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Chapter I 

INTRODUCTION 

In October 1951, a model study of Lake Hefner was undertaken at Colorado 

A & M College under the sponsorship of the U. S. Bureau of Ships, Department of 

the Navy and in cooperation with the U. S. Geological Survey. The primary 

objectives of the model study were to determine the following: 

1. Correlations of wind structure between model and prototype, 

2. Correlations of evaporation between model and prototype. 

Details concerning the prototype study are reported in Refs. 2 and 13. 

The experimental work perfor.med in an endeavor to obtain model data for 
1 

correlation with the Lake Hefner Prototype Studies (13) was accomplished dur-

ing two separate periods of testing. The periods of testing were during the 

summers of 1952 and 1953 and have been called the 1952 Testing Program and 

the 1953 Testing Program respectively. 

Results obtained from the 1952 Testing Program have been previously 

reported in Lake Hefner Model Studies of Wind Structure and Evaporation -­

Final Report: Part I (,). The major results from the 1952 portion of the test­

ing program on the 1:2000 scale model with wind fram only a southerly direction 

were that the wind structure for model and prototype is similar above the 

laminar sub-layer which existed in the model and that the Reynolds analogy as 

modified by Karman may be used to correlate evaporation rates from both the 

model and prototype when the shear velocity rather than the velocity is taken 

as one of the variables comprising the Reynolds number. The reader is referred 

to Part I (,) not only for a detailed account of these results but also for a 

description of the model, the techniques used, and the equipment which is not 

included herein. 

1 The first number in parenthesis is the bibliographical entry number and the 
second number, which follows a colon if present, is the page number. 
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This report, Lake Hefner Model Studies of Wind Structure and Evaporation 

Final Report: Part II, describes the 1953 Testing Program and integrates the 

results with those of the 1952 Testing Program. The salient features which 

were investigated during the more recent testing progr~ include the following: 

1. Determination of the effect of wind direction by rotating the 

model 1800 , 

2. Determination of the effect of upstream barriers on the rate of 

evaporation from the model, 

3. Determination of the similarity between the Reynolds analogy and data 

having Reynolds numbers intermediate to those for the Lake Hefner 

model and prototype, 

4. Examination of the evaporation theories of other investigators to 

formulate a model-prototype relationship. 

In addition, the steps are outlined and an example cited for the practical 

application of a modified form of the Karman extension of the Reynolds analogy. 
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List of Symbols 

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

these agree as closely as possible with those appearing in the Part I (3) and 

those in the Lake Hefner studies technical report (13). The English system of 

units pounds, feet, and seconds -- has been used wherever convenient, Any 

other system would be equally applicable provided proper cognizance is taken of 

the conversion factors. 

Symbol 

e 

g 

ko 

.t 

Definition 

water vapor pressure of the ambient air --
a subscript refers to the elevation at which 
it was measured 

water vapor pressure of saturated air at the 
evaporation surface temperature 

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

acceleration due to gravity 

K~rm~n constant 

mixing length 

In denotes logarithms to base e 

log denotes logarithms to base 10 

m subscript referring to the model 

n exponent 

p subscript referring to the prototype 

r 

r' 

x 

total atmospheric pressure 

exponent 

specific humidity 

roughness ratio -- by definition r = 
relative roughness by definition 

radius 

the distance in the mod el from tm leading edge of 
the modeled terrain to the point at which the 
velocity nrofile is measured 

units 

millibars 

millibars 

millibars 

feet/second 2 

dimensionless 

feet 

millibars 

pound/pound 

dimensionless 

dimensionless 

feet 

feet 
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Symbol Definition 

t time coordinate 

u' the instantaneous velocity fluctuation from U 

u'w' temporal mean value of velocity fluctuation product 

w' the instantaneous velocity fluctuation in 
the z direction 

z 

Zo 

zo.t 

zow 

A 

A( z) 

Cz 

~C 

~CI 

E 

E' 

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 

exchange coefficient 

absolute humidity of the ambient air 

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

absolute humidity of the air at height z 

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 

total drag on a boundary of unit width over the 
length X 

average rate of evaporation per unit area 

average rate of evaporation per unit area 

total rate of evaporation 

length of evaporation surface 

form of Nusselt number -- by definition N = E-v'A 
AC 1I'e 

Units 

seoonds 

teet/second 

feet 2/seoond 2 

teet/seoond 

feet 

:f"eet 

feet 

feet 

feet 2 

pound­
second/feet2 

pound/feet3 

pound/feet3 

pound/feet3 

pound/feet3 

pound/pound 

dimensionless 

dimensionless 

dimensionless 

pound/feet 

pound/feet2-
second 

inch/feet2-
day 

pound/sec ond 

feet 

dimensionless 



Symbol 

R 

RX 

R
f 

R~~ 

S 

U 

x 

I> v 

Definition 

Reynolds number 

Reynolds number 

by definition 

by definition 

correlation coefficient 

R = uo-./A 
1/ 

R - UoX 
X - v 

Units 

dimensionless 

dimensionless 

dimensionless 

form of Reynolds number -- by definitinn 
_ u~~-./A Ru - dimensionless 

~" 1/e 
shape factor of the surface from which evaporation 
takes place dimensionless 

temperature of the air OF 

temperature of the evaporation surface of 

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 of 

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

ambient wind velocity at height equal to or greater 
than cS feet/second 

the mean wind velocity as measured at the forward 
tunnel location feet/second 

the mean wind velocity as measured by the traverse 
mechanism feet/second 

shear velocity -- by defini tion U~:. = -v' Tol P 

distance downstream fram apparent leading edge of 
the test section 

specific weight of dry air 

thickness of the boundary layer 

thickness of the laminar sub-layer 

thickness of the vapor blanket 

equivalent sand roughness 

equivalent sand roughness of the land surface 

equivalent sand roughness of the water surface 

kinematic viscosity of the air 

feet/second 

feet 

pound/feet3 

feet 

feet 

feet 

feet 

feet 

feet 

feet 2/second 
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Symbol 

Ve 

1:"0 

Definition 

coefficient of molecular diffUsion for 
l-1ater vapor into air 

time 

density of dry air -- subscript refers to 
elevation at '-1hich 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 

r gamma function 

Units ---

feet 2/second 

second 

pound-, 
second2/feet4 

dimensionless 

pound/feet2 



Chapter II 

THEORETICAL A:r::YALYSIS 

This Chapter is devoted to a review of ~~e theoretical analysis and 

results Hhich are presented in Part I of the Lake Hefner Final Report (3) 

along Hith the methods of adaptation of a i-lork of O. G. Sutton (10) and a 

ivork of H. U. Sverdrup (11). The t'tvo objectives of interest in this project 

lvind structure and evaporation will be treated separately. 

trJ'ind Struct~ 

As indicated in Part I, the equation concerning wind structure resulting 

from. the 1.fork of Prandtl and Karman was considered to be applicable to both 

the model and prototype wind profiles ; that is 
Uz z = 5.75 log - • 
u~~ Zo 

As a result of the 1952 Testing Program, Figs. 1 and 2 were developed to 

demonstrate the correlations betvJ'een the 'tvind structures for the model and the 

prototype. A relationship bettveen zo and U26. 2-Sta. 2 for the prototype, 

Fig. 3,was also evolved and was used in simplifying the expressions for the 

Karman extensIon of the Reynolds analogy which was employed in the evaporation 

Dhase of this study. 

Evap~~ation 

This section on evaporation will be devoted to a review of the Reynolds 

analogy which is presented in detail in Part I and to an exposition of the 

methods of adaptation to this study of a work of o. G. Sutton (10) and a work 

of H. U. Sverdrup (11). 

1 Equ~ations taken from Part I of the Lake Hefner Final Report (4) bear the 
same rnlmbers that they had in Part I. All equations having a number which 
is less than 100 were taken from Part I. Equations originating in this 
report have been assigned numbers which are greater than 100. The reader is 
referred to Chapter I of this report for a delineation of symbols. 
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Evaporation Correlation Derived ~ ~ Basi~ or ~ Reynolds Analogy. 

The dimensional analysis in Part I indicated that the significant 

dimensionless parameters could be presented in the rollmving simpliried rorm: 

11 

N = ¢ (R.u.) • (101) 

With modeling techniques now known, 

equal. In ract, the ratio or (R~z.)m to 

1 (R-!r)m and (R~~)p could not be made 

(R~})p is approximately equal to the 

scale ratio which in this study was 1:2000. The problem then existed or rind­

ing a sound basis ror correlation or N and R~r ror both model and prototype 

where the value or (R{})m was a.pproximately 1/2000 or (R{})p. Reynolds (7) 

postulated that an analogy exists between momentum transfer and mass transfer 

(evaporation in this case). With this in mind, recourse was made to the 

Karman extensi~n of the Reyn~lds analogy to arrive at a correlati~n between 

Nand R<{r over such a range as to include values or R<{r ror both model and 

prototype. 

Brierly, this correlation was developed in the following manner. The re­

lationship between :r-r and a Reynolds number or the rorm or R rather than R{} 

is 

(14) 

In the case or zero longitudinal pressure gradient and turbulent flow with the 

presence of a laminar sub-layer, Ka.rman (4) expresses the Reynolds analogy 

between momentum transfer and mass transfer by 

c
1
e 

= C2t: + 5 (C
2
t:)ff 1cr - 1 + 2.303 log [1 + ~ (cr- l)J!. (12) 

In the case or zero longitudinal pressure gradient and completely turbulent 

flow with no laminar sub-layer, the analogy between momentum transrer and mass 

transrer may be expressed as 
Or 

C = - • e 2 (13) 

The drag coefficient Cf has been evaluated in terms of R and other measur­

able variables for flow over solid boundaries. The application of appropriate 

1 The subscript m and p refer to the model and prototype respectively. 
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ve10ci ty distribution la't-Ts permitted the expression of R in terms of Ri~. 

An evaluation of several variables based on model and prototype conditions 

completed the l-Tork necessary to express N of Eq. 14 as a function of Ri} 

for various ranges of R~~ and for different surface roughnesses. The rela­

tionships between N and R~:. evolved in this fashion are as follows: 

Case I Smooth Boundary -- 103 ~ R;} ~ 105 

1 - = 
N 

5.99 
8/9 

(R~}) 

Case II Smooth Boundary -- R~z, ~ 105 

1 = 0.0417 [4. 68 (1.194 + log RiZ,)2.64 
N Ri} 

- 8. 70 (1.194 + log R~}) 1. 3~ 

C~~~ III -- Rough Boundary Ri:- ~ 105 

N = o. 0546 R.~} • 

The following data were available for testing the validity of the KArman 

extension of Reynolds analogy: 

1. Experimental data of Albertson (1), 

2. Lake Hefner l\Iodel data collected in 1952 (3) , 

3. Approximation of the empirical Lake Hefner prototype 

equation (3) and (13) 

N = 0.0203 Rifo , 

4. Individual values of 11 versus Ri} for the prototype data. 

These data along \-ri th Eqs. 22a. 2L~a, 26a, and 27 are presented in Fig. L~. 

( 22a) 

(24a) 

(26a) 

( 27) 

This brief review of the 1952 analysis and results is presented in the 

way of background material for that which follOt-Is. 

Evap9ration Correlation Based ~ the Theory of Q. Q. Sutton (12) . 

Dimensional analysis, the Reynolds analogy, and experimental results have 

shOtm that an evaporation coefficient defined by N is dependent primarily 

upon the parameter Rifo • As indicated in the preceding paragraphs, the 

Reynolds analogy furnishes a basis to correlate N and R~} for both the model 
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and prototype. Another approach to the comparison of ~r and R-!~ for the 

model and prototype is through the work of o. G. sutton (10) • 

In brief, the equations of evaporation from a smooth surface using the 

approach of sutton are based upon the following reasoning: 

1. The exchange coefficient A{z) is given by 

p~ fto R~ di; 
o 

where the correlation coefficient 

R t == wt(t) ~(t + , ) • 
w,2 

Bars indicate time averages. 

(102) 

(103) 

2. The correlation coefficient is defined by Sutton to be of the form 

R =( 11' )n 
f v + wt2 

where 

o < n < 1. 

Using the mixing length theory 

and 

Iw'l = 1 I ~ if 
f7;1 

t = ko I a 2u I" 
f) z2 

4. The distribution of eddy velocities is Maxwellian; 

therefore 

(104) 

(10.5) 

(106) 

(107) 

From the foregoing relationships and taking ko = 0.4, sutton arrived at 

the result that 

A(Z) (108) 
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since A(z) = Pwrl. Upon assuming that the variation of mean velocity with 

height follows a power law, that is 

and that 

( 
z 1 

U(z) = U1 -) <I zl 

au A(z) az = constant, 

1 q 
becomes B-

2-n 
and 

2~1-n) 

I 1 1 1 I U 1-n-n 
A{z) = (0.25l) -n (2-n) -~ -n pvn 1 (~) 

(l-n) (2n_2)2(1-n) zln-l zl 

(109) 

(110) 

(Ill) 

If the exchange coefficients for mass and momentum transfer are considered 

equal, 

U(z) aCA = .l. 2.... [ A(z) 
ax p az (112) 

can be solved when U(z) and A(z) are evaluated through Eqs. 109 and 111. 

The result is an expression for CA(x,z) which, when integrated over a circu­

lar area of radius ro (2:10), gives the total rate of evaporation as 

where 

and 

2-n 

Et(ro) = G' u1
2+n 

4+n 
r 2+n 

o 

2 
2-"iiF r(~) 

GI = G 2 2+n 

r (f:~~) 
2-n 2 _n2 

G = .6c(~~~) 2+n (~~) sin (~:) r (2!n) a2+nZ14-n2 • 

n(n-l) 

(~ k 2) l-n 1-n 1-n n 2-n 
2 0 (2-n) n v zl 

a = --~--------------~-----~------------------(l-n) (2_2n)1-n 
, 

AC = Co - CA • 

(113) 

(114) 

(115) 

(116) 

Before Et(ro) may be expressed in terms of ~!-, the shear velocity must be 

introduced to replace Ul. Since 
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and 

where 

2 _ (0. 22l }1-n v n U12- n 
U.,.. - , 
~ (l-n) (2n_n)2-2n (2_n)n zln 

2 
Et = F(n,ko ) (u:"o r+n --,--

AC 1/ ro 

l-n n 2-2n n 
= Gt (l_n)2+n y2+n (2n_2)~n- (2_n)2+n 

.6.C 
2n 

1/ 2+n 
2n(n-l) 

(2+n) (2-n) 

( 117) 

(118) 

(119) 

(120) 

If one assumes that F(n,ko ) is the same for model and prototype, then 

The assumption that F(n,ko ) is equal for model and prototype implies 

that the wind structure is similar in both cases and also that the prototype 

surface may be considered smooth. 

Eq. 121 indicates that one model measurement carried out under conditions 

such that ~ = qp would be sufficient to evaluate Np over the range of 

(R~t-)p for which <1m. = qp = constant. 

The 1937 Evaporation Equation of ~. Q. Sverdrup (11). 

In an attempt to obtain additional correlations between N and R~fo' 

the evaporation equation proposed in 1937 by H. U. Sverdrup (11) which gave a 

good approximation to the Lake Hefner prototype data (1):65) was examined. 

The equation by Sverdrup (11:1) may be written as follows in the notation 

consistent with that of this report: 

0.623 y(eo-ez ) 
E =---Pa 

__ 1_ In (Z + zo) + .k 
koU* at + Zo va 

(122) 
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The salient elements of the hypothesis leading to Eq. 122 are as follows: 

1. A 1rumlnar sub-layer exists for both rough and smooth surfaces, 

2. The exchange coefficient A(z) is a linear function of height above 

the surface, depends upon the roughness -- i.e., A(z) = pko(z+zo)U~~, 

and is the same for the transport of mass and momentum, 

3. The vapor pressure is a logarithmic fUnction of the height z. 

Application of~. 122 to ~ smooth surface. For a smooth surface 

Sverdrup (11:6 and 8) suggested the use of the following relationships: 

8 t - 30 v ( 123 ) 
- U* 

and 

(124) 

In the present report the authors reason as foilows in evaluating z and 

introducing Llc in Eq. 122. The value of z is considered to correspond to 

the average thickness of the vapor blanket over the evaporation surface. 

Assuming that the vapor boundary layer thickness 0v is given by the same 

equation as that for the momentum boundary layer, one may write 

o - 0.377 v -r-~xt75 · ( 125) 

Introducing the relationship that R is equal to 11. 85 R.~}10/9 obtained by 

letting (~)1/9 equal one in Eq. 17 (3). integrating over the entire length. 

and taking a mean 

( av)ave. = 0.1275 R*2/9 (126) 

\Vhen (~v)ave. as given by Eq. 126 is substituted for z in Eq. 122 and ko 

is set equal to 0.4, the following relationship results: 

R-J~ 
N = ----------------~~---------

2.5 In (0.085 R*7/9 -11) + 18 
( 127) 

Maintaining the approach of Sverdrup, but substituting for Eqs. 123 and 124 

the follo1rTing: 

(128) 
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and lJ' 
Zo = 107 respectively, (129) 

Eq. 122 reduces to 
R~~ 

N" = -----,o--~7~J:,::.9--------
2.5 In( o. 01u32 R~~ -+ 0.00932) + 6.9 

(130) 

Eqs. 128 and 129 are based upon the work of Nikuradse (6) and give the 

following apparent improvements: 

1. Zo will be positive instead of negative, 

2. The exchange coefficient A(z) at z = a f becomes 4.64 v 

ins tead of y. 

Since the surface of the model may be consIdered to be hydrodynamically 

smooth, one might anticipate that Eqs. 127 and 130 are applicable to the model. 

Application of Eq. 122 to ~ rough surface. ~fuen the surface is rough, 

Sverdrup suggested that Zo be considered equal to 0.6 em and Sf be evalu­

ated through Eq. 123. When z of Eq. 122 is considered to be equal to 

( 0 v) ave. which is evaluated through Eq. 126, (the authors modification of the 

work of Sverdrup), Eq. 122 becomes 

N 

where ~ is to be measured in meters. 

If the prototype lake surface is considered rough (13:49), one might 

expect Eq. 131 to coincide with the prototype results. 

(131) 



Chapter III 

EQ,UIPlmNT AND PH OCEDURES 

This Chapter is devoted to a very brief description of the equipment used 

and the procedures followed in the 1953 Testing Program. The equipment and 

procedures are very stmilar to those used during the 1952 Testing Program. 

Only minor changes have been made and these appear in detail in Appendix A of 

this report. The reader is referred to Part I ()) for details not covered in 

this report. 

Equipment 

A model of Lake Hefner was built to a scale of 1:2000 in both the horizon­

tal and vertical directions and was tested in a low-velocity wind tunnel. This 

wind tunnel is of the recirculating type but was used as a non-recirculating 

tunnel to avoid the effect of evaporation on vapor concentration under recircu­

lating conditions. The test section was 9 ft square and 26 ft long. In order 

to prevent water losses due to waves and splaShing, an evaporation surface made 

of plaster of Paris was used. This surface developed dry spots as did the sur­

face used during 1952. Cognizance was taken of this fact in the determination 

of the area from which evaporation took place. 

The hot wire anemometer circuits used for the 1952 Testing Program were 

revised to accommodate sensing elements made of platinum wire instead of the 

tungsten wire used in 1952. As in 1952, most of the thermometry was carried 

out with copper-constantan thermocouples. This also included the use of 

thermocouples for psychrometers. The automatic and manual lvater supply systems 

for the lake used in 1952 were used again in 1953. 

The data comprising the 1952 Testing program Here for a simulated south 

wind. The model was rotated 1800 so that the air passing over the model simu­

lated a north wind during the 1953 Testing Program. Two sheet metal barriers, 

one l~ in. high and the other 3 in. high, were placed in the tunnel at various 

19 
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positions upstream from the modeled lake so as to disturb the \V'ind strnctnre 

over the modeled lake. 

Testing Procedures 

The procedures followed in gathering data for the 1953 Testing Program 

were similar to those j lowed during the 1952 Testing Program. In brief these 

consisted of: 

a. Taking temperature data at various times and places in and 

abou t the model, 

b. Measuring t:·mperature, humidity, and velocity profiles 

above various locations on the model, 

c. Measuring the ambient air temperature, humidity, and 

velocity at various times, and 

d. Measuring the amount of water evaporated from the model. 

A summary of the model data collected during the 1953 Testing Program appears 

in Appendix B. The detailed data are presented in Appendix D. 

Transformation ~ ~ 

As a result of the work grouped under what might be termed the 1953 Test­

ing Program, additional correlations between N and R{~ besides those stem­

ming directly from the 1953 testing were derived on the basis of other evapo­

ration investigations. The methods used in analyzing and interpreting these 

data were for the most part the same as those used for the 1952 data. These 

methods are explained in detail in Part I. This section will be devoted to a 

brief description of changes in the methods of analysis. These sane changes 

are described in detail in Appendix C of this report. 

Shear Velocity 

During the course of the work under what is termed the 1952 Testing 

Program, the shear veloci ty U{~ was obtained by the use of the Prandtl­

K~rman relationship for wind structure; namely. 



U -= 
U~z. 

5.75 log ~ . 
Zo 

(1) 

This same procedure of evaluating U~~ was followed in working with the 1953 

data to determine the effect of wind direction on evaporation when no barrier 

21 

was placed upstream from the modeled lake. This method of computing U~~. was 

found to be satisfactory when an upstream barrier was not placed in the tunnel; 

however, when an obstruction was placed in the tunnel, the velocity profile 

data downstream from the obstruction indicated that the wind structure was so 

modified that Eq. 1 was no longer valid. Fig. 5. Therefore, another method of 

determining U~z. was resorted to so that U* for ob structed flow would cor­

respond to that for flow without a barrier present. The authors assumed that 

the shear, and therefore the shear velocity, would have a particular value for 

each ambient tunnel velocity, UFT • A relationship between U~z. at Sta. 6 

and UFT was developed far the condition when no barrier was present, Fig. 6. 

This relationship was based on an evaluation of the loss in the momentum of the 

air stream due to the boundary drag at the various velocities when a barrier 

was not placed in the wind tunnel. Details of this procedure are presented in 

Appendix C. 

The ob ject of referencing the barrier evaporation data to a U~} based on 

unobstructed air flow was to isolate the total effect upon evaporation rates 

which the barriers might cause -- the total effect being a result of a com­

bination of changed shear velocity at the reference station and a changed shear 

velocity distribution over the lake for the same ambient velocity which existed 

with no barrier present. Comparison of evaporation data obtained with and with-

out barriers should then reveal any significant effects. Since the relation­

ship of Fig. 6 had to be developed for the barriers, it was found to be advan­

tageous and convenient to determine U~t- far all of the 1952 and 1953 data 

through the use of the correlation between U~} and UFT depicted in Fig. 6. 

12.2..2. Model ~ 

The data collected during the 1953 Testing Program were in such a form 

tha t the parameters N and R~z. were easily evaluated. The reader is referred 
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to Part I (,) for details of the methods. These data are summarized in 

Appendix B and presented in detail in Appendix D. 

12!!! .2! Rohwer (§) 

In order to check the Reynolds analogy approach for the range R* bet'tveen 

values covered by the Lake Hefner model data and prototype data, certain data 

were selected from those collected by Rohwer in 1926 and 1927. This check was 

made possible through the courtesy of Mr. Rohwer in making available the orig­

inal data of his early work. 

ROhwer's data were collected for a circular tank 84.8 ft in diameter and 

6.66 ft in depth. All points obtained from the data were calculated with ele­

ments averaged over a 6-hr period. Periods representing all parts of the day 

were used with no systematic deviations appearing for any particular part of 

the day. 

The variables comprising N and R* were evaluated in the following 

manner: 

E -- The amount of evaporation per unit area per unit time was obtained 

by first taking the difference In readings at the beginning and end 

ot a period for each of four micrometer hook gages placed symmetri­

cally about the periphery o:f the tank. The :four di:fferences for a 

given period were then averaged to obtain the water surface drop. 

This drop -- measured to the nearest 0.001 in. -- was then divided 

by the length of the period. 

AC -- The value of Co was obtained through a consideration of the water 

surface temperature measured by means or a mercurial thermometer 

held with the bulb i in. under the surface and the entire thermom­

eter shielded fram direct sunlight. Air temperature and humidity 

were measured above the water sur:faces of the 84.8 ft diameter tank 

and three evaporation pans of conventional size and shape. These 

latter measurements were accompliShed by means of an aspirating 

psychrometer which drew air through a rubber tube having its open 

end about 1 in. from the water surface. The four sets of readings 



differed and that pair giving the greatest temperature differenoe 

was used in evaluating GA. The thermometer pair yielding this 

condition was usually the upwind installation. 
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ve -- The value of Ye was obtained from tables using the mean ambient 

air temperature of the period and a barometrio pressure of 25.0 in. 

of mercury. 

U~~ -- The shear velocity was oaloulated from mean velooity readings at two 

elevations by assuming a logarithmic relationship and a Karman 

constant of 0.4. The velocity for the higher elevation was taken 

from the data for an anemometer 2.5 ft above the ground (bridge 

anemometer) and mean values of the velocity were obtained from read­

ings taken at the beginning and end of the period which gave the 

miles of wind passing during that period. Eaoh mean velocity was 

oorreoted aocording to the correotion table for 4-cup anemometers 

given in Ref. 12. The lower veloci ty was taken as the ground veloo­

ity at a height of 0.25 ft and was considered to be that velocity 

determined through use of Fig. 9 in Ref. 8:49 and the higher level 

velocity. 

J.A -- Sinoe the evaporation took plaoe from a circular area having a oon­

stant diameter of 84.8 ft, the variable JA likewise had a constant 

value of 75.3 ft. 

These data are presented in Appendix B. 

