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ĈHAPTER I 

INTRODUCTION 

bur world is what water has made it, for every 

drop of water that falls on the land changes the charracter 

of that land. Water is the life blood of our earth, and 

without water, life would not exist [K5]. 

Each year 1500 cubic miles of water falls on the 

United States. Practically one-half of this amount is lost 

to evaporation [K5]. The importance of this large evapora

tion loss can best be emphasized by several examples. The 

total withdrawal of surface water for rural, municip-'il, 

industrial, and irrigation uses in 17 western states in 

1950 was estimated to be more tiian 70 million acia-feet per 

year. Of this, approximately 90 percent was for irrigation 

use. Some of this v/ater withdrawn appeared as return flow 

and was reused, so the am.ount of water actually consumed 

was substantially less than 70 million acre-feet. Net vjater 

loss by evaporation and by transpiration from vegetation 

along the v;ater courses in the same 17 states during the 

year 1950 was estimated to be over 30 million acre-feet per 

year [HI]. Other investigators have determined that the 

net evaporation loss for the entire United States is approxi 

mately equal to the consumptive use of water [K5]- TJie 

evaporation from a stockpond in the vjestej/n United States-

1 
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accounts for as much water as used by 500 head of cattle in 

one year [HI]. In i960 the water withdrawal for consumptive 

and non-consumptive uses amounted to 290 billion gallons per 

day, and by 198O this need is expected to grow to over 6OO 

billion gallons per day [HI]. 

If man is to survive on this planet something must 

be done to increase his supply of fresh water, especially in 

arid regions which cover a great portion of our earth. One 

obvious method of increasing the available water supply 

would be to retard or possibly prevent evaporation. Not 

only does evaporation reduce the sinount of available viater 

in a region, but it also leaves the remainder of the water 

in the region with increased impurity concentration because 

only pure vzater is lost by evaporation [HI]. 

In order to control evaporation, it v̂ ill be 

necessary to examine the evaporation process and contrj.buting 

factors and to establish a method of accurately predicting 

evaporation rates from a body of vratev. Though an accu.rate, 

completely analytical solution for the evaporation rate v;ill 

not be presented in this v7ork, it is hoped that the material 

contained in this work will illustrate the need for mor'3 

and greater effort in this field. It is also hoped that this 

material may provide a useful starting point for addition-:.! 

work on the problem of evaporation r:.te&. 
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The material will be presented in five main sec

tions : 

1) a discussion of the principles and definitions of 

therm.odynamics useful to the determination of an 

evaporation rate, a review of meteorological principles 

and terms, and a discussion of the influence of various 

factors on the evaporation rate 

2) an examination of the thermiodynamics of an inter

face, with a discussion of the rate equations foT.' heat 

and mass transfer from, principles of irreversible 

thermodynami c s 

3) a discussion of the four methods in present use 

for determining the evaporation rate from a lake, in

cluding considerations of atmospheric turbulence and 

other factors contributing to the evaporation rate 

4) an examination of recent v/ork in the field of 

evaporation in general, considering evaporation from. 

liquid surfaces and vapor transport in soil 

5) conclusions containing notes on the accuracy of 

various techniques of determining the evaporation rate, 

why tlio inaccuracies occur (v/hat the main problems 

are), and suggestions as to hovj a more accurate deter

mination can be obtained. 

There can be no doubt th?.t v;ater conservation is 

important to mankind. For as long as men inhabit the cai'th, 

their success and happiness v/ill in a large meas.uire depend 

..^ 



upon how wisely and how well they control and use vi-iter 

[K5]. 

1.1. THERMODYNAMIC PRINCIPLES AND DEFINITIONS 

The process of evaporation involves the simiulta-

neous exchange of heat and mass from an evaporating surface 

to the surroundings. Evaporation is basically a change in 

phase from a liquid to a vapor. This phase change is dis

tinguished from boiling in that in boiling, phase change is 

accomplished in the form of bubbles within the boiling 

medium, while in evaporation, phase change occurs at a 

usually flat interface between the liquid and vapor v;here 

bubble formation is insignificant. The problem of deter--

mining the rate of evaporation from a water surface will be 

examined from thermodynamic principles, and it is the pur

pose of this section to reviev; certain important thermo

dynamic principles and definitions that will be used in the 

following chapters. 

1.1.1. Definitions: The reader may find the 

following definitions helpful in examining the material 

presented in this v/or'<: 

1) System: Any defined or definable regiorj of SPMCO 

which is separated from itis si;rroundir-;s or environ

ment by a massless, volu/neHess boundary is known as a 

system. 



2) Open System: A system which is free to have mass 

transfer with its surroundings and is free to deform 

and change volume with time is knovm as an open system. 

(A closed system, is not free to exchange mass with the 

surroundings.) 

3) Property: A macroscopically observable character

istic of matter is known as a property. 

4) Extensive Property: A property whose value for a 

system is equal to the sum of the values for alj sub

systems of the system is an extensive property. 

5) Intensive Property: A property whose value does 
« 

not directly depend on the mass or size of the system 

considered is an intensive property. 

6) State-Couple Property: A property of a given, 

arbitrary system whose value is determined from values 

of primary properties of two states of the system and 

certain physical and mathematical operations related 

to the change in state of the system is a state-couple 

property. 

7) State: The state of a given system, is given by 

the set of all thermodynamic property values of the 

system. 

8) Process: The way or manner of going from some 

initial state of the system to some final state of the 

system is a process.^ 



9) Reversible Process: A process v/hose initial, final, 

and intermediate states are equilibrium states of the 

system is a reversible process. 

10) Irreversible Process: A process with at least one 

nonequilibrium state for the initial, final, and/or 

intermediate states is an irreversible process. 

11) Equilibrium: The condition of a segment of matter 

or space which is characterized by a lack of observable 

change, from a macroscopic point of view, when the 

segment is not allowed to communicate with any and all 

other segments of miatter or space is known as equilib

rium. 

12) Space: Space is that v/hich matter occupies. It 

has three dimensions and is boundless in all directions. 

13) Communication: The phenomenon of changes of pro

perties in one region of space causing changes in pro

perties in another region of space is known as 

commiunication. 

For a more com.plete discussion of thermodynamic 

terms, the reader is referred to Kirkv:ood and Oppenheim.. 

[K7], Gibbs [G2], and Katsopoulos and Keenan [H5]-

1.1.2. Thermodynamic Principles: There are 

several prj.nciples and concepts of thermodynamics that are 

useful in quantitatively detei'mining the rate of eva]jo?"at' oi: 

from a water surface. These will be presented \o help 

•yf': 



introduce to the reader the material and analyses in the 

following chapters. 

1) The Conservation of Mass: For an open system, the 

conservation of mass principle may be written 

m - It Ĵ  (1.1.1) 

In this equation, m is the net mass exchange between 

the system and the surroundings, and M is the m.ass of 

the system. 

2) The Conservation of Energy: There exists a pro

perty of a given, arbitrary system, vfhich is called the 

internal energy, E, which has the following properties: 

(a) The internal energy is an extensive, state-

couple property of the system. 

(b) The internal energy of a closed system may 

be changed by the system doing work on its sur

roundings . Work is done by the systemi on its 

surroundings if and only if the sole effect ex

ternal to the system, could be reduced to the rise 

of a weight in a gravity field at a constant up

ward velocity. The amount of work done is the 

value of the weight times the change in elevation. 

The work rate is the value of the weight times the 

speed at which the weight is changing elevation. 

(c) The internal energy of a clc.-ei syston. -lay be 

changed by heat tran-sf̂ r to or from the sy:-teir!. 



^ ^ . 

8 

Heat is defined as the act of communication be

tween a closed system and its environment that 

cannot be shown to be either work done by the 

system on the environment or work done by another 

system in the same environment. The amount of 

heat transferred is equal-to the amount of work 

necessary to cause the closed system to go between 

the same two end states, not necessarily in the 

same order. 

(d) Internal energy, work, and heat are all form.s 

of energy. They are the only forms of energy. 

(e) The energy of a system, is conserved. For 

open systems 

E + Q + J Wk - ^ *k = it E ^l-l-2) 
m out 

In this equation, E is the internal energy rate 

associated with m.ass transfer, Q is the heat 

transfer rate, and W, is the work rate. 

3) The Total Potential: As will be seen in Chapter 

II, one of the driving forces for heat and mass trans

fer is the total potential, which may be written 

p = y + |MV2 + MI" 

The term y is the chemical potential and is, according 

to Gibbs [G2], defined as 

^^^.M 
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î " UlH (1.1.4) 
•^^VS,V,M^.^^ 

for a multi-component system. Considering an air-water 

vapor mixture to be a perfect gas, the chemical poten

tial may be written [VI] 

Pi = h^ - Ti^ (1.1.5) 

The terms h. and s. are the specific enthalpy and 

entropy of the component i, and T is the absolute tem

perature of the mixture. For a perfect gas, h is a 

function of T only, so that 

T 
h^(T) = h.(T^) + / c dT (1.1.6) 

^o 

where T is some reference temperature, and c .. is the o ^ * pi 

specific heat of the gas. For a perfect gas, s can be 

written 

T c . 
s^(T,p,M) =-- s^(T^,p^) + j - ^ dT 

o 

- R In -^ (1.1-7) 
Po 

In this equation, p. is the partial pressure of compo

nent i. From these relations, the chemical potential 

may be found as 
T 

y. = h. (T ) - TS, (T ,p ) -f I c . dT 
^1 1 O 1 O'^O' rn Pl 

O 
T c 

- T / - ^ dT -f RT In p- (1.1.8) 
T ^ o 
o 
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This may be rewritten as 

lî  = ii>̂ (T) + RT In p^ (1.1.9) 

where tj; . is a function of temperature only. Consider

ing only the water vapor pressure as important to the 

heat and mass transfer processes (air is considered 

inert—see Chapter II), the equation becomes 

y = i, (T) -I- RT In e (1.1.10) 
^ V ^ V V 

In this case, the subscript v stands for the vapor 

phase, and e is the vapor pressure. At isothermal 
t 

conditions 

^iv " ^2v " ^1^'^^ - ^2^^^ '" ^̂ ^ ̂ " / ~ (1.1.11) 

^ (1.1.12) = RT In 
^.2 

This is because at isothermal conditions 

l̂ -̂ (T) = ^1>^{T) (1.1.13) 

4) Gibbs-Dalton Law of Partial Pressures: In any gas 

mixture, the total pressure exerted is the summation 

of the partial pressures exerted independently by each 

of the constituent gases [K4]. 

p = p̂ -i-p2+P3+-• •+Pj + '• •+Pĵ  (1.1.14) 

The gas mixture contains n constituents. 

5) Perfect Gas Relation: A perfect gas is one that 

follov7s the relation 

.Jii^ 
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Pv = RT (1.1.15) 

where R is the gas constant for the gas and is defined 

as 

p = 8-3147 loulê s • r - •, . r ^ 
M gm""k li.l.^o) 
o ° 

The term M^ is the molecular weight of the gas. A 

perfect gas is also considered to have constar.t speci

fic heats J and its energy is a functior. of temperature 

only. 

1.2. METEOROLOGICAL TERMS 

This section will be devoted to the definition and 

explaination of certain meteorological terms that are imipor-

tant in the study of evaporation. 

Water vapor in the air does not follow exactly the 

laws governing the behavior of gases (perfect gas law and 

Gibbs-Dalton lav/), but it does so with sufficient accuracv 

to permit the use of those laws for practical psychrometric 

purposes [J5]. The m.aximum. amiount of vapor that can exist 

in a cubic foot of space depends on the temiperature and is 

independent of the weight and pressure of the air v/hich may 

simultaneously exist in the same space. The maximum ainount 

occurs v/hen the sj)ace is saturated: that ir>, when equilib

rium pressure and temperature relations hold [J5]. 

1) Dev/ Point: The teiLperatu:'-? at- which the vriiter vapĉ r 

in the air starts to condeĵ se is knawn as the dcv: poin.t 
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tem..perature. This is the saturation temperature cor

responding to the actual partial pressure of the vapor 

in the air. 

2) Vapor Pressure: The partial pressure of the water 

vapor in the air is known as the vapor pressure. It 

is given by the Gibbs-Dalton law as 

e^ = p - Pg (1.2.1) 

In this equation, e is the vapor pressure, p is the 

total or barometric pressure, and p^ is the pressure 

of dry air (no .vapor present). 

3) Specific Humidity: The mass of water vapor asso

ciated vjith each pound-mass of dry air constituents is 

the specific humidity. The relation for specific, 

humidity m̂ ay be I'ound thusly: 

Prom, perfect gas relations (for dry air) 

p V = R-,T (1.2.2) 
a J. 

and t h e Gibbs-Dal ton lav; for a i r - w a t e r vapor miixtures 

Pa " P " % ^1-2-3) 

t he s i ) ec i f i c volume, v , can be found as 

R.T K-,T 
V .-_ „L.. =: _ L - ( 1 . 2 . 4 ) 

^ a . \ 

The m.ass of water vapor in one pound-mass of dry air 

(specific humidity) is 

^ l ^ ^ £ ^ . 
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e V 

H = j^—^ (1.2.5) 

Therefore, 

R-̂  e 

where R^ = .287 joules/gm°K (gas constant for dry air) 

and Rp = .463 joules/gm°K (gas constant for water 

vapor). With these values of R-, and Rp, Eq. (1.2.6) 

becomes 

e 
H = .622—-^~- . (1.2.7) p-e 

^ V 

4) Relative Humidity: The ratio of the partial pres

sure of water vapor in. the air to the pressure which 

saturated water vapor exerts at the temperature of the 

air is known as the relative humidity. This term may 

also be defined as the ratio of the density of the 

water vapor in the air to the density of saturated 

water vapor at the air temperature. The relative 

humidity may be written as 

* = (i^ ) T sat. (1-2-S) 
V sat. 

= '^f , T̂ sat. (l-̂ -9) 
s a 1/. 

These relations are accui-ate below 65°G because in thlc 

range water vapor closely follows the perfect gas lavvL̂ , 

[J5]-
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5) Dry-Bulb Temperature: The ambient temxperature of 

the atmosphere is known as the dry-bulb temperature. 

This is the temperature recorded by an ordinary ther

mometer. 

6) Wet-Bulb Temperature: One of the more abstract 

terms in the science of meteorology is the concept of 

a wet-bulb temperature. It is the equilibrium tempera-

. ture reached by a thermometer whose bulb is enclosed 

in a m.oist wick when the m.aximum evaporation rate is 

realized from the wick. It has been called the adia-

batic air saturation temperature [S2]. With proper 

calibration, a combination of wet and dry bulb ther

mometers will provide a measure of the water vapor con

tent of the atmosphere. For this calculation it is 

necessary to assume the validity of the perfect gas 

law and Gibbs-Dalton law and that heat and mass,transfer 

are not coupled (see Chapter II). As bhe water vapor 

content of the air in the vicinity of the moist wick 

increases, the evaporation rate from the wick is re

tarded and the wet-bulb thermometer will read a higher 

temperature than if the water vapor content of the sur

rounding air were less (see Kays [K4] for an analysis 

of a psychrometer). 

1.3. FACTORS CONTRIBUTING TO EVAPORATION 

This section wil.l examine some of t]:;e more 

m 
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important factors that influence the evaporation rate from 

a body of water. 

1.3.1. Vapor Pressure: As will be noted in 

Chapter II, one of the driving forces for heat and mass 

transfer from a body is a total potential gradient. In the 

absence of motion, gravity, and under conditions of constant 

temperature, the total potential gradient can be written in 

terms of a vapor pressure gradient (see Section 1.1). For 

many years the vapor pressure gradient has been used as the 

potential for mass transfer in the evaporation process [Bl, 

C6,J1,S8]. As early as l802, John Dalton developed an ex-

pression for the evaporation rate using the vapor pressure 

as a driving force [C9]. Unfortunately, Dalton did not 

realize the necessity of using a;gradient of vapor pressure 

and instead used a vapor pressure difference. 

If it is considered that vapor pressure is th.e sole 

driving; force for evaporation from a water surface, then a 

vapor pressure gradient from a higher vapor pressure at the 

water surface to a lower vapor pressure at some distance z 

from the surface into the air will indicate a net rate of 

evaporation from that surface'. At isothermal conditions, the 

vapor transport will proceed until the vapor pressure at the 

surface is equal to the vapor pressure at height z. 

1.3.2. Temperature: In Chapter II it is found 

that the temperature gradient is also one of tlie driving 

forces for heat and mass transfer. There is an interrelation 
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between vapor pressure and temperature. For example, if 

the air above the water surface is warmer than the water 

surface itself, the saturation vapor pressure (pressure 

exerted by a vapor in a saturated space) of the air is 

greater than the vapor pressure at the water surface. This 

Indicates that evaporation will continue until the vapor 

pressure of the air and vjater surface are equal. If, how

ever, the air above the water surface is cooler than the 

water surface, the saturation vapor pressure of the air is 

less than the vapor p.ressure at the water surface. Again 

evaporation will continue until the vapor pressures of the 

air and water surface are equal. In this case, however, as 

equilibrium^ conditons are reached a state of super satura

tion exists above the water surface, and water vapor will 

condense in the form of fog or clouds. Since the water 

surface is warmer than the air above it, there are convec

tion currents set up, and the condensation is dissipated. 

This may help partially explain the high winter evaporation 

losses from lakes [SI]. 

Atmospheric temperature gradients also affect the 

degree of atmiospheric turbulence (see Chapter III). It is 

observed that no matter how still the wind may be over a 

lake surface, the temperature gradients in the air will 

cause turbulence in the atmosphere over the lake [H6J. 

Temperature gradients in the water are also iiii},>oi'-

tant in that they determine the rate at which heat is 
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transferred to or away from the water surface (see Section 

3.3). 

1.3.3. Wind and Air Movement over th£ Lak^: One 

of the most important contributions of wind to the prob.lem 

of evaporation from a lake is the purging action of the 

wind. As evaporation continues on a lake surface, the air 

over the surface becomes more saturated ŵ ith v.rater vapor 

until evaporation ceases (vapor pressure gradient vanishes). 

However, the wind is constantly moving great quantities of 

unsaturated air over the lake surface, replacing the satu

rated air masses with dryer air masses, allovjing evaporatiori 

to continue. If it vjere not for this action by the viind, 

the V7ater vapor would have to be transported by diffusion 

and thermally induced convection currents, and the evapora

tion rate would be greatly reduced [S7]-

Wind flowing over a lake also forms surface waves 

on the lake. The effect of these waves will be discussed 

in the follov/ing section. 

Related to air movement over the lake are shore

line roughness and obstructions. In general, for a lake 

with a flat shore line having no obstructions to air flov7, 

the maximum evaporation rate will occur on the windward 

side of the lake (direction from v/hich wind is blowing). 

This evaporation rate will decrease as the lake surface is 

traversed and will be a mininaim near the leev.ard shore 

(direction to which wind blows) [1-15] • 
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Albertson [A2] has considered the effect of 

several types of shore roughness and obstructions on the 

evaporation rate. For example, consider a broad, smooth 

plain, ending at the waters edge with a high cliff (see 

Fig. 1.1). A large eddy will result at the down-v/ind side 

of the cliff and considerable turbulence will be created 

along the upper edge of the eddy and carried into the main 

air stream. It is assumed that the water surface tempera

ture is constant over the lake, the velocity distribution 

over the lake is uniform, and the lake surface is fairly 

smooth (only small ripples). The largest rate of evaporation 

is found to occur at point A (see Fig. 1.2). It is at this 

point that the turbulence over the water surfa(;e is the 

greatest. Near the shore the eddy tends to recirculate the 

same air, thereby causing a reduction in the evaporation 

rate as the air becomes more saturated. As steady state 

conditions are reached, the relative evaporation rate on 

the lake approaches the values indicated by Fig. 1.2. This 

problem of turbulence will be discussed further in Chapter 

III. 

