
T/71 , s a 

c� . 
ce=/-16'3-:-� 

r 

. 
CODY 2 _. /..J-

..., 

n�r.u u.� �c r�t t" 

JUL 2.6 '11 

fOOlb llS � �Ot S l9 

... re o ... both o:' the following q estions: 

w ·� h e· poration uill 'take place from a gi van 
la c or reservoir d..ar··ng specified tir1e 
.. nter al? 

2. Ha mu.oh v&por tton is to be expected .from a 
reserve� created behind a dam which i s  s till 
in the planning stage? 

mpts _ ve be n made to an�wer hllsae que tiona .for spec�ric 

c ""eo by r:1nking use or d ta obtained :from evaporat ion p ns place 

t tho site, by application of empirica formulae syntheaiz d r�: 1 

v poration pan data, or by extension of formulae arrived at by 

P. l:!.cat:�.on of: Vtll .. ious mass tra:nsr r th ories. Becau ... e of the 

lack of certainty in any or the aveilab .(; .cthoda and becau�e 

a.pp:ica.tion o:r two or more of the methods - .· different eque.tj.on· 

for one of t":�.e methods, to a given problem often gives daly 

v�rying rosults, a coopar tive eft'o�t on the part of se era. 

ao- err�ents.l e.gonclee ( 2) was made to actue.lly m sure th 
3Vaporation �rom L �e Hefner and evalu the various equ tlon 

· &Tld me""hod ?hich have b en proposed for the estimation or v pol"'atio� • 

Prior to �he Lake Hefner studies mu�� thought had been 

given o the roea1bility or const��c·ing 

o ro rvo_r 1n quostion (together with 

scale mode of t..1-te lalco 

portion or the: surrounding 

t. rain)� :pl�ciJle. 1 t in a low veloci t� .ti.l.P.d tunnel, and mea.s.uring 
• 

i the evaporation. .HoJ..rovcr. because of� �t.J1.e great di.ff'ereneo bet. c�� ..... 

l. 
1 * Asato Prof. of Civil Eng·noerln&, Colo ado A & M Colleg 

J ·..,o Co1-ins Co ., - (J;EA,�1Ec,2 



.... 

L e H "' pr totype dat� for porat: 

of' an· e.pp!·Oci bls 

line B • vJi th the 

d wind structure 

vailab_e6 aTJ· with more ��o 1� g of boundary �ayer the ory, an 

excellent oppor�unity was at hand to develop model teChniques by 

wh�ch accurate estintat' s or evaporation f rom existing reservoirs 

or p�op sed recervoirs could be made. Accordingly� a contract was 

S.i>'"arded the Civil :engineering Department of Color ado A & M College 

to construct a model of Lake Hefner a nd conduct evaporation measure­

menta under controlled conditions in a wind tunnel in cooperation 

w1 :h ·the u. So Geological Survey. 

The purpose o� this paper is to Show how evapor ation data 

obtained from a model lake may po ssib ly b e  used to predict the 

amount of ev�poration from its prototypeo Dimensional analysis is 

used to group significant variables into parameters which may be 

measured both in the model and the pr ototype o Use is then made of 

von Karman's extension of the Reynold's analogy and· appropriate 

drag coeffic ien t formulae for f lat plates to form a basis for the 

comparison ot evapor at ion from th e model and the prototype. 

Dimensional Analysis 

The variables of major import ance which aff ect the rate of 

evaporation E from a lake may be placed in the following equation: 

The following table lists the meaning of each symbol and the 

fundamental units u ed f or each throughout the paper • 

... : ... ... 
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Diff' renee l1 � e"ter vapor con­
centration between an upwind 
station and tha saturation 
concentration at lake surface 
temperature 
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Molecular diffusion coefficient L2rr 
or water vapor 

Molecular diffusion coefficient L� 
or momentum 

Roughness of upwind terrain L 

Roughness of lake surface L 

Shape of lake 

Area of lake 

'lt11nd d 1recti on 

Air density 

Surface anear at upwind station 

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

-tdimena ion le ss parameters to forra the f'ollowing 
.{I 

equation : . 
{ 6 t/iJIO 

1-- 1f , 1 b-. � f-. p 
VAE -� ( 
Ye AC 1 1/A v*� Vr, l:w; YA, D) 

