlcs approach to coupled problems- lndlcated thaty‘

-

the< latter has not yet advanced beyond carefully controlled;:y-

laDoratory condltlons. The present study verlfled jat least;f

»

Ain a general sense, the mechanlstlc non-lsothermal theory

under fleld qondltlons. It 53 apparent-.that prec1se' and

i accurate measurements of heat and water fluxes are essentlal

\; t5 test the valldlty of non- lsothermal equatlons.;jf

Lo

Thls work showed hov fleld equlpment can be lmproved ar ”;w

o

'-modlfled to- meet the partlcular needs o the researcher. For
example,'”in order to“-meet the challenge ‘of‘ th ld

. experlmentatlon, novel procedures T de51gn and constructlon

ﬂof fleld equlpment were developed wlth respect ‘to thermal

Ty L4

7Ttﬁefpﬁyariou5'u

a@ﬁ-

_5combiuationS%of“dﬁtaﬁtecoﬁaiuéwdeifce _*Thus,va‘*“fv deSLgn'

-er' lnstalllng and recoverlng thev Ehermal conduct1v1ty

probes was 1mplemented » \m;nor“ modlflcatlons -in the
- S

. L

constructlon ~of thermal condf fv1ty probes were carrled



LB

out. Another mod1f1¢atlon whlch proved to be very useﬁul vasl'

'~7the addltlon oﬁ a stalnles"steel screen to the bottom of

-

the non- slotted plezometers..

e

e This . study luasf~jthe'f»first”‘ito- demonstrate thef'

T

pOSSLbllltleS for u51ng a_ unlfred 'unsaturated saturated

"approach to non- 1sothermal flow condltlons. As a result, the._’

“»gscope or scale “'of .xappllcablllty _.of' -the a»varlousv

vnon-lsothermal transport parameters and equatlons__éfifwhlch

.werej preVlOusly restrlcted vto &the uppermost Layer of the"m

igﬁbund surface or small lab _columns 7—f'ﬁa extended

¥ -
!.

accommodate such ‘an approach.r j :

]

.'7nji research‘ showed that 1t is. posslble to nodei theQLSfff
'5;31multaneous flow of water and neat 1n unsaturated saturatedﬂ
domains based on .an’. adaptatlon of the Phlllp d*ddev“yrieS"'v'
r_model.. T developed and tested thls modlflcatloﬁ ,psidgh
:measured fleld and laboratory data._I found th“*'agreementf' L

'_between ‘thei tran51ent ~numer1cal solutlon of the,coﬁpled?f H

i~

”Kequatlons under varylng top - boundary condltlons \and “hefff"wﬁ"

o fleld onserved data sa.tlsfactory.: The present mode' predlcts

soml temperatures, pressure heads and water contents as weIlf‘

~

181

1*as_ all relevant- transport coeff1c1ents and fluxes. It ls,gﬂf a

-W'g‘e“‘eral‘ e°°“9h ‘:t_°'.' be applled o.'-,' related problem’s of

:_pslmultaneOUS heat and ;water transfer_ where a predlctlve -

Y

lxucapablllty 1s needed.

- i

The lnfluence of coupllng onpdlurnal

77and heat transfer ’ a Avbe determlned by comparlng the 3

4Subsurface uater'fj__,”i
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"non 1sothermal and the 1sotherma1 solutlons of the water and

‘_..,

}heat flou equatlons u51ng the approprlate optlons hullt 1nto
'-;_.the present 51mulatlon model. Thev results conflrmed that

couplang did not: notlceably 1nf1uence the temperature fleld

“':ﬁvhut did —affect the ievaporatlon ‘and subsurface m01“ture‘f,
fluxes. “hus, dependlng on the dlrectlon of the - temperature"

“.and pressure head gradlents, the subsurface m01sture° fluxes '”ﬁﬁ

v

j_mlght’ have ' been underestlmated or | overestlmated

”SLgnlflcantly (up to quox for cases studled here):'u51ng agf_‘iﬁg

e

‘1sothermal model. The analy51s of transport coeffLCLents for S

”‘

the, study area 1nd1cated that thermally 1nduced moxsture

B

L :_-*_~ N :: @ '”,_,_,.<v

[

The non—isothermal theory ‘na‘be used t0' calculate

:evaporatlon from fthe' 5011 surﬁace based on moxsture a%g

e e ..
. " 4

,temperature prOflles;l Comparlson ;ofﬂw,evaporatlon:g,rates .
'}calculated rusiﬂg *,th coupled ‘and uncoupled equatiouse;"

,/andacated that non-lsothermal evaporat rates were’ highérf:";f

"or louer than the 1sothermal ones dependlng on the d;rectlonfﬁf ‘

e _.“ < .‘-';

températurev'and pressure head gradlents. The.hf

s of B

magnltude of such dlffereuces vas up to a factor of twoﬁlfor:fg-f

4.

;thef-cases studled here,_ dependlng the soml moxsture

v,

_f“levels. Thus, for example, hourlr eyaporatlon estlmateS"

u51ng an lsothermal model could be overestlmated by a factor
, Of tuo. . -. \. ;, B Tawl ; ‘-"‘._-' '-.E'»‘;‘.“' f —.h—’ -"."'v- R a 5 . ‘
TSR e L '7,.,“?f\aa'.=““s-if el <f*--ﬁ”

cycllc evaporatlon pattern Has evldent under dlurnal

'condltlons. As ;a consequence,- the three stages of the.,e'

e

R
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etapotation' process Ffl(Lenon, - 1956) under  constant .

efaporativity ( or evaporative demand of the atmosphere)
- : R - .
lose ~ their  distinctness. At the end .of a week-long.

srmulatlon, such cycllc evaporatlon tlme waves Wwere still .~

fo

‘apparent.ﬁu . o : : . " C B fY N,

'BeCause - of the predominance of the,conductive heat

4

-transfer over all. other modes of heat transport in. the cases
studled here and the .generally small magnltude :of‘,the

thermal dlffu51on cdefficient cOmpared .to the hydraullcﬂ
. o

conductlulty coefflcrent under wet 5011 condltlons,ygthe'

‘1sothermal model may be used adeguately to predlct pressure_

fffr head and’ temperature proflles on a short—term b351s (greater =

than 2& ;hr). ‘However, for long term:® 51mulatlons -underc

[

xtended drylng condltlons, the coupled model should be

preferred in studylng the long ‘range seasonal 1nfluences on t

water transport, fespeclally .in"vleu offfthe» fact that

o " 2
o . Vo ok

measured values of the DTZ coeff1c1ent a. 2 muchplargerj than

‘model predlcted ones (Jury and Mlller, 197&). f'i -

.Much remainS'ita :be done in order to consolldate and-

expand the appllcabllty of coupled -non—lsothormal models./

Furtner generallzatlon ofg}esults obtalned here Vlll regulre.
. the -study 'of env1ronments dlfrerlng wlth respect to the

porous materlals and tne ranges 'of pressure heads. .More‘?
3'.ex1:r mental 1nformat10n 1s needed on the thermal dependence
'_oof the' pressure” potentlal, partlcularly ‘under saturated

condltlons. Quantlflcatlon of such 1nformat10n would _as51stg

N

[
S
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in the effortﬁvto‘ understand the physical flow processes
occurrlng 1n geothermal areas. For ‘the same Treasons, the-

51mple non—lsothermal modeL ) exten51on to - saturated

i

condltlons thag’l have proposed needs to be substantlated 1n

sdatable- env1ronments. More' efflclent J experlmental_f

a,

procedures are requlred 1n order to determlne pore geometry
P

factors (f), ¢ or a coefflclent values appearlng _in‘ the
transport coeff1c1ents of non-lsothermal ‘models., Comparlsons
'fof umodelocalculated parameters and experlmentally measured‘
'oneS'vin a broad 'range_ of COHdlthDS 'are__reqU1red ‘toﬁ
,establlsh thelr‘valldlty. Real world compllcatlons 1nvolv1nga
.npsteretac 'phenomena, solute effects, deformable medla and
others remaln t% be con31dered in. non—lsothermal studles.
Cons;derable' research is Stlll needed in- order to developr
;and/oromimproue_eaVarlah;e‘ numerlcal technlques for 'the"
effidient solutfon‘.of ‘strongly'>non~linear prohlems. ~Ati.
rpresent; abrupt chAnges :in _model parameters 'andfgbther
'conditiohsf‘ccannot. ihe“ ’adequately ﬂ handled i .coup;ed
'noh-linear prohiems; - N o

."‘

The p0551b111t1es for a'model'technique,to"51mulate a
real phenomenon rests on the phy51cal representatlveness of

#he'Characteristic and conductlvrty functlons be za se. all

‘fcalculatéd fluxesfandtcoefficients strongly,depend on_thesefy
"functions;i Improved [‘experlmental ' techniques 1 for the,
measurement Of hydraullc and thermal prope*tles of porous
materlals~as well@asx‘of /water potentlal _measurements f;v-'

especially under high megat;ye pressure heads '4f_varef
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reouired It is hoped that as spe01f1c resemrch perfects
;.experlmeutal measurements,kthe problem of obtalnlng rellable
fleld . measurements v1ll ¢iminish, Ih. orderv to expand}_
non- lsothermal models from a local to a reglonal scale, ‘the'

problen of ﬁthe‘ determlnatlon of hydraullc and thermal'
.p opertles‘on a macroscale neeas to be solved-w Stat;sticel
technlques, _ rased.von a physical understandlng of the

processes 1nvolved "Seen the approprlate .method to ’H%ndle"

.thlS Problem. L '> - - o | .<‘

- ¢ Lo

Eyen when‘ all the prev1ously mentloned sophlstlcated.

aspects of non-lsothermal models are »achleved a - model

the vultlmate goalt \Im' my oplmlom, Vsuch, a.modelucan_bel
constructed b, a comblnatlon ~of. phy51cal amd statisticel

strategles the phy51cal “one contrlbutlng ‘to ,a_ better‘
understandlng of each mechanlsm 1nfluenc1ng non;isothermel:
- transfer,ﬂ and the-b statlstlcal one  _51mpllfy1ng land*:

generallzlng the results of the former strategy.

S
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- APPENDIX C

HYDnAULIC PROPERTIES OF POROUS MATLRIALS rROM THE TABER

SITES

This Appendlx includes. the folIOW1ng relatlonshlps ‘in

gqaphlcal form as- determlned in the laboratory :
1) +/ vs B or Sw
2) Sq Vs 4) | “_ o
3) Ky vs b B
) 4y K .;5 6>.
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APPENDIX D *
& DJ:.RIVAIION OF THE FIVITE DIPFER‘-’NCE EQUATIONS OF THE

ONE DIMENSIONAI COUPLED NON- ISOTHERMAL FLOW USTNG'AY

CRANK—NICHOLSON kPPROXIMATION HEWHOD'

' The set of equatlons to be solved is: (u—1)-subje¢tfto.;

’the 1n1t1al and the ooundary -ﬁondltlons ‘(u 2) and .(u 3)']

Bl

respectlvely.- The

. using the grld of Flg. 4 2 The followlng modlflcatlon‘-of‘

4

the Crank-Nlcholson method of flnlte dlfferenc1ng (Rlchtmver

and Morton, 1967) is used 'to approx1mate the’ partlal
derlvatlves appearlng in the above equatlonS‘

“a(k Bn/éz)/az - 0. S[k{:{z (nL“ +n),_.._', -n)—n) _l)/iAz")Z.] :

RTR S (,‘g n’-"--n.. -n, )/(Az)2] o e
Dn/ét - (H’ - an )AAt . BN | -_.. .l- fD;z)"
ak/az - (k{-o-.ég - kJ‘Vz )/Az Q/ﬁ : . (D 3
where t he terms Hw{; ’ ld_',/z are arbltrarlly glven by (Q-—Llr) B
»and (4= us) respectlvely. '

/\

051ng the above approx1matlons to equatlons (“—1) they ~

become;_

spatlal and tlme domalns are dlscretlzed*'
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Yot 2 (- i ) yat —(1/AZ)[K¢+/L(¢{JM Wt W-yﬂ )/(2Az) |
"" "f.’z.—f'/.z____-}f_---.«’-.'---f-_"_".{.‘fi‘f’.r S T R
J_V .‘_, MR ‘ ‘ h . a R ./. h
D.,.L:/ (T, fT}_!_,,,AjTL) T;’ ') /(242 ./
Pl Wt ol )/ 2y -y, i—_@_il LA
T (o af Yot = WAz)m’mA mﬂ -T{,L, ~1/-1" } / (242)
Xy @l endt gl g )/ (242) s
. / .
o Dﬁwf/‘ (\h,,_ \Uf,,, ¥ sy
e (e, \H-.)/(zAz) e
gk i (m:é: i3 R W
—/‘f/uhére the terms" of . ‘the 1fbrm k{fva' are glven by (u}at).'
‘and 1mgking‘ dsé (U= uf), the abd?é '
! 4&

'Rearranging'terms

J-y . |
Y )q’J -K\Pc+A\P£+( S

'equatlons Decome ‘ .
I Ve Va e d=Y,
L R e s
. Dn-'/Z_ i.J D‘#‘.,{; +D_,!‘_'/z/ )TJA D;'_"l/:} T..+c = L
K~ A.(vi’ ¢r” +U’f; ﬂﬁ:; ;Lx?;  ‘
 (D-6)

-1 -
I\‘*’L-, ’7,;_ (\'PL'H -\PI.J ‘ ) .+ L"'/k
) +2Az(KJ+,/ Kf_fi*&) +(2F" Z3 /r)ka !

