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Chapter I
INTRODUCTION

As new uses for water are devised and as the
population of the world continues to increase, men are
becoming more consclous of the growing need for the con-
servation of water, If man is to continue to progress,
more economical methods for the use of fresh water must
be developed,

Fresh water is obtained either directly or in-
directly from the rain which falls on the lands, Much of
this water 1s not utilized because it is lost through
evaporation before man is able to derive any useful ser-
vice from it. Because water is often stored in open
reservoirs, the problem of evaporation from a free water
surface has attracted much attention. Prcbably a greater
amount of useful water is lost through evaporation fronm
solls, but there have not been as many systematic investie
gations cencerning this problem,

This thesis is concerned with the rate of evapo-
ration from soils and some of the variables which influ-
ences this rates It is a preliminary study which is part

of a comprehensive investiration of evaporation from soils.
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Because this is a preliminary study, an attempt was made
to reduce the complexity of the experimental set up, and
for this reason the soil chosen for the study was a fine

sand from which mest of the clay fraction has been removed.

Problem

How is the rate of evaporation related to the
depth of the water table, and tec what extent is the rela-
tionship influenced by the severity of the ambient evapo-
rating condlitions? What soil properties influence the
interrelation between water table depth and evaporaticn

rates, and how can these proﬁerties be evaluated?

Analysis of Problem
3ince the above problem will require years for
its complete investigation with respect to all ambient
conditions, water table depths, saturation histories, and
soil types, this investigation has been confined to deter-
mining answers to the followlng questions:
l. How is the evaporation rate from a fine sand
affected by independently varying the wind
velocity and the depth of the water table?
2. Can the functional relationship between
evaporation rates under specified amblent con-
ditions and the depth of water table be related

to easlily measurable properties of the sand?
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Delimitations

A, The facilities of the wind tunnel place the
following limitations on the investigation:

1. The maximum wind velocity will be 50
feet per second.

2+« The water table will have a maximun
depth of 42 inches.

3« There will be no control over the
ambient temperature or ambient
humidity.

Bs TFor the initial phase of this problem the
investigation will deal only with a fine sand from which
the original clay fraction has been removed,

Ce The surface will be maintained relatively
smooth and level with the floor of the tunnel.

D, All evaporation measurements will be made
on the drainage c¢ycle. In other words, the sand will be
initially saturated and then allowed to drain with the

water table at particular depths.

Definition of terms as used in this thesis

Pore volume -~ The volume of & porous solid which is
occupied by a mobile fluid.

Saturation -- The fractlion or percentage of the pore

volume which is occupied by a particular fluid

phase.



Wetting phase -~ That fluid phase which tends to be pref-

erentially adsorbed by the solid surfaces and
1s at a lower pressure than other fluid phases

that may occupy the same porous solid,.

Non-wetting phase -~ A fluld phase which is not preferen-

tially adsorbed and is at a higher pressure than

a wetting phase occupying the same porous solid.

Permeability -- A measure of the ability cof a porous solid

Hydraulic

to transmit a fluid under a specified potential
gradient. It is obtained from an equation re-
lating the wvolume fluf acrcoss an unit area of a
porous solid to the potential gradient perpen-
dlcular to the unit area, the effect of

viscosity being accounted for by a viscosity

term in the equation, Usually the term permea-~
bility 1s used in reference to a system saturated.
with only one fluid phase unless it is preceded

by the word "effective".

conductivity == The ratic of the volume flux to

the hydraulic gradient normal to a specified
plane within a porous solide. IHydraullic conduce
tivity is a function of the viscosity of the
fluid as well as of properties of the porous
solid, It usually refers to a system saturated
with only one fluid phase unless preceded by the

word "effective",
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Effective Permeabllity -« This term has a meaning similar

to permeability except that it refers to the

permeabllity of a porous solid for a particular
fluid phase when the pores of the solid contain
more than one fluid phase, 1.e., water and air,

Effective hydraulic conductivity == This term is related

to hydraulic conductivity in the same way that
effective permeability is related to permeability,

Relative permeability «~ The ratioc of the effective perme-

ability for a particular fluid phase to the
permeability. The relative permeability will be
a funetion of the saturation of the specified
phase as well as of properties of the porous
solid.

Residual saturation -~ The saturation obtalned by extrapo-

lating the curve of non-wetting phase relative
permeability to unity ignoring the convex
portion of the measured curve which approaches
unity. The residual saturation 1s expressed in
terms of the wetting phase saturation, The
relative permeability of the wetting phase at
the residual saturation is very small, usually
less than one percent.

Moisture equivalent -~ The moisture content in an initigl~

ly saturated soil sample after it is subjected
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to a centriiugal force 1000 times that cof the

gravitational force,

S -8
Effective saturation ~- The ratio ————3— yhere S i
il
a particular wetting phase saturation and Sr is

the residual saturation, both terms being
expressed as fractions,

Desaturation «- The displacement of a wetting phase by a

non-wetting phase, i1.,2., water being displaced
by air,
Saturation history ~- The precess by which a porous sclid

f
has reached its present state of saturation,

i.e., drainage or imbibition cycles or combina~
tions of these,

Drajinage cycle -- A saturatlion history in which a porous
solid initielly saturated 100% with a wetting
phase is desaturated.

Imbibition cycle -~ A saturation history in which a porous

s0lid initially containing a non-wetting phase,
imbibes a wetting phase as a result of capillar-
ity.

Capillary pressure =~ The difference in pressure across

interfaces of separate fluid phases caused by
interfacial forces. A non-wetting phase is at
a higher pressure than a wetting phase.

Digplacement pressure =-- The capillary pressure for a
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porous solid saturated with a single wetting
phase which is just sufficient to initiate dis-
placement of the wetting phase by a non-wetting
phase. The displacement pressure 1s a property
of the flulds invelved as well as of the porous
solid,

pressure -- The displacement pressure when the

wetting phase is water and the non-wetting phase

is alr.

Water table -- The locus of points where the capillary

pressure across alrswater interfaces 1s zerc.

Free water surface =-- A water table which is expcsed to

the ambient atmosphere, l.e., the surface of a
lake or the surface of water in a large open

container,

Barrier (semi-permeable) -~ A porous solid which has a

displacement pressure higher than the material
with which it is in contact. Semli-permeable
barriers are used to make tensiometers and
similar equipment. They are called "semi=
permeable” because they permit the passage of a

wetting phase but not of a non-wetting phase.

Tortuosity -~ The square of the ratio of the mean length

of the actual low path of a particular fluid
phase to the corresponding distance between two

points within a porous solid. The tortuosity
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is a function of the saturation of the particu-

lar phase and the saturation history as well as

of properties of the porous solid.

Moisture content -- The mass of water expressed as a per=

centage of the mass of dry soil within which

the water is retained.

Unsaturated flow =- A term used by soil scientists which

refers to the flow of water in a soll the pores

of which also contain more or less air.

Symbols Definition

b exponent /

e rate of evaporation

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

ep rate of evaporation from a free
water surface

h hydraulic head

W specific welght of water

2 elevation above the water table

24 plane where the pressure of the
water is zero

Z4 elevation of plane at the top
of the fully saturated zone

Zy elevation of plane at which

the soil moisture is at field
capacity

elevation of plane above Zy

Dimensions
dimensionless

L/T

L/T

L/T

F/L3



17

Symbols Definition Dimensions

c? constant of integration not specified

¢ hydraulie conductivity L/T

Ce effective hydraulic conductivity L/T
relative permeability of the

i wetting phase dimensionless

P, capillary pressure F/L2

Py displacement pressure F/L2

P water pressure F/L2

3 saturation dimensionless

Se effective saturation dimensionless

8. residual saturation f dimensionless
mieron L



13

Chapter II
REVIEW OF LITERATURE

Agriculturists in arid regions have been con-
cerned for many decades with the conservation of soil
moisture for plant growth. Loss of moisture from soils
as high as seventy-~five percent of the total precipitation
has been attributed to evaporation. In the last 20 years
great strides have been made in acquiring knowledge con-
cerning 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 is concerned with methods of
measurement and theories relative to evaporation from a
free water surface, investigations of the factors affect-
ing evaporation 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 storage
capacity with sufficient precision, A second procedure

involves the 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 coefficients" used for this
correlation have been determined under experimental cone
ditions which often do not exist in the fields A third
procedure, the energy budget method, applies the principle

‘or conservation of energy in determining the energy avail-
able for evaporation. The fourth method is the mass-

transfer method in which the evaporation rates are related

to the diffusion characteristies of the atmospheric sur-
face layer. These last two methods are discussed more
fully below.

