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Chapter I 

As new uses for water are devised and as the 

population of the world continue s to increase , men a re 

beco ing ore consci ous of the growin need f or the con-

servation of water . I f' man j_s to continue to progress , 

more economical methods for the use o . fresh water must 

be deve loped . 

Fresh water is obtained either directly or in-

directly f rom the rain which falls on t he l ands . Much of 

this water is not uti lized becau s e it is los t through 

evaporation befor e _ an is able to derive any useful ser-

vice from it . Because water is often stored in open 

reservoirs, the probl em· of evaporation from a free wate r 

surface has attracted much atten tion . Probabl y a greater 

ru ount of useful water i s lost through evaporation fro , 

soils, but the r e have not been as many syste tic inves t· -

gations concerning this proble • 

9 

Thi s thesis is concerned with the rate of evapo-

ration .fro soils and some of the variables which in lu-

ences this rate . It is a preli ina.ry s tudy which is pa.rt 

of a comprehensive i nvesti ~at ion of evaporation from soils . 



iO 

ecause this is a preliminary s tudyJ an attem. twas ade 

to reduce the complexity of the experimental set up, and 

for this reason the soil chosen f or the s t udy was a fine 

sand fro which most of the clay fraction has been re oved. 

Probl m 

How is the rate of evaporation related to the 

depth of the water table , and to what extent is the rela-

tionsh ip influenced by the severity of the ambient evapo-

rating conditions? What soil properties influence the 

interrelation between w ter table depth and evaporation 
I 

rates , end how can these properties be evaluated? 

Analysi s of Probl m 

Since the above probl em will require years for 

its complete investigation with respect to a ll bient 

conditions , water table dept h s; saturation histories , and 

soil types , this inveati ation has been confined to deter-

mining answers to the .following questions: 

1 . How is the evaporation rate from a fine s and 

affected by independently varying the wind 

velocity and t he depth of ~h e water table? 

2 . Can the func tional re l ationship between 

evaporation r ates under specified ambient con -

ditlons ad the dep th or water table be related 

to easily measurable properties of the sand? 



Del irri.i tat ions 

A. The facilities of the wind t unnel place the 

f ollowing l i mitat ions on the investigation : 

1 . The maxim.um wind velocity will be SO 
feet per s econd . 

2 . The water table will have a maximum 

depth of 42 inches . 

3. There wi ll be no control over the 

a.~bient temperature or 

humidity . 

bient 

B. l"or the initial phase of this problem the 
I 

i nvestiga tion wi 11 deal only with a fine sa d f rom wh ich 

t he ori r,i nal c l ay frac tion has be en remove d . 

c. The surface wi ll be a inta.ined relative l y 

smo oth and l eve l with the f loor of the tunne l . 

D. All evaporation measur e enta will b e made 

on the drainnce cycle . In other words , t he sand will be 

i i ti all y sat urated and ten a llowed t o drain with the 

water table at particular depths . 

Definition of terms as used in thi s the s is --- ---
Pore vo lume .. _ The Yo l e of a porous solid which is 

occupied by a ob i le r l uid . 

Saturation -- The frac t i on or percenta6e of the pore 

vol u..~e wh ich is occupied by a particu l a r 'l uid 

phase . 

:t1. 



Uetting phase -- That f l ui d phas e wh ich t ends t o be pref -

erent i a lly adsorbed by t h e solid s urf aces and 

i s a. t a lower pressure han oth r f l u i d phases 

that may oc cu py the s ame porous solid . 

I on- we t ting hase -- A f luid phase wh ich is not prefere -

tiall y adsorbed and i s at a higher pressur e than 

a wetting phase occupyi ng the s ru e po r ous solid . 

Permeability -- A measure of the ability of a porous s olid 

t o tran smi t a fluid under a s pecified potential 

radient . It i s obtained .from an equation re -

la ti r1g t he v.:olune f l ux cross an unl t area of a 

po~ous ~olid to t h e potential gr a dient perpen-

di c ular t o the unit a r ea , the e f fect of 

viscos i t y being accounted f or by a via cosity 

term in t he equation. Usually t he te~~ permea-

bility is used i n _ eferen ce to a s ystem sat urat s d . 

wi t h onl y o e f l u i phase unless i t is pr ece ded 

by t h e wor d "ef f ect l ve" . 

Hydraulic conduc t i v ty -- The r tio of the vollline f l ux to 

t he hydraulic gradie t no r mal t o a specif'i ed 

plane wi thi n a por ous solid . H0 draulic con uc -

t i vity is a func t i on of the vis cosity of t h e 

f luid swell a s of properties of h e porous 

s olid . I t usually refe rs t o a sys tem sa t urat ed 

with 0nly one ~l u i d phase unless pr e ceded by the 

word "effec tive" . 
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Effective Permeability -- This term has a meaning similar 

to per eability except that it refers to the 

permeability of a porous solid for a particular 

f luid phase when the por es of t he solid contain 

more than one fluid phase , i . e . , water and air . 

Effective hydraulic conductivity -- This term is related 

to hydraulic conductivity in the s · e way that 

effective perrneabili ty is related to perrneabili ty. 

Relative per·neabili ty - - The ratio of the effecti ve perme ,-

ability for particular f luid phase to the 

per. eabilit . The rel tive permeability wi ll be 

a function of the s turation of the specifi ed 

phase as well as of properties of the por ous 

solid . 

Residual saturation -- The saturation obtained by extrapo-

lating the curve of non- wetting phase rel at i ve 

permeability to unity i gnori g ;he convex 

portion of the me sured curve which a preaches 

unity . T'ne residual satur ation is expressed i n 

terms of t h e wettint. phase saturation. The 

relative per'ne bili t y of '"hs wetting phase at 

t he residual saturation is very s all , usually 

less than one ercent . 

Moisture equivalent The oisture cont ent i an init ial-

l y sat urated soi l sa t le after it 1s subjected 



t o a. cen trL . u ·a l orce 1000 t i r,1cs hat o... t he 

rav t tional force . 

Effective saturation -- The ratio S - Sr 
1 - Sr 

where S i s 

a particular wetting phase saturation and 

the r esidual saturatio , both tcr.. s being 

expressed as fractions . 

S i s r 

Des tura.tion -- Th e displacer.ien t of a wetting phase by a 

non- wetting phase , i . e . , water being displaced 

by air. 

Saturation h is tory Th e process by which a porous sold 
f 

has rea che' its present st too~ aatur ation , 

i. e ., drai.age or i Mbibition cycles or cozfuina-

tio s of these . 

Drainage c cle -- A saturation hi t ory i n which a porous 

solid initia.lly saturated 1000 with a wetting 

phase is desaturated . 

I bibition cycle -- A saturation hi tory in whic a porous 

solid initially containing a non- wetting phase, 

i , blbes a wett i ng hase as a result of c pillar-

ity . 

Capillary pressure -- The difference in pressure across 

interfaces of separate f l uid phases caused by 

i nterf cial forces . A non-wetti g phase is · t 

a h i gher pressure t ha a wetting phase . 

isplace. ent pressure -- The capi llar y pressure fo r a 
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po rous so l id satura ted with a s ingle wett ing 

phase which is just suf. icient to initiate di s -

placement of the wetting phase by a. non- wet t ing 

phase . The displaco1,10nt pre sure is a property 

of the fluids l volved as well s of t he porous 

solid . 

pressure - - The displace nent p essure when the 

wetti1 g phase is irater 

is air . 

d the on-wetting phase 

table -- The 1 0c s of .. oints 'l:Ihere h e capillary 

pressure across air::.wavcP nterfaces " s zero . 

Free w ter surface - ---- ---- A water table wh chi expcs e to 

the ambie t at .osphere , i . e . , t · e s urface of a 

lake or the s ur face of water i n a lar e open 

container. 

Bar ri er (semi - permeabl e ) -- A porous solid which has a 

displ a ce ent pressure higher than the mat r ial 

with which it is in contact . Semi - permeable 

barriers are used to ake tensio eters and 

s ilar equip. ent . Th e a.r·e called II semi -

permeable " bee use the/ p rmit the passage of a 

we t ting phase but not of a non- wetting phase . 

Tort uosity -- he s quare of the r tio of the 1 ean l ength 

of the a c tual l ow ath of a pa ticular f l uid 

phase to the correspo din distance be~we n t 1.10 

po i ts wi h i n a porous so l • he tortuosity 
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is a function of the saturat ion of the particu-

lar phase and the saturation history as well as 

of properties of the porous solid. 

Moisture cont en t -- The mass of water expressed as a per-

centage of the mass of dry soil within which 

the water is retained . 

Unsatur~ted ~•-A term used by soil scientists which 

refers• to the flow of water in a soil the pores 

of which also contain more or less air. 

Symbols 

b 

e 

h 

w 

z 

De.f1nition 

exponent 

rate of evaporation 

rate of evaporation from a soil 
surface when the water table is 
maintained at a constant level 

rate of evaporation from a free 
water surface 

hydraulic head 

specific weight of water 

elevation above the water table 

plane where the pressure of th e 
water is zero 

elevation of plane at the top 
or the fully saturated zone 

elevation of plane at which 
the soil moisture is at field 
capacity 

elevation of plane above z2 

Dimensions 

dimensionless 

L/T 

L/T 

L/T 

L 

F/L3 
L 

L 

L 

L 

L 



Symbols 

C I 

C 

C e 
K rw 

p 
C 

f 

Definition Dimensions 

constan t of integration not specif ied 

hydraulic conductivity L/T 

effective hydraulic conduc t ~vity L/T 

rel tive permeabi lity of the 
wetting phase di~ ensionless 

capillary pressure F/12 

displace ent pres sure F/ L2 

water pressure F/L2 

saturation dimen sionl ess 

effective saturation 1 ens ionless 

res i dual saturation di ensionless 

micron L 



Chapter II 

REVIEW OF LITERATURE 

Agx-iculturists 1n arid regions have been con-

cerned for many decades with the conservation or soil 

moisture f or plant growth . Loss of moisture from soils 

1.8 

as high as seventy-five percent of the total precipitation 

has been attributed to evaporation. I n the last 20 years 

great strides have been made in aoquirinQ knowledge con-

oern.1ng the :mechanism of evaporation from a free water 

surface . This information is now being utilized in study-

ing the fundamental principles of the mechanism of evapora -

tion from soils. 

This chapter 1s concerned with methods of 

measure ent and theories relative to evaporation from a 

free water surface, investigations of the factors affect-

ing evapo r ation from soils, and equipment for measuring 

these factors. 

Methods of Measuring Evaporation 

Four methods (1:2) exist for determining the 

evaporation from a large body of water . One procedure 

(30:50} is known as the water budget method which is based 

on a material balance or conservation of matter. The 
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water budget method is often inaccurate due to the diffi-

culties of measuring the inflow, outflow, and s t orage 

capacity with sufficient precision. A second procedure 

involves t he use of evaporation pans to measure the rate 

of evaporation from the water surface . Much has been done 

to correlate evaporation from pans to that .from lakes 

(40:31-33) , but the "pan coeff'icients" used for t h is 

correlation have been dete rmined under experimental con-

ditions which often do not exist i n the field . A t hird 

procedure , the energy budge t method; applies the principle 

of conservation of energy i n determining the energy avail-

able for evaporation. The fourth method is the~-

transfer method in which the evaporation rates are related 

to the diffusion characteristics of the atmospheric sur-

face layer . These last two methods are discussed more 

fully below. 