~

“D%_.ys (Tf:', v.’°T
- ‘_'./Z VJL'V"‘ g)w‘/’“Az/Z)TE), +(zc’"/'l o+ ,+/Z+3‘_,/{)1¥{.
(JH'{/‘ 2 o /‘Az/Z)'IJ -0l ./} tp‘;, RN o
*(DJ /z‘/ "DL;-'/f} )‘P ill/‘z \P)ﬂ e . ' /
ﬁuu\ «Tm T{_' .) . 2‘-‘/& (TJ" "TZJ -t Ny o o .:l// PR
oy ol -t +D"-./ g o /
',/ * (- 7) T

*CZ’/* J A MZ/Z) (] °T’+. ) +(2cJ e /r) TJ" _
(“ “Q); the above equatlons'becpme (u—ua)

 051ng (a uc) to

and (“‘“b)‘ : -/ . ‘



' Boundarx'gegi;tiga§-

) The top boundary condition. for -the Pressure head

eguatlon is’

q“/k'" tE = -KW ay/az D '3T/3z +K1 L _"‘ - (D-8)
whlch after dlscretlzatlon becomes L ‘,. 4 ' Q
E; = "{Pui (\pgnpf xp ‘xpl )/(2Az§ | N 5

- ' BNV T '
T,_,/ (T’ T{'r-T’ o N )/(2Az) +KL-./‘ (D=9
where  i=p (top node) and the - (1 1/2) subcripts are

apprOX1mated by 1. Examlnatlon of (D-&) indicates that" the .
underllned . terms actually constLtute (D-9).- Therefore,
replac1ng the terms whlch are . ldentlcal to (D 9) by term .E

in (D-U) results 1n

L a

o

P g )/At - (T/AZ)[K\}: ,/1 (%,. \Vm ‘P)‘\P’ ')/(uz) |
Dn'f?/'w&.-' +rru. ._-TJ-T’ "1/ (282) 3, t-wa/ZJ IR
’ -whlchgfter some rearrg)ngement becomes . B '4
it Vo . TR
(2F’ /‘/r+K o /‘ ’ U \fw/ \PJ+-°-..*D) ,/Z T) D7£+; Earn =
S A7 A -4 W e
| (2F) /1 /r,_l%\PL‘*'/ )\P.) +K L+/17{. T'! D#“;‘ T3+4 . .
ld, + 2Az (E - L+Ji) - 15: ' *: (D;11)ﬂ

i

Or} u51hg (a-uc) to (a 41)

‘EglA ’4) ‘Cz49 *(E‘ T, )TJ -c, T)f=vH(2) S ?‘b¥i2);-?

’where H(2) is the rlght hand-51de of (D 11).: _ .fil'l7ﬁi'f o

' VYIft (D 9) 15 solved for the terms underllped .wlth i= 3'

a.

AN
"‘éi‘ (assumlng that n] yﬂEhgs) and the result replaced ;iﬁijthé '

. heat flow equatlon (D—S); the follou;ng result 1s obtalned'
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Dﬁtf */KP‘-tQ R fi o (D 13)
'where (1-1) = 2 (top node). After so?e rearrangemeht, the‘:
above equatlon becomes - o 3‘ Je Y .:"-‘  g_;j_f.
Vo S e ey geia B
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. e
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: where H'(i),ls the rlgnt Handﬂ51de of (D-1u).  '
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With regard o . th pottom boundary condltlons, the'_]‘

?

uater flux equatlon (2 38) '{fi afteu dlscretlzatlon ﬂsingf ‘

° ’ o
.o

.‘-KL(\L»,_ﬂ \PL) /AZ | D7e (Tw ‘TL)/AZ **Kf';‘* }%’fv‘" ‘_ ‘D'm S

w':where W lS the spec1f1ed bottom boun&mry water :lwx. SOLV1ngjffq

 ;,(D 16)“for 4&*; results 1n ji:'Q]3 :»ﬁb;.e;“ﬁ:1 t5;J3 f

l'fé

\P""' “h 'Az“ el "D‘F/K’:. (Tugy=1) 5 (D-17)._':.-f':u,.”-‘ '

o-a"'ﬁ"

‘“whlleafrom the bottom noundary condltlon (D-18) for the heatﬁgﬂ~7"

~flow equatlon L 0 T e :
» o . - r‘ T - ’ - '_;’ »> :. 4 !
T .ot :




r

O/ Iy, < AT, ~T)/Az = 0

one ohtains . = .

=
N T
-

o : Slay ot

RS

i L,)‘ :



"subsurface (4A1). It con51sts 'pff’a “main program and 21 r

|
. b
) ’
APPENDIX E h

,’ ‘ i

'DOCUMENTED COMPUTER PROGRAMS - _ L

. \“ . - . . "- . -

LER ,I_I_l.z_t:gdl_lggon - - - )
Thé ' present computer : program '51mulates “the

?sone—dlmen51onal 51multaneous flow of water//nd heat ‘in‘:the‘

.

subroutlnes or functlon r?utlnes. Most transport parameters
and coerf101ents are vrltten' in..separate subroutines‘hd_

o%der to facilitate changes by 51mply Lnsertlng 'thei

appropriate program segment. The program was 1nat1ally run

/

1n WATFIV for debugglng/purposes and subseguently 1n FORTRAN
/
G for shorter executloq time. Double} prec151on arlthmetlc

was: used throughout for the varlous calculatlons 1nvolved ln

'.the'-model ‘gThe amount of 'computer storage requlred was

°

e

dependent on the 51ze/of the f1n1te dlfference scheme to be

“solved. ';he present program is set up for 50 nodes..In order

~

" to alter fthe 51ze of the system, the dlmen51on statements

‘

must be thanged.

‘ The main- program is- the control program whlch dlrects
the sequence of operatlons for SOIV1ng the system of coupled
partlal 7 dlfferentlal equatlons -(4-1)._ ;;t,tcalls all

approprlate subroutlnes' 1t controls the lnput and output

.
3

ey



/ %WW\: e .
] / S
' % - . voo
| / 74204

.9

data, and boundary _and 1n1thal condltlons- 1t checke,ti”'”'

t1me 1ncrements, the number of 1terat10ns ani

constralnts. o : S

\

P8 S ST Rl

-Subroutine' DTCOEF. calculates the thermal difﬁusion

coeff1c1ents DTI and &T . the non-lsothermal ‘Wwater flux"
-_ qw/k ‘the heat flux’due ‘ta the movement of water qcv and tne,*
tota; heat flux qh.- , _ o PRERE ' e \"”‘“f
Subroutine -  DPSICF ~calculates .the total wvater

N

| S N
Sﬁbroutihe‘ HYCOND adjusts__theA, measurtd ‘saturated

cohdhcti#ityﬂxv . : L | ."r oy

\

hydraullc conduct1v1ty for temperature u51ng (4~15).-It also'

\

prov1de; for othe calculatlon of thé\unsaturabed hydraullc

\,

conduct1v1ty functlon from the non- 1sothermal\ Water flux
. equatlon (9-1d), S : 15- R \\;h \"
) . ‘ . . N . ﬂ.. i ' \” ' » ! S - . _*»\\ oL
.'w.' EN o

Subroutlne EVAPO calculates the evaporatlon\rate from a
water conservatlon equatlon-'that 1s, ﬁrom the tlme change?l
of the water content of ethe top ‘flnlte dlfference mesh,'

.element and‘ the‘ knoun "Jater flux at the bottom of thatwﬁ’
.‘element. i-This I\\water . fiﬁi 1'is ' estlmated from 5hthe'
non- 1sotherm&l ’flux equatlon (u 1d) employlng the- spec;fledeh

‘hydraulic cond ct1v1ty functlon (K- vs 6 ) for the ‘top

S e
- element..
R T o . : ; - R
sy Subroutine - HCAPI'..calculates.1fthev”vqlwmetri¢ heat

: . - [
i R



. . for heat transfer DL (u 1c).

-,;system of llnear SLmultaneous equatlons v1th trldlagonal

n,flfi through L.;:and ' helr i subdlagonal dlagonal .and

oL

| 242
3 . ,/‘

s i

i'capac1ty ofbthe subsurface’ layers as functlons: of ~their
/

mlneral matter, organlc matter and water fractlons (3 15).»‘

Subroutine o HFLUX ,Calculates the‘ water vapor

conduct1v1t K ; the conductlve q and latent q heatv
Y ‘{Jv ed th

t,fluxes .~ the vapor thermal dlffu51on coeff1c1ent D -and the B

| matr1X"'such a system results form: the 1mp11c1t flnlte

-
vy g
“}“.

SRR

'+ . to 1nterpolate 1nput data° for a number of parametersz.H

i ellmlnatlon aaapted o] take advantage of the trldlagonal

dlfference scheme used here. The equatlons are’ numbered étom
superdlagonal coeff1c1ents 'are stored 1n the arrays AZ, BZ'

‘and Cz. The computed solutlon vector is stored 1n the array :

%Q’S. - R | . “A ~4\ - "'\}v. .
:'Boor, 1972). ThlS cublc spllne program 1s called exten51vely

»regulred~ 1n _th program.Subroutlne‘ SPLINE ‘uses : Gauss

lcharacter of the resultlng coeff1c1ent matrlx (Conte and de

vapor flux gv/e

Subroutlne rCOEr calculates the spec1f1c water capac1ty

Subroutlne DLCOEF calculates the _coUpling coefficient .

v

X ,Sugrohtine TRIDAG (Carnahan etv'al.,"1969) solVes a,

)

/

Subroutlnes SPLINE and CALCCF and functlon PCdBIC form

the plecewlse cub1c 41nterpolatlon ’ptogram (Cbnte and de IR

e .




rC(jai)) j;1{-..ﬂ, i=1,...N arekknown;, R L R

vadJusts the conduct1v1ty values for temperatuf%

T TS

Boor, 1972) to calculate the spllne coeff1c1ents C(2 1), =.

o

2, ‘;.; . N, given the numbers C(1 1) ,fij), = 1;:.-.-g“

N+1, T(2,1) = £'(x;) and C(2,_N+])*=‘fﬂ(x~+,), 'wherev f(xL)

comprises ‘the lnput data correspondlng to X and C(2 1) and
C4\\N+1) are reasonable approx1mat10ns to the end slopes of
-f(x ). Subroutlne CALCCF calculates the spllne coeff1c1ents-

“c(3,1i) and c(s, i), where 1s=‘1,‘;.;‘ ; 'N.'-gunctlon' PCUBIC

kY
A

evalua%es the cubic spllne equation~(E-1)' i. " ._Kb

£ (x; )ﬂC(1 1)+C(2,1)(x X, )+C(3 1)(x X, )2+C(u,1)(x X )3:l(Ef1)‘

for. any partlcular p01nt once rthe sgl;ne‘ coefflcients,

v

m)‘ v.

Subroutlne KSPLEN 1nterpolates the spec1f1ed hydraulic;ff”*3"

‘\‘

: 8 L
‘.conductlv1ty functlon (K Vs 9) data m51ng ‘cubic sgllnes and,

@ . d 4

R Lo

";-E o e v e

SubroutlneS"DENS,l VIsco,' vxesér,k.CLQCF“faudi»"Aéca.l

L} 4 . DY

*

‘vaporlzatlon‘éf'water L', ',saturated ‘vapor .pressure ’p:"}

sk

' speCific _heat . of llquld water ct ;'and molecular dlffusienv'

1
N 41

coefflcrent of water vapor in alr‘ DQ ; resPectlvely, ‘as

w

functlons of temperature. Allfthe above subroutlnes call tne

P : a

cublc spllne 1nterpolat10n program to 1nterpolate the 1nputt:i

| A LNy G
calculate vater' densrty e ,;-viscosity‘)Q, latent heat of‘

h“;“h Suoroutlnes THESPZ and THCOND c&ﬂc late the 'volumetrlc;,,‘f

uater‘ content and thermal conduct1 1ty as functlons of the.t o

. . -

negatlve pressure head and water con ent} respect1#ely. Both*‘

subroutlnes 1nterpolate héﬁ;'

ﬁ t; data . using- the$ ¢ub19f;



¢
\ - .

