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oglets end irrigation englneers very often find that

newer elther ore or both of the following questions:

l. @How much evaporation will take place from a given

lake or reservoir during a spescified time
interval?

2. How much oveporation is to be expected from a
reservoir created behind s dam which 1s stlll
in the planning stage?
“ttempts have been made to answer thase questions for specific
cases by niaking use of data obtalnsd from evaporation pans placed
at ths slte, by epplication of empirical formulae synthesized from
svaporation pan data, or by extension of formulae arrived at by
appllication of various mass transfer theories. Becauss of thse

lack of certainty in any of the avellabie methods and bocause

application of two or more of the methods, c¢i different equations

for ons of the methods, to & glven problem often gives widely
varying rosults; a cocoperative effort cn the part of geveral
Governmental agencies (2) was made to actually measure the

ovapcration from Lake Hefner and evaluate the various equations

" and methods which have been proposed for the estimestion of evaporation.

Prior tc the Lake Hefner studies much thought had beosn
; given to the feesibility of constructing a scale model of the lako

or reservoir in question (togother with a portion of the surrounding

| .
QGrraia), placing it in a low velocity wind tunnel, and measuring
‘ the evesporation. However, because of, tho great difference betwesn . .

| # Asst. Prof. of Civil_Engineering, Colorado A & M Collegs:
| Fort Collins, Coloredo ' CER 57562

ENCINEEPIG RESEARC

FOOTHILLS READING: RO

P



lines. With the

ak efner ) Ve 2d wind structwre
aveilable, and with more knowledge of boundary layer thecry, an
sxcellent opportunity was at hand to develop model techniques by
which esccurate estimates of evaporation from existing reservoirs
or proposed reservolirs could be made. Accordingly, a contract was
awardoed the Civil Engineering Department of Colorado A & M College
to construct a model of Lake Hefner and conduct evaporation measure-
ments under controlled conditions in & wind tunnel in cooperation
with the U. S. Geological Survey.

The purpose of this paper is to show how evaporation data
obtained from a model lake may possibly be used to predict the
amount of evaporation from its prototype. Dimensional analysis 1s
used to group significant variables into parameters which may be
measured both in the model and the prototype. Use is then made of
von Kdrmdn's extension of the Reynold's analogy and appropriate
drag coefficlent formulae for flat plates to form a basis for the
comparison of evaporation from the model and the prototype.

Dimensional Analysis

The variéblea of major importance which affect the rate of
evaporation E from a lake may be placed in the following equation:
E= ﬂ 033/ » AC, Vgs Vfo kla k"’ S; D, A). (1)

The following table lists the meaning of each symbol and the
fundamental units used for each throughout the paper,
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AC Difference in water vapor con- . FL°3
centration between an upwind
staticn and the saturatlon
concentration at lake surface

temperaturs
Vo Molecular diffusion coefficient L°r
. of water vapor :
V% Molecular diffusion coefficient L2r
of momentum
ky Roughness of upwind terrain L
kg _ Roughness of lake surface L
S Shape of lake
A Area of lake L2
D Wind dlrection
e Air density prlp2
To Surface slear at upwind station FL~2

By dimensional analysis the variables of Eq 1 may be grouped into

4dlmensionless parameters to form the following equation:
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The shape parameter £ has been omitted from Eq 2 since the shape

~ for a particular leke will bo practically constant and will of

course be the same in the model as in the prototype. For

~convenlence the terms in Eq 2 may be renamed such that

N= ¢1(R_§: 0 'y Ty D}. (3)
where N represents VA E and is similar to Wusselts number
Vel

# The letters F, L, and T represent force, length, and time
respectively.



in b ; trangier, R; replaces .. and represents a type
ds number, ¢ 18 .= or the Prendtl ramber, » 1is the
38 ratio r";“ 3 @d ' 1s equal %o _T.UAW .