Energy-budget method . -- Anderson , Anderson , and 

Marciano (1:42) suggested an energy equation which is 

similar to an equation previously presented by Cummings 

( 12) . The equation of Anderson, Anderson, and Marciano is 

given as 

= 
Qs - - Qb + Qv + Q1 

1 + R 

Here Q8 refers to energy used f or evaporation, Q9 solar 

radia tion, reflected solar radiation , Qb effective 



20 

back radiation, energy advected into or out of a body 

of water , O,I energy stored in the body of water, and 

R the Bowen rat io . Bowen's ratio (2) is defined as the 

ratio of the energy conducted away from the water surface 

as sensible heat to the energy used for evaporation. The 

effect of the wind velocity is eliminated when the Bowen 

ratio ie incorporated in the equation . If this ratio is 

not used ; a term for wind velocity would have to appear 

in the equation . 

Mass - transfer method . - - The ma.as - transfer 

method (1:3-36) is based on evaluation of the par eters 

involved in the movement of water vapor away from the 

surface of the water . The variables involved in this 

phenomenon include the wind velocity ; wind turbulence, 

temperature, h'lD.'.llidity; and their gradients . The gradients 

of the variables for the laminar portion of the boundary 

layer will differ greatly from that of the turbulent por-

_t1on, being steeper for the laminar sublayer than for the 

turbulent region . The wind speed, temperature , and humid-

ity vary almost linear ly with the height a bove the surface 

in the laminar sublayer and linearly with the logarithm 

of the hei cht above the surface in the turbulent layer. 

Water vapor is transferred in t he laminar layer mostly by 

molecular diffusion and in the turbulent layer by ass 

move ent . The turbulent diffusion coefficien t 1a approxi-

mately a thousand times greater than the molecular 
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dif sion coe_fioient (7 :59) . The boundary surface is 

either hydrodynamic ally smooth or rough depending on the. 

relative thickness of the laminar sublayer and a charac-

teristic height whioh val uates the r oughness (36 ,37,42 ). 
The l aminar subl yer act · as a barrier to evaporation, 

wh11e evaporation is much greater from a hydrodynam1cally 

rough surface- where the laminar sublayer i s praotically 

non-exi~ta.nt.. Two theories have been proposed regarding 

the mixing of gaseous vapor in the turbulent layer, i .e. , 

Sutton's (.:37) eontinuous mixing theory and Prandtl's (31) 

mJ.xing length concept . 
i' 

The Reynold1 s analogy (7:7-14) has been used to 

relate an evapor ation coefficient to the drag ooe.fficient., 

Investigatio~ 2£ "'vaJ?oration f?'om Soila 

Thornthwaite and Holzman (38: lJ+-22 ) used 

Prandtl 1 s mixing length concept and both :Prandtl ' s and von 

Karman 1 a (J:i_2} logarithmic wind equations to derive an 

equation for evaporation fro land and water surfaces. 

The total evaporation f'or an interval of' time was express-

d a s 

with E referring to the total evaporation for an interval 

of' time , l and ( to the average absolute humidities 
Wl W2 



at heights and z2 above the sur.face, and 

to the wind velocity at heights z1 and z2 respectivel y , 

and k 0 to ·on Ka • an• s univ rsal constant . The varia.bles 

of this equation include only those pertaining to the 

ambient atmospheric environment, and do not include those 

pertaining to the e.ffeots of the soil -water re gi me ~ 

Many of the ea1•ly investigations 01' va.poration 

fro . soils deal ·1th methods of reducing evaporation loss 

an not on the .fundamentals of' the process of ev poration. 

Some of these e r l y studies have resulted in many mis lead-

ing assumptions and concept~ co earning the f'ac tors govern-
1 

ing evaporation. This section of the chapter de ls with 

inves ti gations of the factors whi ch affect the rate of 

evaporation f r om soils . 

Evaporation stages . -- Ko liasev (24 } has visual-

ized evaporation from soil as o .ccurring i n three stages . 

He t heo rized that the rapid rate of evaporation from a 

near~s turated soil , the first stage , was governed by the 

ambient atrnospheriJ conditions . Under these conditions 

the f actors that influence the evo.poration from a free 

water surface also control the evaporation fro the soil, 

and t h e rate of evaporation from both are practically the 

s Tae . The pertinent variaulos in the first stage are the 

wind speed; vapor pres sm~e ·r ient, air temperature , and 

radiation . 
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Tho second sta ~e described by Koliasev is the 

stage during which t he ro.te of evapor s.tion rapidly de-

clines . Duri ·g thi · tuee the surf ce layer dries because 

the f low o~ m isture from the water tabl is less than the 

rate of evnpc;.ra tion. In other words,. the intern l fac to rs 

of the soil,- wh ich had. a negl i. ibl6 eff c t i the first 

sta 0 e , have a i . 1 icant influence durinG the see .d 

stage . 

According to Koliasev, t he last stage i s gov rn-

ed by the molecular a ttrac t ion that the 3011 particles 

have f or wate:r whieh results- in a slow decline in the rate 

of evaporation. The water film around each particle of 

soil is attracted so sti~ongly that an e.xtenstve amount of 

energy would b required to evaporate the water . 

Koliasev , in hi s studies, was concerned with 

shortening the first stage of evapo ation in order to re -

duce t he total amount of e vaporation fro the so11. His 

inves t10 1tion revealed that stra tifi ed layers 1n the soil 

profile i n terrupted the capillary continuity, t he reby re-

duc ing the moisture eo tent in the loose layers and in-

creasing the ois t u r e h ld in the compacted layers wh ich 

pr-ohibits moi ture moving rea :ily to the surface either by 

liquid f low or gaseous di ffusion . Byt e use of surface 

active additives he was able to reduce the moisture in 

the surface le.yer causing a dry layer to f orm which acted 

as a barr ier to liquid flow . Koliasev also investigated 
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t he affects of the hei t and spa.ci of wind-brea ers on 

reduci the evaporation loss caused b winds. 

Some of the work perfo1Tmed by Y-oliasev has been 

dupl i cated and veri fi ed by Lemon (26). 

Effeot cf ~ velociti. -~ Har i s and Robinson 

(21:449) and Kucera (25} 11 s eparate papers rep rted that 

evaporation rates increased w1.th wind velocity up t 10 

miles pe1, l1our beyond whicl inc:rteased velocities produced 

ne aligible i wr ase in the r a te of evaporation. 

urno. e and Shreve (39) repc rted tat int eir 

experiments he rat e of deplet ion of soil mo1 ture increas-

ed only slightly with wind s pe~ds reater than 1"ive miles 

per hour . 'I'ur:nage a n hreve a lso sta ·ed t h at evaporation 

app e.rs to be mainly a function of humidity and wind speed. 

Effect 2£.. surface conditions . -• King (2J) 

advocated strip croppi~g or planting of trees and shrubs in 

rows as windbreakers every 18 or 20 1"ods to 11educe moisture 

loss caused by winds . From studies conducted in Wisconsin, 

he showed that evaporation rates due to· wind were 30 per 

cent less 20 feet rem a hedgerow than 30 feet away . 

With a portable wind tunnel, Zingg , Woodr uff' , and 

•nglehorn (45) conducted experiments on the effects of the 

orien t ation of windrows on the e~odibilit y of land. They 

noted that alone,; with reducing erod.ibili ty a saving of 

soil mo isture was accomplished by plowing the field per-

pendicular to the di r ection of the prevailing winds . 
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I11 ro.ore r~cent work Woodruff {l~J:16) showed that 

t h e vapor'ation l oss was reduced for distance of 20 

timeo the he i , t of t he uind barrier on t ho leeward side . 

Effect .2.£ elative h idity . -- Harris and 

obi on (21:447) p r "'ormed res earch on the effect o-r 

rel t ive h . .iidi t y on v oration . They \lore able tc show 

by assing s tu.rated air over u soil col . t hat 0•1apore.-

~i n wa. less t han whe n unsaturatod air waa passed ov·,.,r 

th column. 

Accor l ng t o Gm ings {11) t her ia no strong 

correlation betweer . raporation and humidity . In is 
f ,..-

study, he deriv d , n e uation ev luating th · rates of 

ch a. se of ~ ·va.po ation with apor pressu:re and eli~ inat ing 

the effects of insolation, The strong correlation which 

does exist between insolation and evaporation masks the 

small efI'ect that ohanges of humidity have on evaporation 

changes . 

Fukud (15) studied humidity in terms of vapor 

diffusion 1n the soil profile . He observed that when the 

rel tive h idity was less than 100 per cent that it 

rluctuated considerably within a 24-hour perl.od . He also 

observed t ~at eva or atio occurs first at the ground sur-

face and afterwards a.t gradually increasing depths. When 

night co es, condensation occu~s at the surface and pro-

ceeds in the sa.~e cycle as the evaporation had followed 

during the day. 
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Effect of' radiation . ..... Sev ral inve ti ca.tors 

(3 . 21; 29) have studied the ,sf.feet of ra j_a.tion on evapo -

ration. Pe~'Uan ( 29 ) co 1pared the rate or e apo!'a tion of 

soils unde:t> si.mulatea summer oond tions (high radiation) 

with those und r isoth r.mal con ·itions , The columns were 

ept i n a room ·ith controlled atmospheric conditions and 

s ,veral colm s w re exposed t c ntr lled re.d is. io f'or 

ight hours e ch day ~ 'l'ha oolumns were u:n er f ree drain-

a ge . He o served t hat evaporat ion :from the columns receiv-

ing radiation wa very h r, until the surfa.c dried . 

Ev poratio.a a.ft ar t e su.r!'aee crust had f'o _ed was alight . 

The total evaporation from the column under simul t d 

s ·t:tmmer condi ic s was le s than the evapor ation f r,or the 

isothermal columns . 

f temperature. -- e response of water 

in soil to a temperature gradient was studied by urr, 

Marshal l , and Hutton (20 ) . The water in the war end of a 

horizontal closed soil column vaporized and f l owed toward 

the cool end . :!.'here the wateP vapor condensed creating a 

pressure grad ent causing the liquid to flow towards the 

wa end where the water continued to vaporize . 

!'feet _gf water table . The effect of the 

depth of water table was studied by Ridgaway (35') at the 

yom ng Agricultural x.peri:me nt Station . teel cylinders 

were driven int o the ground and wer equippe for control-

l ing the water table within certain lL,ii ts . In comp:iring 

' • ' 
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evaporation from the soil with that of a free w ter sur-

face h e obse r ved that where the water ta:.;le was at a depth 

of 18 inches evapo rat ion was 50 percent of that from a -free water surface and whe. it was ta depth of 22 inches 

it was -22_ pe ce nt . Ri dgaway reported the chemical a a l ysis 

of the top 18 inches of the soil where the col ns were 

placed . A mechan ical analysis was no t e lven . 

Effect of particles size and moisture content . 

Work has been perforn ed by several investigators ( 3 , 1 ) on 

the effect of parti cle size ad moisture content on the 

rate of eva· ration . The ajority have conclu ed that as 
I 

the r a ti o of the surface area to the vo lume of the par-

tic le.a increases the rate of evaporation increo.ses , other 

factors being he l d constant . As the oisture content of 

the soil is increased , it w s found t hat the r a te of 

evaporation increases . This increase occurs until acer-

tain ois ture content (usuall y between 25 and 30 percent) 

is reached after which the rate of evaporation beco, es 

approximatel y constant (21:444) . 