'spline-intérpolation program mentioned above.

reo



cc, cco
"
© CLG, CLQO

" CSATi, i=1,...,4

'DAW' o ¢ f.,molecular' diffusion coefficient-of"
| ‘water vapor 1n alr (D,)

DELT time 1ncrement (At) e

DELZ_ ‘depth,lnerement[(Az)‘ ‘ .

DPSI, DPSIdJ.- vtotal':water conduct1v1ty (KW) Qf;r

'DPSIV, DPSIVO

o F

DT,.DTO_' o

' DTHETA =
DTHV .«
1L

' . DTV, DTVO

. EPS

FF, FO

 10nits: -
*}[temperature]

Q

‘yapor dlffu51v1ty (D
-.thermal

'sa small p051t1vJ
. fV'.ﬂspeclfrc»water ¢

[length] =
C [heat] = cal

saturated hydraullc

(Ksat ) of. layer i

-'current and prev1ous tlme steps

vapor ,conduct1v1ty (va) of current”

dand prev1ous tlme steps.
'thermal water dlf%u51v1ty (DT) ofv
'current and prev1oﬁs tlme stepsv' B

rfwater dlffu51v1ty (Dg)

v )

S llquld thgrmal dlffu51v1ty (DTI)

vapor . ‘1ffu51V1ty (DTV) of

,current,*and pre.lous t1me steps -

number (e)

(ae/a\p)

apac1ty

cm-f [tlme]

conduct.i,\r‘it:"y&""<

3
E} L0,

f 245
fvolumetrlc heat capac1ty Of porous
materlal (C) at current and previous

N
'tlme-steps- -
‘spec1f1c, heat~ of llgﬂld ‘water (c)
' at current and prev1ous tlme steps

or. -

l‘_ﬁ;g,ttmassq-’s; gug
e



206

specific storage (S,):
GRY' ' »?\\' acceleration of gravity (QL'W“‘,V”“

HVAP datent heat of vaporizatibb qﬁiﬁAEééf%«ﬁ'».'

tep 1ndex S
'K; ko D hydraul'c -conduct1v1ty (k)l;:ef.~5*v
current and preV1ous tlme steps,

KMAX o o | maximum number 'Qf_ 1terat10ns' per ;

.

SRV
»aEF

: time Step -

KODE1. T gspec1f1es the top boundary condltlonf -

of evaporation or 1nf11trat10n

KODE2 R \\. f~spec1f1es after how many tlme stepst
~the output is to be prlnted V

~ KODEY4 o | i': '.spe01f1es “if"-the ..coupled yldr;t_f‘j

- | | :uncoupled equatlons a:e to be used |

akabEb_‘ - A..A: O bspe01f1es K thet’ bottom - boundaryf

| o | . j}'condltlon of recharge or dmscha;ge

Kprvav ":'_"" count 1ndex‘ v | o

bKSAf‘y B ""_ o :1saturatedv hydraullc .bebnduétivitfﬂh
(Ksat) o

Lf.f }ej SR A total number of space nodeav.

.LAEDA;fLAMDAOV ’f't'”' apparenw thetm&} conduct1v1ty (2) of“TeiV*

: e
‘;;current and preV1ous tlme steps

Lo

MI ."b~‘-'5'ff3 Ar1c ylsc051ty of water 90

'MIiREF,’b4AatF"i_..}g{'b_namlc v1sc051ty o ef% water ‘at
t ref@rence temperature {r(To)}
MO »Jnode below_ whléi ‘thef mlneral and



MW

Ng

o N‘l

N2

~ N3,

REPR

N5

CNT1

'N66 .-

PS166 -

N7

. Na R E L ;;'. .

N9

N

NE, NI, NIT -

NSTOR

“pi, 1_1 2, 3 5 ,7,
8 9 11 66.#

"»Pl(1.I), I 1, Nioo

- PSIO, PSI, ‘PSII

v A

L : | B 247

organic

‘pumber of

Matterl- fractions
eonstant

molecular welght of uater vapor‘(d)
number of SpeCLfled
various parameters
Q(Tltlnput data'f
S p@ e e
‘L'(T) } " B v
K ()] - om
u "ﬁv'pj(Tj:f "o dw‘
Vc,(T);.'"- .
e e @ e e
| “ A R
yaor e

number of tlme 1ncrements

-ﬁlnput pressure

.‘depths }*at

*pressurefehead% k*)f_ of L

whlch ~the saturated

"fhydraullc conduct1v1ty changes
i upper llmlt on the /number ypf time
: ”anqrements‘

"tdeud'SIOPetOffinﬁntud?ta‘f‘xir

s

. - N L. vy
Lo L. AU
N T L

'ifinputﬁjdata?c5rrespomding €o5ﬁif(see!-
RN S b T e WEEE

iuﬂtcurrent and next tlme steps

head data the

ﬁ@water characterlstlc functlon fk“

remain

;nput, data of

prev1ous,-
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QH - f:”i‘ ' total heat flux (qh)

QCD - - @!;J:;‘ .'conductlve heat flux (ch)

'YQCV-~ 3;_l,» : convectlve heat flux (gcv)

Qs | | S _latent heat flux (qlh)

QW, Qwo‘ , “ - . water flux\ (qw/e) ofA . 'cﬁ:r;e‘n; :_-:;'a’uq
) - prev1ous tlme steps .;" -

QVAP i - o vapor flux (qv/%) h

R : S .unlversal gas constant (R)

;hlﬁb - ' 7 l: vjllquld water denslty (e),

ROIREF ‘VIlLQUld B water ﬁ den51ty' ,at“-%tue
reference temperature {Q(To)} ﬂ
‘SLﬂ; | B '_;ﬂ total length of subsurface,7proflle‘
| | | studledx(L) _.b | ’ - ;f
SRH fil o '5011 relatlve humldlty (5) HE v
Ss - zr‘l/'f l: N .spec1flc storage‘ﬂ%)
SVP :tf r':” _'.;1 "v"saturated~vapor,pressure (p‘)
:f?QRlT;~iIl~fﬁjrlfe;”iﬁaPordﬁs medlum temperature:é(rj. oﬁ
N o ‘ I"prev1ous current and next time steps
.TifI{@~I£1;NiA;N :" ‘_lnput temperature data correspondlng’
7y f‘ .f"f‘: ’/.:to Nr (see Nl) s - ”_ \ w f‘
fﬁﬁigbt\lﬁﬁrA, THETAll: m01sture\content (9) of prev1ous,
AR IR anurrent ana\'ekt tlme steps”
__Tﬁﬁiﬂsz '-hﬁgjl_f  ‘ﬁ'flnput m01stur '-content data in the
B R ;K(G) relatlonshlp:, L o S
;iHﬁT11;, ,r‘.tr;lvlejl“_lnput molsture conte" data  lu‘fther‘
e _ )(9) tela tlonshlp
}iTINCRli{[_;.f Q;: o 1ncremental tlme step

)




TREF
TS
) 4

 XMAXST

- X0

“ . : . // I3

\»-\

/A

geference temperature'(T )

‘\Hk

und surface temperaturer

Héundary .

/
/

/.

‘volumetric mineral matter fraction

(x~.‘) ‘ : ;'. ' v‘ . '//.
max1mum 'simulation tlme;

volumetrlc organlc -matter fraction

: .(x;)‘

incremegfal'depth (z).

/ 2u9.

ibified water flux at " bottos

L
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ARNEN

gram Listing - | | v

INPLICLT RBAL‘B(A-H 0-7.) . ' %”x
COMMOS/DSHHE/ PST(50),EHETA (50) ,1:(50) QB(SO).OH(SO) DerAr(SO),/
JLANDA (50) ,CLQ(50) ,5VP({59) ,R0(50), 11 (50),P2(8,50),T2(50),
2T1(50) ,P1(4,50),T3(50) ,P3(4,50),TIUZT11(50),PV1 (8, 50).HVAP(SO).
. J'rﬂx'l'AS(sa),PS(u 50) ,T9 (50),99(».50) +FE(S50), =~ .
' 8PSI66(S0) ,P66 (4,50),T7(50),P7({8,50),T8 (50),
5p8 (4, 50),sau(su) K (50) ,240(50) ,DAN (5U) , 0T (50) ,
‘SIHBTAO(SO) NJ L, Ll &L, 24,DELZ

COMRON/ NN/ B1,N2, N3, 85,87, 58,89 811, 366
- DIMEREION 9510(50),10(50), LABDAG(50) , APR (50) ,DTL(50), .
_ 1CPR(S0), BPB(SO),CC(SD).CCO(SO).DL(SO),DLO(SO),QVAP(SO),
2CBARPR (50) , BBAHPR(S0) ,DTO(50) ,ABAR (50) ,CBAR (50) »
S 3A(50) ,C (50) ,B(50) , UPSL (53) , DPSIO (50) ,KPLUS (50} DTHETA(50) ,
MKO(SO),KSAI(SO) DTV(50) ,DTVO(50) o DTHV (50) » DESIV (50) o : ;
" 5p(50,3), E(50,3), F(50,3),G(50,3),CTT(50),PTT{50), o
§H(50) ,HPR (50) , T(50), ¥{59) ,T5 (620} ,25(50)% 11(50),
- 7DELTRP(S0).,KMINUS{50) ,TL(50) ,PSIL(50) , THETAX(50) ,
8XH (S0) , X0 (50)~-ABARRR (50) , 33AR (50) , ACD (50) » P (8,50},
9DPSIVI (50) ,P0 (5 {50) , W H (50) ,CLQO (50)., - S
>DI(50).DII(50),DIII(50) GI(50) ,GIL (5 ),GIII(SO) _ A

c
REIL‘B K,HH LAMDA, KSA‘l' hI,KITHE? HVAR, KJ1%US, KPLTS, LASDAO,KO -

RS C-——READ IN¥ AND PRINT PHYSICAL PABABETEZRS POR*THE SYSTEA.

READ(5,501) B,d%,SS,SL,6R .TREP,ROTBEF, MITRLP.
. . WR1T®(6,200) B,A¥,SS,Si,GR,TREZ,RUTAREF,AITIEP
'200 FORNAT(Vif1,'LIST OF. Pd{SIuAL PnaAnzrzas ‘Poa THE 515123-,//
1140, *GAS CONSTANT. (ERG/DLG.C-A0L) . ‘
2.,F10.1,/140,* SOLECULAR. ¥T. OF .4ATER ( GA/HOL )*,P10.1 ./

. ° 31HO,*SPECIPIC STOSAGE(CI4a~1)%,5%,215.7,/.

41H0, *SECTION LENGTH('CN )?*, 14X,210. 1,/

e ‘ 6140, YACCELERATION OF: GBAVLT!(C.‘I/SEC"Z) ', r0. J,/

- 7140, *REPERENCE TENP. (DEG.C) %, 12X,P 10, 3,/
"81HO, 'NATER DENSITT AT BLP.TENP.(GR/CC)*,P11.5,/
© 91HO,*UATZR VISCOSITY AT REP. ranp.(cn/cu—da)',rs. .///yq
501 FORBAT (2P10. 1,D10.5,F10. 1,210 3,/2P10.5)
. €~~~READ IN AND PRINT NUAZRICAL Isronaxrxes B
"~ READ{5,502) ¥STOP,L,¥J, XNAKST, EPS, K nAx,nsz

sz FOBNAT (316, F3.2,F7. 5,14, 270.3)

B { SLTN L 4 A S :
Li=L-1 . . S S Ty
DELT=XAAXST/XNJ . S R PO

.RAtIO-szT/DLLZ . v ‘ S R '

_ BATIOR=BATIO/DELZ : : v S »
- WRITZ(6,230) XINLST, nvnr,ua;t DELZ,EPS,KRAK . . ' :
230 PORMAT (1H'Y, ' NUMERICAL Ih“'OBaATIO’d',//130,'.!!!1581 SI!ULA"‘!ON TInE
“1(HR) *,1X,G15.7,/140,SLZE OF TIAZ ISLaEaB!I(HR)',JX.Gis 7,/150.
! 2°NUNBER QF TINE INCR"aE‘lI‘S'SIIS,/‘IHO, S . :
| 3'NUMBZR OF SPACE NODES* ,t19,/1no.

1 4rsS1ZE oF SPACE INCHREMENTS(.CN )°*, F10.3 /1!10,'?.951!.0!'.23! I‘lO.l,» .

