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INTRODUC"'ION 

A consideration of the physical principles involved in evaporative 

drying of soil indicates that several physical processes might pos sibly 

limit the rate of evaporation. These include the rate of supply of energy 

to the site of evaporation , the rate of transfer of water vanor through 

the sample or through the atmosphere above the sample, and the rate of 

unsatura t ed flow of water to the soil surface or to the site of evaroration. 

The obj ective of the pr esent study has been to gain evidence on the 

rate limiting process in the evaporation of moisture from soil by study

ing: (a) the kinetics of the process, (b) the rate of evaporation as a 

function of the moi sture distribution in the soil, and (c) the temperature 

distribution resulting from evaporative cooling in relation to the rate 

of evaporation. This objective ha s been sought through a laboratory study 

of the non-steady evaporation of moi sture from soil columns of hieh 

initial moisture content. 

The field nroblem to which the results of the present study are 

most directly apnlicable is that of evaporation from fallow soil. 



REV ISW OF LIT"RA TURE 

'lbeor;r of Evaporation 

Two fundamental transfer processes are involved in evaporation: 

(a) the transfer of energy (heat) to bring about the evaporation of the 

water and (b) the transfer of mass (water) as liquid and vapor within 

the drying medium and as vapor away from the sample. 

Transfer of ~ 

The limiting eases of evaporation are as oociated with the tem

perature of the surface relative to the air a short distance from the 

surface. The temperature of the surface depends in turn on the method 

anrl magnitude of supply of energy to the evaporating surface. On the 

one extreme the energy supply to the surface is by incident radiation. 

In the field it is by shortwave solar radiation. The incident radi

ation heats the surface. Hereafter evaporation will be referred to as 

"radiation" or "insolation" evaporation whenever the temperature of the 

surface of evaporation is _2_ that of the air a short distance from the 

surface. 

At night and during periods of overca st and cloudy weather or in 

2 

the shade radiation is restricted and the temperature of the soil may 

drop below that of the air because of long wave back radiation or evapo

rative cooling. In this case evaporation from the surfa ce results in the 

temperature of the surface being ~ that of the air a short distance from 

the surface. Because the principles of wet-bulb psychrometry (Carrier, 

1921) are oosed on this case, it will be r efer r ed to as the "wet-bulb 

evaporation case" and the ac companying evaporation proces s as "wet-bulb" 



J 

evaporation. The wet-bulb case oannot be r ef erred to as the •evapo-

rative cooline" case unambiguously since evaporative cooling accompanies 

both cas es. 

The wet-bulb case applies to most types of arti ficial drying includ-

i ng kiln drying and vacuum drying. Transpiration from plants may be 

either radiative or wet-bulb type evaporation depending upon predominant 

source of energy and availability of moisture f or evaporation. Most 

practical cases are not purely one limiting case or the oth9r because 

conduction and radiation of heat occurs from container walls or from the 

medium itself. The direction of deviation of t he surfa ce temperature 

from that of the surrounding air det ermines the kind of evaporation. 

Equality of temperature of the evaporating surface and of the air 

is a very special case r equiring the addition of energy at the evapora-

ting surface from some source other than the air at precisely the same 

rate that it is used by the latent heat of vaporization and by long wave 

radiation. The rate of evaporation i s directly proportional to the wet-

bulb depression when the evaporating surfa ce is at the wet- bulb tempera-

ture (Carrier, 1921 1 Leighly, 1937). 

Van den Honert (1948) points out that 

In hygrometric det erminations, the temperature difference 
between the wet and dry thermometer causes a decrease of 
the saturated vapor pressure at the surface of the wet
bulb corresponding to about J/5 of the saturation deficit 
of the air. This means that the evaporation rate is roughly 
2/5 of the Lhypothetica17 isothermal evaporation rate at 
air t emperature •• • • 

The existence of the wet-bulb and insolation evaporation cases seems 

to be a direct consequence of the low heat conductivity and heat capacity 

of the air (van den Honert, 1948). 
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Transfer 2! ~ 

In both limiting evaporation cases the transfer of water vapor away 

from the surface is governed ~ the same principles. There is a thin 

layer of air in contact with the surface in which laminar flow occurs J 

this layer grades into a turbulent air l57er at a distance from the 

surface which depends upon windspeed (Leighly, 1937; Anderson, Anderson, 

and Marciano, 1950). According to Anderson et !1• (1950): 

In the laminar 187er, of the order of several millimeters 
in thickness, t emperature , humidity, and windspeed vary 
linearly with height, to a very high degree of approxima
tion. Transfer of heat, of water vapor, and of momentum 
through this layer are essentially molecular processes 
and, mathematically, can be handled ~ classical proce
dures • In the turbulent boundary layer, windspeed 

1 
water 

vapor, and, to a les ser degree of certainity although to 
a high degree of approximation, temperature, vary linearly 
with the logarithm of height. Transfer of heat, of water 
vapor, and of momentum through this layer are essentially 
turbulent proces ses. The thickness of this layer is 
directly proportional to the degree of turbulence pre
vail.ine. 

The gradients of water vapor concentration and temperature are 

much steeper in the laminar than in the turbulent layer. The diffusion 

coefficient of water vapor in the turbulent layer is roughly 1000 times 

its value in the laminar layer (Cermak and Spengos, 1956, as r eported 

~ Staley1, p. 59.) 

Evaporation equations 

The phenomena of evaporation are of wide interest--ranging from 

calculation of mass transfer and aerodynamic heat transfer for a vapor-

izing surface in supersonic flight (Bauer and Zlotnik, 1958) to estima-

lstaley, R. W. 1957. F..ffect of depth of water table on evaporation 
from fine sand. M. c. Thesis. Colorado State University. Ft. r.ollins, 
Colorado 



tion of transpiration by insects (Buxton, 1931; Edney, 1957)--and many 

have sought to stats them mathematica lly. 

ll!llton ~.-ll!llton (1802) made the first attempt to express the 

"true theory of evaporation." After having studied the evaporation 

of vater into air he concluded that "the evaporating force is equal 

to the vap<. r tension Gt the surf11ce of the vateiJ at the temperature 

of the vater, diminished by that ~in the aii7 at the temperature of the 

air. n2 

The Dalton lav in general form is 

5 

E = K (J>w - pa) (1) 

vherein E is the r ate of evaporation of water, 

Pll is the partial vapor pressure of vater at the evapora-

ting surface at the temperature of the surface, 

Pa is the "ambient vapor precsure of vat er in air near 

the surface" (Lovry, 1956 ) and 

K i s a proportionality "constant". 

The limitations of the Dalton lav include thoee pointed out by 

Carrier (1921): 

This lav holds only for free liquid surfaces or for vapor 
pressures of the liquid at the surface of a vet material . 

It holds only for like conditions of r el ative atmospheric 
movement with r espect to velocity and direction. 

It holds only vhen the total pressure i s greater than the 
vapor pressure of the liquid. 

Carrier 1s statements should be remembered . 

2The insertions are made to clarify the statement so that the accom
panying nev formulation of the Dalton lav vill be clear. 



&lturation ~ l aw .-lliologi st< employ a "saturat ion defi cit" 

law and expr ess it (F.dney, 1957 ) as 

E : K (Po - Jla) 

wherein F. and K ar e defined as in equation (1), 

Po i s t he "partial pressure of water vapor in air 

saturated at the t emperature of the surface", and 

Pa is t he "partial pr essure of water vapor in air a short 

distance away fran the surface . " 

As expres sed in equations (1) and (2 ) the saturation deficit law and 

the Dalton law differ in two r espects , the space reference and the 

saturation r ef er ence. In the saturation deficit law both Po and Pa 

are evaluated f or the same location in the air. In the Dalton law 

expression Pw is at t he surface and Pa at a point in the air near 

the surface. In t he Dalton law, Pw and Pa are existing vapor pressures. 

In the saturation deficit law Pa i s the existing vapor pres sure and 

Po i s the vapor pressure t hat would occur at saturation of the air 

under exis ting condi tions of t emperature ann overall pressure . 

The Dalton and saturation deficit laws are not very rigorous in 

that no standard distance between the evaporating surface and the 

point of measurement in air is specified, and the potential difference 

is simply a difference in partial prossuro of water vapor rather than 

a gradient of concentration as one anticipates for molecular proces ses . 

(The meteorological measure of molecular concentration, absolute 

humidity-:-! 1-J, is proportional to vapor pressure at a given tempera

ture, but the proportionality is not the same at all temperatures.) 

6 



The generality of the Dalton and saturation deficit lavs i s 

challenged by a considerati on not yet mentioned. Since they dea l only 

vith t he t ransport of vapor through th~ air (or ot her gas or vapor 

phase), they a r e based on the assumption that vapor transfP.r by molec

ular diffusion i s r 'tte limiting . There arc ot her physic:1l nroces ses 

which could be just as effectively ra te controlling as vapor diff usion 

away from the evaporating surface . These include: 

(i) The external supply of energy. Since the dominant energy sink in 

evapora tion i s t hat of the phase transition, the supnly of energy to 

the evaporating medium could limit the evaporation rate by controlling 

the r a te of formation of vapor. If incident radiation is lov not much 

ener r.y is a bsorbed by the evapor~ ting ~urface, and if the air i s C'llm 

little enerr.y is transfer r ed from the air to the evaporating surface. 

The limitin~ nature of incident radiation and hea t transfer anply to 

both l abora tory and field conditi ons. 

(ii) The thermal tra~smission properties of the evaporating liquin or 
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of the porous material from which w,tf er is evaporating. Thermal t rans

mission properties could be the ultimate controlling factor in the r a te 

of evapo-ation because evaporation from the surface of any medium (free 

water, soil, plant l eaves, textiles, sYin) results in e~porative cooling. 

A tempgrature difference between t he surface and the interior of the 

medium is thus established. If the heat ca pacity and ther mal conduc

tivity of the medium are low, little heat will flov even though a steep 

tempera ture gradient develops. 

(iii) Temp , r ature per se at the eYaporating r-urface. On the molecular 

lev •l, the vapor pressure {or f•Jg~city) and hence th ~ temperature at 



the evaoorating surface may be con"id">r ed the "driving force " in 

evapora ti on. This reasoning is suppor t ed by knowl edge that tem~era

ture is r elated t o t he kinetic ener~ of the moleculec , and that on 

the mol ecular sca l e it should be a good index of the statistical prob

ability of vaporization. 

(iv) The transf~r of moi sture within the drying me nium. The transfer 

of moisture to the cite of ev~poration by liquin flow, or to the inter

face b9tween the evaporating medium and the gas atmosphere a s vapor 

may limi t evaporation. Carrier (1921) stated thst the talton law 

applies only to wet surfaces, but the application of the law is often 

to surfaces which are not wet. 

(v) The res i stance offered by the outer membranes of living organisms. 

Transpiration from plants is of particular importance in the general 

evaporation problem. The cuticle of plants is an effective barrier to 

the loss of moisture. The presence of th~ cuticle and the complex 

behavior of pores in it, ca lled stomata, challenge any theory based on 

the assumption that moisture loss by plants is a unique function of 

external vapor concentration. 

Bigelow (1907) transcribed t he expressions for evapotranspiration 

used by several previous woryers into the talton law form 
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E • K (Pw- Pd)(l + ck) (3) 

in which he defined K and c as "constants", Pw as t he "vapor pressure 

at the water-surface temperature", Pd as the "vapor pressure at the 

dew-point temperature", and k as windspeed. Upon expressing t he r esul ts 

of different wor¥ers in the form of equa tion (J) he found that the 

predicted rates of evaporation ranged f r om O.lJ to 0.35 mm hr-1. 



Bigelow concluded : 

The agreement is so unsatisfactory a s to suggest tha t 
the formulas have not a comprehensive f orm, and tha t so
called constants determinnd empirically a r e i n r eality 
vari able to a considerable extent. 

In summary of the Dalton and saturation deficit l aws the following 

s ta tements can be made: 

(i) Confusion has often arisen in evaporation thaory terminology both 

inclusive and excl usive of the Dalton and saturation deficit laws 

(Leiehly, 1937; Lowry, 1956), Apparent sources of confusion have in-

eluded the difficulty in accurately m~asurine surface t emperature, lack 

of knowledge of the thickness of the laminar layer for a given set of 

experimental conditions , f ailure to realize that the t emperatures of 

the air and the evaporating surface generally differ , and c~relessness 

in defining saturation deficit . One consequence of difficulties in 

making the necessary experimental measurements has been practical 

deviation from the r equirements of theory, 

(ii) Many workers have not realized the limitations of the Dalton and 

saturation deficit laws. Some workers have r ecognized them. Indeed, 

Edney (1957) has written: 

The saturation deficit law in fts general form is ••• 
t heoreti cally unsound. Nevertheless it may be an a1van
tage to know that when adequate prec~utions have been 
taken, there i s no well authenticated body of inf orma
tion conflicting with the assumption that wa ter evaporates 
from arthr opods at a rate proportional to the saturation 
deficit provided the temperature is cons tant, and there 
is some evidence that i t does •.•• It would not, how
ever, be at a ll safe to assume that the law applies in 
unknown cases. 

(iii) The satura tion deficit and Dalton laws are empirical, but may 

be useful for expressing evaporation when the following condi tions 

9 
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prev~il: (a ) s teady s ta te evaporation into a calm atmosphere i " being 

eval ua t ed , (b) the supply of P.nergy to the evaporatine medium is ample 

to pr event t he ra te of formati on of vapor from being rate determining, 

(c) the evaporating surface i s sufficiently moist thst neither liquid 

moisture movement to the surface from within the medium nor vapor 

diff usion to the air interface from evaporation eitee within the medium 

is rate limiting, (d) exterior membranes do not control the ra te of 

evaporation, and (e) experiments of different workers are not being 

comoared. 



Factors Affecting F.vaporation 

The number of atmospheric, soil, and plant factors t hat must be 

considered in the evaporation process depends upon the complexity of 

the system that i s to be studied. In this r eview the external or 

atmospheric f ac tors, the soil factors, and the plant factors will be 

considered separa t ely whenever possible in order to establish either 

a quantitati ve r ela t ionship or a conceptua l understanding of the r ela-

tion between evaporation and the individual f actors. This i s done in 

s pite of the fact that the various f actors are not independent of each 

other in the overa ll problem, a realization readily discerned from the 

physical basis of evaporation given by Penman and Schofield (1941): 

In the summer the surface r~mains moist only for a short 
time after rain has falle n; the air gradient i s then much 
steeper than in winter. For t he rest of the time the sur
face i s drier and t here i s also a vapor pr essure gradient 
in the soil. Hence (i) there is more rapid evaporation 
while the surface is wet, (ii ) the total amount of evapo
ration i s dependent unon both total ra infall and on its 
dist r ibution in time, (iii) the later stages of evapora
tion are more dependent upon soil conditions than on a ir 
conditi ons , and (iv ) the tot~l evapora tion i s much l es s 
than from open water. 

The interaction of the various f actors is also evident from the 

r esults of other workers . Mann (1871) concluded th~t evaporation from 

a free water surfa ce depends almost wholly on three £actors: the area 

of the water surface , the t emperature of the wat er at its surface, and 

the vapor pressur e of water in the air above the water. Fortier (1907) 

concluded that the factors having the greatest influence on evapora-

tion from soils are the quantity of water in the top soil, the t em

perature of the soil, and air movement. 

Quantitative expressions of the degree of rela tionship between 

ll 



physical f ac tors and transpiration and evapotranspiration have been 

obtained . Briggs and Shantz (1916) grew 22 different crop plants in 

tightly covered pots and obtained correlation coefficients bett•een the 

transpiration of all crops considered a s one population and the 

environmental factors as follows! temperature, 0.64; wet-bulb depres-

sian, 0. 79; shallow tank evaporation, 0.72; deep tank evaporation , 

0. 63 ; and, wind velocity, 0. 26. Ashcroft and Taylor (1953) correlated 

the wa ter removal from soil by four crops , i.e., evapotranspiration, 

with vari ous weather factors and found the correlation coeff icients of 

t he combined data were 0 . 713, 0.693, 0.659, and 0.628 bet ween water 

removal and (i) solar radiation, (ii) open pen evaporation, (iii) tem-

perat ure times solar radiation, and (iv) temperature , respectively. 

The agreement between the results of Briggs et al. and Ashcroft and 

Taylor for pan evaporation (0. 67 avg . vs . 0.693) and temperature (0.64 

vs . 0,628) is striking. 

Atmospheric ~ 

Windspeed.--In principle, windspeed should affect the evaporation 

rate by affecting both t he turbulence of the a ir and the thickness of 

the laminar layer . According t o Pasquill (1943) , ~tton in 1934 made 

use of Taylor's 1922 work on diffusion by continuous movements and , in 

obtaining an explicit expression for the momentum interchange coeffi

cient, deduced the variation of wind velocity with height, 

12 

~ • (z/zl ) (n/2-n) 

ul 
Ul 

wherein n and U1 a re the mean wind velocities a t heights z and z1, 

respectivel y and (n/2-n)-- a s deduced f or a somewhat differ ent case by 
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von Karman and Prandtl--has a va lue of about 1/7. The ~utton theory 

leads to a functiona l form for evaporation undgr steady state condi

tions which Pa squill developed into a computabJe form and tested against 

evaporation from the free surfaces of nine organic liquids and water. 

He expr essed the r a tes of evaporation rela tive t o tha t of wa ter--a very 

unwise procedure in view of the "abnormal", associated st r ucture of 

water in t he liquid phase and the occurrence of the molecular wei ght 

in the r el ati on--and concl uded tha t "the theory specifies inadequately 

the variation of rate of evaporation with type of liquid." 

Vhen Pasquill's observed values of evaporation rate , as uell a s 

those of other •1or"Vers Pasquill presented, were plotted as a function 

of wind velocity on log-log paper a linear r elation was found in the 

range 0.5 to 6 . 0 m sec-1. These data indica t e , then, that a hyperbolic 

relation between the rete of evaporation from free liquid surfaces and 

wind velocity c~n be expected. 

Severa l workers {Houdaille , 1892 ; Livingston, 1906; Ha r ris and 

Robinson, 1916; Turna~e and Shreve, 1939; Kucera, 19"4 ) noted tha t the 

increase in r a t e of evaporation with air movement is very rapid at the 

low velocities but that at higher velocities evaporation increa ses 

proportionally (Houdaille) to negligibly (Harris and Robinson) with 

further incr eases in wind velocity. The only data found in the litera

ture for evaporation of soil moi sture, that of Harris and Robinson (1916, 

fig . 6, p . 450), yield a linear plot of wind velocity on log scale 

versus evaporation on linear scale. The data r evi ewed are too meager 

to conclude whether the precent relation or that of Pasquill is the 

more general. A somewhat r elevant obser1ation in this r 'l spect is that 



of Ceaglske and Hougen (1937) who found evaporation to be greater from 

sand than from water in still air but greater from w~ter under turbulent 

air conditions . Their finding ie not necessarily a unique function of 

windspeed , however. 

Other relationships have been used . Kolasew (1941) considered and 

Martin (1943 ) found the evaporation rate to be proportional to the 

square root of wind velocity. Houdaille (lf 85) found an empirical 

equation containing (V + 5Vl/2), where Vis the wind velocity, expressed 

the rate of evaporation from a Piche atmometer at any winn velocity. 

Turnage and Shreve (1939) found that wet-bulb depression yields a 

very high correlation with evaporation from atmometers, and that the 

relation between evaporation rate and wet-bulb depression is linear for 

any eiven velocity. The graph they present shows that, for a given 

wet-bulb depression, the evaporation rate increases as windspeed in

creases. It would also be suspected, however, that for a given set of 

field conditions the Yat-bulb depression would be greater the higher 

the wind velocity. The combination of these two effects--increasing 

evaporation with increasing windspeed at a given wet-bulb depression, 

and grea t Ar wet-bulb depression with increasing windspeed, all other 

factors held constant--could produce a power dependence of evaporation, 

from a wet surface, on wind velocity. 

Several points muet be kept in mind in considering reported 

dependence of evaporation on windspeed, One consideration is tha t under 

field condi tions air movements are in gusts whereas studies to establish 

the dependence of evaporation on windspeed must necessarily be made 

und9r conditions of steady air flow. Another consideration is that 



climatologi ca l r P.corrls of air movement are generally obtained on a 

daily b~s is from anP.mometers which met nr the air m0vements as length 

(usua lly miles) per day. Thi s arithmetic ac rumulation of a desired 

logarithmic functi on ~y be one cause of thq very low ccrrelation 

between wind volocity and evaporation (Kucera , 1954) , transpirat i on 

(Briggs anrl ~hantz, 1916 ) or ev~potranspirati on. Then, too, since 

air may move an appreciable di et a nce downwind before establishing a 

uni f orm profi le the dependence of evaporation on windspeed cannot he 

ass umed to he independent of the goometry of the syB t em. The data 

presented by Fasquill (1943) illustrat e thi s point. Over the same 

ranee of wind vel ocities , the s lopes f or the various data are f a irly 

uni form, but there is pronounced displacement on the evaporation rate 

coordinate. 

It could lo~ically be suspected tha t variability in windspeed 

might effect mass movement of air within the upper portion of the soil 

prof i le . Fukuda (1955) studied the problem a nd concluded, however, 

that: 

The soi l depth to which air c ~n penetra te as a r esult of 
wind gustiness i s very Fli ght. Even in sandy soil, the 
particles of whi ch hav9 a ~ean diamet er of 0.5 - 0 . 25 mm., 
it penetrates only about 5 mm. below the surfqce. 
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In summary, the litera ture findings indica te that: (i) Cha nges in 

windsneed affect both (a) the turbulent tran sf er of the water vaoor 

away from the evaporating surface and, (b) the t emoerature of the evapo

rating surface. (ii) The r elation between windspeed and turbulence 

yields a power dependence of evapora t ion on windspeed. The relat i on 

bet ween wi ndepeed a nd wet-bulb depression is appa,ent1y unreported. 

(iii) The quantitative dependence of evaporation on windspeed i s not 
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independent of the e~ometry of the syst~m studied. (iv) Variation in 

windsneed does not cause aporeciable mass movement of water vapor with-

in a por ous drying medium. (v ) Reported corr elations b~tw~en windsoeed 

and evapora tion a re ch~racterized by very low correlation coefficients . 

This situation i s ai ded by rather meaningless measures of windspeed. 

I n genera l, a pow~r dP.pendence of evliporat.ion on windspeed is 

in<lica ted. 

Humi dity.--A number of express i ons of humir.ity are u"ed: vapor 

pressure, rel ative humidity, dew point, vapor pr essure def icit, and 

wet-bulb rtepres•ion. This large number of humidity paramet er s prompt ed 

Turnage ard Shreve (1939 ) to suggest tha t r esearchers r eport wet- and 

dry-bulb temperatures; the i nt er ested reader could then ca lculate the 

particular parareter of interest t o him. 

Cummings (1929) derived an equation evaluating the rate of cha nge 

of ev~poration from free wa t er surfaces with the dew point vapor ores-

sure of the water sur f ace . Dif fi culty was exp.,rienced due to non-

independence of humidi t y and the other variables, ~rticul~rly insola-

tion. Observations indicated , however, that the evaporation rate is a 

weak function of humidity due to "counter-acting changes in water 

temperature which result from changes in evaporation caused by changes 

in humidity. " 

Harris and Robinson (1916) demonstra ted a twenty-fold decrease in 

evaporation in response to humidity maninulation. Schleusener3 found 

tha t the effect of ambient humidity on evanoration depended uoon wa t er 

3schleusener, R. A. 1958 . 
in contact wi th a water table. 
Ft. Collins, Colorado. 

Factors affecting evaporat i on from soils 
Ph . D. Thesis. Colorado ~tRte Uni ver sity. 



table depth. For water table depths gr~ter th~n 12 inches , changing 

the humidity of the air had a negligible effect on evaporation from 

soils. 

Plant physiologists have given careful consideration to trans

piration as a function of the humidity of the air (Curtis , 1936 ; 

Gaumann and Jaag, 1936; others as reviewed by J.19.rtin, 1943). The 

results of Gaumann and Jaag ar~ exemplary. They found that the trans

piration rate of Quercus robur in darkness with stomata closed bore an 

approximat >ly linear relation to relative humidity in the range 10 to 

90 per cent at temperatures of 20 and 30° C, but at 400 C the r~nge of 

linearity was from about 50 to 90 per cent. At all three temperatures 

there was a tendency for the transpiration at low relative humidities 

to fall below the value expected from the linear relation. These 

workers coined the term "physiological saturation deficit" defined as 

the saturati nn vapor pressure of w~ter at leaf temperature minus the 

vqpor pressure of water in the surrounding atmosphere. 
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Quantitative expressions of the relationship between humidity and 

eVRporation or evapotranspiration are scqrce. Only two such expressions 

were encountered in the literature . Lowry (1956) found that the area 

under the humidity trace on the hygro-thermograph chart, when plotted 

on log-log paper against evapotranspiration (from a l arge pan of soil 

conta ining some live vegetation), yielded a straight line for short 

periods of observation. Ceaglske and Hougen (1937) dried one inch 

t r ick sand samples in air of constant t emperature and measured the 

resulting woight los e and surface temperature. They found that the 

drying rate divided by the vapor pr~ssure difference between the sand 
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surface and the air yielded a nearl:r constant quotient. 

Radiation .--In the general climatoligical and hydrological problem 

of evaporation the radiant energy i s that of the sun. The solar constant 

is very nearly 2 .0 cal cm-2 min-1. Interfer ence and filtering Qy the 

atmospher e cut this amount dOiolll by roughly 1/4. Then, too, deviations 

from normality between incident beam and surface result from surface 

slope, declination of the earth and la titude, and rotation of the 

earth (hour of the day). Taking only these considerations and the 

latent heat of vaporization of water into account one can readily 

calculate a logical estimate of the potential annual evaporation for 

a~ geographical location. Inclusion of a cloudiness factor, as a 

percentage of the possible sunshine hours, for example, improves the 

er.timate . Continuation of this procedure with inclusion of arbitrary 

constants produces empirical, engineering-type equations for estimating 

evapotranspiration. Such equations will not be r eviewed. 

~inca the role of radiation in evaporation theory has already been 

considered and the present study does not empl~ radiant energy as the 

energy source, review of evaporation as a function of radiation bas 

been summarized in the following statement 1 Evapotranspiration is in 

phase with radiation flux rather than temperature (van Wijk et al., 

1953; van Wijk and De Vries, 1954), transpiration rate increases vith 

intensity of radiation--at least over a certain range and for certain 

plants --(Martin, 1943 ), and effect of radiation on evaporation from 

soil depends upon the content and distribution of moisture in the soil 

and upon the severity of other evaporation conditions. 

Temperature .--For the insolation evaporation case and a dry evapo

rating medium all the available energy except that which heats the medium 
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itself poes into heating the air; in t he cane of a moist medi um most of 

th~ ener gy is used in evaporat ion. Thus temoerature and evaporation or 

evapotranspiration are correl at ed, but, since evaporation results in 

evaporative cooling, the correlation i s complicated. 

For t he wet-bulb evaporation case, lowering of the temperature of 

the evapora t i ng surface can be very striking. Jtamei, Mizuno, and Shiani 

(see Gilliland, 1938) obtained a linear relation between steady state 

rate of drying of 3 em-thick slabs of clay and wet-bulb depr essions, 

which wer e as large as 16° C in experiments conducted at dry-bulb 

t emperatures of 15, 25, and 35° C. At a dry-bulb temperature of 65° C 

Ceagl ske and ROUS':en (1937) measured a temperature drop in the sample 

of 29° C. 1-Brtin (1943) reported that in his experiments the eva pora

tive cooling of the plant leaves in response to transpiration generally 

did not exc~ed 10° C. These observations are all compatible with 

psychrometry theory for the wet-bulb evaporation case. 

Staley4, Schleusener5, and Schleuaener and Corey (1959) measured 

the t emoerat ure profiles in ~oi l columns evaporating under controlled 

condi tions but did not utilize thi s info~tion in their theories. 

Mos t studi es of evaporation as a function of temperat ure are not 

the limiting evaporat i on cases as defined in the theory of evaporation 

section. In fact, the t emperatur e r eported is mo~t often that of the 

room or t he container in which the experiments wer e conducted. Never

theles s , if all ot her conditions are held constant as the temperature 

4staley, op. cit. 

5s chleusener, op. cit. 
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is varied from run to run, the oatt~rn of r esul ts is consistent and 

acceptably reproducible results are obtained, It is in thi s sense that 

evaporation has been s tudied au a function of tempP.rature in a number 

of the re sults which follow: 

Dines (18?0) demonstrated that, for the rates of evaporation 

obse rved, the amount of wa ter evaporating from a fre e water surface in 

a room a t 620 F would amount to 26 inches per year a s compared with 131 

inch~s per year in a room a t 880 F. Sleight (1917) observed the evapo

ration from a s eries of tanks set outdoors and hea ted to water surface 

temperatures up to 16.6° F above the temperature of the control tank 

by insertion of various numbers of electric light bulbs through the 

ba ses of the tanks. His results indicate an exponential increase in 

evaporation with linear increase in t emperature. Any mean weekly 

surface temperature which exceeded that of the control tank by more 

than 150 F resulted in at least a doubling of the evaporation rate. 

Harris and Robinson (1916) floated shallow aluminum canF contain

ing 25 gm samples of Millville loam and a coarse sand on the surface 

of a wa t er bath m!lintain"ld at temperatures of 20 to 90° C. '111ey 

report ed the times, in minutes , r equired for the soils to reach dry

nesses of 1/2 the initial moisture p"lrcentage and the "practically dry" 

condition. The temperatures and the corresponding times required for 

Millville loam to dry to 1/2 the initial moisture percentag~ , respec

tively, were : 20°--265; 30°--89; 40°--46; 50°--23; 60°--17; 70°--12.5; 

800-.9.5; and, 90°--7. '111e data show that the average rate of evapo

ration wa c 38 times as fast at 90° C a s it was at 200 C. 

Sherwood and Comings (1933) studied the steady state drying of 



fireclay brick betch in circulatinr, air of temperatures 27.8, 43.3, 

and 65 .6° C. The steady state rate of drying was almost four 

times faster at 65 .6 than a t 27. 8° C. Bateman et al. (1939) calcu-

lated the dependence of the diffusion coefficient D on drying tem

perature for the tangential drying of water-saturated Sitka s pruce at 

temperatures of 35, 40, 50 , 60, and 80° C. The r elative humidity 

was 50 per cent a t each t emperature . The diffusion coefficients wer e 

obtained from the expr ession 

(5) 

wherein Q is the weight loss at time t, L is the length of the wood 

cylinders studied, and m1 and m2 are t he moisture contents in excess 

of the fiber saturation point at the two ends of the cylinders. 

Martin (1943) reported studies of evaporation into calm air from 

leaf-shaped blotting paper evaporimeters and of transpiration by 

Ambrosia trifida and Helianthus ~ into calm air in darkness with 
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open stom11ta. Martin's data on evaporation from the evaporimeters show 

that, at any given relative humidity, the evaporation rate very nearl y 

doubled on i ncreas ing the temperature from 27 and 49° C. At a given 

temperature, the di fference in evaporation rate at relative humidities 

of 20 and 80 per cent was four-fold. Ge.umann and Jaag (1936) r eport ed 

values of transpiration rate at an air t emperature of 40° C about five 

times ao great as those for the same "physiological saturation deficit" 

at an air temperature of 200 C. 

The temnerature dependence experiments described above all deal 

with evaporation, transpiration, and moisture flow as rate processes. 
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It is to such rate nroces ses and t o t he d<lpendence of the ra t e on tam-

perature that t he theory of chemic~! kinetics (Ami " , 1949; Frost and 

Pearson, 1953) c~n be applied. Apolication of kinetic theory yields 

apparent activation energies which can be interpreted in terms of 

ener gy barriers tha t might be associated with the mechanism of reaction 

on the molecular level. 

Kinetic theory i s to be employed in this study in analyzing the 

evaporative drying of soil. Although most of the above mentioned 

results are amenable to treatment by kinetic theory, none of the above 

authors calculated activation energies. 

Biggar6 did apply kinetic t heory to soil moi sture flow. He 

hypothesi zed tha t moisture flow into dry soil is an activated orocess, 

the apparent activation energy being associa ted with free energy barriers 

resulting from the physical and chemical nature of the soil material. 

The apparent activation ener~ies were calculated from the temperature 

dependence of the diffusion coefficient D for the wetting of soil 

columns (infiltration of water into soil). The explicit assumotion was 

made that D takes the form 

D : D0 exp(-~*/RT) (6) 

wherein Do is the diffusion coefficient in the absence of activated 

diffusion, E* is the apparent or Arrhenius energy of activation, R ia 

the universal gas constant, and T is the absolute temperature . The 

calculated energies of activation ranged from 1 to 3 kcal mola-l water 

depending upon the si2e fraction of soil used, the density of packing, 

and the suction of the entering water (Biggar and Taylor, 1960), 

6Biggar, J. W. 1956 . 
ted soils . Ph. D. Thesis. 

On the kinetics of moisture flow in unsatura
Utah State University. Log~n, Utah. 



Soil f actors 

Compaction ~ layering.--Under isothermal conditions , compaction 

of soil increases unsaturated l iqui d flow but r esults in a lower rRte 

of v~por flow. Harris and Robinson (1916) found that compacting soil 

at depths below four inches had little if any effect on evaporation. 

Kola sew (1941) r eported results of studies of evaporation from soil 

columns 15 em in diameter a nd 37.5 em in length into which moist 

soil wa s pac¥ed in 2.5 em-thick s ections in various combinations of 

compact and loose layers. The ratio of the bulk densities of the 

loose :compact soils wae 1:1.3. The columns composed of compact or 

of predominantly compact layers lost more moisture than did columns 

all or pr edominantly loose-packed . Based on the initial sta t ement, 

one concludes tha t moisture movement in these experiments wa e pre

dominantly by liquid -phase flow. 

Ceaglske and Hougen (1937) demonstrated that when a layer of 

coarse sa nd is placed upon a layer of fine sand or vice-versa, the 

rate of drying is independent of the sand below the top l ayer. With 

coarse sand on top the constant ra te period was ~roportional to the 

thickness of the top layer and most of the water was ev~porated from 

this top ~ayer before the finer sand below began to lose moi s ture. 
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Water table depth.--Obs ervati ons on the influence of the depth of 

the sample on the yield of moisture (Richards and Weeks, 1953 ; Gardner, 

1959a, fig. 7) and on the r edistribution of moisture in soil in response 

to drying (King, 1899; Veihmeyer, 1927; Blaney et al., 1930; Hilgeman, 

1948 ) indicate that the depth of the water table should be an impor

tant f actor in water loss from soils by evaporation. 



Shaw a~d Smith (1927) concluded t hat evapors ti on from Yolo loam 

i s n~gligible when the w>ter t>ble i s more than 10 feat below the soil 

surface . ~chleusener6 f ound that for w~ter t able depths less t han 

about 12 inches the ambient vari~b'es produced approximately the same 

effect on evapora ti on f r om the soils a s on evaporation from a free 

wa t er surface . The observa tion~ of Schleusener are in good <]ualitative 

agreement with those of Sl eight (1917, tables XIX and XX). 

The data of Veihmeyer and Brooks (1954, table 4) of cumulative 

evaporation versus wa t er t "ble depth yield linea~ plots on lop-log 

~qper for wa t~r table d9pths of 1 to 5 f ee t inclusive. Svaporation 

from soil with wat er tables at 1 foot ancl 5 feet wa s 62 per cent and 

6.2 per cent of the free water evaporation, r especti vely. 

Several worv er s have made m'ithematical a nalyses of wa ter loss from 

soils above a wa ter table (Wind, 1955; Philip, 1957a , 1957b; GardnP.r 1 

1958; Gardner and Fireman, 1958; Visser, 1959). Wind (1955) applied 

Darcy ' s l aw to a study of the optimum depth of the water table in a 

heavy clay field soil and concluded that unless the water table was with

in 40 em of the root zone the flow of moistur~ to the roots would be 

l es s than O. J em depth of wa t er clay-1. 

Philip (1957a) has presented a solution of the unsaturated moisture 

flow equation? for the case of ver tical , one-dimensional, isothermal 

flow. The equation , which al8o as sumes a unique r el a tionship between 

6schleusener, op. cit. 

7s ee page 71 for a brief development of this equation. 
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moisture potential Y a l'lc' moisture content 9 is 

(7) 

where in 9 is the volumetric moi ~ture content of soil (cm3 wa t er / cm3 soil), 

t is time (sec), 

D is the soil moisture diffusivity (cm2 sec-1 ), 

k is the capillary conductivity (em sec-1 ); D • k o'l' /l>fa 

(Klute, 1952 ) where ~ is th~ moisture potenti al, and 

z i s the vertical space coorrlinate. 

The first t erm on tha right side of equ~tion (7 ) i s the nonlinear 

diffusion equation with the diffusion coefficient D a func t i on of 

moisture content. The second term on the right i s the gravitational 

component; this t erm disappears in the ca se of horizontal flow. 

For steady state flow, equation (7) becomes 

q/f = -D d9/dz - k 

wher ein q i s the flux of soil water acros s unit cross-sectiona l area 

normal to the direction of flow (gm cm-2 sec- 1), and ;0 

is the density of water (gm cm-3). 

Philip applied equations (7) and (8 ) to the transfer of wa ter from a 

(8 ) 

water table a t z = z.., (z.., is negative) to a soil surface a t which the 

r elative humidity h is specifically h0 • He calculated the steady state 

flux of wat er to the surface E (that is, the evaporation rate) a s a 

function of the depth to the water table z.., and the humidity at the soil 

surface h0 • For this purpose rearrangement of equation (8) yields 

d 9/dz : -(k + E)/D (9) 

or in integral form 

[

90 
z.., - D 

-9 ~ 
s 

de 
(10) 
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Subj ect to the a ssumption t ha t 9 i s a unique functi on of the 

vapor presRure of the surface soil moi st urq , t hat is, of ho, and the 

conditions t hat at 

z = z,., , 'f = 0 , 9 " Bs 

wher e 9 8 i s the sa tura tion moistuo·e cont ent , relationshi ps of the form 

z,., : z,.,(E, 80 ) : z,., (E, h0 ) 

or 

E = E(zw, ho) (11) 

can be found ~ numerical integration. 

Philip consider ed the dependence of Eon ho and concluded that t he 

flux of mois ture E "is virtually independent of ho, except for a very 

small pa rt of the h0 range , which w~ might a rbi trarily specify ae ho > 

.99 . " n>e oosis of Philip's conclusion is the observed Rrnall value of 

the moi sture diffusivity D for ho £ , 99 (soil moi s t ure suction of 13 

bar s). n>us Philip considers th~t s ince the evaporati on r a t e i r inde-

pendent of ho for values of ho ::0 • 99 1 the moi ,- t ure flux i s a func tion 

of wat er table depth only. F.xpr essed rnathematic, lly, r elati on (11) 

takes the r evised form, 

ho < .99 , ~ = E(zw) . 

I n his Fieure 6 , Philip plots E a s a functi on of depth to the water 

table zw and summarizes his r esults in stating : 

• . • the evaporati on rate from a wster-table i s either the 
evaporati on ra t e from saturaten soi l subjected to the same 
conditions or a function only of the water-table depth 
(and the soil cha racteristi cs) , whichever i s the lesser . 

Gardner (1958) predicted a maximum evaporation rate limited ~ 

c~pillary connuctivity of the soil and the depth to the water table 

(12) 



based on the solution of the moisture flow equation . For the case of 

soils for Yhich the capillary conductivity k and the soil moisture 

suction 'I , in bars , are r el ated by 

k: a/( 'T' n-b) 

the maximum rate of evaporation due to movement of the YBter in the 
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(13) 

liquid phase , as suming steady state flw and isothermal conditions , is 

as folloYs for the various values of n shoYn: 

n = 3/2 Eum. = 3.77 ad-3/2 

n = 2 = 2.46 ad-2 

n=3 : 1.76 ad- 3 

n=4 = 1,52 ad-4. (14) 

E is the steady state rate of evaporation (em day-1), d is the depth of 

the YatP.r table belw the soil surface (em), and a and bare constants 

obtained , usually, from pres~ure membrane outfloY deta (Gardner, 1956). 

for the relation betYeen k and ·r of the form 

k = a/(exp - c 7 ) (15) 

the limiting rate of evaporation is given by 

Eum = a 
exp(cd)-1 (16) 

Thus the limiting rate of evaporation is predicted to be inversely 

proportiona l to the depth to the Yat er table raised to the same power 

of n as in the anal ytical expression relating the capillary conductivity 

and the soil moisture suction for expressions of the form of equation 

(13) and inver sely to the logarithm of the depth to the Yater table for 

relations betYeen k and '1 of the form expressed by equation (16). 



Visser (1959) considqred the solution of the equation 

dz D d 'l' 
~±1 
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(16a) 

wher ein z i s the depth of the water table , Y' i s the moistu ·e pot ential, 

v is the velocity of c~pillary flow, Dis a constant approximately equal 

to the permeabi lity of sa tura ted soil, and n va r i es from soil to soil 

between about 1.5 and 3 .0. In equation (16a) the plue s i gn b ueed for 

upwar d flow, the minus sign f or downwarrl flo" , ~nd the capilla ry con-

ductivity k i s expressed by k : a lf' n . 

Visser rleveloped a nomogr~ph based on the steady stat~ solution of 

equation (16a) from which the r el ationshi p het\oleen heigh t above the 

ground- \ola ter table an~ the soil moisture suction (pF) can be estimated. 

~4uation (16a) includes t he relation bet\oleen c~pi lary conductivity and 

soil moisture suction like thAt of equation (13) from Gardner, ancl a 

fortr19.l simila··ity with equation (10) from Philip. 

Gardner and Fireman (1958) compared the experimental results of 

evaporation from columns of Chino clay and ~chappa sandy lo~m, in 

which vatP.r tables \Jere maintained at various depths , \olith the pre-

dictions of equations (14) and found reaeonable a~reement. Gardner 

and Fireman concluded that except for shallow water table depths or 

humid conditions the evaporation rate can bR exoected to be most 

f r equently limited by the wator transmitting prooqrties of the soil. 

These authors generalizen their experimental findines on the two soils 

studied as indicating th~t lowering the water table from the surface 

to a depth l es s th•m 60 to 90 em would be of little use in most soils, 

since evaporation for this range of wa t er table depths is limited 

largely by the externa l conditions. 



The data of both Phi l i p (l957a, fiP,. 6) and Ga rdner an1 Fi r eman 

(1958, figc . 5 and 6) , in agreement with th3t of Veihmeyer and Brooks 

(1954 , table 4 ), yield linear plotr of w~ter table depth ver sus evapo

ration rate on lor,-lor, paper . The only excepti on is the Chino clay 

soil of Gardner and Fi reman for which both the t heor etical and exper i 

mental plots exhibi t a dor,-ler , i. e ., actually two straight line 

s egments . 

In summary, it appears that the s t nady etate rate of evaporation 

from water tables c>n be predicted f r om the moisture flow equati on and 

knowledge of the moisture characteris tics of soil. The agree~ent 

bet ween prediction and experiment sugp.ests that uncaturat~d l i quid 

pha se flow limits th~ ra te of evaporation. Evaporati on rate ver sus 

wa t er table depth often yields a l i near pJ ot on log-log scales. This 

is particularly true for water tables of the order of 2 feet or more 

below the soil surface. 

Soil mulches and crop r esidues .--Utilization of soil mulches has 

long been r ecognized as a potAntial method of suppres s ion of moi sture 

loss by evaporation (Wollny, 1880 ; Kine and J effrey, 1898 ; Fortier, 

1908 ; Fortier and Becket t , 1912). A "perfect" mulch i s any medium 

which transports wa ter only in the vapor phase (Gardner, 1958; Hanks 

and Woodru~f , 1958). Most materials , however , unless separated from 

the soil by an air gap conduct some moi stur~ as liquid flow and are , 

ther efore , "imper fect" mulches. 

Livings ton (1906) concluded that in desert areas t he "evaporating 

power" of the air is so excessively high that movement of the soil 

water cannot keep the upper l ayer s moist , and a dry mulch forms which 
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tends to prevent further evapora t ion. 

Buckingham (1907) studied the effectivenes s of dry soil mulches 

of varying depths and compac tness . The mulches were ma 'ie "per fect" 

by suspen~ing them above free w~ter or moist s oil surfaces in such 

a way as to provide an air-gap between the mulches ~n~ the evapora

ting surf3ce . In thi s way w~ter supply to the mulch by liquid fl ow 

wa s elimina t gd. 

Buckingham conducted four separa te experiments which a ppear to 

constitut e the mo~t thorough study of the problem ever mqne . In his 

first exper i ment he s t udied the influence on evapora t i on of the 

moisture pilrc .,ntage of the dr·ring soil. layers of sandy loam soil , 

wetted to diffe r ent moi s ture contents in the range 10 to 27 per cent , 

were placed in the bottom of tumblers and the upper 2 inches of the 

ttDnblers were fi lled with coarse sand supported on >lire gauze and 

cheese cloth. An air gap approximately 1/ 2 inch across s eparated 

the mulch from the drying soil . Wi thin exper imenta l er ror , the loss 

of water was t'1e same from aU soils , indicating that the rate of 

transfer of the moi s ture through the mulch limited the process . 

The second and third experiments of Bucki ngham are not directly 

pertinent to this study, so are not reviewed. 

In his fourth experiment Buckingham studied the effect of the 

thickness of the mulch on wa ter loss. Columns of dry Leonard town 

loam and Podunk fine sandy loam 1, 2, 4 , and 6 inches in l ength and 

of uniform ~ensity wer e placed over containers of w·, ter. The experi-
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ment ran 140 daye. His results were : 

Soil 

Leonardtown loam 

Podunk fine sandy loam 

Depth of soil 

(inches) 

1 
2 
4 
6 

1 
2 
4 
6 

Loss of water from the 
free water surface 
(inches per year) 

2.71 
1.60 
0.95 
0.69 

2.52 
1.59 
0.93 
0.67 
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In comparison with data presented earlier for evaporation as a function 

of water table depth these data show the considerable r eduction in 

moisture loss wrought by "perfect" mulches. The difference between 

soils is not significant. 

Buckingham's technique of keeping the mulch from contact with the 

evaporating medium has been employed subsequently by Harris and Robinson 

(1916), by Hanks (1958), and by Hanks and Woodruff (1958). Hanks and 

Woodruff found a soil mulch to be 3 to 5 times as effActive as str~w or 

gravel in reducing evaporation. Harris and Robinson concluded t hat "a 

thin mulch, if kept dry, is effective in r educing evaporation." 

Evaporation suppress ion by imperfect mulches, that is by mulches 

in contact with the drying soil, engulf practica l field practices and 

these have been studied. Russel (1939) studied the effect of surface 

cover on soil moisture losses by evaporation from soil cores 5 inches 

in diameter and 6 or 7 inches long set out of doors. Hi s overall con-

elusion was that evaporation losses are decreased by straw mulches 

mainly during the time when the soil surface beneath them i ~ moist. He 

attributed residue covers with shading the soil, insulati ng the soil 



from heat conduction and with forminr, a "dead air" l ayer a cross which 

moisture transf er is by molecular dif fusion. 

Woodruff (1941) studied the evaporat ion of water from s>turat ed 

soils, contained in small .Jelly gl as ses, under room conditions of 

rela tive humidity and t empnrature. He concluded that the ra te of 

evaporation i s related inversel y to the square of the thic~ncos of the 

dry l ayer of soil at the surfa ce through which the vapor diffuses . 
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Gardner and Fir eman (1958) whose work on evaporation as a function 

of wa t l'r tabl e depth has alrea •ly been cited, also consi rlererl the effect 

of a surface mulch on t he rate of evaporation from soil columns . In a 

precedi ng paper (Gardner , 1958 ) it had been predicted that the evapora

tion from a soil with a surface mulch should be inver sel y proportional 

to the thickness of the mulch, asr.uming that the rate of movement 

throup,h the mulch is less than the potentia l evaporation. To test this 

prediction, a mulch of 1 to 2 mm diamet er screened sand vas placed on 

the surface of a column of Pncha pp~ f ine sandy loam with t he wa t er 

table 100 em below the soil ~urface . To a good approximation, their 

prediction was upheld . Their plot of evapora tion rate versus depth of 

the mulch hae the same shape a s their r elation between the depth to the 

water table and the evaporation ra t e--as it should have since the pr e

dicted r el ation? a re both inverse function s of a depth of soil, depth 

of mulch in one case and depth of soil above the va ter table in the 

other. Hownver, the depth scale of the mulch i s only about 1/ 100 of 

that of the water table depth scale , vhen both are in the same uni ts . 

This emphasizes t he f act that a small increase in depth of a surface 

mulch ha s as much influence on the evaporati on rat e as does a l ar ge 
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drop in water table depth. 

Lemon (1956) calculated the mois ture flux ~ isothermal vapor 

diffusion as a function of diffusion path l ength for diffusi on of water 

vapor through air an1 through sand of 37 oer cent porosity. The calcula-

t ions wer e for a temp~rature of 200 C and a vapor concentration di ffe r ence 

corresponrl ine to a r el ative humidity diff~rence of 100 pAr cent diffu~ing 

to 50 p'lr cent. 

Hanks (1958) employed Buckingham ' s technique in studyi ng the 

influence of depth and poros ity on water vapor transfer. He used t he 

equation 

q = _ a il -lli... _P__ dPv 
RT P-Pv dx 

of Rol lins8 and Rollinn et ~· (1954) wherein 

q is the vapor flow rat e (gm cm-2 sec-1), 

(17) 

D is the diffusion coefficient of water vapor into ai r (0. 239 

cm2 sec-1 a t 80 c), 

Pis t he total atmospheric pressure (dynes cm-2) , 

Pv i s t he partial pressure of W·'lter vapor (dynes cm-2), 

R i s the gas constant (8 .314 x 107 ergs OXelvin-1 mole-1), 

T is absolute temperature , 

M is the molecular weight of water vapor (gm) , 

xis the distance across the dry layer (em) , 

a i s a dimensionless tortuosity factor (=. 66 , Penman (1940) ), 

and I i s the volume fracti on of air-filled voids . 

He found t~t the ratio of (measured/calculated ) flow ra t e wa r generally 

8
Rollins , R. L. 1954 . Movement of soil mois ture under a thermal 

grqdi 'lnt. Ph . D. Thesis. Iowa Sta te Univer sity. Ames , Iowa. 
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greater than unity and that the ratio increased a s the texture of the 

soil became finer. The ratio was approximately constant independent of 

the depth of the dry layer, however. 

The data of Buckingham (1907, tables II and III), lemon (1956, 

fig. 2-b), Gardner and Fireman (1958, fig. 7), and Hanks (1958, table 2) 

all have several things in common. They were obtained under i Rothermal 

conditions, represent steady st~te flow conditions , exhibit a common 

inver se dependence on diffusion path l ength as required ~ simple dif

fusion theory, or, stated another way, all yield linear plots on log-log 

paper, tha t i s , are hyperbolic on linear coordinates. 

The implications of the characteristics of these data merit amoli

fication. The fact that the evaporation ra te exhibits the same function

al dependence on the depth of mulch as it does on depth to the water 

table seems to suggest the possibility of similarity in the r a te con

trolling mechanism of flow. When the water table is de~p and the soil 

profile is quite dry, the rate of evaporation i s very low. Provided 

vapor flow i s rate limiting, the similarity in mulch ann. water table 

depth effects indicates that the rate of evaporation from a soil above 

a water table must be controlled largely ~ the rate of vapor dif fus ion 

from the evaporation sitos within the soil profile. 