· Ye �e � '1"1j (2) 

The shape parwnetor e has l>6en omitted .fr•om Eq 2 since the shape 

for a particular lake will be practically constant and will of 

1 � v'' course be the same in the model as in the prototype. For 

1 
Q convenience the terms in Eq 2 may be renamed such that 

N = ¢1 ( R*' (f, r, r' , D ( 3 ) 
where N repres ent s 1A E and is similar to I�usselts number 

- Y8Alf" 

* The letters F, L, and T represent force, length, and time 
respectively. 
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In orc,sr t.O obtain comple t. geon1otrical and dynamical 

1 ri .y between the model and the prototype or in other words 

e a e function -l for the m odel aa occurs for the prototype, 

� o m� el should be tested and designed such that the five 

ar e ·era in Eq 3 R{,_,. (f , r, r' and D have values comparable to 

those of the prot o �pe . However, as will be illustrated equality 

.for the fi•ra parameters cannot be obtained. lt,or example·, a 

practical scale for the Lake Hefner model is 1:2000. Typical values 

of the various variables for the prototype are as follows: 

--

--

10,000 ft 
4 in 
4 in 

The Prandtl number is the same for modol and prototype as i s  the 

range of values for V.r• 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 

casting the lake surface upo n a glass surface using plaster of 

Paris, roughnes.sea in the order of magnitude of 0.001 to 0.003 in. 

may be attained. The value of r for the prototype is approximate-

ly one and may be duplicated in the model provided the terrain ia 

constructed with a roughness of about 0.002 in. The parameter R* 
varies trom about 107 to 108 for the pr ot otype anq inasmuch as V0 

for the model is of the same order of magnitude as fo r the prototype, 
3 + n;. for the m odel is in the range from 5x1 to 5xl • The parameter 
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Th ill.'lle =�iat;a p�oblem i· to f_nd aon1e sound basis to 

p ce t e model data obtained at a value of R* 2000 times 
' 

sm .1101.,. than the value of R* for the prototype. A pos sible 

� thod of attack is to ob tain a theo�etical relationship between 

t• e p rameters of Eq 3 and then proceed by making laboratory and 

field meaau.remanta to verify the results. In the followring 
section use is mad0 o f  the von K&rmin extension of Reynold's 

ana ogy to f orm a basis for extrapolation. The effect of r, and 

D upon N is not predicted theoretically and must be determined 

by experimento 

ill.P.orat1on Equations £.2!:. � Surfaces .!!J.t�c: � Pressure Gradient 

In the case of zero longitudinal pressure gradient -- see 

Y1h (7:55>*-- Karman expresses the analogy between momentum tranafe� 

a.-nd mass transfer by 

where 

J. 

c! = c: + 5 {� )� { d - 1 + ln ( 1 + i< a - 1 >1} 
08 c �U in which q · is the mass of water vapor 

pil 0 
transferred :for e ach unit of area and unit time, AC' is the same 

(4) 

as 60 except tha t AC' is expressed in weight of water vapor per 

unit weight of dry air, and U0 is tho ambient velocity of the 

air stream approaching the evaporation·suri'ace. The Prandtl number 

6 has the value of 0.6. The drag coei'f1c1ent Or !'or smooth and 

rough plates ia expressed as a function' or the Reynolda number 

R c UoL_. and L -- L is the plate length which is comparable to vr ltw 
YA in �· Before proceeding fUrther. Ce should b e  expressed in 

terms o f  N, and R in terms of R�· 

o The first ntunber in parenthesis is the bibliographical entry number 
and the number following a colon is the p age number. 