" 5/1HO, " NAXINUN NJIMBER OP ITZBATIONS® ,2X2210,//7/7)
c——-g’An I8 AED PRINT Bouunxax couotrrous : oo
TINCR=0.0D0 v v Lo :
- DO 8% I=1,NJ - '
IS (X)=24., uno.7.7no-osru(6 2asnoorxscn/2n.000.0-392790)
‘817 TINCR=TINCR+DELT R . - v
P (NJLL2.1000). GU TO 93 ) : - o ."Q
:C===~. PICEWICE LIKEAR SURFACE taquanrunz nxs:nxaurxou e
TS (1)232.500. : o

‘DO 82 1%2,7 . . BT o L W

i



61
© .62
63
648
65
66
67

69
70
71
12
73

L

15
76
77
-. 718

79
. .80

8t

82
83
-.a8
85

86
87

88"
89
90
91
92
. 93
- 98
95
96
97
98
.99
100
101
102

103

106
105
106
107
108 -
109
110

111

12

13,

AT
S11S

LL116
117

118

- 119’
120

Av 141 PORMAT (14 ,I3,3X, 'SUR?ACZ TEHPEBAI“RB(DBG.C) ,615.7,31 G15 7.

82
83
84

‘85
86
a8
a3
90

-9
92

193,
121

'TS(Ilats(I-t)»O.IJGGSDO
DO 83 Ix8, 14
r5(1)=14(r- y+0. 0557100

. DO ‘84 I=15,21 .

TS (1) =TS (L= 1)=0. 5300
DO -85 [=22,28 '
TS(I) =TS (I-1)~0. 5928600

DO 86 I=29,35
TS(I)=TS {I=1)-0. u9571no
QO 84 -I=36,42 .
TS(I) TS (I=1)~0. 1314300
DO 89 I=43,56
TS(I)=TS(I-1)~0. 1969200
DO 90 I=57,63

TS(I)=TS (I-1)-0.1333300

DO 91.I=64,70 :
TS(I) =TS (I-1) +0. 2283300
DO 92 I=71,77
TS(I)-TS(I—1)00.75530

READ (S, 121)
PORMAT (4I3):

‘Kopetd, KODBZ 50023 KODBS

C'--BOTTOH BOONDARY' WATER FLOX -

5

10
12g

LP(KODEY) 5,5,10

Q¥ (L} =0.0D0 . N

GO T0 122 - : oo
Q¥ {L)= 0.07D0 o .
IJK=NI /2 N

-DO- 94 J=1,1JK {
©JI=J+IIK ‘

94 WRITE(6,141) J TS(J),TS(JJ) JJ

C--~READ Ik AND PRI!T OUT IHITIAL CONDIIIOHS S
-READ(S5,503) (PSI(X),I=2,Ly o

503
241

- 281

" READ(S,2222) (raaw11(1) 911(1,1).::1 31, 911(2 1) 911(2 W11

“752

Cma

3333
154
3

12X,13)
b=Qi(L)

. RBAD(S,503) (T(I),I=2,L)
FORMAT ( 6F10.3) -
[T(2)=TS5(1)

SRITE (6,240} -

1181.'POSITION',17!,'?51'

[N . iy
s

o . . B W

Z'T‘HPBBATJRB'./1H FNI1X, '(CH)' 12x,'(ca UZO)' 18! '(DIH.)'

313X, *(DEG.C) * 1 ///)

KL=L+1

- READ(S5,281) H1 42,83, NS, 7, ua,u9 11

FORMAT® (3I5)
BEAD(S5,2222) (T1(I),P1(1,

READ(5,282) ‘N66,40
PORNAT (2I5)" . o
‘CHARACTERISTIC: cnnvzs

‘READ (S5, JJJJ)(?SIb6(I),P6°(1 I),I-‘ I66) 966(2,1) 266(2 l66)

ZORMAT(D15.7,F10.4)

P

I),I=Y, H1).P1(2.1) Pl(Z u1)

‘READ(5,154) NR,NI,NII,CSAT1, CSATZ CSATJ CSATB

POBRNAT (315, ur1o.5)
DO 1 I=2,4R .
KSAT(I)’CSATI

CHNY=NReY
DO 2. Illll HI

-

240 POBRBAT (141,'LISTING OF I!ITIAL COHDITIOIS',//!HO 10!,'IICREBEIT"
5K, *NOISTURE CONTZNT (THETA) *,SX, .

o

251



o

121,
122
123

124
128

126

127 -

128

129

130
131
132

133,
138
138

136

137
138
139

1o

141
182
EL X]

RITEES

AL}

S 146 .
187
148

159

1150

151

152
153, .

sS4
/155
156
157
158

159
160

161

162
163

[ T
165
166

167

168

169

170 .
AT
L1712
173,
178
175
176
177,
1780
S 79
180

2225

- 230

' 6981Do

L

1 S
Lo ' . i
;! SO R

2 ;snr(x)sc5112
N2=NIe1 : o
03 I=NNZ,L)Y e

.3 KSAT(I)=CSAf3 Y

‘g 2SA1(L)-csaru'

ALL THESP2 (PSI, KL,THETA ¥66,PSI66, pss L)

;o o 6 T=2,1 o
: ?(I.GT."0) GO To 7
ZAD(5, 1111) XB(I),XO(I)
GO TO 6 :
7 XM(Iy=xaqgoy .. R
 Io(ny=xo(ao) .- T ,
6 ONTISU' .

znn(s 2222)
HEAD(S,2222)
BAD (5,2222)
READ(5,2222)
08NAT (2£10.5)

1A goauAr(rxo 1,F10.5) -

S (T9(I)" PS(a 1501-1 u9),99(2.1) 99(2 §9)
(T8(I),P8(1,1),I=1,88), P8 (2,1),P8(2,48)
(17(1),97(1 L),I=1,87),P7(2,1),27(2,N7)
(T3(1),FI(1,1),I=1 uJ) 9312.1) P3(2, 23):

2222

. BEAD(5,2222) (Ti(I) P2(1 I),I=1 H2) PZ(Z,I),PZ(Z.HE

BEAD(5,2225) *
BRHAT (P10.5,D10. 6)
250 I1=2,L ° _
-2 E 5 :

sDELZ®Z - i
ITE(6,260) I,z, PSI(I),TEBTA(I) r(z)
NTINUE i A
BNAT(I20,6%,720.8, ux.Jrzo s) : Ry
KL)=T (L) 'f*z;;;a

I(KL)=PSI(L)- (1. ODOOH/KSAT(L))
DE4=KQDE2- . ‘

ca—-BEGx TINE xrzRATIons -
- 40 DO 270 J=1, 84 o 4

2211
260

FOHMOENND ™

X0 yrao @
IP{J.2Q.1) GO TO 6931
GO |TO 699

97 1=2,L

THE AO(I)-TBBTA{I)

STO(L)=T(I) - o R T "5.4;'

PSIO(I)IPSI(I) - 5
697 CONTIN ’ .

‘C===CALCULATZ rnAuapoar cozr?rdxzurs

699 . CERLL dCaAPT (X4,X0,L,THITA, cc oKL) -
o 'IP(JJGR.43) GO TO-999 ..

CALL. THEsP2
. DOS325\1=2,L = o :
- IF(JLEQ. Y CCO (R)=CC(I) . - Lo
DELTAT (I)XDABS (T (I¢1)-T(I)) .
CTT (L) = (CCNI) +CCO(IL) ) /2- ono R .
- DELTAP (I)=DWas (T (I)-TRE?) AR
Ir (XQDE3.=Q. ). DL(I) =0.000 St
‘TP {KODBI. Q. SCLQUI) =0.0D0
IP {BSI(I).GE)Q. 000) - Go 0 351 -
;. EM=ME®GR*PSI (1)) : RS
v BUF=R® (T (I)+27 .isnu) R O
" BE=EN/ED . . o
\>vsau¢x)=ozxp(n )-

. Go To_ 5325

(PSI,KL,  THETA, N66 PSI66 PGS L)

(THETAS(I) 95(1 Iy,1=1, uS) 55(2 1) PS(Z ¥5)

R Ji_

Coy



A S '
. v
. '?‘_\0 M i ) 2 i
y/‘ T \‘ : 5
. - - CE 253
- i »\“ - .
AN
2 !
4 ’ -

- . v
181 2 361 SEH(I)=1.0D0 -~ T ‘ : _ o

182 5325 cowtINvUE. . : - ' . : : : :
183 "698 CALL VAESPL(T,L,HVAP,N3,T3,P3,KL) ) o . ! .

188 . CALL DENS(T,L,R0,81,T1,P1,K%) i - L
188 . CALL rucoun(L,LAnnn.psx.rﬂzru.xn,ruzr11,?11;:11) :
186 . CALL VISCO(T,L,2I,%2,T2,P2,KL) oo Co R
187 © ©© CALL SVPSPL(T,L,SVP,%7,%7,p7,KL) L .. B
188 ) CALL‘nnacr(r,n,DAH;uq,rs,PQ;KLq ) Coel .

-189 - CALLwICOEP(L,PSI}THEIA,SS,PP.KLL S s ! . : . o . )
190 S T IP(KODE3L2Q.0) GO TO 605 S B . o ot

191 . <CALL CLQCP (T,L,CLQ, N8, T8, P8, KL) N S .

J192 605 CaLL ISP;EH(IHBTA,K,IS,THHTAQ.PS,L.PSI,T.!I,BO.(‘ BRER
193 ©OT,T2,R1,P2,M1,52,KL,KSAT) v, . o - "

19 o CALL;quux(oruv,q:y;ovnp,nPSIv,os,ocD,xonzsy . : AN ’

195 CALL svnPO(zv,nzyr,omv,opsxv,DTL.J,xoulr.xoon;xoo:S) . o -

196 . . 606 CALL uxcoub(J,str,u;raar.ﬁotazr,nruv,npsxv, : '

197 . - 1DELTRP,DTV,EV) o i g e ; v
198 - . . CALL OPSICP (DTHV,DPST, KSAT, DTHETA, DPSIY) : o : o

199 - - caLL prcoar(nrv,ntL,Dpsr,zv.ia,nr,qcn,cs,xonzs) : L

20.. IF(KODE3.EQ.Q) GO TO 696 - - oo, L : .

201 < ' CALL OLCOEP (DTHVSDL,DPSIV) L s : : : :

. 202 .~ 696 IP(KOUNT.EQ.0) GO. TO 777 < . R ‘k: ' ‘

~203 = 778 KOUNT=KOUNTe1 .. - . L - g, Pl .

208 . ., 1r(x0DE2.2Q.)1) GO Y0 .6071 . o ) LN . L oL
205 ~ . -IP(J-KODEU.NE.0)' GO TO 381. . . S E T
206 6011 WRITE{(6,6768) o o Do : A ’ oo
2075 ' 6768 FORNAT {VHO, OR,* THETA®, 14X, "K', 12X, *Qt LllX,0CE 0 13X, 0Qur, , . N ,

208 112, DTL, 12X, *PSI?, 12X, 97¢)". L . R T ) ; .
209 . .D0 6769 I=2,L ) - . . I R
S 210 . 6769 iRITB(G,G??O)I,THETA(I).K(EL,QH(!)}CC(I{,QilIf,DTL(Ir,PSI(I);
211 3 17{I) ) NS . T o ‘ \
212 - . 677Q, PORMAT (1H «12,24,8G15.6) R - e ) R
213 ¥ URITE(6,6767) . o . o s o
214 7 6767 roauAr(1uo,1ox,-raer!;lzx,'brr.12:,'orvu,|2x,fngg,10x. . e '
- 218 i 1°LANDA ',,11!,'DPSI.V',l1x,k'DPSI'k,!Ox,‘.'QVaP')’ L K : S
216 T Dp0.S163 1=3,30 - . LT o . : N ’
. 217 'VASJQJ,BRITE(6;S16“)I,IHZTA(I),DT(I);D V(I),OL(X),LANDA(K),DPSIV (L),
. 218 . 1D2SI(L),QYAP(L) - s - oL o o
S'219 516u‘IQaqu(1H #12,2,8615,6) = * - 1 R ) T - e

2200 331.00°3h0 Ix2,L v - - [ , c ' o :

21 Lt "PTT(I)t(!P(I)pro4I)))2.0D0. oo - i . i -

222 .. G0 (1} = (CLQ{F) +CLQO'(I)) /2,000 S < A e : o

. 223 . o!un-,:ms_upommr/z.ooo° o B o ~ o '
224 340 .COBTINUE - L e ren 4 N R S .
‘225 . © 7 D0 720 re3,Ly . L U0 ST S : s A

226 .- - lFB(Ili1LAHDA(I)5LAHDA(I-1)‘LAHDIO(Iv1f§LAHDAd(I)b/u;ODO ST T B

LR 14CQ(I)'*BO(T) *Qu¥ (L) *DELZ/2.,0D0 " P ot A i

@28 - mas CPB(IL-(LIHDAO]IIQLAHDAO{Itl)OLAaDA(I*1)0UAHDA(I))/C.ODO
229 . ‘1€CQ(I{!RQKI)‘QHH(I)‘DELZ/Z.ODO S T ' s b L . .
230 +..°716 BPR(I)={((cC (1) +CCO(I)) /RATIOR) sAPR (L) *CPR (I) T L -

231 . 720 COBTINGE -~~~ ; e oo S B ' o
232 oY) APR (2)=(LANDA(2) +LANDAG (2)) /2. 0D0eCQ(2) #RO (2) QWL (2) $DELZ/2.000 - T . ¥
23 cpatzyx(ngnnAO(zyqLAsnA(zfoLAgnAO{J)oLAanA(ay)/u.ODo‘ — Ll -

-1 | ‘lhco(z)qao1z)tqas(2)-Dsz/2.oqo, T o ST LT '

R3S, e -gBPR(21wl(C€(2)'CCO(Z)J/BATIOﬁ)'API(Z)*CPR(ZY. T e !
-236 T »AP:(L)-(uAnoa(;;’LAHDA(L:foLanbAo(Lt)OLAADAO(L)r/l;onp’ P

Y LAT - 12CQ (L) #BU (L) *Q 4k (L) #DELZ/2.9D0 - . R o P . g

’ [ CPI(L)-;LAADA1L)QLAnoAO(LL) z.ooo-cu(L)!Io(Llugvbgny-nzzz/z.goo.y . L

439 . A 11 (Lyw»((Ccc(L) 3‘cc0(_l.n/uno’a;erntL; sCPa(L)"’. .. F o L
280 o Do7s0 gsd, Ly T e s S VR
'_‘ i & - ; S, S . . . I . E ‘s .

