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TITLE: DYNAMIC SIMILARITY IN ELBOW FLOW METERS 

LINE PROJECT: SWC 4-gG5 CODE NO.: Ariz.-WCL-2 

INTRODUCTION: 

See Annual Report for 1964. 

PROCEDURE : 

Experimental procedures described in 1964 were extended to include 

the remaining 10"-diameter elbow flow meters. All elbow radii of bend 

were measured by a casting plaster technique. Plaster castings of a 

strip of each elbow interior along the inside and outside of the bend 

were made, This provided an accurate representation of the flow path 

along the elbow wall and over the manometer taps. 

The plaster castings of the elbow interior were easily obtained by 

oiling the surface to be cast and troweling a ribbon of casting plaster 

along the bend an inch or so wide and about an inch thick, depending on 

the elbow size. Before the plaster set, wire mesh was pressed into it 

for reinforcement. The bend profile was transferred to drawing paper 

by using a slide projector as a light source and tracing the shadow 

profile of the casting. From this tracing, the radius of curvature was 

constructed graphically, based on the center 213 of the bend. 

RESULTS AND DISCUSSION: 

Due to inconsistencies in some preliminary data collected from the 

3-inch elbows, it was erroneously concluded that detrimental effects 

on the calibration were caused by misalignment and by abrupt changes in 

effective diameter caused by flanges that were not completely threaded 

onto the pipe. To assure alignment and provide smooth passage into 

the 3-inch elbows, a thin sleeve insert was constructed to fit tightly 

in both the elbow and the pipe. See Annual Report for 1960. The 

sleeve, 2.5 inches long, was gently tapered to a knife edge on both 

the upstream and downstream ends. The maximum thickness of the insert 

wall was approximately 0.08 inch. The entire lot of 3-inch elbows was 

calibrated under this arrangement. This problem of misalignment of 

joints was reinvestigated. Deliberate misalignment was introduced in 

the standard 3-inch piping arrangement by moving the flange of the 

upstream pipe section approximately 114 inch toward the inside of the 
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elbow bend before bolting and calibrating. This produced an indicated 

flow rate that was about 0.7 percent too low. A similar position was 

likewise tested with the pipe shifted to the opposite direction, but no 

significant change could be detected in the indicated discharge rate. 

Downstream offsets likewise caused no significant changes in discharge 

rate. 

Further checks for effects due to misalignment were conducted with 

a 12-inch and a 6-inch elbow. On these elbows, a flow was established 

through the elbow, The elbow flanges were clamped and the bolts removed. 

This permitted an offset in alignment of either face of the elbow by 

slight loosening of the clamps and offsetting the pipe while still 

maintaining the same discharge, On the 12-inch elbow, severe offsets 

on the order of 114 to 112 the bolt-hole diameter were necessary to 

produce approximately one-half percent difference in indicated discharge 

rate, An upstream offset, as with the 3-inch elbows, produced more 

severe effects than a similar downstream offset. Similar results were 

obtained with the 6-inch elbow. 

The influence of the space which is formed when the pipe is not 

completely threaded through the flange was checked. A space at the 

upstream elbow connection, approximately 318-inch wide and 114-inch 

deep, caused less than 0.2 percent decrease in indicated discharge for 

both the long and short radius 3-inch elbows. 

Representative 3-inch elbows were rechecked with and without the 

sleeve insert. The influence of the insert was so insignificant that 

it was not detectable. The original calibrations were concluded valid 

and retained for analysis. 

It is concluded that sources of error caused by misalignment are 

small and can be prevented by aligning the flange-bolt holes with tight- 

fitting bolts or pins. Also, the influence of minor upstream disturbances 

such as flange joints are insignificant if they affect the velocity 

profile symmetrically with respect to the centerline of the approaching 

pipe flow. 

The construction of the manometer taps perpendicular to the 

interior elbow surface is important. Manometer taps inclined into the 
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flow will read pressures that are too high, and those inclined in the 

opposite direction will read too low. This causes differences in the 

pressure differential discharge relation when the flow direction is 

reversed. All cases of poor reversibility were associated with improper 

manometer tap alignment that was observable by sighting through the 

two manometer taps. Normal machine shop procedures should prevent this 

by drilling undersized pilot holes and manually correcting observed 

misalignment when reaming to the desired full size. 

Manometer tap misalignment is not the only factor that can affect 

reversibility of an elbow meter. This is partly illustrated by a 12- 

inch elbow (No. 42, Table 1)) which displayed nearly 11 percent difference 

in the pressure-differentia1 discharge relation between alternate flow 

directions, but had only minor manometer tap misalignment. The inside 

bend radius was found to vary considerably from flange to flange. Also, 

the elbow was not round at the section containing the manometer taps 

and, even though they appeared to be only slightly misaligned when 

observed from outside the elbow, they were considerably nonperpendicular 

to the flow boundary. The combination of variable radius of curvature 

and nonperpendicular manometer taps are believed to have produced the 

large bias with regard to direction of elbow installation. 

When the inside radius of the above mentioned 12-inch elbow was 

changed with a power grinder to improve the symmetry and roundness of 

the elbow interior, radical changes in calibration of over LO percent 

occurred. Similar grinding along the outside bend caused no detectable 

change in calibration. The regularity of the radius of curvature of 

the inside bend was concluded to be critical for accurately character- 

izing elbows. Because of the relative insensitivity of the elbow meter - 
to the outside bend radius, it was subsequently not used to determine r. 

The simpler procedure of simply adding D/2 to the inside radius deter- 

mined with plaster castings was found to be adequate. If examination 

of this inside-bend profile shows it to be symmetrical, it is likely 

that the sand mold casting is within the tolerances necessary to meet 

the qualifications of the calibrations reported herein. Elbow No. 42 

was the only elbow with significant asymmetry. If asymmetry is noted 
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such t h a t  corresponding p o i n t s  of symmetry d i f f e r  by 1/16 inch o r  more, 

t h e  elbow should be d i scarded  f o r  use  a s  a  meter  un l e s s  c a l i b r a t e d  i n  

p l ace .  

C a l i b r a t i o n  Resu l t s .  An empi r i ca l  equa t ion  of t h e  form 

was chosen f o r  each elbow c a l i b r a t i o n .  I n  equa t ion  [ I ] ,  M and E a r e  

t h e  i n t e r c e p t  and s lope ,  r e s p e c t i v e l y ,  of a  log- log  p l o t  of d i scharge ,  

Q, versus  p r e s s u r e  d i f f e r e n t i a l ,  H. The va lues  of M and E were d e t e r -  

mined f o r  each c a l i b r a t i o n  by t h e  l e a s t  squares  method. These va lues  

a r e  l i s t e d  i n  columns 4  and 5 of Table  1 f o r  both d i r e c t i o n s  of f low 

through each elbow. 

An equa t ion  ( s ee  Annual Report 1964) i nc lud ing  a  d i scharge  coef -  

f i c i e n t ,  k, may be w r i t t e n  f o r  flow i n  an  elbow meter of diameter ,  D, - 
and c e n t e r l i n e  bend r a d i u s ,  r ,  a s  

and M of equat ion [ I ]  becomes 

The va lue  of k was c a l c u l a t e d  f o r  each elbow type  and s i z e  group and 

i s  simply 

Here, M i s  t h e  average  c a l i b r a t i o n  va lue  i n  equa t ion  [ I ]  f o r  t h e  elbow 

s i z e  group and M '  i s  c a l c u l a t e d  w i th  equa t ion  [4 ] .  The average group 

dimensions, t h e  average c a l i b r a t i o n  va lues  f o r  M and E, and the  c a l c u l a t e d  

va lues  of k and kMt a r e  t abu la t ed  i n  Table  1. 
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Both E and k were gene ra l ly  found t o  i nc rease  l i n e a r l y  with elbow 

diameter .  This  i nc rease  i s  be l ieved  t o  be a s soc i a t ed  wi th  the  s t r e n g t h  

of secondary cu r r en t s  i n  t h e  bend, The va lues  f o r  E i nc rease  according 

t o  t h e  equat ion 

The values f o r  k show approximate l i n e a r i t y  f o r  t he  6-, lo-, and 12- 

inch  elbows, F igure  1, but  do not  fo l low through f o r  t h e  3-inch elbow 

s i z e s .  

The e r r o r  i n  Q r e s u l t i n g  from e r r o r s  i n  t h e  var ious  f a c t o r s  of 

equat ion [2 ]  can be expressed by 

The major e r r o r  i n  Q, excluding manometer e r r o r s  i n  determining H, i s  

made up of those f a c t o r s  i n t o  M, equa t ion  [ 4 ] .  The e r r o r  

caused by dev ia t ions  i n  E a r e  smal l  by comparison, Thus, an  e s t ima te  

of how we l l  t h e  c a l c u l a t e d  equat ion  compares w i th  t h e  labora tory  c a l i b r a t e d  

equat ion  f o r  each elbow can be obtained by comparing t h e  r e s p e c t i v e  

va lues  f o r  kM' wi th  M. This  comparison i s  expressed i n  Table 1 a s  a 

percent  devia t ion ,  AQ. For t h i s  comparison, M i s  averaged f o r  t h e  a l t e r -  

n a t e  flow d i r e c t i o n s .  These a l t e r n a t e  d i r e c t i o n  va lues  f o r  M a r e  a l s o  

given i n  Table 1. The f i r s t  va lue  l i s t e d  corresponds t o  t h e  i n i t i a l  

d i r e c t i o n  of i n s t a l l a t i o n  and t h e  second va lue  t o  t h e  r eve r se  d i r e c t i o n .  

I n  a l l  cases ,  t h e  average c a l i b r a t i o n  r e s u l t  f o r  flow i n  both 

d i r e c t i o n s  through an elbow was descr ibed  withj,n + 3 percent  by equat ion  

[2] ,  us ing  t h e  measured elbow dimensions and t h e  corresponding values 

of k and E .  (Note t h e  values of AQ, Table 1.)  

Severa l  elbows, namely Nos. 21, 30, 32, 33, and 42, had c a l i b r a t i o n  

equat ions f o r  i nd iv idua l  flow d i r e c t i o n s  which exceeded t h e  _f 3 percent  

value.  I n  a l l  cases  t h e  manometer t aps  were no t  c o r r e c t l y  a l i gned  and, 

a s  explained e a r l i e r ,  No. 42 was a l s o  asymmetric. However, t he  average 

of t h e  va lue  of M f o r  t h e  two flow d i r e c t i o n s  i n  t hese  cases  produced 

c a l i b r a t i o n  r e s u l t s  w i th in  3 2 percent  of equat ion [2J.  The f a c t  t h a t  
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t h e  average of t h e  a l t e r n a t e  d i r e c t i o n  va lues  f o r  M agrees  s o  w e l l  wi th  

t he  computed va lues  f o r  kM' sugges ts  a  f i e l d  c a l i b r a t i o n  procedure f o r  

elbows a s  poor a s  t hose  c i t e d  above. This  c a l i b r a t i o n  procedure r e q u i r e s  

a  s t eady  d ischarge  source t h a t  can be shut  down and r e e s t a b l i s h e d  t o  

t h e  same d ischarge  r a t e .  A monometer reading i s  ob ta ined  and t h e  elbow 

reversed  f o r  a  second manometer reading.  The two apparent  d i scharges  

a r e  ca l cu la t ed  us ing  equat ion [ 2 ] .  The c o r r e c t  d i scharge  i s  t h e  average 

of t hese  two. Therefore,  kM' can then  be ad jus t ed  by one-half t h e  

percentage d i f f e r e n c e  i n  t h e  apparent  d i scharge  r a t e s  determined f o r  

t h e  two flow d i r e c t i o n s .  This  equat ion  then  should p r e d i c t  d i scharge  

through t h e  elbow accu ra t e  t o  _$ 3 percent .  

I n  a l l  but  four  cases  which involve elbows Nos. 7 ,  8, 33, and 42, 

t h e  average equat ion f o r  a  p a r t i c u l a r  s i z e  grouping of elbows i s  

s u f f i c i e n t l y  accu ra t e  t o  p r e d i c t  t h e  f low r a t e  through a  member of t h e  

same group t o  w i th in  _+ 5 percent .  This  r e f l e c t s  v a r i a t i o n s  i n  t h e  

dimensional un i formi ty  of t h e  sand c a s t  elbows and i n d i c a t e s  t he  degree 

of accuracy t h a t  may be expected even i f  no measurements a r e  made on 

an  unca l ib ra t ed  elbow. 

S i x  die-molded p l a s t i c  elbows, 3 inches i n  diameter,  were among 

those c a l i b r a t e d .  The p e r t i n e n t  da t a  concerning them a r e  presented  i n  

Table 1. S i g n i f i c a n t  he re  is  t h e  e x c e l l e n t  r e p r o d u c i b i l i t y  from elbow 

t o  elbow. The die-molded elbows, a s  expected, a r e  more uniformly 

manufactured than  i s  p o s s i b l e  with t h e  sand c a s t i n g  techniques used on 

c a s t  i r o n  elbows. These elbows can be expected t o  ag ree  w e l l  w i t h i n  2 

percent  of t h e  c a l i b r a t i o n  equat ion  of an  elbow of t h e  same type.  These 

elbows a r e  a l s o  somewhat d i r e c t i o n a l  wi th  a  d e f i n i t e  c a l i b r a t i o n  b i a s  

a s soc i a t ed  wi th  t h e  d i r e c t i o n  of flow. This produced no s p e c i a l  problem 

s i n c e  t h e  molded p l a s t i c  elbows had s u f f i c i e n t  manufacturing markings 

t o  permit s e l e c t i o n  of a  s tandard  o r i e n t a t i o n .  

SUMMARY AND CONCLUSIONS: 

Flow meters ,  cons t ruc ted  from p ipe  elbows, have t h e  unique advantages 

of r ep l ac ing  an  e x i s t i n g  elbow, a b i l i t y  t o  measure flow r a t e  i n  e i t h e r  

d i r e c t i o n ,  and c o n t r i b u t i n g  no a d d i t i o n a l  head l o s s  t o  t he  p ip ing  system. 