On the other hand, the observed much weaker dependence of mois

ture flux on water table depth than on depth of mulch t ends to indicate 

tha t at constant temperature and under ordinary drying conditions 

(moi sture condition and period of drying of interest in crop production), 

the contribution of vapor flow to the total moisture flow must be much 

l ess than the contribution of liquid flow. For this latter case con-
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sistency with observed results of studi~s wi th mul che s r equires that 

the Pite of evapoMtion be very close t o the soil surface if not actually 

at t he surface . It is evident t hat t he results depend considerably on 

the moisture di~tribution in th~ drying soil . Thi s f a cet of the nroblem 

wi ll be consider ed shortly. At present we choose to pursue the observed 

mathematical rel~ tion further, but we mus t f i rst develop some concept s . 

The t erm "simple diffueion theory" i mplies tha t the vapor flux i s 

proportion~! to th~ vapor pres sure grartient . 9 The general equation 

expres sed mathematically i s 

F=K~ 
L 

where F i s the flux, APv is the vapor pressure difference acros s the 

diffusion path length L, and K is the proportionality constant which 

includes the diffusion coefficient. If experimental con~itions (in-

eludi ng temperature) are constant, a stearly stat e flow r esults . No•• , 

since all the above r esul t s a re for steady s tate flow, K and cnv can 

be combined into, say, K1 • Hence 

F L = K I. 

The analytica l express i on for a hyperbola is 

X y: C 

where x and y are variables and c i s a constant. Graphically, the t race 

of a hyperbola in any quadrant approaches t he x- and y-coordinates 

asymptotica lly . This means , in t erms of vapor diffusion, that in 

the limiting case a s the diffus i on path length approaches zero, the 

9ror isothermal diffu~ion a s consider ed here , vapor pr~s sure i s 
proportional to molecula r concentration. 
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vapor flux apuroaches infinity. But this i s contrary to ~xperience; the 

rate of evaporation, even from boiling w~ter, does not approach infinity, 

evidently because the available energy input to the system becomes 

limiting . 

Raving recognized that vapor diffusion c~nnot be rate controlling 

as L->0, it remains to consider the r~nge of validity of the simple 

diffusion theory in terms of mulch thickness. Gardner and Fireman (1958) 

found that when the mulch wa s less than 3 mm thick, the mulch han no 

effect on the rate of evaporation. They, therefore, present evaporation 

data only for mulches Z 0.4 em thick. The thinnest soil layers used 

by Ranks (1958) were 0.63 em thick and the experimental results 

support the vapor diffusion analysis. Lemon's (1956) figure for sand 

ahows that the f lux has begun to deviate badly from the predicted 

straight line on log-log paper for a sand thickness of 0.60 em (0. 25 

inches). Evidently a mulch must be of the order of a few millimeters 

in thickness to cut down evaporation through the entry of va por dif

fusion as the limiting process. The necessary mulch depth increasee 

as the soil texture gets coarser . 

The data presented earlier on evnporation as a function of wa ter 

table depth indicate that for sufficiently deep water t~bles (in which 

case the surface soil is alway dry after a sufficiently long time has 

elapsed) the obser ved relation between w·, ter table depth and evapora

tion is consistent in form with simple diffusion theory. The much 

greater sensitivity of moi s ture flow to mulch depth than to water 

table depth suggests that the contribution of liquid flow to the observed 

flux i s appreciable even in evaporative los s of moisture from soils 
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with water tables as neep as sevP.r~l hundred centimeters below the soil 

surface. 

In summary, both the stea ~y state rate of water vaoor rlif rusion 

through mulches and the steady state rate of evaooration from soils 

with a water table exhibit an inverse dependence on flow path length. 

This is the type of dependence on flow path length predicted by s imple 

vapor diffusion theory. Measurements of the dif fus ion of water vapor 

throu~h dry soil mulches are in good agreement with the simple thoory 

provided the mulch is at least a few millimeters in thickness. 

Evaporation from water tables exhibits the same functional depen

dence on water table depth a s required by vapor diffueion theory. 

The reason it should is not obvious. The a~reement m~y be only coin

cidental nince analyses based on the as sumption tha t the evaporation 

rflte i s limited by unsa turated liquid flow of moisture also adequately 

describe this situation. If real, the weak dependence of evaporation 

rete on water table depth requires that the site of evaporation be 

close to the soil surface . Whereas it is generally accepted that 

evaporation occurs at or very near the soil surface when t he soil is 

moist, the weak dependence of evaporation rete on water table deoth 

implies tha t unsaturat~d liquid flow occurs to sites of evaporation 

near the soil surface even in rather dry soil profiles . 

Vapor concentration in soil.--Several workers have attempted to 

measure actual water vapor pres surq or rela tive humidities in the 

soil. Such studies are necessary since t hey ca n yield information 

directly usable in determining vapor oressure gradients in eoils and 

hence in calculations of thA contribution of vapor flow to evaporative 
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los ~ of wa t er. The most r ecent r eview of the sub j ect i s th~ t of John.lO 

Lebedef f (1927) placed a hair hygromet er in boxes of soi l at con-

stant temneratur~ and va ried the s oi l mois ture content from exp~riment 

to experiment. According to John,ll Le~neff consi dered soils under 

natural conditions to be always saturated with water vapor below a 

depth of 5 to 10 em . Fukuda (1956) considgred changes in the di f -

fusion of water vapor in relation to its condensation and evapora t ion 

in soil pores as de termined by measurements t~n times d~ily of flucua-

tion s in t emperature , rela tive humidity (an American Instrument Co. 

electric hygromet er was used), an~ ~oil moi sture at various deoths in 

~oils in the fiel d. Fukuda concluded th~t at soil moi stures yielding 

rela tive humidities less than 100 per cent, the observed humidities--

not the vapor pressures--are little affect~d by t emperature but depend 

almos t wholly on soil moisture content. 

Onchukovl2 (1957 ) measured the wet- ann dry-bulb t emperatures of 

the soil • i r a t 5, 10, 15, 2~ , 40, and 60 em. To avoid contact with 

the soi l, th~ thermocoupl es wer e mounted in r.mall metal scre ' n cylinders . 

The wet-bulb t empqrature was obtained from thermocouple s surrounded by 

a moi r tened wa drl ing wick . He concluded tha t in the surface 5-cm layer 

there i s a sharp low~rinp, of th~ moi ~ture in the pores. 

Johnl3 conducted exper iments with the obj ectives of (i) finding 

lOJohn, P. T. 1958. 
in th~ top l ayers of soil . 
~eattle , Washington . 

llrhid. 

Vapor pressure gradi ent and water mov,.ment 
Ph . !1 . Thesis. Univer sity of Hashington. 

12F:nglish translation of thi s RusFian article we~ furn i shed by Hr. 
J ohn Cary, Utah St a t e Univer sity. 

13John, op. cit. 
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out wha t kind or vapor pressurP gradi ent exis t s in soi l, (ii) d~t~rmin-

ing the effect of wind, temp 'r~ture , ~nd nosl tion of t he water tabl e 

on the vapor ur,.,ssure <'i stribution, and (iii) cor re1 atinr, the vapor 

pr.,ssure gradient with the evA.pora tion r a t e and f indi ne out whor e the 

evaporation t9.kes p1 ace . He waited for stea17 st>lte evaporation con

ditions to be establish~d in v~rtical columns of dry soil supplied 

with wa t er at their bases , t hen determined t he vapor oressure of air 

samples extracten with a sealed nump as analyzed ~ dew-point hygrometry. 

In view of hi s obj ectives John co~cluded that: (i ) a vapor 

pressure gradient (a) definitely exists even in moi~t soil, (b) is 

strong and linear in the dey soi l a~ove the wet front {he wetted 

vertica l columns of soil from the bottom); (ii ) winr r esults in {a ) a 

decrea se in t he vapor pres sur~ a t all level n in coa,-se sand but only 

in the top l ayer s of sandy soil, (b) sma l l temp~rature chanr, es have a 

greater ef fect on the evaporation ra te thA. n nO small nifferences in 

water table depth. 

In correlating the vapor flux with the vapor nres sure gradiont, 

the total moi s ture t ransf"r wa s tak"n a s the evaporation rate and the 

measurement of the vapor pres sure gradient s enabled the use of the 

Stefan law t ype equation of De Vries (1950) , which i s very similar to 

that of Rollins14 (see equati on 17, page 33), for calculating the 

vapor flux. On the assumption that if these two quantities are correct 

(he considered the maximum error in his vapor flux calculation to be 

14Rollins , op . ci t. 
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about 10 per cent f or th~ top l ayers or soil--dry zone--and a bout 40 

per cent f or all other layers) t h'lir difference must be attributable to 

some oth ~r mt>chanism, he took th P. differ ence between the total anr' the 

vapor transf er and attributed thi o amount t o surfa ce transfer or surfa ce 

diffusion (Carman, 1956). From this type of approach he concluded that 

(a) surface flow increases with depth and vapor flow decreases with 

depth in the soil columns,l5 (b) vapor flow inc~ease s r el a tive to sur

face flow vi th an i ncrease in term~r.'l ture, a nd (c) the smaller the 

particle size, the greater i e the contribution of surface flow to total 

flow. 

In interpreting the r esults of all these experiments on the measure

ment of the water vapor concentration in the soil it mus t be rem~mbercd 

that the methods of mea"uring thP- V'loor concentration bavP r enuired a 

macroscopic sampline interva l . This h~ ~ resulted in obt~ininr, deter

minations f~om relatively f ew locations in a soil profile qnd in errors 

in determinin~ the vapor pressure gradient. Consequently, the con

clusions of these worl·ers are necessarily similar to those which have 

been arrived at indirectly by other workers from circumstantial evidence . 

The fundamental nature of the information to be obtained i s worth con

siderable effort but the first emphasis must be placed on improvements 

in methodolof'y. 

Moisture dis tribution and fite of evapora tion.--Bvapora tion as a 

functi on of the moisture di~ tribution seems to hav• been almo9t wholly 

n~glected by soil scientists . This situation prompted Staple (1956) to 

15Note that this implies evaporation within the soil colwnn. 
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suggest tha t "computation of 9Vaporation must be a stepwise process 

involving the calculation in short time intervals, of both the changing 

moisture profil es in the drying soil and the resulting evaporation at 

the surface , " The condition has not been much improved even~ the 

advent of elegant solutions of the diffusion equation now available 

(Crank, 19561 Gardner , 1959 ) since such solutions are usually presented 

either in terms of dimensionless parameters or the average moisture 

content of the ~hole sample . Difficulty arises in interpreting a 

dimensionless parameter since it is not always obvious bo~ the com

ponents interact to yield the solution; the average moisture content 

of a soil profile depends considerably upon the depth of soil of interest, 

a dynamic quantity in practice. 

Moisture distribution during drying has been atudiPd ~ chemical 

engineers, particularly ~ She~ood and co-workers. Sherwood (1932) 

pointed out that during the constant rate period of drying, the moisture 

di s tribution is a parabolic function of the distance from the surface. 

That is, when moisture content is plotted on the ordinate and distance 

from the evaporating surface is plotted on the abscissa , a smooth line 

through the data points has the shape of a parabola about the abscissa. 

According to Sherwood (1932), Troop and Wheeler (1927), who exposed one 

surface of clay contained in copper cylinders to controlled drying 

conditions, were the first to demonstrate this relation. Newman (1931) 

and Sherwood (1932) have given equations for the relation between 

moisture content and drying time during the falling rate period for 

an initial parabolic moisture distribution. Since the same distribution 

is characteristic of wood drying (Stamm, 1948) the solution of Newman 



has been exploited extensively in kiln drying of lumber. 

Gilliland and Sherwood (1933) pointed out that the t i me r eqQired 

to set up the parabolic distribution depends on the nature of the 

material , its thickness, and the drying rate in the constant r ate 

period . Incorporating these consi derations into t heir ana lysi s they 

derived an equation expressing the moisture diBt ribution in a drying 

slab of "brick clay mix" during t he constant ra te period of drying 

which enabled t hem to calculate t he length of the constant rate period 

and the critical moisture content. However, to do so they used the 

diffusion coefficient obtained from analysis of the falling rate 
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period (Sherwood , 1929a , 1932) and as sumed that the constant rate 

period ends when the surface concentra tion drops to the equilibrium 

value. Their function does predict a moisture content which i g a p9.rs

bolic function of the di stance from t he evapora tinrr surface. 

Some workers have attempted to imply the predominant mechanism of 

moisture flow f r om a study of t he moisture dist r ibutions resulting 

during drying (Hougen et al., 1940; Pearse et al., 1949) . Hougen, 

McCauley, and lhrshall (1940) found that capillary flow i s typified 

qy a si gmoid-type CQrVe whereas diffusional flow results in a smooth 

curve concave downwar~ , that i s , a parabolic di s tribution. A survey 

of the literature indicates very strongly that the parabolic moisture 

di stribution i s not completely general; materials a s fine a~ silt if 

free of a colloidal fraction may not yield the parabolic mois ture 

distribution (Pearse , 1948). I t does appear to be characteristic of 

fine-textured ~rticulate or cellular porous media with appreciable 

colloidal character. Therefore, it should apply directly to most 
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soil s of agr icultur1l interest . 

Closely allied with t he moisture di str ibution i s the site of 

eV'tporation . The observed a ccumulation of soluble salt s at the surface 

in arid and ir:·iga ted a r eaR is good evidence that when the pr ofile i s 

moist enough for liquid f l ow to keep pace 11ith evaporative demand, most 

of the evaporation occurs at the soil surfa ce. Combining the informa

tion from the parabolic dis t ribution of the moi sture in drying materials 

vith the known dependence of liquid f low on moi s ture content one can 

predict thnt a pattern of moisture di st~ibution will be r eached on 

drying in which unsaturated flow will be unablq to ~eep the surface 

mois t anG vaporization at points below t he surface must occur i f an 

appreciable ra t e of evaporation is to he maintained. Sherwood (1929b) 

sta tes this another \Jay in pointine; out that whenever internal liquid 

diffusion is cont rolling there i s a tendency for the locus of evapora

tion to retreat into the solid. At any rate, drying of the surface 

layer ensues and a natural mulch results . Since in the treatment of 

mulches already given i t was shown that at such dryneases , vapor dif

fusion becomes evaporation ra t e cont r olling and vapor diffusion theory 

is compatible with the observations , only the site of vaporization need 

be considered here. 

The extensivA ~~riments of Buckine;ham (190?) vere prompted, in 

fact, ~a desire to study evaporation from point s below the surface . 

His r esults shov that the deeper in the profile evaporation occurs the 

lower the evapora t ion rate mus t be. Onchukov {195?) used the differ

ence between the wet- and dry-bulb t emperatures of the soil air a s an 

indication of the zone of evaporation. On the basis of this criterion 



hi s r esults predict t ha t no ev1pora tion ~houln occur below 25 em but 

that extensive evapora t ion occurs wi t hin 5 em of t he soil surface . 

Onchukov' c Measurements indic~ted t hat on bot h heati ng and cooling the 

soil par t icles change t empP. r a ture f a ster than does the air in the pores, 

an obs ~rv~ tion consist~nt with evaporation of moi sture from the soi l 

parti cles into t he air pores during th~ day ann condensa t ion of mois

ture on th~ pqrticles from t he warmer air at night. 

Richards ~ al. (1956) followed the moisture di s tribution for a 

P' riod of two months in a soil profi l e thoroughly wetted initially with 

saline irrigation water. They concluded from moi sture distribution and 

sal t a c cumul~ tion da ta tha t under the conditions of their experiment 

wa t er vapor transfer was a~ricultura lly i nsignificant below the 15 em 

depth. 

Sh~rwood (1930) hypothesized that if evaporation takes place at a 

plane a definite distance f r om the surface there should be a di scon

tinuity in t he mois ture gradient curve at the pl ane of evapora t i on. 

On plotting mois t ure sampling curves (i. e ., moisture percentage ver s us 

di stance) he found no evidence of a di scont i nuity, however , and con

cluded tha t the data obtained eliminate the possibility t ha t the 

evaporation occurs at a r etreati ng plane, or even in a narrow zone. 

Sherwood (1929b) observed tha t the site of evaporation appar ently 

depends upon t he porosity of the drying medium. He orobably should 

have said por e size ins t ead of Ltota17 porosity, however . Experiments 

have shown t~~t a dry lay8r i s det ectable in sand (Ceaglske anc Hougen, 

19~7; Wooctrurf , 1941; Pearse, Oliver, and Newitt, 1949) but i s diff i

cult t o def i ne in finer textured mat er ials (Sherwood, 1930), even 



tho1~h the finer materials normally pos"es~ greater tot~l oore space. 

Petersonl6 used the electrical conductivity of the saturation extract 

to study s~lt accumulation in the n~ofiles of loose , porous high 

organic soils . He found the 1/2 to l-inch sampling interval exhibited 

decidedly higher electrical conductivi ties than either the 0 to 1 / 4-

inch or the 0 to 1/2-inch sampling interval. The evidence i s good 

that maximal evaporation occurred at a depth 1/2 to 1 inch below the 

soil surface in these soils • 

.E!!m!~ 
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Of the components of the general evaporation problem the economic 

interest is usually focused on the plants. It is their parts , pro

ducts, and byproducts which have value on the market . Therefore, for 

the sake of completeness, it is necessary to ma'e some statements about 

their role ev9n though they are absent in the present study. In the 

main only concepts will be presented. 

Land plants have developed certain characteristics which make 

their survival pos sible (Bernstein, 1955). One of these feature s is 

flattened leaves of large surface area which present maximum surface 

area for the absorption of light enerr.y and the interchange of gases 

with the environment. In addition, the interior of the plant leaf is 

made up of cells loosely arr anged with continuous but irregular air 

spaces between the cells. The air spaces are interconnected and lead 

to the exterior atmosphere through pores in the leaf surface called 

stoneta. This hollow leaf s tructure with openings to the atmosphere 

via the stomata facilitates the exchange of carbon dioxide and oxygen. 

Both the large surface area of the leaves and the provision for the 

16Peterson, H. B. 1959. By personal communication, 
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ready exchanP,e of gases f ac i litate photosynthesis. 

These a daptations of l and plants for maximum photosynthetic 

a nvantage have been a detriment to the plants from anoth or point of 

view. The cell walls inside the Jeaf mus t be kept moist, but the 

moisture from their surfaces evaporates then diffuses out through the 

stomata into the surrounding air. This eva porative loss of water from 

plants is c~ lled t ranspiration. Because of the magnitude of thj s water 

vapor loss by transpiration (it ranges from 0.5 to 2.5 gm water dm-2 

leaf hr-1 under favorable conditions for wa t er loss to as low a s 0.1 

gm dm-2 hr-1 or less for low temperatures, at night, or when soil mois

ture suction i s high--Meyer an ' Anderson, 1952) plants r equire extensive, 

finely divided root systems for absorption of wa ter . Most of the water 

absorption is through the root hairs which occupy a space of a few 

millimeters to severol centimeters behind the zone of elon~ation of the 

root tip. From a physiological point of view Meyer ann Anderson view 

the number of root tips borne by a root system as probably the most 

important index of its effectiveness in obtaining water. 

Also consistent with the ma~nitude of transpirational los ses of 

water, plants have developed specialized, greatly elongated cells in 

the roots, the stems, and the leaves which form a continuous system of 

hollow tubes called xylem. This continuous water conducting system 

connects th~ root hair zone o~ the plant with the mesophyll cells of 

the leaf. Loss of wa ter by leaf cells results in a reduction of turgor; 

the cells then absorb water f rom the conducting vessels with increasing 

intensity. That, in turn, causes mo r e va t er to move into the root and 

along the water-conducting e l ements from the plant root cel ls . The 



net effect necessitates an increased rate of absorotion of wRter by 

the root cells in contact with the soil moisture in order to " eep the 

plant cells adequately supplied with water. 

With the above concepts in mind the a nalysis of the nlant factors 

in evapotranspiration , the sum of evaporation plus transpiration, is 

more meaninaful. Van den Honert (1948) pursued Gradmann ' s idea of 

1928 of applying an analog of Ohm's lJlw to the W'l ter transport through 

the plant as a whole . (In theory t his is valid for diffusion as well 

as for flow through capillaries.) For steady state transport through 

the plant the rate of wate r t ransport (dm/ dt) in each p3rt is the same . 

Designati ng the resistances in the root cells, xylem, leaf cells, and 

the "gaseous part" by Rr, Rx , Re , and Rg , respectively, and designating 

the potentials (biologists use diffusion pressure deficits symbolized 

by DPD; these are equivalent osmotic pr essures) in these same parts by 
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dm = Pl-Po = 
dt Rr 

P2 -Pl: P;J-P2: 
Rx Re (18) 

Po is the DPD of the moisture supply ext ernal to the roots. 

If reasonable values of the DPD of the air of 1000 atmospheres 

(rel~tive humidity of 47 per cent at 200 C), of the chlorenchyma cells 

of 50 atmospheres, and of lesser values for the other components down 

to zero atmospheres DPD for Po (free water or saturated soi l) are 

assumed, and i f all the effects bet ween the soil and the air are con-

sidered as one uni t and those between the plant and the air an another 

unit, then (P4- P;J)/(P;J -Po) Z 20 . Therefore, Rg ;::::; 20 (Rr + R;x + !Je) , 

that is, the effecti ve resistance in the gaseous p~rt i s about 20 times 

the sum of th~ r~sistances offer ed by the other parts. Van den Ronert 



considered the great resi st~nce i n the gqseous pqrt of the system to 

be a physica l reality. He states: 

In our cnse , the conclusion is inevitable that the ma r ter
process i s alvay~, under any circumstance, the transport in 
the gaseouo ~qrt. Generally it will be a diffus i on process. 
However, under special circumstances (amphi stomatous leaves, 
small radia t ion, open stom~ta) heat conduction throu~h the 
same air layer may partly take ovAr the role of maeter
process. 

Philip (1957b) made a directly analogous analysis in terms of the 

specific f ree energy of each s egment of the soil-plant-atmosphere 

continuum and r ~ached the same concl us i on a" did van den Honert . 

The effectiveness of the stom~te in control of transpiration is 

much debated . Pennan and Schofield (1951) considered that a ll the 

s eparate diffusion streams passine out through the stomata merge at a 

short distance from the leaf surface, and that thereafter the bulk 

flow encounters resistance as it moves avay from the l eaf . The se 
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vorker s cons idered the external re sistance to overwhelm other considera-

tions to such an extent that un er still conditions, stomatal control 

of transpiration is very slight and the stomata must be nearly closed 

before they cut down the rate appreciably . As air motion around the 

leaves increases , the external r esistance decreases and the stomatal 

movement becomes a more significant factor. Essentially, this viewpoint 

amounts to assuming that the s tomatal component of resis tance is about 

the same independent of external conditions . 

The analyses mentioned above point to the conclusion tha t transpir-

ation is, in t he main, a physical process and should therefor e be r eadily 

amenable to the application of physical principles . It i s a lmost incom-

prehen~ible , however, that plants should not exhibit some physiologica l 

control over transpiration. That they may i s supported by the facts 



that the stom~ta occur at the point a t which protection against the 

physica l system i s mos t critical and at the only point at whi ch 

protection would be effective , namely a t the plant-air interface. 
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Phenomena of ~ 

Stages of~ 

It is commonly accepted that there are t hree stages or periods in 

the drying of porous solids with moisture loss by evaporation. These 

star es are a constant rate period and two falling ra t e periods (Fisher, 

1923; Sherwood, 19301 Sherwood and Comings , 1933 ; Kolasew, 1941; Pearse 

et al., 1949; Marshall, 19501 Lemon, 1956). These stages of drying 

are usually identified by plotting the evaporation rate, as determined 

by weip,hings at arbitrary time intervals, against the avera~e moisture 

content of the sample . There are other procedures, howev"r (~rshall, 

1950). 

During the constant rate period of drying moisture flow to the 

evaporating surface is rapid enough that the ra te of evaporation is 

limited by external conditions. F.mpirica l r elations found to hold for 

evaporation from free water surfaces may be applied. The moisture 

content at which the constant rate period ends and the falling rate 

period begins is termed the criticql moisture content. In general, 

the higher the evaporation rate during the constant rate period the 

higher is the critical moisture content (Buckingham, 1907; Penman, 

1941). Under laboratory conditions of evaporation Penman (1941) found 

the rapid initial drying of soil columns radiated by a 750-watt l amp 

suspended 2 feet above the soil surface la , ted about two days. 

Sherwood and Comings (1933) presented data on the drying of 

several clays, sands , and ceramic plate and from the effect of air 

t emperature, humidity, and air motion on the rate-of-drying curves 

concluded that the two distinct falling rate periods of drying are 



cha racterized by a mechani ~m of drying which chnn~es abruptly from 

surface evaporat i on controlling in the f i rst falling r ate o~riod to 

interna l liquid diffusion controlling in the second falling rate 

period of drying . ~everal worker s (Yean et a l., 1926; Ceagl ske and 

Hougen , 1937; Pearse, 194P ; Pearse et al., 1949 ; Marshall, 1950) 

considered the first f3lling rate period to begi n when a sufficient 

number of surface sites (individual soil particles , for example) 
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become dry to decrease the surface area from which evapora tion occurs . 

Others (Penman, 1941; Lemon, 1956 ; Gardner, 1959) consider the falling 

rate perio ri to begin when the entir e soil eurface reaches a moisture 

content in equilibrium with the air. Of these int<>rpr•,tati ons, the 

f i rst se~ms the mor e likely and realistic . Published actual drying rate 

cur ves show the various oeriods grading mnoothly into each oth r. This 

behavior would be expected if the former case held. In reviewing the 

literature the im~ression is obtained that the majority of r esearchers 

consider evaporation to occur pr~dominantly from the soil surface 

during the first falling rat e period . In this cas ' the rate shoul d be 

sensitive to evaporation conditions . 

When the second falling rate period begins the surface i s dry and 

evaporation t ak es olace within the solid, the vapor reaching the sur face 

by molecula r diffus ion. There may still be l iquid phase movement i n 

the zone of evaporation but i t i s very slow . The evaporation rate 

during this neriod is not readily susce tible to environmental changes 

(~herwood, 1929b; Hougen et al ., 1940) but the r qte is a function of 

samole thickness--inversely nroportional to it (~herwood, 1929b). 

~herwood (1930) considered that the actual evaporation takes place a t 

such a di ~tance f~om the surface that the r a te of diffusion of vapor 
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throueh the solid an<i through the laminar air film is equal to the rate 

of internal liquid diffusion. 

Sherwood (l929b) gives descriptions of the various cases of drying, 

which correspond clos~ly to the constant and first and second falling 

rate periods in that order a s follows: 

I. F.vaporation of the liquid at the solid surface; re
sistance to internal diffusion of liquid small as 
compared with the resistance to removal of vapor 
from the surface.l7 

II. Evaporation at the solid surface; resistance to in
ternal diffusion of liquid great a s compared with the 
resistance to removal of vapor from t he surface. 

III . ~poration in the interior of the solid; resis~~nce 
to intP.rnal diffusion of the liquid grea t as comnared 
with the total resistance to removal of vapor . 

Sherwood's second case is the only one which is difficult to visualize . 

It seems to be s elf contradictory. 

Mechanisms of flow of moisture 

Considerable effort has been put into trying to explain the drying 

rates and the moisture distributions in t erms of various mechanisms of 

flow. Pearse et al. (1949) state : 

The forms of the drying rate curves vary with structure and 
composition of the solid, but exhibit common characteristics 
which may be r elated to the mechanism by which moisture i s 
being removed from the system at any moment. 

Of particular interest with r espect to this statement is the work of 

Keen (1914), who suspended two soils , sand , and silt over sulphuric 

acid solution. He found the plots of moisture percentage versus time 

for sand and silt to be linear over a wide moisture content range; 

l?see pages 54-55 for a clarification of Sherwcod 1a interpretation 
of the t erm "diffusion." 



eimilar plots for soil exhibited a slight but definite curvature. 

Igniting the soil to dull r ed heat chaneed the tyne of evaporation 

curve to one "i dentical" with the sand curves. After having studied 

the evaporation from china clay and the lack of effect of removal of 

humus by 2 per cent NaOH solution, Keen concluded that the colloidal 

nature of clay i s mainly responsible for the characteristic shape of 

the evaporation curve of soil. 
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In discussing the physical nature of the soil complex Fisher (1923 ) 

pointed out that for the most part typical colloidal materials such as 

wool, cotton, and gelatin when in equilibrium with a given mois ture 

content have the water uniformly dis tributed throughout the mas s . He 

described soil as "a collection of relatively non-hygroscopic non

colloidal particles of irregular and variable shapes and sizes with 

a gelatinous or colloidal coa ting ." Fisher went so far as to propose 

that the moisture content of soil be calculated not as a percenta~e 

of the total weight of dry soil but on the basis of the weight of the 

dry soil colloid. In practice the idea meets with difficulty; it has 

never been adopted. 

Hougen ~ al. (1940) and Pearse et al. (1949) have listed the 

driving forces by which water may be moved or distributed (or which 

cause r esistance to movement) during drying, but Marshall (1950) 

presents a more complete l isting. Marshall's list of the internal 

mechanisms of liquid flow i ncludes: (i) diff,Jsion in continuous, 

homogeneous solids, (ii) capillary flow in granular and porous solids, 

(iii) flow c~used by shrinkag~ and pressure gradients, (iv) flow caus ed 

by gravity, (v) flow by a vaporization-condensation sequence, (vi) flow 



by an el ectric·1l potential (electroosmosis), and (vii) f101.1 C'lUsecl by 

temperature o;radi , nts (thermal diffusion) , 

Before considering diff '!·ent worJ.-, r s 1 interpretaticne of th, ir 

result~ in VJI-ms of th•o various mechanisms of flow it is necessary to 

clarify the two contrasting philosophies th~> t have aris••n in the use 
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of thA t 0nn "dif'f usion." One school of thought--that of the workers 

Ceaglske, Hougen, ¥arshal1, McCauley, Newitt, Oliver, Pearse , and those 

with whom they co-author-conRiders dif'fusion in t he clll ssic.~ l sense 

as t~e di st ribution of the molecules within a single phase brought 

about by molecular motion of translation and mutual bomb~ rdment. ~trict 

adher en"e to this definition results in this group of worver s having 

to int8rpr"t practically all experimental resul t s , save t hose for the 

s econd falling rat' neriod in which vapor diffusion predominates , in 

t e•·ms of capillary phenomena. 

The other school of thought adhere s to no strict nof inition of 

diffusion but uses m~themntics as its criterion of categorization. If 

the mathematics of diffusion c~n b9 appl i P.d ann i~ foun1 to expres~ the 

observRti ons satisfact orily, the gro~s phenomenon is considered one of 

diffusion. This group has been led by Pherwood and his co-workers, 

mathematicians (Jest, 1952 and Crank, 1956, for examnl e ), ann t hose 

associa t ed with the lumber industry--in generql, by those who have 

actively used di f f us ion equations. Soils workers who have solved the 

unsaturated fl01.1 equation have developP.d an aw•1 reness of the need for 

clarification, and s ince about 1950 a convP.ntion has been growing, 

the essence of which is a s foll01.1s: Due to the formal similarity 

bAtween t h" equations or heat fl01.1, diffusion and unsatura t ed moi sture 



flow, refer to the moisture flow equation a s a "diffuEion type" 

equati on and to the quantity in the flow equation analogous to thermal 

diffusivity in hea t flow ae the "soil mois ture diffusivity." 
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Individuals of this latter school of thoUP,ht, including the soils 

wocker~ , have not concerned themselves very much with a physical inter

pretation of the mechanism of fl ow nor with the definition of diffu ~ion. 

The mathemat ics is the same whether niffusion equations or diffusion 

type equations are used . 

The situat i on is not good and indicati ons are tha t it will get 

worse. Some of the rea sons a r e: ( ~) The classicnl definition is too 

r est rictive to be of much value in describing flow in multiphase sys tems. 

(b ) In contrast with (a ) above, the mathematics of diffusion doe s 

describe th~ flow of water and other liquids through porous media. 

(c) The ever increasing number of methods of solving the di rferential 

equation of diffusion, with the concentration dependence of the diffusion 

coefficient taking almost any form, nromi ees to extend the application 

of mathematics of diffusion solution~ to problems heretofore too complex 

for accurate mathematica l expression. 

The situation focuse s attention on the need for a critica l evalua

tion of t erminoloey and/or development of ne1-1 analytica l approaches. 

Marshall (1950) point~d out that the drying process cannot be con

sidered apart from the complex structure of the substance to be dried 

and tha t gravity, capillarity, and vaporization-condensation are 

equally as important as diffusion. Hougen (1940) stated that the 

term diff usion should be restricted to the molecular movement of vapors 

where convection i s negligible and to the motion of water molecules in 
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homogeneous solids. 

In view of the above statement s and the complexity of solid-

liquid-gaseous phase interactions in porou s media let it suff ice to 

present a cross-section of concise st~tements conc~rning flow mechani ~ms . 

EArrer (1948) and Carman (1948) give the following respective statements 

on the flow of water in porous materials. 

There are various ways in which a flui d such a" water may be 
transported in a porous medium. The transport mechani sms 
depend upon pressure, physical stat~ of the fluid {gas or 
liquid) , the nature of the capillar i es (their diameter, 
length, shape, rou~hnes ~ an~ r egularity ) , the t empera ture, 
the i sothermal or adiabatic condition of flow, and sometimes 
upon surface tension. 

The permeability of a medium to water or any other fluid 
under the action of a pressure diffe rence may arise in 
various ways . 

(i) The fluid may dissolve and be transported by 
diffusion along a concentration gradient produced 
by the pr essure difference. 

(ii) In a porous medium, the fluid may be absorbed at 
the interwall of the capillary structure and be 
transported by diffusion along a concentration 
gradient. 

(iii) The fluid may flow through c~pillaries of a porous 
medium at a rate limited merely by its viscosity. 

No ~harp line separates these processes and it is 
pos sible for all to be involved simultaneously. 

Barrer (1951) considered that the nature of the movement of water, 

organic vapors, or gases depends primarily upon the manner in which 

the diffusing substance is held inside the solid, and on the nature of 

the channels. He considers that the sorption may be: Vander Waal'e 

sorption, dipole s orption in a monolayer, multilayer sorption at higher 

humidities with possible orientation, and capillary condensation in 

pores . The sorption forces mentioned by Barrer are believed to be 

opera tive and appreciable in the moisture range of availability to 

plants (Babcock and Overstreet, 1957; Passerini, 1954; Taylor and 



Stewart, 1960). 

When the intarpretation of drying is made in terms of capillary 

phenomena the expl~nation is similar to the one given by Comings and 

Sherwood (1934): 

The water rises to the surface through any system of inter
connecting passage s until all the various menisci at the 
lower ends of the wat~r columns have the same radius of 
curvature as the small menisci at the surface from which 
evaporation is taking place. As the drying proceeds, a time 
will be reached when the menisci at the low 3r ends of the 
water column in any system of interconnecting passages are, 
in general , about the same size as the smallest cross
section of the surface openings, and water will no longer 
be dr-awn to the surface through these passages. Evapora
tion will continue f rom the surface menisci, and the water 
in these surface openings will be depleted, thus causing 
the retreat of the surface menisci into the solid. 

Van Vorstl8 described the drying process in r esponse to passing 

air over the upper end of soil columns in a v"rtical position as 

follows: 

As air, or other carrier gae, flows over the drying surface, 
liquid will be evapo~ted from the surface, and the sur-
face layer will therefore tend to desaturate. This will 
cause an increase in the capillary pressure (the difference 
in the gas and liquid phase pressures), and therefore a de
crease in the pressure in the liquid phase. Flow will then 
take place in the liquid phase, in the direction of decreas
ing pressure. In thi s manner , the lower regions furnish 
liquid water to the drying surface, and all evaporation takes 
place a t the surface. This mechanism cqn continue until 
the liquid distribution has r~ched a value such that flow 
by capillary forces can no longer be supported •••• Subsequent 
drying must be by vaporization "in s itu" and diffusion into 
the drying a tmosphere. These two general drying procedures 
will be referred to as the "capillary period", and the 
"diffusion period." 
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Apparently on the basis of experimental evidence that if the cells 

of wood are not fully saturated each cell will contain an air bubble, 

18van Vorst , W. 
granular materials. 
Angeles, California. 

n. 1953. The internal mechanism of the drying of 
Ph. D. Thesis. Univ~rsity of California . Los 



Stamm (1948) described the general m~chani em of liquid f low t hrough 

wood a s follows : 

In a ser i es combination of fibre cavities cont·lininr; equal
size bublles 1 tl1e flow of liqui"' toward the we t line will 
occur first from the fibre cavity nearest t he surface be
cause the di st ance of flow and hence the resistance to it, 
will there be least . The bubble within the f i bre cavity 
>Jill expand , as flow takes place, until it practically fills 
the cavity. The bubble m~niscus will then tend to be pulled 
into one of the pit orifices. This pull will increase the 
curva ture of the bubble to a point at which the resistance 
to further expansion exceeds t he resist~nce to exoans ion of 
the air bubble in the next fibre cavity . Flow wi l l then 
occur from this second fibre cavi ty until its bubble prac
tically fills the cavity ••.• The water in the second fibre 
cavity from the wet line can therefore pass t hrough channels 
between t he bubble and the fibre wa l l of the first c~vity 
from the wet line. This will increase the r esistance to 
liquid flow, but will not orevent it. 

This description of the process is of more than academic interes t to 

~oil s workers since it f ocuses attention on a f acet of the drying 

process which has been almost completely ignored heretofore by this 

group, that is , details of tho mechanism by which a i r flow in t o the 

porous medium proceeds a E the air-filled porosity of the sample in-

creases due to desaturati on. The effects might be significant, a t 

leas t in fine t extured soils . 

Hougen ~t al. (1940) who are proponents of the classical definition 

of diffusion gave the following general summary of the mechanisms of 

moisture transfer. 

In t he drying of solids movement of liquid wa ter bv diffu
s i on is r estricted to the equilibrium moi sture content 
below the point of atmosnheric saturation and to single 
phase solid systems in which the water and solid are mutu
ally soluble . The first category applies to the last stages 
in the drying of clays , starches , f lour, textiles, paper and 
uood, an" the second c 'l. tegory to the drying of soaps , glues , 
gel.~ tins 1 and pa stes. 



Water held in interstices of solids , as liquid covering the 
surface , and as free wat er in cell cavities is subject to 
movement by gravity and capillarity orovided passageways 
for continuity of flow are present. Water flow in drying 
due to capillarity applies to water not held in solution 
and to all water above the fiber saturation point , as in 
textiles, paper, l eather, and to all water above the equi
librium moisture content at atmospheric saturation, as in 
fine powders and granular solids , such as paint pigments, 
minerals , clays, soil and sand . 

In summary, it appears that due to the complexity of the soil 

system, the multitude of interacting forces, and confusion in t ermin-

ology it will be quite impossible to give unequivocal interpretation 

to the mechanisms of moisture flow in soils. Attempts to do so should 

not be condemned, however, because considerable clarification in 

thought can result from carrying a given analysis to a logical conclu-

sion, a nd limiting cases can be well defined, Simpler systems may 

profitably be studied but extrapolation of the results to the Aoil 

sys t em must be made with caution. 
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Analyse s of~ 

F.Vaporation ~ ~ function of time 

~everal workers have studied the drying of soil susp~nded above 

sulphuric aci c in desiccators. On examining the eryil!f" curves of 

ROil, sand, and silt ma t hematically, Keen (1914) found an exponential 

relation was r equired to fit the data for soils whereas a s imple 

linear relation existed betve~n moi~ture percentage (oven-dry weight 

tasis, SW) and time for sand and silt . The equation he developed to 

apply to soils is 

A ~ •<J 
dt (6w s/100) ~ 1 

vherein Sw i s the P' rcentage water by veight 

s is the specific gravity of the soil , 

d9w/dt i s the rate of evaporation , and 

A and K are constants. 
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Fisher (1923 ) b9lieved Ke~n 1 s equation to be an incomplete expres~ion 

for the r elation betwe~n time and moi sture content and that the true 

curve i s really of a more complex type. He wrote rate equati ons for 

the constant ann first ann second rate periods , in that order, as 

follows: 

-d9w/dt = kl 

-d9w/dt = k2 9v 

-d9w/dt ;; kJ (9w - C) 

(20) 

(21) 

(21a) 

wher ein k1, k2, and k3 are rate cons tants and C i s the int~rcept on 

the absci ssa resulting from extrapolation of the ini t i s l por t ion of t he 

second falling rate curve to the horizontal axis. Fisher considered 



moisture flow within the R'mple to be ra te limitine. Veihmeyer and 

Hend- ick son (1955) presented graphicqlly their ~csu'ts for ev, poration 

of water from thin layer s of roil . Their graphs of moisture contnnt 

versus time ar9 hyp >rbolic, t he sharp change in the rate occurrinp, at 

approximately t he p9rmanP.nt wilting percentage. 

61 

Penman (1941) mentioned that hi s r esults f or evaporation fr- om soil 

coltmms approxima. t -1 ly f it the r el ati on E :: at1/n wherein E i s the total 

evaporation after t days , a is a cons tant, and n equals ap~roximately 

three. Richards et al. (1956) studied the moisture chan~es in 2.63 

meters square field olots of Pachappq san~ loam by gravimetric 

sampling . They found th~t for surf ace layers of soil of thickness 10 

to 50 em the amount of water rem~ining in the soil Qr, in surface 

inches , could be expressed by 

Sr = at-b (22) 

in which t i c time in days and a and bare constants. In equivalent 

form 

ln 9r • ln a - b ln t 

in agreement with which they obtained linear plots of log 9r arainst 

log t. Dif ferentiation of equation (22) yields 

d8r/dt = -abt(-b-l) = -b 9r 
-t-

which shows that the rate of change of the amount of moi nture in the 

(23) 

(24) 

soil is directly proportional to the moisture content 9r and inversely 

proportional to time. 

The results of a number of different workers who give the yield 

of water Q from soil for a given flow geometry as a functi on of time t 
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can be expr essed by 

(25) 

The experi mental conditions under which the da~ wer e obtained are given 

in Table 1. This gener~l time dependence for moisture flow during 

nesorption has not been pr eviously r eported.l9 It is of interest her e , 

Table 1. F.xampl es from the literature of moisture yield by soil which 
fit the equation Q • a tb. 

Reference 
FlO'W Flow induced :;) Initial 

geometry (driving force moisture 
condition 

Ubell (1956 ) Radial, but some Pumping a well Saturated 
well drawdown 

Readd (1959) Radial (dis c of Vacuum pump sue- Saturated; 
soil) tion on filter unsaturatedc 

cone 

Vasquez and Small tensio- Vacuum pump sue- Unsa tura tede 
Taylor (1958 ) met er s normal to tion on f ilter 

axis of large cone 
cylinder 

Richards and IJ.near, hori- Vacuum pump sue- Unsaturatedc 
Weeks (1953 ) zontal tion on a 

ceramic plate 

Richar cls et a l. IJ.nea r, vertical Atmospheric Fieln capeci ty 
(1956) conditions 

0By the nature of the method used, the soil moisture could at no 
time exceed the equival ent of about 1.0 bar suction. 

dRead, n. W. L. 1958. Horizontal movement of moisture in soil. 
M. q • Thes i s. Utah State Uni versity. Logan, Utah. 

19The dependence of wat er infiltration on tl/2 and its expression 
in the more general Q = a tb form is well known and widely r ecognized. 
A similar r ecogni tion of t he timo dependence of the drying process has 
never developed . Crank (1956, pp. 276-280) discusses the time depen
dence of bot h absor ption and desorption. At a later point in this r eport 
(see pp . 74-75) the r el ation between inf iltra tion and drying is con
sidered more fully and the a ppar ent r eason f or the lack of r ecognition 
of the time dependence of n.esorption i s alluded to. 
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however, because (a) the pr oposed s tudy i s to dea l with th~ time d~pen

dence of the drying of soil columns , i.e., the rate a sp~ct of t he process, 

(b) the rela tion appsr~ntly holds over a wi ~e range of moi Rture condi

tions an~ flow geometries , and (c) the relRtion i s indenendent of the 

"driving force" as sociated with the flow. Considera t ions (b) and (c) 

a ccentuate the fundamental si~nificance of the microscopic fl ow nrocess 

per se in contrast with the gros s phenomenon expreRS•1d in t '3rms of fluxes 

and driving forces. 

In all the s tudies summari zed in Table 1 the moisture flux de

creased with time ~idently the molecular flow processes could not 

maintain the initial ra t e of flow. Their failure to do so is manifest 

in a macroscopic flow coefficient which changes with time and the 

developm'3nt of a moisture gradient exhibiting the lowest moisture con

tents nearest the extracting surface (Richards and Week s , 1953). This 

explanation of the cause of transient unsatura ted mois ture flow illus

trates how microsco~ic flow nrocesses domin~te the macroscopic moi sture 

fllll<. 

Moiature flow 

C'.apillar;y equations.-A number of workern (Comings and ~harwood , 

1934; Ceaglske and Hougen, 1937; Oliver and Newitt, 1949; Pearse, 

Olivor, and Newitt, 1949; Van Vorst20; Miller and Miller, 19r, 5) have 

given attention to capillary effects in drying. The r esults of these 

studies considered a s a whole indicate that capillary theory (Haines, 

1926; Smith, 1932; Carman, 1953) is unable to describe moisture di s-

20van Vorst, op. cit. 



tribution a nd movement except in very coarse , non-colloid~! mater i als . 

Ce'lP.lsl<e anc Houg~n (1937 ) cla im"rl to be able to C'l lculat e the .. ~ter 

di stribution in sand of aver~ge r'ldius 0.64 mm for any bed thi ckne ss 

~nd for any aver'lRB 1JBter content. The scheme devis~d could not be 

used for suction ~reater than 12. 5 em ..ater , ho1o1ever, because at 

great er Ructi on" the water films s t 'lrted breaking a t the top surface 

and dryin~ of the films occurred in situ producing a layer of e~ui-

librium dryness at the surface . 

Pearse , Olivgr, and Newitt (1949) developed a theory based upon 

the assumption that the wa ter moving to the surface is always in the 

form of continuous "filaments or threa ds" in the por'!s of a bed con-

sisting of uniform, sphericRl, non-porous ~rticles . Beginning with 

the Poiseuille equati on for streRmJine flow through pRrticulnte sys tems 

an equation for ca lculating the head of flui d required to maint'lin flow 

(ov~rcome f r ictional for ces) wa s obtained. During the course of its 

development the eff'ects of the confiP,Uretion of packing an<1 curvature 

of the moi s ture films (c'lpillary eff·' cts) and th" depth of the bed 

(gravitational field) were i nt r oduced. The equation a r r ived at is 

Ps - Pd- h = 3.25 X lQ-5 A 

h y r2 (26 ) 

wher ein Ps i s the suction pot.,ntial at the surface (em water), 

pd is the suction potentia l at the depth h (em water), 

A i s the drying ra t e (gm cm-2 hr-1), 

y is the percentage of "fine" pores at the surface, and 

r is the radi us of the spheres (em). 

The constant 3 . 25 x lo-5 includes the fractional porosity of th~ bed, 

the specific surface of the particles, and the density and viscosity 



65 

of the water . Based on calculations in which Ps , A, and h were varied 

systematic3lly Pearse and co-worker. predicted t hat in the ~~rticle 

range 10- l to 10-2 em gravitational and capilla ry forc es are rete 

controlling ; in the particle range 10-3 to 10-4 em capillary forces 

are rate controlling; and in the particle range 10-5 to 10-6 em 

capillary and frictioD3l forces are limiting . These predictions were 

t ested using glas s spher es of radius 60 x 10-4 em a nd silica flour of 

average radii 23 ,5 x l o- 4 , 7.5 x lo-4 , and 2.5 x lo-5 em. They con

cluded tha t the theory applies apparently satisfactor ily f or coarse 

materials but r equires modifica tion to be applicable to fine particles--

because of vaporization within the bed itself upon devel opment of high 

suctions, they said. 

Miller and Miller (1955) describe their theory of capillary flow 

based on the assumption tha t the classical laws of surface t en i on and 

viscOU8 flow govern the behavior of liquids within the microscopic 

pores and ch~nnels of unsaturated porous media. The authors enumerate 

many assumptions of the theory, It, t oo, is only applicable to the 

coarse s5.1 t and sand p-'lrticle size range of soils . 

Diffusion eguations., constant di ffusi on coefficient.--The general 

differential equation for variati on in moisture content at any point 

in a unidirectional flow system i s given by 

(27 ) 

wherein e is the moisture content subject to diffusi on per unit weight 

of dry sample (gm gm-1) 

t is elapsed time (sec) 

D i s the diffusion constant of the liquid (cm2 sec-1) and 
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xis the space coordinate (em). 

Hougen et al. (1940) have summqrized the av~ilable solutions of equation 

(27) vith D constant subject to the assumptions 

(i) the differential equation for diffusion i s valid for dryi ng 

(ii) the diff usion coef ficient is constant 

(iii) the diffusion i a wholly normal to the surface plane 

(iv) shrinkage i s negligible 

(v) the drying conditions r emain constant 

for different boundary conditions in the drying of a slab of thickness 

2L (infinite case assumed) from both surfaces. For these solutionP x 

i s measured from the midplane in the direction of diffusion . 

Constant rate of drying.--case I. At time zero the moisture con-

tent i s uniform throughout the sample; after the experiment beP,ins the 

rate of evaporation i s constant from each end of the sample, or 

at t • 0 e • 9o -L ~ X ~ L 

a t t::. 0 bQ =a and oe = -e. 
""=x = L C)xx - L 

wherein 90 i s the initial uniform moisture content and 

a is the constant rate of drying (gm cm-2 sec- 1) . 

The solution (Gilliland and Sherwood, 1933 ) is 

(e0 - e)n 
a L 

(28) 

(29 ) 

The solution prenicts that a s t becomes large , 9 approaches a p~rabolic 

function of x. However, the data of the calculated curve of moisture 

distribution in brick clay mix presented by Gillilano and ~h9rwood 

yields a semi-log plot a l ready at 0.5 hr. 
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Falling rate of drying.--case II. At time zero the moi sturq con

tent i s uniform throughout the sample but a s soon as drying r egina the 

moisture content at the evaporating surface drop~ to the equilibrium 

moisture content, or 

at t • 0 9 • 90 -L ~ X ~ L 

at x • ~ L and x = -L (30) 

wherein 9e i s the moisture content of t he s·,mple in equilibrium with 

the dryi ng conditions. 

The variati on in moisture content at any noint with time i s given 

(!"harwood, 1929a; haugen .!rt ~., 1940) by 
71 )~ ( " ' - Dt ~, ;z _ 371~ _901 ,-u J .s-ii~ 

c - f ~05 ZL- e f- ,~ r.n ZL 

(31) 

Jost (1952 , p. 35), e.g., has pr esented an analoeous solution f or the 

finite case . 

Case III. At time zero the moisture content i s uniform through-

out t he ~~mple and after the experiment begins the evaporation rat e 

decreases in proportion to t he evaporable moisture content a t the 

surface , or 

at t • 0 9 = 90 -L !0. X ==- L 

t 7 0 a ' • c(9- 9e) at x • L and -a'= c(e- 9e) at x = -L 
(32) 

wherein a 1 is the unstea ~y f lux of moisture a cros s the surface. The 

solution (Newman , 1931) according to Hougen 2! al. (1940) is of the 

form 
DO 

e - Be : "'S" 2exp(:-Dt Bn2 ) L, ·" An2 cos BnL x 9o - 9e J.r (33) 

wherein An and Bn are further defined , Crank (1956, p. 34) gives a 
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solution of this c~se in terms of an er r or function. 