4 i B I ° .
w‘ A ~ .‘_\ P T ~—.
! o ! - - -
. ‘. } LIRS \ . : \: I . e A
R - ; o -




20
202

203
248

285
286
287
248

289 -

250
251
252
253
254
255

256

257
256%
259
260
261
262
263

268 7,

265 ..
266 . .

TN S

Aaiapi(x)-(np(I).nL(I-1)onLO(x-i)oOLO(x))/n.opo A

i:a CBA]PE(I)=(DLO(L[yDLO(IOi)oDL(101)ODL(I))/G.ODO
736 BBARPR (L) =ABARPR(I) +CBARPR(I) '

780 CONTINUE & -
, AaAlPl(Z)-(DLD(;;.DL(Z))/2.090.

caAlpa(z)-(DLO(z)onL(z)opLO(l)ooLiJ))/u.uno
BBARPR(2) *ABARPR (2) *CBABPR(2) " - ]

ABARPR (L)} = (DL (L) #0L{L1)*+DLO( DLO (L) ) /4.0D0
CBAlPl(L)’jDLU(L)ODL(L))/Z.O o o
BBARPR (L) =ABARPR (L) +CBARPR (L) 2 T

bo

782 DO 760.I=3,L1

758 CBAB(I)#(DTO(I)0930(101)0011131)ODT(I))/u.ODO

AnAl(:;-(Dt(I)oo¢(1—1)0010(1-1)oofo(i))/u.ono

.156 BBAR(I{-ABAR(I)ocaAa([) . A v -
760 CONTINUE - ~ ‘ ‘ . -

ABAE (2} = (DT (2)¢DT0(2)) /2000 i
caln(z)-(DTO(zwaT(Z)oDro(J)00:(3))/h.000 ~
BBAR (2)=ABAB (2) *CBAR (2) .
ABAR(L)-(DT(B)vanL11oDTo(L1)onro(L))/utooo
CBAI(L)-(DTO(L)vbT(L))dﬂ-ODO E

- BBAR{L)=ABAR (L) +CBAR(L)
pd 780 I=3,L} .

d i

A(L)=(DPSI{I)¢DRSI (L-13 +DPSIO(I-V) 0D55I0(I) )/4.0D0.

768 C(I)=(DJFSIO(I) +pPS10 LI*1)ODPSI(IOJ)0DPSI (I))/9.000

4..780 CONTINUE

766 -B(1)=({ PY(I) +FO (1)) /RATIOR) ¢A(I) *C (1)

267 .. "

268

‘. (269 o

270
71
©. 372,
- 273
r 278
L2715 .
276",

2717 .

278
279
280
281
282
283
284 .
. 285
.. 286
. 287
. 288
289
290
291
292
293
2948

" 295

296
‘297
i 2980
299

- -300.

>

A{2) = (DPSI(2) +DPSIO(2))/2.0D0 i
C(zla‘pysxo42)onysx(z)onps:o(z)onpsx(s))/u.ono %
812)-((EPGZ)O?O(Z))/RATIOR)01(2)0C(2) s - T

) lelﬂ(DPSI(g)tDPSI(L1)ObpsroltlzﬂpPSIO(L))/G;ODO
C(L)#(DRSIO(L)topsl(L))/ZéODO 507 SR
B{(L)=((FP (L) +PO (L) J./RATIOR) * X (L WL . o
po 800 I=3,L1 . " T
IP(I.GE.¥R) GO TO 775~ ‘ -

quHUS(I)J(x(xxbx(Ivn)oKO(r—1Y$K0(r$)/u.060 L P s

788 KPLUS(r)a1x0(r)gnO(;ol)ox(IoJ)ox(xx)/u.onq .

775 KAINUS(I)=4.0D0/ (1.

800 CONTINUE

" -~-PORMULATE, SUBMATRICES D,E.F,G
811 D(3,1)=0.9D0" o

{

-

-Go .70 800

150 (I} )

254

Opo}x(1y01.0p0/K11;1)li.OpQ/KQ(i-i)OILbnb/f

: : - B PR 3
KPLUS (I)=4. 0?_0/\( 14;900/1(0 (r)*1.0D0/KO (Le1)e 1.0D0/K(1¢1) +1.000/ )

IKEE)) , .
g, . N

'\xniuu$(2)-(&;2)~x0(za))2.opo A
KP‘u5(2)=130(2)wx(2)oK0(3)*K(JY)/u.ono

P

xpxystx)=i;oDQ/(1.ooo)K(L,o1.dp0/xoiL)) N

D(3,3)==-CPR(3) = '
. Do 300 I=u, L1 . o “ 7
DI, 1) E=ARR{I) - . : C

D{I,2) =BPR(I) . - S : R . R
. D(I,3)=-CPH(I). ~'~ EI ST e Lo

-D(J.z)-apa(a)-AéAR¥R(J)féaxaxs)/u(s) '.; :;,v : Ay

©-300 COMTINUE - . 0~ o Sy e

pen=-arally - e
D(L,23.=BPR (L} Lo L e

7P (L,3)=0.000

G {2,1)=0.0D0 -

N Ai  ; e

,'»xuruus(L)au.ooo/(1.000/x(n)01.000/5(;1)oi.onq/io(£1{o1.éoo/~‘
1K0-(L)) S : : +1-0D0,



301

302
303
304
305

"306

307
308
309
310
311
312
3
314

. 3Ys

ER]

N7
318
. 319
"~ 320.

321

o322
323 -

320

325 -

326

327

328
329
330
339,

332°

333

i3s
335
316

337
338>

339
380

k1) |

342

. 383

344
a5

346

387

Jas
3489

.350

351
352
353

354
. 388

. 356

357
. 358

359
360

-
[

3

6(2,2)=B(2)-=A(2)

G (2,3)=~C(2)

DO 330 I=9,L
G (X, N=-A(1)
. G{L,2) =B (I)
G (1,3)=~C(I)
CONTINUZ
G{L, 1) =-A(L)
G(L,2) =B (L)
G(L,3)=0.000
E(3,1) =0,0D0

‘330

1

E(3,2)=CBARPR(3)

E(3,3) ==CBARPR (3)

DO 310 I=y,L

L !

E(I,1) =~KBARPR (I)
- E{I,2)=BBARPR(I)

E(I,3)=-CBARPR

CONTINUE

(-

- B(L,1) ==ABARPR (L)

. E{L,2)=BBABPR(L)

LB (L,3)=0.0D0
" P{2,1)=0.000

"P(2,2)=CBAR(
. P(243)m=CBAR
2,00, 320 1=3,L
(I, 1) =~ABAR

7

2)

(2) -
R
(I -

P(I,2) =BBAR (I).

P(1,3)=~CBAR
CONTINDE'
P(L,1)=-ABAR

320

oo P(L,2)=B3AR (L)

?(L,3)=0.0D0

C---APPLY TOP B.C.
. TI(2)=TS (J)

C--~APPLY BoTTON B
322 TI (KL)=T(L)

_[30 PSI(KL){PSI(E)—DBLZ‘
AKL) o)
1F (PSI(L).LT.0.0D0) ,GO .TO 387

PSII(KL]=pP5I
[of

()
(L)

‘e

c.

11.9000i/xxn))f61(L):(r(kg)

35. 00 350 Y=3,L

4 (1) == (C (L)% (BSI(I)~PSI(I+1))+A [

Y#CBAR(I) & (T (I)=T (L+1)) *ABAR (I} & (
2+ (KBINUS (I)~KPLUS (I) ) *2.000%pEL

HPR (1) %~ (CPR (1
1CBARPR (I} * (PSI

)*(T(I)=T(I¢1)) vAP

 2¢4CQ(I) ®RO () *QYW(I) *DELZ#{T (L+1)

‘CONTINUE

SIT(4)-T(2))/2.000 "
gap . ATl

w37 {2.0DUSCTT(I) /RATIOR) *#T (1)) °
-3so K ST

(2)) +CBAR(2) % {T ()

IOR+

4
A
R ‘y'
L
e
.
\ﬁ A M
s 't .
* [
0‘ ;
3 ~ e
[
ST(L) /(L)
I)®(PSI(I)=PSI (I-1)) .

T(I)=-T(I-1))

R(I)* (PSI{I)-PSI
ST (I-1))/2.000"

-B(2)-((2.0D0§?r12;)/aA7rou)—¢(2)riészxzr¢C(;)-Pst
~. 1DELZ* (EV-KPLUS 2
HPR (3) =2, 0DO%CTT (3) »T(3) /RAT

A 1DELZ/2.0D0~ (ABARPR (3) #ABAR(3))
:2/A(31)'TI(2)0C?R(J)‘(T(M)-T(J

© FIABAR(3) /A{3) * (T (3)~T (2)) +CBAR
- YDELZ®ABARPR (3) /A (3) » (ZV~KAT

;TJZ)) .
(A?n(})oco\ll‘ﬂo(

1) $APR (3) (T (2) =T (3) ) *ABARPR (3)'®
ARPH (3) * (PST:(4) ~PSI (J)) ¢2,0D0% *
NOS(3))+CQ(3) ¥RBO (3) $Qu i (3) *DELZ®

1352 H(I) =4 (D) *C{1)*BST(I+1) +CBIR (1) *T (L0 1)

S e

T R (1) * (T (L) ~T(I=1))+
(I)=PSI'(I+1)) +ABARP

Z(2-0DU2PTT(I) /RATIOR) *PSI(I))

5 28 F R

S M

1 .
(3) #2.0D0% "
3)ﬁqu313)§:'

255



s

367
368
369
370
371
372
373
a7s

375 .

376

379
380

/1

382
383
Jgs -
385

386

-1387

388

389
-390

: 391

o392

396
oo 397

256

o - .

*'wupn(xxxupn(x)ocra(x)tr(x’l)oannpn(1)-psr(xou

_ - C~==PORH 'BHS HPR= (E) ® (PST) =0 ; a-(r)-(r)-v

98474
9873

9875

9870

1T

DO 9875 Ix2,L -
IP(I.BQ.2) GO TO 9874 :

V(X)=H(I)-P(I, l)‘T(I-!) P(I.Z)‘T(I)-I(l 3)-r(ron

Ga TO 9873

V(2)=H(2)-p (2, 2)-1(2) r(z J)-r(a) : ‘ : "y
GI(I)=G(L, 1) ‘ o o
GII(I)=G (I,2) I St :
GIII(I)=G([ 3

CONTINUE.

CALL tarnnc(z L,GI,GIX GIII, +PSII).

DO 9870 I=3,

U{I)=HPR (I)~ z(x 1)09511(1-1) E(I 2)opsxx(1) x(x 3)02811(101)
DI (I)=D(I,1)

nxx(ryap(r,z) - . S . -
DIIY(I)=n{I, 3 - T =

CONTINUE - 5

CALL TRIDAG(3,L, u:-arr DIII, 0 rry .

