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Chapter I 

INTRODUCTION 

Civilization finds it necessary because of the lack of an inexhaustible 

supply of natural resources to recognize the importance of conservation to its 

growth, development, and advancement. Because of this, mankind is taking 

steps to store and use the available resources in such a fashion that the 

greatest utility will be derived from them. Although this report does not 

explicitly represent a conservation study of any resources, it describes a 

study of two natural phenomena by means of a model which when better under-

stood may lead to conservation. These phenomena are evaporation from Lake 

Hefner and the wind structure near the terrain surrounding Lak~ Hefner. 

A large amount of work has been performed by such investigators as Carl 
1 Rohwer (14) , N. W. CUmmings (4), o. G. Sutton (16), and H. U. Sverdrup (17) 

in an endeavor to correlate the numerous factors influencing evaporation. A 

considerable amount of effort has been directed toward correlating the evapo

ration of water from a pan with that from a large body of water with a 

qualified degree of success. As the understanding of the laws governing the 

behavior of the factors influencing evaporation increased, several physical 

concepts of the evaporation phenomena were formulated. The result has been 

an evolution of the "mass transfer" and "energy budget" approach to 

evaporation. 

Experiments including measurement of evaporation from areas of limited 

extent have supported to varying degrees the concepts concerning mass 

transfer, energy budget, and evaporation pans. However, when these concepts 

were applied to areas of large extent, their applicability has been question

able because of the lack of supporting experL~ental data. It was this latter 

fact which prompted the U. S. Na~7, U. S. Bureau of Reclamation, U. S. Weather 

1 The first number in parenthesis is the bibliographical entry number and a 
number following a colon is the page number. 
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Bureau, and U. S. Geological Survey to consider undertaking the study of 

evaporation from a large body of water. The ground work for a study of this 

nature was laid in 1941 and the actual study was conducted at Lake Hefner, 

Oklahoma in 1950-1951 (2 and 18). The results of the Lake Hefner undertaking 

were gratifying and very enlightening and will be of considerable value to 

scientists and engineers in many fields. 

The Lake Hefner study presented an opportunity to investigate the 

possibilities of duplicating by means of a model the prototype evaporation and 

wind structure. Prior to the Lake Hefner undertaking, a model study of this 

nature would have had very limited application because of the scarcity of 

accurate substantiating prototype data. If it were possible to evaluate the 

evaporation and wind structure by means of model studies, models may be used 

to determine the evaporation and wind structure for situations which as yet 

are too complex for theoretical analysis. 

With the idea of ascertaining the feasibility of model studies for the 

determination of wind structure and lake and reservoir evaporation, the U. S. 

Bureau of Ships awarded Colorado A & M College a contract to undertake a 

study of this nature in cooperation with the U. S. Geological Survey. 

Specifically, the object of the Lake Hefner model study is to determine: 

1. Correlations of wind structure between model and prototype. 

2. Correlations of evaporation between model and prototype. 

The Colorado Agricultural and Mechanical Research Foundation of Colorado A & M 

College entered into a contract to undertake this model study in October 1951. 

It is now anticipated that this work will require approximately three years to 

complete. 

The model of Lake Hefner and the surrounding terrain was constructed 

during the spring and summer of 1952. Initial model tests were conducted in 

the wind tunnel during the autumn of 1952. This report covers the work and 

results up to December 1952 wherein little is said concerning the significance 

and application of the results. The two latter phases of the study will be 

discussed in Part II of the Final Report after the results of the Summer-1953 
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testing program have been evaluated. In this report reference is made to the 

prototyp6 study only insofar as is necessary to compare the prototype and 

model data. 

The model of Lake Hefner was subjected to additional tests during the 

summer of 1953. This testing program will supplement the data on hand and 

will allow investigation of certain aspects of modeling techniques in more 

detail. The results of this latter program, together with conclusions regard

ing data analyzed in this report, will be published as Part II of the Final 

Report of the Lake Hefner Model Studies. 
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List .2.f. Symbols 

The following symbols are used in this report. An endeavor was made to 

have these agree as closely as possible to those appearing in the Lake Hefner 

studies technical report (18). The English system of units -- pounds, feet, 

and seconds -- has been used wherever convenient. Any other system would be 

equally applicable when proper cognizance was taken of the conversion factors. 

Symbol Definition 

a denotes a thermocouple junction ~ade up of a 
single copper and a single constantan wire 

b denotes a thermocouple junction made up of two 
copper and two constantan wires (made from 
multistrand wire only) 

e water vapor pressure of the air -- a subscript 

Dimensions 

refers to the elevation at which it was measured millibars 

water vapor pressure of saturated air at the 
evaporation surface temperature millibars 

difference between the vapor pressure of the 
air in contact with the evaporation surface 
and the vapor pressure of the air millibars 

f denotes a thermocouple junction made up of all 
the copper and all the constantan wires 
contained in the multistrand wires 

g denotes either single strand copper or single 
strand constantan wire 

h denotes either multistrand copper or multistrand 
constanta.n wire 

log denotes logarithm to base 10 (Logarithms to any 
other base were not used in this report.) 

m subscript referring to the model 

p subscript referring to the prototype 

r 

rl 

u t 

total atmospheric pressure 

specific humidity 

roughness ratio -- by definition r = Ew 
€£. 

relative roughness -- by definition r' = ~ 
Ew 

the instantaneous velocity fluctuation 
from U 

temporal mean value of velocity fluctuation 
product 

millibars 

pound/pound 

dimensionless 

dimensionless 

feet/second 
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x 

z 

A 

AC' 

E 

E' 

L 

Definition 

the instantaneous velocity fluctuation in the 
z direction 

the distance in the model from the leading edge 
of the modeled terrain to the point at which 
the velocity profile is measured 

vertical height above surface 

roughness parameter 

roughness parameter of the land surface 

roughness parameter of the water surface 

area of surface from which evaporation takes 
place 

absolute humidity of the ambient air 

absolute humidity of the air in contact with 
the surface from which evaporation takes place 

difference between the absolute humidity of the 
air in contact with the evaporation surface and 
the absolute humidity of the ambient air 

difference between the mixing ratio of the air 
in contact with the evaporation surface and 
the mixing ratio of the ambient air 

by definition 

drag coefficient 

wind direction 

average rate of evaporation per unit area 

average rate of evaporation per unit area 

length of evaporation surface 

N form of Nusselt number -- by definition 

R 

s 

N= E.,/A 
AC "'e 

Reynolds number -- by definition 

form of Reynolds number -- by definition 
__ u*-IA 

R* 

shape factor of the surface from which 
evaporation takes place 

temperature of the evaporation surface 

Dimensions 

feet/second 

feet 

feet 

feet 

feet 

feet 

feet2 

pound/feet3 

pound/feet3 

pound/feet3 

pound/pound 

dimensionless 

dimensionless 

5 

dimensionless 

pound/feet2-second 

inch/feet2-day 

feet 

dimensionless 

dimensionless 

dimensionless 

dimensionless 

OF 
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Symbol 

TAD 

u 

8' 

Definition 

temperature (model only) of the air as measured 
by the dry bulb of the forward tunnel 
psychrometer 

temperature (model only) as indicated by the 
wet bulb of the forward tunnel psychrometer 

temporal mean wind velocity in horizontal 
plane -- a single subscript other than zero 
indicates the height above the surface in 
feet; a binary subscript indicates both the 
height above the surface in feet and the 
station at which the velocity was measured 

ambient wind velocity at height equal to or 
greater than S 

shear velocity -- by definition U* = -vi ~p 
specific weight of dry air 

thickness of the boundary layer 

thickness of the laminar sub-layer 

equivalent sand roughness 

equivalent sand roughness of the land surface 

equivalent sand roughness of the water surface 

kinematic viscosity of the air 

coefficient of molecular diffUsion for water 
vapor 

density of dry air -- subscript refers to 
elevation at which temperature was measured. 
Subscript zero denotes that the density is 
based on the temperature of the surface from 
which evaporation takes place 

Prandtl number -- by definition 

shear at surface 

Dimensions 

feet/second 

feet/second 

feet/second 

pound/feet3 

teet 

teet 

teet 

teet 

feet 
2 teet /second 

2 teet /second 

dimensionless 

pound/feet2 



Chapter II 

DIMENSIONAL AND THEORETICAL ANALYSIS 

The purpose of this chapter is to develop a basis for the comparison of 

model and prototype wind structure and evaporation for Lake Hefner and other 

artificial or natural bodies of water. The two objects of interest in this 

project -- wind structure and evaporation -- will be treated separately. 

~ Structure 

The phase of the wind structure which was to be investigated under this 

contract was that portion which dealt with the variation of the mean horizon

tal velocity with height. The term wind structure as used in this report 

shall always connote just this one aspect of the wind structure. In 

connection with the wind structure aspect of the Lake Hefner model study, it 

will be profitable to review briefly some aspects of turbulent boundary layer 

theory. The wind structure for the model and prototype might then be inter

preted more effectively. 

When a turbulent fluid flows near a stationary boundary, the mean 

velocity of the fluid near the boundary is different from that of the free 

stream because of the shear stress exerted on the fluid by the boundary. As a 

result of this shear stress. a fluid layer of reduced and varying velocity, 

called the boundary layer, is created. The velocity distribution of the fluid 

within this layer which varies from zero at the stationary boundary to approxi

mately 99~ of the free stream velocity, is governed by laws of molecular 

transfer of momentum and laws of molar transfer of momentum (turbulence). As 

a consequence, two general types of boundary layers may be formed for 

turbulent flow depending on the interrelationship of the boundary and flow 

characteristics. Both of these boundary layers have one property in common 

and that is -- the velocity distribution within the turbulent portion of the 

boundary layer may be assumed to vary as the logarithm of height for adiabatic 

1 
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lapse rates. The work of Prandtl and von Karman (12 and 5) led to a 

development of the following equation which describes the velocity distribu

tion within this turbulent portion of the boundary layer: 

where 

Uz - mean velocity of the air at height z -- feet/second, 

U* - shear velocity -- feet/second, 

z - vertical distance above the surface -- feet, 

Zo - "roughness parameter" -- feet. 

(1) 

If the boundary is "smooth", the boundary layer is composed of two layers. 

The flow in contact with and adjacent to the wall is laminar and is called the 

laminar sub-layer. The remainder of the boundary layer is turbulent. The 

velocity distribution within this laminar sub-layer may be described by 

!!:! = U~ 
U* V 

where 

Y - kinematic viscosity of air feetZ/second. 

The work of Nikuradse (10) enabled formulation of an empirical equation for 

the thickness of this layer 

8'= 11.611 
U ... 

where 

~' - thickness of the laminar sub-layer -- teet. 

(2) 

(3) 

The portion of the boundary layer above the laminar sub-layer is 

turbulent. Thus through the work of Nikuradse (on flow in smooth pipes), Eq. 1 

may be written as 

(4) 

when Zo is considered to be equal to 

Z - &' 0.108 J1 
o - 107 = Uo • (5) 

A boundary is considered smooth if the height of the roughness along the 
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boundary is less than about one-fourth the thickness of the laminar sub-layer. 

If the boundary is "rough", the boundary layer is composed of a single 

turbulent layer. In this case, the height of the roughness is usually greater 

than six times that of the laminar sub-layer as given by Eq. 3 so that the 

roughness projects through the laminar sub-layer and destroys it. Eq. 1 may 

be used to evaluate the velocity distribution within the turbulent boundary 

layer or on the basis of further work by Nikuradse (11) Eq. 1 may be rewritten 

in terms of an equivalent sand roughness as follows: 

!L = 5.75 log (30Z ) 
U* E 

(6) 

where 

E = 30zo , ( 7) 

E - equivalent sand roughness -- feet. 

The wind structures for both the prototype and the model will be 

discussed in Chapter IV, Presentation and Discussion of Results, in light of 

this brief review of the boundary layer theory. 

Evaporation 

A solution to the problem of correlating evaporation with the important 

parameters will be approached by means of a dimensional analysis. The di

mensionless parameters obtained through this dimensional analysis will then be 

expressed in functional form by making use of the von Klrman (6) extension of 

the Reynolds (13) analogy and the appropriate drag coefficient formulae for 

flat surfaces. 

Dimensional Analysis 

The variables of major importance which affect the rate of evaporation 

E from a water surface may be formed into an equation as follows: 

where 

E - average rate of evaporation per unit area -

pound/feet2-second, 

(8) 
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A - area of the surface from which evaporation takes 

place 

AO - difference between the absolute humidity of the air in 

contact with the evaporation surface and the absolute 

humidity of the ambient air -- pound/feet), 

D - wind direction -- dimensionless, 

S - shape factor of the surface from which evaporation takes 

place -- dimensionless, 

E:l - "alent sand roughness of the land surface -- feet, 

€w - eq.ui valent sand roughness of the water surface -- feet • 

.y - kinematic viscosity of the air -- feet2/second, 

Ve - coefficient of molecular difrusion for water vapor into 

air -- feet2/second, 

P - density of dry air -- pound-second2/feet4• 
~ - shear at the ground surface -- pound/feet'. o 

By the principles of Buckingham' s 1r theorem, the variables of Eq. 8 may be 

grouped into dimensionless parameters to form the following equation: 

The shape parameter S has been omitted from Eq. 9 since the shape for a 

particular lake will be practically constant for small changes of stage and 

(9) 

will, of course, be the same for a model and the prototype. For convenience, 

the terms in Eq. 9 may be renamed such that 

N = -2 (R ... (j, r , rt , D) (10) 

in which 

N= E,Ii 
Ve ..6.0 

U .. -v'I 
R .. = -v. 

e 

and is similar to the Nusselt number used in heat 

transfer analyses -- dimensionless, 

and characterizes the product of a type of Reynolds 

number and Prandtl number -- dimensionless, 

~= ~ - the Prandtl number -- dimensionless, 



r = Ew 
EJ, 

r' = ::LA 
€w 

11 

- the roughness ratio -- dimensionless. 

the relative roughness of the water surface --

dimensionless. 

U* was chosen to define a Reynolds number because the shear velocity is 

an indirect measurement of the turbulent properties and hence the diffusive 

power of the atmosphere. Based upon the mixing length approach to the 

analysis of diffusion in a turbulent fluid field as shown by Sutton (16:73), 

the mean rate of transfer of a quantity such as water vapor may in fact be 

expressed in terms of U* as follows: 

_ 2 (dUz )-1 de 
E - U* - _ = 

dz dz 

where 

C - absolute humidity of the air -- pound/feet3, 

(11) 

UTWT - temporal mean value of the product of fluctuations in 

the direction of the mean flow and the vertical, 

respectively -- feet 2/second2 • 

Also, Reynolds number based on U* rather than Uo • yields a parameter which 

is indicative of the actual wind structure and one which may be measured in 

the prototype. 

In order to obtain complete geometrical and dynamical similarity between 

a model and the prototype -- in other words, the same function ¢2 for the 

mod~l as for the prototype -- a model should be designed and tested such that 

the five parameters in the right hand part of Eq. 10 have values comparable in 

magnitude to those for the prototype. Unfortunately, with modeling techniques 
1 

now known, the value of (R*)m and {R*)p as defined in this report (where 

the scale ratio is 1:2000 as in this study) cannot be made equal. In fact, 

the ratio of (R*)m to (~)p is approximately equal to the scale ratio 

since the two variables of R*, (U''')m and ( .. J) re m , are approxima~e1y equal 

1 ~he subscripts m and p refer to the model and prototype respectively. 
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to (U§)p and {Ve)p respeotively. The values of (~)m and (cr)p are 

equal since the same fluids are used in both the model and the prototype. By 

proper design and by using average roughness values, the values of (r)m and 

(rl)m oan be made equal to the respective prototype parameters. Finally, the 

direotion (D)m oan be chosen at will to correspond to significant directions 

for the prototype. 

The immediate problem then is to find a sound basis for extrapolation of 

model data where the value of (R*)m is approximately 1/2000 of (Ro)p. A 

possible method of attack is to obtain a theoretical relationship between the 

parameters of Eq. 10 and then prooeed to verify the results by making labora

tory and field measurements. In the following section, use is made of the 

von Karman extension of Reynolds analogy to form a basis for extrapolation. 

The effect of rand D upon N is not predioted theoretioally and must be 

determined by experiment. Also the effect upon evaporation rates of any 

mountainous or hilly terrain near the flat water surface must be determined by 

experiment. 

Momentum and ~ Transfer Analogy 

In the case of zero longitudinal pressure gradient and turbulent flow 

with the presence of a laminar sub-layer, von Karman expresses the Reynolds 

analogy between momentum transfer and mass transfer by 

where 

___ E ______ dimensionless, 
T L\OIU

O 

Of - drag coefficient -- dimensionless, 

ACt - differenoe between the mixing ratio of the air in oontact 

with the evaporating surface and the mixing ratio of the 

ambient air -- pound/pound, 

y - specific weight of dry air -- pound/feet3, 

Uo - ambient wind velocity -- feet/seoond, 
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cr= ~ - the Prandtl number~ <r= 0.6 for the evaporation of 
ve 

water into air -- dimensionless. 

In the case of zero longitudinal pressure gradient and completely turbu

lent flow~ the analogy between momentum transfer and mass transfer may be 

expressed as 

(13) 

Eq. 13 is based on either one or the other of the following two premises: 

1. The value of the Prandtl number (J'" is approximately one. 

2. When the flow field is turbulent throughout, the eddy diffusivity is 

much greater than Ye and for this reason Ve. may be omitted. 

For hydrodynamically smooth plates, the drag coefficient Cf in turbu

lent flow is expressed as a function of the Reynolds number R; and for rough 
L surfaces, Cf is expressed as a ~ction of Rand e;. In the usual 

UL 
equations for the evaluation of Cf ~ R is defined as ~ where L is the 

plate length. In this report, the following analysis will be based on taking 

the value of ~ as the plate length L. Only if the evaporation surface 

were a square would the similarity between ~ and L be exact and any 

effect resulting from variation of the surface from a square area must be 

determined by experiments. 

The next step in the development of a functional relationship for 

Reynolds analogy between momentum and mass transfer is to express Ce in 

terms of N and to express R in terms of R*. The relationship between 

Nand Ce I which may be easily verified, is 

N I': (f CeR (14) 

where both Ce and R are expressed as functions of the ambient velocity 

Uo • To obtain R in terms of Ro and consequently N in terms of both 

Ce and a. I reference must be made to the vertical velocity distribution at 

a selected station on or near the water surface. Since R is based on the 

ambient velocity Uo I the relationships between R and ~ should be 

derived on this basis. Methods of correlating Rand R* based on Uo for 
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various ranges of R* are presented in the following paragraphs. 

For values of Ro in the range 103 ~ R* ~ 105 (corresponding to 

5 x 105 ~ R ~ 107), the 1/7-power relationship (7:12) is a close approximation 

for calculation of the velocity distribution and gives 

( 

U )1/7 
Uz = 8.16 Z4.1

i l-
U* , • (15) 

The value of Uz becomes Uo when z is equal to the boundary layer 

thickness 8. The boundary layer thickness may be evaluated through use of 

the expression (15:33): 

0= 0.377x 

(Utt75 (16) 

where 

o - thickness of the boundary layer -- feet, 

x - distance in the model from the leading edge of the modeled 

terrain to the point at which the velocity profile is 

measured -- feet. 

When z of Eq. 15 is considered to be equal to 0 expressed by Eq. 16, the 

relationship between R* and R becomes 

R = 11.85 (R.)10/9 (~)1/9 • 

Eq. 14 may now be changed through use of Eq. 17 to 

N = 7.11 Ce (R*)10/9 (~y/9 

with validity in the range 103 ~ R* ~ 105 • 

(17) 

(18) 

For values of ~ greater than 105 , the logarithmic velocity distri

bution should be used to correlate Rand R*. Considering only the case in 

which the terrain approaching the upwind station is hydrodynamically rough, 

the logarit~~ic velocity distribution given by Eq. 1 may be used: 

(la) 
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in which 

Zot - equivalent sand roughness parameter for a land surface -

feet. 

A land station is used as a reference since the "equivalent sand roughness" 

for a stationary solid boundary is better understood than that for a movable 

liquid boundary. In the case of the prototype, Lake Hefner, the liquid 

boundary is the free water surface from which evaporation takes place. 

According to Sutton (16:15), the planetary boundary layer extends to a height 

of about 1000 meters (3280 ft). For the present development, Uz will be 

taken as Uo when Z is equal to 3280 ft. The relationship between Rand 

~ based on Eq. la then becomes 

(19) 

Combining Eqs. 14 and 19 results in the following expression for N in terms 

of R* and Zot: 

N = 5.15 CeR* log (3280) (20) 
zoL 

which will be valid for R* greater than 105• 

Evaporation equation for 103 ~ R* ~ 105• For a smooth surface and for 

the range 103 ~ R* ~ 105 (model range), Schlichting (15:33) gives the drag 

coefficient 

Cf = 0.01)* • 
R 1 5 

(21) 

Upon substitution of Eq. 21 into Eq. 12 and making use of Eqs. 11 and 18, the 

equation 

1 = 
N 

6.23 3.11 ( 22) 
R..~(..lS..- )1/10 
"-Ii 

results. Eq. 22 should yield the proper evaporation coefficient N for the 

indicated range of R* under the conditions of a hydrodynamically smooth 

evaporation surface. 
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Evaporation equation for R* ~ 105• For a smooth surface and large 

values of ~. the Schultz-Grunow drag coefficient equation given by 

Schlichting (15:39) is 

0.421 
2.64 · 

(-0.401 "* log R) 

(23) 

Eq. 23 may be substituted into Eq. 12 together with Eqs. 19 and 20 to obtain 

1 = 11 0.114 {4.68 fO•514 + log [lOg (3280)]+ log R*1
2

•
64 

R*log (3280) l ZOfl} 

zol 

- 8. 70 f 0.574 + log [lOg e::O)] + log Rit Y·32]' (24) 

For a rough surface Schlichting (15:41) gives the drag coefficient 
U* Ew (where 11 >70) as 

Of =:: 

(1.89 + 1.62 log ~w)2.5 
1 (25) 

where ~ 
£w 

will be considered equivalent to r' ; i.e., r' = -(A/Ew • Since 

Schlichting (15:41) gives the drag coefficient Of of Eq. 25 in terms of the 

surface roughness, the use of Ew is unavoidable. In the case of the rough 

surface, the flow is considered to be turbulent throughout. Therefore Eq. 13 

is used to express Reynolds analogy between momentum transfer and mass 

transfer. Substituting Eqs. 25 and 13 into Eq. 20, N may be expressed as 

follows: 

2. 875RJN. (3280) N = .,.. log --

[ 
{~. 2.5 ZOD· 

1.89 +. 1.62 log r 'i;; ft.' ~ 

(26) 



Chapter III 

EQUIPMENT AND PROCEDURE 

This chapter is devoted to a brief description and explanation of the 

equipment used and procedures followed in the Lake Hefner Model Study. In the 

process of condensing the material presented in this section, certain of the 

minor points were omitted. A detailed description and explanation of the 

equipment and procedures followed can be found in Appendixes A and C. 

Equipment 

The model of Lake Hefner was tested in the wind tunnel located on the 

campus of Colorado A & M College. This tunnel has a test section 9 feet 

square and 26 ft long. The wind tunnel was operated as a non-recirculating 

tunnel because of the change in the moisture content of the air due to the 

evaporation taking place from the model. 

The terrain surrounding the lake was modeled to a scale of 1/2000 both 

horizontally and vertically. Nails driven into 1/2-in. plywood to the proper 

height along the contour lines served as a means of vertical and horizontal 

control for modeling purposes. A Persolite-cement mixture was used satis

factorily as a modeling material and filled the voids between the nails. The 

Persolite-cement surface was sanded smooth and painted. The model was placed 

in the tunnel so that the air passing over it simulated a south wind. This 

was the only wind direction under which the model was tested during the Fal1-

1952 testing program. 

Lake Hefner itself was modeled to a scale of 1/2000 in the horizontal 

direction. No attempt was made to scale the actual depth of the lake. The 

area of the modeled lake was 25.01 sq ft which corresponded to a prototype 

area of 2296.8 acres at a lake stage of 1193.6 ft. A free water surface was 

not used in the model because of the large quantity of water which might have 

been lost through waves and splashing. Instead, a plaster of Paris 

17 
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evaporation sur£ace, 1/2-in. thick, was utilized. The sur£ace was made very 

smooth in an endeavor to scale the prototype roughness. The smooth terrain 

and lake surface in effect made the values of r equal £or model and proto

type. This was also true for r'. A small amount of difficulty was 

experienced with dry spots developing on this evaporating surface. Cognizance 

was taken of this £act when treating the data. The evaporation surface was 

placed in a metal pan which contained supporting gravel for the surface. 

Two hot wire anemometers were used to measure the mean air velocity in 

the tunnel. The sensing element of one hot wire anemometer was located so as 

to measure the ambient air velocity in the tunnel. The other was mounted on a 

traversing mechanism which permitted measurement of velocity profiles above 

the modeled terrain and lake. Tungsten wire was used for the sensing elements 

o£ the hot wire anemometer and they were calibrated by a revolving arm method. 

Copper-constantan thermocouples were used for the most part to measure 

the temperature at the various locations. Thirteen thermocouples were placed 

at the surface of the evaporating surface. Five thermocouples rested on the 

bottom of the pan containing the evaporation sur£ace. Four were spaced at 

equal distances between the top of the evaporation surface and the bottom o£ 

the pan so that any temperature gradient present might be measured. Ten 

thermocouples were located at various points on the tunnel walls and terrain. 

One thermocouple was used to measure the temperature of the water being fed 

the lake. Four thermocouples were used to £orm two psychrometers. One 

psychrometer was so situated as to indicate the temperature and humidity of 

the ambient air in the tunnel. The other was mounted on the same traverse 

mechanism as the hot wire anemometer. This latter psychrometer was used to 

measure temperature and humidity profiles above the modeled terrain and lake. 

Two water supply systems were incorporated in the model. One was of an 

automatic type which fed water automatically to the lake when the level of the 

water in the lake dropped below some predetermined level. The other was o£ 

the manual type. and consisted of a valve controlled burette. When the water 

dropped below a specified level as indicated by means of an electrical hook 
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gage, water was fed to the lake by opening the burette valve. The manual 

system was used during the course of a test to measure accurately the amount 

of water which had been evaporated from the model. Distilled water was used 

at all times. 

Testing Procedure 

Before the data of a test were collected, certain phases of the 

instrumentation were set in order and procedures deemed in accord with good 

research techniques were followed. The hot wire anemometers were calibrated 

and air was forced to move over the model for approximately one hour before 

the data of a test were taken. This latter step was followed to insure the 

establishment or thermal equilibrium. 

All the thermocouples installed in and around the model were read just 

before and just after the taking of the main test data. The temperature data 

gathered in this fashion formed a part of the test data and have been included 

in summary form in Appendix B. 

The traverse mechanism was situated so that the sensing elements were 

above the location at which the velocity profile was to be measured. Part of 

the main test data derived from the sensing elements on the traverse mechanism 

consisted of the velocity and psychrometer readings for different heights 

above the terrain. Also included in the main test data was the amount of 

water evaporated and ambient air psychrometer readings. These data in 

summary form have also been included in Appendix B. 

Four meteorological stations were located on and around Lake Hefner 

during the prototype study. In the course of the model study, meteorological 

data were collected over four points occupying positions similar in location 

to the stations in the prototype. A brief description of each station 

follows. 

Sta. 1. This station was located approximately at the center of 

Lake Hefner. 

Sta. 2. This station was located on land along the south shore of the 
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lake. It was the upwind station for the prevailing southerly 

winds. 

Sta. 3. This station was located on land along the northeast shore of 

the lake. 

Sta. 4. This station was located on a tower approximately 100 ft from 

the dam which forms the north edge of the lake. 

Transformation of Data 

This section of Chapter III is devoted to a brief description of the 

methods used to transform the various forms of data into parameters which 

were consistent with the theoretical analysis. A detailed description of 

these methods has been included in Appendix C. Broadly speaking, there are 

four sources from which comparable data could be drawn. Each will be treated 

separately in the paragraphs that follow. 

Evaluation £! the ~ Karman Extension ~ ReynOlds Analogy Based £B the ~ 

Hefner Model and Prototype ~. 