1-3'^ • VJave Motion: The wave motion on a lake 

surface depends on the air movemiont over that surface. The 

greater the wind velocity, the higher the waves up to the 

point at which wave stability no longer exists, the waves 

crest, and spray is produced (see Appendix A). 

m -1' 
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Figure 1.1. Air Turbulence Caused by a Cliff Along 
the Lake Shore Line 

0) 

o 

c 

o 

o a 
o 
> 

UJ 

0) 
> 

0) 

Distance from Shore 

Figure 1.2. Resulting Evaporation Rate Versus 
Distance from the Shore 



20 

Wave motion affects evaporation in several VN/ays. 

A wavy surface exposes more water surface area to evapora

tion. It is the determination of this area that is one of 

the problems of prime importance in the deter-inination of 

evaporation rates. Wave motion also tends to slow down on

coming air masses due to increased surface friction, thus 

allowing the air masses to become more saturated with water 

vapor [SI]. 

When.the point of instability is reached, a "white 

cap" is formed on the wave crest, and spray is produced. 

This spray is composed of small liquid droplets which are 

subjected to a surrounding of partly saturated air. There

fore, a large area of liquid surface is exposed to evapora-

'tion, and a certain amount of spray is evaporated into the 

air depending largely on the state of saturation of the air 

and the droplet size. 

As will be seen in Chapter II, wave motion con

tributes to changing the curvature of the evaporating sur

face, and this in turn influences the evaporation rate. 

Also as will be explained in Chapter III, wave motion changes 

the reflectance of the evaporating surface. 

Despite the obvious influence of wave motion on 

the problem of determining the evaporation rate from a body 

of water, it has been the practice in the past to neglect 

wave motion (assume surface to be smooth) or to assume that 
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wave mbtlon could be represented by a constant roughness 

parameter (see Chapter III). 

1.3.5. Other Factors: There are many other 

factors which influence water evaporation. Two of the 

most important are atmospheric pressure and dissolved 

solids in the water. 

The first factor, atmospheric pressure, is a 

necessary element in the determination of the evaporation 

rate (appears in the rate equations), but its effect on the 

evaporation rate is usually obscurred by changes in the 

other meteorological conditions [SI]. As was noted earlier 

in the chapter, the atmospheric pressure is the sum of the 

partial pressure of the dry air and the partial pressure of 

the water vapor in the air. 

In general, dissolved solids in the water reduce 

the evaporation rate from the water surface. For example, 

the effect of dissolved salt in the ocean is to reduce the 

evaporation rate by 1% for each 1% increase in specific 

gravity of the water until crusting occurs at a specific 

gravity of 1.30. This evaporation rate is related to the 

rate that would occur if there were no salt present. Hov/-

ever, this reduction is partly offset by an increase in 

water temperature so the resultant reduction in evaporation 

is never more than a few percent [SI]. For evaporation 

from a reservoir, salinity can usually be neglected, but 
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other suspended and dissolved particles such as dirt, oil, 

alge, etc. may influence the problem. One manner in v;hich 

these particles may affect the evaporation rate is a reduc

tion in the amount of solar radiation that is transmitted 

through the water surface layer. The more suspended par

ticles there are in the surface layer, the less the amount 

of solar radiation that penetrates the layer. 



CHAPTER II 

THE LIQUID-VAPOR INTERFACE 

it is necessary to examine the thermodynamics of 

the liquid-vapor region before a quantitative measure of the 

evaporation rate fromi a liquid surface may be determined. . 

This examination is to be accomplished in the following two 

steps: 

1) A consideration is made of a sm.all section of inter

face for which the conditions for equilibrium in the 

interface are derived. 

2) A consideration is made of a smxall section of inter

face when conditions of equilibrium do not exist. 

2.1. THE THERMODYNAMICS OF THE INTERFACE REGION 

In the multi-component systemi illustrated in Fig. 

2.1, it is an observed fact that property fields are not 

continuous in the region separating the two phases. There

fore, intensive property variations cannot be measured near 

the surface dividing the two phases, the interface. This 

problem was examined by Gibbs [G2], and it is his v.-ork, with 

additions by Kirkwood and Oppenheim [K?], that is presented 

here. 

In Fig. 2.1, the following are def:'-ned as sub' 

systems: 

23 
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Interface (7) 

/ 

Mult i -Component Liquid 

Figure 2.1. 
Region 

Multi-Component Llquld-Vapor-Interface 
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Subsystem Physical Definition 

1 Liquid: Property values unaffected by the 

Interface 

2 Vapor: Property values unaffected by the inter^ 

face 

3 Interface Region: Divided into subsystems 4, 

5, and y 

4 Liquid: Property values obtained by extra

polation of property values of subsystem 1 

5 Vapor: Property values obtained by extra

polation of property values of subsystem 2 

Y Arbitrary dividing surface, called the inter

face 

The surplus of mass, energy, and entropy of sub

system 3 is, following Gibbs, defined as being stored in 

the interface surface: 

M. = M,^ - (M,. + M.,-) i - l,2,3,---,r (2.1.1) 
ly U 1^ J--) 

E = E^ - (E,, + E,.) (2.1.2) 
Y 3 4 5 
S - S^ - iSu + S^) (2.1.3) 
Y 3 ^ 5 

It has been determined experim.en'Gally that relative to a 

local observer, with no electrical or m.agnetic effects, tlie 

energy of the interface has the form [G2] 

Ê , = E^ (S^, A^, M..̂ , C^^, C^^) (̂ .1.4) 
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with A denoting the interface surface area and C-. and C^ 
Y • ly 2Y 

denoting the principle curvatures of the surface [G2,K7]. 

The derivative of E is found to be 
Y 

dE = T dS + ydA + Y u- clM. y V y Y ^^^ ^ly ly 

+ K-, dC. + K^ dC^ (-2.1.5) 
ly ly dy dy 

Poliov7ing Gibbs, these terms are given their proper defini

tions : 

T ^ (-l-f^) r M n P = Interface Temperature 
Y "̂ ^̂ Sŷ Â , M.^, C^^^, C^^ 

(2.1.6) 
A r 3.5.1̂  

"Y " ^9AY>'S , M. , C-, , Co = Surface Tension (2.1.7) ' y' ly ly ^y 

~ A f-|̂ --lo ^r n n A = Chemdcal Potential îy ^3M. ^S , M.. ,0-, , C--, , A ' ly y' jy^ ly^ 2y' y 

Of the Interface (2.1.8) 

^ly ~ '̂DCV'Js , A , M. , C^ (2.1.9) 
'' ly ŷ  y' ly* 2y 

^2y " fe Js , A , M, , Ĉ  (2.1.10) 
' 2y y' y* ly ly 

It has been shown by Gibbs that when C. and Ĉ ,̂ 

are much greater than the interface thickness, E is no 

longer a function of C^ and C^ . This leads to the conclu

sion that y". 3 T , and y are also no longer functions of C 
ly y . ^ < 

and Co [G2]. 
2y 
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The total energy of the system with respect to a 

remote observer, using the potential energy of position con

cept, can be written as [K7] 

E == E + i y M. V 2 + y M. r 
y y ^ 1 = 1 ^Y y ^=1 ^y y 

r 
I 
1=1 

(2.1.11) 

This equation accounts for energy changes due to coordinate 

changes and gravitational effects. The equation is written 

in differential form as 

dE = dE +• y M. d(hr^ + r ) 
Y Y J ̂ T 1 Y ^ Y Y Y 1=1 J-Y ^ Y Y 

1 2 ? 
+ (̂ v + r ) y dM. 

2 Y Y îli 1 1=1 

(9 -\ T 9 ̂  
\ C r .J. t J. C. J 

Prom Gibbs, since E = E (S , A , M, ), then T = 
y y y y j-y Y 

T (S , A , M.r ), and y = y(S , A , M. ). By using these 
Y Y Y -Y ' y* y' ly 

relations and Euler's theorem for hom.ogeneous functions 

[K7], the following terms m.ay be written with their corre

sponding partial properties: 

E E (T , y, M, ) = y M. e 
y y ly .-...T lY -̂  Y Y y Y' • ' -LY 1:̂ 1 

vjhere 

5. ^ ff̂ '̂ -) - 5, (T ,Y) 
ly 9̂1-1. ^ ly Y 

"1 Y 

(2.1.13) 

r' 
S = S 
Y 

(T , y, M. ) - y M, s, 
Y Y lY i^i lY lY 

C 
JUi£i£i&kiiii.. 



where f̂ 

A rdSy ^ 

iy ~ ^'m. J 
^Y 

s. (T ,Y) 
ly y' 
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(2.1.1^) 

A (T , Y, M. ) 
Y y ^ ly 

r 
y M, a. 

1=1 "-y ̂ V 

where 

hy '- (i^) - hy'^\> r) (2.1.15) 

By comibining Eqs. (2.1.5) - (2.1,8) and Eqs. 

(2.1.13) - (2.1.15), the following relations are obtained 

. --, " ya. •" T s. 
ly ly ly Y ^Y 

(2.1.16) if/ ŷ  = e., 

' / 

^ I M de - T y M, ds. + y J M. da, (2.1.27) 
1=1 ly -̂Y Y 1^1 ly ly ^ ^tj^ ly iy ^ "̂  ' ̂  

y M. dy. 
1^1 IY 'l 

dT 
V 

i-1 

r 
s. 

l y l y 
dy y. M. a, 

^::n l y 3.Y 
X'-\l 

= - S dT - A dy 
Y Y Y 

(2.1.18) 

I 
{ 
i 

The interface surface density is defined by 

M. 
ly --= / 

A 
a. dA 
- l y (2.1.19) 

for an aribtrary A . 
Y 

It is noted that 

I 
i=l 

a . a. 
1 y :i. y 

(2.1.20) 

Using t h i s r e l a t i o n , Eqs. (2 .1 .17) and (2.1..1G} c-n be w - i t t r r 

i 



1=1 h ly 

y a. dy. 
l£l lY l̂Y 

T y a, ds, 
y ..̂ 1 ly ly Y y a. "da 

^ i£l V̂ lY 

dT 1 a s . - dy 
i=l ly ly 
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(2.1.21) 

(2.1.22) 

The surface total potential can be written [H5] 

Ŷ ^'^iy -LY 2 y y 

with 

ly 

A A — 1 O 

e. = e. + V̂"̂  + r 
ly ly 2 y 

Ya, - T s. ly y ly (2.1.23) 

The m.ass, energy, and entropy of the interface can 

be evaluated by 

M 

E 

/ y a. dA 
A i~l '-^ ^ 
Y 

r 
/ y a. e. dA 
A 1 = 1 ^̂ ' ̂ '̂ ^ 
Y 

r 
/ y a. s. dA 
A I'l ^^ ^^ •̂ 

(2,1.2^0 

(2.1.25) 

(2.1.26) 

2.2. CONDITIONS FOR EQUILIBRIUM OF THE INTERFACE 
REGION 

Consider the multi-component, multi-phase system 

illustrated in Fig. 2.2. It is assum.ed that the phases are 

initially isolated, v/ith each phase in internal equilibrium. 
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The problem is to find conditions for the intensive proper

ties which are necessary to insure equilibrium after the 

restraint of isolation is removed [K7]. 

The criterion for equilibrium of a system m.ay be 

written [K7] 

'̂̂ ^̂ S,V,M-L, ... , M. - ° (2.2.1) 
r> 

The delta (5) specifies a variation in E. The components 

M^, M^, M^, ••. , M^ 

are the minimium number of components which must be specified 

to make up the system. 

Because energy, entropy, mass, and volume are 

extensive properties, the value of each is the sum of the 

values for each of the q phases of the property in question. 

E = z E 
n n 

S = z S 
n n 

V = z V 
n n 

M.= E M. 
1 n In 

n = 1, 

n -

n = 

1 = 

1, 

1, 

1, 

1, 

> Q 

> q 

(2.2,2) 

In variational form, in accordance with Eq, (2.2.1), the 

terms S, V, and M. become 

6S = Z 6S = 0 
n n 

SY = I 6V = 0 
n n 
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6M^ = Z 6M^ = 0 i = 1, •••, r (2.2.3) 
1 n in 

It is assumed that no chemdcal reactions occur in the system. 

The extensive energy of the system has the follow

ing functional form [K7]: 

E = E(S,V,M^,..-,M^) (2.2.4) 

By the chain rule of calculus, the derivative of E is 

written 

^E^ .„ . r3E 
<̂ E = (ft)v,M,<^S +[|f]s,M,'^V 

- j , (%)s,V,M.,/»i . (̂ -̂ -S) 

The following are definitions [K7]: 

(^]^^ ^^ 4 T = Temperature 
'̂ 3S''V,M. ^ 

Q s , M . = -P = Pressure 

rl̂ -l ^ u = Chemdcal Potential (2.2.6) 
^9M^^S,V,M^^. ^i 

Substitution of Eq. (2.2.6) into Eq. (2.2.5) yields 

r 
dE = TdS - pdV + j; y.dM (2.2.7) 

1 = 1 

for any phase of the sy&tem. In variational form thjs 

equation becomes, for any phase of the system. 

(^ 
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6E^ = T^6S - p 6V + y y, 6M. (2.2.8) 
n n n ^n n ^t^-^ m m 

Using this relation, it is possible to write the criterion 

for equilibrium as 

6E = I (T^6S^ - p^6V^ + j -, m^) i 0 (2.2.9) 
n 1=1 

To determine conditions on the set of intensive 

quantities T , p , and y.. such that the originally isolated 

phases will remain in equilibrium v;hen brought into contact 

with each other, it is necessary to examdne different sets 

of variations of the quantities S , V , and M. [K7]. 
^ n n m 

Consider the set of variations in which 

n = 1, • • •, q 

1 = 1 , •••, r 

/ n = 15 • • • 5 q 

n = 3, ••• , q 

(2.2.10) 

Under these conditions the criterion for equilibrium be

comes 

(P2 - Pl) 6V^ = 0 (2.2.11) 

Since variations in V-̂  may be either positive or negative, 

the only general manner in which the equation can be satis

fied is for pp = p., . For the case when all interphase sur

faces are deformable, the following are necessary conditions 

6S n 

6M. 
m 

6V = 
n 

6V, = 

= 0 

= 0 

= 0 

= -6V2 



for equilibrium between phases: 

Pl = P2 = P3 = = P 

3̂1 

(2.2.12) 

Consider now the set of variations in which 

6V = 
n 

6M. = 
i n 

6S = 
n 

6S^ = 

0 

= 0 

0 

- 6 S 2 

n = 1, • • •, q 

n = I3 

n = 3a 

, q 1 = 1 , . •., r 

(2.2.13) 

With these conditions, the criterion for equilibrium becomes 

(T, - T^) 6S^ = 0 (2.2.14) 

For any variation is S-., the equation is in general satis

fied by T-, = Tp- For the case in which any variation in 

S is allowed, the following are necessary conditions for 
n 

equilibrium between phases: 

rp = T = T = 
•̂1 ^2 ^3 = T (2.2.15) 

Finally, consider the set of variations 

6S 
n 

6V 
n 

6M. m 
6M.-, il 

— 

r: 

=: 

— 

0 

0 

0 

-6M. 
1 2 

n = 1, "• • * J q 

n == 1, • • • 3 q 

n = 3, •••, q 

1 = 1, « . • , r 

1 = 1, 

(2.2.16) 

The criterion for equilibrium now becomes 
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•̂"ll - ^12)™11 = 0 (2.2.17) 

Accounting for effects of motion and gravity, the potential 

y. becomes y,5 therefore, for any variation in M.^, the 
- ' - 1 1 j-

equation is satisfied by y.^ = y.^. For any variation of 

mass in any phase, additional criteria for equilibrium, are 

^11 " ^12 " '̂ 13 " •••=^iq (2.2.18) 

Returning to consideration of the system illu

strated in Fig. 2.1, the energy of the interface region can 

be written in variational form 

6E 
Y 
= T 6S + y y. 6M. + Y6A + K, 6C, + K., 6C^ 

Y Y 1^1 lY lY Y IY ly 2Y 27 

(2.2.19) 

Following Gibbs [G2] and neglecting variations in C-^^ and 

Cp , the equation reduces to 

r 
6E = T 6S + y y. 6M, + ŷ A (2.2.20) 
Y Y Y 1 = 3 J-Y lY Y 

The criterion for equilibrium in subsystem 3 

(Fig. 2.1) is 

(6L). M = 0 (2.2.21) 

when the bounding surface is fixed. From Eq. (2.1.2) the 

energy of subsystem 3 is written 

6E0 = fiE + 6E., + 6E^ (2.2.22) 
3 Y ^̂  3 
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^fFr'.i 

where 

r .. 
« % = T^iSg + I fi5«M^5 - PjfiVg (2.2.24) 

From Eqs. (2.2.12), (2.2.15), and (2.2.18), for this'system, 

Pj = Pi, = Pl P5 = P2 = Py 

" m "- '̂ 14 = ^il = "lY = ''iS = "12 = ''-IV 

The subscripts £ and v denote the liquid and vapor regions. 

Consider the set of variations in which 

«S^ = 0 :n = 4, 5. Y 

fiM^^ = 0 1 = 1, •••, r. Ji = ^, 5,Y 

(2.2.26) 

With these conditions, the criterion for equilibrium of 

subsystem 3 is 

Y6A^ - p^6V^ - p^6V^ = 0 (2.2.27) 

Now consider the variations in which all parts of the sur

face y move a normal distance 6N. According to Kirkv;ood and 

Oppenheim [K7], for these variations 

6A.̂  == (C^^ + C2Y)A^6N (2.2.28) 
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6Y^ = -6V^ = A 6N (2.2.29) 

Substitution of these two relations into Eq. (2.2.27) yields 

(YCCJ^^ + C2^) - Pĵ  + Pv)A6N = 0 (2.2.30) 

For all possible variations in N, the equation is satisfied 

if 

y^% + Ĉ ,̂ ) - p^ + p^ = 0 (2.2.31) 

For a plane surface, 

C-, = C^ = 0 (2.2.32) 

ly 2Y 

and 

P£ " Pv (2.2.33) 

2.3. THE RATE EQUATIONS 

The conditions for equilibrium at a liquid-vapor 

interface may be summarized 

l ' ) T = T = T (2.3.1) 
•^^ Z V y 

2^ H9. = ^iy = ^iv ^=^^ '"^ '' ^^'^'^^ 

3) P, = P^ + YCC^^ + C^^) (2.3.3) 

or, for a flat interface p_̂  = p^ 

When considering rate processes, it has been found that it 

,'is appropriate to rewrite the first two conditions as [D3, 

L5] 
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1) V(|) = 0 (2.3.̂ 4) 

2) V(.;̂ -̂) = 0 1 - 1,.'., r (2.3.5) 

Under conditions of equilibrium, there is no net heat or 

mass flux across the interface. Since the process of 

evaporation necessarily involves a net exchange of heat and 

mass between phases, it is a nonequilibrium process. 