The u t i l i t y  of t h e  elbow flow meter would be increased  many times i f  
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c a l i b r a t i o n  i n  p l ace  were not  necessary.  Uncal ibrated elbow flow 

meters  have been previous ly  regarded a s  only _+ 10 percent  devices .  

I n  a  labora tory  s tudy,  a  number of flanged, 90-degree commercial 

p ipe  elbows of s e v e r a l  s i z e s ,  ranging from 3 inches t o  12 inches i n  

diameter,  were c a l i b r a t e d  a s  flow meters .  The accuracy t o  which a  

c a l i b r a t i o n  equat ion can be p red ic t ed  f o r  an elbow flow meter ,  without  

c a l i b r a t i o n  i n  p l ace  and us ing  only t h e  nominal elbow s i z e ,  i s  f 5 

percent .  This  accuracy can be obta ined  us ing  t h e  equat ion  

where Q is  t h e  discharge,  H is  t h e  d i f f e r e n t i a l  p re s su re  produced by 

t h e  flow around t h e  elbow flow meter and M and E a r e  cons tan ts  prev ious ly  

der ived  by c a l i b r a t i n g  s e v e r a l  elbows of t h e  type  and s i z e  under con- 

s i d e r a t i o n .  

Accurate dimensional da t a ,  ob ta ined  wi th  p l a s t e r  c a s t i n g s  of t h e  

elbow i n t e r i o r ,  permit t h e  measurement of t h e  elbow rad ius  of curva ture  

and t h e  subsequent c a l c u l a t i o n  of a  p re s su re  d i f f e r e n t i a l  d i scharge  

equat ion  f o r  t h e  elbow flow meter which i s  accu ra t e  t o  _$ 3 percent .  

Without c a l i b r a t i n g  t h e  elbow i n  p lace ,  t h i s  accuracy can be obta ined  

with t h e  equat ion 

where k i s  a  cons tan t  der ived  from previous c a l i b r a t i o n s  on s e v e r a l  

elbows of t h e  nominal s i z e  and type under cons idera t ion ,  D i s  t h e  elbow 

diameter,  g  i s  t h e  g r a v i t a t i o n a l  cons tan t ,  ; i s  t h e  c e n t e r l i n e  r ad ius  

of bend f o r  t h e  elbow flow meter,  and E i s  ob ta ined  from t h e  empi r i ca l  

equat ion 

Elbow meters  should have a t  l e a s t  25 t o  30 diameters  of upstream 

s t r a i g h t  piping.  This  d i s t a n c e  was s u f f i c i e n t  t o  reduce t h e  e f f e c t s  

of a l l  d i s turbance  elements t o  l e s s  than 1 percent .  

The shape of t h e  i n s i d e  bend of t h e  elbow i n t e r i o r  i s  c r i t i c a l  t o  

t h e  c a l i b r a t i o n  of t h e  elbow; t h e  o u t s i d e  bend i s  much l e s s  so .  
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Molded p l a s t i c  elbows a r e  uniform enough t h a t  a  s i n g l e  c a l i b r a t i o n  

of one i n  a  group manufactured from the  same d i e  can c h a r a c t e r i z e  t h e  

group t o  w i th in  2 percent .  

Pressure  t aps  should be r a d i a l l y  opposed, perpendicular  t o  t h e  

elbow i n t e r i o r  sur face ,  f r e e  from burrs ,  and loca t ed  approximately a t  

t h e  midpoint of t h e  bend, i n  t he  p lane  of t h e  bend. Small d e v i a t i o n  i n  

cons t ruc t ion  of t h e  p re s su re  t aps  and i n  elbow asymmetry can be de t ec t ed  

and compensated f o r  by a  simple f i e l d  c a l i b r a t i o n  technique t h a t  involves 

r eve r s ing  t h e  elbow i n s t a l l a t i o n  and no t ing  t h e  change i n  p re s su re  d i f -  

f e r e n t i a l  a t  t he  same flow r a t e .  

PERSONNEL: J. A .  Replogle,  L. E .  Myers, K. J. Brust 
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TABLE 1: Comparison of Calculated and Calibrated Elbow Meter 

Elbow 
No Q 

18 

P 

Ave . 

Equation of the Form 

c 1 Calibrated - 
M E 

0.325 0.508 

0.325 0.503 

0,329 0.504 

0.327, 0.504 

0.321 0; 500 

0,320 0.497 

0,325 0,501 

0.319 0,499 

0,347 0,499 

0.347 0.494 

0,339 0,497 

0.338 0.503 

0.331 0.490 

0.332 0.495 

0.329 0.493 

0,328 0.490 

0.323 0,499 

0.328 0.501 

0,330 0.497 

Oc 326 0,496 

0,329 0.498 
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TABLE 1: (Continued) 

Elbow [ D 
No. I ft 
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TABLE 1: (Continued) 

Elbow 
No. - 

T 2o 
C -------- 
0 

t?: 21 
.u 
2 
U- 

g' 22 
G 
..-I 

i\c: - 
23 

Ave , 
7 

30 

1; C 

0- 
k 

I 4  

u 32 z 
u 
P 

2 .  2 33 
..-I 

t 
0 
4- 

34 

P 

Ave , 

c I Calibrated - 
M E 

Calculated AQ g1 
Mrl' E % 
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TABLE 1 : (Conk inued) 

. Ave. 0.256 / 0.378 
C 1 I 

03 
Ave. 1 0.256 1 0.323 1 

4 p& f/ Calculated - , 

kM ' E % 

4.28 0.527 M.7 

a/ Elbow diameter; average diameter of both faces. - 
b /  Average bend radius; inside bend radius plus D/2, - 
c/ M and E are the intercept and slope, respectively, of a log-log - 

plot of discharge, Q, versus pressure differential, H. 
d/ Calibration coefficient adjusting the average calculated to the - 

average calibrated values of M, 
g/ Values of kM' and E obtained with equations 4 and 6 ,  
E /  100 (M - kM1)/M, 
$/ Two values are for alternate flow directions. 
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ERAOE VALUE 

BS PLASSiG 

+, ." 

-- -- - -  

Figure I. Experimentally determined values of k for 3-, 

6-, lo-, and 12-inch elbow flow meters, 
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TITLE: CALIBRATION AND EVALUATION OF NET RADIOMETERS 

LINE PROJECT: SWC 4-gG2 CODE N O . :  Ariz.-WCL-6 

The min i a tu re  n e t  radiometer  design,  descr ibed  i n  ( I ) ,  has  been 

changed t o  f a c i l i t a t e  replacement of t he  hemispher ica l ly  shaped poly-  

e thy lene  wind s h i e l d s  i n  the  f i e l d .  The changes inc lude  omi t t i ng  

t he  stem from the  top b r a s s  clamping r i ng ,  c a s t i n g  t h e  thermal t r a n s -  

ducer  i n t o  an aluminized epoxy-resin frame t o  p r o t e c t  t h e  c i r c u i t r y ,  

and inc luding  a  smal l  b u l l ' s  eye l e v e l  i n  t he  frame. D e t a i l s  of t h e  

changes a r e  descr ibed  i n  WCL Report 5 .  

I n  o rde r  t o  supply t he  D iv i s ion  wi th  n e t  radiometers ,  molds, 

j i g s ,  and components have been acqui red  t o  c o n s t r u c t  300 n e t  r a d i -  

ometers .  

I nd iv idua l  c a l i b r a t i o n  of l a r g e  numbers of n e t  radiometers  has  

proven t o  be too time consuming. A f a c i l i t y  has  been cons t ruc t ed  

which w i l l  permit  s imultaneous c a l i b r a t i o n  of 6  min i a tu re  n e t  

rad iometers ,  With t h i s  f a c i l i t y  p e r i o d i c  r e c a l i b r a t i o n  of n e t  r a d i -  

ometers may be accomplished r ap id ly .  

REFERENCES : 

(1) F r i t s c h e n ,  Leo J .  

1965. Minia ture  n e t  radiometer  improvements. 

J o u r .  Appl. Meteorology 4:  528-532. 

PERSONNEL: Leo J .  F r i t s c h e n  
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TITLE: SOIL TREATMENT TO REDUCE INFILTRATION AND INCREASE 

PRECIPITATION RUNOFF 

LINE PROJECT: SWC 4-gG3 CODE NO.: Ariz.-WCL-7 

INTRODUCTION : 

Recent laboratory studies have been concerned with the analysis 

of discolored runoff water collected from asphalt-treated plots. 

Standards were developed for qualitative comparison of water samples 

and for preliminary evaluation of materials applied to asphalt sur- 

faces to reduce water discoloration. 

At the Granite Reef testing site 8 new plots were constructed, 

Also, underground electrical power was installed at 15 plots to 

expedite the measurement of the collected runoff water. A series of 

23 newly installed raingages within the test area and an automatic 

recording system of wind speed and direction at two locations are 

helping to characterize the rainfall patterns within the test area. 

In a continuation of our field evaluation of different surface 

treatments, two new experimental operational water harvesting 

structures were installed in cooperation with the Bureau of Indian 

Affairs, along with a re-treatment of the Metate catchment. Also, 

a small unitized catchment and storage to provide water for bees and 

firefighting was developed and is undergoing evaluation. 

PART I. ANALYSIS OF RUNOFF WATER: 

The runoff water from exposed asphalt-treated surfaces is often 

discolored by the byproducts of asphalt deterioration. The degree of 

discoloration is also an indication of the rate of asphalt deterioration. 

The discolored water is not believed harmful to livestock and the 

discoloration can be removed from the water by standard water- 

treatment procedures. For agricultural uses treatment of the water 

is not economically feasible; therefore, it is desirable to reduce 

or prevent the water discoloration. This can be done by spraying 

materials on the catchment surface which reduce the rate of asphalt 

deterioration. To qualitatively evaluate the effectiveness of the 

surface treatments, it is necessary to analyze the discolored water. 
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Using a  Beckman DU spec t rophotomete r ,  an a b s o r p t i o n  spectrum 

of a  sample of d i s c o l o r e d  runof f  w a t e r  was c o n s t r u c t e d .  The measurements 

showed no a b s o r p t i o n  maximum, and i t  was concluded t h e  amount of d i s -  

c o l o r a t i o n  from a  sample i s  a  f a c t o r  of d i l u t i o n  o n l y .  Th is  a l l o w s  a  

q u a l i t a t i v e  a n a l y s i s  of t h e  w a t e r  t o  be made by c o l o r  comparison w i t h  

s t a n d a r d s  of known c o n c e n t r a t i o n s .  The preparation of c o l o r  s t a n d a r d s  

and t h e  p r e l i m i n a r y  r e s u l t s  were a s  f o l l o w s .  

P rocedure .  With a  sample o f  runof f  wa te r  c o l l e c t e d  23 June  1965 -- 
from p l o t  L-5 a t  G r a n i t e  Reef a s  a  base ,  a  s e t  of 13 s t a n d a r d s  w i t h  

known c o n c e n t r a t i o n s  of d i s c o l o r e d  w a t e r  was p repared .  The b a s e  w a t e r  

sample was f i l t e r e d  through a  s h e e t  of No. 2  matman f i l t e r  paper  t o  

remove suspended i m p u r i t i e s ;  then,  d i l u t e d  w i t h  d i s t i l l e d  w a t e r  t o  t h e  

r e q u i r e d  c o n c e n t r a t i o n  and s e a l e d  i n  a  15 x 125 mm t e s t  tube .  Fol lowing 

is  a  l i s t  o f  t h e  s t a n d a r d s  p r e p a r e d :  

Water 
c o l o r  
i n d e x  

P e r c e n t  
d i s t i l l e d  100 99 .0  95 .0  90 80 70 60 50 40 30 20 10 0  
w a t e r  

P e r c e n t  
b a s e  0  1 . 0  5 - 0  10 20 30 40 50 60 70 80  90 100 
w a t e r  

- 

Runoff wa te r  samples were c o l l e c t e d  from t h e  a s p h a l t  p l o t s  a t  

G r a n i t e  Reef a f t e r  each r a i n .  A f t e r  f i l t e r i n g  each sample through a  

s h e e t  of No. 2  Whatman f i l t e r  paper ,  t h e  e l e c t r i c a l  c o n d u c t i v i t y  and 

pH were measured, u s i n g  s t a n d a r d  l a b o r a t o r y  p rocedures .  The samples 

were t h e n  p laced  i n  15 x 125 mm t e s t  t u b e s ,  and t h e  w a t e r  d i s c o l o r a t i o n  

was determined by c o l o r  comparison w i t h  t h e  s t a n d a r d s ,  u s i n g  a  Wallace 

& Tiernan  c o l o r  comparator .  

Primary i n t e r e s t  was g i v e n  t o  t h e  w a t e r  samples from p l o t s  L-5 

and 2 -6  a t  G r a n i t e  Reef .  P l o t  2-5 i s  a  two-phase a s p h a l t  t r e a t m e n t  
- 2  

w i t h  a  s e a l c o a t  of r o o f i n g  a s p h a l t - c l a y  emuls ion a t  0 . 5  kg a s p h a l t  m 
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appl ied  25 January 1965. P l o t  L-6, a l s o  a  two-phase a s p h a l t  t reatment ,  

had a  top spray of f laked  aluminum dispersed  i n  a s p h a l t  and so lvent ,  

appl ied  a t  0.08 kg s o l u t i o n  m q L  i n  January 1965. 

Resu l t s ,  The pH of t he  water samples va r i ed  from 5 . 1  t o  7 . 2 ,  

wi th  no apparent c o r r e l a t i o n  t o  t he  degree of d i s c o l o r a t i o n .  The 

conduct iv i ty  va r i ed  from 0.01 t o  0.97 millimhos ( l e s s  than SO t o  

600 ppm) - with in  wide l i m i t s  the h igher  the conduct iv i ty ,  the  more 

d isco lored  the  water .  It was a n t i c i p a t e d  t h a t  t he  degree of d i s c o l o r -  

a t i o n  would gene ra l ly  be inve r se ly  p ropor t iona l  t o  t he  quan t i t y  of 

runoff water and d i r e c t l y  p ropor t iona l  t o  the  days between r a i n s .  