~ ! -- Smooth Boundary -- 103 ~ R* ~ 105• Since R* for the model 

data fell in this range, the quantity x was considered to be the distance 

from the upstream edge of the modeled terrain to Sta. 2 and measured approxi

mately 7.8 ft. When x and ~ were considered equal to 7.8 ft and 5.00 ft 

respectively, Eq. 22 reduced to 

1 
N = (22a) 

Case II -- Smooth Boundary -- R* l 105. The prototype data indicated 

that the l6-month average wind speed at Sta. 1 was 19.4 ft/sec (18:7). A 

correlation between the wind speed at stas. 1 and 2 was evolved using the 

1/2-hour southerly wind data, Fig. 1. Based on Fig. I, a velocity of 16.2 

ft/sec for Sta. 2 corresponded to the 16-month average velocity for Sta. 1. 

The 1/2-hour data used in the derivation of the relationship for Fig. 1 were 

also used to ascertain the relationship between the velocity at Sta. 2 and 
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the roughness parameter Zot for Sta. 2, Fig. 2. On the basis of Fig. 2, 

the value of the roughness parameter zo! corresponding to a velocity of 

16.2 ft/sec was found to be 0.22 ft. When a value of zo£ equal to 0.22 ft 

was substituted into Eq. 24, the result was 

j = O.~:lZ [4.68 (1.194 ... log Ra.)2.64 

- 8.70 (1.194 + log R*)1.32] • (24a) 

~ !!! -- Rough Boundary -- Ro l 105 • Upon the insertion of definite 

values for the parameters r' and Zot into Eq. 26, the result was 

N = 0.0546 R* • (26a) 

As in Case II, Zot was given the value of 0.22 ft. The value of ~ 

was oonsidered to remain constant at 10,000 ft. The effeotive roughness of 

the actual water surface Ew was also considered to be constant at 0.754 ft. 

This value of Ew was based on the velocity profile data in Table I -

Appendix B, and the l6-month average wind velooity at Sta. 1 (18:7 and 49). 

~ Hefner Prototype ~. 

3-Hour Average Data -- Individual Values of N Versus R*. Only part 

of the original Lake Hefner data were analyzed. Sufficient data were 

available so that the variables E J ~ J 6C J Ve , U J and U* could be 

evaluated and placed into the necessary forms for comparison purposes (Table 

II - Appendix B). 

U. S. Geological Survey Cir. 229. An empirical equation was presented 

in U. S. Geological Survey eire 229 (18) which correlated the significant 

parameters concerning evaporation. Only a few minor approximations were 

required to transform this equation into a form consistent with the 

dimensional analysis; namely 

N = 0.0203 R*. (27) 

Lake Hefner Model ~. 

Individual Values of N Versus The significant parameters 

disclosed by the dimensional analysis were kept in mind when the data were 



~ 

I , 
... 

23 

10 

8 , 
4-

I 

1'\ 
1 \. 

~ 

(J.8 '\. 

~ 

fJ.S ~ 
Avemge Uzu-6ll&z-/6.2 fI/StIC r\ 

M 
,,~ 

'\ 
CorreslJOllt/i1l9 IIWIW9' .~ 

0.2 
for Z. -0.22" 

" \ 

0.1 r\ 
I'\. ""8 0\. 

0.DIi 

().()'" 

fJlJ2 

0.1)/ 

I 2 4- S 8 /0 20 

~6.2-Sb.2 - PI/StIC 

Fig. 2. HS/llh'bns/Jip belwHn ~~2-$""2 611d 
zoL bused on ~-h()ur pl'Dfo/Vpe duro. 

, 
, 

40 

0 

6I:J 8fJ 



24 

collected from the Lake Hefner model. As a result, the data were easily 

placed into the forms necessary for comparison purposes (Table III -

Appendix B). 

Evaporation Data of Albertson. 

Albertson (1) reported on evaporation from a plane boundary for a range 

of R* of 3 x 101 < ~ <3 x 103• The form of these data was in agreement 

with that dictated by the dimensional analysis. 
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Chapter IV 

PRESENTATION AND DISCUSSION OF RESULTS 

The two main objectives of the Lake Hefner model study were to determine: 

1. Correlations of wind structure between model and prototype. 

2. Correlations of evaporation between model and prototype. 

In this Chapter. each objective will be treated separately. It must be 

remembered that the results presented in this Chapter will not be evaluated in 

terms of their practical application until the data of the Summer 1953 testing 

program have been analyzed. The significance and application of all the 

results of the study will then be presented in Part II of the Final Report. 

~ Structure 

The similarities and differences between the wind structure of the model 

and prototype will be brought out by means of two graphs. The first graph, 

Fig. 5, is a plot of log (Z) versus Uz and shows the correlations between 
~ U* 

actual data for model and prototype and the Prandtl-von Karman relationship 

for wind structure; namely, 

;,; = 5.75 log (~). (1) 

The second graph, Fig. 6, illustrates the relationship between U52.5 and 

U* for both the model and the prototype. The prototype data for Figs. 5 and 

6 were taken from the l/2-hour wind profile data. 

Model ~ 

Velocity profiles. A review of the variation of velocity with height 

found during the testing of the model may be in order as a prelude to the 

evalllation of the model data for Figs. 5 and 6. In the course of the model 

testing during the Summer of 1952, a total of 29 sets ot data were collected. 

These data consisted of velocity profiles above the 4 stations in the model 

whose location corresponded to the position of the stations in the prototype. 
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The velocity profiles £rom each of the 29 tests were plotted with Uz as 

abscissa and log z as the ordinate. Two of the 29 profiles are presented in 

Fig. 3. 

Based on the velocity profiles from the 29 tests, the general statement 

can be made that the velocity variation with height above a certain elevation 

may be considered logarithmic. In most cases this elevation was less than 

0.1 in. although Velocity Profile No.1 of Fig. 3 discloses that it was as 

great as 0.18S in. The Prandtl-von Karman relationships indicate that for 

turbulent flow near a boundary Uz is a linear function of log z. Since in 

the course of the model study Uz was found to vary as log z above a certain 

elevation, usually 0.1 in., the conclusion was reached that above this 

elevation the boundary layer was turbulent and the velocity distribution 

agreed with Eq. 1. In light of this, the relationships for turbulent flow 

concerning zo' e • and 0' based on the work of Niku.radse were also 

oonsidered applioable; that is, 

and 

z = 8' I: 0.10811 (smooth boundary) (5) 
o n17 U. 

Z 8: o (rough bonndary) • (7) 

The profiles ot Figs. 3 and 4 along with others ot the 29 tests indicate 

that the velocity distribution below the turbulent region of the boundary 

layer, that is below this approximate elevation of 0.1 in., does not follow 

the same type of relationship between Uz and z in all cases. Velocity 

Profile No. 1 ot Fig. 4 indioates that in this case Uz varies directly as 

z. Whereas Velooity Profile No. 2 ot Fig. 4 tends to show that the relation

ship between Uz and z is non-linear. In faot, based on Fig. 3, Uz 
appears to vary as the logarithm of z. Besides, this logarithmic relation

ship between Uz and z is not the same throughout the thickness ot the 

boundary layer. 

An investigation ot the values ot 8' and E based on actual wind 

tunnel conditions and the Prandtl-von Karman equations for turbulent flow 

discloses when compared with estimated actual model roughness that variations 
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in the relationship between Uz and z might be expected for diffe~ent 

ambient velocities. This point will be brought out by a review of a'. E, 

and the estimated model roughness fo~ the two velocity p~ofiles plotted in 

Fig. 4. 
The computation of Uo was based on the applicability ot Eq. 1 to the 

upper turbulent region of the boundary layer. U. was found by the simultane

ous solution of the two equations which were obtained when particular values 

for Uz and z trom the upper region ot the boundary layer were substituted 

into Eq. 1. The evaluation ot a roughness ~ was predicated on the 

assumption of the existence of a completely turbulent boundary layer and the 

application of Eqs. 1 and 1. The evaluation of the thickness ot the laminar 

sub-layer 8' was based on the assumption that a laminar sub-layer existed 

and that Eq. 5 was applicable. 

when 

The computation ot 0/ and € for Velocity Profile No. 1 ~eveals that 

8'. 0.126 in. 

~ = 0.180 in. 

11 = 1.955 ft2/sec. 

The general roughness of the model was estimated to be 0.02 in. which is 

app~oximately 1/9 the roughness necessary to maintain a completely turbulent 

boundary layer whose upper portion was identical to the turbulent region ot 

Velocity Profile No.1. The thickness of the computed laminar sub-layer is 

approximately 6 ti~es greater than the actual surface roughness ot 0.02 in. 

In Chapter II mention was made of the tact that the surface roughness does 

not aftect the laminar sub-layer when the height ot the roughness is less 

than 1/4 the thickness of the laminar sub-layer. Therefore, based on these 

computations and comparisons, the presence of a laminar sub-layer may be 

anticipated for Velocity Profile No.1. A review of Fig. 4 reveals that the 

lower region ot the boundary layer is made up ot a laminar sub-layer where 

Uz varies directly as z. 

The computation of 8' and e for Velocity Profile No. 2 indicates that 

~'= 0.025 in. 
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when 

€ - 0.027 in. 
2 Va 1.832 ft Isec. 

~~ In the case of this profile, 0 _ € • and the estimated model roughness all 

have the same approximate value of 0.02 in. As mentioned in Chapter II, a 

boundary is considered rough when the surface roughness is greater than 6 

times the thickness of the laminar sub-layer. Based on the criteria for 

smooth and rough boundaries, the boundary for the case of Velocity Profile 

No.2 cannot be considered to be either smooth or rough; therefore, Velocity 

Profile No. 2 might be expected to differ from that produced by a smooth 

surface and from that produced by a rough surface. Fig. 3 illustrates the 

fact that in the lower portion of the boundary layer for Velocity Profile 

No.2 Uz is a logarithmic function of z and this function is not the same 

throughout the height of the boundary layer. This type of relationship is not 

typical of flow caused by either a smooth or a rough boundary. Therefore, the 

flow may be considered to be of the type in the transitional zone which exists 

when a boundary cannot be classified as either smooth or rough according to 

the aforementioned criteria. 

Recapitulating, the velocity profile above the model was in general 

found to be composed of two regions. In the region next to the boundary, the 

flow was indicative of either laminar flow or flow produced by a boundary 

which could not be classified as either smooth or rough. The outer portion of 

the boundary layer was found to be turbulent wherein Uz varied as log z • 

U* could be determined by the application of Eq. I to the upper portion of 

the boundary layer. 

Transformation 2! model wind structure ~ for presentation in Figs. ~ 

~~. For purposes of comparison with the prototype, the model data were 

placed in forms compatible with Figs. 5 and 6 and the prototype data. This 

was accomplished in the following manner: 

velocity at an elevation z used in Fig. 5 only --

ft/sec. The velocities represented in this figure are the actual 

velocities measured during the tests at the elevations z. 
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b. U52.5 -- velooity at an elevation of 52.5 ft used in Fig. 6 
only -- ft/seo. The velooity in the model which oorresponded to an 

elevation of 52.5 ft in the prototype was measured at an elevation of 

1/2000 of that of the prototype elevation whioh equaled an elevation of 

0.315 in. in the model. The velooity distribution in the turbulent 

region of the boundary layer in the model was oonsidered to be repre

sented by a linear relationship between Uz and the log z. U52•5 whioh 

oorresponded to an elevation of 0.315 in. in the model was taken from the 

linear relationship between Uz and log z • 

o. U* -- shear velooity -- ft/seo. U. was based on the applioa

bility of Eq. 1 to the upper turbulent region of the boundary layer 

where Uz was oonsidered to be a linear funotion of log z • 

d. Zo -- roughness parameter -- ft. In the oase of a smooth 

bounda~ the nomenolature of Zo as a roughness parameter is a misnomer. 

However, be that as it may, Zo was assumed to have that value of z for 

whioh Uz was equal to zero. This value of z was found by the 

extrapolation of the line representing the linear relationship between 

Uz and log z to the point where Uz equals zero. This prooedure is 

illustrated for Velooity Profile No.1 of Fig. 3 in whiCh oase 

Zo = 0.0055 in. 

The model data presented in Fig. 5 was for Sta. 2 only and was obtained 

by treating the raw data in the fashion outlined in Steps a, 0, and d. Each 

of the velooity profiles from the model for sta. 2 was made up of many points 

and the data represented by eaoh point is presented in Fig. 5. It may be well 

to emphasize the faot that the velooity for eaoh point of the model data 

presented in Fig. 5 was the aotual velooity at that point in the velooity 

profile and not that velooity indioated by the linear relationship between 

Uz and the log z • 

In Fig. 6, the results of the 29 tests for all four model stations are 

presented. The model data U52•5 and Uo were obtained acoording to Steps 

band c. 
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Prototype ~ 

Selection ~ ~ !2£ Figs. 2 ~~. The 1/2-hour raw data for the 

prototype were reviewed in an endeavor to select significant data in light of 

the work done at Colorado A & M College. Only the data which satisfied all 

of the following restrictions were selected for analysis: 

1. The prevailing wind for a particular 1/2-hour period at each of the 

four meteorological stations was from the south. 

2. The average velocity for a 1/2-hour period at Sta. 1 at an elevation 

of 52.5 ft was 3.38. 6.15. 13.52. 21.0. 40.5. or 54.1 ft/sec. 

3. The difference between the temperatures recorded at the 6.56 ft and 

52.5 ft levels at Sta. 2 was not greater than + 0.20 C and not less 

than + O.loC. This criterion was adopted as being representative of 

adiabatic conditions. In only one instance was the reference temper

ature difference taken as + 0.30 C in order to secure data represent-

ing a velocity of 6.56 ft/sec. 

Only 14 profiles were found for Sta. 2 which met these stringent 

requirements. The one non-adiabatic case was included in this group. 

Transformation 2! prototype ~ structure ~ !2£ presentation in 

Figs. 2 ~ 2. The data for these 14 profiles were treated in the following 

manner to determine the various parameters for Figs. 5 and 6: 

a. U -- velocity at an elevation z used in Fig. 5 only z 
ft/sec. Each of the 14 wind profiles for Sta. 2 was made up of the 

velocity at four different elevations. The velocity used in Fig. 5 for 

each point of each profile was the actual velocity for that point as 

given in the 1/2-hour data. This velocity was used in preference to that 

given by the straight line describing the relationship between Uz and 

log z because the linear correlation masks the scatter of the actual 

data. The value z used in Fig. 5 corresponded to the heights at 

which the actual velocities were measured. 

velocity for Sta. 2 at the 52.5 ft level -- ft/sec. 

The velocities at the four elevations of 6.56. 13.12. 26.25, and 52.5 ft 
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which represented each velocity profile were plotted with log z as 

ordinate and Uz as abscissa. The data representing each profile were 

found to follow a linear relationship on this type of plot. U52.5 as 

used in Fig. 6 was taken from the line describing this linear relation

ship and in general is not the actual value of U52.5 as given in the 

basic data. Even though the difference between U52•5 taken from the 

line and U52•5 as given in the basic data was small, the value of U52.5 
as given by the line was considered to be more representative of the 

entire profile than that given by the actual data. 

c. Zo -- roughness parameter -- ft. Zo was taken as the ordinate 

intercept when the straight line representing the relationship between 

Uz and log z was extended to cross the ordinate axis at Uz equal to 

zero. This method of determining Zo is the same as that used for the 

model data. 

d. U* -- shear velocity -- ft/sec. As in the case of the model 

data, U* for a particular wind profile was based on the simultaneous 

solution of the equations resulting from insertion of velocities for two 

different elevations in Eq. 1. The value of the velocities inserted in 

Eq. 1 were taken from the straight line depicting the relationship 

between Uz and log z • 

The data for Fig. 5 were obtained by treating the raw prototype data in 

the fashion outlined in steps a, c, and d. The data for Fig. 6 were derived 

from the raw prototype data according to the procedures outlined in Steps 

band d. 

Prototype and Model ~ Structure Comparisons 

The prototype and model wind structures will be compared on the basis of 

Figs. 5 and 6. 

Fig. 2 -- Prototype~. A review of Fig. 5 indicates that the 

prototype data for the 14 profiles are dispersed along the Prandtl-von Karman 
relationship (Eq. 1) in four groups. The data plot in four general groups 

because the velocities for each profile were measured at four different 
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elevations and these elevations were the same tor each protile. Since the 

relationship between Uz , U* , z , and Zo as expressed by Eq. 1 was used in 

ascertaining Zo and U*, the data should tall near the line representing 

Eq. 1 in Fig. 5. 

Fig. 2 -- Model~. Fig. 5 indicates that the model data tall into 

three ranges: 

Range 1. 1 ~ i- ~ 10
2 

0 

Range 2. 102 ~L~ 
- Zo -

103 

Range 3. 103 sL 
- Zo 

The data comprising the first range may be considered to be those data 

concerning the lower portion ot the boundary layer; that is, the portion 

usually below 0.1 in. In this region, the points from the various profiles 

have been joined by lines which become tangent to the line representing Eq. 1. 

For cases of relatively large ambient velooity, these lines become tangent to 

the Eq. 1 line at a value ot z/Zo ot approximately 101. This tact is 

signiticant because it agrees with the empirical relationship between Zo and 
~I u which has been derived by other investigators. In other cases, these 

lines become tangent to the Eq. 1 line at values of z/zo less than 101. 

This deviation from the anticipated pattern may be due to inaccurate measure

ments or to the incomplete development ot the boundary layer. 

The data within the second range represent the turbulent portion of the 

boundary layer. The model data of Fig. 5 for the turbulent region group well 

around the line representing Eq. 1. There exists a certain amount ot scatter 

but it is not excessive. Such a small degree ot dispersion justifies 

representation ot the data by an equation having the torm ot Eq. 1; however, 

the von Karman constant of 0.4 still remains open to question. 

The data comprising the third range is scattered. This scatter may be 

due to instrumentation and/or the presence of a transition zone between the 

turbulent boundary layer and the ambient air of lower turbulence intensity. 
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Fig. 2 -- Model and prototype~. The prototype data are in good 

agreement with the relationship expressed by Eq. 1. The model data for the 

turbulent zone of the boundary layer are also in accord with Eq. 1. The 

deviations of the model data in the lower range, 1 ~ z/zo ~ 102, are due in 

part if not altogether to the presence of the lower portion of the boundary 

layer where the flow may be laminar or turbulent. The deviations of the 

model data in the upper range z/zo> 103 may be due to instrumentation or a 

transition zone between the turbulent boundary layer and the ambient air. 

Fig. £ -- PrototYpe~. The significant parameters for this plot were 

taken from the 14 profiles of the prototype data for Sta. 2. All but one of 

the profiles were for adiabatic conditions. The points representing the 14 

profiles do not fallon one line as might be hoped for. Though, the points 

taken as a whole tend to scatter about a curved line as is to be expected from 

the Prandtl-von Karman relationship, Eq. 1, when Zo is a function of wind 

speed. 

Fig. ~ -- Model~. The data of the 29 tests, irrespective of the 

station at which the velocity profile was measured, are represented in this 

figure. The data for each of the 4 stations have been given a separate 

symbol. A review of the data for each station indicates that there is no 

marked difference between the relationships of U52.5 and U* for each of the 

stations and therefore these model data may be treated as a group. When these 

data are treated as a group, a single curved line may be used to approximate 

the data. 

Fig. £ -- Model ~ prototype~. A single curved line may be drawn 

through the points representing both model and prototype data. The indicated 

correlation between U* and U at homologous points in the model and 

prototype which differ in absolute elevation by the scale factor of 2000, 

shows that an approximate modeling of the prototype wind structure has been 

effected. 

The feasibility of modeling wind structure may be brought out by the 

following analysis. When the Reynolds number is used as the oriteria for wind 
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structure similarity between model and prototype, the following relationships 

can be evolved: 

= Inertia Forces 
R vIscous Foroes 

(28) 

(29 ) 

(30) 

~ should equal ~ for dynamical similarity between model and prototype; 

therefore, 

• (31) 

The single curved line representing model and prototype data in Fig. 6 

indicates that the relationship in Eq. 31 has been approximately satisfied. 

In accepting the results of Fig. 6. one should bear in mind the 

restricted nature of the data presented. The similarity of results for model 

and prototype is applicable in the model only in the turbulent portion of the 

boundary layer above the laminar sub-layer -- above about 17 rt in the 

prototype. Also, the prototype wind structure was modeled for the condition 

ot a rather flat terrain and adiabatic lapse rates. 

An unsuccessful attempt was made to corroborate the "apparent" agreement 

between actual data and Eq. 31 as depicted in Fig. 6. This endeavor was 

based on the application of boundary layer equations to the conditions 

existing at the model and prototype. Several sources of uncertainty were 

encountered which may account in part or in whole for this lack or success. 

First, the relationship between €~ and U for the prototype was uncertain. 

Second, the applicability or a constant relationship between Zo and € 

over a wide range of velocities was a source of concern. Justification of 
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Fig. 6 based on the relationship governing velocity profiles and shear stress 

will be given additional consideration in the future. 

Evaporation 

As indicated in the theoretical analysis a direct comparison o£ 

evaporation between the model and the prototype was not forthcoming because of 

the difference in values of R* for the model and the prototype due to the 

scale ratio. Elimination of the reference length, ,fA , from the model and 

prototype parameters did not afford significant correlations because of the 

scale effect upon the average vapor transfer rate. 

A considerable amount of data concerning momentum transfer has been 

gathered for a wide range of Reynolds number. Based on Reynolds analogy, it 

seemed reasonable therefore, that if the proper interpretation were given to 

these data, it could be extended to vapor transfer (evaporation). If this 

were possible. then the model data might be expected to follow this extension 

within its range of Reynolds number and the prototype data might also be 

expected to agree with this extension within its range of Reynolds number. If 

such agreement were verified, then the Reynolds analogy based on momentum 

transfer. could be used to predict evaporation rates. This is the approach 

which was adopted in an attempt to correlate model and prototype evaporation. 

The discussion of the data which follows is governed by this goal. 

The correlations between N and ~ were drawn from several sources. 

These sources were grouped as follows: 

1. Evaluation of N and R* through Reynolds analogy. 

a. Case I -- Smooth boundary -- 103 ~ ~ ~ 105• 

j = 5.~?9 - 3.61 
R* R* 

b. Case II -- Smooth boundary -- R* ~ 105• 

~ = 0·R~11 [4.68 (1.194 + log Ro)2.64 

-8.70 (1.194 + log Ro )1.32] 

(22a) 

(24a) 
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c. Case III -- Rough boundary -- R* ~ 105• 

N • 0.0546 R. 

2. Lake Hefner prototype data. 

a. 3-hour average data -- individual values of N versus ~. 

(26a) 

b. Empirical evaporation equation based on U. S. Geological Survey 

Circular #229 (18:65. Eq. 58). 

N = 0.0203 R* 

3. Lake Hefner model data. 

a. Individual values ot N versus Ro. 
4. Albertson's (1) data. 

a. Individual values of N versus ~. 

(27) 

The reader is referred to Appendix C for a description ot the approximations 

and methods used in changing the data to the aforementioned forms. All of the 

data comprising the four groups have been represented in Fig. 7. 

In Fig. 7 the individual values of N versus ~ for Albertson's data 

were plotted. These data substantiate Eq. 22a when R* ~ 6x 102 for the 

values of x/~ used in Albertson's experimental study. This result adds 

support to the validity of the von Karman extension. 

The agreement between the Lake Hefner model data as represented by points 

plotted in Fig. 7 and Eq. 22a is fair. In spite of using ,/A for L in the 

analysis and the deviation of the lake shape from a square, one may conclude 

that the von Karman extension ot Reynolds analogy is valid. 

An inspection of the 3-hour average prototype data plotted in Fig. 7 

indicates that it groups rather well about the prototype empirical equation, 

Eq. 27. This tends to imply that the assumptions made in the derivation of 

Eq. 27 trom that given in U. S. Geological Survey Circular #229 were not 

groundless. Therefore, the prototype data will be considered to be 

represented by Eq. 27 in further discussions. 

Fig. 7 indicates that the relationship between N and R* given by 

Eq. 24a is similar to that given by Eq. 27. In the neighborhood of 

R* = 3 x 107 • both equations give practically the same results although the 
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similarity deoreases as Ro inoreases beyond this value. Despite this 

inoreasing divergenoe as Ro beoomes larger, the overall agreement between 

aotual data (Eq. 27) and that predioted by the von Karman extension ot the 

Reynolds analogy (Eq. 24a) is striking. This is partioularly evident when 

oonsideration is given to the taot that Eq. 24a is based on a drag ooettioient 

Ct for a smooth, non-moving, reotangular boundary whioh oan only be applied 

with reservations to a moving water surtaoe disturbed by waves. 

In the range ot R* ~ 105 , the values ot N predicted by Eq. 26a are too 

large when 001 ~red to values given by Eq. 27. The value ot Or used in 

Eq. 26a is based on an average lake surface roughness €w ot 0.754 tt whioh 

was taken ._vm Table I - Appendix B. The value ot Ct appears to be too 

large whiCh is in part due to using too large a value tor €w. Values of 

Cw were based on the data contained in U. S. Geological Survey Circular #229 

(18:49) which were computed on the assumption that Eqs. 6 and 7 are valid over 

a free water surfaoe. The assumption is questionable and the value of Ct 

may be resolved better atter Ct for Lake Hefner has been determined from 

measured magnitudes ot "set-up". The utility ot Eq. 26a lies in the fact that 

it establishes an upper bound on N. 

One must remember when evaluating these results that Eqs. 24a and 26a 

were derived on the basis of the planetary boundary layer being 3280 ft thiok. 

This thickness is not constant and may at times deviate considerably. 

However, the error introduced by assuming 8 as 3280 tt is not too serious' 

since a variation of = 50% from the value used oauses only a ohange of about 

~ 15% in N. 

In the range of R* ~ 105 , Fig. 7 indicates that the extension ot 

Reynolds analogy for a smooth surface gives results which are more nearly 

comparable to actual data than does the extension for a rough surtace. This 

implies that the water surtace, although it may appear rough by the presenoe 

of waves, in reality behaves more nearly as though it were smooth. This 

statement is not meant to dismiss the water surfaoe roughness in its entirety 

but rather is intended to imply that the water surface roughness is not as 
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great as might be imagined fram the appearance of the waves. This may be 

accounted for, at least in part, by the fact that not only do the waves travel 

in the direction of the wind but the water at the surface also moves in the 

direction of the wind. If a means were known by which water surface rough

ness could be more properly evaluated, then the extension of Reynolds analogy 

might coincide more favorably with actual data. Additional research must be 

performed to correlate the relationships between wind, waves, and surface 

drag. 

In summary it may be stated that the agreement between actual data and 

the extension of Reynolds analogy for R* < 105 is good. For Ra. > 105, the 

extension of Reynolds analogy tends to bracket actual evaporation results with 

the analogy for a smooth surface in muCh closer agreement with actual data 

than that for a rough surface. In order to improve the correlations between 

N and R* as given by actual data and that predicted by the extension of 

Reynolds analogy, a better understanding must be had of the relationships 

between wind, waves, and surface drag. 



Chapter V 

SUMMARY 

The Lake Hefner model study was undertaken to determine: 

1. Correlations of wind structure between model and prototype. 

2. Correlations of evaporation between model and prototype. 

Only the results of the work to December 1952 are presented in this 

report. The praotical significance of this work will be discussed in Part II 

ot the Final Report. 

~ Structure 

Measurements of wind structure above the 1:2000 undistorted scale model 

and the prototype indicated the following: 

1. The boundary layer above the model was composed of two regions. The 

lower region was Characterized by two different types ot flow. In 

some instances the flow was laminar which was indicative of flow near 

a smooth boundary. In others, the flow was of a type which might be 

indicative of a boundary which was in the transitional zone between a 

rough and smooth boundary. The upper portion of the boundary layer 

was turbulent and followed the Prandtl-von Karman equation 

g* = 5.75 log (z!) • 
2. The wind structure data (Fig. 6) indicate that fair similarity 

existed between model and prototype for the relationship of U52.5 

versus U*. This similarity based on the upper portion of the 

boundary layer above the model implies that the prototype wind 

structure was modeled for the conditions of a flat terrain and an 

adiabatic lapse rate. 

44 
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Evaporation 

A comparison of evaporation rates for model and prototype indicates the 

following: 

1. The evaporation coefficient N may be defined in terms of R* for 

both the model and the prototype. 

2. The data for the model are closely represented by Eq. 22a which was 

derived from an extension of Reynolds analogy. 

3. The data for the prototype are closely represented by Eq. 27 in terms 

of N and R*. 

4. The range of ~ for the model was 2 x 103 < R* c:: 2 x 104 while the 

range of R* for the prototype was 3 x 107 .( R*<: 2 x 108• In the 

case of flat surrounding terrain, this study indicates that Reynolds 

analogy may offer a means of estimating evaporation when Ro for 

particular bodies of water fall in the range of 103 <:'R* <: 109 • 

5. The significance of Reynolds analogy as applied to evaporation might 

be increased by a better understanding of the relationships between 

wind. waves. and surface drag. 