In the past it has been the practice of engineers 

and scientists concerned with the problem of evaporation to 

consider the heat flux as only a function of temperature 

gradient and m̂ ass flux as only a function of vapor pressure 

or concentration gradient. When equilibrium, conditions no 

longer exist in a region, the gradients given in Eqs. (2.3-^0 

and (2.3.5) are no longer zero. It is therefore felt that 

the energy and mass fluxes miust be functions of the driving 

forces given by Eqs. (2.3.1) and (2.3.2). For a multi-

component system, the mass flux of component i relative to 

some external coordinate axes is found to be [Fl] 

J . = j . + P.S (2.3.6) 
mi "̂  mi 1 

in which "? . is the diffusion flux of the 1 component and 
•̂ mi 

p.u is the convection flux of the 1 component. Tiie velocity 

u is the velocity of the local center of mass and is related 

to u. by 

r 
I 

1=1 
pu = I p.yU^ (2.3.7) 
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The diffusion flux may be rewritten relative to 

one of the components in the system. The diffusion flux 

relative to component r is 

•̂ ml = Pi^"i - "r^ (2.3.8) 

where u is the velocity of component r relative to the 

external coordinate axes. The mass flux of component i now 

becomes 

J . = p , + .-i J (2.3.9) 
mi '̂ mi p r 

The flux term J is the mass flux of component r. From the 

proceeding analysis it is noted that the mass flux through a 

system is the sum of the diffusion flux of a component i 

relative to some component r and the convection flux of a 

component i caused by a flux of the component r. 

Prom principles of irreversible thermodynamics, 

the rate equations for diffusion flux and heat flux in a 

continuous, multi-component region may be written according 

to linear theory as [P1,P6] 

1 . = y L.„X„ + L. X (2.3.10) 

5q = J^ 0̂.̂ )1 + ̂ oô o 
+ L X (2.3.11) 

The term j . is the diffusion flux of component 1, and J 
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is the heat flux through the system. The energy fliix is 

related to the heat flux and diffusion flux by 

ê = Jq + J^ ^i^mi ̂ ' (2.3.12) 

where ĥ ^ is the specific enthalpy of component 1. There is 

some question concerning the validity of Eq. (2.3.12). This 

question arises from two points: 

1) Should h^ or ê ^ (specific internal energy) be used 

in Eq. (2.3.12)? 

2) Should Ĵ ^ or Ĵ ^ be used in Eq. (2.3.12)? 

The first point arises from the definition of J as given 
SI 

by Pitts [Pl]. The second point involves the inclusion of 

the convection flux^ of component i in the energy flux equa

tion. 

Equations (2.3.10) and (2.3.11) are called the 

coupled diffusion and heat flux equations, and their co

efficients are known as the phenominological coefficients. 

In Eqs. (2.3.10) and (2.3.11), the driving forces X and 

X^ are defined as o 

X^ = V(^) I = 1, •••, r (2.3.13) 

X^ = V(i) (2.3.1'4) 

It now becomes clear why the conditions for equilibriumi were 

written in the form of Eqs. (2.3.^) and (2.3.5). Vlhen 

equilibrium conditions exist, the term.s X^ and X^ are zero in 
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accordance with the criterion for equilibrium, and the 

fluxes j . and J are therefore zero. For a complete deri-*̂ mi q ^ 

vation of the rate equations and driving forces the reader 

is referred to Pitts [Fl]. 

The terms in Eqs. (2.3.10) and 0̂ .3.11) are defined 

in the following manner: 

r ^ y 

y L. .v(Ffr̂ ) is the diffusion of component 1 due to the 

potential ^^ . For a system at constant 

temperature, this term becomes Pick's dif

fusion equation. 

L. V(^) is the diffusion of component i due to a 
lo T 

temperature gradient. This is known as 

the Soret effect; the maintenance of a 

concentration gradient in a static, system 

as the result of a temperature gradient 

[Fl]. 

r 0 
y L V(TJ^) is the heat flux due to a gradient of the 
£=1 ^ 

potential j ~ . This is known as the Dufour 

effect; a temperature difference arising 

in a static system, from a concentration 
gradient [Pl]. 
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Hfl LQQ V(̂ -) is the heat transfer due to a temperature 

gradient only. In the absence of mass trans

fer, this reduces to the Fourier heat conduc

tion equation. 

It is possible to transform the equations for the 

transport processes into a second form in which different 

driving forces appear. This can be done by manipulating 

Eqs. (2.3.10) and (2.3.11), and the result is [Pl] 

Ĵn- = y •̂ô rpy„ + fi. V In T "'mi ^-j iJi T̂ Jl lo (2.3.15) 

J = ) Q „Vrny„ + f̂  V In T q „̂ -, oz T^l oo (2.3^16) 
1^1 

The coefficients n in these equations differ from the L 

coefficients in Eqs. (2.3.10) and (2.3.11) only by a constant 

which is dependent on component 1. The symbol V^ indicates 

the gradient at constant temperature. 

In the absence of external forces, ̂ 0=1^0 ^^^ ^^^ 

term Vrpy „ may be written, for a system at constant total 

pressure (mechanical equilibrium), as 

r-1 3y 

^TJZ = 'TJZ == J, ̂  ^̂k ( 2 . 3 . 1 7 ) 

The diffusion flux may now be written 

r-1 r 

^^^ k=l il = l " 
^—^ Vp, + fi. V In T 

I :ap. k 10 (2.3.18) 
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The term 

iti °i» 3Pk 

is defined as the diffusion coefficient D'., , and the dif-
vik^ 

fusion flux becomes 

r-1 

mi = I k=l 
^ ; i k ^pk -̂  " i o ^ 1" T (2.3.19) 

For isothermal conditions. 

r-1 

*̂ mi , -̂j. vik '̂k (2.3.20) 

which is a generalization of Pick's first law of diffusion 

For a binary system such as the air-water vapor 

system, the diffusion and heat flux equations become 

Diffusion: 

J' -, --- L.-,̂  a-T- + L.^V 
. ^ 

ml 11 T 12" T 
+ L. V 

lo T 
(2.3.21) 

or 

i T = D'-,.Vp. + f2. V In T 
ml vll '̂ l lo 

(2.3.22) 

Heat Flux: 

. ^ 

Jq = ^ol' T- -' ^o2^ ¥- ' ^00^ T 
(2.3.23) 

or 

' JQ = " o l V l + "O2'T«2 ^ "oo' 1" ^ (2.3.2'0 
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The subscript 1 denotes the water vapor. There is air 

diffusion also, and the rate equation for it is similar to 

the rate, equation for water vapor diffusion. 

In order to simplify the above equations, it is 

assumed by several authors [C1,L4,S2] that the contributions 

to the diffusion and heat flux due to the total potential 

gradients of the air is negligible. At steady state condi

tions, with no air diffusion, this assumption will be valid. 

The rate equations are now written in this reduced 

form as 

Diffusion: 

'ml ^ -̂ll"*̂  T • "lo' T L n = L-.-.V ̂  + L-,̂ V h (2.3.25) 

or 

'ml 
D'-,-,Vp-, + fi-, V In T (2.3.26) 
vll ^1 lo 

where 

8y-| 
D' = fi —--
vll ^̂ 11 ?p-L 

Heat Flux: 

J = L ,V ^ + L V t̂ (2.3.27) 
q ol T oo T 

or 

"f = o ^ fi -h Q V In T (2.3.2 o) 
^q "ol T^l 00^ -̂^̂  
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It now remains to define the phenominological 

coefficients. The values of these coefficients are based 

on experimental data and are obtained in the following v̂ ay. 

Prom past experience it has been found that linear equations 

are much more tractable than non-linear equations. It 

would be convenient therefore if Eqs. (2.3.10) and (2.3.11) 

were linear functions of X„ and X . For this condition to 
£ o 

exist, the phenominological coefficients would have to be 

constant, or very nearly so. From experimental data the 

values of the coefficients are chosen so that they are 

constants or very weak functions of the driving forces. 
« 

For example, heat transfer in the absence of mass transfer 
r 

is given by Eq. (2.3.11) with the terms I L̂-̂ X̂ - 0. Equa
tion (2.3.11) is reduced to 

,^1 ot , 

J = J = L ,V(i) (2.3.29) 
q e oo T 

By performing the indicated v operation, the equation becomes 

J = ^ ^ o - T (2.3..30) 
q T^ 

From experimentation it is known that L^^/T^ is very nearly 

constant over a wide range of temperatures. Replacing this 

term by a constant, k, yields the well known form of the 

Fourier heat conduction equation. 

. -J. 

y 
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he 

J = -kvT ( 2 . 3 . 3 1 ) 

The constant, k, is known as the thermal conductivity of the 

medium in question. It is noted that L is a strong .func-
^ 00 ^ 

tion of temperature since L ^ = kT^. But, L /T2 is a weak 
^ 00 * 00 

function of temperature, thus making J a linear function 

of VT. Similar procedures v/ill yield values for the remain

ing coefficients. 

It is not necessary to evaluate all the coeffi

cients in Eqs. (2.3.10) and (2.3.11). It has been shown 

that [F1,P6,C2] 

1 = 1 , ..., r 

i,£ = 1, . .., r (2.3.32) 

h. 
\ o 

and that 

r 
I 

1 = ^ 1 

= T ^ « -
; . i 

= L , 
0 1 

L . ^ = 
1 0 

y L. = 0 i, = 1, •••, r (2.3.33) 
.^T IJI 1 = 1 

The same relations are valid for the n coefficients since 

they vary from the L coefficients only by a constant. In 

Eqs. (2.3.21) - (2.3.24) it is noted that 

hi " "^2 

\ l = -^2 

ol 02 

"11 " "^22 

fe 
,^ 
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in accordance with Eq. (2.3.33). These relations are known 

as the Onsager reciprocity relations. 

2.4. THE THERMOKINETIC RATE EQUATIONS OF EVAPORATION 

The problem to be overcome in deriving a set of 

generalized rate equations for evaporation from a water sur

face is basically finding the solution to a suitable set of 

differential or Integral equations for a system in a non-

equilibrium state with interfacial movement. There is at 

the present no solution to this problem. However, it is 

possible to develop rate equations for the evaporation pro

cess in the limit that certain variables approach a si;ate 

of equilibrium. The equilibrium conditions to be dealt 

with are mechanical (no interfacial miÔ êment), thermal, and 

total potential equilibrium.. 

The first limiting case to consider is that in 

which the thermal and total potential gradients are zero, 

and the system is affected only by interfacial movement, 

such as surface waves. In this case the energy and mass 

fluxes are zero. The problem reduces to a purely hydro-

dynamic one that has been solved by several investigators 

[LI]. For a brief summary of this work the reader is 

referred to Appendix A. 

Consider nov7 the case of miechanical equilibrium 

(no interfacial movement, constant total pressure), but 

with thermal and total potential gradients. The rat(.̂  
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equations for this case are those given by Eqs. (2.3.25) -

(2.3.28) for the air-water vapor region above the interface 

surface. 

hi - hl^ 'T ^ ho' ^ (2.1.1) 

5q = ^ol' ̂  + ^00' I (2.0.2) 

These equations are valid for a system consisting of air 

and water vapor only, and it is assum.ed that the air is 

inert. If large amounts of impurities (gases, etc.) are 

present in this region, their presence must be accounted 

for by the use of Eqs. (2.3.10) and (2.3.11) or Eqs. (2.3.15) 

and (2.3.16) in place of Eqs. (2.4.1) and (2.4.2). 

Finally, consider the case of mechanical equilib

rium with uncoupled diffusion and heat transfer. This is 

the case of diffusion in the limit as the temperature 

gradients approach zero, and heat transfer in the limit 

that total potential gradients approach zero. This amounts 

to neglecting the Soret and Dufour effects. With these 

constraints, the diffusion and heat flux equations m.ay be 

written 

r y 
- 1 (2.i).3) 

ml ^Si ^" ' •'mi "" >-. H^ T 

\ =^oo'(|) ^'-'-'^ 

or 
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Jg = Jq = "k^T (2.4.5) 

As can be seen, the diffusion of component 1 is in the form 

of Pick's diffusion equation, and the heat flux is in the 

form of the Fourier heat conduction equation. For the air-

water vapor system, 

Jml = T^''^l (2.U.6) 

Although it is not possible at the present time 

to obtain a completely analytical solution to the evapora

tion rate problem, it may be possible to reduce the scope of 

the problem by making certain simplifying assumptions so as 

to place the problem in one of the cases mentioned. The ac

curacy of the results will depend on the degree of validity 

of the simplifying assumptions. The next chapter will 

review some analytical and experimental solutions to one or 

more of these simplified cases. 



CHAPTER III 

THE EVAPORATION RATE PROM A LAKE 

This chapter will be devoted to the problem of 

determining the evaporation rate from a lake and consider

ing, factors which contribute to this problem. 

There are at present four basic methods by which 

a quantitative measure of evaporation rate can be obtained. 

The following are the basic methods: 

1) Direct Measurement: Evaporation rate is inferred 

from lake level measurements. 

2) V/ater Budget: Evaporation rate is determined from 

conservation of mass principle. 

3) Energy Budget: Evaporation rate is determined from 

conservation of energy principle. 

4) Turbulent Transport: .Evaporation rate is predicted 

for vapor diffusion through a turbulent atmosphere. 

3.1. DIRECT MEASUREMENT 

The direct measurement method is the oldest method 

in use for the determination of the evaporation rate froin a 

body of v/ater. It involves only direct observations by 

various types of depth gauges [S1,F2]. The measurem.ents can 

be obtained in one of two v/ays. One v/ay is by measuring 

variation in water surface height at some point on the lake. 

The other v/ay is by measuring depth variation .in a weather 

50 
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i)ureau evaporation pan and then correlating the pan data to 

the lake. 

The technique of measuring actual surface height 

variations of the lake itself often introduces considerable 

error to the evaporation rate determined in this manner 

[H6]. It is often necessary to obtain measurements in sur

face height that are no more than a few centimeters betv/een 

observation dates. An error of as little as half a centi

meter will, in this case, introduce a large error in the 

determined evaporation rate. Unless the reservoir is iso

lated from inflow and outflow, the measured surface height 

variation will not present an accurate measure of the water 

loss or gain due to the effects of evaporation and precipita

tion. However, it is possible to apply this approach to the 

problem of determining evaporation rates from a lake that is 

not isolated if it is known that inflow and outflow from the 

lake are approximately equal to each other. 

The use of the weather bureau pan for evaporation 

measurements eliminates the problem of inflow to and out

flow from the lake due to stream flow into or out of the 

lake. The pan is placed near the lake shore line, with 

the water level in the pan the same as the water level in 

the lake. Measurements are taken on the depth of water in 

the pan at various times, and an experimental coefficie.nt 

is developed to correlate the pan data to the actual data 

obtained for evaporation from the lake. Care must be taken 
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to substract precipitation from the measured water loss, and 

the pan must be situated so that contamination and splash-

out are kept to a minimum. For a more complete explanation 

of the evaporation pan method, the reader is referred to 

Saunders [SI], Hickox [H6], and Yamamoto [Yl]. 

3.2. THE WATER BUDGET 

The principle of conservation of mass states that 

mass can neither be created nor destroyed by ordinary chemi

cal means. Clearly the system to be considered is one in 

which the only process occuring is change of phase. There-

fore, mass will most certainly be conserved in the lake. 

In its most basic form, the conservation of mass principle 

can be written as [H5] 

outflow of mass - inflow of mass + change in storage 

of mass = 0 (3.2.1) 

To obtain a quantitative measure of the evaporation rate 

over the lake as a whole, it is necessary to determine the 

values of the components in the conservation of mass equa

tion. 

Consider the schematic drawing of the lake shown 

in Fig. 3.1. Applying the conservation of mass to the lake, 

the terms in Eq. (3.2.1) are given by: 

1) Outflow = m^ + m^ + m^ (3.2.2a) 

The outflow consists of runoff to water courses 

m.y^ 
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leaving the lake, overflow to adjacent lowlying areas 

such as swamps, and water taken out of the lake for ir

rigation and other consumptive uses, 111̂-; seepage to the 

lake bed, m^; and evaporation, rL . 

2) Inflow = m^ + m^ (3.2.2b) 

The inflow consists of additions due to water 

courses flowing into the lake and water pumped into the 

lake for storage, m̂ ;̂ and precipitation, nip. 

3) Change in storage = ^ (3.2.2c) 

The change in storage is basically the difference 

between the outflow and inflow terms and can be con

sidered as the rate at which the mass of the lake, M, is 

increased or decreased. 

Combining these three equations, the evaporation rate becomes 

. . . . . dM , . 
m^ = m^ + m,j '" "̂ 3 *" "̂ 5 " dt" (3.2.3) 

It is necessary to maintain a budget of each of these com

ponents over a period of time. Therefore, the method is 

given the name water budget. 

The mass of water in" the reservoir can be approxi

mated as 

M : pAH (3.2.4) 

with p being the water density, A the average surface area, 

and H some average v/ater depth. Assuming that p and A do not 

K 
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change with time (A may, but generally to a smaller degree 

than H), the change in storage may be written 

• dM -r dH 
dt = P^ dt (3.2.5a) 

or, if two periods of observation are specified, the change 

in mass between these two periods can be written 

AM . -r AH r̂/̂ 2•"̂ l̂  
It "^^ It ^ PU-^—^) (3.2.5b) 

At 

The subscripts 1 and 2 refer to the observation periods. 

Stream inflow and outflow, nu and 111̂, can be mea

sured v/ith various flow metering devices, and under proper 

conditions, errors in measurement will be negligibly small. 

Precipitation can be measured with almost complete accuracy 

at any particular location on the water surface, but if the 

reservoir is large, precipitation may vary from location to 

location on the water surface. For this reason, precipita

tion measurements should be made at several points on the 

lake surface, and an average value of precipitation should 

be determined over the entire lake. If considerable snowfall 

occurs over the lake, the measured and actual precipitation 

values may be widely separated because a reservoir surface 

acts as a "trap" for blowing snow. Therefore, a heavy snov/-

fall may actually add several times as mxuch water to the lake 

than is actually measured [SI]. The seepage term, m^, is 

difficult to determine because of the complicated nature of 



5b 

the dependency of this term on ground structure, ground water 

level, and other geological factors [SI]. It is possible to 

estimate this term, but the resulting errors are usually 

large. 

It has been assumed thus far that the process was 

not in a steady state condition, that is, fr 7̂  ̂ * ^^r any 

period of observation over the lake, this may or m̂ ay not be 

true depending on the nature of the other variables involved 

in the problem. The term has long presented problems in the 

water budget method, but in most cases, the term has been 

assumed small compared to the other terms in Eq. (3-2.3) [SI]. 

3.3. THE BnSiERGY BUDGET 

The conservation of energy principle requires that 

a balance of energy exist between the loss, gain, and storage 

of energy in the layer of water at the lake surface. This 

energy may take the form of internal energy, work, or heat. 

For an open system, the conservation of energy principle may 

be written 

f E. + ^ = 0 (3.3.1) 
out j.,n dt 

The term E is the internal energy of the system, and E is 

the energy transfer rate into or out of the system. In this 

case, the energy rate-consists of two terms. 

E = heat rate + energy convection rate 
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(Authors concerned with the problem of determining the 

evaporation rate from a lake have implicitily assumed the 

work rate associated with E is zero.) 

Consider the system shown in Fig. 3.2 containing 

one cubic unit of water and lying adjacent to the water sur

face. The energy rates will be given physical m.eanings as 

follows [H9,C6,C9]: 

Direct solar radiation (from sun only) 

Indirect solar radiation (diffuse ra-dlation due to 

scattering of solar rays by the atmosphere) 

Deep space radiation (from or to radiating bodies 

other than our sun) 

Radiosity from cloud cover (due to energy received 

from water surface by emission and reflection) 

Radiosity from water 

Convection to the atmosphere 

Conduction to or from underlying layers of water 

Energy convected because of mass transfer (will be 

positive for evaporation and negative for condensa

tion) 

Net amount of energy convected to or from system 

due to mass motion in lake (stream flow, convec

tion currents, etc.) 

E : Energy convected because of precipitation (always 

negative) 

Q-

Q^: 

Q3: 

^4: 

«6 

^7 

E. 

Ep: 

^ i i :• 

l>f 
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Surface Region 
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E: Internal energy of the system 

It is assumed that the water surface is flat and that all 

other rate terms are negligibly small compared to those in 

Fig. 3.2. 