Sutton's Evaporation Equation (12) 

A correIa ti on between Nand R{} in the model data range of R~~ was 

obtained by the use of Eq. 119 of Sutton's work. However, before an attempt 

was made to apply this equation, it was neoessary to select a representative 

value of n for the model. After plotting vertical velocity profiles using 

log-log ooordinates for the range of ambient velooities encountered in the 

model, the conclusion was reached that the exponent q of Eq. 109 varjed from 

3 at the lowest velocities to about 6.5 at the highest velooities. The median 
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value of q for the model tests corresponded to about a value of 6 which made 
2 n=7· 
When the foregoing value for n was adopted and ko was set equal 

to 0.4, Eq. 119 as herein applied to the model reduced to 

1 
N = 0.220 R*8 (132) 

where 'V = 0.6 1I"e and 1'0 = AX was introduoed. 
,fir 

In order to check the indicated correlation between model and prototype 

data given by Eq. 121, a value of n cammon to a model test and the prototype 

conditions was determined. From the measurements at Lake Hefner (1):60), the 

range of q for the prototype was from 5.72 to 6.66. A value of q = 6 seem­

ed to be representative. When a. value of q equal to 6 was considered repre­

sentative of both model and prototype conditions and substituted into Eq. 121, 

there resulted the expression 

(133) 

Eq. 133 may be reduced to computational form by selecting a set of co-

ordina tes (R{~ , lk) for which q is approximately 6. Analysis of the 

data indicated that the value of q for the middle of the range of R;} for 

the model is approxima.tely 6. When the model coordinates, R.f., = "J> 7xl03 and 

N = 5.6xl02 based on Fig. 4, i-lere selected, Eq. 133 became 

i Np = 0.243 R;}p • (134) 

Sverdrup's Hork of 1937 (.ll) 

In Chapter II the steps necessary to put the 'tvork of Sverdrup into the 

dimensionless parameters, 1-T and R;}, were indicated. The results of those 

transformations, Eqs. 127 and 130 for a smooth boundary (model) and Eq. 131 

for a rough boundary (prototype), are in suitable form for comparison purposes. 



Chapter IV 

PRESENTATION AND DISCUSSION OF RESULTS OF THE 1953 

TESTING PROGRAM 

The object of the 1953 Testing Program was to supplement the data gathered 

during the 1952 Testing Program. This supplementary information pertains to 

the effect of upstream barriers on evaporation, the effect of the dam on evapo­

ration from the model of Lake Hefner, and the work and data of other investiga­

tors which might indicate the applicability of the Karman extension of the 

Reynolds analogy to evaporation as presented in Chapter II. This Chapter is 

devoted to a discussion of the results of the experiments conducted during the 

1953 Testing Program. 

Shear Veloci 'by 

As indicated in Chapter III the shear velocity was computed on the basis 

of both Eq. 1 and the loss of momentum. This was necessitated by the conside~­

ation of the barrier effects. The final results will all be presented in terms 

of U{~ computed on the basis of the loss of momentum. 

Upstream Barrier Effect ~ Evaporation 

Mountains surround many lakes and reservoirs and the effect of these topo­

graphic features on evaporation rates is not fUlly understood. In a wind tun­

nel where conditions can be controlled~ the effect of obstructions can be 

measured. Therefore, it was decided to place an obstruction upstream from the 

model and measure the effect of this structure on evaporation rates. If the 

barrier affected the evaporation rates in a systematic fashion for various 

sizes and positions of the barPier, then additional work regarding model and 

prototype correlations could be undertru{en to determine in more detail the ef­

fects of these obstructions on evaporation rates. The object of these tests on 

the Lake Hefner model l-lere strictly of an exploratory nature. 

27 
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In order to investigate the effect of upstream barriers on the rates of 

evaporation from the model, two barriers were adopted: one was It in. high 

and the other was 3 in. high. These barriers corres~onded to prototype heights 

of 250 ft and 500 ft respectively and were placed on the dam and at various 

distances upstream from the drum. It should be remembered that the shear velo­

cities used for comparison purposes of the barrier data were based on the rela­

tionship depioted in Fig. 6, Chapter III. 

The effect of the It-in .. barrier on evaporation is indioated in Fig. 7. 

The data group well about Eq. 22a, except in the vicinity of R{~ equal to 

3.2x103 where the data are slightly above the line. The effeot of the 3-in. 

barrie:r on evaporation is indicated in Fig. 8 and the manner of grouping of 

these data is the same as that for the Ii-in. barrie:r. The data for both the 

It-in. and 3-in. bar.riers are plotted in Fig. 9. 

The small differenoe between the barrier data and Eq. 22a, Fig. 9, in the 

vicinity of ~~ equal to 3.2xl03 might be explained by a consideration of the 

range of RX under whioh the tests were conduoted. As indioated in Fig. 22, 

Appendix C, the oonditions under whiCh some of the tests were oonducted typi­

fied the transition zone between laminar flow and turbulent flow where it is 

possible to have laminar flow, turbulent flow, or a type of flow that oan not 

be described as either. Within this region one might expect some of the re­

sults to differ from those for completely turbulent conditions. 

Lake Hefner model data oollected at the 10Her wind velocities are as-

sociated with the lower values of R.r.. and occupy the transi tion zone bett·reen 

laminar and turbulent flow. Therefore, the slight deviation from Eq. 22a of 

the data in Fig. 9 at the lower values of R~~ may be expected and hence, 

dismissed beoause of non-oonformity with the assumptions used in the deriva­

tion of Eq. 22a. Eq. 22a l'las derived on the basis of a fully-developed turbu­

lent boundary layer above a smooth surface. 

on the basis of Fig. 9, one can say that there does not appear to be any 

significant differenoe between either the data for the It-in. barrier and those 
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for the 3-in. barrier or between the barrier data and Eq. 22a. Therefore, 

Eq. 22a may be considered as representative of the model data when an upstream 

barrier is present. The reader is reminded that Eq. 22a was also found to be 

representative of the 1952 model data, Fig. 4. 

The lack of barrier effeot on evaporation rates might be explained in 

light of the effect of the barrier on the wind struoture. Separation occurs 

at the top edge of the barriers and this induoes increased turbulence in the 

downwind air stream. The work of Maisel and Sherwood (5) indicates that in­

creased evaporation accompanies increased turbulenoe intensity. Therefore, one 

might expect increased rates of evaporation as a result of the introduction of 

the barrier upstream from the model. 

Fig. 5 of Chapter III indicates that zones of stagnation and a region of 

reduced velocity can be found immediately downstream from the barrier. By this 

action, the effect of the barrier would be to reduce the amount of evaporation 

from certain areas. Therefore, as a result of the presence of a barrier, two 

opposing effeots on the wind struoture are oocurring simultaneously; one tends 

to increase the evaporation, and the other tends to decrease the evaporation. 

Data gathered during the course of this investigation indicate that the two ef­

fects cancel each other. 

Best-fit lines were determined by the method of least squares for all of 

the model data. The data for 1952 were considered to be representative of non­

barrier conditions. The data for 1953 were obtained with the 3/4-in. model dam 

upwind fram the lake whiCh may be thought of as a barrier; amplification of the 

data for 1953 can be found in the following paragraphs. The 1i-in. and 3-in. 

barriers were studied to determine the influence of higher barriers upwind fram 

the evaporation m!rface. The best-fit lines far these data did not vary con­

sistently with the height of the barrier. In fact, all differences were within 

the scatter of experimental error. Therefore, Eq. 22a was considered to be 

satisfactorily representative of all the data obtained with the barriers in 

p1aoe. 
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The barriers affected the results in such a fashion as to eliminate some 

of the scatter of the data. This is in all likelihood due to the more com­

pletely developed turbulent boundary layer caused by the barrier. 

Effect of Wind Direction £B Evaporation 

from the Ho<!e1:. 

The air blown over the model simulated a south wind during the 1952 Test­

ing Program. One of the objectives of the 1953 Testing Program was to deter­

mine if the change in direction of the lvind from the south to the north would 

have any effect on the correlations between N and R~fo. 

The correlation between N and R~fo might be altered by a change in the 

wind direction because of two effects. First, the character of the approach 

terrain may differ for various Hind directions in which case, the air pattern 

over the modeled lake might not be the same. Second, the maximum distance 

across the modeled lake normal to the direction of the wind might vary with 

different wind directions. With regard to approach terrain, the 1800 change in 

wind direction is the severest that can be brought about 10li th the Lake Hefner 

model because the terrain approaching ihelake from the south is relatively 

flat with no abrupt changes in ground slope while the slope of the terrain ap­

proaching the lake from the north is suddenly broken by an earth dam, 10 ft 

high. This darn impounds the Hater of Lake Hefner. Therefore, if a change of 

wind direction were to have any effect on the evaporation, one mieht anticipate 

a systematic deviation betlveen the resul ts for a south wind and a north wind. 

South Wind 

The results of the 1952 Testing Program, during which the wind was from 

the south, are presented in Fig. 10. The shear velocity U~fo for the data pre­

sented in Fig. 10 was computed on the basis of the Prandtl-Karm!n equation, 

Eq. 1. These same data recomputed on the basis of change of momentum considera­

tions are presented in Fig. 11. A review of both Figs. 10 and 11 indicates 

that the scatter of the data computed through loss of momentum considerations 

is less than that through Eq. 1. At the lower values of R*, Fig. 11, the 
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data tend to deviate from Eq. 22a. Again, this drift from Eq. 22a might be a 

result of an incompletely developed turbulent boundary layer. The magnitude 

of ~ as oomputed through momentum considerations is usually less than that 

computed through Eq. 1. This decrease, however, lies within the e~erimental 

scatter of the data. Therefore, aside from the deviation at the lower values 

of ~, Figs. 10 and 11 indicate that the data group about Eq. 22a. This 

implies that the relationship between N and R* is essentially the same for 

either method of computing U* and may be represented by Eq. 22a. 

North Wind 

The results of the 1953 Testing Program during which a north wind was 

simulated, are presented in Fig. 12. The shear velocities for the data ~re­

sented in Fig. 12 were based on loss of momentum considerations. 

Comparison of North ~. South Wind Data 

Aside from considerations of the Shape of the lake, the only difference 

between the physical conditions under which the north and south wind tests 

were conduoted was the upstream terrain. In the case of the south wind, the 

approaoh terrain was rather flat whereas for the north wind it was interrupted 

by a dRm, 10 ft high. The prototype dam was simulated in the model by a dam 

about 0.15 in. high which in essenoe acted as an upstream barrier. The data 

for both the north and south wind are compared in Fig. 13 which indicates that 

both sets of data group well about Eq. 22a. These results may be anticipated 

in light of the data for the Ii-in. and 3-in. barriers which were already dis­

cussed. 

As stated previously the shape of the surface from which evaporation takes 

place may affect the relationship between N and RJ,} when the direction of 

the wind changes. An inspection of Fig. 14 indicates that the shape of the 

modeled lake may be roughly approximated by a circle. If the lake is repre­

sented by a circle, then the maximum distance across the lake normal to the 

direction of the wind does not change with a change in wind direction. There­

fore, so far as the model of Lake Hefner is concerned, one may conclude that 
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Fig. 14. Outline of modeled lake. 
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the shape of the modeled lake will not affect the rates of evaporation under 

different wind directions. 

Since change of shape can be dismissed, so far as the model is concerned, 

as a factor influencing the rates of evaporation, the similarity of results 

for a north wind and for a south wind implies that either the dam in the model 

had little effect on the shear velocity or the shear velocity was increased in 

one region and decreased in another in a compensating fashion such that the 

combined effects cancelled each other. 

As a result of this study, it may be concluded that the rates of evapora­

tion from the model were the same for both north and south winds. Furthermore, 

since the ratio of the dam height to the distance across the lake is nearly 

1/100, it is reasonable to assume that the effect of the prototype dam is also 

negligible. 

Data and Equations Comparable with ~ 

Reynolds Analogy 

In Fig. 4, Chapter II, no supporting experimental data are shown for the 

Karman extension of the Reynolds analogy for the range of R.. from 2xl04 
4)~ 

to 3x107. Since it was impossible to secure data from the Lake Hefner model 

in this range of R{~, an effort tvas made to secure experimental data from other 

sources to check this range. A set of data useful for this purpose is that 

obtained by Rohwer (8). 

The theoretical work of Sutton (10) and of Sverdrup (11) l.rere also ana­

lyzed in an endeavor to obtain correlations bett-Ieen }.T and R{~ based upon 

the respective theories. The works of Rohwer, Sutton, and Sverdrup are com-

pared with the Lake Hefner Model Studies results through Figs. 15, 16, and 17. 

Fig. 15 includes only the model data range of R{~. Fig. 16 encompasses that 

range of R{~ which is betl.reen that for the model and that for the prototype. 

Fig. 17 shows the variation of U for high values of R{: and includes pro­

totype data. 
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~ E!. Rohwer (!) 

As explained in Chapter III certain data collected by Rohwer were used to 

obtain experimental results at values of Ro!z, between those for the model and 

prototype, Fig. 16. The general trend of these data follow rather well the 

prediction of Eq. 22a although they fall slightly above it. The agreement 

seems significant, however, when the meagerness of the information used to 

obtain U* is considered. In addition, the location at which the humidity 

was measured tends to give values of the ambient vapor concentration 'Which are 

too large. This results in .6.0 being too small 'Which in turn causes N to 

be too large. 

In the opinion of the authors, the data obtained :from the studies of 

Rohwe~ confirm the applicability of Eq. 22a as a semi-empirical relationship 

for predicting evaporation rates when the meteorological elements and water 

surface temperature are known or estimated. 

Sutton's Evaporation Equation (12) 

Eq. 119 of Sutton was EPplied only to the conditions characteristic of the 

model in an endeavor to evolve a correlation between Nand R* which would 

be valid for the model range of R*. The result was Eq. 132, Fig. 15. The 

slope given by Eq. 132 agrees very well with that of Eq. 22a but for a given 

value of 4, the value of N is sliejl.tly small. 

The work of Sutton was also used to develop a model-prototype relation­

ship whiCh is given by Eq. 133. By applying a set of characteristic values 

of N and R* for the model to Eq. 133, Eq. 134 was developed which is in­

tended to be representative of prototype conditions. An examdnation of Fig. 17 

indicates that Eq. 134 represents the prototype data almost as well as Eq. 22a. 

As in the case of Eq. 22a, the deviation of Eq. 134 :from Eq. 27 does not seem 

excessive When the scatter of daily prototype data is examined, Fig. 17. 

Eq. 134 is also shown in Fig. 16 with the data of Rohwer. As can be observed, 

Eq. 134 represents the data of Rohwer as well as Eq. 22a. In view of this 

agreement with the prototype data and Rohwer's data, Eq. 133 appears to give a 

practical model"prototype relationShip. Further refinement does not seem 
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possible until more information becomes available on the drag over large water 

surfaces and on the effect of vertical temperature gradients in the atmosphere 

upon drag. 

~ 12lZ Equation .2! Sverdrup (ll) 

This work of Sverdrup is applicable to both smooth and rough surfaces. 

Each type of surface will be treated in turn. 

Application to ~ Smoot~ Surface (Model). In Chapter II the steps neces­

sary to transform Sverdrup's 1937 equation, Eq. 122, to a form containing N 

and R* for a smooth surface were outlined. The result was Eq. 127 which may 

be considered applicable to the model of Lake Hefner. In Fig. 15, Eq. 127 is 

plotted along with Eq. 22a. The equation gives values of N Which are much 

too small. One reason for this tendency appears to be the large value assumed 

for 8' as given by Eq. 123. 

In an attempt to tmprove the results of Sverdrup's equation when applied 

to the model, 3 I 

129 respectively. 

ment with Eq. 22a 

and Zo were assumed to be represented by Eqs. 128 and 

The result, Eq. 130, is also plotted on Fig. 15. The agree­

-- a representation of the model data -- is much improved 

over that of Eq. 127. 

Application ~ ~ Rough Surface (Prototype). The steps necessary to place 

Eq. 122 in a form consistent with this report and to make it ap~licable to a 

rough surface were outlined in Chapter II. The result was Eq. 131 which might 

be considered to be applicable to the prototype since this equation is for a 

rough surface. The graph of Eq. 131 is plotted in Fig. 17 and falls somewhat 

above but parallel to the curve given by Eq. 27 Which indicates that the agree­

ment between Sverdrup1s modified equation, Eq. 131, and the prototype data is 

not very good. Al though during the Lake Hefner prototype study (1'). the 

agreement between this work of Sverdrup and the prototype data was found to be 

good. This difference in agreement as found during this study and during the 

actual Lake Hefner prototype study appears to be due to the determination of 

the height z at which Cz 1s measured. 
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An interesting result is Obtained if Eq. 130 which was derived for a 

smooth surface and considered applicable only to the model range of R~t is 

extended to the prototype range of R*. An exrumination of Fig. 17 discloses 

that Eq. 130 gives results which are similar to those given by Eq. 131 although 

the former was derived for a smooth surface only. 

Application of~. 122. As interpreted herein, Sverdrupts equation, 

Eq. 122, in the modified form of Eqs. 127 and 131 does not yield results as 

closely in agreement with experimental data for both the model and the proto­

type as does the semi-empirical equation, Eq. 22a. 



Chapter V 

SUMMARY OF THE RESULTS AND APPLICATION 

OF THE LAKE HEFNER MODEL STUDY 

The results of the Lake Hefner model study are presented in two reports -­

Parts I and II of the Final Report. Part I of the Final Report oovered only 

the results of the 1952 Testing Program. This report, Part II, oovers the work 

performed under what is termed the 1953 Testing Program. Also, sinoe nothing 

has been said as yet with regard to the signifioanoe and applioation of either 

the 1952 or 1953 results, this Chapter is devoted to a review of the results 

of the entire study and an attempt is made to indioate the importanoe of the 

findings and how they may be applied. The objeotives of this study, wind 

struoture and evaporation, will be treated in turn. 

!!!!.1 Struoture 

The model and prototype wind struotures will be oompared on the basis of 

Figs. 1 and 2, Chapter II. These figures are based on only the 1952 data; 

however, the 1953 data oonfirm these results. 

Fig. ! -- Prototype ~ 

A review of Fig. 1 indioates that the prototype data for the 14 specially 

seleoted profiles are dispersed along the Prandtl-Karm~n wind struoture 

relationship, Eq. 1, in four groups. The data plot in four general groups be­

oause the velooity of the wind was measured at four different elevations and 

these elevations were the same for each velooity profile. Since the relation­

ship between U~z., Uz , z, and Zo as expressed by Eq. 1 was used in asoer­

taining Zo and U~!o, the data should fall near the line representing Eq. 1. 

Fig. 1 -- Model ~. 

Fig. 1 indioates that the model data may be grouped as follows: 

47 
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First range 

Second range -

Third range 

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

lower portion of 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 velocit,r. these lines become tangent to Eq. 1 at a value of 

z/zo of approximately 107. This fact is significant because it agrees with 

the empirical relationship between Zo and 8' whiCh has been derived by 

other investigators. In some cases, these lines become tangent to Eq. 1 at 

values of z/zo which are less than 107. This deviation from the anticipated 

value may be due to inaccurate measurements or to the incomplete development 

of the boundary layer. 

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

boundary layer. The model data of Fig. 1 for the turbulent region group 1vell 

around the line representing Eq. 1. There exists a certain a~ount of scatter 

but it is not excessive. SuCh a small degree of dispersion justifies repre­

sentation of the data by an equation having the form of Eq. 1; however, the 

Karm'n constant of 0.4 still remains open to question. 

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

to the presence of a transition zone between the turbulent boundary layer and 

the ambient air of low turbulence intensity. 

Fig. 1. -- Comparison !2£. I·fodel ~ Prototype Data. 

The prototype data are in good agreement with the relationshi~ 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 flow may be laminar or turbulent depending 

on the operation of the tunnel and air conditions outside of the tunnel. 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 ,g -- Prototype Data. 
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The values for the significant parameters of Fig. 2 were taken from the 14 
profiles (see Part I) of the prototype data for Sta. 2. All but one of the 

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

files do not fallon one line as might be hoped for. 

Fig. g -- Model ~. 

The data of the 29 tests run during the 1952 Testing Program, 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 mark­

ed difference between the relationship of U 52.5 and U4fo for each of the sta­

tions and therefore these model data may be treated as a gr0 up. \ihen these 

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

Fig. g -- Comparison of Hodel and Prototype Data. 

A straight line may be drawn through the points representing both model 

and prototype data. A curved line was drawn thrQugh these points in Part I. 

However, a least squares analysis of the data and consideration of the vari­

ability in model and prototype characteristics upwind of the lake indicate that 

a straight line is a better representation of the data. The indicated correla­

tion beti'\l'een U* and U52.5 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 "lind structure may be br0ught out by the fol­

lowing analysis. When the Reynolds number is used as the criteria for wind 

structure similarity between model and prototype, the following relationships 

can be evolved: 
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R ~ Inertia Forces 

Viscous Forces 
, 

U2 
p-

R L =--
'[ 

L 

U2 
= lJ2 J 

~~ 

Rm =(u~~) 2 , 

~ Up ) 2 
R =-p U~~ , 

For dynamical similarity between model and prototype Rm should equal Rp 

therefore, the follOl-Jing relationship should be satisfied 

Um -..Y.E.. 
Tr::- - u.. • --''m 'hl> 

(28) 

(29) 

(30) 

(31) 

An examination of Fig. 2 shows that the model and prototype data indeed approx-

imate the relationship 

constant. 

In accepting the results of Figs. 1 and 2, one should bear in mind the 

restricted nature of the date 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. Also, the prototype wind structure 

lvas modeled for the c ondi ti on of a ra ther flat terrain and adiabatic lapse 

rates. 

An unsuccessful attempt 't-las made to corroborate the "apparent" agreement 

between actual data and Eq~ 31 as depicted in Fig. 2. This endeavor was based 

on the application of boundary layer equations t .... the conditions existing at 

the model and prototype. Several sources of uncertainty l-lere encountered which 

may account in part, if not entirely, for this lack of success. First, the 
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relationship between e"", and U for the prototype was uncertain. Second, 

the applicabili ty of a constant relationship bet"t-1een Zo and E over a wide 

range of velocities was doubtful. 

Evaporation 

The evaporation aspect of the Lake Hefner model study will be broken into 

three sections. The first will deal with various aspects of evaporation from 

the model of Lake Hefner. The second will be devoted to the Reynolds analogy 

and comparable data and equations. The third section suggests an application 

of the results of this study. 

Evaporation from the Model of Lake Hefner. 

The Lake Hefner model testing was divided into the 1952 Testing Program 

and 1953 Testing Program. During the 1952 Testing Program the air which was 

circulated over the model simulated a south wind. For the 1953 Testing Pro­

gram, the model was rotated 1800 from the position that it occupied for the 

1952 period so that the air passing over the model simulated a north wind. It 

may be well to remark that the air approaching the prototype lake from the 

south is not disturbed by any abrupt change in terrain while that from the 

north is affected by the 70-ft dam which forms the north side of the lake. 

This dam was reproduced to scale (1:2000) in the model. 

The object of subjecting the model to different wind directions was to 

evaluate if possible any effect llind direction might have on evaporation. A 

shift of wind direction may affect the overall rate of evaporation because of 

two possible physical changes. First, the shape of the surface fron Hhich 

Gvaporation takes place may have an effect in that the maximum distance across 

this surface normal to the direction of the wind may be changed. Second, the 

up,·1ind topography may be altered which might affect the air pattern over the 

body in such a fashion as to affect the rate of evaporation. So far as the 

Lake Hefner model was concerned this 1800 rotation was about the severest 

change to the upwind terrain that could be made. 
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The evaporation rates for the north and south winds are very similar 

and no systematio deviation of results oan be attributed to the different wind 

directions. 

With regard to the shape of the model, an inspection of the modeled lake 

outline indicates that the shape of Lake Hefner can be approximated by a circle. 

This being the case, the exposure of the evaporation surface to the ap~roaching 

wind will be the same regard~ess of the wind direction. Since in the case of 

the Lake Hefner model, shape can be eliminated as a factor influencing the rate 

of evaporation from the model, the similar reslll ts for the north and south 

winds tend to indicate that the modeled dam had a negligible effect on the 

average rate of evaporation fram the model. Because of the large Reynolds 

number difference for model and prototype. a direct evaluation of prototype dam 

effects from the model result does not appear justified. However, since the 

ratio of d~~ height to lake length is nearly 1/100. one is justified to infer 

that the prototype dam effects are negligible. 

During the 1953 Testing Program two sizes of upstream barriers were placed 

in the tunnel in order to study the effect that they might have on the rate of 

evaporation. These barriers were made of sheet metal and extended the width of 

the tunnel. One barr ier was Ii in. high and the other was 3 in. high. These 

barriers were placed at various positions upstream from the modeled lake. Nei­

ther barrier at any of the positions seems to have any effect on the overall 

rate of evaporation. The authors believe that the barriers probably reduced 

the evaporation over a portion of the evaporation surface and increased the 

evaporation from same other area with a negligible net effect. Since the scale 

used in modeling Lake Hefner was 1:2000, the Ii-in. barrier represents an 

abrupt rise and fall in the terrain of 250 ft; the 3-in. barrier represents a 

500 ft rise in terrain. This tends to imply that had the terrain around Lake 

Hefner been made up of mountains 250 and 500 ft high the evaporation results 

from a 1:2000 scaled model of this terrain would not have been significantly 

different from those for the same modeled lake having flat surrounding terrain. 
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The authors believe that the advisability of modeling the terrain depends 

on the magnitude of the changes of elevation of the terrain, the position of 

the changes of elevation with regard to the body of water, and the size and 

shape of the body of water. In the case of Lake Hefner, the authors believe 

that the vertical changes of elevation were not significant. 

Reynolds Analogy and Comparable Data ~nd ~quatio~s. 

This section of Chapter V is devoted to a brief discussion of the Reynolds 

analogy and comparable data and equations. Each will be discussed in turn. 

Reynolds Analogy. As indicated in the theoretical analysis, correlation 

of the evaporation between model and prototype is possible. But a direct com­

parison of evaporation from the model and the prototype on the basis of 

(Roi~)m = (R*)p is not possible because of the difference in the values of R.~~ 

for the model and the prototype. This difference can be attributed for the 

most part to the scale used in this study. 

A considerable amount of data concerning momentum transfer has been gather­

ed for a wide range of Reynolds number. Based on the Reynolds analogy between 

mass and momentum transfer, it seemed reasonable therefore, that if the proper 

interpretation were given to these data, they could be extended to vapor trans­

fer (evaporation). If this Here possible, then the model data might be ex­

pected to follow this extension within their range of Reynolds number and the 

prototype data might also be expected to agree with this extension within their 

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 the correlation of model and proto­

type evaporation. 

As indicated in Chapter II the significant variables concerning evapora­

tion can be grouped into the dimensionless parameters N and R~~. Through 

use of momentum transfer data and Karman's extension of Reyn,'llds analogy. 

and pertinent prototype and model data, Eqs. 22a. 24a,and 26a were obtained. 