6. No practical modeling technique was conceived which would permit 

direct evaluation of Np from model measurements. 

Recommended Investigations 

Investigation along the following lines may increase the applicability of 

models for the determination of evaporation and wind structure. Additional 

research may also improve the correlation between Reynolds analogy and actual 

evaporation. The work to be performed under the remainder of the contract 

for the Lake Hefner Model study includes plans for a study of some of these 

suggestions. 

1. Measure the intensity of turbulence above the model. Measurements of 

this nature may permit duplication in other wind tunnels of the 

results obtained from this study. 
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2. Determine the effect of wind direction on the rates ot evaporation 

trom the model of Lake Hetner. 

3. Determine the eftect on evaporation of an upwind barrier which 

might be considered to simulate a range ot hills. A study ot this 

nature may indicate the feasibility of model studies tor bodies ot 

water which are surrounded by terrain which is not relatively flat. 

4. Obtain data for B within the range ot 104 , R* j 107 based on the 

work of other investigators. 

5. Study the relationships between wind, waves, and surtace drag. 

Better correlation between actual evaporation data and Reynolds 

analogy might be forthcoming it the relationships between wind, 

waves, and surface drag were better understood. 

6. Study further the possibility of direct correlation between the model 

evaporation data and the prototype evaporation data. 
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Appendix A 

DETAILS OF EQUIPMENT AND PROCEDURES 

This section of the Lake Hefner Model Study report is devoted to the 

description ot the experimental equipment and procedures. The details 

concerning this work and the attendant problems may serve as a guide for 

future work ot this nature. 

Description ~ Operation ~ Equipment 

Tunnel 

The tunnel used tor the Lake Hefner model study was constructed by 

Colorado A & M College under a contract with the Ottice ot Naval Research, 

Figs. a, 9. and 10. This tunnel, as originally designed, was meant to be used 

chiefly as a recirculating tunnel, but due to the fact that evaporation or 
water was a part ot the Lake Hefner study, the possibility of the humidity 

changing continually as the air was recirculated in the tunnel had to be 

eliminated. Theretore, the tunnel was operated as a non-recirculating tunnel. 

This was accomplished by the installation ot a check wall which prevented re

circulation ot the air within the tunnel and by the opening ot the intake and 

exhaust doors. 

The design ot the tunnel is such that test sections ot various sizes can 

be installed. Prior to the Lake Hefner study, the tunnel was equipped with a 

test section made up ot a 6 teet square section 13 tt long and a 9 teet square 

section 13 tt long. The plans for Lake Hetner called tor a test section 9 

teet square and 26 tt long. Therefore, two new 9 teet square test sections, 

one 8 ft long and the other 5 ft long, were built to be used with existing 

sections, Fig. 11. 

The new 5-tt section was constructed with a movable floor. The object ot 

the movable floor was to provide a means of raising the floor ot the tunnel 

upstream from the model so that it was at the same elevation as that ot the 
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Fig. 8. Interior portion of 
the wind tunnel at 
Colorado A & M 
College. 

Fig. 9. Exterior portion of 
the wind tunnel at 
Colorado A & M 
College. 

terrain, Fig. 12. The movable floor was warped only along the longitudinal 

axis of the tunnel and was so shaped as to be horizontal at eaoh end. This 

gradual bending allowed a change in floor elevation of 2-1/8 in. in a 

distanoe of 5 ft. 
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The new B-ft section, Figs. 11 and 12, was constructed without a bottom 

to permit installation of that part of the model called the octagon. The 

octagon was the portion of the model which included the model of the lake. 

Eight windows were installed in the walls of the tunnel to permit 

observation of the model during operation, Fig. 11. 

The propeller which circulated the air within the tunnel was a 5-ft 

wooden four-bladed run-in propeller. It could be driven by either a 92-HP 

gasoline engine or by a lBo-HP diesel engine as dictated by the power 

requirements. 

Terrain 

A consideration of the scale effect indicated that the similarity 

between the model and the prototype would improve as the size of the model is 

increased. As the size of the model is decreased, the effects of the following 

become more significant: 

1. Lateral diffusion of water vapor. 

2. Inaccuracies in the measurement ot the various meteorological 

tactors. 

3. Difference in Reynolds number between model and prototype. 

It was decided to use a tunnel test section 9 feet square and 26 ft long 

tor the Lake Hefner model study. This size test section permitted the 

adoption of the convenient scale of 1:2000, both horizontally and vertically. 

The model of Lake Hefner and the surrounding terrain was based on the 

U. S. Geological Survey advance print of Britton Quadrangle, Oklahoma. 

Because of the extraneous amount of detail on the advanced print of the 

U.S.G.S. quadrangle sheet, a tracing of it was made on which were copied only 

the contour lines and outline of the lake. A system of horizontal control 

was also laid out on the tracing. This control consisted of marks placed 

3 in. on center in both a north-south and east-west direction. 

The terrain surrounding the lake was divided into sections in such a 

manner as to increase the ease of handling and to permit placing of the model 

in the wind tunnel in anyone of the eight cardinal directions. 
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The basic plan ror the construction or the model was as rollows: 

1. Photographic negatives were made of the tracing of the U.S.G.S. map. 

2. The ~2-in. plywood, which rormed the base or the model, was cut 

into the various shapes dictated by the sectioning plan ror the 

model, Fig. 12 (plan). 

3. By the use of a photographic enlarger and the negatives of the 

traced map, the topographic features were projected upon the 1/2-in. 

plywood base sections to the proper scale. These projected terrain 

reatures were copied onto the plywood. The horizontal control points 

placed on the tracing served at this point as a means or establishing 

the horizontal scale, 1:2000. They also provided a means of checking 

for distortion in the projected map. The amount or distortion 

present was negligible. 

4. Nails were driven into the 1/2-in. plywood base along the copied 

contours. The nails were driven to a height which was proportional 

to the elevation represented by the contours. 

5. The terrain between the nails was modeled with a Persolite-cement 

mixture. 

6. A thin coat or plaster or Paris was placed on the Persolite. The 

model was sanded down to the heads or the nails so as to provide a 

smooth surface. 

1. The sections were installed in the tunnel. 

8. The alignment or the sections was checked. 

9. The cracks between the sectioned terrain were repaired. 

10. The surface was painted to improve the smoothness and appearance. 

The horizontal control was maintained in the model by meana or nails 

driven along each or the contours. These same nails also served as the 

vertical control since the height they protruded rrom the plywood was 

proportional to the elevation represented by the contour. The elevation or 

the lowest point modeled was 1080 ft. The thickness or the modeling material 

at this elevation was set at 1/2 in. Each 10 rt change in elevation in the 
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prototype, as represented by the contour lines, was modeled by a change of 

0.06 in. in the height of the nails. Since elevation 1080 ft was represented 

by a nail height of 0.5 in., elevation 1340 ft, the highest elevation 

modeled, was represented by a nail height above the plywood base of 2.06 in. 

A separate template was made for driving the nails along each contour. These 

templates were made from a piece of 1 in. round steel cut to the proper length 

with a hole drilled along the longitudinal axis of suCh a size as to permit 

the passage of the heads of the nails. 

In order to check the vertical alignment of the model after it had been 

installed in the tunnel, a set of brass plugs were made and placed at 

strategic points on each section of the terrain. These plugs were made of 

brass so that they could be easily distinguished from the steel nails. The 

brass elevation markers were installed in a manner similar to that used in 

placing the steel nails. 

Consideration was given to several types of modeling material. It would 

have been desirable from the consideration of strength to model the terrain 

with a sand-cement concrete but this method was discarded because of the 

great weight. Vermiculite combined with cement was satisfactory as a modeling 

material so far as weight was concerned but was not used because of its 

"spongy" behavior during placement. A Persolite-cement mixture was found 

satisfactory and adopted. It was light enough in weight so that there was no 

problem in moving the sections of terrain. The rather "dry" mix of water, 

Persolite, and cement was compacted to make a dense yet light molding 

material when dried out. For modeling purposes, the Persolite-cement mix had 

adequate compressive strength. But, the bond between this molding material 

and the nails and the wooden base was not very strong. Therefore, a higher 

tensile strength for the Persolite-cement mix would have been desirable. 

In the process of modeling the terrain, the Persolite mixture was placed 

so as to cover the nails entirely. Then after the Persolite had set, it was 

scraped down to the elevation indicated by the tops of the nails. As a 

result of this scraping, the surface of the Persolite was rough. Therefore, 
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a thin coat of plaster of Paris was applied to the surface. After the 

plaster of Paris had set and dried, it was sanded down to the elevation 

indicated by the nails. The terrain surface, as a result of this procedure, 

was rather smooth and the average local roughness of the surface was 

estimated to be 0.02 in. by comparison with the elements of a machinist's 

feeler gauge. 

The center section of the model which contained the lake was made in the 

shape of an octagon. The size and shape of the octagon was such that it could 

be positioned in the tunnel in any direction which was an integral multiple 

of 450 from the north-south direction of the model. 

During the assembly of the sections of the wind tunnel, particular 

attention was given to the alignment of the tunnel floor. The octagon, which 

set in the section without a floor, was provided with four screw jacks so that 

the position of the octagon could be adjusted vertically. After the sections 

of terrain were placed on the floor of the tunnel, they were bolted down 

along with those sections on the octagon. After the terrain had been placed 

in the wind tunnel, a set of levels was run on the brass plugs used for 

elevation controls. It was found that the model was in good vertical align-

mente There was little question concerning the horizontal alignment since the 

method of modeling precluded any significant deviation in this direction. 

Plaster of Paris was used as a fill material for the cracks between the 

sections. The modeled terrain was given several coats of gray paint to 

smooth out the surface and to improve its appearance. To prevent the escape 

of water from the lake, the cracks between the terrain and the pan were sealed 

by the application of a coat of rubber cement. 

To help produce a fully developed turbulent boundary layer over the model, 

a strip of sandpaper, 23-1/2 in. long and the width of the tunnel was 

installed, Figs. 12 and 13. Particulars concerning this paper are: 

1. Manufacturer: Minnesota Mining and Manufacturing Company, 

St. Paul 6, Minnesota. 

2. Grade and trade name: 3M Imperial Flint Paper. 



Fig. 13. Sandpaper upwind 
from the model. 
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3. The size of the sand grains on this sandpaper was estimated to be 

approximately 1/32 in. in diameter. The sand grains were densely 

placed on the paper. 

The terrain downstream from the lake was permitted to end abruptly 

because the belief was held that this drop would not affect measurements being 

made at the lake. Figs. 12 and 14. 

Fig. 14. Drop at down
stream end of 
modeled terrain. 
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The installation of the model in the wind tunnel was completed in 

July, 1952 and it was not tested until October, 1952. The intervening time 

was absorbed in the perfection of the instrumentation. This latter work 

necessitated walking on the model which tended to break out the plaster of 

Paris filler between the various sections. These cracks were replastered and 

refinished but never to the degree of perfection that existed when the model 

was first completed. It was assumed that these slight imperfections were not 

serious since most of them were a foot or more from the lake. 

~ 

Consideration of the outline of the lake as presented by the U. S. 

Geological Survey in the advance print of the Britton Quadrangle, Oklahoma 

(Scale 1:20,000, C.I. 10 ft) indicated that it could be duplicated in the 

model as drawn only with considerable difficulty, Fig. 15. Therefore, the 

liberty was taken while tracing the advanced print of rounding off the sharp 

corners of the lake, Fig. 16, while still maintaining the same approximate 

area. 

During the data taking period for the prototype study, the lake stage 

varied between an elevation of 1190.8 ft and 1195.3 ft. This change of stage 

for the prototype was, relatively speaking, small and therefore duplication 

of this change in stage for the model was considered unnecessary (a 4-ft 

elevation change in the prototype was represented by 0.024 in. Change in the 

model). A change of stage in the model would have been a major undertaking. 

The area of the model of the lake was 25.01 sq ft which corresponded to the 

area of the prototype at a lake stage of 119).6 ft. 

The bottom and sides of the pan for the lake were made from 20-gage 

galvanized sheet metal. The outline of the lake was transferred from the 

negative of the tracing of the advance print of the Britton Quadrangle in the 

same manner as that used for the terrain. After the sides of the pan were 

soldered to the bottom they were filed down so that the rim height corre

sponded to an elevation of 1193.6 ft in the assembled model, Fig. 11. 

Consideration of all factors involved resulted in the inside depth of the pan 
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Fig. 15. Lake Hefner and vicini
ty -- advance print of 
U.S.G.S. Quadrangle sheet, 
Britton, SE, Oklahoma. 

Fig. 16. Modified lake outline. 
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Fig. 17. Fabrication of 
sheet metal pan 
for the modeled 
lake. 

being 1.67 in.~ Fig. 18. 

Two appurtenances were placed in the bottom of the lake to accommodate 

various phases of the instrumentation. One of the appurtenanoes provided for 

the egress of wires from the lake stage indicator and the thermooouples, 

Fig. 19a. The other served as the water supply connection. An air trap was 

incorporated in the design of this water supply connection so as to trap air 

before it could reach the lake, Fig. 19b. Air on the underside of the 

evaporation surface might have been a troublesome problem. However~ very 

little air was caught in this trap. This fact is attributable to the lack of 

air in the distilled water used for evaporation purposes and to an airtight 

water supply system. A thermocouple was also placed in the water supply 

connection attached to the pan so that the temperature of the water being 

supplied to the lake could be measured. 

After all appurtenanoes were affixed to the pan and the pan secured to 

the octagon, several coats of a rubber cement were applied to the interior and 

exterior of the pan as an added precaution against leaking. 

Evaporation Surface 

One of the major problems to be overcome during the course of the Lake 

Hefner project was the development of a suitable evaporation surface. The use 
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of a free-water surface for the evaporation surface was considered but it was 

not investigated because of the undeterminable amount of water which might 

have been lost as a result of waves and splashing. Also, the rate of evapo

ration could be determined more easily from a porous evaporation surface than 

from a free water surface. Consideration was given to numerous methods of 

modeling an evaporation surface and the more promising of these were subjected 

to a series of exploratory experiments. Surfaces made from the following 

materials were tested: 

1. ~ ~ ~ E£ binding material. The surface made up of this 

material appeared to behave satisfactorily when the water was fed to 

the surface by capillary forces. The capillary forces tended to make 

the surface firm but when the free water surface coincided with the 

surface of the sand, the sand was loose. As a result of the loose 

condition of the sand, waves composed of both water and sand traveled 

across the surface when air was blown over the surface. This method 

ot construction of the evaporating surface was deemed unsatisfactory 

because of its behavior when the water level was at the surface. 

2. Fine gravel with ~ clay binder. Although a surface made from fine 

gravel with a clay binder appeared satisfactory, a great deal ot 

consideration was not given to this surface because of the uncertain

ty of the area from whiCh evaporation would take place. 

3. Gravel with ~ cement binder. This surface appeared firm under 

operation but it too was rejected because of the uncertainty of the 

area from which evaporation would take place. 

4. Glass beads with ~ plastic binder. For this investigation, a small 

quantity of plastic was dissolved in ethylene-dichloride. This 

solution was then poured over small glass beads. After the ethy1ene

dichloride had evaporated, a coating of plastic which served as a 

binder was left on the beads. The result was a firm porous surface 

from which evaporation could take place. This investigation was not 

carried further because it was felt that a plaster of Paris surface 
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could be constructed with less difficulty_ This particular process 

merits consideration for the development of a porous surface. 

5. Plaster of Paris. The evaporating surface material adopted was 

plaster of Paris (caS04-tH20). This material was manufactured by the 

U. S. Gypsum Company and sold as "Red Top Gauging Plaster". Because 

of the large area of the modeled lake, the evaporating surface was 

divided into four sections. 

A ratio of 10 parts to 6 parts by weight of air dry plaster of 

Paris to distilled water was used. The plaster of Paris was added 

slowly to the water and mixed thoroughly. The mixture had to be 

mixed and poured within 15 minutes, otherwise setting of the plaster 

of Paris was encountered. A 1/2-in_ plywood form was made for each 

section of the modeled lake surface. 

The wooden forms were placed on a glass plate which was covered 

with a plastic sheet. The plastic sheet prevented the glass from 

bonding with the plaster of Paris. The plate glass insured a smooth 

flat evaporating surface, Figs. 20 and 21. As a consequence of this 

fabricating technique for the evaporating surface and that for the 

terrain surface, rm and rim were adjudged to have approximately 
t the same values as rp and r p • The thickness of the plaster of 

Paris coincided with that of the form; that is, 1/2 in. In order to 

provide a means for the escape of air from the underside of the 

evaporating surface, the underside of each section was sloped toward 

holes which extended through the surface. 

A limited number of tests using pans about 6 in. in diameter indicated 

that evaporation from a free water surface was not noticeably different than 

that from a saturated plaster of Paris surface. As stated, these tests were 

limited in number and further investigation of this aspect may be warranted. 

In preparation for the placement of the evaporation surface in the pan, 

provisions were made for the various phases of the instrumentation which were 

incorporated in the modeled lake. Holes were drilled through the plaster of 
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Fig. 20. Fabrication ot a section ot 
the plaster ot Paris 
evaporation surtace. 

Fig. 21. Fabricated section ot the 
plaster ot Paris evapo
ration surtace. 



Paris evaporation surface to accommodate the thermocouples situated on the 

surface. A hole was also cut through the evaporation surface for the lake 

stage indicator. To prevent warping of the evaporation surface, a continuous 

support of l/4-in. gravel was placed beneath the plaster of Paris, Fig. 22. 

The intake tower which was present in the prototype was not duplicated on the 

evaporation surface of the model. 

After being placed in operation, the evaporation surface appeared to 

function as anticipated. But after a period of time, small dry spots de

veloped on the plaster of Paris, Figs. 23 and 24. The exact cause of the dry 

spots is unknown although it has been postulated that this condition was the 

result of a change in structure of the plaster of Paris brought about by the 

water. The water in the course of passing through the evaporation surface 

dissolved some of the calcium sulphate (plaster of Paris). This calcium 

sulphate is believed to have been deposited at the surface when the water 

evaporated which clogged the pores. An attempt was made to eliminate these 

dry areas by successive application of sulphuric acid, hydrochloric acid, 

nitric acid, methyl alcohol, and carbon tetrachloride but to no avail. The 

application of a vacuum to the evaporation surface also failed to achieve 

satisfactory results. Temporary relief from these dry spots was achieved only 

Fig. 22. Assembly of the 
modeled lake. 
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Fig. 23. Evaporation 
surface. Reflec
tion of light in
dicates a section 
of the evapo
ration surface 
moist with water. 

Fig. 24. Evaporation 
surface. Dark 
areas within the 
reflected light 
zone indicate dry 
spots on the 
evaporation 
surface. 

after sanding the surface with a coarse sandpaper. This sanding roughened the 

surface to some extent. 

Distilled water was used exclusively during this study. The object in 

using distilled water was to lessen the quantity of dissolved solids and air 

from that amount which would normally be found in tap water. The dissolved 

solids if present would affect the rate of evaporation and dissolved air would 
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interfere with the transmission of the water through the evaporation surface. 

The free water surface in the pan was kept approximately 1/8-in. below the 

plaster of Paris surface. Capillary forces carried the water to the surface of 

the plaster of Paris. 

~ Stage Indicator 

The lake stage indicator was an electrical point gage which utilized the 

water of the lake as an electrical conductor, Figs. 25 and 26. The device 

served to indicate when the level of the water was at a particular elevation 

or higher. As the water level of the lake was raised, the water made contact 

with the various platinum tips which would light the neon bulbs in series with 

the tips. 

At the start of a test, the water level of the lake was raised until the 

water made contact with the uppermost platinum tip. During the course of a 

test the water level was maintained between that uppermost tip and the lowest 

tip. At the conclusion of the test the water level was brought back to the 

position occupied at the beginning of the test. The level of the water in the 

modeled lake fluctuated within a region occupied by the plaster of Paris. 

Since capillary action kept the plaster of Paris completely saturated, the 

water which evaporated between replenishments was taken from that area of the 

modeled lake having a free water surface. The area of free water surface was 

considerably less than the area of the lake; therefore, the stage of the 

modeled lake was sensitive to changes in the water content of the lake. An 

increase of 10 cc in water content of the lake was sufficient to raise the free 

water surface approximately 1/16-in. The accuracy of the lake stage indicator 

was estimated to be ± 3 cc. This variation from the true value is acceptable 

in light of the total evaporation which varied from 68 cc to 583 cc with an 

average evaporation per test of 285 cc. 

Water Supply 

Two methods of controlling the supply of water to the lake were 

incorporated in the model. One method was automatic and the other was manual, 

Fig. 27. The automatic system kept the level of the water in the pan at an 
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Fig. 26. Lake stage 
indicator. 

elevation such that the evaporation surface was always moist. It was feared 

that if the evaporation surface were to become dry, air would collect below 

the surface which might present a problem when remoistening the surface. 

Keeping the surface moist also lessened the amount of preparatory work that had 

to be performed for each test. 

After the evaporation surface had been completely assembled, the automatic 

water supply was placed in operation and functioned continuously from that time 

until the model was taken from the tunnel. The automatic water supply could 

not be readily adapted to measure the small quantity of water evaporated during 

the tests; therefore, a manual water supply was incorporated in the system. 

Basically all that the manual water supply consisted of was a burette and 

a lake stage indicator, Fig. 28. When the water level of the lake fell below 

some predetermined elevation as indicated by the lake stage indicator, water 

was permitted to flow to the lake by the proper manipulation of the valve on 

the burette. The burette was mounted so that the force of gravity was utilized 

in moving the water from the burette to the lake. 

Anemometry 

During the development of the instrumentation, two different circuits were 

tried in an attempt to find one suitable for the measurement of the mean 
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Fig. 28. Manual water supply for the 
modeled lake. The four 
bulbs and electrical switch 
to the left in the picture 
are a part of the lake 
stage indicator. 

velocity. The last circuit was the only one which proved satisfactory. 

The first circuit was the constant voltage type, Fig. 29. In the course 

of zeroing the tip (bringing the tip to its operating temperature by the 

passage of current) Rl and RZ were manipulated until M2 read zero. 

Meter Ml was placed in the circuit for qualitative readings of current only. 

After the tip was zeroed, none of the elements of the circuit were varied in 

the course of operation. When the sensing element was placed in an air stream, 

heat was removed from the tip by the moving air. This cooled the tip which in 

turn caused the resistance of the wire to drop. Less resistance in the circuit 

caused more current to flow. This additional current caused M2 to deflect. 

M2 was selected pf such a size and so wired that at the maximum air velocity 

used in this study the meter would record full scale deflection. This hot wire 

anemometer circuit was very sensitive when operated in the range of velocities 

of a few feet per second. But at high velocities, that is above 15 feet per 

second, the sensitivity was very poor and because of this fact, it was 

rejected. 
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The circuit adapted for the Lake Hefner model study is shown schemetically 

in Fig. 30 and is termed a constant temperature hot wire anemometer. It 

derives its name £rom the £act that the sensing element is maintained at a set 

temperature regardless o£ the wind velocity. Based on the £act that a change 

in temperature of the sensing element o£ the hot wire anemometer results in a 

change in the resistance o£ the wire, a Wheatstone bridge was used to detect 

variations in the resistance (temperature) o£ the wire. 1£ the resistance 

(temperature) o£ the tip were too low, it was raised by passing more current 

through the wire. Proper manipulation of RS and R6 caused just enough 

current to pass through the tip to maintain the resistance (temperature) at 

some prescribed value. 

The £ollowing is a review of the elements which made up the circuit (refer 

to Fig. 30 for location of electrical elements): 

Vl ) type C dry cells in series resulted in a 4i volt D.C. power 

supply for the hot wire anemometer circuit. 

Hl 0-100 D.C. milliampere meter. This meter operated in the range 

from 0 to 15 milliampere. The di£ference between the amount o£ 

current indicated by this meter and the current necessary to 

"zero" the tip was plotted against the true velocity of the air 

relative to the tip to arrive at a calibration curve for each tip. 

H2 Galvanometer. This galvanometer indicated when the Wheatstone 

bridge was balanced. 

RG Variable resistance 0-10,000 ohms. This resistance was placed 

in series with the galvanometer to protect the galvanometer £rom 

being overloaded. 

Rl Constant resistance 1040 ohms. This resistance formed a part of 

one leg of the Wheatstone bridge. 

R2 Constant resistance 1040 ohms. This resistance formed a part of 

one leg of the Wheatstone bridge. 

R) Constant resistance 16 ohms. This resistance formed a part o£ 

one leg of the Wheatstone bridge. 
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R4F Variable precision resistor placed in series with the forward 

tunnel senSing element. The resistor was used to compensate 

for the variation of the resistance between the electrical cable to 

the calibration tank and the electrical cable to the forward tunnel 

position. 

R4M Variable precision resistor placed in series with the movable 

probe sensing element. This resistor was used to compensate for 

the variation of resistance between the electrical cable to the 

calibration tank and the electrical cable to the movable probe 

position. 

R4T Variable precision resistor placed in series with the traverse 

sensing element. This resistor was used to compensate for the 

variation of resistance between the electrical cable to the 

calibration tank and the electrical cable to the traverse position. 

R5 0-10 ohm variable resistor. This resistor was used to make the 

final adjustments in-the balancing of the Wheatstone bridge. 

R6 0-100 ohm variable resistor. This resistor was used to make the 

course adjustments in the balancing of the Wheatstone bridge. 

R7F Resistance of the wire leading to the forward tunnel position. 

R7M Resistance of the wire leading to the movable probe. 

R7T Resistance of the wire leading to the traverse mechanism. 

R7C Resistance of the wire leading to the calibrating table. 

The attempt to make R7F ::; R7R s R7T = R7C was unsuccessful 

because of the small variations in the resistance of the various 

wires and connections. 

Sl Single pole, 11 position, two deck switch. Silver plated contacts. 

S2 Four pole, 3 position, two deck switch. Silver plated contacts. 

83 SPST switch. This switch was used to place the galvanometer in or 

out of the circuit. 

84 SPST switch. This switch was used to turn the hot wire anemometer 

circuit on or oft. 
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The sensing element ror the hot wire anemometer was a piece or tungsten 

wire approximately 0.0003 in. in diameter and 1/8 in. long. This wire was 

Bupported between the pointed ends of two steel probes. To insure a satis

factory mechanical and electrical connection between the tungsten wire and the 

steel probes, each end of the tungsten wire was copper plated and then tin

lead soldered to the steel probes. A protective cap was provided for each tip. 

This cap served three purposes, Fig. 31: 

1. Prevented physical damage to the tip. 

2. Kept the tip free of lint and dust. 

3. Prevented the circulation of air around the tip (except free 

convection) during the zeroing process of the tip. 

Fig. 31. SenSing element 
and cover or the 
hot wire 
anemometer. 

Each senSing element used in the hot wire anemometer was calibrated 

separately because the tungsten wire was not uniform and the fabrication 

technique was not developed to the extent that each tip was identical. On the 

basis of experience at Colorado A & M College and advice from Mr. P. G. Hubbard 

(Research Engineer, Iowa Institute of Hydraulic Research, State University or 

Iowa, Iowa City, Iowa), the senSing elements were operated at a temperature 

such that the resistance of the wire was approximately one and one-half times 



80 

the cold resistance. Since the average cold resistance of the tips was 6 ohms, 

an attempt was made to operate the tips at a temperature such that the 

resistance of the wire was 9 ohms. A current of 44 milliamperes accomplished 

this end. 

The sensing elaments were calibrated by revolving them at known speeds in 

a cylindrical tank, Fig. 32. The calibrating procedure was as follows: 

1. The sensing element, capped, was placed on the rotating arm ot the 

calibration tank. The cap prevented the tip trom being attected by 

any air currents which might be present inside the calibration tank. 

2. Sl' Fig. 30, was set to correspond to the position that the tip 

would occupy when velocity measurements were made with it; that is, 

torward tunnel, traverse, or movable probe. The description ot the 

rest ot the procedure will be based on 51 set at torward tunnel. 

3. S2 was set to "calibration tank." 

4. 54 was switched to the "on" pOSition and R5 , R6 and R4F were 

adjusted Simultaneously until the galvanometer showed no detlection 

and Ml read 44 milliamperes. 

5. The cap was removed trom the tip. 

6. The rotating arm of the calibration tank was set in motion and R5 

and R6 were adjusted until the galvanometer read zero. The current 

drawn by the circuit was indicated by meter HI. This meter was 

read and the value ot the current tlow recorded. 

