EVAPORATION FROM SURFACES EXPOSSD TO
A TEERMALIY-STRATIFIED ATMOSPHERE

i

MUHAMMED ALI BHUIY AN

2

In partial fulfillment of .the reguirements
for the degree of Master of Science in

Engineering (Water Resources)

BANGLADESH UNIVERSITY OF ENGINEERING AND TECHNOLOGY

R T T

— _ |

June - 1984. . T




BANGLADESH UNIVERSITY OF ENGINEERING AND TECHNOLOGY

June 19, 1984

4 WE HEREBY RECOMMEND THAT THE THESIS PREPARED BY
MUHAMMED ALI BHUIYAN ' '

i ENTITLED EVAPORATION FROM SURFACES EXPOSED TO A

THERMALLY-STRATIFIED ATMOSPHERE BE ACCEPTED AS
FULFITLING THIS PART OF THE REQUIREMENTS FOR THE

DEGREE OF MASTER OF SCIENCE IN ENGINEERING (WATER
RESOURCES) .

(Dr. M.A. Halim)

. Member : S é—é i

(Dr. 4. Hamman)

. 5P bl

( Dr.M. Shah jahan)

Chajirman of the Committee

Member

.' Member . (Dr.M. A.Hossain)..

Head of the Department E%

| . (Dr. A. Hannan)




ABSTRACT

A theoretical method of estimatnnp evaporation frpm bounded :
open water surfaces considerlnp varying degrees of atmosnheric
stability and surface rouphness conditiong is presented In thia

f{:_method, evaporation is calculated, using routine climatological
"'measurements, from a numerical solutlon of the turbulent “momentum
and diffusion equations. The effects of the atmoapheric stability
and surface roughness conditionsg dre considered by incorporating'»“
into the method the appropriate wind and temperature profile
-equations and evaporation is obtained from the humidity gradient
at the diffusing surface.
The theoretical results indicate that the rats of evaporation
depends on the atmospheric stability and the downwind dimension
of the surface. The results using the climatological measurements
at Lake Hefner indicated a satisfactory overall agreement between
the calculated and observed rates of evaporation for all degrees _
of atmospheric stability ang surface roughnesgs conditions. However,
when it is necessary to derive short-term €.g. daily evaporation .:
egtimates accurately, the preéentluork indicates that very precise
measurements of the climatological parameters 'to determine the
atmogpheric stability with é’gufficient degree of accuracy are

~ ' -¥
neceagsary. R -~
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LIST OF SYMBOLS

This table presents the definitions of the symbols in
common use in this thesis. When other symbols have been uged
they are defined in the text. ' '

total area of an evaporating surface
molecular diffusivity of water in air
vapour pressure °

evaporation

-

acceleration due to gravity

von Karman constant
turbulent or eddy diffusivity for heat

turbulent or eddy diffusivity for momentum

T 2o oo T T PP

turbulent or eddy diffusivity for water vapour

pre-step length

Monin-Gbukhov 'scale length'

non-dimenaionalised 'scale length!'

evaporation number. : L
presgure

specific humidity

non-dimensional specific humidity

radius of a circular gsurface arsa

“h

Reynolde number

gradient form of tﬁa Richard son number

A
D
a
B
-2
K
R
Ko
K,
1
L
I;*
NO
P
q
Q
r
. Re
By
Sc

laminar:Schmidt number
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turhulent gchmidt number
time

Temperature

"t mesn velcciiy components in the x,y end z direptiona

respectively : ' .
non~dimensional velocity in the x direction
friction velocity

dowvnwind, crosg-wind and vertical coordinates
rsgpactively

rovghness parameter

non--dimensional vertical coordinate

" non-dimensional roughnems parameter

Greek Symbols

dry-ediabatic lapse rate
gcaling temperature

dynamic viscoaoity

' kinematic viecosity

air density
shearing stress
dimensionless temperature gradient

dinergionlesg velocity gradient . -

potentinl temperature .




 Bubgcripts .

° surfacé or ¥all valua
é free-giream valus
, .turbulent value
Jdaminer value . : o
vzlue in the air B
valu§ at dew point temperatura \
+4 .8 valﬁca at 2,4 snd 8 mgter,levels regspectively.

N R R e

An overbar denotes a time-or ensemble-averaged quantity and

& prims denotes the deviation from that average.
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INTRODUCTION

ﬂ,EvaPOration may be defined as the proceazs by whicﬁ a
liquid or solid 13 converted ;nto the vepour phage. In terma
of the hydrological cycle, 1t'fofma-the main link in the
purifiégﬁion of water and its transfer from ths oceens over
tho continents. The underlying surface from which water
evaporates may either be an open #ater aurface, snow, ice,

vegetation cover or bare soil.

L4

There 1s no doubt that evaporation has far - reaching
effects on the environment and also upon many fields of
human activity, affecting as 1t does, water resourcss end
supply, agéiculture, industry and so on. For these purposges,
a reliable estimate of evaporation and a clear underafanding
¢f the physiczl processes involved thérein, may be of con-
rlderable acoﬁomié importanceleapecially in arid and semi-
arid regions of the world wheré vater is often supplied &%
great expéusa aond fhe loss of water dﬁe to evaporation ig
high. A method for the accurate determination of water loesea.
frem lskae, reservoirs, watersheds, agricultural lande etc.

3 of vital importance.
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Tha process by which the vapour ia removed ig partiy
rmolecular and pertly a tuibulent tranafer, the turbulent
rrocoss beling dominant eferywhere excapt very close to
tho eveporating surfece. Ths physical rnqﬁiremgpt for
evaporation is the existence of a vapour .concentration
gradient that is févourable for the net transfer of water
moleculeé from the surface to the atmosphere. This gradient
i3 maintaihed by the supply of thermal energy to the evaporat-
Jng esarfece o that the watser molecules have sufficlent energy
. to vaporize, and by a continuous turbulent diffuaion procesns
 that aééisﬁa in the rapid dispersal of the water moleculss in
the atmosphere. These mechaniems for maintaining the vapour
concentration gradient have resulted in the develorment of
two distinct approaches to the theoretical estimebion of
evaperation uging climatological data. The firat approeach,

. Jmowmn aé the-maes;tranafer approach, considers the mechanics
of turbu;ent diffugion vhilst the seccond, the energy-belance
approach, isg concerned with thelprinciple of energy conser~

vation,

In the present work, a maps~-tranafer approach.hag been
considercd in which evaporation ig estimated, using routine
clinmatclogical measurements, from @ numerical golution of

the turbulent momentum eud diffusion equations. The eobjectivesn

of the present study are:
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1. to develop a method for eatimating evaporation from
open water surfaces considering the entire réngea of
atmbapheric atadbility and surface roughness conditions;
2. to suggest means by which the proposed method can be
applied for estimating evaporation using routine -
climatological data; |

3. to examine the theoretical results and the implications |

of the proposed evaporation model; and,

4. to determine the validity and limitations of the

propogsed approach for estimating evaporation from

bounded water surfaces.

“
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REVIEW_OF RELATED LITERATURE

2.1 General .
Theoratical atulies of evaporation have developeﬁ along
tvo distinet approaoﬁea. The firat approach, known as the
 mass-transfer approach, considers the mechanics of turbulent
diffusion whilst the second, the energy-balance approach
'ignores the theory of turbulence but is concerned with the
prineciple of conservation of energy. The mags-transfer .
approach ie further sub-divided into (1) the semi—empiriéal
approach, (11) the diffusion approach, and (1ii) the aerody-.

namic approach.

2.2 The Semi-Bmpirical Approach

The semi-emﬁ;rical approach is based upon the clagsical
Dalton (1802)'theory vhere the rate of evaporation from an
air-water interface is related to the saturation deficit of"
the air and an empirically determined function of the

- borizontal wind speed. The formulae based on the Dalton's
“1aw have the genersl form 3

B = a(1+bu) (e -e,) (2.1)
where, ' . ' P

E = rate of evaporation per unit area
a,b = empirical cona%ants

u = wind speed at a certain height

f
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e, = vapour pressure at the water surface

84 = vapour pressure in the air.

Many varistions of the basic Dalton formula exigt,
The formula given by Rowher (1931), based on the results
of very intensive work at Fort Collins, Colorado, at 5000 ft
above sea-level, for the daily rate of evaporation from an

open water surface 3 ft. square is

B = 0.40(1+0.27 u,) (95 83) s vee  (2.2)

vhere B is in mm/day, U, 18 wind espeed at the ground lesvel
in miles per hour and L and ey are in mm of Hg.

Ponmen (1948) modified the above formula in which he
1nzof§orated the wind velocity at 2 meter above the ground
ingstead of the ground wind velocity u, and recast equation
(2.2) as

E = 0040 (14‘0-17 uz)(era - Qd)o LR N LN (203)

Marciano and Harbeck (1954) introduced a mams-transfer
coefficient N and propoged the following formula for the
daily'rato of evaporation from qnﬁopen water surface:

R ="Fu (e, < e,) ' e Ceee (2.4)
vhere u is the mean wind velocity at a given height. The
‘best £it with experimegtal results from Iake Hefner was

obtained when equation (2.4) takes the form (Chbw,1964)

»
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Bg 1.77T x 10-3 na ( 3 - od) sse see (2.5)

where Ug is the wind apeed at 8 meter in miles per hour,

R i8 in inches/day and e_ and 65 are in millibars.

B
Thornthwaite and Holzman (1939) derived the following

formula for estimating evaporation which they claim to apﬁay
rigorously under adiabatic conditions, but over-estimate
under conditions with high wind or with a temperature

inversion:

17.1 (w, - n1) (e1 -e,) "
E= T +- 45‘9.4 vee o-oo (2.6)

wvhere B is in inches/hour, T is in °F and the differences

in vapour pressure and horigzontal wind velocity ate in
inches of Hg. and in miles per hour at two heights above
the surface, namely 2 and 28.6 reet,respectivélyr

There are many other empirical formulae of this t&po
but none of them h;s been shown to be ﬁni&ersally‘gpplicable.
These formulae are true, gf their bdest, only for the sites
where theae.were first developed and can not be applied to
other areas. |

r

2.3 The Diffusion Approach

The diffusion approach involves the solution of the

diffusion equation giving evaporation in terms .of wind
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speed and gize of the evaporating surface., By définition,

maes-tranafer by diffusion in the atmosphere 1nvolvea-

another physical phenomenon, namely turbulence. The

atmosphere 18 generally turbulent except possibly under

calm condition or when there are very light winds. Parcels

of turbulent air, or eddies, transport entities, for examplse

-heat, momentum, carbon dioxide, water vapour and'ao on, and . .

allow a rapid spread of these properties through the atmosgphere.
The basic diffusion equation 1n‘a 3-dimengional Cartesian

. Trame of reference can be written as

9 o
= S & 5%+ 3
uhere,-

] pa
§%=%%+u%-%+vg%+wg%- - (2.8)

A

(gy ay ?T_*xi 15& (2.7)

It was not poasible to odbtain a satisfactory solution to the
3-dimensional diffusion oqnaéion (2,75. Attempts were,there-
fore, being made to solve the 2-dimensional diffusion equation
under steady-state conditions in which the lateral and longi-
tudinal componente of turbulent diffusivity have been ignored
and 1t wag assumed that there was no vertical and lateral
coéponents of the find velocity. Under these conditions,
equation (2.7) reduceL to

|

1
+
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Solution of the above equation ror flow over aemdynamically ]
smooth snrfaoes was considered by Sutton (1934) Asguming
thnt the turbulent diﬁ’usivitieo for momentum and water
- vapour are identiecal, Sutton derived the follo-ing expre-—
gsion for fhe turbulent diﬁ‘usivity of water vapour ag

V= R

x &I\'Kz)"n lau
z (1-n) |az

L

vhere n is a meapure of atmospheric stability having a value
of 0.25 under neutral conditions. In deriving equation (2.10),
Sutton represented the wind structure near the ground by the

equation

n . . :
uec u.1 (:—1) -n—, 0 < n < 1 : seve (2.")-

where U, 1s the mean wind velocity at a fixed height z .

Sutton (1934) found that for a rectangular evaporating
surface of dimensions (xo, Yo ) the total evaporation ig

given by
[

2-n 2 .
B(Zor¥o) = &y (w8 (x) Ty y (2.12)

and for a circular area of radius, r,




-9 -

2~n 44n
2+n 2+n

B = Az.(u ) (r) . 'j : ' : (2.13)

where the coefficients 41 and A, 1nclude the dirferenoea in -
vapour concentrations. For neutral conditiong eqnation /

(2.12) reduces to

I Eo = constant (u1 )0 -78 xg .89 aece eee (2.1 4)

where B, 18 the evaporation per unit width acroas the wind.

The rate of evaporation per unit area is given b}

:Z?% = Constant (u1)0.78 xo—o.f1 . (2.15)
The above equation éhowa that the rate of evap0ration
is directly prOportional to the power of the downwind speed
less than -anity. This amounts to saying that the local rate
of evaporation decreaaes ‘'with the distance from the upwind
edge, so that the phrase "evaporation per unit area" is
aﬁbiguoua unless the complete area of the evaporating gurface
is specified.

Takﬁar-(1972) stated the physics of evaporation is more
complicatéd than aimply‘the treatment of the diffusion equation
alone. It i1s in fact é continucus interaction of the wind _‘i'ff
velocity and the concéntration or humidity fields. A fully-

developed turbulent meentum boundary layer comes into contact

i

I




with thﬁ turbulent diffugion boﬁndary 1a§er. Evaporaticn iz
the end product of the interanction befwéen these two fieids.
Considerationg like this ied'Takhar (1972) to estiﬁaﬁe'
‘evaporation from a numerical solution pf tﬁe trotulent
mementum and-diffﬁsion equations for 2-dimensionsl flcw
over aerodynemjcally smooth surfaces in Q neutral stmoaphere.
He nssumed.that the physicai rroperties of the fluid are con-
stant, the universal "lew of the wall" applies throuéhout the
 turbulent boundary layer and the eddy diffusivities for momen-
tum and the vater vapour ere equal i.e., K, = K, He introduced

. a dimensionless evaporation parameter defined as

3 T '

B, =D ( T;f")z=0/(qa - a,) U (2.16)
= L [_.aq"l 3 2.17

, 5, U, | Laz_‘z.wo. . : ( )

where 3, 1s the Schmidt number ( = /D) and q and % are the

non-dimensional specific humidﬁtj and vertical distance éiven

by -
qQ-4q , :
Q = -5——:“% . (2.18)
and 8 ° . _ '
- - ZUy '
z -— l) ' '(2019)

respectively. The. total evaporation B, from an open wvater surface of

effoctive - 1dth ‘w! ia then given by
H

x : :
= tert '
B .[1 By (ag = 95) ug ax - (2.20)




b}

where 1 represents the distance -between the leading edges
of the turbulent momentum and diffusion boundary layers.
This”theoretical treatment seems to be an 1m§roveméﬁt upon
Sﬁétdn's (1934) aolution since the coupled effect of the
interacting momentum snad ﬁumidity fields are coneidered

simultaneoualy,

The diffusion method is only applicable with validity
to eaturated surfaces (Deacon ot al.,1958) Vhen the surface
beging to dry out, the mechanism:by which water yapour is
tranaferred to the air m;at be 6ombined with a oénsideration
of the process by which 1iquid and vapour transfers occur in
the subagurface. In other words, the diffusion approach,
although sonndly baaod in theory, does have its limitetions
in pract ige.