.oc1ty di�txib t �s in tle <- • .. J.a· e on a. flat p.. e th 

ero pro!'�' · re gradient are better expresGed by the l/7th pouer la r 
· e.n o, the log rith:.."nlc la: s. Talting the l/7th po er expression 

u c 8.16(YV*) (5) v* vr 
in l· ich u is the loc al mean velocity at a distance of y above 

h b undaz•y and remembe.ring tha t when y is equal to cS -- S 
being the thickness or the boundal7 layer 

an expression far R 

R �·11.85 R*l0/9 

results when the formula (see Rouse {5:188)) 
S - 0.377 L 

- ai/5 
is· substitu ted into Eq 5. Fur thermore, 

N c d" C6R 

u is equal to U0, 

which upon subs ti tution for R by Eq 6 becomes 

N c 7.11 CeR!0/9• 

(6) 

( 7) 

(8) 

(9
) 

_§m.ooth Boundar!�! -·· For th e approximate range 1oJ!!: R* � 105, 

the drag coetricien t may be expressed b7 

Cr = 0.074 R-1/5 ( 10 ) 
as may be seen trom examina tion of the work or Schlichting (6:117)o 
Upon substitution of Eq 10 into Eq 4 and making use ot Eqs 6 and 

9, an equation ror N 
' • ,. ,.,  ! '"" ' N-1 = 6.23R;.8/9 - 3. 79a;1 

resulta which is valid for the range or R0 indicated. 

For values of R* grea ter than 1o? up to about 108, 
may be expressed i� the rorm 

(ll) 

.... � �- ".112)., 
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5es �ro rk of Sch ichti ng  (6:41)� 

r g co fficieat Cr for _ougn oundaries �= where V*kw/Vr 
ds bout 70 -C"> may be expre s s ed as a function of only I./kw 

C c (1 89 + 1.62 log L/kw)�2.5 (14) 
1 · h ch L/ is analogous to r'. When Eq 14 is substituted 

t Eq 4 ith Eq 6 and Eq 9, N may be expre ssed as 

N ... l ; R;10/9 [ 0.28l(lo89 + 1.62 log L/kw )
2

•5 (15) 
- 0.801(1.89 + 1.62 log L/kw)1•25) . 

Co aris� . .I! .2! Available � &.!!h Eva,Poration Equations 

Figo l is a plot of Eqs 11, 13, and 15. Eq 15 is plotted 

for different values of L/kw and the transition region between 

V� /vr • 70J and the cu�ves far smooth boundarie s is taken 

according to Pig. 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 o f  evaporation from a smooth, 

wetted porous-porcelain boundary placed 1n a wind tunnelo 

or parti cular' importance is the excellent agreeme nt of the 

data of Albertson with conversion Eq llo For values of R0 less 

than 5 x �o2 the agreement b ecomes poor as is to be expected s inee 

Eq 10 is no longer valid. The d ata of Albertson includes a range 

of x• /x -- x• is the length of the evaporation bou ndary and x ia 

th s ce measured from the l ead ing edge of the ple.te to the. . . 
c :.t"Nspondi:ng point .. determined on the, .eyaporation boundar-, �l' .. , ... , 



from 0.0204 to Oo40. A close ex:aminatlon of the poin s 

icatea a very slight influence of x�/x ·�pon the relationship 

et een N and R* whicL is important becr..u ... e the value of 

•/x i'or a natl:tral lake is a difficult quantity to de.fine. 

Inclv.ded with Flg. 1 is a grou.p of points determined from 

tho ata obtained at Lake Hefner. These data are for the periods 

of January 6 to 20� April 1 to 15 and July l to 15, 19$1. In the 

·ete�mination of N for these points , L was taken as 
1:. A2 and 

the values of 6C and 'Ve were taken as an arithmetical average 

of the eight separate three-hour averages dete�ined for e ach day 

.and corresponding to a measured value of E. In the determination 

or R* , V8 haa the same average value as was used in N, and V* 
was obtained by plotting the velocity profile at the upwind 

meteorological station for each three hour period, calculating V* 
for the three hour period by using the equation 

u/V* = S.75 log y/k + 8.5 

and finally averaging the eight values obtained for each day. 