7. The speed of the rotating arm could be changed by changing the 

pOSition of the belt on one or both of the two pulleys -- the pulley 

on the motor and the pulley on the rotating arm. In order to es

tablish a tip calibration curve over a wide range of velocities, step 

number six was repeated tor all possible combinations ot the two 

pulleys even though this resulted in duplication tor certain speeds. 

This duplication served as a check on the various points making up 

the calibration curve. 

8. The velocity ot the rotating arm was determined trom a knowledge of 
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the time required for the arm to rotate a specific number of whole 

revolutions and of the radius of the circle described by the rotating 

tip. A stop watch was used to ascertain the transpired time. 

Fig. 32. Calibration tank 
for the hot wire 
anemometer. 

The velocity of the rotating arm was not the true velocity of the tip 

relative to the air since the air within the tank was set in motion by the 

revolving arm and tip. Therefore, a correction arrived at by successive 

approximations was applied to the absolute velocity of the tip to arrive at 

the true velocity of the tip relative to the air. 

The velocity of the air circulating in the tank for various speeds of the 

rotating arm of the calibration tank was determined independently five times. 

In adjusting the early calibration curves for the velocity of the air within 

the tank, an average of the three sets of data taken up to that time was used. 

After determining the correction for the air velocity within the tank by two 

additional tests, the arithmetic average of the five sets of data was used to 

arrive at the true velocity of the tip with respect to the air. There was no 

significant difference between the correction based on the average of the 

three and the correction based on the average of five sets of data. 
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were used for the copper and two different sizes were used for the constantan; 

namely: 

Single strand -- Enamel insulation 

Copper -- B & S Gage No. 30 

Constantan -- B & S Gage No. 30 

Multi strand 

Copper 

Rubber insulation 

Leeds & Northrup No. 22-32-6 

Constantan -- Leeds & Northrup No. 22-40-2 

The 1938 calibration was applicable for all wires. 

The copper-constantan junctions were one of three types depending on their 

purpose and location. For purposes of strength, the copper-constantan 

junctions were silver soldered rather than tin-lead soldered. The constantan

constantan junctions were also silver soldered but all the copper-copper 

junctions were tin-lead soldered. 

The thermocouple circuit used for this study is indicated schematically 

in Fig • .34. The "common" constantan junction was placed in a thermally 

insulated box so as to eliminate any secondary junction effects. The reterence 

junction was a water and ice solution contained in a one pint thermos bottle. 

A Leeds and Northrup potentiometer was used to measure the thermocouple 

electromotive force. The switches used in the thermocouple circuit were ot 

the silver contact type and were placed in a l/2-in. thick plywood box -

again to eliminate secondary thermal effects. 

Particulars concerning the various thermocouples are given in Table IV, 

Appendix B. "Thermocouple No." refers to the number of the thermocouple. 

"Name and location" refers to the name given to the thermocouple and its 

location. ttJunctiontf refers to the type of junction used; that is: 

a stands for a junction made up of single copper and a single 

constantan wire. 

b stands for a junction made up of two copper and two constantan 

wires (made from multistrand wire only). 

f stands for a junction made up of all the copper and all the 
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constantan wires contained in the multistrand wires. 

"Wire" refers to the wire used; that is: 

g stands for the single strand wire. 

h stands for the multistrand wire. 

Thermocouple Nos. I through 28 were used to measure the temperature at 

various places which might have a bearing on the evaporation surface. The 

positions of these thermocouples are represented in Fig. 35. The word 

"surface" used in connection with the thermocouples refers to a thermocouple 

whose junction was just at the surface of the plaster of Paris from which the 

evaporation was taking place. The word "bottom" refers to thermocouples 

located on the bottom of the pan, Fig. 36a. 

Thermocouple Nos. 1, 2, 3, 5, 11, 12, 13, and 15 were positioned to agree 

with the location of the meteorological stations at Lake Hefner. 

Thermocouple Nos. 5 through 10 were positioned so that the temperature 

gradient existing within the modeled lake could be measured, Fig. 36b. 

Thermocouple No. 16 refers to the thermocouple placed in the water supply 

appurtenance attached to the pan. The horizontal location of the water supply 

appurtenance is indicated in Fig. 35. 

Thermocouple Nos. 41 and 51 made up the psychrometer which formed a part 

of the instrument group called forward tunnel. No. 41 was the dry thermocouple 

and No. 51 was the wet thermocouple. (For further details see section on 

forward tunnel). 

Thermocouple Nos. 42 and 52 made up the psychrometer on the traverse 

mechanism. Thermocouple No. 42 was the dry thermocouple and No. 52 was the wet 

thermocouple. (For further details see section on traverse mechanism). 

Thermocouple No. 43 was used to measure the air temperature at the rear 

tunnel location. (For further details see section on rear tunnel). 

Thermocouple No. 44 indicated the temperature of the air which passed over 

the modeled terrain surface to the north of the lake. This thermocouple was 

installed so that the junction rested on the surface of the terrain. The 

horizontal position of this thermocouple is indicated in Fig. 35. 
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Thermocouple No. 45 indicated the temperature of the air which passed 

over the modeled terrain surface to the south of the lake. This thermocouple 

was installed in a manner similar to that for No. 44. Fig. 35 indicates the 

horizontal position of this thermocouple. 

Thermocouple No. 46 was located outside the instrument shelter. This 

thermocouple indicated the temperature of the air which surrounded the 

instrument shelter and the test section of the wind tunnel. 

Thermocouple No. 47 was incased in a 1/4-in. plastic box located inside 

of the instrument shelter. The junction of the thermocouple was wrapped around 

the bulb of a mercurial thermometer which was completely enclosed in the plas

tic box, Fig. 37. A comparison of the temperatures as indicated by the thermo

couple and the mercurial thermometer acted as a check on the operation of the 

thermocouple system. Agreement between the two implied: 

1. The reference junction was at the proper temperature. 

2. The potentiometer was in adjustment and was operating properly. 

3. The switches were functioning as anticipated. 

It was realized that the temperature measurements made by means of the thermo-

couples could still be in error even though there existed a temperature 

agreement between thermocouple No. 47 and the mercurial thermometer. 

Fig. 37. Thermocouple 
instrumentation -
left to right 
a. Leeds and 

Northrup 
potentiometer 

b. Thermocouple 
switch box 

c. Mercurial 
thermometer 
and thermo
couple No. 47 
enclosed in 
plastic case. 



The thermometer used in conjunction with thermocouple No. 47 was a 

mercury-in-glass thermometer. The range of the thermometer, graduated in one 

degree divisions, was from -20 to+ 150°C. The calibration of the thermometer 

was checked and the thermometer was found to indicate temperatures approxi

° mately 0.7 C higher than the true temperature. 

Thermocouple No. 48 was one part of the instrumentation on the movable 

probe. This thermocouple indicated the temperature of the air in the vicinity 

of the movable probe. (For further details see section on movable probe). 

Thermocouple Nos. 61 through 68 were used to measure the temperature of 

the air along the walls of the tunnel. The thermocouple junctions were located 

at the wall surface, Fig. 38. 

The initial adjustment of the thermocouple instrumentation drifted. If 

this drift had not been corrected frequently, the temperature might have been 

improperly recorded by 

Hygrometry 

Two types of psychrometers were used during the course of this work. One 

type was the ordinary sling psychrometer which utilized two mercurial thermome

ters. The other type was the thermocouple psychrometer. The latter consisted 

of two thermocouples. One of the thermocouples measured the temperature of the 

air and served the same function as the dry thermometer of a sling psychrome

ter. The other thermocouple of the pair was termed the wet thermocouple and 

served the same purpose as the wet thermometer of the sling psychrometer. The 

wet thermocouple was a thermocouple wrapped with a cotton thread. This cotton 

served as a wick for transporting water to all portions of the covered thermo-

couple. Water was fed to the wick through a small plastic tube from a water 

supply reservoir. The temperature reading given by the wet thermocouple was 

sensitive to the rate at which water was fed to the wick. If the rate was too 

great, the temperature of the water would influence the reading. If the rate 

was ,too small or stopped altogether, the temperature reading would indicate a 

higher humidity than actually present. Experience indicated that good readings 

were obtained from the thermocouple psychrometer when a non-dripping drop of 
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water was maintained on the wet thermocouple. Ventilation of the wet thermo

couple was deemed satisfactory when the air speed was equal to or greater than 

2 ft/sec (2:51). 

The sling psychrometer was used as a check of the humidity as indicated 

by the forward tunnel psychrometer. When everything functioned properly, the 

readings of the forward tunnel psychrometer were in fair agreement with those 

of the sling psychrometer. 

Two thermocouple psychrometers were mounted in the tunnel. One was placed 

at the forward tunnel position and the other on the traverse mechanism. 

The dry bulb temperature readings of the sling psychrometer when compared 

with those of the forward tunnel dry thermocouple differed by an average of 

±O.7oF. The wet bulb temperature readings differed by an average of ±l.OoF. 

Forward Tunnel 

The instrumentation designated forward tunnel was used to measure the 

ambient velocity, temperature, and humidity of the air, Figs. 39 and 40. This 

instrumentation was located longitudinally in the tunnel approximately 15 in. 

from the upwind edge of the modeled lake. Also it was mounted approximately 

midway between the walls ar:.d midway between the surface of the model . and the 

ceiling. 

The three elements comprising the instrumentation were: 

1. A sensing element of the hot wire anemometer. This was used to 

measure the velocity ot the air. The ambient air velocity within the 

tunnel for a particular test was established and maintained by the 

combined use of this anemometer and the throttle on the engine. 

Frequent measurement of the air velocity at this point during a test 

served to indicate changes in the ambient air velocity. 

2. Dry thermocouple - No. 41. This thermocouple was used to measure the 

temperature of the ambient air. 

3. Wet thermocouple - No. 51. This thermocouple acted as the wet bulb 

thermometer of a psychrometer. The temperature readings indicated by 

this thermocouple and the dry thermocouple were used to determine the 
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Fig. 39. Forward tunnel sensing 
elements and support -
left to right 
a. Dry thermocouple No. 41 
b. Hot wire anemometer 
c. Wet thermocouple No. 51 
Water reservoir for wet 
thermocouple mounted on 
vertical rod. 

Fig. 40. Lake Hefner model -
looking downwind 
a. Traverse 
b. Forward tunnel 

instrumentation support 
c. Rear tunnel instru

mentation support. 
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humddity and temperature of the ambient air. 

The vapor concentration of the ambient air was determined by the readings 

taken. from the 1'orward tunnel psychrometer. 

Traverse Mechanism 

In order that the necessary meteorological measurements could be made 

above the modeled lake and terrain, a traversing mechanism was built to support 

the necessary instrumentation. The supporting beam 01' the traverse mechanism 

was a steel beam (1.5 in. deep and 19.5 in. wide) which spanned the width ot 

the tunnel. Wheels were mounted on each 01' the corners 01' the beam so that the 

beam could be moved the length of the tunnel on the steel rails which were 

mounted along each wall, Fig. 40. The steel beam was streamlined upstream with 

a piece of half round wood and downstream with a curved teathered surface. The 

traverse mechanism consisted of two interconnected carriages each controlled 

electrically. The first carriage ran along the underside 01' the steel beam and 

was used 1'or transverse positioning 01' the sensing elements. The second 

carriage ran along vertical rails which were secured to the first carriage. 

The latter carriage was used for vertical positioning 01' the senSing elements. 

A vernier and revolution counter attached to the electric motor controlling 

the second carriage served to indicate the distance that the senSing elements 

were moved vertically to within 0.001 in., Fig. 41. 
The traverse mechanism carried three sensing elements: 

1. A sensing element 01' the hot wire anemometer. This was used to 

measure the velocity pro1'ile of the air. 

2. Dry thermocouple No. 42. This thermocouple was used to measure the 

temperature of the air. 

3. Wet thermocouple No. 52. This thermocouple acted as the wet bulb 

thermometer 01' a psychrometer. The temperature readings indicated by 

this thermocouple and the dry thermocouple were used to determine 

humidity and temperature gradients. 

During this work the vertical position of the sensing elements on the 

traverse were not re1'erenced to a common datum. The recorded elevations refer 



95 

Fig. 41. Traverse mechaniam. 

to the height above the point at which measurements were made. Because the hot 

wire anemometer could be broken very easily, it was impossible to bring the 

sensing element to bear on the surrace. Thererore, the height or the sensing 

element above the terrain had to be estimated ror rererencing purposes. The 

senSing element was usually brought to within 0.0)0 in. to 0.050 in. or the 

surrace. Rulers and reeler gages were used as guides ror the person estimating 

the heigh~ or the tip above the terrain. The error in the estimation or the 

height or the tip above the terrain was considered to be less than the surrace 

roughness, 0.020 in. The vernier and revolution counter, discussed previously, 

were used to ascertain vertically traversed distances. 

When the data were analyzed, the portions or the velocity proriles near 

the surrace were round to deviate rrom anticipated results. An investigation 

was undertaken which explained, at least in part, the cause or this behavior. 

Without air circulating in the tunnel, the procedure of making a velocity 

profile was carried out. Measurement of the air velocity above 0.09 in. 

indicated that the air was not moving. But below this height, there existed an 
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apparent air velocity which increased in magnitude as the surrace was 

approached. This phenomenon was attributed to the greater quantity or heat 

lost by conduction through the air while in the proximity or the surrace than 

that lost by the normal convection currents which occur in undisturbed air. A 

correction curve was evolved and applied to the applicable data, Fig. 42. 
The correction curve was used in the rollowing manner. When the velocity 

of the air was measured at distances closer to the surrace than 0.09 in., the 

quantity or current drawn by the hot wire anemometer was decreased by the 

amount or extra current drawn by the hot wire anemometer under still air 

conditions ror a corresponding height as indicated in Fig. 42. Cognizance was 

taken or the fact that this procedure may be in error due to the ract that the 

correction to be applied to the hot wire anemometer may not be the same for 

still and moving air conditions. Because of the uncertainty of this latter 

correction, no consideration ror purposes or computing U* was given to the 

data closer than 0.10 in. to the surface. 

Location of Traverse Sensing Elements 

During the tests on the Lake Herner model, the sensing elements on the 

traverse were mounted as rollows: The sensing element of the hot wire 

anemometer was situated midway between the dry thermocouple No. 42 and the wet 

thermocouple No. 52. The distance between the thermocouples was approximately 

2 in. The three sensing elements were placed in the same horizontal and 

vertical plane with the latter normal to the direction or the wind. 

An attempt was made to measure the meteorological ractors eXisting in the 

model at positions Similarly located to the four meteorological stations in the 

prototype -- namely Stas. 1, 2, 3 and 4. 
When positioning the sensing elements on the traverse for measurement of 

the temperature, humidity, and velocity profiles above Stas. 3 and 4, the 

sensing element of the hot wire anemometer was placed directly over the 

position in the model corresponding to the location of the Stas. 3 and 4 in the 

prototype. The intake tower which was present in the prototype was not 

duplicated in the model. 
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The presence of the temperature gradient appurtenance at Sta. I and the 

irregular condition of the terrain caused by the Sta. 2 marker may have created 

undue turbulence which might have affected the velocity profiles if they were 

measured directly above Stas. I and 2 in the model. For this reason, the 

measurements which were taken as representative of conditions at the Stas. I 

and 2 were taken at slightly displaced pOSitions, Fig. 43. 
!l!!!:. Tunnel 

That phase of the instrumentation designated rear tunnel was used to 

measure the temperature of the air downstream from the model, Fig. 44. Its 

longitudinal location in the tunnel was approximately 4.5 in. from the down

stream edge of the modeled lake. The rear tunnel instrumentation was mounted 

approximately midway between the walls and midway between the surface of the 

model and the ceiling. 

A single sensing element was mounted at this location. This element was 

thermocouple No. 43 which was used to measure the temperature of the air down

stream from the model. Provision was made so that a sensing element of the hot 

wire anemometer could also be installed at this point but it was never put 

to use. 

Movable Probe 

The movable probe was that part of the instrumentation used to measure the 

air velocity and air temperature at various locations within the tunnel which 

could not be secured with the traverse mechanism, Figs. 45 and 46. The movable 

probe consisted of two elements: 

1. A sensing element of the hot wire anemometer. This was used to 

measure the velocity of the air. 

2. Dry thermocouple No. 48. This thermocouple was used to measure the 

temperature of the air. 

The rod on which the probe was mounted could be placed at any point 

within the tunnel. A metallic tape attached to the rod facilitated vertical 

orientation of the probe. 
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Fig. 44. Rear tunnel sensing 
elements and support -
left to right 
a. Dry thermocouple No. 43 
b. Hot wire anemometer. 

Fig. 45. Movable probe. 



101 

Fig. 46. Movable probe - le£t to 
right 

Testing 

a. Hot wire anemometer 
b. Dry thermocouple 

No. 48. 

Certain work was performed on the model, wind tunnel, and instrumentation 

prior to the commencement o£ each day's testing. This included: 

1. Instrumentation preparation. 

a. RepleniSh the supply of ice at the cold junction. 

b. Fill the water supply reservoirs for the thermocouple 

psychrometers and adjust the rate of £low. 

c. Calibrate the necessary sensing elements o£ the hot wire 

anemometer. 

2. Preparation of the lake sur£ace. The only means known which would 

elimdnate the dry spots on the evaporation sur£ace was the sanding 

which provided only temporary relie£. Therefore, prior to the 

testing for any day, the dry spots were eliminated temporarily by 

sanding. 
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After the completion of the preparatory work, air was circulated over the 

model at the same velocity as that which would prevail during the test. The 

air was circulated for about an hour prior to testing to permit the model to 

reach thermal equilibrium. 

The data gathering program for this study of Lake Herner wa3 divided into 

tests and runs, both of which were numbered consecutively, Part I and Part II -

Appendix D. The run data were a supplement to the main or test data. The 

rollowing procedure was rollowed in securing the data for a particular test 

and the accompanying runs: 

1. Just prior to the commencement or any test, the ambient air velocity 

within the tunnel was measured with the forward tunnel anemometer.. 

Ir the velocity deviated considerably trom the predetermined value at 

which the test was to be conducted, the velocity was changed by the 

proper manipulation or the throttle on the engine. If the velocity 

were adjusted, a sufricient length of time was permitted to transpire 

so as to enable the surface to reach thermal equilibrium under the 

new conditions. If the velocity or the air deviated but a small 

amount from that deSired, it was not corrected. 

2. The temperatures as indicated by each ot the thermocouples were 

recorded. These readings indicated, besides other things, the 

temperature existing at various points on the surface and bottom ot 

the modeled lake. This constituted the data for a run, Part II -

Appendix D. 

3. The temperature and humidity of the ambient air was measured with the 

sling psychrometer. These data were used only as a check on the 

thermocouple data. 

4. The instrumentation mounted on the traverse mechanism was used to 

secure data on the tamperature, humidity, and velocity profiles 

existing above various points. The traverse mechanism was moved so 

that the sensing element of the hot wire anemometer was directly 

above and very close to the desired point. The actual height of the 
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estimated. 
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5. The water supply for the lake was switched from automatic to manual 

and a note made of the time. 

6. The air velocity and wet and dry bulb temperatures as indicated by 

the traverse instrumentation were measured while the instrumentation 

was at the est~ated height above the terrain. The t~e of this 

measurement usually coincided with the switching of the water supply 

from automatic to manual. After these measurements were recorded, the 

sensing elements on the traverse mechanism were raised a prede

termined height and the same measurements repeated. This procedure 

was repeated until the sensing elements on the traverse mechanism 

were more than 5 in. above the surface. These data constituted part 

of the test data, Part I - Appendix D. 

1. The forward tunnel psychrometer was read each t~e a measurement was 

made with the traverse psychrometer. This constituted a part of the 

test data, Part I - Appendix D. 

8. Usually the temperature and humidity of the ambient air were measured 

in the middle of a test by the use of the sling psychrometer to check 

the thermocouple data. 

9. Water was added to the lake whenever the water level of the modeled 

lake dropped below some predetermined level as indicated by the lake 

stage indicator. After all the measurements for the velocity, 

temperature, and humidity were made, the level of the water in the 

lake was brought up to the level at which the test commenced. The 

water supply was then switched from manual to automatic and the time 

recorded. The manual water supply burette indicated the total 

quantity of water evaporated during a particular test. These data 

were a part of the test data, Part I - Appendix D. 

10. The sling psychrometer was again used to measure the temperature and 

humidity of the ambient air. This same set of readings was used to 
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represent the conditions in the tunnel at the conclusion of one test 

and the beginning of another. Again, these data were used only as a 

check on the thermocouple data. 

11. The temperatures as indicated by all the thermocouples were read. 

These readings represented the conditions in the tunnel at the 

conclusion of one test and the beginning of another. This constituted 

the data for another run, Part II - Appendix D. 

12. Usually all the tests on a particular day were conducted at the same 

ambient air velocity. Therefore, the tests made in addition to the 

first one were usually repeats of the first test or were tests 

conducted at the different locations. If it were the latter case, the 

traverse mechanism was moved so that the sensing elements were in the 

proper pOSition at the new location. The second, third, etc., tests 

were made by repeating steps 1 - 11. 

13. When feasible, the sensing elements of the hot wire anemometer were 

spot-checked after the day1s testing. 

The data gathered as a result of the testing were placed in two groups -

runs and tests. The main data which concerned the evaporation and temperature, 

humidity and velocity profiles were placed into the group called tests. Each 

test contains the complete data concerning the evaporation and temperature, 

humidity, and velocity profiles taken at a particular location for a certain 

ambient air velocity. The tests have been numbered consecutively based on 

their chronological order. These data have been includ~d in Part I -

Appendix D in detail. 

Each ·run contains the data of the temperatures existing in and around the 

model as indicated by all the thermocouples incorporated in the model. A 

steady state condition, so far as temperature was concerned, was assumed to 

exist in the model during a particular test. Though this was not an actuality, 

temperature changes during a test were of such a small nature that the 

arithmetic average of the various temperatures at the beginning and end of a 

test was considered to be representative of conditions during the test. 
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Theretore, the data comprising a test are supplemented by the data ot the run 

preceding the test and the run tollowing the test. The runs have been 

numbered in a taahion which permits association with the proper test; that is: 

Run 16a reters to the temperature data taken prior to test #6. 

Run I6b-1a reters to the temperature data taken atter test 16 and 

prior to test #1. 

Run 11b-8a reters to the temperature data taken atter test #1 and 

prior to test 18. 
Run ISb reters to the temperature data taken atter test 18. 

The run data, in detail, have been included in Part II - Appendix D. 

A summary ot the signiticant test and run data tor the 29 tests can be 

tound in Table III - Appendix B. 

Barometric Pressure 

An ott-airways climatological station is maintained on the campus ot 

Colorado A & M College. The barometric pressures existing during the variou8 

tests were taken trom the barograph records ot this station. Because ot the 

proximity ot the wind tunnel to the weather station (approximately 0.2 mile) 

and the negligible ditterence in elevation between the two places, the 

barometric pressures recorded at the weather station were considered to be the 

same as those existing at the wind tunnel. In the process ot evaluating the 

model data the barometric pressure was considered to be constant at a value ot 

25.0 in. mercury. This procedure was deemed acceptable in light ot the small 

difterences ot pressure between the actual pressure and 25 in. The actual 

barometric pressures are presented in this report so that the etfect of the 

difterent pressures may be evaluated it desired, Table V- Appendix B. 

Longitudinal Pressure Drop in ~ Tunnel 

To measure the air pressure drop along the longitudinal axis ot the 

tunnel, three piezometers, spaced 4 tt apart, were installed in the ceiling ot 

the tunnel above the modeled lake. They were made trom 1/16 in. brass tubing 
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having an inside diameter of 3/64 in. 

Flexible tubing connected the piezometers to a form of a Wahlen gage 

which was used to measure the difference in pressure between the various 

piezometers. The Wahlen gage was capable of measuring pressure differences as 

small as 0.00028 Ib/in. 2, Fig. 47. As a result of tests performed with this 

apparatus, the drop in pressure was found to be insignificant. 

Fig. 47. Wahlen gage. 



Appendix B 

TABLES 

This section of the appendix is devoted to the presentation of tables 

containing data for both the model and the prototype. 
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Table I 

D~ototype Data for Adiabatio Wind Profiles over 

Lake Hefner Measured at Sta. 1 (18:49) 

U26.2 U26.2 U* Zo Ew U*zo (U"';U26.2)2 Surfaoe 
U6.56 --;;-

ft u... 
sec seo ft ft 

(10-2) (10-3) 

3.28 1.239 0.1805 1.90 0.571 21.4 3.06 rough 
6.56 1.241 0.371 2.06 0.620 47.5 3.20 rough 
9.84 1.243 0.561 2.16 0.650 75.2 3.25 rough 

13.10 1.245 0.747 2.26 0.679 105~2' 3.26 rough 
19.68 1.250 1.140 2.52 0.757 178.2 3.35 rough 
32.8 1.259 1.9~0 3.08 0.925 371.0 3.50 rough 
39.4 1.265 2.3 5 3.44 1.037 510.0 3.66 rough 
49.2 1.269 3.05 3.77 1.135 704.0 3.75 rough 



Table II 

SWmmary or 3-hour Prototype Data 

E 

Day 1b tt 

Va 

tt2 
sec rt2-sec 

x10-6 

Part I Prototype Data -- Period January 6-20, 
6 10,000 2.52 
7 6.26 10,000 2.12 2.51 
8 7.71 10,000 2.26 2.59 
9 10,000 2.56 

10 10,000 2.52 
11 10,000 2.55 
12 10,000 2.61 
13 10,000 2.54 
14 10,000 1.016 2.53 
15 3.67 10,000 1.253 2.57 
16 10,000 2.64 
17 10,000 2.66 
18 10,000 2.65 
19 10,000 2.71 
20 10,000 2.42 

Part II Prototype Data -- Period April 1-15, 
1 9.27 10,000 2.38 2.59 
z 7.22 10,000 2.53 2.61 
3 1.324 10,000 3.18 2.65 
4 8.43 10,000 2.40 2.78 
5 -4.03 10,000 -5.20 2.13 
6 1.686 10,000 0.871 2.58 
1 13.43 10,000 0.0296 2.62 
8 12.82 10,000 4.20 2.58 
9 12.16 10,000 4.45 2.62 

10 5.96 10,000 2.62 2.61 
11 19.02 10,000 3.68 2.52 
12 19.14 10,000 3.55 2.51 
13 10.84 10,000 4.01 2.60 
14 11.20 10,000 3.58 2.73 
15 16.13 10,000 3.94 2.62 

Part 
1 
2: 
3 

~ 
6 
1 
8 
9 

10 
11 
12 
13 
14 
15 

III Prototype Data -- Period July 1-15, 
20.42 10,000 
8.80 10,000 3.72 2.76 
2.77 10,000 1.663 2.88 
8.19 10,000 4.39 2.95 

12.58 10,000 2.89 2.88 
14.75 10,000 3.58 2.95 
17.05 10,000 4.06 2.96 
20.60 10,000 2.97 
15.41 10,000 4.43 2.91 
14.63 10,000 4.04 2.97 
14.57 10,000 4.09 2.97 
13.31 10,000 4.42 2.98 
9.5Z 10,000 4.63 2.92 

11.57 10,000 4.34 2.88 
13.49 10,000 3.16 2.93 

N 

1951 

1.179 
1.327 

1.141 

1951 
1.501 
1.092 
1.569 
1.261 
2.84 
0.144 
1.729 
1.182 
1.°44 
0.870 
2.0? 
2.15 
1.041 
1.141 
1.566 

1951 

0.822 
0.565 
0.653 
1.478 
1.393 
1.436 

1.172 
1.219 
1.201 
1.013 
0.705 
0.925 
1.116 

u* 
tt 
sec 

1.945 
1.135 
1.197 
2.04 
2.33 
1.843 
1.429 
1.020 
1.682 
1.477 
2.28 
1.682 
1.410 
1.830 
3.11 

1.610 
1.505 
0.890 
1.748 
1.870 
2.38 
3.15 
1.850 
1.742 
1.803 
3.01 
2.41 
1.264 
1.899 
1.481 

1.152 
1.061 
1.565 
1.274 
1.593 
1.640 
1.637 
1.798 
1.535 
1.520 
1.441 
1.313 
1.116 
1.218 
1.270 

6.22 
5.77 
3.36 
6.25 
6.85 
9.25 

12.03 
7.17 
6.65 
6.91 

11.93 
9.62 
4.87 
6.95 
5.65 
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Table III 

Summary of Model Data for 1952 

Test Mo_ Sta. Time of 
Day or 
Test 

A E To Co TAD TAW CA .60 1Ie : =A U52.5 U26.2 Uil- R •• = 
U*;rA -v;-

No. & 
Day 

2 10-8 
3 10-20 
4 10-20 
5 10-21 
6 10-22 
7 10-22 
8 10-22 
9 10-23 

10 10-23 
11 10-23 
12 10-25 
13 10-25 
14 10-28 
15 10-28 
16 10-29 
17 10-29 
18 11-3 
19 11-3 
20 11-3 
21 11-4 
22 11-4 
23 11-4 
24 11-4 
25 11-4 
26 11-6 
27 11-6 
28 11-6 
29 11-6 

ft2 Ib of Ib 
2 -3 ft -sec rt 

xl0-5 xl0-4 

of of ...lJ2. 
ft3 

....!E. rt2 

rt3 sec 

.IIi! ...ll ...ll...ll 
sec sec sec 

xl0-4 xl0-4 xl0-4 x102 
O~026 25.01 1.~605ij..r-6-;-7Z-rr;953.t:;. .;>.c;.v ":)-'¥t .;> • ..JV v.lft:;. "".7:;1 f .7"- v.:;Ivv v. 