These relationships between l-r and Roil- are presented graphically in Figs. 15, 

16, and 17. 
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Comparable~. In order to ascertain the validity of this application 

of the Karman extension of the Reynolds analogy to evaporation, the following 

sources of evaporation data were consulted: 

1. Albertson's data (I). 

a. Individual values of N versus R*. 

2. Lake Hefner model data 1952 and 1953. 

a. Individual values of N versus R*. 

3. Rohwer's evaporation data (8) • 

a. Individual values of N versus R~~. 

4. Lake Hefner prototype data. 

a. Empirical evaporation equation based on Eq. 58 in Ref. 13:6; 

N :: o. 0203 R~~ , (27) 

b. Individual values of N versus R*. 

These data are also presented in Figs. 15, 16, and 17. 

The range of the Karman extension of the Reynolds analogy presented in 

Fig. 15 commences at R* ~ 103 • Some of Albert-son's data are equal to and 

greater than this value of R* in which region the agreement between the 

data and Karman's ex-tension of Reynolds analogy, Eq. 22aJ is good. The 

Karman extension of the Reynolds analogy extrapolated to R .. = 6xl02 is " .. 
still in good agreement with Albertson's data. Therefore the data of 

Albertson tend to substantiate Karman's extension of Reynolds analogy for 

values of R~t- equal to about 103• 

The Lake Hefner model data for 1952 and 1953 are in the range of R~~ 

greater than lxl03 and less than 2x104. Fig. 15 indicates that the agree­

ment between these data and the Karm~n extension of the Reynolds analogy 

represented by Eq. 22a is good. 

Rohwer's data shown in Fig. 16 cover the range of R{~ from 3x104 to 

3x105 and tend to group slightly above the graph of Eq. 22a. Despite un­

certainties in obtaining U~~ and AC, the data of Rohwer are signifi­

cantly near to the values predicted by the Karman extension of Reynolds 

analogy as given by Eq. 22a. 
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The Lake Hefner prototype data may be represented by a modified version of 

the empirioal equation, Eq. 58, found in Ref. 1):6S; that is, 

U = 0.0203 ~} • (27) 

Fig. 17 indioates that the line for Eq. 27 is above that for a smooth boundary, 

Eq. 24a, and below that for a rough boundary, Eq. 26a. 

In the range of R{} ~ 107 , Fig. 17 indioates that the extension of the 

Reynolds analogy for a smooth surfaoe, Eq. 24a. gives results which are more 

nearly oomparable to aotual data than does the extension for a rough surface, 

Eq. 26a. An interesting faot is that Eq. 22a which was derived for a smooth 

surfaoe, describes rather well the prototype data when extended to this range 

of R{!-. The better correlation between. :U and R-!} stemming from smooth sur­

face oonsiderations tends to imply that the water surface, although it may 

appear rough by the presence of l-raves, in reality behaves more nearly as though 

it were smooth. This statement is not meant to dismiss the water surface 

roughness in its entirety but rather is intended to imply that the water sur­

face roughness is not as great as might be imagined from 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 direotion of the wind but the water at the surface 

also moves in the direction of the wind. If a means were known by whioh water 

surface roughness oould be more properly evaluated, then the extension of the 

Reynolds analogy might coinoide more favorably with aotual data. Additional 

research must be performed to oorrelate the lrelationships between wind, waves, 

and surfaoe drag. 

Comparable Equations. The results of the works of O. G. Sutton (10) and 

H. U. Sverdrup (11) were examined to determine if they would give satisfaotory 

oorre1ations between N and ~}. 

An important result of the Lake Hefner model study is the deduction of a 

model-prototype relationship, Eq. 121, based on the work of Q. Q. Sutton (10) • 

Applying oertain model data to Eq. 121 resulted in a relationship for prototype 

behavior, Eq. 134, whioh gives very favorable results. In the prototype range 

of R{}, Eq. 134 gives results whioh are equally as good as those given by 



values of R* greater than 103 is arbitrary since ~~e near agreement with 

prototype data appears more or less coincidental. 
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Eq. 135, 'tori thin the designated range of R~,., describes well the data of 

Albertson, the model data, the data of Rohwer, and the prototype data, Fig. 18. 

The authors believe that Eq. 135 will be refined as the understanding of the 

interrelationship between velocity distribution, drag, and spray over water 

surfaces improves. For the present, Eq. 135 appears to be a simple and yet 

adequate approximation of the relationship between Nand R.~} over the range 

of 103 ~ R~,. ~ 109 • 

One aspect which may limit the applicability of Eq. 135 is the shape of 

the surface from whiCh evaporation takes place. Eq. 135 seems to be satis­

factory for surfaces which may be approximated by a circle. The effect of 

other shapes on evaporation needs fUrther investigation. 

Suggested Application of ~. 1J2. 
The determination of evaporation through the use of Eq. 135 depends upon 

the evaluation of the variables U*, ,fA, Ve , and AC. In the sections 

that follow, consideration 1s given to the evaluation of these variables: 

U* If wind velocity data at an upwind station are available for 

two elevations, UJ,} can be determined through the application of 

Eq. 1. If the wind velocity is measured at only one height upwind, 

then the possibility exists of approximating the shear velocity 

U., by means of the 1/7 - power relationship for velocity distri-
?-r 

bution. 

,fA -- If the evaporation from a body of Vlater is being considered, the 

area is probably known from which ,fA can easily be computed. 

va -- As with the determination of the shear velocity, the kinematic 

viscosity ~ can be evaluated from the ambient upwind air temper-

ature and the barometric pressure. The use of the moan barometric 

pressure for the general locality has been found to be satisfactory. 

The variable 1/ e can be determined from ,11 through use of the 
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Prandt1 nmnber 0' = ,r / v e. In this work, the Prandt1 number 

was considered to be equal to 0.6. 

AC -- The determination of ~C is dependent upon the evaluation of 

Co and CA. In this study Co was taken as the vapor concen­

tration corresponding to the saturated state at the temperature of 

water surface. The water surface temperature measured at the cen-

ter of the lake was considered to be representative of the average 

temperature. The ambient vapor concentration CA may be evalu­

ated easily with psychrometric readings at an upwind station. 

As an illustration of how Eq. 135 may be applied to evaluate evaporation, 

the following example is cited: 

U~~ Wind velocity data are available at two elevations at the upwind 

predominant-wind location. The shear velocity as computed through 

Eq. 1 is found to be 0.85 ft/sec. 

,/A -- The area of the body of water under investigation is known to be 

8.lx107 sq ft. This results in ,/A being 9x103 ft. 

~C -- Psychrometric measurements are available from which CA is found 

to be 7x10-4lb/ft3 , based on an average water surface temperature ot 

20.3°C; Co is llx10-4lb/ft3. The difference between Co and CAl 

~C, is thereu~on equal to 4xlO-41b/ft3• 

Ye -- For an average air temperature of 200 C and a barometric pressure of 

25 in. of mercury, 'Y is found to be 1.94x10-4 ft2/sec. For a 

Prandt1 number of 0.6, ~ is 3.24x10-4 ft2/sec. 

Based on these values for U{fo' ,/A ,and "tI'e' Ri~ has a value of 2.36x10 7 • 

Then through use of Eq. 135, N is found to be 6.58x105 , and E, therefore, 

has a value of 9.49xlO-61b/ft2-sec. When converted to more familiar units, E 

is 4.62 in./mo or 715 acre-ft/mo (30 day month). This briefly outlines the 

method of using Eq. 135 to determine the amount of evaporation. 

The authors believe that the evaporation from bodies of water surrounded 

by topography of low relief may be determined through Eq. 135. This equation 

may be applied to water surfaces varying in area from a few square feet to 
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several square miles. The Lake Hefner model and prototype were 25 sq ft and 

3.6 sq mi in area respectively. 

Investigation of evaporation from bodies of water surrounded by mountain­

ous or hilly terrain needs further study. The irregular nature of mountainous 

and hilly terrain sets up complex wind patterns Which may be difficult to eval­

uate for purposes of determining the evaporation through Eq. 135. Also, this 

type of terrain is conducive to air convection currents set up by uneven heat­

ing and cooling of the land surfaces which further complicate the problem. 



Chapter VI 

CONCLUSIONS 

Objectives of the Lake Hefner model study were the following: 

1. To determine the relationship between the model and prototype wind 

structure, 

2. To determine what correlations might exist between model and proto­

type evaporation. 

In the following paragraphs, conclusions drawn from the entire Lake Hefner 

model study with regard to the primary objectives of the study are listed and 

several recommendations for further study are given. 

~ Structure 

The following conclusions which were given in Part I ()) have been further 

substantiated by measurements made in the 1953 Testing Program: 

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

lower region was characterized by two different types of flow. In 

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

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

dicative of a boundary layer in a transitional state between that for 

a hydrodynamically smooth boundary and that for a hydrodynamically 

rough boundary. The upper portion of the boundary layer for both the 

model and prototype was turbulent and followed the Prandtl-Karman 

equation, Eq. 1. This similarity shows that the prototype wind struc­

ture was modeled (see Fig. 1) for the conditions of a flat terrain and 

an adiabatic lapse rate. 

2. The data of Fig. 2 and Eq. 31 indicate that approximate dynamical simi­

larity existed between the model and prototype. 
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Evaporation 

Conclusions regarding evaporation correlations have been drawn after a 

study was made of all the Lake Hefner model data, the Lake Hefner prototype 

data, ROhwer's data, the work of Sutton, and the 1937 work of Sverdrup. These 

conclusions are as follows: 

1. The evaporation coefficient N may be related to a form of Reynolds 

number R., for both the model and the prototype • .... 
2. The Karman extension of Reynolds analogy yields E~ 22a which re­

presents the Lake Hefner model and prototype data and the data ot 

Rohwer as well as any other single equation presented in this report. 

Eq. 22a has been simplified to Eq. 135, and for all practical purposes 

the relationship between N and R~~ as given by Eq. 135 is the same 

as that given by Eq. 22a, Fig. 18. Therefore Eq. 135 may be used to 

relate N to R* for the range -- 103 ~ R~~ ~ 109 • Eq. 135 appears 

to describe rather well the relationship between N and R~} for 

areas which are approximately circular in shape. \1hether' this same 

relationship will hold for areas differing markedly from a circular 

shape is not known and this information will have to be determined 

through fUrther investigations. 

3. Eq. 121, derived from the work of o. G. Sutton (10), provided a model­

prototype relationship betl.J'een ~T and R~fo which appears to be valid 

for the Lake Hefner model-prototype and Lake Hefner model - Rohwer 

systems. 

4. Neither the Eqs. 127 and 130 resulting from Sverdrup's work (11) nor 

Eq. 132 from the work of Sutton (10) relate N to R~} for the 

Lake Hefner model data as well as does Eq. 22a. 

5. The 1800 rotation of the model has no discernible effect upon evapora­

tion from the Lake Hefner model. 

6. Upwind barriers having a height up to 1/20 the lake length have no 

effect upon the overall evaporation rate in the model. 
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Recommended Investigations 

In the course o~ the Lake He~ner model studies several points arose which 

could not be adequately treated on the basis o~ in~ormation nOli available. 

Because they are important to a more precise treatment o~ evaporation from 

natural bodies o~ water, they are listed here as subjects for additional in­

vestigation. 

1. In order to apply adequately the Reynolds analogy to natural bodies o~ 

water, reliable in~ormation on the relationships bet'tieen lvind, waves, 

and surface drag is needed. Indications resulting ~ram this study and 

some ~ield measurements reported in the literature (9) lead one to 

anticipate the possibility o~ drag over water sur~aces being practi­

cally equivalent to drag over a smooth solid boundary. 

2. Be~ore an estimate o~ evaporation ~rom a planned reservoir may 

be made, using Eq. 135 or the equations o~ Sverdrup and Sutton, a know­

ledge o~ the ~uture average water sur~ace temperatures o~ the planned 

reservoir is needed. To make such an estimate be~ore the reservoir 

exists requires that more i~ormation be obtained on the e~~ects o~ 

latitude, elevation, reservoir depth and climate upon the water sur­

~ace temperature. 

3. Additional in~ormation is needed to determine the e~~ects o~ atmos­

pheric stability or instability caused by vertical temperature gradi­

ents. This in~ormation is especially needed to accurately predict 

short-term evaporation rates. 

4. In~ormation concerning the distribution o~ water vapor and the e~~ect 

o~ water vapor on turbulence and atmospheric stability is also needed. 

The possibility exists that some o~ this in~ormation could be obtained 

through controlled experiments as might be conducted in a wind tunnel. 

5. In~ormation about the e~~ect of the shape of the surface from which 

evaporation takes place is needed. The work herein seems to apply 

satis~actorily to sur~aces which are approximately circular in shape. 
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But nothing can be said with regard to the effect that shape may have 

on the relationship depicted by Eq. 135. 
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Appendix A 

DETAILS OF EQUIPMENT AND PROCEDURES 

This section of the report is devoted to a presentation of changes in 

equipment and procedures from those used and follmved during the 1952 Testing 

Program. The reader is referred to Part I (3) for a description of the equip­

ment and procedures which is applicable for the most part to the 1953 Testing 

Program. 

Barriers 

During the course of the 1953 Testing Program the effect of two upstream 

barriers on the rates of evaporation from the model was investigated. These 

barriers were placed on the modeled dam and at various distances upstream. One 

barrier was l~ in. high, corresponding to a protot~~e height of 250 ft and the 

other barrier was 3 in. high which corresponded to a prototype height of 500 ft. 

Both barriers were made from 16 gage sheet metal and extended the -vridth of the 

tunnel. Both barriers had square cornered npper edges. This form of barrier 

was adopted so as to insure a knmvledge of the point of separation as the air 

passed over the barrier. Such might not be the case if some streamlined bar­

rier l-.Tere used. 

Anemome~!:'l 

The hot wire anemometer circuits used during the 1953 Testing Program were 

the same in principle but physically different from the one used for the 1952 

Testing Program. For the 1953 Hork, platinum 't-.Tire 0.001 in. in diameter and 

approximately 0.39 in. long was used for the sensing element instead of tung­

sten 't-.Tire. The pJa tinum v.rire was found to be sturdier and more durable. Two 

anemometer circuits Here lJ.sed l.vhich eliminated the sHi tching Hhich 1--1as neces­

sary with the single circuit used during the 1952 vlork. One circuit was used 
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to measure the ambient air velocity at what is known as the forward tunnel 

position. The other circuit was attached to the sensing element on the 

traverse mechanism and was used in measuring the air velocity at various 

heights above the model. Details concerning the 1953 circuits are given in 

Fig. 19. 
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Appendix B 

DATA SUMMARIES 

This section of the appendix is devoted to tables which contain summaries 

of the model data and Rohwer's data. 
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Table I 

Summary of 1952 Model Data - No Barrier 

Test Date JA N = UT UFT U ... R... = 
No. 'JI. EJA (Fig. 6) U ... ,J'i 

ACve lIe 
sec n... :rt :rt 
1t sec sec sec 

x 104 x 102 x 103 

1 9-21 1.516 6.42 12.0 10.0 0.523 1.93 
2 10-8 1.525 2.3i 3.9 3.5 0.188 2.86 
3 10-20 1.613 3.1 3.2 3.0 0.161 2.60 

~ 10-20 1.613 4.38 3.1 3.1 0.162 2.61 
10-21 1.539 5.21 6.0 5.8 0.316 4.86 

6 10-22 1.541 4.61 6.2 5.6 0.301 4.64 
1 10-22 1.542 4.53 1.2 6.1 0.332 5.12 
8 10-22 1.549 4.93 8.0 1.2 0.390 6.0i 
9 10-23 1.520 2.98 3.6 3.5 0.188 2.8 

10 10-23 1.522 2.90 3.6 3.5 0.188 2.86 
11 10-23 1.535 2.98 3.1 4.0 0.211 3.33 
12 10-25 1.515 6.29 11.0 
13 10-25 1.525 6.39 10.8 
14 10-28 1.552 5.50 9.~ 1.4 0.398 6.18 
15 10-28 1.552 10.10 20. 15.0 0.143 11.52 
16 10-29 1.516 5.41 8.0 8.8 0.410 1.~1 
11 10-29 1.581 5.58 10.0 8.0 0.430 6. 2 
18 11-3 1.649 11.33 22.2 21.0 0.933 15.39 
19 11-3 1.643 10.49 20.0 20.0 0.905 14.88 
20 11-3 1.648 10.21 21.2 21.1 0.938 15.48 
21 11-4 1.550 6.05 1.6 1.4 0.398 6.11 
22 11-4 1.540 5·i9 1.6 1.0 0.319 5.84 
23 11-4 1.542 5. 6 1.6 6.6 0.360 5.55 
24 11-4 1.552 5.09 5.5 6.6 0.360 5.59 
25 11-4 1.511 5.92 5.2 6.6 0.360 5.66 
26 11-6 1.661 3.03 2.3 1.9 0.100 1.61 
21 11-6 1.661 1.90 2.5 1.9 0.100 1.66 
28 11-6 1.619 2.05 2.3 2.3 0.121 2.03 
29 11-6 1.661 2.38 2.5 2.5 0.132 2.20 



Table II ~ 

Summary ot 1953 Model Data - No Barrier 

Teat Mo. Sta Time ot day,.fA 1/. TAD TAW To ~C E N UT UFT U.g. R* 
No. &: e (F1g 6) 

Day tt2 of 01' o1'!2... 1b !L n... !L 
tt sec tt2 tt2-sec sec sec sec 

x10-4 %10-4 x10-6 %102 x103 

1 8-10 1 14:19-15:34 5.00 3.42 84.3 63.7 65.8 3.91 15.60 5.85 9.60 1.98 0.429 6.28 
2 8-10 6 15:55-16:33 5.00 3.44 86.1 64.3 66.6 4.19 16.18 5.62 9.22 8.20 0.440 6.40 
3 8-12 1 9:54-10:31 5.00 3.31 14.6 59.2 59.9 2.62 10.88 6.30 9.40 8.52 0.453 6.85 
4 8-12 2 10:55-11:31 5.00 3.35 78.1 58.5 60.3 3.64 14.26 5.84 9.40 8.15 0.439 6.55 
5 8-13 1 9:01- 9:50 5.00 3.33 16.2 51.2 59.1 3.47 13.86 6.01 10.10 8.81 0.469 1.05 
6 8-13 2 10:09-10:44 5.00 3.38 80.9 59.2 59.8 3.56 14.31 5.96 10.15 8.32 0.441 6.61 
7 8-13 3 11:01-11:39 5.00 3.43 85.7 61.1 61.4 3.96 16.60 6.14 10.00 9.00 0.471 6.96 
8 8-17 1 9:48-10:33 5.00 3.19 64.5 58.9 60.5 1.35 4.13 5.51 9.81 9.57 0.500 1.84 
9 8-17 2 10:50-11:36 5.00 3.23 67.9 60.3 61.3 1.48 4.67 4.89 8.90 9.50 0.499 7.74 

10 8-17 4 14:00-14:36 5.00 3.21 71.9 62.1 63.9 2.10 7.71 5.62 9.00 8.78 0.467 7.14 
11 8-17 5 15:13-15:55 5.00 3.30 73.7 63.7 64.7 1.90 8.16 6.52 8.65 8.69 0.461 7.00 
12 8-18 1 10:38-11:13 4.98 3.31 14.3 62.1 62.3 2.00 1.43 1.08 2.24 2.25 0.121 1.82 
13 8-18 2 13:58-14:30 4.98 3.29 13.3 59.3 65.7 4.09 3.09 1.15 2.38 2.48 0.133 2.02 
14 8-18 3 14:41-15:14 4.98 3.33 76.3 60.7 65.9 4.04 3.76 1.39 2.32 2.48 0.133 1.99 
15 8-18 4 15:24-15:50 4.98 3.30 74.7 61.0 66.0 3.70 3.29 1.34 2.30 2.54 0.138 2.08 
16 8-18 6 16:01-16:32 4.98 3.28 12.4 61.1 66.0 3.29 3.61 1.70 2.20 2.57 0.139 2.11 
17 8-19 1 9:53-10:22 4.98 3.24 68.9 58.6 60.5 2.16 4.54 3.23 4.45 4.45 0.242 3.72 
18 8-19 2 10:33-11:04 4.98 3.26 70.6 59.2 60.9 2.28 4.97 3.33 4.50 4.41 0.240 3.67 
19 8-19 3 11:14-11:37 4.99 3.30 14.0 60.0 61.6 2.66 5.14 2.92 4.10 4.27 0.230 3.48 
20 8-21 1 9:21-10:03 4.98 3.22 66.3 59.2 60.1 1.38 5.38 6.03 13.40 12.50 0.643 9.94 
21 8-21 2 10:18-10:46 4.98 3.25 69.2 61.7 61.3 1.06 4.49 6.49 13.50 12.10 0.626 9.59 
22 8-21 3 10:55-11:17 4.98 3.28 71.6 62.6 62.4 1.37 5.66 6.31 13.50 11.60 0.600 9.11 
23 8-21 4 11:26-11:46 4.98 3.28 72.2 61.9 62.8 1.89 1.98 6.41 13.50 11.70 0.605 9.19 
24 8-21 6 11:54-12t16 4.98 3.28 71.7 61.8 63.1 1.97 1.66 5.91 13.50 11.10 0.605 9.19 
25 8-24 1 9:25- 9:52 4.93 3.31 73.5 61.1 59.5 1.53 15.65 15.20 18.00 18.40 0.859 12.79 
26 8-24 2 10:07-10:31 4.93 3.32 76.0 62.1 61.2 1.92 13.00 10.00 19.00 18.40 0.859 12.76 
27 8-24 3 10:43-11:07 4.93 3.36 79.0 64.3 63.3 2.01 13.07 9.55 19.00 17.70 0.838 12.30 
28 8-24 4 11:20-11:45 4.93 3.40 82.9 67.0 65.1 1.91 14.65 11.19 18.00 16.50 0.800 11.60 
29 8-21 1 14:07-14:32 4.71 3.40 82.0 65.2 71.5 4.88 4.79 1.32 2.76 2.36 0.129 1.79 
30 8-31 6 15:32-16:26 5.00 3.50 91.7 10.7 72.5 4.02 1.64 2.13 2.40 2.44 0.132 1.89 



Table II - Continued 

Summary of 1953 Model Data - No Barrier 

Test Mo. Sta Time ot da7 ./A 11. TAD TAW To AC E N UT UFT (~tg 6) a. 110. & 
ft2 Op Da7 '7 0p lb lb .tt... !!L !!... tt sec tt2 tt2-sec sec sec sec 

xlo-4 xlo-4 xlO-6 xlO2 %103 

31 9-21 6 14:~-14:~8 4.97 3.22 66.S 51.0 55.5 3.45 9.58 4.29 8.00 7.73 0.415 6.40 
32 9-22 6 12: -12: 6 4.80 3.42 85.0 58.0 61.1 5.21 1.60 4.29 8.10 7.95 0.427 5.99 
33 9-22 1 l3:23-13:S8 4.80 3.~ 86.6 58.1 6~.6 6.26 16.65 3.71 7.15 7.00 0.379 5.29 

j~ 9-22 2 14:15-14:39 4.80 3.4 88.3 58.9 6.5 6.56 16.65 3.52 7.69 6.80 0.370 S.l~ 
9-23 6 11:22-11:5i 4.83 3.36 79.5 49.8 60.2 6.90 24.30 5.07 14.50 11.80 0.610 8.7 

36 9-23 1 12:23-12:5 4.83 3.38 80.6 50.6 61.4 7.12 23.10 4.63 1~.50 11.80 0.610 8.72 
37 9-23 2 13:20-13:50 4.83 3.38 81.1 50.7 62.4 7.48 22.80 4.35 1 .90 11.80 0.610 8.12 
38 9-23 6 14:12-14:38 4.83 3.38 81.3 51.0 63.1 1.58 21'30 ~.03 ,14.00 11.60 0.600 8.58 
39 9-24 613:20-13:47 4.95 3.3i 78.6 52.4 57.1 5.11 21. 0 .05 '16.50 15.10 0.710 11.40 
40 9-24 1 14:07-14:31 4.95 3.3 78.9 51.3 57.4 5.59 28.20 7.46 16.10 15.70 0.770 11.32 

~ 9-24 2 14:'48-1S:12 4.95 3.35 79.0 51.5 57.9 5.64 26.80 7.03 16.40 15.70 0.770 i1.38 
9-2~ 6 15:30-15:50 4.95 3.34 78.3 52.0 58.~ 5.53 26.50 7.11 11.10 15.70 0.710 11.40 

43 9-2 ,6 11:45-12:18 4.99 3.20 65.5 51'3 53. 2.70 4.62 2.66 4.20 3.15 0.201 3.13 

~ 9-25 1 12:38-13111 4.99 3.26 10.9 53. 55.0 2.99 4.97 2.54 4.25 3.94 0.212 3.24 
9-25 2 13:34-14:06 4.99 3.32 15.2 54.1 57.2 3.81 1.10 2.81 4.10 3.75 0.201 3.02 

46 9-25 6 14:24-14:5i 4.99 3.33 18.0 57.0 58.7 3.13 6.21 2.52 3.60 3.15 0.201 3.01 

tt~ 9-30 6 11:52-12:2 4.91 3.28 13.1 55.1 57.8 3.30 3.16 1.45 2.36 2.14 0.116 1.76 
9-30 1 12:51-13:19 4.97 3.3~ 71.1 57.6 59.4 3.5i 2.80 1.18 2.32 2.07 0.110 1.6~ 

49 9-30 2 13:36-14:12 4.97 3.3 81.6 58.5 61.1 4.3 3.52 1.19 2.20 1.98 0.101 1.5 
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Table III 

Summary of 1953 Model Data - 1t" Barrier 

Test Mo. Time of dar Barri.er II lIe TAD TAW To flo E N UFT U* R. No. &: Position 
Day tt ft2 of of Op ~ 1b !L ft 

sec tt3 tt2.aec sec SeC 

x10-4 x10-4 x10-6 x102 x103 

1 9-1 14:16-14:41 D 4.95 3.42 85.1 69.0 11.8 3.11 16.10 6.48 8.51 0.455 6.59 
2 9-1 14:56-1,:22 D 4.95 3.46 81.3 69.1 11.8 3.81 16.02 5.93 8.40 0.450 6.44 
3 9-1 15:39-16:11 D 4.95 3.46 81.4 67.7 11.6 4.49 19.~2 6.19 8.40 0.450 6.~ 
~ 9-1 16:21-16:~ D 4.95 3.41 84.2 66.1 71.2 4.35 18. 9 6.30 8.41 0.452 6.5 