In using Eq 16 to calculate V0, the roughness k was eliminated 

by solving stmultaneously the two equations resulting from 

substitution of u at the 2-meter and at the 16-meter elevations 

(16) 

along with the correspond! ng values for y. In this same manner 

the value of k was also determined� With only two exceptions waa 

the value of V*kv/vr less than 70 which indicates that during a 

given day the average roughness � of the lake surface ia large 

enough to be classified as rough. Munk (4) gives e.videnoe that 

for wind speeds in excess of 6 to 8 meters per s econd at a 15 meter 

elevation a sea surface always
.

becomes hydrodynamically rough, while 

for smaller wind velocities the roughness of the sea surt"ace is 



b Lfltw s�ilar ·to that predicted by Eq 5 none was apparen·tg 
In part, thi may be due to tha ·- ocurate determination of k.., 
since the water surface does 1�t in general present a surf ee of 

z r ho:rizonts.l velocity and furthennore, "n average value of lt, 
ay ob"'cu_ e the anticip ated trendo A point of major interest is 

he.·;; the majo r axis passing through the near elliptical swarm of 

dat he.s vory nearly a slope of 10/9 in accordance with Eq 15 for 

ugh b oundariaso 

With an average value of r' in the neighborhood o f  

3 x 104, the center of gravity of the data for the Lake Hefner 
prototype insteo.d o:f :falling near B.a. equal to 6 x 107 would be 

expected to be more near ly located at R� equal to 1.5 x 107 it 

eveporation were to occur similarly to that from a square plate. 

One of the main r easons for the shifting ot the data toward a 

value . of � approxima tely four times l arger 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 applicableo The length L of the rectangular 

evapor ation boundary is replaced b y  At in calculating N and Ro 

for t he lake data therefore , any deviat ion of the lake shape from 

that or a square will cause a variation in the relationship between 

N and R*. Other factors which t end to sc atter the data are the 

fact that aritnmetical averages ware used in determining R0 When 
10/9 

actually N is proportional to R* , that durin g a given day the 

wind direction D is not const ant, and that a'b.nosphoric lapse 

rates ma y affect the rate of evaporatio n; however, upon inve�t.iga­

tion of the r elationship between lapse rates and velocity profiles 
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�xt �o. a tion o.£. l{.odef Q!.L 
As has be n pointed t un er the s ction on the dimensional 

; (J for o 1 .nd p:rotot;ype 1 0 , r' may be :11 de th 
1odel nd prototype provid · d an aver go valu of �� is 

r mny be ma the a na once an i nves tiga tion of the 

de to d termine � epr o s e n ative value for klo The 

R for vhe model will be approximately the values of 

c t e pro totype multiplied by the scale factor s ince V* will 

n a· ly equal for the model and prototype and may be control led 

t x ·ant by ple.cing a roughened boundary upstre8.IIl �om the 

t e:.n leading to the lake surface -- Klebano:r.r and Diehl (3) --
o � by ,rn:. ying the ambient vel oci:ty- in tb.E: wir.td tunnel o 

0 first imp�n�tance is the fact tl'.tat the model and prototyp 

are similar in shape and s.ccordlngly tha model dat a should be 
hi.�. ta .... oward larger values of � tJ1an is predicted by Eq 11 or 

1.3 by an e.mount pproxima.tely tho sama � the p:t" o totype data.. No 

experimental work has been done on maa.su:;:-oir:� the evaporation frolll 

or tl e drag on smooth flat s urf ees to determine the effect of shape 

whtch would serve a s a basis for compariaon., 

In order to effe ct an extrapolation- the model must be tested 

at a value of N which may be obtained by extending the curve 
giv-n by Eq. 15 for the appr opriate value or r' until it intersects 

the curve fined either by Eq 11 or Eq 13. Tests cond ucted at 

smaller values or N than that determined by the intersection, a 

v lue which will be c alled N', will be of little val ue because the 

surrace will be. hydrodynamically smooth and N wil l no lonse.r �· 
10/9 I 

proportional .t9� .. .Jt0. .. • Tests conduq��.� A� N greater t�n . N 
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"' m h elrod mie .lly 