2 1530-1643 25.01 o. 07 56.6 7.32 72.7 52.9 3.36 3.96 3.28 2.34 1.97 1.40 0.329 5.01 
2 1352-1lJ.lJ.5 25.01 0.693 49.4 5.70 56.2 43.8 2.73 2.97 3.10 3.76 1.67 1.21 0.273 4.40 
2 1513-1664 25.01 0.708 49.2 5.66 55.9 44.7 3.05 2.61 3.10 4.38 2.00 1.47 0.296 4.77 
2 1328-1434 25.01 1.296 51.4 6.12 70.1 48.7 2.29 3.83 3.25 5.21 4.12 3.54 0.330 5.09 
2 1334-1420 24.59 1.072 52.8 6.42 66.7 49.0 2.84 3.58 3.22 4.61 4.32 3.42 0.536 8.25 
1 1445-1530 24.52 1.093 52.8 6.42 66.0 48.3 2.70 3.72 3.21 4.53 4.32 3.73 0.352 5.42 
3 1545-1623 24.42 1.110 52.7 6.40 64.2 48.1 2.91 3.49 3.19 4.93 4.91 4.22 0.414 6.41 
2 1351-1439 24.50 0.709 52.3 6.31 70.3 50.1 2.70 3.61 3.26 2.98 2.14 1.76 0.216 3.28 
1 1455-1545 24.50 0.765 53.3 6.53 69.4 49.2 2.51 4.02 3.25 2.90 2.52 2.16 0.203 3.10 
3 1606-1642 24.43 0.798 53.8 6.65 67.1 48.2 2.54 4.11 3.22 2.98 1.90 1.57 0.195 2.99 
2 1402-1451 25.01 1.750 51.3 6.10 74.0 49.4 1.88 4.22 3.30 6.29 6.88 6.10 0.456 6.91 
1 1511-1554 25.01 1.980 51.7 6.18 72.3 47.3 1.45 4.73 3.28 6.39 4.08 2.42 0.957 llL.59 
2 1330-1427 25.01 1.150 48.0 5.43 66.5 47.2 2.27 3.16 3.22 5.50 5.20 4.28 0.527 8.17 
2 1535-1609 25.01 2.400 49.0 5.62 66.9 46.3 1.93 3.69- 3.22 10.10 12.87 11.46 0.812 12.61 
2 1405-1446 25.01 1.130 48.5 5.52 63.2 45.6 2.23 3.29 3.18 5.41 4.61 3.71 0.511 8.06 
4 1540-1621 25.01 1.050 49.1 5.64 61.4 46.1 2.66 2.98 3.16 5.58 6.47 5.59 0.508 8.06 
2 1429-1456 24.99 1.210 42.6 4.47 52.0 41.8 2.71 1.76 3.05 11.33 14.80 13.10 1.017 16.78 
1 1551-1619 24.99 1.310 42.7 4.49 52.5 41.1 2.45 2.04 3.06 10.49 13.70 12.10 0.914 14.93 
4 1638-1700 25.01 1.340 42.3 4.43 50.4 39.5 2.28 2.15 3.04 10.27 12.50 10.60 1.096 18.07 
2 1343-1407 25.01 1.213 47.7 5.37 67.6 47.7 2.26 3.11 3.23 6.05 5.23 4.60 0.358 5.55 
1 1431-1458 24.96 1.303 48.7 5.57 69.547.5 1.91 3.66 3.25 5.49 5.27 4.67 0.352 5.41 
4 1513-1533 24.96 1.203 49.5 5.72 68.5 48.6 2.44 3.28 3.24 5.66 5.10 4.47 0.371 5.71 
3 1548-1612 24.99 1.189 50.0 5.82 67.0 47.2 2.19 3.63 3.22 5.09 3.65 3.20 0.264 4.10 
3 1630-1646 24.99 1.341 50.2 5.87 63.3 45.9 2.31 3.56 3.18 5.92 3.47 3.05 0.242 3.80 
2 1408-1439 25.01 0.531 41.1 4.24 47.6 34.8 1.32 2.92 3.00 3.03 1.07 0.78 0.169 2.82 
1 1451-1524 25.01 0.370 40.9 4.21 48.2 33.8 0.974 3.24 3.01 1.90 1.07 0.66 0.236 3.91 
4 1540-1613 25.01 0.396 40.5 4.15 45.9 32.3 0.908 3.24 2.98 2.05 1.28 0.89 0.223 3.74 
3 1629-1650 25.00 0.476 39.9 4.06 46.6 32.0 0.723 3.34 3.00 2.38 1.50 1.15 0.200 3.33 

f-' 
f-' o 



Thermo
couple 
number 

1 
2 
3 

~ 
6 
7 
8 
9 

10 

11 
12 
13 
14' 
15 
16 

17-20 

21 
22 
23 
24 
25 
26 
27 
28 

29-40 

41 
42 
4.3' 

~ 
46 
47 
48 

49-50 

51 
52 

53-60 

61 
62 
63 

~~ 
66 
67 
68 

Table IV 

Thermocouple Details 

Name and location Junction 

Sta. 2 (South station) - surface a 
sta. 4 (North station) - surface a 
Sta. 3 (Northeast station) - surface a 
west - surface a 
Sta. 1 (Barge) - surface ) b 
Sta. 1 (Barge) ) b 
Sta. 1 (Barge) t water tempera- b 
Sta. 1 (Barge) 
Sta. 1 (Barge) 
Sta. 1 (Barge) 

Sta. 2 (South station) 
sta. 4 (North station) 

(Northeast station) sta. 3 
west 
Same as HIO 
water supply 
Blank 

Inlet 
Southwest 
Northwest 
East 
Southeast 
South-intermediate 
West-intermediate 
North-intermediate 
Blank 

- bottom 

- bottom 
- bottom 
- bottom 
- bottom 

- surface 
- surface 

surface 
- surface 
- surface 
- surface 
- surface 
- surface 

) ture gradient 
) 
) 

Forward tunnel psychrometer - dry temperature 
Traversing psychrometer - dry temperature 
Rear tunnel - air temperature 
Air temperature, surface, north of lake 
Air temperature, surface, south of lake 
Air temperature outside instrument shelter 
Encased ther.mocouple check temperature 
Air temperature, roving probe 
Blank 

Forward tunnel psychrometer - wet temperature 
Traversing psychrometer - wet temperature 
Blank 

Air temperature, tunnel wall, S.W., low 
Air temperature, tunnel wall, S.W., high 
Air temperature, tunnel wall, N.W., low 
Air temperature, tunnel wall, N.W., high 
Air temperature, tunnel wall, N.E., low 
Air temperature, tunnel wall, N.E., high 
Air temperature, tunnel wall, S.E., low 
Air temperature, tunnel wall, S.E., high 

b 
b 
f 

f 
f 
f 
f 
f 
f 

a 
a 
a 
a 
a 
a 
a 
b 

a 
a 
a 
a 
a 
a 
f 
a 

a 
a 

b 
b 
b 
b 
b 
b 
b 
b 

III 

Wire 

h 
h 
h 
h 
h 
h 
h 
h 
h 
h 

h 
h 
h 
h 
h 
h 

h 
h 
h 
h 
h 
h 
h 
h 

g 
g 
g 
g 
g 
g 
h 
h 

g 
g 

h 
h 
h 
h 
h 
h 
h 
h 



Date 8:00 2:00 

9-27-52 25.080 25.075 
10-8-52 25.165 25.170 
10-20-52 25.220 25.220 
10-21-52 25.180 25.185 
10-22-52 25.280 25.300 
10-23-52 25.285 25.285 
10-25-52 25.170 25.180 
10-28-52 25.405 25.400 
10-29-52 25.180 25.180 
11-3-52 25.~0 25.4~0 
11-i-52 25.1 0 25.1 0 
11- -52 25.315 25.320 

Table V 

Barometric Pressures - Fort Collins. Colorado 

Units - Inches of Mercury 

Time at Dal 

10:00 11:00 12:00 1J:00 ~tOO 1~:00 16:00 

25.070 25.040 25.010 24.995 24.975 24.970 24.960 
25.180 25.175 25.170 25.160, 25.135 25.130 25.120 
25.220 25.210 25.200 25.180 25.180 25.180 25.180 
25.190 25.190 25.185 25.165 25.155 

17::00 18:00 

24.960 
25.120 
25.180 

24.960 
25.120 
25.180 

25.150 25.155 
25.320 25.325 25.325 25.320 25.300 

25.145 25.145 
25.295 25.295 25.295 25.295 

25.285 25.285 25.275 25.250 25.220 25.200 25.195 25.180 25.180 
25.180 25.175 25.17Q 25.150 25.130 25.125 25.120 25.125 25.135 
25.375 25.360 25.325 25.290 25.270 25.260 25.250 25.200 25.200 
25.160 25.150 25.130 25.100 25.065 25.060 25.050 25.·020 25.020 
25.440 25.430 25.420 25.400 25.370 25.350 25.340 25.230 25.325 
25.165 25.150 25.120 25.090 25.075 25.055 25.045 25.045 25.050 
25.320 25.315 25.295 25.260 25.240 25.230 25.225 25.220 25.220 

..... ..... 
I'\) 



Appendix C 

DATA TRANSFORMATION 

As a result ot this study and others, data for correlation purposes were 

available fram four sources. Many of these evaporation data were not in a form 

consistent with the dimensional analysis of Chapter II. Therefore, these data 

were transformed to for.ms which were. The object of this Chapter is to present 

in detail the steps followed in accomplishing this end. Each of the four 

sources of data will be treated in turn. 

~ Based ga ~ !2B Kar.man Extension £! Reynolds AnalogI 

In Chapter II relationships between the parameters N and R* were 

derived for various ranges of values of a. when evaporation occurred from 

smooth and rough plane boundaries. The object of this section is to evaluate 

further these relationships between N and a. in light of the known 

prototype data (18) and model characteristics • 

.Q!!.!. ! -- Evaporation equation for 103 ~ ~ s 105 -_ smooth boundary (model 

range). 

6.23 
(22) 

Since R* for the model data fell in this range, the quantity x in Eq. 22 

was considered to be the distance from the upstream edge of the modeled terrain 

to Sta. 2. This distance was 1.8 tt. The parameter ~ was taken as the 

square root ot the area of the modeled lake. The area ot the modeled lake was 

25.01 square feet and the square root of this was 5.00 ft. When x and ~ 

were considered equal to 1.8 ft and 5.00 ft respectively, Eq. 22 reduced to 

...!... 
N 

.. (22a) 
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Q!!.! !! -- Evaporation equation for R* ~ 105 __ smooth boundary. 

...L = 0.11~ ~4.68f0.574 + 10g[10g(J;=)] + log ~!2.64 
N ~lOg(3280) 

zol 

-8. 70t0.57 4 + 10g[10g(J;!~)] + log R*r32~ (24) 

A more direct relationship between N and a. could be evolved if a repre

sentative value of zol were substituted into Eq. 24. The following procedure 

was followed in the determination of this value of Zo! • 

Since Sta. 2 was the upwind station for the prevailing wind, it was 

selected as the significant land station for purposes of computing zoJ and 

for extrapolation of Sta. 1 data to a land station. 

Prior to the determination of zol , a correlation had to be evolved 

between the wind velocity at Sta. 1 and Sta. 2 so that the average wind 

velocity at Sta. 2 could be determined on the basis of the 16-month average 

velocity at Sta. 1 which was 19.4 ft/sec at an elevation of 26.2 ft. This 

correlation was attained in the following manner: 

a. The 1/2-hour prototype data were reviewed and those satisfying 

the following were selected for further analysis. 

(1) The predominant wind direction at all of the four stations 

for a particular 1/2-hour period was southerly. 

(2) The velocity at Sta. 1 at an elevation of 52.5 ft was 

54.1 ft/sec. 

b. The velocities for Stas. 1 and 2 at an elevation of 26.2 ft were 

selected from the data satisfying conditions (1) and (2) under a. From 

these figures an average velocity for Sta. 1 was determined and an average 

velocity for Sta. 2 was determined. Both average velocities were for an 

elevation of 26.2 ft and satisfied the restrictions under a. This value 

of U26.2-Sta. 1 and U26.2-Sta. 2 determined one point on the plot of 

U26.2-Sta. 1 versus U26.2-Sta. 2, Fig. 1. 
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c. Five additional points for Fig. 1 were deter.mined when Steps a 

and b were repeated for velocities of 40.6, 21.01, 13.51, 6.16, and 3.38 

tt/sec instead of the velocity of 54.1 ft/sec. 

d. The 16-month average velocity of 19.4 ft/sec for Sta. 1 at an 

elevation of 26.2 ft corresponded to a velocity of 16.2 ft/sec for Sta. 2 

at an elevation of 26.2 rt based on Fig. 1. 

To attain an average value of zol , zoL was considered to have that 

value of roughness which corresponded to the average wind velocity for Sta. 2; 

namely, 16.2 ft/sec. Fig. 2 was prepared in an endeavor to correlate zo! 

and U26.2-Sta. 2. This was accomplished as follows: 

e. After the data had been separated according to Step a, z04 for 

each velocity profile for Sta. 2 was determined. The arithmetic average 

of these values of zol combined with the average velocity at Sta. 2 

located one point on the plot of zol versus U26.2-Sta. 2 , Fig. 2. 

f. Five additional point. for Fig. 2 were obtained by repeating 

Step e for the different velocities listed under Step c. 

g. According to Fig. 2, the value of zol which corresponded to a 

velocity of 16.2 ft/sec was 0.22 ft. 

The adoption of the value of 0.22 ft for zol simplified the relationship 

of Eq. 24 between N and Ro to 

i = 0·~[4.68(1.194 + log ~)2.64 

-8.70(1.194 + log a.)1.32] • 

Evaporation equation for R ~ 105 -- rough. boundary. 

N = • 
[ (_~wA \12.5 1.89 + 1.62 log ~}J 

(24&) 

(26) 

Here as in Case II a more direct relationship between N and ~ was evolved 

by substituting into Eq. 26 average values of zol and r' • As in Case II, 

zo~ was assigned the value of 0.22 ft. By definition, r' was equal to ~ 
~. 
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For the prototype, the ~ was assumed to be constant at a value of 10,000 

feet since A was taken as equal to 108 square feet (2,290 acres). The 

selection of a significant average value of Ew for insertion into Eq. 26 was, 

in light of present day knowledge, a difficult task. This was the case because 

the wind not only causes the water surface to move but it also creates waves. 

Therefore, the application of Eq. 6 

U tJ! = 5.15 log (~OZ) (6) 

to the velocity profiles over water in an endeavor to determine Cw may not be 

justified. Be that as it may, the average value of Ew was taken as 0.154 ft 

corresponding to a velocity of 19.4 ft/sec. This value of the roughness 

parameter was based on the figures for U26.2-Sta. 1 and Ew in Table I -

Appendix B. USing these approximations for Zot and r' , Eq. 26 reduced to 

N = 0.0546 ~ • (26a) 

Protot:rpe !2!1! 

The actual data from the prototype study of Lake Hefner were available in 

three forms: 

1. The 1/2-hour data cards. The meteorological conditions at the four 

Lake Hefner meteorological stations were recorded for each l/2-hour 

interval on I.B.M. punch cards. A set of these cards was made 

available to Colorado A & M College. 

2. The 3-hour average data. For purposes of averaging the data, each day 

was broken down into eight 3-hour periods. The arithmetic average of 

the various readings for the six 1/2-hour intervals comprising a 

3-hour period was considered as being representative of that 3-hour 

period. A set of these data was also made available to Colorado 

A & M College. 

3. U. S. Geological Survey Circular #229 data (18). The agencies 

participating in the Lake Hefner prototype study subjected the data to 



rigorous analysis. The significant findings and results of these 

analyses were presented in this circular. 
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These three forms of prototype data were analyzed at Colorado A & M 

College in light of the work being done on the Lake Hefner model. The 

remainder of this section will be devoted to a discussion of the approach 

adopted at Colorado A & M College in analyzing these forms of prototype data. 

~ 1/2-Hour ~ Carda 

The data contained on the 1/2-hour data cards were subjected to ~nor 

analyses. Some of the velocity data for south winds at Sta. 2 were used to 

determine a relationship between U26.2-Sta. 1 and U26.2-Sta. 2 ' Fig. 1. 

They were also used to obtain a relationship between U26.2-Sta. 2 and zo~' 

Fig. 2. 

!h! 3-Hour Average ~ 

The staff at Colorado A & M College concluded that the meteorological 

conditions recorded at the four meteorological stations were well represented 

by the 3-hour average data. Certain parts of these data were subjected to 

detailed analysis in an endeavor to substantiate the soundness of the 

assumptions made while treating the equation in the U. S. Geological Survey 

Circular #229 (18). An analysis of all the data was not attempted because such 

work would have only duplicated that performed by the agencies participating in 

the Lake Hefner project. 

An attempt was made to secure representative samples of consecutive proto

type data which was taken during three different seasons of the year -- winter, 

spring, and summer. A season representative of the autumn was not chosen 

because the belief was held that spring and autumn conditions would be similar. 

The personnel who gathered the Lake Hefner data assigned a quality grade 

to the water budget evaporation data for each day. If conditions were such 

that nothing took place which might affect the preciSion of the measurements, 

the data were rated high. If something occurred, such as a rain storm, whose 

effect might not be fUlly accounted for, then the data were rated lower 

depending on the severity of conditions. The periods of data representing the 
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three seasons were chosen in such a manner that the average grade or the 

consecutive data contained within a given period was the highest obtainable 

within that season. The periods chosen were: 

January 6 - 20, 1951, inclusive 

April 6 - 20, 1951, inclusive 

July 1 - 15, 1951, inclusive 

Winter 

Spring 

Summer 

The signiricant variables ror the analysis or the prototype data were the 

same as tho se ror the model; namely, U z , U* , .,fA , E , ve , and AC. In 

the prototype, it was not feasible to measure E ror periods or t~e or less 

than one day. Therefore, the values or the variables Uz , U* , .,fA , E , ve , 

and AC were derived in such a rashion as to reflect the average conditions 

for a day. Each or these variables will be discussed separately in the 

paragraphs that follow. As an introduction to this discussion, it might be 

well to remind the reader that each day was divided into eight 3-hour periods. 

In the prototype data analysis, each or the above mentioned variables except E 

was determined for each 3-hour period. The numerical value of each parameter 

for a particular day was considered to be the arithmetic average of the eight 

values of each parameter for that day. 

Uz - velocity or the air at elevation z above the terrain -- reet/ 

second. The velocity profiles measured at the four meteorological stations for 

each 3-hour period were well represented by a linear relationship between 'the 

velocity and the logarithm of height. This linear relationship was used in the 

determination of the velocity at various elevations. The meteorological 

station located at the center of the lake, Sta. 1, recorded the wind direction. 

The wind direction over the lake for each 3-hour period was considered to be 

the same as the prevailing wind at Sta. 1 for that same period. The velocity 

profile at the up-wind station was considered to be representative of the 

velocity profile over the lake for each 3-hour period. Ir the prevailing wind 

was from the south or southeast, the wind profile at the south meteorological 

station, Sta. 2, was used. Ir the prevailing wind was from the east or north

east, the wind profile at the northeast meteorological station, Sta. 3, was 



used. If the prevailing wind was from the north, the wind profile at the 

north meteorological station, Sta. 4, was used. At no time during the three 

fifteen-day periods considered was the prevailing wind for any three-hour 

period from the northwest, west, or southwest. 
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U* - shear velocity of the air -- feet/second. The shear velocity for 

each 3-hour period, U* , was determined by the solution of the two simultaneous 

equations formed when the velocities at two different levels were substituted 

into Eq. 1. The wind profile used in the determination of U* for each three

hour period was taken as the up-wind profile for that period. 

~ - length parameter -- feet. The area of Lake Hefner, A , was 

considered to be constant at 108 square feet (2,290 acres). The area of the 

lake varied with the stage of the lake but the amount of variation was small 

and was therefore neglected. The length parameter ~ was computed by taking 

the square root of the area A which resulted in ~ being equal to 

10,000 ft. 

E - rate of evaporation -- pounds/feet2 -second. In the Lake Hefner 

records, the evaporation was recorded as so many inches of water per day. 

Simple numerical constants were used to convert these figures to the units of 

E I Ib/ft2-sec. 
2 ~e - molecular diffUsion coefficient for water vapor -- feet /second. 

The kinematic viscosity of air v for each 3-hour period was determined from a 

consideration of temperature and barometric pressure. The Prandtl number <r 

was considered to have a constant value of 0.6 which permitted the computation 

of 11 e by the relationship Ve = ))/0.6. The barometric pressure used in the 

determination of 11 was considered to be constant at 28.7 in. of mercury, 

(3:392). The 3-hour average temperature recorded at the meteorological station 

located at the center of the lake, Sta. 1 at an elevation of 6.56 ft was 

consid·ered as being representative of the temperature for purposes of 

evaluating 11. 

AC = Co - CA - difference in absolute humidity between the air in contact 

with the evaporation surface and the ambient air -- pounds/feet3• 
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Co - represented the absolute humidity of the air in contact with the 

lake pounds/feet3• The air was considered to be completely saturated and at 

the same temperature as the evaporation surface. Therefore, the absolute 

humidity of the air was that corresponding to a saturated atmosphere at a 

temperature equal to that of the surface from which evaporation was taking 

place (9:.83). The 3-hour average water surface temperature measured at Sta. 1, 

was used to evaluate Co for each 3-hour period. 

CA - represented the absolute humidity of the ambient air -- pounds/feet3• 

CA for each 3-hour period was based on the 3-hour .average readings as recorded 

by the psychrometer located at the 52.4 ft level at the up-wind meteorological 

station. The barometric pressure used in the computation of CA was 

considered to be constant at a value of 28.7 in. of mercury. 

The variables U*, ~. Ve , E , and ~C were combined into the 

dimensionless parameters, N and R*, for comparison purposes. The data are 

summarized in Table II - Appendix B and represented graphically in Fig. 7. 

U. S. Geological Survey Circular #229 ~ (18). 

As a result of the Lake Hefner prototype study the following relationship 

was evolved as the best correlation between evaporation, wind speed, and vapor 

pressure difference: 

where 

EI 
-- = 0.001167 U26.2-Sta. 1 
£\e 

EI - evaporation of water 

(32) 

inches/feet2-day, 

U26.2-Sta. 1 - wind speed at an elevation of 26.2 feet measured 

at Sta. 1 -- feet/second, 

Ae - difference in water vapor pressure between that at the 

surface of the water and that of the air -- millibars. 

The dimensional analysis indicated that for purposes of correlating 

evaporation, the variables U*, ~. 11 e ' E , and ~C should be placed in 

the following dimensionless form: 

E~ _ j (U*-v'A) 
21e ve - 3 ve • (33) 
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When Eq. 32 was transformed so as to be expressed in terms of the dimensionless 

parameters of Eq. 33, it assumed the form 

N = 0.0203 ~ • (27) 

One must remember that Eq. 27 was derived from the equation for Lake Hefner, 

that is Eq. 32, and is only valid within the scope of the approximations used 

for the transformation of Eq. 32 to that of Eq. 27. 

The steps followed in the process of transforming Eq. 32 to Eq. 27 are 

presented in the paragraphs that follow: 

The conversion of E' to the units of E was accomplished by the 

introduction of the following constants: 

EI - E (12)(24)a60 )(60) 
- 62. 

where 

EI - evaporation of water 

E - evaporation of water 

inches/feet2-day, 

pound/feet2-second. 

(34) 

Since the velocity U 6 2 1 2 • -Sta. in Eq. 32 was based on the velocity of 

the air measured at Sta. 1 which was located at the center of Lake Hefner, 

U26.2-Sta. 1 was converted to the velocity at a land station so as to be 

consistent with the analysis used on the actual prototype data. This was per

formed by means of the approximate linear relationship between U26 2 • -Sta. 1 

and U26.2-Sta. 2 given in Fig. 1. Expressed in approximate functional form, 

this relationship was 

The relationship between U26.2-Sta. 2 and U* was considered to be that 

expressed by 

(35) 

(la) 

In the course of evaluating Eq. la, z was taken as 26.2 feet which 

corresponded to the height at which the velocity was measured and zo! was 

considered to have the same value as that used for the evaluation of the von 

Karman extension of Reynolds analogy; namely, 0.22 ft. These specific values 
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of z and zo~ reduced Eq. la to 

U26.2-Sta. 2 = 11.92 U .... 

Eqs. 35 and 36 were then combined with the result that 

U26.2-Sta. 1 = 13.54 u... • 

()6) 

(31) 

The approximations and relations used to correlate ~e and AC were as 

follows: Specific humidity qh may be expressed by the following relations 

(8:38) 

where 

C 

C +p 
0.622e 

Pa-0.318e 

qh - specific humidity -- pound/pound, 

C - absolute humidity -- pounds/feet3, 

P - density of dry air -- pounds/feet3, 

e - water vapor pressure -- millibars, 

Pa - total atmospheric pressure -- millibars. 

(38) 

Since Pa was of the order of 100 times that of 0.318e, the omission of the 

term 0.318e was considered to be permissible without the introduction of a 

large error. Eq. 38 was rewritten as 

(C + p) 0.622 • e = 

By definition 

fl.e = eo - e26.2 • 

The vapor pressure of saturated air at the temperature ot the water 

surface was eo. Eq. 39 rewritten in terms ot eo was 

where 

(39) 

(40) 

(41) 

Co - absolute humidity ot saturated air at the temperature ot 

the water surface pounds/feet3, 



Po - density ot dry air at the temperature of the water 

surface -- pounds/feet3• 

The vapor pressure ot the ambient air e26.2 was determined by the 

psychrometer at the 26.2 ft-level at Stat 1. Eq. 39 rewritten in terms of 

where 

026.2 - absolute humidity of the air as indicated by the 

psychrometer at Stat 1 at the height of 26.2 feet 

pounds/feet3, 
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(42) 

P26.2 - density of dry air as indicated by the temperature at an 

elevation of 26.2 feet at Stat 1 -- pounds/feet3• 

Utilizing Eqs. 41 and 42, Eq. 40 was written in terms of absolute humidity as 

Ae = eo - e26.2 

_ Pa [ 00 (°26.2 - P26.2) - °26.2 (°0 - Po) ] (43) 
0.622 Po P26.2 + 1'26.2 °0 + Po 026.2 + °0026.2 • 

Eq. 43 was simplified through the adoption of the following assumptions: 

a. For practical purposes Po and P26.2 were considered to be 

equal. Data presented in reference (18:8) indicated that the difference 

in temperature between the air temperature at the 26.2-ft level and the 

water surface temperature was no greater than 300 based on the average 

monthly temperatures, Most of the t~e this difference was between 100 

and 2°C. At a yearly average temperature of 1$°0, a 30e difference in air 

and water temperature accounts for less than 1 percent variation between 

Po and P26.2' Because Po and P26.2 were so nearly alike in value, 

they were considered to be equal; that is, 

Po = P26.2 = p. 
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b. The density of dry air P is of the order of 70 times greater 

than 00 and °26•2 • The quantity p 2 considered equal to PoP 26.2 

was likewise of the order ot 70 times greater than P26.200 and Po026.2 

and ot the order ot 4900 times greater than °0°26.2. Therefore. the 

sum ot the values ot P26.200' Po026.2 ' and 00026.2 could be omitted 

because it was small when compared with p2 • 

On the basis of these approximations, Eq. 43 reduced to 

Ae _ Pa 
0.622 

(44) 

Eq. 44 was further simplified by assuming average values for Pa and P. 