2.4 The Aerodynamic Approach

The aerodynamic approach gives evaporation in terms of
the differencesof wind speeds and humidities at two levels
above the evaporating surface under the condition that the
vapour céncentration is ;ndependent of the downwind position.
‘Within a study .of the aerodynamic properties of the atmosphers
another concept needs some coﬁeiderhtion, namely the_concept
of aerodynamic roughnrss. A physical boundary is aserodynamically
rough when fluid flow' is turbulent down to the boundary itself.
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Over such a boundafy the veloocity profile and surface drag

" are  independent of the fluid viﬁcosity but are dependent
apon. a roughness length, usually designated as z,, which

is related to the height and spaéing of the roughness

elements of the purface. A surface is aerodyﬁamically smooth
1f a’layer adjacent to the surface has a flow which is laminar
andlin which the velocity profile and gurface drag are related
to the fluid viscosity. It should be noted that a surface which
is aerodynamically smooth at low speeds of flow may become
rough at high velocity of flow and vice versa. A surface may
therefore be described as rough or smooth only in terms of the
asgociated flow. As Sutton (1949) pointed out, 1t is now well
established ‘that turbulent flow near the surface is -
aerodynamically rough. '

The aerodynamic method is based upon three aassumptions,
namely that,(1) the wind structure near the gsurface is
Trepresented by the universal logarithmic law given by

' z | f .
IR SR  en

where u, is the wind speed at the lavel z, (i1) the eddy

diffusivity for water vapour, Ki, is identical with that

=
]

for momentum, Km’ and,!(iii) the shearing stressis constant
with height. Baged on these agsumptions, the simple aprodynamicl
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formula first introduced by Thornthwaite and Hblzman (1939)

may be stated as

200 - |
R = PK (Q.;_) - q8) (us - uz) | g (2.22)

| —
- . [In ( ;-2—:] .

. Where all values are in CGS units. The above evaporation
equation utilizes the 2 and 8 metor climatological meagure-

ments.

A similar equation was also given by Sverdrup (1946) as

PK2u (a4 ~ ag)

- 2
[In —:i— )]

vhere z, is the surface roughness parameter.

(2.23)

Iﬁ-should be noted in the aerodynamic aﬁproach that, the
humidity values are observed at two heights and are fundamental
to the above formulae. Bvaporation 1is proportional to the
difference in vapour concentration betweeh the two reference
heights, As the aerodynamic apﬁfoach is valid under the |
condition that the vapour concentration is independent of the _
downwind poaition, it is only applicable for large evaporating.

surfaces such ag pgeas, lakeé, large reservoirs etc.‘
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2.5 Tha Energy-Balance ggproach'

- In'the emorgy-balance or energy—bﬁdgét approach, the
ensrgy acting on the unit area of an evaporating surface ‘
is balanced against the various sources of its dissipation )
such that the only unknown quantity is the energy used for

." evaporation.

"Penman (1948) outlined a method for estimating evaporation
baged on the heat balance equation of Brunt (1939). Using as _
the unit of energy, the amount required to evaporate 1/10 gm. of
vater at air temperature (59 cal.), Penman gave'the following
expression for the heat budget H: o

Ha B, (-8 ) - o= 7% (0.56-0.092 {oy) x (1-0.09m) (2.24) -

where, _
Ru = mesgured short-vave‘rﬁdiation :

= reflection coefficient for the surface

fraction of_Rc used in photosynthesis
= Boltzmann constant -

r
}4
-
m = fraction of eky covered with cloud, in tenth

0y = vapour preasure at dewpoint temperature in mm,Hg,

= temperature in °K.

3

a _ .
The heat budget is used in evéporation. B, heating of the

alr, K, heating of the test material, S, and heating of the
surroundings of the test material, C, i.e.,

H3=3+K+ S+Co . s e ese (2.25)
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Over a ﬁefiod of scv&ral‘days, and frequently over a single
day, the chenge in .the stored heat, §,and the heaf;ccngucted
through the walls of the tent meterial container;'c,'ééa-
nagligible compared with other changes, Thus, equation (2. 25)
can be pafely reduced to _ ‘_

. m=E+E - | : " (2.26)
The trensport of'vapbur and the transport of heat by eddy
diffueion are, in essentlials, controlled by the same mechaniqr,
and apart from the differences in the molecular constanta, the
one is expacted to be governed by (e - ed) wkere the othor
is governed by (T - T ) To a very good approximation,

therefore, it is possible to write down the ratio of K/E in

. the form

(Ty - 1)

ves eee (2.27)

f%- ) ﬁ = (e, - o))

8 d
where /3 1z the Bowen's ratio and Y 1s the standard
conatant of the wet and.dry pulb'hygrometer equation. In °p
&nd mm, Hg, ‘f_ = 0.2_’7, Thus, combining equations(é.26) r"d
(2.27) one obtains

E = _T}_H;FT. cse L | cos (2.28)

0f the terms on the right-hend side of equation (2.24),
the‘radiation,term 1s rarely directly measurable, but for
periods of the order of a month or more it can be ectimnted
‘from duration of sunsﬁiné using the relation

RC = FA ( a + bn/H) ' RN ‘ . oolo | (2.29)
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o where-RA is the Angot value of R, in a completely trangparent
sky and n/N is the ratio of actual to possible hours 6f

sunshine and a and b are empirical coefficients.

The value of M in equation (2.24) is very small kﬁi 0.005)"
and caﬁ be neglécted. The value of 'r will vary with séason and
type of surface, It-is obviqgs thaﬁzcioud control of long-wave
radiation must depend upon éioud type, and as a provisional
eXxpedient to make some allowance for‘th;s, Penman (1948) proposed
to set m/10 = 1-n/N. Equation (2.24) therefore reduces to

= E(1+£) = (1-r) R(a + bn/N) o1 (0.56-0.092 fep) =

(0.01 + 0.90 n/N) - (2.30)
where R, (a + dbn/N) is to be replaced by R, when this is known.
The parameters represented on the right-hand side of equation
(2. 30) are easily determined. If the water surface temperature
. is known, equation (2.27) may be used to determine ﬁ and
evaporation may be obtained from equation (2.30).

Penman (1948) also - suggested a mass~tranafer-energy-balance
combination approach for estimating evaporation which eliminates
the surface temperature-the parameter which is measured with

congiderable difficulty.

From considerations of turbulent transfer, the evaporation

rate is given by ,
- f(u) (es - ed) ' *ae a a e (2.31)
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i

and sengible heat transfer is given by .
E= Y2(u) (2, -1,). oo (2.32)

This agsumes that r(u) 18 the same for vapour transfer as
for heat tranerer. It ie a fnnction of wind speed at a known
height. It is convenient to define a new quentity ga by

E& = f(u) (G - Od) l ‘.‘.. - ses (2.33) ’

and aleo to introduce another ﬁarameter

' . -8 =@ o oo . .
A= ’%%NTS—_'TE . PP es e (2034)

Normally the surface temperature and vapour pregsure are
unknown but for open water they are uniquely related and

_can be eliminated from the above equation. Thus,

E e, - ’ ' '
-Ea_ = 10-*-.%_—:{:— 2 | = '/’ (Bay) PP (2.352
; 8 o

and we have

H - H - ’ '
E = (_T—""ﬁ)_ = AN Y Ts —_ T; av 0o (2.36)
- o % = % . -

eee  (2.37)

eee  (2.38)
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therefore

E= -HAA :_:E“: mm. /day. vee .... (2..3?)
8 = (ea - ’UO(L)__ * lE‘ '_ o asa L] (2.40)
a-n

".Ultimately we have B, the evaporation from a hypothetical
' open water surface ag '
HoA+ Y R,

o = " 9 m./da.y. o.t. oo (2041)
. + ’ .

The only weather data needed to evaluate E to an adequata
degree of approximation are the mean air temperature, humidity,
wind speed and -duration of bright sunshine. Here Ho is expreaaed
in the same manner as H, the albedo beiné that for open water,
'Ey 8lso introduces empiricism in the delimitation of.f(u).
' Penman from ﬁis experiments at Rothamgtead obtained the
following expression for E,: |

B = 0.35 (149.8 x 1077 u,) (e ~e,) mm./day.... (2:42)
This expression should ideally be re-evﬁlunted for each aifo:
numerous teste of the formula have however shown that this
Penman determination is reaaonabla for use for most locations,

at least in temperats lands.

Although the energy-balance approaches appear_to be
|
. 8imple in theory, & very accurate determination of the
individual items in the heat-budget equation requires
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complex and expensive 1nstrumentation and is undesirable
‘for obtaining routine estimates. ' This approach hag -been
successﬁﬂ.ly nndertaken by Anderson (1954) for determ:lning

evaporation lossee from Lake Hefner.




Chapter - 3

IHR THEORBTICAL EVAPORATION MOODERI,

- 3.1 General . )
As stated earlier, Takhar (1972) outlined =a method for

estimating evaporation from a numerical solution of the )

' turbulent mbmentum and diffusion equations under steady~state
neutrel atmospheric conditione for 2—dimenaiona1 parallel

flow over aerodynamically amooth surracos. This method ia
analogous to the approach of Hatton (1964) for determining

‘heat transfer from a semi-infinito horizontal flat plate.

It 1s assumed that the ground vapour concentration is at the . -
lower free-stream value upwind of the diffusing surface followed
by a jump in humidity at the onset of the evaporating surface;
The universal "law of the wall", as proposed-by'Spalding(1961),

was used by Takhar (1972) to relate the non-dimensional velocity

with the non-dimensiongl vertical height. Rrperimental investi--
gation of this approach was undertaken by thim‘(1982) and
Takhar and Liddament (1983). The results of the experimental
work indicated that a fairly good agreement between the estimated
and observed rates of evaporation is obtained when the daily
evaporation losses are less than about 4 mm. For a higher rate
of evaporation, the associated high velocity of flow makes the
surface so rough that an accurate estimation of the daily
evaporation ueing the "law of tﬁe wall® is not possible. It

was concluded that for flows over serodynamically rough surfaces,

———t—— .

- .

=
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the effect or the surface roughnesa on the rate of evaporation

has to be taken into consideratian.

In the proseﬁt'work, fhe‘évaboration model of Iﬁkhar (1972)
is extended to include fhe effects of the'atmoaphefic'stability
and surface roughness othhe_¥afe of evaporation. Instead of
— uaing the "law ¢f the wﬁll", the stability releted wind and
- temperature profile equations of Businger et al. (1971) are .
1ncorporated into the method for estimating evaporation, The
"law of the wall" is applicable for flows over aerodynamically
amooth surfaceg under neutral atmospheric conditions only,
whereas, the wind and temperature profile equations of Businger
et al. (1971) are applicable for the entire range of atmospheric
stability and surface roughness conditions. The proposed method -
is similar to that developed by Halim (1982) for estimating
evaporation Zrom open water surfaces in which the wind and
temperature profile equations in the atmospheric surface
. layer were obtained Irom.the equations of the turbulent mean

and fluétuating motions.

" 3.2 The Davelopment of the Evaporation Model

The theorstical evaporation model is shown in Fig.3.1.
In this method evaporation 15 édnsidered to take place ag a
‘result of the interaction between the turbulent momentum
‘and diffuging boundary layers. The leading edge of the difrusion
boundary layer marks the beginning of transition in surface




- o o ' Turbulent m omentum
a o | boundary |.ayer

Turbulent diffusion

q= Fs/_’p'_qyndary layer

o | | Leading edge of
- : the ditfusion q=qlz)
‘-' u{z) poundary
layer
Leading edge of the -
momentum boundary ,
layer \ ’ . ‘ :
L . N q=qg | water o surface 1, 9%
| TR R R N e e e e e = — == ™%
Vapour - step position bl syl .
| ' "'I /.3 7/} ) A AN x

Fig. 31 The Theoretical _Evaporation Model |
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vapour concentration from a lower value upwind of the
evaporating surface to a higher value over the surface and
is commonly known &s the "vapour-sgtep fosition”. Also the
leading edges of the momentum and diffuaion\bénndafy layers
(  Plg. 3.1) are separated by the distance 1 which may be

called the "separation length", .

Taking the x-axis along the mean direction of flow and
the z-axis vertically upwards (Pig. 3.1), with associated
mean velocities'u and w in tﬁese directions, the continuity,
momentum and diffusion equations for an steady apd ingomp—
ressible turbulent boundary layer in zero pressure gradient
may be written respectively aas (Takhar, 1972)

S o : -
§: + 5; =0 Y LIS eee (3.1)
o : ‘
u ‘g% + ¥ % = Baz Ei) + Km) lel— , eee (3.2)

(3.3)

S 2q B 39 1°

vhere 3 and D are the kinenatic viscosity of ain?éndﬁiplecular
@iffusivity of water fh-air, K, 8and K are the eddy diffﬁsi- -
vities for momentum and water vapour respectively, and ¥ 1s

the specific humidity or mass concentration of moisture content ' : ;

defined ap.

q, - DAss of water vapour
‘mags of moist air *
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To obtain equation (3.2), the Boussinesq eddy-diffusiviiy

concept, given 5y,

{%L = (P +E %};; . e Cees (3 4)

where T 18 the shear stregs and /° is the density of the
- fluid,hags been utilized.