This c o r r e l a t i o n  i s  shown i n  F igure  1, where the  days between r a i n s  

d iv ided  by the runoff i n  mi l l ime te r s  a r e  p l o t t e d  a g a i n s t  t he  water  

c o l o r  index. The c o r r e l a t i o n  appeared l i n e a r ,  corresponding t o  t he  

gene ra l  equat ion 

A b e s t - f i t  l i n e  of t he  equat ion  was computed by the l ea s t - squa res  

method f o r  the da t a  from p l o t s  L-5 and L-6 f o r  the  period 3 March 

1965 t o  16 October 1965. For p l o t  5 the  b e s t - f i t  l i n e  was 

and f o r  p l o t  6  the  b e s t - f i t  l i n e  was 

This shows the  top spray  of f laked  aluminum on p l o t  6  reduced the 

d i s c o l o r a t i o n  of runoff water  by approximately 40 pe rcen t .  
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PART 11. OPERATIONAL FIELD CATCHMENTS: 

Nelson Road catchment .  The t r e a t m e n t  i n s t a l l e d  on t h e  Nelson 

Road catchment of MC-250 b a s e c o a t  and c l a y  emuls ion s e a l c o a t  d u r i n g  

t h e  summer of 1964 was i n  e x c e l l e n t  c o n d i t i o n  when i n s p e c t e d  on 

7 December 1965. There was some v e r y  minor damage t o  t h e  p l o t  s u r f a c e  

from d e e r ,  which was e a s i l y  r e p a i r e d  w i t h  a s p h a l t  emuls ion poured 

from a  can on the  hoof marks.  The a s p h a l t - f i b e r g l a s  p i t  appeared t o  

be i n  good shape,  w i t h  approx imate ly  40,000 l i t e r s  of s t o r e d  w a t e r .  

R a i n f a l l  had been low i n  t h e  a r e a  d u r i n g  t h e  summer. It i s  thought  

t h e  p i t  may be s lowly  l e a k i n g .  The l i n i n g  w i l l  be c a r e f u l l y  i n s p e c t e d  

and p o s s i b l y  resprayed  w i t h  a s p h a l t  i n  t h e  s p r i n g  of 1966, 

Blue Mountain catchment .  The Blue Mountain catchment t r e a t m e n t  

of MC-250 b a s e c o a t  and SS-2 emuls ion s e a l c o a t ,  i n s t a l l e d  d u r i n g  t h e  

summer of 1964, was i n  good c o n d i t i o n  when i n s p e c t e d  i n  December 1965. 

The upper  h a l f ,  which h a s  a  t o p  s p r a y  of f l a k e d  aluminum, was i n  

e x c e l l e n t  c o n d i t i o n .  On t h e  lower h a l f ,  w i t h  no aluminum t o p  s p r a y ,  

a  few yucca p l a n t s  were growing, and t h e r e  were s e v e r a l  s m a l l  p l a c e s  

where t h e  a s p h a l t  pavement was s o f t .  The yucca p l a n t s  were t r e a t e d  

w i t h  c o n c e n t r a t e d  s o i l  s t e r i l a n t  and t h e  s o f t  pavement l o c a t i o n s  

s e a l e d  w i t h  a s p h a l t  emuls ion poured o u t  of a  can .  P r e l i m i l a r y  i n d i c a -  

t i o n s  a r e  t h a t  t h e  aluminum s p r a y  i s  p r o t e c t i n g  t h e  a s p h a l t .  The 

catchment h a s  been i n  o p e r a t i o 2 a l  u s e  and i s  c o n s i d e r e d  t o  be  performing 

w i t h  a  h i g h  degree  of s u c c e s s .  

Metate catchment .  The Metate  catchment had been  t r e a t e d  i n  June  

1964 w i t h  an  MC-250 b a s e c o a t  and 1 .5 -mi l  b l a c k  p o l y e t h y l e n e  bonded t o  

t h e  s o i l  w i t h  SS-2 emuls ion.  Upon i n s p e c t i o n  i n  March 1965 t h e  c a t c h -  

ment was c o n s i d e r e d  t o  b e  i n  f a i r  shape.  A few h o l e s  had been t o r n  i n  

t h e  s h e e t i n g  and s e v e r a l  yucca p l a n t s  were growing. Another i n s p e c t i o n  

of t h e  catchment on 1 3  J u l y  1965 r e v e a l e d  an i n c r e a s e d  number o f  

h o l e s  i n  t h e  s h e e t i n g ,  even though t h e  s h e e t i n g  was bonded t o  t h e  

s o i l  over  most of t h e  a r e a .  The p l a s t i c  had been l a i d  over  s c a t t e r e d  

g r a v e l  on t h e  catchment s u r f a c e ,  and a t  each rock t h e r e  was a  s m a l l  

a r e a  of f i l m  n o t  bonded. A t  t h e s e  s p o t s  t h e  s h e e t i n g  was p a r t i a l l y  f r e e  

t o  move, and a b r a s i o n  on t h e  rock undernea th  e v e n t u a l l y  wore h o l e s  i n  

t h e  f i l m ,  
7 -4 
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On 20 J u l y  1965 t h e  e n t i r e  catchment was r e - t r e a t e d .  A l l  l o o s e  

p i e c e s  of t h e  o l d  p o l y e t h y l e n e  were removed and t h e  e n t i r e  a r e a  was 

r o l l e d  w i t h  a  s e l f - p r o p e l l e d  v i b r a t i n g  r o l l e r  t o  push a l l  g r a v e l  i n t o  

t h e  s o i l  s u r f a c e .  The catchment was t h e n  sprayed w i t h  RSK a s p h a l t  

emuls ion and new 2-mil low-dens i ty  b l a c k  p o l y e t h y l e n e  i n s t a l l e d .  The 

new p o l y e t h y l e n e  i s  b e l i e v e d  t o  have b e t t e r  t e a r  and wea ther ing  

r e s i s t a n c e  t h a n  t h e  m a t e r i a l  p r e v i o u s l y  used.  The s t o r a g e  p i t  a s p h a l t -  

f i b e r g l a s  l i n i n g  was s t i l l  i n  good c o n d i t i o n  b u t  d i d  n o t  appear  

comple te ly  w a t e r t i g h t .  To s e a l  t h e  l i n i n g  a  s p r a y  a p p l i c a t i o n  of 

80 p a r t s  MC-250 and 30 p a r t s  RSK emuls ion was a p p l i e d  a t  a  r a t e  of 
- 2  

0 .62 kg a s p h a l t  m , The m i x t u r e  was h e a t e d  t o  l80F and a p p l i e d  i n  

two a p p l i c a t i o n s  one day a p a r t .  

I n s p e c t i o n  on 2  November 1965 r e v e a l e d  t h e  catchment t o  be i n  

e x c e l l e n t  c o n d i t i o n .  The p i t  l i n i n g  appeared i n  good c o n d i t i o n ,  b u t  

t h e r e  were i n d i c a t i o n s  t h e  p i t  was s t i l l  l e a k i n g .  Seepage c y l i n d e r s  

were p laced  on t h e  l i n i n g  t o  de te rmine  i f  t h e  l i n i n g  was l e a k i n g  

through t h e  s e a l  o r  o n l y  a t  l a p  j o i n t s  of t h e  f i b e r g l a s ,  which were 

n o t  comple te ly  s e a l e d ,  These c y l i n d e r  s t u d i a s  i n d i c a t e d  t h e  p i t  was 

p robab ly  l e a k i n g  a t  Lap j o i n t s  which were n o t  comple te ly  s e a l e d .  The 

l a p  j o i n t s  w i l l  b e  sprayed w i t h  an  a s p h a l t i c  c r a c k  s e a l e r  i n  t h e  

s p r i n g  o f  1966. 

Hopi No. 1. The t r e a t m e n t  on t h i s  catchment of RC-Special 

b a s e c o a t  and c l a y  emuls ion s e a l c o a t ,  a p p l i e d  i n  September 1964, was 

c o n s i d e r e d  i n  good c o n d i t i o n  when i n s p e c t e d  i n  December 1965, even 

though t h e  a s p h a l t  a p p l i c a t i o n  r a t e  f o r  t h e  b a s e c o a t  had been t o o  low. 

Th is  catchment h a s  s u r v i v e d  o n l y  because  a  good s e a l c o a t  h a s  p r o t e c t e d  

t h e  poor b a s e c o a t  a g a i n s t  wa te r  p e n e t r a t i o n  and subsequent  f r o s t  

damage. To p r e s e r v e  t h e  catchment,  approximately  o n e - t h i r d  of t h e  a r e a  

w i l l  have t o  be  r e - t r e a t e d  i n  t h e  s p r i n g .  The r a i n f a l l  i n  t h e  a r e a  

was low f o r  t h e  y e a r ,  and t h e  w a t e r  i n  t h e  s t o r a g e  t a n k  was d i s c o l o r e d  

from a s p h a l t  d e t e r i o r a t i o n .  
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F l a g s t a f f  c inde r s  catchment. The F l a g s t a f f  c inde r s  catchment, 

s t a b i l i z e d  with RSK emulsion and sea led  with c l ay  emulsion dur ing  the  

summer of 1964, was i n  e x c e l l e n t  condi t ion  when inspected i n  December 

1965. It now appears t h a t  t he  catchment should perform s a t i s f a c t o r i l y  

f o r  s e v e r a l  yea r s  with only minor maintenance. 

Mescal catchment. This new catchment was i n s t a l l e d  on the F o r t  

Apache Indian  Reservat ion i n  e a s t e r n  Arizona. The catchment i s  

30 x 30 m on a  LO percent  s lope  diagonal  t o  one corner .  The water i s  

taken from the p l o t  by an 8- inch diameter corrugated s t e e l  p ipe  t o  a  

40,000-gallon s  t e e 1  tank with a  22-mil v i n y l  p l a s t i c  bottom l i n e r .  

The catchment s o i l  was s t e r i l i z e d  a f t e r  smoothing and allowed t o  

weather f o r  two months t o  o b t a i n  compaction by a l t e r n a t e  wet t ing  by 

r a i n  and drying between r a i n s .  On 26 September 1965 the  catchment was 

covered with an experimental  20-mil t h i c k  shee t ing  o f ,mod i f i ed  poly- 

e thylene .  This shee t ing  i s  e a s i l y  f i e l d  seamed wi th  so lven t  and has 

high puncture and t e a r  r e s i s t a n c e  when new. The catchment was 

inspected i n  December 1965 and was i n  good condi t ion .  There were 

8 few small  ho le s  where yucca was growing through, bu t  t hese  were 

e a s i l y  r epa i r ed .  Rain had f a l l e n  on the  catchment and the  c o l l e c t e d  

water was being used.  

San Vicente catchment.  The San Vicente catchment was i n s t a l l e d  

on the  Papago Ind ian  Reservat ion i n  southern Arizona i n  June 1965, 

The catchment i s  30 x 30 m on a  5  percent  s lope  and was covered with 

20-mil modified polyethylene.  The s to rage  f o r  t he  catchment cons is ted  

of a  p i t  excavated a t  t he  lower end of the  catchment, which was l i n e d  

and covered by seaming two 15 x 15 m shee t s  of the f i l m  a t  the  edges 

t o  form a  50,000-gallon bag. Water flows from the  catchment t o  the  

bag through a  12-inch r i g i d - p l a s t i c  p ipe .  On 12 J u l y  1965 the  

catchment was inspec ted  and was i n  f a i r  condi t ion .  There were two 

small  ho les  i n  t he  catchment su r f ace  where a n t s  had ea t en  through the  

shee t ing .  The a n t s  were k i l l e d  with chlordane appl ied  under the  

shee t ing  and the  ho le s  r epa i r ed .  In spec t ion  of t he  bag revealed t h a t  

i t  had been punctured by a  small  s t i c k  on the  lower s i d e .  
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I n  November 1965 a  r e p o r t  was received t h a t  rodents  had t o r n  

some holes  i n  the  shee t ing  which allowed wind t o  g e t  under t he  shee t ing  

and cause severe  damage. A t  t he  same time, coyotes had r ipped the  bag 

i n  an at tempt  t o  g e t  t o  t he  s to red  water .  The bag was considered 

completely des t royed .  The catchment and s to rage  w i l l  be redesigned and 

r e b u i l t  i n  e a r l y  1966. 

A major p a r t  of the  t r o u b l e  with t h i s  s t r u c t u r e  was caused by a  

change i n  the p l a s t i c  shee t ing  formulat ion which the manufacturer had 

made without our knowledge. The o r i g i n a l  m a t e r i a l  we t e s t e d  had very 

high r e s i s t a n c e  t o  t e a r i n g  and puncturing.  The m a t e r i a l  furn ished  f o r  

the  San Vicente catchment had subsequently been modified t o  reduce flam- 

m a b i l i t y .  This modi f ica t ion  d r a s t i c a l l y  reduced puncture and t e a r  

r e s i s t a n c e .  New m a t e r i a l  f o r  the  catchment w i l l  e l imina te  the  modif i -  

c a t i o n  and the  t e a r i n g  problem. Nevertheless ,  t he  catchment and 

s to rage  s t r u c t u r e s  w i l l  be redesigned t o  reduce the  p o s s i b i l i t y  of 

animal and wind damage. 

Bee catchment. Prel iminary work was s t a r t e d  on the  development 

of small  u n i t i z e d  catchments and s to rage  t o  provide water f o r  bees and 

f i r e f i g h t i n g .  These catchments a r e  designed t o  c o l l e c t  and s t o r e  up 

t o  1,500 ga l lons  of water ,  They c o n s i s t  of a  c o l l e c t i o n  apron, approxi-  

mately 6 x 6 m, wi th a  s to rage  bag o r  l i n e d  p i t  wi th  evaporat ion-  

r e t a r d e n t  cover ,  The des ign  c r i t e r i o n  i s  f o r  low-cost and easy i n s t a l l a t i o n  

wi th  a  minimum of l abo r  and equipment. 

I n  November 1965 a  smal l  u n i t  was i n s t a l l e d  south  of Florence,  

Arizona, t o  provide water f o r  a  bee ap ia ry .  The rancher  has  been haul ing  

water a t  the r a t e  of 250 t o  500 ga l lons  per  month a  d i s t a n c e  of 20 mi les  

t o  provide adequate water f o r  t he  bees during peak honey product ion.  