For this system, the rate terms may be combined 

with Eq. (3.3.1) to give 

E-ĵ  + E^ - E3 + Qpj + Q^ + Q^ - Q-L - Q2 - Q3 - Q4 + If = 0 

(3.3.2) 

In order to obtain a quantitative measure of the evapora

tion rate, it is necessary to evaluate each of the terms in 

this equation. 

The evaporation rate, obtained from E-,, is 

E. 

"̂ 1 = IT (3.3.3) 

where m., is the evaporation rate, and h is the specific 

enthalpy of the water. A budget of each of the rates in 

Eq. (3.3.2) must be maintained over a period of time; hence, 

the name energy budget. 

The evaporation rate and heat rates are related to 

the mass and heat fluxes in Chapter II by 

m^ = J^ . dA 

ZQ = J . dA 
q 

(3.3.4) 
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3-3.1. Solar Radiation, Diffuse Sky Radiation, 

Dee£ Space Radiation, and Radiosity from Cloud Cover: The 

intensity of solar radiation striking a body oriented per

pendicular to the radiant flux at the outer surface of the 

earth's atmosphere is approximately 500 joules/hr cm^ [K8]. 

This value is known as the solar constant and varies somewhat 

with the season. However, only a portion of this amount 

actually reaches the earth's surface, the remainder being 

absorbed and reflected by the atmosphere. The amount that 

does strike the earth's surface is a function of cloud cover, 

water vapor and dust content of the atmosphere, and the geom

etry of the sun's location in the sky [K8,H9,R1]. 

On a clear day, practically all of the radiant 

energy striking the earth comes from direct solar radiation. 

In this case, the rays of solar energy strike the earth's 

surface parallel to each other. However, on a cloudy day 

most of the radiant energy that strikes the earth comies 

from indirect solar radiation. In this case, the solar rays 

are diffusely scattered by the atmosphere and cloud cover 

and strike the earth's surface with random orientations [VJ2]. 

There are also two radiation sources of lesser im

portance. These are deep space radiation and radiosity from 

cloud cover. The deep space radiation term accounts for ra

diation from celestial bodies other than our sun. The cloud 

cover radiosity term accounts for emitted and reflected ener

gy from a cloud cover due to ene.rgy received from the v;ater 

kui-.: 
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surface by emission and reflection. In all reviewed analyti

cal approaches to the radiation problem, these two terms 

are implicitly neglected. 

There are two methods of approach for determining 

radiant flux on a water surface. The first and, in the opin> 

ion of this author, the more accurate method is to m-easure 

the radiant flux directly by means of a pyrheliometer, radio-

scope, or other such device for measuring radiant energy 

[C9]. A careful monitoring of the instrument will yield an 

accurate record of the time variance of the total incident 

radiant energy, Q-, + Q2 + Qo + Qij • The second method is an 

analytical approach which gives the radiant flux as a func

tion of cloud cover, atmospheric water vapor and dust con

tent, and the geometrical location of the sun in relation to 

the point in question on earth. In this case, direct and 

indirect radiation are lumped together, and deep space radia

tion and cloud radiosity are neglected. 

The intensity of solar radiation striking the 

earth's surface is, according to Kreith [K8], given by 

Q , = G T"̂ * (3.34) 
ŝolarjg o ra 

The solar constant is represented by G^, i^^ is the trans

mission coefficient for a unit air mass, and m* is the 

ratio of the actual path length traversed by the solar rays 

to the shortest possible path length. The value of T^^ 
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varies from season to season because of variations in water 

vapor content in the atmosphere. Its usual range of values 

is from 0.81 on a clear day to 0.62 on a cloudy day [KB]. 

There has been speculation as to whether T „ can ever be 
^ ra 

determined with any accuracy because of uncertainties asso

ciated with the cloud cover [H9]. The value of m* depends 

on the position of the sun given by the zenith, the angle 

between the zenith, and the direction of the sun. Beyond a 
o 

zenith angle of 80 solar radiation can be neglected [K8]. 

Assuming the thickness of the atmosphere to be small com

pared to the earth's radius, m* is given by 
m* = secant ẑ^ (3.3.5) 

The term z^ is the zenith distance and is determined from 

the geometrical relation [K8] 

cos Zvj = sin (|) sin 6̂  + cos ^ cos 6̂  cos ĥ ^ (3.3.6) 

In this equation, (}> is the latitude, ĥ ^ is the hour angle 

measured in degrees westward from local noon, and 6̂  is the 

solar declination. The values for these terms may be ob

tained from a nautical almanac [e.g., 'Vhe^ Nautical Almanac; 

Dept. of Navy]. For a horizontal surface, the incident solar 

radiation is given as 

Q = Q -, (sin (|) sin 6̂  + cos i> cos 6 cos h ) 
^solar "̂ solarĵ  ^ s s ji 

(3.3.7) 
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The total amount of solar radiation striking a surface in a 

24 hour period is obtained by integrating Eq. (3.3.7). 

i'24 • 
^solar = J «solar <̂ ^ (3.3.8) 

o 

3.3.2. Radiosity from the System: When radiant 

energy strikes a body, a certain amount is reflected, a 

certain amount absorbed, and a certain amount transmitted 

through the body. The relative amounts of each are related 

in the following way [W2] 

^r •*• Pr •*" ""r " ^ (3.3.9) 

In this equation, a is the absorptance, p is the reflect

ance, and T is the transmittance. Of the a portion of the 

radiant energy that is absorbed by the body, a certain amount 

is used to increase the temperature of the body, and the rest 

is re-emitted at the temperature of the body. For steady 

conditions, assuming water is a diffuse emitter, the follow

ing relation is obtained between «5c the absorptance, and 

E , the emissivity [W2] 

a = e^ (at thermodynamic equilibrium) (3.3-10) 
r J. 

The radiosity of a body is defined as the sum of 

the emitted and reflected energy from that body [V/2]. The 

energy reflected from the water surface will be P̂  times the 
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intensity of incident radiation, while the energy emitted 

from the surface layer of water will be e times a tempera

ture to the fourth power difference. If the water surface 

temperature is denoted by T^ (it is usually assumed that the 

entire system shown in Pig. 3.2 is at a temperature T [A2]), 

the energy loss due to reradiation can be written as .[W2,K8] 

^rerad = '^'r^ - ^a^a^ (3.3.11) 

In this equation, a is the Stefan-Boltzmann constant equal 
o 

to 5.672 X 10" watt/(m2oK'^), e^ is the emissivity of the 

water, ^^^ is the emissivity of the air, and T is the ef

fective sky temperature. The reflection term can be written 

in the form 

«reflecti= ^r^^l + «2 + «3 + ̂ 4^ 

= Pr(«incident) (3.3.12) 

The value of the incident radiation term, Q. . , . , will 
' incident' 

depend on the approach taken in solving the incident radia

tion problem. The term p is the reflectance of the water 

surface. Combining Eqs. (3.3-11) and (3.3-12), the radio

sity from the system becomes 
Q^ = a(e T"̂  - £ T̂ )̂ + p Q. . , , (3-3-13) 

^5 r Y ra a r incident 

Prom Eq. (3-3-9) it is noted that a certain por

tion, T , of radiant energy passes through the water surface 

and the system below without being absorbed or reflected. 
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This term actually represents an energy loss to the system 

of an amount 

\rans " ^r^^incident^ (3-3-14) 

This energy passes through the system to be absorbed by the 

underlying layers of water. The importance of this term will 

be further examined in Section 3.3.4. 

The coefficients p_, T , and a are all functions 

of temperature [W2], and they are also dependent on the 

clearness of the water, the character of the water surface, 

and the amount of contaimination in the lake [K8,G1]. For 

example, the reflectance is a strong function of surface 

conditions [W2]. As wave height increases, the value of p 

decreases until, in the limit as wave height approaches 

infinity, p approaches zero. To insure physical reality, 

however, p will always be greater than zero. 

The radiosity from the lake surface will be a time 

varying function because of the hourly variations in T , 

T. , and Q. . , ^. At night it was assumed in all reviewed 
a* incident ^ 

papers Q. .̂  . was negligible. Therefore, the radiosity 
^ ^ incident ^ 

from the lake may be written 

At night, the sky may be assumed to be a black body with an 

effective temperature of 227°K [K8]. Prom Eq. (3-3-15) it 

file:///rans
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dan be seen that a substantial amount of radiation will be 

given off by the water surface between sunrise and sunset. 

This radiation loss explains why ice will form along the 

lake shore even when surrounding temperatures are above 

freezing by a few degrees [K8]. 

One of the main problems associated with the de

termination of the water surface radiosity is the assignment 

of a temperature to Tĝ  during the daylight hours [H9]. It 

has been suggested that T^ be approximated by a term 

^ =̂  t)T , , (3.3.16) 
a atmosphere vj.->.j-'̂ y 

with b an empirical constant [Rl]. There has been doubt 

from authors on the subject that b can be considered a con

stant, and therefore the accuracy of this approximation is 

in question [H9]. If cloud cover exists over the v/ater sur

face, the temperature T must account for this. For both 

day and night conditions, T for a cloudy sky will be greater 

than T^ for a clear sky. 
cL 

3.3.3. Convection to the Atmosphere and Energy 

Convection due to Evaporation: As air moves over a water 

surface it exchanges energy with the water because of a 

temperature gradient between the two media. There is also 

mass transfer (evaporation) between the two media accounting 

for an additional energy exchange of an amount 

Eĵ  = m-ĵ  h (3.3.17) 

,1 »*.:.»••.;«!«*>( 
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The term m^ is the evaporation rate and h is the specific 

enthalpy of the evaporating medium. When a substance 

changes phase from a liquid to a vapor an amount of energy 

is required known as the heat of vaporization [K7,H5]. The 

amount of heat added during the phase change (heat of vapori

zation) is denoted by L^. Assuming that the water in the 

system and the water vapor imm.ediately above it are at the 

same temperature, the energy loss due to evaporation becomxos 

[C6,C9,C10,E1,H9] 

1̂ " ^1 S (3.3.18) 

^ There is some difficulty involved in determing the • 

energy exchange due to these terms. There is a dependency \ 

of one term on the other; that is, the amount of energy ex- » 

changed between the water surface and the air mass is proper- ^ 

tional to the amount of evaporation [B1,C6,C9]. 

In 1926, Bowen [Bl] made a suggestion which removed 

some of the difficulty. He developed a ratio, Rg, known as 

the Bowen ratio that gave the ratio of the sensible heat due 

to thermal convection to the energy rate associated with 

evaporation. The derivation of R^ is as follows [Jl]: 

1) The amount of water vapor that is transported up

ward through a unit surface area is, according to 

Sverdrup [S8] and Cummings [C6], given by 

r 



m, = -A 
1 V 

.623 '^% 
p dz 
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(3.3.19) 

In this equation A is the eddy conductivity, p is the 

atmospheric pressure, and e is the vapor pressure. 

2) The amount of energy transported with the water vapor 

is 

E^ = L^ m^ 

• ^ T ^ 

.623 ^ % 
D dz (3.3.20) 

3) The sensible heat rate per unit area due to thermal 

convection is [S8,C6] 

A A dT Qx: = -c A :=— ^6 p V dz 
(3.3.21) 

The coefficient c is the specific heat of air at con-
P 

stant pressure. 

4) Dividing Q^ by E., the ratio R^ is obtained. 

c ,rn de 
R -P. P dT / V 
^̂B ~ L^ 7623 dz ^ dz 

(3.3.22) 

5) Replacing the gradients by linear differences the 

equation takes the usual form of the Bowen ratio [C6, 

C7,C9] 

• i l l 

I 

K, 

I 
< t 

M IN- iV^<' 

li 
Ilk :^ 

T - T 

^B ^B 760 U - e 
- ) (3 .3 .23 ) 

V vz 

The coefficient Cg varies from .44 to .49 because of 

we ak dependenc ies of c and L,p on tem.perature [C6] , and 
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the subscripts y and z refer to the values at the water 

surface and at some height z in the atmosphere. 

3.3.4. ' Cohduction to or from Underlying Layers of 

Water: The energy -that is absorbed by the system is in part 

conducted to underlying layers of water. This energy trans

fer is governed by the Fourier heat conduction equation, and 

is, assuming one-dimensional flow through a motionless medium, 

given by 

Q- -kA 
3T 
az 

(3.3.24) 

with the coefficient k denoting the thermal conductivity of 

water. In order to evaluate this term it is necessary to 

determine the temperature distribution with depth in the 

lake. It is possible to take temperature soundings at various 

depths in. the lake and from these determine the temperature 

gradients [H9]. 

This term is subject to marked hourly and seasonal 

variations [H9]. For example, during a warm day, the water 

at the surface will be warm.er than the water in the underlying 

layers, and the heat flux, Qg, will be directed away from the 

system. On a cold day, or at night, a reversal takes place, 

and the heat flux is directed into the system because the 

system is now at a lov/er temperature than the underlying 

layers. This nocturnal reversal in heat flux keeps the water 

surface at a higher temperature than might be predicted if 
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this term were neglected. This flux also accounts for in

creased radiation losses at night [H9]. 

Associated with this conduction term, though not 

actually a conduction term, is the transmitted radiant energy, 

"̂r ̂ "^incident^ • ^^^^ transmitted energy leaves the system to 

be absorbed by underlying layers of water and becomes a part 

of the conduction loss to those layers by which it is ab

sorbed. At night the energy transmitted to the surface by 

conduction will be enhanced by additional conduction because 

of this transmitted energy that has been absorbed by the 

lower levels. The effect of this transmitted energy is to 

raise the temperatures of the lower depths over and above 

what they would be for conduction from the surface alone. 

3.3.5. Energy Convection due to Mass Motion in 

the Lake: When mass crosses the system boundary, it trans

ports a certain amount of energy with it. The amount of 

energy lost or gained by the system is equal to 

Eo = m ,(h ^ - h. ) (3.3.25) 
2 current^ out in' 

The mass flow rate of currents in the lake is given by 

m curre 
(no mass storage in the system). The terms h^^^ 

and h. are the specific enthalpy values leaving and enter

ing the system. 

This convection term will be of importance when 

considering evaporation from bodies of water in motion. For 
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a lake, the term may or may not be important depending on 

the strength of currents in the lake. In all reviewed 

articles on the problem of lake evaporation, this convection 

term was neglected. 

3.3.6. Energy Storage in the System: For a system 

in an unsteady state, there is energy storage as predicted 

by Eq. (3.3.2) of an amount 

rri": 

1 = it («s) me + M 
de_ 
dt (3.3.26) 

But, the specific internal energy, e, may be written e = cdT, 

so that 

dE M fiT j_ • --rzr = Mc:TTr + m̂ e dt dt (3.3.27) 

The term me combines with the terms E-, and E^- In this equa

tion, c is the specific heat of water. Considering me to be 

a part of E-, and Ep, ^ may be written 

^ = M c ^ dt ^^^dt 
(3.3.28) 

or, assuming M and c are not functions of time, the equation 

may be integrated over some specified time interval to give 

AE = Mc(T2 - T^) (3.3.29) 

The subscripts 1 and 2 refer to the time interval. 
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3.3.7. Energy Convected due to Precipitation: 

The term E^ is always negative indicating an energy gain to 

the system. This convected energy may be written 

3̂ " Mlw (3.3.30) 

where m^ is the precipitation rate, and e, is the specific 

internal energy of the precipitating liquid (water) and can 

be considered to be equal to 

^Iw = ^ \ (3.3.31) 

The temperature of the precipitating liquid is denoted by T . 
w 

This is the temperature reached by the falling droplet just 

before it reaches the water surface. 

In all reviewed papers concerned with the problem 

of lake evaporation, this term was neglected. However, if 

evaporation and precipitation rates are of the same miagnitude, 

this assumption may not be valid. 

3.3.8. The Position Dependency of the Rate Terms: 

It has been noted that the flux terms in Eq. (3.3.2) are 

time dependent. But, they are also position dependent. 

Over a large body of water, solar radiation may vary because 

of broken cloud cover over parts of the lake. Conduction 

away from the water surface in the shallow water near the 

shore takes place at a different rate than does conduction 

away from the surface into deeper water farther from the 



73 

shore [C6]. It is well established that the evaporation 

rate varies over the lake surface because of air turbulence, 

vapor concentration in the air, and water surface tempera

ture [C6,A2]. For example, as air currents transport water 

vapor over the lake, the air becomes more saturated with 

water vapor due to evaporation from the lake. The more 

saturated the air mass becomes, the more the evaporation 

process is retarded. For this reason, the evaporation rate 

on the leeward side is usually smaller than on the windward 

side of the lake [A2]. 

This factor of position dependency tends to in

crease the difficulty of this already complicated problem 

of predicting evaporation rates. There are two approaches by 

which a satisfactory solution to the problem may be obtained. 

The problem can be solved as a three-dimensional heat and 

mass transfer problem, or it can be solved as a one-

dimensional problem with the knowledge that the results are 

only approximations. In all reviewed literature on the sub

ject of lake evaporation, the latter approach was taken. It 

is possible to partially account for this position dependency 

by usihg average values over the entire lake surface or by 

calculating the evaporation rate at several points on the 

water surface. 

Returning to Eq. (3-3-2), substituting for E-^ and 

Q^, and solving for m-ĵ  yields 

m. 
T 
(TFR^ (ft "• VVVV«3A^V«7^ 3̂.3.3̂ ) 
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By neglecting E^ and E^, the final form of the evaporation 

rate equation becomes [C6,C7,C93H7,J1] 

m., = 
'T B̂ 

1 L^Cl+Rt.) Ât ^incident + Q5 + Q7) (3.3.33) 

The term Q^ncident "̂^ ̂ ^® ^^^ ^^ ^^® terms Q-,, Qp, Qo, and Q̂ .̂ 

It should be noted at this point that m-, may be 

either positive or negative depending on the magnitude and 

sign of each of the terms in Eq. (3-3.31). A negative sign 

on m-, would Indicate condensation while a positive sign in

dicates evaporation. 

This equation will prove adequate as long as pre

cipitation is much less than evaporation. If this is not 

the case, Eq. (3.3.33) must be modified by a term E^ to 

account for the energy convection due to this precipitation. 

The omission of this term may be partially justified by the 

generalization that evaporation is insignificant (may even 

be negative) during periods of precipitation and that these 

periods of precipitation will not be considered in determining 

or predicting the evaporation rate. In other words, neglect

ing Eo gives an estimate of m-ĵ  that is on the conservative 

side. 

The order of magnitude of the essential components 

is, according to Cummings [C9], as follows: 

6 : Varies from 0 to 70 or 80 calorjes/hr' cur 
^incident 
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c.m̂  Q^i Always positive varying from 0 to 10 calories/hr 

^ : Varies from -10 to +10 calories/hr cm^ 

fty: Usually negligible for a lake, but may on occa

sion reach 10 calories/hr cm2 

Rgi For short time intervals varies from -1 to +1, but 

is seldomx greater than 0.30 

There will be inaccuracies introduced into this 

method from several factors: 

1) The solar transmission coefficient for cloud cover 

is highly variable, depending on amount of cloud cover, 

thickness of cloud cover, and amount of suspended par--

ticles in the air [K8]. 

2) There will be reradiation and reflections from 

objects surrounding the lake such as cliffs, retaining 

walls, and others. 

3) The plant life on the lake shore may affect the 

evaporation rate in several ways [SI]. 

4) There is no clear-cut method of assertaining an 

effective sky temperature for back radiation [H8].-

5) Impurities in the water will affect the energy 

transmitted to the atmosphere. 

6) As will be shown in Chapter IV, there is a coupling 

effect between heat and mass transfer, and this coupling 

will affect the Bowen ratio. 