10-5 13:49-14:2 D 5.00 3.22 61.0 46.4 51.9 4.30 13.90 5.01 8.10 0.436 6.16 
6 10-5 1i:55-15:33 D 4.95 3.22 61.0 46.7 ,2.6 4.37 14.00 4.93 8.10 0.436 6.70 
1 10-5 1 :08-16:36 D 4.99 3.20 64.9 46.0 ,3.2 4.41 13.11 4.66 8.10 0.436 6.80 
8 10-1 12:32-13:08 6 5.00 3.3i 11.9 49.3 ,4.3 5.i5 19.56 5.38 8.08 0.433 6.49 
9 10-1 13:35-14:11 6 5.00 3.3 79.2 49.9 55.3 5. 6 20.05 5.21 7.45 0.400 5.95 

10 10-7 14:51-15:31 6 5.00 3.36 79.5 50.3 57.1 6.01 20.53 5.08 8.10 0.436 6.49 
11 10-8 10:4,-11:13 6 5.00 3.22 66.5 46.7 50.8 3.90 8.19 3.26 3.84 0.207 3.21 
12 10-8 11:30-11:53 6 ,.00 3.24 69.2 48.6 52.2 3.97 7.90 3.07 3.75 0.201 3.10 
13 10-8 12:10-12:35 6 5.00 3.27 71.3 49.4 53.8 4.36 8.3, 2.93 3.76 0.201 3.07 
14 10-8 14:25-1,:00 D ,.00 3.32 75.6 51.4 ,7.2 5.05 9·i9 2.82 3.,3 0.190 2.86 
15 10-8 15:14-1,:47 D 5.00 3.31 14.8 51.4 57.8 5.1~ 9. 8 2.84 3.76 0.201 3.04 
16 10-9 19:31-19:56 D 5.00 3.20 65.5 45.7 54.4 4.8 28.47 9.12 19.70 0.895 13.97 
17 10-9 20:09-20:31 D 5.00 3.18 63.2 44.1 52.9 4.53 26.1, 9.08 19.86 0.900 14.13 
18 10-12 19:41-20:06 6 5.00 3.07 53.2 45.3 51.3 2.43 16.43 11.01 17.92 0.8~ 13.15 
19 10-12 20:18-20:43 6 5.00 3.05 51.7 43.9 49.5 2.28 14·17 10.20 17.97 0.84 13.87 
20 10-12 20:56-21:27 6 5.00 3.06 52.6 44.0 48.i 2.18 12.69 9.52 17.98 0.846 13.8~ 
21 10-14 11:3i-12:06 12 4.99 3.22 67.2 52.2 56. 3.39 7.18 3.28 4.05 0.218 3.3 
22 10-14 12:2 -13:05 12 4.99 3.24 68.3 53.1 57.2 3.39 7.03 3.19 3.93 0.210 3.23 
23 10-14 13:25-14:10 12 4.99 3.25 69.6 54.0 58.1 3.i6 6.91 3.10 3.93 0.210 3.22 
24 10-15 11:54-12:3i 12 5.00 3.20 64.9 51.3 53.3 2. 1 8.92 5.34 7.98 0.427 6.66 
25 10-15 12:55-13:2 12 5.00 3.22 67.2 52.0 54.3 2.91 9.81 5.24 7.98 0.427 6.63 
26 10-15 13:4#-14:21 12 5.00 3.24 68.6 52.1 55.1 3.28 11.43 5.37 1.98 0.~21 6.,8 
27 10-16 19:2 -19:52 12 5.00 3.02 48.3 41.2 48.1 2.41 13.70 9.22 19.40 o. 85 14·66 
28 10-16 20:02-20:23 12 5.00 2.99 46.3 39.9 46.6 2.14 12.60 9.85 11.90 0.843 14.09 
29 10-16 20:39-21:02 12 4.99 3.02 49.2 41.4 45.6 1.94 10.62 9.04 18.00 0.847 13.99 



Table III - Continued 

Summary ot 1953 Model Data - It" Barrier 

Test Mo. Time or day Barrier JA lIe TAD TAW To AC E 
No. &: Position 

Day rt rt2 of CT Op !!L 1b 
sec tt3 tt2-seo 

x10-4 x10-4 x10-6 

30 10-30 13107-13:42 24 5.00 3.17 62.8 47.3 50.5 3.07 9.06 
31 10-30 13157-14125 24 5.00 3.17 62.7 47.2 51.0 3.19 9.82 
32 10-30 14:41-15117 24 4.95 3.17 62.6 47.5 51.4 3.17 10.21 
33 10-30 19:07-19:32 24 5.00 2.91 44.1 31.8 45.1 2.15 11.64 

5~ 10-30 19143-20:06 24 5.00 2.97 43.9 37.5 43.~ 1.93 9.72 
10-30 20:16-20:38 24 5.00 2.96 43.4 31.6 42. 1.66 8.50 

36 11-2 13113-13:45 24 4.97 3.26 11.0 49.6 54.2 4.29 9.70 
37 11-2 13:5 -14:33 24 4.97 3.25 69.5 4B.1 54.1 4.15 10.03 
38 11-2 14:45-15:16 24 4.97 3.22 61.3 41.4 54.5 4.61 9.B4 

Legend 

D Barrier on dam 
6 Barrier 6 in. upatream trom dam 

12 Barrier 12 in. upstream trom dam 
24 Barrier 24 in. upstream trom dam 

N UFT U* 

!L !L sec sec 

x102 

4.67 8.21 0.441 
4.86 7.80 0.417 
5.03 1.80 0.~11 
9.11 1B.33 o. 55 
B·i6 17.~0 0.830 
B. 5 11. 0 0.833 
3.45 4.15 0.223 
3.23 4.16 0.223 
3.29 4.15 0.223 

R* 

x103 

6.96 
6.59 
6.51 

14.40 
1~.97 
1 .01 

3·40 
3.41-
3·44 

-..1 
\.1'\ 
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Table IV 

&.WUJ7 ot 1953 Model Data - 3" Barrler 

'1'e.' Mo. T1Dae ot da7 Barrler ,fA "e TAD TAW To AC B • Up! U. R. 
• 0. • Poaltloa 

Da7 tt t:f. Op Op Op l:!L 1b tt n. 
•• 0 ttl tt2-.eo iii .eo 

%10-4 %10-4 %10-6 xl02 xl03 

1 9-l 10:~8-11:~~ D 5.00 3.12 ~Z.~ ~8.8 52.5 2.~ 7.22 ,:~ 8.51 O.~ l:~ 2 10- 121 1-~' D S.OO 3.21 • ~7.6 50.9 3. 7 11.33 8.00 o. 
3 10-6 14:02- :~ D 5.00 3.25 69.2 48.1 52.3 4.0~ 12.62 4.78 ~.57 0.406 6. ?II. 

~ 10-6 14.58-1.3 D 5.00 3.25 69.8 48.3 53.6 4.3 13.76 4.83 .00 0.4)0 6.61 
10-12 13:36-14.12 D 5.00 3.24 69.1 49.7 55.0 4.20 9.18 3.37 4.41 0.240 3.70 

6 10-12 14:28-15.03 D 5.00 3.23 67.9 49.3 55.3 4.27 8.74 3.16 4.35 0.236 3.65 

~ 10-19 12:08-12:38 12 5.00 3.27 71.7 50.0 53.6 4.16 9.23 3.30 3.80 0.203 3.10 
10-19 13.00-13.34 l2 5.00 3.31 74.5 52.~ 55.0 3.92 9.90 3. 3 3.84 0.2oE 3.11 

9 10-19 13.50-14.24 12 5.00 3.31 74.5 51. 56.1 4.49 9.89 3.33 3.80 0.203 3.07 
10 10-20 13.46-14:12 12 5.00 3.16 61.6 48.6 53.2 3.01 10.07 5.30 8.10 0.435 6.89 
11 10-20 14125-~:55 12 5.00 3.17 63.0 49.9 53.k 2.86 11.19 6.16 7.73 0.413 6.51 
12 10-20 lSI09-1 :39 12 5.00 3.15 60.7 49.9 53. 2.56 8.44 5.22 ~.93 0.423 6.71 
13 10-22 12:03-12:39 ~ 4.97 2.95 42.7 37.0 42.8 1.78 6.32 5.97 .20 O.4kO 7.41 

t~ 10-22 13:0~-13:34 4.97 2.96 42.8 37.2 41.8 1.57 6.05 6.51 8.20 0.440 7.39 
10-22 13.5 -14:17 ~ 4.97 2.96 43.0 ~.4 41.5 1.~9 5.~7 6.51 8.20 o.~o 7.39 

16 11-2 19:28-19:50 4.95 3.08 54.3 .2 49.7 2. ~ 15. 1 9.62 19.05 o. 75 14.07 

~~ 11-2 20:07-20:28 ~ 4.95 3.07 53.1 43.9 48.7 2.3 13.50 9.28 17.00 0.812 13.09 
11-3 13:19-13:48 4.90 2.98 45.0 36.6 44.9 2.54 6.70 4.36 4.30 0.232 3.82 

19 11-3 ~:17-14:S2 S 4.90 2.98 45.5 37.0 44.0 2.42 5.37 3.65 3.90 0.210 3.46 
20 11-3 1 116-15:43 4.90 2.98 45.5 37.0 43.5 2.3~ 5.85 4.11 3.91 0.210 3·46 
21 11-6 13:19-13:56 

tt8 
5.00 2.96 43.8 40.0 42.~ 0.9 2.90 5.00 7.90 0·422 7.13 

22 11-6 14:13-1~:47 5.00 2.97 44.2 40.4 42. 0.9~ 2.94 5.27 7.90 0.422 7.11 
23 11-6 15:03-1 :35 ~g 5.00 2.98 ~.9 40.7 42.7 0.9 2.94 5.03 7.80 0.317 7.00 

~ 11-6 19:32-19154 5.00 2.91 3.8 37.9 40.8 0.5A 3.14 9.46 19.10 o. 77 15.08 
11-6 20:07-20:33 48 5.00 2.90 38.2 37.5 40.1 0.4 2.60 9.34 17.80 0.840 14·49 



Table IV - Cont1nued 

SummarJ ot 195) Model Data - 3" Barrler 

Teat Mo. Time ot da7 Barrler Ji. 1I'e TAD TAW '1'0 AC B If Un v. R. 
Ho. ac Poaltion tt 

Da'1 tt2 Op Opt Opt 1b 1b .n.. n... -.eo tt3 tt2-aeo .eo .ec 

xlO-4 xlO-4 xlO-6 xlO2 xlO) 

26 11-6 20:44-2l.07 48 5.00 2.90 38.2 37.4 39.6 0.a3 2.37 9.52 18.53 0.861 14.86 
27 11-9 13.37-14.02 ~ 5.00 3.23 68.2 45.0 46.4 3. 2 8.~5 3.38 4.20 0.227 3.$2 
28 11-9 14.15-14.42 5.00 3.24 68.8 45.6 48.0 4.03 8. 4 3.24 4.20 0.227 3.50 
29 11-9 1.$.0.3-1.$.28 48 5.00 3.2.3 67.8 45 • .3 49.2 4.20 8. 2 3.25 4.20 0.227 3.S2 
30 11-1.3 13.22-13:i3 12 4.85 .3.23 67.5 46.9 49.1 3.64 22.80 9.40 17.50 0.832 12.49 
31 11-13 13:,4-14.1 12 4.85 3.~ 68.6 47.5 SO.1 3.79 24.56 9.70 17.50 0.832 12.45 
32 11-13 14:27-14.50 12 4.85 3.2 69.5 47.6 51.3 4.14 25.55 9.20 17.50 0.8~2 12.ijO 
33 11-25 10:24-10:48 ~ 4.99 2.91 .39.1 33.8 36.7 1.21 8.41 11.91 19.40 0.8 6 15.20 

~~ 11-25 13:17-13:45 4.99 3.00 46.7 36.8 .39.3 1.94 10.33 8.87 li.SO 0.723 12.03 
11-25 14:00-14:27 24 .$.00 3.00 47.4 37.4 39.8 1.93 8.78 7.58 1 .00 0.780 13.00 

LesenC! 

D Barr1er on top ot da. 
12 Barrier 12" upatream. troa dam 

~ Barrler ~" upatre .. trOll d_ 
Barr1er 4 " Up.tN_ tro. dD 

....,J 

....,J 



Table V 

Summary ot ROhwer's Data 

Test Date Ttme1 Period2 Tair To AC AC E ~e U2.5 UO.26 U* ,Ii N R* 
No. min. of ~ grains ~ 1b tt2 !1- !!- ~ tt 

tt3 tt3 tt2-sec sec sec sec sec 
x10-4 x10-5 xlo-4 x103 x104 

-J 
CD 

1 10- 2-26 14:30 342 63.7 58.5 2.867 4.10 0.559 3.18 5.43 3.90 0.268 75.3 3.32 6.35 
2 10- 7-26 14:30 347 10.9 58.4 3.530 5.05 1.151 3.26 8.18 5.95 0.382 75.3 5.27 8.81 
3 10-13-26 14:30 343 64.4 58.3 3.506 5.01 0.987 3.19 1.89 5.70 0.384 75.3 4.65 9.06 
4 10-25-26 14:30 352 62.3 51.9 2.472 3.53 1.932 3.17 14.19 10.50 0.753 15.3 13.00 17.90 
5 11- 8-26 14:30 351 37.2 40.3 1.449 2.01 0.866 2.84 10.26 1.35 0.510 15.3 11.10 13.50 
6 11-14-26 14:30 269 41.8 40.1 1.652 2.36 2.033 2.94 16.48 11.60 0.856 75.3 22.00 21.90 
1 5-12-21 08:30 313 59.8 55.2 2.512 3.59 0.804 3.14 12.86 9.25 0.634 75.3 5.37 15.20 
8 5-26-27 08:30 315 64.2 66.9 4.353 6.22 0.441 3.19 5.31 3.15 0.214 75.3 1.67 6.h7 
9 6- 6-21 02:30 418 50.4 63.3 2.286 3.27 0.374 3.04 2.98 2.10 0.154 75.3 2.83 3.82 

10 6-11-21 02:30 426 55.0 64.5 2.344 3.35 0.510 3.09 3.95 2.75 0.210 75.3 4.15 5.12 
11 1- 8-27 20:30 320 71.9 18.7 6.301 9.00 1.351 3.28 3.99 2.80 0.209 15.3 3.46 4.79 
12 1-16-21 20:30 332 61.1 15.8 5.404 7.72 1.229 3.11 3.68 2.60 0.190 15.3 3.18 4.52 
13 1-18-21 20:30 342 10.0 76.6 4.017 5.82 0.990 3.25 3.11 2.70 0.188 15.3 3.94 4.35 
14 1-25-21 20:30 338 68.6 71.1 6.121 8.14 1.181 3.24 2.71 1.85 0.161 75.3 3.14 3.14 
15 8-18-21 14:30 339 63.9 72.5 4.310 6.24 0.948 3.18 5.19 3.10 0.262 15.3 3.60 6.21 
16 10- 5-21 20:30 369 48.4 54.8 2.299 3.28 0.329 3.01 2.82 1.95 0.153 15.3 2.51 3.83 
17 10- 1-21 20:30 357 41.9 54.7 2.323 3.32 0.365 2.96 2.87 2.00 0.153 15.3 2.80 3.89 
18 10-11-27 14:30 345 49.4 51.0 3.190 4.56 2.495 3.03 11.90 12.50 0.948 75.3 13.60 23.60 
19 10-16-27 02:30 399 37.2 51.9 2.118 3.03 0.370 2.89 2.11 1.85 0.161 75.3 3.18 4.20 
20 10-18-21 02:30 440 46.8 53.3 2.578 3.68 0.493 3.00 3.98 2.80 0.207 75.3 3.36 5.20 
21 10-20-27 02:30 432 44.1 54.2 2.160 3.94 0.484 2.97 2.80 1.90 0.158 75.3 3.11 4.01 
22 10-26-21 08:30 314 55.4 55.2 3.143 4.49 0.138 3.09 4.24 3.00 0.218 15.3 0.75 5.31 
23 10-31-27 14:30 331 41.5 50.6 2.007 2.87 0.786 2.94 8.23 5.95 0.400 15.3 7.02 10.25 
24 11- 1-27 08:30 318 38.5 49.2 1.932 2.16 0.328 2.91 7.86 5.10 0.319 75.3 3.08 9.80 
25 11-28-27 08:30 319 42.0 49.2 1.463 2.09 0.408 2.95 6.38 4.60 0.312 75.3 4.98 7.96 

1 MST at middle of test period. 
2 Entries under period are the lengths of the test periods. 



Appendix C 

DATA TRANSFORMATION 

This section is devoted to a description of the method used to calculate 

the shear velocity based on a consideration of the changes of momentum. 

As indicated in Chapter III the Prandtl-Karman relationship between 

velocity distribution and shear velocity was found satisfactory when the air 

pattern was not materially affected by surface objects. Such was not the case 

when the It-in. and 3-in. barriers were placed in the tunnel for they altered 

the air pattern to such an extent that the Prandtl-Karman relationship was 

no longer valid. Therefore, the shear velocity had to be determined by other 

means 't-J'hen the barriers were in the tunnel. The al.:ithors assumed that for a 

particular ambient air velocity when no upstream barrier was in position the 

shear velocity at a particular tunnel location always had the same value. 

Through a consideration of the interrelationship between shear and change of 

momentum, a correlation between U~} and UFT was evolved, Fig. 6, Chapter III .. 

By using this relationship it l-J'as possible to ascertain the shear velocity U~} 

from a knowledge of UFT. The remainder of this section will be devoted to a 

description of procedures followed in arriving at the data for Fig. 6. 

Throueh a consideration of the principle of momentum, the total drag for a 

uni t l-J'idth on a boundary over the length X may be l-J'ritten as 

Dx = p J~ U(Uo-U) dz 

o 

from Tolhich the momentl1.M thickness e can be obtained as 
00 

e = DX 2 =J .JL(1 -puc Uo 
u) U
o 

dz. 

o 

The total drag on a boundary DX can also be written in terms of what is 

79 

(136) 

( 137) 
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known as the mean drag coefficient Of as follows 

pUo
2 

Dx = X Or 2 • (138) 

Through use of Eqs. 137 and 138 the momentum thickness can also be written in 

terms of the mean drag coefficient. 

e = Dx = X Of 
PUo2 2 

(139) 

or 

(139a) 

A considerable amount of work has been performed on the relationship 

between Or and RX by other investigators. This work has led to the expres­

sions of 

(140) 

for laminar flow and 

Ct = Q.&Th 
~ 

(141) 

for turbulent flow. In these equations, RX is a form of Reynolds number and 

is equal to xuolv • It seemed reasonable that the Lake Hefner model data 

should conform to the relationships between Of and RX evolved by other 

investigators. If such were the case, then these relationships could be used 

to help derine a correlation between Or and RX' 

In the cot~se of gathering data during the 1953 Testing Program, velocity 

profiles without any upstream barrier present were measured at what are termed 

StasI 1, 2, 3, 4. 5, and 6. Stas. 1, 2, 3, and 4 corresponded in location to 

the stations occupied in the prototype and stasI 5 and 6 were upstream from 

the modeled lake, Fig. 20. By plotting -Y:. (1 -.!L) against z, the momentum 
Uo Uo 

thickness e can be obtained by planimetering the area under the curve, 

Fig. 21. This process is in effect the graphical integration indicated by 

Eq. 137. The mean drag coefficient Of can then be found through use of 

Eq. 139a. The distance X in Eq. 139a is supposed to be the distance fram the 
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loading edge of the boundary to the point at Which the velocity profile is 

measured. As indicated in Part I (3), the model of Lake Hofner was not con­

structed with a sharp leading edge. Instead, the transition between the tunnel 

a.nd the model was effected in a gradual manner. Therefore the value of the 

distance X used in Eq. 139a cannot be measured exactly. After considering 

the position of the model in the tunnel, the tunnel shape, and the artificial 

roughness upstream from the model, the authors estimated that the effective 

length for X for the various stations was as follows; Fig. 20 

sta. 1 X = 17.6 ft, 

sta. 2 X = 20.2 ft, 

sta. 3 X = 15.7 ft, 

sta. 4 X = 14.7 ft, 

Sta. 5 X = 14.3 ft, 

sta. 6 X = 14.0 ft. 

The value of RX corresponding to the various values of Cf were easily 

computed from a knowledge of Uo ' X , and 7/. The veloci ty Uo was con-

sidered to be equal to the velocity above the boundary layer as measured by the 

traverse mechanism. The value of X corresponded to the station distance as 

given in the above table. The kinematic viscosity V was determined from air 

temperature and pressure considerations. During the course of the 1953 Testing 

ProGram, data for 49 velocity profiles without any upstream barrier were col­

lected for which Cf and RX could be computed. The points representative of 

these 4.9 profiles are presented in Fig. 22. Some of these data tend to group 

about Eq. 141 which is representative of turbulent flow while other data group 

about Eq. 140 which is indicative of laminar flow. Although, a great majority 

of the data fall in what might be considered the transitional region between 

lruninar and turbulent flow in which scattered results might be anticipated. 

Follmving the data as t.vel1 as possible, a smooth curve was drawn between the 

lines for Eqs. 140 and 141. This smooth curve and the lines for Eqs. 14.0 and 
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141 beyond the points of tangency were considered to be representative or the 

relationship between Cf and RX for the model. 

The shear at the surface, ~o, may be expressed as follolvs: 

dDx 
- = "'0 (lL~2) 
d X 

or 

Through Eqs. 138 and 143 one may write 
2-

U{~ = J!. (X Cf) • 
U0

2 dX 2 

( ll~3) 

Without altering the relationship of Eq. l4L~, the variable of differentiation 

may be changed as follows: 

U~fo2 1 d 
::::-2 = '2 ~ (RX Cf ) • 
Uo X 

( lJ.t5) 

Through the use of the previously described relationship between Cf and RX J 

Fig. 22, and the approximate differentiation of the produot RXCf with res~ect 

to RX ' the value of U~f-2/U02 oan be oa1oulated; that is, 

It was found that if the difference between RX2 and RXI is small, 

then either value of RX oould be ohosen from whioh to oompute Uo • In 

oarrying out this approximate differentiation, X was chosen as 14.0 ft 

which oorresponds to the location of sta. 6. Therefore, U4fo as given by this 

method is ror sta. 6. The kinematic visoosity was assumed to have a constant 

value of 2xlO-4 ft2/seo. The kinematio visoosity as experienced under actual 

testing did not vary by more than 4% rrom this rigure. 

From the values of U~fo2/uo2 obtained through Eq. lh6 and Uo I the shear 

veloci ty U~~ oorresponding to eaoh velooi ty was asoertained. The shear 
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velocity U~~ was therefore known in terms of Uo ' the ambient velocity as 

measured by the traverse. Due to the arrangement of the model in the tunnel, 

Uo as measured by the traverse mechanism (hereafter referred to as UT was 

not the same as Uo measured at the forward tunnel location (hereafter refer­

red to as UFT ), Fig. 23. Using the relationship of Fig. 23, U~} was cor­

related with UFT instead of UT • 

After the approximate differentiation indicated by Eq. 146 had been car­

ried out over a wide range of RX ' the relationship between U* and UFT 
depicted in Fig. 6 was developed. This relationship was used not only in 

evaluating U* for the work with the barriers but also U~~ for non-barrier 

work. 

In Part I of the Lake Hefner Final Report, the shear velocity was computed 

by me~ns of the Prandtl-Karman relationship, Eq. 1. In order to evaluate 

the shear velocity for the 1952 data on the basis of momentum considerations it 

was necessary to go through the same steps as followed with the 1953 data to 

determine if the same relationships, that is Figs. 6, 22, and 23, were still 

applicable. This work with the 1952 data indicated that the relationship 

between Cf and RX arrived at for the 1953 work was representative of the 

1952 work. Therefore the relationship depicted in Fig. 6 was used to evaluate 

U* for both the 1952 and 1953 data on the basis of momentum principles. 
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Appendix D 

DETAILED MODEL DATA 

In this section of the report the detailed non-barrier mndel data for 

1953 are presented. All pertinent data concerning the barrier model data for 

1953 are presented in Table lIt Appendix B. The method ot identifying the 

data is similar to that tollowed in Part I (3). 
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Time Height Forward tunnel Traverse Traverse Quantity 
of above psychrometer psychrometer wind of" water 

day terrain TAD-oF TAW-OF of of velocity evaporated 
Thermo. Thermo. Thel'nlo. Thermo. 