Based on the U. S. Standard Atmosphere (3:101) and on an elevation of 1194 

feet, Pa had the value ot 971 millibars. T.he average air temperature 

measured at the meteorologioal station located at the center ot the lake at the 

26.2 ft-level was taken as 15°0 (lS:S-Fig. 5). The value of p was assumed to 

be 0.0733 Ib/ft3 based on a temperature of 1500 and a barometrio pressure of 

971 millibars; therefore, 

Ae = 21300 (°0 - 026•2) = 21300 .6.0 • 

These transformations permitted Eq. 32 to be rewritten as 

....!.. = 0.0203 U* • 
AO 

(45) 

(46) 

The introduction of the ratio of ~/Ve to both sides of Eq. 46 

oompletes the steps necessary to place Eq. 32 in the torm of the dimensionless 

parameter Nand R*; that is, 

N = 0.0203 R..,. • (27) 

Model ~ 

The testing of the Lake Hefner model resulted in the accumulation of a 

considerable amount ot data. These data had to be transformed so as to assume 

forms whioh would be Significant for comparison purposes. The significant 

variables were Uz , U* , ~ , E I 11 e I and .6.0. The experimental data for 

each test are included in detail torm in Appendix D. The transformed data have 
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been summarized in Table III - Appendix B. The data trom each ot the 29 tests 

performed on the Lake Hetner model were treated as follows: 

Uz - velocity ot the air at elevation z above the terrain -- teet/ 

second. For each velocity profile a plot ot velocities versus logarithm ot 

heights greater than 0.10 in. above the terrain were best represented by a 

linear relationship. This linear relationship was used in the determination ot 

the velocity at various elevations. 

U* - shear velocity ot the air -- teet/second. The shear velocities U* 

represented by the various velocity profiles, were determined by the simultane

ous solution ot Eq. 1 utilizing values ot Uz corresponding to two ditterent 

elevations. 

~ - length parameter -- teet. The total area of the evaporation surtace 

was 25.01 sq tt. The net area trom which evaporation took place was 

determined by deducting the estimated dry-spot area from the total area of 

25.01 aq tt. The length parameter ~ was computed by taking the square root 

of the net area. 

E - rate ot evaporation -- pounds/teet2-second. The total amount ot water 

evaporated during a test was measured quantitatively by means ot a burette. E 

was deter.mined by dividing the total quantity ot water evaporated by the length 

of time ot the test and by the net evaporating area. 

Ve - molecular dittusion coetficient tor water vapor -- feet2/second. The 

kinematic viscosity ot air v was determined from a consideration ot tempera

ture and barometric pressure. The Prandt1 number ~ was considered to have a 

value ot 0.6 which permitted the computation of Ve by the relationship 

Ve = ~/0.6. The barometric pressure used in the determination of y was 

taken as the average barometric pressure at Fort Collins, 25.0 in. of mercury. 

The temperature TAO which governed the value of v was taken as the 

arithmetic average of the dry bulb temperatures recorded during a test at the 

forward tunnel position. 

~C = Co - CA - difterence in absolute humidity between the air in contact 

with the evaporation surtace and the ambient air -- pound/teet3• 
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00 - represented the absolute humidity of the air in contact with the 

evaporation surface -- pounds/feet3• This air was considered to be completely 

saturated and at the same temperature To as the evaporation surface. 

Therefore, the absolute humidity of the air was that corresponding to a 

saturated atmosphere at the temperature of the &vaporationsurface (9:83). 

Just prior to and following a test, the temperatures existing at 13 points on 

the evaporation surface were measured by means of thermocouples (thermocouples 

1 through 5 and 21 through 28). The arithmetic average of these 26 ~emperature 

readings (2 times 13) was considered to be representative of the evaporation 

surface temperature To for purpose of computing 0 0 • 

CA - represented the absolute humidity of the ambient air -- pounds/feet3• 

It was based on the temperature and humidity as indicated by the forward 

tunnel psychrometer and the average barometric pressure at Fort Oollins, 

25.0 in. mercury (3:392). The dry bulb temperature, TAD used for compu

tational purposes of CA I was considered to be the arlthmetic average of the 

dry bulb temperature recorded at the forward tunnel position during a test. 

The wet bulb temperature TAW was considered to be the arithmetic average of 

the wet bulb temperatures recorded at the forward tunnel pOSition during a 

test. 

In view of the aforementioned interpretations given to the data, the 

results were placed in the form of the significant parameters. The variables 

Uz' and UiI

N equal to 

could be used for velocity profile correlations. The parameters 

E~ U*~ and R* equal to could be determined for 
AO Ve Ve 

evaporation comparisons. 

~ 2! Albertson 1!l 
The data of Albertson (1) concerning evaporation from a plane boundary 

were in a form consistent with the dimensional analysis and therefore could be 

plotted directly on Fig. 7. 

to 24. 
The range of -!- for these data was from 0.25 

~ 



Appendix D 

DErAILED MODEL DATA 

In this section of the report the detailed data are presented. These 

data are divided into two main sections, Part I - Model Tests and Part II -

Model Runs. The reader is referred to Appendix A and in particular to the 

section titled "Testing" of that Appendix for a description of the methods and 

equipment used in collecting these data. 
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~ .! - Model Testa 
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Time Height Forward tunnel Traverse Traverse Quantity 
of above ps-gchrometer psychrometer wind of water 

day terrain TAD- F TAW-oF of of velocity evaporated 
Thermo. Thermo. Thermo. Thermo. 

Inches #41 #51 #42 #52 ft/sec cc 

Test No! 1 Date SeEt. 211 19~2 Sta. 2 

9:28 0.020 69.5 51.4 66.7 53.2 3.6 0 
9t30 0.025 70.2 51.7 66.8 53.2 3.6 20 
9:3~ 0.030 70.5 51.2 67.0 53.1 3.6 ig 9:3 0.035 70.8 52.3 65.3 53.2 4.0 
9:37 0.045 71.1 51.8 65.3 53.3 4.~ 80 
9:38 0.055 71.7 52.6 67.6 53.3 4. 100 
9:40 0.065 71.8 52.4 68.0 53.7 5.9 135 
9:43 0.075 71.9 53.2 69.5 52.7 6.4 ~g 9·:ft 0.085 72.6 52.8 69.5 52.2 7.0 
9;4 0.095 73.0 53.1 70.2 52.2 7.0 180 
9:48 0.120 72.2 53.3 70.2 52.2 7.0 180 
9:50 0.145 73.1 52.7 70.7 52.2 7.8 180 
9:52 0.170 73.1 53.2 70.7 52.1 7.8 200 
9:5~ 0.195 74.3 53.~ 71.4 52.1 8.6 230 
9:5 0.245 73.3 52. 71.4 51.8 8.6 250 
9:.57 0.295 73.5 52.9 71.7 51.4 8.6 280 
9:58 0.345 74.1 52.7 71.1 51.5 9.5 300 

10:00 0.395 74.3 53.1 71.8 51.5 9.5 320 
10:02 0.495 74.4 53.2 71.8 52.3 10.5 330 
10:04 0.595 74.7 53.2 73.5 52.3 10.5 350 
10:05 0.695 74.8 53.6 72.9 52.4 10.5 360 
10:06 0.895 74.9 53.6 73.3 52.4 10.5 380 
10:07 1.095 75.1 53.3 73.3 52.6 10.5 400 
10:09 1.345 76.1 53.7 73.8 52.6 12.0 410 
10:10 1.595 76.2 54.0 74.0 53.1 12.0 420 
10:13 1.845 15.3 53.6 74.3 52.7 12.0 430 
10:15 2.095 75.6 54.4 14.3 53.2 12.0 440 
10:16 2.595 76.1 53.6 75.3 53.3 12.0' 460 
10:18 3.095 76.5 54.2 76.5 53.6 12.0 480 
10:19 3.595 77.0 54.7 76.6 54.1 12.0 500 
10:21 4.095 77.1 54.5 76.6 53.1 12.0 525 
10:23 4.595 77.9 55.0 77.9 54.6, 12.0 550 
10:.26 5.095 77.9 54.6 77.9 52.7 12.0 565 

Test No. 2 Date Oct. 81 19~2 Sta. 2 

15:30 0.010 75.4 56.4 71.0 0 
15:37 0.015 74.9 54.6 69.8 58.2 22 
15:40 0.020 74.5 55.2 69.9 57.7 27 
15:42 0.025 75.0 55.2 70.0 57.l 38 
15:4i 0.035 74.5 54.6 70.1 ~6.9 48 
15:4 0.045 74.4 54.6 70.4 56.6 59 
15:47 0.055 73.8 52.7 69.9 56.0 0.59 67 
15:50 0.065 73.7 53.5 69.9 56.0 0.74 82 
15:52 0.075 73.9 53.3 69.9 55.6 0.9i 86 
15:56 0.085 73.9 53.4 69.7 55.0 0.9 95 
15:58 0.110 73.5 53.2 70.8 54.5 1.0 101 
16:0l. 0.135 73.4 52.9 70.6 50.1 1.2 125 
16:03 0.160 72.9 53.2 70.6 49.1 1.4 137 
16:05 0.185 72.7 53.1 70.5 49.1 1.~ 148 
16:01 0.235 72.8 52.9 70.4 49.1 1. 156 
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Time Height Forward tunnel Traverse Traverse Quantity 
of above pS6chrometer gsychrometer wind of water 

day terrain TAD- F TAW-oF F of velocity evaporated 
Thermo. Thermo. Thermo. Thermo. 

Inches #41 #51 #42 152 :rt/S8C cc 

Test No.2 (Cont.) 

16:08 0.285 12.9 52.1 10.4 49.1 1.8 158 
16:10 0.335 12.1 52.1 10.4 49.2 1.8 165 
16:12 0.385 12.4 52.8 10.0 49.0 2.2 110 
16:13 0.485 12.1 52.4 10.4 49.0 2.4 119 
16:15 0.585 12.6 52.3 10.4 49.2 2.4 181 
16:11 0.685 12.2 52.3 10.4 49.2 2.6 201 
16:20 0.885 12.1 52.1 10.2 49.1 2.9 206 
16:22 1.085 11.1 51.5 10.3 48.1 2.9 215 
16:~ 1.335 11.8 51.9 10.8 48.1 3.1 223 
16:2 1.585 12.1 52.1 10.4 49.2 3.6 233 
16:28 1.835 11.6 52.1 10.4 48.1 3.6 239 
16:31 2.085 11.3 52.0 10.3 48.1 3.6 250 
16:33 2.588 11.3 52.2 10.2 49.1 3.6 266 
16:35 3.088 10.9 52.0 10.3 49.2 3.9 210 
16:31 3.588 10.8 52.2 10.3 49.2 3.9 211 
16:38 4.088 10.1 51.9 69.9 49.1 3.9 286 
16:40 4.588 10.5 51.1 69.9 49.1 3.9 289 
16:43 5.088 10.5 50.9 69.9 49.0 3.9 302 

Test No. J Date Oct. 201 1922 sta. 2 

13:52 0.020 55.~ 43.6 55.6 49.1 0 
13:58 0.025 55. 43.6 56.8 49.0 32 
14:00 0.030 56.3 44.1 56.8 49.0 44 
14:04 0.035 51.4 44.9 51.~ 49.0 51 
14:05 0.045 56.4 44.5 51.0 48.8 65 
14:01 0.055 51.3 44.2 51.2 48.3 85 
14:08 0.065 55.9 43.1 56.1 48.2 0.48 96 
14:11 0.075 56.6 44.4 56.8 48.0 0.51 96 
14:12 0.085 56.1 44.4 56.8 47.5 0.70 102 
14:13 0.095 57.3 44.4 57.2 41·i 0.86 108 
14:14 0.120 57.2 44.3 51.0 46. 1.1 108 
14:15 0.145 51.3 44.6 51.3 45.8 1.1 111 
14:11 0.110 51.~ 44.6 57.3 45.4 1.2 123 
14:19 0.195 56. 44.3 56.6 45.3 1.4 128 
14:20 0.245 51.3 44.2 51.2 45.1 1·4 140 
14:22 0.295 51.5 44.5 57.2 45.3 1.7 148 
14:-23 0.345 57.3 44.1 56.8 45.1 1.9 148 
14:25 0.395 57.3 44.0 56.8 45.1 1.9 158 
14:27 0.495 56.3 43.6 56.3 44.1 2.0 164 
14:28 0.595 56.3 43.2 56.3 44.8 2.0 110 
14:30 0.695 55.5 43.4 55.8 44.6 2.4 111 

0.895 55.~ 43.4 56.2 44.5 2.4 185 
14:32 1.095 55. 43.4 55.6 44.5 2·i 185 
14:33 1.345 55.5 43.2 55.8 44.4 2. 194 
14:35 1.595 55.4 43.1 55.4 44.0 2.6 202 
14:31 1.845 55.0 43.1 55.0 44.2 2.9 214 
14:38 2.095 55.2 43.0 55.2 44.2 2.9 214 
14:39 2.595 55.0 43.1 55.0 44.1 3.1 223 
14:41 3.095 54.1 43.0 55.3 44·0 3.1 221 
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Time Height Forward tunnel Traverse Traverse Quantity 
ot above ps~rometer Bsychrometer wind ot water 

day terrain T~- TAW-Op F of velocity evaporated 
T ermo. Thermo. Thermo. Thermo. 

Inches 141 151 1142- 1152 tt/sec cc 

Test No.3 (Cont.) 

14:43 3.595 55.3 43.1 55.3 44.0 3.1 235 
14:44 4.095 55.0 43.1 55.0 43.1 3.1 242 
14:45 4.595 55.0 43.1 55.0 43.9 3.2 250 

5.095 54.9 43.0 54.9 43.5 3.2 250 

Test No. k Date Oct. 20. 1922 Sta. 2 

16:04 0.020 55.0 43.2 54.5 48.0 246 
16:03 0.025 54.1 43.2 5~.5 41.6 240 
16:02 0.030 55.0 43.4 5 .3 41.8 231 
16:00 0.035 55.0 45.0 55.6 41.8 225 
15:51 0.045 55.4 46.8 55.8 41.4 209 
15:55 0.055 55.1 45.4 56.a. 41.2 0·i1 203 
15:54 0.065 55.1 45.0 55.8 46.8 o. 5 198 
15:53 0.015 55.5 44.1 56.3 46.8 0.68 193 
15:51 0.085 55.8 44.1 56.3 46.6 0.94 184 
15:41 0.095 56.0 44.6 56·i 45.9 1.3 112 
15:46 0.120 56.0 44.6 56. 45.8 1.5 161 
15:45 0.145 56.1 44.9 56.8 45.9 1.5 162 
15:44 0.110 56.0 45.0 56.8 45.8 1.6 158 
15:43 0.195 56.2 44.9 56.8 45.1 1.6 146 
15:42 0.245 56.0. 44.9 51.0 45.6 1.1 146 
15:40 0..295 56.3 45.0 51.0 45.6 1.9 134 
15:39 0.345 56.3 44.9 51.1 45.8 2.0 134 
15:38 0.395 56.3 44.8 56.9 45.8 2.0. 121 
15:31 0.495 55.9 ~4.9 56.1 45·i 2.4 124 
15:35 0.595 56.2 44.6 56.8 45. 2.4 124 
15:33 0.695 56.3 44.6 56.4 45.4 2.1 112 
15:32 0.895 56.2 44.8 56.4 45.4 2.1 10.6 
15:31 1.095 56.2 45.0 56.3 45.4 2.9 98 
15:29 1.345 56.0. 44.6 56.0 45.4 3.1 90 
15:28 1.595 56.2 44.1 56.4 45.3 3.1 83 
15:26 1.845 56.1 44.1 56.3 45.2 3.2 11 
15:24 2.095 55.8 44.1 56.0 45.0 3.4 69 
15:22 2.595 56.2 44.1 56.2 45.3 3.4 55 
15:18 3.095 56.0 44.6 56.0 44.8 3.4 40 
15:11 3.595 56.0 44.1 56.0 45.0 3.4 40 
15:16 4.095 56.0 44.5 56.0 44.8 3.4 26 
15:15 4.595 55.8 44.4 55.8 44.6 3.1 26 
15:13 5.095 55.1 44.1 55.9 44.4 3.1 0. 

Test No. 2 Date Oct. 21. 1922 Sta. 2 

13:28 0..0.20 10.4 49.2 66.0. 53.0 0 
13:31 0..025 69.4 48.1 65.8 52.3 28 
13:32 0..030 10..0 48.6 66.2 52.0 44 
13:3i 0.0.35 69.9 48.8 66.2 51.9 55 
13:3 0..045 10.2 49.2 66.4 51.9 0..92 64 
13:39 0.055 69.9 49.0 66.4 51.4 1.5 105 
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Time Height Forward turmel Traverse Traverse Quantity 
of above ps-g chrome ter gsychrometer wind of water 

day terrain TAD- F TAW-~ F OF velocity evaporated 
Thermo. Thermo. Thermo. Thermo. 

Inches #41 #51 #42 #52 ftL.sec cc 

Test No.5 (Cont.) 

13:41 0.065 69.8 49.2 66.3 51.5 2.1 112 
13:43 0.075 69.9 48.~ 66.4 51.0 2.3 121 
13:-44 0.085 69.7 48. 66.2 50.9 2.8 137 
13:45 0.095 70.0 48.6 66.3 50.9 3.0 Ig8 
13:.47 0.120 71.0 48.1 67.1 50.2 3.2 1 2 
13::49 0.145 69.9 48.6 66 • .3 49.7 3.5 176 
13:50 0.170 70.3 48.6 66.~ 49.0 3.8 186 
13:52 0.195 69.7 48.2 66. 49.1 3.8 206 
13:55 0.245 69.4 48.6 67.2 49.2 4.0 221 
13:57 0.295 69.9 48.3 67.7 49.1 4.1 233 
13:59 0.345 70.6 48.6 67.8 49.2 4.1 250 
14:00 0.395 70.3 48.6 67.7 49.2 4.3 259 
14:01 0.495 69.4 47.7 67·i 48.7 4.5 277 
14:02 0.595 70.5 49.0 68. 50.7 4.5 287 
14:23 0.695 70.3 48.6 68.0 50.1 4.5 493 
14:25 0.895 69.9 48.4 68.6 51.8 4.6 509 
14:27 1.095 70.9 48.2 68.8 50.3 4.9 519 
14:29 1.345 71.1 48.3 69.0 50.0 5.2 539 
14:30 1.595 10.3 50.1 69.3 48.6 5.3 550 
14:32 1.845 70.4 48.6 69.8 49.9 6.0 566 
14:34 2.095 69.9 48.7 68.9 50.1 6.0 582 

150 

Test No. 6 Date Oct. 221 19~2 Sta. 2 

13:34 0.015 61.1 49.1 66.1 52.7 0 
13:36 0.020 67.2 48.1 65.6 52.8 12 
13:37 0.025 66.8 48.7 65.9 52.7 22 
13:39 0.030 64.9 49.1 65·i 52.7 32 
13:40 0.040 66.3 49.1 65. 52.2 46 
13:42 0.050 66.8 48.3 65.5 51.8 0.74 52 
13:43 0.060 66.2 48.1 65·i 51.6 1.3 58 
13:44 0.070 67.5 49.2 65. 51.3 1.9 66 
13:45 0.080 67.2 48.7 65.8 51.4 2.2 79 
13:46 0.090 65.8 48.6 65.2 50.5 2.6 87 
13:47 0.115 65.2 48.2 65.3 48.6 3.1 94 
13:48 0.140 65.3 48.7 65.1 49.0 3.4 102 
13:50 0.165 67.2 49.5 65.9 49.3 3.~ 116 
13:51 0.190 66.4 49.1 65.3 49.1 3. 121 
13:52 0.240 66.3 48.6 65.7 49.1 3.8 121 
13:54 0.290 66.3 49.8 66.2 49.4 4.3 141 
13:55 0.340 66.9 49.1 66.3 49.4 4.5 li8 
13:57 0.390 66.7 50.0 66.1 49.5 4.7 1 3 
13:59 0.490 66.5 50.4 66.3 49.1 4.7 178 
14:00 0.590 68.1 50.6 66.5 49.6 4.1 185 
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Time Height Forward tunnel Traverse Traverse Quantity 
of above pS~hrometer E;Y chrome ter wind of water 

day terrain TAD- TAW-oF of velocity evaporated 
Thermo. Thermo. Thermo. Thermo. 

Inches #41 #51 #42 #52 ft/seo co 

Test No. 6 (Cont.) 

14:01 0.690 67.1 49.2 66.3 49.2 4.0 192 
14:02 0.890 67.3 48.6 65.8 49.0 4.7 205 
14:04 1.090 66.2 49.1 66.2 48.9 4.9 213 
14:07 1.340 66.9 48.7 65.8 49.0 4.9 238 
14:09 1.590 66.6 48.7 65.5 49.0 5.0 250 
14:11 1.840 67.6 48.7 66.1 48.7 5.0 262 
14:12 2.090 66.8 48.6 66.4 49.0 3.9 270 
14:13 2.590 66.1 48.4 66.7 48.9 4.5 281 
14:1i 3.090 66.1 48.4 61.1 49.1 4.7 287 
14:1 3.590 66.6 48·i 66.8 48.8 i·9 291 
14:17 4.090 65.8 48. 66.6 48.9 .2 306 
14:18 4.590 67.3 49.1 67.2 49.1 6.1 311 
14:20 5.090 61.2 48.1 61.4 49.3 6.1 330 

Test No. Z Date Oct. 22. 1922 Sta. 1 

14:45 0.020 66.1 48.1 58.8 51.3 0 
14:47 0.025 66.9 49.0 58.1 51.1 17 
14:49 0.030 61.1 48.1 59.0 51.0 22 
14~51 0.035 66.1 48.3 58.6 51.0 34 
14:52 0.045 6i·9 48.5 58.1 50.8 0.80 40 
14:53 0.055 6 .6 48.6 59.5 50.5 1.3 53 
14:54 0.065 66.3 49.0 59.6 50.1 1.9 61 
14:55 0.015 61.2 48.6 59.7 50.4 2.3 68 
14:57 0.085 65.8 48.6 59.6 50.3 2.1 76 
14:58 0.095 66.5 49.1 60.5 50.5 3.0 88 
14:59 0.120 67.2 48.7 61.9 50.~ 3.~ 98 
15:00 0.145 66.8 48.3 62.2 49. 3. 104 
15:02 0.170 66.3 48.5 62.4 49.9 4.5 i~ 15:03 0.195 66.2 48.6 62.5 49.7 4.3 
15:05 0.245 66.3 48.2 63.2 49.5 4.5 137 
15:06 0.295 66.2 48.0 62.4 49.0 4.5 143 
15:01 0.345 65.3 48.2 63.1 49.3 4.7 150 
15:08 0.395 65.6 48.1 63.3 49.2 4.5 162 
15:09 0.495 66.~ 48.3 63.1 49.2 4.1 170 
15:10 0.595 65. 48.1 64.1 49.0 4.9 176 
15:11 0.695 66.3 47.9 64.5 48.9 4.9 181 
15:13 0.895 66.2 47.8 64.5 48.6 5.1 194 
15:14 1.095 65.4 48.1 64.5 48.6 5.4 200 
15:15 1.345 65.9 48.6 65.0 48.6 5.5 209 
15:16 1.595 65.8 48.6 65.1 48.6 5.6 218 
15:17 1.845 66.3 48.4 65.8 48.7 5.8 227 
15:18 2.095 65.5 47.7 65.0 48.2 6.2 234 
15:19 2.595 65.3 47.9 64.9 48.2 6.3 240 
15:20 3.095 65.4 47.7 65.4 48.2 6·i 250 
15:21 3.595 65.2 48.5 65.0 48.3 6. 261 
15:23 4.095 65.0 47.7 64.6 48.1 6.8 270 
15:24 4.595 65.3 47.8 65.0 48.2 7.2 278 
15:26 5.095 65.4 47.5 64.9 48.2 7.2 293 
15:30 5.095 65.0 47.6 64.5 47.8 7.2 328 
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Time Height Forward tunnel Traverse Traverse Quantity 
of above pS~hrometer g;YChrometer wind of water 

day terrain T~- T~Opt of velocity evaporated 
T enno. ·ermo. Thermo. Thermo. 

Inches #!i1 #51 #!i2 #52 :rtLseo co 

Test No. 8 Date Oct. 22. 1922 sta. J 

15:45 0.020 64.6 41.6 61.1 52.2 0 
15:41 0.025 64.1 41.1 60.8 52.4 25 
15:48 0.030 64.5 49.8 60.8 52.5 25 
15:50 0.035 64.9 41.3 60.5 52.4 0.69 36 
15:53 0.045 64.4 41.1 60.8 52.2 1.1 64 
15:55 0.055 64.5 41.6 60.1 52.2 1.1 17 
15:56 0.065 64.5 41.1 60.8 51.8 2.4 82 
15:51 0.015 64.6 41.1 60.9 51.5 2.9 91 
15:58 0.085 64.1 41.5 60.8 51.3 3.2 96 
15:59 0.095 64.5 41.5 60.9 51.1 3.8 102 
16:00 0.120 64.0 41.3 60.9 49.7 4.0 109 
16:00 0.145 64.5 41.8 61.2 49.6 4.5 116 
16:01 0.110 64.3 41.1 61.~ 49.5 4.1 120 

0.195 64.2 41.8 61. 49.4 4.1 128 
16:02 0.245 64.1 41.8 61.5 49.5 4.9 134 
16:03 0.295 64.1 41.8 61.8 49.1 5.1 140 
16:04 0.345 64.5 41.9 62.0 49.1 4.9 141 
16:05 0.395 64.4 41.8 61.9 49.0 5.0 152 
16:06 0.495 64.0 41.9 62.6 48.9 5.0 151 
16:01 0.595 64.4 41.1 62.8 49.0 5.0 162 
16:08 0.695 64.3 41.8 62.8 48.6 5.1 112 
16:09 0.895 63.9 48.1 62.9 48.5 5.8 111 
16:10 1.095 64.0 41.8 63.2 48.3 5.8 189 
16:11 1.345 64.1 48.1 63.3 48.1 6.1 195 
16:12 1.595 63.9 48.1 63.5 48.1 6.1 201 
16:15 1.845 63.9 48.1 63.1 48.0 6.4 224 
16:16 2.095 63.6 48.1 63.6 48.0 6.4 231 
16:11 2.595 63.1 48·i 63.1 41.1 1.2 239 
16:18 3.095 63.6 48. 63.1 41.6 1.2 250 
16:20 3.595 63.9 48.1 63.8 41.1 7.7 256 
16:21 4.095 63.5 49.2 64.0 41.6 8.0 266 
16:22 4.595 63.6 49.5 64.0 47.7 8.0 272 
16:23 5.095 63.6 50.0 64.0 47.6 8.0 280 

Test No.9 Date Oct. 2~. 1922 Sta. 2 

13:51 0.020 70.0 50.0 64.9 53.3 0 
13:52 0.025 10.0 49.9 65.0 52.9 6 
13:53 0.030 10.3 49.9 65.1 52.9 9 
13:54 0.035 69.9 49.9 64.9 52.8 12 
13:55 0.045 69.9 49.1 65.0 52.8 17 
13:56 0.055 69.9 50.0 65.4 52.1 23 
13:58 0.065 70.3 49.8 65.5 52.5 0.51 28 
13:59 0.015 69.7 49.9 65.~ 52.2 0.68 34 
14:00 0.085 70.3 50.0 65. 51.9 0.80 39 
11p01 0.095 70.3 50.0 65.8 51.7 0.85 44 
14:02 0.120 70.0 49.7 65.8 52.4 1.2 52 
14:03 0.145 70.1 50.0 65.9 50.~ 1.5 55 
14:0~ 0.170 70.6 50.2 66.2 49. 1.5 64 
14:0 0.195 70.0 50.1 66.2 49.4 1.8 10 
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Time Height Forward tunnel Traverse Traverse Quantity 
ot above pS~hrometgr ~YChrometer wind ot water 

day terrain TAD- TAW- F of velocity evaporated 
Thermo. Thermo. Thermo. Thermo. 

Inches #!i1 #51 ti.!!2 #52 ttf.sec cc 

Test No. 9 (Cont.) 