CALL THES?22 (psrz x.,rnzrnx usa psxss PGS,L)

IP (KOUNT.GT.KNAX) 6P .10 aae _

DO 77°1=3,L . : ‘ )
IP(DABS(TI(I) r(x)) LE.EPS) co TO 77 : o +
GO To , o Co
CONTIIUB e ' e

DO 710 1=2,L . R o

IO (L) =T (1) . M o " v

T{D)=TI(I). . . ; v

1P (I.BQ.1) GO To 710 .. S

. PSIO(L)=PSI(I) . L 5

" 710

L T (TI(X)sT0 (D)) /2. o0 T ce
IP(1.20.1) GO To 711 ST S
. PSIO0 (L) 2PSI(T)-

808

. 408
L 809
: 810

811 -
Se12

.13
RS $ Tt

815

416

417 -

818 -

89

| 820

a1

' DLO(X)=DL(I) ,
DTO(I) =DT (1) -

c-~-paxxr OUT' CALEGLATED VALOES . T

PSI(I)=PSII(X) . - . - S
THETAO (I) =THETA (1) . . :
THBTA (X) =THETRL(I) .- Q

cco(I)scc(ry v B o
CONTINUE BT N >

GO TO 271 . S T

DO 731 1=2,L . = .- A
TO(I)=T(I) ) ’ N

PSI(I)-(PSII(I)’ISIO(I))/Z ono»_ C L
THETAO (X)=THETA(I) R .

*ruer(I)-(ruerI(I)orﬂsrAO(I))/z ooo BRI ST v

hCO(I)-LC(I) ¢ : ‘
CONTINUE" o S IR S
Go TO 699 SR ol . o AT e

‘D017 I=2,L. T s , :
- CCO(I)’CC(I) T e P T SR L ‘
“DPSIO{I)=DPSi (I} S e SR R
PO (I)=PP(1y - ST T B '
: LAADAd1I):LA!DA(I) ST St o C :
“ko(ryaxiry - e Ly

CLQO(I) =CLQ (I) ERT
Q¥ (I)=Qu(1) .0

'CONTINUE. =~ . . .
G0.10.778 . '




= 257
i oo .
\
: ' w
v‘ N 4 »
+
821 . - 271 IF(KODR2.EQ.1) GO TO 6016 N ‘ |
8422 . IP (J~KODE4. NE. 0) GO to 270 ’ - i .
823 - KODEU=KODE2eJ, S o
824 6016 WRITE(6,5019) J,KOUNT, (TI(I),I=2, L) ' s \,
Y ¥1) : - MRITE(6,5020) J,(PSII(I),I=2,L) . N
826 " 5019 FOBRAAT (1HO,*J=¢,I3, Jx,'xouu1=-,13 /{140, T", 6G15.7)) N\
427" 5020 FORHAT(1H0,'J=',IJ,/(1d0.'PSI' 6615.7)) S
428 6015 WALTE(6, 700) v ] v
429 . . 700 FORMAT (1 HO' is:::s...::==xx=z====axu:;::u::sz:::-::::::a::‘ﬁa:: ')
430 270 CONTINOE o IR
431 o WRITE(6,702) J ,
432 702 roanar(luo,-ﬁoanAL rznnzuArxou J-',IS 2x,'zrzalrxous') -
833 . ©.GO TO 999 - e B !
834 - 887 WRITE(6,B7)
435 - 87 roaaur(1no,-unauxnc-—paorrxz DRIED ‘T0 THE abrrouq
436 .. GO TO 999 ..
437 888 WRITE(6,889) o
838 ~ 889 PORMAT(1HO,'LINITS sxczznzn- o convznczncz')
439 . 999 stop .47 o . -0
_ 440 . zun B K ; ' A
syt c - R ' u
Y c---suanou 5 . ’
343 c. ;% :1 : .
(Y TN o susaonrru DTCD v, DTL,DPSI, 2V, un ux,ocn,qs xonzs)
445 c - d , :
a6 _IBPLICIT REAL®B(1-H,o0-7Z) ‘ ;
“ 847 COBNON/DSWHE/ PSI{(50), THZTA(SO) T(SO),QH(SU),QB(SO),DBLTAT(SO), s -
(1Y) " 1LANDA(50), CLQ(SO),SVP(SO) 30(501.31(50) P2(4,50),T2(50), -
. 889 2T1(50) ,P1(4,50) ,T3(50)1,P3(4,50) +THET11(50) , 911(u 50),HVAP(50),
450 . 3ruer5(50) pS(u 50) ,T9(50) ,P9 (4, 50).59(50)‘
451 -095166(50),966(4 50) , T7(59) ,P7Y4,50} ,T8{50)., L . -
452 ¢ . SP8 (4, 50),sau(50).n(so;,040(50)‘onu(50) nr(50),, T N
_ : 453 = STHETA0 (50)', ¥J.L, 11, Kip, AW, DEL2 PR AT B
AP 1.4 i COH!O!/D]/ u1 ¥2, u3 &5 u7 48,39, u11 uo& TR T e
ess. e o R S
56 DIRENSION urV(L .DTL(L),DPSI(L), B _ - _ o
w87 - 1QCV(50),QCD (L), QS (L) L ST R S "
458 T, BEALME K, MW, LAMDA,KSAT,NI, azrasr uvipr ; . ' f,;a,a_,
_559# 4 DATA n/qstuaz.onoz/,ca/qao.GESDO/ ; co
860 . - DO. 333 I=2,L . R Lt
461 . 33 IP (PSI (1) GE.O. 000y GO TQ 303" TR T e
362 .- g orL(szx(I)ta'onou(sau(t))/(auuaa) i . e - g s
. 863 o 730 DTL(I)=DABS(DTL(I)) -~ . T T o
1YY ' IF(KODE3.2Q.0) DTL(I)=0,000 . - . . . -
, 465 _ - DT (I)=OTL (L) +DTV (I) : ' ’ 5 N v
,366, - »~Ir¢xonza £Q.0) nr(r)so.bﬂo S T o N 4
F 467 ~IP(I.LE.3)’.'GO TO 331 . ’ oL e
. 888 . -0 QW{(I)a-DPSI(I)*(PSI(Ie1)~ psrkr 1)3/(2.000:0;;2) DT(I)’ T
D869 - ' 1(1(101)-1(1 1))1(2 ODO‘DBLZ) xtx)»- A g, Sl e L
o 870 % 50 Te , " AR R
ol LI A 303 or(I)»o.ooo Teas :»,;_ IR AR T >
ERATC'Y B DTL (F) =pT (L) - ; } T e o A
' 873 d o . IP(F.LE.3) GO TQ. 331 e T T
oy IP(Ie€Q.Y) G0 TO 3330 Y o oot P TP

298 qu(z)s-(z.ooo/(1.ono/x(:-1y¢1;000/5t101)r;-(1réi(;%1)-9311x73i),;
1742. ODO*DELZ)=1.0D0) - S ST C g TR

1 .. GO TO._ 33 , T T
331 QU(2) < ‘.g;" R B P
333 cqurluux ' oL \g\" S :
p0: 100 I=2,L :
» 4 E .
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437 . QCV(Ii-BO(I)'CLQ(L)'DEL?AT(I)‘O!(I)‘
" 482 . 1P (KODE3.EQ.0) Qv (Iy=0.000- - . .
83 - QH (I)=QCD (1) QS (I) +QCV (1) \
11 100 coMTINOE- = . | L
u8s 840 AETURN .
486 . END _ AN . 3
487 c . o o N . - - : ’
ag8 : SUBROJTINE npsxcr(nrnv.opsz,xsnr;oruzrn,9951V)
489 | ¢ : : o . . : e
490 © "V INPLICIT REAL®B(A-H,0~2Z} . - . - o i o R
T 99 < COMMQN/DSWHE/ PSI(5¢),THETAtSO),T(SO{.QB(SO[,QH(SO),D!Lrlt(SO), :
492 o 'ILABDA(SO)}CLQ(SO),SVP(SO),RO(SO),aI(SO),P}]U,SOr,TZ(SQ)y ' :
493 2T1(50) ,P1(4,50) .r3(§o.)-,93(a,SO)',ruz'rl1__(50)‘.91-1 (4,50) ,8VAP(50),-
394 31uxrn5(59),Ps(u,SQJ,:9(50),?9(9,50y,rr(50y, : -3
495 upsxselso;.pes(u,so),27(50),97(u,50),ra(50;, . oL F
496 N SPB(“,SQ),SRH(SO),K(SO),QHQ(SO),DAH(SOL;DT(SO), . o
497 .. - STHETAO0(50),¥J,1,L),KL,¥d,DELZ . - . o
. T COMNON/NN/ B1,82,43,N5,87,88,49,411, 865"
49| ‘C . ' P : . . - ~ :
50 DINENSION nruV(z),npsr(L),xsxr(n).n:ger(L).opsry(n)
50 thLta,x,uu,LAunA,KSAr.ux,nxrazr,uVAp SRR
S0 DATA B/831432,00¢2/,GR/980.665D0, .- iy
15037\ . -DO 855 1=2,L : R
504 . IP.(PSI(I).GE.0.0D0). GO TO 45 -
505 . - T e DPSI (I) =K (T) +DPSIV(IL) -
v 506 " IF{PP(I).EQ.0.0D0) GO TO 453 ‘ S :
S07.# " DTHETA(I)=DPSI (X) /PP (I} v . 5
- i 508 GO TG 454 . - R SR R
' ‘. 509, 45 DPSI(I)=K (I) R R el
o S10 . 453" DTHETA(I)=0.0DQ . -~ « O . ) S
511 454 DPSI(I) =DABS(DBSI(I)) - s \ ER R PN
ce, 812 455 coxYIinge - - e : ) - K : )
V813 “', RETURNM T ‘ I . '
S1g - END . . 2 : .
SIS oL e L : - o : N
516 " SUBROUTINE ﬂrcgun(J,str.axra;r,aotazr,nrﬂv,qpsgz,u t :
<837 1DELTRP,DTV,EV). - - S Ce T ;
‘oo 518 : SLTEe ) :
Loooste e T e o t T
520 : IRPLICIT a;um#a(n-ﬁ.o—z): v LT e T L
- 521 CO!HOMAOSHHB/APSI(SOY;THETl(SO).ﬁ(SO).QU(SQ)'08(50),D!Lrlt(50), o~
- 522 JLAADA (50) ,CLQ/{50) ;5VP (5%) ,20(50) ,NI (50) ,P2(4,50),T2(50), . :
523~ _ 2rl(sor;PJ1u,50);r3(50),Pa(u,so),Tﬂtrliwsuy,?11(b,50),HVAP(SO);
524 ; ‘3THETAS(50) ,PS(4,5 TI(50) ,PI(4,50) ,FE(S0) ,~ - S,
525 4PST66(50),P66 (4,5, T7(50),27(4,590),T8 (50), - T S
526 .. 5P8 (4550} ,SRH (50) K (50) /Q40(50),DA4 {50) ,0T(50), . . Lt
527 : 6ruero(so):uJ.L,Lz,x;.su,osp;,\\-, S e T T T
: 528 | GOMNON/NN/ H1,N2483,85,87,88,'49, 911,866 v - . N e
. 529 : R T e i cooT
o v s30.7 ,'prnantDN'ozuv1Ly,osty(L)L‘ R L o o
T.831, a»1DELTR’ (Ly,xSATJL),nTv(L;;BL;&O).;~‘~; A A O -
532% nzALts'mr.axrsar,x.xsn;.uy.Lanpn,uvnp.‘ RIS - — .
-833 " DATA R/BJIUSZ,0002/,GR/930.66SDO/Hr'v.( Co e T
534" DOV I8, b SR I SRV C o
e 83as s IE(PSI(I) «LT.0.0D0) 6D 0 117 B )
e 536 Y PP {DELTRF (1) .GE. 1.0D9) GO.TO 102 . SRR
53 10y K(IyakSAT(Ly oA < : - =
_.53’8_"‘ i St 6o 1-‘01‘1 o .' : Ce o “ N
- 839 102;&(1)=xs::x:;a(nxra£r/aornag;tRO(z}yux(r)j-,,;’ o
Vs 54000 111 cowTINuE T R oL . R -
[ N
20 s o\
vl
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‘IP(J.LB- '1000) ‘Ga 10 113 -~ ‘
ALC()LATIOI OPF UNSAT K USIIG IOI-ISOIHBBIAL IIIZI PLUX !Ql'

B (BSI(I) . Lr.o.ODO) GO 10‘103 - i » : S
ne0 *#10: 112 . ‘ . ) L

546 P (r.2Q.3) Go T 112 o . - R
547 nL(x)-a-onoc(siu(x))/(nu-cn) o . ;
548 “IP{1.EQs2) GO TO 99 ‘ S ;e

B K (1) = (=QU (I)- OPSIV(!n-(psx(xou) PSI(I-I))/(Z.ODO‘D!&Z)
557 #3000 2/(3L(I)‘(T(I*1)~T(kr1))/(2 ODO*GELZ) + . o TR