Veihmeyer and Hendrickson (41) studied the rate 

of evaporation from wet and dry soils finding that the 

rates were constant until the moisture content fel l be low 

the permanent wilting point . At this oisture content , 

the rate of evaporation dropped sharpl y . 

Effects of capill ary ressure and wrmeability.-

Buckingha..~ (3) contributed a reat deal to the science of 
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soil physics by h is theoretical analysis of capillary 

f' low. He compar e d the .flow of water through soil wi th 

that of an electric current f lowing through a wire. He 

attributed t h e driving f orce f or the f' low of water to the 

different attraction that unequally moist portions o f the 

soil have for water. The term 11 capillary potential" 

re:f ers to t he work required to move a unit mass of water 

from a free water surface to a position 1n the soil above 

the free water surface . 

After the concept of capillary potential was 

i n troduced by Buckingh , no serious consideration was 

given to it until Gardner (16) expanded the concept in 

1922. I n his investigation , he presen ted evidence that 

t he capillary potential was a linear func tion of the 

reciprocal of the moisture content over a considerable 

range of capillary potential s . The linear function is 

expressed by 

'+' :.!+ b 
0 

where 4' re.fers to capillary potential. e moisture con ... 

tent d a and b are constant. According to the r ela• 

tionsh1p the potential-moisture curve would be h yperbolic 

in nature . 

The functional relationship between permeability 

and saturation of porous solids has been related to the 

potential-saturat ion curve by many investigators {4, 9 , 10 , 
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17 , 18 , 19 , 27 , 44) . Burdine (4) was one of several in-

vesti ators to relate "relative" permeability to the 

capillary pressure- desatu tion curve . Relative permea-

bility is t he ratio of the permeabilit of an unsaturated 

soi l to the permeability of the soi l lly saturated . In 

measuring the relative permeability of a large number of 

porous ro ck cores he noted that the square root of the 

tortuosity parameter in the Kozeny-Carman equation was a 

linear function of the f l uid saturation. Thus , Burdine was 

able to calculate the relative perme ability of a liquid in 

a porous media by measuring onl y capillary pres sure -

desaturation curves. Burdine's eq ation may be expressed 

as 

where 

= 

= 

A 
(_! ) (-1) 

T1 A = s 2 
e 

relative permeability of the wetting 

phase , 

T = tortuosity o f the soil sample completely 

saturated, 

T1 = tortuosity of soil sample less than 

saturated , 

A under the (l 2 s = area curve , 
Pc vs 

= area under ( )2 vs curve up to 
C 

saturation of the soil sample, 

S = "effective" saturation of the soil e 
sample. 

the 



Effective saturation was defined by Corey (9) as 

= 
s - s r 

where S 1s some saturation greater than Sr which 1s 

the "residual" saturation or saturation at which the per-

meability becomes very small . 
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Corey (9) after determining the relative permea-

bility on numerous porous media by using Burd1ne's method 

observed that with sufficient accuracy the ratio (Al) 
A 

was proportional to the square of the effective saturation, 
f 

Thus , Corey rewrote Burdine's equati on as 

K rw = s 4 e 

The work performed by Burdine, Corey, and the 

other 1nvest1gt.tor13 (4, 9, lJ.4) was concerned primarily 

with porous rock and not with soil . Prior to these in-

vestigations Moore (27:410-417) studied the functional 

relationship between permeability , capillary pressure, and 

moisture content of soils . He observed that permeability 

of soil is maximum at , or near , a capillary pressure of 

zero, or at a saturation of 100 percent . With clays 

maximum permeability occurred at a moisture content les s 

than saturation due to the swelling of the clays that re-

duced the pore space when fully saturated. Permeability 

declined very rapidly with dec1"easing moisture content and 
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became very small a t the moisture equivalent of the soil. 

He measured the permeability of soils of various textures 

over the range of moisture content from saturation to f ield 

capacity, His data shows that the relative permeability 

of sand is hi er during the initial stages of desatura-

tion than olay . But before field capacity is reached the 

relative permeability of sand becomes less than that of 

clay . He also observed that the moisture content at the 

wetting .front of moisture rising in a dry soil column is 

at field capacity . He interpreted the moisture content at 

the wetting front and at which permeability becomes nearly 

zero as being representative of the moisture content at 
( 

which the moisture films in the soil become discontinuous. 

Recently Gardner (18) has attempted an analytical 

solution t'.::u . .- i.;.he steady-s tate movement of water from a 

water table du~ing evaporation. Gardner and Fireman (19) 

have also conducted laboratory studies of ev poration from 

soil columns in the presence of a water table . 

In his analytical approach , Gardner assumed a 

continuous func t ional relationship between conductivity 

and capillary pressure . The function whioh he use is 

eiven by 

k = a 
(:P n + b) 

C 

where a and b are constants, k is t h e hydraulic con-



ductivity, and n is constant whioh Gardner took to be 

2 or 3. He arri ved at t h e values of k from measure ents 

of outflow rrom a capillary pressure cell . (17) By means 

of the empirical equation for k, Gardner was able to 

aompute maximum evapo at1on rates as a function of depth 

to a simulated water table+ 

In. the paper deal ing with the laboratory study, 

data were presented comparing theoretical a.nd .experimental 

rates of evaporation. The a greement was fairly oo al-

though so~ e adjustment of the constant b appearing in 

t e conductivi ty equation would have given a better fit. 
( 

It should be pointed out that Gardner 's assump-

tion of a continuous .functional re l ationship between k 

and Pc does not agree with the observations of Corey 

(9, 10) and others (4, 44) . The latter have pointed out 

t a.t k does not change with p until Pc ;: PD • C 

Corey has also found that in the hi gh liquid saturation 

region (low capillary pressures exeeedinB the displace-

ment pressure) that t he relative value of k varies in-

vers ely as the 8th power of P0 • 

Gardner and Fireman ' s data shown in ~i g. 4 of 

their paper (19) indicates a distinct change in the func -

tional relationship between k and P
0 

at a P0 of 

about 1/3-atmosphere (which corresponds r oughly to f ield 

capacity in ost soils) . They have drawn curves through 

the data 1n such a way as to 1 ore this change 1n the 
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functional relationship . A curve fitting their data 

better could have been made by using three separate 

equations for k , the first applying to the range wherein 

k 1s invariant with P
O 

, t he second applying t o the 

range be tween Pc = P0 and Pc correspondin g to field 

capacity, and a third f or P0 greater than at field 

eapac1ty ~ Their data within the low capillary pressure 

1~ange is somewhat erratic, however, and de f inite oonclu• 

sions about t his range is i mpossible . 

At the eater water table depths ; Gardner and 

Fir en1an obtained g ood agree ent between actual evaporation 

rates and t heoret i cal rates. 'I!."vidently , probable dis -

crepancies between their empirical equation for k and the 

ac t ual value o k i n the low tension range did not 

materially affect t he results when most of the resistance 

to upward flow occurred in the dry soil at the top of long 

columns . 

Instrumentation 

This section of the literature review deals with 

several kinds of equipment u sed f or easuring the variables 

in the evaporat ion equati ons . 

Wind velocity . -- The whirling cup anemometer is 

probably the most co on instrument now used ror obtaining 

the average wind speed in the open air. For wind-tunnel 

s t udies where a greater precision is desired , the tungsten 
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hot~wire anemo~ ter is often used. The construction and 

circuit for the hot-wire anemometer has been descri bed in 

a previous publication (5:72~82 ). 

Ambient temperature and relative humidity , ~-

There are four methods of determining moisture in the 

atmosphere which are in general use . i . e . , (l) the chemi -

eal ... absorption method , (2) the dew- point method _. (3) 

psychrometrie . thod, and (4 ) the hygroscopic expansion 

u1ethod . The most cor , on and s.im.plest method is the psy ... 

chromet:ric method . The adaptation of this P1etho d with the 

use of thermocouples is discussed by Al)derson, Anderson,, 

and 1118.roiano (1 :50 ... 54 }. 
~temperature . ..... Thermometers, thermistors , 

and thermocouples have been used for obtaining the temper-

ature bel ow the soil surf.ace . Because o:f simplicity of 

installation, thettmocouples have been used :most widely. 

The oonatruot ion and characteris t ic of several t ypes of 

t hermocouples are adequately presentd by Dike (13) . 

Tensicmeters .... Tensiometers are used for 

measuring the capillary potential in the soil moisture . 

They were developed by Richards ( 32) and have s ince, that 

time been improved upon by him and others ,, (8 , 22 , 33 , 34, . 
The reader is r•eferred to the references f or .further in-

formation concerning them. 

Water•.J:.2.ll me.asurement,1. - - For many years the 

only direct method f or determinin~ the water loss due to 
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evaporation was by noting the change in wei t of the con-

tainer over a time interval. S~veral years a o Parshall 

(28) made use of the Mariette siphon for measuring the 

volume of water loss due to evaporation and also for con-

trolling the water- table depth . This method seemed to be 

the best adapted for the present investigation . 

Radiation. - - The incoming solar and reflected 

solar radiation may be measured by an Eppley pyrhelio-

meter as described by Anderson (1: 59) . The pyrheliometer 

is a standard instrument used by the U. S. Weath er Bur eau. 

The measurement of the incoming , terrestial radiation is 

accomplished by recordi~ g the differences between the 

readings of the Eppley pyrheliometer and the Gier and 

Dunkle flat plate radiometer . The Gier and Dunkle f lat 

plat radiometer was recentl y developed by Gier, Dunkle, 

and co- workers (14) . 



Chapter I II 

ANALYSI OF THE PROBLEM 

In the analysis of the problem a soi l colm l s 

considered that contains a wate r table s omewhere within 
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the col umn. The colu.."'Tll1 which i s initially f ully saturated 

is protect ed f r o evaporation and is insulated to e l i minate 

radial temperature cr adients . The co l umn is then all owed 

to drain until wat er within the entire col is i n equi-

l i brium with the water tabl e . At equilibrium, the mecha -

i ca l potential , te perature, and free ener gy are every-

where the s . e . I n other words , there is no ass f low or 

net diffusion occurring in the column after equilibrium 

has been reach ed . 

When thew ter table i s a t a dep t h such that t h e 

f ul l y sat urated zone reaches the surface of the column , the 

capill r pressure Pc is nowhere r reater t han the dis -

place ent pressure . Capillary pressure P
0 

is defined as 

the difference in pressure , P - P acrcss the air water ' 
i n terfa ce of water and air . The capillary pressure at 

which the air phase is just sufficient to displace the 

water phase in t he l argest pores of the soi l is defined as 

the displace. ent pr es sur e Pu of t he soil . I n co sider-

1ng the pressure di f ference across the air -water interface , 

t he den s i t y of t he air i s considered to b e negligible; 
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therefore , the pressure of the air is everywhere zero . 

This implies that pc is c, i v e by = - p where 
C w 

p is the pressure of the water . At the wa t er t able w 
p is zero , therefore p is a lso zero . The pressure w C 

of the water decreases wi t h e levation above the water 

t abl e accordin • to the relation 

dP w 
dz = - w ' ( 1) 

where w is the s pecific wei -ht of water and z is the 

elevation above the water table . Consequentl y , it 

follows that i 

= w. (2) 

Eqs . 1 and 2 appl y to a column at equilibrium. 