Energy-budget method., -~ Anderson, Anderson, and
Marciano (1l: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

b Qg =Qp = Qp * Qy + Q)
Qe l1+R

Here Q, refers to energy used for evaporation, Qs solar

radiation, Q, reflected solar radiation, Q effective
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back radiation, Q, energy advected into or out of a body
of water, Qp energy stored in the body of water, and

R the Bowen ratio. 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 is incorporated in the equation., If this ratio is
not used, a term for wind veloeity would have to appear

in the equation,

Mass~-transfer method. -- The mass-transfer

method (1:3«36) is based on evaluation of the parameters
involved in the movement of water vapor away from the
surface of the water., The variasbles involved in this
phenomenon include the wind velocity, wind turbulence,
temperature, humidity, 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-
tion, being steeper for the laminar sublayer than for the
turbulent reglon. The wind speed, temperature, and humid-
ity vary almost linearly with the height above the surface
in the laminar sublayer and linearly with the logarithm
of the heisht above the surface in the turbulent layer.
Water vapor is transferred in the laminar layer mostly by
melecular diffusion and in the turbulent layer by mass
movement. The turbulent diffusion coefficlient is approxi-

mately a thousand times greater than the molecular
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diffusion coefficient (7:59). The boundary surface is
either hydrodynamically smooth or rough depending on the
relative thickness of the laminar sublayer and a charac-
teristic height which evaluates the roughness (36,37,42).
The laminar sublayer acts as & barrier to evaporation,
while eveporation is much greater from a hydrodynamically
rough surface where the laminar sublayer is practically
non-existant. Two theories have been proposed regarding
the mixing of gaseous vapor in the turbulent layen 1.e.,
Sutton's (37) continuous mixing theory and Prandtl's (31)
mixing length concept.

The Reynold's analogy k?:?-lh) has been used to

relate an evaporation coefficient to the drag coefficient.

Investigation of Evaporation from Solls

Thornthwaite and Holzman (38:1,~22) used
Prandtl's mixing length concept and both Prandtl's and von
K&rman's (42) logarithmic wind equations to derive an
equation for evaporation from land and water surfaces.
The total evaporation for an interval of time was express-

ed as
; 0,063 koz ( fwl - (w,) (u, « u,)
(1oge fé :
"3

with E referring to the total evaporation for an interval

of time, f’w and f to the average absolute humidities
1 Wy



at heights %y and Zy above the surface, and up

"7
to the wind velocity at heights zq and 2z, respectively,
and k, to ven Kérmdn's universal constant, The variables
of this equation include only those pertaining to the
ambient atmospheric environment, and do not include those
pertaining to the effects of the soil-water regime.

Many of the early investigations of evaporation
from soils desl with methods of reducing evaporation loss
and not on the fundamentals of the process of evaporation.
Some of these early studies have resulted in many mislead=-
ing assumptions and concepts concerning the factors govern=-
ing evaporation, This noction‘or the chapter deals with
investigatlons of the factors which affect the rate of

evaporation from soils.

Evaporation stages. -~ Koliasev (2l) has visual-

ized evaporation from soll as occurring in three stages.
He theorized that the rapid rate of evaporation from a
near-gsaturated soil, the first stage, was governed by the
ambient ntmoapherié’conditiona. Under these conditions
the factors that influence the evaporation from a free
wabter surface also control the evaporation from the soll,
and the rate of evaporation from both are practically the
sane, The pertinent variables in the first stage are the
wind speed, vapor pressure gradient, alr temperature, and

radiation.



The seccnd stagze described by Koliasev is the
stage during which the rate of evaporation rapidly de-
clines., During this stage the surface layer dries because
the flow of melsture from the water table is less than the
rate of evepcration, In other words, the internal factors
ef the soil,. which had a negliiible effecet in the first
stage, have & significant influence during the second
stage.

According to Koliasev, the last stage 1s govern-
ed by the molecular attraction that the soll particles
have for water which results in a slow decline in the rate
of evaporation. The water film‘around each particle of
soll is atiracted so strongly that an extensive amount of
energy would be required to evaporate the water.

Koliasev, in hig studlies, was concerned with
shortening the first stage of evaporation in order to re-
duce the total amount of evaporation from the soil, His
investigation revealed that stratified layers in the soil
profile interrupted the capillary continuity, thereby re-
ducing the moisture content in the loose layers and ine
creasing the moisture held in the compacted layers which
prohibits mecisture moving readily to the surface elther by
ligquid flow or gaseous diffusion, By the use of surface
active additives he was able to reduce the moisture in
the surface layer causing a dry layer to form which acted

as a barrier to liquid flow. Koliasev also investigated
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the affects of the height and spacing of wind-~breskers on
reducing the evaporation loss caused by winds.

Some of the work performed by Koliasev has been
duplicated and verified by Lemon (26).

Effect of wind veloeity. -~ Harrlis and Rebinson

(21:41;9) and Kueera (25) in sevarate papers reported that
evaporation rates increased with wind velocity up to 10
miles per hour beyond which ineressed veloecltles produced
negligible increase in the rate of ;vaporatien,

Turnage and Shreve (39) reported that in their
experiments the rate of depletion of %oil moisture increas-
ed only slightly with wind speeds greater Than flve miles
per hours Turnage and Shreve also stated that eviporation
appears to be mainly a function of humidity and wind speed.

Effect of surface conditlons. == King (23)

advocated strip cropping or planting of trees and shrubs in
rows as windbreakers every 18 or 20 rods to reduce moisture
loss caused by winds., From gstudles conducted in Wisconsin,
he showed that evaporation rates due to wind were 30 per
cent less 20 feet from a hedgerow than 30 feet away.

With a portable wind tunnel, Zingg, Woodruff, and
Englehorn (45) conducted experiments on the effects of the
orientation of windrows on the erodibility of land. They
noted that along with reducing erodibillty a saviag of
soil moisture was accomplished by plowing the field per=
pendicular to the direction of the prevalling winds.



In more recent work Woodruff (4j3:16) showed that
the evaporation loss was reduced for a dilstance of 20
times the height of the wind barrier on the leeward side.

Effect of relative hunldity. -~ Harris and
Robinson (21:447) performed research on the effect of
relative humidity on evaporation. They were able tc show
by passing saturated alr over a scil column that evapora-
tion was less than when unsaturated air was passed over
the columne

According to Cummings (11) there i3 no strong
correlation between evaporation and hpmidity. In his
study, hifdcrivod an equation evaluating the rates of
change of Qvaporation with vapor pressure and eliminating
the effects of insolatlion. The strong correlation which
does exist between insolstlion and evaporation masks the
small effect that changes of humidity have on evaporation
changes.,

Fukuda (15) studied humidity in terms of vapor
diffusion in the soil profile. He cbserved that when the
relatlve humidity was less than 100 per cent that it
fluctuated considerably within a Zu-houf ped od, He also
cbserved that evaporation ceccurs first at the ground sur-
face and afterwards at graduwally increasing depths. When
night comes, condensatlon occurs at the surface and pro-
ceeds in the same ecycle as the evaporation had followed

during the day.



Effect of radistion. -« Several investigators
(3, 21, 29) have studied the effect of radistion on evapo=-
ration, Penman (29) compared the rate of evaporation of
soils under simulated summer conditions (high radiation)
with those under iscthermal conditions, The columnsg were
kept in a room with controlled stmospheric conditions and
several columns were exposed te controlled redietion for
elght hours each day. The columns were under free dralne
age. He observed that evaporation from the columns receive
ing radiation waes very high until the surface dried.
Evaporation after the surface crust had formed was slight,
The total evaporation from the column under simulated
summer conditicns was less than the evaporation from the
isothermal columns,

Effect of temperature. ~- The response of water

in soil to a temperature gradient was studied by Gurr,
Marshall, and Hutton (20). The water in the warm end of a
horizontal closed soil column veporized and flowed toward
the cool end. There the water vapor condensed creating a
pressure gradient causing the liquid to flow towards the
warm end where the water continued to vaporize.