Case IV. At time zero the moisture dist~ibution is parabolic--as 

would be establ ishen in drying according to Case !--and the initial 

boundary conditions can be expressed by 

t = 0 9 = 9P from x = -L to 0 and from x • L to o. (34) 

9p indica tco t he parabolic moisture content. According to Hougen et al., 

Newman (1931 ) developed an equation of the form 

(35) 
All the above solutions are often presented in terms of the average 

moi sture content of the solid at any time during dryinr , obtained by 

integra ting the above equations over the thicknes s of the solid , i.e., 
L 

r. J e
1
cb c-".;r 0 

For Case II the av~rage moisture content as a function of time is 
(36) 

given (Sherwood, 1929a) by 

()- < 

G'o- e. 
#z Ftfj)t(!J'] -r # •1[u)t (Jf)j r 1,- 'r(u j)~ ~I)jr } 

(37) 
wherein L is 1/2 the thickness of the drying slab and the other terms 

~~ve been previously defined. 

When t is large the limiting form of the above equation is 

(Marshall, 1950) 

9 - 98 - 8 c_ 27 
So - Qe - -:;r expCDt( 71' /n)j (38) 

from which an expression for the r a te of drying may be derived to be 

~ = - 11\~ (9 - 98 ) d t 4 (39) 



This equation nredicts t hat t he ra t e of dryine; v·,ries directly with D 

and (9 - 9e) and inversely with t2. Equation (38) holds only for 

(6-9e)/(90 -9e) < 0.6 - 0. 7 (Sherwood, 1929a; Marshall, 1950). 

The mathematics of all these solutions i s acceptable but one must 

continuously question the degree to which the drying sample meets the 

assumpti ons and the boundary conditions of the mathematical solution. 

It would appear that employed to~ether, the solutions of Cases I and 
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II would describe a considerable portion of the drying period of an 

initially satura t ed sample ; even so, the solution of Case II for the 

falling rate period is limited to the condition of 30 to 40 per cent of 

the moisture r emaining. Sherwood (1929a) considered the physical 

interpr~tation of Case II to be consistent with the assumptions (in 

addition to the general assumptions) that evaporation takes place at 

the surface and that the resistance to vapor diffusion may be con

sidered negligible. If Sherwood's interpretation of evaporation at 

the surface is correct for Case II and, if also, the liquid concen

tration at the surface falls to zero immediately after the start of 

drying as required by the boundary conditions, a contradiction immedi

ately arises. The contradiction arises from the fact that the two 

conditions being met simultaneously implie s the quite improbable 

evapora tion from a dry surface. 

The boundary condition of Case III expressin~ the proportionality 

bet ween the evaporation rate and the evaporable moisture at the surface 

is ae~thetically very sa tisfying and corresponds to the often expressed 

condition of "unsaturated surface drying." That such a boundary con

dition really exists is based more on circumstantial than on direct 



experiment>! evidence, however. 

Case IV seems a very logica l one but has apparently never be~n 

applied by soils wor kers . 

The as eumption of a constant di f fusion coeff icient throughout 

drying i s cert~inly in err or. In all the applic~tions of the above 

solutions the diffUsion coefficient ha s been determined from the data 

obtained during the drying process ; thus a diffusion constant was 

chosen by fitting the diffusion equation t o the data {Van Vorst,21 

p. 8). If the diffusion equation fits the data this procedure yields 

an average diffusion coef f icient representative of the range of 

diffuPivities encountered. 

The succes s of diffusion equations applied to the drying of such 

materials as wood and clay appears to be due to the general formal 

similarity of the ~elutions and their relative ins~nsitivity to devia

tions from the boundary conditions , and to int8gration methods which 

tend to compensate for errors in the assumptions. In spite of obj ec

tions to their use, diffusion-type equations do yield solutions in 

reasonable agreement with experiment. This is the justification for 

their use. 
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Diffusion egustions, concentration-dependent diffusion coefficient.-

In view of the voluminous literature on unsaturated moisture flow, the 

number of excellent recent reviews dealing with unsaturated flow and 

the solution of the diffusion-type equations wherein the diffusivity 

varies with the mois ture content of the soil {Klute, 1952; Philip, 

1955, 1957b, 1957c; Childs , 1956; Crank, 1956; Klute~ al., 1956; 

2lvan Vorst, op. cit. 



Soane;22 Gardner, 1953, 1959a, 1959b), the previous coverage of some 

of the solutions in the section on the effect of wat er-table depth 

on evaporation (see pages 24-29), and the stetemnts already made in 

di scussing diffusion t erminology end diffusion-type equations with 

constant D, this section will be devoted to the theory involved. 
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The analysis of moisture flow problems involving moi , ture content-

dependent p~rameters consists of two parts: (i) determination of the 

moisture conductivity of unsaturat ed soil as a function of moisture 

content, and (ii) t he solution of certain equations which have the 

charact er of diffusion equat i ons with diffusivity dependent upon mois

ture content (Childs, 1956). The moisture conductivity as a function 

of moisture content should be and currently usual~ is determined inde-

pendently of the data of the particular problem tackled. The develop

ment of the equations to be solved (Klute, 1952; Klute~ al., 1956; 

Childs, 1956 ) is alweyc similar to Gardner's (1959b) treatment: Darcy's 

law, vhich is applicable to saturated flow (adsorptive forces ar e 

ne ligible and the potential i s made up of gravi tational and hydrostatic 

pressure terms), can be expressed in vector notation by 

v = - K grad I {40) 

wherein v i s the volume flux, 

I is t he potential or hydraulic head , and 

K i s t he hydraulic conductivity. 

The application of Darcy's law to unsaturated flow involves r eplace-

ment of the hydraulic or saturated conductivity K by the capillary or 

22soane, B. D. 1958. An application of a thermodynamic flow equation 
to water movement in unsaturated soil. M. S. Thesis. Utah Stat e University. 
Logan, Utah. 



unsaturated conductivity k. The latter varies vith moisture content. 

The ac~eptability of thi s modification is based on empirical evidence . 
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~ unique r ela tionship between moi s ture content 9 and soil moisture 

potential r is asswned. The modified tarcy equation , in one dimension 

neglecting gravity, becomes 

v .. k {a '/' /09) (o8/ ax) = n (08/l>xl. (41) 

The product (k o ~~ /08) = D has been t ermed the soil vater diffusivity 

due t o its formal analogy vith the thermal diffusivity in the equations 

of heat flov. 

Combining the above equation vith the equation of continuity 

yields 

This equation for moisture flow has the same form a s Fick's diffusion 

equation but most soils vorkers consider the formal similarity to be 

merely coincidental since s everal mechanisms of unsaturated flov may 

be operating. 

(42 ) 

The differential equation for moisture fl ow in soils i s perfectly 

general. Therefore it i s applicable to both the wetting (infiltration 

or absorption) and the drying (desorption) of soil. The solution for 

absorption vhen D i s a given function of 8 is also the solution for 

desorption when D is the same function of {80 - 8) and vice versa 

(Crank, 1956, p.· 270). The solution of the flow equation has most 

often be0n obtained for the following boundary conditions: 

For infiltration (semi-infinite caae), (Crank, 1956, p. 266 ; Philip, 

1957c) 
at t = 0 

at t > 0 

e = o 

e : 90 

at x > 0 

at x = 0 (43) 



For desorption (semi-infinite ca~e) , (Philip, 1955, 19573, 1957b; 

Crank, 1956 , p . 266; Gardner, 1958, 1959a ; Gardner and Fireman , 1958) 

a t t = 0 9 = 90 at x > 0 
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at t > 0 Q : 0 at x : 0 (44) 

wher ein 9 (for absorption or desorption) i s the moisture content at 

any point x in the sampl e at time t, 

8o (for desorption) is the initial uniform moisture content of 

the soil, 

90 (for absorption) i s the concentration of ~~ter at the surface 

at which water enters the soil, and 

9 : 0 (for absorption and desorption) i s the moisture content 

of the soil in equilibrium vith the drying conditions. 

The desorption case , it will be noted , has the same boundary conditions 

as Case II of the constant diffu~ion coeffici ent section, hence the 

remarks made there ar e again applicable . Due to the nature of the field 

infiltration problem, studies of thi s process have dealt principally 

vith the seim-infinite case ; solutions for the desorption case may be 

for an infinite (drying at both opposing surfaces of a slab) , a semi

infinite {evaporation from one surface of the sample), or a finite 

syst em. 

The flow equation can be integrated f or st eady-state flov but for 

non-steady flow the equat ion must usually be solved numerically . 

Methods of solution have been di scussed by Crank (1956) and by Van 

Vorst. 23 Graphical solutions presented by Gardner (1958, 1959a) and 

23van Vorst, op. cit. 



n 
especially by Crank (1956) with diffusivity depending on moisture con-

tent in various ways show that the solutions are not very sensitive 

to exact numerica l values of D as long as the analytical form of the 

dependence on 9 is correct. 

A variety of approximations to the v~lue of D have been made in 

order to make the mechanics of solution easier (Crank and Park, 1949; 

Crank and Henry, 1949a, 1949b; Gardner, 1959a) and these can be con

fusing. Gardner mentions a weighted-mean diffusivity D; a relative 

weighted-mean diffusivity D/D0 in which Do is the diffusivity at 

equilibrium dryness; and D', an average diffusivity which is sometimes 

treated as a constant for a given flow condition. Gardner points out 

that for finite media the assumption of a constant average diffusivity 

is not good because the entire range of water contents and diffusivities 

is no longer always represented in the medium. 

For both adsorption and desorption the diffusivity of soil mois

ture increases a s the moisture content increases. Crank (1956, pp. 276f) 

points out a number of general conclusions for a system in which D 

increases as the concentration increases, but i s a function of no 

other variable. These should be of con~iderablo interest to soils 

workers. They include: 

(i) In the early stages of absorption or desorption in a semi-infinite 

system the amount absorbed or desorbed is directly oroportional to the 

square root of time--a fact which follows from the dependence of con

centration on the single variable x/tl/2 for the boundary conditions 

enumerated above. 

(ii) When they cease to be linear the absorption and desorption curves 
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plotted versus tl/2 become concave toward t he tl/ 2 axis and apnroach a 

final equilibrium value asymptotical ly. This apparently generAl result 

l acks a satisfactory, general mathema t ica l proof. 

(iii) If D increases as concentration increases the shape of the 

absorption curve is often not significantly different from the corre-

sponding curve for constant D. Crank consi ders this to be consistent 

Yith the absorption curves being linear versus tl/2 over most of their 

length. Desorption curves plotted versus time are much more sensitive 

to the form of D, if D increases a s concentra tion increases. The 

desorption curves a r e not linear ver~us tl/2 for a s large a value of 

the fractional sorption24 as are the absorption curves. 

(iv) When D incr eases as concentration increases through the relevant 

range of concentration, desorption is alYays slayer than absorption. 

The r everse is true if D decreases a s concentration increases . 

The above s~~tements, particularly (i) and (iii), indicate that 

the des orption proces s is much more diff icult to r ecognize ann analyze 

empirically than is infiltration. This probably accounts for the 

hi storically greater emphasis on the infiltration of water into soil 

than on t he drying of soil . 

A number of important practical problems have been clarified 

through the solution of the concentration- dependent diffusivity f orm of 

the moisture flow equation. The utilization of thJs aporoach i s not a 

cure-all f or soil moisture studies, hDYever, since: 

(i) Solution of the equation requires a knowledge of the relation 

24
sorption is used a s a general t erm which includes both adsorption 

and desorption . Adsorpt ion is occurring if there is a net gain of 
adsorbate by the medium; desorption i s occurring if t he net change in 
the amount of a dsorbate is in th ~ direction of decreasing amount in any 
arbitrary time period. 
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between n and B. This requires det ermination of (a) the c ~pillary 

conductivity k as a function of moisture content 9, and (b) the mois

ture r etention cu~ve (or moisture characteristic) of the soil in 

question. (Th~ quantity o ~ /09 in the definition of D is the slope of 

the moisture retention curve.) The range of moisture potential over 

which these quantities can be determined i s limited by measurement 

techniques; in addition, the procedures are lengthy and laborious. 

~erefore, most soils have not been thus characterized . 

(ii) Solutions of the flow equ~tion for the analytical forms of the 

r elation between D and e may not be r eadily available. Then, too, 

numerical solutions can be t edious. 

(iii) Solutions apply only to soil profiles that are relatively homo

geneous with respect to texture and structure. Mhny soils of interest 

exhibit profile development, the various soil horizons of which possess 

physical characteristics markedly different from each other. 

(iv) Present solution• ar~ applicable only to either the period of 

constant rate of evaporation (stea c~ stat e evaporation), or to a portion 

of the first falling rate period because only liquid phase flow is con

sidered . About the only constant rate of evaporation ca se which occurs 

naturally for extended oeriods of time is tha t of evaporation from 

shallow water-tables. During the f alling rate period the solutions 

fail when the diffusion of water vapor becomes evaporation rate

controlling. 

(v) Normal non-isothermal conditions cannot be treated exactly, and the 

analysis is again inapplicable if temperature effects on flow pre

dominate over liquid flow. 
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(vi) Both hysteresis ann volume chanpes are neglected. 

The above reasons are justifiCRtion enouf h for continuing to 

search for methons of analysis which are either {a) more generally 

applicable to soil moisture movement than the diffusion-type equations 

for liquid phase flow, or (b) able to handle specific situations better 

or easier than the present moisture flow equations can. 

S1multaneous flow of~~ moisture 

The Philip and De ~ approach.-Moisture transfer under tem

perature gradients i s very slight in both very dry and very wet soil. 

The transfer is a maximum at some intermediate moisture content which 

seems to depend on both the soil moisture potential and the air

filled pore space (Philip and De Vries, 1957). Moisture movement in 

the moisture range wherein temperature gradients have a marked influ

ence on moisture flow has been studied qy Bouyoucos (1915), Winterkorn 

(1947), Smith (1944), Gurr et al. (1952), Taylor and Cavazza (1954), 

and others. In all these studies a net accumulation of water at the 

low temperature end of the samples was observed. This characteristic 

result has usually been explained in terms of the excess of flow in 

the vapor phase toward the cold end of the sample , over the r eturn 

liquid phase flow toward the warm end. However, the magnitude of the 

moisture movement wqs in no cases explicable on the basis of vapor 

diffusion theory adjust ed to take into account the reduction of dif

fusion cros s-section by the solid matrix, the moisture content, and 

the tortuous path of flow. The simple diffus ion theory predicts a 

moisture flow smaller than the observed flow qy a factor of about ten. 

Philip and De Vries (1957) attacked this situation with an 
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admittedly approximate analysis in whi rh they attempted to take into 

considerati on the int~raction of the vapor, liquid, and eolid phases , 

and the differencn between the average t emperature gradient in the 

air-filled pores and in the soil a s a vhole. These inclusions in their 

analysis helped to bring the predicted magnitude into better agreement 

with the experimental r esults . The moisture diffusivity in the vapor, 

liquid, and adsorbed phases was introduced by using a moisture content 

dependent diffusivity D* (Philip 1955, 1957c) defined by 

wherein 

D* = D liq .., n vap + D ads 

D liq is the diffusivity of water in the liquid phase, 

D vap is the diffueivity of water vapor, and 

D ads is the diffusivity of water j_n the adsorbed phase. 

Each of the diffusivity components can be further subdivided into 

thermal contributions and moisture content contributions a s follows: 

D liq : Dr liq + De liq 

D vap = Dr vap + IlG vap 

D ads = Dr ads + Dg ads. 

The Dads component of diffusivity i s derived from the de Boer (1953) 

model of an i deal, t wo-dimensional gas (Philip, 1955, appendix I). 

This component has not been applied in practice. It has been either 

i gnored or consider ed a minor contributor to D vap. We shall not 

consider it further. 

(45) 

(46) 

The other consideration included in the theory of Philip and De 

Vries, the ratio of the average t emparature gradient in the air-filled 

pores to the overall t emperature grsdient,is obtained (De Vries , 1952a, 



1952b), according to Philip and De Vries (1957), by treati ng the soil 

as a continuous medium (water or air) in which "particles" of water or 

air are randomly dispersed. 

On the bas i s of certain plausible assumptions about the 
shape of these particles, values of the ratios between 
the average temperature gradients in the par ticles and 
in the medium can be computed from their respective 
thermal conductivities. 

Philip and De Vries (1957) present tabular values of this temperature 

ratio for various combinations of moisture content and porosity, at a 

temperature of 200 C. The ratio of the average temperature gradient 

in the air-filled pores to the overall temperature gradient for the se 
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conditions ranges from 1.4 to J.D. De Vri es and Philip (1959) emphasize 

that the fine structure of the t emperature field may differ in impor-

tant particulars from the fine structure of the vapor field, since 

boundary conditions governing transfer are quite different in the two 

cases. 

Philip (1957a) and Philip and De Vries (1957) treat ed the data of 

Moore (1939) according to the above theory. Their analyses indicate 

that for the Yolo loam soil studied, the moisture diffusivity (Dg) is 

indistinguishable from the vapor moisture diffusivity (D vap) at moisture 

potentials grea ter than 105 em vater (rv 9S bars suction) and indistin

guishable from liquid moi sture diffusivity (D liq) at moisture potentials 

less than lo4 em vater ( N lQ bars suction). The thermal moisture 

diffusivity (Dr) vas indistinguishable from the thermal vapor diffusiv

ity (DT vap) at moisture suctions greater than about 13 bars. These 

workers concluded that experimental methods to distinguish between 

liquid and vapor transfer have not done so because what has been sup-

posed to be vapor flow has actually been predominantly a di scontinuous 



sequence of vaporizations anrl condensations. For example, moisture 

could vaporize from the liquid film on one s i de of a pore and condense 

on the other side of the pore under the influence of a temperature 

gradient. Such a mechanism appears realistic in view of the solid-

water-gas geometry of the soil system. It is very difficult to 

substantiate expPrimentally, however. 
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Thus f ar, thermal influences on moisture flow have been considered, 

but the thermal properties of soil (Richards et al., 1952) must also be 

considered since heat and moisture are simultaneously transferred when 

there is a temperature gradient. De Vries has been the modern leader in 

this field (1950a, 1952a , 1952b, 1952c, 1958) but there are other major 

contributors (e, g., Patten, 1909; Kersten , 1949). 

Heat transfer in moist soil is due mainly to heat conduction 

through the soil particles and the adhering water. The air-filled 

pores also contribute to the conduction of sensible heat but a more 

important contribution is to the heat transfer by evaporation-

condensation sequence. The heat transfer caused by vapor diffusion 

accompanied by con~ensation causes an increase in the thermal conductiv-

ity. The apparent thermal conductivity is defined (De Vries, 1950) by 

eTa • c1 + cTv (47) 

wherein CT is the r eal thermal conductivity (cal sec-1 cm-1 oc-1), and 

CTv is the vapor contribution to thermal conductivity. 

Cra is the thermal conductivity found experimentally. The most striking 

feature of C'l'v is its rapid increase with temperature. De Vries reports 

its t emperature coefficient as 0. 059 oc-1 as compared vith the tempera

ture coef f icient of CT of 0.0015 oc-1. 
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Krischer and Rohnalter (1940) measured the diffusion coef f icient 

of saturated water vapor through ai r under the influence of a tempRr~-

ture gradi ent and found that the date could be represented by 

(48) 

in the t empera t ure range 20 to 70° C. In equation (48 ) T is the abso-

lute t emperature and Pa is the total a tmospheric pres~ure expressed in 

millimeters of mercury. 

Philip and De Vries (1957) used the following values of th ermal 

conductivities , in ca l cm-1 sec-1 °C-l at 20° C, in their analysis: 

s oil minerals--? x lo-3; quartz--20 x lo-3; air--0.0615 x lQ-3; and 

vater--1.42 x lo-3. The relativ~ly much low~r thermal conductivity of 

air causes t emperature changes in the soil pores to lag behind those of 

the soil matrix and results in pronounced temperature gradiente acros s 

narrow air Sp!lcea. The low theM!Wi l connucti vi ty of air is the main 

f actor causing the ra tio of temperature in the air-filled pores to 

that of the bulk soil to be a s large as 3.0. 

Philip and De Vries (1957) pr esent the general differential 

equation describing moisture mov~ment in porous materials under com-

bined temperature and moisture gradients for one-dimensional vertical 

flow as follows: 

~ : \J (Dr li T) + v (Dg v e) - ....E.L oz (49) 

wherein e is moisture content, 

t i s time, 

T i s absolute temperature , 

Dr i s t he thermal rliffuaivity, Dr liq + Dr vap~ 



k is the capillary conrtuctivity of the soil, 

z is the vertical space coordinate, and 

Dg is the moisture diffusivity, Dg liq ~ De vap. 

The heat connuction equation for soil is given similarly as 

c or = 
v ax v (C'lh 17 T) - HL '7 (De vap V 9) 

wherein Cv is the volumetric hea t capacity of the soil (cal cm-3 

oc-1), 

Cra is the apparent thermal conductivity of the soil (cal 

sec-1 cm-1 oc-1), and 

HL is the latent heat of vaporization of water. 
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(50 ) 

Both the above equations are of the diffusion type involving 9- and T-

dependent diffusivities as well a s granients of both e and T. The 

equations (49) ann (50) govern the simultaneous moisture and heat fields 

in soils. Their simultaneous solution is yet to be accomplished. 

De Vries (1958) gener~lized the above equations ~ making a dis-

tinction between changes of moisture content in the liquid ann vapor 

phas es . He di~cusses in detail the interaction between heat and 

moisture transfer in steady state heat conduction. He found that the 

behavior depenns on the boundary condi tions for moisture transfer, on 

the direction of the temperatur~ gradient, and on the ratio of the two 

moisture diffusivities entering the analysis. 

Solution of the differential equations (49) and (50) or even the 

more aporoximate analyses made ~ Philip and !le Vries (1957) and by 

De Vries (1958) r equire not only detailed characterization of the mois-

ture characteristics of the soil but also of its thermal properties . 



Many of the paramet ers ernoloyed arP. nifficult to de t ermine accura t ely. 

Al though solution of the s imult"neous he~t and moisture fields in 

soils is 

••• a t present, a very difficult task, its solution is 
worth great paine, since it is crucia l to our under
standing of the microclimatolor.y and microhydrology of 
bare soils. (Philip, 1957a) 

The approach of Henry.--Workers in the textile industry are very 

much interested in the propagation of humidity and tempera ture in 

f abrics. The general problem i s that of the transfer of moisture or 

wa t er vapor through a porous bony which may absorb (or release ) mois-

ture with the evolution (or absorption) of hea t . Thus the analyses of 

the simul~neous transfer of heat and moisture in textiles should be 

directly applicable to anoth P. r inhomogeneous, porous, absorbent 

material--soil. 

Henry (1939, 1948) demonstrated tha t in the diffusion of humid air 

the accompanying thermal effects result in a coupled diffusion of mois-

ture and heat. Henry showed that the combined diffusion processes 

can be considered mathematically equi valent to the independent diffusion 

of two quantities each of which is a linear function of both vapor con-

centration and temperature. Henry cited the classical coupled vibra-

tion problem as his model analogy. We consider here only the basic 

equations of the treatment and some pertinent conclusions from the 

experimental application o:!' the theory, These are taken from Crank 

(1956, chpt, 13). 

If moist air is diffusing into an element of a t extile package 

two equat i ons can be derived, one expressing the rnte of change of 

moisture concentration and the other the rate of change of tempera t ure , 



The moisture concentration changes according to (i) diffusion of vanor 

through the air pores and through the fi bers, and (ii ) by absorpti on or 

desorption of moisture from the air pores by t he fibers. Let t ing v be 

the a ir-filled por osity of the textile package and (1 - v) the fraction 

occupied by f iber of density ;05 , the equation expres sing vapor flow 

oan be written 

v g Dat 02c - v ~ • (1 - v) 
m Ox:2 - ot (51) 

wherein C i s the concentrati on (gm cm-3) of water vapor in the air 

pores, M is the mas s fraction of moisture in the fiber, Datm is the 

diffusion coefficient of water vapor in air, end g is a tortuosity 

factor. 

Similarly, the temperature changes occurring in the element 

result from (i) conduction of heat through the air and the fibers, and 

(ii) heat evolved on absorption of moisture by the fi~rs. These con-

siderations are expr es sed ma thema tically by 

c -
(52 ) 

wherein c i s the specific heat of the fibers (cal gm-1), eTa is the 

apparent thermal conductivity of the package , jO is the bulk den~ity of 

the package , and q is the heat of absorption per gram of water a b~orbed. 

Both equa tion (51) and equation (52) contain M, the amount of moisture 

contained in the fibers. This illustrates that the transfer of moie-

ture end of heat are coupled. Henry (1948) showed, however, that 

simplifications are possible when (e) the coupling i~ either very 

strong or very weak, (b) the two elementary diffusions occur at very 

different rate~ , or (c) analysis is made of changes in only one of the 



variable• . 

The analysis of Henry (1948) for the diff us ion of humid a ir into 

c ompr~ssen cotton fibers over a range of temperatures ann humidities 

indicated tha t: At 20, 50, and soc C the "isothermal" moisture dif

fusion coef f icient De is much smaller than, about the same magnitude 

as, and 1 to J times , r espectivel y , the "constant vapor concentration" 

thermal diffusion coeff icient DT. The int~raction diffusion coeffici

ents corresponding to the "normal co-ordi nates" of the coupled vibra

tion problem "are a lways such that one i s great er an~ the other l ess 

than either of the diffusion constants which would be observed for 

the moisture and heat, were these not coupled by the interaction." 

(Henry, 1948) 
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The theory of Henry has been modified and applied to the study of 

propagation of t emperature changes r esul ting whan air is forced through 

the hollow core of wool-packed cylinder s (Cas sie, 1940; Cassie and 

Baxter, 1940). The theory predicts that the temperature chan~e is 

propaga ted through the text ile in two stqges . One part of the t otal 

t emperature should pass through the t extile at the same speed a s the 

air and the other part at rou~hly 2.5 x 10-4 times this speed . The 

as sumptions made in deducing the ~Athematical equations i mply that 

there is a sharp front between the r egions of unchanged and changed 

moisture content of the t ext i l e . Thus Cas sie interpreted the slow 

component as representing the propagation of the change in moisture 

content; the fast component he considered to represent the propagation 

of temperature and water vapor exclusive of changes in moisture content . 

Cas sie and Baxter report r~sults obtained in pass ing air at 1.4 em sec-1 



throuph a cylinder of wool with one em-thick walls. They found the 

fast t 9mperature wave to be propagated at 1.4 x lD-2 em sec-1 whereas 

the slow component moved a t 5.7 x lo-4 em sec-1. At these velocities 

the t emuerature waves would have travers"d the wall thicknes s in 70 

s 8conds ann 30 minutes, respectively. 

All the above applica tions of Henry ' s theory have been to water 

vapor absorption at vapor pres sure ratios of 0.3 to 0.7. The textiles 

were therefo~e very dry and liquid phase moistur~ flow was undoubt edly 

slight. Preston (1948) did not use Henry's theory but he did report 

observations mane during the drying of textiles when the moisture con-

tent exceeded "the usual saturation m. lues of water vapour." He found 

that there are two larP, e and distinct temperature waves which travel 

through a moist textile during drying. 

At any point in the Material, there is first a rise, then a 
fall and, finally a second rise of temperature, as the two 
temperature waves travel succes s ively from the hot side 
toward s the cool one. 

86 

On the basis of several considerations Preston interpreted these results 

as indicating that 

••• the first t9mo~rature wsve we observed was caused by a 
cycle of distillation and condensation processes. In 
these, vapour moves away from, and liquid towRrds, the source 
of heat. The extraction produced by the latter part of the 
cycle causes the migration of solute towards the source of 
heat. As the material dries through the transfer of mois
ture away from the source of heat the distance the liquid 
has to travel lengthens, there is an increasing r~sistance 
to the maintenance of this cycle and diffusive hea t-transfer 
mus t operate alone. These require a greater temperature 
difference for a given rate of heat transfer. There ie 
thus a fall of t emperature as the heat is being removed on 
the cooler and damoer side by an ad1itional and easier 
mechanism. When finally the ~~terial dries throughout, the 
liquid-vapor heat- transfer mechanism previously operating 
on the cooler side of the material is eliminated and the 
temperature rises once more. 



The general ngreement amonr. Preston' s observations and those of 

Cass ie ~ al. (1940) and Henry (1939, 1948) alonr, with the oarallelism 

of effects of temperature gradients on moisture flow in textiles and 

soils (Philip and De Vries, 1957) suggest the possible applica bility 

of Henry's theory to soi ls. It ha~ never been applied to soils , however. 

Irrever sible thermodypamics.--clas sical thermodynamics or the 

thermodynamics of the equilibrium state is not applicable to the 

simultaneous transfer of heat ann moisture, but the recently developed 

irreversible thermodynamics (Prigogine, 1955) or the thermodynamics of 

the steady state is. Hutchinson et al. (1948) give the fundamentals 

of the theory as follows: 

By analogy with the dynamics of mechanical systems , it is 
neces sary, in order to develop a true "thermodynamics" to 
introduce velocities and forces. Thus, if a flow of hea t is 
taking place at a rate J1 it may be regarded as due to a 
thermal "force" X:)., which is d"lpendent on the gradient of 
temp~rature . Sinu.larly, a flow of matter at a rate J2 is 
due to a "force" x2, which i s dependent on the gradient of 
chemiMl potential. If both flows take place simultaneou•ly 
in the same sy8tem it may be supposed, in the absence of 
evidence to th~ contrary, that the flow rates J1 and J2 
each depend on both of the forces X1 and X~. This i s a 
more gene~•l assumption than its convprse (i.e., that J1 
depends only on X1, J2 on X2l, and effects such as the 
thermo-osmosis and thermal diffusion depend , in fact, on 
the flows J1 and J2 not being independent. 

As a first approxi~qtion, it i8 assumed that the 
flow s are linear functions of the forces: 

J1 = L11x1 • L12X2 

J2 : L21X1 + L22X2 

The rnte of creation of entropy S' for spontaneous proces ses is 

(53) 

alwaye expressible as a sum of a number of terms (one for each process). 

Each of th"lse t Prms is the product of two factors such that the rate of 

energy dis s i pation TS 1 is expressed qy (~~kart, 1940) 

TS' ={ (Jixil. (54) 



To continue with Hutchinson and co-workers, 

••• the factor ji can be chosen as equal to Ji, t he rate of 
flow, or displacement, of heat, matter, etc. By amlogy 
with the relation, work = displacement x force in mechanics, 
t he factors xi are therefore identifie'l as the "forces," 
xi, which give rise to the flows or displacements. More
over the theory gives the explicit expressions for these 
forces in t erms of the gradients of temperatura, chemical 
potential, etc. 

Use of the expressions such as (54) make equation (53) applicable to 

particular problems . 

ca:ry25 has developed the equations 
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~ 1 1 
JH2o =- ~2o cP 1n rc -+ (~> + M ~2ol ~- ~~ (55) 

JHeat = (I.fieat -+ fl M) .J....-~ - f. C 1n L (56) rc T" ; P rc 
to ap,.,ly to water movement in soil under a thermal gradient. In 

equations (55) and (56) cp is the heat capacity of water, 'J!l and rc 
are respectively the temperatures of the hot and cold ends of the soil 

coltum, M in an integration constant, ~ is the coefficient of inter-

action between heat and moisture flow, and the other terms are directly 

analogous to those previously defined. Cary has obtained experimental 

results in good agreement with the predictions of the theory. 

The advantages of the irreversible thermodynamics approach are 

that it is capable of handling the simultaneous occurrence of two or 

more processes, it avoids in a large measure the detailed characterize-

tion of the sample material that is r equired by more mechanistic 

approaches, and it yields an evaluation of the interaction coefficients. 

It has associated with it certain disadvantages, however, including: 

25cary, J, W. 1959. Unpublished r eport. Utah State University. 
Logan, Utah. 



(a) theoretica l reservations concerning its qpplic~tion to r9actions 

very f ar removed from equilibrium and the assumption that the flows 

are linear functions of the forces, (b) the requirement of detailed 

knowledge of the forces and their space di s tribution, and careful 

measurement of the fluxes corresponding to all the forces as sumed, 
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(c ) the fact that the r esults are very much a function of the system 

studied with the consequences that the method is not absolute and that 

direct comparison between different systems or extrapolation of results 

from one system to another very different one must be made with caution . 

The above considerations make it difficul t to predict how valuable 

irreversible thermodynamics will or ove to be in soils research . 
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Conclusions from Review of Literature 

1. Analyses of evaporation h~ve dealt mainly with the mass trans

fer process, while the accompanying heat transfer process has been 

largel y ignored . Heat transfer is logical ly the first limiting step, 

however, in evaporation from f r ee wat er or wet soil because it det er

mines the availability of vapor for transport. 

2. Detailed knowledge of the evaporation process has been hampered 

by difficulties in determining the thickness of the laminar layer next 

to the surface and t he actual t emperature of the surface. 

3. The Dalton equation is empirica l and cannot be expected to 

apply to conditions varying much from the experiments which yielded i t. 

F.rnpirical evaporation equations are often of the Dalton law type, but 

the parameters in the equati ons may bear little r elationship to those 

of the original formulation. 

4 . Evaporation f rom free water or moist surfaces exhibits a power 

dependence on windspeed. Present methods of measuring winnspeed are of 

doubtful value. 

5. Wet-bulb depression is probably t he most useful single index 

of evaporation from a moist surface since it integrates the ef fects of 

t emperature , humidity, and windspeed into a single measurement. There 

is no correspondingly useful index of evaporation from soil if a dry 

layer has formed at the surfa ce ; her e the r a te of evaporation is a 

function of the properties of the medium as well as the external con

ditions. 

6. A mulch of dry soil a few millimet ers in thickness is effective 

in r educing evaporation since the rate of diffusion of the wat er vapor 
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through the mulch becomes the limiting process . 

7. The evaporation rate is of the order of 100 times as sensitive 

to mulch thickness as to wa ter-table depth . Evapora t ion versus either 

depth of mulch or depth to the water-table will often yield a linear 

plot on log-log paper; this form is in qualitative agreement with simple 

vapor diffusion theory. 

8 . l~chnnistic analyses of moisture and heat flow in soils require 

detailed cha ra ctP.rization of the moistur~ and thermal properties of the 

matPria l. Obtaining the information is laborious and the accuracy of 

the values i s often in question . 

9. The simult:..neous flow of hoa.t and moisture has not as yet been 

sa t isfactorily resolved. 

10. Analyses of drying based on capillary theory are able to 

describe the process only in coarse materials. Even for these , the 

analyses break down as soon a s the moisture films become discontinuous. 

11. ~pirical methods of analysi s of drying have not enjoyed the 

same popularity as for the wetting of ROil. The reason lies partly in 

the peculia rities of unsaturated flow when the diffusivity increases a s 

the moisture content increase ~ , as it does for soil. 

12. The usual boundary conditions assumed in solving the moisture 

flow equation approximate the actual conditions of infiltration much 

more closely than the equivalent boundary conditions approximate the 

actual boundary conditions of drying. 

13. The development of a parabolic moisture distribution during 

drying appears to be characteristic of fine-textured, porous materials 

with appreciable colloidal character. 



14. Improvements must be made in methodology if trustworthy 

measurements of vapor pressure gradients within a drying soil profile 

are to be made , 

15. Soils workers have given little direct attention to evapora

tion as a function of the moist ure diRtribution. 
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16, Two schools of thought have arisen concerninr. the concept of 

diffus i on. One school adheres to the classical definition of diffusion 

as a process which leads to equalization of concentrations within a 

single phase. The other school of thought considers the proces s loosely 

as one of diffusi on if the mathematics of diffusion applies , In t erms 

of unsaturAted moisture flow, adherents of the "classical" school of 

thought consider only vapor transfer to be a diffusion process . The 

other school of thought makes no att empt to define diffusion, 

17. The mathematics of diffusion i s the most successful method 

to date for describing i sothermal unsaturated moi sture f low. 

l B. The time d~pendence of moisture remov~l from soil is indepen

dent of the "driving force" which initia t es and maintains flow 11nd of 

the f low geometry. This together with a consideration of the cause of 

unsteady s ta t e unsaturated flow indicates that submicroscopic (mol ecular) 

flow procesces nominate the macroscopic moisture flux. 

19. The multitude of interacting forces in the multiphase soil system 

prevents unequivocal interpretation of the mechanism of moisture flow. 

20. Althaugh the t emperature dependence of evaporation, transpir

ation, an1 moisture flow has been studied empirically, there are 

apparently no applications of reaction rate theory to the drying of 

soil . 
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THF.ORY OF SOIL DRYING 

There are sever~l possible rate limiting or ''master" processes in 

the evaporative drying of soil. These include the supply of heat to the 

site of evaporation, the transfer of water vapor through the soil and 

the atmosphere, and the unsaturated flow of moisture within the soil . 

Quantitative description of the drying of soil from saturation to 

equilibrium dryness is complicgted, however, because the same master 

process may not be limiting during the whole time. 

Methods of analysis of drying have included vapor diffusion theory, 

solution of the diffusion-type equation for liquid moisture flow , 

capillary flow theory, and engineering- type mass and heat transfer con

cepts . Each of these approaches is CRpable of treating only one of the 

poss ible r a te controlling transfer processes. Therefore, such analyses 

accurately describe the phenomenon only if the assumed process is 

rate limiting. This situation indicates that these methods used singly 

are inedequate for describing the entire moisture range encountered 1n 

drying and that new approaches to studying drying might be profitable. 

Drying is a rnte process. Therefore , it appears worthwhile to 

apnly the principles of chemical kinetics which "deals with the rate of 

chemica l reaction, with all factors which influence the rate of reaction, 

and with the explanation of the rate in terms of the reaction mechanism" 

(Fros t and Pearson, 1953, p. 1) to the eva pora tive loss of moisture from 

soil. Thi s approach , besides utilizing macroscopic measurements on 

the system studied, can call upon the detailed theories of statistical 

mechanics and kinetic-molecular theory for understanding microscopic 

phenomena. This versatility of kinetics lends to its appeal. 



Some of t he more interesting appl icatione of kinetic or rate 

process theory have been to molecular di ffusion in silicates (Barrer 

and Jost, 1949 ; Barr er and ~ees , 1954 ; Palmer!} water vapor diffusion 

through copolymer s (¥umins , et al., 1957), pres sure affects on rates 
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of ionic r eactions (Burris and Laidler, 1955), migration processes in 

solids (Seit z, 1946 ; Vineyard , 1957; Ubbelohde, 1957), viscous flow 

and diffus ion in liquids (Glasstone, et al., 1941), and flow of vapors 

thr~h micropores (Carman and Raal, 1951). The only applications to 

moisture f low in soils appear to be those of Bi ggar2 and JohnJ. Biggar 

applied kinetic theory to infiltration of water into soil. John con-

sidered moisture f low in steady stqt e evaporation to be a surface 

diff usion proces s (Carman, 1956) , but did not utilize rate theory 

ext ensively. 

1Palmer, J. 1956. The kinetics of sorption of amines in mont
morillonite . M. S. Thesis . Ut~h ~tate University. Logan, Utah. 

2Biggar, J . \-1. 
unsaturated soils . 

1956 . On t he kinetics of moisture flow in 
Ph. D. Thesis. Utah State Univer sity . Log-.n, Utah. 

3John, P. T. 1956. Vapor pres · ure gradi ent and water mov0ment 
in the top layer s of soil. Ph. D. Thesis . University of Washington. 
Seattle, Washington . 
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Chemical Kinetics 

The chemical kinetics to be applied to the study of the drying 

rate consists of (i) following the drying process as it proceeds with 

time at a given temperature , then expressing t he results by a rate 

equation, (11) repeating the experiments at a series of temperatures so 

that the t emperature dependence of t he drying rate can be obtained, 

and (Ui) relating the temperature dependence to the energetics of 

the reaction. 

!be above three steps in utilizing rhemical kinetics emphasize 

the flow of moisture in drying since this is the "reaction" that is 

manifest. However, according to the definition of Frost and Pearson 

(1953), besides considering the reaction rate per ae kinetics embodies 

a considerati on "of all factors which influence the rate of reaction." 

Since the phase change in vaporization of soil moisture is a large 

"built-in" energy sink in the drying process, transfer of energy as 

well as mas s II!Wit be considered as a factor influencing the drying 

rate, 

The t hird consideration in kinetic anal)'8is is the mechanism of 

reaction. For the present study we consider that superficiall;y, at 

least, the major flow processes are (i) energy--in response to a tem

perature gradient with the magnitude of flow a function of the thermal 

properties of the soil, (11} moisture--(a) as vapor by moleculAr dif

fusion within t he soil and by eddy diff usion above the soil surface, 

and (b) as liquid by some type of surface phase flow affected by film 

thickness and aided by surface migration of molecules. These various 

aspects of drying are considered fUrther. 



Rate eguations f or moisture ~ 

Literature findings (see pp . 62-63) indicate that the equation 

Q = a tb (25) 

or its linea r form 

log Q = log a • b(log t) 

wherein Q i s the quantity of water evaporated, a and b are constants, 

and t i s time shoultl fit the drying of soil. This aqua t ion has been 

used extensively in the analysis of i nfiltra t ion of water into soil 

(Swar tzendruber and Huberty, 1958), It has a ~ound theor etical foun

dation in t he solution of the unsaturated moisture flow equation as a 

power series in t 112 (Phili p, 1957c; Watson , 1959). If unsatur~ted 

moisture flow is limiting the rat e of dryi ng , b in equations (25) and 

(25a ) ha t the value 0.5 (Crank , 1956). 

(251\ ) 

In more standard chemical kinetics t erminolor,y, the zero and first 

order rate equations of Fisher (see eqs , 20 and 21, p. 60) for the drying 

of soil au~ryended over sulphuric acid insi de desiccators might express 

the drying of soil columns and field soil profiles. The equations ar e 

-d9/dt = k0 (20 ) 

and -d9/dt =a k ' 

l<herein a i s a measure of the total moisture content of 

the system, 

t is time, and 

k0 and k' are t he zero and first order rate constants. 

As implied by its form , equation (20) will apply if the rate of evap

oration is independent of t he ~oil moi sture content. On the other 

(21) 

han~ , equation (21) can appl y onl,y i f t he rate of evaporati on i s mois ture 

content dependent. 



On integrqting between time zero and the time in question and 

r earranging one obtains for equations (20) and (21) 

(90 - e) = k0 t 

and log 90 - log 9: (k' t)/2.JOJ 

where for this study (90 - 9) is the cumulative evaporation in grams 

of water Q, The zero and first order rate constants kO and k' can be 

obtained r ea dily qy least squares analysis of the data. 

Temperature dependence and the energetics £[ ~ 

The Arrhenius equation 

d(ln k)/dT : E•/Rr2 

satisfactorily expresses the temperature dependence of the rates of 

many chemical and some physical proces ses provided the temperature 

range is not too large. If the energy of activation E• is constant 

with r espect to temperature , integration of equation (57) yields 
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(20a) 

(2la) 

(57) 

ln k : -E•/RT • constant, or k = A exp(-E*/RT) (58) 

wherein k is the rate constant, 

A i s an adjusting f~ctor termed the 'frequency factor' qy 

Glasstone ~ al., (1941, p. 1), 

R is the universal gas constant, and 

T is the absolute temperature, 

As indicat~d qy equation (58), E• may be obtained by plotting log k 

versus 1/T. The slope of such a plot times (2 .JOJ)(R) yields E*. 

Throughout this work values of the activation energy obtained in this 

way will be designa ted the "experimental activation energies" or the 

"apparent activation energies," 

The energy of activation i s associated with an "energy barrier." 

In endothermic reactions the energy barrier must be at least as large as 
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the heat absorbed in the reaction. According to the transition state 

theory of Glasstone and co-workers (1941) the energy barrier is the 

highest point of the most favorable reaction path on the potential energy 

surface between the r eactants and products. 

Activation energies are justifiably calculated only for reactions 

who~e mechanism c~n be interpreted on the molecular level. On this 

level, the net proces s of evaporation of wat~r consists of the escape 

from the surface of those water molecules which attain sufficient energy 

to ,;o so, and the incidental return of a certain proportion of them to 

the surface. Drying of soil occurs only if the number of molecules 

permanently escaping from the adsorbed moisture films exceeds the number 

which return to the surface . There is apparen t ly no activation energy 

aseociated with the molP.cules which recondense (Darrer and Rideal, 1935) . 

The energetics of the net evaporation process is then dominated ~ the 

molecules which permanently escape. Since the dominant energy sink in 

ev~poration is that of the phase transition, the energy barrier to evap

oration of water should be commensurate with the l a tent heat of vapor

ization of water. 

Unsaturated moisture flow can al~o be viewed as a molecular process . 

The fact that unsaturated flow of moisture i s not directly proportional 

to the exter~~l driving force (see Table 1, p. 62) can be interpreted 

as implying that energy bArriers to the rnicrodynamic flow processes 

limit the macroscopic flux . F.ncrgy harriers to the microdynamic flow 

process can be expected to give ri se to activation energies when the 

Arrhenius theory is employed. 

The drying of the extremely cornolic~ted soil system is dealt with 

her e . It i e explicitly stipulated that for the activation energies to 



be phyr- ically meaningful they must be associated with the rate limiting 

aspAct of the drying process . However, for the soil system and the 

phenomnnon of drying the rate limiting process is not known . The 

activ• tion energies offer one clue that can be used to identify the 

limitin~ process or processes. If this can be ac~omplishen, the way is 

open for a more detailed analysis of the mechanism of the limiting 

process. 

Since this is a pioneering study, the path is uncharted and methods 

of circumventing gaps in knowledge and other obstacles are invented at 

the risk of error . With this understanding the following as sertion is 

m~ de in the interest of oroviding "reference" values of energy barriers 

as guides to r easoning: The possible rate limiting phy~ical processes 

are themselves t emperature dependent and, therefore, provide the desired 

reference values. Thus the 6 Hvap of free water, the diffusion of 

water ~per through air1 ann the viscosity of water yield upper limits 

for the energy barriers associa ted with the processes for which these 

properties could be rate limiting. It is realized that the values of 

Gome of these activation energies could be quite different for soil 

moisture but the values are considered to be good first approximations 

and useful as guides. 

In applying this thinking one considers, for example, that if 

analysis of the data yields an activation energy greater than ~Rvap 

water (about 10. 5 kcal mole-1 at room temperature), the evidence is 

that something with an activqtion energy greater than that of evaporation 

of water is rate limiting. Experimental activation energies c~n also 

be obtained from the falling rate period of drying when hypothetically 

unsaturated flow of moisture to the site of evaporation i s rate limiting; 
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hAr A, if l aminar unsaturated surface-film flo~ ie assumed, a r eference 

activation energy i s available s ince the t emperature dependence of the 

viscos ity of w~ter i s known. 

As a review of this type of r easoning the ~ork of Glasstone, 

Laidler , and Eyring (1941) can be considerod. These authors base their 

discussion of liquids on tho concept that by analogy with gases, liquids 

can be r egarded as made up of "holes" moving about in matter . Accord-

ing to t his interpretation, the work done in creating holes i s of 

particular impo~nce in the processes of vaporization, vi scous flow, 

or self-diffusion of the liquid. 'n'!eee workers state (p. 491): "'n'le 

work required to make a hole of molecular size i s equal to the energy 

of vapori zation •••• " Therefore, since 6 Evap : L'> llvap - RT where 

~ Bvap i s the normal latent heat of vaporization and RT is the correc

tion for the ~ork none on the external system in vaporizing one mole 

of the liquid one can quickly estimate the Ll ~"-vap of many substances 

from r eadily available 6 Hvap information. 

The energy barrier for viscous flow of liquids can be thought of 

as consisting of parts associated with t he energy required for the creation 

of the hole anrl that associated vith the movement of the molecule into 

the hole. For many nonaesociatod liquids the ratio of t; Eva/E*vis• 

vher e E*vis is the activation energy obtained from the experimentally 

observed t emperature dependence of vi scosity ~ has a value of J to 4. 

For such substances the t emperature dependence of viRcosity is exprss sed 

by an equatiun of the form 

ln "l : A/T- B (59 ) 

(Prut ton and Ma r on , 1956 , p. 105) in vhich T is the absolute temper-

ature, and A and B a re constants. Based on International Critical 



101 

Table dat~ and the as ~umption that equation (59) is valid f or water, 

a value of F*vis of 4 . 00 kcal mole-1 for the t emperature range 10 to 

40° C has been ca lculatP.d . The parameter B in equation (59) i s t emper

ature sensitive , howev~r , for the a ssocia ted liquid water. Glasstone 

ann co-wor ver s (1941, p. 505) give E*vis water at 0 and 50° C as 5.06 

and 3. 42 kcal mole-1, reepqctively. 

Glasstone et a l. (1941) also consider liquid-liquid diffusion 

a unit flow process r equi ring space . They report (p. 525) a va lue of 

E*l-diff of 5. 30 kcal mole-1 for heavy water into normal water based 

on a tempP.rature dependence of the diffusion coefficient of the form 

D : A exp(-E*/RT) . 

The experimental activation enerp,ies of vapor pres sure and of 

the diffusion coefficient of water vapor through air have also been 

calculated . These values along with those mentioned above a re grouped 

together in Table 2 for r eady r eference. Most of the r esults are for 

the 10 to 40° C temperature range since tha t is the range of temper

ature covered in the present study . The experimental activation 

energies obtained from the t emperature dependence of the property in 

question (these all have a~terisk superscripts) are small with the 

exception of the vapor pressure of water. It i s equal the average 

l atent heat of vaporization of water for the same temperature range. 

This i R in agreement with the Clausius-clapeyron equation which is 

us ed to pr edict the l atent heats of vaporization of liquids from the 

temperature dependence of t hei r vapor pressure. 

The s econd source of data available for comnarison with the results 

of the present theory are those reported in, or calculable from, the 

literature . Data for thi s purpose are available from a variety of 
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experiments ' including evaporation from free water, transpiration from 

plantc, moisture flov in soil, the drying of wood, evaporation from 

soil , and kinetics of sorption experiments . Even if the i dea of using 

the "reference" values for the activation energies associated with the 

possible r a t e limiting proces"es of drying proves to be a failure, 

enough information may still be at hand from the literature findings 

to interpret the results of the present study in a meaningful way, 

i.e., through a careful compari son of similari t i es and dissimilarities 

of the systems studi ed and their corresponding activation energies. A 

list of values of activation energies obtained from the mentioned 

studies of transpiration, evaporation, and drying are given in Table 3. 

Table 2. Ref erance values of thermodynamic functions and of activation 
energi es for various properties of water and vater vapor as 
obtained from handbook data of their t emperature dependence 
or from experiments on pure water systems . 

Temperature Reference 
PropertyB Energy Symbol or temp. (for data or ener-

(kcal mole-1 ) 
r ange 
(Oc) 

gy) 

Latent heat of 10.49 6 Bvap 10-40 Handbook Cham. and 
vaporization Hlys. 

Energy of V'!por- 10.18 t>Eve,p 0 Glasstone et ~·· 
ization 9.61 50 (1941, p. 505 

Viscos ity of 4.00 E*vis 10-40 Inter. Crit. Tbls. ; 
water 5.06 Glasstone et al., 

3.42 (1941, p. 505) 

Vapor preesure 10.58 E*vp 10-40 Handbook Chem. and 
of vater Phys. 

Wat er-vater self 5.30 "*1-diff ? Glasstone et al., 
diffusion co~ff. (1941, P• 525J 

Diffusion coeff . 1.06 E*atm-d 10-40 Inter. Crit. Tbls. 
vater vapor 
through air 

8 All va lues are based on a total pressure of 1 atmosphere. 



Table J. Experimental a ctivation energies from studies of evaporation, dryine , moisture movement, and r' 
0 

transpiration . VJ 

Activation Temperature Relative 
Experiment energy 1 Symbol range humidity Refer ence Remarks 

(kcal mole- ) (De) (%) 

Evaporation of liquid 11.5-15.0 ... 12.)-)0.7 Sleight (1917) Based on avg. t emp . of 
wat er from outdoor 

- evap 
wat er surf~ce; 13 week-

tanks long expts. 