The h ydraulic head h anywhere in a profile a t 

e quilibrium may be expressed as 

h = z + 

or above the water ta ble by 

h = z 

p 
w 

w 

p 
C 

w 

(3) 

• ( 4 ) 

When the surface of the soil column is exposed 

to t he at osphere a llowin evaporation to tak e place, 

upward f low of water i s induced . This f l ow occurs because 



h decre ses in t he upward direction . In the case of 

evaporation from soils the velocity head will be negli 

ble and thoref ore , it is pe r issable to use Eqs . 3 and 4 
for t h is situation . 

The law of Darcy m y be written in terms of 

evaporation rates as 

e :::: ... C dh 
dz 

(5) 

where e is t h e rate of evaporation , C the hydraul ic 

conduc t ivity , and dh 
dz t he hydraulic gradient . By r e-

ar angin t h e ter in Eq . 5 an d i tegrati f , the head 

l ost through t h e fully saturated zone is expressed as 

h ::: e z + C' 
C 

where C1 i s t he constant of integration and is zero 

when h::: 0 at the water tab le whee z e quals zer o . 

The hydraulic head at any point is Givon by 

Eq . 4. The gra ien t of h 

dh 

dz 
::; 1 -

ay be expres ed as 

d(P 0/w ) 
dz 

By substituti ng Eq . 5 into Eq . 7, 

e c = 1- • 

( 6) 

( 7 ) 

(8) 

38 
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Rearrant ing the t erms and expressing the equation i n terms 

of an integral ci ves 

Pc/ w :::: (1 + e )I dz c . ( 9 ) 

zo 

De. ining ZO as zero , then 

P /w ::; (1 + C) zl C C • (10 ) 

This is the equation fo r determinin Pc in t h e fully 

satura ted zone where Pc 

When Pc is ,reater than 

is a linear ~unc tion of z . 
; 

PD , Eq . 10 does not apply . 

When Pc > PD, the hydraulic conductivity 

varies with the moisture content (27) . Data pr esented 

b y Burdine (4) and Corey (10) i pl y that for Pc less 

than that correspondi ng to f ield capacity but e:rea ter than 

R 
(11 ) 

where Ce i s t he effect ive hydraulic conduc tivity appl i -

cabl e t o unsaturated ' low . neplaciru: C in ~q . 5 by the 

expression f or Ce , the hydraulic gradien t i ediately 

above t h e saturated zone , y be expressed by 

dh 
dz C 

8 
• (12) 
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EQ. 7 satisfies all points . Substituting Eq . 12 into Eq. 7 

and rearrangi ng the t er ms Lives 

d(Pc/w) 8 
__;:;._ 1 + _Ce ( c J 

dz Pn • (13) 

For a particular soil and evaporat i on rate the only 

varia es are Pc and z • Since the exponent fo r the 

p rameter 
p 

C 
PD 

is 8, t here i s no simple solution in 

closed f orm. 

Eq . 13 may be solved by a n erical method but 
i before discuss ine the details of t hi s it is desired to 

rewrite t he equation i n ter1ns of' re duc ed (dimensionless) 

vari a bles which will not cha ge its validity . 1ul tipl ying 

both top and bo t to, of the left side of Eq . 13 by PD 

and rearrai gi · t h e terms ives 

d( c/P ) A../ 1 + e 
'"'"" C 

d ( z/ ~) 

(14) 

w 

This equation applies when the datum is taken at the top 

of t he fully sa turated zono a nd f or mois ture contents 

greater than ie l d ca. aci ty . 

Eq . 14 can easily be solved by king a plot of 

Pc/PD z/ Pn p 
v s • The value o f z/- i s comput ed at w w 

the point where Pc = PD . &"<: ·nination of q • 14 will 



reveal t hat t he slope of t h e curve at t h is point is 

l + (usual l y onl y slightly greater than 1) . A short 

tan~en t to the curve is plotted from wh ich another value 
p 

of z/ - is obtained to calculate the value of the slope w 
at t his point . The slope at this point is extended a 

Z/ Pn Pc short di stance to obtain new va l ues of and 
w Po 

, 
etc . If t he tangent at these points are extended only a 

very short distance t he error wil l be ne gligible . Fig . 1 

presents solutions for arbitrary values of e c • 

F'or moisture contents below f ield capacity the 

s e t ype of equation can be developed , i . e ., 

b 
e c • ( 15) 

The data of Gardner (18 ) and Gardner and Fireman (19) 

indicate t hat the val ue of b is between 2 and 3. The 

method of numerical solution used for Eq . 14 ma be used 

fo r Eq . 15. 
Eqs . 10 , 13, and 15 may be combined to J ve h 

at any point i n the soi l profile (when h = 0 at the water 

table) as 

h - ... ,_ 
ejz2 Pc 8 

- - (-) dz C Pu 
(16) 

zl 
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where z1 is the elevation at the top of tho saturated 

zone , z2 is the elevation of tne plane at whi ch the soil 

moisture i s at fie l d capacity , and z 3 is the elevatio 

at so e point a bove the plane of field capacity . 

Though Eq. 16 is be l ieved to be an e.pproxi te 

equation which could apply to a l l r anges of p , it 11 
C 

be ass ed t ha t a tensiometer could always be l ocated in 

a r e ion a bove the water table where the soil does not 

reach a moisture content less than f ield capacitJ . Con-

sequent l ; this analysis will deal prima ril y with the 

f irst two intec rals in Eq . 16 d particu}arl y with Eq . 14. 

It would have been possible to have arrived a t 

the same set of di ensionless variables by di::ne sional 

considerations alone . The par eters, , / PD , 
w 

e C , include all variab les that would be included i n a 

di ensional analysis of the probl e , i . e ., 

and 

f (P
0

, P0 , z, w, e, C) = o~ (17) 

The pertinea t soil variables are accounted fo r in t he 

variables pc PD , z and C • the f l uid variables , , , 
are accounted .for by w and C • t he ambient variables , 
are accounted f or i ndirectly b y e i n relation to a l l the 

other variables . 

According t o the Bucl:cin · m 'Tr Theorem these 

variables could be replaced by t : r ee d i t ens onless para-

eters involvi O the c i ven set of six varia. .1les . The 
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thre par etors arrived a t by th analftical procedure 

previously described con s tit te o e per.1issible set of 

dimensionless para.~eters out of a large n . ber of such 

sets . 

Te set chosen i s eLtirely rational and its 

sign ficance is easily visualized . J.i'or example , the con-

stant P0 /w which is used to s cale the elevation above 

t e water table r epr e ents the elevation t the t op of 

t e full y saturated zone ; in oth r words , it is the z 1 
of Eq . 16 . The ar eter e c is the evaporation rate 

divided by the hydraulic conductivity , and surely the 
i pressure distribution and the resultins saturation dis • 

t lbution a ffe cted by the evaporation rate in rela t ion 

to the hydrau l ic con u c tivity . In the parameter P0 / Pn , 
the .0 which is a constant fo r a &iven soi l serves as a 

scal ing factor which accounts f or gross difference s in the 

functiona.l relat·onsh.i between Pc and Ce (effecti ·ve 

hydr aul ic conductivity ) for individual soils (10) . 

It is hoped that the experLnen tal procedure 

wi l l ,ive resul ts pe itt ing an ev l uation of Eq. 14, 
and that a val id functional rel ationship between the 

p 
para...~eters Pc/PD , z/ w , and e / C can eventually be 

established . If th s objective could be real ized , it 

should be possible to estimate avera:,e rates of evapora-

tion ro. s oils in contact with a water t able by means 
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oft nsi ~eters placed at stratoLiC elev tions above the 

water t ble and by measurinG certain soil characteristics . 

Thes e soi l characteristics ar the hydraulic conductivity 

when the soil is fully saturate' and the capillary 

pressur e - desaturation curve (9) . 
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Chapter IV 

EXPERI -1EN AL UI P·IB1T AD ROC DURE 

~he equipment described in this chapter is 

generally that which was specifically desi r;ned for this 

study . Onl y brief mention is made of the other equipment 

since a ful l description oi it has appe ared in previous 

li terat ure (5, 6) . 

Experimental Equipment 

Hind tunnel . - - The imlestigation was con ·ucted in 

the 6- ft . x 6 - ft . test section of t he wind tunnel of 

Co lorado State University (5:49-107) . A hot - uire 

anemometer , attached to a traversin echanism, was used 

to measure the wind ve locity and to obtain the prof ile of 

t h e boundary layer . We t and dry- bulb thermocouples were 

also ounted on the traversing mechanism to measure the 

relative humidity . The traversins mechanism is e l ctri c-

a lly operated and can be controlled so that t h e sensinG 

elements r or measuring the wind ve l ocity and relative 

humidity can be located in any posi tion a bove the 

col ns . A view of t h e inside of the wind tunne l i s 

shown in Fi G• 2 , Pla te I , e.lon with the instr ents f or 

me suring the wind velocity in i r, . 3, Plat e I . 



ftGUR£ 2 - SURFACE OF THE SOIL COLUMNS 
IN THE WIND TUNNEL ANO HE 
SENSING ELEMENTS .\BOVE TH E 
COLUMN s . 

FIGUR£ 4 -- SOIL COLUMNS IN PLACE UNDER-
NEATH THE WINO TUNNEL. 

PLATE I . 

i 

4? 

FIGURE 3 -- HOT-WIRE ANEMOMETER RECORDING 
INSTRUMENTS FOR MEI.SUR ING THE 
WINO VELOCITY . 

FIGURE 5 - MERCURY MANOMETERS FOR 
ME ASURING THE C.ld'ILLARY 
PRESSURE OF THE F Ill E SANO 
I N THE SOIL COLl!MNS. 
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Soil column .-- The two soil columns were located 

side by side one and one - half feet from the wall s of the 

tunnel and one f oot apart . The columns consist Oi a 46-
inch l ength of' 14- Gu ge , st rai[;ht seam, black steel pipe 

12 inches in dia~eter which was welded to a steel dolly . 

Jack screws on the doll y were used for ad usting the 

col umn to the level of the wind tunnel f loor . Rub ber 

paint was used t o prevent the columns f rom corr oding . 

Gl as - wool insulati material was g l ued to the col u.rnn 

to protect it from radi a l te_perature gradients . Fi i • 4, 
Plate , sows these co l lll ns in place under the wind 

tunnel . 1 

Tensiometers . --Eight tensiometers, (Coors' #762 
filter cylin er, porosity #3 ) were placed at various 

depths in the co l umn and were connected to one - half inch 

brass tubes that extended through the side of the column 

at 1 angle of' 11 de [;rees to t he horizontal as shown in 

Fi • 4, Plate • A l ass air trap was placed on the end 

of the brass tube f or trapping the air in the system du 

i ng a test . Ty··on pl astic leads con e c ted t he brass 

tubes with the mercury mano eters . Air was re.moved from 

the p l astic l eads before t he tests· y appl ying a head of 

hot water at the air t r ap and forcing the air t hrough the 

''1lercury . The scales were a justed to zero with the water 

table at the surface of the column . Thes e scales were 



eraduated for reading the heigh t of t he mercury col'th·nn 

in centimeters of water . See 'ig . 5, Plate I . 
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Ther mocouples . - - A s 11 plasti c rod was p ]a ced 

in the center of the column to which copper- constant an 

thermocouples were attached at various de ths f or obtain -

i ng the tempera ture p ofile a long the vertical axis of 

the column . Each thermocouple was coated with enamel and 

threaded throucp a plasti c tube f or protection a cainst 

abrasion . The leads of the ten thermocouples f rom each 

column c a. e ~o Gether at a master switch , From here , the 

copper lead went to the po t e~tiometer and then t o the 

reference junction. Tho constan t a1, lead was connected 

direc tly to the r eference junction whi ch was mai n tained at 

o° C i n an i ce bath , The junction of the ther mocoupl e s 

in the soil columns as 1 de by t fisting the two wires and 

soft soldorin '"· them together. The t e r ocouple s were 

calibrated by taping the to a t h rmo eter a.nd by p l acing 

t he in a l arge bucke t of water whi ch was at r o te per ... 

ature . The potential of the thermocouples were ieasured 

and t heir corresponding te. perature wa s co pared to that 

of t he t h er mometer . Good corre l ation was ob tained . 