to h, rodyn :tce.lly rough; ho, ave1•, these data wil:l have 

e ut·.l .. ty bee :usa the trar1altion follows fairly well the 

.. cr "V R* l0/9. Letting the subsc ript. m bo understood 

•. LJ:> eJ and 1 e subscript p to mean p rototype, extrapolation 

rried out by �sa of the e quation 
r ";1Cf9 10/9 

N
p 

= NmR* (R*)p • 

.'J pos ._bly be c 

(17 
h ut_li ty or Eq 17 will be determim·d l-Ihon s u1'£1cient model 

dat have been ob�ai ned • 

. �um·mar.z 
The evaporation measurements at Lv�o Hefner have, for th 

first time, produced accurate data from e. i'uil•ly large body of 

wator Which may be used to verify the resUlt s of evaporation studies 

made on a sc ale model. The Civil Engineering Department of. Colorado 
. ' 

A & M College under contrac t  with the Department of the Navy. Bureau 

of Ships, and in cooperation wi th the u. s. Geological Survey haa 

begun a model study o f  Lake Hefner with the aim of per fecting model 

techniques whiCh may be general ly usable. 

By a dimensi90al analysis, similarity between evaporation 

from a mo.del and its pt>ototype is shown to depend primarily upon 

the equality o f  the parameters within the parenthesis of the 

following equation: 

Yt . _, ve o). 
Making use o f  pr elfminary prototype data. satisrac tor y eviden ce ia 

avai lable to demonstrate that all parameter s in the parenthesis 

with the exception of �8V* or R* may be made equal for model 

and prototype if average values are used for the prototype data. 



tLe r he mo el to .hat for 

im� t!Qly t• E ale fa. tor• or 1:2000 
t: ... ·h L '· H n I r.od .. � ·m r 1 t J. th equal !n 

tu · e 1'or r od l and pro·' o typ the mouel surface will b 

hy l."" dynar.l .• "'ally smooth in tho range of R* avallable for telsting. 

-:n o.·der ... o permit p:::•adlotion of prototype evaporation from 

t :nod 1 evaporation data obte.ined at o. value of � o.pproximately 

2 0 tiLce smaller than that for the protc;; pe, the technique is 

·ugges toe. of t�aing the von Klr-man extension of Reynolds analogy 

�� cl1 all..:.rt-18 calculation of t;he evaporation coefficient N for a 

pl--.ne rough or smooth rectangular boundary .from expressions for the 

dre.g coefficient Ct. Verii:'.tcation of the conversion for a smooth 
boundary at vn.lttos or R* 3.osa tllan about 3 x 103 by expei .. imanta1 

da:l;;a .... s excellent. Tentat:i.ve values or N for the Ls.ke He.fner 

prototype correspond to values or R* approximately .four- times 

1er:ar than the values or � predicted by the conversion formula 

Eq 15 fo� rough s rfaces. This variation 1� believed to be the 

result o£ .. di.ffez-ence in shape be·tween the rectangular plates and 

the la.J�a au.r.face and perhapt'J of the averaging procedure used to. 

determine the elements comprising the parruneters N, R*' �, and 
v 

D However, agreement betwean the conversion formula for rough 
surfaces Eq 15 and the prototype data rests in the observation that 

10/9 N is approJti:mately- proportional to R* • Although no model 

data is yet available, these data lmen obtained are also expected 

to fall at values of R* approximately t.\::�:.�2' times greater than that 

predicted by the conversion form�la because of shape similarity 

between model and prototype. 
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1, 

1 

fo . ws: 

·rlK 5e� c tA""' , ver oe v .1ue £').�.. -F- r r the pro·i;otype. 
" 

Oi Flg .. 1 or an equivalent chert, draw a straight 

1 n foi• t 1e alue cZ � �hosen by interpolating 

between ·tho lines drawn by p .• .-e v 5_ous calculations fran 

Eq 15 or calculate the coordinates directly from Eq 15. 

3.. Extend tha line drawn in Step 2 until it intersects the 
' 

curve defined by either Eq 11 or Eq 12 for smooth 

suri'acee. 

Test the model at a value or N ' -- N -- defined by 

step 3o 

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

the following expression: 
' -;10/9 10/9 Np = � (R*)p • 
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