7) Wave motion may influence the problem by changing 
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the surface reflectance and the boundary layer struc

ture over the water surface on which the convection 

term depends [W2,S8]. 

B) Since the evaporation rate changes from instant to 

Instant during the course of a day, the accuracy of the 

calculated evaporation rate depends on the frequency of 

observation periods in which data samples are taken [H6]. 

In order to predict the evaporation rate from a 

lake it will be necessary to measure the following items at 

particular periods of time: 

1) Water surface temperature and the temperature of the 

air at some height ẑ  

2) Vapor pressure at the water surface and at somie 

height z-j 

3) Incident radiation (this may be calculated without 

measurement by Eq. (3.3.7)) 

4) Barometric pressure 

5) Temperature gradients in the lake 

6) Clearness and character of the water surface 

7) Amount of cloud cover 

8) Velocity of miass flow in lake, if any 

9) Precipitation 

The energy budget will, in general present a better 

measure of the evaporation rate than will the water budget 

[CIO]. It has the advantage of eliminating the need for 

measuring mass flows necessary for the water budget, and it 
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also eliminates the need for wind velocity measurements 

necessary for the turbulent transport method [C9]. How

ever, as can be inferred from this section, the energy' budget 

does have its disadvantages. Under proper conditions, the 

error in the evaporation rate calculated by the use of the 

energy budget will be less than 10^ [C9]. 

3.4. ATxMOSPHERIC WIND STRUCTURE 

This section will present the basis for the turbu

lent transport method that will be presented in the follov/-

ing section. 

VJhen an air mass flows over a lake, the flow is 

separated into two regions; one of laminar flov.̂  next to the 

surface, and one of turbulent flow extending above this for 

several hundred m.eters [S7,S8]. The regions are not dis

tinctly separated, but are connected by a transition layer 

where the flov/ is partially laminar and partially turbulent 

[S8]. Figure 3.3 will illustrate this. The thickness of 

the laminar layer is a function of wind velocity, surface 

roughness, and the geographical structure of the shore line 

[S7,S8,T3]. In this laminar region, the air flows pctrallel 

to the surface in an orderly fashion. However, in the turbu

lent region, the air m.asses move about randomly in the form 

of eddies [S8]. It has been observed that the air flow over 

the lake is always turbulent [H6]. Even on still days, 

convection currents in the atmosphere due to temperature 
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Figure 3 . 3 . Atmospheric Wind St ruc ture over a Lake 
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stratification will set up turbulent flow conditions [M5,G1]. 

Frequently, the laminar boundary layer m̂ ay have a thickness 

of the order of one millimeter or less [H9]. If the atmos

phere is extremely turbulent, the turbulence m.ay propogate 

into the liquid with the result that there IG no laminar 

layer above the water surface [S8]. 

In a turbulent medium the processes of diffusion 

of heat, mass, and momentum are domiinated by the action of 

eddies [S7 5S8,P5]. The turbulent transport mechanism has 

been explained by Sutton [S7]. A relatively small amount of 

the fluid breaks away from its surroundings under the in-

fluence of som.e mechanical or thermal disturbing force and 

moves to another region of the medium carrying with it a 

certain amount of mass, energy, and momentum typical of 

the layer from which it originated. After moving a certain 

distance, the eddy instantaneously mixes with the surrounding 

fluid. Turbulence is a continuous process; that is, the 

mixing takes place along the whole path of the eddy. 

The component velocities of the wind may be written 

(see Fig. 3-3) [S7] 

u = u + u' V V + v' W = V7 -I- W ' (3.4.1) 

The prime terms denote eddy velocities, and the time average 

terms are defined as 



, t+%T 
u = ij udt 

-. t + %T 
V" = Tfj vdt 

^ t-%T 
w = ^ / 

t+%T 
wdt 

t-3<T 
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(3.4.2) 

Time is denoted by t, and T is some meaningful tim.e interval. 

Following the analysis of Sutton [S7], these as

sumptions are made: 

1) The direction of the mean wind does not change v̂ ith 

height. 

2) There is no mean velocity in the z or y directions. 

w = 0 = V 

3) Time average eddy'velocities are zero. 

u' = v' = w' = 0 

4) The components u, u', v', and w' are functions of 

height only. 

5) Air over the water surface is homogeneous in all 

directions except vertical. 

The term air is used in this m.ethod, and in the other methods 

in this section as well, to mean the atmiosphere consisting of 

air, water vapor not due to evaporation from the surface, and 

various suspended impurities. Because the medium, is turbu

lent, this author believes there j.s some doubt as to the 

validity of assumption (5). The use of the assumptions re

duces the velocity equations to a laminar rnxoan motion with 

superimposed fluctuating eddy motion. 

Suppose the atmosphere por.sesr>es some transferable 
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conservative property. Let E^ be the amount of thiŝ . trans

ferable entity per unit volume. The effect of a vertical 

motion, w', is to cause a transfer of E associated with the 

layer of air at z to some layer z -̂  £, The mean rate per 

unit area at which E is transferred is [S7] 

^x = I^^^^IFZ--) ^̂  (3.^.3) 

The term pw'Jl takes the form of a diffusion coefficient, and 

it is assumed that p, the air density, does not vary with 

height. The air density does vary with height, but up to 

several hundred meters the-amount of variation is negligible 

[Gl]. 

It is assum.ed by Sutton that the mean eddying 

energy in the vertical direction, a function of w''̂ , does 

not vary with time over periods with v;hich the problem is 

concerned, usually less than one hour. Therefore, vj'̂  is 

not a function of tim.e for this problem. 

A coefficient R has been found to correlate the 

vertical motion, w'(t), associated with a mass of fluid at 

time t and the vertical motion, w'(t+C), associated with the 

same mass at t + K- According to Sutton, this coefficient 

is found to be (see also [H8,F4]) 

w' (t)w' (t+TT (3 . i|. î ) 
^ w'2 
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In Eq. (3.4.3), the term j, is called the mixing 

path and, according to Prandtl [P5], is ". . . the path 

traversed by masses of fluid relative to the'rest of the 

fluid before they lose their individuality by m.ixing with 

the turbulent fluid by which they are surrounded." The 

eddy shares its excess or defect of mass, energy, and/or 

momentum while blending v/ith the surrounding fluid until a 

stage when the blending has proceeded so far that it is no 

longer possible to distinguish the eddy from the main body 

of fluid. At this point it ceases to act as a transport 

agent. 

Let tQ be the time required for the eddy to tra

verse the vertical distance I. Sutton has shown thac 
r 

j w'(t)w'(t+C)dc = w'(t) / ° w'(^)dC 
0 0 

= ^7^ J ° R dr, 
0 ^ 

(3.4.5) 

But 

w' £ = w'(t) / ° w'(C)d^ 
0 

(3.4.6) 

Therefore 

o w'£ = w'^ / R.df, 
0 ^ 

(3.4.7) 

It is now necessary to assign a suitable value to 

R . The conditions that must be satisfied in view of the 

meaning attached to R^ are given by Sutton as: 

Uiy^., 



1) R^ = 1 for C = 0 

2) R decreases when i increases 

3) R is negligible for i = to 
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(3.4.8) 

Sutton has found R to have the form 

R. = {uH)-"" (3.4.9) 

The exponent n is a positive number and indicates the degree 

of turbulence. According to Sutton, R can be defined as 

^ v+w'2^ 

n 
(3.4.10) 

the term v being the kinematic viscosity of air. In the 

atmosphere, under normal conditions, v is of the order of 

10" cm^/sec, while w'^ is of the order of lO^cm^/sec^. 

Prom wind tunnel experiements, the time t^ has been found to 

be greater than 10" sec [S7]. Therefore, an assum.ption 

that V is small compared to w'^^ or w' ̂ t̂̂  is justified. The 

exponent is a function of vertical temperature gradient and 

surface roughness, and to insure physical reality, its 

value must lie betv;een 0 and 1 [S7]. 

Substituting Eq. (3.4.10) into Eq. (3.4.7) and 

integrating, the following relation is obtained 

w' £ V 
n 

1-n 
{(v+w^to) 1-n - V 

1-n (3.4.11) 

Assuming v is much smaller than w'^t^ and n < 1, the equation 
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may be reduced to 

V /—;-r>-. sl-n 
"'^ = ^ (W^-to)"-" (3.1.12) 

This assumption amounts to neglecting molecular forces in 

comparison to eddy forces. Sutton has stated that it does 

not appear possible to give a rigorous expression to v/'̂ t̂  in 

terms of the mean velocity and height unless some knowledge 

of the variance of w'^ with the boundary conditions and the 

stability of the motion, and the m.anner in vzhich u depends on 

height is obtained. A reasonable approximation was obtained 

from Prandtl [P5]" and von Karmian [K35T6] and is given as 

" = £' i — I (3.4.13) 

Mh 

f! 

fi. 

The term £' is an individual mixing length. Sutton has f 

stated that eddy velocities are distributed according to 

Maxv/ell's law 

i^^ = I ir (1^1)2 = I ^)l2(||)^ (B.'J.l'O "' 

since 

\^\ - Mgi 
According to Sutton, the time t© is given by 

t^ = f -- (3.4.15) 
to J v̂. 

z 
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This equation was integrated to give an approximate value 

for t of o 

to = - I ^ = i\§\]'^ (3.'..16) 
|w' 

Therefore 

3u 
^ ^ ^ o == t ^^'Iftl (3.4.17) 

jf A 

Von Karman [K3] has shown that eddy velocities at 

different points in the region are dynamically similar. This 

leads to the following expression for I (see also [ H 8 , P 4 ] ) 

au 

% = k - 4 | ~ - (3.4.18) 
• 9^u • 
az^ 

The constant k has the value of 0.4. 

The following expression for w'^t^ may be obtained 

by combining Eqs. (3.4.17) and (3.4.18) 

»u I >! I' 1^' • 
az ' -' '̂' az w-̂ -Zt, = .08.(11^!) (||-̂ |) (3.4.19) 

Combining Eqs. (3-4.19) and (3.4.12) and substituting these 

equations into the term pw'£, the eddy conductivity, A^, be

comes 

(.251)"^"^ n , I au I I â u I" -, ~" r̂  a po^ 
A^ = pw'£ = - ^ 3 3 ^ pv {|^| 1-3^1 > (3.4.20) 

If the eddy conductivity has the form 



V ^ ) = ^^^|(.i7> 
z ^ p 
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(3.4.21) 

in the lower layers of the atmosphere, the wind speed is 

related to height by [S7] 

i::' 

=- hitr (3.4.22) 

The exponent p is a constant. Taking the partial derivative 

of u with respect to z, it is found that (g-^)(A^(z)) is a 

constant. 

[;" I »• 

U. _ (P-1) 
au _ ifZ P 
az , PZH^ZQ^ 

(3.4.23) 

Therefore 

(^~]A (z) 
^ a z -' V 

1̂ z (^)-^^) 
--A (l)f|-} P ^ 
PZ^ V '̂Z-ĵ'' 

u 
—A (1) = constant 

pz^ V 

This implies that 

xl-n - 4-3n ,- 2n-2 
„ , ,au (.251 n.au>. ^ rliu^ 

(3.4.24) 

(3.4.25) 

is also a constant in the lower atmosphere. According to 

Sutton, the law of variation of wind with height may be de

duced from Eq. (3.4.25) as 



n 
u = u^(^-]2rK 

87 

(3.4.26) 

on the assum.ption that u = 0 for z = 0. As n tends toward 

zero (no turbulence), the equation tends toward u = U.. , or 

velocity constant with height. This is good for all regions 

except near the surface [S7]. Experimentation has shown 

that the exponent — — is subject to marked hourly variations; 

ranging from a value of 0.87 at midnight to a value of 0.02 

at noon [S7]. These variations are due to variations in 

vertical temperature gradients and changes in surface rough

ness. For a complete study of turbulence the reader is re-

ferred to Hinze [H8] and Friedlander [P4]. 

3.5. THE METHOD OP TURBULENT TRANSPORT 

The groundwork for the turbulent transport method 

was begun some thirty years ago, thus making this method 

the most recent approach to the problem of determining the 

evaporation rate from a lake. The authors whose works will 

be presented here were among the first to apply the prin

ciples of turbulent transport to the evaporation rate prob

lem. 

The concept behind the turbulent transport method 

is basically that there is a laminar boundary layer above 

the water surface through which vapor transport takes place 

by molecular diffusion. Above this, and extending to a 
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height of several hundred meters, vapor transport takes 

place because of eddy motion of the air masses [S8]. 

There are two characteristic assumptions made by 

all the authors whose papers were reviewed. 

1) The water surface is considered smooth or is given 

.a specified constant roughness parameter. 

2) The air (gas mixture plus water vapor and suspended 

particles) behaves as a perfect gas and obeys the Gibbs-

Dalton law of partial pressures. 

3.5.1. The Work of Sutton: The solution to the 

problem of natural evaporation from a free water surface is 
« 

presented by Sutton [S7]. His analysis is based on the 

turbulent atmospheric structure developed in Sec. 3.4. For 

this analysis it is assumed that: 

1) The water surface is plane. 

2) There is no sensible variation in normal wind 

structure because of the geographical layout of the 

water surface. 

3) The am.ount of water vapor absorbed by the air mass 

moving over the lake does not affect the evaporation 

rate on the leev/ard side of the lake. 

Let X be defined as the portion of the air m.ass 

per unit volume which is due solely to water vapor evapora

tion from the lake. It is assumed by Sutton that x vanj.shes 

at great heights and is zero on the windward shore- that is, 

there is no water vapor due to evaporation present in the 

ik,;̂ .̂  
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air on the windward shore. 

The diffusion equation may be written 

# = ir^\(-) i l> + ^i\^y^^} ^i^i\(-)^} (3.5.1) 

The substantial derivative, 5_^ ĝ defined as 

Dt - It + ̂ -k -̂  ^1^ + ̂ -̂  (3.5.2) 

The terms u, v, w, A^(x), A^(y), and A^(z) are found from 

Sec. 3.4. To simplify the analysis, the terms —{A (x)-^) 
ax ^ V ^ ax -̂  

and —{A^(y)-^} are neglected, and w and v are assumed to be 

zero. The process is also assumed to be in a steady state; 

that is, -^ = 0. These assumptions yield the following form 

of the diffusion equation 

^ i^ = t l^{\(^)|f > (3.5.3) 

- rZ n 
By making the substitution u = u-, (—] 2-n in Eq. (3.4.20), the 

eddy conductivity, A (z), can be obtained as 

- 1-n' 2(1"-) 
A^(z) = paû -̂  z^ 2-n (3.5.4) 

The term a is a constant depending only on n and the physical 

constants of the atmosphere and is defined as 

T 1 n (n+1) ,̂  r̂--,sl-n/o xl-n 1-n ^ -, -n-~ a = (10^251) i2-n) n ^^n^^^ 2-n (33,.) 

(l-n)(2n-2)'^^-^-"^ ^1 
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Substitution of Eq. (3-5.4) into Eq. (3.5.3) yields 

..u"^ 
i_ Ix - .7-ni a 1-m ax 1 

a ax - ^ â ^̂ ^ at> (3.5.6) 

The exponent m is equal to n/2-n. The equation is subject 

to the boundary conditions 

X = 0 for X < 0, z = 0 

X = XQ ^^ 2 = 0 

At z = 0, eddy motion vanishes. There is a discontinunity 

in x at z = 0, x-= 0, but at all other points the relation 

for X Is physically acceptable. 

The evaporation problem is solved for a semi-

infinite strip 0 < x = x , z = 0 such that: 

z-̂ 0 XV-,-; - Xo u < A - A^ 
T\ lim / N « < 
1) z-̂ 0 x(x,z) - x^ 0 < X = X, 

2) ^^^ x(x,z) = 0 0 < X ^ X 

lim 
3) ;:;̂  x(x,z) = 0 0 < z (3.5.7) 

x-> 0 X 

Sutton makes the following transformations: 

5 = ̂  C = r^lz"+^ (3.5.8) 
o o 

Substitution of these transformations into Eq. (3-5.6) gives 

the result 

â  7 ^ + (2m+i)c ac u.^^.j; 
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with the boundary conditions: 

1) ^io X(C,C) = XQ 0 ^ e = 1 

2) ^i^ x(e,c) = 0 0 ^ c ̂  1 

3) ^io X(C,C) = 0 0 < c (3.5.10a) 

It is noted that u, a, and x^ do not occur explicitly in Eq. 

(3.5.9). Therefore, if a function P(^,c) is a solution" to 

the equation, the solution to Eq. (3.5.6) is 

X(x.z) = P i ^ , ( ^ ) ' ,>nHj (3.5.10b) 
o o 

The solution for F(C,C) is as follows: 

1) Let X = Ĉ fi(̂ ,c) in Eq. (3.5.9) such that o<n<l, then 

o<p<^. The function fi(C,c) is arbitrary. (3.5.11) 

2) Equation (3.5.9) becomes (p = n/2+n) 

afi _ a2fi 1 aj2 p 2 

a l " 3 ^ + ^ y ^ - ^ ^ (3.5.±2) 

3) The solution to this equation is, according to 

Sutton, given by 

n(C,c) = j2_ exp { = f ^ ) K p ( ^ ) (3.5.13) 

The term K (~T:] denotes the modified Bessel function 

of the second kind. The function fi is a solution for 

all values of the constants h, a, and c. 

'ftpi • 
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4) Assuming h = 0 and choosing c as a function of a, 

the solution for P(c,c) becomes [S7] 

F(5,0 = ̂  tan(p.cP) f % i " exp{- iS^H?-'-!) 

Kp(-|)d<x (3.5.11) 

P 

By using the expansion of (̂ ) K (̂ ) near ^ = 0 and the 

asymptotic expression of K (-|) for large values of ^ , Sut-

ton has shown that F(e,c) satisfies Eq. (3.5.10) for 0<e-l, 

0 < c. He has also found it possible to show that: 

1) P ( c , c ) - > X o a s c - > 0 for 0 < ̂ i 1 and for E, -^ 0 

with c, provided c/^ -> 0 ^ (3.5.15) 

2) P(^,c) -> 0 as c ̂  °° for 0 = ^ = 1 

3) F(^, c) -> 0 as C •> 0 for 0 < c and for c -> 0 with c, 

provided ^/^ ->• oo 

The mean quantity of vapor passing through a unit 

surface area per unit time perpendicular to the direction of 

the mean wind is x̂ * The evaporation rate is found by in

tegrating over the height of the atmosphere. 

m^ = / a,z^-F(l, (-̂ ) ẑ -̂ }̂dz 
-̂  0 -̂  ^ o 

2m+l / >,2m+l ̂- r-3 R i ̂  ̂  
= u-j (ax ) K Ci.5.1o; 

where 
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" = i ^^^'''' "llfen (3.5.17) 
. 2m+l 

and is a constant independent of u, a, and x . Replacing m 

by n/2-n, the evaporation rate from a surface of unit width 

and of length x^ downwind becomes 

2-n 2 2 

A, = Kn^2+" a^^" x/+" (3.5.18) 

In a turbulent medium, for a wide range of Reynolds 

numbers, the mean velocity variation with height above a 

fixed surface is "given by [H7] 

- - rZ ^^ 

u = u [^)7, (3.5.19) 

in which case n = 1/4. Applying this velocity distribution 

to a pipe of constant dimensions, û  can be replaced by u , 
JL m 

the mean velocity over the cross-section. Substituting this 

into Eq. (3.5.18) yields 

m.., oc u '^^ (3.5.20) 
1 m 

Experimentation by Himus [H7] has shown that for these same 

conditions 

m, « a ''^^ (3.5.2]) 
1 m 

By comparison with this and other experimental data it appears 

^h 
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tbat there is good agreement between calculated and experi

mental evaporation rates. 