Primary i n t e r e s t  i s  i n  the  p o s s i b i l i t y  of damage t o  t he  i n s t a l l a t i o n  

by rodents  and small  animals,  which a r e  abundant i n  t he  a r e a .  Also, 

the  r e l a t i v e  s i z e s  of catchment and s to rage  f o r  most e f f i c i e n t  and 

economical performance must be determined. S imi la r  u n i t s  w i l l  be i n s t a l -  

l ed  i n  1966 t o  provide water f o r  f i g h t i n g  f o r e s t  f i r e s .  

Annual Report of the U.S. Water Conservation Laboratory



PART 111. GRANITE REEF TESTING SITE 

During t h e  summer of 1965 e l e c t r i c a l  power was b rought  i n t o  t h e  

G r a n i t e  Reef t e s t i n g  s i t e .  Within  t h e  p l o t  a r e a  t h e  w i r i n g  was r u n  

underground t o  15 of t h e  l a r g e  t e s t  p l o t s .  Pumping sumps and submers ib le  

pumps were connected t o  t h e  s t o r a g e  t a n k s  a t  each o f  t h e  p l o t s .  The 

w a t e r  i s  pumped from t h e  t anks  through a  p r e c a l i b r a t e d  w a t e r  meter  a t  

each p l o t .  The sump pumps a r e  s e t  t o  s t a r t  a u t o m a t i c a l l y  when t h e  w a t e r  

i n  t h e  t anks  r e a c h e s  a  d e p t h  o f  60 cm. Th is  p e r m i t s  t h e  c o l l e c t i o n  o f  

d a t a  from s torms when t h e  runof f  i s  i n  excess  of t h e  c a p a c i t y  of t h e  

s t o r a g e  t a n k s .  Also,  f o r  s to rms  where t h e  runof f  does n o t  f i l l  t h e  t a n k s  

t o  t h e  pump a u t o m a t i c - s t a r t  l e v e l ,  a  c a l i b r a t i o n  check o f  t h e  p o i n t  gage 

v o l u m e t r i c  r e a d i n g  v e r s u s  w a t e r  meter  r e a d i n g  i s  o b t a i n e d  a s  t h e  t a n k s  

a r e  emptied.  

The i n s t r u m e n t a t i o n  o f  G r a n i t e  Reef was e n l a r g e d  w i t h  t h e  i n s t a l -  

l a t i o n  o f  a  second s e t  of d i r e c t i o n a l  wind vane and anemometer connected 

t o  a  h igh-speed m u l t i p o i n t  r e c o r d e r .  Also,  w a t e r - s t a g e  r e c o r d e r s  were 

i n s t a l l e d  i n  t h e  s t o r a g e  t a n k s  on t h r e e  l a r g e  p l o t s  t o  measure t h e  r a t e  

o f  p r e c i p i t a t i o n  r u n o f f ,  The wind system, w a t e r - s t a g e  r e c o r d e r s ,  and a  

f a s t  t i m e - s c a l e  weighing r a i n g a g e  a r e  a u t o m a t i c a l l y  s t a r t e d  a t  t h e  s t a r t  

of  a  r a i n .  The system normal ly  o p e r a t e s  from l i n e  e l e c t r i c a l  power, 

b u t  a u t o m a t i c a l l y  s w i t c h e s  t o  a  power supp ly  d e r i v e d  from a  12-VDC 

b a t t e r y  and a  power i n v e r t e r  i n  c a s e  o f  e l e c t r i c a l  o u t a g e .  

The r a i n f a l l  p a t t e r n s  w i t h i n  t h e  t e s t  a r e a  a r e  b e i n g  s t u d i e d  through 

t h e  u s e  of a  s e r i e s  o f  t w e n t y - t h r e e  7.42-cm d i a m e t e r  r a i n g a g e s ,  two 

8- inch  d iamete r  weighing gages ,  one 8 - inch  s t o r a g e  gage,  and a  v e c t o -  

p luv iomete r .  The d a t a  from t h e  r a i n g a g e s ,  coupled w i t h  o b s e r v a t i o n s  

d u r i n g  s torms,  i n d i c a t e  t h e  r a i n f a l l  i s  q u i t e  v a r i a b l e .  R a i n f a l l  

v a r i a t i o n  must be  c o n s i d e r e d  i n  e v a l u a t i n g  d i f f e r e n c e s  i n  runof f  measured 

from s e p a r a t e d  p l o t s .  U n t i l  a d d i t i o n a l  d a t a  a r e  o b t a i n e d ,  a l l  runof f  

v a l u e s  a r e  b e i n g  compared t o  a  s i n g l e  s t a n d a r d  r a i n g a g e .  

The t o t a l  r a i n f a l l  a t  G r a n i t e  Reef f o r  t h e  y e a r  1965 was a lmos t  

double  t h e  average  a n n u a l  p r e c i p i t a t i o n ,  w i t h  December 1965 b e i n g  one 

of t h e  w e t t e s t  i n  t h e  p a s t  34 y e a r s .  For  t h e  y e a r  a  t o t a l  o f  47 s e p a r a t e  

s to rms  was measured, w i t h  17 s torms o c c u r r i n g  i n  December. A t o t a l  of 
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166.4 mm was measured i n  December, compared t o  an average of 27.9 mm. 

R a i n f a l l  f o r  t he  year  was 395.5 mm, compared t o  an average of 221 mm. 

Following a r e  the  r e s u l t s  of the  runoff measured from the  d i f f e r e n t  

p l o t .  
2  

Small 9.3-m p l o t s ,  For the  fou r th  consecut ive year  t h e  t o t a l  

runoff from the  30-mil b u t y l  shee t ing  on p l o t  2  averaged over 100 percent  

of the  raingage ca tch ,  while  the  un t r ea t ed  s o i l  ( p l o t  4) averaged 

28 percent  f o r  t he  y e a r .  P l o t  8 was t r e a t e d  14 Apr i l  1965 wi th  a  

12-mil modified b u t y l  shee t ing  bonded t o  t he  s o i l  wi th  SS-2 Spec ia l  
- 2 

a s p h a l t  emulsion appl ied  a t  a  r a t e  of 0.7 kg a s p h a l t  m . This p l o t  

i s  p r imar i ly  a  weathering t e s t ,  b u t  it has averaged 97 percent  runoff 

s i n c e  i n s t a l l a t i o n .  P l o t  16, a  weathering t e s t  a l s o ,  t r e a t e d  i n  J u l y  

1964 wi th  a  basecoat  of MC-250 a t  2.5 kg a s p h a l t  m m 2  and a  s e a l c o a t  of 

c l a y  emulsion a t  1 .0  kg a s p h a l t  m M L ,  averaged 92 percent  runoff . Both 

p l o t  8  and p l o t  16 a r e  weathering s a t i s f a c t o r i l y  t o  d a t e .  A water 

r e p e l l a n t  designated R-9, appl ied  t o  p l o t  18 i n  May 1963 a t  a  r a t e  of - 2 - 2 
0.113 kg m on the  upper ha l f  and 0.057 kg m on the  lower h a l f ,  

y i e lded  47 percent  runof f .  

Esso p l o t s .  The fou r -p lo t  t e s t  u n i t  cons t ruc ted  i n  coopera t ion  

wi th  Esso Research Corporat ion of Linden, New Je r sey ,  i s  performing 

s a t i s f a c t o r i l y .  The p l o t s ,  i n s t a l l e d  i n  December 1964 with a  one-phase 

t reatment  of Eas te rn  a s p h a l t ,  a r e  i n  good cond i t i on  one year  l a t e r .  
- 2 

P l o t  E-1, t r e a t e d  wi th  1.95 kg a spha l t  m , averaged 89 percent  runof f ;  
- 2 

p l o t  E-2 , t rea ted  wi th  1.85 kg a s p h a l t  m , averaged 89 percent  runof f ;  

p l o t  E-3, which i s  smoothed-untreated s o i l ,  averaged 42 p e r c e n t . r u n o f f ;  
- 2 

and p l o t  E-4, t r e a t e d  wi th  2.2 kg a s p h a l t  m , averaged 92 percent  runoff .  
2  

Watersheds. The runoff from the  th ree  450-m watersheds i s  presented 

i n  Table 1. Watersheds 1 and 2 a r e  completely un t r ea t ed  wi th  r e spec t  

t o  smoothing o r  brush removal. Watershed 3 has had the  brush hand- 

removed wi th  a  minimum of s o i l  d i s tu rbance .  Runoff occurs  from these  

a reas  only from storms of h igh  t o t a l  r a i n f a l l  o r  high i n t e n s i t y ,  o r  

i f  the  s o i l  i s  completely s a t u r a t e d  from previous s torms.  A s a t u r a t e d  

s o i l  condi t ion  e x i s t e d  f o r  many of t he  storms when runoff occurred i n  
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December. For t he  year ,  watersheds 1 and 2  y ie lded  23 and 22 percent  

runoff ,  r e s p e c t i v e l y .  Runoff from c l ea red  watershed 3  was 28 pe rcen t .  
2 2 

Large 230-m p l o t s .  Treatments appl ied  t o  t he  230-m p l o t s  a r e  

l i s t e d  i n  Table 2, and the  runoff  r e s u l t s  a r e  presented i n  Table 3. 

The bonded 1.5-mil  black polyethylene,  p l o t  L-1, averaged 96 percent  

runoff f o r  the  y e a r ,  The shee t ing  has wrinkled considerably,  which 

has increased  the  r e t e n t i o n  and reduced the  runof f .  The wr inkl ing  

has been found t o  be caused by absorp t ion  of t he  a s p h a l t  adhesive and 

a  swel l ing  of t he  f i l m ,  

Runoff from the  smoothed-untreated p l o t  L-2 averaged 33 percent ,  

while p l o t  L-3, t r e a t e d  with a  low-cost water r e p e l l a n t  designated 

R-9, has  averaged 94 percent  s i n c e  i n s t a l l a t i o n  on 4 August 1965. 

Although the  water r e p e l l a n t  does not  s t a b i l i z e  the  s o i l ,  the  e ros ion  

on p l o t  L-3 i s  only s l i g h t l y  h igher  than on p l o t  L-2. For storms on 

17 August, 2  September, 19 September, 16 October, and a l l  the  December 

storms, t he  quan t i t y  of s o i l  eroded from the  p l o t s  and deposi ted i n  

the  tanks was d r i e d  and weighed. For these  storms the  smoothed-untreated 

p l o t  eroded 2.2 g  s o i l  per  l i t e r  of runoff ,  compared t o  3 .0  g  per  l i t e r  

f o r  the  wa te r - r epe l l en t  p l o t .  P a r t i c l e  s i z e  a n a l y s i s  of t he  sediment 

i s  being conducted t o  eva lua t e  poss ib l e  d i f f e r e n c e s  i n  the  s i z e  of s o i l  

p a r t i c l e s  being eroded. 

P l o t  L-4, t he  b u t y l  shee t ing  s tandard ,  has  no observed d e t e r i o -  

r a t i o n  and runoff averaged 100 pe rcen t .  To determine i f  the  a spha l t  

bonding the  b u t y l  t o  the  s o i l  was damaging the  bu ty l ,  s t r i p s  of t he  

shee t ing  were taken from both bonded and unbonded a r e a s  of the  p l o t .  

The p ieces ,  trimmed t o  10.2-cm width, were placed i n  t he  t e s t i n g  machine, 

and the  s t r e n g t h  of the  m a t e r i a l  was measured a t  a  cross-head t r a v e r s e  
- L 

speed of 5  cm min . The gr ipping  clamps of the  t e s t i n g  machine were 

i n i t i a l l y  s e t  6  cm a p a r t .  Both samples were s t r e t c h e d  50 cm, from an 

i n i t i a l  l ength  of 6  cm t o  a  f i n a l  length  of 56 cm. The f i n a l  loading 

was 14 kg f o r  the  unbonded b u t y l  and 11 kg f o r  the  asphalt-bonded 

b u t y l .  Both samples were extremely d u c t i l e .  Although the a spha l t  

may have s l i g h t l y  reduced the  t e n s i l e  s t r e n g t h  of t h e  bu ty l ,  the 
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d u c t i l i t y  was c e r t a i n l y  not  adverse ly  a f f e c t e d .  The a s p h a l t  has not  

damaged the b u t y l  shee t ing  a f t e r  4  years  of exposure. 

P l o t s  L-5 and L-6 a r e  t r e a t e d  with a  two-phase a s p h a l t  t rea tment .  

The runoff from both  p l o t s  averaged 98 percent  f o r  1964, a l though f o r  

i nd iv idua l  storms t h e r e  was a s  much a s  30 percent  d i f f e r e n c e .  The 

d i f f e r e n c e s  measured were a t t r i b u t e d  t o  the  f a c t  t h a t  the p l o t s  s lope  

i n  d i f f e r e n t  d i r e c t i o n s  and t h e r e f o r e  had d i f f e r e n t  wind exposures 

during the s torms.  To determine the  p o s s i b i l i t y  of i nc reas ing  runoff 

by slowing wind movement over  the  p l o t  su r f ace ,  a  1.2-m high  snow fence 

was placed around the  ou t s ide  of the  two p l o t s .  On p l o t  L-5, which 

s lopes  nor th ,  the  fence was placed on the  n o r t h  and west s i d e s .  On 

p l o t  L-6, which s lopes  e a s t ,  the  fence was placed on the south  and 

e a s t  s i d e s ,  Vectopluviometer da t a ,  presented i n  Table 4, show t h a t  

48 percent  of t he  r a i n  f e l l  while  the  wind was blowing from the  n o r t h  

and west and 52 percent  came from the  south and e a s t .  Runoff from 

p l o t  5, with fence  on t h e  no r th  and west, was 96 pe rcen t .  Runoff from 

p l o t  6, with fence on the  south  and e a s t ,  was 101 pe rcen t .  D e f i n i t e  

conclusions cannot be reached u n t i l  an a n a l y s i s  of i nd iv idua l  storm 

da ta  i s  completed. It appears  t h a t  during some storms the fence 

in t e rcep ted  r a i n f a l l  and reduced runof f .  On a  pre l iminary  b a s i s ,  

however, the  annual averages i n d i c a t e  t h a t  snow fence on the  upwind 

s i d e  of the  p l o t s  d id  inc rease  t o t a l  r a i n f a l l  c o l l e c t i o n .  