Transpiration of ex- 22 .1 F."transp 4.5-18.1 51-69 Kuiper and nata unaffected by var-
ci sed leaves in potom- Rierhui zen iable lipht intensity ; 
eters (1959) at 32 . 5° C and 25% R.H. 

transpiration 10\..'er than 
pr"!dicted. 

Transpiration of Ambro- 10.4-11.1 E"transp 21-49 20-80 M9.rtin (1943) Humidity affected rate 
sia trifida and Helian- but not temp. dependence; 
thus annuus --- 7 expts . in ~arkness . 

F.vaporation from leaf - 6 . 8 E"evap 27-49 20 Based on a ir temperature. 
shap9d bl otting paper 5. 9 50 Evaporation into calm 

5.1 eo air. 

Dryinr of water-s , t'd. 6.1 F.* drying 25-80 50 Bateman et a l. Relative humidity 50% 
wood Sit ka spruce ) (1939) at all temperatures . 

Drying of saturated 7.1 E*drying 27.8-43.3 10-45 Sherwood and Based on constant rate 
clay Comings (1933) period . 



Drying of sands 4. 5 E*drying 55-76 Ceag1ske and Coarse , medium, a nd 
4 . 8 Hougen (1937) f ine s and, r e spectively. 
4.7 Constant rate per iod . 

4. 5 55-76 Coarse , medium, and fine 5.1 sand, res pectivel y . 4 .8 Falling rat e per iod . 

Drying of soil in cans 16.1 E*drylng 26-40 Harris and MillVille silt loam floated on t emp. baths 7.0 50..90 Robinson (1916) s oil 

16 .7 20-40 Coarse sand 
9.1 6o-90 

Wa t er flow in s ili:tte 5.4 E*unsat'd 20..75 Tiaelius {after Flow normal to 201 and mineral, heulandite 9 .1 flow Barrer, 1951) 001 f a ces of ccy-s tal, 
r espectively. 

Diffus ion coeff icient 1.0-5.0 E*infn 10-40 Biggar and MillVille silt lOI!lJil for wate r flaw into soilb Taylor (1960) 

Weighted mean diffu- ).5 E"infil 5-45 Gardner (1959c) Pachappa Mndy loam sivlty for water flow ) .6 Yolo loam into soil ).0 Indio loom 
2.0 Chino clay 
4.0 Traver sa ndy lOI!lJil 

•Range of temperature was 20 to 900 c, but plots of the data change slope in middle of the temperature 
range a nd there is a big difference in the activa tion energies of the different s lopes . 

bonly these workers reported activation energies; in all other cases the activation energies were 
calculated frcm reported data . 
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Psychrometric Aspects 

The necessity for considering evaporative cooling and heat transfer 

in the drying of soil can be established by the following generalizations 

suggested by work on propagation of temperature in textiles (Cassie, 

1940; Kine and Cassie, 1940; Cassie and Baxter, 1940; Crank, 1956, chpt. 13). 

By are.loey with the systems of the above studies, it is apoo.rent that (i) 

for a true equilibrium to exist between the drying soil and the environ

ment, both the water vapor concentration and the temperature of the system 

must be in equilibrium with the hygroscopic soil, (ii) the immediate 

reaction of a nass of soil exposed to a new atmosphere is to attempt to 

bring that atmosphere into equilibrium with itself, and (iii) the latent 

heat of evaporation of water is large compared with the heat capacity of 

soil. (At room temperature the latent heat of vaporization of water is 

approximately 580 cal gm-1, whereas the specific heat capacity of soil is 

about 0.2 cal gm-1 oc-1.) 

If air with a lower vapor concentration, but the same temperature as 

the sample is introduced the sample immediately cools. The reason for 

this is that the quickest way for the sample to approach equilibrium 

with the new conditions is through a shift in temperature; thi s can be 

accomplished by a very slight loss in moisture content. If flow of the 

air which is now warm rel~tive to the sample continues the sample will 

continue to lose moi sture and will eventually come to a moisture condition 

in equilibrium with atmospheric drying conditions. Thus an essential 

feature of the moisture and t emperature changes occurring in the drying 

of porous materials is confronted, namely, the existence of two modes of 

approach to equilibrium. These are a quick r eaction involving a drop in 
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the temperature of the evapor ating surface but an inapor eciable cha nge 

in moisture content, anrl a s low reaction involving a change in moisture 

content. The t emperature change i s propa.g<t t ed through t he sampl e . It 

gives ri se to heat flow within the sample and between the sample and 

the surroundings. 

Whereas mass flow i s amenable to treatment ~ reaction rate theory, 

the flow of energy (heat) appears not to have been so treated. Thus 

we se~k differ ent approaches for consi dering the rate limiting aspects 

of heat flow. These include: 

(1) Utilization of an over-all heat transfer coeffi cient (Sherwood, 

1929b; Gill iland, 1938, Chu, 1950) to help establish if and when thermal 

flow properties of the experimental system change. The heat transfer 

coeffici ent U for transfer of heat between the air stream and the soil 

is defined ~ 

~ = 
A Ll t 

Wherein ~ is the heat flux, 
Ll t 

U T2 - '1'1 (60) 
x2- xl 

(T2 - TI)/(x2 - x1l i s the temperature 

gradi ent between two points of interest, here the soil surface and some 

depth in the sample, and A is the cross-sectional area of the sample. 

As an approximation the heat flux can be obtained as the product of the 

evaporation rate times the latent heat of vaporization of pure water at 

the mean temperature of the depth interval. This analytical device is 

based on the hypothesis that as long a s the heat transfer coefficient 

remains constant the thermal characteristics of the soil are having a 

uniform effect on the rate of evaporation. A decrease in U results when 

the heat flux decrea~es for a given temperature gradient. Such b~havior 

might be interpreted as indicating that either evaporation is occur ring 

at points deeper within the sample than while U was constant or that 
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there has been a cban~e in the thermal properties of the soil system. 

The method is not without objection, but used in conjunction with a 

careful comparison between temperature distribution-time curves and 

drying-time curves it might help to establish how heat transfer affects 

the rate of evaporation . 

(2 ) Calculations based on the thermal properties of soil. Richards 

~ al., (1952, pp. 319f) present a tabular summary of heat capacity, 

thermal conductivi t y, and thermal diffusivity values for a large number 

of 5oils varying in texture, density, and moisture content . These values 

provide missing data which combined with information on the temperature 

and moisture distributions associated with a given evaporation rate 

might enable a comparison of the heat flux obtained in the experimental 

syst em with that necessary to maintain a given rate of evaporation. 

Ruch calculations can serve as a guide to the identification of con

ditions for which thermal properties of the soil could limit the energy 

supply to the sites of evaporation. The calculations are straight 

forward for a simple linear system, but become increasingly difficult 

for more complicated systems . 



~ ~ of Analvsis 

It seems evinent t ha t the conclusions ~hich ~ill be r ea ched in 

thi r study depend considerably upon h~ the moisture fl~ (a ~ gi ven 
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by the evaporation rate), the moisture distribution in the test material , 

and th e thermal effects interact nuring the experiments. Therefore, 

possible conclusions ba sen on hypothetical behavior ~ere outlinen. The 

r esults are expr essed in the flow sheet of Table 4. To use Table 4, 

the same number i s foll~ed through the first three columns on the 

left. The specific effects accompanying the number build up a esse of 

evi dence which suggests the conclusion listed in the right hand column. 

Although the information of Table 4 is based on general consid

eration~, it illustrates ho~ ~idely the conclusion~ can v~ry depending 

upon experimental behavior. When it is recalled that, hypothetically, 

these divergent conclusions are all for t he same sample, one r ealizes 

that cqution must be exercised in interpreting the results . It is 

hoped that most of the hypothetically possible behaviors will not occur 

and that the numerica l nata will help to narrow the remaining possi

bilities to a manageable few. 



Table 4. Flow sheet of rlata .~ nalvsis. (U~e of the flow chart: Reasonin~> alonP, a oath of obRerv"d temperature 
eff~ct, moisture rlietribution, and e~poraticn rate as indicated by the number s in parentheses 
belOIJ the specific effects l eads to th" conclusion~ in th" right hanrl column. The conclus ions 
corresnond to the different cases built up.) 

Temperature effect 
(at evapo~ting surface 
and in the sample) 

Temp. decreases initi
ally toward the wet
bulb temperature, then: 
a. Stays low 
(1, 4, 5, 6) 
b. Stays low for a while 
before climbing back 
towarrl the t emperature 
of the air nqssing over 
the sample (2, J) 

Heat transfer coeffi
clent: 
a. Remains constant 
over entire neriod of 

Moisture 
distribution 

Changes for a while 
then approaches a 
steady stAte (3) 

Changes continuously 
durin? experiment, but: 
a. Is parabolic with 
distance from ev~por
ating surface (1, 2, 4, 
7, 8, 9, 10) 
b. Is linear with dis
tance from evaporating 
surface 

experiment (8 ) Water accumulates at 
b. Remains constant for evapor~ting ~urface 
a while then changes to ·(cool end) (5) 
a lower value (7) 

Energy of activation is: 
a. <t> Hvap water (9) 
b. >6 Hvap water (10) 

lvater accumulates at 
end of sample away 
from evaporating 
surface (wa rm ~nd) (6) 

'Waporation 
rate 

Is constant for a 

(1) 

(2) 

while t hen decreases 
with time (4, 8, 10) (J) 

Decreases contin
uously from begin-
ning of experiment (5) 
(2, 7, 9) 

Reaches a steady 
(6) 

value (7) 
(1, J, 5, 6) 

(8) 
(9) 

(10) 

Evidence is that: 

!Waporation i s governed more by heat 
flow than by moisture flow. 
~poration conditions chan~e during 
the experiment; moisture flow is of 
a diffusion type. 
!Waporation rate will be low; evapor
ation rate is governed by moisture 
distribution. 
Initial rate of evaporation is limited 
by drying condition~, but by moisture 
flOIJ later. 
Heat conductivity of medium is poor; 
vapor phase moisture transfer is 
aporeciable. 
Temp,rature effect is dominant over 
moisture flOIJ. 
Heat transfer between circulating air 
and the soil is not limitinp,; moisture 
flow is limiting . 
Heat anrl moisture flow interact. 
The evaporation nrocess is not limited 
by the energy sink of the phase 
transition per se. 
The energy barrier t o vaporization may 
be an appr~ciable factor in producing 
the observed evaporation rate. 
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METHODS AND PROCEDUR";S 

~ Description 

Millville silt loam was packed homogeneously into lucite cylinder s . 

Tens iometers were spaced logarithmi cqlly along the soil columns and 

calibra t ed thermistors were ins erted into the sample through the luci t e 

wal l s of t he cylinder containing the soil. The entire soi l column and 

attachments were immersed in a cons tant temperature bath. Air which 

had been passed through silica g~l to bri ng its r~lRtive humidity to 

a constant 1~ level was pqssed over one end of the sample a t a given 

r a t e a s controlled by a prossure rev,ulator and fl~ meter. The moisture 

evapora t ed from the sample was trapped in a s econd silic~ gel column. 

The dr y air entered the lucite tube containing the soil column at a 

point jus t above the soil surface and l eft through an opening diamet

rically opposite the point of entry. The other end of the soil column 

was in contac t with a wa t er r eRervoir through a porous di sc (s 9ries A). 

The wa t er in th~ r~s 9rvoir was kept under the desired vacuum pump suction 

in orcler to nain tain a constant moisture potential at one end of the 

s ~mple . (In the runs designated as s eries B the sample was shorter and 

wa t er was not repl enished at the end away from the evaporating surface.) 

In order to study the tempera ture dependence of th ~ process the 

tempQrature of th~ bath was regula t ed at specific tempP.ratures within the 

range 12.7 to )7.7° C for the ~rious runs. The air passing over the 

sample was brought to the temperature of the bath by nas s ing it through 

coils of copper tubing i~ersed in the constant temperature bath immed

i ately nrior to itR na ssage over the soil olumn. 



111 

The data obtained at each rP.ading included: (a) the temperature 

distribution in th9 soil column as obtained from the thP.rmi~tor readings, 

(b) the cumulativq evaporation , and the rate of evaporation from the 

periodic determination of the increase in weight of alternqted silica 

gel columna used to trap the water evaporated from the soil column, and 

(c) the moisture distribution in the soil column as i ndicated by the 

tensiometer readings made at t he same intervals of time that the other 

r earl i ngs were made , The~e data enable one to study the relationship 

between the change i n evaporation r ate in a given time interval and the 

change in di stribution of moisture i n the same time i nterval. The data 

a l so enable one to compare the evaporativ~ cooling effPct with the evan

oration rate at a given time. 

A schematic drawing of the apnaratus usgd in makinp, the measurements 

is shown in Figure 1 . The various part~ and th~ir operation are dealt 

with in moro detail below. 
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~ of Apparatus and IAeasurements 

Tensiometera 

Number 762 Coors filter cones of porosity 5 were used for the porous 

cups of the tensiometers. These filter cones aro cerami c cylinder s about 

1 em in diam9ter and 5.5 em lonr. The upper 2 em of the open end is 

gl aze<l lea ving a porous vall surface area for conU.ct with soil of approx

imately 2.5 cm2• Cones of r easonably uniform conductivity were s el ected 

by applying a constant vacuum pump suction to burets attached to cones 

submer ged in free water and measuring the rate of absorption. For one 

group of 23 cones the average conductivities for 7.6, 25.3 and 50.6 em 

Hg suction were 1.4 , 4.5, and 7.2 ml hr-1, respectively. 

The cones were attached to a 1-1/2 inch lonp, 3/8 inch diameter 

copper tubing manifol~ . A short piece of glass tubing about the same 

diamet e r as the mani fold was attached to the upper end of the latter 

to serve a s an air trap during operation. A 3/16 inch copper tubing 

sidearm connected the manifold with the upper end of glass tubing 

immersed in a trough of mercury . 

The porous cones of the tensiometers were imbedded in the soil 

within the lucite cylinders by inserting them through holes bored through 

the cylinder valls. The tensiometers were spaced at positions 2, 4, 8, 

12, 16, 24, ann 30 em from the drying end of the 31 em long soil columns 

(series A apparatus ) and at 2, 4, 8, 12, and 16 em from the drying surface 

in the 18 em long soil column~ (s eries B apparatus). 

Because of the thrqa t of leakage of water into the soil column from 

the wa t er b<tth in which it vas immers ed, pieces of l-inch thick lucite 

were fil e<l ann lathe<l so that a concave surface which matched the curva ture 



Figure 1. Apparatus of temperatur~ dependence of dryinP, experiments . 

1 va cutnn pump 13 resi s tance bridge 

2 mercury manometer 14 'b<lth stirrer 

3 thennocap relay 15 va.t .,r r~s~rvoir 

4 flow regulator 16 thermistor J"acl s 

5 air drying colunm 17 air g.:tp at end of soil column 

6 flow met'!r 18 selector switch 

7 manost.'it 19 silica gel absorber 

8 glass capillari~s of t "nsiometers 20 bath he'l ter 

9 t rough of mercury 21 mercury thermoregulator 

10 water supply to r '3servoir 22 electronic relay 

11 water trap from reservoir 23 air tempera t ure equalization coil 

12 galvanometer 24 wat~r bath 
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of the luci t e cylinder was obtained. The luci te collar was then drilled 

through with a l a rger bit than had been used in making the openings 

in the cylinder walls. The holes of the lucite collars were positioned 

to surround the holes through the cylinder wall. The two pieces were 

then laminated together. 

Molten carurl.ng wax (paraffin) was squirted into the opening between 

the tensiometer stem and the lucite wall. Even this precaution of 

increasing the depth of the wax seal failed to eliminate leakage on 

some occasions. In these cases the runs were terminated and new ones 

begun. Due to its low melting point, use of canning wax as a sealant 

was one factor in limiting the upner range of temperature used. The 

obvious disadvantages of such a sealant were tolerated in view of its 

virtues. These included the quick and easy disassembly of the apparatus 

when it was desired to make gravimetric moisture samplings or to re

determine the conductivities of the filter cones. 

In operation the entire ~anometric system including the filter 

cone, the copper manifold, the air trap, the copper sidearm, and the 

glass tubing \.tas filled then further flushed with hot, freshly boiled 

distilled wa t er. On stoppering the air trap, the water in the porous 

cone quickly came to equilibrium with t he soil water and registered the 

soil moisture suction by the position of the Hg-water interface in the 

glass capillary tubing. The tensiometers served satisfactorily in their 

range of operation-up to about 0 .8 bars suction. 

All the soil moisture potentials reported herein are corrected to 

the value at the porous cups according to the procedure of Richards (1949). 

This included subtracting the sum of the scale r eading with the air trap 
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open plus the equivalent height from the air trap to the filter cone 

from the actual scale r~an ing in operation. The lowering of the level 

of the Hg in the trough ar Hg was drnwn into th~ capillaries wao i gnored, 

The moisture suctions are reported in the same units in which they were 

measured (em Rg) in the summarized data of the experiment given in 

Apuendix r. They are generally reuorted in bars in the Figures in the 

text . 

Thermistors 

Temperature measurements within the sample were mane with cal

ibrated Western ~lectric model 17A thermi s tors. These thermistors are 

disc- shaped. The di<-c is 3/16 inch in diameter ann less than 1 mm in 

thickness. The Rhort leads furniRhed with the thermiotors were extended 

by soldering about 80 em lengths of ordinary lamp cord to them. The 

bare wires were then sprayed with clear liquid ulastic . The thermis

tors were calibrqted in the same constant tempernture room using the 

same voltage supuly, r~sistance bridge, qnn galvanometer as was used 

when the thermistors were imbedded in the soil column . The calibration 

operation ent•dlen susp•mding the th~rmistors in continuously stirred 

wa ter contqined in a large De~onr flask. The water temperature was 

adjusted within the range of temueratures used in the experiment~. The 

actual temu~ra ture of the water was eDti~ated to hundredths of degrees 

on a thermometer graduated to tenths of nAgrees immediately after each 

thermistor cnlibration resistance r eading wa~ made, The thermi~tor

indic·' tPd tempP.ra tures renorted are considered precise to only ! 0.1° C, 

The calibrated thermistors were poeition~d in the center of the 

lucite column before soil was added . The ~rocedure was as follows: 

Holes just larger than the lamp cord leads w~re drilled through the walls 
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of the lucite cylinders at points ~i ~m~trically opposite each other a long 

the lucit~ cylinders . (At least three diff~rent set s of spacing along 

the soil column were used . Since the da~ prq~ented in Figures and 

mo re completely in Appendix I give the p·1rticular spacings for a given 

run they a re not given here.) Because the therrnlstor beads wer~ larger 

than the lamn cor d leads--and hence also larger than th~ holes through 

the walls of the sample containing cylinder--the thermistor lean~ were 

thr~aded throu<;h the l ucite tubing f rom the inside. "Armstrong ' s Adhe

sive A-1" (Armstrong Products Company, Argonne Roa~ , Warsaw , Indiana ) 

wa • apnlin.d over each exit hole ann the cord at the point at which it 

emer ged from the cylinder . On hardening, the A-1 adhesive was water

proof . It was brittle enoueh to chip off with a sharp t ool, however , 

a ~ was le~rned when it was des ired to remove the soil s·•mple from the 

cylinder for gravimetric det ermination of the moistur~ di s t r ibuti on in 

the soil column . 

The thermistor rea~ings were made manually. All th9 thermistor l eads 

w~re att1 ched to a multiple switch . Up to eight th~rmistors were emnloyed 

in a givAn run . It was usually possible to adjust t he potentiometer to 

the null point an~ r 9cord the bridge rasist~nce for a given thermistor 

within a minute. This standard Procedure of making thermistor r eadi ngs 

at minute interva ls wa s r i gorously followed. The time at whi ch the 

thermi stors wer~ r 8ad was r ecorded to the neares t minute . The official 

time wa s that of an ordinary el ectric labora tory clock with a "sweep" 

second hand . 

Air pr~P~ration ~nd flow 

Th ~ a ir passed over t he sample orieinatad from the 50 pounds per 
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square inch air pressure line of the l~boratory. It was "proceRsed" 

qy par sing it successively through a flow regulator, a vertical glass 

column of 4 .6 em inside diameter which contained a depth of 30 em of 

silica gel, then over 1 arm of a mercury manometer, through a G9145B 

"Predictability" flow meter ('n'le Thlil Gainer Co., 20-26 N. Moore Street, 

New York 13, New York), and finally through copper and rubber tubing 

coils immersed in the constant temperature bath. The air then passed 

over the soil surface and through a second silica gel column. The 

principle behind the use of the first and second silica gel columns is 

that when placed on opposite sides of the moisture source, the gain in 

weight of the second one will serve as an accurate measure of the mois

ture evaporated from the soil since the air leaving it will be r educed 

to the same moistUl·e level as that which left the first drying column. 

The silica gel columns referred to (parts numbered 5 and 19 in Figure 1, 

p. 114 ) were both at room temperature and the silica gel in them was 

prepared in the same way. The silica gel of both columns was always 

changed while there was still a large amount of unmoistened gel in each. 

In early experiments two silica gel columns, one on top of the other, were 

often used to trap the moisture evaporated from the soil, The second 

one never gained weight until the one below it wAs practically com

pletely moistened. The evidence i s therefore good that the r elative 

humidity of the air leaving both the air drying and the vapor trapping 

silica gel columns was the same. 

The strong deoendence of vapor pressure on temperatur e raised the 

question of whether the r elative humidity of the air passing over the 

soil could have varied significantl y as a function of the beth temper-
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ature to which it w~s br ought jus t prior to oassage over t he soil column, 

A hai r hypromet er in the dry air line registered a constant rea ding of 

6 per cent relative humidity (~n er -oneous absolute value, but constant ) 

under a ll conditions of drying , Dehler (1940) reported that silica gel 

may be used to dry air and other gases to dewpoints below -60° F. For 

these r ea sons it i s believed that the r elative humidity difference 

bet ween soil and passing air varied within narr ow limits over the tem

per ature range of the experiments. 

The silica gP-1 used contained a moisture i ndicating dye. The silica 

wa s always r eplaced ~ gel regenerated ~ drying at 150° C (Dehler, 1940J 

Skelly, 1950) long before the color change had permeat ed the entire 

length of the column. Two evaporation indicating columns of gel 30 em 

lonP, and 5 em inside diameter were alt~rnated . They contain~d about 

380 gm of gel. Weighings were made on a pan balance with a scale grad

uated to 0. 05 gm, The weighings were interpolated to 0.01 gm, however , 

This was deemed l epitimate in order to reduce errors in the cumulative 

total. 

For all except on~ run the r 'ading on the G9145B flow meter during 

operation was 10. For the one exceptional run (13A) the flow meter 

r eading wan 5. 9. Based on Int~rnational Critical Table data for the 

density and vi ccosity of dry air at 645 mm Hg pres sure , ~nd formulas 

furnished ~ the manufacturer of the flow meter the air flow rate for 

the r qading of 10 on the m~ter scale would correspond to about 3 . 5 and 

3.3 liter s min-1 at 10 and 350 c, resp~ctively . These flow rates are 

for standard conditions of 70° F and 1 atmosphere pressure. At 200 C 

the r eading of 5. 9 on the flow meter corresponds to a flow of about 1.7 

liter s min-1 for the standard conditions. 
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Ther e ~ere 2? feet of 1/4 inch copper tubing plus about 8 f eet of 

3/ 8 inch outside diamet~ r rubher haRe imMers ed in the constant t emper

atur P bath . The object of this length of t ubing ~as to obtain thermal 

equilibr ium bet~een the a ir entering the sample chamber and the bath. 

When the fl~ meter r&~d 10, the pressure drop across the arms of the 

mercury manometer in the air fl~ line was 2. 8 em Hg . By "breaking" 

the system a t various points it wa e found tha t the pressure differential 

(fl~ resistance ) aros ~ almost entirely in the copper and rubber tubing 

t emperat ure equali zation coils . llo pressure drop across the soil column 

was det ectable . 

The a i r that pas sed over the soil surfa ce entered the sample chamber 

through 1/4 inch copoer tubing extending through the cylinder wall. 

The point of entry ~as cnntered at 0.5 em above the soil surface . The 

delivery tube ended flush with th P. inside wall of the lucite cylinder. 

The exhaust a rrangement was the same a s t hat of the delivery tube and 

was positioned diametrical ly opposite the point of entry. 

Tempera t ure ~ 

All experiments were carried out in a constant t emperature room . 

In addition the soil column and attachments ware suspended in a constant 

t emperature wa t er ~~th of dimensions ?6 x 38 x 38 em. Temperature control 

wa s ef rected qy a continuous coolin~ , intermittent heating arrangement . 

The ~ater was stirred constantly . When the desired bath temperature ~as 

greater than the a i r temperature, cooling was by evaporation an~ heat 

dissipation to the surroundings. When a bath temperature bel~ room 

tempP.ratur~ was desired the cooling coils of a continuously operating 

r efrigerat ion unit were imr ersed in the wat~r bath . 
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The water temperature wa" kept constant within about 0.01° C by 

intermittent heating. The electrica l circuit included a mercury thermo

regulator , a resistancP- heatinp, coil immersed in the water bath, a 

powerst>!t, and an "Aminco" electronic relay (American Instrument Company, 

Silver Spring, Maryland). When the mercury in the thermoregulator fell 

below the electricql contact point the electronic relay was actuated . 

Apparatus of series ! m 
All experimental run" designated a s series A runs were made on soil 

columns 31 em long and 25.5 cm2 cros s section (5.7 em diameter). The 

5.7 em diamet er of these samnles aris es from insertion of J l 1-cm Hidth 

lucite rings inside a longer 6.9 em inside niameter lucite tube in the 

region oo ~upied by the soil sample. The use of lucite spacer s greatly 

f acilitat ed moisture sampling bcc~use th~ lucite sp~cers formed an inner 

cylinder which could be removed from the solid outer one and the sample 

could be r ea,l ily di ssecteri by cutting thr ough the sample between the 

spacers . The use of the adriitional inner cylinder incr eased the thickness 

of lucite between the soil and the water bath to 1/2 inch , however, since 

both pieces of lucite tubing hsd walls 1/4 inch thick. 

The outer l uci t e cylinder was npnroximately J em longer than the 

inner cylinder which held the soil sample. The upper end of the lucite 

cylinder wa c closed by ins~rting a lucite di sc draped in a gasvet of rub

ber shceti~~ · The ins~rt~d disc wa s parallel to the surface of the sample 

at a di stance of 1 em f rom it . During drying of t he soil columns a 

stream of the dryinf, air was passed through this 1 em air gap at the end 

of the ssmple. 

The end of the lucite tubing 31 em from the soil surface was fas-
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tened to a 1on t er r eservoir. The water reservoir ws made from lucite 

tubing of t he same outside diameter a s the soil container, One end of 

the water reservoir , the one in contact with the soil, was a grade M 

"por vic" membrane (Pri tchett & Gold and F. . P. S. Company Ltd. 1 "sgenhlll!l 

Dock, Essex, England ) . This membrane has an average pore radius of 5 

microns. The oth •r end of the water r eservoir wn.e closed by r eces sing 

the lucite column into 1/2 inch sheet plastic. The membrane was sup

ported by a pnrforated and striated lucite disc. The water r es ervoir 

was attached to the l ucite soil sample cylinder by wires dral.tn taunt 

bqtween pairP-d screws on the water reservoir and soil cylinder. Three 

pairs of screws separated by about 120 degrees around the cylinder held 

the water r eservoir securely to the soil sample container. To prevent 

leakage the screws and the junction between the wa ter reservoir and 

t he soil cylinder wnre covered with Armstrong 1P adhesive , type A-1, 

The soil column was prepared with the water res ervoir a ttached . EXpe

rience indicated that contact between the soil and porvic membrane was 

satisfactory. 

During the v·trious rune arbitrarily chosen suctions l es s tha n 6 em 

Hg were maintained on the water r eservoir. A "Thermocnp" relay (Niagara 

F.l ectronics Laboratory, Andov~r, New York) (laylor, 1955) actuated a 

vacuum pump for roup,h vacuum control. Fine control of the vacuum was 

obtained by means of a "Cartesian Manostat" style No . 8 ("mil Geiner 

Co., 20-26 N. Moor e Street, New York 13 , New York). The suction obtained 

wa s indicated by a mercury manometer. The vacuum was t ransmi tted to 

the water r~servoir through rubber tubing a ttached to plastic tubing 

exten~ing vertically upward from the highest point of the r eservoir. 
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In order to keep the r~servoir full at all t imes water was fed into 

it from ~n inv~rted 500 ml erl enmeyer fla sk which s erved a s a mariott 

bott le. Care wae taven that the ra te water was supplied to the reservoir 

exceeded the r a te at which water moved into t he sample from the reservoir. 

~eBula tion was ~ a screw clamp on the air entry arm of the mariott 

bottle. The exces s wa t er flowed out the Ruction connection at the top of 

the water r eservoir and was retained in a 500 ml VRcuum fla sk trap between 

the wa ter r es ervoir and the manostat. A silica gel column which prot~cted 

the manostat f r om moisture ac ~umul~tion absorbed an amount of moisture 

whi ch war negligible in comparison to the total flow. 

The t ensiometer and thermistor inRtallations in the soil columns of 

both the series A runs (apparatus just described) and the seriea B runs 

(appara tus next des cribed) WBre dealt with in detail in separate sections. 

These descriptions are not repeated here. 

APJJ!Iratus of series .!l. m 

The apoaratus of the ser ies B runs was relativ~ly s impler than that 

of the series A runs. The 18 em long samples were contained in 6.9 em 

i nside diameter, l/1, inch wall t hicknes s lucite tubing. Total l ength of 

the cylinders war 21 em of whi ch 3 em was utilized in stoppering the ends 

and providine the 1 em air gap through which the evaporation inducing dry 

air flowed. The ends were stopper ed ~ inserting snug-fitting lucite 

di scs draped with rubber sheeting. As an adoitional precaution against 

leakage of water into the sample, a piece of rubber sheeting wa s spread 

over each enn of the column and wir ed tightly to the cylinder. On" enn of 

the column had to be l eft open unti l after the sample was prepared. Dif

ficulty with leakage at t he ends was nev~r encountered. 
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~mple preparation 

Millville sil t loam soil which '"" taken from the field, dried in 

air , nnn passed through a 2 mm r ound hole sieve was t he r aw soil u~od 

for all experiments reporten herein. (A Wasatch coarse sand was us ed 

in s ome pr gl iminary s tudies before the experimental techniques were per

fectecl , Tho r 'lsults for the Was'ltch S'tnd a n<l Millville silt loam were 

s imilar . ) Preliminary t ests showed tha t a bulk density of 1 . 2 to 1 . 4 

gm cm-3 could b~ readily attained on oacking air-dry soi l into the columns. 

Since the a verage bulk density of t he plow l ayer of t hi s soil i s about 

1.4 gm cm-3 in the fieln it was decided to att empt to obtain a bout the 

same bulk density in the laboratory. All results reported her ein a r e for 

a bulk density of 1.40 (dry wei ght basis ) unless otherwise specified . 

Aft"r the thermistors and tcn<iornot ers had been placed in the soil 

cylinder the soil was ad~ed to the cylinder. The mass of soil r equired 

to give a bulk density of 1 . 40 gm cm-3 was placed in the column by l etting 

t he soil flow by P,ravity from a large glas~ laboratory funnel. The funnel 

openinr, fr om which the soil dropped into the cylinder was about 1/4 inch 

in diamet er. Whi le the soil flowed into t h9 lucite column , the column 

was rot~tocl anrt the soil nacl~d by tapping the column gently on th ~ table 

top. 

\<hen the wei ghed amount of soil had been tamped into the alloted 

vol ume , two thicl:nesses of filter paper were placed on t he top of the 

soil column and \later from an inverted bottle was allowed to rain onto 

the filter papers at a ra t " equivalent to a slow drip . ~/hila the samples 

were being wetted, small plar.tic capillary tubes through the cylinder 

wall at points about 1/3 and 2/3 of the way clown the column were l eft 
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open to f acilitate the escape of entrapped air . 

After the soil columns had been slowly wetted in the above manner to 

a mois ture content between field capacity and saturation, t he f i lter 

paperH were removed from the soil surface. If the sampl es were too wet 

they wouln slack down into the air cavity when placed horizontally . If 

too dry, uniformity in moisture distribution took l oneer to achieve. The 

process of obt a ining the desired uniform initial moisture cont ent for 

starting a run could be ha stened ~ a ttaching the water reservoir (series 

A runs) and the t ensiometers (both s eries A and series B) to the vacuum 

line and appl ying the desired suction . 

The final equilibration of moi s turA an~ temperature conditions in 

the soil columns was made aft~r all the measuring devices were in operat

ine condition. 
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Characteristics gt ~ ~ 

The physical and chemical properties of Millville silt loam have 

been studied by numerous workers. Some of the results considered most 

pertinent to the present study are summarized. Richards (1928), 

Richards and Moore (1952), Taylor and Heuser (1953), Ashcroft and Taylor 

(1953), and Soane4 are among those who have reported information on the 

moisture characteristics of Millville silt loam soil. 

Ashcroft and Taylor (1953) found that the moisture retention curve 

could bq r epresented by 

Q • a ,..-b {61) 

wherein 9 is the moisture content {gm gm-1) on the dry-weight basis, 

,- is the soil moistur0 suction in atmospheres, and a and b are constants 

having the values 0.159 and 0.308, r espectively. They also considered 

the equation to be applicable only to soil moisture suctions greater than 

1 atmosphere. Calculations wer e extended into the less than 1 atmosphere 

range , however, and found by direct sampling of the drying columns of the 

present study t o express the moisture content well down to 0.3 atmosphere 

suction. 

Table 5, in which the s oil moisture suction is ex-pressed in various 

units, gives some moisture contents calculated from expression (61). 

Soane applied a thermodynamic flow equation to pres sure cell out-

flow data . He found that the mobi lity coefficient showed a "complex and 

unexplained variation with the r elative activity of the soil water•, but 

4soane, B. D. 1958. An application of a thermodynamic flow equation 
to water movement in unsaturated soil. M. S. Thesis. Utah State Univer
sity. Logan, Utah. 



127 

Table 5. The moisture content of Millville silt loam as a function of 
soil moisture potential according 
and Taylor (1953) . 

to the expression of Ashcroft 

Soil moisture suctionS Moisture Moisture content, 9 

(em water)b 
potential 

(em Hg) (atmos) (e~~l (gm gm-1) 

22 .9 310 0.3 . 304 0 . 231 
30 .6 413 0.4 .405 . 211 
38 . 2 517 0. 5 . 506 .197 
45.8 620 0.6 . 608 .185 
53.5 723 0.7 . 709 . 178 
61.0 826 0, 8 . 810 .170 
68 . 7 930 0.9 .912 .164 
76.4 1033 1.0 1.013 .159 

2066 2.0 2. 026 .128 
3099 3. 0 3. 039 .113 
4132 4.0 4.052 .104 
5155 5. 0 5. 065 .097 
6188 6.0 6. 078 .092 
7231 7.0 7.091 .087 
8264 8. 0 8.104 .084 
9297 9.0 9.117 . 081 

10,330 10.0 10.130 .077 
12,396 12 . 0 12.156 . 074 
14,462 14. 0 14 .182 ,070 
15,495 15.0 15.195 .069 
H' ,594 18. 0 18. 234 .065 

a For some other units or expression, see Taylor (1958) . 

bThe common logarithm of these VRlues i~ known as the soil moisture pF. 

he wa~ unable to determine whether or not this could be accounted for qy 

uncontrolled variables in the flow system. He found that a very sharp 

minimum occurs at about 0.4 bars in curves obtained qy plotting the 

"mobility coefficient" versus the pressure apnlied on the membranes of 

the pressure cells. Richards and troore (1952) remarked that Millville 

silt loam i s distinctive as comparPd with other soils in that it exhibits 

a low ra te of change of moisture con1uctivity with suction over part of 

the suction range . 

Information obtained from the characterization of Millville silt 
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loam by the Soil Testing Laboratory on the Utah Stat e University campus5 

indicates that the size distribution of the surface 6 inches of Millville 

silt loam is: sand, 29 per cent ; silt, 57 per cent; clay, 16 per cent . 

In the same s ource it i s r eported that the cation exchange capacity 

i s 13 .9 me 100 gm-1 of soil, that the caCCJ equivalent i s 43 ,6 per cent, 

and that the pH of the saturated paste i s 7.9. 

5courtesy of Mr. J.P. Thorne, director. Reported in National Coopera
tive Soil Survey profile description leaflet No. 663, February 11, 1959. 
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Description of ~ ~ Run 

The apparatus was considered r eady for a run to begin when all the 

measuri ne equipment was in position ~ nd functioning properly, provid~d 

the soil moi r ture and temperature r flll<i ings had h·1l d steady for a period 

of at least 12 hours. To begin a run the flow r egulator wa s adjusted 

to give a flow meter r ea,1ing of 10 . The information recorded for a given 

set of r ear ings incluced the day, the time of day, the bath and room 

temperature , the em Hg suction on the water reservoir , the a i r flow rate , 

the r eanings of all t ensiometers and thermi stors , the wei ght gain of 

the silic~ gel column in which the moistur~ tha t evaporat~d was trapped, 

and the difference between the inflow to ann the outflow from the water 

reservoir in contact with the sample (series A only). 

In chronologica l order the steps followed in obt~ining a set of 

readings were : (1) the silica gel to be used in the first time inter

val abean was r emoved from the 150° C oven and placed on the laboratory 

air ventila t or in a covBred pan wher e it cooled; (2) the thBrmistor 

resi s t qnces were measured and the r esistances an<i the time (to the near

est minute) at which they were obtained was recorded; (3 ) one silica gel 

column moisture trap was r emoved and replaced by the one with which it 

was alterna ted; the time was noted and recorded ; (l) the tens iomet ers 

were r ead an1 the readings r ecorded; (5) the air flow rate, the bath 

and room temperatures, and the vacuum on the wqter r es0rvoir were checked 

and their value s r ecorded; (6) the silica gel column removed in step three 

above was poured into a special weighing di sh, and its weight g~in deter

mined ancl r~corded ; all th9 silica g·> l of the column was then spread in 

shallow l ayers in piB tinf and placed in t he dryinr, oven; (7) the now 
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cool silica gel wae r qmoved f rom th~ laboratory ventil ator and the stand

ard amount (by weip,ht) was placed in the column which was emptied in 

step six (qdrlitional dry silica gel was kept handy as an auxiliary supply) ; 

(f ) the newly pr~~~red column of silica gel wac taken to the room of the 

experiment and the operation of all devices again checked. About half 

·1n hour was required to make a complete set of readings . 

At the beginnine of a run the t~mperature at the measuring points 

in th·' soil columns was very transient. Therefore for about the f i rst 

two hours of opers t ion the thqrmistors were r~d almost cont inuously. 

In gener al, all rea ~ings were mqde more frequently at the beginning of 

the runs t han toward t he end. Complete sets of readings averaged about 

six for the first t~<elve hours of operation, about six for each twenty

four hour per iod for a f ew days ther eafter, and finally only four (and 

sometimes only two) per twenty-four hours until the runs were terminated . 

A given experimental run usually lasted about ten days . The 

arbitrariness in the duration of the runs results from the fact that 

the time requir~d for a soil column the l ength of those used in these 

studi es to come to complete equilibrium with the evaporation conditions , 

that is , for the evaporation r a t P. to become zero, approaches infinity. 

Such a t ime i s obviously impractical experimentally. Hence a run was 

consider ed complete when the evaporation rate had decrea red to a nearly 

constant low level , and the t ensiometers failen as indica tors of the 

soil moisture condition in the sample. Some runs had to be t erminated 

sooner due to mqchanica l f a ilure of ap~ratus or due to leakage of water 

into the sample from the wat er bath. 
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R~ULTS 

The objective of the present study was to gain evidence on the 

rate limiting process in the evaporation of moisture from soil by study

ing (a) the temperature dependence of the oroce se, (b) the rate of evap

oration ar, a function of moisture distribution in the soil , and (c) 

the t emoerature distribution resulting from ev~porative cooling in relation 

to the r ate of e~poration. In considering the results the thermal 

relations are or esented fir rt , the soil moisture relations second, and 

the rate theory (temperature dependence) last. From time to time it 

is necess~ry to bring in information not directly a pert of any of the 

above main aspects of the study, however. 
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A general survey of the AXperimental conditions associated with 

the various runs is given in Table 6. The complete data for all these 

runs are praaented in Bllll!!nari zed fonn in Appendix I. The data fall nat-

urally into three groups. The series B runs form one group. They are 

distinguished from the series A runs qy the f act s tha t the soil columns 

were shorter (18 em a" comoarad with 31 em), but larger in cross-sectional 

area (37.4 cm
2 

in cross-section as compared with 25.5 cm2) than the soil 

columna of the series A runs, and in that they were not in contact llith 

water through a porous membrane at the end away from the evaporating 

surface as were the series A columns. Runs 5A and 6A form the second 

group. The remainder of the series A runs comprise the third group, 

Table 6. A general summary of conditions of the various experimental runs 
in the drying of soil columns. 

Bath Room Initial ~ation Cumulative H20 uptake Series Run temp, temp. moisture of run evaporation from suction reservoir 
(OC) (Oc J (em Hg) (hr) (gm) (ml) 

A sa 24.9 24 1.2 195 296 -36 6a 34 .9 35 3.1 165 235 -92 
4 24.9 24 4.4 427 628 ~ soo 9 29 .1 30 4 . 6 454 396 409 nb 22.3 22 4.2 101 147 74 13bc 22 .3 21 3.2 267 227 182 14b 37.7 21 2.3 163 262 160 16b 12.'7 21 1.0 109 119 63 

B 3 24.9 24 1.0 200 230 5 34.9 35 0.4 178 231 6 34.9 36 4.0 48 144 7 37.7 21 0.5 117 269 8 12.7 21 0.4 319 255 
SConsidered different from other series A runs as explained in text, 
bThe same soil column was used for all thes e runs. It was rewetted between 
runs qy standing the column upright and letting wter flow dropwise onto two thicknAsses of filter paper lying on the soil surface. 

CRate of air flow was 1/2 that of all other runs. 



Runs 5A and 6A differ from the other series A run~ in that water 

evidently r~ached the soil column vin a leak at the tensiom~ter 12 em 
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from the drying end after a suction of about 10 em Hg developed in the 

soil column at this point. The data are retained , however, because the 

only apparent effect of the water leakage into the sample was the short

ening of the length of the drying soil column from 31 to 12 em. Dats shown 

later il l uetrate that these shortened soil columns behaved identically 

like the longer ones with respect to evapor~tion rate ann time dependence 

of evaporation. 
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Temperature ~ 

As shown in Table 6, the water bath in which the soil column and 

a ttachments wern immersed wa~ r egulated at specific temperatures in 

the interval 12.7 to 37.7° C. The t emperature di stribution in the soil 

col umn of both the s~rie~ A and t he ser ies B run~ i s shown in Fip,ures 2 

and 3, respectivnly , for th~ above mentioned t emperature extremes. The 

data of Figures 2 ann 3 wel l represent the ranpo of t emperature beh~vior 

exhibited by the soil columns as drying proceeded. At a ll bath temperq-

tures the surfacn t emperature dropped extremely fast as s oon as air f low 

commenced . The t emperature drop lessened with distance in the sample . 

At 5.0 em from the eygporating surface it was never greater than 3° C 

although it was as large as 9.9° C (run 6A) at the 0. 5 em depth . The 

distance -0.5 em in Figure 3 designates the t emperature measurement at 

the midplane of the 1 em air g~p a t the end of the sample through which 

the dry air flowed. 

Temperature-time ~ 

When the data of the 11 runs in which the temperature distributions 

were measured, were plotted on the same scale and studi Bd, certain general 

relationships were observed. In 8 of the runs the t emperature of the soil 

columns began to climb back to the equilibrium temperature after a certain 

period of time han elapsed. The higher the bath temperature the faster 

the climb back to the equi librium value, 1 and the sooner the return 

began. The ex~ct time of the beginning of the r eturn to the equilibrium 

tempera t ure i s difficult to identify. The lower the bath t emperature, 

the more difficult it was to distinguish the low rata of climb from a 
1

The bath temPerature ·i s by definition the equilibrium temp~rature. 
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steady s~~te distribution. Some runs, for example, 8B as shown in the 

lower part of Figure 3, exhibited period s of steady state behavior betveen 

temperature shifts. The various runs are not r ef erred to as stearly state 

temperature runs unless the same temperature pattern persisted for the 

major part of the duration of the run . Runs 4A, 5A, and 13A meet this 

criterion. Based on temperature behavior at the 0.5 em depth, these 

runs exhibited stearly state temperature distribution after about 10, 30, 

and 35 hours, respectively, vhich lasted for the duration of the runs. 

The fact that in every case and at all times during the runs the 

lowest temperatures vere a lvays found to exist at the shallowest depth 

of measurement is good evidence that most of the evaporation occurred 

at sites near the surface of the soil column. 

Evaporation rate-temperature depression ~ 

The relation betveen the rate of evaporation from the soil columns 

and the temperature depression at a given depth in the soil columns 

is shown in Figures 4 and 5. The temperatures are those at 0.5 em from 

the evaporating surface of the soil column for the series A runs and at 

1.0 em from the evaporating surface for the series Bruns. The tempera

tures were obtained from readings of calibrated thermistors. The rates 

of evaporation are in the units grams per hour per square centimeter of 

soil column cross-section. The evaporation rates reported are the ratio 

of the increase in mass of the silica gel in the moisture trap in a given 

time interval divined by the time interval. 

The curves through the data of Figures 4 ~nd 5 were fitted by eye. 

~ery curve goes through a maximum. On the right si de of the maxima the 

curves are linear. To the left of the maxima the curvee are nonlinear 

but the data are not extensive. 
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The beginning of the drying of the soil columns is represented by 

the left end of the curves. Thi s time period of the experimental runs 

is considered first. The durati on of the first time interval vas usually 

0.75 hours and the rate of evaporation vas higher than at any time there

after. One mir ht expect the temperature wave from the surface to have 

penetrated to the 0.5 em depth {series A runs) within 0.75 hours. However, 

for the nine series A runs reported, the average time required for the 

minimum temnerature to be obtained at 0.5 em from the soil surface was 

4.4 hours. In no case va s the elapsed time leas than 2 hours. The 

explanation of the maxima in the evaporation rate-temperature depression 

curves i ~ then that wherea s the evaporation decreased conti nuously with 

time, two to four readings had been made before the t emperature minimum 

wa s measured at the 0.5 em depth. The necessary consequence is the 

maxima in the evaporation rate-temperature depression curves. 

Thus the maxima in the curves of Figures 4 and 5 correspond to the 

region of the minima in the temp<lra ture-time curves of Figures 2 and 3. 

A temperature-time curve such as that of run 7B (shown in Figure J) which 

possesses a broad minimum with many data points on it, possesses a 

maximum in the evaporation rate-temperature depression curve with about 

the same number of points on it. However, there is no correspondence 

between the shapes of the minima in the temperature- time curves and the 

maxima in the evaporation rate-temperature depression curves. That is, 

a broad (narrow) minimum in the temperature-time curves is not necessarily 

associated with a broad (narrow ) maximum in the evaporation rate-temperature 

depression curves. 

The vertical displacement of the maxima is a function of the equi

librium temperature. This is as expected from psychrometry theory which 
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predicts greater wet-bulb depressions the higher the dry-bulb temperature. 

For some of the runs , pqrticularly several in Figure 4, the maxima 

of the curves are very broad . This means that during the time of the 

runs corresponding to the data of the maxima, the temperature depression 

wa s nearly constant whereas the evaporation rate was decreasing. If 

the t emperature depression nuring this time period had b~en a direct 

function of the evaporation rate there would be no maxima in the curves. 

On th~ other hand, if the temperature depression had governed the evapo

ration rate, the latter would not have decreased. It apnears , therefore, 

that during this period neither the evaporation rata nor the temperature 

depression was a functi on of the other . 

To the right of the maxima, the evaporation rate and the tempera

ture depression regress linearly, that is , t he rate of evaporation ~nd 

the t emperature depression are highly correlated. Furthermore, all the 

curves of Figures 4 and 5 have about the same slope in this region. Thus 

the rates of evgporation of the various runs are equal for equal temper

ature deprese ion for all equilibrium temperatures in the range studied. 

Figures 4 and 5 contain other information on the relation between 

temp~rature depression and evaporation rate. Runs llA and l2A of Figure 4 

differ from run 13A of Figure 5 only in the rate of flow of the dry air 

over the soil column . In run lJA the air flow rate was only one- half that 

of runs llA and 12A (approximately 1.7 liters min-1 compar~d with about 

3.4 liters min-1). Runs llA and 12A are duplic>te runs to check the 

reproducibility of results. All three runs were conducted at a bath 

temperature of 22.3° C on the same soil column. The soil column was 

removed from the bath and r ewetted between runs. At the maxima in the 

evaporation rate-temperature depres "ion curves the results of the duplicate 

~----1 



runs are r eproducible to within 0.3° C in temperature depression and 

0 .006 gm cm-2 hr-1 in the evapora tion rate. 

U2 

The evapor ation rate and t emperature depression at the maximum in 

the ev~poration rate-temperature depres~ion curve for run l3A are about 

0,6 the value of the same quantity for runs llA and l2A. This compar-

ieon of the effect of changed air flow rate on the evaporqtion behavior 

indica t es that the initial rate of evaporation in these experiments was 

a function of the rate of flow of air. 

In the cases of runs 4A and 5A a steady state temperature distri-

but i on war a chi eved w~ich began immediately following the rapid initial 

temperature depression. As r equired Qy a hi gh correlation between tem-

perature depression and rate of evaporation the data points for these 

runs are closely bunched (see Figure 5)2, The fact that the temperature 

depression and the rate of evapor~tion are highly correlated in both the 

steady state and transient state evaporation runs raises an interesting 

question. The question is, does the evaporation rate control the tem-

perature depression or the t emperature depression control the rate of 

evapora t ion? In other words, which is the independent and which the 

dependent variable? We consider the question Qy arguing a s follows: 

On the macroscopic scale the endothermic nature of the phase trsn-

sition suggests that for a given set of thermal characteristics of the 

system the temperature depression should be proportional to the rate of 

evaporation. However, as evaporation continues the soil dries and the 

thermal properties of the soil undoubtedly change . Thus one would not 

2
Many more data pairs than are seen in the figure are available for 

these runs , but since the t emperatures were steady state, the plotted 
points often f all upon each other and cannot be shown in the figure , This 
i s parti cularly true of run SA. 



143 

necessarily expect a line~r relation between e~poration rate and tem

perature depression over the whole range of soil moisture condition from 

near saturation to equilbrium dryness, unless the thermal properties of 

the soil change by an amount inconsequential in influencing the r el ation. 

Figure 6 aids in understanding the thermal behavior of the system 

of this study. One of the curves of this Figure nepicts the temperature 

drop at the 0.5 em depth in the soil column at the beginninP of the run. 

The other curve shows the time dependence of the r eturn of the temper

ature to the equilibrium temperature when the run was terminated. To 

obtain t he latter data the soil column wae left sitting in the bath 

after the air flow was stopped and the thermistor rea~ings were made in 

the usual manner. This column had been drying for 195 hours, and the 

tensiometer at the 2 em depth was no longer operative. 

The curves of Figure 6 indicate that the thermal conductivity of the 

moist soil and the dry soil do not differ radically. These data together 

with the findings on the time required for the temperature minimum to 

be r eached at the 0.5 em depth in the soil column~ indicate that the 

thermal conduction of the soil is poor . Such behavior is consi stent with 

a temperature depression which is governed by the rete of evaporation. 

That the evaporation rate did determine the temperature depres si on is 

supported by many i solated instances in the data in which rather sharp 

temperature changes at the shallow measuring depths paralleled changes in 

the rate of evaporation . 