3.5.2. The' Work of Sverdrup: An additional solu

tion to the evaporation problem is presented by Sverdrup 

[S8]. His analysis makes use of empirical relations for 

approximating atmospheric conditions, and he presents a 

method to approximate surface wave motion by Introducing a 

roughness parameter z . 

According to laboratory results, the eddy conduc-

tivity, A , is a linear function of the height above the 

water surface and depends on the roughness of the surface as 

described by means of the roughness parameter z^ [S8]. Ac

cording to Sverdrup, the eddy conductivity can be written 

A,, = pU -- = pk^(z+z ) / ! - (3.5.?2) 
d v̂  V ' p o o p 

The term T is the tangential stress of the wind, p is the 

air density, and k is a constant equal to O.38. By examina

tion of Eq. (3.4.21), it is noted that A^ will be a linear 

function of height if the exponent on Eq. (3.4.21) is equal 

to 1. Prom Eqs. (3.4.22) and (3.5.19) it is found that the 

value of p in Eq. (3-4.21) is seven. Therefore, the exponent 

in the equation is 6/7-instead of one. However, examination 

of Eq. (3.4.26) will indicate that the exponent — [ ĵill ap

proach zero as n approaches zero. Applying this to Eqs. 

(3.4.22) and (3.4.21) yields the result that as the degree of 
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turbulence decreases, the eddy conductivity variation with 

height approaches a linear function. For this reason, the 

analysis of Sverdrup should be limited to an atmosphere 

where the degree of turbulence is small. 

The stress corresponding to a given wind velocity 

increases with increasing surface roughness. Therefore, the 

eddy conductivity corresponding to a given velocity increases 

with increasing roughness. 

In order to obtain a numerical result for the 

evaporation rate, it was necessary for Sverdrup to assume a 

roughness parameter of 0.6 cm. (observed average conditions 

for moderate wind) or to assume that the surface was smooth. 

It is important that the correct choice be made because the 

value of A depends on the character of the surface [S8]. 
f\A 

Sverdrup points out that it is very doubtful that 

the thickness of the laminar boundary layer is constant, be

cause over a smooth surface the thickness of the layer is 

nearly inversely proportional to the v;lnd velocity. To 

solve this problem, Sverdrup introduced a laminar boundary 

layer whose thickness was a statistical quantity representa-

tive of the average conditions•at the interface. 

According to von Karman [K1,K2] there is not an 

abrupt transition from laminar flow to turbulent flow, but 

rather a gradual blending of one flow into the other. The 

average outer limit beyond which no laminar flow can be 

expected is 
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i^ 

d = .30V(T/P)^ (3.5.23) 

Sverdrup deduced from experimental data that the 

variation of vapor pressure with height above the water sur

face was very nearly a linear function of the logarithm of 

the height. It was assumed that this relation was valid as 

long as heights no lower than 50 cm above the water surface 

were chosen. 

To further simplify the problem, Sverdrup assumed 

that the upward transport of water vapor due to evaporation 

was the same at all levels of the atmosphere. This could 

be true if: 

1) Eddy conductivity was such that a rapid upward 

diffusion of water vapor resulted. 

2) The purging action of the wind was neglected. 

In the turbulent region, the upward transport of 

water vapor per unit area is, according to Sverdrup, 

. dH _ . . 623 V /o c pil̂  
"̂ 1 = - \ d̂ . - -\ —V " ^ (3.5.2̂ ) 

In this equation, H is the specific humidity of the air and 

is related to the vapor pressure e^ by 

. l̂ H = -^-^ e (3.5.25) 
^ p-e^ V 

where p is atmosphere pressure. Assuming vapor pressure is a 

function of the logarithm of height, e^ can be written 



e„ = e___ - c In 
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z+z 

o 
v vo z 

o 
or 

• 2 -{- 2 

% = ^vd - ° 1« d+i^ (3.5.26) 
o 

In these equations the subscripts o and d refer to the vapor 

pressures at height z and at the outer limit of the boundary 

layer, d. The constant c must be determined experimentally. 

By substituting Eq. (3.5.26) into Eq. (3.5.24), the 

transport of water vapor in the turbulent atmosphere becomes 

m-L = -"-^ PH"" ^ K ] - ^^ (3.5.27) 

In this equation, Wj. = /x/p and is called the von Karmdn 

friction velocity. By relating the friction velocity to the 

mean velocity and certain physical constants of the atmosphere, 

Eq. (3.5.27) will reduce to a form similar to that given by 

Sutton in Eq. (3-5.18). However, the evaporation rate found 

by Eq. (3.5.27) will only give the rate on a square unit of 

area as opposed to the total rate on a rectangular strip of 

finite dimensions given by Eq. (3.5-18). 

In the laminar region, the diffusion of water vapor 

per unit area is given by Sverdrup as 

D. 
m 

X (e - e J (3.5.28) 
1 d vy vd 

In the above equation, D^ is the diffusion coefficient refer

red to vapor pressure, and e^ is the vapor pressure at the 

m 

; • » 
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air-water interface. This equation is obtained by assuming 

a linear gradient of vapor pressure through the laminar 

boundary layer and that the air-mixture follows the Gibbs-

Dalton law of partial pressures [T3]. 

Defining the coefficient D as 
V 

\ = D; •— P (3.5.29) 

the term D^ being a diffusion coefficient with units of cm^/ 

sec and substituting into Eq. (3.5.28), then equating Eqs. 

(3.5.28) and (3.5.27), the thickness of the laminar boundary 

layer is found to be 

D' e - e z+z 
. - V ^_v^ V _ i „ ^ ) (3.5.30) 

k w„ '̂  c d+z^ 
o K o 

For a rough surface, z is equal to some specified 

roughness parameter, and according to Sverdrup 

W-- = z+g u = y^TU = n^l^^Lz u.̂  (3.5.31) 

Z Z 
^O O 

The term u is the velocity at some level z. 
z 
For a smooth surface, z^ is found to be given by 

2 . -.2̂  d (3.5.32) 
o k w^ o K 

under the conditions that for z = d, A/p = v. The value of 

w in both cases can be computed from the equation [K2] 
K 



^ * 5-57 log^o l^= 5-5 + 5.75 log^Q zu 
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(3.5.33) 

By combining Eqs. (3.5.27), (3.5.31), and (3.5.33), 

the evaporation rate can be determined independently of any 

assumption regarding the thickness of the laminar boundary 

layer. This will give an evaporation rate equation of form 

similar to that given by Sutton in Eq. (3.5.18). 

From experimental data, Sverdrup concluded that the 

laminar boundary layer thickness, d, decreased with increas

ing wind velocity, and assuming the water surface to be sm.ooth, 

d was very nearly proportional to 1/Wj.. By examining data on 

the variation of d with 1/Wĵ  (see Figs. 3.4 and 3.5), Sver

drup determined that the following relations gave good ap

proximations for the dependence of d on Wĵ : 

1) Rough surface 

^ = 27.5V 

z = 0.6 cm o 

w 
(3.5.34) 

K 

2) Smooth surface 

^ . 12.4v 
d ~ (3.5.35) 

w K--, J^ 

In order to obtain numerical results for the evaporation rate, 

the character of the surface must be specified, and the thick

ness d calculated accordingly. Sverdrup suggested that the 

evaporation rate should be calculated for both rough and 

smooth surfaces and the results compared to actual measured 
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evaporation losses. Prom this comparison, a decision as to 

the correct approach to the problem can be made. 

Combining Eqs. (3.5.26) - (3.5-28), the evaporation 

rate per unit area is obtained as 

D, (e,̂  - e „)w. 
m^ = 1 D' 

V 
k o 

v^ VY •vz'"K 
z+z 

.623 / N 

k In o 
z+z 
d+i^ •*• ^^K 

(3.5.36) 

The thickness d is Introduced from either Eq. (3.5.34) or 

Eq. (3.5.35) depending on the surface character. Table 3.1 

and Fig. 3.6 illustrate the results of this equation as 

applied to various latitudes of the Atlantic Ocean. 

3.5.3. The Work of Hickox: The basis for the 

analysis presented by Hickox [H6] is that the process of heat 

flow from a solid to a gas is analogus to the removal of 

vapor particles from an evaporating v.̂ ater surface. There is a 

boundary layer of stagnant gas surrounding the solid through 

which heat is transferred by conduction alone. Outside this 

layer, heat is transferred by convection aided by turbulence. 

The heat transfer is computed with the aid of an overall 

heat transfer coefficient, and in a similar manner, the vapor 

transfer could be calculated by using an overall vapor trans

fer coefficient for the evaporating surface. The potential 
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difference used as a driving force for the vapor transfer 

will be the vapor concentration or vapor pressure gradients. 

The analysis will be based on the use of dimiensionless 

groups with experimentally determined coefficients. 

A dimensionless grouping of the parameters assumed 

to be important to the heat transfer process is, according 

to Hickox 

Ny = f(Gj^, S^) (3.5.37) 

In a similar manner, the dimensionless grouping of the para

meters important to the mass transfer process in free con

vection is given by Hickox as 

= K'(G^/S^)" (3.5.38) 

1 

The coefficient K is a constant, and the prime terms denote 

NTJ, Gp, and S^ for mass transfer. From experiments performed 

on a circular evaporating water surface, Hickox found the 

term N' to have the functional form 

N̂ j = .645(0^/3^)'^^ (3.5.39) 

For evaporation into an air flow, Hickox approxi

mated Ny as 

N-, = K(Rg)" (3.5.10) 
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This relation is true only for those values of N' greater 

than values of N̂ , for diffusion into still air. Prom ex

perimentation, Hickox found this relation to have the form 

N^ = 0.10(Rg)-'̂ 5 (3.5.^1) 

For evaporation into still air, at atmospheric con

ditions, S^ is very nearly constant and equal to unity [H6]. 

Equation (3.5.38) may therefore be written 

T 3 * •25 
WIT h Y ^Y 

. ^= K- i'-^] (3.5.'i2) 

In this equation, L is a characteristic dimionsion of the 

surface, h* is the coefficient of mass transfer, Y is the ' ^ m 

unit weight of water vapor, and y is the viscosity. 

Assuming that the mass transfer rate can be 

written in a form analogous to the heat transfer rate, the 

evaporation rate is, according to Hickox, given as 

m^ « h' A C 

Substitution of h' from Eq. (3-5.^2) yields 

m, c. A C(^ j ' (3-5.^3) 

Assuming the air mixture (including water vapor) is a per

fect gas, the following relations may be obtained: 

u « T-5° Y - & (3.5-^^) 
y X 'm T 



106 

Using these relations, the evaporation rate into still air 

may be written 

• I P R m'0(5 

m^ cc AC"--"^ ^23 3̂- (3.5.^5) 

Prom this equation it can be seen that vapor concentration 

difference, AC, is the dominant factor affecting the evap

oration rate in still air. 

For evaporation into an air flow, Eq. (3.5.^0) 

can be written 

hLL ^ K(Mi)*'^^ ' (3.5.46) 

where V is the velocity of the air flow. Making the same 

substitutions as before, the evaporation rate into an air 

flow becomes 

The velocity dependency of this equation com.pares favorable 

to the dependency of the evaporation rate determined by 

Sutton on the velocity. 

Hickox: m. « V 

,,.78 
Sutton: ^i "^ ^ 
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Hickox brings out an important point concerning 

the use of average values in the evaporation rate equations. 

Most of the evaporation from the vjater surface during the 

course of a day occurs when the water temperature is higher 

than average. Therefore, the vapor pressure at the water 

surface is higher than its average value. If the temperature 

of the water surface was uniform during the period of one 

day, the higher vapor pressure causing evaporation would not 

exist. For this reason, the average temperature has no 

particular significance with respect to the daily evaporation 

rate unless a temperature range is specified. 

There are several possible sources of error in, 

this turbulent transport method. 

1) It is possible for the purging action of the wind to 

invalidate the assumption that the upward transport of 

water vapor is the same at all levels. 

2) As will be seen in the following section, there may 

be significant coupling between heat and mass transfer 

processes. 

3) Geographical obstructions near the shore may cause 

changes in the wind structure over the lake [A2]. 

i|) It is doubted that a smooth water surface ever exists 

For this reason, wave motion cannot be excluded from 

consideration without incurring an error. 

: 5) Air-water vapor mixture does not behave exactly as a 

perfect gas. Also, it does .not exactly follow the Gibbs-
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Dalton law of partial pressures. 

6) In Chapter I it was noted that the vapor pressure 

gradient is the potential for mass transfer only at 

isothermal conditions. 

7) The problem of position dependency described in the 

previous method is also present in this method [M5]. 

In order to predict the evaporation rate from a 

lake by this method, it will be necessary to measure the 

following terms at particular periods of time: 

1) Wind velocity at level z^ 

2) Temperature and vapor pressure at the surface and 

at level z^ 

3) Atmospheric pressure 

h) Viscosity, air-water vapor density, and other atmos

pheric constants 

This method eliminates the need for considering 

separate energy terms that must be considered for the energy 

budget method. However, the turbulent transport method may 

become difficult to apply if wind velocity and direction 

rapidly change over the water surface. 



CHAPTER IV 

RELATED TOPICS 

Now that the lake evaporation rate problem has been 

examined, it is appropriate to examine several papers, both 

analytical and experimental, concerned with the determination 

of evaporation rates.from surfaces in general. These will 

provide additional background material for methods used in 

the determination of lake evaporation rates. The papers will 

not be presented in detail, only the important points in 

derivation and the results will be given. 

4.1. THE WORK OF TAKAMATSU, HIRAOKA, AND TANAKA 

A study of the simultaneous transfer of heat and 

mass between gas and liquid phase is presented by Takamatsu 

et _aJ. [Tl]. It is emphasized that vapor-liquid equilibria 

depend on both temperature and vapor concentration and that 

the heat and mass transfer rates are dependent on each other. 

The analysis is based on the assumption of unsteady-state 

with the use of the film and penetration theories [H4].. 

The model for the analysis is shown in Fig. 4.1, 

and it is assumed that: 

1) The film theory is applicable to the gas phase trans

fer, and the transfer coefficients K̂., and h^, bulk con

centration HQ^, and bulk temperature T^^ are constant. 

109 



110 
Gas Phase 

H Go 'Go 

lo 

Liquid Phase 

lo 

Figure 4.1. Liquid-Vapor Concentration and Temperature 
Profiles in the Interface Region (no Air Plow ) 
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2) The penetration theory is applicable to the liquid 

phase transfer. 

3) The two phases are in equilibrium at the interface 

and the gas-liquid equilibrium relationship is linear. 

4) Energy convection due to mass transfer is neglected. 

•5) Convection currents in the liquid phase are neg

lected. 

6) Physical properties are constant. 

The diffusion and energy equations for the process 

are written 

Diffusion: ^ = D' d^C 
8t V "J 32 f7.2 

(4.1.1) 

with the initial and boundary conditions 

t = 0 

z = 0 

Z = 00 

C = C 
lo 

J = -D m v dz z=0 ^G^^Go - \ ^ 

C is finite 

(4.1.2) 

In these equations, C is the vapor concentration, D' is the 

liquid diffusion coefficient, K^ is the mass transfer coef-

ficient, H is the specific humidity, and the subscripts 1, G, 

Y, and o refer to the values in the H-quid, gas, interface 

regions and at time zero. 

Energy: 
. 9T _ a â T 
at 1 az' (4.1.3) 

with the initial and boundary conditions 
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t = 0 T = T. 
lo 

z = 0 J = -kl^ 
q az ,=0 ^ ^GC^GO-^^^ V G ( « G O A ^ 

z = 00 T is finite (4.1.4) 

In these equations, T is temperature, k is thermal conductivity, 

h is the heat transfer coefficient, and L̂p is the heat of vap

orization of the liquid. The equilibrium relationship is 

given by 

H = m T + n C + b (4.1.5) 
Y Y Y 

and the gas concentration Cp is given by 

''GO = "^Go + " ^Go + '̂  ("-l-S) 

where m, n, and b are constants. These equilibrium rela

tionships assume that humidity is a linear function of tem.-

perature and concentration. In general, this is not true (m, 

n, and b are not constant), but for small gradients of tem

perature and concentration these relations can be used v/ith 

sufficient accuracy. 

The equations are solved by means of Laplace trans

forms and are placed in the following dimensionless forms: 

(V^)^"ao-^lo^ '- % ^ (o.i«i-p(,at)erfc(,,/t ") 

""^12^2^^P^^2^^^^'^^^^2*^^ )) 

(4.1.7) 
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-c^^^^exp{^^t)erfci^^yi~)] 

(4.1.8) 

In these equations, the following terms are defined: 

h. ..+ 

^1 = 

/hpiE 
h = 2 

h. = 

h^ = 

_ 1 
L ( ^ ^11 + a 1 app ) 

"L2~ ̂  

(4.1.9) 

(4.1.10) 
111 

a - 3.^1^^^ - a^2^21 

11 

a 21 

'11 

'21 

b. 

K ^ 

D;/L 

V G "̂ -̂Go-̂ lô  
^^/I^^^^Go-^lo) 

- V!1!GO1^LO^ 
12 - (D;/L)(C^^-C^^) 

b-ĵ  - a A'i/L3-L 

b^ - a /DyL3-L 

^11 •*" ^12 

^22 

hg+L^K^ m 

k/L 

^12 ~ ̂ 1 ~ ̂  /a.j/L3p 

L/ /-̂  d /-\ -1 * cx ̂  ,-% 

(4.1.11) 

^22 = ̂ 2 " "̂  /DyL3p (4.1.12) 

(4.1.13) 

The term L is some characteristic length, and a-ĵ  is the thermal 

diffusivity of the liquid. 

It is possible to base the analysis on the overall 

heat and mass transfer coefficients for the liquid phase. In 

IMLV 
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Jq(t) =U(t)(T^^-T^^) 

J^Ct) =K^^(t)(C^^-C^^) 

(4.1.14) 

(4.1.15) 

The overall heat transfer coefficient, U(t), and the overall 

mass transfer coefficient, K^2.(t), are defined as 

1 
UltT 

K ^ ^ 

r-1 
rh G hjTt) 

nK 

. m L (1-r) 
-̂  + ±- + 
G nh G K ^ ) 

(4.1.16) 

(4.1.17) 

with the term r given by 

r = 
T m 

(4.1.18) 

In the absence of radiant heat fluxes, r is equal to Rg 

(Bowen ratio). By taking the time average values of Eqs. 

(4.1.7), (4.1.8), and (4.1.14) - (4.1.18), the mean values 

(subscript m) of the heat and mass transfer coefficients in 

both phases can be found as a function of the time interval. 

The results are shown in Figs. 4.2 and 4.3- In these figures 

the following definitions are used: 

K = /a3_ ^ A 

K n _ 
n = - ^ — /t 
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Figure 4.2. Liquid Phase Heat Transfer Coefficients 

1.5 — 

p-
O 

Figure 4.3. Liquid Phase Mass Transfer Coefficients 
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m (T^^ - T̂  ) 

* = ^rr^ C ^ C4.1.19) 
"" ̂ ^Go - ̂lo-̂  

The term K^ represents the gas phase mass transfer coeffi

cient averaged over the time interval t. 

The usefullness of this analysis is limited to 

those cases in which the air movement over the water surface 

is either zero or very slight and in which the air-v;ater 

interface is flat. For the air-water system, Takamatsu et 

al., assumed that the coefficient n in Eqs. (4.1.5) and (4.1.6) 

was zero, so that the equilibrium relationship at the inter

face became 

-,' 

H = mT + b (4.1.20) f: 
Y Y 

The dotted lines -̂ f̂̂ ^̂ ^ in Pig. 4.2 and -̂ f̂ ^̂ ) in Pig. 4.3 ^̂  

illustrate the variation in heat and mass transfer coeffi-

cients for the air-water system under the assumption of Eq. 