Inches #41 #51 #42 #52 cc 
Date Au 

14:19 0.035 1 .0 0 
14:24 0.040 75.5 ig 14:27 0.045 82.3 63.6 75.6 
14:29 0.050 82.4 63.5 75.8 
14:31 0.060 82.7 63.2 16.3 129 
14:33 0.070 82.7 63.3 76.6 65.4 
14:37 0.080 82.6 63.6 71.0 65.4 193 
14:40 0.090 83.0 63.7 77.4 65.5 
14:42 0.100 83.1 63.8 71.5 65.5 5.2 
14:43 0.110 83.5 63.6 77.6 65.5 5.3 
14:45 0.135 83.7 64.2 78.6 65.4 5.6 250 
14:50 0.160 84.2 63.6 79.2 65.1 5.9 
14:51 0.185 84.0 63.6 79.3 65.1 6.2 340 
14:5i 0.210 84.2 64.0 79.6 65.5 6.2 
14:5 0.260 84.5 63.7 80.2 65.2 6.5 
14:58 0.310 84.1 63.4 80.1 65.0 6.5 402 
15:00 0.360 84.4 63.9 80.7 65.2 6.8 
15:03 0.410 84.5 63.4 80.9 64.9 6.9 
15:06 0.510 84.1 63.1 81.0 64.8 6.9 480 
15:08 0.610 84.1 63.1 81.8 64.8 7.0 
15:10 0.110 84.7 63.6 82.3 65.1 7.1 
15:12 0.910 85.1 64.1 82.9 65.3 7.7 500 
15:15 1.110 85.1 64.0 83.7 65.6 7.9 
15:16 1.360 85.4 64.0 83.8 65.5 8.3 
15:17 1.610 85.9 64.3 84.4 65.7 8·i 591 
15:19 1.860 85.8 64.1 85.0 65.7 8. 
15:21 2.110 85.9 64.2 85.1 65.8 9.0 
15:2i 2.610 85.9 64.3 85.4 65.9 9.0 661 
15:2 3.110 85.7 64.1 85.5 66.0 9.0 
15:28 3.610 84.9 63.0 84.9 65.2 9.1 
15:30 4.110 85.4 63.9 85.4 65.7 9.7 
15:32 4.610 86.4 64.0 86.1 65.9 9.6 750 
15:34 5.110 86.2 64.1 85.9 65.9 9.6 796 

Test No. 2 Date Aug. 10. 192~ Sta. 6 

15:55 0.020 86.4 64.1 84.6 10.4 0 
15:58 0.030 86.9 64.9 84.9 70.7 
16:00 O.OiO 86.q. 64.5 84.1 10.2 53 
16:02 0.0 0 86.7 64.6 85.1 69.5 
16:03 0.080 86.3 64.5 85.3 68.9 
16:05 0.100 86.2 63.9 85.0 67.9 4.9 
16:01 0.120 86.2 64.6 84.9 68.0 4.9 
16:09 0.170 86.2 64.4 85.1 66.0 5.3 156 
16:11 0.220 86.2 64.1 85.0 65.4 5.8 
16:15 0.320 86.6 64.1 85.4 66.1 6.0 
16:16 0·t2O 86.2 64.4 85.2 65.6 6·i 16:18 O. 20 86.2 64.3 85.4 65.5 6. 250 
16:20 0.820 86.3 64.2 85.1 65.4 1.0 
16:21 1.220 86.2 63.9 85.6 65.3 7.5 
16:23 1.120 85.1 63.4 85.2 64.8 7.7 315 
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Time Height Forward tunnel Traverse Traverse Quantity 
of above psychrometer psychrometer wind of water 

day terrain TAD-oF TAW-OF of Op velocity evaporated 
Thermo. Thermo. Thermo. Thermo. 

Inches #~1 #51 #~2 #52 ftLsec cc 

Test No.2 (Cont.) 

16:25 2.220 85.4 63.6 85.1 65.0 8.5 
16:28 3.720 85.3 64.0 85.0 64.9 8.8 
16:30 5.220 85.0 64.5 85.0 65.4 9.2 
16:33 418 

Test No. 3 Date Aug. 12. 1223 Sta. 1 

09:5i 0.020 72.7 59.2 66.8 0 
09:5 0.025 59.2 
09:57 0.030 58.8 
09:58 0.035 73.6 59.1 67.4 
09:59 0.045 59.6 

38 10:00 0.055 59.6 60.6 
10:01 0.065 59.9 60.6 
10:02 0.075 74.1 58.8 69.0 60.2 
10:04 0.085 59.5 60.1 
10:05 0.095 59.6 59.9 
10:06 0.120 60.0 60.0 4.8 75 
10:07 0.145 74.6 58.8 69.1 59.0 4.9 
10:08 0.170 59.2 59.8 5.4 
10:09 0.195 59.3 60.0 5.5 
10:09 0.245 59.0 59.6 5.8 
10:10 0.295 73.8 59.5 72.6 59.9 5.9 
10:11 0.31+5 60.1 60.0 5.9 
10:12 0.395 60.0 60.1 6.0 120 
10:15 0.'t95 60.0 60.2 6.3 
10:15 0.595 74.5 60.6 72.0 60.6 6.1 
10:16 0.695 60.1 60.4 1.0 
10:11 0.895 59.1 59.7 6.9 
10:18 1.095 59·i 59.7 1.0 157 
10:20 1.345 75.8 59. 72.9 59.8 1.) 
10:21 1.595 59.1 59.3 1.3 
10:22 1.845 59.1 59.1 8.0 
10:23 2.095 59.0 59.0 8.0 195 
10:25 2.595 75.1 58.9 14.4 58.6 8.4 
10:26 3.095 58.5 58.1 8.1 
10:21 3.595 58.2 58.6 8.6 
10:28 4.095 58.1 59.0 9.0 
10:30 4.595 76.2 51.1 75.2 58.1 9.~ 10:30 5.095 56.9 57.1 9. 250 
10:32 7.095 58.1 

15.2 
58.5 9.~ 

10:35 9.095 75.3 58.5 59.1 9.4 
10:37 318 
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Time Height Forward tunnel Traverse Traverse Quantity 
or above psyohrometer psyohror.teter wind or water 

day terrain TAD-OF TAW-OF of ~ ve100ity evaporated 
Thermo. Thermo. Thermo. Thermo. 

Inohes #!l:1 #5.1 #!tg #52 rtLseo 00 

Test No. !b Date ASS. 12. 12~J Sta. 2 

10:55 0.020 77.1 58.8 70.8 63.4 0 
10:57 0.025 
10:58 0.030 
10:58 0.035 77.4 59.5 70.9 62.6 
10:59 0.045 

38 11:00 0.055 
11:01 0.065 
11:02 0.075 78.0 59.3 71.6 61.6 
11:03 0.085 
11:03 0.095 
11:04 0.120 4.1~ 
11:05 0.145 78.7 59.9 72.7 60.8 5.0 
11:06 0.170 5.2 
11:07 0.195 5·i 93 
11:08 0.245 5. 
11:09 0.295 78.3 59.6 73.3 60.2 6.1 
11:10 0.345 6.3 
11:10 0.395 6.3 128 
11:13 0.h95 6.7 
11:14 0.595 78.8 57.3 74.6 58.9 7.0 
11:15 0.695 7.0 
11:16 0.895 7.2 
11:17 1.095 7.6 
11:18 1.345 79.'''' 57.8 76.2 58.5 8.0 
11:19 1.595 8.0 207 
11:20 1.845 7.9 
11:21 2.095 8.1 
11:22 2.595 80.7 58.1 78.4 58.5 8.5 
11:23 3.095 8.6 250 
11:24 3.595 8.7 
11:25 4.095 9.0 
11:26 4.595 78.8 57.7 77.8 58.2 9.0 
11:27 5.095 9.1 289 
11:29 7.095 9.4 
11:31 9.095 80.0 57.0 79.0 56.9 9.4 350 

Test No • .2 Date ABB. 1J. 19~J Stas 1 

09:07 0.020 75.0 56.3 67.1 59.0 0 
09:08 0.025 67.4 58.7 
09:10 0.030 67.4 58.6 
09:11 0.035 74.7 58.4 61.7 58.6 
09:12 0.045 61.8 58.5 
09:13 0.055 68.6 58.6 
09:14 0.065 68.6 58.6 58 
09:15 0.075 75.3 57.2 69.2 58.5 
09:16 0.085 69.0 58.6 
09:11 0.095 69.5 58.7 
09:18 0.120 69.8 58.6 5.8 
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Time Height Forward tunnel Traverse Traverse Quantity 
or above pS~hromet8'r psychrometer wind or water 

day terrain T'AD- TAW-oF OF OF velocity evaporated 
Thermo. Thermo. Thermo. Thermo. 

Inches #~1 #51 #~2 #52 rt,sec cc 

Test No.5 (Cont.) 

09:19 0.145 14.8 51.2 69.1 58.6 6.2 
09:20 0.110 70.2 .58.3 6.2 
09:21 0.195 70.7 58.2 6.5 120 
09:22 0.245 70.7 57.9 7.1 
09:23 0.295 75.7 56.5 71.1 57.7 7.1 
09:24 0.345 71.5 57.2 7.~ 09:25 0.395 71.2 57.2 7. 
09:29 0.1~95 72.2 57.4 7.5 
09:30 0.595 76.2 57.2 72.5 57.3 7.1 
09:31 0.695 72.5 51.8 1.8 211 
09:32 0.895 73.2 57.8 8.5 
09:5l 1.095 74.2 58.4 8.5 
09: 1.345 76.6 58.0 73.8 .58.2 8.6 
09:35 1.595 75.0 58.2 8.6 250 
09:36 1.84.5 75.2 59.0 8.7 
09:37 2.095 75.6 57.2 9.1 
09:~8 2.595 77.4 .56.7 75.6 57.2 9.9 
09: 0 3.095 75.6 57.4 9.9 
09:41 3.595 76.6 57.4 10.0 
09:42 4.095 76.7 57.2 10.1 
09:43 4.595 78.0 55.5 77.0 56.5 10.1 323 
09:fri .5.095 77.0 56.7 10.1 
09:4- 7.095 78.2 57.8 10.1 
09:48 9.095 78.3 58.5 78.1 57.7 10.1 
09:50 406 

Test No. 6 Date ABS! 1J. 192J Sta. 2 

10:09 0.020 78.9 .58.6 72.0 60.0 0 
10:10 0.025 72.0 60.0 
10:11 0.030 71.6 60.0 
10:12 0.035 80.3 59.0 72.0 59.8 
10:13 0.045 72.2 60.0 
10:13 0.055 12.2 60.0 
10:14 0.065 72.6 60.0 
10:14 0.075 80.1 58.7 72.7 6°·i 48 
10:15 0.085 12.6 60. 
10:16 0.095 72.9 60.2 
10:17 0.120 73.1 60.2 5.5 
10:18 0.145 81.0 59.5 73.6 60.4 .5.8 
10:19 0.170 73.1 60.4 6.0 
10:20 0.195 74.0 60.0 6.1 87 
10:20 0.245 15.0 .59.6 6.5 
10:21 0.295 80.6 58.6 74.5 59.3 6.6 
10:22 0.345 75.3 59.0 7.0 
10:23 0.395 75.3 59.5 7.1 128 
10:25 0.1 ... 95 76.2 59.8 7·i 10:26 0.595 81.1 59.1 76.3 .59.6 1. 
10:28 0.695 77.0 60.5 7.7 
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Time Height Forward tunnel Traverse Traverse Quantity 
of above PS6;hrometer psychrometer wind of water 

day terrain TAD- TAW-<>F of OF velocity evaporated 

Inches 
Thermo. Thermo. Thermo. Thermo. 

ft/sec #41 #51 1&..2 1f..r;.2 cc 

Test No. 6 (Cont.) 

10:29 0.895 11.6 60.5 1.1 181 
10:29 1.095 11.6 60.1 1.8 
10:30 1.345 80.6 59.0 18.3 60.0 8.2 
10:31 1.595 18.3 60.2 8.4 
10:31 1.845 19.1 60.2 8.5 
10:32 2.095 19.3 60.5 9.1 219 
10:33 2.595 81.2 60.1 19.7 60.6 9.3 
10:34 3.095 80.6 61.3 9.2 
10:35 3.595 81.2 61.0 9.4 
10:36 4.095 81.7 61.1 9.7 
10:31 4.595 82.4 60.2 81.7 61.1 9.8 
10:38 5.095 81.5 62.0 10.0 250 
10:41 7.095 81.5 60.4 10.4 
10:43 9.095 82.3 59 • .3 82.0 62.2 10.2 
10:44 332 

Test No. Z Date ABB. 1J. 122J Sta. J 

11:01 0.020 8.3.9 61.9 80.3 63.2 0 
11:02 0.025 80.5 62.6 
11:03 0.0.30 80.5 62.1 
11:04 0.0.35 84.2 61.4 81.0 62.4 
11:05 0.045 80.7 62.3 41 
11:06 0.055 81.3 62.3 
11:07 0.065 81.2 62.6 
11:08 0.075 85.6 61 • .3 81.4 62.6 
11:09 0.085 81.5 61.8 
11:09 0.095 81.9 61.8 79 
11:10 0.120 81.9 61.9 6.2 
11:10 0.145 84.6 61.1 81.9 61.q_ 6.4 
11:11 0.170 81.9 61.3 6.3 
11:12 0.195 82.0 61.5 6.6 
11:12 0.245 8.3.2 61.6 6.7 
11:13 0.295 85 • .3 61.3 82.8 61.4 7.1 
11:14 0.345 82.7 61.5 1.0 133 
11:15 0 • .395 82.8 60.7 1.0 
11:16 0.495 83.6 61.0 7.5 
11:20 0.595 85.7 60.2 83.7 60.1 1.8 
11:21 0.695 83.6 60.1 1.8 
11:22 0.895 83.8 60.3 7.9 219 
11:23 1.095 84.2 60.3 8.4 
11:23 1.345 86.0 59.6 84.2 60.9 8.5 
11:25 1.595 84.8 60.5 8.6 
11:26 1.845 85.2 60.0 9.2 
11:27 2.095 85.8 59.6 9.4 250 
11:28 2.595 86.8 61.3 85.9 60.8 9.3 
11:29 3.095 81.0 60.4 10.0 
11:30 3.595 85.8 60.4 10.0 
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Time Height Forward tunnel Traverse Traverse Quantity 
ot above ps~chrometer psychrometer wind ot water 

day terrain TAD- F TAW-Opt Opt Opt velocity evaporated 
Thermo. Thermo. Thermo. Thermo. 

Inches #41 #51 #!I;2 1152 ttLsec cc 

Test No. 7 (Cont.) 

11:31 4.095 85.8 60.0 10.0 
11:32 4.595 87.2 61.0 87.0 60.9 10.0 353 
11:33 5.095 87.7 61.0 10.0 
11:35 7.095 87.3 61.8 10.0 
11:37 9.095 87.8 60.8 87.6 60.7 10.0 
11:39 430 

Test No. 8 Date A~. 11. 1253 Stat 1 

9:48 0.020 64.1 58.2 63.1 60.0 0 
9:53 0.025 63.1 58.7 62.7 59.9 
9:54 0.030 63.5 58.7 62.9 60.0 
9:55 0.035 63.5 58·i 62.7 60.1 
9:56 0.045 63.2 58. 63.1 60.1 
9:57 0.055 63.4 58.3 62.8 59.8 
9:58 0.065 63.5 58.9 63.2 60.0 
9:59 0.075 64.0 57.9 63.6 59.9 

10:00 0.085 64.5 58.6 63.2 60.0 33 
10:01 0.095 64·i 58.2 63.3 59.7 
10:02 0.120 63. 58.8 63.2 59.7 4.8 
10:03 0.145 64.0 58.6 63.7 60.2 5.2 
10:04 0.170 64.3 59.1 63.7 60.4 5.2 
10:05 0.195 64.5 59.2 64.0 60.1 5.5 
10:06 0.245 64.6 59.2 64.0 60.3 5.5 
10:07 0.295 64.4 59.0 64.1 60.~ 5.7 
10:08 0.345 64.4 58.7 63.6 59. 5.8 
10:09 0.395 64.9 59.6 ~.1 60.3 5.8 
10:10 0.495 64.5 58.4 64.2 60.1 6.4 
10:11 0.595 64.0 59.0 64.0 59.8 6.2 65 
10:13 0.695 65.7 60.0 64.6 60.8 6.5 
10:14 0.895 64.9 58.7 64.8 60.4 6.6 
10:15 1.095 64.1 58.7 ~.O 60.2 7.1 
10:16 1.345 64.5 59.1 64.5 60.4 7.4 
10:17 1.595 64.4 59.1 64.5 60.4 7.5 
10:18 1.845 64.9 58.7 64.9 60.0 7.8 
10:19 2.095 65.8 59.0 65.8 60.3 8.1 
10:20 2.595 65.5 58.8 65.4 60.4 8.5 
10:21 3.095 65.8 59.0 65.9 60.5 8.8 
10:22 3.595 ~.8 59.5 64.8 60.4 8.9 
10:23 4.095 6 .2 59.3 65.8 60.7 9·i 108 
10:25 4.595 65.1 59.6 65.4 60.4 9. 
10:28 5.095 65.4 59·.5 65.4 60.5 9.8 
10:30 7.095 65.0 58.8 65.0 60.1 9.8 
10:33 9.095 65.7 58.8 65.7 59.9 9.8 145 
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Time Height For\vard tunnel Traverse Traverse Quantity or above pS'6chrometer psychrometer '''lind of water 
day terrain TAD- F Ti\.\V-OF of of velocity eva.porated 

Thermo.T ermo. Thermo. Thermo. 
Inches #41 #51 #~2 #r;.2 ftLseo co 

Test No. 9 Date Aug. 111 192J Sta. 2 

10:50 0.020 66.2 60.0 65.8 61.5 0 
10:51 0.025 66.8 60.2 65.6 61.2 
10:52 0.030 66.9 60.0 65.5 61.3 
10:53 0.035 67.4 60.1+ 66.2 61.8 
10:54 0.045 67.2 60.2 66.3 61.8 
10:55 0.055 68.0 60.0 66.5 61.7 
10:56 0.065 68.5 60.1 66.6 61.6 
10:57 0.075 67.9 60.7 66.3 62.0 
10:59 0.085 68.5 60.3 66.5 61.8 
11:00 0.095 68.6 60.5 66.7 61.9 
11:01 0.120 68.1 60.1 66·i 61.8 4.4 
11:02 0.145 67.2 60.2 65. 61.4 4.9 
11:03 0.170 66.9 60.8 65.8 61.7 5.2 
11:04 0.195 66.9 59.4 66.2 61'i 5.1+: 37 
11:05 0.245 67.6 60.1 66.3 61. 5.5 
11:06 0.295 67.1 59.9 65.8 61.6 5.8 
11:07 0.345 68.1 60.0 66.1 61.6 5.8 
11:08 0.395 67.1 5q.8 66.5 61.8 5.9 
11:08 0.1+.95 67 .l~ 60.1 66.2 61.6 6.4 
11:11 0.595 67.2 60.0 66.8 61.6 6.4 
11:12 0.695 68.2 60.4 67.1 61.5 6.4 
11:13 0.895 68.6 60.8 67.7 62.1 7.0 
11:14 1.095 68.4 60.4 67.8 61.8 7.0 
11:19 1.345 69.3 60.5 68.4 61.8 7.1 
11:20 1.595 67.2 59.9 67.2 61.8 7.5 
11:21 1.845 67.5 60.4 67.5 61.3 7.5 94 
11:23 2.095 67.1+ 60.1 67.4 61.4 7.9 
11:24 2.595 67.9 59.8 67.9 61.2 8.2 
11:25 3.095 67.9 59.7 67.9 61.2 8.9 
11:26 3.595 68.4 59.7 68.3 61.2 8.9 
11:27 4.095 68.5 60.0 68.5 61.8 8.9 
11:28 4.595 68.6 60.~ 68.6 61.6 8.9 
11:29 5.095 68.4 60. 68.4 62.4 8.9 122 
11:32 7.095 71.5 61.9 72.5 64.0 8.9 
11:35 9.095 70.4 61.3 70.2 62.9 9.0 
11:36 11+6 

Test No. 10 Date Aug. 111 19.2.2 Sta. !t 
14:00 0.020 72.1 61.8 72.7 63.9 0 
14:01 0.025 72.6 61.9 70.8 63.9 
IIp 02 0.030 72.0 61.8 70.6 64.0 
14:03 0.035 72.1 61.9 70.5 63.9 
14:04 o .OJ.~5 71.9 61.6 70.8 64.0 
14:05 0.055 72.0 62.0 70.6 63.8 
14:06 0.065 72.4 61.8 70.8 63.7 
l'p08 0.075 72.5 61.8 70.8 63.9 
14:10 0.085 72.1 62.0 70.9 63.9 
14:11 0.095 72.5 62.6 70.6 64.3 45 
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Time Height Forward tunnel Traverse Traverse Quantity 
of above pS6;hrometer psychrometer wind of water 

day terrain TAD- TAW-Opt Opt Opt velocity evaporated 
Thermo. Thermo. 'l'hermo. Thermo. 

Inches #!11 #~1 #h2 fj2 tt,sec cc 

Test No. 10 (Cont.) 

14:12 0.120 72.3 62.7 70.8 64.2 1.1 
14:13 0.145 72.5 62.0 71.1 (4.1 1.3 
14:14 0.170 72.2 62.1 71.4 64.0 1.5 
14:15 0.195 71.9 62.2 71.7 63.8 1.9 
14:16 0.21.+5 72.~ 62.~ 71.8 63.6 3.2 
14:17 0.295 72. 61. 71.7 63.7 5.0 
14:17 0.345 72.0 61.9 72.0 63.6 6.0 
14:18 0.395 72.2 62.2 72.1 63.6 6.4 
14:18 0.1,.95 72.1 62.2 72.1 63.6 6.5 82 
14:20 0.595 71.7 62.0 71.7 63.3 6.8 
llj.:21 0.695 71.7 62.0 71.6 63.5 6.6 
14:22 0.895 71.6 62.0 71.6 63.5 7.5 
14:23 1.095 71.5 61.8 71.5 63.5 7.6 
llp23 1.345 71.4 62.0 71.2 63.3 7.6 
1ij.:25 1.595 71.3 62.1 71.3 63.0 8.2 
14:25 1.845 71.3 62.2 71.3 63.1 8.7 
14:26 2.095 71.2 62.0 71.1 63.4 8.6 
lJ.i.:27 2.595 71.3 61.7 71.3 63.1 8.6 
14:28 3.095 71·i 62.0 71.3 63.5 8.6 135 
14:29 3.595 71. 62.3 71.7 63.3 8.7 
14:.30 JI..095 72.0 62.5 72.0 63.6 8.7 
14:30 4..595 71.7 62.0 71.4 63.1 8.9 
14:31 5.095 71.7 62.4 71.7 63.2 8.9 
14: .33 7.095 72.1 62.3 72.1 62.9 9.1 
14:35 9.095 69.3 62.5 72.0 63.6 9.0 
14:.36 189 

Test No. 11 Date Ayg. 11. 1223 Sta. 2 
15:13 0.020 7.3 • .3 63.6 73.3 65.4 0 
15:21 0.025 73.8 6.3.4 73.1~ 65.5 
15:22 0.030 73.4 63.2 73.1 65.3 
15:2.3 0.035 7.3.1 6.3.7 73.1 65.5 
15:24 0.045 73.6 63.6 73.5 65.5 
15:25 0.055 73.1 ~.O 73.1 65.3 
15:26 0.065 73 • .3 64.0 13 • .3 65.3 
15:27 0.075 73.0 6.3.4 73.0 65.3 
15:28 0.085 72.6 63.7 72.6 65.0 
15:29 0.095 72.7 6.3.5 72.7 65.0 
15:29 0.120 73.1 6.3.6 73.1 64.2 3.0 68 
15:.30 O.1~5 7.3.0 64.0 73.1 64.0 .3.4 
15:31 0.1 0 72.7 6.3.8 72.7 64.1 3.5 
15:.32 0.195 73.1 64.0 73.3 64.0 3.9 
15:.33 0.245 73.5 64.0 7.3.5 64.0 4.6 
15:34 0.295 7.3.9 64.1 7.3.9 64..0 4.6 
15:35 0.)45 73.4 63.8 73.5 6.3.8 4.8 
15:36 0.395 74.0 64.1 74.0 64.1 5.2 
15:37 0.495 73.6 64.0 73.6 64.1 5.3 
15:38 0.595 73.6 63.3 7.3.5 63.3 5.6 113 
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Time Height Forward tunnel Traverse Traverse Quantity 
of above pS~hrometer psychrometer wind ot water 

day terrain TtD- TtW-OF OF of velocity evaporated 
T ermo. T ermo. Thermo. Thermo. 

Inches #41 #51 #42- #52 ttLsec cc 
Test 10. 11 (Cont) 

15:40 0.695 73.8 63.6 73.8 63.6 5.8 
15:41 0.895 74.0 63.3 74.0 63.14- 5.9 
15:41 1.095 73.8 63.0 73.8 63.0 6.5 
15:42 1.345 74.1 64.0 74.1 64.0 6.6 
15:43 1.595 73.9 64.0 73.9 64.0 7.0 
15:44 1.845 73.9 64.1 73.9 l?lj..1 7.7 
15:lj4 2.095 74.0 64.0 74.0 64.0 7.6 
15:45 2.595 73.6 63.9 73.5 63.8 7.8 
15:46 3.095 73.6 64.1 73.6 64.1 8.2 
15:46 3.595 74.2 63.1 74.2 63.2 8.3 167 
15:48 4.095 74.9 63.6 74.9 63.6 8.3 
15:49 4.595 74.8 62.7 74.8 62.7 8.7 
15:50 5.095 7~.8 63.0 74.8 63.0 8.9 
15:52 7.095 7 .9 63.1 75.9 63.0 8.7 
15:~ 9.095 76.1 63.6 76.2 63.6 8.7 
15:55 233 

Test No. 12 Date Ayg. 18. 1923 Stal 1 

10:38 0.020 73.1 62.1 65.8 0 
10:40 0.030 73.6 62.1 66.0 
10:41 O.OiO 73.5 62.3 65·i 
lO:~ 0.0 0 73.3 62.7 66. 
10: 0.080 73.5 62.~ 66.0 63.0 
10:4 0.100 74.0 62. 66.7 62.8 
10:47 0.120 74.1 62.6 67.2 62.9 
10:48 0.170 74.4 62.7 67.7 62.7 
10:50 0.220 74.0 62.4 67.6 62.4 0.30 
10:52 0.320 73.4 62.3 67.7 62.3 0.%0 
10:57 o.~o 74.5 62.1 68.5 62.1 O. 0 
10:58 O. 20 74.6 61.7 70.3 61.8 1.2 
11:00 0.820 74.8 61.8 71.0 61.8 1.3 
11:01 1.220 74.7 62.3 71.4 61.6 1.6 
11:03 1.720 74.9 62.0 72.3 61.1.J. 1.8 
11:04 2.220 75.0 61.8 72.6 61.3 2.2 
11:05 3.720 75.6 61.7 74.1 61.7 2.4 
11:06 5.220 15.0 61.8 74.4 61.8 2.3 
11:10 1.220 15.3 61.8 14.5 61.8 2.2 
11:12 9.220 15.1 61.8 74.7 61.8 2.2 
11:13 

Test No! 13 Date Ayg 18. 1223 Stat 2 

13:58 0.020 14.2 59.5 12.1 66.0 0 
13:59 0.030 74.0 59.6 70.0 66.~ 
14:00 O.OiO 74.6 59.3 69.8 65. 
14:01 0.0 0 14.2 59.2 69.4 65.7 
14:02 0.080 73.9 59.0 69.9 64.9 
14:03 0.100 73.8 59.9 10.0 64.0 
14:04 0.120 73.1 59.0 69.1 64.0 
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Time Height Forward tunnel Traverse Traverse Quantity 
ot above pS~hrometer gsychrometer wind or water 

day terrain TAD- TAW-OF F OF velocity evaporated 
Thermo. Thermo. Thermo. Thermo. 