Mariotte siphon .-- The water was suppl ied to the 

bottom of the co l umns by me ns of Mar i ette siphons . The 

ambient air line i n o e of t he siphons was placed at the 

s rune level as the surface of the co l i n the wind 



Ambi~nt air 
line fo wind 
tunn e l 

Lev•/ with 
surfac, of --- - - ------
soil column 

Wofer line to 
soil co/um n 

---

Air Vl1'1f 

-- -- --- ·--·-o 

- I 

__ I 

50 

Movable 
Mari oftg siphon 

Wot'1r line to 
soil column 

Ftgurt? 6 - Moriol/0 siphons for controlling wot0r-
toble d0pth and measvrinq eyaporafion. 
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tunnel test sec t ion . The other siphon was movable in the 

vertical direction to facilitate the adjustment of t he 

water-table depth in the second colu..'nrl . The burettes of 

the Mariotte siphons were calibrated to account f or the 

volume t hat was occup ied by the a.i."1lb ien t a.ir line . These 

burettes were supplied with water t h rough a thre - way 

stop - cock from a reservoi r on t op of the tunnel . A dia-

gr of the rariotte - siphon setup is shown in Fi g . 6 . 

Sand used lg the col umns .--A f i ne sand with most 

of t h e clay frac t ion removed was u sed in the investigat ion . 

The fine sand ca. e from the lake de osits in Loveland Lake 
( 

near Loveland , Co l orado . The mean particle size diameter 

o the s and was approxi:rna tely 0. 15 millimeters . Fi e; . 7 

s_ows the .echani ca l anal ysis of the sad . 

Procedure 

l ayer of 

Pr eliminary s t eps . --A t h ree and o e -half inch 

avel was placed i n the bottom of the columns to 

prevent t he i ntake line f rom becominG plugged with f'ine 

s and and to reduce the head loss at t h e entran ce . When 

the columns were filled with s a .. d, the water surface was 

always above the surface 0£ the sand . This aided in ob -

t inin ._axi um compac tion besides g i ving assurance that 

t he colu.rnns of sand would be ful l y satur ated . In order to 

o tan a more stable porosi ty a rubber mal let was used for 

vibrating t he columns while the sand was being placed in 



t 

11.j ·-I) 

-~ 
" I.._ 

. 00I 

.002 

. 003 

. 004-

.oos 

. 006 

.00 7 

.008 
. 009 
.0 1 

.02 

. 03 

. 04-

. 05 

. 0 6 

.0 7 

.0 8 
. 0 9 
. I 

. 2 

.3 

. 4-

. 5 

.6 
:7 
. 8 
.9 
/. 0 

52 

,... -
--· --- --
-0 ----
- ·-- -· 

0 

' \ 
\ 
0 , 

=~t\ ----
- --
- ·-- -r----~ r-,,...---

. t>, - -----r--_ --- -~ 
1-. - ~\ 

- \ 
' . " 

0 / 0 20 3 0 40 5 0 60 ?O 8 0 90 /00 

P er cent .sma l ler 

Figure 7 MechanJcal analysis for fin<? .sand. 



53 

them. The east column contained 254. 2 pounds of dry sand 

which resulted in a porosity of 0.442 whi l e the west 

colu."Tl!l contained 249. 0 pounds of dry sand and a porosity 

of 0.444. 
Permeability easur ements were I ade on the two 

colu..-rnns of s dunderheads of 7 and 10. 25 inches of 

water . The water f lowed 11'''.'··"'rd through the colu.rnns for 

approxi~at e l y 30 minutes f or each test . A raduated 

cylinder was placed at the over low spout of the colurns 

to measure the volu. e per unit time of the flow . The 

permeabi l ity of the columns expressed in uni ts of' square 

microns was found to be 6.50.JI 2 1 f or the west column and 

5.27j) 2 for the east column . 

Wind tunne l exper ental procedure . - - The water 

t able was held a t the surface of both colu.rnns as wind 

veloci ty of 50 feet per second was created in the tunne l . 

0bservatio.i:1s of water loss f rom the burette were made at 

re , l ar intervals a l ong with the temperature d pressure 

profiles of the co l umns and the atmospheric conditions 

over t he columns . When the rates of evaporation of both 

columns were the s , e an d steady state had been obtained, 

t h is test was terminated . 

Th e water table of one of the columns was l ower-

ed six inches be l ow the surface and a series of tests 

were ade with the water table at this depth . Tests were 

de at water table de pths of 6, 12 , 24, 26 and 29 inches 
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with t he wi nd bein'"" maintained a.t s peeds of 14, 25 , 35 
and 45 feet per second at each depth until s teady state 

was establis e , These sing elements on the traversing 

mechanism for easur.l.ng the wind velocity and the ambient 

humidity was located seven inches a bove the loo of the 

wind tunnel nd midway between the two columns . Ot er 

data that were collected included t h e barometric pres sure, 

soil temperature distribution along the vertic 1 axis of 

the column, ten sion at various dep t h of the sand profile, 

and the vol u~e of water being supplied to the water table 

from the burettes . 

A plot of evaporation vs tir e was made o each 

column during each test . In addition to this pl o , t ho 

ratio of evaporation f'rom the t10 colu , s vs ti e was 

plotted to deter... ine when steady state was obtained . 

When t e ratio bee e constant with tL~e , the col umns 

were assumed to be at steady state . The tests were not 

terminated un.less the columns had remained at steady 

state fo r approxi~1ately two hours . Fi .• 8 is an illustra-

tion o these p lots . 

A correction factor was applied to the rates of 

evaporation due to the change i n the volumes of the stee l 

pipe , s and , and water caused by te. perature fluctuations . 

The chan~e in volur e of 1 th the sand and water togethe r 

per de gree centi grade is greater t h an the change in vol-

ume of the steel container. Therefore, a vol ne 
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correction was added to t h e volu.me of water los t from the 

urettes when a.n increase i n temperature occurred and 

s ubtracted when the te., pernture decreased . 

Supple entary Tests 

Height of capillary ri se . --A 5- inch diameter 

plastic colLL~n , our feet high , was packed with dry sand . 

The water table was ma.int ined within ha fan inch of the 

botto of t1e column by adding water through a plastic 

tube connected to the bottoN. The vo l m e of water added 

and the rate of capillary rise was observed for a perl. od 

of eight days . i 

Capillary pressure-desaturation curve . - - In 

order to determine the functional relationship between 

capillary pressure and the degree of sat u rat ion of t he 

sand in the co l umns , 3pecial equipment was de~igned to 

obtain capillary pressure - desat uration da ta . Te equip-

ment developed for this purpose _s shown in Fig . 9 , Plate 

IL 

Representatives ples of the air-dry sand 

(about 10 gra , s) -v·ere placed in smal wei rhinr- bottles . 

The sam les were covored with a volume f water sufficient 

to ful l y sa turate t e samples . The we1 £.h:!.nc bott l es con -

taini g t sand ad water were then placed in an evacuat -

ed f lask attached to a vacuum p p . The fla sk was evacu-

ated until virtually a.11 the air was removed and then air 



FIGURE 9 -- PPARATUS FOR 0BTAIIONG iKE 
C•Pttt•RY PRESSURE - DES•TURATION 
CURVE OF THE FINE SAND . 
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F IGURE 10 -- tuc t TE PLASTI C BOX WITH PIPETTES 
ATTACKED TO LUC ITE CYLINDERS 
WHICH ARE IN CONTACT WITH THE 
F INE SANO CONTAIHD IN WEIGHING 
BOTTLES . 

FIGURE f! -- LUCITE CYLI NDER ANO SEMI-PERMEA-
BLE BARRIER FOR CAPILLAR Y 
PRESSURE-DESATURATION APPARAT US . 

PLATE II . 
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was admitted quickly at atmospheric pressure . This pro-

cedu e caused the s :aples to be fully saturated ,1th water 

and also produceJ a porosity in the s .ples virtual y the 

s e as tha t obtained 111 the col s . 

After the sa ,ples were saturated, t he xcess 

water was re1 oved ad t he wei hi g bottles were pl aced in 

a l ucite plas tic box shown i F i F. 10, Plate II o Water-

saturated semi- pa~ eable barriers . a de of Selas cer ~ic 

having an air- entry pressure of one and one- alf at os-

pheres were placed in contact with the sru ples through 

openinf!s in the top of the box . 

The barriers f r connected with r s trong ad-

hesive {A-1 ) to the lucite c l inders as shown in Fi ~• 11, 

Plate II . The barriers are one - eighth-inch· thic. nnd 

one - inch in di eter. The plastic cylinders are a l so 

one - inch in die.meter and the holes throu£.h t..h.e top of the 

box are just large enough f or the cylinders to slip 

through without allowinc space for appreciable diffusion 

of water vapor fro a the s pl s . God contact between 

the barrier and soil is maintained by p l a cing wei[;hts on 

top of the c linders as shown in Fig. 10 , late II . 

A negative pr essure on top of the barrier was 

produced by ea s of two leveling cells containing water 

and connected by a flexible Tygon tube . The upper cell 

whi ch was initially tilled with water was connected to 

five 5- ml pipettes f'or , easuring the volume of water 
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removed from the samples . The pi pettes in turn were 

connected to the l uci te c ylinders . The lower water cell 

ms open to the atmospher and in the be5inninG contained 

only a small anount o water . 

At the be e nning o_ the test , the difference in 

elevat on r the two wat r c 11s was suf~icient on l y to 

su po~t colu~ns of wat r above the sru'lples as hi ch a the 

lowest gradun tion on th pipettes . Thereafter , the di fe ~ 

ence in elevation of the t'l:o eel s 1 s gra uall y increased 

ins all incremc ts . Tlme was a llowed fo r equilibrium to 

be reached betueen the soil and barr;l.er as indicated by a ., 
constant vol e of water i n the pipettes . 

As the pressure in th uppe r cell and in the 

leads to the barriers was decreased, t he air in the leads 

expanded , causine some water to flo fro the upper coll 

to the lower cell . Becau e t h e vol~ e of air in the 

pipettes and l eads was del berately ade as small as 

poss i le , the lowerinG oft e water level in the upper 

cel l was very slis ht (over the r ange of pressures used ) . 

The T GOn leads have an inside dia~eter of only 1/16- inch 

~o pared to an inside di eter of 2 - inch es or the level-

ing cells . 

As the capillar · pressure of the water was in-

ere sed t here was an initial re" oval of so e ex cess water 

fro ., the samples whic w s discoun ted . There w s a range 

of capillary pressures over w~1· ch virtually no increase 
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was observed in the water level i n the pi ettes . Tnese 

levels were tak en as zero readin -s fro i which t o compute 

the 8.Ii cunt of water subsequentl y re , ved fro.11 th, s a.:, ples 

a.t higher• capillary- pres ures . The hi t.,hG t capi l lary 

pressure a t whic mea 1 re:11ents we re u o.de wa.s 200 cm • of 

wat r . 