552 +3(PSI (R 1)~ ?sx(x-1))/(2 oooouzﬁaz-1 .0D0) ’
553 % 460 . T0. 98 . :
. 558 . "§99°K (1) = (-Q¥ (1) ~DPSIV (251(101)-‘ gy RO oo
~ 555 . "1PSI (1)) /DELZ-DTV (If (101I-T(I))/DBLZ)/ eE (1+1) -T(I))/ -
‘556 1 * 2DELZ ¢ (PSL (Ze1) - psm(x))/ozxz-1,000) . : RS
857 . 98 K(I)=DABS (K(I}) R .
558 112 CONTINOE - - T : - _
959 - . 113 :RETJRN R R oy A L
C 860 . - " END T " ] R b
'S6.1 c ’
562 suanourruz !VN?O(BV,DZLT nrv DPSIV, Dtt J, xonlr xonxa KODIS)
S63 ¢ C. - -
S64 - INPLICIT 3EAL®S (A-H,0-Z) ¢, o
565 ., COMMOM/DSIHE/ PSI(S0),THET o% 1(50).QH{SO),QH(SO).DBLIAT(SD),
566 - - 11AxDAPB0) ,CLQ(50) ,SVP(50), ) «BI(50) ,P2(8,50),T2(50), L
567 , .. 2T1(50),P1(4,50),T3(50),P3(sgl), THBTI1(50) 211 (4,50) ,8VARP(50), \
© 568 - ITHETAS(S0) ,P5(8,50),T9 (50} ,#9 (4,50) ,PP (50}, _ S R
569 + . "ipsS166 (50) ,P66 (4,50}, TT (50} ,PT(4,50),T8(50), . - - : T
510 - - SP8 (4,5Q) SRH(SO),K(SO),Q&O(SO) Dav¥ (50) , 01150), e e s
ST : 6tuer0(50),uJ L,L1,/KL,3%,DELZ. v T N
§72° -+ .. COMMON/ NN/ M1, nz,ls 5, u1 us 89, i1, uss e e .
573 c . n N SRR B
574 - v ¢ Dxuzusxou DTV(L) D IV(L) D:L(L) f C e o e M
575 S H!AL‘B e, K LAHDA,HVAP I Sy, L S
576 X TA 2/8314320D+2/,G8/980.66500, , ° . AR
o 81T (3)-DTV(3)+pAas(K(looatnLoa(saﬂ(s))/(uuocn)) S
i .578.. T is - P {KODE3 .EQ.0) BT(3)=0.000 . S R L
579.°. BT 48 QW (3)=~ (K (3) +OPSIV(3I)) * (PSI(Y)~ PSI(Z)%/(2.0DO‘D£LZ) IR ,
580 . C1=DT(I)* (T (8)=T(2))/(2.0DO*DBLZ) +K(I)~ - - . R -
581 I? (KODE5.GT.0) GO .TO- 40 - . LA
582 - . La& zv-nAas(Q1(3))—(tuatA(zp-ru:rAO(z)ornxtx(s)-rszrno(3))/2.000
583- 1#DELZ/DELT - .
- 588 : IF (QV (3).GTa0. ODoy ’Vx-Q-(S)-(THIIA(I) TBBTAO(Z)OTHBIALJ)
585 ©+  1=-THETAO(31)}/2.0DQ¢DSLZ/DELT - Lo . e
586 - - - 45 WRITE(6,47) rJ,KOUNT,EV,Qd(3) x(s).ruzrnlz),razrx(s) LR
587" . Y roanxr;1uo,'a=1,13,21,'Kouut' 13, 2!,'2V-',615.7,2X,'QH(3)I' -
588 o 16.15.7,2X lw(a)a',c1s.1 2:,‘:&71142 3)‘,2c15-7) ‘,k,Jb
S89.°. /.. | BV==EY - . L R ‘-‘»‘{. L sl
Cosse 1 - v 60.T0 4 ; - BN " ', ‘ -fg T LT e e T
891 S B0 EVSO0L09DO0 v o7l ot s oL T
592~ * 41 BETURN AR e L - S Rt
593 . END. - T 3 '}; ’ B T
1598 €t : . e ~ S i
L5957 A 'Snnnourrun ucnpw (I, xo,:,tuzra.cc KLY e e T ;
‘596 . . .- IAPLICIT -REAL*3(A-H,0-2) - e T
" 597 . .« .  DIMENSION XH(KL), XO(KL),THZTA(K&).CL(KL) oo A
598 : v*_no 213 1=2,1 : IR
v..599 7 CC(I)=0. uenotxn(x)ou son0t10(x)oruzrl(x)

600 - 213 CONTINUE -




~ ‘
e - .
2 :
260
) (
4 \J !
Y v
! 1’
. o
601 RETURN © S - . g
602 © EMD y .. i - ST ) -
- 603 ¢ ' . o 0 o ) : )
608 SUBROUTINE HFLUX(DTHV,DTV,QVAP,DPSIV,QS;QCD,KOD!M
605 IAPLICIT REAL®S(A-H,0~2Z) ) ) - C
606 . CONMON/DSWHE/ PSI.(50), THETA (50) ,T(50} ,Q¥ (50) «QH(50) ,DELTAT(50) ,
607 1LAHDA(50);CLQ(50),SVP(SO),Bo(SO),ﬂI(SO),PZ(M,SO),TZ(S ) :
608 ' 2r1(50),21(u,50),:3(50),pJ(u.soy,rnzrti(SO).ptt(u,sa), VAP (S0),
609 : JruztAS(SO),PS(u,SU),19(50).99(u,50;,rr(50). h P
610 _upsxes(SO),pss(u.soy,17(50),97(u,50),ru(501. o
611 ’ SP8 (4,50) +SRH{(50) ,K(50) Q90 (50) , DAN (50),0T(50),
612 STHETAO(50) ,NJ,L,L1,KL, ¥, DELZ S
613 c T ) L A . . . v
618 couuou/uu/iuﬂ,uz,us,us,nT,ua,u9,uv1,u66“ o .
615 = DINENSION DTHV(L),DTV(L),QVAP(L),QCD(L)iQS(L).QC'(SO),
616 - © 1DPSIV (L) T o . )
617 - BREAL*8 LAMDA HVAP,HW,K, NI . . : )
618 DATA B/831432.00+2/,GR/980.665D0, - Co
619 . POR=0.41D0 - . o o :
620 DO 100 .I=2,. - C . i
621 IP (PSI(I).GE.0.0D0) GO TO 99
622 ZETA=1.8D0 - R
623 -IF (THETA{I). LE.0.09D0). GO ZO 95
. 624 nx-(pon-ruer(xy@\(ponfozo900) ) . !
625 - - . PP={2.0D0/3,0D0) + POB-THETA (I) +BK*THETA (1)) . .
<, 626 . " Go TO 96 : : L -
' e27 " 95 PF=2.0D0*POR/3.0D0 . i . B
.. 1628 96 RT-HH‘GR/(R!(T(1)9273.16D0)) - B ST R
629 . .. -, BTS=gTesr ... . » : a : )
630 ) v.DPSIV(;)IPPfDKH(I)‘SVP(I)‘RTS{SBH(I) o
631" 97 12(&0053;29;0),DPSIV(I)=Q,000' . ) v
632 GO TO 98 ) . o : v ‘ )
633 . 99.DPSIV(I)=0.0D0 - e } o o
€38 - . QS(I)=0.0D0 T Coe RN »
. 635 © .98 IP{1.2Q.2) GO TO 30 . . R S
- 636 < . QCD (I) ==LAMDA (I) *(T(L+1) -T(I-1) )/(2.0D06DELZ) - S
637 N QS(I)A;QPSIVfr)!xo(I)!Hvup(x{a(psx(Ipt)-Pszfx-t))/(z.ono-pzbz)
638 & «.SPI(SVPilfil‘SVP(I-J))/(I(I#LL#T(!'I)Y‘ o 7 o o .
639 K Ga To a0 = N - . :
T 640 »Jo,an(z)--LAnnn(x)-(r(t'v)-r(x))/nzbz R
681, - L o 05(2)va?SXV(I)'RO}IV‘HVAP(I)'(PSI(I*1}-PSI(I)}?DBLZ P
642 ' spa(st(I'J)fsvp(I))/Lr(rot)-r(rx) I C ‘
643 40 IR (PSI(I).GE.0.0D0) GO TO 331 - - :
644 T IY(PP(I).&Q!O.ODO)AGO'TQ_US
645 : . - DTHV(I)ALPSIV(I) /PR(I) - e
686 ’ us*zr(r(xzfuz.zs.ODO) ZETA=1,300 . S -
T 56 DIY(I);IETA!PP'RT‘DAy(I)’SﬂH(I)‘SP R .
o - IP(KODE3.2Q.0) DIV(Ij=d.0D0 . .. R ¢ : C ,
®c g O I EE2) o To 300 .. - - Lo . W .
Tes vap(z)-eogszv(1)~1ps:(I¢J)-esI(t-1))/(z.anntqznz)- '§§f -
it EER -1-DTV(IyylrtIoJr4T(I?1))/12.000005L2) T ';,{* :
©at %652 N Go 10 1000 . LT R T P
. 653 . 300 QVAP(Q)-;DPSIV(219(95{43;-951(2))/Dsz—uTv(2)-1113)-1(2})/D¢Lz
BS54 - ‘60 TO 00 - 0 LU o : : e T T
- 658 331 DTV (I)=0,9p0: . ' Tasareo - L i
. 656" o DTHV(L)}=0.000 = : EEa : { S .
L8817 e o QVAR(IY=0.0D0 . . P R B
658 ., 100 cowTINUE . . T e BRI : : .
659 - 321 BETURN . . ) Wl I £
. - e :

SR
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668

T 665

666
~ 667 "
668

32
672

.. 613

678

I
676
677
678
679
680

682 -
. 683

669.
670 .

. o A/‘ - e ‘
gt CL . o s . R
_ R E P} v oL
o t - . ' - A “‘ Oy . -
(N e R . L B
) c i o 4 g
AR % A S
v N 261
Co ‘ oo ;?ﬁf‘ S
e ' P . . L
2 K .
. ,‘ i
. 1 2 .
A )
Asuaaour;lercozr(L.asx.ruzrn.ss,rr,gL) . P : o
IAPLICIT REAL*8 (A~H,0-2) . S s i
.‘oxnzlsxou_Psx(xn),ruer(xL),rr(L) s R
DO 45 t=2,L oo : : . i ‘ ) i
Ir(Psr(r);cz.o,ODO) GO TO 3§, : . . - e
IP(I.EU.2) GO To 33 i :
12 (PSI{I1),GE.0.0D0) GO T0 38
- IP(PSI(I#)),.2Q.PSI(I-1)) Ga 1O 32
,:rr(xy-(ruzra(Ioip-ruer(x—l))/(Psx(101)-Psx(xf1))
. GO TO 4§ - ' ‘ ) :
-VJJ‘Irlpsxiz).zq.Psx(J)y GO 10 32 . N
. zr(x)n(ruzra(Lol)-ruarA(:))/(Psx(xof)-psx(x))
GO 10 45 ., . .
‘JQ‘PPKI)-(IHETA(101)—IHETA(I{)/(?PSI(I))
i GO 'TO 4S. . :
32 PP (X)=0.0D0 _ N S
_Go:TO 45 . g - L . ] !
35 PP(I)=3S : : . ‘
45 CONTIBUE
_RETURN.
END )
SUBROUTINE nLCoz:(uruv,DL,Dpslvy3;
INPLICIT REAL*8 (A-H,0-2) i §74 TR S
CONMON/DSNHE/ psr(soy;xﬂer§so&¢r(soygou(50).pﬂ(SO),ﬁ:LrAr(SO), C
. 1LAHDI(50),CLQ(50),SVP('O),BO(S‘ YAI(5 ),P2(4,50),172(50),
42r1(50;,p1(u,sa),13(50z, 3(4,50) ,THET1 (50}, P11 (4,50) ,4YAP(50), . .-
Jruzrxs(SO),ps(u,SO).r9( 0) ,P9(4,50), PP (SD), . T
025166{50).P66(0,50)LT7( 9)-,27(4,50),714 (S0),
'SP8(4,50),5R4(50) «K(50),J90(50) s OA¥ (50).,DT(50) ,
6THETA0(50),4J,1, L1,KL MU, DELZ S ‘ S S
- COM NS ] hl,uZ,uJ,ug,u +HB,N9,N11,466 .. T . - T
DIMENSION DTHY (L) ,DL (L), PSIV (L} . - ) : L
"BEAL®8 Hu,HVAP,KSAT,K,LAN A,8L,MITREP . - o
DATA 8/831432.0042/,GR/98 - 66500/ . s Lo A ) e
< D065 T=2,L & % I R o e
1P (PSI(L).GE.0:0D0) GO 70|75 e S o . i
_DL(I)-RO(I)'HVA@(I)tDPsxv I) - o < cy
.. GO .TO 65 i ’ i o - i P
7S..DL(I)y=0.0Dp ) : . ‘ -
65 CONTINUE S U T L
- 'RETURM . . Lo ) : : . : ‘ B
B T [
AL A I C e . R - .
SUBROUTINE DENS(T,L,B0,81,T{1,P1,KL) R e ey
" IMPLICIT REAL*3(A-H,0-2) . | . - c : : IR .
DIBENSION RQ(K;),T(KLL,TJ(N boRY(a,N15 ‘ Ve
NR=N1-1. S N
i ;c;LnispLzuz(un,r1,91.u1); - ) ‘
CALL CALCCP(NB,T1,PT,N1) o e g : .
DO 63 Ta2,L. - ' el Y L R R
" X=T(I) . . .- - BT . . e
'63’RO(I)IBCUBIC(X,NR.11,91.I1)‘ R R O : o
' BRETORE - : e . L T ) o
“END. B S
SUBROUTINZ VISCO {T,L,M1,82,12,P2,KL) T
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722
723
724
725
7126
727
228’
729
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731
732
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738
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737 -

738
739
740
7481

782 -\
743
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745
746,
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749
750

w708
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752
753
754
755-
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757
758

759.