P l o t  L-7a, which was covered with 1 - m i l  Tedlar ,  bonded t o  t h e  s o i l  

wi th  a spha l t ,  f a i l e d  i n  t he  sp r ing  of 1965. Shrinking of the  m a t e r i a l  

occurred which t o r e  t he  shee t ing .  Wind then seve re ly  damaged a  

2 x 15 m a r ea  and the  remaining f i l m  was removed i n  March. Runoff 

from the p l o t  be fo re  damage occurred averaged 104 pe rcen t .  

A new cover of a  modified 10-mil black polyethylene f i l m  was 

i n s t a l l e d  on p l o t  L-7 i n  June 1965. This shee t ing  was bonded t o  t he  
- 2 

old  basecoat  with RSK emulsion, appl ied  a t  a  r a t e  of 0.7 kg a s p h a l t  m . 
In spec t ion  on 28 J u l y  1965 found t h a t  a s p h a l t  was migra t ing  up through 

the  shee t ing ,  and the  water  c o l l e c t e d  from a  r a i n  on 28 J u l y  was d i s -  

colored by a s p h a l t  d e t e r i o r a t i o n  byproducts .  Another i n spec t ion  i n  

August found a  number of small  ho le s  i n  the  shee t ing .  The holes  r e s u l t  

7  - 11 
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from d e t e r i o r a t i o n  of t h e  f i l m ,  which h a s  been a c c e l e r a t e d  because  

t h e  s h e e t i n g  was i n s t a l l e d  under  c o n s i d e r a b l e  t e n s i o n .  Runoff h a s  

averaged 96 p e r c e n t  s i n c e  i n s t a l l a t i o n .  

Ridge and furrow p l o t s .  Three y e a r s  of r e c o r d s  from t h e  smoothed- 

u n t r e a t e d  p l o t  L-2 a t  Grani teReef  show t h a t  over  30 p e r c e n t  of t h e  

r a i n f a l l  h a s  been c o l l e c t e d .  The p l o t  i s  on a  5  p e r c e n t  s l o p e ,  w i t h  

no p r o v i s i o n s  f o r  channe l ing  t h e  w a t e r  i n t o  c o l l e c t i o n  d i t c h e s .  Runoff 

shou ld  be  i n c r e a s e d  by i n c r e a s i n g  t h e  s l o p e ,  b u t  t h e  l e n g t h  o f  t h e  

s loped  s u r f a c e  should be  decreased  t o  reduce e r o s i o n  h a z a r d .  The b e s t  

way t o  o b t a i n  l a r g e  a r e a s  o f  s h o r t  b u t  s t e e p  s l o p e s  i s  through t h e  

c o n s t r u c t i o n  of l a r g e  r i d g e s  d r a i n i n g  i n t o  furrows which convey t h e  

w a t e r  t o  t h e  s t o r a g e  r e s e r v o i r .  Accordingly ,  e i g h t  6 . 1  x 30 .4  m r i d g e  

and furrow p l o t s  were c o n s t r u c t e d  a t  G r a n i t e  Reef i n  March 1965 w i t h  

a  road g r a d e r .  L o n g i t u d i n a l  s l o p e  on a l l  p l o t s  i s  3 p e r c e n t .  Four 

p l o t s  r u n  e a s t  and west ,  and f o u r  r u n  n o r t h  and s o u t h .  Four p l o t s  

have 10 p e r c e n t  s i d e  s l o p e s ,  and f o u r  have 20 p e r c e n t  s i d e  s l o p e s .  

O r i e n t a t i o n  and s l o p e s  a r e  summarized i n  Table  5 .  Each furrow d r a i n s  

i n t o  a  s e p a r a t e  c a l i b r a t e d  s t e e l  t ank ,  where wa te r  volume i s  measured 

w i t h  a  micrometer p o i n t  gage.  

The runof f  measured s i n c e  t ank  i n s t a l l a t i o n  i n  A p r i l  1965 i s  

p r e s e n t e d  i n  Tab le  6 .  For  t h e  p e r i o d  12 May th rough  19 September t h e  

r i d g e  and furrow p l o t s  averaged 24 p e r c e n t  runof f  and t h e  smoothed- 

u n t r e a t e d  p l o t  L-2 averaged 29 p e r c e n t  of 51.0  mm p r e c i p i t a t i o n .  

S o i l  on t h e  r i d g e  and furrow p l o t s  was u n c o n s o l i d a t e d  f o r  a  p e r i o d  

f o l l o w i n g  c o n s t r u c t i o n  and t h i s  reduced r u n o f f .  For  t h e  e n t i r e  p e r i o d  

s i n c e  i n s t a l l a t i o n  t h e  r i d g e  and furrow p l o t s  averaged 118 .2  mm runof f  

w h i l e  p l o t  2-2  y i e l d e d  103 .8  mm. There  were no c o n s i s t e n t  d i f f e r e n c e s  

i n  runof f  between t h e  20-percen t  s l o p e  and t h e  1 0 - p e r c e n t  s l o p e  p l o t s .  

Measurements of p l o t  e r o s i o n  were made f o r  t h e  s torms of 19 September, 

16 October,  and f o r  a 1 1  t h e  December s torms combined. The p l o t s  w i t h  

10 p e r c e n t  s l o p e  averaged 7 . 9  g  sediment p e r  l i t e r  r u n o f f ,  w h i l e  t h e  

20 p e r c e n t  s l o p e s  averaged 9.7 g  sediment p e r  l i t e r  r u n o f f .  Th i s  i s  

compared t o  p l o t  L-2 which h a s  5  p e r c e n t  s l o p e  and eroded 1 . 5  g  p e r  

l i t e r  r u n o f f .  
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SUMMARY AND CONCLUSIONS : 

Water collected from exposed asphalt-treated asurfaces is often 

discolored by asphalt deterioration byproducts. This is an additional 

incentive for reducing the rate of asphalt oxidation, which is the 

primary cause of the discoloration. A spectrophotometric analysis of 

the discolored water indicated the degree of discoloration was a 

factor of dilution only, permitting colormetric evaluation of the 

quantity of coloring material in the water. Runoff water from two 

asphalt-treated plots at Granite Reef was thus evaluated to determine 

the relative effectiveness of materials intended to reduce asphalt 

deterioration, One plot had a sealcoat of standard asphalt-clay 

roofing emulsion and the other had a top spray of flaked aluminum. 

The runoff water analyses from both plots showed that the flaked 

aluminum top spray reduced the water discoloration by approximately 

40 percent, compared to the asphalt-clay emulsion. 

With one exception the experimental operational catchments have 

performed satisfactorily. The 1.5-mil black polyethylene treatment on 

the Metate catchment developed numerous small holes during the winter 

of 1964-65 because of gravel on the catchment surface and was subse- 

quently re-treated. The plot was rolled to obtain a smooth surface, 

and stronger 2-mil polyethylene was installed on the catchment during 

the summer of 1965. Seepage cylinder measurements on the asphalt- 

fiberglas pit at Metate indicate water is being lost through unsealed 

lap joints in the lining. 

The two-phase asphalt treatments on the Nelson Road, Blue Mountain, 

and Flagstaff cinders are in excellent condition and are now expected 

to last many years if a reasonable maintenance program is followed. 

The Hopi No. 1 asphalt catchment needs re-treatment of one-third of 

the area, but this was expected, as insufficient asphalt had been 

applied in the basecoat treatment. The Tedlar covering on the Cedar Mesa 

catchment suffered severe damage both from cattle walking on the plot 

and from shrinking of the sheeting. The shrinking damage eventually 

forced the removal of the entire catchment. The area will be re- 

treated with another material in the spring of 1966. 
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Two new catchments of an experimental 20-mil modified polyethylene 

were i n s t a l l e d  i n  cooperat ion with the  Bureau of Indian  A f f a i r s .  One 

catchment on the Papago Indian  Reservat ion was seve re ly  damaged by a n t s  

and rodents ,  and a  50,000-gallon bag of t h e  shee t ing  was destroyed by 

coyotes .  The second catchment on the  F o r t  Apache Indian  Reservat ion 

has su f f e red  only a  few small  ho le s  from yucca growth, and these  were 

e a s i l y  r epa i r ed .  

Small, e a s i l y  i n s t a l l e d  u n i t i z e d  catchments and s to rages  were 

designed t o  provide water f o r  bees and f i r e f i g h t i n g .  Current  work i s  

aimed a t  the  eva lua t ion  of p o t e n t i a l  damage t o  the i n s t a l l a t i o n s  by 

small  animals and a t  determining the  most e f f i c i e n t  r e l a t i v e  s i z e  of 

catchment and s t o r a g e .  

E l e c t r i c  pumps and water meters  were i n s t a l l e d  on the  c o l l e c t i o n  

tanks f o r  15 p l o t s  a t  Gran i t e  Reef. The pumps s t a r t  au tomat ica l ly  

when the  water reaches a  depth of 60 cm. This permi ts  t he  co l l ec tdon  

of da t a  from storms when runoff i s  i n  excess of t he  tank capac i ty .  

When runoff i s  i n s u f f i c i e n t  t o  s t a r t  t he  pumps, a  check of the  po in t  

gage volumetr ic  reading versus  water  meter readings i s  obtained a s  

the  tanks a r e  emptied. 

Ins t rumenta t ion  a t  Gran i t e  Reef was expanded wi th  the  i n s t a l l a t i o n  

o f :  (1) two s e t s  of wind-d i rec t ion  vanes and anemometers connected 

t o  a  high-speed mul t ipo in t  recorder ;  (2)  twenty-three 7.62-cm diameter 

raingages;  (3) a  f a s t  char t - speed  weighing raingage;  and (4) water-  

s t a g e  recorders  on the  s to rage  tanks f o r  t h ree  catchments.  A l l  

recording instruments  s t a r t  au. tamatical ly  a t  t he  beginning of each 

rainstorm. R a i n f a l l  a t  Gran i t e  Reef was almost double the  34-year average, 

with 395.5 mm p r e c i p i t a t i o n  measured i n  47 sepa ra t e  s torms.  
2  

Runoff from the  small  9.3-113 p l o t s  f o r  1965 was: b u t y l  shee t ing  - 
100 pe rcen t ;  un t r ea t ed  s o i l  - 28 percent ;  and wa te r - r epe l l en t  s o i l  - 
47 pe rcen t .  

2  
Two 450-m uncleared watersheds a t  Grani te  Reef averaged 22 percent  

runoff ,  and a  t h i r d  one, where the  brush was removed, averaged 28 

percent .  This  i s  compared t o  a  smoothed-untreated p l o t  which averaged 

33 percent .  A second smoothed p l o t ,  t r e a t e d  wi th  a  low-cost water 
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r e p e l l a n t ,  has averaged 94 percent  runoff s i n c e  i n s t a l l a t i o n  i n  August 

1965. Erosion from the  wa te r - r epe l l en t  p l o t  has not  s i g n i f i c a n t l y  

exceeded t h a t  from a s i m i l a r  untreated-smoothed s o i l  p l o t .  
2  

Runoff from th ree  230-m Grani te  Reef p l o t s  covered wi th  p l a s t i c  

o r  rubber shee t ing  has averaged e s s e n t i a l l y  100 percent  of the  r a i n f a l l .  
2 

The two 230-m Grani te  Reef p l o t s  t r e a t e d  with a  two-phase sprayed 

a s p h a l t  pavement have shown no decrease i n  runoff e f f e c t i v e n e s s ,  

averaging over 98 percent .  

Prel iminary i n v e s t i g a t i o n  of s lope  versus runoff and e ros ion  was 
2 

i n i t i a t e d  by cons t ruc t ing  e i g h t  r i dge  and furrow p l o t s  of 185 m . 
The p l o t s ,  which a r e  6 .1  m wide and 30.4 m long, c o n s i s t  of r i dges  

wi th  s i d e  s lopes  of 10 and 20 percent  d ra in ing  i n t o  furrows with 

3 percent  l ong i tud ina l  s lope .  There were no c o n s i s t e n t  d i f f e r e n c e s  

i n  runoff between 10- and 20-percent s i d e  s lopes .  Runoff averaged 

from 41 t o  48 percent ,  a s  compared t o  33 percent  f o r  t he  230-m 
2 

smoothed s o i l  p l o t  which has 5 percent  s lope .  Average e ros ion  per  

l i t e r  of runoff f o r  19 comparable storms was: 5  percent  - 1 .5  g; 

10 percent  - 7.9 g; and 20 percent  - 9.7 g .  

Snow fence, 1 . 2  m i n  he igh t ,  was i n s t a l l e d  ad jacent  t o  d i f f e r e n t  
2  

s i d e s  of two 230-m asphal t -paved p l o t s  a t  Grani te  Reef t o  determine 

the  e f f e c t  on r a i n f a l l  c o l l e c t i o n .  Runoff da t a  a r e  being compared 

t o  wind and r a i n  d i r e c t i o n  d a t a  obtained with t h e  vectopluviometer .  

Prel iminary comparisons show t h a t  f o r  some storms the  fence in t e rcep ted  

r a i n  and decreased runof f .  It appears ,  however, t h a t  average runoff 

f o r  the  year  was increased  by fence on the  upwind s i d e  of t he  p l o t .  