The capillary pressur was computed b subtr a c t -

in~ fro t h differe~e i n elevat i on f the water in the 

lev lin cells th hei t of water above the s ples in 

t h e ip ttes . .ftcr the sar,pl shad appare t l y reached 

equi libriur.1 at the i Lhest capillary pr ss re app l ied , the 

s , ple s wero re.:iovcd f ro_ th i plc.stic bo o.n · were weighed . 

They were next oven-dried and wei hod cain to deter-nine 

the amount of wat r r e ain ing 11 t es aples . The satu-

rated por vo l of each s pl was co .1puted by ad i n& t o 

the vo l ume of wa.t6r roi<l ining at he end of the r un the 

vo l e of water r ove d durinf: the run . 
1rl1.e vol n of wat r in the sample (at equili -

bri u with each capillary pressure appl ied dur·ne t 

was comput e and was expressed a s a percenta ~e of the 

run ) 

s aturated por ol e . he erce~tacos or the saturated 

pore vo l 1es were the p l ot ed a gains t the corresponding 

capillary pr essure fo r that a t uration t obt in the 

capillary pres s re - de tu.ration curve . he ca ill 

pr ssure a t wh i c 1 the f irst es t; :..~a tion o.,_ the ple 

occurred was desi£Uate d as the displace ,le t pres sure , t h e 
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defi nition of displacement pressure beini; the pr essure 

c f crential etween a r and l iq :r.d r equ · r sd to allow air 

to enter the la gest pores o az1 "nitially 11 uid- saturnt -

ed porous s ste ~. 



Chapter V 

PRESENTATIOl OF DATA Ala DISCUSSIO 0}' RESU TS 

In the ·10.lys s of the problem appearing i n 

Chapter III , t : e varia les pertinent to evaporation fro 
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a soil column in contact wit a water table were resolved 

into the parameters e/C , Pc/ ,J ' and 
p z; J2 
w • It was 

hoped tha t t he ex eri ental resul ts would provide infer.. -
i 

tio re l tive to t he functional r e l ationsh i p between t hese 

parame t ers . Accordi 1gly, , eans were provided .for , easur-

ing the variables appearing i n the par 1eters at various 

point s along the axes of the col ans . I additio1 , the 

tempera t ure profile with in the colu..,m and the profi les of 

the relative h ity , e pera ture , an wind veloci ty 

above the columns were measured as previously expla i ned . 

Wintl Ve l ocity 

Wind speeds of 15, 25, 35, and 45 fee t per 

second were a ntained with the water table being held at 

particular depths . Run s were con tinued until the ratio of 

evaporation f rom the two columns es/er beca;.e approxi -

a tel { constant ; ef is t h e ev porat ion rate f rom the 

co l mn with the water table at t he surfac e , and e
8 

is 
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the rate f r om t h e column with the variable wat er table . 

The velocity profiles above the colu.rnns at each o the 

speeds st die are shown i n Pi t, • 12 . 

o attempt h as been made to evaluate t e 

Re y old ' s number or -;;h e shear resulti 1 f rom the winds 
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i posed . The evaporat ion rates fro the column with the 

water table at the surface was sed to integrate the 

effects of ambient f actors . Because of the mechanical 

limitation of the driving mech s.n is . and t he lack of 

provision for providin additional radiant energy to t he 

soil surfaces, the reatest evaporation rate obt ained was 
I 

1 . 35 i nches per day with the water table at the surface •. 

Temperature Profil es 

Typi cal tempe rature profiles are shown in Fi gs . 

13 and 14. It will be noted t ha t t he surf ace temperature 

is lower on the column with t he water table at t he surface. 

Hi [he r e vaporation rate from t his column resulted in a 

greater withdrawal of h eat from stor ae;e produeint.~ a tem-

perature diff ere ce betw en col ns . Si1ce the column 

which evapo r ates the ost water must a.bsorb the nost heat , 

this temper ture difference is aintai ed i n the steady 

state . The dri er soil becomes war er at t h e surface and 

as a consequ ence loses more heat by radiation . A certain 

amount of h eat s ls o absorbed in the process of moving 

water from the water table to the surface but this is 
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ne t li ible unless tn soil be co es ve dry to a. consid r -

able depth . An enerGf loss of the s~ e ma rr itude as tat 

requ ired to evaporate the water would be produced by a drop 

in hydraulic head oi' about 154 mi les . 

Evaporation rates are very sens tive t o radiant 

enerv-y input . I n his experime t the col umn with the 

water table at the surface apparently received s li ht l y 

.ore ra 1 nt ener than the east col umn. This was prob-

ably due to reflection of light from the west wall that 

passed t rou~h a window on the ea~t side of the te t 

sect on . Evidence that the west column re ceived more 

radiat i on is shovm in ~1 gs . 15 and 16 . ,rot e the slightly 

hi ryher te perature at the surface of the west colu."11Il . 

Thee te peratures were easured during a check run with 

the water table at the surface of both col-u..'1ll1s . The west 

column had a. si ificant l y hi er eva.porat;i.on rate. 'I1he 

l o es of the curves in Fi g . 19 ere probab l y influenced 

by this factor and undoubtedly each curve would have had 

a slightl y grater slope had this not been the case . 

As a source of o.dd1.tional evide ce that this con-

clusion is correct some d ta are shown which were taken 

during a more recent exper en t in which the same sand was 

used . I n t hi s experiment all colu.lfills were p laced at equal 

radii on a revolving table in a controlled environ_. en t . 

There w s no possibility of any colu..11l.Il receivin . . ore 
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radiant ener -.,y than the other. Results from thl s experi-

ent a r e shown in Fi ·· . 17 . Hotc th • t in this case the 

l ot of e 3 vs er with the water table at a e pth of 

six i nches , ives a s l ope which is vi ~tually one . 

Another source of d i ffi cu lty was the extre e 

v r i ation in a .. bi nt to,aper ture duri g each run wh ich 

made it 1. possible to obtain stea y state i n th, usual 

sense . Expansion a.rd cont::>a.c t ion of the water, t e soil, 

·nd t h e s t eel colur s i ntro uced ar err or in the co puta-

tion of the ev por ation rates such t ~at reasonably 

accurate ea sure .. ents of rates less than a bout 0 . 1 inch 

per d y wore impossible . A ,;-olumetr i c correcti on w s 

app lied d epen ding on t h e direction and teat ~ 1ic the 

te . perat ure was ch anc ing , but the a ccuracy of the cor· ect-

ion was alwa 1s in oubt because of the 1 possibili ty of 

r1easurin r. t he aver f'." e temper ture of all co_ ponent s of' 

the syste~ wit sufficient precis ion . 

Another di f culty was that data co ul be 

collected onl y dur i ng t he f r•ost - free season be cau . e o .f t h e 

danger of' .freezin G the s yste.1 . 

Re l tive humi ity 

Some typical p of'il es o.i: re l ti ve hur:1i i ty above 

the colu.."11Ils during evaporation are sh own i n Fi ~. 18 . hese 

i ndi cate t hat t he t h ickness of the relative- h idity 

boundary layer was not mo re than on - half i nch . The 
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relative hur.idity also varie considerably duril-1', ,ost 

runs , which generally las ted or a po rio d of 6 to 8 hours . 

Typic lly the rel tive idity d creased rin the d y 

as the te. perature within t e wind unnel increased . 

There was usually a particular s a.rp ncr ase i 1 te!, p ra-

ture wich a. ~oncurr nt decre se in relative humidity about 

noon eac 1 day resul -ing f' ro:, lrect sunlight stri ing the 

return sect ion of the wind tu · el . This greatly i creased 

the dif~iculty in o btaining a steady rate of ev poration. 

Capillary Eressure istribution 

Pe r haps the most disa pointing circumstance 
I 

rel tive to the entire e~perL11ent was the f ailur e o . the 

ercury mancmeters to indicate the capilla y- pres:mre 

"'r dient d thin the colurrms . Thero were se ,,er a l reasons 

fort is failure . The first was n .... the sand used is very 

permeable a .d the head loss resulting f rom flow in the 

.fullJ - saturated state was very s ~r all . It was not possible 

t o measure s mall evaporation rates w.th suffi cient accuracy. 

and conse quentl y water - table depths which i ght have pro-

duced a subst 1tia.l capilla y·- pressure gr <llent wero not 

investi -:ated . 'l1he ., ercur J manome t ers used to read the 

capillary res ures were not p rticularl y sensitive , and 

moreover , most of the he d l os resulting f rom f low 

probably occurred bove tho top tensio eter . 



As a resul t of these circumstances , the theo r y 

developed in the anal , sis of the problem could not be 

tested exce t by infe r nee . 

De th of water table . 
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Perhaps the most interesting fac t l earned from 

the expori ment was that t h ere is a critical wate r - taole 

depth for t is s ,.1d . When t h e water table is below t hi s 

depth t h ere is a· abrupt decrease in evaporation rates . 

Fig . 19 prese1ts t he cvaporatio rates as a fm1ction of 

depth of water table ad of t he evaporation rates fro. a 

f r ee ater surface . It •.rill be not d that whe th dep t h 
I 

of water t ble was varied bet, een O and 2l1. inch s no 

great chance in the rate of evapo r ation occurred. vft1e. 

t h depth was inc reased to 26 nches , however, a co sider-

able reduction in rates occur red ta high r value of er • 

hen tho depth was incre sed to 29 inche es w s reduced 

to a value that could not be .,ie sured ac curat l y with the 

experi en tal pro cedure e:::iployed . Con equen tly f'r a t r 

depths of the water tabl 1ere not i nvestigated . 

Bocnuse o~ the abrupt reduction in evaporation 

as a water- table J epth 26 inches s a.:µp oach r d , an 

o.ffort was 1, ade to dete r mi ne whether t hi s could be explai .. 

ed in ta . s of the t heory develo ed in hapt er II ~. 
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Ca illary pressure - desaturation curves 

Fi f> 20 si1ows the functional relationship be-

twee n the capillar-J pressure n 
... C and t e sa t ur tion S 

fer the fin e and on t he dr i . age cycle . It w 11 be noted 

t h v.t this sand h s a displace111e1 t pressure PD of about 

60 cm of water . This is a few cen timeters hi er than the 

capillary rise ound for the sa~d as shown in Fig . 21 . 

T'ne r ge of' t h e Hater- table depths , 24- 29 inches, over 

which the evaporation rates underwent an abrupt decrease 

c orresponds to the range of P
0 

f or which the sand 

d es turates f om. 1 00 to 45 percent . 

It will be obvious from Eq . 16 of phapte r II 

that during evapor ation the value of Pc at ·the surface of 

the col u.>rJn is reater than the depth of the water ta , le, 

but unti l Pc beco es greater t han PD at the surface, 

this differe1ce will be slight . As soon as PD is excee d -

ed, however , the resista ce to the f low will incre ase 

rapid l y with inc1•easing P and ~he difference be t ween 
C 

Pc for the s tati c case ad the Pc with evapo ation will 

inerease sharp l y . 