In summary, the analysis of the data presented in this section 

indicates that (i) the initial rete of evaporation in these experiments 

was governed by the rate of flow of air over the soil column, (ii) the 

thermal conductivity of the soil i s low at all moisture contents, and 
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(iii) no simple correlation between rate of evaporation and temperature 

depression exists until the temperature begins to climb back to the 

equilibrium value. The rate of evaporation then governs the temperature 

depression and a high linear correlation exists between the two. 
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Moisture Distribution 

Moisture suction-distance ~ 

Figures 7 and 8 illustrate the relation found to exist between the 

soil moi sture suction and distance from the evaporating surface at various 

times during runs 7B and llA. lbe data show that the soil moisture 

suction is a linear function of the logarithm of distance from the evap

orating surface . (lhe difference in extent of the ab9cissa in Figures 7 

and 8 is due to the difference in length of soil columns. lbe series B 

soil columns were 18 em in length, whereas the series A soil columns were 

31 em long.) 

In comparing the two Figures, it may be noted that the slopes of the 

lines in Figure 8 are less than they are in Figure 7 for corresponding 

values of the soil suction at the 2 em depth. This development of steeper 

suction gradients in the series A runs at lower suctions was a charac

teristic difference between the series A and series B runs. It seems to 

be a system difference which arose from differences in boundary conditions 

of flow including column cross-section and length, and moisture replenishment. 

the fact that a measurable suction gr adient developed within a few 

hours demonstrates that moisture adjustments occur quickly at all depths 

in response to moisture decrease at the surface, 

~ f!.2!! !m£ !U"tw 01 e 1 :.aWu: .t.:l.lll.§ 

The suction behavior at the 25 and 30 em depths in the series A runs, 

as exemplified by the results of run llA in Figure 7, is of interest, 

In these runs there was a "porYic" membrane separating the soil column 

from the water rAs ~rvoir. At the beginning of the run the water in the 

soil and in the reservoir were in equilibrium. However, when drying 
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began at the soil surface due to evaporative loss of moisture, the 

typical semi-logarithmic suction distribution developed, It was not 

U9 

long before the suction in the soil at the 30 em depth was sufficient to 

induce water transfer to the soil column across the membrane. The inter

esting point is that for all s eries A runP the suction at the 30 em depth 

rose to 9 to 10 em Hg then held essentially constant. This indicates 

that the suction difference across the porvic membrane had to be of the 

order 3 to 5 em Hg before the water r eplenishment from the reservoir kept 

pace with the evaporative loss of moisture from the soil surface, 

One of the original reasons for using the artificial w~ter table 

in the form of the water reservoir in contact with the soil at the end 

of the column distant from the drying surface was to maintain a constant 

water content at one end of the sample . A consequence of the abov8 

finding is that the constant moisture condition sought was not obtained 

at the beginning of the experiment but at a later time. This would compli

cate any attempt to consider the data of the entire runs ~ any treatment 

which depends upon the boundary condition of constant moisture content at 

one end of the sample . 

Another anticipated use of the data of water transfer across the 

membrane at the end of the column was to determine if, when the evapor

ating end of the column dried and the rate of evaporati on decreased, 

the soil column would partially rewet and if so to what extent . It was 

thought that tensiometer behavior would reflect this rewetting . The 

tensiometers near the soil surface became inoperative before rewetting 

at these depths could occur, however, and the operation of those in the 

middle distances was often questionable . (When the tensiometers approach 
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their limit of operation, their readings change very slowly and it is 

difficult to know exactly when they become inoperative.) The only con

clusion reached in this r espect was that the water from the reservoir 

never penetrated to within 12 em of the soil surface as a rewetting front . 

In the case of run 4A the evidence is that water movement from the reser

voir did affect the behavior of the tensiometer at 16 em from the surface 

quite drastically. The rate of water transfer across the membrane from 

the reservoir to the soil did exceed the rate of evaporation of water 

from the soil column by the time the runs were t erminated. 

Moisture ~-distance ~ 

The relation between the moisture content on the dry weight basis 

and the distance from the soil surface ae determined by direct gravi

metrl.c sampling at the end of three series B runs is shown in Figure 9. 

It is seen that the moisture content changes very rapidly near the 

evaporating surface . In all three cases the rate of chancre of moisture 

content with distance is very gradual beyond 4 or 5 em. 

From the moisture distribution of Figure 9 it i s evident that the 

rate of replenishment of water to the soil surface could not keep pace 

with the rate of evaporation . The separate contributions of liquid unsat

urated flow and water vapor diffusion can not be assessed from the meas

urements m~ de. As the surface layer bec~me drier the relative contribution 

of vapor diffusion should have increased . If so, it did not offset the 

decrease in liquid flow since the rate of evaporation decreased with time . 

The moisture distribution shown in Figure 9 is the parabolic mois

ture distribution referred to in the review of literature. I t is the 

linear coordinate expression of the soil moisture suction distributions 
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of Figures 7 and 8 . The ni•covery3 or r enircovery of this character-

i stic moisture distribution in the drying of eoil may be the most signi-

ficant r~sult of this studr because of what it implies concerning boundary 

conditions for mathematica l solutions of moisture flow, for the attention 

it focuses on moisture conditions close to the soil surface, and experi-

mental requlr~ments in t erms of accuracy of mea~urement an~ the ni stri-

bution of measuring devices with respect to the r~action interf ace . These 

implications will be consi de r ed mar~ fully in the discuss ion of the r P.sults. 

MoisturA suction- time ~ 

The next r esult to be considered is also an interesting one . It 

i s the log-log r elati on bet ween suction and time shown in Figure 10. The 

number of s lope changes causes one to doubt its generality. However, 

s ine ~ it i nvolves time ann moisture suction , which on integrating over a 

depth interval yields a quantity di rectly r elated to the net flux of water 

out of that r egion in the given time interval, it hints a t what to expect 

in moisture flow a~ a function of time. 

The relative s lopes of the plots of Figur e 10 a r e directly the r el ative 

rates of change of suction wi t h time . As shown in the family of five 

curves for the depths 2, ~. 8, 16, and JO em of run llA the soil moisture 

suction changes at all depths but with a decreaAing rate the gr eater the 

depth. 

Moi ~ture distribution- evaporation ~ r elationships 

In attempting to establish whether or not the soil moisture distri-

bution had a significant effect on the rate of evaporation independent 

of the temperature , the r a t e of ev•poration was nlotted against the "oil 

3After it was found experimentally in t his study it was looked for 
in the literature . 
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moisture suction at the 4 em depth in the soil column of several runs of 

both the A and B series. Some of the results are shown in Figure 11. The 

arrows on the figure indicate the time at which the evaporation rate-

temperature depres"ion curves of Figures 4 and 5 become linear to the right 

side of the maxima. 

For all runs there was a rapid initial decr ease in the rate of 

evaporation with only a small change in the tensiometer reaning. The 

curves then leveled off for a time before decreasing again. The sharp 

initia l drop-off in rate of evaporation is probably not a function of the 

soil moisture condition. 

Through the flattened range, the evaporation rate changed slowly 

compared with the change in moisture suction at the 4 em depth as indi-

cated by the tensiometers. The fact that the linear relationship between 

the rate of evaporation and temperature nepression began, in most cases 

(see arrows on Figure 11), just as the flattening of the curves of Yigure 11 

was occurring cautions against int~rpreting the result in terms of temper-

ature effects. If the capillary conductivity of Millville loam is nearly 

constant over a range of suction in the region of 0.4 bars (Soane)4 and 

lower (Richards and Moore , 1952}, this is a logica l explanation for the 

slow rate of dec rease in the r a t e of evaporation for the flat portion of 

the curves of Figure 11. The rapid drop-off in the rate of evaporation 

as the suction at the 4 em depth approached the upper range of operation 

of the tensiometers is believed to be a real effect of moisture distri-

bution on the rate of evaporation. 

4sOane, B. D. 1958 . An application of a thermodynamic flow equation 
to water movement in unsaturated soil. M. S. Thesis. Utah State University. 
Log~n, Utah. 
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Evaporation-~ Relationships 

The consideration of any rate process requires that the progress 

of the reaction be followed in time. In Figures 12 and 13 is shown the 

cumulative evaporation Q as a function of time t plotted according to 

log Q = log a + b log t. (25a) 

In equation (25a) the parameter b is the slope of the lines in 

Figures 12 and 13, and a is the intercept on the ordinate at unit time, 

i.e., the evaporation at unit time. The slopes actually obtained in 

these experiments as determined from a least squares regression analysis 

are oresented in Table 7. Table 7 also includes data on the time of 

occurrence of the slope change in those runs in which the slope changed 

during the course of the run, the number of data pairs in the statistical 

analysis, and the value of the evaporation rate at 1 hour as obtained 

from plots of the data extended to shorter time periods than are shown 

in Figures 12 and 13. 

The initial slopes of the lines through the data are very nearly the 

same. This is reflected in the closeness to parallelism of the plots 

in Figures 12 and 13. Column 4 of Table 7 gives the numerical value of 

the slopes. The average for all runs is 0. 910. A number of the plots 

change slope at times greater than 40 hours. The time at which the slope 

change occurs is generally greater the lower the equilibrium temperature 

of the rune. This suggests that the soil moisture condition associated 

with the change of slope may have been more nearly the same than was the 

time when the slope change occurred. The absence of a slope change is 

exhibited only qy runs at temperatures of 24.9° C or lower} it appears 

likely that the moisture distribution associated with the slope change may 

never have been established in some of these runs. 
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Table 7. The slopes b, the ordinate intercepts a, and the number of 
item PAirs in the statistical treatment of the runs of 
Figures 12 and 13. 

Temper- Intercept, a Initial No. Time of Slope, b, 
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No. 
Run ature (graphical) slope, b items, slope after items, 

n cha~e change n 
(OC) (gm) (hr 

4A 21 •• 9 1.89 0.955 52 None 
5A 24.9 1.05 .945 25 None 
6A 34.9 4.70* .798 10 54 0.532 13 
8A 34.9 3.50 .907 14 None 
9A 29.1 3.00 .913 9 55 .583 40 

llA 22.3 2.75 .886 17 73 .679 6 
lJA 22.3 1.60 .895 50 None 
14A 37.7 3.80 . 899 52 34 .622 17 
16A 12.7 1.90 .918 16 None 

3B 24.9 3.10 .924 lJ 59 .428 17 
5B 34.9 4.73 .924 8 55 .360 5 
6B 34.9 4.75 .899 11 39 Insuff .data 
7B 37.7 5.23 .930 14 51 .360 8 
8B 12.7 1.70• .952 22 165 .311 12 

*Poor agreement between extension of slope t hrough unit time (1 hour) 
and experimental value at 0.75 hours. 

The intercept of the cumulative evaporation-time curves on the ordinate 

is in the order of the equilibrium t emperature . This i s in agreement with 

the fact that the initial rates of evaporation were a function of the 

equilibrium temperature. This effect of temperature i s operative at least 

to the time of the slope change. (In order that the plots be parallel 

the nature of logarithms requires that the difference between the cumulative 

evaporation expressed by successive lines increase on moving upward on the 

cumuls t1 ve evaporation axil!. ) For example 1 if runs 9A ann llA of Figure 12 

are considered, the difference in cumulative evaporation for the mentioned 

runs is: at 2 hours, 1 gm; at 10 hours, 5 gm1 and a t 40 hours , about 19 gm. 

Whereas the cumulative evaporation wa s a function of the equilib-

rium t emperature it was very insensitive to the t emperature distributions 



which were measured in the soil columns during the course of drying. 

This is evident from the observation that there is no ineonsistency5 

in the cumulative evaporation results of Figures 12 and 13. 
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The reproducibility of the results is very important in such tem-

perature dependence experiments, particularly since the length of time 

required to make a run limits the number of runs which can be made. The 

data of run pairs 4A and 5A, and 5B and 6B are seen in Figure 13 to be 

reproducible to the extent that only one line is drawn through the data 

for each pair. In both eases the runs are duplicates on the same sample 

under the same experimental conditions. 

Nonreproducibility in the results, when the results are presented 

as in Figures 12 and 13, stems from differences in the initial rates of 

evaporation. This is because the evaporation during the first time 

interval of the runs--usuall7 0.75 hours in these experiments--controls 

the displacement on the ordinate. Of the runs reported in Table 7 the 

linearity of the plots extended down to 0.75 hours (hence through the 

intercept value, a) except for runs 6A and ?B. In these two cases the 

evaporation during the first interval was higher than predicted from the 

rest of the data. The intercepts reported for these two runs therefore 

differ considerably from those that would have been reported if guided 

onl7 bw the values at 0.75 hours. The results for run l2A are not reported 

in Figures 12 and 13 because the recorded evaporation for the first time 

interval is completely out of line with results for the other runs. At 

later time periods the measured evaporation rates for run 12A are in good 

5rt must be cautioned that a small, real effect might not be detectable 
because of the progressive insensitivity of logarithmic functions as time 
and cumulative evaporation increase. 
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agreement with those of run llA (see Figure 4), with which 12A is a 

duplicate run. 

As was noted in connection with Table 6, p. 132, there are consid-

ered to have been three different soil column lengths in these experiments: 

31 em, 18 em, and 12 em. The 12 em soil columns (runs 5A and 6A) were 

not desi gned but "happened" due to leakage at the tensiomet er at the 

12 em distance . Runs of the A series also differed from those of the B 

series in that they possessed the apparatus for maintaining an artificial 

water table ; the B series columns were not so equipped. The results 

shown in Figures 12 and 13 fail to show any differences in the evaporation 

results which could be attributed to column length or water supply6. 

This result and the soil sampling information represented in Figure 9, 

p. 151, indicate that, in r el ation to moisture distribution, the evapo

ration behavior is dominated by the moisture distribution in the first 

few em of soil depth. 

The evidence obtained thus far eliminates the temperature distri

bution (but not the equilibrium temperature) as a significant influence 

on the cumulative evaporation. Apparently the thermal properties of the 

system had an essentially constant influence on the drying process at all 

equilibrium temperatures and moisture distributions. 

The drying conditions external to the soil column (including the 

capacity of t he air to take on moisture and the beat ~upplied by the 

passing air) and the moisture t ransfer within the sample are left as 

possible rate limiting processes in evaporation. If unsaturated flow 

of moisture were limiting the rate of evaporation the cumulative evapo-

6see footnote 5. 
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ration would be a fUnction of the square root of time (Crank, 1956, 

p. 270). If, on the other hand, the initi~l evaporation rate was being 

limited~ the external drying conditions the drying rate would be 

constant for a while , i. e., proportion~! to tl.O. 

Columns 4 and 7 of Table 7 contain the numerical values of interest 

for testing the above predictions . The average value of the exponent 

on time up to the time of t he first slopA change in Figures 12 and lJ 

i s 0.910. After the slope change the average value of the exponent on 

time is 0.471. Thus the evidence is very good that up to the time af 

the slope change evaporation wa s limited qy external drying conditions 

whereas after the slope change evaporation was limited ~ water transfer 

within the soil columns. 
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The application or chemical kinetics to drying consists of (i) 

following the drying process as it proceeds vith time at a given tem

perature, then expressing the results by a rate equation, (ii) repeating 

thA experiments at a series of temperatures so that the t emperature 

dependence of the drying rate can be obtained, and (iii) relating the 

temperature dependence to the energetics of the reaction. 

In arriving at a rat e equation for expressing the evaporation as 

a t\mction of time we are guided by our finding in the last section. The 

equation fitton by the data is 

Q =a t·9 (25') 

in which Q is the cumulative e~poration, a i s a parameter which can be 

evaluated from the data, and t i s time. The equation as used in Figures 

12 and 13 is in logarithmic form. 

On comparing the above equation with the integrated form of the 

zero order rate equation, 

(90 - 9) : k 0 t, (20a ) 

wherein (80 - 8) is the cumulative evaporation, k0 is the rate constant, 

and t is time , it is apparent that the two equations differ only i n the 

symbology of the proportionality parameter. Since the exponent on time 

in equation (25 1 ) is about 0.9, the zero order rate equation will fit the 

data satisfactorily if the time period considered is not too long. 

In Figure 14 are presented the plots of 5 series A and 5 series B 

runs according to the zero order r ate equation for times up to 27 hours. 

It is apparent from the figures that deviation from linearity becomes 

greater as time increases. 
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In relating the temperature dependence to the energetics of drying 

the rate constants must be determined for the various runs. The slopes 

of the plots of Figure 14 are the desired rate constants. Although they 

may be evaluated graphically, they were determined here ~ least squares 

analysis. The values of kO obtain~d are presented in Table 8, p. 169. 

Once the rate constants were dntermined, the integreted Arrhenius 

equation (equation 58, p. 97), 

ln ko = -E*/RT + constant, (58) 

was invoked. According to this equation, the common logarithm of the 

rate constant k0 plotted against r eciprocal temperature 1/T yields a 

slope which equals (-E*/2.30 R). E• is the activation energy, 2.30 is 

the conversion factor for natural to common logarithms, and R is the 

universal gas constant, 1.99 calories per degree Kelvin per mole. The 

graph of log k0 versus reciprocal temperature for the 5 series A runs of 

Figure 14 is shown in Figure 15. The slope vas again determined statis

tically. 

The linearity of the plot of Figure 15 is very signifieant. It 

establishes a very definite relation between the rate constant and temper

ature, and indicates that thP. predominant molecular mechanism of the 

reaction i s the same over the temperature range studied. 

Runs SA, 9A, llA, 14A, 16A 

Runs JB, 5B, 6B, ?B, 8B 

E• = 5.23 ! 1.09 kcal mole-1 

E* = 7.24! 1.38 kenl mole-1 

No good explanation for the difference in magnitudes of the acti

vation energies is available. The fact that the upper {series A) and 

lower (series B) confidence limits overlap slightly indicates that they ars 

not so different statistically. By comparison of their values with those 
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of Table 3, pp. 103-104, it is aeon that they are of the same magni

tude as for the drying of clay mix {Sherwood and Comings, 1933) and sand 

(Ceaglske and Hougen, 1937), the drying of wood {Bateman~ al., 1939), 

evaporation from blotting paper {Martin, 1943), and movement of water 

in heulandite {Tiselius, after Barrer, 1951). 

The rates of drying of the soil eol~~s were inconsistent with 

r espect to t emperature {see Fir,. 16, p. 187) following the slope chan~e of 

Figures 12 and 13. Bvidently real differences in moisture distribution 

at the time of t he slope change and other considerations affecting 

drying {see p. 190) overshadowed the influence of temperature on the rate 

of drying. Thus drying did not occur under uniform experimental con

ditions, other than tAmperature, with the re sult that drying during this 

portion of the drying perion can not be validly interpreted in terms of 

temperature dependence. 
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DISCUSSION 

Determination £[ Activation Energies 

The formal similarity between the empirical moisture flow equation 

and t he zero order rate equation has already been noted. This similarity 

suggests that the intercept on the evaporation coordinate at unit time 

should bear the same relationship to the activation energy as do the 

rate constants determined from the zero order rate law. If the matter 

i s looked into a l ittle further it can be seen that any measurement of 

the drying process made at the same time on runs at differing temperatures 

can serve as an index of the temperature dependence of the process. 

Three different quantities which may be used for the present study are 

summarized in Table 8: intercept a of the loearithmic form of the 

empiric2l flow equation, t he cumulative evaporation at 20 hours (about 

the midpoint of the time interval during which the plots of lee Q versus 

log t ar e linear) , and the reaction rate constants k0 • The statistically 

determined energies of activation obtained, using the data of the 13 runs 

listed in Table 8, are presented beneath the columns of the various 

indices of r eaction used to obtain them. 

The general similarity of the activation energies obtained for the 

data of Table 8 illustrates the non-critical nature of the index of the 

r eaction as long as it accurately r epresents the reaction. This fact 

emerges from two considerationst (i) The logarithm of the quantity which 

serves as the index of the temperature dependence of the process is plotted 

against 1/T. Hence the index of reaction carries with it no units which 

can influence the magnitude of E*l (ii) The activation energies are not 
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Table 8. The numerical and logarithmic values of three different 
indices of the drying of the soil columns, and the activation 
energi es associated therewith. 

Equil. 1000 Im;etcellt a Evall· at 20 hrs.Rate oons !:!!,n~ 
Run temp. --T-

a log a Q log Q kO log k0 
(OC) (OX) (gm) (gm) (gm/hr) 

4A 24 .9 3.356 1.89 0.2765 35.0 1.5441 0.6405 ..0.1935 
5A 24.9 3.356 1.05 .0212 35.0 1.5441 1.6940 ... 2289 
6A 34 .9 3.246 4.70 .6721 58.5 1.7672 2.7843 .4447 
8A 34 .9 3.246 3.50 .5441 54.0 1.7324 2.5906 .4134 
9A 29.1 3.308 3.00 .4771 48.5 1.6857 2.3029 . 3623 

llA 22.3 3.384 2.75 .4393 38.0 1.5798 1.7828 . 2511 
l4A 37.7 3.216 3. 80 .5798 57.0 1.7559 2.7649 .4417 
16A 12.7 3.498 1.90 .2788 27 .0 1.4314 1.3288 .1235 

3B 24.9 3.356 ).10 .4914 49.0 1.6902 2.2957 .3611 
5B 34.9 3.246 4.73 .6749 70.0 1.8451 3 .3'796 .5289 
6B 34.9 3.246 4.75 .6767 70.0 1.8451 3.3477 .5248 
7B 37.7 3.216 5.23 .7185 84.0 1.9243 4.1522 .618:3 
8B 12.7 3.498 1.70 .2304 28.5 1.454f' 1.4099 .1492 

E* s 7.5 ~ 4 • .3 E* = 6.7! 1.9 E*: 7.4! 4,8 

absolute quantities, but depend upon the relative effects of temperature 

within the experiment. 

The non-critical nature of the index of the temperature dependence 

was utilized in obtaining the "experimental" activation energies for 

evaporation, transpiration, and moisture flow of Table 3. To obtain the 

activation energies for these experiments it was necessary to find some-

thing representative of the experiment to use as the index of temperature 

dependence. In most oases it was the water loss itself, since this was 

the information reported most frequently by the researchers. In no case 

wa s a rate law explicitly reported from which a rate constant could be 

calculated, 

In the literature of chemistry and physics the most frequently en-

countered method of expressing rates of reaction of flow of gases and 

liquids into or through porous materials is through a solution of the 
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diffUsi on equation subject to certain boundary conditions. The mathe

matical solution is the rate equation since it r elates the concentration 

behavior to time . However, ap,.ar ently because the ~thematics of dif

fusion" 1e asRumed, there is gr oat emphasis upon detennini ng the diffusion 

coefficient as a function of temperature and interpreting the results in 

t erms of it. 

Since the diffusion ooefficient is not amenable to direct measure

ment it is usually evaluated by measuring the flux as a function of time 

and dividing it by the other t erms in the equation exclusive of the 

diffusion coefficient. This operational procedure involves making extra 

calculations, but it does place the expression of the temperature dependence 

of the r eaction in the diffusion coefficient. 

In view of the uncertainty in what constitutes diffUsion (see pp. 

54-55) and in the degree to which the boundary conditions assumed are 

applicable to the experiment conducted (Barrer and Ibbiteon, 1944), it se"'!!S 

quite proper to question the advantage gained in expressing the tempera

ture dependence in terms of changes in the value of the diffusion coeffi

cient when the flux itself would express the temperature dependence. Use 

of the diffusion coefficient can not be expected to result in any increased 

accuracy in detennining the activation energies, nor can it affect their 

magnitude. It does furnish a crutch for interpreting the results, since 

one is conditioned to interpret the results of an activation energy deter

mined by plotting the logarithm of a diffusion coefficient against 

reciprocal temperature in t erms of a "diffusion" process. 

In the present experiment, if the interpretation is in terms of the 

intercept values the question automatically faced is: Is some equilibrium 

temperature-dependent effect operative which yields the observed results? 
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In this case the emphasis is on ~ny effect which could limit the initial 

evaporation . On the other hand, if the cumulative evaporation at a 

longer t ime period or the r~te constant i s the basis of interpretation the 

f irst i mpulse is to consi de r moi sture flow because of t he mental associ

ation of these quantities with it . So doing amounts to assuming a limit

ing process, however. 
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Interpretation of Activation Energies 

Background information 

There are relatively fe~ interpretations of fl~ through porous 

materials as an activated process. Most of these have involved in vacuQ 

adsorption of gases and hydrocarbon vapors (Barrer and eo-workers) and 

steady state and transient fl~ of gases through porous plugs (Carman 

and co-workers) . The only studies in the soils field appear to be those 

of Bi ggar! , John2, and Biggar and Taylor (1960). A survey of these studies 

reveals that the interpretation o£ activation energies has not stabilized. 

From the survey of the literature of all fields it is apparent that 

interpretation of the activated process is made on the molecular level. 

Barrer and Rideal (19.35) pointed out that the sorption of hydrogen on 

charcoal is a time process but that the origin of the time dependence hao 

been a matter of dispute. The alternatives include activated diffusion 

and activated adsorption. In considering the possibilities, Barrer and 

Rideal state: 

••• If the time processes are due to diffusion and flow of 
the type described by Knudsen ~Ann. Physik. 28:75 (190917 
~e should expect diffusion to obey the Pick law 

on ]) ) 'n 
;)! ~ d Jt-' 

and also a \~ relation ~here T denotes the absolute temper
ature and M is the molecular mass. If time proceeses are due 
t,g activated diffusion, the eq~tions given by Lennard-Janes 
LTrans. Far. Soc. 28:.3.3.3 (19.321/, involving an activation 
energy and consequent large temperature coefficient ~ould 
hold I 

J 1-, ]J- £ Jtt - 1(/z 

1Biggar, J. W. 1956. On the kinetics of moisture flow in unsaturated 
soils . Ph. D. Thesis. Utah State University. Logan, Utah. 

2John, P. T. 1958. 
of soil. Ph. D. Thesis. 

Vapor pressure and water movement in the top layers 
University of Washington. Seattle, Washington. 



Ther e i s al so t he more remote pos sibility of activated ad
sorpti on, which f or the region whore Henry's law is obeyed 
i s described by the expression 

~no 1 ( -px--be. ) )4, _d ~ £ z 
J;t / ' f. J ~ I?T 

(pt, Pe ar e gas pr~s sures at time t and at equilibrium). 

Activated adsorption ha s been Largely discounted, but activated 

surface flow r emains popula r. Carman (1956, pp. 115-128) has given a 
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good summary of both monolayer and multilayer flow . At s~turations lees 

t han a monolayer, Carman interpret s the flow in t erms of an apparent 

surface dif fusi on coefficient D's· (The apparent diffusion coefficient 

includes the tortuosity effect.) In the multilayer region of adsorption, 

calculat ions can be based upon the assumption of either surface diffusion 

or flow of capillary condensate since both multilayer films and ~~pillary 

condensate form and there is no way of distinguishing the two experi-

mentally. 

If the multilayers are liquid-like one could exnect t he activation 

energi es to be of a bout the same magnitude a s f or self-diffusion in the 

corresponding liquid. Flood, Tomlinson, and Leger (1952 ) concluded that 

the rat e-controlling mechanism of flow through the micropore system of 

carbon rods is a laminar viscous flow of liquid films. 

In terms of a more microscopic interpretation of activation energies, 

C~rman (1956, p. 119) states: 

A uniform adsorbent surface does not need to be energetica lly 
smooth. A crystalline adsorbent surface possesses a series of 
regularly spaced sites , at each of which an adsorbent molecule 
is held more strongly than in the intervening gape . The s urface 
is sai d t o be uniform because t he heat of adsorption is the 
same for every site ; but, a s ther e is an energy barrier between 
sites, a molecule must gain an activation energy suff icient 
to enable it to cros s the barrier before it can escape to another 
s i t e . If a molecule gains energy equal to the heat of adsorption, 
it becomes desorbed1 but smal l er ener gies enable it to jump from 
one site to another without leaving the surf ace . Surface 



mobility by such a "hopping" motion is quite different from 
that in a ga s and i s mora nearly akin to diffusion in a 
conden~ed phase. 

• • • A significant point of difference between difrusion in 
l i quids and diffusion in monolayer•, howevar, mus t be mentioned. 
An activated molecule in a liquid i s still pr~sent in a liquid 
environment. In a monolayAr, activation presumably frees the 
molecule from localized attachment to th e surface, so that its 
s ta te corresponds to a two-dimensional gas. 

Comparison of ~ 
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In this study it was Propos ed to us e the activation energies a s a 

clue to the identification of the rate limiting proces s , rather than 

with the thoue-ht in mind of interpreting the results in terms of a pre-

supposed m~ehanism.3 It was for this reason that the "reference" 

activation energies of Table 2 and the "experimental" activ'l tion energies 

of Table 3 were calculated. The "reference" activation energies of Table 

2 reduce the temperature dependence of the va rious properties of water 

to a common seale. Thi s is because the activation energies are directly 

proportional to the sensitivity of the various properties to tAmoerature. 

The "experimental" activation energies of Table 3 are to be examined 

and compared with those of th a oresent stu~. The experim~nts exhibiting 

the most similarity to thA experiments of the oresent study are those 

for the drying of clay mix (Sherwood and Comings, 1933) and sand (Ceaglske 

and Hougen, 1937), and the drying of wood (Bateman et al., 1939). All 

these workers passed air across the drying surface of porous materials 

under r eported conditions of air temperature and humidity. 

Sherwood et ~. and Ceaglske and co-worker reported r esults for the 

period of cons tant rate of evaporation which is, by general acceptance, 

3rt was hypothesized tha t liquid phas e moisture flow is by some type 
of surf~ ce phase flow; still, however, it was not assumed that moisture 
flow i s rate limiting . 



the period of evaporation limited by external conditione. Activation 

energies calculated from their data range from 4.5 to 7.1 kcal mole-1 

water. 
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Bateman and aesoeiRt es (1939) passed air over the sample very 

rapidly "to insur~ r emoval of the moisture from the surface of the 

specimens as rapidly as i t wa r brought to the surface." The calculated 

activa tion energy is 6.1 kca l mole-1. Ceaglske a nd Hougen (1937) 

reported data f or the falling r at e period of drying vhich yield an 

activation energy of the same magnitude as they found for the constant 

rate period (s ee Table 3 , pp. 103-104). The fact that activation energies 

for experimental conditions indicative of a drying rate limited by flow 

of moisture within the sample and by external conditions limiting are 

the same imply that the t emperature dependence of drying nuring these 

periods are very similar even though the rates may differ. Since the 

rate of drying during the falling rate period i s condi tioned by what it 

wa~ during the constant rate per iod , external conditions may influence 

the drying r a t e during the falling rate period or, conversely, mois ture 

flow influenced the drying ra t e during the constant rate period. 

The close agreement bet ween the activation energies of cited examples 

from the liter ature and the present study indi cate that activation energies 

of 4 to 8 kcal mole-1 water can be expected for the temperature dependence 

of drying based on air temperature. Since evaporative drying r esults in 

cooling and the evaporative cooling is greater the higher the dry bulb 

temperature (particularly when humidity is low), activation energies 

would be somewhat larger i f calculations were based on sample t emperature 

inst ead of a i r t emperature. Sample surface temperatures have been reported 

by Martin (1943) and by Ceaglske and Hougen (1937). The activation energies 
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of 5.1 to 6.8 kcal mole-1 calculated from data of Martin for evRporation 

from leaf-shaped blotting paper are also in agreement with those already 

mentioned, 

The activation energies for moisture movement in heulandite found by 

Tiselius (see Barrer, 1951, pp. 97-103) correspond to activation energies 

for unsaturated moisture flow in soils such as would occur in movement 

of moisture to plant roots. The heulandite crystals were, however, found 

to be anisotropic with respect to moisture flow. Such anisotropy would 

not be detectable in bulk soil. Barrer (1951, p. 103) states1 

The temperature dependence of the diffusion constants ••• 
did not depend appreciably unon the amount of water in the 
lattice, althQUgh we have seen LSee Tables 11, 12, and 13, p. 
100 of Barre£? that their absolute magnitudes do. 

This statement i s very revealing in that it suggests that the activation 

energy for unsaturated flow of moisture in soil may be the same over the 

entire range of moisture contents of interest in plant growth. 

The exoeriment of Gardner (1959c) and Biggar and Taylor (1960) 

enable an interesting comparison of the energies of activation for the 

wetting of soil a s compared with those for the drying of soils. Gardner 

r eported the temperature dependence of the weighted mean diffusivity D 
calculated from the moisture distribution in wetted soil columns. The 

activation energies for his data range from 2 keel mole-1 water for 

Chino clay to 4 keel mola-l water for Traver sandy loam. Biggar and Taylor 

reported activation energies of 1 to 5 keel mole-1 water for infiltration 

of water into air-dry MilJville silt loam soil of various size fractions 

and bulk densities, and for a range of hydraulic heads on the entering 

water. The activation energies for the wetting of soil are then consistently 

lower than those for drying. 
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In summary of the above comparison, it seems likely that the acti

vation energy for flow of water into porous hygroscopic materials is 

less than that for drying. With r espect to the "reference" activation 

energies of Table 2, the "experimental" activation energies of this 

study are intermediate between those for fluid properties of water and 

the vaporization of water. 

Of the remaining experimental activation energies of Table 3, those 

for the evaporation of liquid water from outdoor tariYs (Sleight, 1917) 

and for transpiration of Ambrosia ~ and Helianthus ~ (Martin, 

1943) are in agreement with the t emperature dependence of vapor pressure 

of water. In both eases the evaporation increased exponentially with 

t emperature . The large activation energy for the study of the trans

piration of excised leaves in potometers (Kuiper and Bierhuizen, 1959), 

can not be explained. 

The work of Harris and Robinson (1916) of this institution i s of 

congiderable interest because of the wide temperature range studied 

(20 to 90° C) and because one of the soils employed was the same as in 

this study. Their experimental method was the same at all temperatures 

yet there i s a decided change in slope of plots of evaporation rate 

versus r~ciprocal temperature at about 50° C. The result for the data 

of Harri s and Robinson is not unique, howAver. Kumins, Rolle, and Roteman 

(1957) observed l arger activation energies at temperatures above 6oo C 

in their study of water vapor diffusion through vinyl chloride-vinyl 

acetate copolymer. The study covered the t emperature range 32 to 340 C. 

These workers could not explain their result in terms of changes in the 

properties of the copolymer. 
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Since the t wo experiments just described were the only temperature 

dependence studies, involving water or water vapor, encountered in the 

literature which covered this temperature range and both exhibit unusual 

behavior, it is suggested that the peculiar behaVior of water vapor at 

about 50 to 60° C in such studies may be real. '!he only other striking 

behavior involving water at this temperature of which the writer is aware 

is that stated by De Vries (1950a). He remarked that, because of the 

contribution of water vapor flow to the thermal conductivity of soil, at 

59° C the thermal coni!uctivity of soil "will be independent of the moisture 

content." De Vries credits Krischer and Rohnalter (1940) with having 

first observed this effect. It is not known if there is or is not any 

correlation between the t wo effecta . 

Crank (1956, p. 280) stated that when the diffusivity increases with 

increasinb concentr~tion, as it does for unsaturated moisture flow, 

"desorption i s a lways slower than sorption." If the lower rate of mois

ture flow in desorption can be associated with a higher activation energy 

ctmsed by a great er "resistance" to flow, the results of this study 

exhibit the proper relation to those available for the wetting of soil 

(Gardner, 1959c; Bi ggar and Taylor, 1960). 

It must be r emembered, however, that (a) little information is 

available for contrasting mechani sms of flow in drying versus wetting nor 

of the imnortance of si de effects such as local temperature variations , 

which, incidentally, are in opposite directionp from the equilibrium 

temperature in the two cases , and (b) Crank was comparing absolute mag

nitudes whereas the activation energies depend not upon absolute values 

of mois ture flow, but upon relative sensitivity of flow to temperature. 

If fluid properties dominate flow the temperature dependence of wetting 
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should parallel that of the fluidi t y (reciprocal viscosity) of water, 

and the sensitivity of evaporative drying to temperature should correspond 

more cloPely to that of the t emperature dependence of vapor pressure of 

water . The results of Gardner (1959c) do suggest that the barrier giving 

rise to the activation energy of wetting is similar in soil water and 

free water. The r eeults of the present study are intermediate in magni

tude between those expected for evqporatlon of free water and properties 

of liquid water. This sug~ests that the acti vation energy of drying may 

be influenced ~ the activation energies of both vaporization and unsat

urated moisture flow. 
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Parabolic Moisture Distribution 

In the r eviev of literature it was concluded that the parabolic 

moisture distribution for drying is characteristic of hygroscopic, porous 

materials with appreciable colloidal character. The implications of the 

parabolic moisture distribution are several. One practical application 

is to fallowing. Field soil dries in general agreement with the parabolic 

distribution. The moisture content is lowest at the soil-air interface 

and increases vith depth, but the moisture content does not increa ~ e 

linearly vith rtepth. Inst9ad there is a shallow layer of soil in vhich 

the moisture content increases rapidly vith depth; below this layer the 

moisture content increases more gradually with depth in the soil profile. 

It appears that moisture conservation in fallowing is mainly a 

result of the influence of the shallow dry layer. It transmits liquid 

water very slowly to negligibly by unsaturated flov. Once it forms, 

moisture transfer through it is predominantly by molecular diffusion of 

the water vapor. The dry soil is also a barrier to this process. (Recall 

the review of literature conclusion that a layer of soil of equilibrium 

rtryness of a few mm in thickness introduces vapor diffusion as the rate 

controlling process in drying.) 

If moisture loss is controlled by the moisture status of a relatively 

thin surface layer, which is consistent with experience, the parabolic 

moisture distribution sug~ests that attempts to relate the rate of moisture 

loss with moisture distribution must involve a large number of measure

ments very near the soil surface. This requires mor., careful and more 

extensive moisture sampling than is usually done. If instrumental methods 

are used to follow the moisture changes they must be microscopic and 

accurate. 
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Solutions of the diff usion equation with diffusivity moisture content 

dependent pr edict roughly a parabolic moisture distribution with distance 

from the drying surface, The diffusion equations have been the most 

successful method to date f or nr edi cting moisture distributions and rates 

of water flux in soil moisture movement. This approach places the 

emphasis on the dependence of soil moisture diffusivity on moisture 

content. In contrast, more mechanistic aporoaches emphasize the apoarent 

driving forces to which the macroscopic fluxes are unexpla inedly found to 

be not directly oroportional. The lesser success of the mechanistic 

approaches eug~ests that the microscopic flow processes are all important 

and that these may be more accurat el y represented by the sensitivity of 

diffusivity to moisture content than by the dependence of the macroscopic 

flux on the driving force, 

Sherwood (1932 ) found that the parabolic moisture distribution 

develops in soil even during the period of constant rate of evaporation, 

tha t i s , even during that neriod of time in which external drying condi

tions rather than moisture flow within the sample io limiting the rate 

of drying. The oarabolic distributi on is also observed in the drawdown 

of the water table with radial distance from pumped wells in non-steady 

flow (Peterson, 1957, p. 203). 

From the above cited cases and the present r esults it is concluded 

that the parabolic distribution is not unique for a particular moisture 

condition but general from practical ly saturat ion on through moisture 

conditions of the plant growth range . The same experiments suggest that 

the parabolic distribution is not a function of the method of inducing 

flow. 

The parabolic distribution also seems to dominate over temperature 
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effects under isothermal conditions . In physical adsorption the amount 

of gas or vapor adsorbed is greater the lower the temperature. In the 

present study there was an appreciable temperature gradient across the 

surface few em of soil. If 1or.1ter were moving in the vapor phase through 

the drying ~face layer it would have tended to be adsorbed in increasing 

amount as the surface was approached since the surface of the soil column 

was cooler than any other point in the sample. 

The evidence is good then that the parabolic moisture distribution 

is a unique function of the moisture flow process, and that it can be 

expected for a >~ide saturation range if liquid phase moisture flow is 

dominant. It i s app1rently the natural response of a desaturating porous 

medium in coming to equilibrium with the driving force of flow. 

The importance of the flw coefficient serves as the stepping stone 

to another i dea: In the operational method of determining the c.<lpillary 

conductivity of soil water by dividing the flux by the moisture potential 

gradient (Richards and Weeks , 1953; Richards et ~., 1956), it is apparent 

that the capillary conductivity so determined always lags behind its 

r eal value. The reason for this is simple. The moisture conductivity 

has to change before the moisture dis t r ibution cqn change, and since cal

culations depend Upon finite intervals of change in the moisture potential 

gradient (except for the steady state flow case in ~<hich both the flux and 

the potential gradient remain constant, a case which is extremely rare if 

nonexistent for unsaturated flow) the c~pillary conductivity will have 

changed again before the potential gradient could change . The operational 

method is useful for apprax:imating the true value of the capillary con

ductivity only when the moisture potential gradient is allowed to change qy 

very small incrementt. • 
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The above remarks all point to the need for a better understanding 

of the microdynamics of the flow process. The mechanism of flow is 

difficult to pinpoint, but it undoubtedly consists of a conglomeration 

of molecular processes some of which are statistical mechanically liquid

like while others are more gas-like. It is suggested that it can be 

visualized as occurrine in a surface phase which may exhibit discontinuitiee 

and that it may be aided ~ auxiliary mechanisms such as molecular hopping. 
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Parabolic Iav 

In his ohapter IX whi ch deals with surfa ce r eactions of metals , 

format ion of protective layers and related r eactions , Jost (1952) discusses 

the "parabolic law" describing the formation of the tarnished layer in 

the r ryaction of various gases with metals. If it is assumed that diffusion 

through the layer of oxide or other compound is the rate determining step 

in the tarnishing reaction (the rate of reaction at some interface could 

be rate rontrolling ) and if the increase in thickness of the layer x ia 

chosen as measure of the r eaction velocity, one can write 

dx/dt : k/x . 

This expression indicates that the r at e of increase of the layer vill be 

invers ely proportional to the thickness of the layer, "because the con

centration gradient in the layer will be proport i onal to 1/x, provided 

we have a quasi-stationary state •••• • (Jost, 1952, p. 341). The constant 

k is proportional to the diffusion coeffici ent. 

On integration 

x2 = 2 k t 

is obtained if the thickness of the layer is zero at time zero. This is 

the "qoodratic" law which, according to Jost, was first derived by Tammann 

in 1922. 

Barrer (1951, p. 50) points out that solutions of the diffusion 

equat ion involving semi-infinite and infinite solids all give the con

centration a s function of t he dimensionless group x/ Dt wher ein x is the 

distance from a boundary of inter est, D is the diffusion constant, and t 

is time . Squaring the dimensionless group yields the relation between t 

and x of the parabolic lav. Barrer (1951, p. 98) used the r elationship 
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of the parabolic law to obtain the diffusion constants of water in the 

experiments of Tiselius, 

The parabolic relationship can be applied to the data of this study. 

In so doing it is only necessary to plot the relationship between the 

distance the t ensiometers are from the soil surface squared against the 

time at which a given soil moisture suction is indicated at various dis-

tances from the surface. When the data of run llA given in Figure 10, 

p. 153, was tested by plotting x2 (4, 16, 64, 256, 900 cm2) against the 

time t (7.1, 8.9, 11.8, 22.5, 66 hours) required for a soil moisture 

suction of 10 em Hg to develop at the r espective depths, the plot was 

linear. 

This result is of some interest because it suggests the possibility 

of obtaining ideas concerning intarpretation of the rate of evaporation 

as a function of water table depth or mulch depth from published papers 

on rates of corrosion of metal a s a function of corrosion layer thickness . 

That the analogy between corrosion layers on metals and "protective" 

dry layers in evaporative los s of moisture from soil is not mere fancy 

is illustrated by the statement of Philip (1957b) who expressed his 

understanding of evaporntion as a function of depth to the water table as 

follows: 

Amongst the complex of related factors such as the decrease 
of moisture gradients and of D, perhaps the most distinctive 
feature is the growth of a surface soil layer in which 
moisture transfer is predominantly by vapor diffusion--in 
other words t he laminar sub-layer is virtually thickened 
(for the purposes of moisture transfer) by extenRion into the 
soil, and this constitutes a bottleneck not present when 
the water table is shallow. 

Philip's rational interpretation of the limiting process in terms of 

vapor diffusion ws s inferred from the circumstances. It was not supported 

by any direct experimental evidence on vapor diffusion. 
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The data of Figure 16, in which the behavior of the rate of evap

oration is shown as a function of ti~e for sev~ral series B runs, serve 

as a basis for discussing the possible limiting processes during various 

periods of the drying of the soil columns of this study. The plateau 

region which covers the time interval zero to about fifty hours is the 

period of evaporation limited by external drying conditions . Thereafter 

the rate of evaporation decreases rapidly for a time. During this time 

the rate of evaporation is probably limited by the rate of unsaturated 

flow of moisture to the sites of evaporation. At long times the evapo

ration rate decr eases very slowly. During this time period the rate of 

evaporation is evidently limited by the rate of diffusion of water vapor 

thraugh the dry surface layer . Run 8B of Figure 16 is exceptional. The 

temperature of this run was 12.7° C and indications are that external 

drying conditions limited the rate of moisture loss for a considerably 

longer time period than in the cases of the other runs. 
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Heat Transfer 

In the theory section, two methods of considering host transfer 

were suggested. One method required the calculation of the heat transfer 

coefficient. This was not done , however. The data of Figures 4 and 5 

show why. These figures sugpest that calculated heat t ransfer coefficients 

would change continuously until the linear relationship between the evapo

ration rate and temperature depression to the right of the maxima occurred. 

Thereafter the heat transfer coefficients should remain essentially 

constant. I t would still not be known how to interpret them in a meaning

ful way. It should be pointed out, however, that the data of all runs 

would be expressed by a common, directly comparable parameter. By the 

method of its determination it would have the same significance as any 

phenomenological coefficient det ermined empirically by dividing a flux 

by a driving force. 

The other suggested heat transfer information, that based on thermal 

properties of the soil, would be much mora difficult to obtain for the 

present experiments and would be considerably less accurate than the 

calculated heat transfer coefficients. The difficulty in this esse arises 

from two main sources--(a) th~ great number of assumptions required due 

to lack of independent characterization of the thermal properties of 

Millville silt loam, and (b) the complicated geometry of the system 

studied. The geometry of the present syetem is that of heat flow through 

the walls of a cylinder and out one end . 



189 

The results of the present study correspond most closely to the 

hypothetical eases two and three of the flow sheet of analysis, p. 109. 

In case two it was hypothesized that if (a) the temperature stayed 

low for a while, then climbed beck to the temperature of the sir passing 

over the sample, (b) the moisture were distributed parabolically with 

distance from the evaporating surface, and (c) the evaporation rate 

decreased continuously from the beginning of the experiment, the evidence 

is that the evaporation conditions change during the experiment and that 

moisture flow is of a diffusion type. These conditions are the ones which 

most of the runs fit. The conclusions were based on knowledge that the 

evaporation conditions with reference to the sample do change any time 

the temperature and humidity conditions are not constant throughout the 

experiment, and that the moisture distribution is compatible with predic

tions of the mathematics of diffusion . 

In case three of the flow sheet of analysis it was hypothesized that 

if (~) the temperature stayed low for a while, then climbed ~ck to the 

temperature of the air nassing over the sample, (b) the moisture distri

bution changes for a while then approaches a steady state, a nd (c) the 

evaporation r eaches a steady rate, then the evaporation rate will be low 

and the rate of evaporation is governed by moisture distribution, Con

ditions (b) and (c) are actually clo~ely approximRted after several days 

by most of the runs since both the moisture distributions and the evapo

ration rates change slowly once the surface few em of the sample have 

become quite dry. Once this condition is achieved the evidence is good 

that the rate of evaporation i s controlled by the moisture distribution, 
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About the Ew<periment 

Sources of difficulty ~ .\!!I2!: 

Several aspects of the present study combined in such a way as to 

make the experiment somewhat less than ideal. One source of error of 

acme importance iR associated with the fact that the soil column shrank 

on drying from its initial moisture content. This shrinkage away from 

the walls of the container amounted to about 0.5 mm in the most extreme 

cases, but shrinkage was not uniform. The largest crack was a lways at the 

uppermost surface of the horizontal soil columns. It could cause a change 

in the magnitude of heat conduction from the temperature bath to the sample 

and could also cause assymetry in the flow of heat within the sample. It 

could affect vapor moisture transfer directly by providing an air crack 

between the sample and the container wall in which free diffusion of the 

water vapor could occur. 

This ~ource of error makes it fortuna te that the differences in 

t emperature di stribution and shrinkage had little or no apparent effect 

on the evaporation behavior durinr, the early part of the experiments. 

I t was the main factor in the decision not to analyze the moisture flow 

data intensively beyond the point of the s lope changes of Figures 12 and 

13. 

Another source of error involved the unexplained behavior of the 

silica gel of the water vapor traps to spontaneously gain about 0.10 gm 

in weight between the time it was placed in the drying column and the time 

it was inserted in the air flow line . The weight change during weighing 

wa s negligible, and the magnitude is too great to be accounted for directly 

by absorption of the water vapor of the container into which it was poured. 

It is als o consider ed hysteresis-independent becaus e of the good reoroduc-
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ibility of the dry weight and the r esults of such workers as Rao (1941). 

Rao found remarkable stability of the acanninp, curves on repeated 

absorption-desorption of water vapor by silica gel. The maxi mum error 

from this source i s not more than 2 to 3 per cent. It becomes prog

r essively larg~r during the course of the experiment because the rate of 

evaporation decreased with time wheraas the spontaneous weight gain 

r emained constant. The data reported in Apnendix I was not corrected. 

The nature of the operation of tensiometers c~uses difficulty in 

such an experiment. They must give up wat er to the sample in order to 

regist er a moisture change. There were five tensiometers embedded in the 

soil columns of the series B runs and seven in the columns of the s eries 

A runs. What is easily overlooked is the volume of water the tensiometers 

contain. In one case the amount of wate r required to fill the five 

tensiometers and the associated tubing of the aeries B soil column was 

measured and found to be about 160 ml. 

When the tensiometers become inoperative they continue to lose water 

and unless clamped off will completely drain. This source of w~ ter within 

the sample can caus e deviation from any as cumed relationship between 

cumulative evaporation and time , either empiric~l or theoretical. In this 

experiment i t could affect the time of the slope change of the plots of 

Figur~ s 12 a nd 13. 

The evidence is good that the water absorbed by the soil from a given 

tensiomet er distribut ed itself in r espons e to the moisture pattern dom

in~ted by the mechanism of flow. This 1~ supported by the smoothness of 

the moisture eampling curves of Figure 9. They show no discontinuities 

at the depths at which the t ensiometers wer e inserted . It i s also sup

ported by tho general smoothness of the temperature-time curves of Figures 
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2 and). Both temperature and suction measurements were made at the 

2 and 4 em depths. If sporadic evaporation han occurred at these depths 

it would have been reflected in more inconsistent temperature measure-

ments at these depths. 

Whereas the water loss by the tensiomet ers did not change the suction 

~ttern it could have affected the cumulative evaporation somewhat by 

a lteri ng the boundary concitions of flow. The evaporation of moisture 

wa~ appar ently mainly a function of the moisture status of the first few 

em of sample depth, however . It i s bBlieved that the rate of unsaturated 

flow through this zone governed the evaporation ra t e and that the inter

pretation of tho moisture flow da ta i s valid. 

When run 8B was termin~ ted, a streak of darker soil was noticed 

across the surface of the soil column. The dark streak was narrow at the 

inlet and outlet points of the air and broadened symmetr ically toward the 

center of the column . The soil column was dissected in 1 em increments 

and the el ectric• ! conductivity of t he saturation extract was determined. 

The results obtained are shown in Figure 17. The first four surface em 

of soil exhibit an osmotic pres su.re of the saturation extract which could 

be considered different from that of the r emainder of the soil column. 