14:07 0.245 70.8 50.3 66.5 49.2 2.1 76 
14:08 0.295 70.6 50.1 66.3 49.2 2.1 81 
14:10 0.345 70.0 50.2 66.6 49.2 2.1 87 
14:12 0.395 70.2 49.9 66.8 49.1 2.3 92 
14:13 0.495 70.5 50.4 67.2 49.4 2.4 98 
14:14 0.595 70.3 50.3 67.0 49.3 2.5 107 
14:15 0.695 70.6 50.9 67.7 49.6 2.7 111 
14:16 0.895 70.3 50.7 67.6 49.3 2.7 116 
14:17 1.095 70.5 55.8 68.1 50.0 2.8 122 
14:21 1.345 70.4 52.4 67.9 49.5 2.9 134 
14:23 1.595 71.0 54.7 68.1 49.8 2.9 139 
14:~ 1.845 70.0 54.9 68.5 49.8 3.1 147 
14:2 2.095 70.7 54.6 72.6 49.7 3.1 155 
14:28 2.595 70.8 54.2 69.0 49.5 3.3 168 
14:32 3.095 70.~ 53.3 69.5 49.9 3.4 186 
14:35 3.595 70 .. 50.5 70.0 50.4 3.~ 198 
14:37 4.095 70.9 50.4 70.4 50.3 3. 201 
14:38 4.595 10.8 50.4 10.~ 50.5 3.6 215 
14:39 5.095 70.8 50.2 70. 50.5 3.6 221 

Test No. 10 Date Oct. 2.201 1922 sta. 1 

14:55 0.030 70.8 50.4 59.5 53.6 0 
14:58 0.035 70.7 50.3 59.6 53.7 ia 14:59 0.040 70.9 51.3 59.7 53.6 0.30 
15:00 0.045 70.1 50.3 59.9 53.1 0.33 23 
15:02 0.055 70.3 50.3 60.0 53.6 0.38 30 
15:01 0.065 70.4 50.0 60.2 53.3 0.65 60 
15:08 0.015 69.9 49.1 60.5 53.2 0.68 66 
15:10 0.085 69.9 49.8 60.8 53.3 0.92 12 
15:12 0.095 69.8 49.6 62.5 53.1 1.2 78 
15:1~ 0.105 69.7 49.4 62.6 52.7 1.2 92 
15:1 0.130 69.4 49.0 62.9 52.4 1.5 100 
15:'17 0.155 69.4 49.1 63.3 51.2 1.8 105 
15:18 0.180 69.3 49.1 63.5 50.6 2.1 110 
15:19 0.205 69.1 49.1 63.4 50.5 2.3 113 
15:20 0.255 69.3 49.0 64.3 50.2 2.4 118 
15:21 0.305 69.4 49.1 64.4 50.0 2.5 123 
15:22 0.355 69.4 49.1 65.1 50.0 2.5 129 

0.405 69.4 49.0 65.1 49.8 2.1 129 
15:23 0.505 69.0 48.7 65.9 49.4 2.8 138 
15:24 0.605 69.1 48.1 66.0 49.4 2.9 143 
15:25 0.705 69.3 49.1 66.0 49.2 2.9 143 
15:26 0.905 68.9 48.7 66.3 49.0 2.9 149 
15:27 1.105 69.0 48.7 66.7 48.9 2.9 155 
15r30 1.355 69.5 48.7 61.3 48.7 2.9 171 
15:37 1.605 68.8 48.7 67.1 48.7 2.9 212 
15:38 1.855 68.6 48.6 67.2 48.6 2.9 218 
15:39 2.105 68.8 48.6 67.3 48.6 2.9 221 
15:40 2.605 68.5 48.2 67.1 48.6 2.9 227 
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Time Height Forward tunnel Traverse Traverse Quantity 
of above ps~chrometer gsy-chrometer wind of water 

day terrain TtD- F T+~OF F of velooity evaporated 
T ermo. ermo. Thermo. Thermo. 

Inches £kl 1/.51 ttl!2 ti.22 ftLsec 00 

Test No. 10 (Cont.) 

15:41 3.105 68.6 48.6 67.6 48.6 3.4 232 
15:42 3.605 68.6 48.7 67.6 48.7 3.6 237 
15:43 4.105 68.5 48.8 67.7 48.8 3.6 243 
15:44 4.605 68.6 48.7 68.1 48.7 3.6 250 
15:45 5.105 68.5 49.0 67.8 49.1 3.6 255 

Test No. 11 Date Oct. 2Ja 1922 Sta. .l 
16:06 0.015 67.7 48.1 62.2 55.0 0 
16:07 0.020 67.5 48.2 61.8 55.1 0 
16:08 0.025 67.8 48.2 61.9 55.1 7 
16:09 0.030 67.8 48.2 62.0 55.1 7 
16:10 0.040 67.9 48.3 62.1 54.5 16 
16:11 0.050 67.6 48.2 61.8 54.1 0.26 22 
16:13 0.060 67.6 48.3 62.0 53.7 0.41 27 
16:14 0.010 67.6 48.2 61.9 53.2 0.59 32 
16:15 0.080 67.6 48.3 61.9 52.8 0.80 40 
16:16 0.090 65.7 48.2 62.0 52.8 0.94 47 
16:17 0.115 67.6 48.1 62·i 52.4 1.2 54 
16:18 0.140 67.6 48.2 02. 51.7 1.4 60 
16:19 0.165 67.4 48.4 62.6 50.8 1.7 65 
16:20 0.190 67.7 48.2 63.0 50.4 1.8 72 
16:23 0.240 67.3 48.2 63.1 50.1 1.8 84 
16:25 0.290 67.2 48.2 63.4 49.9 2.1 92 
16:26 0.340 67.3 48.6 63.7 49.7 2.1 92 
16:27 0.390 67.2 48.6 63.7 49.8 2.1 100 
16:28 0.490 67.2 48.3 64.0 49.5 2.1 105 
16:29 0.590 67.3 48.6 64.5 49.1 2.1 110 
16:30 0.690 66.9 48.2 64.5 49.0 2.1 113 
16:31 0.890 67.1 48.6 65.0 48.6 2.3 122 

1.090 66.7 48.6 64.7 48.6 2.3 122 
16:32 1.340 66.9 48.3 65.3 48.3 2.3 130 
16:33 1.590 67.1 48.1 65.5 48.1 2.4 135 
16:34 1.840 66.0 48.1 64.0 47.6 2.9 135 
16:35 2.090 66.0 48.2 64.5 47.7 2.9 142 
16:36 2.590 66.3 47.8 64.4 47.3 2.9 150 
16:37 3.090 66.2 47.9 65.0 47.6 3.1 158 
16:38 3.590 65.8 47.9 64.6 47.0 3.1 164 
16:39 4.090 65.9 48.0 64.6 47.3 3.1 170 
16:41 4.590 65.9 48.1 65.2 47.6 3.1 182 
16:42 5.090 65.9 48.7 65.4 47.7 3.1 191 

Test No. 12 Date Oct. 221 1922 Sta. 2 

14:02 0.015 73.9 48.1 67.1 58.7 0 
14:04 0.020 74.3 48.6 66.8 58.7 15 
14:06 0.025 73.8 49.0 66.6 58.5 30 
14:07 0.030 74.9 48.8 66.7 58.3 55 
14:09 0.040 73.5 48.7 71.3 52.7 1.3 77 
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Time Height Forward tunnel Traverse Traverse Qu,antity 
or above ps~chrometer gsychrometer wind or water 

day terrain TAD- F TAW-oF F Opt velocity evaporated 
Thermo. Thermo. Thermo. Thermo. 

Inche.s 141 151 142 152 rt/sec cc 

Test No. 12 (Cont.) 

14:10 0.050 73.4 48.7 71.2 52.5 2.1 94 
14:11 0.060 74.3 49.4 72.1 51.8 2.8 105 
14:12 0.070 74.5 49.0 72.2 52.2 ?·i 123 
14:13 0.080 74.4 49.8 71.8 51.8 _. 142 
14:14 0.090 74.4 49.7 72.1 51.8 4.6 152 
14:15 0.115 73.9 49.5 72.2 51.8 5.4 165 
14:16 o.~o 73.6 49.9 71.8 51.3 6.1 180 
14:17 0.1 5 73.5 49.7 72.0 51.0 6.1 200 
14:19 0.190 73.4 50.1 72.1 5O·i 6.4 218 
14:20 0.240 74.0 50.2 72.4 50. 6.7 232 
14:21 0.290 73.6 50.0 72.4 50.5 6.7 250 
14:22 0.340 74.4 49.6 72.3 50.1 6.8 250 
14:23 0.390 73.9 50.9 72.6 50.5 7.1 271 
14:25 0.490 73.9 50.9 71.7 50.0 7.2 288 
14:26 0.590 73.4 51.6 72.2 50.1 7.1 297 
14:21 0.690 74.0 53.2 72.5 50.5 1.7 315 
14:29 0.890 74.8 54.0 72.6 50.2 8.1 332 
14:30 1.090 73.0 49.6 72.6 49.7 8.7 357 
14:32 1.340 73.9 48.0 73.0 49.6 9.7 392 
14:33 1.590 74.5 48.2 13.1 49.7 9.8 401 
14:35 1.840 75.2 48.1 73.4 49.9 9.8 432 
14:37 2.090 73.9 47.9 73.2 49.3 10.3 452 
14:38 2.590 74.2 47.7 73.2 51.3 10.3 459 
14:39 3.090 73.5 48.1 73.5 49.5 10.6 482 
14:41 3.590 73.7 47.9 72.9 48.6 10.8 510 
14:43 4.090 73.9 48.1 73.2 49.0 11.0 541 
14:44 4.590 73.4 47.9 73.0 48.5 11.3 556 
14:51 5.090 73.5 47.9 73.5 48.6 11.0 583 

Test No. 13 Date Oct. 25, 1952 Sta. 1 , 

15:11 0.050 73.0 50.4 67.2 58.4 1.5 a 
15:12 0.055 73.5 47.6 67.1 53.3 1.9 23 
15:13 0.060 73.0 47.7 67.1 53.1 2.0 ~ 15:15 0.065 73.2 47.6 67.1 53.0 2.3 
15:16 0.075 72.7 47.4 67.2 53.2 3.2. 75 
15:17 0.085 72.7 47.4 67.0 52.8 4.0 98 
15:18 0.095 73.0 47.2 67.1 52.9 4.4 110 
15:20 0.105 72.7 47.3 67.1 53.0 5.0 129 
15:21 0.115 72.2 47.3 67.2 52.7 5.0 145 
15:22 0.125 72.6 47.4 67.2 52.7 5.1 155 
15:23 0.150 72.7 47.2 67.1 52.7 6.1 161 
15:24 0.175 72.6 47.4 67.8 52.2 3.0 173 
15:25 0.220 72.6 47.5 68.2 50.3 3.1 195 
15:26 0.200 72.5 47.3 68.1 50.1 3.2 207 
15:28 0.275 72.8 47.5 68.5 50.0 3.9 221 
15:29 0.325 72.6 41.2 68.5 49.1 4.9 242 
15:30 0.315 12.0 47.3 68.6 49.5 4.9 250 
15:31 0.425 12.5 41.2 68.6 49.5 5.0 263 
15:32 0.525 72.0 47.2 68.1 49.5 5.0 285 
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Time Height Forward tunnel Traverse Traverse Quantity 
or above ps~chrometer gSYChrometer wind or water 

day terrain TAD- F TAW-oF F of velocity evaporated 
Thermo. Thermo. Thermo. Thermo. 

Inches #41 #51 #42 #52 ft/sec cc 

Test No. 13 (Cont.) 

15:34 0.625 72.5 47.4 69.7 49.2 5.1 301 
15:36 0.725 72.2 47.4 70.0 49.1 5.3 330 
15:37 0.925 72.1 47.2 70.4 49.1 5.7 341 
15:38 1.125 72.2 47.3 70.7 48.5 6.1 359 
15:40 1.375 72.2 47.2 70.7 48.6 7.7 387 
15:41 1.625 72.2 47.4 70.8 48.6 8.1 393 
15:42 1.875 71.8 47.2 70.8 48.0 8.1 403 
15:43 2.125 71.9 47.3 71.0 48.0 8.7 422 
15:45 2.625 71.8 47.3 71.2 47.8 9.3 450 
15:46 3.125 71.7 50.9 71.3 47.6 9.3 467 
15:48 3.625 71.5 49.8 70.9 47.5 10.8 500 
15:50 4.125 71.2 49.5 71.0 47.6 10.8 510 
15:52 4.625 71.0 49.1 70.3 47.3 10.8 540 
15:54 5.125 71.3 49.1 71.0 47.4 11.2 580 

Test No. 14 Date Oct. 281 1922 sta. 2 

13:30 0.015 65.0 47.1 61.3 48.7 0 
13:33 0.020 64.9 46.4 61.7 48.1 18 
13:35 0.025 65.0 46.5 61.8 48.2 30 
13:37 0.030 65.5 46.9 62.1 48.2 43 
13:38 0.040 65.4 46.8 62.2 48.1 0.43 52 
13:39 0.050 65.4 47.0 62.6 48.1 2.3 64 
13:41 0.060 65.9 46.6 63.2 47.9 2.7 80 
13:43 0.070 65.5 47.2 62.8 47.6 3.3 93 
13:45 0.080 65.8 46.8 62.7 47.7 3.5 108 
13:46 0.090 65.9 47.1 63.2 47.6 4.2 120 
13:48 0.115 65.8 47.3 63.1 46.4 3.5 128 
13:49 0.140 66.7 47.0 63.5 46.4 3.7 ~~ 13:52 0.165 66.2 47.1 63.5 46.3 4.3 
13:53 0.190 66.3 47.4 64.0 46.5 4·i 173 
13:55 0.240 66.2 47.1 64.0 46.3 4. 193 
13:57 0.290 66.3 47.6 64.3 46.7 4.6 208 
13:59 0.340 67.2 47.6 64.2 46.8 4.6 217 
14:00 0.390 66.3 47.2 64.4 46.5 4.6 229 
14:01 0.490 66.8 47.2 64.4 46.5 4.8 242 
14:02 0.590 66.4 47.4 64.9 46.7 4.9 250 
14:05 0.690 67.2 47.6 65.6 46.8 5.3 250 
14:06 0.890 66.8 47.5 65.2 46.8 5.9 265 
14:07 1.090 67.2 46.9 65.1 46.7 6.1 273 
14:08 1.340 67.1 47.4 65.8 46.8 6.1 285 
14:12 1.590 67.2 47.8 66.2 46.8 6.3 324 
14:14 1.840 66.7 47.7 65.8 46.7 6.5 337 
14:15 2.090 67.0 47.7 66.0 46.8 6.5 342 
14:18 2.590 67.8 47.7 67.0 47.1 8.2 373 
14:20 3.090 67.9 47.3 66.4 47.0 8.4 387 
14:22 3.590 67.7 47.3 67.3 46.7 8.4 405 
14:23 4.090 67.7 47.2 67.7 47.1 8.6 414 
14:25 4·590 67.7 47.3 67.6 47.0 8.8 425 
14:27 5.090 67.9 47.5 67.8 47.3 9.4 445 
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Time Height Forward tunnel Traverse Traverse Quantity 
o£ above ps~chrometer psychrometer wind of water 

day terrain TAD- F TAW-oF F F velocity evaporated 
Thermo. Thermo. Thermo. Thermo. 

Inches #9:1 #51 #9:2 #52 £tLsee cc 

Test No. 12 Date Oct. 282 1922 Sta. 2 

15:35 0.015 61.8 46.9 66.3 51.4 0 
15:36 0.020 61.4 46.1 66.2 50.9 10 
15:31 0.025 61.3 46.8 65.9 51.0 25 
15:40 0.030 61.6 46.8 66.2 50.8 3.0 
15:41 0.040 61.2 46.4 66.2 49.6 5·i 88 
15:42 0.050 61.0 46.4 66.2 49.4 6. 98 
15:43 0.060 61.4 46.4 66.3 49.4 8.0 115 
15:44 0.010 61.1 46.3 66.2 49.2 8.8 133 
15:45 0.080 61.6 46.2 66.2 49.2 9·i 144 
15:46 0.090 61.1 46.4 66.2 49.2 9. 151 

0.115 61.4 46.4 66.2 49.2 11.0 111 
0.140 61.2 46.4 66.4 48.2 11.5 186 
0.165 61.1 46.3 66.2 48.2 11.5 200 
0.190 61.2 46.4 66.3 48.4 11.5 215 

15:50 0.240 61.1 46.4 66.4 48.2 12.5 ~~ 15:51 0.290 66.8 46.3 66.1 48.0: 12.5 
15:52 0.340 61.1 46.2 66.2 48.1 12.5 261 
15:53 0.390 61.1 46.4 66.2 48.1 13.0 215 
15:54 0.490 66.8 46.3 66.3 48.1 13.2 290 
15:55 0.590 66.8 46.4 66.3 41.8 14.8 310 
15:56 0.690 66.8 46.4 66.1 41.8 14.8 329 
15:51 0.890 66.8 46.4 66.3 41.7 15.5 ~~ 15:58 1.090 66.8 46.3 66.3 48.0 15.8 
15:59 1.340 66.6 46.3 66.2 41.6 16.0 380 
16:00 1.590 66.7 46.3 66.3 41.5 16.0 391 
16:01 1.840 66·i 46.2 66.0 41.2 16.0 417 
16:02 2.090 66. 46.1 66.0 41.0 16.0 429 
16:03 2.590 66.3 46.2 66.3 41.2 16.0 443 
16:05 3.090 66.4 46.3 66.2 46.8 16.6 461 

3.590 66.2 46.0 66.2 46.8 11.8 480 
4.090 66.3 46.1 66.2 46.1 19.5 514 
4.590 66.0 46.0 66.0 46.4 19.5 532 

16:09 5.090 66.1 46.0 66.1 46.4 20.8 555 

Test No. 16 Data Oct. 29, 1952 sta. 2-

14:05 0.020 62.8 45.4 61.2 48.6 0 
14:01 0.025 63.2 45.4 61.4 48.1 1 
14:08 0.030 63.4 45.5 61.4 48.2 16 
14:09 0.035 63.4 45.5 61.3 48.0 24 
14:10 0.045 63.2 45.6 61.4 47.8 0.10 32 
14:12 0.055 63.3 45.5 61.4 47.8 1.1 31 
14:14 0.065 63.4 45.5 61.6 47.6 2.0 49 
14:15 0.015 63.5 45.6 61.4 41.3 2.5 58 
14:11 0.085 63.2 45.5 61.~ 41.2 2.1 71 
14:19 0.095 63.4 45.1 61. 46.4 2.9 90 
14:20 0.120 63.2 45.6 61.8 46.2 3.6 97 
14:21 0.145 63.6 45.6 61.~ 46.3 3.8 106 
14:22 0.170 63.4 45.1 61. 46.3 4.0 114 
14:23 0.195 63.4 45.4 61.8 46.2 4.0 121 
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Time Height Forward tunnel Traverse Traverse Quantity 
of above ps~ohrometer gsychrometer wind of' water 

day terrain TAD- F TAW-OF F ~ velooity evaporated 
Thermo. Thermo. Thermo. Thermo. 

Inohes #41 #51 #42 #52 ft/sec 00 

Test No. 16 (Cont.) 

14:24 0.245 63.2 45.3 61.8 46.0 4.5 130 
14:25 0.295 63.2 45·i 61.8 46.0 4.7 138 
14:26 0.345 63.2 45. 61.8 46.0 4.8 145 
14:27 0.395 63.2 45.6 61.7 46.3 4.8 157 
14:28 0.495 63.2 45.6 61.7 45.9 5.0 187 
14:31 0.595 63.4 45.6 61.8 46.2 5.4 187 
14:32 0.695 63.2 45.4 61.8 45.9 5.4 195 
14:33 0.895 63.2 45.5 62.1 46.2 6.1 204 
14:34 1.095 63.2 45.5 61.9 46.1 6.4 214 
14:35 1.345 63.2 45.6 62.2 46.1 6.4 224 
14:36 1.595 63.2 45.8 62.1 46.4 6.4 232 
14:37 1.845 63.I 45.9 62.1 46.2 6·i 242 
14:38 2.095 63.1 46.0 62.2 46.4 6. 250 
14:40 2.595 63.0 45.9 62.2 46.7 7·i 260 
14:42 3.095 63.1 45.8 62.3 46.4 7. 270 
14:43 3.595 62.7 45.8 62.2 46.3 8.0 279 
14:44 4.095 63.0 45.8 62.6 46.6 8.0 287 
14:45 4.595 62.8 45.8 62.6 46.2 8.0 297 
14:46 5.095 62.8 45.8 62.6 46.4 8.0 316 

Test No. 17 Date Oot. 22. 1922 Sta. !J: 
15:40 0.025 61.2 46.2 55.0 48.2 0 
15:41 0.030 61·4 46.3 54.9 48.1 8 
15:42 0.035 61.4 46.1 54.8 48.2 0.67 17 
15:43 0.040 61.5 45.8 55.0 48.0 0.82 23 
15:4i 0.050 61.4 45.8 55.~ 47.7 1.5 32 
15:4 0.060 61.0 46.4 55. 48.1 2.1 i~ 15:48 0.070 60.6 46.4 55.7 48.1 3.1 
15:52 0.080 60.4 46.4 55.7 47.8 3.5 102 
15:55 0.090 60.4 46.8 55.8 48.2 3.9 111 
15:56 0.100 60.3 46.8 56.3 48.4 4.7 115 
15:57 0.125 61.0 46.3 56.4 48.0 5.0 119 
15:58 0.150 60.4 46. 56.3 48.2 5.5 130 
15:59 0.175 60.3 46.8 56.8 48.2 5.8 142 
16:00 0.200 60.1 46.8 56.8 48.1 6.0 153 
16:01 0.250 60.4 46.4 57.2 48.1 6.2 153 
16:02 0.300 61·i 45.5 58.1 47.3 6·i 159 
16:03 0.350 61. 45.9 58.1 47.2 6. 164 
16:04 0.400 60.9 45.9 58.2 47.2 7.0 170 
16:05 0.500 61.1 45.9 58.6 47.2 7.2 174 
16:06 0.600 61.3 45.9 58.8 47.2 7.4 179 
16:07 0.700 61.3 45.9 59.0 46.9 7.~ 188 
16:09 0.900 61.4 46.0 59.6 46.8 7. 199 
16:10 1.100 61.4 46.1 59.6 46.8 7.8 204 
16:11 1.350 61.6 45.9 60.0 46.8 8.1 209 
16:12 1.600 61.8 45.6 60.3 46.3 8.1 218 
16:13 1.850 62.2 45.4 60.9 45.9 8.3 227 
16:14 2.100 62.3 45.9 61.0 46.2 8.6 235 
16:15 2.600 62.6 45.9 61.4 46.2 9.0 250 
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Time Height Forward turme1 Traverse Traverse Quantity 
or above pS~hrometer E;YChrometer wind of water 

day terrain T~- T~<>:F of velocity evaporated 
T ermo. ermo. Thermo. Thermo. 

Inches #41 151 142 #52 ft/sec co 

Test No. 11 (Cont.) 

16:16 3.100 62.8 46.0 62.1 46.0 9.~ 250 
16:17 3.600 63.1 46.0 62.2 46.3 9. 259 
16:19 4.100 62.6 46.2 61.8 46.3 10.0 266 
16:20 4·600 62.6 46.2 61.7 46.~ 10.0 275 
16:21 5.100 62.6 46.3 61.9 46. 10.0 292 

Test No. 18 Date Nov. J. 19~2 Sta. 2 

14:29 0.040 51.8 41.5 51.0 43.4 6.8 0 
14:31 0.050 51.8 41.8 51.3 43.2 8.3 22 
14:32 0.060 52.4 42.1 51.3 43.2 9.6 32 
14:33 0.080 52.2 42.0 51.8 43.0 11.3 40 
14:35 0.100 52.3 42.2 51.3 43.0 11.8 52 
14:37 0.120 51.8 41.2 51.4 42.3 12.5 61 
14:38 0.140 51.7 40.9 51.4 41.3 12.4 68 
14:39 0.190 51.~ 41.6 51.4 42.2 13.9 85 
14:40 0.240 51. 41.3 51.4 41.9 13.9 94 
14:42 0.340 51.3 41.3 51.3 41.3 14.8 109 
14:43 0.440 51.8 41.6 51.3 41.6 15.6 116 
14:45 0.640 51.6 41.6 51.1 41.8 16.3 134 
14:46 0.840 51.2 42.0 51.5 42.0 17.0 150 
14:48 1.240 51.5 41.8 51.6 42.1 18.0 163 
14:50 1.140 52.7 42.2 51.0 42.2 19.1 175 
14:52 2.240 52.7 41.8 51.2 41.8 21.3 188 
14:53 3.740 52.7 42.6 51.6 42.2 22.2 196 
14:56 5.240 52.8 42.2 50.1 42.2 22.2 222 

Test No. 19 Date Nov. J. 19~2 Sta. 1 

15:51 0.050 52.8 42.0 41.5 42.3 3.4 0 
15:52 0.060 52.8 41.3 50.0 41.8 5.3 15 
15:56 0.010 52.5 41.3 49.5 41.8 5.4 54 
15:58 0.090 52.5 41.4 49.5 41.1 9.0 60 
15:59 0.110 52.3 41.3 49.6 41.8 10.9 10 
16:00 0.130 52.8 41.3 50.0 41.8 11.5 85 
16:01 0.150 52.8 41.1 49.8 41.4 11.5 95 
16:02 0.200 52.8 41.3 50.0 41.1 12.1 105 
16:04 0.250 52.3 41.3 50.0 41.5 12.1 113 
16:06 0.350 52.5 41.3 50.3 41.3 13.5 123 
16:07 0.450 52.1 41.1 50.0 41.5 13.5 134 
16:09 0.650 52.1 41.3 50.4 41.3 1L~.1 141 
16:11 0.850 52.3 40.9 50.8 40.9 15.3 165 
16:12 1.250 52.5 40.8 50.2 41.0 16.5 182 
16:13 1.150 52.4 40.9 50.4 40.9 11.0 190 
16:15 2.250 52.1 40.9 50.1 40.9 11.5 210 
16:17 3.750 51.9 40.7 50.1 40.7 19.7 232 
16:19 5.250 52.1 40.8 50.0 40.8 20.0 250 



Time Height Forward tunne 1 Traverse Traverse Quantity 
or above ps-gchrometer gsychrometer wind or water 

day terrain TAD- F TAW-oF F of velocity evaporated 
Thermo. Thermo. Thermo. Thermo. 

Inches #!t1 #51 #!!2 #52 rtL.sec co 

Test No. 20 Date Nov. 21 1922 Sta. Y: 
16:38 0.100 51.4 40.0 47.7 40.7 6.6 0 
16:39 0.110 51.0 40.0 47.7 40.8 7.5 12 
16:41 0.120 51.0 39.6 47.6 40.5 8.0 21 
16:42 0.140 50.8 39.8 47.6 40.3 9,8 36 
16:43 0.160 50.8 39.8 47.3 40.4 9.8 46 
16:·45 0.180 50.8 39.7 47.4 40.4 10.2 56 
16:46 0.200 50.7 39.5 47.2 40,2 10.9 72 
16:48 0.250 50.6 39.5 47.2 40.2 11.4 92 
16:49 0.300 50.6 39.5 46.9 39.9 12.1 102 
16:50 0.400 50.5 39.5 46.9 39.8 12.1 109 
16:51 0.500 50.4 39.5 47.0 39.8 13.4 117 
16:52 0.700 50.4 39.5 47.3 39.8 14.6 125 
16:53 0.900 50.4 39.4 46.9 39.4 15.2 134 
16:54 1.300 50.4 39.6 47.6 39.6 16.7 143 
16:55 1.800 50.0 39.0 46·4 39.3 17.0 152 
16:56 2.300 50.2 39.2 47.5 39.2 17.5 160 
16:58 3.800 49.2 39.2 46.5 39.0 19.2 180 
17:00 5.300 49.0 38.5 45.4 38.5 21.2 201 

Test No. 21 Date Nov. ~I 1922 Sta. 2 

13:43 0.035 67.6 48.2 63.2 53.4 1.0 0 
13:4i 0.045 67.3 47.6 63.4 53.0 1.5 10 
13:4 0.055 67.6 47.8 63.2 53.0 2.2 20 
13:47 0.075 67.3 47.6 64.0 53.2 3.0 35 
13:48 0.095 67.6 48.1 64.0 53.1 3.6 47 
13:49 0.115 67.4 48.6 64.5 52.7 4.2 55 
13:50 0.135 67.1 48.1 64.6 52.7 4.7 60 
13:51 0.185 67.5 48.1 65.0· 52.3 4.8 72 
13:52 0.235 67.2 47.7 64.9 50.5 4.8 80 
13:53 0.335 67.6 47.4 65.3 50.4 5.1 92 
13:55 0.435 67.2 47.5 65.2 50.4 5.5 102 
13:57 0.635 67.6 47.7 65.4 50.4 5.8 110 
13:58 0.835 67.8 47.2 66.0 50.2 6.0 119 
13:59 1.235 67.6 46.9 65.8 49.5 6.3 130 
14:00 1.735 67.6 47.5 67.1 50.0 6.7 138 
14:02 2.235 68.0 47.2 67.6 50.0 7.1 162 
14:05 3.735 67.9 47.8 67.9 50.2 7.6 180 
14:07 5.235 68.2 47.2 69.0 48.6 7.6 198 

Test No. 22 Date Nov. ~z 1922 Sta. 2 

14:31 0.035 69.0 47.2 56.8 51.7 0 
14:32 0.045 69.4 47.3 56.8 51.4 12 
14:36 0.055 69.4 47.2 56.8 51.4 2.6 44 
14:37 0.075 70.0 47.7 57.3 51.4 3.0 60 
14:38 0.095 69.5 47.3 58.2 51.8 3.3 72 
14:40 0.115 69.5 47.6 59.5 51.8 3.9 ~i 14:42 0.135 69.1 47.1 61.3 51.8 4.6 
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Time Height Forward tunnel Traverse Traverse Quantity 
or above psbchrometer gsychrometer wind of' water 

day terrain TAD- F TAW-oF F of velocity evaporated 
Thermo. Thermo. Thermo. Thermo. 