Introducinz the stresm funcfion, ¥ , which defines

ugé_}_{: and v = .-._a_.i.,
o2 ' oxX

. then applying the von.FHses transformations and non—dimeneionali—

zing the different variables using the transformations

T = u _ zu* , Zo u* o
oy’ Z = » ' %~ by )
. : (3.5)
' Lu X u qQ=-q )
» * 8 0
I = y R = Q= ——
2) ° » "’ qs %

vhere z ie the éurfacé'roughﬂesa parameter, u, ( ==I?553 ).
is the friction velocity and the subscripts 'o' and 's' refer
to the values of an entity at the wall (surface) and in the
free-atream respectively, equations (3.2) and (3.3) reduce to
(Hatbton, 1964 end Takhar, 1972)

du 1 2T .
-U2 m‘z— = T az! see (3.6)

[+]

tnd,

e

2 > K o L
Wsjg'- o7 [( 5, * > ) ég:]. A3.7)




o ”
respectively, where S, (=2 /D)' is the laminar Schinidt‘
number, :

- Aseuming that the functional relationship between U and

.2 is knom (Art. 3.3 )» equation (3.4) and (3.6) ma;y be-nsed
to determine the variation of K with 2 within the turbulent
momentum boundary layer. Then relating K, to K via the |

- turbulent Schmidt number (S")t ( = K, /K,), the variation of
K, can be established. Bquation (3.7) can then be solved for
Q throughout the turbulent diffusion boundary layer. The
humidity gradient at the diffusing surface represented by
7 = Z, can then be determined from which the evaporation loss
can be estimated. The boundary conditions for the non-dimensional
velocity and humidity are:

=0 ’ vhen Z = 2

U o

U = U(z) .,  when z°<lz< Zg

U=TUg(R) , whem 2> 7, . ' (3.'8)
Q=0 ’ when Z =0, x>1 ST

Q= Q(z) » when 0<{2<C2, x>1

Q=1 ", . when z;zd, x >1and for all''g ,x&1

where Zq and Z, are the non-dimengional height of the turbulent
diffusion and momentum bounda'ry layers respectively.

Integrating equation (3.6) between the levels Z, and Z and
applying the boundaery conditions given in (3.8),we can write
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- 24U
U 5 -~
VA T

“o

e (3.9)

where {, is the shearing stress at the level 2 = Z,. Since

Srau | .
| "dR: is not a function of Z we can write
Z. . -
- du ' eee (3.10)
=]
T 2 T |
RG ; U d‘Z = (—?o— -1 ) .

Since at Z =« oZE’, T =0, equation (3.10) gives

au ' :
EEB-= 1 [ 2 oo se (3011)
e _ .

2g

v? az

Zo

and using equation (3.11) into equation (3.10) we obtain

v2 az

T Z '
) ?; = 1 -'—o_— : : . ee e (3012)

g
vl az
z.

Now combin:l?ng equations (3.4), (3.5) ‘and (3.12), the

variation of Km becomes




[

J v dz
Zb :

~ Bquation (3.13);phy~nqw be uged to determino the Ky -
_variation for‘ax'iyr .'_r}u;mqntum_bound_ary layer height 24+ In order
that the K, - ygfiétion may be determined for the entire
momentum boundarf layer, the ' relation between the downwind
position, in terms of the Reynolds gumber, R ,and 2z, mugt de
determined.

From equation (3.11) we can write

Z .
R ?
aﬂ'gB/ u2 az . ces (3.18)
- .
z

o - '
Integration of equation (3.14) with respect to Z, between
the limits Z8 = Zo and zs = Z8 yields

Zs YA ' _
' ° 2 . dUe '
He ) = ( U= 4z ) a—z—a d.zs - e (3.15)
Zo 24 ' - '

The right hand eide of this equation may be integrated by
parts to give ' '
v/ | z
8 8
. s e @ (3.16
e 8 vl 4z - u’dz . SR )

Z

Z
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" _Thus, for a given downwind distance in terms of R,
équation (3.16) gives thé height of the turbulent n_:omentuni
boundary layer Z,, and hence, equations (3.13) and (3.16)
may be used to determi_ne the Km- variation throughout the
turbulent momentum boundary layer.

. The diffusion équation (3.7) may be solved nmeﬁcally

by employing the standard rfinite-difforence techniques. To

do so, the area bounded by the difquion boundary layer and
the evaporating surface is to be divided into a rectangﬁlar |
grid system, each rectangle being of dimensions ARe xAz
,'as shown in Fig. A.1. For each step ARe dowmnwind, the
value of Q at each grid point may be determined for increments
in AZ. The pz‘-ocedure for asolving the diffusion equation
(3.7) using & fully-implicit fiﬁite-differonce schenme ( Spalding,.
1977) has been presented in - - Appendix-A.

The humidity gradient. 30/ 3z at the difi’ug:l.ng surface
represented by Z = Z, may be evaluated by subétituting the Q
values at the first ’five grid points near the surface into
the five point difference formula (Pox and Ma.yefs, 1968). .

The vertical flux of water vapour across the Z = 2o planeh -
'  for any poaition x downwind of fhe leading edge of the diffusion

boundary layer is given by (Sheppard et al., 1972),
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BRe-rfrk) (FH) - e Ll GaD
' Z = zo .
Using the relations given in equation (3.5), it can be
ghown that -
By ==Flag = q5) ug By oo o, eee. (3.18)
where, ‘ '
1.+ 1 | o d '
N = ; ( + ) ) ssa (3¢19)
'@ Uy 3, ;; 1-3- 2=, ’

is a dimensionless number which may be called the "evaporation
numbexr® (Takhar, 1972). By integrating equation (3. 18) over

'the entire surface, the evaporation rate becomes

X
(q,~a) u, {
A | Jx =1

vhere b is the width of an elementary strip of the evaporating

fl

un
R = b Ne d; masa/area

it [unit
/time,(3.20)

éurfaoe havihg a downwind length equal to dx, A 1s the total
area of the evaporating surface and X3 1e the total downwind
length (Fig.3.2)..

3«3 Flux-Profile Relationshipa in the Atmospheriec Surface layer

It hag been stated earlier that the solution of the momentum
and diffusion equations rqquires the functional relationghip
between U and Z end K and K,. In this work the desired
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relationships are gpecified by the following wind-velocity and
temperature profile equations (Businger et al,, 1971) for a
thermally-stratified turbulent flow in the surface layer of

the atmosphere:

For an uns'table atmosphere ( § <« 0} .

"Pm‘=(1'-' 158y~ e T (3.21)

Pn =0.74 (1 -9C)F .. eee (3.22)
and for a stable atmosphere (S >0) _

P, = (1 +4.7%) eee (3.23)

P, =(0.74+4.7%) ... T (3. 24)

where ch and cF’ are the non-dimensional wind velocity and

- temperature gradients defined by

‘ Kz Ju - '
q>m='-11—*- F’b’— e - - LI ] L 2 . (3025)
_ Z 30 '
q>h-— 1: az .0 LI ™ LI Y (3-26)
respectively, and
S:—%—— ) R L e . (3027)
where I ig the Monin-Obukhov length given by
3 -
_ T uy g :
IJ— g —w.TT K L 2 .... (3'28)

and O, is the sealing temperature given by

= ST/ B, : | (3.282)
The length I is a stability parameter which expresses the
relative importance betﬁ'reen the shear production and the
buoyant energy productioﬁ terms and characterizes the . -

structure of the flow. 1r}' the atmospheric surface layer.

I
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For a neutral atmosphere, S =0, L =&, cP = {1 and’
qi =-0 74. Hence equation (3.25) givas

u,

‘ 'ﬁz-ﬁ‘ - sae teo e L (3.29)
which leads to the logarithmic profile for 25> Z,. Bguations

(3.21) and (3.23) may be integrated in conjunction with
‘equation (3.25) to give the following explicit expresaions
for the wind profiles (Paulson, 1970)

F(In 2 _ 4) when S5<o0 .o (3.30)
: 0
where, , |
A=21In [(1+x)5/2] + In [:(1+12)/.7:]-2 tan~ Vx4 /2
: | (3.31)
x=(1-155)% e eee (3.32)
and "
E = ] ( in "E"" + 4-7 g) when S>° . eee (3.33)
u, - X N .

¥hen S = 0, integrating equation (3.29) from Zy tO £ we obtain

- =1 In(%o-) * L ees cee (3.34)

Non-dimensionalizing equation (3.30), (3.33) and (3.34)
using equation (3.5), we can write

U= (Ia £ -ja) when S<o0 vee (3.35)
[+] : .

U= !f (In ‘% +4-7g) when S?O ‘-oc (3036) .
°

and U = 1K .In %o '-'han g =0 . ... see (3-37)
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Also, non«d*meusionaljzatjon of equation (3 25) ustug
cqv&bion (3.5) giv“a

How, uping gquations (3.21) and (3.23) into eqvation
(3.38), one obtains

3 = s (1 -8yt e (3.39)
!

- S T 158,

az2 = gz2 (1- 15)7 -1557) _

Whﬁ’n .540, and e soe (3-40)

g‘g'—" —%E ( 1+ 4.7?) . ' ses - (3-41) |

d'2U = —‘ "‘11 Yhen § >0 ese I .loo.‘- (3"04:)

az? K2 - ' ' :

Under neutrai conditions, &§ = O and ‘cﬁn= 1. Hence,

equation (3.38) gives

qu- _ 1 ‘ ;
| a"‘z‘ - K-—z os e " ha (3'43)
and
a’y : '(
——— I . v e ese ) 30‘1’1)
az® gzl , - S

‘For a neutral atmosphere, the value of the free~streanm

anoci+v, U,s cAn be written, from equation (3, 37), tg

S | ‘ | (3.45)
k L Zou s a , e Ao

3]
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Ueing equafions'(3.37) and (3.45) into equation (3.16), it

can he shown that,'for a neutrasl atmoephere“:

: YA Z 2
: . i - 8.2 _ 8__ 8
R, = -—3—K [ZB (In —-Zo ) _ 4Z‘B In z, 22, In 7,

+ 6(2 - Zoﬂ. eee (3.46)

Por the stable and unstable atmospheric conditions, equation
(3.16) could not be integrated directly : .. ' and, there-

fore, the value of R, = was evaluated numerically. L

To solve the diffusion equation (3.7), 1t is convenient
to write it in the form

o, —-ﬁ— _az\ )=—§§§+M'—Q (3.47)

vhere, M = ( 3 + D" ) Y eee :.., (3.#8)

To evaluate the above equation, it is also necessary to

specify a relationship between K and K,. Dyer (1967),baged '

on observatioﬁe from five geries of experiments over a rreely'
evaporating surface, concluded that the mechanics of turbulent
transport of heat and water vapour are the same and that

K, = K, . imilarly, ‘Webb (1970) concluded that K /K evidently
rsmains conatant, equal to unity, over the whole log—linear range .

and somevwhat beyond.lThus, for the present work, 1t will be

assumed that o . ' L

R =K. e e (3.89)
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An immediate implication of the relation (3.49) is that

—%‘: -%-2 (sc) .. .: e s e ¢ e, (3.50)
_ t T T
" where (-S'c)t'ie the turbulent Schmidt number. Using equations

‘ (3.25),_.(3.26) and (3.50), it can be shown that .

Pn .
(sc)t = ?m see ‘. ss e (3051)

Now, ueing equations (3.21) to (3.24) into the equation (3.51),
we have for an unstable atmosphers ( S< o)

| * |
(8.) = 0.74 11-155‘) yoe vee  {3.52)
¢y (1-9%)7 .

for a stable atmoaphere (S>0)

(3, = OUEIE) L L G

and for a neutral atmosphere, when S = o, (sc) = 0.74.
) i : 7 .

‘Using eqﬁ.ation (3.50), equation (3.48) can be written as

a0 B | - .
M sc + (scj— 2) - | . LR (3054)

Differentialing the above equation with respect to Z we obtain

aM_ Km . 1 ' S KIll
3z2° TP 3T [(SCTJ*~ € T, 37 l:z) veee (3255
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Bquations' __,-,..(3.5'2) and (3.53) in conjunction with equation

!

(3.55) gives for unstable atmosphere ( §< 0)

JUz’dﬁ
' 2

M g2 a2z
SEe- oy, A B 00—
/ U2 az .
s v az .
o N Zo
x 4au . %n {(1-9§% )i‘ 1 - (3 56)
dz 4x0?74 L. D (1 15§) 1-15¢ ] ( § )
ftor stable atmosphere ( S > 0) 'Z"
JU‘? dz
. 7 :

M 1 92 a 1 {1 -—2 V427 av
3z 718 I * T—Tsc( %q )d‘u‘? 3z
t / waz - . t v2 az
Zq : ' 2o
En 4, ' 1 ' -

-2 A1 (1-0.74) (3.57
? (0.74 + 4.75)° )

P

and for neutral atmosphere (S = 0), using equation (3.56) or (3.“'57)

|




z
02 az
OM 1 . U'2 az L Zo
U2 /A U2 az 1

z

Zq ° :
%z av . : F
ave Iz  (3.58) |

Uging the valuea of f%!—-from equations (3. 56), (3.57)
~ and (3.58), the diffusion equation (3.47) can be solved numeri-
cally using finite difference techniques.

R e e i

3.4 Application of the Evaporation Model for Estimating
Bvapora ion -using climatoloscical parameters

In order to apply the proposed method for estimating

- Lo

evaporation. it 1is firat necessary to evaluate Ri' the

o Richardson number which serves as a useful stability para—_
meter to indicate the atmospheric conditions, Utilizing the
temperature and velocity measurementa at two discrete levels
zt,1 and 22, the gradient form of the Richardson number, Ri is
calculated using the relation

i . ﬁi - _ﬁ_ ?Tf@ﬁ +D .o . ere (3059)-

a du/dz)

[ s Piar) ] %)

!
—
N
[ )
3
—r

o

(u, - u,)°
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where, T, is the absolute ambient air temperature. The sign

of Ry depends upon the gign of

-
- -«

T, -1+ [z - 2,) LA R
where a negative value of the term denotes an unstable
atmoaphere, a pogitive value denotes a stable atmosphere
and & zero value gives a neutral atmosphere. The dry adiabatic

lapee' rate, I', was taken as 0.09 °c per meter. .

The friction velocity, u,, can Be estimated by integrating
equations (3.30), (3.33) and (3.34) between the levels z = ?-1 '
. and é=22togive '

, . K (u, - u,) ,
w, = — z.é’é | vhen S <0, Ceee (3.61)
In zy + Ay - A .
K(u, - u,) , .
- . u* = jg . ] when S >0' se e (3.62)
and | o |
! K(u2 - u.l) ' '
u‘_ = E when g =0 sca (3.63)
where,

A =21In [(14-::1)/:{} + In [(14-112)/2]- 2tan"x1 + X/2 (3.64)

2 In [:(1+;2)/2£[ 4+ In I:(ng J2 | = 2ta.n"112 + K/2 (3.65)\

g

(1-15 -t e (3.66)
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énd
: z . .
xz = (1 - 15 —rz—)+ s0e ‘ '. [ X ] (3.67)
where u, and u, are the known wind velocities at the levels

%y and Z, respectively.