In order to f rther clarify this situ tion , a 

relative permeability vs saturation curve was calculated 

for the sand us ing Burdine 1 s method . This curve is shown 

in Fi g . 22 . Relative permeability to water y rW is defined 

as t he r tio of th effective conductivity C at the e 
saturation ,:j to the conductivity C when the saturation 
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is unit y or 100 percent . It ,1i ll be noted by co parin& 

Fi gs . a) and 22, th t C0 is the same as C unt il 

Pc= 60 cm H2 • The e quatio of Gardner (18) r e latin 

Ce to Pc obvious l y coul d not b vali d fo r the sand used 

i this inve ti · tion . I~ c n also be seen from Fi r. . 20 

that by tho ti . e the water table has each ed depth of 

80 

2 9 inches (even if a static situ tion is assumed) the 

sa t ur tion at t e sur face ill have been reduce d consider-

ablJ . Once t h e surf ce becones dr_t , more of the h eat 

supplied to the surface is los t by radi tion . 

In re r ard to Eqs . 11 d 14, i n wh .:. ch Burdine 

a nd Core :f f ound that K.w is rel ted inversely' to the 8th 

,ower 0.1. ].-> c fo r p ous rock cores, Fi G• 23 shows that 

thi relationship f or tho fii1e sand i to the 16th power . 

~•or saturations below fie ld cap city , Gardne r :found that 

t 10 relatior ship i t o the 2nd or 3rd powe r . "he abrupt 

desaturation s noted L~ FL.: . 20 inJ. icatcs that ost of 

the pore are early t 1e sa1 o size . 11he :nechanlcal 

alysis, r 1i , . , o ' t he fine san r v -als ha st of 

the sa.:id particles are also early t h sru e size . 'l'he 

fact that the san d part :tcles and pores are both of uniform 

size accounts fo r t h s dden d saturation f ~hes ct . 

This results in Krw being p p rtiona· to the inverse of 

P t o the 1 6 th power . 
C 

ome ide o:. 0 1' the expone. tial 

tween tho pa.rar11eters e / v, P 0/ PD , u.nd 

rel ati onsh ip be -

z/BD is (. iven in 
w 
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Fi • 24. This fi gure pres ents the s ne func tional rela -

tionship as Fig . 1 presented in Chapter III except that in 

this case Eq . 14 was solved explicitl y for e/ C as a 
PD 

function of Pc/Pn for a particular value of z / -- • 
w 

rote that e/ C t ends to approach a aximUi~ . The transi -

tion, . oreover , between a rapidly cha.nc inc value of e/C 

and a nearly cons tant val ue o f e/C is abrupt . The fact 

that e 8 to r each a limiting val ue , depending 

on the water- tab l e depth , is sho i n Fig . 19 . This fact 

has als o beei established by Gardne r (18 ) . 

Suggestions fo r future studies 

As previous l y stated , t hfs thesis i s a prelimin-

ary investigation of evaporation from soils i n which t he 

factors affecting the rate of evaporation from fines nd 

were studied . The fo llowins su .gestions for future 

studies are a consequence of experience r ained in carr1ing 

out t h e ex erim.nts des cribe • 

Similar experi ~ients a re needed on a varie ty of 

soils to determine if a c ritical depth o water tuble 

occurs and if a simi laP relationship ex ists between this 

depth and the characteristics of the moisture release 

curve as exists for the fine sand . Because the wind 

tunnel now i n use does not permit control of ar. bient te.,.-

perature , radiat i on , or hu..--nidi ty, it is :..•eco .,1ended that 

future studies of evapor ation be conducted in a faci lity 
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desi gned sot at t hese variables can be cont ro l led . Pro-

vi sion shoul d also be made for measurin capillary pres -

sues with in t he soil prof il e with c r eater precision so 

t hat t~e relationships between the several dimensionless 

par eters can be studied and the theoretical relationship 

can be ev luated. 

Many additional e xperi nents will be needed be -

fore t h e over- all ob j ect ives of the project of wh ich t h is 

thesis is a par t will be real ized. One of t he first 

things that comes to mind in th:.s re ,•ard ls an evaluation 

of the dynar ic case , i . e . , an initially wet roil (not 

necessarily i n contact with a water ta bl e ) which is dried 

by evaporation. 
,,,.--



Chapter VI 

SU R 

A preliminary investigation of steady-state 

evaporation was made to determine the effects of wind 

velocity and depth of water table on the rate of evapora-

tion from a column of fine s and in contact with a. water 

table . An attempt was also ade to relate the rate oi' 

evaporation under specif ic environmental conditions to 

measurable properties of the sand . 

Two columns of fine s o.nd f'rom deposi ts i n Love-

l and Lake , w s h ed free of most of the clay fraction ., were 

place d in the 6 ft . by 6 ft . test section of the wind 

tunnel on t he Col orado State University e re pus . One 

column was a check column in which t he wat er table was 

maintained at the surface while in the other column the 

depth of the wa t er table was varied . 

Runs were ade with the wind veloci ty var;1ing 

f·,o O to 50 feet per second while the water table varied 

in ' c __ ,~na~ ::: tly Le tween the sur-face and a dep th of J O 

inches. The runs were conducted in such a manne r that the 

column wit h tho variable w ter table was lway s on the 

drain.a. •e c ycle . Each run was continued until ste dy state 

5 



was appro ched. 

A critical dept h of water tabl e f or t he fine 

sand was .found at about 24 inches . With the water table 

above thts depth, evapor ation rates wer e of the s ame order 

of magnitude as from t h e f'ree water surface. With the 

water t ab le at a depth of 26 inches ,. t h e evaporation 

rate was less t han half t hat from the ree water surf a ce . 

When t hew ter table was a t a depth of 29 i nches , t he 

evaporation r a te became too s , 11 to be measured accurate -

l y with the apparat us empl oye d. 

The cri t i cal water- t a · e depth could be related 
I 

to properties of the capillar y pres sure . desa t ura tion 

curve , particularl y to t he displacement pressures wh ich 

was about 23 . 6 i nches o.f water f or the fine sand. With 

t h e water table at any particula r depth t he evaporation 

rate appar entl y approached a l i itin · val ue as t h e wind 

velocity was increase d. 

By ana l yzing the f low of water through a. column 

of fine s a f rom the wate r table to the surface , the 

variables affecting t he f low were grouped into thr ee 

dimensionless parameters : e / C , t he r atio of t he evapora-

tion rat e to the hydraulic conductivity ; Pc/ PD , t he 

ratio of t h e capillary pressure a t any elevati on to the 

displ ac er en t press ure of the sand ; and I PD 
Z-

W 
, t he r a tio 

of the elevation above t h e wat er t able t o t he elevation 



of the top of t he fully- saturated zo e under static con-

ditions . 

7 

A differenti a l e quation rela ting these para-

meters was derived wh i ch was based on the assw ption that 

t he relative permeability of a sand to water (:for Pc > P0 ) 

is proportional t o (Pn/Pc)b where b is an exponen t . 

The equation which oan be solved by numerical methods is 

d(Pc/Fn) p b 
== 1 + e ( e d{z/Pw) C -) • PD w 

Solutions applicable to Pc greater than Pn but less 

one- third atmospheres were obtained by gi ving b the 
I 

than 

value of eight . The assumptions made were base on exper1-

ental data published by Corey (10 ) and Gardner and Fire-

man (19) . 

Calculations based on measurements of the Pc 

vs saturation function i ndicated t hat for the particular 

sand used in this exper 1ent the value of b is probably 

about 16 . It is belie 11e d that this is much hi gher than 

for most soils, the high value of b being caused by the 

unusual uni f ormity of pore sizes of the sand . Limitations 

of the equipment prevented a quantitative evaluation of 

the theory . The theory predicts a rather abrupt tra.ns .L -

tion from moiat soil t o dry soil at the surface when the 

depth of t he water table i s increased beyond a o ri tic al 
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depth . The theory al so indicates an abrupt decrease in 

evaporation rate when the surface dries . For a particular 

depth of water table , t he evapo r ation rate should approach 

a 1 mitin~ value as t h e severity of the bient evaporat -

in condition s increases . All of these predictions were 

veri ied qualitatively . 
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T UL E I• - DATA OF EVA PORAT ION FROM COLll'WS OF FINE SAND 

Wt.~I COLll'IN 
ran• LlV 

11W L1V LlB AV /jT LlT 
CR3 OF Cl't3 M11. CM3/,.llto 

15 131 . 8 - .30 132.8 50 2.657 
18 161.0 -.,. 161.5 90 1.794 
19 151.9 • .01 151.7 324 ~468 
20 156.8. : - .40 155.4 111 .878 
22 121 . 4 - .04 121.5 214 .s,a 
23A JSB.2 - .62 400.4 320 1.252 
24 2'36.8 • .78 234. I 328 .719 
25 142 .2 -1.12 146.t 1199 .122 
26 512.4 - .73 509.8 478 1.044 
294 307.2 - . 5• 305.3 515 .593 
30 358.6 -1.62 352.9 458 .110 
31A 582.1 \ .. - .a8 579.0 470 1.232 
32 418.T - .,-52 416.9 319 1.100 
33 396.0 - .45 394.4 284 1.389 
34 281.8 - .73 284.4 179 1.590 
35 231.7 - .49 233.4 142 1. 643 
36 348.2 - .40 346.8 262 1. 324 
39 326.0 - .23 334.0 430·1 .0716 

40,42,424 608.B - .30 609 .B 1392 .438 
448 .578 41 257.2 ·- .5S 259.1 

43 400.7 - .26 401.6 259 1. 55 
44A 471.1 - .os •71 0 4 275 1.713 
46A 559.8 - .44 561.3 317 t.771 
49A .. • 174.9 - .29 175.9 231 .761 

• 
•• 
••• 

•••• 

"19 X 3.5 + AV • TIUt .i:! V 
.OIi 4"f X .75 a E 
CIIECK IIUII - EAST toLUffll WU COlf ltOU£D TIIE flU wnu 
au1,1cr 1,. NOT ICE THAT THE su•rTTE cot,flCIINTI Nl¥E 
ALSO BUii ftUEIIHD 
~':- X .726 & 1 8 

I •• , 
n./eu 

r.ss, 
1.347 
.351 
. 659 
.426 
.938 
.538 
.09.U 
.783 
.445 
.577 
.. 924 
.825 

1.041 
1.193 
1.233 
. 993 
.058'2 
.328' 
.433 

1.162 
1.285 
1.328 
.553 

UM t;OUJMII IATIO 
Tur• llV I•••• 

A.V Ll.9 A'1 A.T A.T • 
CN3 OF c,.3 Mtw. Cf'3/,. ... ••-/•n Es/E 

f 

132. J - .34 133.3 50 2.665 , .• 937 .972 
98.8 - .16 99.4 ,'90 1.104 .so, ,.595 
4.55 - t.60 10.15 295 .0344 .0250 .0112 
1.21 - .53 3.07 180 .0111 -.0124 .0188 

112. 0 - .01 112.0 195 .s1•·. .417 .,979 
348.8 - .61 348.9 320 ,.oso .791 .844 
173. 6 -.31 172.3 298 .578 .420 .781 
f40.5 -1.23 t44.8 1187 .122 .0885 .970 
425.0 -1.01 421 . 5 492 .857 .622 .794 
230.8 - .0• 230.9 515 .448 .326 .732 
281.3 _, .12 277.4 485 . 572 .415 .718 
399.3 ... o., 389.3 482 . 828 . 601 .651 
40.70 -1.54 46.1 410 .112 .0816 .099 
29.80 -1.16 33.9 325 .104 .0757 .0726 