Inches #!tl #51 tl.lJ.2 #22 f'tLseo cc 

Test No. 22 (Cont.) 

14:43 0.lB5 69.5 47.~ 62.6 51.0 4.B loB 
14:44 0.235 69.5 47. 63.5 50.B 5.0 lIB 
14:45 0.335 69.8 47.7 64.1 50.8 5.1 125 
14:46 0.435 69.4 47.3 64.9 50.9 5.B 137 
14:47 0.635 69.9 47.B 66.2 50.7 6.0 146 
14:48 0.B35 69.7 47.6 66.7 50.4 6.2 160 
14:50 1.235 69.4 47.7 67.6 50.4 6.2 168 
14:51 1.735 69.4 47.6 67.3 50.0 6.4 175 
14:52 2.235 69.5 47.1 6B.1 50.0 7.1 186 
14:55 3.735 69.1 47.6 68.5 49.4 7.6 221 
14:58 5.235 69.5 47.6 69.4 49.0 7.6 239 

Test No. 2~ Date Nov. kz 19~2 Sta. k 
15:13 0.040 68.B 47.6 57.7 53.5 1.2 0 
15:14 0.050 68.9 48.2 57.3 52.8 1.B 9 
15:15 0.060 68.8 48.2 58.1 52.8 2.3 18 
15:16 0.080 6B.5 47.B 59.6 52.7 3.1 27 
15:17 0.100 68.5 48.2 59.6 52.7 3.6 36 
15:18 0.120 6B.5 48.2 60.4 52.7 4.2 45 
15:19 0.140 68.5 48.6 60.9 52.8 4.5 52 
15:20 0.190 68.5 48.6 61.5 51.3 4.7 60 
15:21 0.240 68.5 48.7 62.1 51.5 4.8 69 
15:22 0.340 68.5 49.1 63.1 51.4 5.1 76 
15:23 0.440 68.4 48.9 63.5 51.3 5.5 87 
15:24 0.640 68.5 49.1 64.5 51.3 5.8 94 
15:25 0.840 68.5 48.9 65.3 51.3 6.1 104 
15:26 1.240 68.3 49.0 65.8 50.7 6.3 111 
15:27 1.740 68.3 48.7 66.4 50.3 6.3 120 
15:29 2.240 68.5 49.1 67.5 50.3 7.1 129 
15:31 3.740 68.2. 49.2 67.6 49.7 7.6 146 
15:33 5.240 68.3 49.1 67.9 49.5 7.6 164 

Test No. 24 Date Nov. k. 19~2 Sta. .2 
15:48 0.020 67.7 47.2 59.6 54.2 0 
15:51 0.030 67.6 47.2 59.3 53.9 20 

0.040 66.7 47.2 59.1 54.0 0.70 
15:53 0.060 66.7 47.2 60.0 53.6 1.3 42 
15:54 0.080 67.1 47.4 59.9 52.8 2.5 58 
15:56 0.100 68.0 47.4 60.8 52.7 2.8 70 
15:58 0.120 67.2 47.6 60.4 52.3 3.2 84 
15:59 0.170 61.6 47.5 62.2 51.8 3.4 92 

0.220 67.2 41.5 61.9 50.8 3.5 98 
16:00 0.320 67.3 47.3 62.7 50.8 3.6 106 
16:01 0.420 61.1 41.3 62.2 50.5 3.9 113 
16:02 0.620 67.2 47.4 63.5 50.3 3.9 121 
16:04 0.820 67.2 47.6 64.2 49.9 4.2 131 
16:05 1.220 67.1 47.1 64.7 49.7 4.5 140 
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Time Height Forward tunnel Traverse Traverse Quantity 
ot above pSb-chrometer gsychrometer wind ot water 

day terrain TAD- F TAW-oF F Op velooity evaporated 
Thermo. Thermo. Thermo. Thermo. 

Inches #!l:l #21 1i.!t.2 11.2,2 ttLseo co 

Test No. 24 (Cont.) 

16:06 1.720 66.2 46.9 64.0 49.1 4.8 146 
16:07 2.220 66.1 46.8 64.0 49.0 4.8 156 
16:10 3.720 66.0 46.7 64.9 48.2 5.1 178 
16:12 5.220 65.7 46.7 63.6 47.6 5.5 194 

Test No. 22, Date Nov. !l:. 192,2 Sta. J 
16:30 0.020 63.2 46.3 57.6 52.7 0 

0.030 64.5 45.9 57.7 52.3 
16:31 O.OiO 64.4 46.3 57.6 52.3 16 
16:32 0.0 0 64.0 46.2 57.3 51.9 1.4 23 
16:33 0.080 64.0 46.3 58.0 51.8 2.0 31 
16:34 0.100 63.7 45.9 58.3 51.7 2.6 44 
16:35 0.120 63.1 45.9 57.8 51.5 2.8 50 
16:36 0.170 63.2 46.0 58.3 51.1 3.2 57 
16:37 0.220 63.5 46.3 58.9 50.4 3.2 65 

0.320 64.0 46.3 58.9 49.9 3.4 76 
16:)8 0·i2O 62.8 45.6 58.6 48.9 3.6 84 
16:39 o. 20 62.7 45.5 59.5 49.1 3.7 90 
16:40 0.820 62.3 45.5 58.6 48.6 4.2 98 
16:41 1.220 62.8 45.8 60.1 48.6 4.2 98 
16:42 1.720 63.5 45.8 61.0 48.6 4.4 108 
16:43 2.220 63.2 45.9 60.9 47.9 4.5 114 
16:44 3.120 62.4 45.7 58.7 47.0 4.8 120 
16:46 5.220 62.2 45.4 60.2 46.3 5.1 146 

Test No. 26 Date Nov. 6& 1922 Sta. 2 

14:08 0.040 47.8 34.9 46.2 39·4 0.70 0 
0.050 48.2 34.4 45.0 39.7 0.14 

14:10 0.060 48.1 34.9 45.0 40.1 0.15 12 
14:11 0.080 48.4 34.8 45.6 39.7 0.21 17 
14:13 0.100 48.1 34.7 45.5 39.0 0.31 24 
14:14 0.120 47.8 34.4 45.4 38.0 0.39 30 
14:15 0.140 48.2 34.4 45.0 37.6 0.41 34 
14:16 0.190 48.0 34.1 44.5 36.6 0.75 44 
14:20 0.240 48.1 34.8 44.7 36.3 0.75 53 
14:22 0.340 48.1 34.8 44.6 36.1 1.1 59 
14:23 O.~O 48.0 34.7 44.5 35.6 1.~ 63 
14:25 o. 40 47.8 35.2 44.8 35.6 1. 67 
14:27 0.840 46.0 35.0 45.0 35.7 1.7 76 
14:32 1.240 46.4 34.9 44·0 35.4 1.7 83 
14:33 1.74° 45.9 35.2 44·4 35.5 1.7 89 
14:34 2.240 47.4 34.9 43.2 35.4 1.7 102 
14:37 3.740 47.~ 34.9 43.5 35.3 1.9 102 
14:39 5.240 47. 34.4 43.5 34.8 2.2 112 
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Time Height Forward tunnel Traverse Traverse Quantity 
of above pS~hrometer gsychrometer wind of water 

day terrain T~- TAW-oF F 0Ji1 velocity evaporated 
T ermo. Thermo. Thermo. Thermo. 

Inches ty:1 fl..5.1 #42 #52 ftLsec cc 

Test No. 21 Date Nov. 6. 195.2 Sta. 1 

14:51 0.030 48.3 34.3 42.5 40.9 0 
0.040 48·4 34.2 42.2 41.1 0 

14:53 0.050 48.4 34.4 42.2 41.0 5 
14:55 0.010 48.4 34.1 42.4 40.9 0.25 13 
14:56 0.090 48.2 34.4 42.6 40.9 0.29 25 
14:51 0.110 48.2 34.4 42.6 40.8 0.30 25 
15:02 0.130 48.2 33.9 42.2 39.8 0.41 25 
15:03 0.180 41.9 34.0 42.3 39.1 0.41 25 
15:0i 0.230 48.1 33.9 42·i 38.8 1.0 25 
15:0 0.330 48.2 33.8 42. 31.6 1.4 30 
15:01 0·i30 48.1 33.8 42.3 31.0 1.6 33 
15:08 o. 30 48.1 33.5 42.6 35.9 1.6 39 
15:13 0.830 41.9 33.3 41.8 34.8 1.9 50 
15:15 1.230 41.9 33.3 42.0 34.4 1.9 57 
15:11 1.130 41.8 33.1 41.6 34.4 2.1 64 
15:18 2.230 48.0 33.2 41.6 33.6 1.9 64 
15:20 3.130 48.4 33.1 41.~ 33.8 2.3 10 
15:24 5.230 48.4 32.9 40. 33.3 2.5 83 

Test No. 28 Date Nov. 6. 1922 Sta. Y: 

15:40 0.035 46.4 32.6 40.8 40.5 0 
15:41 0.045 46.4 32.6 41.2 40.7 
15:42 0.055 45.9 32.6 40.8 40.8 0.23 4 
15:41 0.015 45.9 32.6 40.9 40.3 0.28 19 

0.095 45.8 32.5 40.8 39.9 0.41 19 
15:50 0.115 45.9 32.1 41.0 39.0 0·i1 29 

0.135 45.9 32.6 40.9 38.9 o. 5 29 
15:55 0.185 45.9 32.4 40.9 38.2 1.0 40 
15:56 0.235 46.0 32.3 40.1 31.3 1.1 43 
15:51 0.335 46.2 32.4 40.8 36.4 1.1 43 
15:59 0·i35 46.0 32.2 40.4 35.2 1.1 52 
16:00 o. 35 45.9 32.0 40.4 34.3 1.1 52 
16:01 0.835 45.9 32.0 40.3 34.3 1.6 56 
16:02 1.235 45.9 32.2 40.4 33.8 2.1 60 
16:06 1.135 45.9 32.0 40.0 32.6 2.3 69 
16:08 2.235 45.6 32.0 39.9 32.8 2.3 16 
16::10 3.735 45·i 32.0 39.8 32.0 2.1 19 
16:13 5.235 45. .32.0 39.6 32.0 2.3 89 
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Time Height Forward tunnel Traverse Traverse Quantity 
or above Ps~chrometer g;YChrOme~r wind or water 

day terrain TAD- F TAW-oF velocity evaporated 
Thermo. Thermo. Thermo. Thermo. 

Inches #41 #51 #42 #52 rtLsec cc 

Test No. 29 Date Nov. 61 1922 sta. .2 
16:29 0.050 47.3 40.4 39.4 0 

0.060 47.2 39.9 39.0 
16:30 0.070 47.2 40.0 38.9 0.31 1 

0.090 46.9 39.4 38.3 0.40 1 
16:31 0.110 47.2 39.6 37.4 0.56 10 
16:32 0.130 46.8 0 39·i 36.2 0.65 16 
16:'35 0.150 46.8 C\I 39. 36.2 1.0 24 
16:37 0.200 46.4 C"'\ 39.0 35.8 1.3 24 

0.250 46.9 s:: 38.6 34.9 1.6 30 as 
0.350 46.8 ..c: 38.6 34.1 2.3 30 

16:39 0·t5O 46.8 
.p 

38.6 33.8 2.1 36 
o. 50 46.1 Ol 38.0 33.4 2.3 36 Ol 

16:43 0.850 46.4 Q) 38.0 32.4 2.3 48 
1.250 46.0 ...:l 38.0 32.1 2.3 48 

16:45 1.150 45.9 37.1 32.0 2.5 52 
16:46 2.250 45.9 31.2 32.0 2.7 56 
16:47 3.750 45.8 36.7 32.0 2.5 60 
16:50 5.250 45.8 37.2 32.0 2.5 68 
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Thermocouple Run Run Run Run Run Run Run Run Run Run Run 
NtL'11ber 1a 1b 2a 2b 3a 3b-!l:a 4b 5a 5b 68. 6b-1a 

1 53.2 54.7 55.8 56.9 49.0 48.6 48.6 48.1 53.2 52.2 51.9 
2 53.2 55.7 56.2 58.6 51.3 50.2 50.2 50.3 52.8 54.0 52.2 
3 53.2 54.7 55.2 56.9 50.6 49.7 49.8 50.4 52.8 53.5 53.4 

~ 51.1 54.7 54.5 55.5 48.8 48.0 48.2 49.2 52.4 51.7 51.5 
54.2 55.0 54.8 56.7 49.~ 48.6 48.8 49.6 52.~ 52.3 52.2 

6 56.7 55.3 54.8 56.7 49. 49.0 49.2 49.6 51. 52.8 52.6 
1 56.1 55.3 54.8 56.7 49.8 49.2 49.2 49.4 51.7 52.1 52.5 
8 59.4 55.3 54.6 56.4 49.9 49.4 49.5 49.4 51.5 52.9 52.6 
9 51.7 55.3 54.6 56.4 50.0 49.4 49.6 49.2 51.5 53.1 52.7 

10 57.3 55.3 5i·8 56.4 50.0 49.4 49.5 49.5 51.7 53.1 52.7 
11 54.6 56.1 5 .1 58.0 50.3 49.9 50.0 50.~ 53.6 53.8 53.6 
12 54.7 55.9 56.1 58.6 52.2 51.0 51.0 50. 53.1 54·a 54.6 
13 53.9 54.9 55.4 57.2 51.~ 50.4 50.4 50.3 52.7 53. 53.6 
14 53.2 54.9 54.9 56.2 49. 49.4 49.2 49.5 52.0 52.7 52.7 
15 54.9 56.8 50.0 49.4 49.5 49.5 51.8 53.2 52.7 
16 62.2 64.3 56.0 57.0 57.6 57.8 59.6 61.3 61.4 
21 53.6 58.6 60.1 62.4 50.8 50.8 51.3 52.3 57.7 55.0 55.4 
22 52.2 54.7 54.5 56.2 49.2 48.6 48.8 49.3 53.2 52.2 52.3 
23 53.0 55.8 55.9 57.2 50.0 49.5 49.6 50.0 52.1 52.8 57.3 
24 53.0 55.4 55.9 57.2 50.3 50.0 49.9 50.1 53.4 53.2 53.1 
25 51.7 56.1 59.1 61.0 49.7 48.0 50.5 52.0 52.0 53.1 52.6 
26 51.7 54.6 53.8 55.0 48.6 41.1 48.1 48.8 51.1 51.7 51.4 
27 51.7 54.6 54.2 55.6 48.6 49.1 47.8 48.6 51.3 51.3 50.9 
28 53.1 55.6 55.1 51.2 49.7 49.0 49.2 i9•6 52.2 52.3 52.2 
41 68.9 81.9 11.0 70.0 5i·4 54.9 54.8 9.4 69.4 67.2 66.8 
42 65.9 74.4 71.8 70.2 5 .7 54.9 55.3 68.5 67.1 66.0 66.8 
43 69.5 81.2 77.4 70.2 54.6 54.9 54.9 69.4 69.7 66.8 67.9 

t~ 62.3 70.4 67.4 67.1 55.7 55.7 56.2 62.0 64.5 66.8 64.5 
62.7 72.3 61.7 68.2 56.2 56.7 57.0 63.3 65.8 6i·5 65.9 

46 63.7 69.2 14.6 74.4 61.0 62.6 64.0 67.1 70.2 6 .i 71.3 
41 67.9 10.3 15.6 77.2 11.3 70.8 11.9 72.1 11.7 71. 71.7 
51 53.1 49.6 43.5 43.6 45.0 48.8 49.4 48.7 
52 53.1 48.4 46.8 43.8 47.0 57.3 52.7 50.6 



Thermocouple Run Run Run Run Run Run 
Number Ib-8a Bb 2a 9b-l0a lOb-lIe. lIb 

1 52.1 51.9 51.3 51.8 52.7 52.7 
2 54.B 54.7 53.3 54.5 55.B 55.9 
3 51.5 53.7 52.2 53.2 54.2 54.6 
4 51.8 51.4 52.2 53.2 
5 52.2 51.8 51.7 52.2 52.8 52.8 
6 52.7 52.7 51.3 52.2 52.8 53.2 
7 52.7 52.7 51.q. 51.9 52.8 53.1 
8 52.B 52.7 51.3 51.9 52.B 53.2 
9 52.8 52.9 51.4 51.8 53.1 53.3 

10 53.2 52.9 51.3 51.8 53.2 53.3 
11 54.3 54.2 52.1 52.8 54.4 54.6 
12 55.0 54.9 52.8 53.9 55.2 55.4 
13 54.1 54.2 52.0 53.1 54.4 54.7 
14 53.1 52.8 51.5 52.3 53.6 53.7 
15 53.1 52.9 51.4 52.3 53.1 53.3 
16 62.3 62.3 56.0 59.6 61.5 61.4 
21 56.2 56.1 53.2 55.0 61.0 56.7 
22 53.1 52.8 51.1 51.9 53.3 53.6 
23 52.8 52.5 51.9 53.1 53.7 54.0 
24 53.2 53.1 52.1 52.6 53.7 53.8 
25 53.0 52.8 51.8 52.7 53.5 54.0 
26 51.4 51.0 50.9 51.4 51.7 51.7 
27 51.0 50.9 50.9 51.5 51.7 51.7 
28 52.2 51.9 51.7 52.2 52.6 52.8 
41 65.3 63.5 70.0 70.7 68.2 64.9 
42 65.0 63.2 64.9 69.3 66.4 64.4 
43 65.1 63.2 70.1 71.1 73.5 65.0 
44 62.2 61.2 61.5 64.3 63.7 62.0 
45 65.3 64.2 61.4 64.3 65.3 64.9 
46 69.5 70.3 68.5 70.0 71.2 69.3 
47 72.2 72.1 69.4 71.3 72.7 72.2 
51 47.6 48.7 50.0 50.4 48.2 47.6 
52 48.6 47.6 53.3 53.7 49.5 47.6 

Run Run Run 
12a 12b-l.2a l~b 

51.3 50.6 50.5 
51.B 51.7 51.B 
51.8 51.7 51.5 
50.9 50.8 50.7 
51.0 50.8 50.7 
51.4 51.4 50.9 
51.5 51.3 51.4 
51.4 51.4 51.5 
51.5 51.7 51.8 
51.8 51.8 51.8 
53.0 52.8 53.2 
52.7 52.8 53.1 
52.2 52.3 52.5 
51.8 52.2 52.5 
51.8 52.2 51.9 
62.0 62.7 63.6 
54.5 55.5 55.7 
51.3 51.~ 56.4 
51.q. 51. 51.7 
51.1 51.0 51.4 
52.3 50.9 52.8 
49.7 49.7 54.0 
49.9 49.6 49·4 
50.6 50.6 50.5 
73.9 74.3 70.3 
67.2 73.1 69.8 
73.5 73.1 70.3 
66.~ 66.8 65.7 
69. 70.8 65.8 
73.1 72.7 71.3 
74.2 74.7 75.3 
43.5 44.1 48.9 
58.7 44.5 43.0 

Run 
ll!a 

47.1 
47·i 46. 
46.~ 
46. 
46.6 
46.6 
46.4 
46.2 
46.7 
47.5 
47.5 
46.9 
46.4 
46.7 
54.9 
49.9 
46.4 
47.2 
46.9 
49.4 
46.2 
45.8 t6 •5 
5.0 

61.4 
65.4 
57.9 
59.6 
66.2 
79.Q 
47.2 
48.7 

Run 
l!lb 

49.0 
49.2 
49.0 
4B.3 
48.3 
4B.2 
48.2 
48.0 
48.0 
48.2 
49.7 
49.6 
49.0 
4B.7 
48.2 
57.9 
52.2 
48.~ 
48. 
48.B 
50.9 
47.6 
47.2 
~8.1 
8.2 

68.8 
68.8 
61.6 
63.6 
68.6 
74.8 
47.4 
50.4 

.... 
+="" 
-.() 
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Thermocouple Run Run Run Run Run Run Run Run Run Run Run 
Number 15a 15b 16a 16b 17a 17b 18a 18b-19a 19b-20a 20b 21a 

1 48.1 47.8 48.2 48.2 49.0 48.7 42.5 42.5 42.4 41.6 47.3 
2 49.7 49.5 49.0 49.0 50.1 49.6 42.6 42.8 42.8 42.0 47.3 

a 49.4 49.0 48.7 48.6 49.1 49.2 43.0 42.9 42.8 42.3 47.3 
48.5 48.2 47.7 47.7 48.2 48.4 41.8 42.3 42.0 42.3 46.7 

5 48.5 47.8 47.8 47.7 48.2 48.2 42.6 42.~ 42.2 41.3 47.1 
6 49.0 48.6 48.1 48.0 48.6 48.6 42.6 42. 42.5 41.4 46.6 
7 49.0 48.8 48.1 48.1 48.6 48.6 42.9 42.7 42.7 42.3 46.6 
8 49.1 49.0 48.3 48.1 48.7 48.7 43.1 42.8 43.0 42.6 46.4 
9 49.1 49.0 48.2 48.2 48.8 49.0 43.1 42.8 43.1 42.7 46.2 

10 49.~ 49.3 48.5 48.2 48.8 49.0 43.1 42.9 43.1 42.7 46.5 
11 50. 50.3 50.0 49.6 50.0 50.0 43.6 43.5 44.0 43.6 47.9 
12 50.4 50.3 49.9 49.6 50.0 50.1 43.2 43.4 43.6 43.2 47.2 
13 50.0 50.0 49.2 49.1 49.6 49.6 43.2 43.~ 43.6 43.2 46.8 
14 50.0 49.2 49.0 48.7 49.4 49.5 42.6 42. 43.2 42.8 46.4 
15 ~9.4 49.2 48.3 48.2 48.7 49.0 43.1 43.0 43.1 42.8 46.5 
16 0.0 60.7 57.0 56.4 57.1 57.3 45.0 50.9 51.4 51.0 52.3 
21 51.8 51.4 50.6 51.4 52.3 52.3 43.2 44.0 45.0 44.2 48.9 
22 49.6 49.4 48.1 48.3 49.1 49.2 42.2 42.5 42.6 42.2 46.4 
23 49.0 48.7 48.6 48.6 49.1 49.2 42.2 42.6 42.~ 41.6 46.9 
24 49.2 4900 48.7 48.7 49.1 49.2 43.0 43.1 42. 42.1 48.2 
25 52.~ 52.3 50.2 50.4 51.0 51.2 43.4 43.6 43.~ 42.8 49.5 
26 47. 47.1 47.2 47.0 47.6 47.6 42.1 42.4 41. 41.0 47.2 
27 47.4 47.1 47.2 47.0 47.6 47.6 h1.6 42.0 41.6 40.8 46.4 
28 ~~:~ 47.8 ~7.8 48.1 ~7.5 ~7.6 42.2 42.6 42.2 41.4 ~ 7.1 
41 65.4 3.2 62.8 2.1 2.6 51.8 52.8 51.4 48.7 7.6 
42 66.3 65.4 61.4 62.6 55.4 61.9 51.0 47·i 47.7 45.2 63.2 
43 67.4 65.4 63.2 62.8 61.2 63.1 51.8 51. 49.1 45.5 66.3 
44 62.2 61.6 58.4 58.5 58.3 59.0 49.3 50.2 49.0 46.4 58.2-
45 65.4 64.8 60.2 60.3 60.0 61.0 50.~ 51.3 50.3 47.7 60.7 
46 70.3 70.0 62.8 62.7 63.2 63.0 54. 58.2 56.0 57.5 64.0 
47 73.8 74.2 81.0 71.7 71.2 72.4 67.2 70.3 72.2 70.4 71.6 
51 46.9 45.9 45.3 45.9 45.8 46.3 41.5 42.0 40.0 37.9 48.2 
52 51.4 46.2 48.2 46.4 47.8 46.8 43.4 42.2 40.6 37.7 53.4 



Thermocouple Run Run Run Run Run 
Number 2lb-22a 22b-23a 2Jb-24a 2b!b-22a 2,2b 

1 48.0 49.1 49.5 49.9 49.6 
2 48.2 49.6 50.0 50.6 50.2 
3 48.1 49.3 50.0 50.4 50.1 
4 47.~ 49.0 49.6 49.9 49.3 
5 47. 48.9 49.2 49.7 49.6 
6 47.3 48.7 49.2 49.8 49.6 
7 47.3 48.7 49.4 50.0 50.0 
8 47.2 48.7 49.3 50.0 50.0 
9 46.9 48.4 49.1 50.0 50.0 

10 47.3 49.1 49.7 50.2 50.2 
11 48.9 50.2 50.8 51.4 51·4 
12 48.2 49.9 50.4 51.1 51.2 
13 47.8 49.5 50.3 50.8 50.8 
14 47.6 49.2 50.0 5°·i 50.3 
15 47.2 49.2 49.6 54. 50.3 
16 55.0 56.8 48.8 58.2 57.6 
21 50.3 52.7 49.1 54.0 53.6 
22 47.2 49.1 49.8 50.3 50.1 
23 47.8 49.2 50.0 50.3 49.9 
24 48.6 49.9 50.0 50.3 49.9 
25 49.6 50.8 51.8 51.8 51.4 
26 47.2 48.2 48.9 48.9 48.7 
27 46.6 47.8 48.5 48.7 48.2 
28 i7 • 6 ~8.3 49.1 ~9.5 i9•2 
41 8.2 9.5 68.3 4.9 2.2 
42 69.0 69.4 67.9 61.3 60.2 
43 69.5 68.0 67.8 64.0 59.6 
44 59.6 61.8 61.4 60.1 58.4 
45 62.7 64.3 64.5 63.1 60.9 
46 66.3 68.1 67.7 61.7 66.0 
47 70.0 70.6 70.8 70.8 73.5 
51 47.2 47.6 49.1 46.6 45.4 
52 48.6 49.0 49.5 47.6 46.3 

Run Run Run Run 
26a 2~6'Q-27a ~ 21t>~-28a.~~48p_~~9a~~ 

40.8 39.9 40.0 39.4 
41.6 41.6 41.2 40.5 
41.8 41.6 41.2 40.8 
40.6 40.4 40.3 39.6 
41.2 40.9 40.~ 40.2 
41.6 41.1 40. 40.4 
41.6 41.2 40.9 40.4 
41.6 41.2 41.0 40.4 
41.8 41.4 41.0 40.8 
41.8 41.2 41.0 40.8 
41.8 41.2 40.8 40.3 
42.0 42.3 41.6 41.0 
42.2 42.6 41.6 41.0 
41.3 41.0 40.8 40.2 
41.8 41.4 41.2 40.4 
45.5 45.7 45.4 45.0 
42.6 42·i 42.3 41.8 
40.9 40. 40.4 39.8 
41.5 41.2 40.3 40.3 
42.3 41.8 41.4 41.0 
41.7 41.4 41.2 40.4 
40.9 40.4 40.0 39.4 
38.4 40.3 40.0 39.1 
41.~ 40.9 40.6 40.1 
47. 48.3 46.~ 48.~ 
46.2 42.5 40. 40. 
43.9 43.1 40.8 39.3 
45.8 45.4 44.8 43.5 
46.2 46.4 45.6 44.7 
5i· 2 46.0 53.2 52.8 
7 .5 76.6 79.7 76.3 
34.9 34.3 32.6 32.9 
39.4 40.9 40.5 33.3 

Run 
29b 

38.9 
39.9 
40.3 
39.0 
39.4 
39.9 
39.9 
39.9 
40.0 
40.4 
40.0 
40.8 
40.8 
39.8 
40.0 
44.6 
40.9 
39.1 
39.9 
40.~ 
39. 
38.9 
38.6 
39.5 
45.8 
37.2 
36.2 
42.2 
43.6 
48.8 
75.3 
32.0 
32.0 
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