In ordsr to obtaln complete geometrlical and dynamical

similarity between the model and the prototype or in other words
the seme functlon ﬁl for the model as occurs for the prototype,
the modsl should be tested and designed such that the five
paremeisrs in Eq 3 Ry, ¢, r, r' and D have values comparable to
those of the prototype. However, as will be 1llustrated equality
for the flve parameters cannot be obtained. ¥or example, a .
practical scale for the Lake Hefner model is 1:2000. Typical values
of ths various variables for the prototype are as follows:

V&  -- 10,000 f&

- i in
The Prandtl mmber is the same for model and prototype as 1s the
range of values for 1&. The value of r' for the prototype has a
typical value of about 30,000 which can be equaled in the model
provided the value of kw is in the neighborhood of 0.002 in. By
caating the lake surface upon a glass surface using plaster of
Paris, roughnesses in the order of magnitude of 0.001 to 0.003 in.
may be attained. The value of r for the prototype 1is approximate-
ly one and may be duplicated in the mecdel provided the terrain 1is
constructed with a roughness of about 0.002 in. The parameter Ry
variss from about 107 to 108 for the prototypé and inasmuch as Ve
for the model 1s of the same order of magnitude as for the prototype,
R; for the model 1s in the range from leohsto leosf' The parameter
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The immediate p;%'oblem ia %o find =some sound basis to

xbrapolate the model daia obtained.at & value of R, 2000 times
smaller thaﬁ the value of R, for the prototype. A possible
cthod of attack 1s to obtain a theoretical relationship between
the parsmeters of Eq 3 and then procesd by meking laboratory and
field measurements to verify the resulis. In the following
section use iz made of the von Kdrmédn extension of Reynold's
analogy to form a basls for extrapolation, The effect of r, and
D upon W ia not predlcted theoretically and must be determined
by experiment,

Eveporation Equations for Plat Surfacea with Zero Pressure Gradient

In the case of zero longitudinal pressure gradient -- see
¥ih (7:55)%<~ K{rmén expresses the analogy between momentum transfer

and mass transfer by

1
1 . 2 2.\*
oo m o Sl {o- 2 e fo-ai)) R
where Cg = FE%"U‘— in which q "~ 1s the mass of water vapor
°

transferred for each unit of area and unit time, AC!' is the same
as AC except that AC!' is expressed in weight of water vapor per
unit weight of dry air, and U, 1s the amblent velocity of the

air stream approaching the evaporation'surféce.' The Prandtl number
6 has the value of 0.6, The drag cosfficient Cp for smooth and
rough pletes 1a expressed as a functionr of the Reynolds mumber

R = EgLF.- and «ﬁ." -~ L 18 the plate length which 1s comparable to

YA in R,. Before proceeding further, Ce should be expressed in

terms of N, and R 1n terms of R,.

% The iirst mumber in parenthesis i1s the bibliographical entry number
and the number following a colon is the pasge number.



velocity distributions in the boundary layer on a flat platewlith

zoro prossure gradient are beiter expressed by the 1/7th power law

than by the logarithmic laws. Taking the 1/7th power expression

U= 8.16(235)% (5)
Vi v

in Waich u is the local mean velocity at a distance of y above
the boundary and remembering that when 'y is equal to d ~- §
being the thickness of the boundary layer -- u 1s equal to Ug»

an expression for R

R = 11.85 R,L%/9 (6)

rosults when the formula (see Rouse (5:188))
R

18 substituted into Eq 5. PFurthermore,

N = ¢ CgR (8)
which upon substitution for R by Eq 6 becomes

10/9
N = 7-11 CeR,u. e : (9)

Smooth Boundarlies - For the approximate range 103 R,,,-‘-lo5 5

the drag coefficient mey be expressed by

¢p = 0.074 R™Y/> (10)
as may be seen from examination of the werk of Schlichting (6:117).
Upon substitution of Eq 10 into Eq 4 and making use of Eqs 6 and
9, an equation for N

it w1 = 6.235%/°

-1 - v
results which 18 valid for the range of Ry indicated,
For values of R, greater than~105 up to about 108, Lo

may be expressed in the form

R R L A e e g @

0.427 ekl P,
(0407 + log R)2"OF i
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ugh Boundaries == From the work of Schlichting (6:41),

e a

{

dreg coefflclent Cp for rough boundaries -« where V&kw/Vf
ceads about 70 ~- may be expressed as a function of only L/kw
Ce = (1:.89 + 1.62 log L./k,,)""?“5
in which L/k, 4is analogous to r'. uhen Eq 1} is substituted
inte Lq L} with EqQ 6 and EQ 9, N may be expressed as
1 = ‘”10/9[06281(1,,89 + 1.62 log L/ky)2">
= 0.801(1.89 + 1.62 log L/xw)1°25],

Comparison of Available Data with Evaporation Egquations

Fig. 1 18 a plot of Eqs 11, 13, and 15. Eq 15 is plotted
for different values of L/k" and the transition region between
Viky/Vy = 70X and the curves far smooth boundaries is taken
according to I"ig. 89 of Schlichting (6:118). Also Eq 20 of
Albertson (1:250) is plotted along with some of the actual points
which were obtained by measurement of evaporation from a smooth,
wetted porous«porcelain boundary placed in a wind turmel.