'In'l.:egra‘l:ion of equations ‘(3|.30), (3.33) and (3.34)

between the levels z. and 'z2 giveg the value of z'}‘", the

0
roughness parameter as

e

z, = when ; <0 eee (3.68
° exp ( EEg.+ ) : ' : : . )
u, * 4
, . | '
@o = ﬂ - 4—'7—22 ) wvhen §>0, eee (3-69)
exp ( w, _'f_) ' '
and wvhen § = O,
. 2‘2 . . .
_z'o =/ ﬁ : . ‘ .- se e cee (3070)

exp ( u*z )

Thug, to determine the values of u, and ‘'z, using the
above equations, 1t is necessary to erv-alua..t'e the value of
the Monin-Obukhov Length, L. From equations (3.28), (3.51)

and(3.59) it can be shown that

§"Ph ) | '

= . s e oe 0t (3071
B, (Pmé | . | )
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Combining equations (3 21) to (3.24) and (3.71), 1t 1is easy
‘to obtain - | |

0.74 § (1-15 S ¥ when § <0, cee  (3.72)

(1-9 §)¥ 1

;(0 74 + 4 7 g ) h 0. @e0 073
A= (1+4.7S‘) vhen § > _(3 )

and,

The above two equations may be used to determine the valne .
of L by & trial-and-error approach.’
'

The next get of parameters to be consldered here are the
mags dengity, kinematio vigcogity and specifio hnmidity of
air. The values of these paramters are necessary’ for evaluating
the evaporation egquation (3.20). The air density, f’ , WB8
evaluated using the equation of state and taking the molecular
weight of dry air as 28.9. At an absolute temperature of 273°K
&nd'atandard‘pressure of 1013 millidbar, 1 gm. molecular weight'
of alxr occuples 22.4 x 103 ¢.¢. Thus, the air density for any

temperature T, and atmospheric pressure P is given by

sz1° T; = 0,3484 x 10"'3 _-%; gm/em:;(3.74)

The kinematic viscosity of air, » , could be estimated
on the basis of Sutherlands equetion of dynamic viscosity -
(Smithsonian Meteorological Tables, 1966), given by
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T C : : '
}/:- = T: : T (Ta/To)3/2. . ' ees . . o‘oo (3075)
o ’ i

In the above eq_tlmtion‘ C ::La the Sutherlands constant, assumed
to have the value of 120°C,and Al is the known dynsmioc
v:fscosity at abaolntef temperature T,e At T, = 296.16°K ,

/‘:' = 1.8325 x 104 g:m'cl.'.'senc"i and henoce

| 3/2
- i " T —
-4 416,16 a
= 1.8325 x 10 ‘T_]_13b_ . ess (3.76)
- o + (_56‘2 10

Since, .)) = .%.L_ , combinstion of equations (3.74) and
(3.76) gives

. 3/2
I - T .
93%.433%11 -PEI (ﬁ%-%) (—(-59%-.-1-6’-) “ PR, (3-77)

The specific humidity, ¢/ , 1s defined as the ratio of
the mass of water vapour to the mass of moist air. However,
as the moisture content of the air is small under all
atmospheric conditions, the specific humidity has almost the
same value as that of humidity mixing ratio, m, defined ag
the mass of water vepour per unit mass of dry air. By applying
the ideal gas law and taking the moleéular weight_of‘water to "
be 18, the vapour préssuré e of water vapour at pressure P is B

|
given by (Sutton, 1953)

n .
| e = m P, sse eese (3.78)
from which we obtain ; -
m=gi6_312' . s e ese (3.79)




Since m ~, q and P> e the above equation gives
q = o—.gzr—zi . . ' l. " eae e ) 00-. (3080)

Thus, the evaluation of specific humidity required the

‘determination of vapour pressure, which is given by

o = 4.5855 + T_ [0.32808 + T {0.01172 + 7, (1.2793 x 1074 &
-6 o ' .
4.1848 x 10 T')}] - 0.6(1y - 1,), "(3,81)

where T, is positive, and,

© ='4.5718 + 1, [ 0.37305 + 7, (0.01295141.9309 x 1074 x 1]

- 0.54(T4 - T), ees  (3.82)

where T' i8 negative., Here e 1$-the vapour pressure in mm of

Hg. end T; and T, are the dry and wet bulb temperatures in °C
regpectively. Saturated vapour pressure conditions were

assumed to prevail at the water surface and therefore the .
surface specific humidity wae eveluated by substituting

Tq = Ty = To'inté équatiyn (3.81) for T, > 0 and into equation
(3.82) for T, < 0, where T is the surface temperature. The )
evaluation of the sugface specific humidity, qo,-thue requires

the measurement of water surface temperature.

The minimum climatological measurements needed to satiet&
4
the requirements of the proposed approach are summariged in




Table 3.1

Climatological Dhta’Raggireﬁenta for the
Proposed Bvaporatlion Model.

Parameter | | Fanction

1. Atr (ary bulb) temperature These are used in conjunction
at level zy . ; with the wind velocitles at

levels z1 Zy ' to evaluate the
2, AMr temperature at level z2 gradient form®of the Richardeon |
number, Ry, uaing equation(3 60).

These are used to evaluate the

friction velocity using
oquations (3.61))(3.82) & (3.63).

Wind velocity at the level Ziy =
is used to evaluate the

surface roughness,z.
equationa(3.68), (3. 89) & (3.70)

5. Wet bulb temperature at This is used along with the dry
level By bulb temperature at level g
: ‘evaluate the vapour presaurg
at level 3z, using equation (3. 81)
“or (3.82).

6. Water surface temperature This is used to estimate the
surface vapour pressure using
equation (3.81) or (3.82).

T. Atmospheric pressure = =~ . This is used in conjunction with

_ T ' :the dry bulb, wet bulb and surface
temperatures to evaluate the
specific humidity, air density and
'Kinematic viscosity using equations
(3.80), (3.74) & (3.77) respectively.|

3. Wwind velocity at level =z

1
4. Wind velocity at level 22

~
-
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In addition to the climatological data, it is also necessary
té consider the numericalivalues 6f'$he von Karman consgtant and
the laminar échmidt number, The value of the von Karman constant,
K, was takéﬁ ag 0.36 in agreement with the obgervations Of.
Businger et él. (1971). For the normal range of tempe}atﬁre
(-20% to +40°C) and pressure (1000 millibar to 1020 millibar),
to be expected in the atmosphere, the numerical value of the
laminar Schmidt number varies from 0.594 to 0.598 and an average
value of 0.596 was considered to be the most appropriate value

for this number to be used in this work.

In order to determine the free-streém value of wind ﬁelocity'
and to satisfy the boundary conditions at z = Zgo it is necessary
that the leading edge of the turbulent momentum boundary layer with
regspect to the vapour-step position (Fig.3.1) be locéted properly
g0 that a fully—de%eloped state of flow 1s reached before an inter-

'aetieg with the turbulent, diffusion boundary layer“takes placegﬁ,

.u

_ The effect of the pre-step length Reynolds number, (Re) ( = ;f),_
on the rate of evaporation was investigated for various values of
6 to 107

(Re)l. It was observed that for a change of (Re) from 10
1

8

and from 107 to 107, the changes in the rate of evaporation were

11% and 6% respectively; As a result, a value of (Re)1 of 108 wasg
taken as being a reasonable indication for the attainment
of =a fully-developed gtate. This wvalue of the pre -
step length Reynolds number also satigfies the

condition of atmospheric flow in that events are governed
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entirely by inertia and that viscous forces are negiigible.

With the value of the pre-step length Reynolds number
- '+ thus selected, the pre-step length, 1, becomes

| (Bg) » . |

1l= = 1u Ty . o ee T eee ] (3083)

u . o
s g E . . .

" The free-etneam epecific humidity, qa; wag determined by
solving the diffusion equation (3.47) for the dimensionless
humidity Q.at a given level and given downwind position.
Using relations (3.5) we have

! Qz = W .... . see (3.84)

" where Q ia the dimensionless humidity at level z. Rearrangement

" of the above equation gives

g = e fQ:° — + 8y . e ee.  (3.85)

The variation of the dimensionless humidity, throughout the
diffusion boundary layer, is a unique function of height and
downwind position. Ry meaeuring the specific humidity, Qs at

the reference level z and lmown position downwind,equation T
(3;47) may be used to solve for Q, at the same level & and same - °
_position downwind, and the value of q, may then be evaluated

using equation (3.85),
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To eveluate the evaporation equation (3,20), a hypothetical
water surface is illustrated 4n Fig. 3.2 in which 4 and B
represent the leading edges of the turbﬁlent momentum and
diffusion boundary layers, separated by the distance 1. The
water surface jg— divided into n number of strips of ﬁowﬁ—
wiﬁd length Ax. Then replacing the integral of the evapora-
ting equation (3.é0) by finite increments,the evaporation

rate becomes

p= L | Zn b ‘N A 7'(3.8-4'5‘)
A (qB = qO)l uB i ( 9)1 AI; ' i
i=1 \

where b; refers to the width of the surface at the midpoint
of the §'th strip and (Né)i is assumed conatant for this
strip. The Reynolds numbef, (Réji' representing the diménsion-
less downwind position from the leading edge of the momentum
boundary layer 1s'given by

1 - 1 : :
- =N A%y | ¥ ,
(Ra)1 =2 + T AX + 3 5 (3.87)

m ———-

To estimate evapopation from 8 surface using equation
(3.86), 1t is necessary to approximate the geometry of the
surface by a simpliried shape so that the effective width,b,
for any increment in AX can be deterﬁined. For elongated "~
surfaces, the reotangular approximation is preferadble. For
-this approximation, the width 1s constant but the dimensions
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FFig. 3.2 A Hypothetical Open Water Surface Showing the Elementary
Srips ' .
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.0of the rectangle now £ecome a fﬁnctio; of the wind direcfion -
thus necessitating th? measurement of wind direction., The .
_eircular approximatioﬁ is advantageoue over the rectangularii::jfﬁﬁﬁg
approximation in that the width then becomes independent of ;
the wind direction and the measurement of the wind direction
thén becomea unneceasaxy. For circular approximatiop.thg

“ . .width is given by

= 2[1'2 - (1' - X - ﬁ;j_. )2] ’ | o;. (3089)

vhere, r = radi.us of the surface and, x = > Ax.
1

3.5 Conclusions and Implications of the Theory

| ' In this section the theofetical results and_implicationa }
of thé numerical process are examined, The stability parameter, .
uged to describe the degree oflthermal stratification in the
lower atmosphere, is faksn t0 be the non-dimensionalised Monin-

Obukhov length,'given by, .
* Y :
IL | tends to infinity, the neutral regime, where buoyancy

effects are negligidble, is approéched. ¥hen L* is negative,
the atmosphere is unstable and when L* is positive, the

atmosphere is etablel Using this stability parameter, the

| .




- 48 -

»non;dimensionalised velocity profilé léws given by equations |
:-(3.35) and (3.36) have been plotted‘in Fig. 3.3 for an arbitrary
‘value of 20 of 2.0. As the absolute value of I inecreased, the
~curves were found to tend to the neutral wind profile given by
.equatibn (3.37)f_varying the values of Zolwag found ﬁg;ely to
Hadd a uniform traﬁélatiqn to the curves,'as originally suggested
~ by Ellison (1957). The Spalding léw of the wall, used by Hatton
(1964) and Takhar (1972)‘is_also plotted in the same figure..

. o
The variation of theoretical momentum boundary layer height,

ZS, with Reynolds numbern is iilustrateé in Fig. 3.4 for varyihg
“degrees of atmosphéric{stabilify. For the stable atmbsphere the
theoretical boundary layer height was found to be lower than that
for the neutral case and as fhe atability increased , the boundary
la}er height decreased. Similarly, for increasing atmospheric
instaﬁility the theoretiecal ﬁoemntqmlboundary layer height was
found to increase. 53 the abﬁolute value of I tended Fo infinity,
the curves répfeseﬁtigg the stabléland unstable atmospheres‘both
tended to the curve repreéénting fhe neutral afmosphére. This

offered gome indication that the numerical and anélytiéal-metho&s

used to relate Re' to ZS, for each class of atmoapheric

‘gtability were correct.

. The decrease in theoretical momentum boundary layer
~height with increasing atmospheric Stability is illustrétedﬁ}
more clearly in Fig. 3.5 Lhere Re' wag kept constant at an

arbitrary value, of the'ﬂ der of \ 109, and Zé wag plotted

v
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against 1/L . The decreaee 1n boundary layer height suggested
a weakening of the grol:mde}’foil':(ta c:tiblsow with inecreasing atmospheric
etability. In a eimilar feehion the increaee in the momentum
boundary layer helight with 1noreaeing atmospheric ingtability
is 111uetrated 1n Fig. 3.6. This increase luggeated a gtreng-
thening of ground effecte due to the increased turbulence

generated by buoyancy effecta.

The next get of figuree illustrates the variation of the -
eddy diffueivity of momentum throughout the turbulent momentum
‘boundary layer. Fig. 3.7 illnstratee the_Kﬁ-variation, when
" the neutrel profile law of equation (3.37) was used for varying
downwind positions from the leading edge. These curves were
found to be almost identical to those obtained by Hetton(1964)
vhen he used the same analysis with the Deissler (1955) and
epaidin.g (1961) laws. It may be seen that the eddy aiffusivity
variation throughout the boundery layer ias only weakly dependent -
on Reynolds number, with a change in orders of magnitude from
10% $0 10'" having an overall effect on K, of less than 10%.

The Kﬁ-variation for the neutral state wag redrawn as & broken
linefiag. 3.8 and compared with the variationsobtained for differ-
ing degrees of atmogpheric stability. Increased dnetanility wag
observed to bring'about greater values of eddy diffusivity com-
_.pared with the neutral eaee, whilst the stable atmosphere breught

about considerably damped turdbulence, thereby reducing the values

of Ky, These variations were very marked compared with those
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obtained by changing the Reynolds number, and far outwelghed them.
Again it was noted that for IL ltending to infinity,the results for
both atmospheric states tended to a common curve described by the

neutral equation.