PERSONNEL: L. E. Myers, G W .  F r a s i e r  
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2 Table 1. Runoff from 456-m watersheds a t  Grani te  Reef t e s t i n g  s i t e  

R a i n f a l l  
Date 

W- 1 W- 2 W-3 
t o t a l  runoff runoff runoff 

1965 (mm) (mm) (%I (mm) (%I (mm) (%) 

5-6-7 Jan  28.2 V6 .1  21.6 M4.2 14.9 L/7.0 24.8 

20 J a n  2.5 , 0 0 0 0 0 0 

6 Feb 15.7 0 0 0 0 0 0 

6 Feb 11.7 

7 Feb 3.8 

9 Feb 1.1 

i.0-11 Mar 18.0 

1 2  Mar 1.5 

12 'Mar 0.9 

15-16 Mar 3.3 

1 Apr 5.0 

3-4 Apr 25.6 

4 Apr 0.9 

9-10 Apr 9.2 1.5 16.3 1.3 14.1 1.7 18.5 

10 Apr 1.5 0 0 0 0 0 0 

12 Apr 2.2 0 0 0 0 0 0 

1 2  May 5.0 0 0 0 0 0 0 

23 Jun 2.3 0 0 0 0 0 0 

16 J u l  1 .0  0 0 0 0 0 0 

18 J u l  4.3 0.5 11.6 0.3 7 .0  1.1 25.6 

28 J u l  10.2 2.1 20.6 2.0 19.6 3.3 32.4 

11 Aug 12.2 5.0 41.0 3.5 28.7 6 .1  50.0 

17 Aug 6.3 1.1 17.5 0 0 0.3 4.8 

30 Aug 1.0 0 0 0 0 0 0 

2 Sep 1.5 0 0 0 0 0 0 

19 Sep 7.2 0 0 0 0 0 0 

16 Oct 6.2 0 0 0 0 0 0 

22-23 NOV 25.3 0.7 3.0 0 0 1.3 5 .1  

25 Nov 15.5 5.5 35.5 3.3 21.3 4.6 29.7 

See footnotes  a t  end o f  t ab le .  
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Table 1. Runoff from 4.50-mL watersheds a t  Grani te  Reef t e s t i n g  s i t e -  
Continued 

Ra in fa l l  W- 1 W- 2 
Date 

W-3 
t o t a l  runoff runoff runoff 

9 Dec 3 .5  0.8 22.9 1 .3  37.1 l . 9  54.3 

9 Dec 7.9 2.9 36.7 1.4 17.7 2.1 26.6 

9-10 Dec 19.4 7 .1  36.6 5.6 28.9 9.7 50.0 

10 Dec 11.1 5.2 46.8 6.0 54.1 7 60.0 

10 Dec 23.1 Y11.6 50.0 Y11.6 50.0 ?/133. 60.0 

13 Dec 11.7 8.5 72.6 6 .1  52.1 8.5 72.6 

14 Dec 7 . 1  1.3 18.3 L.5 21.1 3.0 42.3 

- &-I5 Dec 14.0 5.5 39.3 3.9 27.9 6.3 45.0 

15 Ucc 

1-6 Dec 

17 Dec 

22 Dec 

22 Dec 

22 Dec 

23 Dec 

29 Dec 

Tota l  

I/ Storage p i t  l eaking  - runoff est imated by comparison wi th  un t r ea t ed  - 
0 

9. 3-mL p l o t  from storms t o  25 November 1965. 

2/ Storage overflowed - runoff est imated a t  50 percent .  - 
3/ Runoff i n t o  s to rage  from ou t s ide  p l o t  - runoff est imated a t  60 pe rcen t ,  - 
41 Runoff i n t o  s to rage  from ou t s ide  p l o t  - runoff est imated a t  30 percent .  - 
51 Runoff i n t o  s to rage  from ou t s ide  p l o t  - runoff est imated a t  40 percent .  - 
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2 
Table 2. Treatments on 230-m plots at Granite Reef testing site 

Plot Treatment date Treatment 

10 Oct 1963 

1 Feb 1965 

30 Nov 1961 

4 Aug 1965 

30 Nov 1961 

18 Sep 1962 

25 Jan 1965 

19 Apr 1963 

8 May 1963 

9 Jul 1963 

22 Jan 1965 

12 Feb 1964 

19 Feb 1964 

12 Feb 1965 

8 Jun 1965 

- 2 
Basecoat. RC-Special at 2.0 kg asphalt m 

Top sheeting. Black polyethylene, 1.5-mil, 

bonded with mixture of MC-270 and MC-250 at 
- 2 

1.2 kg asphalt m 

Smoothed-untreated 
- 2 

R-9 at 0.057 kg m - 
Butyl rubber sheeting, 30-mil 

- 2 
Basecoat. S-1 at 1.04 kg asphalt m 

- 2 
Topcoat. Clay emulsion at 0.5 kg asphalt m 

- 2 
Basecoat. RC-Special at 1.5 kg asphalt m 

Topcoat, south half. SS-2 Special at 

0.65 kg asphalt m-2) with 3% butyl latex 

Topcoat, north half. S-1 at 0.5 kg 

asphalt m-2) with 3% butyl latex 

Top spray. Flaked aluminum at 0.08 kg 
- 2 

solution m 
- 2 

Basecoat. RC-Special at 2.0 kg asphalt m 

Top sheeting. Tedlar PVF film, 1-mil, 

bonded with SS-2B at 0.5 kg asphalt mm2 
- 2 

Basecoat, RC-Special at 2.0 kg asphalt m 

Top sheeting. Modified polyethylene film, 
- 2 

10-mil, bonded with S-1 at 0.7 kg asphalt m 
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2 
sb le  3 ,  Runoff r e s u l t s  from r a i n f a l l  on 230-m p l o t s  a t  Gran i t e  Reef t e s t i n g  s i t e  

--- - --- .- ------ -we- -------------- - ---- 
R a i n f a l l  L-1 

a t e  
L- 2 L-3 L-4 L- 5 L- 6 L-7a L-7b 

t o t a l  -- ---- runoff runoff - - --.------ 12??~-E..- runoff___ r u n o z  --,.--------------- runoff run0 f f runof -- - .- f 

965 (mm) (mxm) (%) (mm) (%) (mm) (%) (n~m) (%) (nm) (%) (mm> (%) (nm) (%I (?.ma) (%) 

-G Jan 25.2 6 - 8  27.0 26.2 104.0 25.3 100.4 25.6 101.6 26.3 104.4 

J a n  3.0 0.7 23.0 3 . 3  110.0 3.3 110.0 3.0 100.0 3.3 110.0 

3 Jan 2.5 0 0 

Peb 15.7 13.0 82.8 1.7 10.8 

Feb 11.7 11.9 101.7 2.9 24.8 

F eb 3.8 5 .2  136.8 2.3 60.5 

% eb 1.1 1 .6  145.5 0 0 

3-11 Mar 18.0 18.2 101.1 0.7 3.9 

I Ear 1.5 2.3 153.0 0 0 

! Mar 0.9 1.1 122.2 0 0 

5-16 Plar 3.3 3 .1  93.9 0 0 

AP r 5.0 4.4 88.0 0.2 4.0 

-4 Apr ' I/ 25.6 - 25.6 100.0 8.6 33.6 

Apr 0.9 0.9 100.0 0 0 

-10 Apr 9 .2  9.6 104.3 2.8 30.4 9 ,9  107.6 9 .4  102.2 9 .3  101.1 

Apr 1.5 1.7 113.3 0.4 26.7 1.5 100.0 1 .4  9 3 . 3  1 .0  66.7 

! Apr 2.2 2.0 90.9 0 0 2.3 104.5 2.2 100.0 2.3 104.5 

! Nay 5 .0  5 .0  lOC.0 0 0 5.0 100.0 5 . 2  104.0 5.2 104.0 

I Jun 2.3 1 .8  78.3 0 0 2 , 1  91.3 1 .8  78.3 1.8 78.3 
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2 
lb l e  3. Runoff r e s u l t s  from r a i n f a l l  on 230-m p l o t s  a t  Grani te  Reef t e s t i n g  s i te-Continued 

R a i n f a l l  L-1 
l t e  

L- 2 L-3 L-4 L-5 L-6 L-7a L-7b 
t o t a l  runoff runoff runoff runoff runoff runoff runof f - runoff 

365 (mm) (mm) (%) (mm) (%) (mm) (%) (mm) (%) (mm) (%) (mm) (%I (mm) (%I (nd (%) 

5 J u l  1.0 1.9 190.0 0 0 1 .4  140.0 0.7 70.0 0.7 70.0 0 70.0 

$ J u l  4.3 5 .0  116.3 2.1 48.8 5 .2  121.4 4.7 109.3 5 . 1  118.6 

I J u l  10.2 9.7 95.1 3.; 34.3 9.9 97 .1  8 .9  87.3 9.0 88.2 

. Aug 12.2 11.5 94.3 7.4 60.7 11.3 92.6 12.0 98.4 10.8 88.5 10.7 87.7 

' Aug . 6.3 6.0 95.2 0.2 3 . 2 -  5.8 92.1 5.9 93.7 5.9 93.7 5 .8  92.1 5 . 8  92.1 

I Aug 1.0 1 .0  100.0 0 0 0.6 60.0 1.1 110.0 0.8 80.0 0.7 70.0 1 - 0  100.0 

S ~ P  

I Sep 

I Oct 

-23 Nov 

Nov 

Dec 

Dec 

Dec 

10 Dec 

Dec 

Dec 

Dec 

Dec 

3 footnotes  a t  end of t ab le .  
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2 zble  3.  Runoff r e s u l t s  from r a i n f a l l  on 230-m p l o t s  a t  Gran i t e  Reef t e s t i n g  s i te -Cont inued 

- -- 
R a i n f a l l  L-1 L- 2 L-3 L-4 L-5 L-6 L-7a L-7b 

a t e  t o t a l  runoff -- - runoff rirnof f runoff runoff runoff runoff runo f i__---"-- 
965 (am) (mm) (%) (ma) (%) (mm) (%) (mm) (%) (mm) (%) (mm) @) (mm) (%) (mm) (%) 

$-15 Dec 14.0 13.6 97.1 5.2 37.1 13.4 95.7 13.8 98.6 13.8 98.6 13.7 97.9 13.7 97.9 

5 Dec 1.5 1.5' 100.0 0 0 1.5 100.0 1.5 100.0 1.4 93.3 1.6 106.7 1 .4  93.3 

2 Dee 25.7 24.0 93.4 15.3 59.5 26 .4102.7  24.8 96.5 20.8 80.9 27 .2105.8  

2 Dec 22.9 21.0 91.7 15.0 65.5 23 .0100.4  21.8 95.2 21.1 92.1 24.4106.6 

3 Dec 3.2 3 .1  96.9 1.1 34.4 3.2 100.0 3.2 100.0 3.3 103.1 3.5 109.4 

9 Dee 3.5 4.1 117.1 0 0 3 .1  88.6 4 .0114 .3  4 . 1 1 1 7 . 1  3 . 9 1 1 1 . 4  

- 
f Tank overflowed. k n o f f  est imated a t  100 percent .  

( Poss ib le  tank overflow. 

f Tank overflowed. Runoff est imated from storms t o  25 November 1965. 

Meter stopped. Runoff est imated a t  98 percent  from previous storm. 
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Table 4 . D i r e c t i o n a l  r a i n f a l l  measurements by v e c t o r  pluviometer 

a t  t h e  Gran i t e  Reef t e s t i n g  s i t e  

Date 
C o l l e c t i o n b y o r f i c e f a c i n g d i r e c e i o n l i s t e d  

r a i n f a l l  North 
c o l l e c t e d  Eas t  South West 

1965 

5-6  J a n  

7 J a n  

20 Jan  

6 Peb 

7 Feb 

9 Feb 

10-11 Mar . 
11 Mar 

12 Mar 

15-16 Mar 

1 Apr 

3-4 Apr 

4 Apr 

9-10 Apr 

12 Apr 

12  May 

23 Jun  

16 J u l  

18 J u l  

28 J u l  

11 Aug 

l'7 Aug 

30 Aug 

2 Sep 

19 Sep 

(ml) : 

45 8 

9 3* 
3 4 

45 6 

3 5 

14 

285 

11 

5 

27 

6 'b 

506 

14 

227 

3 7 

86 

4 

13 

23 

199 

346 

131 

0 

3 

291 

Cont inued 
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Table 4 . Direc t iona l  r a i n f a l l  measurements by vec to r  pluviometer 

a t  t he  Grani te  Reef Tes t ing  s i t e 4 o n t i n u e d  

Date 
Co l l ec t ion  by o r f i c e  fac ing  d i r e c t i o n  l i s  Led 

r a i n f a l l  
c o l l e c t e d  North Eas t  South West 

1965 (ml) (ml) (%) (ml) (%) (ml) (%) (ml) (%) 

16 Oct 5 8 9 15.5 35 60.3 0 0 14 24.2 

22-23Nov 529 83 15.7 285 53.8 38 7 , 3  123 23.2 

25 Nov 27 5 38 13.8 57 20.7 6 7 2 4 . 4  113 41.1 

8-9 Dec 47 7 14.9 34 72.3 0 0 6 12.8 

9 Dec 80 17 21,3 32 40.0 6 7.5 25 31.2 

9-10 Dec 600 78 13.0 163 27.2 1 7 0 2 8 . 3  189 31.5 

10 Dec 131 33 25.2 35 26.7 31 23.7 32 24.4 

10 Dec 385 130 33.8 116 30.1 66 17 .1  73 19.0 

13 Dec 202 65 32.2 39 19.3 17 , 8..4. 81  40.1 

14 Dec 8 8 10 11.4 47 53.4 21 23.8 10 11.4 

14-15 Dec 359 54 15.1 161 44.8 8 9 2 4 . 8  55 15.3 

15 Dec 41 1 2.4 4 9.8 23 56 .1  13 31.7 

16 Dec 75 5 6.6 56 74.7 8 10.7 6 8 .0  

17 Dec 17 0 0 17 100.0 0 0 0 0 

22 Dec 5 10 122 23.9 240 47.1 29 5.7 119 23.3 

22 Dec 585 123 21.0 90 15.3 135 23.0 237 40.7 

22 Dec 24 1 26 10.8 101 -41.9 7 0 2 9 . 0  44 18.3 

23 Dec 17 0 0 0 0 0 0 17 100.0 

29 Dec 7 4 3 4 .1  44 59.4 1 7 2 3 , O  10 13.5 

'Total 7673 1565 20.4 2622 34.2 1366 17.8 2120 27.6 
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Table 5 .  Orientation and slope of ridge and furrow 

treatments and the Granite Reef testing 

site, installed March 1965 

Plot Longitudinal direction Side slope 

R- 1 North-south 20 percent 

R- 2 North-south 10 percent 

R- 3 North-south 20 percent 

R-4 North-south 

R- 5 East-west 

R- 6 Eas t-west 

R- 7 Eas t-wes t 

R- 8 Eas t-wes t 

10 percent 

10 percent 

20 percent 

10 percent 

20 percent 
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Table 6. Runoff r e s u l t s  from r a i n f a l l  on l a rge  r idge  end furrow p l o t s  a t  Gran i t e  Reef t e s t i n g  s i t e  