Of particular importance 1s the excellent agreement of the
data of Albertson with conversion Eq 1ll. For values of R, less
than 5 x 102 the agreement becomes poor as 18 to be expected since
Eq 10 is no longer valid. The data of Albertson includes a range
of x'/x == x' 1s the length of the evaporation boundary and x is
thse q;sﬁance measured from the leading edge of the plate to the

cprresponding point determined on the evaporation boundary by, . ..

(W)

(15)
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from 0.0204 to 0.40. A close examination of the poinis
indicates a very slight Influence of x'/x ipon the relationship
between N and Ry whick 13 important beczusze the value of
x!'/x for a natural lake 1s a difficult quantity to define.

Inclvded with Fig. 1 is a group of points determined from
the data obtalned at Lake Hefner. These data are for the periods
of January 6 to 20, April i1 to 15 and July 1 to 15, 1951. In the
determination of N for these pointsy; L was taken as A% and
the valuee of AC and Vg were taken as an arithmetical average
of the eight separate three-hour averages determined for each day
and cofresponding to a measured value of E. In the determination
of Ry , Vg has the same average value as was used in N, and V,
was obtained by plotting the velocity profile at the upwind
metesorological station for each three hour period, calculating V.
for the three hour period by using the equation

u/Vy = 8,75 log y/k + 8.5 (16)
end finally averaging the eight values obtained for each day.
In using Eq 16 to calculate Vg, the roughness k was eliminated
by solving simultaneously the two equations resulting from
substitution of u at the 2-meter and at the l6-meter elevations
along with the corresponding values for y. In this same manner
the value of k was also determined. With only two exceptions was
the value of V,K,/vs less than 70 which indicates that during a
given day the average roughness kw of the lake surface is large
enough to be classified as rough. Munk () gives evidence that
for wind speeds in excess of 6 to 8 meters per second at a 15 meter
elevation a sea surface always becomes hydrodynamically rough, while

for smaller wind velocities the roughness of the sea surface 1is



by L/kw similer to that predicted by Eq 15 none was apparentg
In part; this may be due to tha inaccurate determination of k,
gince the water surface does mot in general present a surfsce of
%8170 horizontal velocity and furthermmore; on average value of kw
may ocbscure the anticipateditrend° A point of ma jor interest 1is
that the major axis pasaing through the near elliptical swarm or‘
date has very nearly a slope of 10/9 in accordence with Eq 15 for
rpugh boundaries.

With an average value of r' in the neighborhood of
3x 104, the center of gravity of the data for the Lake Hefner
prototype instead of falling near R, equal to 6 x 107 would be
expected to be more nearly located at Ry equal to 1.5 x 107 1r
eveporation were to occur similarly to that from a square plate,
One of the main reasons for the shifting of the data toward a
value of Ry, approximately fowr times larger than the one predicted
by conversion Eq 15 is believed to be the dissimilarity in shape
between the lake and the rectangular plates for which the conversion
formulae are applicable. The length L of the rectangular
evaporation boundary is replaced by A% in calculating N and Ryh
for the lake data therefore, any deviation of the lake shape from
that of a square will cause a variation in the relationship between
N and R,. Other factors which tend to scatter the data are the
fact that arithmetical averages were used in determining R, when
actually N is proportional to R:o/? that during a given day the
wind direction D 1is not constant, and that atmospheric lapse
rates may affect the rate of evaporation; however, upon investiga-

tion of the relationship between lapse rates and velocity profiles
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Extrapolabtion of Modél Data

As has beep pointesd ocut under the sactlion on the dimensional
alysis; ¢ for model and prototype is 0.5, r! may be made the same
in both model and prototype provided an average valus of  k, 1is

ken, and 1 may be made the same once an investigation of the
ls made to determine a representative value for k;_ ~ The

¢s ¢ Ry for the model will be approximately the values of
Rg  for the prototype multiplied by the scale factor since V, will
be neerly equal for the model and prototype and may be controlled
to some extent by plecing a roughenad boundary upstream from the
terrain leading to the lake surface =-- Klebanoff and Diehl (3) =
or by varying the amblent velocity in the wimd tunnel.