The next three figures are used to 1llustrate the resultg of
the finite difference solution of the diffusion equation (3.47). Fig.3.9
shows the variation of the dimensionless humidity,Q, throughout the
turbulent diffusion boundary layer, for varying downwind positions, x,
over the evanorating surface. The downwind lengths are approximate and
were uged in place of Reynolds number’ by ‘selecting a representative
wind velocity and kinematic visoositv. The "jump" in humidity at the_
upwind edoe of the water surface was Oobgerved to be gtill evident at
1 meter downwind but within a hundred meters, the humidity profile had
taken on a- 10garithmic form that only altered marginally for further
distances downwind., It is to be noted that g% £ O for lower values

-0of ¥ and the value of Eg decreases with increaging x leading to the
- . ag | .
- decreasing values of iz ) | .
Z.= 7,

e

Fig. 3.10 illustrates the dimensionless evaporation number- -
Reynolds number variation of equation (3.19). The results are
shown for three positions<0f "jump step" with respect to the
- leading edge 0f the momentum boundary layer. The curves show
two important characteristics. Firstly, as the "jump step"
is approached the evaporation number tends to infinity. This
may be explained by the humidity boundary condition that

. . describes an ingtantaneous jump in humidity. At this position

(8) — <=
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" and therefore the évapofatioh'ﬁﬁmber;Né;aisbiiéﬂdéito infini ty.
Secondly, there ie a rapid transition to a common curve,
regardless of the "jump step" positidn. This curve was
obgerved to denote.a decreasing value of evaporation number .
over the evaborating surfacé,.thus implying that the -evapora-
tion rate, ﬁer unit area of surface, is dependent onlthe down-

_'wind poaition from the "jump step”. -

Fig. 3.11 illustrates the evaporation number variation
for conditions of thermal stratification. For this situation, .
equation (3.19) was used to calculate - N, at the level 2o
for a "jump stép" Reynolds numﬁer of the order of 109. The
value of Ne wag-observed to'depend not only on downwind positionh
but aleo on the stability parameter. For increasing instability,
the evaporation number, for any value of Reynolds number, was -
obgerved to be'gréafér than for the neutral and stable cases.
Farthermore, as the instability increased; the evaporation
number becomesindependent of downyiﬁd position and, insgtead,
took on an apprdximate constanf value. Thus the numerical
solution suggests that,fo; ®ery unatable conditions,evaporafion

Villuéease to become a function of douﬁwind léngth and, inastead,
.be constant for any surface area exposed to otherwise idemntical
conditions. For increasing stability, however, the reverse
effect was obaerve@, with less evaporation and incréqsing

. dependence on downwind position. This may be explained by the
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faef that in the very unstable cage, turbulence is éo great
that the 'vapour is‘transpOrted vertically with no lateral
movement at all. On the other hand, in the gtable regime, the
- restricted turbulence causes the vapour to drift downwind Just
;

.above the surface, thereby reducing the vapour concentration

gradient

Finally, Fig. 3.12 shows the above fact more clearly in

. which the variation of évaporation with atmospheric stability
_condition for a particular set of cllmatological measurements
is considered. The gradient form oflRichardson numbepr, R1 is
uged as a measure of the atmospheric stability. It is readily
seen that for- increasing atmospheric-instability, evaporation
increases very rapidly, vhereag, for increasing stability,

evaporation decreases and approaches a comstant value under

extreme stable conditlons.
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Chapter - 4

 RESULTS USING THE LAKE HEFNER CLIMATOLOGICAL

MEASUREMENTS |

4.1 The Lake Hefner Experiment _
The c;imatOIOgicél mehsureménts from Lake Hefner (Lﬂﬂe
Hefner Base.Daté Report, 1954) Vére used to verify the

. validity of the proposed method and determine its 1imitations

for estimating evaporation from bourided open water surfaces
expoaéd to a thermally-stratified turbulent atmosphere. The
Lake Hefner Project (Harbeck, 1954) was designed for the

purpose of developing 1mproved methods of estimating evapora-

tion from large open water surfaces in which various theoreticai
an§'empirica1 approaches weré compared witﬂ.agcurate apsegsments .
of evaporation'by the water bﬁdget method. The olimate at lLake
Hefner was clissified ag sub~humid (Marcianc and Harbeck,1954),

. 4n which quite a large evaporation rates can be expected. The
‘lake was fairly regular, and approximately circular, in shape

and 1fs capacity and surface area at full pool were 75,355
acre-feet (= 9.295 x 107 m’) and 2587 acres ( = 1.047 x 107m?)
respectively. |

_ Water budgeﬁ estimates of evaporation were obtained from
inflow-outflow data, estimated to within an order of accuracy
of 5%, and the measurement of p?ecipitatiaﬁ from 22 rain gangéa
distributed uniformly around the leske. The water level was
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monitored at 8 number of stages .sited around the reservoir.
An accuracy classificatibn for the water budget estimates
wag determined. from the difference in level recorded at

each stage, the difrerences in precipitation meaaurement

of the-rain,gaugeg and the amount of inflow and outflow.

The probable errors were expressed by the classification:

"A" when the estimated accuraéy wvasg within 5 acre-feet or
apprdximatoly + 0.7 mm per day, "B" when the error was upto
10 acrg—feet or 1.4 mﬁ per day, "C" for an error of the order
. of 20'acrq-feet perday, and, "D" when the estimated error

was more than 20 acre-feet per day.

011matologiéql measurements were taken at four sites,-bne
of which was located near the center of the lake. At each site,
~wind velocity, air temperature énd wet buldb temperaturs were
recorded at 2,4,8‘and 16 meter levels above the surface, along
with surface temberatﬁfe and wind direction. The thermometers
and hnemometers were rated at + 0.1°C and 4+ 0.1 knot . respec~ -
tively. Dailly and 3-hour1y mean values of thesge parameters
-‘and the daily average surface area for the perioag;iy,1gso to
Augugt, 1951 vere published in the Iake Hefner Base Data

Report (1954)

Theré were 147 days of'récorda in which "class A", "claas
B" and "class C" water budget estimates were accompanied bj
climatological data from the central barge station which
satisfied the requirements of the proposed evaporation model

i
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formulation. In estimating the theorptical rate of evaporation,
the lake was approximated by a circular shape and the radius

- was calculated from the glven-surface area, The barge station
was agsamed to be centrally located so that its dOanind '
pOSition from the vapour-step positlon wag assumed to be

' constant, equal ‘to the radius of the surface, with respect to
‘the wind direction. The dpwnwind length of the elementrary strips
was taken as 30 meters. Thus—fhe totél number of strips was about
100; The width of each strip was determined using equation (3.89).
The free-stréam humidity was evaluated using the barge station
8-meter 1efe1 specific humidity into equation (3.85). The levels-
z, and z, were taken asg 2 and 8 meters resbectively. The friction

velocity, u,, and the roughness parameter, Z,» Were calculated

using equations'(3:61) to (3.70).

4,2 Reéﬁlfs and Discussions

The comparisons between‘phe watef budget evaporation
egtimates and the present théoretical evaporation estimates.
using the climatological measurements at lLake-Hefner, are
111ustrated in Fig. 4.1. The results were obtained by using
147 vclass A", "clasé B" and ﬁclags C" days. The total theore-
tical evaporation for these days.was 817.82 mm compared to a
wéter budget estimate of 712,68 mm indicating an oferestima-
tion of oniy’14-75% of the actual evaporation by the proposed \;?
evaporation model. Thus the overall agreement between the
theoretical and water budget estimates of evaporation is satis-
‘factory. Out of the 147 days of observations, there were 16
.neutral, 22 unstable and 109 stable days. The theory over-

estimated the actual evaporation in all the three atmospheric
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Fig. 41 Daily_ Water' Budget and Theoretical Estimates of Ewaporation

from Lake Hefner (147 Class A, B and C Days ‘)
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regions, the percentages of overestimation being 8.33, 16.46
~and 15.29 under the neutral, unstable and stable conditions
respectively. Thus the overall agreement between the theory
-and observation also appeafs to be satigfactory in all regions

of atmospheric stability‘conditiona.'

A linear correlation coefficient of 0.8637 iga found to
_relate the theoretical evaporation, indicating a very good
ragr@ement between the two estimates. The equation of the
linear regression line passing through the points plotted
in Mg, 4.;'is‘found by a least-square fit to be

Y = 1.188 + 0.9025X. . .... ol (4;1)

|
The above equation 1ndicates that the proposed approach over-
estimates the actual evaporation for lower rates of evaporation
and underestimates for higher rates of evaporation. The 98%
confidénce limits of the gradient are 1.0044 and 0.8006. The
gradient of this linear regregsion equation suggests that there
is a slight departure of the theoretical evaporation estimates
from the water budget estimates but that the gradient equal to
unity, representing comflete agreement between the two distribu-

tiong, is within the 98% confidence,limits of the regression line.

From Fig, 4.1 it is readily observed that although the overall
agreement between the evaporation model and water budget evaporation
estimates is close, the results are somewhat scattered and_there

{
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is often considerable difference between the daily evaporation
values given by these two methods. The scatter in the results
‘wag thought to be due to the accuracy with which thp sfability

of the atmogphere could be agcertained which in turn was dependent
-uﬁon the accuracy of the temperature and wind velocity measure-
mentg, The accuracies of the temperature and wind velocity measure-
ments at Lake Hefner were &+ 0.1% and + 0.1 knot respectively. The
stability of the atmosﬁhefe at_Lake Hefner was determined by
evaluating the gradient form of the Richardson number, Ri’ aé

a mean daily value using equation (3.60i and utilizing the
temperature and wind velocity measuremehts at 2 and 8 meter
levels. Since the air tempé}atures recorded at these levéls
measured to within 4 0.1°C, the” accuracy of the differences

in the measpured temperatures at the two levels was within

+ 0.2°C. That this order of accuracy for the difference of
temperature measurements .is insufficient: to meet the requirements
" of the proposed approach is 1llustrated in Table #.1, vhere the
effect of 4+ 6.100 error in the difference of 2 and 8 meter air
temperautres on the theoretical rate of evaporation has been shown;
A total of 12 days climatological data from Lake Hefner, covering
all regions of atmospheric stability conditions, have been consi-
deréd. The effect of 0.1°C error in the water gurface temperature
and that of + 0.1 knot (= 5.148 cm/sec) in the difference of 2 and

8 meter wind velocities have also been illustrated in the same

table,




Eable - 4.1

o - Bffects of the Probable Errors of Temperature and Wind Velocit ' \
- Measurements on the Theoretical Estimates of Bvaporation - o

) " Atmos- | Bet.* | °F =& + 0.1 20 =AT - 0.1 T, = 1,801 |30 =A0 + 0.1 20 =40 < 0.1
Dey ‘§¥§§i° ?vay. "ﬁb?im?te <¢£f ihtimate % stimate ] %  |Bstimate| % “Betimatd %
Srar - | (mm mm Dff, | (mm) Dife. .(mm) Diff., | (mm) Diff. (mm) Dif_f..
1 | Stable |9.89 9.30 |- 5.96| 10.67 | 7.9 [10.10 2.12 | 10.24 | 3.54 | 8.84 |- 10.62
2 ys -] 3.80 3.58 |- _5.80| 4.60 {21.05 | 3.92 3.16 4.39 [15.53 | 3.74 |- 1.s8
3 . 1.13 __0.83 " |- 26.55| 1.57 [38.94 | 1.15 1.77 1.47 |30.10 |-0.90 ‘|- 20.35
4 vs [ 3.07 - 2.35 |- 23.45| 3.98 |29.64 | 3,10 0.98 3.80 |23.78 | 2.48 |- 19.22
5 v |T7.25 6.21 |- 14.35| 8.16 112,55 | 7.40 2,01 | 776 | 7.03 | 6.49 |- 10.48
6 20 | Te19 6.13 |- 14.74| 7.85 | 9.18 | 7.34 2.09 7.50 | 4.31 6.31 - 12.24
T vy | 7.69 6.97 [~ 9.36| 8.36 | 8.71 7.83 1.82 |~ 8.57 [11.44 | 7.09 |- 7.80
8 ’s 6.26 - '5.37 |- 14.22| 7.21 [15.18 6.33 1.12 T.22 |15.34 | 5.02 <~ 19.81
9 [Neutral |4.82 4.02 |~ 16.60 | 7.37 -|52.9 | 4.86 0.83 5.71 | 18.47 | 4.02 |- 15.60
10  ,, 0.44 0.35 |- 20.45] 0.55 [25.0 | 0.46 4.55 0.54 | 22.73 0.36 |--18.18
11 [Unstable | 9.16 . 8.09 |- 11.68| 9.94 | 8.52 | 9.29 1.42 9.95 | 8.62 | 8.66 |- 5.46
12 ye | 0.76 0.70 '[- 7.9 | 0.85 | 9.21 | 0.82 7.9 [ 70.94 |23.68 | 0.74 |- 2.63

* estimates using the observed climatological parameters at Iake Hefner.
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From Table 4.4 it is obeserved that the proposed evaporation
épproach for estimating evaporation in.a density-st;atified
atmosphere demands for very precise meaéurémeﬁts of air temper-

 atures and wind velocities. Indeed, the stability of the atmos-
phere, determined by evaluating the Richardson number, Ri' using
‘equation (3.50), and g0 the rate of evaporation, are-found to be
highly sensitive %o thé differenéea of air temperatures end wind
velocities measured at the levels %, and za above the surface.
The difference of air temperatures rqcorded'at the lovels %
and %) rarelylexcéeda i.O.ZOC. As a result, it has bgen.obserVed
that an error of the order of 3 0.2°C 1s offen sufficient %o
change the sign of R; and hence the atmospheric coﬁ&itions from
unstable to stable and vice versa. When the levels of measursments
2y and 22 are t;ken very close or when the measurements of air

. temperatures are open to errors of still higher magnitudes, the

'reeulta will be more mcattered than those preasented in Table 4.1.