Date Ra in fa l l  R - 1  R- 2 R-3 R-4 R-5 R- 6 R- 7 R-8 
t o t a l  Kunof f Runoff Run o f f Runoff Runoff Runoff Runoff Runoff 

12 May 

23 Jun 

16 J u l  

18 J u l  

11 Aug 

17 Aug 
--I 

1 30 Aug 
h, 
ul 

2 Sep 

19 Sep 

16 Oct 

22-23' hrov 

25 Nov 

(mn) (%) (mm) 

0 0 0 

0 0 0 

0 0 0 

2.4 55.8 2.3 

2.9 28.4 3.1 
1/ 5 .1 -  41.8 5.4 

0.3 4.8 0.1 

0 0 0 

0 0 0 

1.1 15.3 1.4 

1 , 3  21.0 1.6 

1 . 5 ~ '  5.9 2.4 

7.12'48.5 7.6 

( n )  (%) 

0 0 

0 0 

0 0 

2 .3  53.5 

3 - 1  30.4 
3 / 5,6- 45.9 
3 1 0.2- 3.2 

0. 0 

0 0 

0.6 8 .3  

0.7 11.3 

1 . 4  5.5 

7 ,6  49.0 

8 Dec 1.3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

9 Dec 3.5 3 . 1  38-6  2.3 65.7 2.5- 71.4 2.8 80.0 2 . 6 . 7 4 , 3  2.6 74.3 2 -9  52.9 2 . 5  71.4 

9 Dec 7.9 5.0 63.3 4.9 62,O 4.6 53,2 4.9 62.0 5.0 63.3 4.6 58.2 4.7 59,5 4 - 8  60.8 

9-10 Dec 30,5 17.9 58.7 11.0 36.1 18.5 60.7 20.8 68.2 14.9 4-8,9 15.0 49.2 11.2 36,7 21.3 69.8 

10 Dec 23.1 14.9 64.5 13.7 59.3 11.9 51.5 20.8 90,O 18.9 81.8 2 3 , 1 1 0 0 . 0  13,9 81,8 1 7 . 6  76.2 

13 Dec 11.7 4 I 8.3 70.9 6.7 57.3 7.9 67.5 3.2 73.1 8 . 0  68.4 7.9 67.5 8 . 5 - 7 2 . 6  8.7 74.4 

1 / Runoff i l l-~lio tank from ou t s ide  p lo t ,  runoff c s  tjmnted from p l o t  R-3,  
&- 

21 Tank leaking ,  runoff est imated f rom p l o t  R-3. 
3 / Tank leaking ,  runoff est imated from p l o t  R-6, 
/ E r r o r  i n  readj.ng,runoff es t imated  from p l o t  R-5, 
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Table 6. Runoff results Erom rainfa I on Large ridge and furrow plots at Granite Reef testing site--Conti_nued 

l ia inf  a11 K-1 
Date 

R- 2 22-3 R-4 R-5 R-6 R- 7 R -8 
total RunoE f Xunof f Runof f Runoff Runoff RunoEf Runoff 121-xiof f 

1-965 ( ( I )  ( X )  (nun) 
14 Dee 2.0 23,2 1.8, 

14-15 Dec 14.0 5.6 40.0 5.6 

15 Dec 1.4 0 0 0 

16 Dcc 3.5 0.4 11.4 0.3 

17 Dec 0.5 0 0 0 

22 Dec 25.7 1.7.9 69-6 16.9' 

22 Dec 22.9 15.9 69.4 16.6 

(%) (mm) 
28.2 1,8 
37.1 5.1 

0 0 

5.7 0 

0 0 

54.1 17.4 

70,O 11.7 

22 Dec 6.5 2.1 32.2 2.1 32.3 1,s 23,l 1,5 23,1 1,5'23,1 1,9 29,2 2,2 33.3 0 30.8 

23 Dec 3.2 
-4 

3,3 103-1 1.6 50,O 2,G 81,3 3.2 100,O 2,5 78.1 2.9 90.6 2,9 30.6 ? . G  8t,3 

29 Dec 
a 

3.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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0 Water samples from plot L-5 

A- Water samples from plot L-6 

Figure 1. Discoloration of water from asphalt catchments' in relation to quantity 

of runoff and days between rainstorms; 
t 
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TITLE: APPLICATION OF HEXADECANOL-OCTADECANOL MONOFILMS TO SMALL 

PONDS 

LINE PROJECT: SWC 4-gG2 CODE NO. : Ariz .  -WCL-9 

INTRODUCTION : 

Fur the r  s t u d i e s  were conducted t o  eva lua t e  t h e  long-term 

e f f e c t  of f l o a t i n g  whi te  g r a n u l a r  m a t e r i a l s  which reduce evapora t ion  

by r e f l e c t i n g  s o l a r  r a d i a t i o n  and reducing the  water  temperature .  

Also, p re l iminary  s t u d i e s  were conducted t o  e v a l u a t e  d i f f e r e n t  

des igns  and shee t ing  f o r  use a s  f l o a t i n g  covers .  

PROCEDURES : 

Procedures were t he  same a s  ou t l i ned  i n  t h e  1964 Annual 

Report,  w i t h  t h e  fo l lowing  a d d i t i o n s :  

Incoming shortwave r a d i a t i o n  i nc iden t  t o  and r e f l e c t e d  by 

covered and uncovered water  su r f aces  i n  274-cm diameter  tanks was 

measured w i t h  Kipp s o l a r i m e t e r s .  Net r a d i a t i o n  measurements 

were a l s o  made w i t h  F r i t s c h e n  min i a tu re  n e t  radiometers .  The 

d a t a  were recorded a t  ha l f -hour  i n t e r v a l s  on a Datex d i g i t a l  

recording system. Temperature p r o f i l e s  were measured dur ing  t h e  

same 24-hour per iods  w i th  thermocouples a t  1, 2, 7, 15, and 80 cm 

below t h e  water  su r f ace ,  and recorded a t  1-hour i n t e r v a l s  w i t h  a 

mu l t i po in t  s t r i p - c h a r t  recorder .  Radia t ion  and water- temperature  

measurements were made s imul taneous ly  on t r e a t e d  and un t r ea t ed  

tanks.  

RESULTS AND DISCUSSION: 

F loa t ing  Granular  M a t e r i a l s ,  

I n  October 1964 a s tudy  was s t a r t e d  t o  determine t h e  e f f e c t  

of weather ing of f l o a t i n g  g r a n u l a r  m a t e r i a l s  on evapora t ion  reduc t ion .  

Four kilograms each of 10-mm diameter  chopped s tyrofoam and 1-mm 

d iameter  foamed p l a s t i c  beads were app l i ed  t o  t h e  274-cm diameter  

tanks.  During t h e  per iod  30 October through 13 November 1964, 

when the  un t r ea t ed  evapora t ion  was 47 mm, t h e  beads reduced 

evapora t ion  by 42 percent  and the chopped s tyrofoam reduced evapora- 

t i o n  by 60 percent .  Evaporat ion measurements f o r  t he  next  5 months 
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showed a  gradual  reduct ion  i n  e f f e c t i v e n e s s  by both  ma te r i a l s .  

For the period of 19 A p r i l  through 23 A p r i l  when un t r ea t ed  evaporat ion 

was 18.8 mm, the  beads reduced evaporat ion by 29 percent  and the  

chopped styrofoam by 12 percent .  

On 20 A p r i l  1965 the  incoming and r e f l e c t e d  shortwave r a d i a t i o n  

was measured over t he  styrofoam. Incoming r a d i a t i o n  was 439 
- 1 

langleys  day and r e f l e c t e d  r a d i a t i o n  from t h i s  styrofoam was 

139 langleys o r  31.7 percent ,  while  from the  un t r ea t ed  water  su r f ace  

20 langleys o r  4 .6 percent  was r e f l e c t e d ,  The fol lowing day w i t h  

an incoming r a d i a t i o n  of 506 langleys ,  the  beads r e f l e c t e d  248 

langleys o r  49.0 percent ,  and the  unt rea ted  water  r e f l e c t e d  23 

langleys  o r  4.6 pe rcen t ,  

In  September 1965 r a d i a t i o n  measurements over new covers of 

styrofoam and beads were made. On 9 September w i t h  an incoming 

r a d i a t i o n  of 550 langleys  day-', the  beads r e f l e c t e d  235 langleys  

o r  42.7 percent  and the  un t r ea t ed  water,  28 langleys  o r  5 , 1  percent .  

On 10 September, when the  incoming r a d i a t i o n  was 510 langleys ,  the 

new styrofoam r e f l e c t e d  275 langleys  o r  53.9 percent  and the  un t r ea t ed  

water  r e f l e c t e d  28 langleys  o r  5.5 percent .  For t he  same periods 

n e t  r a d i a t i o n  was measured over each of t he  tanks. These measurements, 

which inc lude  longwave r a d i a t i o n  i n  add i t i on  t o  shortwave r a d i a t i o n ,  

a r e  p re sen t ly  being analyzed. Evaporation measurements f o r  the  

period 10 September through 15 September when the  un t r ea t ed  tank 

l o s t  23.9 mm showed the  styrofoam reduced evapora t ion  46 percent  

and the  beads, 34 percent .  

Fur ther  s t u d i e s  of low-cost ma te r i a l s  included expanded 

p e r l i t e  ore  p a r t i c l e s ,  about 0.5 mm average diameter ,  t r e a t e d  

wi th  a  s i l i c o n e  water  r e p e l l e n t ,  This ma te r i a l ,  customari ly  used 

a s  l o o s e - f i l l  i n s u l a t i o n ,  has a  very  low d e n s i t y  and would be l e s s  

l i k e l y  t o  s i n k  when sub jec t ed  t o  r a i n .  Two types of p e r l i t e  were 

s tud ied .  These a r e  des igna ted  by S - P e r l i t e  which has a  s i n g l e  

t reatment  of water  r e p e l l e n t  and R-Pe r l i t e  which has a  double 
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water  r e p e l l e n t  t reatment .  For t he  period of 29 September - 
14 October, w i th  an un t r ea t ed  evaporat ion of 63 mm, t he  R-Pe r l i t e  

reduced evaporat ion 53 percent  and the  S -Pe r l i t e ,  46 percent .  For 

the  period 18 October - 5 November, a f t e r  l i g h t  r a i n  on 16 October, 

t he  un t r ea t ed  evapora t ion  was 60 mm, the  R-Pe r l i t e  reduced evapora- 

t i o n  23 percent ,  and the  S - P e r l i t e ,  27 percent .  

Fur ther  a n a l y s i s  of r a d i a t i o n  and water-temperature measurements 

a r e  being made. 

F loa t ing  Covers, 

Prel iminary work was conducted on the  eva lua t ion  of m a t e r i a l s  

and designs f o r  covers f l o a t i n g  on the  water su r f ace  t o  reduce 

evapora t ion ,  The f i r s t  cover  was cons t ruc ted  of 30-mil r e in fo rced  

black b u t y l  shee t ing .  The edge of the  shee t ing  was cemented t o  

and f l o a t e d  by an a i r - f i l l ed ,3 .2 -cm d i a m e t e q r i g i d  p l a s t i c  pipe 

formed i n t o  a  c i r c l e  which was s l i g h t l y  smal le r  than the  tank. 
2  2 

The tank a rea  i s  5.91 m and the  covered areawas 5.52 m , 
r ep re sen t ing  a  covering of 93,4 percent .  The c e n t e r  of t h e  cover 

was supported by a  30-cm diameter  a i r - f i l l e d  inner  tube.  For 

t he  period of 3  June - 11 June the  uncovered tank evaporated 50.8 mm 

and the covered tank, 3 , 6  mm. 

For the period of 14 Ju ly  - 23 J u l y  evaporat ion was measured, 

along wi th  water  temperatures ,  under t he  cover and i n  an uncovered 

tank.  For the  i n t e r v a l  t h e  uncovered tank evaporated 49 mm of water  

and the  covered tank, 5 .1  mm of water  f o r  a  reduct ion  of 90 percent .  

Temperature measurements taken during the  i n t e r v a l  showed a 6 C - 
8 C warmer 24-hour mean water  temperature a t  t he  1-cm depth i n  

the  covered tank than i n  t he  uncovered tank. This  r e s u l t e d  i n  a  

higher  r a t e  of evapora t ion  from the  open po r t ion  of the  covered 

tank, thereby lo s ing  more water  than i s  i nd ica t ed  by t h e  percentage 

of a r ea  covered. The cover was then pa in ted  wi th  white  enamel. 

For 26 J u l y  - 3 August the  uncovered tank l o s t  54.4 mm of water  

and the  white-coated cover l o s t  2.0 mm f o r  a  reduct ion  of 96 percent .  

Water temperature measurements showed an inc rease  of 2  C mean 
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temperature a t  the 1-cm l e v e l ,  compared t o  the  uncovered tank.  

Rain f a l l i n g  on t h i s  cover was t rapped on the su r f ace  and was 

subsequent ly l o s t  by evapora t ion .  

A second cover was cons t ruc ted  of 10-mil modified b lack  

polyethylene.  An ou te r  r i m  was formed, using 2.5-cm semir ig id  

nylon t ~ b i n g ~ w h i c h  was f i l l e d  w i t h  water  and cemented t o  the shee t ing .  

The c e n t e r  of t he  shee t ing  i s  supported above the  water  by i n j e c t i n g  

a i r  under t he  shee t ing  forming an a i r  supported dome which shed 

r a i n  i n t o  the tank where i t  was pro tec ted  a g a i n s t  evaporat ion by 

the  cover.  This cover was 2.6 m i n  diameter,  covering an a rea  
2 

of 5.31 m o r  89.8 percent  of the  tank a rea .  