Cf first importance is the faet that the model and prototype
are similar in shepe and accordingly the model data should be
shifted toward larger values of R; than is predictsd by Eq 11 or
13 by an emount approximately the sams az the prototypre data. No
exporimental work has been dono on measurin; the evaporation from
or the drag on emooth flat surfaces to determine the effect of shape
whlich would serve as a basis for comparison.

in order to effect an extrapolation, the model rust be tested
at a value of N which may be obtained by extending the curve
given by Eq 15 for the appropriate value or r' until it intersects
the curve defined either by Eq 11 or Eq 13. Tests conducted at
smaller values of N  than that determined by the intersection, a
value which will be called N', will be of little value because the
surface will be hydrodynamically smooth and N will no longer be

proportional xg,"x§9/9. Tests conducted at N  greater than N
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tlhh to hydrodynamicelly rcugh; however, these data will have

e utllity because the transition follows fairly well the

9
tionship ”’“/R*;O/’. Letting the subscript- m be understood

'‘CLE W Al B o L

n model anxd the subscript p to mean prototype; extrapolation

&

pesaibly be carried out bX 938 of the equation
09 10/9
Np = NmR-:I- (R’R‘)p . (17

The utility of Eq 17 will be determinsd when sufficient model
data heve been obtained.
Summar:

The evaporation measurements at Lak» Hefner have, for the
first time, produced accurate data from & fairly large body of
water which may be used to verify the result s of evaporation studies
made on a scale model. The Civil Engineering Department of Colorado
A & M College under contract with the Department of the ﬁavy, Bureau
of Ships, and in cooperation with the U. S. Geological Survey has
bogun a model study of Lakes Hefner with the aim of perfecting model
techniques which may be generally usable, '

By a dimensional analysis, similarity between evaporation
from a model and its prototype 1s shown to depend primarily upon
the equaiity of the parameters within the parenthesis of the

following equation:

"\/I.E,= Vs -Vf A
e S 0t

Making use of preliminary prototype data, satisfactory evidence is

available to demonstrate that all parameters in the parenthesis

VR Vg
Ve
and prototype if average values are used for the prototype data.

with the exception of

or R, may be made equal for model
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totype, the ratic cf R; ILor the model to that for

the prototype will be spproximately the scale factor or 1:2000
o

)
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far the Leks Haefner model. Furthsmore p WL sh '““L’{;;"‘ Bqu.al in

magnitude for model and prototyee, the model surface will be
hydrodynamically smooth in the range of R, available for testing.
In order %To permit prsdicticn of prototype evaporation from
the modeol evaporation data obtainsd at a value of R, opproximately
2000 timse smeller than that for the protoeiyps, the technique is
sugges ted of using the wvon Kérmdn extension of Reynolds analogy
wirich allowg caleulation of the evaporation coefficient N for a
plans rough or smooth rectangular boundary from oxpressions for the
dreg cosfficient Cpe Verificetion of the conversion for a smooth
boundﬁry a% values of R; less than about 3 x 103 by experimental
data is axcellent, Tentative values of N for the Legke Helner
pretotype correspond to values of R, approximately four times
larger than the values of R; predic%ed by the conversion formula
Eq 15 for rough surfaces. This variation ig belisved to be the
result of & difference in shaps between the rectangular plates and
the lake surfece and perhaps of the averaging procedure used to.
determine the elements comprising the paremeters N, R,, 'ég—, and
D. Howsver, agreemcnt between the conversion formla for rgﬁgh
surfaces Eq 15 snd the prototype data rests in the observation that
N is approximately proportional to .R*IO/? Although no model
data 1s yet available, these data when obtained are also expected
to fall at values of R, approximately fuur times greater than that

predicted by the conversion formula because of shape similarity

between model and prototype.



1 Select an average value ox';zK ~ for the prototype
Py & - b E”' P Yp ©
w

Filg. 1, or an equivalent chart, draw a straight

line for the value of «E§¢~ chosen bj interpolating
betwaen the lines drawn b§ previous calculations from
Eq 15 or calculate the coordinates directly from Eq 15,
3., Extend ths line drawn in Step 2 until it intersects the
curve defined by either Eq 11 or Eq 12 for smooth
surfaces,
lie Test the model at a value of N == N' o= defined by

Step 30

5. Extrapolate to values of R, for the prototype by

the followlng expression:
¢ 710/9

_ 10/9
Np - NIIIR* (R*)p IS
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