Effect of water table., == The effect of the
depth of water table was studied by Ridgaway (35) at the
Wyoming Agrieultural Experiment S3tation., 3Steel cylinders
were driven into the ground and were equipped for controle-

ling the water table within certain limits. In comparing
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evaporation from the soll with that of a free water sur-
face he observed that where the water tasle was at a depth
of Eﬁ inches evaporation was 50 percent of that from a

free water surface and when 1t was at a depth of 22 inches
it was 35 percents Ridgaway reported the chemical analysis
of the top 18 inches of the soil where the columns were

placed. A mechanical analysis was not gilven.

Effect of particles size and moisture content., ==

Work has been performed by several investigators (3,21l) on
the effect of particle size and moisture content on the
rate of evaporation. The majority have concluded that as
the ratio of the surface area to th; volune of the par-
ticles increases the rate of evaporation inereases, other
factors being held constant., As the moisture content of
the s0il is increased, it was found that the rate of
evaporation increases. This increase occurs until a cer-
tain moisture content (usually between 25 and 30 percent)
is reached after which the rate of evaporation beccmes
approximately constant (21:slll).

Veihmeyer and Hendrickson (1) studied the rate
of evaporation from wet and dry solls finding that the
rates were constant until the moisture content fell beloﬁ
the permanent wilting point. At this moisture content,
the rate of evaporation dropped sharply.

Effects of capillary pressure and permeability.-—

Buckingheam (3) contributed a great deal to the science of



soil physics by his theoretical analysis of capillary
flow., He compared the flow of water through soil with
that of an electric current flowing through a wire. He
attributed the driving force for the flow of water to the
different attraction that unequally moist portions of the
soil have for water. The term "capillary potential"
refers to t he work required to move a unit mass of water
from a free water surface to a position in the soil above
the free water surface.

After the concept of capillary potential was
introduced by Buckingham, no serious consideration was
given to it until Gardner (16) expanded the concept in
1922, In his investigation, he presented evidence that
the capillary potentlal was a linear function of the
reciprocal of the moisture content over a considerable
range of capillary potentials, The linear function is
expressed by

V=8 + b
e
where W refers to capillary potential, © moisture cone
tent and & and b are constant. According to the rela-
tionship the potential-moisture curve would be hyperbolic
in nature.

The functional relationship between permeability

and saturation of porous solids has been related to the

potential-saturation curve by many investigators (4, 9, 10,



17, 18, 19, 27, L4i). Burdine (L) was cne of several in-
vestigators to relate "relative" permeability to the
caplllary pressure-desaturation curve, Relative permea~
bility is the ratio of the permeability of an unsaturated
soll to the permeabillity cof the soil fully saturated. In
measuring the relative permeability of a large number of
porous rock cores he noted that the square root of the
tortuosity parameter in the Kozeny-Carman equation was a
linear function of the fluid saturation. Thus, Burdine was
able to calcula te the relative permeability of a liquid in
a porous media by measuring only capillary pressure-

desaturation curves., Burdine's equation may be expressed

as
A A
= T 1 2 1
Krw (-Tl) (I ) = 39 (1--)
where Kow = relative permeability of the wetting

phase,
4 = tortuosity of the soil sample completely
saturated,

Tl = tortuosity of soil sample less than

saturated,
A = area under the (%)2 vs S curve,
c
A = area under (%)2 vs 8 curve up to the
c
saturation of the soil sample,
B (i "effective" saturation of the soil

sample.
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Effective saturation was defined by Corey (9) as

£ ' S - Sr

e 1 - 8, N
where S 1s some saturation greater than S, which is
the "residual" saturation or saturation at which the per-
meability becomes very small,

Corey (9) after determining the relative permea-
bility on numerous porous media by using Burdine's method
observed that with sufficient accuracy the ratio (ﬁl)

A

was proportional to the square of the effective saturation,

f
392 « Thus, Corey rewrcte Burdine's equation as

K. = St

The work performed by Burdine, Corey, and the
other investigutors (L4, 9, L4L) 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
meoisture 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 less
than saturation due to the swelling of the clays that re-
duced the pore space when fully saturated. Permeability

declined very rapidly with decreasing moisture content and
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became very small at the moisture equivalent of the soil.
He measured the permeability of soils of various textures
over the range of molsture content from saturation to field
capacity. Hils data shows that the relative permeability
of sand is higher during the initial stages of desatura-
tion than clay. But before field capacity is reached the
relative permeabllity of sand becomes less than that of
clay. He also observed that the moisture content at the
wetting front of molisture rising in a dry soll column is
at field capacity. He interpreted the moisture content at
the wetting front and at which permeablility becomes nearly
zero as being representative of th'e moisture content at
which the moisture films in the soil become discontinuous.

Recently Gardner (18) has attempted an analytical
solution fo. Lhe steady-state movement of water from a
water table during evaporation., Gardner and Fireman (19)
have also conducted laboratory studies of evaporation from
goil columns in the presence of a water table.

In his analytical approach, Gardner assumed a
continuous functional relationship between conductivity
and capillary pressure. The function which he used is

glven by

k = -

(Pcn + b)

where a and b are constants, k 1is the hydraulic con-
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ductivity, and n 1is s constant which Gardner took to be
2 or 3, He arrived at the values of k from measurements
of outflow from a caplllary pressure cell, (17) By means
of the empirical equation for k, Gardner was able %o
compute maximum evaporation rates as a function of depth
to a simulated water table,

In the paper dealing with the laboratory study,
data were presented comparing theoretical and experimental
rates of evaporation, The agreement was fairly good al-
though some adjustment of the constant b appearing in
the conductivity equation would h9vo given a better fit.

It should be pointed out that Gardner's assump-
tion of a continuous functioﬁal relationship between k
and Pe does not agree with the observations of Corey
(9, 10) and others (4, 4l). The latter have pointed out
that k does not change with Po until P° = PD .
Corey has also found that in the high liquid saturation
reglon (low capillary pressures exceeding the displace=-
ment pressure) that the relative value of k varies in-
versely as the 8th power of P, .

Gardner and Fireman's data shown in Fig. L of
their paper (19) indicates a distinet change in the funce-
tional relationship between k and Pc at a Pc of
about 1/3-atmosphere (which corresponds roughly to field
capacity in most soils). They have drawn curves through
the data in such a way as to ignore this change in the
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funetional 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 1is invariant with Po s the second applying to the
range between P, = PD and Pc corresponding to field
capacity, and a third for P, greater than at fileld
capacity, Their data within the low capillary pressure
range 1ls somewhat erratic, however, and definite conclue~
sions about this range is impossibdle,

At the greater water table depths, Gardner and
Fireman obtained good agreement between actual evaporation
rates and theoretical rates., Evidently, probable dis-
crepancies between their empirical equation for k and the
actual value of k in the low tension range did not
materially affect the 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 used for measuring the variables
in the evaporation equations.

Wind velocity. == The whirling cup anemometer is

probably the most common instrument now used for obtaining
the average wind speed in the open alr, For wind-tunnel

studies where a greater precision is desired, the tungsten



hotewire anemometer is often used. The constructicon and
circult for the hot-wire anemometer has been described 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., (1) the chemi-
cal-absorption methed, (2) the dew-point method, (3)
psychrometric me thod, and (li) the hygroscopic expansion
method. The most common and simplest method is the psy~
chrometric methods The adaptation of this method with the
use of thermocouples is discussed by Anderscn, Andersong
and Marciano (1:50«5L),

Sell tempersture. -~ Thermometers, thermistors,
and thermocouples have been used for obtaining the temper=-
ature below the soll surface. Because of simplicity of
installation, thermccouples have been used most widely.
The construction and characteristic of several types of
thermocouples are adequately presented by Dike (13).