Inches #41 #51 #~2 #22 rt~sec co 

Test No. 13 (Cont) 

14:06 0.170 73.7 59.0 69.9 63.2 0.31 
14:07 0.220 73.4 59.1 70.4 62.8 0.38 
14:09 0.320 73.2 59.1 69.9 62.7 0.55 
14:11 0·i2O 73.1 58.9 70.7 62.2 0.93 
14:13 O. 20 73.0 58.9 70.8 61.4 1.2 
14:15 0.820 72.6 59.6 71.2 61.3 1.7 
14:17 1.220 72.5 59.8 71.3 61.1 2.2 
14:18 1.720 72.2 59.2 72.2 6°·i 2.4 
14:19 2.220 72.6 58.9 72.6 59. 2., 
14:22 3.720 72.6 59.6 72.6 59.9 2. 
14:24 5.220 72.8 59.3 72.8 59.8 2.4 
14:27 7.220 72.8 59.3 72.8 60.0 2.14-
14:29 9.220 72.5 59.1 72.5 59.8 2.4 
14:30 67 

Test No. J1I: Date Asg. 18. 1223 Stat J 

14:41 0.020 73.5 59.3 71.8 61.8 0 
14:43 0.030 75.5 59.7 73.0 60.8 

lli~~ O.OiO 75.9 59.1 73.0 60.9 
0.0 0 76.0 60.1 72.1 61.8 

14:46 0.080 76.1 60.7 73.1 61.8 
14:47 0.100 76.2 61.3 72.3 62.6 
14:49 0.120 76.5 62.0 73.4 62.0 
14:50 0.170 76.3 62·i 72.3 62.7 0.30 
14:51 0.220 76.5 61. 72.6 62.9 0.31 
14:52 0.320 76.3 60.7 73.5 62.0 0.36 
14:53 0·i2O 76.9 60.9 73.9 61.2 1.0 
14:54 o. 20 76·i 60.5 74.0 60.5 1.0 
14:55 0.820 76. 59.6 74.6 60.4 1.2 
15:00 1.220 77.0 61.0 75.5 61.0 1.6 
15:02 1.720 77.2 61.1 76.2 61.0 2.2 
15:03 2.220 77.2 60.5 75.4 60.5 2.2 
15:06 3.720 76.5 60.4 76.0 60.5 2.3 
15:08 5.220 76.2 60.4 76.2 60.4 2.3 
15:10 7.220 76.6 61.3 76.6 61., 2.3 
15:12 9.220 76.6 61.4 76.6 61. 2.3 
15:14 B4 

Test No. 12 Date AUS 1 18.1223 Stat !L 
15:24 0.020 75.3 60.6 71.1 ~.9 0 
15:25 0.030 75.2 60.7 71.1 64.6 
15:27 O.OiO 75.2 60.9 71.3 64.4 
15:28 0.0 0 75.2 60.5 71.6 64.3 
15:28 0.080 75.2 60.4 72.3 63·i 15:29 0.100 75.2 59.7 72.2 62. 
15:31 0.120 75.2 59.5 72.1 62.5 
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Time Height Forward tunnel Traverse Traverse Quantity 
ot above pS6jhrometer g;"Chrome;r wind ot water 

da.,. terrain TAD- TAW-OF' ve1ocit,. evaporate4 
Thermo. Thermo. Thermo. Thermo. 

Inches #41 #51 #42 152 tt~sec co 

Test No. 15 (Cont) 

15:32 0.170 75.4 59.6 72.6 61.~ 
15:33 0.220 75.4 60.5 72.6 60 •. 0.30 
15:34 0.320 75.~ 60.4 73.5 60.4 0.%9 
15:35 0·i2O 74. 61.2 73.5 61.2 O. 2 
15:36 O. 20 74.8 61.2 73.6 ·61.2 1.2 
15:37 0.820 74.6 61.3 73.5 61.3 1.6 
15:38 1.220 74.7 61.3 73.6 61.3 1.7 
15:41 1.720 74·i 61.9 73.0 61.9 2.4 
15:43 2.220 74. 61.9 73.3 61.9 ~~ 15:45 3.720 73.8 61.8 73.7 61.8 
15:47 5.220 73.1 62.~ 73.1 61.8 2.4 
15:48 7.220 73.3 61. 73.2 61.8 2.3 
15:49 9.220 73.4 62.6 73.4 62.6 2.3 
15:50 58 

Test No. 16 Date ABa. 18• 1223 Sta. 6 

16:01 0.020 71.8 60.9 72.8 0 
16:03 0.030 72·i 60.9 72.8 65.2 
16:04 0.040 72. 61.4 73.0 65.3 
16:05 0.060 72.4 61.1 72.6 64.9 
16:08 0.080 72.1 61.3 72.9 ~:~ 16:09 0.100 72.7 61.5 73.0 
16:09 0.120 72.5 61.3 72.6 64.5 
16:11 0.170 72.1 61.5 72.2 62.8 0.30 
16:15 0.220 71.6 61·i 72.2 62.3 0.66 
16:16 0.320 72.1 61. 72.1 61.6 0.82 
16:19 0·i2O 71.6 61.6 71.6 62.b 0.90 
16:20 O. 20 71.5 60.5 71.5 61.6 1.6 
16:22 0.820 72.4 61.6 72.1~ 61.6 1-4 
16:23 1.220 72.5 61.3 72.5 61.4 2.1 
16:24 1.720 72.6 62.0 72.3 62.0 2.2 
16:25 2.220 72.7 61.9 72.7 61.9 2.2 
16:27 3.720 72.9 60.4 72.9 60.4 2.2 
16:29 5.220 73.1 59.3 73.0 59.3 2.2 
16:30 7.220 73.3 60.0 73.3 60.0 2.2 
16:31 9.220 73.3 60.0 73.3 60.0 2.2 
16:32 77 

Test HOI 11 Date ABB. 12. 1223 Sta. 1 

9:53 0.020 67.9 58.2 64.4 0 
9:55 0.0)0 68.0 58.0 64.7 
9:56 O.OiO 68.0 58.) 64.7 
9:57 0.0 0 68.0 58.1 65.2 
9:59 0.080 69.0 58.6 65.7 59.6 

10:00 0.100 68.7 58.3 65.2 59.4 1.5 
10:01 0.120 68.7 58.3 65.5 59.3 1.8 
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Time Height Porward tunnel Traverse Traverse QuantitY' 
of above pSK;hrometer g;Y'Chrome~r wind of water 

daY' terrain ~- ~w-Op velocity evaporated 
erm.o. ermo. Thermo. Thermo. 

Inches #a.1 ~1 'i2 #~2 ftt.sec co 

Test No. 17 (Cont) 

10:02 0.170 68.6 58.4 65.7 59.2 2.2 
10:03 0.220 68.6 58.2 66.4 59.1 2.3 
10:0~ 0.320 68.6 58.3 66.3 58.8 2.7 
10:0 0·i2O 68.7 58.6 66.8 59.2 2.8 
10:09 O. 20 69.5 59.2 67.6 59.4 3.0 
10:10 0.820 69.6 59.3 68.1 59.3 3.2 
10:11 1.220 69.2 58.7 67.9 58.7 5:i 10:12 1.720 69.3 59.0 68.2 59.0 
10:13 2.220 69.1", 58.8 68.2 58.8 3.6 
10:16 3.720 69.4 59.1 69.11: 59.0 4.3 56 
10:18 5.220 69.5 58.8 69.5 58.9 4.) 
10:20 7.220 69.3 59.2 69.5 59.2 4.5 
10:21 9.220 69.3 59.2 69.3 59.2 4.5 
10:22 89 

Test NOt 18 Dat! AB. 12. 1223 Sta. 2 

10:33 0.020 69.4 58.9 65.9 59.~ 0 
10:35 0.030 69.9 59.1 66.1 60.0 
10:36 O·~iO 69.8 58.7 66.3 60.1 
10:37 0.0 0 70.1 58.8 66.3 60.2 
10:38 0.080 70.6 59.0 66.4 60.0 
10:39 0.100 70.3 SS.7 66.3 60.0 1.) 
10:41 0.120 70.~ 58.9 66.3 60.0 1.% 10:42 0.170 69. 58.6 67.0 60.3 2. 
10:43 0.220 70.3 59.2 67.3 60.0 2.4 
1O:ki 0.320 71.0 59.5 68.0 60.2 2.4 31 
10:4 0·i2O 71.0 59.1 67.6 60.0 2.7 
10:49 O. 20 70.7 59.5 68.4 60.1 3.1 
10:S1 0.820 71.4 59.7 69.0 60.2 3.2 
10:53 1.220 71.3 60.1 69.4 60.1 3.6 
10:55 1.720 70.8 59.4 70.4 59.8 3.5 
10:56 2.220 70.8 59.S 70.3 59.5 3.7 
10:58 3.720 71.1 60.0 71.1 60.0 4.1 
11:00 5.220 70.8 59.1 70.8 59.3 ~~ 11:02 7.220 71.~ 59.2 71.5 60.6 
11:03 9.220 71. 59.1 71.4 59.1 4. 
11:04 104 

Test Nos 12 Date AlaS. 12. 1223 Stat l 
11:14 0.010 72.9 58.6 70.2 60.4 0 
11:1S 0.020 73.5 59.6 10.8 60.S 
11:16 0.030 72.7 59.9 7°·i 60.3 
11:17 0.050 73.4 60.1 70. 60.7 
11:18 0.070 73.S 59.9 71.4 60.8 
11:19 0.090 13.4 59.5 70.4 60.0 
11:20 0.110 73.0 58.6 70.5 59.8 1.5 
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Time Height Forward tunnel Traverse Traverse Quantity 
ot above pSK;hrometer psychrometer wind of water 

day terrain TAD- TArOp of of velocity evaporated 
Thermo. Thermo. Thermo. Thermo. 

Inches tu 11.5.1 tLL2 11.22 tt/.sec co 

Test No. 19 (Cont) 

11:21 0.160 72.9 59.8 70.8 60.1 2.0 
11:22 0.210 73.7 60.1 71.8 6°·i 2.1 
11:23 0.310 73.9 60.0 72.2 60. 2·i 11:25 0·i1O 74.6 60.4 72.8 60.6 2. 
11:26 O. 10 74.3 60.1 72.6 60.5 2.7 
11:27 0.810 75.1 60.1 73.8 60.8 3.0 
11:28 1.210 74.3 60.2 7~.4 61.4 3.1 
11:29 1.710 75.2 60.3 7 .3 61.3 3.2 40 
11:30 2.210 73.8 60.1 73.8 61.6 3.5 
11:31 3.710 74.6 59.2 72·i 61.0 4.1 
11:33 5.210 74.5 60.4 73. 62.6 4.2 
11:35 7.210 15.2 61.0 75.2 63.0 4.1 
11:36 9.210 75.8 61.2 75.8 63.8 4.1 
11:37 80 

Test No. 20 Date ABSI 21. 12.23 Sta l 1 

9:27 0.010 ~.9 58.6 63.2 0 
9:28 0.020 6 .2 59.0 64.0 
9:30 0.030 65.0 58.7 63.7 
9:31 0.050 65.3 59.0 63.6 
9:33 0.070 65.9 59.0 64.5 
9:35 0.090 65.7 58.6 63.8 
9,37 0.110 65.1 59.2 64.0 7.5 
9:39 0.160 65.3 58.8 64.4 7.9 
9:41 0.210 65.3 58.7 64.1 8.1 35 
9:43 0.310 65.9 59.0 64.6 8.2 
9:44 0·i1O 66.7 59.2 65.3 8.7 
9:47 O. 10 67.3 59.5 66.0 9.3 
9:50 0.810 66.7 59.8 65.3 9.3 
9:52 1.210 67.6 59.5 66.2 10.3 75 
9:53 1.710 66.9 59.la. 66.2 12.0 
9:~i 2.210 66.3 59.2 65.9 12.5 
9:5 3.710 66.8 59.5 66.2 12.8 
9:59 5.210 61.8 60.1 67.6 13.0 

10:02 7.210 68.1 60.7 68.1 13.4 
10:03 131 

Test No. 21 Date ABB. 21. 1923 Sta. 2 

10:18 0.020 68.6 61 .. 3 65.8 61.7 0 
10:19 0.030 68.9 60.4 66.0 62.0 
10:20 0.040 61.1 61.0 65.4 61.8 
10:22 0.060 68.2 61.5 66.2 62.3 
10:24 0.080 69.9 61.1 66.6 62.2 
10:25 0.100 68.2 61.2 66·i 61.8 6.8 
10:26 0.120 69.0 61.~ 66. 61.7 7.4 
10:27 0.170 69.5 61 •. 66.9 61.8 8.2 
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Time Height Forwal-d tunnel Travel-se Tl-avel-se Quantity 
of above PSb;hrometer psyohl-ometer wind of water 

day terrain itD- TtW-Op of OF velocity evaporated 
ermo. T ermo. Thermo. Thermo. 

Inchel 6, #51 #h2 tI.~2 ft,seo co 

Test No. 21 (Cont) 

10:21 0.220 69.0 61.1 61.2 61.7 8.3 
10:28 0.320 69·i 62.2 67.1 62.2 8.9 23 
10:31 0·i2O 69. 61.1 67.7 62.0 9.3 
10:33 o. 20 69.9 61.~ 61.2 61.4 9.7 
10:~ 0.820 68.5 61. 68.1 62.0 10.0 
10:3 1.220 69.8 61.5 68.6 61.6 11.2 
10:37 1.720 68.8 61.6 68.8 62.0 11.5 
10:38 2.220 69.4 61.9 69.2 61.8 12.5 
10:40 3.720 70.9 62.5 70.9 62.1 12.8 
10:42 5.220 70.8 62.7 70.1 62.7 13.4 
10:45 1.220 69.9 62.5 69.9 62.5 13.5 
10:46 82 

Test NO I 22 Date Ayg! 211 1223 Stat l 
10:55 0.020 11.3 62.0 69.5 62.6 0 
10:56 0.030 72.5 62.2 10.1 62.4 
10:58 O.OiO 69.9 62.3 69.8 62.5 
10:59 0.0 0 71.2 62.6 70.4 62.6 
11:00 0.080 71.3 63.1 70.3 63.1 
11:01 0.100 70.5 63.1 10.2 6,3.1 7.5 
11:01 0.120 71.0 63.0 10.8 63.0 8.0 
11:02 0.170 72.2 63.0 71.7 63.0 8.7 
11:03 0.220 72.9 62.1 71.0 62.2 8.2 
11:0i 0.320 70.7 62.5 70.3 62.7 9.3 
11:0 0·i2O 71.4 62.8 71.3 62.7 9.5 
11:07 O. 20 71.7 62.3 71.6 62.3 10.0 
11:08 0.820 72.1 62.1 70.1 61.9 10.5 
11:09 1.220 70.1 61.9 71.3 62.8 12.0 
11:10 1.120 72.3 63.1 71.8 63.3 12.5 
11:11 2.220 12.2 62.9 72.2 63.1 12.6 
11:13 3.720 12.7 62.4 72.1 63.5 13.5 
11:15 5.220 72.0 62.2 72.1 62.7 13.5 
11:16 7.220 72.2 62.7 72.2 62.1 13.5 
11:17 84 

Test No. 2,3 Date Ayg 211 1923 Sta. k: 
11:26 0.020 72.6 62.3 70.4 0 
11:21 0.030 72.0 61.7 70.3 
11:28 O.OiO 72.2 62.2 71.1 
11:29 0.0 0 72.5 62.0 70.9 
11:30 0.080 72.6 61.7 71.2 
11:31 0.100 72.2 61.1 70.8 62.1 2.3 
11:32 0.120 71.6 61.8 70.3 62.5 2.4 
11:33 0.170 71.8 62.0 70.8 62.2 2.9 
11:34 0.220 72.5 62.7 72.0 63.1 3.3 
11:3i 0.320 72.6 62.1 71.4 62.7 1.5 35 
11:3 0.420 72.0 62.3 71.2 62.3 10.1 
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Time Height Forward tunnel Traverse Traverse Quantlt~ 
ot above pSbjhrometer psychrometer wind ot water 
da~ terrain T~- itw-OF OF Opt ve1ocit,. evaporated 

T ermo. ermo. Thermo. Thermo. 
Inches ~1 #21 #~ 1.22 tt/.sec cc 

Test No. 23 (Cont) 

11:37 0.620 12.1 61.4 71.4 62.5 10.3 
11:38 0.820 71.6 62.3 11.4 63.0 11.3 
11:39 1.220 72.1 62.3 72.1 62.8 11.5 
11:40 1.720 12.6 61.2 71.7 61.7 12.7 
11:41 2.220 72.2 61.8 71.6 62.1 12.7 
11:43 3.120 12.2 62.2 12.2 62.6 13.0 
11:44 5.220 12.1 61.8 12.0 62.7 13.5 
11:45 1.220 71.1 61.0 11.7 62.6 13.5 
11:46 108 

Test NO I 2h. Date A:gg. 21. 1953 Sta. 6 

11:5i 0.020 71.9 61.7 11.9 62.6 0 
11:5 0.0)0 72.2 61.8 71.6 62.5 
11:57 O.OiO 71.8 61.7 71.5 62.6 
11:57 0.0 0 11.8 61.9 11.5 62.6 
11:58 o.oeo 72.1 61.8 11.0 62., 
11:59 0.100 71.8 61.3 11.6 62. 7.2 
12:00 0.120 71.6 61.8 71.7 62.1 1.5 
12:01 0.170 12.2 61.8 71.6 62.6 8.6 
12:02 0.220 71.6 61.9 71.6 63.1 8.4 
12:03 0.320 72.2 62.2 71.3 63.0 9.3 33 
12:05 O~O 71.1 61.8 71.7 63.1 9.5 
12:06 O. 20 71.1 61.8 11.1 62.9 9.4 
12:07 0.820 11.6 62.3 11.2 63.4 10.2 
12:08 1.220 71.3 61.8 71.3 62.7 11·i 12:09 1.720 71.2 61.3 71.~ 62.8 11. 
12:10 2.220 71.4 61.6 11. 62.8 12.0 
12:12 3.720 71.7 61.7 11.7 63.0 13.0 
12:14 5.220 71.6 61.4 71.5 63.2 13.5 
12:15 7.220 71.1 62.7 11.7 63.6 13.5 
12:16 114 

Test No. 22- Date A:yg. gal 1223 Stat 1 

9:25 0.030 13.3 60.4 67.9 59.1 0 
9:26 0.040 73.0 59.5 67.7 58.2 
9:27 0.050 73.4 60.5 68.5 59.1 
9:28 0.070 13.0 59.2 68.5 57.8 
9:29 0.090 73.2 60.6 68.8 58.3 48 
9:31 0.110 72.1 61.5 68.9 59.0 10.1 
9:33 0.130 73.1 62.1 69.4 58.8 10.1 
9:34 0.180 73.8 62.2 10.3 58.6 11.5 
9:35 0.230 73.0 62.8 69.6 58.7 11.7 
9:36 0.330 73.5 61.3 7°·i 59.2 12.0 113 
9:38 0·i3O 73.0 60.9 70. 60.0 12.3 
9:39 O. 30 73.4 61.4 71.6 60.4 12.7 
9:40 0.830 73.5 61.5 71.9 60.9 13.6 
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Time Height Forward tunnel Traverse Traverse Quant it,. 
of above ps~chrometer ps,-chrometer wind of water 

day terrain ~- II ~roll Opt Opt velocity evaporated 
• nno. ermo. Themo • Thermo. 

Inches &1 115.1 ~ 115.2 ~tLsec cc 

Test No. 25 (Cont) 

9:41 1.230 74.7 61·i 72.6 61·a 14.6 
9:42 1.730 74.6 61. 73-.6 61. 15.2 181 
9:45 2.230 74.0 61.7 72.8 61.4 15.7 
9:47 3.730 73.8 60.9 72.7 62.7 17.8 
9:49 5.230 73.4 60.5 73.4 62.2 18.0 250 
9:51 7.230 74.0 60.3 74.0 62.5 18.0 
9:52 279 

Test No. 26 Date Ays ~. 12~J Stat 2 

10:07 0.030 75.7 61.3 69.8 60.4 0 
10t08 0.040 74.8 61.0 69.8 60.1 
10:09 0.050 75.2 61.5 10.0 60.4 
10:10 0.070 7i·9 61.6 70.5 60.5 
10:11 0.090 7 .0 61.8 70.3 60.8 
10:12 0.110 15.7 61.8 71.2 60.6 11.6 
10:13 0.130 75.7 61.9 71.3 60.6 11.8 55 
10:14 0.180 75.6 61.7 72.3 61.1 12.0 
10:15 0.230 75.6 61.8 71.8 61.1 12.5 
10:16 0.330 75.6 61.8 72.2 61.0 12.8 86 
10:19 0·i3O 76.3 62.4 73.1 61.5 13.5 
10:20 O. 30 76.1 62.1 73.8 61.2 13.8 
10:21 0.830 76.7 61.8 74.8 62.0 15.2 
10:22 1.230 76.4 62·i 74.4 61.3 15.8 
10:23 1.730 76.1 62. 75.5 62.7 16.0 131 
10:25 2.230 76.7 63.5 76.3 63.5 17.0 
10:27 3.730 76.6 63.0 76.5 63.2 18.4 
10:29 5.230 76.4 63.2 76.4 64.0 19.5 173 
10:30 7.230 77.0 63.5 77.1 64.9 19.0 
10:31 206 

Test No. 21 Date A:gg. 2h. 1223 Stal J 

10:1 ... 3 0.040 78.8 63.2 76.6 64.8 0 
10:45 0.050 78.2 63.6 76.7 64.6 
10:46 0.060 78.5 63.1 76.5 64.7 
10:48 0.080 79.3 63.6 77.4 65.0 
10:49 0.100 78.6 63.6 77.0 64.6 11.7 35 
10:50 0.120 78.4 64..1 77.0 65.4 11.9 
10:51 0.140 78.4 64.0 77.0 65.4 11.9 
10:52 0.190 77.$ 63.7 77.1 65.~ 12.0 
10:53 0.240 78.3 64.4 77.5 65. 12.8 
10:53 0.340 78.8 64.2 78.1 66.0 13.5 76 
10:55 o.~o 79.3 6$.0 78.8 66.3 13.8 
10:57 o. 40 79.7 E4.6 78.4 66.9 14.1 
10:58 0.840 78.6 64.2 18.4 66.2 15.5 
10:59 1.240 79.4 65.1 79.3 66.8 16.2 121 
11:00 1.740 19.3 64.6 79.3 66.8 17.0 



106 

Time Height Forward tunnel Traverse Traverse Quantity 
of above psgchrometebp psychrometer wind or water 

day terrain T~D- F T~w- OF Op velocity evaporated 
T ermo. T ermo. Thermo. Thermo. 

Inchel #"=1 #~1 #"=2 #52 rtLsec cc 

Test No. 27 (Cont) 

11:02 2.240 79.7 64.9 79.7 67.6 12.7 
11:04 3.740 79.7 64.9 79.1 67.2 18.5 
11:05 5.240 80.5 65.0 80.5 67.8 19.0 174 
11:07 7.240 79.8 65.4 79.8 67.9 18.8 
11:08 216 

Test No. 28 Date ABS. ~. 1923 Sta l !L 
11:20 0.030 85·i 67.1 77.0 0 
11:21 0.040 85. 66.8 77.6 
11:22 0.0,5'0 85.1 66.3 77.9 
11:23 0.070 82.3 66.3 78.1 
11:24 0.090 80.6 66.7 77.5 66.7 
11:25 0.110 82.2 67.3 78.7 67.3 3.2 
11:26 0.130 82.3 67.1 78·3 67.1 3.6 32 
11:27 0.180 82.3 67.0 78. 61.0 i·5 
11:27 0.230 82.4 67.0 80.5 67.0 .7 
11:28 0.330 82.3 67.2 80.2 67.3 10.8 65 
11:31 0·i3O 82.5 66.3 79.5 66.3 13.0 
11:32 O. 30 81.9 66.1 80.6 66.1 13.8 
11:33 0.830 82.3 66.3 80.5 66.2 1i·4 
11:~ 1.230 82.3 66.0 80.6 66.1 1 .0 
11:3 1.730 83.5 67.2 81.6 67.1 16.8 131 
11:38 2.230 82.9 61.5 81.7 61.5 16.9 
11:40 3.130 82.8 68.9 82.8 68.9 17.0 
11:42 5.230 82.9 68.2 83.0 69.8 18.0 193 
11:44 1.2)0 83.2 67.7 83.2 10.0 18.0 
11:45 242 

Test No. 22 Date Aug. 21. 122:3 Sta. 1 

14:07 0.010 82.3 65.3 74.3 0 
14:08 0.020 82.2 65.3 74.4 
14:09 0.030 82.2 65.1 14.3 
14:10 0.050 81.9 64.9 1i·l~ 69.9 
14:11 0.070 82.4 65.1 7 .1 69.4 
14:13 0.090 82.3 65.1 75.0 69.0 
14:14 0.110 82.2 65.0 75.3 68.8 0.25 
14:15 0.160 81.9 65.3 1"6.2 68.5 o .J.J.4 
14:16 0.210 81.9 65.5 16.3 68.1 ... 0.55 
14:18 0.310 81.9 65.2 71.5 67.0 0.86 35 
14:21 O·liO 81.9 65.0 78.8 66.8 1.1 
14:22 O. 10 81.9 65.2 19.7 66.2 1.3 
14:23 0.810 81.9 64.9 80.3 65.7 1.9 
14:~ 1.210 81.8 65.1 80.6 65.1 2.5 
14:2 1.710 81.9 64.9 81.0 64.9 2.6 
14:21 2.210 81.8 6,5'.2 81.0 65.2 2.8 
14:29 3.710 81.9 65.3 81.1 65.4 2.8 
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Time Height Forward tunnel Traverse Traverse Quantity 
of above pS~hrometebp. psychrometer wind of water 

day terrain ~D- ~r of of velocity evaporated 
ermo. ermo. Thermo. Thermo. 