(4.1.20). The term f(c) Is defined by 

f(^) =. -i, 4- ̂ ^P ^̂  erf c - A (4.1.21) 

and f(n) is defined by 

^f ^ 2 e2C£_ril_erf n - 1 ( 4 . 1 . 2 2 ) 
f ( n ) - " + Tî  

/iTTl 

The reader should note that the assumption in Eq. (4.1.20) is 

only an approximation, and for complete accuracy Eq. (4.1.5) 

should be used in its place. However, from the figures it is 

m^. 
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noted that the values of l/i> - 0 and ^r^^^f^ and / l y \ are 

very close for n = 0. 

This paper is one of the very few on the subject of 

evaporation" that considers the unsteady-state evaporation 

rate that is characteristic of the evaporation from a lake. 

Another interesting and useful feature of this analysis is the 

use of overall heat and mass transfer coefficients to deter

mine the evaporation rate. 

4.2. THE WORK OF GARY 

A study of evaporation and its irreversible ther

modynamics is presented by'Gary [CI]. He states that when

ever there is a significant rate of evaporation from a body 

the process is necessarily nonisothermal. The problem 

therefore involves more than one driving force and flux. The 

principles of irreversible thermodynamics are used as the 

basis of Gary's analysis. 

The model for the system to be analized is shown in 

Fig. 4.4. The moisture moves by molecular diffusion along 

steady state vapor concentration and thermal gradients through 

the still air. The distance z is analogous to the thickness 

of a membrane permeable to water vapor and heat separating 

the two phases, the source and the sink. There is no liquid 

phase surface flow. 

The equations for mass and energy transfer may be 

written as [P6] 



\ \ 

M o i s t Porous P l a t e or 
Moss Flow Air Cur rent 

1 
Sink 

S t i l l Air 
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J 
Moist Porous Plate 

Figure 4.4. Source-Sink Model for Vapor Transfer from 
a Moist Porous Plate 
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"̂m = "hi ̂  T~ ''" ^ 2 ̂  I (4.2.1) 

and 

u 
^e " "Si ̂  T^ "̂  ^ 2 ̂  T' (4.2.2) 

The Onsager reciprocity relation states that [C2] 

h2 = Si (4.2.3) 

The Eqs. (4.2.1) and (4.2.2) are valid as long as gradients 

are not extreme, and the air is still (i = J ). 
"̂m m 

The chemical potential is found to be approximately 

[VI] 

u - u = RT In e /e 
o V vo 

The subscript o refers to some reference state, R is the 

universal Gas constant, and e is the vapor pressure. This 

equation and the Gibbs-Helmholtz equation [G2] may be com

bined to give 

A ^ = R A in e/e^^^ - c^ A In T -f h^A^ - c^T^Af . 

(4.2.4) 

The subscript 1 refers to the liquid (water) phase. By 

taking the specific heat, c , of water as constant, the 
tr 

enthalpy difference, b-h^, becomes 

h - h, = Cp(T - T^) (".2.5) 



With the use of this equation and the transformation L 

^12 " ^^11' ̂ ^^ mass flux can be written 
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lo 

"̂m = -hl^^ ̂  1^ V S o - % A m T-CpTA|r) + L^^ A | 

(4.2.6) 

With a similar transformation, the heat flux can be found as 

Jq = -L^^(R A m e^^ - Cp A m T - CpTAf) + L^^A| 

(4.2.7) 

For a system of this type, Gary has shown in a previous 

paper [C2] that L -, is found to be 

Si ~ SSl 
e D • 

T y V 
^T R^TT' 

(4.2.8) 

The term Lm is the heat of vaporization of water, and D is 

the diffusivity of the water vapor in the air. Since the 

normal range of tem.peratures found in this type of system is 

small (temperatures vary about the point 300°K no more than 

a fev7 degrees), the term (A In T + T A =p) may be neglected so 

that the mass and heat fluxes become 

f", 

m 

e D 
V V 

R£T 
^ 1^ % / % o ^ ^lo ' I (4.2:9) 

and 

Jq = - S i ^ ' ^^ % / % o '- S o ^ I (4.2.10) 

For this system, Gary proves that the Onsager relation is 

true for L. and L .; that is. 
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lo ~ "̂ ol.. (4.2.11) 

Prom this relation it also follows from Eqs. (4.2.1), 

(4.2.4), and (4.2.6) that 

So " S2 " ̂ Sl (4.2.12) 

and from Eqs. (4.2.2), (4.2.7), and (4.2.10) that 

So " S2 - ̂ S2 (4.2.13) 

Using the identity Je = Jq + hj^, the heat flux may be written 

u 

•̂q " "Si ̂  T~ + S2 ^ I - ̂ S (4.2.14) 

Gary also shows that 

^01 " S i " ̂ Sl (4.2.15) 

The energy and mass fluxes for this system become 

Ĵ  = IkAT + L^J^ (4.2.16) 

and 

^vS^o • ^V^VSPO 

•̂m = - R T £ — ' 1" V ^ o - iiR^^p A T (4.2.17) 

p 

The total pressure ratio, —^, is added to account for condi

tions other than those at standard conditions (76 cm. Hg.). 

Gary performed an experiment to ascertain the 

validity of the analysis. The experimental set-up was as 
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follows: 

1) Two porous ceramic plates were used, 19.8 cm in 

diameter, with a vapor gap 1.5 cm in thickness between 

the plates. 

2) A controlled temperature gradient was impressed 

across the gap between the plates. 

3) Plates were oriented so that convection currents 

were negligible. 

Table 4.1 shows the results of this experiment. 

Equation (4.2.17) indicates that the mass flux is 

the sum of two terms. The first term is significant only if 

the air at the interface is not saturated with water vapor. 

This condition occurs if mass air currents transport away 

the vapor faster than it can be supplied by the interface or 

if the vapor diffuses into the air faster than it can be 

supplied. The second term accounts for the change in vapor 

pressure because of a thermal difference. As long as the in

terface can supply 100^ relative humidity the mass flux is 

predicted by 

e D LmP 
J = -v V T^o ^ T (4.2.18) 
"̂m JiR̂ T̂ p 

This equation is used to calculate the mass flux in Table 

4.1. From this experiment, Gary concluded that the diffusion 

of water vapor through still air is the rate limiting process 

for this problem as long as the interface can maintain 

k 
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essentially equilibrium humidity values. 

Gary then repeated the experiment, this time 

adding KCX to the water. Table 4.2 illustrates the reduc

tion in mass flux due to the addition of various amounts of 

KC.X. 

There are two very important features brought out 

by Cary that may significantly affect the methods of deter

mining lake evaporafcion rates reviewed in Chapter III. The 

first point to be em.phasized is that the mass flux is the 

sum of two terms; that is, a function of both vapor pressure 

and temperature gradients. If atmospheric conditions are 

such that vapor is transported away from the interface faster 

than it can be supplied, the term 

•̂m = - -R-Tl^ A m e^/e^^ (̂ .2.19) 

predicts the mass flux. This is the usual procedure in deter

mining the evaporation rate from a lake, and for turbulent 

conditions the first term in Eq. (4.2.17) will be the more 

significant of the two. If, however, atmospheric conditions 

are such that there is no air movement over the surface or 

if the air flowing over the surface is saturated to the ex

tent that it has the same vapor pressure as the surface, a 

mass flux will still exist as predicted by the second term 

in Eq. (4.2.17) 

IH:, 
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J _ % ^ V o , 
^m JIT^TT^ AT (4.2.20) 

It can be inferred from this that the terms in Eq. (4.2.19) 

and (4.2.20) have values at all times, but their relative 

magnitudes may vary greatly. Prom examination of Eq. 

(4.2.17) it can be seen that J is a function of vapor 

pressure alone only for Isothermal conditions; AT = 0. For 

the lake problem it is usually assumed that when Ae = 0 , 

there is no mass flux, but from Cary's analysis it can be 

seen that this is not necessarily true. 

The second point of interest is concerned with 

the retardation of mass flux from a surface. As indicated 

by the tables presented, there is a substantial reduction 

in mass flux (predicted by Eq. (4.2.20)) when an amount of 

KCl is added to the water. From this result it may be 

possible to infer that the amount of impurities in the 

water have a significant affect on the evaporation rate 

(also see Chapter I). 

4.3. THE WORK OF LUIKOV 

A study of the heat and mass transfer between an 

evaporating body and a gas stream is presented by Luikov 

[L4]. His analysis is also based on application of methods 

of irreversible thermodynamics. 

A review of several papers is given by Luikov con

cerning evaporation from a free water surface under conditions 

I 
1 
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of forced convection. The follow relations for Nusselt 

numbers of heat and mass transfer are listed: 

Ny = A Pĵ l/3 ĵ n̂ Q^.175 (̂ ^̂ )̂ (4.3.1) 

N^ = A' (Pp"^/3 Rg^' Gy-^35 (mass) (4.3.2) 

The constants are defined in Table 4.3. The Gukhman number, 

Gy, characterizes the evaporation of submicroscopic liquid 

particles in the boundary layer over the evaporating body. 

This analysis also assumes no liquid phase surface flow. 

The differential equations for mass and heat trans

fer, including the evaporation of submicroscopic liquid 

particles (volumetric evaporation), are written 

p, !!io + p„ '4l£ = |_(j^) , î  (4.3.3) 

V"^"' V"^^'^^^.'Vi ^"•3-^) 

The terms P n and p are defined as 
lo 

P -, = P /(p + P ̂ ) lo V ̂ v̂ a' 

P = P + P V a 

and I is the specific capacity of the vapor source. As in 

Sec. 2.3, j is the diffusion flux from the evaporating sur

face only. If I^ = 0, J^ = j^ and in general 
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Table 4.3.—Values of constants in Equations 
(4.3.1) and (4.3.2) 

Range of Reynolds 
Numb e r Vara at ion A n A n 

Rg < 3.15 X 103 1.07 0.48 0.83 0.53 

3.15 X 103 < 
Rg < 2.2 X 10"̂  0.51 0.61 0.49 0.61 

2.2 X 10*+ < R^ < 
E 

3.15 X 10 0.027 0.90 0.0248 0.90 
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Prom experiments performed on a heated, moist 

plate, Luikov was able to determine the following: 

1) For Rg from 8OOO to 100,000, mass transfer con

strained with liquid evaporation has no influence on 

air motion velocity distribution in a boundary layer. 

2) Heat transfer coefficients are higher in the process 

of evaporation from a free surface than for the case of 

heat transfer with no evaporation from the surface. 

3) Water vapor partial pressure cannot be considered as 
• 

a driving force for mass transfer in a boundary layer. 

From principles of irreversible thermodynamics, 

Luikov derived the mass flux equation for the vapor (v) as 

^m = -hit ~ ( ^ ) / P l o + («? - \ -̂  ̂ a ^ ̂ ](4.3.5) 

where Q*is the amount of heat transferred at constant tempera
ture, and p^ = p̂ /(p,̂  -I- p^). By using conditions found in 

^ o a V a 

the experiment, Luikov found that for the air-water vapor 

mixture, the second term on the right was 2 to 3 times larger 

than the first term. It was also found that the transfer of 

vapor occurred in the direction, of the temperature gradient. 

By using this analysis, Luikov stressed the importance of 

basing molecular transfer not on vapor pressure gradients, 

but on total potential and thermal gradients. Under certain 

ii., 
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conditions, it is possible to approximate the chemical po

tential gradient as 

T " -^ ^^ ̂  (4.3.6) 

The term $ is the relative humidity. For isothermal condi

tions this can be written 

y = -RT In e^ (4.3.7) 

Therefore, only for Isothermal conditions is e the potential 

for mass transfer. 

If there is a flow velocity over the evaporating 

surface, there is an effect of internal viscous friction. 

This effect of friction on vapor transfer was considered by 

Luikov. He found that for an incompressible fluid in laminar 

flow over a body, the internal friction may be considered as 

molecular transfer of kinetic energy along a norm.al to the 

body surface. For a single component system, the mass flux 

caused by this force can be written 

^m friction " 13 9z = -Ln. !v (̂ P̂ )̂ ('̂ -3.8) 

The generalized mass flux equation can be written 

The additional force X^ accounts for the mass flux due to 
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f!Plction. This amounts to separating total potential, ĵ , 

into chemical potential, y, and velocity effects (see Chapter 

II), assuming T is constant and included in the coefficient 

h3-
In the experiment performed by Luikov, the driving 

force X^ tended to move the water vapor towards the evaporat

ing surface, while the force X-ĵ  tended to move the vapor away 

from the surface. Under certain conditions it may actually 

be possible for the vapor to move from a lower vapor pressure 

to a higher one. This stresses the importance of using ^ in

stead of î  as a driving potential. 

The importance of Luikov's analysis and experimenta

tion may be summarized as follows: 

1) The ratio of chemical potential to temperature is 

one of the driving forces rather than partial pressure 

which is the usual assumption. 

2) There is volumetric evaporation of liquid particles 

in the boundary layer. This will be explained in the 

follov;ing section. 

3) There is a mass flux caused by internal friction in 

the boundary layer. 

4.4. THE WORK OF SMOLSKY AND SERGEYEV 

The paper by Smolsky and Sergeyev [S2] considers 

the mutual influence of heat and mass transfer with liquid 

evaporation. They state that when interface surfaces 
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interact with a forced flow of a gas-vapor medium, combined 

heat and mass transfer processes prevail. In this case, 

thermal, hydrodynamlc, and diffusion boundary layers are 

closely connected and influence each other considerably. 

When the flow around a body is such that a laminar 

boundary layer is formed, the relations for heat and mass 

transfer may be obtained by solving a suitable set of dif

ferential equations. However, Smolsky and Sergeyev believe 

that a more realistic approach to the problem is to con

sider the flow medium to be turbulent. An experimiental 

study of the heat and mass tranfer processes in this turbu

lent medium is presented because the authors of the paper 

feel that there is a lack of sufficient study of the 

turbulent transfer mechanism. The experimental work con

siders both an evaporating and a dry body under turbulent 

flow conditions (large values of Rg) with the same thermal 

and hydrodynamlc boundary layers. 

The equation for energy transfer in a moving liquid 

is given as 

(ph) = -div(J, ) (4.4.1) 
8t ^̂ ^̂ ' ---v-h 

where J, is the specific enthalphy flow. For laminar flow 

the equation is written 

^ - (c - c ) dt ^̂ G a'' ̂ m 
cp 45 _ (c, - c j j^VT = div(kvT) (4.4.2) 
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In this equation c^ is the specific heat of vapor and c is 
a 

the specific heat of dry air, c = ĉ p̂ -̂  + c^p^^, where p^^ 

and p2^ are defined in the previous section, and p = p + p 

The term j^ is defined in the previous section. 

The Gukhman number is introduced as 
T - T 

r - db wb ,, , X 
% f (4.4.3) 

db 

a 

or 
T 

Gu == T ^ (4.4.4) 
wb 

The subscripts db and wb refer to the ambient temperature of 

the surrounding, dry bulb temperature, and the wet bulb tem

perature. Several authors contemporary to Smolsky and 

Sergeyev consider the Gukhman num.ber to account for the in

fluence of mass transfer on heat transfer, v/hile others con

sider it necessary for describing non-adiabatic heat and mass 

transfer processes, provided the nature of the heat transfer 

is convective-radiative. The Gukhm.an number is obtained 

from a differential energy transfer equation in the boundary 

layer. It is found that the absolute value of Gy is propor

tional to the moisture content of the gaseous region. It 

also takes into account the change in thermal capacity of the 

air, depending on its moisture content. The Gukhman number 

is also closely associated with the theory of volumetric 

evaporation introduced in the previous section. There is 

H 
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evaporation of sub-microscopic particles occuring in the 

boundary layer. For a free evaporating surface, these par

ticles are separated from the surface due to the formation 

of microwaves. However, this condition will occur only at 

large degrees of turbulence and at high stream velocities. 

When evaporation occurs, the heat and mass trans

fer coefficients are proportional to the evaporation inten

sity, J^. But, under conditions of separation as described 

above, J^ is not only determined by surface evaporation, but 

also by the additional evaporation of the sub-microscopic 

liquid particles in the boundary layer. Volumetric evapora

tion takes place under adiabatic conditions irrespective of 

the temperature at the surface where evaporation occurs. 

The temperature of the liquid particles in the boundary 

layer is equal to the adiabatic air saturation temperature, 

T , (wet bulb temperature). Based on the assumption of 

volumetric evaporation, the energy transfer equation can be 

written 

This is the same form given by Luikov in the previously 

reviewed article. The term I-, is the mass of sub-microscopic 

particles per unit volume abstracted in unit time from the 

evaporating surface. Assuming that the evaporation of the 

liquid particles proceeds at the expense of energy derived 
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by heat conduction from the surrounding air, I^ can be 

written, according to Smolsky" and Sergeyev, as 

T̂ ̂ 1^ = I (T̂ b - \b) (̂ .̂ .6) 

The term £ is some characteristic dimension between the air 

and the evaporating surface. Prom this relation the Gukhman 

number is obtained from the right side of Eq. (4.4.5) as 

G = -*- 1 - db wb ,,, ,, ̂. 
^u k T^^ T (4.4.r) 

db -"db 

The differential mass transfer equation for an 

incompressible liquid is given by Sergeyev and Smolsky as 

• ^Pln ^Pn n '̂  

This is the same equation given by Luikov [L4]. 

When heat transfer due to radiation occurs, volu

metric evaporation is intensified because of absorption of 

infra-red rays by sub-microscopic liquid particles. Smolsky 

and Sergeyev believe this theory of volumetric evaporation 

eliminates to a considerable extent the contridictions in 

the influence of mass transfer on heat transfer with liquid 

evaporation. 

An experiment was performed by Smolsky and Sergeyev 

to substantiate their analysis. The apparatus consisted of a 

wind tunnel with an isothermal working chamber into which 

\k. 
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specimens to be examined were placed. The specimens were a 

pan filled with water and a hollow metallic body which was 

water cooled. It was assumed that all the heat absorbed by 

the surface of the "dry" body went to Increase the tempera

ture of the cooling water. Care was taken to maintain an 

ordered fluid stream above each specimen, and the specimens 

were maintained at the same constant temperature. In order 

to eliminate waves on the liquid surface, an immiscible 

nylon mesh was placed on the surface. 

The experiment gave the following results: 

1) The absolute value of J increased with increasing 

wave motion on the liquid surface. This can be ex

plained by the increase in evaporating surface area and 

the influence of the volumetric evaporation. 

2) The value of J was inversely proportional to the 
' m 

humidity of the air stream. 

3) Comparison of heat and mass Nusselt numbers shows 

4) The coefficients of heat transfer with evaporation 

are greater than those for a dry body. This substanti

ates the work of Luikov. 

5) As air humidity values increase, the value of the 

heat transfer coefficients for an evaporating and a "dry" 

body approach each other. 
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6) It was observed that the heat transfer coefficient 

for the "dry" body, did not change with medium tempera

ture . 

7) It was determined that air humidity was distinctly 

involved with the determination of the heat and mass 

transfer coefficients with evaporation. 

8) The results showed that the Gukhman number should be 

introduced into the relations for N^ and N' to yield 

Ny - f(Rg,Pj^,Gy) (4.4.9) 

N^ = f(R£,Pj^,Gy) (4.4.10) 

9) Prom experimental data, Smolsky and Sergeyev de

termined 

Ny = .086 Rg-^ Pj,-33 Gy-^ (H.t.ll) 

N^ = .094 Rg-^ Pp-33 G„-^ (H.H.12) 

10) For heat transfer from a dry body it was found that 

Ny = .037 RE*^ PR-^^ (4.4.13) 

This relation gave a range of errors of approximately 

±5f-

11) The value of J increased from 13-7 kg/m^ to l4.6 

kg/m^ with a wind speed of l4.5 m/s when the mesh was 

removed from the pan containing the evaporating liquid. 
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12) Volumetric evaporation is significantly affected 

by thermal radiant energy absorption in the boundary 

layer. 