It has been observed that a change of + 0.2°C in both the
temperatures but keeping their difference to remain the same,
hag a moximim of 3.5% effect upon the rate of evaporation,
Similarly, for wind velocities, a change of + 0.2 Imot affects
the evaporation eatimates'by a8 maximm of 2.5%  and an error
of the order of 0,1°C in water surface teﬁperature is found to
zffect the results at the QOst by 8%| « It 1s therefore
the differencem, and not the absolute magnitudes of the air
temperatures and wind velocities, whichhave the'mcst pronounced

effect upon the rate of evaporation.
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Thus, it 1s now apparent that the order of aocuracy'of
Iake Hefner climatological,meaaﬁreqeﬁta'was insufficient for
the accurste determination of éthoaphéf;c etability'and'is
thought to be the main cause of the scatter of the resulte
pregented in Fig.4.1. For evaluating the gradient from of
the'Richardaon number accuractely} very precise meagurementsg
of air temperature and wind velocitflare necessary. The
‘reqording ingtruments have to be capable of resolving a8
,itemperature aifference of 0.01°C or less so that the
;diabétio lapse rate may be detected. The order of accuracy
of the measurements of wind velocity should preferably be

'1_0.5 cm/gec,
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CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

5.1 Conclusgions ' _

The aim of the present work was to develop an evaporation
model ' - for. .. estimating - efaporation:ilﬁﬁbﬁfj?ﬁgﬁﬁdedJJizf%
open vater'aﬁrfaces congidering varying degrees of atmospheric
stability and surface roughneas conditions. It was found by
applying climatological data to the proposed approach that there
wag satisfactory agreementlbetveén the total estimated and
obgerved evaporation from ILake Hefner. However, when it was
necessary to estimate the daily evaporation ﬁccurately, very
precise measurement of the climatological parameters to deter- °
mine the atmogpheric stabllity with a pufficient degree of

—_—

accuracy, was indicated.

The main advantages of the proposed approach of estimating .
evaporatidn are that direct empiricism is not required, the
theory appears to be satisfactory regardless of the size and
condition of the surface and its climatological location, and |
unlike the energy budget approach, evaporation may be estimated
accurately over short time 1ntervéls without any need for con-
sideriné the heat atored by the water body which is rarely

measured as a routine or measured with considerable difficulty.
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The main limi#atimn of the proposed approach ig that
| gengitive s2ncors have to be uged to meésure tho climatolﬂgical
paramnators aécurately to determine the atmogpherlie stebility
-%iﬁh & gsufficient dagree of accuracy. The regults of the
experimentaliwork have indicated-that the rate of e?#poration
- denends upon the atmospheric sfﬁbility condition, As a resull,
.when 1t is necesrary to conéider an accurate estimation of the
daily ratee of evaporation, every afford should be made to

measure the climatological parameteré accurately.

The follbwing conclusions could be drawn from the study

of the proposed evaporation model:

) Provided that the stabiliéy of tha atmospheré can . be
determined accurstely, the use of the propossd evaporaticn |
model seems to.be a saﬁiéfaotory method-of‘eBt#ﬁ@%}ﬁéJEQ&bbfafion
from open water surfaces.
b) The wind velocity and températuré profile equations
glven by Businger et al. (1971) for atmospheric flow conaidefing
verying dograss of atmospherid stability condition, were soems

to be satislactory.

¢) The rate of evaporation depends upon the atmoarherie

stahility and surface roughneass conditions and on the downwind

dimension ¢f the surface.




d) The approximationsapplied to the evaporation model in
determining the free-stream height, free-atream velocity and
free-gtream specific humidity 'seems to be satiafactory.

e) The agsumption that the turbulent diffusivities for

heat and water vapour transport are identical, seéﬁgf%o"bé-;-*"

satisfactory.
5.2 Further Work

The present approach ﬁa& be usefqlly employed to esfimate
evapotranspiration from vegetated surfaces. This may be achiequ
by altering the datum level at which the evaporation number H;
ig determined. The datum level is specified by the plane at
which the h\imid:!.fy gradient (d4Q/dZ) is determined. For the
neutrel case, thip gradient was estimated at Z = O (Takhar,
1972) and for the present case it was estimated at 2 = Z,.
Ueing the five-point difference formula the humidity gradient
may be evaluated at sny level within the turbulemt diffusion
boundary quar. To estimate the evapotranspiration,this datum
may be positioned just clear of the vegefation. The vapour
concentration at this level will be due partly to the contri-
bution made by the evaporation of water directly from the
ground and partly to the transpiration of vegetation cover.
The total evapotranspiration will be given by the vertical
" flux of vapour across the datum plane. The climatologicel
requirements will be identical to those required for the
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estimation of evaporation from an open water surface except
that the humidity at the wall, g, will not be given by the

gurface temperature but must be evaluated using a psychrometer

located at the datum level.
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| APPENDIX - A

Finite Difference Re resentation of the Diffusion -
Bgquation

The diffusion equation (3.49) can be written as
T . o o
U g—ﬁ—_;_n'“%—g--pn —2—:5 Ceee (2-1)
| e
" where, M' = QM/QZ. The finite difference repreeen‘l:ation
" of equation (A-1) may be obtained by integrating each term
of this equation over an elementary control volume. Fig.A.1

shows an elementary control volume abéd,

Now, integration of equation (A-1) over the control

volume abcd givee

dR az= a £3- 4R 4z + dRdz .«
(a~2)

abed IIT
The finite di_fference scheme of equation (A=-2) reverts

to the fully-explicit form if the upstream Q values are used.
On the other hand, when the everage of the upstream and
downstream Q's are used, the finite difference analogue
would give Juet-etable Crank-Nich olson scheme. Here the

downstream Q valuee are. used to give the maximum etability
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1

and a fully- implicit scheme. Then with the eubecripte u and d

representing the upetream and downstream values reepectively,

. term I of equation (A-z) can be written ag

[jwe :5%3 dR,dZ = U, U, (oi,d'Qi,u)(zi+i-'zig-{-)
abed N - \_ .
1 1 S - |
= —i—a- ('Qi'd"qi,u) (Zi+1-Zi_1) vee . (1-3)
Similar]\v, terme II and III of eqpation (A-2) may be

writt en respectively as

| | M', AR
/fw %g- dR 47 = (Q1+1 d’°1-1 a) (2-4)
abed, . ! .
and ' ' |
oY T
[ ngdndz—n AR ( 22 9 2 ) . eee (4~5)
abed . 14 ' '
' 2 - Yiv.a "% 4
Now, = —*l,c _Z,d
: o (?g)iﬂ- Zj.+1 =% | i
and. _ '
(_a_g_) . = ‘Qi,d - Qi-T ,d
Y .
1~} 2y = Zy_q

Hence, equation (A-5) becomee,

Z:I.+1 zi

[f %dﬂedz - AR‘ U41,a7% .4 Qj,i‘.di-Q:.—ild

abed

(A-G)
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Uging equationa (4-3),. (A-4) and (4-6) into eqnation'
(2-2), the finite difference approximation for the diffygion
equation (Ar1) becomes

U,U o : M, AR 2
1 : » -1 (]
,u)(Azi + A-Zm) =3 (Q4,a"%U1,4)
: Az i
1+1 . : '
where, . .
A21+1 = Zi_H-Zi : ) eas  esee - (A-G)
and ,
AZi = Zi - 21_1 ' . . L) ..ol (A—Q)

Bquation (A-7) can be written in the form

Dy Q,a = A Quq,q +§Yy,a*Cy ee (2-10)
. ' ’ :
, M Ay T AL )
where, A, = —— +
orer 4y M Az, |
MiZSZi_'
By=1- Ty
| vu,az, ?‘
Gin ,u_zw—( 421+A21 1) ses  (A=11)
and |
U‘U 4AZ ( A ) .AZi.
—m——n— AZ+AZ + + 1.
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 Fori=2 contml volume, equation (A,‘-10) remains valid
but the coefficients Ajy B :l' C, and Dy become

. ' ,2 ' . |
U.U.2 :
2s72
02 = Q —_e S (22 + 2,5)

2,u 2m,, AR

U2U- 22 L . ‘ za

D = €z, + Z2) + + 1
2 am,ap Y27 3 T 7 J

The coeffi_cient A:I.’ Bi’ Oi,\ and Di in equation |

(A-10) are imown quantities. For N steps in A 2 there
are . H-1 equation of the - type (A—10) with N-1 unlmowns.
This system of equationa :fom a tri-diagonal metrix that
can be solved using the Gauss elimination method as
described by spald:!.ng (1977). The eqﬁation which have to

be golved for the unkmown Q's can be usefully written

An thg following orderly form:
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D59 "-#2‘3‘3 | P = OptBpQ)
= P3G+ Dy -aQ, =0
= BeQ3 + DyQy - 4,0 - =0y

- 3N_2°N-;+ hN—_ZQN-a'AN-2QN—1 - =Cp.2 |
| = Bgoq Qoo + Dy 9}1—1 | = -°ﬁ-1“n—'1°n . (a-13)

The above equations can be converted in’succeésion into:

Q = 8,05 + T, - (a=14)
O =850, + 5 . . . (a-15)
| Q4= 34% + T4 ,- . ..'. ' (A"16.)
%__1 = %-1% + TH—'I | ‘-' 3 ...'. - ‘ (A-17)

where,

(2-18)

('1-1.9)

(4-20).

(A-z1 )
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Ai .
84 = - . _ see (5-22)
B, Tx + C ' '
T4 = 4 3 4 e ‘ © eee T _ (A"'23)
D4 - 34 35 . _
SN-1‘= . A5 1 : ceee (A-24)
Doy ~Bpoy Sy-2
and . T o | |
+ : ,
2, - —2ht Teo t Oy e o)

Dg-t = Byg—y Sp-2

1

Thusg, proceeding this way, the solution of eqnétion
(4-10) is given by the general equation

Qi = Si Q1+1 + Ti ssw (A—26)
in which the coefficients si and T, are given by
s = : Ai ' . see (A—Z’T)
i D, - B, 8
3 = By 34 4
B, T + C
I Ceee (a-28)
Dy = By 8y

for 3 £ 1 &£ N-1. The coefficients 3, and T, are to be
calculated using equations (A-18) and (A-19).
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For eachrstep ~£1Re downwingd, Qi'was determined
for increments in AZ until the difference in Q at
the 1'th and i+1'th levels was less than 10~2. Thig

was aggumed to correspohd to the top of the turbulent

diffua_ion bou.qdé.ry layer.




ATPERDIX - B

THE COMFUTER PROGRAM : A LISTING AND USER INSTRUCTIONS

P.t Introduction

The purpose of this appendix is to provide a guide for
the uge of the cemputer program developed to calculatélthef
dnily evaporation using the ﬁroposed approach. The progrom
waé writton in FORTRAN. The qoﬁpﬁter program, a ligting af
¥hich io presented at the end of thig abpendix, was written
for the climetologicel measurements at Lake Hefner and will

require a few modifications before 1t is usged for another gite.

- The program was run on the BURT IBM 370/115/H02 Computer.

-

" B.2 The FORTRAN Symbols

. Mlthough edequate comments are included in the computer
progran that ¥ill help to follow the sequarce of computation,
the aymbola used are not defined, These eymbols and their
meAning are given below. Hhenever.poasible, the methematical

symbols used in the text have been retained.

FORTRAN Symbol ' Meenirg .
A _ Coefficient A in equation (A~10) :
AREA "Running 'total of area over which evaporation

hag besn esgtipated

AREART, - Surfrce area of the lake

B .  Coefficient B, in equation(A-10)




FORTRAN Symbol

DMDZ
. DUDZ

DEX
Dz(I)
DZDU(I)
D2UDZ2(1)
D22DU2(1)
. EVAP-
EVAPRL
I
ICASE

NODAY-

RODRX
RObZ

P(1)
' PJSTEP
PRESI
(1)
RHO

. AR
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Meaning
Coefficient. C; in equation (2-10)

" A counter to denote the level at which —

Z(1) = z8

Coefficient D, in equation (4-10)

 OM/ 32 in equation (3.'_55)

dU/dz at the 1'th grid point

a
= 2(I) - 2(I-1)

dz/dU at the i1'th grid point

' 4%0/a2z2 at the 1'th grid point

°2/au? at the 1'th grid point
Evaporation _

Water-budget evaporation R
Counter to denote the i'th grid point

A counter to denote the level at which
Z(1) = zvp.

Running total of the number of days for -
which evaporation hap been determined

Running total of the number of DRX
Total number of A2
Evaporation mumber, N
3, of equation (4-26)
Pre-step length,1l

e

. Atmospheric pressure

T, of equation (A-26)
Alr density, P .
Gradient form of the Richardson number, B,_l

5 3
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FORTRAN Symbol ' o Meaning

RX : ' Reyﬁolds numﬁer, Re
RIFFIN- ' K Raynolda number corresponding to START
RERAFT o Dowmr:l.nd Reynolds number corresponding
- %o the center of the lake
RXPJL . | The pre—step Reynolds number
RXTEST A counter to denote the level of T(I) = VPS
RXZS3 Reynolds pumber corresponding to 23 '
8C o ‘ Laminar Schmidt number
SOT(1) Turbulent Schmidt number at the 1'th grid'
. : point
START thning total of tie domwind step lengtha
STEP ' _ Downw:lnd step length, Ax
1) ' » where ia the non—dimensiona.l hu.midity
e i1'th grid point.
T2D, T2W . Dry a:id wet bulb temperaturesat 2 meters
8D, T8W -~ - Dry and wvet bulbdb temperatnrmat 8 meters
ISURF . Hater surface temperature .
- U(X) | Non-dimensional wind Velocity at the i'th
: grid point
Us - Non-dimensional free-stream v'elocity,' U,
ust ' Friction velocity, u,
U1, U2 Wind velocities at 2 and 8 meter levels
(cm/sec) reaspectively
Zq )
022028 U%47 at the 1'th grid point P
Zo -
yA
U2207(1) -{’ U%dZ at the i'th grid point
Z

0




FORTRAN. Symbol

U3QD2
UCUBDZ

03202

20
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Meaning
U2 dz at the 1'th grid point
U’ 4z at the 1'th grid point

Z 3 R
J a4z at the 1'th grid point

Zo _ _ , :
Batimated vapour pressure at the free-stream
Vapour pressure a8t the gurface

Vapour pressure at the 2 meter level

Width of an elemehtary strip .

Bgtimated wind velocity at the free-etream
(em/sec)

Wind velocities at 2 and 8 meter levels in
‘kmot respectively

Km/)> in equation (3.13)

Monin-Obukhov scale length L
M in equatiOn (3.55) .
von Karman'conatant
Einematié viécosity,

Non-dimensional height,Z ,0f the 1'th grid
point

2y /L |
Kon-dimensional height of the turbulent
momentum boundary layer

The non-dimensional 8-meter level. The EKnown
gpecific humidity at this level is used to
evaluate free~-stream humidity, Qg usaing
.equation (3.85)

Surface roughness parametor.#o
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B.3  Subroutines'wsed in the Computer Progrem ™ '’ " ; .

| - c -
The subroutines used in the computer program and .their

purpose are given. below,

', SUBROUTINE VISCOS (T, P, XNUE)
Thig sﬁbroutine evaluates the Knematic visocity

INUE for a given temperature T and a given pressure P using
equation (3.77).