Inabel #!t1 #5.1 #h2. #52 ftLsec cc 

Test No. 29 (Cont) 

14:31 5.210 81.7 65.3 81.1 65.3 2.8 
14:32 6.710 81.4 65.4 81.2 65.4 2.8 70 
14:44- 107 

Test No. ,30 Date ASS. ll. 195.3 Sta. 6 

15:32 0.010 91.9 70.8 86.3 72.4 0 
15:34 0.020 92.0 69.1 82.7 72.7 
15:35 0.030 91.3 69.5 86.3 71.8 
15:36 0.050 91·i 69.6 86.3 69.6 
15:37 0.070 90. 69.7 86.5 69.7 
1$:39 0.090 91.5 70.0 86.6 68.2 
15:40 0.110 91.8 70.5 87.1 67.7 
15:41 0.160 91.9 70.3 87.0 66.2 
15:43 0.210 91.5 71.3 86.8 65.7 0.26 
15:44 0.310 91.4 71.3 86.8 65.5 0.37 54 
15:47 0.~10 92.3 72.2 87.5 65.9 0.60 
15:50 O. 10 92.3 73.0 88.1 65.6 1.3 
15:52 0.810 91.6 74.9 88.6 65.9 1.5 
15:5i 1.210 92.3 79.2 89.4 65.7 1.9 
16:0 1.710 92.8 69.0 89.4 65.7 2.0 
16:08 2.210 92.2 68.6 90.4 65.9 2.1 
16:10 3.710 92.4 68.7 90.7 66.4 2.4 
16:13 5.210 90.4 68.2 90.4 66.~ 2.lj. 
16:15 6.710 90 • .3 67.9 90.4 67. 2.4 
16:16 226 
16:26 281 

Test No. ,31 Date BeEt. 21. 122.3 Sta. 6 

14:15 0.010 66.0 51.0 65.6 52.5 0 
0.020 65.6 51.4 65.9 52.8 

14:24 0.030 65.1 51.5 66.7 52.7 58 
0.0$0 65.9 51.3 66.7 52.8 
0.070 67.0 52.1 66.7 52.7 
0.090 67.2 51.5 66.5 52.7 
0.110 67.2 $1.3 66.7 52.7 4.1 

14:31 0.160 67 • .3 SL .1 67.1 53.1 4.6 112 
0.210 66.7 50.4 66.5 52.6 4.7 
0.310 67.5 51.3 67.8 53.1 5.0 

14:41 0·i1O 66.7 51.% 66.7 52.7 5.3 168 
O. 10 66 • .3 50. 66.3 52.5 5.8 
0.810 66.0 50.5 65.9 52.3 6.0 

14:46 1.210 65.9 $0.4 65.9 52.5 6.6 207 
1.710 65.8 50.3 65.8 52.7 7.2 
2.210 65.4 50.2 66.6 52.8 7.3 

14:53 3.710 67.7 51.8 68.1 53.7 7.9 250 
5.210 67.4 50.8 67.1 53.2 8.0 

14:58 6.710 65.9 50.4 65.8 53.7 8.1 276 
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Time Height Forward tunnel Traverse Traverse Quantit'1 
of above pso:chrometer psychrometer wind of water 

day terrain T -14' T of of of velocity evaporated 
TA~rmo. Tftr:rmo. Thermo. Thermo. 

Inches #41 #51 #42 1152 tt~sec cc 

Test No. 22 Date Se~tl 22. 1222 Sta. 6 

12:14 0.020 84.1 57.2 80.1 58.2 0 
0.030 84.4 58.1 80.0 58.8 
O.OiO 84.7 57.9 80.6 58.7 

12:18 0.0 0 84.2 58.1 80.7 59.1 42 
0.080 84.1 57.3 80.4 58.2 
0.100 84.6 58.2 80.7 59.2 3.8 
0.120 84.5 58.2 81.2 59.3 4.0 

12:22 0.170 84.5 58.2 81.1 59.2 4.3 79 
0.220 85.4 58.7 81.0 59.5 4.7 
0.320 85.3 58.6 81.2 59.9 4.9 

12:26 0·i2O 84.6 58.3 81.9 59.9 5.4 120 
12:30 O. 20 85.2 58.3 81.7 5.4 161 

0.820 85.2 57.6 81.2 5.9 
1.220 85.5 57.2 82.4 6.2 

12:34 1.720 85.5 57.6 82.5 6.6 200 
2.220 86.6 57.6 84.1 7.0 

12:38 3.720 8i·9 58.6 84.2 7.9 240 
12:41 5.220 8 .2 58.3 84.5 8.0 250 
12:42 6.720 85.6 57 .9 84.5 8.1 280 
12:46 320 

Test NOI JJ Date SeEt! 22. 1953 Sta. 1 

13:23 0.030 86.6 57.9 78.0 59.8 0 
13:25 0.040 85.4 57.8 78.3 59.2 
13:28 0.050 85.0 57.6 78.3 59.2 55 
13:30 0.070 84.7 57.6 78.2 59.0 
13:31 0.090 8i·8 58.0 78.8 59.4 96 
13:~ 0.110 8 .2 57.8 18.6 59.1 3.9 
13:3 0.130 86.5 58.2 19.5 59.6 4.0 135 
13:38 0.180 81.1 58.0 79.9 59.3 4.3 
13:39 0.230 86.8 58.3 80.4 59.5 4.5 
13:41 0.330 86.1 58.1 81.3 59.3 4.6 
13:42 0·i3O 81.1 58.5 81.3 59.2 5.0 182 
13:~ o. 30 81.7 58.2 82.3 59.9 5.6 
13:4 0.830 87.6 58.7 83.3 60.0 5.6 
13:48 1.230 81.3 58.4 84.6 59.8 5.9 250 
13:49 1.130 81.0 58.5 84.1 60.1 6.3 
13:50 2.230 86.1 58.0 85.7 60.2 6.4 
13:53 3.730 87.3 57.8 85.0 59.7 7.% 3~i 13:55 5.230 87.2 58.8 87.0 6°·i 7. 33 
13:57 6.130 87.6 58.6 87.4 60. 7.7 
13:58 365 

Test No. 3b. Date Se~t. 22. 1253 Sta. 2 

14:15 0.020 87.7 58.1 79.3 60 • .3 0 
14:16 0.030 87.7 58.2 79.7 60.2 
14:17 0.040 88.0 58.3 79.5 60.3 
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Time Height Forward tunnel Traverse Traverse Quantity 
of above pS6chrometer psychrometer wind of water 

day terrain TAD- F TAW-OF Opt Opt velocity evaporated 
Thermo. Thermo. Thermo. Thermo. 

'DsslWa 6. ~l ttii f~i tt,sec cc 

Test No. 34 (Cont) 

14:18 0.060 81.~ 58.3 19.3 60.1 31 
14:19 0.080 88.1 58.6 19.1 60.6 
14:20 0.100 88.0 58.8 80.1 60.3 3.1 
14:21 0.120 88.8 58.6 81.1 60.8 4.1 49 
14:22 0.170 81.9 59.0 80.7 60.1 4.6 
l1p23 0.220 88.1 59.4 80.8 60.8 4.6 
14:24 0.320 88.6 59.1 81.8 60.4 4.6 16 
14:24 0·i2O 89.2 59.0 82.3 61.2 5.4 
14:27 O. 20 88.0 59.0 81.9 60.6 5.1 120 
14:29 0.820 88.3 59.2 84.3 60.5 5.8 
14:30 1.220 81.8 59.0 8i·1 6°·i 5.8 
14:32 1.120 88.4 59.0 8 .1 60. 6.6 175 
14:33 2.220 88.1 58.9 86.1 60.6 6.7 
14:35 3.720 88·i 59.6 86.6 61.3 7.5 205 
14:37 5.220 88. 59.4 81.0 61.8 1.5 227 
14:38 6.720 89.1 59.4 88.8 61.8 7.7 
14:39 250 

Test No. 32 Date SeI!t. 2Ja 1223 Sta. 6 

11:22 0.050 19.1 50.3 11.3 0 
11:~ 0.060 19.4 49.5 71.1 36 
11:2 0.070 19.3 49.5 71.0 65 
11:28 0.090 18.8 49.1 76.1 96 

0.110 79.3 49.5 71·i 6.1 
11:30 0.130 79.2 49.1 16. 6.2 130 

0.150 19.2 49.1 11.1 6.7 
11:32 0.200 19.6 49.7 71.0 1.3 159 
11:?i 0.250 19.6 49.9 11.0 1.5 192 
11:31 0.350 80.3 50.1 71.6 1.7 224 
11:38 0·i50 79.6 49.5 77.4 8.6 2~0 11:40 o. 50 79.6 49.6 77.9 8.8 2 6 
11:42 0.850 80.2 50.1 77.9 9.2 312 

1.250 79.7 50.5 77.9 10.0 
11:tti 1.750 79.1 50.1 78.4 10.1 342 
11:4 2.250 79.1 50.2 78.0 11.1 372 
11:48 3.750 79.6 50.3 78.3 14.1 403 
11:50 5.250 79.5 49.6 79.1 15.0 437 
11:52 6.750 19.4 50.4 79.2 14.1 465 
11:54 494 

Test No. j6 Date Se;et! 2Ja 122J Sta. 1 

12:23 0.030 81.0 50.4 75.0 0 
12:25 0.040 80.2 50.3 74.3 33 
12:27 0.050 80.3 49.6 74.~ 66 
12:29 0.070 80.6 50.0 74. 95 
12:31 0.090 80.7 50.7 75.7 123 

0.110 80.4 50.7 75.1 6.4 
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Time Height Forward tunnel Traverse Traverse Quantity 
or above pS~hrometeE g;YChrOme~r wind of water 

day terrain T~D- TftW- F velocity evaporated 
T ermo. T ermo. Thermo. Thermo. 

Inches #41 #51 #42 #52 ft/sec cc 

Test No. 36 (Cont) 

12:33 0.130 80.6 50.7 75·i 6.9 150 
0.180 80.6 50.8 75. 7.2 

12:35 0.230 79.9 50.5 15.8 1.3 179 
12:37 0.330 19.8 50.1~ 16.2 1.9 211 
12:39 0·i3O 80.6 51.3 11.0 8.2 243 
12:41 O. 30 19.1 51.4 77.9 8.4 250 
12:42 0.830 80.3 50.1 18.1 9.0 285 
12:fri 1.230 80.6 50.2 19.1 9.0 310 
12:4 1.730 81.3 50.8 78.4 10.0 338 
12:48 2.230 80.6 50.5 19.1 10.0 366 
12:50 3.130 80.9 50.9 80.0 14.0 398 
12:52 5.230 81.3 50.9 81.0 14.1 421 
12:5i 6.730 81.6 51.3 81.1 15.1 456 
12:5 482 

Test No • .21 Date Se:et. 2J. 192.2 Sta. 2 

13:20 0.040 80.7 50.0 14.8 0 
13:22 0.050 81.0 50.1.J. 15.1 35 
13: 2i 0.060 80.1 50.5 14.8 63 
13:2 0.080 81.1~ 50.4 15.1 89 

0.100 81.1 SO.5 16.2 6.2 
13:28 0.120 81.0 50.6 15.6 6.7 119 

0.140 81.}_~ SO.4 75.3 7.2 
13:30 0.190 81.3 51.3 76.2 7.5 149 
13:32 0.240 81.0 51.1 75.1 8.3 178 
13:34 0.340 81.0 50.1 75.4 8.7 206 

O·it° 81.2 51.0 77.0 9.0 
13:36 o. 40 81.0 51.3 78.1 10.0 233 
13:38 0.840 81.0 Sl.0 78.8 10.0 250 
13:40 1.240 81.0 SO.6 79.5 10.0 294 
13:42 1.740 81.9 50.9 79.7 11.1 322 
13:~ 2.240 81.1 50.9 79.7 11.1 346 
13=4 3.74° 80.2 50.7 80.2 14.5 375 
13:48 5.240 82.1 50.7 81.9 15.0 412 
13:50 6.740 81.5 SO.5 81.5 15.9 437 

Test No. ,28 Date Se:et. 2.2. 192.2 Sta. 6 

14:12 0.020 81.5 51.5 80.6 0 
14=ii 0.030 82.2 SO.8 79.8 
14:1 O.OiO 81.9 50.7 80.5 
14:11 0.0 0 80.9 50.9 80.0 
14:18 0.080 81.5 51.1 80.5 62 
14:19 0.100 81.8 Sl.3 80.2 6.3 
14:20 0.120 81.7 Sl.4 80.5 7.0 
14:21 0.170 81.9 50.7 80.6 7.0 102 
14:22 0.220 81.9 50.1 80.5 7.2 
14:23 0.320 80.9 50.7 80.7 7.5 135 
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Time Height Forward tunnel Traverse Traverse Quantity 
of above ps~chromete~ psychrome ter wind of water 

day terrain TAD- F TAW- F Op Op velocity evaporated 
Thermo. Thermo. Thermo. Thermo. 

ft/.sec Ingh~a ihl 1I..~1 #!L2 1I..~2 co 

Test No. 38 (Cont) 

14:~ 0.420 80.7 50.8 80.2 7.5 
14:2 0.620 81.3 51.8 80.4 8.2 194 
14:28 0.820 80.9 50.6 80.1 9.0 
111: 29 1.220 80.6 51.2 79.9 9.3 
1ij.:30 1.720 80.7 50.9 80.0 10.0 248 
14:31 2.220 81.1 50.8 80.6 12.0 276 
14:33 3.720 81.3 51.3 81.2 13.0 
14:35 5.220 81.1 50.8 81.3 14.0 328 
14:37 6.720 81.2 50.6 81.2 14.0 
14:38 355 

Test No. 032 Date Se12t • 2!1. 122.2 Sta. 6 

13:20 0.100 79.5 52.0 76.5 55.2 4.8 0 
13:24 0.1$'0 78.8 $'2.8 7i·3 $'$'.5 7.8 69 
13:27 0.200 78.7 51.9 7 .9 55.6 9.1 121 
13:29 0.300 78.8 $'4.7 77.8 55.4 10.0 158 
13:31 O·iOO 78.4 54.8 77.2 $'4.9 10.7 191 
13:33 O. 00 78.9 $'2.1 77.3 54.9 11.4 235 
13:35 0.800 78.7 51.6 78.4 55.0 12.2 250 
13:37 1.200 78.7 52.0 78.3 55.3 12.8 310 
13:39 1.700 78.9 $'2.3 77.1 55.5 14.0 5i~ 13:41 2.200 79.3 51.l~ 78.2 ~.9 15.0 
13:43 3.700 78.5 51.9 78.4 5 .6 1$'.5 424 
13:4-5 5.200 77.5 51.9 78.3 55.9 16.5 463 
13:47 6.700 77.6 52.2 77.9 58.1 16.5 500 

Test No. 11:0 Date Se12t. 2b.. 1922 Sta s 1 

14:07 0.100 78.7 51.7 74.8 7.1 0 
14:09 0.150 79.0 51.1 73.4- 8.5 42 
14:11 0.200 79.3 51.7 75.0 9.4 75 
14:13 0.300 78.8 51.3 74.8 10.~ 115 
14:15 O·iOO 79.2 51.4 75.7 10. 157 o. 00 78.1 51.~ 76.1 11.6 
14.:17 0.800 79.9 50. 77.5 11.9 190 
14:19 1.200 78.6 51.1.,. 76.5 13.4 225 
14:21 1.700 78.8 50.9 78.2 13.9 250 
14:23 2.200 78.8 50.9 77.8 14.3 306 
14:25 3.700 78.8 51.8 78·i 15.3 340 
14:27 5.200 79.0 51.2 78. 16.7 378 
14:29 6.700 79.3 51.4 78.4 16.7 414 
14:31 452 

Test No. k1 Date Se~t. 2~1 1922 Sta. 2 

14:48 0.050 78.6 51.8 73.9 52.2 0 
14:50 0.100 78.8 51.7 73.9 55.0 9.8 30 
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Time Height Forward tunnel Traverse Traverse Quantity 
of above pS~hrometer psychrometer wind of water 

day terrain T~D- ~rOpt Opt Opt velocity evaporated 
T ermo. ermo. Thermo. Thermo. 

Inches 1111:1 '21 #42 1122 ftLsec co 

Test No. 41 (Cont) 

14:52 0.150 18.5 51.5 74.0 55.3 9.9 59 
14:5i 0.250 18.5 51.5 15.0 55.1 11.0 98 
14:5 0.350 78.5 50.4 13.9 54.4 11.4 132 

0.550 19.6 51.3 15.5 54.1 12.0 
14:58 0.150 19.2 51.8 76.8 54.6 13.0 174 
IS:00 1.150 79.7 51.7 77.8 5S.7 13.2 200 
15:02 1.650 78.3 51.1 78.3 55.9 13.5 ~~ 15:~i 2.150 78.4 51.0 78.8 55.1 ft·3 15:0 3.650 19.7 51.9 19.5 55.9 1 .0 326 
15:08 5.150 79.4 51.6 79.2 56.8 16.4 361 
15:10 6.650 79.2 51.9 79.0 56.8 16.4 389 
15:12 429 

Test No. ~ Date Sel!t. ~I 12:23 Stat 6 

14:30 0.050 79.0 52.1 78.3 0 
14:32 0.100 79.0 51.4 78.4 7.9 34 
14:.34- 0.150 17.5 50.9 71.5 9.0 71 
14:36 0.250 78.4 50.9 78.3 10.0 107 

0.350 78.7 52.2 18.8 11.1 
14:38 0.550 78.2 52.2 78.2 11.4 147 

0.750 78.2 52.~ 71.8 11.9 
14:40 1.150 18.1 51. 11.9 13·i 183 
14:42 1.650 19.5 52.2 78.6 13. 224 
14·tti 2.150 19.2 52.2 78.6 14.3 250 
14;4 3.650 19.1 52.2 77.4 15.8 291 
14:48 5.150 76.6 53.0 76.% 17.1 325 
14:50 6.650 75.8 53.0 15. 17.1 353 

Test No. k3 Date Se;etl 22.. 1223 StaB 6 

11:45 0.030 65.8 51.1 63.7 52.0 0 
0.040 64.0 51.3 63.0 51.7 
0.050 64.3 50.3 63.1 51.7 
0.010 ~:k 51.3 63.2 51.6 
0.090 51.0 63.6 51.3 1.3 
0.110 65.4 51.3 63.1 51.3 l·i 11:54 0.130 65.4 51.5 63.6 51.3 1. 26 
0.180 64.3 50.3 63.3 51.7 2.0 
0.230 63.1 50.1 62.7 51.4 2.2 
0.330 65.1 50.9 64.0 51.4 2.6 

12:01 0.lJ.30 ~.9 50.8 63.6 51.3 2.7 50 
0.630 6 .2 52.2 65.1 52.3 3.1 
0.830 66.1 52.0 ~:t 52.3 3.1 
1.230 66.7 52.0 52.3 3.3 
1.130 66.4 52.1 65.1 52.7 3.6 
2.230 66·i 52.1 65.3 52.3 4.0 

12:10 3.730 66. 52.2 65.5 52.6 4.2 78 
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Time Height Forward tunnel Traverse Traverse Quantity 
ot above pS'bchrometer g;YChrometer wind of water 

day terrain TAD- F ~rOF of velocity evaporated 
T ermo. ermo. Thermo. Thermo. 

Ingh~UI 111:1 12,1 IIh2. '22 ttLsec cc 

Test No. 43 (Cont) 

5.230 68.0 52.2 67.2 52.6 4.2 
12:18 6.730 66.7 52.2 65.8 53.0 4.2 106 

Test No. hh Date Se~t. 221 1923 Sta. 1 

12:38 0.030 69.4 53.3 63.6 53.9 0 
0.040 10.2 53.3 63.6 54.1 
0.050 70.3 53.7 63.8 54.2 
0.010 71.1 53.7 64.6 54.3 
0.090 72.1 53.2 65.4 54.2 
0.110 69·i 53.2 64.7 54.0 1.6 
0.130 69. 53.6 65.0 54.0 1.6 
0.180 70.7 54.1 65.9 54.2 2.0 

12:49 0.230 70.7 53.3 65·i 54.0 2.6 32 
0.330 71.3 54.2 66. 54.2 2.6 
0·i3O 11.1 54.0 67.1 54.1 2.7 
o. 30 70.2 53.7 67.8 53.6 3.1 
0.830 71.4 54.1 68.0 54.1 3.1 

12:57 1.230 69.1 54.1 67.2 54.1 3.6 60 
1.730 71.4 53.8 68.5 54.0 4.1 
2.230 70.2 54.1 70.3 54.1 4.0 

13:05 3.730 70.8 53.3 69.9 54.2 4.3 90 
5.230 74.3 54.5 73.1 55.9 4.3 

13:11 6.730 73.0 54.8 72.6 56.2 4.3 111 

Test No. h5 Date SeRt. 221 1953 Sta. 2 

13:34 0.010 13.5 54.3 67.3 55.9 0 
0.020 14.0 53.6 61.6 55.0 
0.030 13.4 53.6 67.5 55.4 
0.050 75.1 54.1 68.4 55.7 
0.010 75.7 55.0 68.4 56.3 
0.090 75.3 54.4 68.0 55.8 

13:42 0.110 75.2 54.1 68.5 55.9 1.6 34 
0.160 16.3 54.5 69.2 55.9 1.9 
0.210 1i·9 54.5 69.6 56.1 2.2 
0.310 7 .5 ~.O 10.2 55.4 2.7 
0·i1O 76.0 55.0 70.7 56.~ 2.6 
O. 10 75.2 54.7 11.2 55. 2.7 

13:52 0.810 75.7 55.3 72.1 56.2 2.9 15 
1.210 14.4 55.0 72.1 56.0 3.3 
1.110 74.5 54.8 13.0 56.0 3.6 
2.210 15.6 55.1 14.2 56.3 3.5 

13:58 3.11Q 15.6 55·i 75.0 57.1 3.8 100 
5.210 15.8 5i· 15.3 51.2 4.1 

14:06 6.710 76.2 5 .3 76.7 58.6 4.1 154 
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Time Height Forward tunnel Traverse Traverse Quantity 
or above ps~ehrometeE psychrometer wind or water 

day terrain TtD- F TAW- F Op Op velocity evaporated 
T ermo. Tlierm.o. Thermo. Thermo. 

Inches #!tl #~1 {&2 1I~2 tt~sec ec 

Test No. !L6 Date Se:et. 22. 1923 Sta. 6 

14:24 0.020 77.5 56.9 72.9 57.6 0 
0.030 77.1 57.2 73.5 57.6 
O.OiO 77.5 57.1 73.5 57.7 
0.0 0 76.6 57.3 73.4 56.4 
0.080 77.2 56.3 73.3 57.2 

14:33 0.100 78.2 57.2 74.4 57.6 0.34 39 
0.120 78.2 56.9 73.4 57.8 0.32 
0.170 77.7 51.3 73.9 57.7 0.62 
0.220 77.5 56.7 13.9 57.1 0.86 
0.320 17.4 56.8 73.9 57.7 1.1 
0·i2O 77.7 56.6 75.3 57.6 1.6 

14:41 o. 20 78.1 56.4 1i·2 57.8 1.9 75 
0.820 78.8 57.0 7 .7 58.2 2.6 
1.220 79.2 51.0 75.9 58.1 2.7 
1.720 78.9 51.6 16.1 58.8 3.2 
2.220 79.0 57.8 71.5 59.0 3.6 

14:49 3.120 18.8 51.8 18.3 59.5 3.6 103 
5.220 78.8 56.4 76.9 5B.7 3.6 

14:54 6.720 78.0 56.7 71.9 59.1 3.6 127 

Test No. !l:l Date Se:et. jO. 1922 Sta. 6 

11:52 0.030 72.5 55.2 67.9 56.3 0 
0.040 71.9 55.0 6B.o 56.3 
0.050 71.9 54.B 68.5 56.3 
0.010 72.6 55.0 68.1 56.4 
0.090 73.0 55.5 68.7 56.4 
0.110 73.1 55.8 68.4 56.1 
0.130 13.0 56.0 68·i 56.B 

12:04 O.lBO 13.1 56.0 68. 56.4 0.10 28 
0.230 13.1 55.9 68.9 56.1 0.19 
0.330 12.9 55.9 69.4 56.3 0.49 
0·i3O 73.0 55.4 69.$ 56.3 0.41 
o. )0 73.5 55.4 70.4 56.4 1.20 
0.8)0 72.1 55.% 70.9 56.2 1.5 
1.230 74.1 55. 71.3 56.3 1.8 
1.730 74.7 56.0 72.5 56.8 2.2 

12:17 2.230 73.4 55.7 72.1 56.4 2.4 55 
3.730 73.0 55.9 12.3 56.3 2.4 
5.230 73.0 55.B 71.7 57.2 2.4 

12:26 6.730 75.2 56.9 74.5 58.0 2.2 72 

Test No. !L8 Date Se~t! 30. 1922 Sta. 1 

12:51 0.040 76.1 57.5 64.9 59.9 0 
12:52 0.050 76.~ 57.6 65.0 60.1 
12:54 0.060 75. 57.3 65.4 60.1 
12:55 O.OBO 16.1 51.4 65.6 60.1 
12:56 0.100 76.7 51.4 65.4 60.1 
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Time Height Forward tunnel Traverse Traverse Quantity 
of above pS~hrometer psychrometer wind of water 

day terrain TAD- TArOp of Opt velocity evaporated 
T ermo. T ermo. Thermo. Thermo. 