From these experimental results, the importance of 

surface wave motion is emphasized. The wave motion not only 

increases the surface area for evaporation, but also changes 

the character of the boundary layer thereby increasing the 

volumetric evaporation rate. 

4.5. THE WORK OF CARY AND TAYLOR 

Of great interest to Civil Engineers, and in general, 

all engineers associated with the problems of evaporation and 

its effects, is the process of vapor diffusion through soil. 

The importance of accurately determining this vapor diffusion 

rate is especially significant in arid or semi-arid lands where 

a large amount of the water loss occurs by evaporation from 

the soil. By using principles of irreversible thermiOdynamics, 

Cary and Taylor [C2,C4] have presented rate equations for 

vapor diffusion and energy flux in soil. Experimental data 

is presented to illustrate the accuracy of these equations. 

For a system consisting of two phases exchanging 

mass and energy with each other, the rate equations, in the 

absence of convection, are [P6] 

J^ = -L2, A ^ + L22 /^^ (̂ .5.2) 
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It is assumed the system is unaffected by motion or gravity 

(ii = y ) . 

As in Sec. 4.2, y^ is found as 

^̂1 " ̂ lo " ̂'̂  ̂^ V % o (4.5.3) 

The subscript 1 refers to the vapor phase, and the subscript 

o refers to a reference state. Cary determined that 

^lo •" ̂ wo ~ ^i^^'s free energy of pure water (4.5.4) 

It has been shown that [G3] 

. G . h 
JH2. = -MO ^ - (1| 5 5) 
T T wo ^^.i).:?; 

v/here h and s are the enthalpy and entropy of pure water 

at some reference temperature. Considering the specific heat 

of water to be approximately constant from 0° to 45°C, h 

and s may be written 
wo '^ 

h = c T + r ( 4 . 5 . 6 ) 
wo p 

i = c l n T + n ( 4 . 5 . 7 ) 
wo p 

In these equations, r and n are constants of integration. 

Substituting Eqs. (4.5.6) and (4.5.7) into Eqs. (4.5-5) and 

(4.5.1) and combining yields 

J = -L-,.(RA I n - ^ - c^A In T + r A i) + L A i (4.5.8) m 11 e^^ p i lo i 

wo I 

I 
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This gives the mass flux through the air filled voids in the 

soil as a. function of temperature and vapor pressure. In 

moist soil with a nearly constant moisture content, the term 

A In e^/e^^ may be neglected since it is much smaller than 

the temperature terms. With this assumption, the mass and 

heat fluxes become 

^m = "̂̂ 3 L̂ -L A log-ĵ Q T + (L̂ ^̂  " L^I^)A | (4.5.9) 

Jg = 173 L̂ ^̂  A log-LQ T + (L22 - L2-Lr)A |- (4.5.10) 

The coefficient, 173, results from changing from In to log-,Q 

and from substituting values for c . 

Cary determined from Eq. (4.5.6) that, in general, 

the constant of Integration r could be found by 

r = h - c T (4.5.11) 

Assuming the enthalpy of water at absolute zero was equal to 

the potential energy contained in the ice lattice, the en

thalpy of water at 25°C was written 

298.2 '273.2 
h = . / c dT + / c'dT + AH + Y^ (4.5.12) 

273.2 P 0 P 

In this equation, c' is the specific heat of ice, AH is the 

heat of fusion, and Vĵ  is the potential energy at absolute 

zero. Using this equation and Eqs. (4.5-9) - (4.5.10), 

Cary and Taylor found r to have the value 
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r = 2.23 X 10'+., joules/mole (4.5.13) 

Using this value of r, the following coefficients were de

fined: 

Aĵ  = 9.82 X 1010 L^^ 

•B̂  = 5.68 X 108 (L^^ _ 2.23 X lO^L^^) 

Cg = L22 - 2.23 X lO'̂ L̂ ^ 

^e " "̂̂ 3 ̂ 21 (4.5.14) 

Using these coefficients, the mass and heat flux equations 

become 

"̂m = \ ^ l̂ glÔ  •' V I (4.5.15) 

Je = Dg A log^oT + Ĉ A ~ (4.5.16) 

An experiment was performed to test the accuracy of 

these equations. A temperature gradient and suction pressure 

were impressed on a sample of moist soil. The heat flux, 

mass flux, and temperature distribution were measured. 

Figures 4.5-4.8 illustrate the accuracy of the equations com

pared to measured flow rates. • Table 4.4 gives the experi

mentally determined phenomenological coefficients for each 

trial. The heat flux is predicted by adding t?ie heat con

ducted through the soil sample to the energy flux J (see 

Figures 4.6 and 4.8). This heat conduction is denoted by J . 
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Figure 4.5. Water Flux Through Millville Loam Soil 
( Moisture Content 15.9^, Suction Pressure 54 Centibars, 
Air-Filled Pore Space 31^ ) 
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( Same Conditions ) 
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Figure 4.7. Water Flux Through Millville Loam Soil 
( Moisture Content 16.7^, Suction Pressure 37 Centibars, 
Air-Pilled Pore Space 39^ ) 
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Figure 4.8. Heat Flux Through Millville Loam Soil 
( Same Conditions ) 
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In all cases It is noted that the curves plotted 

from the equations closely frt the experimentally measured 

data points. It is also worthy to note the ratio L-,2^^21 ^" 

Table 4.4. According to Onsager's reciprocity relation this 

ratio should equal one. The results of the experimental 

determination of h^-^ and L^^ are in good agreement with this. 

In the proceeding analysis, it was assumiod that 

the only mass flux through the system was that due to vapor 

phase flow. However, if the system vjere saturated to the 

extent that liquid phase diffusion flow could develop, the 

total mass flux would be dependent on both vapor and liquid 

diffusion [C4]. 

In a manner sim.ilar to the proceeding analysis, 

Cary and Taylor have written the mass and heat flux equa

tions for the liquid phase as 

J, = \ ^ l°eiQT + B,'̂  I (1.5.17) 

Jq = ̂ s '̂  l°SioT + V I (1.5.18) 

In these equations, J Is the liquid phase diffusion, and J 
XJ ^" 

is the liquid phase heat transfer. 

For a system of this type, at isothermal conditions, 

the liquid diffusion flux is written [P6] 

where L is a phenomenological coefficient associated with 
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J^j "̂ W ̂ ^ ^^^ molar volume of water, D' is the self diffu

sion constant for water, and ;̂  is a constant. It has been 

experimentally determined that 

D^ = afT (4.5.20) 

The term f is the fluidity of water, and a is a constant 

independent of temperature. Comparison of Eqs. (4.5.19) and 

(4.5.20) at some constant temperature reference point (T ) 

yields 

L ^ - ̂  T2f 
iR ^y o o 

If the reference is chosen as 0°C, L becomes [C4] 
XJ 

(4.5.21) 

'V2. -P 

^H " ^«,R(I.524 X 10^} 
(4.5.22) 

In accordance with the analysis at the beginning of 

this section, the coefficients on Eqs. (4.5.17) and (4.5.18) 

are 

A = 9.82 X 1010 L„ 

B = 5.68 X lO^^L^g - 2.23 X lO^L^) 

(L^ - 2.23 X lO^L ) 
S S£ 

D_ = 173 L 
S£ 

(4.5.23) 

By combining Eqs. (4.5.17), (4.5.18), (4.5-15) and 

(4.5.16), the steady state water and energy fluxes through 

moist soil are found to be 
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^ (i:5'24 X 10^' + \ ) ^ l^Sio ̂  

T^f B^ 

•̂  ̂ 17524 X 10^ + \)^ T (4.5.24) 

'̂e = (̂ s -̂  ̂ e^^ l^Slo^ -̂  ̂ ŝ "̂  ̂ e^^ ̂  (4.5.25) 

These are the total water and energy fluxes arising directly 

from a temperature difference. 

The experiment was repeated with several different 

temperature gradients impressed and the total pressure 

varied. The sample was allowed to "wet up" at a suction of 

19 centibars, then at a suction of 11 centibars. Figures 
« 

4.9 - 4.12 illustrate the accuracy of Eqs. (4.5.24) and (4. 

5.25) compared to measured flow rates. Table 4.5 gives the 

experimentally determined phenomenological coefficients for 

each trial. As is noted from the figures, calculated and ex

perimentally determined flow rates compare favorable. 

Prom the analyses of Cary and Taylor, it appears 

that if the soil is saturated to a degree that liquid phase 

diffusion developes, Eqs. (4.5.24) and (4.5.25) must be 

used to predict the flov/ rates. If the soil is not satu

rated to this extent (no liquid phase diffusion), Eqs. 

(4.5.15) and (4.5.16) may be used with accuracy. The only 

problem this author sees in the method is determining when 

the degree of saturation warrants a change from one set 

of equations to the other. 
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Figure 4.9. Water Flux Through Millville Loam Soil 
( Saturated, Suction Pressure 19 Centibars ) 
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Figure 4.10. Heat Flux Through Millville Loam Soil 
( Same Conditions ) 



u 

E 
u 

so — 

60 

40 — 

20 — 

1 I 
[ 

.6 
VT "C/c m 

8 

149 

Figure 4.11. Water Flux Through Millville Loam Soil 
( Saturated, Suction Pressure 11 Centibars ) 
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Figure 4.12. Heat Flux Through Millville Loam Soil 
( Same Conditions ) 
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As was stated earlier, these equations are 

especially useful in evaluating the evaporation losses from 

land surfaces. Much water necessary for plant life is lost 

in this manner, and anything that can be done to retard this 

evaporation will be of great benefit to mankind. 



CHAPTER V 

CONCLUSION 

it is hoped by now the reader has at least a 

fundamental understanding of evaporation and the problems 

associated with predicting the evaporation rate from a body 

of water. The object of this chapter will be to restate a 

few of the more Important points discussed in the previous 

chapters. 

5.1. ACCURACY OF DETERMINING THE EVAPORATION 
RATE BY METHODS IN PRESENT USE 

The relative accuracy of each of the four basic 

methods for predicting the evaporation rate from a body of 

water presented in Chapter III may vary considerably de

pending on, several factors. A few of these factors were 

listed in Chapter III. It is difficult to say just when one' 

method will be superior in accuracy to any of the other 

methods, and it will be basically up to the Individual to 

determine the method to be used for the particular set of 

prevailing conditions. However, it may be possible to make 

a general statement concerning the relative accuracy of the 

four m.ethods with the thought in mind that this statement 

may not always be valid^ that is, its validity will depend 

on the many factors that affect the evaporation rate. There

fore, in general, with careful measurement of all parameters 

involved, the turbulent transport and energy budget methods 
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will be the most accurate and will, be approximately equal in 

accuracy, the direct measurement method will be next in 

order of accuracy, and the water budget method will be last 

in order of accuracy, only slightly less accurate than the 

direct measurement method. It is to be remembered that this 

statement is only a generalization, and the order of accuracy 

of each of the methods may be highly variable. 

At present the turbulent transport and energy 

budget methods give approximately equal accuracy (better 

than 90^ under favorable conditions), and the choice of one 

or the other to solve a specific problem is a matter of in

dividual taste and availability of equipment necessary to 

evaluate the terms in the rate equations. It may be in the 

aspect of available equipment that the turbulent transport 

method has a slight edge over the energy budget method. The 

am.ount and comiplexity of equipment necessary for the turbu

lent transport method is substantially less than that neces

sary for the energy budget method (turbulent transport 

methods uses no radiation measuring devices). It is the 

opinion of this author that if in the future extensive work 

is done in the field of turbulence and its effect on evapora

tion, the turbulent transport method may well prove its 

superior accuracy and replace all other methods for evapora

tion rate determination now in use. 

Related to the relative accuracy of each of the four 

basic methods is the cost of applying one of the methods to a 
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specific problem. The energy budget and turbulent transport 

methods are the m.ost accurate., but they are also the most 

expensive methods that can be. used to predict the evaporation 

rate [C9]. Probably the least expensive and most easily ap

plied method is the direct measurement method (use of evapora

tion pans). Also, the degree of accuracy that can be obtained 

from any one method is almost directly proportional to the 

amount of money spent to insure accurate measurement of the 

parameters involved. 

5.2. INACCURACIES--WHAT CAN BE DONE ABOUT THEM 

As indicated throughout this work, there are many 

points which give rise to inaccuracies in the determination 

of the evaporation rate. The scope of this work has not been 

extensive enough to examine every factor that might intro

duce some degree of inaccuracy to the prediction of an 

evaporation rate, but it is hoped that the reader has been 

acquainted with a sufficient number of these problems so that 

he might be aware of the limitations of the methods presented 

and perhaps be motivated to seek practical solutions to some 

of these many problems. 

There are several problems that this author consid

ers to be extremely important, and these problems will be 

restated below, some with suggestions for possible improvement 

1) As Indicated in Chapter II and by the experiments of 

Cary [CI], there is a definite coupling between heat and 
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mass transfer in the evaporation process. This coupling 

will prevent the use of the. vapor pressure gradient as 

a driving force in the. evaporation rate equations except 

at isothermal conditions. The solution to this problem 

lies in the application of principles of irreversible 

thermodynamics as indicated by the coupled heat and mass 

flux equations introduced in Chapter II. 

2) In all analytical approaches to the evaporation rate 

problem to the present time, the effects of wave motion 

have been neglected. As indicated in Chapter I, vjave 

motion affects the evaporation rate in several ways. It 

changes the surface curvature, surface area, and surface 

reflectance. Also, if wave cresting occurs, large 

amounts of spray may be evaporated directly into the sur

rounding air. The experiments of Smolsky and Sergeyev 

[S2] verify the influence of wave motion on evaporation. 

A solution to the problem of v/ave motion without evapora

tion was given by Lairib [LI] (see Appendix A). It may be 

possible with the use of tensor analysis to extend the 

solution of the problem of wave motion to the case of 

wave m.otion with both heat and mass fluxes existing 

across the liquid-vapor interface. 

3) There is a need for extensive work on the problem of 

atmospheric turbulence and its affect on evaporation. 

l\) The evaporation rate predicted by any method may not 

be valid for the entire lake surface because of the 
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•position dependency of the parameters involved. For 

this reason, the evaporation rate should be determined 

for many points on the :surface, or average values should 

be used to predict a single evaporation rate for the 

entire lake surface. This author takes the view that 

calculating the rate for many points on the surface will 

yield the more accurate and realistic result. 

5) One problem of importance not only to the prediction 

of an evaporation rate, but also to many heat and mass 

transfer processes in general is the need for an accu

rate description of solar radiation that strikes a body 

on the earth's surface. This includes the effects of 

passing through the earth's atmosphere. The equations 

derived in Sec. 3.3.1 could be used with sufficient 

accuracy if the transmission coefficient for the atmos

phere could be predicted with any amount of certainty. 

As will be found in Sec. 3.3.1 and Sec. 3.3.2, there 

are many other problems associated with thermal radia

tion. 

6) Practically all the parameters in the evaporation 

rate equations are highly time dependent. For this 

reason, in all methods, the more often data samples are 

taken, the better the accuracy of the results. It seems 

to be the opinion of most authors concerned with the 

turbulent transport and energy budget methods that data 



m 

157 

samples should be taken at periods of one hour or less, 

.depending on the prevailing conditions. 

7) There are many other, problems that can be found in 

the text, and it will be left to the reader to examine 

these and decide the magnitude of imiportance of each. 

It is hoped that the material presented in Chapter IV 

will provide a few suggestions for possible solutions 

to some of these many problems. This author feels that 

probably the greatest source of error in predicting the 

evaporation rate by any method comes from the difficulty 

of analytically describing processes of nature. 

The conservation of water may well prove to be the 

single most important problem that will face mankind in the 

near future. If man is to survive on this earth, he must 

have an adequate supply of fresh water, and it is up to man 

himself to provide this water. This need for action by man 

was very aptly stated by John Milton when we wrote 

Accuse not nature! She hath done her part; 
do thou but thine. 
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APPENDIX A 

INTERFACIAL MOTION 

Consider the schematic of a mioving interface shown 

in Fig. A.l under the following assumptions: 

•1) Horizontal flow 

2) Incompressible, non-viscous fluids 

3) Interface affects the problem only through sur

face tension 

4) Flow is irrotational• 

5) System is in thermal and total potential equilib

rium (no heat transfer or mass transfer) 

If the position of the interface at any instant of time is 

specified as e, then a function, P, can be defined such 

that F = z - e, where z is the cartesian coordinate of 

height associated with the interface. The motion of the 

interface will be specified by F = 0. For a development of 

the equations given in this section, the reader is referred 

to Lamb [LI]. 

According to Lamb, the interface position may be 

found as 

e = e exp(i(n„t + m.x + m^y)) (A.l) 

The term n^ is the frequency, and m.. and m^ are the wave 

numbers. The coefficient e is some reference height. The 

relation between wave num.bers and frequency is found to be 
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Figure A . l . Liquid-Vapor-Interface Region with 
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p(n^ + m^u + m^Y.)^ coth ka 

+ P'(n^ +m^u' + m̂ v')?- coth ka' = yk^ - g(p - p ' )k 

(A.2) 

where k^ =1112 + m|, and the prime terms denote the liquid 

phase. 

The Instability of the surface waves can be exhib

ited by the use of the following Helmholtz instability ap

proximations: 

1) V = 0 v' = 0 

2) g = 0, 

3) a,a' -> CO (depths of both fluids are great) 

From these approximations, the wave velocity is obtained. 

r, pu + p 'U' T . .1. 

C,, = '^ 7 r- = wave velocity 
W p + p' '̂  

(A.3) 

The wave motion will be stable (no cresting) if 

ym-, < PP , (u-u' ) 
' 1 D+D 

These relations are valid only as long as thermal and total 

potential gradients do not exist in either phase. 
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Ĝ ojî î Â JLL IM-OE^ v^^- 27, no. 1, Feb., 1941), pp. 81-94. 

C7. Cummings, N. W>, "Minimum Evaporation from Water Sur
faces," Trans. Am_er̂ can Geoph^sicaJL Union, vol. 31, no. 
5, pt. 1", Oct., 19507 PP- 757-7^. 

C8. CmmTi-ings, N. W., "Relation Between Evaporation and 
Humidity as Deduced Quantitatively from Rational Equa
tions Based on Thermodynamic and Molecular Theory," 
Trails • American Geophysical Union, Bui. 68, National 
Research Council, l929, PP • ̂ .7-5^. 

161 



'^m.l >• 

162 

€9. Cummings, N. W., "The Evaporation Energy Equations and 
Their Practical Applications," Trans. American Geophysi
cal Union, vol. 21, no. 2, April, 1940, pp. 512-522. 

CIO. Cummings, N. W. and B. Richardson, "Evaporation from 
Lakes," Physical Review, vol. 30, 1927, pp. 527-534. 

Dl. Davies, J. T. and E. K. Rideal, Interfacial Phenomena, 
Academic Press, New York, N. Y., 1961. ^ 

D2. DeGroot, S. R., "On the Thermodynamics of Irreversible 
Heat and Mass Transfer," International Journal pX Heat 
and Mass Transfer, vol. 4, 1961, pp. 63-70. 

D3. DeGroot, S. R. and P. Mazur, Non-Equilibrium Thermo
dynamics, North-Holland Publishing Co., Amsterdam* 
Intersclence Publishers Inc., New York, N. Y., 1962. 

D4. Downing, A. L., "Chemical Conservation of Water," 
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