Tensiometers, -~ Tensiometers are used for

measuring the ecapillary potential in the soll moisture,
They were developed by Richards (32) and have since that
time been improved upon by him and others, (8, 22, 33, 34).
The reader is referred to the references for further in-
formation concerning them,

Water~loss measurements. =-- For many years the

only direct method for determining the water loss due to
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evaporation was by noting the change in weight of the con=-

tainer over a time interval., Several years ago Parshall

(28) made use of the Mariotte 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 pyrholiof
meter as described by Anderson (1:59). The pyrheliometer
is a standard instrument used by the U.S. Weather Bureau.
The measurement of the incomingfterrestial radiation is
accomplished by recording the differences between the
readings of the Eppley pyrheliometer and the Gler and
Dunkle flat plate radiometer. The Gler and Dunkle flat
plat radiometer was recently developed by Gler, Dunkle,

and co-workers (1l).
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Chapter III
ANALYSIS OF THE PROBLEM

In the analysis of the problem a soil column is
considered that contains a water table somewhere within
the column, The column which is initially fully saturated
is protected from evaporation and is insulated to eliminate
radial temperature gradients. The column 1s then allowed
to drein until water within the entire column is in equi-
librium with the water table. At equilibrium, the mechan-
ical potential, temperature, and free energy are every-
where the same. In other words, there is no mass flow or
net diffusion occurring in the column after equilibrium
has been reached,

When the water table is at a depth such that the
fully saturated zone reaches the surface of the column, the
caplllary pressure P is nowhere greater than the dis-

c

placement pressure., Capillary pressure Pe is defined as

the difference in pressure, P acrcss the

atr = Fuager *
interface of water and air. The capillary pressure at
which the air phase is just sufficient to displace the
water phase in the largest pores of the soil is defined as
the displacement pressure P; of the soll. In consider-

ing the pressure difference across the alr-water interface,

the density of the air is considered to be negligible;



therefore, the pressure of the alr is everywhere zero.
This implies that Pc is gilven by Pc = - Pw where
Pw is the pressure of the water. At the water table
Pw is zero, therefore Pc is also zero. The pressure
of the water decreases with elevaticn avove the water

table according to the relation

ap
dzw i e

where w 1is the specific weight of water and 2z 1is the
elevation above the water table. Consequently, it

follows that f

e W W (2)

Egs. 1 and 2 apply to a column at equilibriunm,
The hydraulic head h anywhere in a profile at

equilibrium may be expressed as
r
h = g + M (3)
W
or above the water table by
4
h = 8 « B8 ()
W

When the surface of the soil column is exposed
to the atmosphere allowing evaporation to take place,

upward flow of water is induced. This flow occurs because



h decreases in the upward direction. In the case of
evaporation from soils the velocity head will be negli; (=
ble and therefore, it is permissable to use Eqgs. 3 and L
for this situation.

The law of Darcy may be written in terms of

evaporation rates as

e = -« ¢ dh (5)

where e 1s the rate of evaporation, C the hydrauliec

conductivity, and %% the hydraulic gradient. By re-
p
arranging the terms in Eq. 5 and integrating, the head

lost through the fully saturated zone is expressed as
h = = % z + Q! (6)

where C!' 1a the constant of integration and 1s zero
when h = 0 at the water table where 2z equals zero,.
The hydraulic head at any point is given by

Eqes I« The gradient of h may be expressed as

i‘.‘.h.nl-M- (7)
dz dz

A

By substituting Eqe. 5 into Eq. 7,

d(Py/w)

i (8)

1~

Qlo

38
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Rearranging the terms and expressing the equation in terms

of an integral gives

Pc/w = (1 + %) dz . (9)

25

Defining 2z as zero, then

(o]

Pc/w = (1 + %) s (10)

l .
This is the equation for determining P, in the fully
saturated zone where Pc is a linear function of z.
;

When P, 1s greater than P, , Eq. 10 does not apply.

When Po o> PD s the hydraullc conductivity
varies with the moisture content (27). Data presented
by Burdine () and Corey (10) imply that for P, 1less
than that corresponding to f ield capacity but greater than

)

p 3 ;
Ce = C (52 (11)
c
where Ce is the effective hydraulic conductivity applie
cable to unsaturated flow. Replacing C in Eq. 5 by the
expression for C, , the hydraulic gradient immediately

above the saturated zone may be expressed by

8 :

2o

=~ = & {
C

&5
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Eqge 7 satisfies all pdints. Substituting Eq. 12 into Eq. 7
and rearranging the terms gives
a(p,/w) O
Wi v, W + e C .
dz R & [+ (“‘) (13)
For a particular soil and evaporation rate the only
variables are Pc and 2z o+ Since the exponent for the

parameter is 8, there is no simple solution in

4
c
P
closed form.
Eg. 13 may be solved by a numerical method but
before discussing the details of this it is desired to
rewrite the equation in terms of reduced (dimensionless)
variables which will not change its wvalidity., Multiplying
both top and bottom of the left side of Eq. 13 by PD

and rearrangling the terms gives

8
o APONY W (1)
P ¢ \?P
a(z/ -2) D
w

This equation applies when the datum is taken at the top
of the fully saturated zone and for moisture contents
greater than field capacilty.

Eqs. 1l can easily be solved by making a plot of

P 1
P./Pp vs z/ 52 « The value of 2/42? is computed at

the point where P, = P, . Exanination of Eq. 1 will
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reveal that the slope of the curve at this point is
1+ % (usually only slightly greater than 1). A short
tangent to the curve is plotted from which another value
of z/ g? is obtained to calculate the value of the slope
at this point. The slope at this polnt is extended a
short distance to obtain new values of 32/ g? and ;2 "
etecs If the tangent at these points are extended onl? a
very short distance the error will be negligible. Fig. 1
presents solutions for arbitrary values of % .

For moisture contents below field capacity the

same type of equation can be developed, i.e.,

b
a(P,/Pp) P
——an 2 1 # R c . (15)
a(z/ 1D, “ (PS)
w

The data of Gardner (18) and Gardner and Fireman (19)
indicate that the value of b 1is between 2 and 3. The
method of numerical solution used for Eq. li may be used
for Eq. 15,

Eqs. 10, 13, and 15 may be combined to give h
at any point in the soil profile (when h = 0 at the water

table) as
z 2z

el 2 8 ).
\h=-%jdz -%j(-;,-g)dz -%f(rg')dz (16)

Zl 22
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where 2 is the elevation at the top of the saturated

1
zone, %, is the elevation of the plane at which the soil
moisture is at fleld capaclty, and 53 is the elevation
at some point above the plane of fleld capacitye.

Though Eqg. 16 is believed to be an approximate
equation which could apply to all ranges of Pc s 1t will
be assumed that a tensiometer could always be located in
a region above the water table where the soil does not
reach a moisture content less than field capacity. Con-
sequently, this analysis will deal primarily with the
first two integrals in Eg. 16 and particu}arly with Eq.ll,

It would have been possible to have arrived at
the same set of dimensionless variables by dimensiocnal
considerations alone., The parameters, ;& ) B §? ; and
% sy include all variables that would be ?ncluded in a

dimensional analysis of the problem, i.e,,
£ (Pyy Ppy 2, w, o, C) = 0, ARy

The pertinent soll variables are accounted for in the

variables P P z 3 and C 3 the fluid variables

D »
are accounted for by w and € 3 the ambient variables

c ’

are accounted for indirectly by e in relation to all the
other variabless

According to the Buckingham 7 Theorem these
variables could be replaced by three dimensionless para-

meters involving the gziven set of six variables. The
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three parameters arrived at by the analytical procedure
previously described constitute one permissible set of
dimensionless parametérs out of a large number of such
sets,

The set chosen is entirely rational and its
gignificance 1s easily visualized., For example, the con-
stant PD/h which 1s used to scale the elevation above
the water table represents the elevation at the top of
the fully saturated zonej in other words, it is the 24

of Eq. 16, The parameter £ 1s the evaporation rate

C

divided by the hydraulic conductivity, and surely the
pressure distribution and the resulting séturation dig=-
tribution are affected by the evaporation rate in relation
to the hydraulic conductivity. In the parameter Pc/PD ’
the PD which is a constant for a given soil sefves as a
scaling factor which accounts for gross differences in the
functional relationship between Pc and Ge (effective
hydraulic conduetivity) for individual soils (10).

It is hoped that the experimental procedure
will give results permitting an evaluation of Eq. 1l,
and that a valid functional relationship between the
parameters P /P, , z/ %‘3 , and e/C can eventually be
established., If this cbjective could be realized, it
should be possible to estimate average rates of evapora-

tion from soils in contact with a water table by means
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of tensiocmeters placed at strategic elevations above the
water table and by measuring certaln soll characteristics.
These soll characteristics are the hydraulic conductivity
when the soil is fully saturated and the capillary

pressure-desaturation curves (9).



Chapter IV

EXPERIMENTAL EQUIPMENT AND PROCEDURE

The equipment described in this chapter is
generally that which was specifically designed for this
study. Only brief mention is made of the other equipment
since a full description of it has avpeared in previous

literature (5, 6).