- 760
761
62

763

- T6k

765
766
767
768

769
770

B

o

INPLICIT RBAL‘S(A-H 0°Z)
DINENSION, TZ(WZD,PZ(“ NZ) HI(KL),T(KL)

'RnAL'& MI

HR‘NZ-?

‘CALL SPLINB (NR,T2,P2, um

CALL CALCCP(H& T2,P2,82) :
DO 63 I=2, y L - - CT

X=T(I)

ﬂl(I)‘PCUBIC(X NR,T2, PZ HZL
RETURN -
END

v

SUBROUTINE - VAPSPL(T L, HVAP,HJ T3, PJ KL)

IMPLICIT REAL®8(A-H,0-2) .

DIMENSION T3 (¥3), ps(u,xs) HYAP(KL) T(KL)
BEAL*8 HVAP =

NB=N3~1 ;

CALL SPLINE(NR,T3, 93,53)
CALL CALCCF(NR,T3,P3,43)

.

‘DO 63 I=2,L

X=T(I)
HVAP(I)-PCUBXC(X 88, T3,P3, 33)
BETUSAN

END . -

SUBROUTINE THESPZ (PSI KL, I ETA, 166,P5166 P66, L):’

-IBPLICIT 'REAL®B (A-4, 0-2) -

DINENSION THETA(KL),P;I(KL) Puﬁ(ﬂ N66) PSIGG(HB&
.¥R=N66-1 IS

-~ CALL-SPLINE(NB, P5166 P66 NEl6) f‘lf
©CALL CALCCP(NR,PSI66,266,¥ 6) S

663

62

63

g

‘DO 64 I=2,L

~r

17 (PSI(I).GE.O. dop ég r0 ﬁz
0

_Ircpsr(r).nz.;a‘ooﬁ

X=PSI (I)
IHEIA(I)=PCUBICL! #E, psrss P66 N66) -

"GO TO 6y .

IHETA(I)53 4100

GO TO 64 - .- -

raer(I)=0.937oo : R
CONTINUE | - i, .
BETUEN : :

. END o T ',,‘-\}

63,

SUBROUTIVE SVPSPL(T L, SVP NT, T7 P7 KL}

JIBPLICIT REAL®B (A-H,0-2)

s

" DIMENSION T7(H7),P7(4 N7y, SVP(KL) T(KL)
1 .

NR=N7

SPLINE(NR,T7,P7,N7)

Da. KL . - .
X=T(I) ’ R
.SVP(I)=PLUBIC(X,NR r7 P7, n?p
\RETURN : _
END. 1. C :.

suaaoatzuz CLQCR(T L, cto.ua T8, PB hL)
IMPLICIT REAL®Y (A=H,0-2)

DINENSION wa(ne),pa(u 8) ,CLQ(KL),T(KL}
- NR=HB~1 : : v

LCCF (UR,T7, p7,x7) T

262



v

263

f
Y
’!
- i N
’ 781 CALL SPLINE(NR,TB,P8,N8) ;
182 . . CALL GALCCP(NR,T8,PB8,NB) . L.
. 783 DO 63/ 1=2,L. _ : ] S
- 784 Cx=T(I) ‘ v
‘185 63 CLQ(I)= =PCUBIC(X,HB, T8,P8,N8) ° ’
786. " RETURN -
787 . END : ) o
788 . c T o ’ ¢
799 - SUBROUTINE SPLINE(NR,XI,P,NSIZE) ) N
730 : IMPLICIT REAL*8 (A-H,;0-2) )
791 - . _DIMENSION XI(NSIZE),P(4, NSIZE),D(50) » DIAG(SO)
7192 DIAG (1) =1.0D0"
& 791 _Dx1y=o.ooo
Co 794 ’ “NP1=NReV e
795 . DO 10 8=2,XP1 IR «
© 796 ' p(n)=XI (4)~XI(8=-1) = o e
797 10 DIAG (M) =(P(1,8)-B(1, ~1))/0(8) . . .
798 © DO 20 M=2,¥R : -
199 . B(2,M)=3. oaut(n(n)-nzxc(uo1)vo(nvl)tDIAc(n)) i
800 | 20 DIAG(¥)=2.0D0* (D(n) +D(a+1)) R
801 o DO 30 mM=2,NR - o ‘ . .
802 - - " G=-D (1+1) ¥DIAG (8-1) . . R
8o3 -DIAG(!):DIAG(n)oG-o(a-1) S
" 804 .30 p(2,8)=P (2, H)vG'P(Z =0 7 . ‘ :
. 805 NJI=NP1- . - R - :
806 R - DO 40 H=2,NR S o v
807 NJENJI=1 B )
808 L U0 P(2,/343)=(P (2, uJ) n(ua)tp(z HJ#I))/DIAG(HJ) - N
809 - ’ RETURN" ‘ ) .
810 © END- : fv. S T i
811 ¢ ' : : -
“ SUBROUTINE: cnxccr(na 11,2, u51z7)
_ IMPLICIT REAL®3(A-H,0-2).7 ) e
DIMENSION XI(NSIZE),P(“ usrzs) ST T
Do 10 I=1,NB - PN e
x=x1(101) XI(I) o S )
DIVDPI=(P(1,L¢1)~P (1, I))/oX . S RPN
" OIVDE3=P {2,I)+P(2,1I¢1) 2. 3DOSDIVDRY . -
P(3,1)=(DIVDF 1P (2,1)= DIVDFJ)/DX R
S P (e, I)-DIVD!J/DX/DX o L L
10. CONTINUE, = . - o L .
_RETURBN: . : : : :
: END -
o e
o PUNCTION PCUBIC(XBAR NR. XL, P, NSILZ) oy
IUPLICIT RIAL*B(A-H,0-2) .- ST e
gznzusxou XI(HSIZE) B4, NSIZE). _Lv A B
=1 v R L - S .
_ DX=XBAR-XI (I} wrt X o o
CU IR (DK 10930,200 T T oL e '
210 TP (I88Q.1);:60 TO 30 © . -] s
1=I-1 D e -
; ststa-xI(L) R - Ck o
s AR(DA) 10, 30, 30 - e .
‘19 I=I+) L S .
. DX=DDX ° g C A R
837 ™l r200 18 (I.zq.ua) 6o ro 30 TR S
838" . v DDX= tpAnux1(1¢1) R _v‘>)> AREE ,.“ : T
,.. B39 , e IP (00X} :30,19.,.79 : : i L
-840 - 30 Pcuaxc 9(1 x)6ox-(p(2.IJ¢Dx'(P(3 I)voxtp(u r)))
? B B ‘::,,‘ ‘VI

e -
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-~ 264®
-
o T
841 : RETURN .
T END
. 843 c o . . : . '
R LT P SUBROUTINE\ TRIDAG(I1,L,AZ,BZ,CZ, DR, V) _
‘ e - 84S IAPLICIT RBAL®H (A-1t,0-2) } . i ' : : .
Lo | 886 DIMENSION A (50),UZ(SO),'CZ(SO),DM(50)~,VZ(50),BETA(SO),GAHHA(SO) ’
887 BETA(L1)=BZY(I1) - . : ‘ . : B
‘848 GAMMA(L1) =DH (L1)/BETA(I)
849 ) I1ptafter 4\ -
850 : ~DO 1 I=ItP1, S ) S
851" ’ BETA (£) BZ (1)=AZ(I) *CZ (I-1) /BETA(I-1) '
P w852 7 1 GANAAN(I) = (DR L) -AZ (I)®GANMA (I=-1))/BETA (L)
‘ 8s3 . VZ (L) =GANMNA (L o .
854 : LAST=L~I1 ‘
855 . + DO 2 K=1,LAST ) : .
856 - I=L-K - o ’ /o
. 857 ) VZ (I) =GANHNA (I)-CZ(I)*VZ (L+1) /BETA(I) -
858 . 2 CONTINUE o ' - .
859 S HETURM o
860 . END . ] ) :
861 - ¢ e ' o Tl
‘862 " SUBROUTINE TH_QND(L,LAHDA,PSI;THETA;KL.THZTII,Pll,ul!)
863 IMPLIC™T REALY3(A-H,0-2) T T . B : i
864 © . DINBNSION LAY A(KL),PSI(KL),THZTA(!L),TH£T11(III),P11(l,ul1)-. .
865 . . - REAL®8 LANDA L B : S .
866 - NR=N1i-1 " T : :
867 - " CALL \SPLINE(NR,THET11,P11,511)
868 |, CALL CALCCEP(NR,THET11,P11,811)
869. DO '63.[=2, S v
870 7 . X=THETA . ool \
871, . 63 LAHDA(I)-PcusIC(x,qf,rHETIJ,pl1,!11)
872, .+ RETURM - AN i :
873 . wPEND . - Sl - e P
BT84 c B L . o
875. .. SUBBOUTINE DAWC?Z(T,L,DAW,¥9,T9, P9,KL) .
876 ' IEPLICIT REAL®3(A=H,0-2) - - . 4
877 . " DIMENSION TY (N9} ,P9(4,89),DAW(KL),T (KL) o
878 . "' NR=N9<1 . . ) - o ] . o ot
879 . - CALL SPLINZ(WR,T9,P9,¥9) " ', ; ) ' . A
880 . CALL CALCCP(NR,T9,P9,¥9) e : : ;
‘881, - . " DO 63 I=2,L - . L Sy : : Lo,
882" - =T(I) f B TR L P
883 - . 63 DAW(L)=PCUBIC(X,NR,T9,P9,89) . + -~ . T
8s8s . . - RETURY . ) LT T )
885 . END T ' : N T ' o
886 . [ E R ‘ I T e ol i
887 .- SUBROUTINE KS?LEN(THETA,K;!S;THETAS,PS,L;PSI,T}BIﬁRO, : e
A - 8e8g - 1TV, T2,01,P2,01,N2,KL,KSAT) . S S o R S
P , 889 INPLICIT REJAL®#8 (A=M,0-2) . E R S S : L
R 890 - - 'DIBENSION TuarAS(NS),Ps(u,NS),rHarA(KL),a(xn},pstxxL).nI(x;),
894, : 111*(1).TZ(NZ).P1(u;u1),pz(u,yg{,r(xxy,RO(xL),KSAT(KL_, s
892 "~ REAL*8 K,MI,K5A% 3 Lo U .
693 K . o - Nai‘hs— 1 . T o . . : '
‘ 894 R ¥ § 7 & OEN3(T,L,R0,N1,T1,P1,XL) R L .
D oL EL .98 e L GALL VISCOT,L,NT,¥2;72,92,KL) . S :
o st 896 <759 CALL SPLINE(NR,THETAS,PS,N5) e . R
. - 897 e CALL“CA;cc?(NR,ruswAS,PS,yS)\‘ P = C . o
: S Bes LT 2poed xagn 0 TTTOT e e &,
K 899 %7162 IP(PSI(I).GE:d.000)- 6o TO 64 e T e TR e e
e 900 - . .. X=TRETA(I) - . A : S e
. B A . . ‘__=- S . } - .‘ . ‘ A 9 ‘:‘ \'
ld . . . - i L g PR L2 P : E . . : '

K(I) =PGIBIC (X, ¥R, THETAS, B5, N5). R o
 TEMPZRATURE: ADJUSTAENT OF K=UNSAT BASED O tazrazocf . .
| IEADABS(T (1)-20.000) .GE. 1.0D0) K (1) 4K (1) * 3. 367D0SRO(L) /AI(T) -

“GO'TO 63 o~ R O
K(L)=XKSAT(I) - =" P
COMTTHUE . " - - . o - e
RETURN ... . - S SRR A T T

. END" ot I S o ) s S '
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- A sample 1nput data to the present 51mu1atlon program
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