SUBROUTINE VAPOUR (T4, T2, VAP)

.‘ ‘This aubroutiﬁe calculates the actual vapour pressure

VAP for a given dry bulb temperature T1 and wet bulb tahperhture'
T2 using equations (3.81) and (3.82). ‘

-p
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o | . The Computer Program

g
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31 Jce JNM'hTIllLII.CI“P CoCLASS=A
) 83 LST CISP=D ‘ _ : o S
by J0B WT11ALIL witl - LY.
7 WPSI 11 - . : , - : I R T
Z/ CPTICN LIST _— : ' C S

7/ EXEC FFCHTKAN

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc xualus
. -~ € .IMAINS.
EVAFCRATlCh FRCWM ae:ccvnautCALLv SNCOTF ANC FCLGF SURFACES.EXFCSEC C S#MA IN2
10 A THERHALLY-‘TRAIIFIED ATVMCSPHERE [LSING LAKE HEFNER DAIAD." C AMAINS;. |
. C SMAINSS
FRCCRANNED EY MUFZMMEC 2L 1 EFLIYAN, LECILREF, DEPT. CF BATEF € AMAINSS
seseunces ENGIBEERING. BUETs CHAKA. ' C iNAlNO“
_ b - : C  AMAINY:
(cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 1MA!h1,
A ‘ . F AMAINS
FEAL CU(S00).DUCZ2(S00),L2(59C),CZCL (S c:.c¢Lc22150c1.021cL2(=cc: AMALIND
4-F(‘00).C(‘(CD.SC1(‘OOI-1[‘CCJ.L{“CC)-LEJCI(“OC).Z(SOC)-E!‘E. i - #MA IN# !
+FXSTaE . i .#MAIh#M
. AMAINS
CATA XKnSCIFRI:SS. IYEAR '\CCﬂYICcEG sCeEFF 3 1.0EZ41651 00/"'"‘ ‘MAIN"._:-

CATA ALPHAL ,ALPFAZ,BETA |(ﬂFNAIlE¢Co§-C 1Ce?4 4,477, -‘NAIN":’_

.WRITE(2,5¢€01 i IMATINS
. AMA IN®
INPLT THE "CLIMATOLCGICAL PARANE1ERS ' AMAINS-
£Q FEAC(LsSTOVICAY sMCNTh 4T ZCeTZWoTED, lEI.l‘LFF.ithZ.hlhDe.AFEAFL- AMAINS
- -4 EVAFRL . AMAING
AMAINR
FEFFOFM PRELIMINARY CALCLLATICNE . AMAINS'
Z=XK*XK" ' *MAINS:
"XKIZXKSXK Z L IMA INS .
AKA=XK* XK 3 . e AMAINY
FALEZ=1.57C¢ ~ " °° SMAINS
C e e SMAINS
SET THE (NITIAL VALUES IMAINS
SUM=0.0 T CAMAINS
PREL=0.0 SMAINY
CRX=100 .0 INAINE
MNCORX=1 - CSMAIN®
hNCEC2=5CC . _'-nnlnn..
START=3(C00.¢C . IMAINY,
STEF=3CCCeC - SMALINS::
' AREARL=ACAC JEE4H4ARE ARL COMAIN®
RAD IUS= SGRY (AREARL/2.1410) SMAINS . |
FXPJL=140EE SMAINS :
RXST=RXPJL ' AMAINS
ICASE=¢ INAINS -
COUNT=C,5 IMAINS
RXTEST=0.0 AMAING -
’ , S AMAINS
GUTFUT THE CLIMATCLCGICAL FARANETERS $MA IN®
L1Z€1.aE4WINC2 AMA NS
UZ=S1.4E8WINDE AMAINS
21=200.0 AMATNS
22=E00,.C *MAINY
TO1=T2D -HOMALINS
1C2=TEC IMATANS
Twl=Tzw AMAINY -
Tn2=TEn INAINS -

CMRITE(2.5EC3IDAY.NCATH, IYE4R

IMAINS -




| - 94 - !
WRITEL2.55C U142 421022 ‘ ‘ .
CWRITEC(34€00ITD s TLZ 3Tl s TUZ 4 TELEF

1£2  IF(L2Z «LT. L1) €C 1C 1=¢
C CALCULATE CENSITY VAPQUE FRESSLEE AND KINEMATIC VISCOSITY
1 .

£ FHC=0.34EA/(TC1127Z40)

. CALL VAPQURITO2,192,VvPZ) ‘ -—
CALL VAPOUR(TSURF s TSURE ¢ \PELEF )

CALL VISCGS{TD1+FRESSsXNLE?

WRITELZ24€1C)IVPSLRF VP Z,FRIC o XALE

CALCULATE THE RICHARDSGA NUNBER AND CETEFNMINE THE ATNCSPHERIC

TSTAEILITYY
ALCIFF=U2~-u] - ' . _ , :
2CIFF=23z-21 : : : _
TCIFF=TCz=-TC1 - o
Rl=981.0*KIClFFGC-l)*ZGIFFI(LCIFF#izillCl#Z?E.Ol)

IFCFI «GTe Co00LPWYRITE(Z€EZCIFI

IFCRT oLTe =0.CCIIBRITE{Z,E2CIE]

"IF(ASSIRI) JLT. OeCCLINRITE(2,E40)F T .

IF(ABS(RIY LYo CuOCLIRI=C.C . .

IF(FI +GTs C.1E) CC TC 15¢ -

CETERMINE THE MCNIN=CBUKFCE LENCThR, FRICTICA VELCCITY AND
RGUCHRESS PARAMETER S
IF(FHIsO.IEC.ISO

UNSTABLE STATE
6C 22vYL=C.0 .
XINCR=-1,0 . | .
7¢ 28YL=28YL+X INCR L - ' ' :
FITFJ=EETA$ZBYL*((I.O—ALHhAliZE\L)/(lQC-ALFFAZ#ZEYLlId*O.E
IF{RITRI «G1. RIVEC T1C 17¢ :
2BYL=28YL~X INCF L
XINCR=XINCRZ10.C
IFLABSIXINCF) 4CE. 1.0E-4)¢CC TC 17¢
XL=SARTLZ 1%223/2E YL
X1={1eC~ALFFAIR21/XL)02C, 25
X2=2L1e0-ALPFAL422/XL V4% C ozt

'AI=Z-0*ALCG(!I,C+XI)IE.CI+ALUGIIl-Ci>ll!l)/E.OlvzaoiﬁTlh(!ll!

*FALEZ
AZ:E.O#ALUG((l.q+x21/2.Cl+ALCG((1.C¢>zvxzbzz.o:—a.ctntnatﬁzif
. +FALE2 . :
-t LSTEXKAUCIFF/(ALCC(22/2104A 1Az}
C 2C=Z27EXP(XKAILZ/LST+A2)
WREITEL2,6703UST, 20, XL
¢C TC zic

. MEUTRAL STAIE ,

o LST = XK* LCIFF/ALCG(ZZ/210
20=2Z/EXP{XK$UZ UST)
WRITE(2,6SC1ILST,2¢C ,

GC TC zZi1¢ o !

AMAINS"
"AMAINS'

T AMAIN®

AMAIND

AMAINS |

AMAINS ¢

TANAINY

*MA LN

#MA LML
AMAINT
AMAINY

AMALINT:
SMAINS

AMALINS .
SMA INS

*NATINR
IRAINS
*MAINS .
IMAINS
TMAINS .
PMAINS ]
AMAIND
AMAINS
AMAINS

*MAINS
AMAINS
IMATINS |
INALINS
IMALINS
EMAINA -
IMA'INS.

IMAINY

IMAINDG
BMAINE

EMAINS
IMAINS -
AMAIND

SMAINS
INMAINS
IMAINSE
AMAINS

*MAINS .
SMA IN®

AMALINA
SMAINS
PMAIN
IMALNS
AMA LN

AMAINS
*MAINS
tMAIN®
AMAINS
$NA INS
*NAINS




1sQ

2¢0

MAM

mMon

[ I o
ta
[ 2]

_STAELE STATE

AT
[~ ]

 2S=2S=-XINCK

- 95 -

LEYL=0.0 - .
XINCR=1.0 i}

 2EYL=ZBYL+X INCF
- RITRI=Z2BYL* (BETA+CANMAXZEYL I/ (1 «D4CAMNVARIEYL V%32

IFCRITRI L Te RIVEC IC 2CC
2BYL=28YL-X INCFR e . :
YINCR=XINCR/10.0 R o : o
IFCXRINCR  oGE. 14,CE=-41CC T1C zcc _ T
XM=SORT(Z21%22)/28L ' B - o
LST= XK*UUIFFIIALCC(Z¢IZIlicbﬂwﬂileFFl>Ll
2G=22/7EXP(XKAUZILET = GAN#A#Z:IxLJ

.nn:xetz.c7o:u51.zc.xL

NON = DlMENS(ChALlSAT!CN CF NGNIN=- OLLan\ LENGTH AND scuchhess
FARAMETER
IFIRIDZZ22,2304,220C

UNSTABLE AML STAEBLE STATES .

20=2G®UST/AMLE : _ - .
XL=XL#*LST/XNLE : : CL : : - ‘
WRITEL3,7CC )ZQ, aL" ’

IF(2C «LT. 1.0E-€) GO TC 1%¢

¢CC 1C 270 '

NEUTRAL STATE =

20=20#UST/XNMUE . : ' ,
wRITE(2,710)20 - 3 - ‘ — ..
IF(20 +LYe 1.9E~€) GC TC 1EC ' :

CETERM[NE TFE PEPNAhEhT FLMCIICHE CF ZVELLCITY
FX=RXST .

IF{FX «GTs FXPJL) GC 1C 4:zC

ZVR=Z24LS5T/ XNUE )

2S=C.C . : '

" XINCR=1,1E¢€ . ’ !

FXZS=0,.0C

UZZCZl1r=Cat

U32C2=C .0 - N
IFCRI1Z20,26C, 22C

25 AND US FCR NELTRAL STATE

. ZS=2SHXINCE

A=ALCC(25/72C) b
AXZE=(A%(ZSe(A- Q.Ci—coQIZCIfE.Cl(Z‘-ZCJ)IFK
IF{FX2S L1, RX) CC TC ZE€rn |

XINCH=XINCR/104C

IF(XINCR 4CEe 140) GC TC ZEC.

US=a/xK )

VEZCZS=(ZS* 23 A~ 2.c:+2.c*t¢_—2cl)/xr‘
€C. 1C z:zo

"FCR STAELEs ULNSTAELE Aht MNELTIRAL ST1A1LS

- YMAIN

S AMA INT..

'#nglmag
T AMA INT

HiMAiN{;
.#MAIh’f
- EMAINT

 AMAINT

CAMAINT

AMAINA

ANATINA

S AMAINA

AMA INT
AMAINY
AMATINS.
AMA IN?
AMAIN:.
*NAIN?
-#MAIN1;

AMA TN
$MA N

AMAINs
AMAINI-
#MAINT:
H#MA IN?-
AMAINT |

SMAINT,

AMA INA
SMAINA.

AMA NS
ANA [NL
AMAINY
*MA [Nt
AMAINT |
AMAINA
#NA INT
*MAINT
SMAINYS .
SMAINY
SMA INT
AMAIN
AMAINT.
AMAINY
AMA INT
*MAINY
$MA INY
AMA INY
AMA I NA
AMAINT
SMA INY
#MA INA

SMATINA
ANA LMY
FMAINT
AMAINA
IMAINA
*MA TN
IMA INY]

SMAINA




W n
td

[ IV I
-~

CIFCRXZS +GE . RX) ¢C TC zac.

1]

B , : - 96 - .
U_(li=0-0 R L .
2{(1)=0.0 . .

CC 2€EE I=Z,NCDZ

"CZUI)=ANAXL (0SS, 2(I-1)=2C)/2Cal)

czlz)=2c
ZCI=Z(1-114D2¢0) : : .

IFUZ( 1) oGEa ZVP +ANDe ICASE oECe () ICASE=1
A=ALOC(2(1)r20) '

XKMZ=xK*Z(1) , ' . "

IFLRE)22042¢0,2370

UNSTAELE ST‘TE
ZEYL=Z(I)/ XL
x= (loO-ALPH&l*ZEYLI#*Ooc_

Ull)=ta-2. O#ﬂLOG((loc+xl/a-OI-ﬂLOu((l-Cf)!!l/Z.ﬂ’*EoO#ATlh(XI-_
+FAJE2) /XK .

uscez= U(ll##E#DZ(ll
vazczili= =Ue2€Z(I-1)+L2QLC2

VUCUEC2Z2=ySCDZHUCT) 5
U3ZE€Z=UIZCZ+LCLED2

FXZS=U(I)AUZ202C085~032C2 Lo .
IF{COUNT 4ECe 04C oAND. szsgace.'n>n €C I1C 250
CZCLI T 1=XKNM 24X
DEUCZEIID—(IocEﬂﬁLPFAI*ZE\l—I-\b/()khZiZ(l)tl#t‘l
ECTULI=0ETAIX/( 1uC~ALPHAZ42EYL )44 C.EC

GG 1C ZEC

LUS=UL 1) ' .

25=21(1) i
vezeczs=vazca(yy -

COLNT=1,0

RXST=RXZS

FXFJL=RX2%

RX=RXZS -

€CC TC ZaC

NEUTRAL STAYE

Ul I d=A/xK

CZ0U(T)=xKM?