Experimental Equipment

Wind tunnel.--The invlestigation was conducted in

the 6=ft. x 6«ft, test section of the wind tunnel of
Colorado State University (5:19-107). A hot-wire
anemometer, attached to a traversing mechanism, was used
to measure the wind velocity and to obtain the profile of
the boundary layer. Wet and dry-bulb thermocouples were
also mounted on the traversing mechanism to measure the
relative humidity. The traversing mechanism is electric-
ally operated and can be controlled so that the sensing
elements for measuring the wind velocity and relative
humidity can be located in any position above the
columns, A view of the inside of the wind tunnel is
shown in Fig. 2, Plate I, along with the instruments for

measuring the wind velocity in Fig, 3, Plate I.



FIGURE 2 == SURFACE OF THE SOIL

COL UMN § FIGURE 3 == HOT-WIRE ANEMOMETER RECORDING
IN THE WIND TUNNEL AND THE IN STRUMENTS FOR MEASURING THE
SENSING ELEMENTS ABOVE THE WIND VELOCITY.
COLUMNS .

FIGURE 4 == SoIt

COLUMNS IN PLACE UNDER=- FIGURE 5 == MERCURY MANOMETERS FOR
NEATH THE WIND TUNNEL.

MEASURENG THE CAPELLARY
PRESSURE OF THE FINE SAND
IN THE SOIL COLUMNS.

PLATE I.
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Soll colum.=~The two scil columns were located

side by side one and one-half feet from the walls of the
tunnel and one foot apart. The columns consist of a b=
inch length of llj-guage, stralght seam, black steel pipe
12 inches in diameter which was welded to a steel dolly.
Jack screws on the dolly were used for adjusting the
column to the level of the wind tunnel floor. Rublber
paint was used to prevent the columns from corroding.
Glass-wool insulating material was glued to the column
to protect it from radial temperature gradients, Fig., L,
Plate I, shows these columns in place under the wind
tunnel, f

Tensiometers.--Eight tensiometers, (Coors! #762

filter cylinder, porosity #3) were placed at various
depths in the column and were connected to one-half inch
brass tubes that extended through the side of the column
at an angle of 11 degrees to the horizontal as shown in
Fige 4, Plate I. A glass air trap was placed on the end
of the brass tube for trapping the air in the system dur-
ing a test. Tyfon plastic leads connected the brass
tubes with the mercury manometers. Air was removed from
the plastic leads before the tests by applying a head of
hot water at the air trap and foreing the air through the
mercury. The scales were adjusted to gero with the water

table at the surface of the column. These scales were
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graduated for reading the height of the mercury column
in centimeters of water., See Fig, 5, Plate I,

Thermocouple s.~~A small plastic rod was placed

in the center of the column to which copper-constantan
thermocouples were attached at various depths for obtain-
ing the temperature profile along the vertical axis of

the column, FEach thermocouple was coated with enamel and
threaded through a plastic tube for protection against
abrasion, The leads of the ten thermocouples from each
column came together at a master switch., From here, the
copper lead went to the poteptiometer and then to the
reference Jjunction, The constantan lead was connected
directly to the reference junction which was maintained at
0° ¢ in an ice bath, The junction of the thermocouples

in the soil columns was made by twisting the two wires and
soft soldering them together. The thermocouples were
calibrated by taping them to a thermometer and by placing
them in a large bucket of water which was at room temper=
ature, The potential of the thermocouples were measured
and their corresponding temperature was compared to that
of the thermometer, Good correlation was obtained.

Mariotte aiphon.--The water was supplied to the

bottom of the columns by means of Marlotte siphons. The
ambient air line in one of the siphons was placed at the

gsame level as the surface of the column in the wind
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tunnel test section. The other siphon was movable in the
vertical direction to facilitate the adjustment of the
water-table depth in the second column., The burettes of
the Mariotte siphons were calibrated to account for the
volume that was occupied by the amblent air line. These
burettes were supplied with water through a three-way
stop-cock from a reservoir on top of the tunnel, A dia-
gram of the Mariotte-siphon setup is shown in FPig. 6.

Sand used in the columns.--A fine sand with most

of the clay fraction removed was used in the investigation.
The fine sand came from the lake depositsiin Loveland Lake
near Loveland, Colorado, The mean particle size diameter
of the sand was approximately 0.15 millimeters. Fig. 7

shows the mechanical analysis of the sand.,

Procedure

Preliminary steps.-=-A three and one-half inch

layer of gravel was placed in the bottom of the columns to
prevent the intake line from becoming plugged with fine
sand and to reduce the head loss at the entrance. When
the columns were filled with sand, the water surface was
always above the surface of the sand., This aided in ob~
taining maximum compaction besides giving assurance that
the columns of sand would be fully saturated., In order to
obtain a more stable porosity a rubber mallet was used for

vibrating the columns while the sand was being placed in
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them. The east column contained 254.2 pounds of dry sand
which resulted in a porosity of 0.4;2 while the west
column contained 2);9.0 pounds of dry sand and a porosity
of O.llihy.

Permeabllity measurements were made on the two
columns of sand under heads of 7 and 10.25 inches of
water, The water flowed n»ard through the columns for
approximately 30 minutes for each test. A graduated
cylinder was placed at the overflow spout of the columns
to measure the volume per unit time of the flow.k_The
permeability of the columns expressed in units of"aquarg
microns was found to be 6.SQ/Q 2/ ror the west colunn and
5.2Z/M 2 for the east column,

Wind tunnel experimental procedure.--The water

table was held at the surface of both columns as a wind
velocity of 50 feet per second was created in the tunnel.
Observations of water loss from the burettes were made at
regrular intervals along with the temperature and pressure
profiles of the columns and the atmospheric conditiocns
over the columns, When the rates of evaporation of both
columns were the same and steady state had been obtained,
this test was terminated.

The water table of one of the columns was lower-
ed six inches below the surface and a serles of tests
were made with the water table at this depth. Tests were

made at water table depths of 6, 12, 24, 26 and 29 inches
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with the wind being maintained at speeds of 1L, 25, 35
and §5 feet per second at each depth until steady state
was established. The sensing elements on the traversing
mechanism for measuri ng the wind veloecity and the ambient
humidity was located seven inches above the floor of the
wind tunnel and midway between the two columns. Other
data that were collected included the barometric pressure,
soill temperature distribution along the vertical axis of
the column, tension at various depths of the sand profile,
and the volume of water being supplied to the water table
from the burettes. ;

A plot of evaporation vs time was made of each
column during each test., In addition to this plot, the
ratio of evaporation from the tw columns vs time was
plotted to determine when steady state was obtained.

When the ratio became constant with time, the columns

were assumed to be at steady state. The tests were not
terminated unless the columns had remained at steady

state for approximately two hours. Fig, 8 is an illustra-
tion of these plots.,

A correction factor was applied tc the rates of
evaporation due to the change in the volumes cof the steel
pipe, sand, and water caused by temperature fluctuations.
The change in volume of hoth the sand and water together
per degree centigrade is greater than the change in vol-

ume of the steel container, Therefore, a volune
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correction was added to the volume of water lost from the
burettes when an inecrease in temperature occurred and

subtracted when the temperature decreased,

Supplementary Tests

Height of eapillary rise.--A S-inch diameter

plastic ecolumn, four feet high, was packed with dry sand,
The water table was maintained within half an inch of the
bottom of the column by adding water through a plastie
tube connected to the bottom, The volume of water added
and the rate of capillary rise was observed for a period
of eight days. {

Capillary pressure-desaturation curve.,--In

order to determine the functional relationship between
caplllary pressure and the degree of saturation of the
sand in the columns, special equipment was designed to
obtain capillary pressure-~desaturation data., The equip=-
ment developed for this purpose 1s shown in Fig, 9, Plate
II,

Representative samples of the air-dry sand
(about 10 grams) were placed in small weighing bottles.
The samples were covered with a volume of water sufficient
to fully saturate the samples. The weighing bottles con-
taining the sand and water were then placed in an evacuat-
ed flask attached to a vacuwn pump. The flask was evacu-

ated until virtually all the air was removed and then air
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was admitted quickly at atmospheric pressure. This pro-
cedure caused the samples to be fully saturated with water
and also produced a porosity 1in the samples virtually the
same as that obtained in the columns,

After the samples were saturated, the excess
water was removed and the welghlng bottles were placed in
a lucite plastic box shown in Fig, 10, Plate II. Water-
sabturated semi-permeable barriers made of Selas ceranic
having an air-entry pressure of cne and one~half atmos-
pheres were placed in contact with the samples through
openings in the top of the box.