The firs t 1 em increment of soil exhibits an osmotic pressure of 1.79 

atmospheres, or three times that of the s econd 1 em increment of soil. The 

salt distribution indicates t hat the evaporation occurred principal ly in 

the first em layer of soil and that pr obably very little evapora tion 

occurred below 4 em. 

The soil column of run BB was used also in t he pr evious run, 7B. 

The combined cumulative evaporation for these run~ converted to equiva

lent surface depth of water shows t hat nearly 14 em of water passed through 
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the surface of the column durin~ thes~ tYO runs. Since the soil columns 

Yere always wetted with distilled water the salt accumulated was entirely 

that of the soil solution. 

The solute accumulation in the surface layers of soil may have had 

a slight influence on the results of these experiments. 

Suggestions for ~ ~ 

The experience of this study prompts certain suggestions for similar 

future studies. They include the use of a sample container with better 

and better known thermRl properties than lucite. The thermal properties 

ann shrinkage behavior of the soil us ' d should be studied independently 

of the experiment in which they become major considerations in inter

pretation of results. 

For aiding in making h~at transfer calculations, in particular , a 

sy~tem of simpler geometry should be employed . 
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CONCLU~ION~ 

The equilibrium t emperature h~n an important influence on the ~xying 

r at e , but the t emperature di stribution resulting from evnporative cooling 

did not. 

The initia l rate of drying of t he soil columns Yas limited by 

external drying conditions. After about two days moistur e transfer within 

the soil columns became rate limiting. 

A parabolic di stribution of mois ture with r es pect to the i nt erface 

of extraction is characteristic of soil. In agreement with it, moisture 

flow i s dominat~d by conditi ons near the interfa ce. The parabolic di stri

bution is in good qualitative agreement with solutions of the diffusion 

equation. 

The equation Q = a t b successfully describes t he time dependence of 

the drying of soil . 

Little success can be expected of attempts to relate t he evaporative 

loss of moisture from soil to the ins tantaneous distribution of moisture 

in the soil. 

The activation energies of 4 to 8 kcal mole-1 water found in this 

study are in good agreement with those calculated from the literature for 

cases in which the temperature dependence of the drying of various porous 

media was studied. The apparent activation energies are intermediate 

between those for the fluid properties of free water and the l a t ent heat 

of vaporization of water. 
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Stn-!HARY 

Experiments were conducted to gain information on the rate limiting 

proces s or processes in the drying of soil. The t emperature and moisture 

dietributions wer e measur ed in soil columns dried by passing air over 

their surfaces . The experiments were carried out at temperatures ranging 

from 12.7° to 37.70 C using two sizes of soil columns. The Arrhenius 

theory was applied t o the data in order to obtain the activation energies 

for the drying process from its t emperature dependence. The r esults were 

compar ed with activation energies for various properties of pure water 

and with activation energi es f or evaporation, transpiration, and moisture 

fl ow calculable from the literature. 

Not all experiments behaved the same with respect to the temperature 

distributions r esulting from evaporative cooling, but the drying of all 

runs was expressible by the equation Q = a tb wherein Q is the cumulative 

e~poration, t iR time, and a ann b are constants. The average value of 

b for all runs was 0.91 f or about the first two days of drying. The 

slope then change ann the av~rage value for b for all runs vas 0.~7. 

The parameter a was a function of equilibrium temperature. The values of 

b and other evidence indicate that the initial rate of evaporation was 

limited by external drying conditions. After the slope change moistttre 

flow wi thin the soil columns limited the rate of evaporation . 

The activation energy calculated from the Arrhenius theory for the 

period of time up t o the slope change was 5.23 ± 1.09 kcal mole-1 water 

for one set of experiments and 7.24 ± 1.38 kcal mole-1 water for another 

s et of experiments. By comparison with activation energies available 

from data in the literature , activation energies of this magnitude appear 
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to be characteristic of the drying of porous materials. The activation 

energies indicate a mechanism of flow vhich exhibits characteristics 

of both liquid and gaseous phase molecular processes . 

The moisture distribution measured by the tensiometers could not 

be quantitatively related to the evaporation ra te, but the tensiometer 

readings and direct gravimetric sampling revealed a parabolic distribu

t i on of the moisture vith distance from the drying surface. This moisture 

distribution is apparently cha racteristic of the desaturation of soil. 

It has important implic~tions in many unsaturated flow phenomena including 

moisture flow to roots and to valls , and fallowing. It also throws 

doubt on the rigor of assumed infinite and semi-infinite boundary condi

tions for sample thicknesses practical in laboratory experiments. 
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APPRNDIX I 

Summarized Thesis Data 



Table 9. Run 4A. Easic data on the evaporation of w~ter from the soil column and its r eplenishment from 
the "water table.• 

Time since 

Day 
Hour last Time since 
of reading expt . 

day /l t began 
(hrs) (hrs) 

Water Rate of Running H20 uptake Rate of Running 
evaporated evaporation total of from H20 uptake total of 

ll Q c.Q/ L>t evap. ( Q reservoir by sample uptake 
(gms ) (gm/br) (gmsJ (cc) (cc;'hr) (cc ) 

9-9-58 1200 o.oo 
1230 0. 50 0.50 
1415 1.75 2.25 4.1 1. 82 4.1 
1700 2.75 5.00 4. >' 1.75 8.9 
1930 2. 50 7.50 4.1 1.64 13.0 

9-10-58 0006 4.60 12 .10 8. 9 1.93 21.9 
0800 7.90 20 .00 13 .1 1.66 35.0 
1300 5.00 25.00 8.3 1.66 43.3 
1700 4.00 29.00 6. 8 1.70 50.1 
2000 3.00 3? .00 5. 0 1.67 55.1 

9-11-58 0800 12.00 44.00 19 .1 1.59 74.2 
1500 7.00 51.00 12.5 1.79 86.7 

At 1500 began to measure uptake of water from end reservoir by soil sample 
2000 5.00 56.00 8.2 1.64 94.9 

9-12- 58 0806 12.10 68.10 16.5 1.36 111.4 
1700 8.90 77 .00 14.4 1.62 125.8 
2130 4.50 81.50 7.3 1.62 133.1 

9-13-58 0945 12. 25 93.75 18.1 1.47 151.2 
1645 7. 00 100.75 10.2 1.46 161.4 

9-14-58 0900 16.25 117. 00 25.1 1.54 186 .5 
2000 11.00 128.00 15.7 1.43 202.2 
2300 3.00 131.00 5.1 1.70 207.3 

9-15-58 0930 10.50 141.50 16.7 1.59 224 .0 
1015 120 1.39 120 
1600 6.50 148.00 11.2 1.72 235.2 
2145 5.75 153.75 8.6 1.50 243.8 

9-16-58 0945 12.00 165.75 16.4 1.37 260.2 
1700 7.25 173.00 12.0 1.65 272.2 



9-17-58 Cf727 14.45 187.45 20.5 1.42 292.7 
2354 16.45 203 .90 24.5 1.49 317.2 

9-18-58 0924 9.50 213.40 14.0 1.47 331.2 
1430 5.10 218.50 7.6 1.47 338.9 
2100 6.50 225 .00 9.5 1.46 348.4 

9-19-58 0845 11.75 236.75 17.2 1.46 365.5 
1500 6.25 243 . 00 9.5 1.52 375.0 140 1.39 260 
2200 7.00 250 .00 9.9 1.41 384.9 

9-20-58 0930 ll.50 261.50 16.4 1.43 401.3 
1500 5.50 267.00 8.2 1.48 409.5 
2300 8.00 275 .00 10.2 1.27 419.6 

9-21-58 1415 15.20 290.20 22.3 1.47 442.0 
1805 3.88 294.08 5.5 1.42 447.5 

9-22-58 0918 15.22 309.30 22.1 1.45 469.6 
1700 7.70 317.00 11.0 1.43 4B0.6 

9-23-58 0000 7.00 324.00 10.2 1.60 490.8 
1000 10.00 334.00 13.4 1.34 504.1 
1645 6.75 340.75 9.1 1.35 513.2 
2300 6.25 347.00 9.4 1.50 52?.6 165 1.59 425 

9-24-58 08)0 9.50 356.50 1) . 0 1.36 535.5 
1606 7.60 364.10 12 .2 1.60 547.7 
2300 6.90 371.00 10.2 1.47 557.8 

9-25-58 0936 10.60 381.60 14.84 1.40 572.67 
1706 7.50 309.10 9.90 1.32 582 .57 

9-26-58 0845 15.65 404.75 15.75 1.01 598.)2 
1700 8.25 413.00 11.00 1.33 609.32 

9-27-58 0038 7.6) 420.63 10.45 1.37 619.77 
0721 6.72 427.35 8.63 1.28 628 .1,0 
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Table 10. Run 4A. The distr ibution of moisture in the soil column as 
a function of time and distance from the evaporating surface, 

Tensiometer Readings 

Hour (em Hg at porous cups at given dist. from Dly of evaporating surface) 
day 2 em 4 em 8 em 16 em 24cm 30 em 

9- 9-58 1200 4 .1, 4. 2 4.4 4.6 4.4 4.3 1230 4.6 4.8 5.0 4.7 4.3 4.1 1415 6.1 6.7 6,6 5. 8 4.5 5.1 1700 7.4 7.4 7.3 6.7 5.9 5.4 1930 7.7 7.7 7.5 7.0 6.1 5.6 9-10...58 0006 8.2 8,0 7.9 7.3 6.4 5.8 0800 8.7 8.5 8.3 7.7 6.7 6.2 1300 10.0 8. 8 8.5 8.0 6.9 6.4 1700 10.0 8.7 8.5 7.9 6.9 6.4 2000 10.0 8,6 8.5 8.0 6.9 6.4 9-11-58 0800 9.2 9.1 8. 8 8. 2 7.3 6.7 1500 9.7 9.4 9.2 8.6 7.5 6.9 2000 9.7 9.5 9.2 8.6 7.5 6.9 9-12-58 0806 10.3 10.1 9.9 9.2 8.1 7.5 1700 10.6 10.1 10.1 9.5 8.3 7.6 2130 10.6 10.3 10.1 9.5 8.2 7.6 9-13-58 0945 10.7 11.2 10.9 10.2 8.9 8.4 1645 11.4 11 .1 10.9 10.1 8.9 8.4 9-14-58 0900 12.1 11.9 11.7 11.0 9.7 9.1 2000 12.5 12.3 12.0 11.2 9.9 9.4 9-15-58 0930 13.2 lJ.O 12 .6 11.8 10.4 9.7 1600 13.4 13.2 12.9 12.0 10.5 9.7 2145 13.5 13 .3 12.9 12.2 10.6 10.1 9-16-58 0945 14.0 13.7 13.4 12.5 11.0 10.4 1700 14.4 14.1 13.7 12.7 ll. J 10.6 9-17-58 0727 15.1 14.8 14.3 13.4 11.9 11.2 9-18-58 0924 16.6 16.2 15.8 14.7 12.9 12.1 1430 16.6 16.2 15.8 14.7 12.9 12.1 2100 16.8 16.5 16.0 14.9 13.2 12.1 9-19-58 0845 17.2 16.7 16.3 15.1 13.) 12.3 2200 17.5 17.1 16.6 15.2 13.4 12.3 9-2D-58 0930 17.7 17.4 17.0 15.6 13.7 12.6 1500 18.1 17.8 17.4 15.9 14.0 13.0 2300 18.9 18.5 18.0 16 .3 14.) 13.3 9-21-58 1415 19.9 19.5 19.0 17.0 14.9 13.8 1805 20,0 19.5 19.1 17.0 14.9 13.8 9-22-58 0918 20.8 20.4 19.9 17.4 15.1 14.0 1700 21.2 20.7 20.3 17.4 15.0 14.0 9-23-58 0000 22.1 21.8 21.5 17.1 14.6 14.0 1000 24.7 24 . 5 24.1 16.1 13.9 13.5 1645 27.1 26.6 26.0 15.9 13.2 12.6 2300 28 .8 28.0 27.1 14.3 12.0 11.2 
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Table 10. Continued. 

Tensiometer Readings 

Hour (em Hg at porous cups at given diet. from 
tay of evaporating surface) 

day 2cm 4cm 8cm 16 em 24 em 30 em 

9-24-58 0830 31.5 30.1 28.4 13.9 11.9 11.2 
1606 36.1 34.6 31.5 13.8 11.9 11.3 
2300 40.8 38.6 34.0 13.8 12.2 11.5 

9-25-58 0936 48.2 44.5 38.6 13.0 11.5 11.1 
1706 52.1 48.0 42.0 12.3 10.9 10.7 

9-26-58 0845 56.2 52.8 48.0 11.5 10.4 10.0 
1700 56.5 53.8 50.2 10.9 9.7 9.6 

9-27-58 0721 54.6 54.6 10.3 9.3 9.0 
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Table 11. Run 4A. The dist ibution of temperature in the soil column 
as a function of time ~nd di stance from the evaporating 
surface . 

0.5 em :iaO !ll!! 10 em 16 em 
I:By Hour Temp. Hour Temp. Hour Temp. Hour Temp. 

(oc) (Oc) (OC) (oc) 

9- 7-58 1318 24.9 1319 24.9 1322 24 .9 1323 24 .9 
9- 9- 58 1154 24 .9 1155 24 .9 1156 24 .9 1157 21 •• 9 

1224 21.9 1226 24 .1 1227 24 .9 1228 24 .9 
1255 19.3 1256 23 .3 1257 24.7 1259 24.9 
1417 18.7 1432 22.9 1433 24 .4 1434 24 .8 
1703 18. 7 1705 22.8 1705 24.3 1706 24.8 
1924 18.9 1925 22.8 1926 24.3 1926 24.8 

9-lD-58 0009 19.1 0010 22.8 0011 24.3 0012 24 . 8 
0747 18.8 0748 22 .8 0748 24.3 0749 24 .8 
1349 18.8 1350 22 .7 1351 24.3 1352 24.7 
1950 19.0 1952 22.8 1953 24.3 1953 24 . 8 

9-11-58 0805 19.0 0806 22 .9 0806 24.3 0807 24 .8 
1453 19.1 1452 22 .9 1452 24 .3 1451 24 . 8 
1958 19.1 1958 22 .9 1959 24 .4 2000 24.8 

9-12-58 0810 19.2 0811 22.9 0811 24.4 0812 24.8 
2125 19.2 2124 22.9 2123 24.4 2122 24.8 

9-13-58 0940 18.7 0740 22.9 0941 24.3 0942 24.8 
9-14-58 0858 19.5 0857 22.9 0856 24 . 2 0856 24.5 

2005 19.7 2006 23.0 2008 24.4 2009 24 .8 
9-15-58 0937 19.3 0939 22 .9 0938 24 .4 0938 24:8 

1600 19.1 1600 22.8 1602 24 .3 1603 24.7 
2156 19.7 2157 22.9 2157 24 .4 2158 24 .8 

9-16-58 0920 19.4 0920 22 .8 0919 24 .3 0919 24.6 
1658 19.4 1659 22.9 1659 24.4 1659 24 .8 

9-17-58 0723 0724 22.8 0725 24.4 0725 24.7 
9-18-58 0923 19.2 0924 22 .8 0926 24.2 0926 24 .7 

1432 19.0 1433 22.8 1433 24 .3 1436 24.7 
9-19-58 0850 20.3 0855 23 .0 0856 24.5 0857 24 .7 

2210 19.4 2211 22 .9 2212 24 .4 2212 24.8 
9-20-58 0925 19.6 0926 22.9 0926 24 .3 0927 24 .8 

1504 19.4 1505 22 .7 1508 24.3 1508 24 .7 
2255 19.4 2~ 56 22 .6 2257 24.2 2258 24.5 

9-21-58 1419 19.4 1419 22.9 1420 24-4 1420 24.8 
9-22-58 0921 19.4 0922 22. 8 0923 24 .3 0923 21.,7 
9-23-58 0951 19.6 0952 22 .9 0953 24.3 0953 24.8 

2303 19.5 2304 22 .8 2304 24 .3 2305 24 .8 
9-24-58 0832 19.2 0833 22.8 0833 24.3 0834 24 .8 

2306 2309 22.7 2310 24 .3 2310 24. 8 
9-25-58 0936 19.4 0939 22 .9 0940 24.3 0940 24 .8 

1710 19.6 1711 22.9 1712 24.4 1712 24 .8 
9-26-58 0850 19.6 0851 22.9 0851 24.3 0852 24 .7 
9-27-58 1742 20.2 1743 23 . 2 1744 24 .4 1745 24.7 
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Table 12. Run 5A. Basic d~ta on th~ evaporat ion of water from the soil column and i ts r epl enishment Cl' 

from the "Yater table .• 

Time since 
Hour last Time since Wat er Rate of Running H20 uptake Rate of Running 

De.y of reading exnt. evaporatecl evaooration total of from H20 uptake total of 
day Lit began AQ AQ./ At evap., Q reservoir by sample uotake 

(hrs) (hrs) (grns) (grn/hr) (gms) (cc) (cc/hr) (cc ) 

10-17- 58 1238 0. 64 1.35 2.11 1.35 
1401 1.38 2.02 2.57 1.86 3 . 92 
1656 2.91 4 .93 5. 25 1.80 9.17 
2300 6.07 11.00 10.30 1.70 19.47 

10-H~-58 0045 1. 75 12.75 3 . 07 1.75 22 .54 
1030 9.75 2.~ .50 16.02 1.64 38.56 
1300 2.50 25.00 4.26 1.70 42. 82 

10-19- 58 0206 13.10 38.10 16. 79 1.43 61.61 
1836 16.50 54 .60 25 .77 1.56 87.38 
1948 -19. QB- -0.34a -19.oa 
2345 5.15 59 .75 8.00 1.55 95 .38 

10-20-58 0949 10.07 69.82 15.72 1. 56 111.10 
1536 5.78 75.60 9.10 1.57 120 .20 
2300 7.40 83.00 11 .12 1.50 131.32 

10-21-58 08)0 9 . 50 92 .50 15.15 1.59 146.47 
1400 5. 50 98 . 00 8.36 1. 52 154.83 
1415 -17. 0 -0.40 - 36.0 
1939 5.65 103.65 9.20 1.63 164 .03 

10-22- 58 0836 12.95 116.60 19 .96 1. 54 183.99 
1424 5. 80 122.40 8.69 1.50 192.68 

10-23- 58 0000 9.60 132.00 13.20 1.37 205 . 88 
1000 10.00 142 . 00 14. 35 1.44 220. 23 
1700 7.00 149. 00 10.00 1.43 230 . 23 

10-24- 58 1000 17.00 166.00 24. 22 1.42 251, .45 o.o 0.0 o.o 
1700 7.00 173.00 10.02 1.43 264 .47 



10-25- 58 ll15 
1500 

lS.25 
3. 75 

191.25 
195 .00 

25 . 84 
5.46 

1.42 
1.46 

290 .31 
295.77 

aAn amount of water greater than put into the r es ervoir was being removed . Suction data ~nd distribution 
of mo i sture a~ determined by sampling the column indicate water was leaking into the column at the t ensio
meter 12 em from the surface . Data is vi ewed a s reflecting an effectively shorter soil col umn than the 
actual 31 em column used . 
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Table 13 . Run SA . The distribution of moisture in the soil column as 
a function of time and distance from the evaoorsting surface 

Tensiometer Readings 

Hour (em Hg at porous cups at given dist. from 
Lay of evaporatin~ surface) 

day 2 em 4 em Scm 12 em 16 em ?.). em 30 em 

10-17- 58 1200 1. 2 1. 2 1. 2 1. 2 1.2 1. 2 1. 2 
1238 1.2 1. 2 1.2 1. 2 1.1 1. 1 1.0 
1401 1.6 1. 5 1.6 1. ~ 1.4 1.6 1.5 
1656 2. 8 2. 6 2.9 2.1 2.4 2.3 1.9 
2300 5. 8 5. 6 5.5 3.9 4. 2 3.6 3. 1 

10-18-58 0045 6. 5 6.4 6.1 1 • • 3 4. 5 3. 9 3.4 
1030 9. 8 9.7 9. 2 5. 8 5.7 4.7 4.0 
1300 10.4 10. 2 9.6 5.9 5. 8 4 . 8 1 •• 1 

10-19- 58 0206a 13.6 13 .3 12 .7 6.3 6 .0 4 . 8 3.9 
1836 12 . 5 1:2 .3 11. 5 4 . 5 4. 5 3 . 5 2.9 
2345 14. 2 13.8 13 .1 5.1 4 .9 3 .8 3. 2 

10-20-58 091.9 16.8 16 . 5 15.7 5.6 5. 5 1, .6 3 .9 
1536 18. 8 18.4 17 . 5 6.0 5. 8 4. 8 1 • • 2 
2300 21.1 20.5 19. 5 6. 2 5. 9 5.0 4 .3 

10-21- 58 0830 ?-4 . 0 23 .3 22 .1 6.6 6.4 5.4 4.7 
1400 25 . 8 ?-4 , 8 23 .4 6.5 6.3 5. 2 4.7 
1939 27.5 26 .3 24 .6 6.4 6.2 5.1 4.5 

10-22- 58 0836 32.3 30 .3 27. C 6. 3 6. 0 5.1 4 . 5 
1424 34 .7 32 .4 29 .3 6.1 5. 8 4. 9 4.3 

10-23- 58 0000 39.3 36 .1 31.9 5.8 5.7 4 .7 4. 2 
1000 45 .1 40 .7 34 .9 4.F' 4 .7 3 .9 3 .3 
1700 48 .9 o .s 36.8 1 • • 7 4.1 4.3 2.8 

10-?.J.- 58 1000 56 . 0 50 . 8 43 .0 4 .7 4. 6 3 .8 3. 2 
1700 56 .9 52. 8 45 . 5 4 .7 4.5 3. 7 3 .2 

10-25- 58 1115 55 .7 51. 5 1 •• 6 4 . 4 3.6 3.1 
1500 55 . 8 52 .7 4.4 4.0 4 .2 2.6 

aThere was no suction on t he water reservoir for a period of 20 minutes 
beginning at this time . Note the interruption in the development of 
t he sucti on pattern as indic~ted by the tensiomet er r eadi ngs nt the 1836 
hour. 



Tablo 14. 

Day 

10- 17-58 

10-18-58 
lD-19-58 

lD-20-58 

lD-21- 58 

lD-22- 58 

lf'- 23- 58 
lD-24- 58 
10-25- 58 
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Run 5A. The distribution of t emperature in t he soil column 
as a function of time an· distance from the evaporating 
surface. 

0. 5 em 
Hour Temp. 

(oC) 

lW. 24 . 9 
1201 24 .1 
1202 23 .4 
1203 23 . 0 
1204 22 .5 
1236 19. 8 
1404 19.1 
2302 19.1 
1026 19.3 
0207 19.4 
1842 19. 5 
0953 19.5 
1540 19.5 
2303 19 . 5 
0828 19.5 
1403 19.3 
1941 19. 3 
0839 19.3 
1423 19.4 
0003 19.4 
1009 19. 5 
1117 19.4 
1453 19. 4 

5. 0 em 
Hour Temp. 

(oC) 

1147 24 .9 

1236 23 .9 
1405 23 . 3 
2302 23 . 0 
1027 23 .o 
0210 23 . 0 
1843 23 .o 
0954 23 . 0 
1541 23.0 
2304 23 . 0 
0828 23 .0 
11,01. 23 . 0 
1942 23 . 0 
0839 23 . 0 
1423 23 .o 
0004 22 .9 
1010 23 .0 
1118 23 . 0 
1453 23 . 0 

10 .0 em 
Hour Temp. 

(oc ) 

111.8 24 . 9 

1237 24 . S 
1406 24 . 4 
2304 2/.3 
1027 24 . 3 
0211 24 . 2 
1844 24 . 2 
0954 24 . 2 
1542 24.2 
2305 24 . 2 
OP-29 21, . 2 
1405 24.2 
1942 24 . 2 
0?40 24 . 2 
1424 24 . 2 
0005 ?.4 .1 
1011 24 . 2 
1119 24 . 2 
1454 24.2 

16 .0 em 
Hour Temp . 

(Oc) 

1149 24 .9 

1237 24 . 8 
1407 24 .9 
2305 24 . 8 
1028 21 •• 8 
0211 24 . 8 
1845 24.8 
0955 24 . 8 
1543 21 •• 8 
2305 24 . 8 
0829 24.8 
1405 24.8 
1943 24.8 
0841 24 . 8 
1426 24 .7 
0006 24. 7 
1012 24. 8 
1120 24 . 8 
1455 24 .7 

21 • • 0 em 
Hour TAm"(' · 

(OC) 

1149 24 .9 

1238 24 .9 
1408 24.9 
2306 24 . 8 
1028 24 . 8 
0211 24 . 8 
1846 24 . 8 
0956 24 . 8 
1544 24 . 8 
2306 24 . 8 
OilJ2 24 . 8 
1406 21, . 8 
1944 24 . 8 
Oll41 24 . 8 
1427 24 . 8 
0007 24 . 8 
1013 24 . 8 
1120 24 .8 
1456 24 . 8 

The flow of air ~s stopped at 1500 and the return of the sample to 
temperature equilibrium with the bath wqs followed. The r esults follow: 

1525 23 . 0 
15/,0 23 .8 1541 24 .o 151,1 24 . 4 1;54 24 . 8 1555 24 .9 
1556 24 .2 1557 24.4 1558 24 . 5 1559 24 . 2 1600 24 . 9 
1644 24 .7 1645 24 . 8 1646 24.7 1646 24 . 8 1647 24 . 9 
1737 24 . 8 1738 21 •• 9 1738 24 . 8 1739 24 . 8 1734 24 . 8 

10-26- 58 11.15 24 .9 1416 25 . 0 1416 24 . 9 11.17 24.9 1417 25 .0 



Table 15 . Run 6A . Basic data on the evaporation of water from the soil column and i ts replenishment 
from the "water table . " 

Time since 
Hour last Time since l~ater Rate of Running H20 uptake Rate of Running 

Day of reading expt. evn.porated evaporation total of from H20 uptake total of 
day 6t began t>Q AQ/ ~ t evap . ~ Q reservoir by samole uptake 

(hrs) (hrs) (gms) (gm/hr) (gms (cc) (cc/hr) (cc ) 

11- 4- 58 1208 . 64 4. 10 6.41 4.10 
1330 1.36 2. 00 4. 71 3.19 8.37 
1530 2.00 4 . 00 6. 70 3 .35 15.07 
2200 6. 50 10. 50 19. 23 2. 96 34.30 

11- 5- 58 0150 3.84 14.34 10.15 2.64 44-45 
0850 7. 01 21.35 16. 85 2.40 61.30 
1641 7. 83 29 .18 17.63 2.25 78.93 
2006 3.42 32.60 7.53 2. 20 86 .46 

11- 6-58 0000 3.90 36.50 8. 21 2.10 94 .67 
1021 10. 35 46.85 20. 50 1.98 115.17 
1700 6.65 53 . 50 11 . 01 1.66 126.18 
2350 6. 84 60 . 34 10. 58 1.55 136.76 - 7 .r:P - .12 - 7.0 

11- 7- 58 0845 1' . 91 69. 25 12 . 58 1.41 149.34 
1630 7.75 77 . 00 8.64 1.11 157.98 

11- 8- 58 1000 17.50 94 . 50 13.42 0.77 171.40 
1700 7.00 101.50 3. 68 0. 53 175 . 08 

11- 9-58 0000 7. 00 108. 50 5.78 0.82 180. 86 
D30 D.50 122. 00 14.97 1.11 195. 83 
2315 9. 75 Dl.75 9. 28 0. 95 205.11 

11-10-58 0841 9.43 141.18 9. 32 0. 99 214.43 
1700 8.32 149. 50 7.56 0.91 221.99 
2330 6.50 156.00 5.53 0. 85 227 .52 

ll-ll-58 0851 9.35 165 .35 7.32 0.78 234. 84 
lDO -85 . 0 - .79 - 92 . 0 

asee footnote accomp~nying the basic evaporation data of Run 5A which also applies here. N 
N 
0 
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Table 16. Run 6A. '!'he clis tribution of moisture in the soil column as 
a function of time anc1 distance from the eVtporatinr surfa ce. 

Tensiometer Reaclings 

Hour (em Hg at porous cups a t eiven rlis t. from 
Il9.y of evaporating surface) 

day 4 em Scm 12 Cl'l 16 em 24 em 30 em 

11- 4-5P 1100 J , l 3.1 1.1 3.1 3.1 3 .1 
1145 3.5 3. 5 3.2 3. 2 3 .4 3 .3 
1J30 6.5 6.1 4.1 4.0 4.0 3.6 
1530 11.5 10.8 5.8 5.6 5. J 4 .7 
2 ~00 22.9 20.J 6.4 6.2 5.7 5. 2 

11- 5- 58 0150 29 .2 24.6 6. 5 6 .J 5.9 5.3 
0850 41.2 J2.3 6. 5 6.J 5.9 4. 9 
1409 49.5 39.1 6.5 6.2 5.8 5.4 
1641 52 .0 42 . 2 6.4 6.3 5.9 5. 5 
2006 54.9 46 . s 6.1, 6.3 5. '} 5.4 

11- 6-58 0000 54.8 50 . ' 6 .2 6.0 5.6 5. 3 
1021 55 .4 55 . 0 5. e 5.6 5.4 5.0 
1700 55.2 55.4 5.1 4.7 5.5 4.1 
2350 54.8 55.4 4.1 3. 8 3. 6 3. 2 

ll- 7-58 081,5 55.8 5.8 5.9 5.7 5.4 
1630 6.0 6,0 5.9 5.6 

11- 8- 58 1000 5.3 5.2 4.5 3.6 
1700 5.1 5. 2 5.1 4.8 

11- 9-58 0000 5. 2 5. 3 5. 2 4.9 
1330 5.3 5. 3 5. 3 5.0 
2315 4 .7 4 .4 3.5 2.6 

11-10-58 081,1 4 . 5 4.4 4. 2 3 . 5 
1700 4.7 1, .7 4 .0 3.3 
2330 4.8 4 .9 5.0 4.6 

11-11-58 0851 5.2 5.3 5.3 5. 0 
1130 5.3 5.4 5.3 5.1 
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TablP 17 . Run 6A. The rli~tribution of t emnerature in the soil column 
as ~ function of time Rnrl distRncc from the evaporating 
surface . 

0.2 em 2·0 em 10 ,0 Cl'! 16 .0 em 2£t .O em 
Day Hour Tern). Hour Temp . Hour Temp . Hour Temp. Hour Temp . 

(OC (Oc) (oc) (Oc) (oc) 

11-4-58 1100 34 . 9 1059 34 .9 1058 3/, .9 1058 34.9 1057 34.9 
1103 34.9 1104 34.9 
1131 32.6 
1133 30.6 1135 34.9 
1136 29.1 
1138 28. 3 1141 34 .7 
1143 27.1 1151 34 .1 1152 34 . 9 1152 34 .9 1153 14.9 
1148 26 .7 
1154 26 .2 1156 33,8 
1159 25.9 1200 33 .7 
1210 25 .6 1209 33.3 
1242 25 . 2 1243 32 .6 1244 34 . 5 1245 34 .9 1246 14 . 9 
1328 25 .0 1329 32 . 2 1330 34.3 1332 34. 8 1313 34.9 
1533 25 .1 1534 31.8 1535 34 .1 1516 31, . 8 1536 34 .9 
2?04 25.1 2205 31. 9 2205 34 .1 2207 34.5 2207 34 .9 

11-5-58 0959 25.3 1000 31.9 1000 31 •• 1 1001 34.8 1002 34 .9 
1405 25 . 2 1406 31.9 1408 33 .9 1409 34 .6 1409 34 . 9 
1644 25 .6 1645 31.9 1646 34. 0 1646 34 .7 1647 34.9 
2005 25 . 2 2008 31.9 2008 34.1 2009 34. 8 2010 34 .9 
2357 25.7 2358 32 .1 2358 33.9 2359 34.8 0000 34.9 

11-6-58 1659 27 . 5 1700 32 .4 1701 34 .1 1702 34.7 1703 34. 8 
2334 28 .9 2335 32 .7 2336 34.3 2336 34.7 2337 31 •• 8 

11-7-58 0838 29. p Of39 12 .9 0840 34 . 3 0841 34.7 0842 3/,.9 
1633 31.1 1633 33.2 1634 34 .3 1634 34.8 1635 34.9 

11-8-58 1025 33 . i 1026 31 ,7 1027 34 .6 1027 34. 8 1028 1/ . • 9 
1656 33.3 1657 33 .7 1657 31, .6 1657 34 . 8 165R 34. 9 

11-9-58 0004 29 .6 0004 32 . 8 0003 .14 .3 0002 34 . 8 0001 34.9 
1322 31.3 1322 33.0 1324 31,. 2 1324 34 . 8 1325 34.9 
2302 31.1 2303 33 .3 2304 31,.4 2305 34 . 8 2305 34.9 
084131.6 0850 33. 2 0850 34.4 0851 34.8 OR52 34 .9 
1659 ::n.8 1659 33.3 1700 34.5 1701 34.8 1702 34. 9 
2323 32.0 2324 33 .3 2324 34 .4 2325 34 .6 2326 31 . • 9 
08/,8 32.4 0849 33 .4 0650 34 .3 0850 34.7 0851 34.9 



Table l S. Run SA . Basic data on the e~poration of water from soil column and its repleni8hment from 
the "water table . " 

Tine since 
Hour last Time since >la ter Rate of Running H20 uptake Rate of Running Day of reading expt . evaporated evaporation total of from H20 uptake total of day a t began aQ aQ/ a t e~p . 1 Q reservoir by samp e uptake (hrs) (hrs) (gms) (gm/hr) (gms ( cc) (cc/hr) (cc) 

2- 3-59 1500 l.OC 1.00 3. 50 3.50 3.50 1700 2.00 3.00 6.15 3.08 9.65 
2175 4. 75 7.75 13 .16 2.77 22 . 81 

2-4- 59 0330 5.75 13 . 50 15.78 2.74 38 . 59 0340 15 1.11 15 1210 8. 66 22 . 16 20 .95 2.42 59 . 54 1700 4 . 84 27 .00 11.50 2.38 71.04 2-5-59 0106 8.10 35 .10 19.28 2.38 90 .32 0112 80 3. 71 95 1003 8.95 44 .05 20 .50 2. 29 110. 82 
1445 4.70 48 .75 10 .90 2.32 121.72 2206 7.35 56 . 10 15.£1 2.15 137.53 60 2.86 155 2-6-59 0915 11.15 67.25 23 .40 2.10 160.93 1600 6.75 74 . 00 14.05 2. 08 174.98 2-7-59 0224 10.40 84 .40 19 .90 1.91 194.88 1145 9.35 93.75 17.03 1.82 211 . 91 51 1.36 206 
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Table 19. Run 8A , The distribution of moisture in t he soi l column as 
a function of timo and distance f r om the evaporati ng surface , 

Tensiometer Readi ngs 

Hour (em Rg at porous cups at given dist. f rom 
IB.y of evaporati ng surface) 

day 2cm 4 em Scm 12 em 16 em 24 em 32 em 

2- 3- 59 1315 l .. l L, . l 4. 1 4.1 4. 1 4.1 4.1 
1415 4. 9 4.5 4 .2 4.0 3. 9 3.5 3.7 
1436 5.L 4 . 8 4. 5 4.1 4 .0 3.6 3.7 
1500 6.1 5.4 5.1 4 .7 4.4 4. 0 3.9 
1530 6. 8 6.0 5.6 5.2 4. 8 4 .3 4. 1 
1700 8.7 7.4 6. 8 6.3 5.7 5.0 4 .4 
2175 11. 7 9 . 5 8.7 7.9 7. 0 5.6 4 .9 

2- 4- 59 0330 14.6 11.4 10 .2 9. 2 7. f 5. 9 5. 1 
1210 17.9 13 . 0 11. 5 10 . 2 8. 2 6.1 5.1 
1700 18. 8 13.6 11.7 10 .4 8.1 5.7 4 . 9 

2-5-59 0106 20 .2 14. 8 12.4 11.4 8.1 5. 7 5.0 
1003 23 . 5 17 .6 14 . 5 12 .6 8.9 6.4 5.6 
1445 24 .9 19 . 0 15 .4 1'3 .3 9. 3 7.0 6. 0 
2206 28 .6 22 . 1 16.9 14 . 1 9. 5 7.0 6. 0 

2-6-59 0915 35. 2 27. 0 18.7 15.1 9. 5 6. 8 5. 9 
1600 38.4 29 . 5 19 .4 15 .1 9.1, 6 .7 5. 7 

2- 7-59 0224 43 . 5 34 . 2 20 .9 16 . 0 9. 3 6 ,8 5. 8 
1145 47.3 38 .7 22 . 2 16.6 9.4 6.8 5. 9 
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Table 20 . Run SA . The di s tribution of t emperature in t he soil column 
as a funct i on of t i me and distance from the evaporating 
surface . 

0.2 em 2.0 em 16 em 2£t em 
Day Hour Temp . Hour Temp . Hour Temp. Hour Temp. 

(Oc) (Oc) (Oc) (Oc) 

2-3-59 1310 34.9 1312 35.0 1313 34.9 1313 35. 6 
1400 34.9 1400 35.0 1354 34.7 1358 35.5 
1401 33. 8 
1402 32. 8 
1403 32.2 1404 35.0 
1405 31.1 
1407 30.4 
1410 29 .5 
1412 29 .0 1413 34 .5 1414 34.7 1415 35 .4 
1416 28.4 1418 34.1 
1423 71 .5 1421 33. 8 1424 34. 8 1427 35.3 
1429 27. 0 1431 33.0 1433 34.8 
1431. 26. 8 
1446 26. 2 1447 32.2 1448 34. 8 1451 35.2 
1458 26.0 1502 31. 8 1506 34.9 1456 35 .2 
1508 26.1 1510 31. 6 1512 34. 9 
1522 26.1 1523 31.5 1524 34.9 1526 35.4 
1709 25. 9 1711 31.1 1712 34.8 
2143 25.7 2143 30.9 2145 34.6 2148 35 .4 

2-4-59 0336 25.4 0336 30.5 0337 34.7 0342 35.2 
170/, 25.1 1705 30.1 1705 34.6 1706 35.0 

2-5-59 0111 25.0 0110 30.2 0109 34.6 0105 34.9 
1012 25.0 1013 29.9 1013 34.5 1015 34. 8 
1448 24.9 1448 30. 0 1447 34.5 1444 34. 8 
2206 24.7 2207 29. 8 2207 34.4 2208 34.7 2-6-59 0922 24.3 0922 29.7 0921 34. 2 0920 34.5 
1604 24.6 1605 30.0 1606 34.4 1607 34.7 

2-7-59 0230 24 .2 0229 29 .7 0228 34.4 0227 34.7 
1141 24.2 1142 29. 5 1143 34.4 1144 34.6 



Table 21. Run 9A . Basic data on evaporation of wter from the soil column and its replenishm~nt from 1\J 
1\J 

the "water table." a-

Time since 
Hour last Time since Water Rate of Running H20 uptake Rate of Running 

Day of reading eX»t• evaporated evaporation total of from H20 uptake total of 
day ll t began 6 Q tlQ/ ot evap . j Q reservoir by sample uptake 

(hrs) (hrs) (gms) (gm/hr) {gms (cc) (cc/hr) (cc) 

3- 14- 59 1200 o.oo 
1245 0.75 0. 75 2.25 3.00 2. 25 
1430 1.75 2. 50 4 .77 2. 72 7. 02 
1800 3. 50 6. 00 8.90 2.54 15 .92 
2130 3. 50 9. 50 8.23 2. 35 24 .15 7. 5 0.79 7. 5 

3- 15- 59 0054 3.40 12.90 7. 83 2. 30 31.98 
1418 13 .40 26.30 29 .45 2.20 61.43 

3-16-59 0000 9. 70 36. 00 18.60 1.92 80 . 03 40.0 1.51 47.5 
0845 8. 75 44.75 14.93 1.71 94 .96 9. 5 1. 09 57.0 
1700 8. 25 53.00 14. 08 1.71 109. 04 

3- 17-59 0000 7.00 60 .00 10 .95 1.56 ll9 .99 10.0 0.66 67.0 
0800 8.00 68 . 00 11.62 1.45 131.61 8. 0 1.00 75.0 
1730 9. 50 77. 50 13 .10 1.38 144. 71 n.o 1.16 86.0 

3-18-59 0115 7.75 85 . 25 9.93 1.28 154. 64 9.5 1.22 95 . 5 
0854 7 .65 92 .90 8. 00 1.05 162 .64 8.0 1.04 103.5 
1700 8. 10 101. 00 8.00 0.99 170.64 
23458 6 .75 107 . 75 6.42 0. 95 177. 06 18. 0 1.21 121.5 

3-19-59 0940 9.92 117 .67 10.5 1.06 132.0 
2324 13 .73 131.40 10. 68 0. 78 187 . 74 12 . 0 0. 87 144. 0 

3- 20-59 0918 9. 90 141.30 8.98 0.90 196.64 10 . 0 1.01 154. 0 
1715 7.95 149. 25 7. 26 0.92 203.90 

3- 21- 59 0045 7. 50 156.75 6. 60 0.88 209 . 50 
0924 8.65 165 .40 7.45 0.86 217.95 25.0 1.04 179. 0 3-22- 59 0030 15.10 180.50 14.05 0.93 232.00 12 . 0 0.79 191.0 1215 11 .75 192.25 10.58 0.90 242 . 58 11.0 0. 94 202 . 0 
:309 10.90 203.15 8.56 0.78 251.14 13.0 1.19 215 . 0 



3- 23- 59 0815 9.05 212 . 20 6. e3 0.75 257 .97 7.5 O. S3 222.5 
1724 9.20 221.40 6.95 0.76 264 .92 9.0 0.98 231.5 

3- 24-59 0009 6.75 228.15 4.92 0. 73 269.84 6.5 0. 96 238.0 
0909 9.00 237.15 6.05 0.67 275.89 9.0 1.00 247.0 
1730 8.35 245.50 5.64 0.68 281.53 

3-25-59 0012 6.70 252 . 20 4.43 0.66 285. 96 14.0 0.93 261 .0 
0906 8.90 261.10 5.97 0.6? 291.93 ?.0 0.79 268.0 
2330 14.40 2?5.50 8.90 0.62 300. 83 12.5 0.8? 280 .5 

3-26-59 0906 9 .60 285 .10 5.98 0.62 306 .81 
1709 8. 05 293.15 4.?6 0.59 311.57 17.0 0.96 297.5 
2330 6.35 299 . 50 3.?5 0.59 315.32 4.5 0.71 302.0 

3-27-59 0912 9.?0 309.20 5.?5 0.59 321.07 9.0 0.93 311.0 
2309 13.95 323 .15 ? .90 0.5? 328.97 ?.0 0.50 318.0 

3-28-59 1100 11. 85 33 5.00 6. 20 0.52 335.17 
2254 11.90 346.90 6. 50 0. 54 341.6? 13.5 0.5? 331.5 

3- 29-59 1245 13 .85 360.?5 ?.31 0. 5? 348.98 12.0 0.93 343.5 
3- 30-59 0000 11.25 372.00 5. 96 0. 53 354.94 8.0 0.?1 351.5 

0900 9.00 381.00 4. 50 0.50 359.44 
2245 13.?5 394.?5 ?.11 0.52 366.55 19.0 0. 84 370.5 

3-31-59 0930 10.?5 405.50 5.48 0. 51 3?2.03 8.0 0.?4 3?8.5 
1?00 ?.50 413.00 3.85 0. 51 375 .88 4.5 0.60 383 .0 

4- 1-59 0030 ?.50 420. 50 3. 81 0. 51 379 .69 3.0 0.40 386.0 
0900 8. 50 429 . 00 4. 12 0.48 383 . 81 6. 5 0.?? 392 .5 

4- 2- 59 0039 15.65 444.65 ?.55 0.48 391.36 9.0 0.5? 401.5 
0930 8.85 453 . 50 4.38 0.50 395 .74 8.0 0.89 409.5 

aWhile making the r eading at this time the hose of the air line became detached and remained off for 10 
hours. Note the effect on the moisture and temperature distributions and on the evaporation rate . 
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T>ib1e 2~ . Run qA. The distribution of moisture in the noi1 eo1urnn as 
" function of tim" anc! clismnce from the evaporating surfa~e. 

Tensiometer Readines 

Hour (em Hg at porous cups at given dist . from 
ray of ev~po~tinp "urface) 

day 2 em 4 em 8 em 12 em 16 ern 24 em 30 em 

3-14-59 0915 4.6 4.6 4.6 4. 6 4 .6 4. 6 4.6 
1154 4.6 4 .6 4 .6 4 .5 4.7 4 . 8 4.7 
1230 5.6 5. 2 5.0 4. 8 4.7 4 . 5 4. 6 
1300 6.4 5. 8 5.7 5.2 4 .9 4. 6 4 .7 
1330 7.0 6.3 6.1 5. 7 5.3 4.9 4 . 8 
11.30 8.2 7.6 7.2 6.7 6. 1 5.6 5.2 
1800 11.4 10.6 9.9 9.2 8.2 7.1 6. 5 
2130 14.0 13 . 0 12 .1 ll .O 9.6 8.1 7. 5 

3- 15- 59 0054 16.2 15 . 0 13 . 5 12 . 2 10. 5 8. 6 8. 1 
141P. 28.3 23 . 0 1P.O 15 . 2 12 .2 9.5 9.0 

3-16-59 0000 41.2 29 . 3 20 . 5 16.7 12 .7 9. 9 9.3 
0845 53.1 35 . 2 23 . 0 18. 2 13. 5 10. 5 9. 9 
1700 56 .3 39.4 25 .0 19.5 14. 0 10.9 10.4 

3- 17-59 0000 56.f 41.5 25 .9 19.9 13 . 8 10.4 9. 8 
0800 56 . SS 43 . 2 27 .1 20 . 6 14. 2 10 .7 10.2 
1730 L.4 .3 27 .9 ?.1.0 14 .2 10 .6 10 .1 

3- 18-59 0115 44 .4 28 .6 21.3 14.1 10.1. 10. 0 
0854 47 .0 29 .4 21. 7 1L,.3 ]0.4 10.0 
1700 47 .7 29 .9 22 . 0 14 .3 10.4 9.9 
2345 43 .3 30 .4 2~ . 5 14. 6 10 .6 10.1 

3- 19- 59 0940 43 . 8 25 .6 19 .9 11 .4 10.0 9. 9 
2324 43 .9 28 .0 20.9 13 . 8 10.2 9.7 

3- 20- 59 0918 46.5 30 .2 22 , R 14 .9 15 .9 10 . L, 
1715 47 .4 31.6 23 .6 15 .0 10.9 10 . 5 

3- 21- 59 0045 48.3 32 .4 24.1 15 . 2 10 .9 10.5 
0924 48 . 8 32 . 9 24 .4 15 . 2 10. 8 10 .4 

3- 22- 59 0030 49.1 33 . 5 24 .7 15 .1 10.6 10.3 
1215 49 . 3 33 . 7 24 .6 14 . 8 10.3 12.7 
2309 49.5 34 .1 24 .6 14.7 10.1 9. 7 

3- 23-59 Of'l5 49 .9 34 . 5 24.6 14. 8 10.3 9. 7 
1724 49 .~ 34 .9 24 . 8 14 .9 10 .4 9.7 

3- ?4-59 0009 35 . 8 25 .3 15.0 10.3 9.7 
0909 36.5 25.9 15 . 2 10.5 9. 8 
1730 36 .9 26.2 15.1 10.3 9.8 

3-25- 59 0012 37. 3 26 . 5 15 .3 10.6 10 . 0 
0906 37.9 27.0 15 .6 10 .9 10.4 
2330 38.9 27.8 15.8 11.0 10.4 

3- 26-59 0906 39 .3 28.2 15 . 8 10.9 10.5 
1709 39 .7 28 .3 15.7 10.9 10 .3 
2330 40 . 0 28 .3 15.7 10 . 9 10.3 

3- 27- 59 0912 40 .4 28 .5 15 .6 10 .9 10 . 3 
2309 41.0 28.7 15 .7 10.8 10 . 2 

3- 28-59 llOO 41.6 29 .1 15.7 10.8 10 .3 
2254 41.6 29.2 15 .4 10.4 10 .0 

awater column of tensiometer has broken. 



229 

Table 22 . Conti nued . 

Tensiometer Readi nes 

Hour (em Hg at porous cups at given dist . from 
Yay of e~poratinr. surface) 

day 2 em 4 em 8 em 12 em 16 em 24 em 30 em 

3- 29-59 1245 4? .1 29 . 5 15. 3 10 .1 9.7 
3- 30- 59 0000 42 .1 29 .6 15.3 10. 3 9. 8 

0900 42 . 2 29 .6 15. 2 10.1 9.7 
2245 42.7 29 . 8 14 .9 9. 8 9.4 

3- 31- 59 0930 43 .3 ~0 . 3 15 . 3 10. 5 9. 9 
1700 43 . 5 30 . 5 15.4 10. 6 10.1 

4- 1-59 0030 /3 .9 30. 8 15. 5 10. 7 10 .1 
0900 4J, . 2 31.2 15 . 6 10 .7 J0. 3 

4- 2- 59 0039 /,), .6 31.7 15 .6 10 .6 10.2 
0930 44 . 9 ) 1. 8 15 . 5 10.6 10 . 2 
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Table 23. Run 9A. The distribution of t!llllpera.ture in the soil column 
as a function of time and distance from the evaporating 
surt'ace . 

0.5 Cll1 ~.o S 16 em Y. em 
1'!\y Hour Te~, Hour o. Hour Temp. Hour Temo. 

(oc (OC) (Oc) (oc) 

3-11-59 0958 29.1 0957 29.1 0955 29.1 0954 29.1 
3-13-59 1014 29.1 1015 29.1 1017 29.1 1020 29.1 
3-14-59 0920 29.1 0919 29.1 0918 29.1 0917 29.1 

1158 29.1 1200 29.1 
1201 28.5 
1202 28.0 1203 29.1 
1206 25.7 1207 29.1 
1212 24.4 1215 28 .9 
1217 23.4 1218 29.1 1220 29 .1 
1225 22.8 1226 28.3 1227 29.1 
12.32 22.5 12.3.3 28.0 
1236 22.2 1235 27.9 
1243 22.1 1245 27.6 1248 .39.1 1250 29.1 
1254 21.8 1255 27.4 
1306 21.7 1307 27.2 1308 29.2 1.310 29.1 
1314 21.6 1315 27 • .3 
1334 21.5 1.335 26.9 1336 29.1 1339 29.1 
1.345 21.4 1.347 26.9 1347 29.1 
1438 21.4 1439 26.7 1439 29.1 1441 29.1 
1803 21.4 1803 26.6 1802 29.0 1801 29.1 
2131. 21.4 21.35 26.6 2136 29.0 21.37 29.0 

3-15-59 0057 21.5 0055 26.6 0054 29.0 005.3 29.1 
1419 21.6 1420 26 .6 1421 28.9 1426 28. 9 

3-16-59 0014 21.7 0013 26.7 0012 28.9 0011 29.0 
0844 21.9 0847 26.7 0848 28.8 0850 28 .9 
1712 22.3 1709 26.9 1708 28 .9 1705 29.0 

3-17-59 0006 22.6 000? 27.0 0009 28 .9 0010 29.0 
080.3 22.8 0802 27.0 0801 28.9 0800 29.1 
1728 23.1 1729 27.1 1730 28.9 1732 29.0 

3-18-59 om 23.6 Ol12 27 • .3 0114 28.9 0116 28.9 
0855 24.0 0854 27.4 0853 28. 9 0851 29.0 
1659 24.2 1700 27.5 1701 28.9 1703 29.0 
2347 24.2 2346 27.5 2.346 28 .9 2345 28,8 

3-19-59 2315 24.0 2.314 27 • .3 2.313 28 .8 2312 28 .8 
3-20-59 0907 24.5 0907 27.5 0908 28 . 9 0910 29.0 

1719 24.5 1718 27.6 1717 28.9 1716 29.0 
.3-21-59 0041 24.6 0042 27.6 004.3 28 .9 0044 29.0 

0925 24.7 0923 27.6 092.3 28.9 0922 28.8 
3-22-59 1210 24.0 1210 27.6 1211 28.9 1211 29 .0 

2.309 24.9 2308 27 .6 2.308 28.8 2.307 28.8 
3-23-59 1721 25.0 1720 27.6 1719 28.9 1718 28.8 
3-24- 59 0005 25.0 0006 27.7 0007 28.9 0008 28.9 

0910 25.2 0909 27.6 0908 28.8 0907 28.7 
1724 25 • .3 1725 27.7 1726 28 .9 1728 28.9 
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Tabl e 23 . Contirrued. 