239.7 • .90 242.8 177 1.373 .996 . 836 
191 .. 5 - .48 193 .. 2 138 1.401 1.018 ,.824 
2.79.3 - .2t. 278.4 260 1.011 .778 .783 
318.6 - .35 330.8 4490 .0737 .0535 -.919 
367.2 -2.86 377. I 1464 .257 .187 .569 
J34.8 -I.IS 138.8 470 .295 .214 .494 
139 .• 6 -2.11 147.0 310 .474 .344 .296 
84.0 -1.60 89.G 287 .312 .221 .177 

476.6 - . s1 •79.4 340 l.•tO 1.02• .771 
151.8 .... 65 154.1 247 .624 .468 1.1s2 

v- YOLlll'I[ 0, wnu TO l"IUIITUUD IUTO-TUU CONSTA NT • 

d Q • Ol ,,1HIICI I ' UMf'IIIATUII FIOM HQIHING Of IU!I TG UIO Of ..... 
AT- DUIA TION 0, •ult 
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Table 2. -- WATER .. '11ABLE DEPTH Aim WI ID VELOCITY MAINTAI NED 
DURI NG EACH RUN AND 'rHE RAT IO OF ea to er 
OBTAI rED FROM THE COLUMf S OF FINE SA.i: D 

Ratio Water-table Wi nd 
Run es/er depth Velocity 

in~hes fps 

15 .972 0 50 
18 ·.595 24 50 
19 .0712 29 14 
20 .0188 29 25 
22 .979 6 14 
23A .844 6 25 
24 • 781 12 14 
25 . 970 12 Calm 
26 • 794 12 25 
29A • 732 24 14 
30 .718 24 25 
31A .6.51 24 I 35 32 . 099 29 35 
33 . 0726 29 50 
34 . 836 6 35 
35 . 824 6 50 
36 • 783 12 35 

.919 26 Calm 
40, 42A . 569 26 14 41, .494 26 25 

43 . 296 2-6 35 
44A . 177 26 50 46A . 771 12 45 49A 1,.182 0 14 



TA LE 3. - CAPlt.LARY RES '' ..OES TURA. rnm DA.TA FO. THE fl !E SA! D, SAMPLE #I 

HU GIIT HE I GIIT A PtrnTt £\ ~6. BACK p Pc 
, ., 

'o Pue1n TO'IPe 
HEJCltT RUDI Q VOLIINE YOLUMl Pussunt C D 01' o, ... {:;;) Suu- or. lnn B H•EL 4 I N CHU CM3 093 CM3 -IN. H.zO .p 

~o c,, . i;o C C IATIOI 

125.0 108. 0 17.0 0.48 82.2 

125.0 99 .5 25 ... 5 0.49 81.0 
125. 0 99.0 26.0 o.so ao.o 
12s.o 98 . 5 2 .. 5 o.so 0 0 4. 44 22. 06 56. 0 100 so.o 
125.0 98.0 27. 0 0. 51 .o, .01 4.45 22.,55 57 .3 .99.6 so.o 
125.0 97.5 27.5 o.s2 .vr • 4.47 2'3.03 58 . 5 99.3 ao.o - t2 .o .97 .o 28. 0 o.~ > . 02 . O-i 4.50 23.50 59.7 .98 .5 76.0 
125.0 96.5 28.5 0. 65 • II .,,s 4,.67 23.83 60.5 .992 . 984 94.5 so.o 
125. 0 96. 0 29_.o 0.11 . 06 .2 1 4.76 24.24 sr.s • 74 ,.MS 2. 4 so.o 
125.0 95. S 29. 5 o.c& .14 .• 35 4,.S8 24. 52 62.2 . 964 .930 87.3 so.a 
125. 0 95.0 0 c.ss . 08 . 43 5.10 24. 90 63.2 . 949 .soo 84.<J ao.o 

" 94. 5 30. s 1. 01 .14 .57 5.3f 25. 19 64.. 0 ,.938 .sao 79.3 78.t . 
125.0 94,.0 :ll . O ,.~o . 13 .70 5.52 25.48 64. 7 . 927 . 860 14. 6 82.2 
125.0 93. 0 32. 0 t.3S . 18 .ss 5.80 26.20 66. 6 . 902· . 813 68.0 80. 1 
125.0 92 . 0 33.0 1,.54 .16 1.04 s.04 26. 96 68.4 .an .no fil .. 2 80. 0 
125.0 1.0 34.0 I .7 1 . 17 1.21 6.31 27. 69 70.6 • 50 .722 66 .0 80 . 7 
125.0 90.0 35. 0 , •. &8 . 17 t • .38 s.sa 28.42 72.1 . 832 . 693 49 . 8 II . I 
125.0 89.0 36. 0 2.co .12 1. 50 ~. 76 29.24 14. 3 .sos . 653 45.4 ao.s 
12!:..0 87 .0 :m.o 2.1s .,s 1. 69 7.00 30.94 78 . 6 .TS• . 583 38,.5 so.u 
125.0 66.0 39. 0 2.27 .oa t.77 1. 11 31.a3 so.a .743 . 552 35.6 ao.o 
125.0 84. 0 41 . 0 2.39 .12 ,.as 7.36 33.64 85. 5 . 702 . 493 31 . 3 80.4 
125.0 82.0 •3.0 2.47 . os 1.a7 7.49 35. I so.2 . 686 .443 28.3 80. 9 
125.0 ao.o •5 .. 0 2.53 .os 2.0:; 1.~ 37.42 95. 0 . 632 . 399 26.2 69. 0 
125.0 76. 0 49. 0 2 0 . 07 2. 10 7. S9 .. , . 31 104.8 . 572 . 328 23.6 79. 0 
125. 0 72. 0 53. 0 2.10 .1 0 2.20 7.84 45. t6 114 . 8 .523 . 274 20.0 85.0 
125,.0 68. 0 57 . 0 2. 73 . 03 2.23 7. 89 49. II 124 . 6 . 482 •. 232 I 8.9 az.o 
125.0 39.0 86.0 2. 82 .os Z..32 8. 03 77.97 HlB.I .303 .092 15.6 o.o 

c.o 
f ., 



TUU 4. - CA f>lLUllY PRESSUllE...OEOATURATION OATA FO!l THC FHE SN'IO., SAMM #2 

lfU tul T Hfl GMT ,6 P1 ,nn .A Z.Ll 8ACI p , , . ,. 2 Pucrn r,,.,. 
Of Of Elf l GIIT RfAD~H VOI.Uflll VOL IIIU fl'IIIS:SU1£ C C iJ t!-) SU • ... ;; o, 

llYtL B lnu A IICIIU Cft ffl3 c"3 ••- 11.zO "20 e11 . KzO Pc UTI Oll 

125. 0 108.0 11. 0 0.49 82. 2 

125.0 100. 0 25. 0 0.49 so.a 
125. 0 99. 5 2.s.5 o.so er.a 
12s. o 99 . 0 26 . 0 o. so 0 0 4 •. 55 2J. '45 54. 5 100 so.o 
125. 0 ee.s 26. 5 o.s, .o, .o, 4. 56 21 . 94 55. B 99. 6 so.o 
125. 0 98. 0 27 . 0 o.52 .o, . 02 4. 58 22 .42 56. 9 99. l 80.0 
125. 0 ig7 .s 27 . 5 0. 54 . 02 . v4 4,.61 22. 89 58. 2 98. 6 ao .o 
125.0 97 . 0 2e.o o.ss . 02 .os 4. 6.5 23. 35 59. 3 97 . 9 76 . 0 
125-.0 95. 5 28. 5 0 5 . 09 . rs 4. 7 · 23.7 1 G0 . 2 . !397 . 99-4 94. 6 o.o 
125. 0 96 . 0 29. 0 o.;2 . 01 .22 •. 91 24. 09 61 . 2 . 980 . 960 n., 80 . 0 
125. 0 95. 5 29. 5 (}. 86 . 14 . 36 5. 51 24.35 61 . 8 . 910 •. 941 87 . 1 80.3 ,~. 95. 0 30 .. 0 0..,95 .os . 45 s.ao 24 .. 70 62.7 . 957 . 9 l 5 83. 9 so.a 
125. 0 94.5 30.5 1.01 . ,2 . 57 s .. so 25. 00 63. 5 . 945 .a9a 79. 6 78. I 
125. 0 94. 0 31 . 0 t. 20 . i3 . 70 s .. 11 25.29 64.2 . 934 .872 T . o 82.2 
125. 0 93. 0 32.0 ,. .,. . as s .01 25. 99 66. 0 . 909 .827 68. 6 80. I 
125.0 s2..o· 33.0 1. M • rs ·1.04 6. 28 26. • .12 67 . 8 . 885 . 783 62. B so.a 
125. 0 91 . 0 34. 0 I 70 • is 1. 20 s ... ss 27 . 45 69 . T . 861 . 741 57.2 ao.1 
125. 0 90. 0 35. 0 ,.ss .16 1.36 6. 82 28 . 18 71 . 6 . 838 . 102· 51 . -4 81. I 
125.0 89. 0 ae .o I~ .,3 I .4 7.03 28.97 73.5 . 816 . 668 46 . 8 o.s 
125. 0 87 . 0 38 •. o 2. 19 . 20 1. 69 7.37 30.Sl 17.8 .112 . 596 39.7 80.0 
125. 0 86 . 0 3S. O 2.21 .os 1. 11 1.so 31...50 80. 0 . 750 .562 36. 8 so.o 
125. 0 84 . 0 -H .O 2,.40 . 13 1. 90 1.12 33.2 84 . 5 ,.HO .5~ 32. 2 80.4 
125 •. 0 82 .. 0 43.0 2.49 . 09 1. 99 7. 87 35.1 3 89. 2 . 673 . 453 28.9 80.9 
125..,0 80 . 0 •~.-0 2. 55 . 06 2. os 7 .. 97 37. 03 94.1 . 638 ••07 26. 8 69. 0 
125.0 76.0 49. 0 2.64 . 09 2. 14 8.12 40 .. 8 104.0 .577 .333 23.6 79.0 
125. 0 72.0 53.0 2. 12 .os 2.22 s. 2s 44 . 75 113.7 . 538 . 290 20.7 85. 0 
125. 0 68. 0 57 . 0 2. 77 .as 2. 27 8-.33 48. 67 123. 7 . 486 .236 18. 9 82. 0 
125.0 39.0 86 . 0 2. 87 . 10 2. 37 8. 50 77 . 50 196 . 8 . 305 . 093 15.4 ao.o 

• Po • so.o Cl\! c.o 



9 5 

Table 5. - - COMPUTATION OF RELATIVE PERMEA.BILITY- SATURAT.ION 
CURVE FOR THE :b,I NE SAND USING SA11PLES 1 t:Nl) 2 . 
COMPUTED BY THE METHOD OF BURDI LE (4) . 

Satu-
1!~es2 

A1 T T K 
ration r T1 Tl rw 

.144 0 0 0 0 

. 20 . 212 . 0143 . 066 . 004 . ooo . 

. 30 1. 152 . 0777 • 182 . 033 . 003 

. 40 2.so ~168 . 292 . 085 . 01i .50 4 . 12 . 278 . 416 . 173 . 04 

. 60 5. 95 . 401 .532 . 283 . 113 

. 70 7~93 .533 . 648 .420 . 224 .so 10 . 07 . 678 . 767 .588 . 399 

. 90 12 •. 33 . 831 . 384 . 782 .650 
1 . 00 14. 87 1 . 000 1 . 000 1. 000 1 . 000 

A ::; area under the curve 
T = to~tuosity 
Krw = rel tive permeability o water 
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