The barriers are connecéed with Armstrong ad-
hesive (A-1) to the luecite cylinders as shown in Fig, 11,
Plate I1., The barriers are one-eighth-inch thic. and
one-inch in diameter. The plastic cylinders are also
one-inch in diameter and the holes through the top of the
box are just large enough for the cylinders to slip
through without allowing space for appreciable diffusion
of water vapor from the samples, Good contact between
the barrier and soll 1s maintained by placing weights on
top of the cylinders as shown in Fig, 10, Plate II.

A negative pressure on top of the barrier was
produced by means of two leveling cells containing water
and connected by a flexible Tysmon tube. The upper cell
which was inltially filled with water was connected to

five 5-ml pipettes for measuring the volume of water
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removed from the samples. The pipettes in turn were
connected to the lucite cylinders, The lower water cell
was open to the atmosphere and in the beginning contained
only & small amount of water.

At the beginning of the test, the difference in
elevation of the two water cells was sufficient only to
support columns of water above the samples as high as the
lowest graduation on the pipettes, Thereafter, the dilffer
ence in elevation of the two cells was gradually increased
in small inerements. Time was allowed for equilibrium to
be reached between the soil and bar:}er as indicated by a
constant volume of water in the pipettes.

As the pressure in the upper cell and in the
leads to the barriers was decreased, the alr in the leads
expanded, causing some water to flow from the upper cell
to the lower cell, DBecause the volume of air in the
pipettes and leads was deliberately made as small as
possible, the lowering of the water level in the upper
cell was very slicht (over the range of pressures used),
The Tygon leads have an inside diameter of only 1/lé-inch
compared tc an inside diameter of 2-inches for the level=-
ing cells.,

As the capillary pressure of the water was ine
creased there was an initial removal of some excess water
from the samples which was discounted. There was a range

of capillary pressures over which virtually no increase
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was observed in the water level in the pipettes. These
levels were taken as zero readings from which to compute
the amount of water subsequently removed from the samples
at higher caplllary pressures. The highest capillary
pressure at which measurements were made was 200 cms. of
water.

The capillary pressure was conputed by subtract-
ing from the difference in elevatiocn of the water in the
leveling cells the helght of water above the samples in
the pipettes. After the samples had apparently reached
equilibrium at the highest capillary pressure applied, the
samples were removed Ifrcm the pl&atic box and were weighed.
They were next oven-dried and weighed again to determine
the amount ¢f water remalning in the samples. The satu-
rated pore volume of each sample was computed by adding to
the volumne of water remaining at the end of the run the
volume of water removed during the run.

The volume of water in the sample (at equili-
brium with each capillary pressure applied during the run)
was computed and was expressed as a perceanbage of the
saturated pore volume. The percentages of the saturated
pore volumes were then plotted against the corresponding
capillary pressure for that saturation to obtain the
capillary pressure-desaturation curve. The capillary
pressure at which the irst desaturation of the sample

occurred was designated as the displacement pressure, the
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definition of displacement pressure belng the pressure
differential between alr and liquid required to allow air
to enter the largest pores of an initlally liquid-saturate

ed porous system.



Chapter V
PRESENTATION OF DATA AND DISCUSSION OF RESULTS

In the analysis of the problem appearing in
Chapter III, the varliables pertinent to evaporation from
a soil column in contact with a water table were resolved

into the parameters e/C, Pc/PJ' and o 4 %? « It was

hoped that the experimental resulta would provide informa-
tion relative to the functional reiationship between these
parameters. Accordingly, means were provided for measur-
ing the variables appearing in the parameterb at various
points along the axes of the columns., In addition, the
temperature profile within the column and the profiles of
the relative humidity, temperature, and wind velocity

above the columns were measured as previously explained.

Wind Velocity
Wind speeds of 15, 25, 35, and 45 feet per

second were maintained with the water table being held at
particular depths. Runs were continued until the ratioc of
evaporation from the two columns es/ef became approxi-
mately constant; ep is the evaporation rate from the

colum with the water table at the surface, and e, is
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the rate from the column with the variable water table,
The velcoeclty profiles above the columns at each of the
speeds studled are shown in Fig. 1l2.

No attempt has been made to evaluate the
Reyneld's number or the shear resulting from the winds
imposed. The evaporation rates from the column with the
water table at the surface was used to integrate the
effects of amblent lactors. Because of the mechanical
limitation of the driving mechanism and the lack of
provision for providing additional radiant energy to the
soil surfaces, the greatest evaporation rate obtained was

f
1.35 inches per day with the water table at the surface.

Temperature profiles

Typical temperature profiles are shown in Figs.
13 and 1., It will be noted that the surface temperature
is lower on the column with the water table at the surface.
Hisher evaporation rate from this coclumn resulted in a
greater withdrawal of heat from storage producing a tem-
perature difference between columns, Since the column
which evaporates the most water must sbsorb the most heat,
this temperature difference is maintained in the steady
state. The drier soil becomes warmer at the surface and
as a consequence loses more heat by radiaticns A certain
amount of heat 1s also absorbed in the process of moving

water from the water table to the surface but this is
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nepzlipgible unless the soil becomes very dry to a consider-
able depth. An energy loss of the same magnitude as that
required to evaporate the water would be procduced by a drop
in hydraulic head of about 154 miles,

Evaporation rateé are very sensitive to radiant
energy input. In this experiment the column with the
water table at the surface apparently received slightly
more radlant energy than the east column., This was prob-
ably due to reflection of light from the west wall that
passed through a window on the east side of the test
section, Evidence that the west column received more
radiation is shown in Figs. 15 and 16, ;Note the slightly
higher temperature at the surface of the west column.
These temperatures were measured during a check run with
the water table at the surface of both columns. The west
column had a significantly higher evaporation rate. The
slopes of the curves in Fig, 19 were probably influenced
by this factor and undoubtedly each curve would have had
a slightly greater slope had this not been the case.

As a source of additional evidence that this con-
clusion is correct some data are shown which were taken
during a more recent experiment in which the same sand was
used, In this experiment all coluuns were placed at equal
radii on a revolving table in a controlled environment,.

There was no possibility of any column receiving more
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radiant energy than the other. Results from this experi-
ment are shown in Fl:, 17. Note that in this case the
plot of eg VS ep with the water table at a depth of
8ix inches sives a slope which is virtually one.

Another source of difficulty was the extreme
variation in amblent temperatures during each run which
made it impossible to obtain steady state in the usual
sense, Expansion and contraction of the water, the secll,
and the steel columns introduced an error in the computa=-
tion of the evaporation rates such that reasonably
accurate measurements of rates less than about 0,1 inch
per day were impossible., A volumetric correction was
applied depending on the direction and rate at which the
temperature was changing, but the accuracy of the correct=-
ion was always in doubt because of the impossibility of
measuring the average temperature of all components of
the system with sufficient precision,

Another difficulty was that data could be
collected only during the frost-free season because of the

danger of freezing the system.

Relative humidity

Some typical profiles of relative humildity above
the columns during evaporation are shown in Pig, 18, These
indicate that the thickness of the relative~humidity

boundary layer was not more than one-half inch. The
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relative humidity also varied considerably during most
runs, which generally lasted for a period of 6 to 8 hours.
Typleally the relative humidity decreased during the day
as the temperature within the wind tunnel increased.

There was usually a particular sharp increase in tempera-
bure with a concurrent decrease in relative humidity about
noon each day resulting from direct sunlight striking the
return section of the wind tunnel. This greatly increased

the difficulty in obtaining a steady rate of evaporation.

Capillary pressure distribution

Perhaps the most disappointing circumat?nco
relative to the entire expefiment was the fallure of the
mercury mancmeters to indicate the capillary-pressure
gradlent within the columns. There were several reasons
for this failure. The first was that the sand used 1s very
permeable and the head loss resulting from flow in the
fully-saturated state was very small, It was not possible
to measure small evaporation rates with surficiant accuracy,
and consequently water-table depths which might have pro-
duced a substantial capillary-pressure gradlent were not
investisateds The mercury manometers used to read the
capillary pressures were not particularly sensitive, and

moreover, most of the head loss resulting from flow

probably cccurred above the top tensiometer.
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As a result of these circumstances, the theory
developed in the analysis of the problem could not be

tested except by inference,

Depth of water table.