O,!i c:m !i•O em 16 em ~em 
Day Hour Temp. Hour Temp. Hour Temp. Hour Temp. 

{oc) {OC) {OC) {OC) 

.3-25-59 0011 25.4 0010 '27.7 0010 28.9 0009 28.9 
0905 25.5 0905 27.7 0906 28.9 0909 28.9 
2336 25.4 2335 '27.7 2334 28.9 2333 28 . 8 

3-26-59 0902 25.6 0902 '27.7 0904 28.9 0905 29.0 
1710 25.3 1708 '27.7 1708 28.9 1707 28.9 
2331 25.5 2332 '27.7 2333 28.8 2334 28.8 

3-'27-59 0910 25.5 0909 '27.7 0908 28.9 0907 28.8 
3-2~9 1107 25.1, 1105 '27.7 1104 28.9 1102 28.8 

2247 25.9 2247 '27.7 2248 28.9 2249 28.8 
3-30..59 2359 25.9 2359 '27.7 0000 28.7 0002 28.6 

0908 25.9 0907 '27.8 0906 28.9 0905 28.9 
2239 25.9 2239 '27.7 2240 28.8 2242 28.7 

3-31-59 0935 25.9 0934 27.7 0933 28.8 0932 28.7 
1659 26.0 1659 '27.8 1701 28.8 1702 28. 8 

4- 1-59 0033 26.0 0032 27,8 0032 28.9 0030 28.8 
0905 26.0 0905 27.8 0907 28.9 0910 28.8 

4- 2-59 0044 25.9 0039 27.7 00)8 28.8 0938 28.6 
0931 26.0 0932 27.7 0932 28.8 0933 28.7 



'!'able 24. Run llA. Basic data on the evaporation of water fran the soil column and its r eplenislnnent 
from the 11\/ater table . " 

Time since 
Hour last T1me since Water Rate of Running H20 uptake Rate of Running 

De.y of reading expt. evaporated evaporation total of from !1;!0 uptake tota l of 
day " t began li Q t:. Q/ t:. t evap. ~ Q r es ervoir by sample uptake 

(hrs) (hrs) (gms) (gm/hr) (grns (cc) (<>c/hr) (cc) 

4-17-59 1145 .75 2.15 2.87 2.15 
1245 1.00 1.75 2.31 2.)1 4.46 o.o o.oo 
1415 1.50 3. 25 2.89 1.93 7.35 
1700 2.75 6.00 5.18 1.88 12.53 2.0 0.47 2.0 
2000 3.00 9.00 5.70 1.90 18.23 3.5 0.53 5.5 
2339 3.65 12.65 6.52 1.79 24.75 

4-18-59 0930 9.85 22. 50 17.27 1. 75 42 . 02 6.0 0.61 11.5 
1339 4.15 26 .65 6. 27 1.51 48.29 
2030 6. 85 33.50 12.10 1.76 60.39 10.0 0.91 21.5 

4-19-59 0136 4. 90 38.50 8. 20 1.67 68 .59 2.5 0.51 24 .0 
0845 7.35 45.75 ll.OJ 1.50 79.62 1.0 0.14 25.0 
1215 3.50 49.25 5.60 1.60 85.22 3.0 0.86 28.0 
1700 4.75 54.00 7.35 1.55 92.57 4.0 0.84 32.0 
2130 4.50 58.50 6.50 1.44 99.07 4.0 0.89 36.0 

4-20-59 0106 3.60 62.10 5.03 1.40 104.10 
0754 6. 80 68.90 8.61 1.27 112.71 
1200 4.10 73.00 4.93 1.20 ll7.64 10.5 0.96 46 .5 
1612 4.20 77. 20 4.87 1.16 122.51 3.0 0.71 49 .5 
2036 4.40 81.60 4. 82 1.10 127.33 4.5 1.02 53.0 

4-21-59 0024 3.80 85 .40 4.15 1.09 131.48 6.0 1. 58 59.0 
0915 8. 85 94.25 9.20 1.04 140.68 6.0 0.68 65 .0 
1200 2.75 97.00 2.96 1.08 143.64 4.0 1.45 69.0 
1554 3 .90 100.90 3.40 0.87 147.04 4.5 1.15 73 .5 

"' \N 

"' 
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Table 25 . Run llA . The distribution of moisture in the soil column as 
a function of time snr dis~nce from the evaporating surface . 

Tensiometer RP.adings 

Hour (em He at porous cups at given dist . from 
L'e.y of evaporating surface) 

day 2 em 4 em f' em 12 em 16 em '?4 em 30 em 

4-17-59 1056 4.2 4. 2 4. 0 4 .2 /, ,1 1, .1 4 .4 
1115 4 .3 '· . 2 4 .0 4 .1 3 .9 3.9 4. 3 
1130 4.5 4 .4 4.1 4. 2 3.9 3. 8 4.2 
1145 4.7 4 . 5 4. 2 4 . ? :> .9 3.9 4.2 
1226 5.3 4.9 4 .6 4.6 4. 2 4.1 4.3 
1245 5.6 5. 2 4.8 4 . 8 4.4 4 .3 4.4 
1415 6. 9 6. 3 5. 7 5. 7 5.0 4.7 4.6 
1700 9. 1 8.1 7.3 7.2 6.2 5.7 5. 3 
2000 11.2 10 . 0 8 , F 8. 5 7.2 6.4 5. 9 
2339 13.4 11.9 10.2 9.6 8.1 6.9 6.4 

4- 18-59 0930 20 .1 17 .0 13.6 12 .4 10 .1 8.2 7.7 
1339 23 .0 18 .9 14 . 6 13 . 2 10.5 8. 3 7. 8 
2030 29 . 7 21 . 0 16.7 14.9 11. 8 9.1 8. 6 

4-19-59 0136 34 .9 25 . 8 17.9 15 . 8 12 .3 9.2 8.7 
0845 43.1 30 .0 19. 8 17.3 13 . 2 9.7 9.2 
1215 47 .4 32 . 1 20.7 17.9 13.5 9.7 9.2 
1700 51.6 34. 5 21.8 18.6 14 .0 10.0 9.4 
2130 55 . 0 36.7 22 .6 19.3 14. 4 10.0 9. 6 

4-20-59 0106 56 . f' 38 .3 23.3 19.7 14.3 9 .3 9.1 
0754 ~8 . 2 40 . 8 23.2 20 .4 15 .0 10. 2 9.6 
1200 58.5 42 .0 24 . 8 20.9 15 .4 10.4 9. ') 
1612 58 .6 43 .1 25 . 3 21. 2 15.5 10. 2 9. 7 
2036 58 .7 41 .. 1 25 .7 21.5 15.7 10. 3 9. 8 

4- 21-59 0024 58 . 7 44 .B 26.0 21.5 15.4 9. 6 9.3 
0915 58.9 45.9 26.) 21.8 15 .7 9.9 9.4 
1200 58.9 46.1 26 .4 21.9 15 .6 9.6 9.1 
1554 46 .1., 26 .7 22 .2 16.0 10.1 9.6 
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Table 26 , Run llA. The distribution of temperature in the soil column 
as a function of time and dietence from the evaporating 
surface. 

0.2 em 210 em 16 em Yzctn 
JAy Hour tetiip. Hour Temp. Hour Temp. Hour Temp. 

(Oc) (oc) (oc) (Oc) 

4-17- 59 0944 22.3 0945 22.3 0946 22 . 2 0948 22.2 
1056 22.3 1056 22.3 1055 22.2 1054 22 .2 
llOl 21.9 
ll02 21.3 
ll04 20.4 1105 22 .3 
ll06 19.8 
ll08 19.3 
1109 19.1 ll10 22.2 ll12 22.1 ll12 22 .3 
liD 18.6 ll14 22.1 
lll5 18.3 1118 21.9 
1120 17.8 1122 21.8 1124 22 .2 
1125 17.5 1127 21.7 1130 22 .2 
1128 17.4 
1134 17.2 1135 21.4 1133 22.2 
1137 17.1 1141 21.3 
1145 17.0 1144 21.2 1143 22.2 
ll52 16.8 1153 21.1 1154 22.2 1155 22.2 
1205 16.8 1206 20.9 1207 22 .2 1208 22.2 
1225 16.6 1223 20 .5 1222 22.2 1220 22 .3 
1242 16.5 1243 20.7 1244 22.2 1244 22.3 
1305 16.6 1303 20.7 1303 22.2 1302 22 .3 
1416 16.4 1418 20.7 1419 22.2 1420 22.3 
1700 16.7 1701 20.7 1659 22.2 1658 22.3 
2005 16.8 2006 20,7 2006 22.2 2007 22.3 
2338 16.8 2337 20.7 2336 22.2 2.336 22.3 

4-18-59 0926 17.0 0927 20,8 0928 22.2 0929 22.3 
1310 17.1 1309 20. 8 1308 22.2 1307 22.3 
2027 17.0 2026 20.8 2026 22 .2 2027 22.2 

4-19-59 0127 17.3 0128 20.8 0124 22.2 0123 22.3 
0837 17.4 0838 20 .9 0838 22.2 0840 22.2 
1220 17.5 1224 20.9 1218 22 ,2 1217 22.3 
1651 17. 8 1652 20.9 1654 22.2 1655 22.3 
2130 17.9 2129 21.0 2129 22.2 2128 22 .2 

4-20-59 0103 18.2 0104 21.1 0105 22.2 0105 22.3 
0754 18.5 0753 21.1 0752 22.2 0751 22.3 
1158 18.6 ll59 21.3 1200 22.3 1201 22.4 
1608 18,8 1606 21.3 1605 22 .3 1604 22 .4 
2030 19.1 2034 21.3 2033 22.3 2032 22 .4 

4-21-59 0018 19.5 0019 21.3 0020 22.3 0021 22.4 
0910 19.4 0911 21.3 0912 22.2 0914 22.3 
1159 19.8 1201 21.3 1202 22.3 1203 22.3 
1552 19.9 1551 21.3 1551 22.2 1549 22.2 



"' Basic data on the evaporation of water from the soil column and its r epl enishment w Table V. Run 12A. V1 

from the ''water table. " 

Time since 
Hour last Time since Water Rate of Running H20 uptake Rate of Running ray of reading expt. evaporated evaporation total of from H20 uptake total of day <l t began ' Q <1Q/ t evap., Q r eservoir by sample uptake (hrs) (hrs) (gm/hr) (gm/hr) (gma) (cc) (cc/hr) (cc) 

4-29-59 1045 • 75 3.73 4.97 3.7) 
ll30 .75 1.50 2.15 2. 87 5. 88 
1236 1.10 2.60 2.32 2. ll 8.20 
1515 2. 65 5.25 5.30 2.00 13.50 
1645 1.50 6.75 2.e:-t 1.91 16.37 .5 .07 .5 
2045 4.00 10.75 6.70 1.68 23.07 
2330 2.75 13 . 50 5.10 1.85 28.17 1.0 .15 1.5 

4-30-59 0745 8.25 21.75 15.12 1.83 43.29 6.0 .73 7.5 
1200 4.25 26 .00 7.53 1.77 50.82 
1530 3.50 29.50 6.00 1.71 56.82 3.5 .45 u.o 
2100 5.50 35.00 9.32 1.69 66 .14 6.0 1.09 17.0 
2330 2. 50 37.50 3. 20 1.68 70.34 

5- 1-59 0754 8.40 45.90 13 . 55 1.61 83 .89 9.5 .87 26 .5 
1200 4.10 50.00 6.44 1.57 90.33 
1645 4.75 54.75 6.43 1.35 96.76 5.0 .56 31.5 
1839 1.90 56. 65 2.58 1.36 99.34 
2.300 4 .35 61 . 00 5.98 1.38 105.32 5.5 . 88 37 .0 

5- 2-59 0300 4.00 65 .00 6.05 1.51 ill.)? ).5 . 88 40.5 
0930 6.50 71 . 50 10.30 1.58 121. 67 5.0 .77 45.5 
1312 ),70 75.20 5.50 1.49 127.17 3.0 . 81 48.5 
1730 4 .30 79.50 6.58 1.53 133.75 
2324 5.90 85 .40 8.28 1.40 142.03 8.5 . e3 57.0 

5- J-59 0854 9. 50 94 .90 13 .38 1.41 155.41 9.0 .95 66 .0 
1224 3.50 98 .40 4.70 1.34 160.ll 2.0 .57 68.0 
1751 5.45 103 . 85 6.70 1.23 166.81 4.5 . 82 72.5 

5-4-59 0103 7 .20 lll.05 9.80 1.36 176.61 6.0 .8) 78.5 
0906 8. 05 119.10 10.05 1.25 186.66 7.0 .87 85 .5 



1218 3. 20 122 .30 4.35 1.36 191.01 
1642 4.40 126.70 5.46 1.24 196 .47 7.0 .92 92 .5 2215 5. 55 132 . 25 6. 22 1.12 202 .69 

5- 5-59 0100 2. 75 D5 . 00 2.93 1.06 205 . 62 7. 5 .90 100.0 0936 8.60 143 .60 8. 54 .99 214 .16 8. 0 . 93 108.0 1312 3.60 147.20 3.61 1.00 217.77 4.5 1.25 112.5 1715 4 . 05 151.25 4.10 1.01 2';!1.87 
2145 4.50 155 .75 4.20 . 93 226 .07 6.5 .76 119.0 5- 6-59 0124 3.65 159.40 3. :"10 .90 229.37 
0930 8.10 167.50 7.32 .90 236 .69 10.2 . 87 129.2 1518 5. 80 173.30 5.45 . 94 242 .14 4.0 .69 133.2 2130 6. 20 179.50 5.52 .89 247.66 3.4 .55 136.6 5- 7-59 0230 5. 00 184.50 4. 49 .90 252 .15 6.2 1.24 142.8 0924 6.90 191.4C 6. 20 .90 258 .35 5.8 .84 148.6 
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Table 28 . Run 12A. The nistribution of moi"ture in the soil column as 
a function of tim~ a nrl rlist:tnce from the ev·• ron tinr surffl ce . 

Tensiometer Reedings 

Hour (em Hg at porous cups at given rlist. from 
Dey of evnporatiDP, surf:l ce) 

day 2 em 4 em S cm 12 em 16 em U em 30 em 

4- 29-59 0930 4.4 4 . 5 4.5 4.4 4.6 4.5 4.4 
103J 4.3 4.4 4. 5 4.2 4.4 4.5 4.3 
1045 4.4 4. 5 4. 5 4 .3 4 .5 4. 5 1, .3 
1130 s.o 4.P 4.9 4.6 4 . 6 4. 6 4. 3 
1236 5. 9 5.4 5. 6 5.3 5.1 4.6 4 .5 
1515 ?.7 6.9 7.1 6.7 6.3 5.7 5.2 
1645 8.6 7. 8 7.9 7.4 7.0 6.4 5.7 
2045 10. 5 9.6 9.3 8.7 8 .1 7.3 6.5 
2330 12 .9 11.5 10. 9 10 . 2 9.4 8. 2 7.4 

4- 30-59 0745 18.2 16.0 11 .. 1 12 . 9 11.4 9. 5 7.8 
1200 21. 2 18 . 2 15.5 14 .0 12. 0 9.7 9.0 
1530 23 . 9 20.0 16 . 5 14 . 8 12.5 10.1 9.3 
2100 29. 1 2< . 0 18.2 16. 2 12.5 10. 8 10.0 
2330 ' 1. 7 24 . 3 18. 8 16.6 13.6 10. 5 9.7 

5- 1-59 0754 41.7 29 .3 21. 2 18. 5 14.9 11.5 10.6 
1200 1,7 .4 :31 . 9 22 .3 19.3 15.2 11.4 10.6 
1645 51.4 34 .3 23 . 5 20.1 15.7 11.5 10.7 
Hl39 52. 8 35. 2 2.1.8 20.3 15.7 11.3 10.5 
2300 55 .9 37 . 0 24.6 20 . 9 15 . 2 u .s 10.8 

5- 2- 59 0300 58 .0 38 .7 ?.5 .3 21.4 16.5 12.0 11 . 0 
0930 59 . 3 41.1 26.1, 2.? .3 17.1 12.3 11.3 
1312 59 .7 42 . 5 2? .1 22 .7 17.3 12.4 11.1. 
1730 60, 0 44 . 0 27,1 23 .3 17. 6 12.6 11.5 
2324 60 .4 1,6.4 28.7 24 .0 18.1 12 . 8 11.7 

5- 3- 59 Of' 54 60 . 5 48 .5 30 .0 24 . 9 18. 6 12.9 11. 9 
1224 60 .4 49 . 3 30.3 25 .1 18.6 12.7 11 .7 
1751 50.5 30. 8 25 . 5 18.8 12.7 11.7 

5- 4- 59 0103 5l. i ' 1. 5 26 .0 19 .1 12.9 11.9 
0906 52.8 32 .3 26 . 6 19 .6 13.3 12.3 
1218 53 .1 32 .6 26 . 8 19.6 13 .1 12.2 
1642 54 . 5 33 .2 27 . 2 19. 9 13.3 12.2 
2215 56 .1 34.1 27 .8 20 .2 13.3 12.3 

5- 5- 59 01(10 56.6 34 .5 28 .0 20.1 12.8 12.0 
0936 5? .7 35 .2 28 .4 20 .4 13.0 11.9 
1312 57 .9 35.5 28 .6 20.4 13.0 11.9 
1715 58.1 35 .7 28 . 7 20.3 12. 8 ll. 7 
2145 58 .3 36.0 28 .9 20 .6 12.8 11.9 

5- 6-59 01~4 58 .4 36.0 28. 8 20.2 12.4 u .s 
0930 58.7 16.4 29 .3 20 .9 13. 3 12.2 
1518 58.8 <6.6 39 .4 20 .9 14. 0 11.9 
2130 59 .0 36.9 29 . 6 21.1 13.3 12.1 

5- 7- 59 0230 37.2 29. 8 21.3 13.4 12. 3 
0924 59.4 <7 .6 30. 2 21. 5 13 . 5 12.4 
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Table 29. Run 12A . The distribution of temperature in the $Oil column 
a~ a functi on of time and distance from the ev~porating 
surface. 

o .~ om ~.o om 16 om 
Day Hour Temp . Hour Temp. Hour Temp. 

coc) (OC) (OC) 

4-29-59 0935 22 .3 0937 22.3 0939 22.3 
1003 22.2 
1005 22.2 
1010 22.2 1011 22 .3 
1017 22 .1 
1023 22.2 1024 22.3 
1029 22 .1 
1031 22.0 
1036 20 .5 
1038 20.1 
1040 19.7 
1042 19.3 
1044 19.0 
1048 18.5 1050 21.9 1051 22.3 
1054 18.2 
1055 18.0 1056 21.8 
1100 17.7 1058 21.7 
1101 17.6 1102 21.6 
1114 17.3 1112 21.4 
1115 17.2 1117 22.2 
1122 17.1 1124 21.2 
1126 17.1 
1140 17.1 1141 . 21.3 1142 22.3 
1250 16.9 1232 20.9 1233 22.3 
1519 16.7 1520 20.7 1521 22.2 
1638 16.7 1640 20.7 1641 22.2 
2042 16.9 2040 20.7 2039 22.2 
2330 16.6 2334 20.6 2335 22 . 2 

4-30-59 0750 16.6 0751 20.7 0752 22.2 
1205 17.0 1206 20.7 1208 22.2 
1523 17.1 1525 20 .7 1526 22.2 
2055 17.0 2056 20.6 2057 22. 2 
2321 17.0 2322 20.7 2323 22.2 

5-1-59 0918 17.1 0919 20.7 0920 22.1 
1157 17.6 1158 20 .8 . 1158 22.2 
1640 17.7 1642 20. 8 1643 22.2 
2300 17.7 2308 20.9 2310 21.9 5- 2-59 0254 17.6 0256 20 .9 0257 22.1 
0933 17.7 0934 20.9 0934 22. 2 
l305 18.0 1306 20.9 1307 22.2 
1725 17. 6 1727 20.9 1729 22.1 
2317 17. 8 2318 20 .9 2320 22.1 

5- 3-59 0846 17.8 0847 20.9 0848 22.1 
1215 18.1 1216 20.9 1216 22.1 
1720 17.9 1722 20 .9 1723 22.1 
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Table 29 . Continued. 

0,2 am ~.o em 16 em 
Day !lour r~)· !!our r~)· !lour !~)· 

5- 4-59 0044 18.0 0045 21.0 0046 22.1 
0912 18.0 0914 21.0 0915 22.1 
1214 18.1 1215 21.0 1216 22.1 
1637 18.J 1638 21.0 1640 22.1. 
2204 18.5 2205 21.1 2206 22.1 

5- 5-59 0056 18.5 0058 21.1 0058 22.1 
0931 18.6 0932 21.2 0933 22,1 
1306 19.0 1307 21.2 1308 22.1 
1720 19.0 1722 21.2 1723 22.1 
2130 19.0 2131 21.2 2131 22.1 

5- 6-59 0121 18.9 01.21 21.2 0122 22.1 
0925 19.0 0926 21.2 0927 22.1 
1508 19.1 1509 21.2 1510 22.1 
2125 19.1 2126 21.2 2127 22.1 

5- 7-59 0221 19.1 0223 21.2 0224 22.1 
0913 19.0 0914 21.2 0916 22.1 



Table 30 . Run 13A. Basic data on the evaporation of wat er from the soil column and its r eplenishment 
~ from the "water table ." 
0 

TiJne since 
Hour last TiJne since Water Rate of Running H20 uptake Rate of Running Day of reading expt . evaporated evaporation total of from H20 upt.ake total of day llt began ll Q M~j c.t evap., Q r es ervoir by sample uptAke (hrs) (hrs) (gma) (em/hr ) (gms) (ec) (cc/hr) (eel 

5-12-59 1045 .75 1.10 1.47 1.10 
ll30 .?5 1.50 1.21 1.61 2. 31 1236 1.10 2.60 1.40 1.27 3.?1 - 1.0 - . 38 - 1.0 1518 2.70 5.30 3.40 1. 26 7.ll 1700 1.?0 7.00 2. 06 1.21 9.17 .8 .18 - 0. 2 2045 3.75 10.75 4.51 1.20 13.68 . 8 .21 0.6 2354 3.15 13.90 3.68 1.17 17.36 5-13-59 r:t733 7.65 21.55 - 8.50 l.ll 25 .86 6.3 . 58 6.9 1200 4. 45 26 .00 4.78 1.07 30.64 1530 3.50 29.50 3.85 1.10 34.49 3.5 .44 10.4 2100 5.50 35 . 00 5. 64 1.02 40.13 2.0 .36 12.4 2330 2.50 37.50 2.76 1.10 42 . 89 5-14-59 0754 8.40 45 . 90 8.39 1.00 51.28 9.5 1.13 21.9 1203 4. 15 50.05 4. 02 0.97 55.30 
1645 4.70 54.75 4.63 0.98 59.93 3.4 .38 25 .3 2012 3.45 58.20 3.ll 0.90 63 .04 
2300 2.80 61.00 2.63 0.94 65 . 67 7.3 1.17 32.6 5-15-59 0930 10.50 71.50 9.46 0.90 75.13 6.4 .61 39.0 125? 3.45 74.95 3.07 0.89 78. 20 
1733 4.60 79. 55 4.06 0. 68 82 . 26 6.7 . 83 45.7 2324 5. 85 85.40 5. 22 0.89 f'? .48 5.0 .85 50.7 5-16-59 0854 9. 50 94.90 8.38 0. 88 95.86 ?.5 .79 58.2 1224 3. 50 98 .1,0 3.30 0.94 97.16 3.5 1.00 61.? 1630 4.10 102.50 3-53 0.86 102. 69 2. 5 .61 64.2 5-17-59 0000 7.50 llO.OO 6. 56 0.8? 109. 25 6.5 . 8? 70.7 0906 9.10 ll9.10 7. 81 0. 86 117.06 6.0 .66 76.7 1218 3.20 122. 30 2.?6 0. 86 119.82 3.0 .94 79.7 



1745 5.45 127.75 4.61 0. 84 124 .43 J.J . 60 B) .O 
2300 5. 25 133.00 4.39 0. 84 128.82 5.4 l.OJ 88 .4 

5-18-59 0936 10.60 143.60 8.29 0.78 137.11 8.6 . 81 97.0 
ll36 2. 00 145.60 1.80 0.90 138.91 
1715 5. 65 151.25 4.41 0.78 143.32 
2330 6.25 157.50 5. 05 0.81 148.37 8.6 .72 105.6 

5-19- 59 0930 10.00 167.50 7.98 0.80 156.35 6. 3 .63 111.9 
1330 4. 00 171.50 3.14 0.78 159.49 3.4 . 85 115.3 
1715 ).75 175.25 2.86 0.76 162.35 2.0 .53 117.3 
2300 5.75 181.00 4.57 0.79 166.92 5. 5 . 96 122.8 

5-20-59 0915 10.25 191.25 7.56 0.74 174.48 6.0 .58 128. 8 
1245 3.50 194.75 2.84 0.81 17?.32 
1715 4.50 199. 25 3.56 0.79 180.88 5.2 . 65 134.0 

5-21-59 0045 7.50 206.75 o.ooa 180.88 6.8 .91 140.8 
0930 8.75 215 . 50 7.34 0.84 188.22 3.? -43 144.6 
1300 3.50 219.00 2.91 0. 83 191.13 3-4 .97 148.0 
1700 4.00 223 .00 ) .00 0.75 194.13 2.8 •. 70 150.8 
2300 6. 00 229 .00 4.54 0.76 198.67 3.9 .65 154.7 

5-22-59 0915 10.25 239 .25 8.00 0.78 206 .67 6.2 .60 160.9 
1258 3.72 242 .97 2. 80 0.75 209.47 
1700 4.03 247.00 ).10 0.77 212.57 5.8 .75 166.7 
2345 6.75 253.75 4.92 0.73 217.49 3.7 .55 170.4 

5-23-59 0933 9.80 263.55 7.31 0.74 224.80 7.1 .72 177.5 
1300 3.45 267.00 2.56 0.74 227.36 4.9 1.42 182 .4 

aRose of air line became detached so that no air passed by the sample for 7.5 hours. Note that the 
evaporation rate is hardly affected. 
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Table 31. Run 13A. The distribution of moisture in the soil column ae 
a function of timB an~ ~!stance from the evaporating surface. 

Tensiomet er Readings 

Hour (em Hg at porous cups at given dist. from 
Le.y of evaporating surface) 

day 2 em 4 em Scm 12 em 16 em 24 em 30 em 

5-12-59 0958 3.2 3. 2 3.2 3. 2 3.2 3.2 3.2 
1030 3.3 3.3 3.2 3.2 3.1 J.2 3.2 
1045 3.4 3.4 3.3 3.2 3.2 3.3 3.2 
1130 3.9 3.7 3.6 3.5 3.4 3.5 3.4 
1236 4.5 4.2 4. 0 3.9 3.8 3.9 3.5 
1518 5.8 5.4 5.1 4.9 4.7 4.5 4.0 
1700 6.4 5.9 5.6 5.4 5.1 4.9 4.3 
2045 7.6 7.1 6. 6 5.3 5.9 5.3 4.9 
2354 8.6 7.9 7.4 7.0 6.4 5. 8 5.2 

5-13-59 0733 10.9 10.1 9.3 8.6 7.7 6. 7 6.1 
1200 12.0 11.1 10.0 9.3 8.1 6.9 6.3 
1530 12.8 ll.8 10.6 9.8 8.4 7.0 6.5 
2100 14.0 12.8 11.3 10.3 8.7 7.0 5.1 
2330 14.4 13.2 11.6 10.5 8.7 6.9 5.8 

5-14-59 0754 16.1 14.6 12.6 11.4 9.4 7.4 6.8 
1203 16.9 15.2 13.1 ll.7 9.4 7.1 6.6 
1645 17.8 16.0 13.5 12.1 9.8 7.5 6. 9 
2012 18.3 16.4 13.8 12. 3 9.8 7.3 6.7 
2300 18.7 16.7 14.0 12.5 9.9 7.4 6,8 

5-15-59 0930 20.2 17.8 14.8 13.1 10.4 7.9 7.1 
1257 20.7 18.2 15.0 13.2 10.4 7.7 7.0 
1733 21.5 18.8 15.4 13.6 10.7 8.0 7.2 
2324 22.4 19.4 15.8 13.9 n.o 8.1 7.3 

5-16-59 0854 24.2 20.6 16.7 14.6 11.6 8.7 s.o 
1224 24.8 21.1 16.9 14.8 11.5 8.1 5.4 
1630 25.5 21.5 17.1 14.9 11.4 8.0 6.8 

5-17-59 0000 26.6 22.3 17.5 15.1 11.5 8.0 
0906 27.8 23.0 17.8 15.3 11.5 7.8 6.2 
1218 28.1 23.2 17.9 15.4 11.4 7.6 6.5 
1745 28.6 23.5 18.0 15.5 ll.5 7.6 6.7 
2300 29.2 23.9 18.2 15.6 11.6 7.9 7.0 

5-1B-59 0936 30.4 24.6 18.6 16.0 11.9 8.0 7.2 
ll36 30.5 24.8 18.6 15.9 11.5 7.1 6,8 
1715 30.9 25.0 18.7 16.0 11.7 7.7 3.7 
2.330 31. ~ 25.5 19,0 16.2 12.1 8.1 6.7 

5-19-59 09.30 33.2 26.4 19. 5 16.8 12.4 8.2 7.4 
1330 33.4 26 .8 19.7 16.9 12.3 8.1 7 • .3 
1715 34.2 27.1 19.8 17.0 12.4 8,1 7.4 
2300 34.9 27.5 20.1 17.1 12.6 8.3 7.5 

5-20-59 0915 35.8 28.2 20.6 17.6 13.0 8.6 s.o 
1245 .36.3 28.5 20.7 17.6 12.9 8.4 7.8 
1715 37.2 28.9 20.8 17.7 13.0 8.5 7.8 --------

5-21-59 0045 25. 8 24.6 19.5 16.9 12.6 8.5 s.o 
8 Hose of the air line became detached so that no (dry) air passed by the 
sample for 7.5 hours. 
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Table 31. Continued . 

Hour (em Hg at porous cups at given dist . from 
Day of evaporating surface) 

day 2cm 4cm !' em 12 em 16 em 24 em 30 em 

0930 31.3 25.0 18.8 16 . 3 12 . 3 8.4 7.7 
1300 33.3 26.1 19.3 16.7 12.5 8.3 7.8 
1700 34.8 27 .1 19.8 17.1 12.6 8. 2 7.6 
2300 36.2 28 . 2 20.5 17.7 1).0 8.5 7.8 

5-22- 59 0915 39.1 30.1 21.4 18.5 13.5 8.9 8.2 
1258 39.7 30.6 21.8 18.7 13. 6 8.7 8.1 
1700 40.3 31.0 22,1 18.8 13.7 8.9 8.0 

2345 41.1 31.6 22.4 19.0 13.9 8.9 !l .l. 

5- 21-59 0933 42.5 32.6 22.9 19.4 14.1 9.0 8.2 
1300 43.0 32.8 22.9 19.4 13.6 8. 2 7.8 
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Table 32. Run 13A. The distribution of temperature in the soil column 
as a function of time and distance from the evaporating 
surface. 

0,2 em 210 em 16 em 
I8y Hour Tem). Hour r~~)· Hour Te~, (oC (oc 

5-12-59 0941 22.3 0943 22 .3 0944 22.3 
0959 22.3 
1002 21.9 
1005 21.3 
1007 21..3 
1008 21.1 
1010 20.7 1012 22.3 1014 22.3 
1017 20.4 
102.3 19.9 1025 22.0 1027 22 • .3 
1030 19. 8 1032 22 ,0 
10.38 19.6 1040 21.9 1041 22.3 
1050 19.3 1052 21.7 
1105 18.9 1107 21.6 1108 22 • .3 
lll3 19.0 1115 21.5 
1117 18.9 
1127 18,7 1128 21.4 
1146 18.7 1147 21.4 1148 22.3 12.36 18.6 1240 21. 3 1241 22.3 1522 18.6 1523 21.2 1524 22 • .3 1658 18.6 1659 21.2 1711 22 • .3 
2041 18.6 2042 21.2 2043 22.3 
2349 18.6 2350 21.2 2351 22.3 5-13-59 0743 18,6 0737 21.2 0738 22.2 1210 18,7 1205 21.3 1206 22.3 
1521 18.7 1522 21.3 1523 22.2 
2054 19.0 2055 21.3 2056 22.2 
2323 19.0 2325 21.3 2326 22.2 5-14-59 0750 19.1 0752 21.3 0753 22.2 
1207 19.0 1208 21..3 1209 22.2 
1639 19.0 1640 21.3 1641 22.2 
2005 19.1 2006 21.3 2007 22.2 
2257 19.0 2259 21.3 2313 22.2 5-15-59 0926 19.1 0927 21.3 0928 22.2 1252 19.1 1253 21.3 1254 22.2 1726 19.3 1727 21.3 1728 22.2 2.321 19.1 2322 21.3 2323 22. 2 5-16-59 0851 19.2 0852 21.3 0853 22.2 1217 19.0 1218 21.3 1220 22.2 1236 19.1 1621 21.3 1622 22.2 2.350 19.1 2352 21.3 2353 22.2 5-17-59 0906 19.1 0909 21.4 0910 22.2 1214 19.1 1215 21.4 1216 22.2 1741 19.2 1742 21.4 1743 22.2 2301 19.2 2302 21.4 2303 22.2 
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Table 32. Continued. 

o.~ em ~.o em 16 em 
Jay Hour T8ilip • Hour Temp. Hour Temp. 

(OC) coc) (Oc) 

5-18-59 0933 19.1 0935 21.4 0936 22 .2 
1124 19.3 1125 21.4 1127 22. 2 
1707 19.4 1711 21.4 1712 22 .2 
232.4 19. 2 2325 21.4 2326 22.2 

5-19-59 092.4 19.3 0925 21.4 0926 22.2 
1330 19.2 1333 21.4 1334 22.2 
1708 19.3 1710 21.4 1711 22.2 
2255 19.3 2256 21.4 2257 22 .2 

5-20-59 0933 19.3 0934 21.4 0936 22 . 2 
1239 19.3 12.40 21.4 12.41 22.2 
1705 19.3 1706 21.5 1707 22.2 

5-21-59 0040 21.9 0041 22.3 0042 22.2 
0925 19.2 0926 21.4 0927 22.1 
1251 19.5 1252 21.4 1253 22.2 
1655 19.3 1656 21.4 1657 22 .2 
2258 19.3 2303 21.4 2304 22.2 

5-22-59 0925 19.3 0926 21.5 0929 22. 2 
1256 19.3 1255 21.4 
1703 19.2 1704 21.4 1705 22 .2 
2336 19.3 2337 21.5 2338 22.2 

5-23-59 0922 19.3 0923 21. 4 092.4 22 .2 
1309 19.4 1310 21.5 1311 22.2 



Table 33. Run J4A . Basic data on the evaporation of water from the soil column cm r' it~ r npl enishment 
f rom t he "va t er table . " 

Time s ince 
Hour last Time s i nce Water Rat e of Runni ng H2o uptake Rate of Running 

Day of r eading expt . evaporated evapGr...t.ion total .of f rom H2o uptave total of 
day Ll t began t>Q c.Q/ Ll. t evap.j Q r es ervoi r by sample upt r<ke (hrs ) (hrs) (gms ) (gm/hr ) (gms (cc ) (cc/hr) (cc ) 

5- 28-59 1345 .75 3. 00 4.00 3.00 
1430 .75 1.50 2.60 3.47 5.60 
1536 1.10 2.60 3. 40 3.09 9.00 
1700 1.40 4.00 4.37 3.12 13. 37 1.4 0.35 1.4 
2045 3.75 7.75 10.78 2.87 24 .15 
2345 3.00 10.75 8.43 2. 81 32 .58 3. 9 0. 58 5.3 

5-29-59 0745 8 .00 18.75 21. 65 2.71 54.23 8.6 1.08 13 .9 
1045 3.00 21.75 7.75 2.58 61.98 2.9 0. 97 16.8 
1400 3. 25 25 . 00 8.15 2. 51 70. 13 3.5 1. 08 20 . 3 
1730 3. 50 28. 50 8.57 2.45 78.70 4.1 1.17 24 .4 
2245 5. 25 33.75 12.45 2.37 91.15 7 .1 1.35 31.5 

5-3D-59 0830 9.75 43. 50 21.16 2.17 ll2.31 10.5 1.08 42.0 
1930 ll.OO 54. 50 20 .68 1.88 132 .99 12.0 0.92 54.0 
2348 4.30 58. 80 7. 54 1. 75 140. 53 6.9 1.60 60 .9 

5-31-59 0845 8.95 67 .75 14.95 1.67 155 .48 8. 3 0. 93 69 . 2 
1400 5. 25 73.00 8.17 1.56 163.65 5.1 0.97 74.3 
2345 . 9.75 81.25 12 .68 1.30 176. 33 9.9 1.02 84 . 2 

6- 1-59 0800 8. 25 91.00 10. 00 1.21 186.33 9.0 1.09 93. 2 1300 5. 00 96. 00 5. 81 1.16 192 .14 4. 2 0. 84 97.4 
1700 4. 00 100.00 4.68 1.17 196 . 82 5.4 1. <5 102. 8 
2354 6.90 106 .90 7.50 1.09 .204 .32 6.5 0.94 109 .3 

6- 2-59 0830 8.60 115.50 9.30 1.08 213.62 8.5 0.99 117 .8 
1700 8. 50 124 .00 9.08 1.07 22.2 .70 7.9 0.93 125.7 

6- 3-59 0006 7.10 131.10 7.36 1.04 230 . 06 6. 2 0. 1!7 131.9 
08)0 8.40 139. 50 8.79 1.05 238 . 85 8. 6 1. 02 140. 5 

~ 1703 8.55 148.05 8.71 1.02 247. 56 7.6 0. 89 14!' . 1 
2215 5 • .20 153.25 5.14 0.99 252 . 70 5.3 1.02 153 .4 "' 6- 4-59 0745 9.50 162.75 9.07 0.95 261 .77 6.8 0. 72 160.2 
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Table 34. Run 14A. The distribution of moisture in the soil column 
as a function of time and distance from the evaporating 
surface. 

. Tensiometer ReadingaB 

Hour (em Hg at porous cups at given diet. from 
Day of evaporating surface) 

day 2cm 4 em 12 em 16 em 24 em 

5-28-59 1256 2.3 2.3 2.3 2.3 2.3 
1345 3.2 2.9 2.7 2.3 2.2 
14.30 4.2 3.6 .3.4 2. 8 2.6 
1536 5.5 4.7 4.4 .3.5 .3.2 
1700 7.1 5.9 5.4 4 • .3 3.8 
2045 11.0 8. ?. 7.7 6,0 4.9 
2345 14.1 11.2 9.1 7.0 5.4 

5-29-59 0745 19.8 12.7 12.1 9.0 6.1 
1045 30.2 20.7 12.9 9.5 6.3 
1400 37.0 24.1 1.3 .9 10.0 6. 4 
17.30 45.5 28 • .3 14.9 10.9 6.6 
2245 55.9 3.3.6 16.5 11.7 7.0 

5-30..59 0830 58.9 41.9 19.1 1.3 .1 7.1 
19.30 59 . .3 48 .0 21.0 15.1 7.9 
2348 59.4 48.9 21 . 2 14.9 7.3 

5-31-59 0845 59.5 50.7 22 .2 15.9 7.8 
1400 52. 3 22 .7 16 • .3 7.9 
2345 54.4 23.7 16.9 8.0 

6- 1-59 0800 55.8 24.1 17.8 8.2 
1.300 56.1 24.2 18.0 8,0 
1700 56 .2 24. 2 18.1 7.9 
2354 56.7 23 • .3 18.8 7.9 

6- 2- 59 0830 57 .2 23 .7 19.0 7.9 
1700 57.2 23.4 19.6 7.8 

6- 3-59 0006 57 .7 23.4 19.6 7.7 
0830 57.9 22.3 20.2 7.6 
1703 21.7 20.0 7 • .3 
2215 20.6 19.5 7. 2 

6- 4-59 0745 20 .7 21.3 8.2 

aTensiometers at 8 and 30 em not operating properly . 
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Table 35. Run 14A. The di stribution of temperature in the soil column 
as a function of t ime and distance from the evaporating 
surface. 

0,2 em ~.o em 16 em 
Day !lour f~)· !lour r~)· !lour r~)· 

5-28-59 1251 37.7 1252 37.7 1253 37.7 
1303 35.3 
1304 34.7 
1305 34.3 1306 37.7 
1310 32.7 1312 37.5 
1315 31.7 1.317 37.3 
1322 30.9 1323 37.1 
1329 30.4 1330 36.8 
1333 30.2 1334 36.6 1335 37.7 
1340 30.0 1341 36.4 
1.357 29.6 1358 36.2 1400 37 .7 
1402 29.5 
1429 29.3 
1437 29.4 14.38 3'5.8 14.39 .37.7 
1532 29.4 15.3.3 .35.8 1534 37.6 
1708 29.5 1709 35.6 1710 37.5 
2041 29.7 2042 35.5 2043 37.4 
2340 29.9 2341 35.4 2342 37.3 

5-29-59 0737 30.3 0738 35.6 0739 37.4 
1041 .30.4 1042 .35.6 1043 37.4 
1729 31.0 1732 36.0 1733 37.6 
2241 31.0 2242 35.8 2243 37.5 

5-30-59 0822 31.2 0823 35.5 0824 37.1 
1928 32.5 1929 36.4 
2343 32.5 2344 36.2 2345 37.4 

5-31-59 0842 33.0 0843 36.4 0844 37.5 
1359 33.8 1400 36.7 1401 37.6 
2337 34. 2 2338 36.5 2338 37.5 

6- 1-59 0759 34.5 0802 36.8 0803 37.5 
1253 34.5 1254 36.7 1255 37.5 
:!.655 34.5 1656 36.5 1657 37.4 
2345 )4.8 2346 36.9 2347 37.6 

6- 2-59 0827 34.9 0826 36.9 0828 37.5 
1655 35.1 1656 37. 2 1657 37.8 
0002 35.2 0003 37.3 0004 37.6 
0826 35.3 0827 37.5 OS28 37.9 
1658 35.2 1659 37.2 1659 37.7 
2205 35.3 2206 37.2 2207 37.5 

6- 3-59 0734 35.6 0735 37.5 0736 37.7 



Table 36. Run 16A. Basic data on the evaporation of water from the soil column and its replenishment 
from the •water table." 

Time since 
Hour last Time since Water Rate of Rmming H20 uptake Rat e of Running 

Iny of reading expt . evaporated evaporation total of from H20 uptake total of 
day <It began ~Q t>Q/ AT evnp.~ Q res ~rvoir by sample uptake 

(hrs) (hrs) (gms) (gm/hr) (gms (cc ) (cc/hr) (cc) 

6- 9-59 0945 .75 1.60 2.13 1.60 
1030 .75 1.50 1.16 1.55 2.76 
1200 1.50 3.00 2.13 1.42 4.89 
1400 2.00 5.00 2.78 1.39 7 .67 
1700 3.00 8.00 4.24 1.41 11.91 
2000 3 . 00 11.00 3.93 1.31 15.84 

6-10-59 0000 4.00 15.00 5.20 1.30 21.04 
08)0 8.50 23 .50 10.77 1.27 31.81 7.5 . 30 7.5 
1500 6.50 30.00 8.00 1.23 39.81 3.8 .58 11.3 

6-11-59 ()()()() 9.00 39.00 10.56 1.17 50.37 
0930 9 . 50 48. 50 10.71 1.13 61.08 15.4 . 84 26 .7 
2100 11.50 60.00 12.24 1.06 73.32 

6-12-59 0930 12.50 72 . 50 12.67 1.01 85.99 13.9 1.11 40 .6 
2115 11.75 84 . 25 11.35 0.97 97 .34 

6-13-59 0900 11.75 96 . 00 10.77 0.92 108.11 
2200 1).00 109.00 11.32 0.87 119.43 22. 8 .97 63.4 
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'I'Ilble 37. Run 16A . The nistribution of moisture i n t he soi l column 
a~ a function of time an•l distance from the evaporating 
surface . 

Tensiometer Readings 

Hour (em Hg at porous cups at given dist . from 
Day of evaporating surface ) 

day J, em 8 em 12 em 24 em 30 em 

6- 9- 59 0854 .r . 8 . 9 1. 3 1. 8 
0945 . 6 . 6 . 7 1. 1 1. 8 
1030 . 8 . 9 1. 0 1.2 1. 8 
1200 1.4 1. 5 1.6 1.8 2. 1 
1400 2. 2 2.4 2 .3 2. 5 2. 5 
1700 3 .6 3.6 3. 6 3. 4 3 . 4 
2000 4 . 8 4 . 9 4 .7 4.3 4 . 1 

6-10- 59 0000 6 . 5 6 .3 6.1 5.3 5,0 
0830 14 . 9 14.0 13 .6 6.7 6. 4 
1500 12 .6 10.8 10 .1 7.3 7. 0 

6- 11-59 0000 16. 4 13. 0 12.1 7.7 7.6 
0930 20 .7 15.0 13.7 8.1 8 , 0 
2100 26 . 2 17.1 15. 5 8.1 8 ,0 

6-12- 59 0930 32 . 5 19.3 17. 3 8. 4 8.3 
2115 38 . 3 21. 2 18. 9 8.5 8.4 

6-13- 59 09!JO 43 .6 23 . 0 20 . 3 8 .6 8.5 
2200 48 . 1 24 . 5 21.6 8. 4 8 .4 

6-14- 59 0900 50 . 8 25 . 7 22 .6 9. 0 8, 8 
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Table 38. Run l6A. The distribution of temperature in the soil column 
as a function of time and distance from the evaporating 
surface. 

o.~ em ~.o em 16 em 
~y Hour !6~)· Hour Te~. Hour !~)· (oc 

6- 9-59 0858 12.7 0859 12.7 0902 12.7 
0913 10.9 0915 12.5 0917 12.7 
0928 10.1 0929 12.2 0931 12.7 
1004 9. 5 1005 11.8 1007 12 . 7 
1028 9. 3 1029 11.7 1030 12.7 
1048 9.3 1049 11.6 1050 12.7 
1156 9.2 1157 11.6 1158 12.7 
1356 9.1 1357 11.6 1359 12.7 
1657 8.6 1658 11.5 1659 12.7 
1955 9.1 1956 11.5 1958 12.6 
2351 9.0 2352 11.; 2353 12.6 

6-10-59 Ofl27 8.8 0€28 11.5 0829 12.7 
1500 8.9 1506 11.5 1507 12.7 

6-11-59 0004 9.2 0005 11.6 0006 12.6 
0927 9. 2 0928 11.6 0929 12.6 
2056 9.2 2058 11.6 2059 12.7 

6-12-59 0923 9.2 0924 11.6 0925 12 .6 
2111 9.3 2112 11.6 2113 12.7 

6-13-59 0852 9.5 0853 11.7 0854 12.7 
2159 9.6 2200 11.7 2206 12.7 

6-14-59 0859 9. 8 0907 11.7 0906 12.6 
0009 9.9 0010 11.8 0011 12.8 
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Table 39. Run JB. Basic data on the evaporation of water from t he 
soil column. 

Time since 
Hour last Time since Water Rate of Running 

Day of reading exut. evaporated evaporation total of 
day lit began ~Q li Q/ Lit evap.l Q 

(hrs) (hrs) {gms) (gm/hr) (gms 

9-30-58 1304 1.07 ).24 3.03 3.24 
1530 2.43 ).50 6.58 2.71 9. 82 
2000 4.50 8,00 11.08 2.46 20.90 
2300 3.00 11.00 7.35 2.45 28.25 
0030 1.50 12.50 3.65 2.43 31.90 

10-1-58 0833 8.05 20.55 17.20 2.14 49.10 
1300 4.45 25.50 10.50 2.36 59.60 
1700 4.00 29.00 9.55 2.39 69.15 
2325 6.42 35.42 14.07 2.19 83 .22 

10-2-58 0!!45 9.33 44.75 20.60 2.21 103 .82 
1303 4.30 49.05 8.19 1.90 112.01 
1708 4.09 53.14 8.70 2.13 120.71 
2300 5.86 59.00 9.90 1.69 130.61 

10-3-58 0830 9.50 68.50 13.60 1.43 144.21 
1436 6.10 74.60 6.70 1.10 150.91 
2030 5.90 80,50 6.80 1.15 157.71 

10-4-58 0000 3.50 84.00 3.33 .95 161.04 
0951 9.85 93.85 8.44 .86 169.48 
1800 8.15 102.00 5.72 .70 175.20 
2300 5.00 107.00 5.08 1.02 180.28 

10-5-58 1530 16.50 123.50 ll.85 .72 192.13 
2206 6.60 130.10 4.05 .61 196.18 

10-6-58 0841 10.57 140.67 5.66 .54 201.84 
1415 5.58 146.25 2.72 .49 204 .56 
2230 8.25 154.50 4.55 .55 209.11 

10-7-58 1021 11.85 166.35 5.80 .49 214 .91 
1705 6.73 17),08 3.19 .47 218.10 
2300 5.92 179.00 2.46 .42 220.56 

10-8-58 1700 18.00 197.00 8.00 .44 228 .56 
2000 3.00 200,00 1.48 .49 230.04 
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Table 40. Run JB, The distribution of moisture in the soil column 
as a function of time and distance from the evaporating 
surface. 

Tensiometer Readingsa 

Hour (em Hg at porous cups at given dist. from 
Day of evaporating surface) 

day 4 em 8 em 12 em 16 em 

9-.30-58 1200 0.6 0.6 0.6 0.6 
1.304 0,8 0.9 0.7 0.7 
1530 4.1 4.0 4.0 4.0 
2000 10.6 10.5 10.6 10.9 
2300 14.1 1.3.7 13.8 14.0 

10- 1-58 0030 15.5 15.0 15.0 15.2 
0833 20.8 20.0 19.5 19.5 
1.300 23.1 22.1 21.2 20.8 
1700 25.2 23.9 22.9 22.3 
2325 29.3 27.3 26.3 25.6 

10- 2-58 0845 37 • .3 33.3 31.7 31.0 
1.303 41.5 36.4 34 • .3 33.5 
1708 45.3 .39.4 36.9 36.1 
2300 49.8 43.6 40.7 39.9 

10- 3-58 0830 5.3.3 48.8 45.9 45.5 
1436 54.2 50 • .3 48.6 48.3 
2030 54.8 52.3 50.5 50.5 

10- 4-58 0000 55.1 53.0 51.4 51.6 
0951 55.6 54.4 53.3 53.7 
1800 54.7 54.0 54.4 
2300 54.9 54.3 54.8 

10- 5-58 1530 55.4 55.1 55.6 
2206 55.3 55.8 

10- 6-511 0841 55.9 56.2 

aTensiometer at 2 em was not functioning. 
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Table 41. Run 5B. Basic data on the evaporation of water from the 
soil column. 