Inches tli1 #51 #~2 #52 ft~sec co 

Test No. 48 (Cont) 

12:57 0.120 76.8 57.% 65.9 60.0 
12:58 o .1t{.0 76.9 51. 66.2 60.0 
12:59 0.190 17.0 51.8 67.3 59.6 0.16 
12:59 0.240 71.1 57.7 68.0 59.3 0.33 26 
13:00 0.340 76.9 57.1 68.1 59.1 0.35 
13:03 o·it° 16.4 57.0 69.4 58.5 0.62 
13:0i O. 1~0 77.5 51.2 11.9 51.9 1.4 
13:0 0.840 71.3 57.1 13.1 58.0 1.4 
13:01 1.240 71.3 51.9 73.9 57.9 2.2 
13:08 1.740 77.2 57.7 75.0 58.2 2.3 31 
13:09 2.240 77.5 57.7 75.9 58.1 2.3 
13:13 3.740 77.9 58.2 76.7 58.8 2.3 
13:16 5.240 78.8 58.2 17.4 59.3 2.3 
13:18.5 6.140 17.9 58.1 11.3 59.5 2.3 51.5 

Test No. !l:2 Date Se:et! JO. 1923 Sta. 2 

13:36 0.020 78.3 58.9 61.9 61.8 0 
0.030 80.6 58.9 68.9 62.0 
0.040 80.6 59.5 68.6 62.1 
0.060 80.1 59.5 68.5 62.1 
0.080 81.2 59.1 69.6 62.0 
0.100 81.3 59.0 69.4 61.9 

13:41 0.120 80.6 59.5 68.1 62.4 
0.110 81.1 59.5 68.1 62.3 
0.220 81.7 59.5 68.1 62.2 0.11 
0.320 81.1+ 59.6 69.0 61.8 0.10 
0.h.20 81.9 57.1 70.8 61.0 0.41 
0.620 81.1 57.7 71.0 61.2 0·i1 
0~820 82.3 57.5 71.6 59.5 o. 8 

13:59 1.220 82.8 51.9 12.6 59.8 0.84 48 
1.720 83.2 51.9 75.2 59.3 1.0 
2.220 82.7 58.3 18.4 59.2 1.5 

14:08 3.120 83.0 51.2 80.9 59.0 2.2 73 
5.220 83.6 51.5 80.5 59.1 2.2 

14:12 6.720 83.0 56.3 82.3 59.1 2.3 85 
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Thermocouple Run Run Run RuD Run 
BulIlber 1a 1b-2a 2b la lb-J!! 

1 66.1 67.1 67.5 60.2 60.8 
2 64.7 6.$.3 65.5 59.2 59.4 
3 ~.4 65.3 65.5 59.1 59.2 

i .2 65.1 67.9 59.6 60.2 
65.3 65.9 66.1 59.4 59.7 
65.3 66.4 66.2 59.~ 59.7 

6 6S.~ 66.2 66.2 59. 60.0 
65. 66.4 66.6 59.6 60.0 

9 65.6 66.2 66.2 60.0 60.4 
10 65.8 66.2 66.6 59.8 60.2 
11 6~.8 68.8 69.4 61.2 61.9 
12 5 .7 58.7 62.1 55.9 56.0 
~, 65.7 66.1 66.2 60.1 60.4 

66.7 67.6 67.7 60.6 61.1 
15 65.9 66.1 66.2 59.8 60.0 
16 7~.6 76.6 76.9 67.5 69.4 
21 6 .6 69.8 72.0 61.0 61.2 
22 66.7 67.6 68.1 59.5 60.7 
23 64.8 66.0 66.6 59.5 60.0 
24 65.8 65.8 66.6 59.6 60.4 
25 66.7 67.3 68.2 60.0 60.9 
26 64.5 65.0 65.8 59.1 59.6 
27 64.8 65.0 65.9 59.2 59.8 
28 64·i 6~.9 65.4 59.2 59.4 

~ 79. 8 .6 84.0 73.1 78.0 
73.5 85.1 8).1 68.2 75.0 

I 
79.7 85.9 83.7 73.0 76.5 
77.4 81.3 81.6 68.4 71.3 
15.7 79.0 ~9.2 68.3 70.7 
78.7 83.1 4.1 72.5 75.1 
62.3 6i· 2 63.2 59.0 60.6 

52 6 .0 64.5 61.3 

Run Run Run 
!l:b 2a Sb-6a 

61.2 59.9 59.5 
59.4 58.6 57.8 
59.4 58.3 57.8 
60.6 59.7 59.1 
59. 59.5 58.6 
60.0 59.6 58.8 
60.0 60.0 59.0 
60.4 60.1 59.1 
60.7 60.5 59.5 
60.5 60.5 59.5 
62.8 61·i 61.0 
,$"6.3 56. 57.7 
60.8 60.3 59.4 
61.8 60.7 60.3 
60.6 60.4 59.1 
70.7 67.7 69.0 
64.5 61.7 62.2 
61.3 59.5 59.3 
60.1 59.1 58.3 
60.1 59.1 58.3 
61.3 59.4 59.3 
59.6 59.0 58.2 
59.7 59.2 58.5 
59.2 59.0 58.0 
79.8 74.1 78.8 
80.5 67.8 76.3 
80.1 73. 0 78.9 
73.9 6 .9 72.1 
72.2 68.1 71.9 
77.0 72.1 74.~ 
57.7 56.8 57. 
59.1 59.3 

Run Ru.n 
6b-la n 

61.3 62.8 
59.6 61.2 
59.5 60.7 
60.8 62.5 
59.9 61.3 
59.9 61.3 
59.7 61.3 
60.0 61.4 
60.1 61.3 
60.0 61.5 
62.1 64.0 
58.6 57.8 
60.1 61.7 
61.1 62.9 
59.8 61.4 
70.4 72.2 
65.1 67.2 
61.5 63.2 
60.3 61.8 
60.7 61.8 
61.8 61.2 
59.8 61.2 
60.2 61.3 
59.4 60.~ 
82.7 88. 
77.8 86.0 
83.2 89.3 
15.3 
76.2 79·H 77. 
77.7 80.5 
61.4 61.8 
61.4 62.2 

Run 
8a 

60.3 
60.3 
60 •. 1 
60.4 
60.ij 
60.~ 60. 
60.5 
60.~ 
60. 
61.4 
57.7 
60.8 
60.8 
60.8 
64.0 
61.~ 60. 
60.1 
60.8 
60.~ 
60. 
60.0 
60.1 
63.2 
63.5 
63.5 
63.5 
63.2 
66.9 
5 .5 
59.5 

I-' 
I-' 
-..J 



f-J 
f-J 
co 

The~ocoup1e Run Run Run Run Run Run Run Run Run Run RUD 
Number 8b-9a 9b lOa 10b-11a 11b 12a 12b 1Ja 1Jb-1ga 19b-12a 15b-16a 

1 60.8 62.0 64.1 64.2 65.8 61.4 62.7 66.1 66.4 66.9 66.8 
2 60.4 61.8 63.7 63.6 65.2 62.2 63.2 65.8 65.S 66.1 66.0 

~ 60'3 61.3 63.2 63.6 64.5 61.0 62.3 64.8 65.0 65.4 65.3 
60. 61.9 64.~ 64.6 65.8 61.8 62.7 65.8 65.8 66.0 66.3 
60.5 61.2 63. 63.3 64.7 61.0 61.8 65.0 65.2 65.4 65.5 

6 60.2 61.2 63.5 63.3 64.5 61.0 61.8 6S.0 65.2 6S.4 65.S 
7 6°'i 60.9 63.S 63.4 64.9 60.8 61'3 65.0 6S.2 6S.lj. 65.S 
8 60. 61.0 63.S 63.5 64,9 61.4 61, 65.0 6S.2 6S.4 65.S 
9 60.6 61.1 63.6 63.6 64.9 60.9 61.8 65.0 65.2 6S.4 65.5 

10 60.6 61.1 63.6 63.6 65.0 60.9 61.7 6S.0 65.2 65.4 65.5 
11 61.6 62.0 6S.2 6S.4 66.4 62.0 63.4 66.6 67.0 67.3 61.6 
12 51.0 59.0 54.0 61.1 62.0 54.4 55.2 51.8 51.8 58.1 S8.0 
13 60.5 61.3 64.0 64.0 60.8 60.9 61.8 65.1 65.0 67.3 65.4 

i~ 60.9 61.8 64.7 64.6 65.9 60.9 61.9 65.1 65.3 61.3 65.4 
6i·9 60.8 64.0 63.5 64.9 60.9 61.1 65.1 65.3 65.8 65.4 

16 6 .8 61.8 10.1 10.8 72.1 65.4 66.3 68.6 69.6 70.4 70.3 
21 61.8 63.3 65.8 66.0 67.7 63.1 64.8 69.0 68.2 69.4 69.4 
22 60.1 61.9 64.5 64.8 65.8 62.2 63.2 66.2 65.9 66.5 66.4 
23 60.3 61.9 63.3 63.4 64.9 61'3 62.0 64.8 64.6 64.6 65.2 
24 60.8 62.1 63.6 63.1 6i·9 61. 62.8 65.1 64.6 65.0 65.4 
25 61.3 62.2 64.2 64.8 6 .8 62.5 64.0 66.8 67.1 61.6 65.S 
26 60.5 61.6 64.0 63.8 65.4 62.0 62.8 65.8 65.8 66.3 64.6 
27 60.2 61.8 63.6 63.4 64.5 61.0 62.2 64.8 64.8 65.0 65.0 
28 60.2 61.2 63.1 63.1 64.5 61.8 62.5 65.3 65.0 65.4 65.0 
41 65.8 73.0 72.6 71.7 77.4 72.5 74.8 74.5 73'i 75.9 74.~ 
42 65.8 69.S 72.9 71.4 11.5 71.0 72.2 73.0 71. 75.9 73. 
43 66.2 70.8 72.6 71.7 76.6 12.2 74.~ 15.1 72.8 15.9 14.0 

~ 
65.0 61.6 71.2 71.0 73.7 66.4 61. 10'a 70.7 71.6 72.0 
64.S 66.7 70.8 69.6 72.6 67.1 67.8 70. 70.7 12.2 69.4 
71.4 73.4 77.0 77.5 18.3 72.8 74.4 75.6 75.2 76.5 76.3 

51 60.5 61.3 62.4 62.2 65.2 61.0 61.1 59'H 58.8 62.5 61.9 
S2 61.2 62.9 64.4 62.7 65.1 61.0 60.9 62. 60.4 62.0 64.S 



Thermooouple Run Run Run Run Run 
lfw'Ilbel' 16b 1Za 1Z2-18a 18b-12a 12b 

1 66.8 60.5 61.2 61.8 62.4 
2 66.2 59.7 60.4 61.1 61.7 
3 6i·8 59.3 60.0 60.5 60.9 
4 6 .2 60.1 60.6 61.3 61.8 

~ 65.6 60.1 60.4 60.8 61.1 
65.6 60.0 60.4 60.8 61.1 

7 65.6 60.0 60.4 60.8 61.1 
8 65.6 60.0 60.4 60.8 61.1 
9 65.6 60.2 60·4 60.8 61.1 

10 65.6 60.1 60.~ 60.8 61.1 
11 67.9 61.0 61. 61.9 62.7 
12 58.6 58.2 58.2 61.9 57.7 
13 65.6 60.0 60.2 60.8 61.0 

i~ 6S.6 60.9 60.5 61.6 61.8 
66.0 60.0 60.4 60.5 61.1 

16 70.6 65.1 66.3 67.0 67.6 
21 69·i 62.0 62.2 63.~ 64.0 
22 66. 60.6 60.8 61. 62.4 
23 64.9 60.0 60.3 60.7 61.4 

~ 6S.1 60.0 60.4 61.1 62.0 
67.9 61.1 61.4 60.2 63.'> 

26 66.8 60.4 60.4 61.2 64.0 
27 6S.0 59.9 60.~ 60.0 61.3 
28 6S.0 S9.9 60.0 60.8 60.9 
41 73.S 68.3 69.4 71.9 74.9 
42 73.0 67.9 69.4 71.5 74.3 

~ 
73.4 68.2 69.!j. 72.0 74.8 
71.7 65.4 66.3 68.1 69.4 
71.7 6>.0 66.3 67.6 69.0 

~t 76.0 70.6 70.3 72.7 73.4 
59.0 58.3 58.6 59.S 60.4 

S2 S9.4 58.1 59.0 60.8 62.0 

Run Run Run Run Run 
20a 20b-21a glb-22a 22b-2la 2Jb-2i! 

59.6 60.6 62.0 62.6 63.1 
59.1 60.4 62.3 63.3 62.9 
59.1 60.~ 61.5 62.2 62.4 
59.5 60. 61.8 63.1 63.2 
59.S 60.1 61.3 61.9 62.1 
59.5 59.9 61.0 61.7 62.3 
59.5 60.0 61.0 61.7 62.3 
59.5 59.9 61.0 61.7 62.3 
59.6 60.0 61.0 61.8 62.3 
59.7 59.9 61.0 61.8 62.3 
60.1 60.8 61.9 62.8 63.6 
58.8 59.8 61.0 61.9 60.0 
59.7 60.3 61.2 62.3 60.~ 60.3 60.6 61.8 62.7 63. 
60.0 59.8 60.8 63.7 62.4 
65.0 66.0 66.6 67.6 68.1 
60.5 61.4 62.6 63.6 64.5 
60·4 60.9 62.6 6).0 64.5 
59.4 60.4 62.0 62.6 62.7 
59.~ 60.~ 62.0 62.6 62.7 
60. 61. 62.8 63.6 60.3 
59.6 60·4 61.5 62.6 62.6 
S9.2 60.3 61.8 62.6 62.2 
59.2 60.2 61.4 62.1 62.2 
65.0 65·4 70.9 73.6 72.4 
64.9 65.~ 70.8 72.9 72.4 
6S.1 6S. 70.8 73.5 72.~ 
64.0 65.9 68.0 69.9 70. 
63.4 65·a 67.6 69.4 69.7 
70.0 69. 73.6 74.9 75.6 
58.6 60.9 62.1 63.0 61.8 
64.6 66.9 62.3 63.3 63.1 

Run 
ikb 

63.5 
63.7 
62.8 
63.6 
62.7 
62.6 
62.6 
62.6 
62.6 
62.6 
6~.1 
6 .7 
63.1 
63.9 
62.7 
69.0 
64·6 
64·3 
63.3 
63.3 
65.3 
63.2 
63.2 
62.7 
71.7 
70.8 
70.8 
70.3 
69.4 
76.1 
63.4 
64.7 

J-I 
J-I 
-.0 



..... 
!\) 
0 

Thermocouple Run Run Run Run Run Run Run Run Run Run Run 
Humber 22& 2~-26a 26b-21a 2~-28a 28b ~a ~b .lOa JOb lla llb 

1 58.6 59.6 61ei 63.6 65·a 71.3 71.7 73.1 74.1 55.0 56.7 
2 59.0 60.1 62. 65.5 66. 72.1 72.6 70.7 71.4 55.8 57.2 
3 58.1 59.0 61.4 63.3 6~.3 68.5 69.~ 70.0 70.2 5~.8 56.3 

~ 
~.9 59.7 62.0 64.2 6 .0 ZO.6 70. 73.0 73.1 5 .0 5J.0 58.3 59.0 60.7 62.3 64.1 9.6 72.2 71.2 11.6 53.3 5 .6 
58.3 58.7 60.7 62.1 64.0 69.4 72.2 70.8 11.6 52.3 53.3 

7 58.6 58.7 60.2 61.6 63.6 69.4 72.2 70.8 71.6 52.0 53.7 
8 58.9 58.7 60.2 61.6 63.9 69.4 72.2 70.8 11.6 52·3 53.7 
9 59.1 58.7 60.2 61.6 63.1 69.4 72.2 10.8 11.6 52. 53.8 

10 59.1 59.1 60.2 61.6 63.6 69·3 72.2 70.8 11.6 52.1 53.9 
11 59.6 60.1 61.8 63.3 65·i 71. 12.2 73.0 73.9 52.7 56.1 
12 55.3 59.5 61.1 60.0 64. 69.3 65.8 77.2 69.~ 50.9 52.~ 
13 58.7 59.5 60.4 62.1 64.0 68.6 69.8 69.9 70. 53.1 5i· 14 59.4 59.8 61.3 62.8 64.9 69.8 70.7 12.5 13.0 54.9 5 .0 
15 59.1 59.1 60.4 61.7 63.1 69.5 70.2 70.7 11.1 52.6 53.6 
16 66.~ 6.73 68.4 69.1 70.4 74.3 75.7 71.1 78.~ 62.g 63.6 
21 59. 61.1 63.2 66.6 67.0 75.2 76.7 76.5 17. 58. 60.0 
22 62.7 63.7 65.7 68.6 lO.) 75.3 76.2 75.5 76.6 55.9 56.9 
23 58.0 59.7 62.0 64.5 5.> ll.2 72.0 72.2 73.0 54.0 55.2 
24 57.8 59.1 61.3 6~.5 64.1 9.0 69.6 69.6 70.7 5g.2 55.2 
25 60.9 63.6 65.9 6 .• 2 69.9 ~.5 75.3 74.8 76.1 5 .3 57.2 
26 5~.7 58.7 60.8 62.7 63.6 .4 70.0 70.6 71.0 52.0 53.1 
27 5.1 59.2 61.3 63.4 64.4 69.0 69.9 ZO.3 71.0 54·2 55.0 
28 57.6 58.8 60.4 62.3 63.2 68.8 69.~ 9.4 70.0 52.3 53.3 
41 70.8 74.5 76.7 80.2 85.1 83.8 80. 91.3 90.1 65.9 65.9 

~ 
68.2 73.7 77.0 79.1 85.0 83.3 79.2 86.3 89.6 
70.7 74.3 77.0 79.6 85.0 8a·1 80.8 92.0 89.6 65.8 66.2 
63.i 69.9 72.6 75.i 18.1 7 .5 78.3 80.1 82·Z 62.8 64.5 

~ 67. 70.4 72.6 7i. 77.5 ~8.5 ~8.S 82.8 83. 61.6 62.9 
69.9 72.9 74.8 7.1 18.3 2.7 3.4 89.0 89.9 11.7 73.2 

51 67.1 61.5 64.0 65.6 75.3 65.0 73.0 68·4 50.0 50.7 
52 69.0 60.4 6S.1 77.2 77.2 65.9 73.0 68.4 



Thel'ltlocoup1e Run Run Run Run Run 
Number J2a J2b JJa llb-l!l:a J!!b 

1 61.8 63.6 6,5.1 66.4 67.7 
2 61.2 64.0 6".8 67.2 68.3 
3 62.3 63.6 65.9 61.3 67.8 

! 61.2 62.7 65.0 66.2 64.9 
58.2 59.1 ,59.8 60.5 61.0 
,56.1 ,58.6 ,59.2 60.0 61.0 

7 56.8 ,58.6 ,59.2 60.0 60.8 
8 56.7 ,58.6 ,59.2 60.0 60.8 
9 ,57.7 ,58.6 ,59.2 60.0 60.8 

10 57.4 .$8.3 .$9.5 60.0 60.8 
11 60.4 61.6 63.9 64.9 6.$.9 
12 .$5.9 57.3 54.0 5,5.9 61.7 
13 ,58.6 60.4 61.9 63.3 64.5 

t~ 59.1 60.4 61.9 6).0 63.9 
,57.7 ,58.3 59.5 60.2 60.8 

16 64.8 6,5.9 66.7 67.8 69.0 
21 6.$.9 67.7 71.2 72.1 72 • .5 
22 62.3 64.1 66.9 68.6 69.0 
23 60.0 61.3 62.4 63.4 64.5 

~ 61.0 62.3 63.7 6i.4 65.6 
63.1 65.4 66.9 6.7 69.1 

26 57.8 58.7 ,59.4 60.0 60.8 
27 59.5 61.2 61.9 62.9 64.2 
28 58.2 ,59.1 60.,5 60.8 61.7 

~ 80.1 85.8 86.2 86.3 87.7 

43 84.9 86 • .5 86.4 87.7 88.5 

~ 73.6 7".8 77.2 77.9 79.6 
71.3 73.1 74.7 77.3 78.2 

~~ 7a·4 76.1 ~.S 19.2 80.4 
5 .1 58.1 .7 .58.2 58.2 

52 

Run Run Run Run 
l2& J2b-l6a l6b-l1a l7b-l8a 

59.2 60.2 61.4 61.8 
64.~ 67.S 69.0 70.4 
59. 61.2 61.7 62.1 
60.8 62.3 63.2 6i· 5 
,55.5 5,5.5 ,56.2 ,5 .4 
,5,5.5 5,5.a 56.2 56·3 56.0 55. $6.3 56. 
56.2 55.9 56.4 56.6 
,56.6 ,56.2 ,56.3 ,57.1 
,56.6 ,56.0 58.8 .$7.2 
59.2 ,59.7 61.7 61.6 
,53.8 5,5.8 62.4 ~.6 
56·i 56·i 57.7 .1 
,58. ,59. 61.8 63.3 
,56.4 56.3 56.8 ,57.3 
67.3 67.6 69.0 70.2 
65.8 67.2 69.4 69·a 63.2 64.8 67 • .$ 67. 
59.4 59.9 61.3 62.2 
60.0 61.0 62.4 62.7 
61.0 61.7 6~.0 64.6 
,54 • .5 .54.6 ,5 .5 5.$.8 
,57.2 ,57.8 .$9.2 59.7 
,5,5.5 5.5.6 56.5 57.6 
79.6 81.3 81.2 81.9 

79.6 81.0 81.2 80.5 
72.9 74.8 76.1 81.8 
70.~ 72..6 74.1 77.0 
73. 7.5.3 77.4 75.0 
50.1 50.5 50.3 51.0 

Run 
l8b 

62.6 
71.8 
62.8 
66.0 
57.2 
56.9 
56.9 
,56.9 
57.5 
57.5 
62.3 
66.2 
58.7 
64.7 
57.3 
70.7 
70.5 
69.0 
63.7 
63.1 
6.5.6 
5.5.9 
60.5 
.57.2 
81.1 

80.6 
78.0 
75.4 
79.9 
75.6 

Run 
19a 

,57." 
""·i 5~. 5 .8 
56.1 
55.8 
56.1 
,56.1 
56 •. 1 
$6.6 
,58.3 
51.0 
55.8 
57.5 
56.6 
69.3 
6~.4 S .0 
55.1 
S6·i .58. 
55.3 
SS.7 
59.3 
77.5 

79.1 
73.~ 71. 
77.9 
52.2 

I-' 
I\) 
I-' 



...., 
I\) 
I\) 

Thermocouple Run Run Bun Run Run Run Run Run Run Run Run 
!lumber J2b-iOa !l.Ob-kla k1b-k2a YEl! kJa YJb-hka ~b-k~a ~-k6& 116b ala iDa-k8• 

1 58.4 59.3 60.0 59.9 53.2 54.6 56.7 58.6 60 • .3 58.3 60.1 
2 56.9 5B.7 60.5 6l.B 52.6 53.0 56.3 57.7 58.3 56.3 57.7 
.3 55.0 56.0 56.4 57.2 52.3 53.4 55.3 57.3 5B.3 55.9 57.3 

~ 55.9 57.7 58.2 58.8 53.1 53.5 56.0 57.8 58.8 56.3 57.7 
55.7 56.3 56.7 56.852.4 53.6 55.0 57.6 58.5 56.8 57.9 

6 60.0 55.9 56.4 56.8 52.1 ~3 • .3 54.7 56.7 58.2 ,6.3 57.8 
7 55.9 56.0 56_3 56.7 52.3 53.3 54.6 56.4 57.8 56.4 57.8 
8 56.4 56.4 56. 57.2 52.3 5.3.2 54.8 56.7 57.8 56 • .3 57.7 
9 56.5 56.5 56.8 57.1 52.3 53.6 54.9 57.0 58.2 56.9 57.9 

10 56.8 57.1 57.3 57.6 
11 ,,8·l 59.1 59., 59.9 53.1 54.3 56.5 56.3 59.9 SZ.9 59.! 
12 53. 53.3 55. 56.5 46.8 53.2 55.1 51.0 58.2 5.5 57. 
13 56.0 55.9 56. 56.9 52 • .3 53.5 55.1 57.0 58 • .3 56.0 57.2 
14 57.7 57.8 58.6 58.7 52.6 54.1 55.9 57.6 58.9 57.0 58.1 
1S 56.5 56.8 57.2 57.4 52 • .3 53 • .3 54.9 56.4 58.2 56.2 57.4 
16 56.5 71.8 72.7 l3.2 59.8 61.2 63.4 65.5 67.1 62.2 64.0 
21 64.2 66.6 66.6 7.4 55.8 56.9 59.1 62.6 63.1 60.0 61.B 
22 54.6 56. 57.9 58.2 53.a 53.6 56.0 58.9 59.1 57.1 5B.5 
2.3 5~.2 56 • .3 5A·O 57.9 52. 54.2 56 • .3 58.5 59.4 56 • .3 58.2 
24 6.4 57.8 5 .3 5B.7 53.1 54.3 56.3 57.7 59.4 57.0 56.6 
25 57.0 60.2 56.0 61.2 53.7 54.6 57.1 60.2 60.9 57.7 59.7 
26 55.0 55.9 56.4 56.8 52.2 53.3 55.1 57.2 58.S 56.8 58.2 
27 54.0 5~.5 54.7 55.5 52.5 5.3.6 55 • .3 57.2 58.5 56.8 58.1 
28 53.9 S .0 ~§:~ 55.9 52.5 53.2 55.0 57.2 58.2 55.9 57.4 
41 79.2 78 • .3 75.2 64.1 69.1 74.1 77.4 79.6 72.1 76.2 
42 67.7 6i.O 
43 79.2 78.5 78.8 75.3 64.1 69.1 74.3 77·3 79.6 72.3 7.6 

~ 74.4 74.B 76.2 74.B 60.1 62.8 65.8 68. 70.3 64.0 66.3 
72.0 62•6 J3.1 11.6 59.4 62.8 65.5 68.0 70.0 6ij.1 66 • .3 

46 79.8 0.5 1.8 81.4 68.0 70.4 73.8 76.4 78.4 71.6 73.6 
51 51.3 51.8 51.6 43.9 51.3 53.3 53.9 56.3 57.7 55.3 57.0 
52 



Thermocouple Run 
Humber 48b-li9a 

1 62.0 
2 59.4 
3 59.5 

~ 59.2 
$9.6 

6 59.4 
7 $9.1 
8 59.3 
9 59.5 

10 
11 60.9 
12 $9.3 
13 $9.1 
14 59.6 
15 $9.1 
16 65.1 
21 63.7 
22 60.2 
23 59.6 

~~ 60.2 
61.8 

26 60.0 

~~ 59.6 
59·a 

41 19. 
42 8.0 

~ 
79.7 
68.3 
68.8 

46 76.1 
Sl 57.9 
S2 

Run 
49b 

64.9 
60.5 
60.5 
60.5 
61.3 
61.3 
61.3 
61.4 
61.4 

63.9 
61.3 
61.4 
61.7 
~1.5 
6'8.5 
67.0 
61.# 
60. 
61.5 
63.3 
61.S 
60.3 
60.~ 
83. 
78.7 
84.4 
73.1 
73.1 
79.6 
S7.3 

..... 
N 
\.N 
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