Perhaps the most interesting fact learned from
the experiment was that there is a critical water-table
depth for this sand, When the water table 1s below this
depth there 1s an abrupt decrease in evaporation rates.
Pige 19 presents the evaporation rates as a function of
depth of water table and of the evaporation rates from a
free water surfaces It will be noted that wheﬁ the depth
of water table was varied between 0 and 2l inches no
grea£ change in the rate of evaporation occcurred. When
the depth was increased to 26 inches, however, a consider-
able reduction in rates occurred at a higher value of €pe
When t he depth was increased to 29 inches eg wasg reduced
to a value that could not be measured accurately with the
experimental procedure employed, Consequently greater
depths of the water table were not investigated.

Because of the abrupt reduction in evaporation
as a water-table depth of 26 inches is approached, an
effort was made to determine whether this could be explaine

ed in terms of the theory developed in Chapter II..
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Capillary pressure - desaturation curves

Fige 20 shows the functional relationship be-
tween the capillary pressure Pc and the saturation S
for the fine sand on the drainage cycles It will be noted
that this sand has a displacement pressure Pp of about
60 em of waters This is a few centimeters higher than the
capillary rise found for the sand as shown in Fig. 21.

The range of the water-table depths, 229 inches, over
which the evaporation rates underwent an abrupt decrease
corresponds to the range of Pc for which the sgsand
desaturates from 100 to U5 percent.

It will be obvious from Eg. 16 of Chapter III
that during evaporation the value ol P0 at the surface of
the column 1is preater than the depth of the water table,
but until P, becomes greater than PD at the surface,
this differencelwill be slight. As soon as P, 1s exceed-
ed, however, the resistance to the flow will increase
rapldly with inereasing Pc and the difference between
Pc for the static case and the Pc with evaporation will
inerease sharply.

In order te further clarify this situation, a
relative permeavility vs saturation curve was calcula ted
for the sand using Burdine's method. This curve 1s shown

in Pig. 22. Relative permeability to water Knﬂ is defined

as the ratlo of the effective conduectivity Ge at the
saturation 8 to the conductivity C when the saturation
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is unity or 100 percent, It will be noted by comparing
Figs. &0 and 22, that Cy 1is the same as C until

P, = 60 em H,0. The equation of Gardner (18) relating

Cg to Pc obviously could not be valid for the sand used
in this investigation., It can also be seen from Fig. 20
that by the time the water table has reached a depth of

29 inches (even if & static situation is assumed) the
saturation at the surface will have been reduced consider-
ably. Onece the surface becomes dry, more of the heat
supplied to the surface 1s lost by radiation,

In regard to Eqs, 11 and 1llj, in which Burdine
and Corey found that K,  is related inversely'to the 8th
power of P, for porous rock cores, Fig. 23 shows that
this relationship for the fiﬁe sand is to the 16th power.
For saturations below field capacity, Gardner found that
the relationship is to the 2nd or 3rd power. The abrupt
desaturation as noted in Fig., 20 indicates that most of
the pores are nearly the same gize. The mechanical
analysis, ¥Fig, 7, of the fine sand reveals that most of
the sand partlcles are also nearly the same size., The
fact that the sand partlcles and pores are both of uniform
size accounts for the sudden desaturation of the sand.
This resulbts in Epw being proportional to the inverse of
Pc to the 16th power.

Some idea of the exponential relationship be-

P
tween the paramneters e/C, Pc/PD, and z[ﬁg is given in
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Fige 2lj, This figure presents the same functional rela-
tionship as Fige. 1 presented in Chapter III except that in
this case Eq. 1l was solved explicitly for e/C as a

P
function of Pc/PD for a particular value of z/—:? *

Note that e/C tends to approach a maximun, The transi-
tion, moreover, between a rapidly changing value of e/C
and a nearly constant value of e/C is abrupts The fact

that e does teﬁq tc reach a limiting value, depending

-]
on the water-table depth, is shown in Pig. 19. This fact

has alsc bee:n established by Gardner (18).

Suggestions for future studies

As previously stated, this thesis is a prelimin-
ary investigation of evaporation from soils in which the
factors affecting the rate of evaporation from fine sand
were studied. The following suggestions for future
studies are a consequence of experience gained in carrjing
out the experiments deseribed.

Similar expefiments are needed on a variety of
soils to determine if a critical depth of water table
occurs and if a similar relationship exists yetween this
depth and the characteristics of the moisture release
eurve as exists for the fine sand. Because the wind
tunnel now in use does not permit control of ambient tem-
perature, radiation, or humidity, it is recomuended that

future studies of evaporation be conducted in a facility
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designed so that these variables can be controlled, Proe
vision should also be made for measuring caplllary pres-
sures within the soll profile with greater precision so
that the relationships between the several dimensionless
parameters can be studied and the theoretical relationship
can be evaluated.

Many additional experiments will be needed be-
fore the over-all objectives of the project of which this
thesis is a part will be realized. One of the first
things that comes to mind in this regard is an evaluaticon
of the dynamic case, i.e., an initially wet poill (not
necessarily in contact with a water table) which is dried_

by evaporation,
o=
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Chapter VI
SUMMARY

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 flne sand in contact with a water
tables, An attempt was also made to relate the rate of
evaporation under specific environmental conditions to
measurable properties of the sand., ;

Two columns of fine s;hd from deposits in Love=-
land Leke, washed free of most of the clay fraction, were
placed in the 6 ft. by 6 ft. test section of the wind
tunnel on the Colorado State University campus. One
column was a check column in which the water table was
maintained at the surface while in the other column the
depth of the water table was varied,

Runs were made with the wind velocity varying
from O to 50 feet per second while the water table varied
1ﬁdopandmntly between the surface and a depth of 30
inches. The runs wére conducted in such a manner that the
column with the variable water table was always on the

drainage cycles FEach run was continued until steady state
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was approached.

A eritical depth of water table for the fine
sand was found at about 2l inches. With the water table
above this depth, evaporation rates were of the same order
of magnitude as from the free water surface., With the
water table at a depth of 26 inches, the evaporation
rate was less than half that from the free water surface.
When the water table was at a depth of 29 inches, the
evapcrabtion rate became too small to be measured accurate-
ly with the apparatus employed.

The critical water-tatle de?th could be related
to properties of the capillary pressure - desaturation
curve, particularly to the displacement pressures which
was about 23.6 1inches of water for the fine sand. With
the water table at any particular depth the evaporation
rate apparently approached a limiting value as the wind
veloclity was increased.

By analyzing the flow of water through a column
of fine sand from the water table to the surface, the
variables affecting the flow were grouped into three
dimensionless parameters: e/C , the ratio of the evapora-
tion rate to the hydraulic conductivity; Pc/PD , the
ratio of the ecapillary pressure at any elevation to the
displacement pressure of the sand; and z/_ég , the ratio

of the elevation above the water table to the elevation
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of the top of the fully-saturated zone under static con=-
ditions.

A differential equation relating these para-
meters was derived which was based on the assumption that
the relative permeability of a sand to water (for Py > PD)
is proportional to (PD/PG)b where b 1is an exponent,

The equation which can be solved by numerical methods is

a(Po/Pp) P, D
3?27%? i k%9 (?5) "

Solutions applicable to P greater than Pp but less than

c
one«third atmospheres were obtained by g}ving b the

value of eight, The assumptions made were based on experi-
mental data published by Corey (10) and Gardner and Fire-
man (19).