Time since 
Hour last Time since Water Rate of Running 

Day of reading expt . evaporated evaporation total of 
day dt began ll Q 6Q/ at evap . ~ Q 

(hrs) (hrs) (gms) (gm/hr) (gms 

11- 29-58 0954 .90 4. 25 4.72 4. 25 
1324 3.50 4.40 13.24 3.01 17.29 
1642 3.30 7.70 12 . 08 3.66 29 . 57 

ll- 30-5!l 0000 7 .30 15.00 27.06 3.71 56 .63 
O!l48 8.80 23.80 24 .47 2.78 !ll. 10 
lf'54 10.10 33.90 30.23 2.99 111.33 

12- l-58 0000 5.10 39 .00 15 . 48 3 .04 126.81 
0800 8, 00 47.00 20 .61 2. 58 JJ,7 .42 
1921 11.35 58.35 21.69 1.91 169.11 

12- 2- 58 0040 5.32 63 .67 7.08 1.33 176.19 
1.300 12 • .33 76.00 13.60 1.10 189 .79 

12- 3- 58 0240 13. 67 89 .67 10.00 0 .73 199. 79 
2124 18.73 108.40 12 . 06 0. 64 211 . 85 

12- 4- 58 0900 11 .60 120 .00 5. 65 0.49 217 .50 
12- 5- 5P 1051 25 .f'5 145 . f5 6 . 81 0.26 224 . 31 
12- 6- 58 0039 1J,80 159.65 2.88 0.21 227 .19 

1930 18.85 178 .50 3 . 48 0.18 230.67 
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Table 42. Run 5B. The distribution of moisture in the soil column 
as a function of time and distance from the evaporating 
surface. 

Tensiometer Readings 

Hour (em Hg at porous cups at given dist. from 
lA!.y of evaporating surface) 

day 2cm 4 em Scm 12 em 16 em 

11-29-58 0900 0.4 0.4 0.4 0.4 0.4 
0954 1.3 1.3 1.2 1.2 1.0 
1324 6.1 5.9 5.5 5.3 5.1 
1642 11.3 n.o 10.4 10.1 9.8 

11-30-58 0000 22,2 20,8 19.0 18.4 1?.9 
0848 35.8 31.8 27.0 20.0 19.1 
1854 54.2 49.3 40.3 36.3 34.2 

12- 1-58 0000 54.7 47.1 42.8 40.5 
0800 56.2 53.0 49.6 47.5 
1921 56.2 54.5 53.1 

12- 2-58 0040 54.5 
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Tabl e 43. Run 6B. Basic data on the evaporation of wa ter from the 
soil colunm. 

Time since 
Hour last Time since Water Rate of Running 

Day of r eading expt. evaporated evaporation total of 
day Li t began LIQ ~ <lt evap., Q 

(bra) (bra) {gms) (gm/hr) {gms ) 

1-6-59 1030 1.50 6.87 4.58 6.87 
12.36 ·2.10 3.60 8.11 3.86 14.98 
1715 4.65 8.25 16.25 3.49 31.2.3 
2145 4.50 12.75 14.44 3.21 45.67 

1-7-59 0000 2.25 15.00 7.96 3.54 53.63 
0830 8.50 23.50 27.96 3.29 81.59 
1048 2.)0 25.80 6.93 ),00 88.52 
1230 1.70 27.50 5.70 3.35 94. 22 
15.30 ).00 30.50 9.20 3.07 103.42 
2100 5.50 )6.00 15.05 2.74 118.47 

1-8-59 0000 3.00 39.00 7.09 2.36 125.56 
08)6 8.60 47.60 18.65 2.17 144.21 
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Table 44. Run 6B. The distribution of moisture in the soil column as 
a function of time and distance from the evaporating surface. 

Tensiometer Readings 

Hour (em Hg at porous cups at ~iven diet. 
Day of from evaporating surface 

day 2cm 4cm Scm 12 em 16 em 

1-6-59 0850 3.8 3. 8 3.8 3.8 3.8 
1030 6.7 6.4 6.0 5.8 5.6 
1236 10.3 9.8 9.2 8.9 8.5 
1715 17.6 16.4 15.2 14.7 14.1 
2145 23.7 21.1 18.9 18.1 17.3 

1-7-59 0000 27.2 23.4 20.5 19.4 18.6 
0830 43.6 34.1 26.3 23.2 
1048 47.8 37.0 27.2 23.5 21.9 
1230 50.1 39.3 28.7 24.8 23.3 
1530 53.3 43.5 31.8 27.2 25.2 
2100 54.6 48.5 36.8 31.3 28.7 

1-8-59 0000 55.0 50.6 39.0 33.8 31.0 
0836 53.5 45 .3 39.8 37.1 
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Table 45. Run ?B. Basic data on the evaporation of water from the 
soil column. 

Time sinee 
Hour last Time since Water Rate of Running 

Jay of r eading expt. evaporated evaporation total of 
day lit began t:. Q t,Qj t:. t evap.l Q 

(hrs) (hrs) (gme) (gm/hr) (gms 

6-10-59 1045 .75 4.00 5.3:3 4.00 
1200 1.25 2,00 5.90 4 .72 9.90 
1400 2,00 4.00 9.00 4.50 18.90 
1530 1.50 5.50 6.37 4.25 25. 27 
1700 1.50 7.00 6.26 4.17 31.53 
2030 ).50 10.50 14.15 4.04 45.68 
2315 2.75 13.25 11.35 4.13 57.03 

6-11-59 0815 9.00 22.25 36.78 4.09 93.81 
1142 3.45 25.70 13.86 4.02 107.67 
1354 2,20 27.90 8.90 4.50 116.57 
1700 3.10 31.00 12.14 3.92 128.71 

6-12-59 0000 7.00 38.00 26.20 3.74 154.91 
0830 8.50 46.50 28.90 3.40 18).81 
1300 4.50 51.00 12.61 2.80 196.42 
1700 4.00 55.00 8.32 2.08 204.74 
2300 6.00 61.00 10.35 1.72 215.09 

6-13-59 0815 9.25 70.25 12.80 1.38 227.87 
1745 9.50 79.75 10.60 1.12 238.49 

6-14-59 0030 6.75 86.50 6.70 0.99 245.19 
0930 9.00 95.50 8.43 0.94 253.62 
1900 9.50 105.00 7.35 0.77 260 .97 

6-15-59 0700 12.00 117.00 8.05 0.67 269.02 
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Table 46, Run 7B. The distribution of moisture in the soil column 
as a fUnction of time and distance from the evaporating 
surface. 

Tensiometer Readings 

Hour (om Hg at porous cupe at ~iven dist. 
Day of from evaporating surface 

day 2om 4 om Scm 12cm 16 em 

6-10-59 1000 .5 .5 .6 .4 ,J 
1045 1.8 1.4 1.5 1.2 1.2 
1200 3.9 3.6 J,6 3.2 J,l 
1400 7.5 7.2 7.2 6.6 6.6 
1530 9.9 9.5 9.5 9.0 8,8 
1700 12.7 12.4 12.2 11.6 11.4 
2030 18.9 18.5 18.1 17.2 16.9 
2315 2),0 22.3 21.6 20.6 20.1 

6-11-59 0815 34.6 32.4 29.7 27.5 26.6 
1142 41.9 38.1 33.8 30.9 29.5 
1354 48.1 42.7 )6.9 33.2 31.6 
1700 55.9 49.8 42.0 37.1 34.9 

6-12-59 0000 58.9 57.4 51.9 45.5 42.9 
08)0 58.4 57.8 52.5 50.8 
1300 58.) 54.7 53.5 
1700 56.1 55.0 
2300 57.4 56.6 

6-13-59 0815 58.2 57.7 
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Table 47. Run ?B. The distribution of temperature in the soil column ~s a function of time and dis tance 0 

from t he evaporating surface . 

..{).5 em 1 em 2 Cr.! (±em 6cm 9 em 1~ em 16 em 
Day Hour T11mn . Hour Tem) . Hour T<>m) . Hour T'>rnp . Hour Tem). Hour Temp . Hour Temp. Hour Temn . 

("c) (oc (OC ("c) ("c (oc) (
0 ci (oc) 

6-10-59 0841 3'7 .7 08/,2 37 .7 0845 37.7 0846 37.7 0847 37.7 0848 37.7 0850 37.7 37.7 
1008 33. 0 1009 31 .6 1010 35.4 lOll 37 . 5 l Oll 37.7 1012 37.7 1013 37 .7 37. 7 
1014 32. 3 1015 32.1 1016 34.3 1017 36 . 8 1018 37. 6 1019 37.7 1020 37 .7 37.7 
102" 32 .1 1022 31.2 1023 33 .3 1024 36.2 1025 37.3 1026 37.7 1027 37. 8 37. 7 
1029 32.1 1029 30.9 1030 33 .0 1031 35 . 9 1032 37.8 1033 37.7 1034 37. 8 37.7 
1036 31.8 1037 30.5 1037 3? .4 1038 35.5 1039 37.6 1040 37.7 1041 37. 8 37.7 
1052 31.6 1053 30 .1 1053 3? .0 1054 35 . 0 1055 36.6 1056 37 .3 1057 37.8 37.7 
1110 31.6 1110 30. 0 1111 31.9 1111 34.7 ll12 36.4 1113 37.2 1114 37.9 37.7 
1143 32 . 0 1141, 30. 0 1144 31.7 1145 34.6 1146 36.2 1147 37.3 1148 37.7 37.6 
1203 32.0 1204 30.0 1205 31.9 1205 3L.6 1206 36.2 1207 37.0 1208 37 .7 37 . 6 
1405 32 . 0 1406 29 .9 1407 31.7 1407 34.5 1408 36.1 1409 36 .9 1410 37 .6 37. 6 
1533 31.9 1534 ?9 .7 1536 31. 5 1536 :4.3 1537 35 . 9 1538 36 . 8 1539 37. 6 37.4 
2027 32 . 0 2028 29.4 2029 31.1 2030 33.9 2032 35 . 3 2033 36.4 2035 <7.3 37. 2 
2307 32.3 230!:' 29 . 6 2310 31.3 2311 34. 0 2312 35.7 2313 36 .9 2314 37 . 6 37.3 

6-11-59 0805 32 . 3 0806 29 .5 0807 31.1 0808 33.9 0809 35 .7 0810 36.8 0811 37. 5 37.2 
1134 32.3 1134 29 .6 1135 31.3 1136 34.0 D.36 35 . 8 1137 37.0 1138 37.6 37.3 
1348 32.3 1349 29 .4 1350 31.2 1350 31 .9 l351 35 .7 1352 37. 0 1353 37.6 37.2 
1702 32.3 1703 29 .6 1704 31.2 1705 34 . 0 1705 35.7 1706 36 .7 1707 37.5 37. 2 
2349 32.6 2350 29 .6 2350 31.3 2351 34.0 2351 35 .7 2352 36.9 2353 37.5 37 .4 

6-12-59 0822 33.3 0823 30.4 0823 32.1 0824 34.6 0825 36.1 0826 37.1 0827 37.6 37.3 
1259 34.4 1259 31.9 1300 33.3 1305 35.3 1306 36.4 1306 37 .2 1307 37.5 37.5 
1703 35.5 1704 33.1, 1705 34.6 1706 36.0 1707 37.0 1708 3'1.6 1708 37. 6 37.6 
2253 36.0 2252 34 .1 2251 35 .1 2254 36.2 2254 37 .o 2255 37.5 2255 37.7 37.4 

6-13-59 0819 36.6 0820 35.0 0820 35 . 8 0821 36.5 0822 37.3 0823 1 7.8 0824 38.0 37.6 
1740 36 .9 1741 35.8 1742 36.4 1742 36.8 1743 37.4 1744 37 . 8 1744 38.1 37. 0 

6-14-59 0022 37.0 0023 35 .9 0023 37. 3 0025 37 .4 0026 37 . ? 0027 38.1 37.7 
0922 37.3 0923 36.5 0024 36.7 0925 36 .9 0926 37.4 0927 37.9 0927 38.1 37 .7 
H'59 37.4 1900 36. 8 1901 37 .0 1902 37. 0 1903 37.5 1904 37.9 1904 38.1 1905 37 .7 



6-15-59 0656 37. 7 0658 37.2 0659 37.1 0700 37. 0 0714 J7. 5 0717 37 .r 0721 38. 1 0723 37 .7 
1650 37. 7 1652 37.7 1654 37.5 1655 37 .3 1656 37.6 1658 37 .9 1703 37.7 

6-16-59 0827 37. 8 0828 38 .0 Of 30 37 .6 0811 37.1 08]:' 37. 2 0833 37 .7 0838 38 . 0 0839 J7.4 
1642 38. 0 1644 38.5 1645 38 .0 161,6 17.5 1647 37 .7 1648 31'1 . 0 1650 38.1 1651 37. 8 

6-17-59 0823 37. 8 0825 38. 5 0826 38.0 Of27 37. 2 0828 37 .4 0829 37.6 0830 37.7 0831 37. 2 
1659 37.9 1702 3!' . 2 1704 37 .6 1708 37 .1 1709 37 . 5 1711 37.7 1712 37. 9 1713 37 .6 

6-18-59 0850 37.7 0852 37. 0 Of53 37 .0 0854 36. 8 0855 37 .2 01'56 37. 5 0857 37 .6 0857 37.2 
6-19-59 0853 37.5 0854 36.7 0!'55 36.7 0856 36 .6 0857 36 . 9 0858 37 . 2 OE59 37.5 0900 37.0 

1654 37.4 1655 37. 2 1656 37. 2 1657 37.0 1658 37.4 1659 37.8 1700 37 .9 1701 37.6 
6-20- 59 0827 17.6 0828 37 . 2 0828 37.0 0829 36.8 0829 37 .1 0830 37. 6 0.831 37.6 0832 37. 2 

1622 37. 5 1623 37 .6 1624 37. 3 1624 37.0 1625 37.4 1626 37.9 1627 38. 0 1628 37.6 
6-21-59 0949 37. 5 0950 37 . 7 0951 37.4 0952 37.0 0953 37.3 0953 37. 6 0954 38 . 0 0955 37.4 

2125 37. 5 2125 37. " 2126 37.6 2126 37.2 2127 37.4 2128 37. 9 2128 38. 0 2129 37.7 
6- 22- 59 0810 37 . 7 0811 38. 0 0812 37.7 0813 37 . 2 0814 37.4 0814 37.9 0814 38.1 0815 37.7 

1657 37.7 1658 38. 0 1658 38. 0 1659 37 .4 1700 37.6 1702 37.9 1703 38. 1 1703 37.7 
2305 37 . 5 2306 38.0 2307 37 . 8 2307 37 . 2 2308 37.4 2308 37.8 2309 38.1 2310 37. 6 
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Table 48 . Run 8B. Ba8ic data on the evaporation of water from the 
soil column. 

Time since 
Hour last Time since Water Rate of Running 

Day of reading expt. evaporated evaporation total of 
day 6t began 6Q t:;Q/ c. t evap., Q 

(hrs) (hrs) {gms) (gm/hr) {gms ) 

7-20-59 1345 .75 1.30 1.73 1.)0 
1430 .75 1.50 1. 20 1.60 2.50 
1630 2.00 3.50 3.10 1.55 5.60 
2000 3.50 7.00 5.14 1.47 10.74 

7-21-59 0015 4.25 11.25 6.04 1.42 16.78 
0830 8.25 19.50 11.34 1.37 28.12 
1300 4.50 24.00 6.00 1.33 34.12 
1700 4.00 28.00 5.30 1.32 39.42 

7-22-59 0000 7.00 35.00 9.05 1.29 48.47 
1000 10.00 45.00 13.00 1.30 61.47 
1621 6.35 51.35 7.91 1.25 69.38 

7-23-59 0030 8.15 59.50 10.22 1.25 79.60 
0900 8.50 68.00 10.50 1.24 90.10 
1700 8.00 76.00 9.70 1.21 99.80 

7-24-59 0000 7.00 83.00 8 .44 1.21 108.24 
0900 9.00 92.00 10.76 1.20 ll9.00 
2300 14.00 106.00 16.30 1.16 135.30 

7-25-59 1000 11.00 117.00 12.78 1.16 148.08 
2200 12.00 129 .00 13.46 1.12 161.54 

7-26-59 0900 u.oo 140.00 11.90 1.08 173.44 
2200 13.00 153.00 1).85 1.07 187.29 

7-27-59 1000 12.00 165.00 12.13 1.01 199.42 
2200 12.00 177.00 10.46 0.87 209 .88 

7-28-59 0900 11.00 188 .00 6.75 0.61 216 .63 
2200 13.00 201.00 6.25 0.48 222.88 

7-29-59 1000 12.00 213.00 4.90 0.41 227.78 
2300 11.00 224.00 4.34 0.39 232.12 

7-30-59 0900 10.00 234.00 3.07 0.31 235.19 
2100 12.00 246.00 3.30 0.28 238.49 

7-31-59 0900 12.00 258.00 2.91 0.24 241.40 
8- 1-59 0006 15.10 273.10 3.30 0.22 244 .70 

1600 15.90 289.00 2.78 0.17 247.48 
8- 2-59 1018 18.30 307. 30 4.20 0.23 251.68 

2200 11.70 319.00 2.90 0. 25 254 .58 
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Table 49. Run BB. The distribution of moisture in the soil column as 
a function of time and dietanee fran the evaporating surface . 

Tensiometer Readinge 

Hour (em Hg at porous cups at ~iven dist. 
Day of from evaporating surface 

day 2cm 4cm Scm 12 em 16 em 

7-20-59 1250 .4 .4 .4 .4 .4 
1345 ·.3 ·4 .3 .3 . 2 
1430 .3 .4 .3 . 2 . 2 
1630 .6 .6 .5 . 5 .5 
2000 1.9 1.9 1.7 1.8 1.7 

7-21-59 0015 4.2 4.2 4.0 4.0 3.9 
0830 9.7 9.7 9.3 9.4 9.1 
1300 12.5 12.5 11.9 12.0 11.8 
1700 14.8 14.8 14.5 14.1 13.9 

7-22-59 0000 17.7 17.7 16.8 17.0 16.7 
1000 21 .9 21.8 20.4 20.5 20.0 
1621 23 .7 23.6 22.1 22.0 21.5 

7-23-59 0030 26.7 26.3 24.2 24.0 23 .4 
0900 30.8 30.0 26.8 26.3 25.4 
1700 33.0 32.3 28.7 28.3 27.3 

7-24-59 0000 33.8 32.8 29.5 29.2 28.4 
0900 37.4 36.0 31.6 :31.0 30.0 
2300 48 .5 44.6 36.5 35.0 33.1 

7-25-59 1000 57.1 52.4 41.3 39.0 36.3 
2200 58.5 57.1 46.8 43.6 40.4 

7-26-59 0900 58.3 50.9 47 . 8 44.1 
2200 58.7 55 . 2 52.0 47 .8 

7-27-59 1000 57.3 55.0 51.1 
2200 57. 8 56.4 53.5 

7-28-59 0900 58.4 57.6 55. 2 
2200 58.7 58.0 56.3 

7-29-59 1000 58.7 57.8 57.1 
2300 58.4 57.4 

7-30-59 0900 58.6 57.9 
2100 58.8 58.2 

7-31-59 58.5 
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Table 50. Run 8B. The distribution of t emnerature in the soil column as a function of time anr' i "tance 

f:: 
from the evaporatinp, surface . 

-O.t Cit 1 em 2cm !t em 6 em 2= 1,2 em 16 em 
Day Hour=) · Hour r~· Hour Temu . Hour Tern). Hour Temp . Hour r~)· Hour r~)· Hour r~) · (oe (Del (oe (Del 

7-20-59 1252 12 .7 1254 12. 7 1256 12.7 1257 12. 7 1259 12 .7 1303 12 .7 1305 12 . 7 12.7 
1310 10. 2 1312 ll . 5 1313 11.9 1315 12.4 1316 12. 6 1317 12 . 7 Dl!l 12 .7 12.7 
1320 9.8 1321 10.9 13:22 11.4 1324 12.1 1325 12 . 5 1326 12.7 1328 12 .7 12 .7 
1330 9.5 1331 10.5 DJ3 11.2 1334 11.8 1336 12 .3 1337 12 .6 1338 12.7 12.7 
1341 9.5 
1421 10.0 1423 10. 4 1424 11.0 11..25 11.7 1428 12 . 3 1429 12.4 11,.30 12 .9 
1626 10. 2 1628 9.9 1629 10.6 1630 11.3 1( 34 11.9 1635 12 . 3 1636 12 .7 13.0 
1955 10. 4 1957 9 . 8 1958 10 .4 1959 ll.2 2003 11.9 2004 12.3 2005 12.7 12 .9 

7-21-59 0006 10.5 0007 9. 8 0008 10. 2 0009 11.0 0010 11.9 0012 12 .4 0013 12 . 6 12 . 7 
0821 10.4 0822 9.7 0824 10 . 3 0825 10.9 0827 11 . 8 0828 12 . 2 0828 12 . 6 12.7 
1255 10.4 1256 9 .6 1257 10.2 1258 10 . 8 1259 11 .6 1300 12.2 1303 12 . 5 12.5 
1654 10 .4 1655 9 .7 1655 10. 2 1656 10 . 8 1657 11.7 1658 12. 2 1659 12 . 5 12.5 
2350 10.4 2351 9 .7 2353 10. 2 2354 10 . 8 2355 1] .7 2356 12 . 2 2357 12.5 12 .5 

7- 22- 59 0955 10 .4 0956 9.7 0956 10.1 0957 10.8 0958 11 .6 0959 12 . 2 1000 12 . 4 12 .4 
1612 10. 3 1613 9.6 1614 10 .1 1615 10 .7 1616 11.6 1617 12.1 1618 12 . 5 12. 6 

7-23- 59 0028 10. 3 0029 9.6 01129 10.1 0030 10.8 0031 11.6 0032 12.2 <X'33 12. 5 12 .5 
0852 10. 3 0853 9.6 0854 10.0 0855 10.8 0856 11 .6 0857 12.2 085~ 12 .4 12 .5 
1656 10.4 1657 9.7 1658 10. 2 1658 10.8 1659 11.6 1700 12. 2 1706 12 .4 12 .4 
235'5 10.4 2356 9.6 23 57 10.1 2358 10.8 23 59 11.6 23 59 12. 2 0000 12 . 5 12. 5 

7-24-59 0855 10.4 0856 9.7 0857 10 .1 0858 10.8 0858 11 .6 0859 12 .2 0900 12.5 12.5 
2257 10. 4 2258 9.7 2258 10.1 22 59 10.8 2305 11.6 2306 12. 2 2307 12.4 12.4 

7-25-59 ()956 10 .4 0957 9. 8 0958 10.2 0959 10.9 lOCO 11.7 1005 12.3 1006 12. 4 1007 12.4 
2202 10.4 2203 9.8 2204 10. 2 2205 H1.9 2205 11.6 2206 12.2 2207 12.5 2208 12.5 

7- 26- 59 0855 10.4 0856 9.7 0857 10 .1 0858 10 .9 0859 11 .6 0900 12.2 0902 12. 2 0903 12.4 
2206 10.3 2207 9.7 2208 10.1 2209 10 . 8 2210 11. 5 2211 12 .1 2212 12 . 4 2213 12 .4 

7-27-59 0957 10 .4 0958 9.9 0959 10 . 3 1000 10.9 1003 ll . 6 1004 12.2 1005 12 .4 
2204 10.8 2205 10.3 2206 10.6 2207 ll.O 2208 11 .7 2208 12.2 22'19 12.5 2210 12 . 5 



7-28-59 or 56 11.2 0~ 57 1~ . 8 0!'5S 10 . 9 OS59 11. 2 0900 11 . S 0902 12 . 3 090) 12 . 4 0904 12 .4 
2159 11.4 2149 10 . 9 2152 11.1 2152 11. 3 2153 11.9 2154 12 . 3 2154 12 . 4 21 55 12 .4 

7-29- 59 0953 ll . 5 0951. 11 . o 0955 11.1 0956 11 . 3 095S 11.9 095? 12 . 3 0959 12 .4 1000 12 . 4 
2258 11.6 225'J 11.1 2300 11.1 2302 11. 3 2303 11 . 9 2304 12. 3 2304 12 . 4 2305 12 .4 

7-30-59 01'54 11.6 0854 11. 2 0855 11. 2 0856 11.4 0!357 11.9 0€57 12 . 3 0858 12 . 4 0859 12 .4 
2100 11.7 2101 11. 2 2103 11.2 2104 11.3 2105 11.9 2105 12 . 3 2106 12 . 4 2107 12 .4 

7-31-59 OP59 11.8 0')00 11. 3 0905 11. 2 0906 11.3 0907 11. 8 0910 12 . 3 0911 12 . 4 0912 12.4 
2322 u. s 2323 11.4 2325 11.3 2326 11.3 2127 u. s 2328 12.3 2329 12 .4 2330 12 .3 

8- 1-59 154<' 12.0 1549 11. 5 1550 11.4 1551 11.4 1551 11. 8 1552 12. 2 1552 12 . 4 1553 12 . 4 
8- 2-59 1010 12 .1 l Oll 12 .0 1012 12 . 0 1213 11. 9 1014 12. 2 1014 12. 4 1014 12 . 4 1015 12 .4 

2203 12.1 2204 11.9 2:?05 11.9 2206 11.9 2206 12. 2 2207 12.4 2207 12. 4 2208 12 .3 
8- 3-59 0954 12 .1 0955 11.9 0956 11.9 0957 11.9 0957 1?. .2 0958 12.4 0959 12 . 4 0959 12.3 
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Table 51. Series B. Distribution of moisture in the column as 
determined by gravimetric sampling at the end of the run, 

Distance from evap. surface % Moisture by wt. (oven-dry bas is ) 
at midpoint of the 
sampling interval Run JB Run 6B Run 8B 

(em) (gm/gm) (gm/gm) {gm/gm) 

·5 2.J7 10.32 5.19 
1.5 5. 21 14.02 8.51 
2.5 8.67 15.01 10.50 
J.5 9.86 15.95 11.11 
4.5 10.76 16.52 11.90 
5.5 10.88 16.78 12.63 
6.5 11.47 17.22 13.04 
7.5 11.54 17.39 13.94 
8.5 11.87 17.47 13.99 
9.5 12.00 17.76 14.12 

10.5 12.04 17.96 14.28 
11.5 12.10 18.06 14.46 
12.5 12.13 18.23 14.57 
13.5 11.98 18.19 14.54 
14.5 12 .27 18.20 14.58 
15.5 12 .41 18.39 14.58 
16.5 12.44 18.30 14.62 
17.5 12.57 18.49 14.87 

Duration of run (hrs) 200.0 47.6 319.0 

Temperature of bath (0 c) 24.9 34.9 12.7 

Bulk density of sample (gm/cm3) 1.40 1.40 1.40 

Initial moisture suction (em Hg) 0,6 3.8 0.4 
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APP'ENDIX II 

Propoeitiona 



Propositionsa 

1. lnny non- rP.producible experimental results for heats of wetting, 
adsorption isotherme, and gurf~ce are~s c~n be exnlainPd on the 
basis of slight differences in tho initial moisture contents of 
the samples . 

268 

2 . The classical work of Brown an~ F.scombe (1900) on diffusion through 
porous septa is usually misintArpreted , 

Ja . The rate determining process for the apnroac~ to equilibrium in 
the case of arlsorption of water on dry colloidal l'lB.terials in vacuo 
is the dissipati on of ~eat rather th~n tho r~te of condeneatlon or 
uptake of water vapor , 

b. or, little success can be expecten in sturlying the kinetics of 
adsorpt ion of moisture by soils using "hiph vacuum" techniqu"!s . 

4 . The resistance to wqter flow through the conducting tissue of plants 
is small in co~parison to the resistance that exists in the rcpion 
between the root hair and tho xylem . 

5. RP.searchers have been oo.reless in deslgnating the "driving force" 
in evaporati on of w~ter and , in fact, often mistake it completely. 

6. More class ti~P. should be spent in doinp, things other than givi ng 
and taking notes . The sit~~tion could be l argely r emedien by co.re
fully prepar"d lecture outlines available to the students throur,h 
the college booYstore. 

7 . Emphasis on operational definitions is w~rranted even if they do 
fall short of the theoretical ideal . 

a. Air entry into soil nurin~ drying merits mor e attention than it has 
received to date in analyses of drying; it is a more serious problem 
in laboratory than in field studies , 

aThe defense of several propositions is a porti on of the final 
examinati on of candidates for the Ph. D. degree in Agrono~ ~t Utah 
St ate University. 



Proposition No. 1 

Many non-reproducible experimental results for heats of wetting, adsorption 
isotherms, and surface areas can be explained on the basis of slight 
differences in the initial moisture contents of the samples. 

Surface Areas and Adsorption Isotherms 

Several different groups of workers, none of whom were aware of the 
dilema of the others, have encountered the problem of the effect of the 
initial moisture content of the sample on the results of sorption experi
ments. The riddle is: Why should relatively small variations in initial 
moisture content have such a tremendous effect on the adsorption process? 

Mooney, Keenan, and Wood (1952) found on repeated adsorption
desorption measurements of water vapor on montmorillonite that the 
desorption isotherms were reproducible whereas the adsorption isotherms 
depended on the initial water content of the sample. The problem was 
so serious that it foroed these workers to use desorption isotherms 
exclusively in their analysis. They offered the possible explanation 
the t when the clay is "practically dry", surface inhomogeneities cause 
the system to be very s ensitive to slight variations of residual water 
present, 

Barrer and Mackenzie (1954) demonstrated in their kinetic studies 
that the sorptive properties of attapulgite toward other species which 
included N2, 02, C02, NH3, CHJOH, and C2H50H were linked with its water 
content. Note that this effect, although probably hysteresis-linked, is 
not the hysteresis main effect; these workers found that hysteresis was 
•very slight" if the samples had been initially outgassed at temperatures 
close to those of subsequent sorption. They considered that crystal 
imperfections result in cations being sparsely distributed along the 
channels, which together with water molecules provide high energy barrierw 
opposing diffusion, even a few of which could inhibit entry into the 
intracrystalline channels by reducing the diffusion rate to a negligible 
value. 

Some of the data of Barrer and Mackenzie is presented in Figures 18, 
19, and 20. Figure 18 shows the marked difference in water lose as a 
function of temperature depending upon whether degassing was performed 
under atmospheric or vacuum pressure conditions, They also found that as 
the initial outgassing temperature increased the sorption equilibrium in 
subsequent low temperature isotherms was established with increasing 
slowness and that lower equilibrium value9 resulted. The latter effect 
is shovn in Figure 19. A third effect noted by these workers i s that, as 
shown in Figure 20, the equilibrium uptake is very sensitive to the 
duration of outgassing. All these factors--pressure, duration and tem
perature of outgassing--affect the moisture content of the sample. 
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Figure 18. Loss of volatile matter from 
attapulgite as a function of out
gassing temperature for atmospheric 
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and Mackenzie, 1954, Figure la) 
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Figure 19. Effect of duration of out
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subsequent N2 sorption by attapulgite 
at -1940 C. (From Barrer and Mao
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Figure 20. Effect of temperature of 
outgassing upon subsequent sorption 
of N2 by attapulgite at -194° C. 
(From Barrer and Mackenzie, 1954, 
Figure 2d) 



t- -2 -
~ 
t=: -4 
3: 
" -6· 

60- • 
0 40-

20-

·~140-
<.9 

N 100-
~ 

60. 

~ 30 _ 
<.9 
<.920-
~ 

I 0 L_ 
0 

' . . 
.. 3 

4 

100 200 300 

TEMPERATURE, °C 

Figure 21. Correlation of various properties of pentane 
sorption with outgas~ing temperature: (1) water loss 
from attapulgite, (2) C value, (3) surface area, (4) 
amount sorbed at r elative pressure 0.1. (From 
Barrer, J>hckenzie, and M!l.cLeod, 1954, Figure 3) 

271 

Bbrrer, Mackenzie, and McLeod (1954) found that a close relation
ship exists among the temperature coefficient of water los s , the C 
parameter of the B.F..T. theory equation, surface areas, and the amount 
of pentane adsorbed at relative pres sures of 0.1 at various temperatures 
of outgassing. The inter-relationships are shown in Figure 21. It may 
be noted that the rate of water loss is r apid at the standard oven
drying temperature of 105 - 110 OC used by soils workers. 

According to Tomes, Runt, and Blaine (1957), Powers and Brownyard 
(1946) found that the ratio vm/wn, where vm is the amount of material 
required to form a monolayer of the sorbate in the B. E.T. equation, 

p 

v (po - p) 
1 c - 1 

= -;;-c • -;;-c _P_ 
Po 
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and wn is the nonevaporable water content of hydrated cement, vas nearly 
constant. Lin the equation, p is the vapor pressure of wter in equi
librium with the specimen, p0 is the vapor pressure of pure water at the 
same t emperature, C is a constant related to ~H adsorption, v is the 
amount of water adsorbed per gram of speoiman, and Vm is the amount of 
water r equired to cover the surface completely with a unimolecular layer~ 

The constancy of the ratio ?m/vn suggests that the surface area 
computed from water-vapor adsorption data is proportional to the amount 
of hydration products present. Since Powers and Brownyard had also 
noticed that successive sorption isotherms on hardened portland cement 
are not reproducible, Tomes and co-workers concluded that the specific 
surface of portland cement is a function not only of hydration products 
but also of the history of the speciman after hydration stops. 

In response to the above observations Tomes, et al., (1957) conducted 
extensive experiments to study (a) the nonreversible vapor sorption 
behavior of hydrated cement, (b) its behavior when wetted with liquid 
and dried under vacuum and (c) the manner in which Vm and Wn vary when 
determined on specimens of the same paste that had been dried for different 
periods of time, 

Nonreversible sor;tion behavior. Portland cement of water I cement 
ratio 0,5 wan poured :Oto l X 5 X 5 em molds where it hardened for 24 
hours. It was then cured in closed quart jars in high humidity for some 
time. The samples were vacuum dried for two days to stop hydration, 
broken into small pieces and stored for several months in sealed glass 
tubes. Before making adsorptions the samples were dried for 6 days from 
the stored state before exposure to water vapor. They were then sub
jected to successive adsorption and desorption cycles. In cycles 2 - 7 
the specimens were redried to their cycle 1 dry weight before exposure 
to water vapor. Before cycle 8 was begun they were dried for 41 days. 

Figure 22 depicts the change in surface area" of hydrated portland 
cement of two different size fractions which were carefully taken through 
8 cycles of drying ancl adsorption. It can be sean that the surface area 
of the powder decreased from 90 m2 gm-1 on the first cycle to about 
56m2 gm-1 on the seventh and eighth cycles. These workers concluded 
that the change is, for the moat part, independent of the state of sub
division of the cement. They postulated that "the loss in sorption 
capacity probably involves small changes in the colloidal structure of 
the paste." Surface areas by N2 adsorption also showed decreasing 
surface areas on successive cycles, 

Liquid~ and dried under~· In order to compare wetting 
from the liquid phase with vapor-wetting as in the surface area measure
ments a number of specimens were wetted by covering them with liquid 
water for one hour at 21 ! .2° C after which the water wa~ evaporated by 
vactrum. 

Wetting and drying in this ma~~er produced less change in the water 
sorptive capacity than was produced by adsorption an~ desorption of 
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Table 52. Dry weights and amounts of water adsorbed by speoimens dried 
for different periods of time . 

Dry weight Grams of water absorbed per gm of 
Cumulative (gm water ignited paste at r elative pr essure , 

Specimena drying timeb per gm p/po 
(days ) ignited paste ) 0.0999 0.1478 0.1954 0. 2400 

7A 2. 6 1.1373 0.0147 0.172 0.0192 0.0214 

7B 3.5 1.1234 ,02J3 .0259 . 0284 .0305 

7C 4.4 1.1186 .0254 .0285 .0304 .0329 

7D 5.4 1.1171 .0259 . 0289 .0314 .0136 

7E 6.4 1. 1155 .0264 .0294 .0)20 .0341 

7F 8 .2 1.1145 .0273 .0303 .0329 . 0349 

70 12.1 1.1126 .0283 .0312 .0336 .0359 

8 These specimens were obtained from past e that was cured in moist air f or 
1 veek. 
binc1udes tvo days of vacuum drying of the unground paste to stop hydration. 
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water vapor, "This difference suggests that the adsorption ani! desorp
tion proces s may h~ve occurred in a relative humidity range where 
shrinkage effect s predominated , whereas wetting and drying produced 
strew. swelling and shrinkage duri ng each cycle. 11 

Vm and wn as functions of dryi ng time. These results are present ed 
in Figur~3&n'dTiibie 52. i\ciir'P.l'iii lOoK at Table 52 reveals that the 
specimens did not resorb all of the water t hat was removed in the latter 
stages of drying. Figure 23 indicates that Vm and lin are r eciprocally 
r elated, Tomes , Hunt, a nd Blaine listed several possible reasons for the 
irreversible sorption behavior of portland cement a s : 
(a) Coalescenee of small particles into larger narticles accompanied by 
a decrease in total capillary volume. 
(b) Failure of the lattice to r eexpand to its original dimensions if 
brought back to original temperature ann relative humidity conditions , 
(e) Polymorphic transf ormations. 
(d) Contamination of the l!urface. 
Their final conclusion was that the changes probably represent shrinkage 
or other modification of the colloidal structure of the cement paste , 

Collie-George found (a) that at any soil moisture suction great er than 
pF 4, the bassl spacings of <lf Ne.-ontmorillonite samples are larger for 
drying than they are on wetting (At pF 's <. 4 the basal spacings are 19.2 
A whether vetting or drying,), and (b) that even at a total pressure of 
only 2 em Hg the H2S04 solution method of humidi ty control was diffi cult 
to use for r elative humidities higher than 93%. 

Collie-George (1955) summed up the situation of slight differences 
in initial conditions of samples in stating: 

,,, it appears that the di screpancies between the results of 
various workers using appar ently the same, e. g., Na-montmori lJonite, 
can only be accounted for by assuming that either the materials 
were ini t i ally different although superficially si milar , or that 
the method of pre-treatment, how~ver slight, has sufficed to 
permanently modify their intra-micellar structure, Therefore, 
until more information is available to explain these differences , 
it behoves every worker to describe precisely the operations 
and treatments he carried out . 

Heat of Wetting 

Among those who have studied the influence of moisture content on heats 
of wettin~ are Bouyoucoue (1925), Janert (1934), Hoseh {1937), an~ Puri 
and Hoon (1939). Some of the data of Hoseh are presented in Figure 24 
and Table 53. Figure 24 shows Hoseh 's r esults for heat of wetti~ of the 
hydrogen-saturated fine fraction of four California soils as a function of 
t he temperature at which th~ samples were dried, Data in Table 53 show 
that the heat of wetting goes t hrough a maximum as t he temperature of 
drying increases. Hoseh concluded that heat of wetting will be evolved 
as long as the internal structure of the soil colloidal material r emains 
unalter ed . In his experiments alteration set in when the colloids were 
heated above 4000 C. 
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Table 53. Heat of wetting of soil colloids at different moisture contents. 
(From Hoseh, 1937, Table 6) 

Temperature 
(oc) AltamQ!!t ;(olo Vina Aiken 

Hoistur e Heat of Mois ture Heat of Hois tura Heat of Moisture Heat of 
l eft watt1~ l eft wettiif left wettiif left 
% (cal/e % (cal/g % (cal/g % 

Room 100.0 2.1.5 100.0 1.45 100.0 100.0 
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CQD!nents 

The experiment'il data presented support t he proposition that non
reproducible experimental results for heats of wettine, adsorption 
isotherms, and surface areas are associated with slight--sometimes very 
sli~ht--differences in initial moisture contents. The results presented 
prompt certain observations: (i ) Sample preparation r esults in changes 
which are themselves rate processes. Hence , unless the conditions of 
r eaction are meticulously controlled, samples which have undergone varying 
extent of reaction are prepared . (ii) As t he moisture content of porous 
solids decreases, smaller a nd smaller increments of moisture content change 
are associated with the same increments of change in surface or inter
facial energy . A consequence is that moisture content is a very insen
sitive measurement of the reaction potential of "dry" porous materials. 
(iii) The natural variability of soils and other porous solids suggests 
the desirability of beginning with as homogeneous a raw material as 
possible. 
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Proposition No. 2 

The rate det ermining proces s for t he approach to equilibrium in the ca~e 
of adsor ption of water on dry colloida l materials in ~cuo i s the 
dissipation of heat rather than the r ate of condensation or uptake of 
water vapor, or 

Litt le succes s can be expected in studying the kinetics of adsorption 
of moisture by soils using "high vacuum" technique. 

Evidence A 

Introduction. Our first evidence cornea from a source which at first may 
apoear quite foreign to the discussion, namely vapor pressure determina
tion. In principle, one method of determining the vapor pr essure of an 
unknown solution is to plac3 it in a desiccator with a calibrated sol u
tion and let di stillation occur until the vapor pressures are in equili
brium. (This is the so-called "isopiestic" method of vapor pressure 
determination.) At first thought one mi~ht expect that the rate 
of vapor diffusion limits the rate of approach to equilibrium. Sinclair 
(1933) examined the problem deeper, however, and concluded that the rate 
of hea t t ran8fer b~tween the beaYer wher e t he vapor condenser to the 
one in which it evaporates is pr obably more often limiting. 

Theory. The soundness of this argument r ests on the facts that t hermal 
equilibrium controls the vapor pressure equilibrium and that vapor 
diffusion is fa st in vacuo. His reasonine i s similar to t he following: 

i, As soon as air is r emoved in evacuation, tho vapor pressure 
at the sur fa ce of all of the solutions is the same, but their tempera
tures a~e different. (The solutions have di f ferent wet-bulb tempera
tures at the same saturation vapor pressure.) 

ii. At 250 C d(v.p.)/dT for water is 1.4 mm per degree. Hence 1/1.4 
~ .7 from which it is seen that for pure wa ter a temperature difference 
of 0 .7° C between two wat er surfa ces means that the vapor pres sures will 
differ by 1 mm llg and cannot come to equilibrium until their temperatures 
do so. 

iii. "The latent heat of vaporization of w~ter at 25° C is 2436 
joules per gram. Ther efore, if we have two surfaces differing in tem
perature by 0.0007° C and separated by a medium of thernnl conductance 
equivalent to one centimet er cube of the undermentioned ma t erials, the 
times required for 1 gram of w~ter to distil, or 2436 joules to f low, 
from one to the other may be calculated from the thermal conductivities 
(without convection) to be for (a) glas s-10 years, (b) water-17 years, 
(c) gasea-500 years, (d) mercury-15 months, (e) copper-10 days ," 

Taking t he above consi derations into account, Sinclair believed the 
isoplastic method might still be practical provided good thermal conduction 
were provided between t he ~elutions and small quantities of solutions 
were used. "The factors limiting t he rnt e of a ttainment of equilibrium 
would then be diffUsion of solute and conduction of heat through the 
solutions." 
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Experimental. To test his i~eas, Sinclair placed solutions of potassium 
chloride in silver-plat'ld copper di~hes "fitting neatly together" which 
rested on a copper bAse . These solutions approached identity of con
centration at a f easible rate when rocked in an evacuated desiccator 
vessel in a thPrmostat. "Using about 2-cc . quantities of approximately 
1M potassium chloride, i t was f ound t~t a 25 per cent difference could 
be reduced to 1 per cent in twenty-four hours." 

Evidence B 

The above discussion emphasizes the stringent temperature r equire
ments in obtaining vapor pressure equilibrium of water . The next 
argument indicates t he magnitude of temperature unbalance which can 
result when water is sorb~d by colloidal materials. Again the evidence 
is from outside t he field of soils. It is as followss 

Introduction . Two important properties of textile fibers are (a) the 
hygroscopic nature of the fibers and (b) their large surface:volume 
ratio. The first makes possible exchange of water vapor between the 
fibers and an air-water vapor a tmoaphere, If 1 for example 1 the radius 
of the average wool fiber is taken as 10 microns so that 1 cm3 of wool 
fiber has a surface of roughly 2000 cm2, the large surfacesvolume ratio 
suggests that even if diffusion determines the time required for the 
fibers to come to equilibrium with changed water vapor conditions, the 
time interval will be small. If the diffusion coefficient for wnter 
in keratin is taken as lQ-5 cm2 seo-1, the time r equired for wool fiber 
to como within 80 per cent of its equilibrium value when water vapor 
conditions are changed, is rouehly 10-2 sec. This rough calculation 
indicates t hat the rate of uptave per se may not be reaction rate con
trolling. Since adsorption and desorption a r e accompaniP.d by compara
tively large evolution and absorption of heat , we again realize the 
need of considering thermal ef fects. 

Experimental. King and Cassie (1940) measured the rate of adsorption of 
water vapor by wool fibers when the complicating influences of' diffusion 
and heat of adsorption were eliminated and allowed for, r Aspectively. 
Diffusion of water vapor through any surrounding atmoephere was eliminated 
by making the adsorptions in vacuo. The temperature of the wool was 
studied by wincing the sample (about 0.25 gm of merino wool silver) about 
a 16 em length of No. 50 S,W,G. platinum wire employed as a r esistance 
thermometer. The re~ain of the wool (the water content of the wool on 
the dry weight baeis) wac measured as the extension of a spiral spring. 
All measurements were made in an ai r thermostat maintained at 25 ~ 
0,20 c. 

Results and Discussion. The results of the experiments are pre
sent~~gures 25, 26, and 27. Figure 25 presents the kinetics of the 
adsorption process, i.e., the % r egain as a function of time after water 
vapor wac admitted to the sample . Figure 26 i s the adsorption isotherm 
for wat er vapor on wool obtained by introducing increasing amounts of 



wat~r vapor into the adsorption chamber, and measuring the spring 
elonr,ation and water VRpor prossure after a time interval long enough 
for the wool to return to 25° C. This adsorption isotherm is clearly 
a Type II isotherm, the same as is observed for soil. 
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Figure 2? presents the temperature of the sample a~ a function of 
time after admitti ng wntor vapor into the adsorption chamber. 

The discussion of the data is given in essentially the authors' 
own words as follows! 

The effect of the increase in temperature on regain of 
the fibres can be determined from the Kirchoff relation ••• 
which states that if regain is to remain unchanged, the 
temperature and pressure must be varied according to the 
relation: 

ln (p/po) = Q/R(l/To - 1/T) 

where q is the heat of absorption per gm . of water vapour 
and c is the specific heat per gm. of wool, 

(1) 

Now, q is large, beine roughly ?50 cal . /g. for dry wool 
(cr. Hedges, 1926), and cis 0.3 cal./g./°C ••• and according 
to equation (1) a laree wqter vapour pressure will be required 
to give the sudden increase of regain to 2% even when the 
fibres r each equilibrium with the water vapour instanta
neously. Under the conditions of the experiment just described , 
the wool was originally at 25° C and water vapour at 23.5 
mm. was suddenly introduced, If the temperature of the wool 
remained at 25° C. its regain would be more than 30%. But 
rise of temrerature, because of heat of absorption, makes 
the r~gain immediately acquired much less . This initial 
regain can actually be determined by assuming the wool to 
come instantaneously to equilibrium with a~ water vapour and 
temperature conditions. Table I shows the calculation. 

Table I.--Regain and temperature of wool suddenly exposed to 
an increase in water vapour pressure from 0 to 23.5 rom at 25° C. 
T0 = 25° C. p = 23.5 mm. 

Po, mm. M, % T, OC 9. X .Ji.. oc. (To+ liT), °C, 
c 100 , 

0 .235 1.2 104 30 55 
0.4?0 2.0 89 50 ?5 
0,?05 2.4 81 60 85 

Column (1) contains water vapour pressures arbitrarily 
chosen to cover likely values, The second column gives the 
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regains corresponding to these pressures at 250 C.; they are 
obtained from the experimAntal curve shown in Fig . 2. T is 
obta ined from Kirchoff's r~lation with p equal to 23.5 mm.; 
it is the temoerature giving equilibrium with the regain of 
column (2) for p equal to 23.5 mm. The fourth column is 
obtained from equation (2). The r egain first acquired by 
the wool when water vapour is introduced will be approximately 
that where T equals (T0 • t:. T); interpolation in Table I 
gives a va lue of roughly 2.3%. Hence, even though the con
ditions of the experiment were such that a r~gain of more 
than 30% would be ultimately acquired by the wool, it cannot 
because of heat of ab•orption increase instantaneously by 
more than 2.3%. 

The instantaneous increase of regain on opening the 
inlet t ap cannot be accurately determined from the graph of 
Fig . 1. The firct observed point i R 15 sec. after intro
ducing the ~~tor vapour, and at thi s time the regain is 
nearly 4%. The time required for the fibre s to come to 
equilibrittm with the water vapour-temperature conditions in 
their immediate neighbourhood must, therP.fore, be consid
erably less than 15 sec.; how much less, it i s impossible 
to estimate. 

Table I shows that the temperature of the wool should 
rise to roughly S0° C. Experi~ental observations recorded 
on Fig. 3 do not give a point much higher th~n 65° C., but 
as this temperature was observed 30 sec. after introduction 
of the water vapour, considerable cooling has clearly taken 
place; a temperature of S0° C is not inconsistent with the 
cooling curve, 
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Conclusions. King and Cassie concluded that: 
(1) Ba sed on the assumption that the fibers are a lways in equilibrium with 
the atmosphere in their immediate neighborhood in such in vacuo experi
ments, the shapes of the regain-time curves are entirely due to the 
external factors of diffusion and dissipation of heat, and bear no relation 
to the diffusion of water into the fibers. 
(2) Little quantitative data were obtainable in this experiment on the 
rate of pickup of wqter vapor except that the time to approach equilib
rium must be leas than 15 sec. 
(3) The time required for the fibers to come to equilibrium with any 
change in conditions cun be wholly neglected compared with the time 
reguired for dissipation of heat or diffusion of water vapor. 
(4) Contrary to many previous deductions in various publications, nothing 
can be learned of the surface structure of fiber colloids from the study 
of regain-time curves, 

Implications !E2 Applications. The above conclusions may not be g~nerally 
apnlicable but any r esearcher doing work on either adsorption or desorp
tion should be aware of these ideas. The consequences of the existence 
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anrl t he mechanisms of discipation of the heats of adsorption and 
desorption se em especially to be negl ected ~ researchers. If, for 
instance , a worker is studying the a dsorption of a rather volatile material 
the initia l t emperature increase would greatly accelerate the desorption 
process . Such an eff ect would emphasi ze t he difference bet ween the 
number of molecules being ad~orbed ann the number evaporating , i.e., 
the net r eaction. 

Another implication of these results is t hat rna~ sorption experi
ments r eported as isothermal experiments have, in fact, not been. This 
sug?,est s t ha t r eported thermodynamic fUnctions such as enthalpy of 
adsorption obtained from the equation 

log p = ( l1 Hada/2,JOJR)l/T .f C, 

where C i s a constant and the other terms have been previouAly defined, 
must be in enor . A~ cuch error would then be inherent in entropy and 
free energy calculations i nvolving II Hads• 

If r~gain-time curves are mer~ly cooling curves, i . e ., they r~flect 
i ncreased adsorption as temperature decreases, one must beware of inter
pretations of apnarant slow rates of adsorption and desorption in t erms 
of surface forces , 

In careful kinetic studies the experimenter will have to give 
caref ul attention to the measurement of time, 

It i s not known whether these results hold for soil or not since 
no r eports could be found in the literature in which data for adsorption 
or desorpt ion of wat er on soil or clay minerals had been interpret ed in 
light of the possibility of t hese pronounced thermal effects. There are 
numerous results in which the r egain-time curves and adsorption isotherms 
are the same as those presented ~ Ki ng and Cassie for wool, however, 
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