CEUCZ:(I!--I-O/(XKN!#Z(ll)

ua2zczil)= {Z(I)‘J*(A-¢-CI4¢-C‘(£GIl-ZCIII)KE
SCT{I)=BETA

T GC IC 2En

STAELE STATE

ZEYL=Z( 1)/ XL

E=GAMNARZAYL

UlL1Dd=(A4B )Y/ xK

USQCZ=U(CI I ¢z3D2( ) - |
U2zczttd=vazczei-11+usacy

IFIFX2S 4CE. RX) €C 1€ zic
UCUECZ=USCuz+Ul I) : Co
Uzzeczs U‘ZCZ!UCDEDZ
FXZS=U(1)%LZ202(1)-U32G7 :

"AFLCCUNT wECe 040 oANC. F32S oCEe R2 3 ¢C 1C :zve

CZLU( 1Y= SXKMZ/({ 1aG4E)
C?bCZc(l'=-l-0/{XKN?*Zllll

_#MA N4

T AMAINW

BMALINS
BHA LN
$MA INT
IMA [N
AMAINT
tNAlha
AMATNL
*MA [NA
IMALINA
IMAINA
*MAINA|
*MA INS

AMAINS

SMAINY
SMAING

IMAINE
AMAINS



SCTUIN={BETA4BI/(1.C4E) ‘ o AMAERA,
¢G 10 2€0° - .. - *MAINS ]
LE=Les o . ., AMAINA:

=2(1) : . ' . ... 4MAINAG
uzzCczs=u2zC2(1y ' - AMAINS
CCUNT=1,0 ' _ . _ ' : - AMAIND,
FXST=RXZS : ' oo , AMA INS.
FXPJL=FRXZS . , o TMAINS
FX=RX2Z2S% - ' _ < © SMAINY
€C 1C 23S o : — INALND
T(131=0.0" : : . . *MAIN®
CUDZ(1)=1.0,C2DL1 1} : - " AMAINS.
C22tu2(l)=-C¢UDZ¢(ll#DZPb(l)u#1 . - 4MALINAS

CCNTINUE - . . eMAIN®
: S - _ T SMAIN®
WRITE(3472C MICASE WLSe2SsRX2540202)4C213)4C2(4) ¢DZ(S)oeC2(6), SMAIN®

L HC2(E0V, X _ . AMAIN®
' B : . SMAINS!

_ | , . ' . : _ AMAINS,
CETERMINE THE PRE-STEP LENCTH , - o v AMAIN#
MINCZS=USTALS , : INAIN®
FJSTEP=RXFJLAXNUE /N INC2ZE _ : AMAINS
RXPAFT=(PJSTER+RACILE)® Y INC2S/XMUE . T SMAIN®
: UST=wINCZS/LS . : IMA N4
az0 T(13=1.0- - : . _ SMAIN®
EEFES I ' j . SMA IN® |
43¢ - AXFIN=(START4PJSTEPI*WINC2ZS/ANLE = | _ - . . IMAINS:
AF(RX +GEe RXFIN) CC TC £4C | - o - AMAIN®

) ' ' SNAINS

. - SMA NS

< SGLUTION CF 1R1- DIAGChAL anﬁlx . - . SNAINS
44¢ J=J+1 . , . SMA INS
© SCTINV=L.0/75CT(J) ' : AMA INS

€C=0S*0Z (JIA(DZ(JI4DZLI41)3/Ch) . AMA LN,
RAT10=0Z(J)/DZ{J+1) ' ' ANAINS.
XKMAUE=AMAX 1(1. O.(loo-b¢2CZ(JI/L?ZCZ‘!‘CZCL(J)-I-O! , : IMAINY:
xN-l.O/SC+<c1le4lKMNuE : AMAINS;
PASUSHUL I I/ XM C : © o TAMAING
IF( 2(J) «GEe ZS ) AAzUSALS 2N ‘ T - . WMAING,;
: SMATINS

. , _ . SNAIN®
C cM/cz FCH NELTRAL CASE . ' $MAIND
CMD2Z=SCTINV*((1l,.,0- b4zcz(Jn/u¢zczs:4razcuctJ:nnbcz(Jo-u(Jnau(Jat_ SMAINS
tC20utJr/uzzezsy ) : AMA IND
IF{FI +ECes Ca0) CC TC afC ' o PMAINS
ZBYL=Z(J}/xL : T o IMAIN®
IF(rll 459, 4€0, Q€ s AMAINS

- AMAINS

, : . . IMAINT-

< - CM/CZ FOR UNSTAELE STATE ) , *MAINS |
4 TERME=1e0-ALPRAISICYL ' ANATNS
TERN2=149-ALPRAZHZE YL AMA TN

LMC2= DMDZ+0.cS*XKHhLF!SCRI(lEHH:)t(ALFrﬁIflEFMl—Z-O*ALFFAcl ' . #MAIN®

GTEFNED/(UEIA#XL#TEleJ*C.2°l SMAIN®

GC TC a€c : ’ *MAINS

: : : #NAINA

_ IMAINS

CM/C2 FOR SYARLE STATE: : . "AMAIN®

46t CANMMAL=GAMM A/ XL , . © SMAIN®]

CMD2=NNMOZ =X KMNUESGANMAL $ (1. C-CLEI1A3/ (CCUA4Z( ] ISGANNAL ) S #T ‘ SMAINS®




- 98 -

Q EE=Q.S¥OMEZ2ADZ(J I/ NN - T AMAINS
IF( 2(J) «GEe ZS Y EG=0.0C :  AMAINS®
A=ANAX1(0.0+EB4+RATIC) _ ' - AMAIN®
E=1.0-EE a ' : : . AMAIN®
IFI{J «EQe Z) G0 TC ASC | . . #MAINS -
C=A22CCHTLIL T : : _ _AMAINS
C=AA*CC+RATIO+1.0 . b : !, SMAINS
FLJI1=1e0/(0=-82RP(J=1)) . ] ) IMAINS
CUII=P(IISLEIQLI-12+4C) ' : R INATIN®. ©
FlJdi=Aa*plJ) ) S . © SMALINS
€C 1C £7¢ : - e -~ AMAINSY,’

B Q Cc= (nnocc*tc.oaDZ(¢)+uz(=|:/(czt‘ncc2¢1:))nttJn - ' . ' ountnqﬁ,
C=AASCCH(Z.C#02(Z)40202IV/(02CZ2I402(3PI4FATICHL O . - IMAINS
Flzl=A/C , ) i . SMAIN® .
C{Z)=(E*T1)+CI/D . o AMAINS

N0 . TEST=Q(J)I/(1.C=C{JV) - . . AMA INS
IFCTEST .GT1. 1.CE-Z) GO 1C 44acC . T AMAINS®
T(JE=TEST : ' " , ANAINS
t=J=-1 . . o : _ © . T4MAIN®

¢ TULI=QUII4B(II*T( 141 - o . #MAIN?
IF(IRX «GEe RXRAFT oARU . LXTES] oECs Col) oANDe ICASE +EC. ‘I CAMAIN®

+GC TG 520 ' . . AMAINS®
1=t-1 - . : IMA NS
IF(] «GEs Z2) GO T1C =10 T . .#NAlth

GC T0 520 D . ‘MAlNﬁ

) EVALUATE THE FREE STREAM FULNICIY
20 VPS=(VP2~-VPEURFAT(1))}/({1.C-T(1)) ' . A
FXTEST=1.C . ' INALTNY

WRITE(2,22010%s RXRAFT, ICASEVF S RIFIN ' AMAINS
I=1-1 - b S o 1ua:~n'

¢C TC £1¢

THE NEXT STEP LENCTFH

[ EX=RX : v
CRX=AMAX1{1C0+9s (SX=-RXPJILI/ELC) -
EX=FEX4CRX . o tunlui,.
NODRX=NODRX 41 . : , ' ‘ o AMAIN®
: - TS (Y
, ) o SMA INS .S
+.  THE FREE STRCAM VELGCITY FCF THE NEx1 STEF - : . IMAINY
LS=LSHCRX/UZ202¢ . . _ . AMAIN®
SIF(RT) €22.534,3€ . .. SMAINS® |
: : IMAINS
~ SMAIN® . |
UNSTAELE STA1E AMAINS -
b 2 2SUF=25 INAINR
XINCR=1,0E€ - TMAINS
2 2S5UF=2SUP+X INCH . OMAlNi
X={ 1e0~ALPHALAZEUF/ XL IS0 o2& AMAINS
A= 2 0FALCGIC oS3 1404X) 1 4ALCE(CasR (14242 )=2.DUATANI(XIGEILESZ IMAINS
USTRIS(ALOG(ZSUE/Z20 )~A) /XK SMAINS
IF(LSTRE «LTe US) GO TC £33 . ' SMAINS:
2SUF=2SUP-X INCR . SMAINS -
XIRCR=XINCRA1C.¢ . SMAINS
IF(XINCH 4GEe 140) GC TC £22 - IMAINS -
U22C2S5=U2ZC2S+(2SLF-2C) 4L S4%2 ' SMAINS

25=2S5LP . AMAIN® -




“6G TG 420 ?9 SOMALIN
- - : . T AMAIN
- , ST " AMA N

MNEUTRAL STA1YE ‘ T ARAIN
2ST2CHEXPIXKAUS) : _ IMAEN -
A=ALOGIZS/ZC Y " . — TMALIN
U2ZCZS=lZSA2a0A-2.CI42.C4(2S=2020 xk2 : ' IR T 7Y {1
€ IC 4zo ' ' : ‘ THAIN.
. . . AMAIN
T : ' : T AMALN.
STAELE STATE ' S - . AMAIN
ZSUF=25 , Lo IMAIN
XINCR=1.0F€ ' ' — o AMAN
2SUF=2SUP4X INCR ; , _ : , T - THMALIN
USTRI=C(ALUG(2SUFR/ 2C 3+ CANNPA2SUE /XL ) /2K IMA LN
IF(LSTRT «LTe USY GC TC 223 " o WMALN .
2ZSUF=ZSUP=X INCK o : ' - L EMA LN
XINCH=XINCFR /104G | . . S ' S T AMAIN
IF{XINCR +GEe 1.0) GG TC £27 : o - ' IMAILN ;
U2ZCZ5=U22CaS4(2ES P-2S )AL SH0z o ' ; . BMAIN:
2s=zsup : - . : - " #NAIN
¢0 YC 4290 ’ . C. © AMAIN
: . . - o . ANAIM
ik o - $HA DN
CUTFUT KGUT INE o : : : ) PMAIN -
CALCULAYION OF WICTH,AREAEN.ETC. ' : T SMALM
h!01h=2.Q¢scnttnas(sxaait(z;tanao:us—$1ns1anp L . CAMAIN
(L2=Ce 258 (CZ(2V4TZ(AIID2(S)1D2LEDY _ N JEMA LN
SCTINV=1.0/5CT (a9 : : ' , . AMAIN
xxunue=AnAx:(u.c.{1;c-uzzna(z)ztzzczszlcch:z)-nwon AMAIN
Eszust(25-(*7(2!—48.c*1(3!+3(wct1(a1—IE.C01(5l43.0tT(6lil *MA LN
tl1.0/7SCHSCT INVOXKMALE I/ (1200224000 | $MA TN
‘ SMAIN
SUM=BEN*uIDTH*STEPSWINDZE4SLN ' SMAIN
AREA=STEP#u IDTHH4AKEA : o CAMA N
START=ANMINI(2404FACILEy SYAKT4ETEP ) _ "AMA LN
TRXST1=fx : : Ve LAMALN
L _ o . B VAMA [N
IF(STARY oL7T. 2.CH4RADIUEY ¢C TC 27¢ . WMAIN
’ ' ' “AMA LN

- : , AMALN
EVAPUE AT [ CN . , CSMA IR
CHUNF=0.622% (VOSLRF-VvP S JFRECS _ C o ' S T'T ¥ 1)
EVAF=E.€4ESARHOU2DFLMASUN sAREA ' e C OSMAIN
thTE(Z.TEOJEH.EIAﬁToﬂntlts.ARE’.AFEAFL.F\QF.EVAPFL.FX ¢ AMAIN
NGCAY=NGCAY4L _ . © AMA LM
IF{MCCAY 20L1.12) ¢C 1G 1% : *NA TP
: ’ . AMA Ip

STCF *MA [H
FMAIN

' ’ O dMALIN

MA [

TMA A

: K AMA TN
FCRNAT(1H1) . - | IMALN
FOCRMAT(212,<F€uz : o $MA I
FGRNA1{////.25X.'EAIE'.E?-EIQ.I(l BMA LA
: aMA LN

SMA 1D

'FOR!’AT(lHC.EX.'L’l:'.FC.E.I'.'-Jl.‘l.2='.f-7.é.I('X.'ll='|F6-EoIO)._ , - ¥MAIN ]




€20

640
620
€s0

700

r1C

750

_ - - 100 - '
4872 JF€E.Z1 ! ' ; T

’ FORNAT( !HOQEX."D l='.F6.‘20|CX|"DE=‘oFCoE .lc’."il=.0F6920-
+10X.'-Th2='.FC.E.I(!,'!ELFF:'.FE.El )

FORMAT(IHO 4 Xy * VP SURF=® JFE0Zo1Ca, *VF 22 % ,FE.2, S
*IOXO.RHC='oF?oSolcxt'NUE='lFe.Ql .
. r

i

FORMATI1HO,ZEX, YSTACLE ATNCEPFERE S, 1CX (YEI=® ,FG,5)

L

1 L)

FCR?AT(IHO;EGK.'UBSTAELE d]ﬁGEPtERE'.lCﬂn'ﬂlz'oF9¢5)

FCRVAT( 1HO, ZEX, *NELTRAL AINCEPHERE "+ 10X %R 1= 9,FS.5)

ronuart1Hc.sx.-u31=-.Fe.4.1ex.-zc=-.e:s.c;tcx.*t;-.eis.ea

FORNAT(IHG.EXg'USI='-F8¢411C!p'20='.Elf.t.lt!.ﬂ}leFlthY'l'

‘.

- #onuar(lﬁo.sx.-zo¢=-.515.e.1cx.-L+=-.E|e;en
FORMAT L IHO . SX 0t 2C 42 dE1 €0 1CXe *L4=TAFINTTY® s

FORNAT( LMD, Xy " CASESY, 14,55, 0us
Ze

PE1Se€aEXe 02529, E1Se65X,
¢ PRXZSS* yEISLE//EX,C2= JEF 1. T :

=1
EXs"Fxz 1€ &)

|3

Fcnpntt|Ho.sx.'sxz-.slsae.s:.'uxnnsv=-.els.e.sx.-casézc;lq.S:.

.+'VPS='.F6.E.EX.'RﬁFIh:'.ElE-E!

“ ~

FORFATIlHO-EK;'Eﬁ=‘sF9-€.E)-‘SIﬁRT='.ElB.(.Ek.'FADIUS=‘-ElO-3.

HEX W PAREAS® JE1043, EX,0ACTLAL AREA=8 4B 1Ca2/EX 4 *EVAPCRATICAE® JFE oz,

-+ 10X ," ACTUAL EVAFOFATICN=+ 1F€a2 45 TRz L E S L

! . . ”

ENC

T SMAIN®

T 4MAENS

T SMAINA

. #NAINt

[T

_OMAINS

-OMAlﬁi

"*MAINS

CAMAINS

- #MAENZ

PNAIN®
*NAINS
IMAINS

AMAIND
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