Caleculations based on measurements of the P,
va saturation function indicated that for the particular
sand used in this experiment the value of b 1is probably
about 16, It is believed that this 1s much higher than
for most soils, the high value of b being caused by the
unusual uniformity of pore sizes of the sand, Limitations
of the equipment prevented a quantitative evaluation of
the theory. The thecory predicts a rather abrupt transi-
tion from moist soil to dry soil at the surface when the

depth of the water table is inecreased beyond a critical
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depth, The theory also indicates an abrupt decrease in
evaporation rate when the surface dries. For a particular
depth of water table, the evaporation rate should approach
a limiting value as the severity of the ambient evaporat-
ing conditions increases. All of these predictions were

verified qualitatively.
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#e%  (CHECK RUN = EAST sowm WAS CONSIDERED THE FREE WATER A6 ~ DIFFERENCE #% TEMPERATURE FROM BEGIRNING OF RUN TO END OF

SURFACE I'. NOTICE THAY THE SHREVYTE COEFFICIENTS HAVE RUN .
ALSO BEEN REVERSED
eeve S0 I = g, AT~ puraTion of Rum

6
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Table 2., == WATER-TABLE DEPTH AND WIND VELOCITY MAINTAINED
DURING EACH RUN AND THE RATIO OF e to ep
OBTAINED FROM THE COLUMNS OF FINE SXﬂD

Ratio Water-table Wind
Run eg/ep depth Veloecity
inches fps
15 972 0 50
18 +595 2l 50
19 0712 29 1L
20 .0188 29 25
: :
A .
2& ,73% 12 1l
25 «970 12 Calm
5 m 7
A .
30 «718 2l 25
31A «651 2l .35
32 « 099 29 35
3 «0726 29 50
3 836 6 35
35 82l 6 50
36 . 783 12 35
A 2 Y
0 ’ ¥ L] 9
L1 449 26 25
L3 «29 26 35
LA «177 26 EO
bA «T7T1 12

ﬁ% 1,182 0 lﬁ




TABLE 3. = CAPILLARY PRESSURE-DESATURATION DATA FOR THE FINE SAND, SAMPLE #i

w

HEDGRT HEYGHT A PIPETTE A A Back P Pe pe‘ P PERCENT Tenr,
oF oF HEveut  Reabin  VOLUME  Vouume  PRESsunt -4 - (-,2-) Sar- o,

Levee B Lever A INCHES o ond wd W RO 10 ety P 3 asTion
125.0 108,0 i7,0 Oo48 82.2
125.0 98.5 25,5 C.48 81.0
125.0 99.0 26,0 0,50 80,0
125.0 88,5 26,5 0450 0 0 4.44 22.08 5646 160 80,0
125.0 88.0 27.0 €.51 01 <01 4.45 22,55 57.3 99,6 §0.0
125,0 87.5 27.5 0,52 ol #02 4.47 23.03 5845 9943 80.0
ns.h 97 .0 2800 0.54 ! '02 .e‘ 4.5@ 23050 5’901 : -9‘.5 76.9
125.0 8645 28,8 0.€5 o «15 4.67 23.83 60,5 «982 «984 94.5 80.0
125.0 86.0 28.0 0.7t «08 «21 4,78 24,24 S1e6 <374 #5948 92.4 8040
125.0 95,5 2545 085 o4 »35 4,88 24,52 6242 «964 «930 8743 80,3
128.0 85,0 30,0 .03 «08 «43 510 24,80 63.2 #8949 «900 84.4 80,0
125.0 94,5 2045 1.07 -4 «57 5.31 25.19 64.0 #9338 «380 79.3 7841
125,0 84,0 3.0 1.20 -3 <70 8452 25.48 64.7 <827 +860 T4.6 82.2
125.0 G3.0 32.0 1a38 o8 «88 5,80 26.20 66.8 «802 «813 68.0 80.1
125.0 §2.0 33.0 1,54 «i6 .04 6,04 26,26 68.4 «877 70 62.2 80.0
125.0 81.0 34.0 taTi A7 1.21 6431 27,69 70.6 «850 «722 66.0 80.7
125,0 90.0 35.0 1.88 o7 1.38 8458 28.42 72.1 #3832 «693 49.8 8i.i
125.0 85.0 3.0 2.00 .12 1.50 8,76 28,24 7443 «808 «£53 45.4 80,5
12040 87.0 28,0 2.18 »i8 ie68 7.08 30.94 78.8 «764 «583 38.5 80,0
125,0 8640 38,0 2.27 .08 177 1.7 31483 80.8 +7T43 »552 35.6 80,0
125.0 84,0 41,0 2,39 «12 1.89 7.36 33,64 85,5 #1702 «493 31.3 80.4
125,0 82.0 43,0 2,47 +08 1.97 7449 35,51 80,2 +086 «443 28.3 80.8
125,0 80.0 45.0 2.53 +06 2,03 7.58 37.42 95.0 «632 «398 26.2 68.0
125.0 76.0 48.0 2.80 <07 2.10 7469 41,31 104,8 o572 <328 23.8 79.0
125.0 72.0 53.0 2.70 -10 2.20 T.54 45,18 114,.8 .523 274 20,0 85,0
125,0 €8.0 57.0 2.73 <03 2.23 7.88 48,11 124,68 »482 «232 1849 82.0
125.0 39.0 86,0 2.82 08 2.2 8403 77.97 198,.1 «303 #0982 158.6 80,0

- ’0 = 60.0 [<.

.



TABLE 4, == CAPILLARY PRESSURE-DESATURATION DATA FOR THE FIME SANO, SAMPLE &2

HEtanY  HEDGHT St - PIPETTE pa) zAa Back P P P p 2 PERCENT Tene.
of oF HEvowT  Reabiys  Vowne  Vorwse Peessues U ’ - ) $aTu- o
Lever B Lever A lncues o o s  m ll:' #,0 M. iy 0 [ ' RATION
125,0 108.0 17,0 049 82.2
125,0 100,0 25,0 0445 80,8
125.0 98,5 25.5 0450 81,0
125,0 99,0 26.0 0.50 0 0 4.55 21445 54.5 100 80,0
125.0 08,5 26.5 0451 <01 <01 4,56 21.94 55.8 99,6 80.0
125.0 98,0 27.0 0,52 <Ot <02 4,58 22.42 56,9 89.3 80,0
125,0 Q7.5 27.5 0.54 .02 04 4,61 22,89 5842 98,6 80.0
125.0 97.0 28,0 0456 02 08 4,88 23,35 58,3 97.9 760
125.0 96,8 28,5 0465 08 15 4,78 23,71 6042 <097 904 §4.6 80,0
125.0 98.0 29.0 072 <07 22 4,21 24,09 6le2 «9580 «960 S2.1 80.0
12540 9545 29,5 0.58 4 «36 551 24,35 61.8 <470 341 87.1 80,3
128.0 95,0 30,0 0485 08 45 $.30 24,70 82.7 <957 915 83.9 80,0
125.0 94,5 30,5 1,07 <2 o7 5.50 25,00 63.5 <945 »893 79.6 78.1
125.0 94,0 31.0 120 <13 o1l 871 25,29 64,2 £33 872 75,0 82.2
125.0 83.0 32.0 1e38 -18 <88 6401 25.99 6640 #5809 827 68.6 80,1
125,0 82.0 33,0 i.54 «i6 1.04 6.28 28,72 67.8 <885 <783 82.8 80,0
125.0 81,0 3.0 170 I8 1420 655 2T A5 89,7 +861 o741 572 80,7
125,0 80,0 35,0 1.86 +i8 1.38 682 28,18 T1.6 «838 o702 514 811
125.0 8U.0 3.0 158 o3 1,48 7.08 28,97 7.8 816 666 46.8 80.6
25,0 87.0 38,0 2.19 20 1.689 T3 36,63 T7.8 <172 586 39,7 80,0
125.0 8640 36.0 2,27 «08 177 750 31,50 80,0 «150 #5682 38.8 80.0
125,0 84,0 41,0 2440 13 1.90 T.72 33,28 84.5 <710 <504 32.2 80.4
125.0 82.0 43,0 2.45 09 1,92 1.87 35,13 89.2 873 «453 28,9 80.9
125,0 80,0 45.0 .55 «06 2.05 7«37 37.03 94,1 538 «407 26.8 68,0
125.0 768.0 48,0 2.64 <08 2. 14 B.12 40,38 104,0 577 333 23,6 78.0
125.0 72.0 53.0 272 <08 2.22 8.25 44,75 113.7 +538 +290 20.7 85,0
125.0 68.0 57.0 2.77 <08 2.27 83 48467 123.7 +186 236 18.8 82.0
125.0 39,0 86,0 2.87 o0 2.37 8.50 77.50 15€.8 «305 <093 5.4 80,0

*F = 60.0 on

6
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Table 5., ~= COMPUTATION OF RELATIVE PERMEABILITY-SATURATION
CURVE FOR THE FINE SAND USING SAMPLES 1 AND 2,
COMPUTED BY THE METHOD OF BURDINE (L4).

Satye A Ay T T
ration 1nthes? K Ty T, Ky
<1l - e 0 0 0
«20 212 <0143 . 066 +00l . 000
«30 1.152 0777 .182 .033 .00
10 2,50 168 292 «085 .015
«50 .12 278 116 wi13 <Ol
.60 5.95 101 .532 .283 +23
«70 7.93 «533 .6L8 120 By
.80 10.07 678 « 767 588 .g99
«90 12,33 831 « 38l « 762 650
1.00 14.87 1.000 1,000 1,000 1.000

A = area under the curve f

- = {ortuosity
Kpg = relative permeability to water
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