A t h i r d  cover, 2,6-m diameter ,  was cons t ruc ted  of 6.4-mm 

t h i c k  white  foamed polyethylene,  This  ma te r i a l  has a  dens i ty  l e s s  

than water  and does not  need a u x i l i a r y  suppor t ,  Evaporation 

measurements from 29 November - 6 December, when an uncovered 

tank l o s t  13 -0  nun, showed the  domed cover reduced evapora t ion  by 

84 percent  and the foamed polyethylene,  90 percent .  Fur ther  

s t u d i e s  w i t h  the  foamed polyethylene w i l l  inc lude  eva lua t ion  of 

su r f ace  t reatments  t o  i nc rease  l i f e  of the  shee t ing .  The 

unprotected shee t ing  d e t e r i o r a t e s  q u i t e  r a p i d l y  upon exposure t o  

s o l a r  r a d i a t i o n .  

During the  summer of 1965 a  f i e l d  t e s t  of the  e f f e c t i v e n e s s  

of l a r g e r  f l o a t i n g  covers  was conducted i n  cooperat ion wi th  the  

Bureau of Indian  A f f a i r s  on. t he  Hualapai Indian  Reservat ion.  A 

30-mil bu ty l  cover was cons t ruc ted  f o r  one of t he  two 6.5-m diameter  

40 ,000- l i t e r  steel-rimmed tanks t h a t  s t o r e  water  from the  Blue 

Mountain catchment. The o t h e r  tank, l e f t  uncovered, made i t  poss ib l e  

t o  measure evaporat ion from covered and uncovered tanks s imultaneously.  

The b u t y l  shee t ing  was f a s t ened  a t  t h e  edges t o  an a i r - f i l l e d  5.1-cm 

diameter r i g i d  p l a s t i c  pipe,  formed i n t o  a  6.4-m diameter c i r c l e .  

The c e n t e r  of t he  cover was supported by two 1-meter diameter  

a i r - f i l l e d  inne r  tubes.  For t he  period of 12 June - 18 June the  

uncovered tank l o s t  82.6 mm and the covered tank l o s t  6.4 mm f o r  a  
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reduct ion  of 92 percent .  A second t e s t  per iod 25 June - 3 Ju ly ,  

when the  uncovered tank evaporated 114.3 mm, the  covered tank 

l o s t  38.1 rnrn f o r  a  reduct ion  of only 67 percent ,  This  reduced 

e f f e c t i v e n e s s  was caused by r a i n  t h a t  had been c o l l e c t e d  on top  

of the  cover.  

SUMMARY AND CONCLUSIONS: 

S tudies  were continued w i t h  f l o a t i n g  white  g ranu la r  m a t e r i a l s  

which reduce evaporat ion by r e f l e c t i n g  s o l a r  r a d i a t i o n  and reducing 

the  water  temperature.  A 6-month s tudy  was conducted on 274-cm 

diameter tanks t o  determine the  e f f e c t  of weathering on evapora t ion  

reduct ion  by the  f l o a t i n g  m a t e r i a l s .  Chopped styrofoam, which 

i n i t i a l l y  reduced evapora t ion  60 percent ,  g r adua l ly  decreased i n  

e f f e c t i v e n e s s  t o  only 12 percent  reduct ion.  Foamed p l a s t i c  beads 

which i n i t i a l l y  reduced evapora t ion  42 percent ,  decreased i n  

e f f e c t i v e n e s s  t o  29 percent  reduct ion ,  

Prel iminary s t u d i e s  were conducted wi th  a  low-cost expanded 

p e r l i t e  ore ,  t r e a t e d  w i t h  a  s i l i c o n e  water  r e p e l l e n t ,  I n i t i a l l y  

t he  p e r l i t e  reduced evaporat ion approximately 50 percent  bu t  

decreased t o  25 percent  a f t e r  being wetted by r a i n ,  Measurements of 

incoming and r e f l e c t e d  s o l a r  r a d i a t i o n ,  n e t  r a d i a t i o n ,  and water-  

temperature p r o f i l e s  a r e  c u r r e n t l y  being eva lua ted ,  

Present  i n d i c a t i o n s  a r e  t h a t  evaporat ion can be reduced 

25 t o  50 percent  f o r  per iods  of 6 months o r  more w i t h  f l o a t i n g  

g ranu la r  ma te r i a l s  i f  wind movement of the m a t e r i a l s  can be 

con t ro l l ed .  Fu r the r  s t u d i e s  on l a r g e r  a reas  w i l l  be conducted. 

Prel iminary s t u d i e s  were conducted on t h e  eva lua t ion  of 

m a t e r i a l s  and designs f o r  f l o a t i n g  covers t o  reduce evapora t ion ,  

One cover of 30-mil b lack  bu ty l ,  covering 93.4 percent  of the 

tank  area,  reduced evapora t ion  90 - 93 percent .  A f t e r  

the  same cover white ,  evaporat ion was reduced 96 percent .  

For shee t ings  w i t h  a  d e n s i t y  g r e a t e r  than water ,  an a i r -  

supported dome-shaped cover  was developed t h a t  sheds r a i n  i n t o  the  

tank where i t  w i l l  be pro tec ted  aga ins t  evaporat ion by the  cover.  

9-5 
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I n v e s t i g a t i o n s  a r e  being conducted wi th  covers  cons t ruc ted  of 

6.4-mm t h i c k  white  foamed polyethylene.  This shee t ing  f l o a t s  on 

the  water  s u r f a c e  without  a u x i l i a r y  support .  It reduces water  

temperatures by r e f l e c t i n g  s o l a r  r a d i a t i o n  by v i r t u e  of i t s  white  

co lo r  and i n s u l a t i n g  p r o p e r t i e s .  Current s t u d i e s  inc lude  

eva lua t ion  of t rea tments  t o  p r o t e c t  t he  polyethylene shee t ing  

aga ins t  d e t e r i o r a t i o n  by s o l a r  r a d i a t i o n .  

A f i e l d  t e s t  of a l a r g e r  f l o a t i n g  cover was conducted i n  

cooperat ion wi th  the  Bureau of Indian  A f f a i r s  on the  Hualapai 

Indian  Reservat ion.  A 6.4-m diameter  cover of 30-mil b u t y l  shee t ing  

was cons t ruc ted  and i n s t a l l e d  on one of two i d e n t i c a l  tanks on the  

Blue Mountain catchment. Evaporation measurements f o r  6  days i n  

June showed the  cover  reduced evaporat ion 92 percent .  Af t e r  a  

r a i n  t h a t  ponded water  on the  cover, evaporat ion reduct ion  was 

67 percent .  

PERSONNEL: L. E.  Myers, G .  W. F r a s i e r .  
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TITLE: MEASUREMENT AND CALCULATION OF UNSATURATED CONDUCTIVITY 

AND SOIL-WATER DIFFUSIVITY 

LINE PROJECT: SWC 4-gG4 CODE NO.: Ariz,-WCL-13 

The objectives and need for study for this project were given in 

the 1961 Annual Report of the U. S. Water Conservation Laboratory. 

Further work under this project was reported in 1962 and 1963. This 

report covers the measurement of the temperature dependence of the 

hydraulic conductivity of 50-500p sand. The conductivity measurements 

were made according to the procedure given in the 1963 Annual Report. 

The intrinsic permeability of a porous material is defined as 

where P is the permeability, k the conductivity, 7 the viscosity of 

the fluid, p the density, and g the acceleration due to gravity, The 
2 units of P are length , and in the cgs system it is convenient to use 

2 2 
microns (p ) . 

If k is measured at several temperatures and P calculated for 

each k, then P will be the same for all temperatures of interest 

if the temperature dependence of k is solely due to the temperature 

dependence of q/p. Experimental verification of equation [l] for 

unsaturated porous materials has not been published to this writer's 

knowledge. 

Measurements were made of the hydraulic conductivity of 50-500p 

sand at four temperatures over a water content range of 0.2 to 0.4. 

Data presented in Figure 1 show the permeability versus water content 

for eleven runs at four temperatures, The data fall very nearly on 

the same line. No significant trends with temperature can be observed. 

The solid square at 8 = 0,423 represents measurement of the saturated 

hydraulic conductivity at eight temperatures, The latter measurement 

was made to ascertain whether or not small deviations of conductivity 

with temperature not accounted for by viscosity occurred but were 

not measurable with the long column technique. Table 1 shows that 

for 50-500p sand, no significant changes of saturated permeability 

with temperature occurred. 
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The value of t h e  conductivi ty a t  each temperature was obtained 

by measuring t h e  f lux  a t  seve ra l  d i f f e r e n t  gradients .  Usually s i x  t o  

e igh t  gradients  with two f l u x  measurements a t  each gradient  were made. 

Least squares ana lys i s  of the  da ta  indica ted  t h a t  a zero i n t e r c e p t  

obtains and no deviat ions from ~ a r c y ' s  law were evident .  

PERSOMESIEL: R.  D .  Jackson 
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Table 1. Conductivity, permeability at several temperatures for 50-500p 

sand. 

Temperature 
0 
C 

Conductivity 

(cm min-l) 

Permeability 

microns 
2 

Average 5.01 

*Two measurements were made at 15.5 C. A 10-day interval and measure- 

ments at several other temperatures separated these two measurements. 
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TITLE: FIELD APPLICATION OF FALLING-HEAD TECHNIQUES FOR SEEPAGE 

METER AND DOUBLE-TUBE tBTHOD FOR HYDRAULIC CONDUCTIVITY 

MEASURErnNTS 

LIME PROJECT: Swe 4 - g ~ l  CODE NO,:  Ariz,-WCL-14 

INTRODUCTION : 

The f i e l d  app l i ca t ion  of seepage meters was continued i n  1965 wi th  

s tud ies  a t  Twin Fa l l s ,  Idaho and a t  Logan, Utah t o  compare seepage 

meter r e s u l t s  wi th  those of o ther  techniques fo r  measuring seepage 

losses  from canals ,  

The top p l a t e  of the  double-tube apparatus was modified t o  permit 

i n s e r t i o n  s f  the inner tube i n t o  the  s o i l  a f t e r  the  top p l a t e  was 

fastened t o  the  outer  tube, The purpose of t h i s  modification. was t o  

make the  device e a s i e r  t o  cons t ruct  and t o  operate,  and t o  minimize 

s o i l  disturbance,  

PROCEDURE : 

Seepage Meter Tes ts ,  p i n  F a l l s ,  Idaho, The seepage meter t e s t s  - 
a t  Twin Fal ls ,  Idaho were conducted on a 1/2-mile reach of the  nor th  

s i d e  pumpicg canal,  Miaidoka Project ,  i n  cooperation. wi th  the  Snake 

River Conservation Research Center, the Universi ty of Idaho, and the  

Bureau of Reclamation, The measurements were performed by Robert 

Worstell  and Charles Brockway of Twin Fa l l s .  Seepage meter da ta  were 

co l l ec ted  a t  7 s t a t i o n s ,  400 f t  a p a r t ,  A t  each s t a t i o n ,  seepage was 

measured i n  2 p r o f i l e s  5 f t  apa r t  wi th  5 t e s t s  per p r o f i l e ,  The 

water depth i n  the  canal,  normally a t  5 t o  6 f t ,  was reduced t o  20 t o  

22 inches f o r  these  t e s t s ,  The cross-sec t ion  a t  t h i s  shallow depth 

approached a segment of an 18-f t  radius  c i r c l e ,  The water ve loc i ty  

was about 0.75 f t / s e c ,  A ponding t e s t  was run on the  canal sec t ion  

2 weeks a f t e r  the  seepage meter t e s t s  were run,  

Logan, Utah, Seepage Meter Tes ts ,  Seepage meter t e s t s  were 

conducted on s i x  8 x 20-ft ea r th - l ined  canal sec t ions ,  which were 

p a r t  s f  the  experimental canal - l in ing i n s t a l l a t i o n  a t  the Logan ARS 

f i e l d  s t a t i o n ,  The r e s u l t s  were compared wi th  the seepage for  each 

sec t ion  ca lcula ted  from the drainage flow from the  concrete bins i n  

which the sec t ions  were i n s t a l l e d ,  The type of e a r t h  l in ing  i s  given 
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i n  Table 2, The e a r t h  blankets  were covered by a 4-inch layer  of 

1-inch diameter gravel  t o  prevent sloughing, This gravel  had t o  be 

raked away a t  each seepage meter loca t ion  before the cylinder could 

be i n s t a l l e d ,  Twelve t o  15 t e s t s  were d i s t r i b u t e d  along the  center  

and s ides  of each sec:tion, 

Modifications The f l e x i b l e  connecting 

tubing from the inner tube t o  the top p l a t e  has been replaced by a 

s t r a i g h t  L O  x l - l /2- inch diameter brass tube (See Figure I) ,  This 

tube connects t o  the inner tube and s l i d e s  through a s l i p - j o i n t  

connection on the  top p l a t e ,  With t h i s  arrangement, the inner tube 

can be inse r t ed  i n t o  the  s o i l  a f t e r  the top p l a t e  i s  i n  place,  A nut 

i s  then t ightened aga ivs t  the  rubber gasket t o  ob ta in  a water - t ight  

s e a l ,  The method of a t taching the  standpipes has beep changed from 

O-ring s e a l s  t o  a flange-and-gasket s e a l ,  The const ruct ion  of the  

outer  tube has a l s o  been simp i f i e d  i n  t h a t  a  commercially ava i l ab le  

f lange i s  at tached t o  the outer  tube wi th  r t v e t s  o r  machine screws, 

This e l iminates  welding of ths f laqge t o  the outer  tube, 

RESULTS A.BD DISCUSS IOM : 

Results  of the  seepage 

t e s t s  a r e  shown i n  Table 1, The average seepage r a t e s  for  the  d i f -  

f e r e n t  p r o f i l e s  were q u i t e  uniform although csns iderabla  v a r i a t i o n  

occurred wi th in  each p r o f i l e ,  This va r i a t ion  appeared to be of a  

random nature  without c l e a r  r e l a t i s ?  t o  l o c a t i o l  i n  the  p r o f i l e  o r  

t o  water depth, The uniform average r a t e s  can. be explained i n  p a r t  

by the uniformity of the  s o i l s  i n  the  region,  The s o i l s  a r e  wind- 

blown loess  mater ia ls  of uniform s i z e  mostly i n  the s i l t  range, No 

rock o r  gravel  was encountered i n  the canals ,  The average seepage 

meter r a t e  of the  e n t i r e  half-mile sec t ion  was 0,67 f t /day,  

Values of Hb were near o r  exceeded the  water depth i n  63 out  

of the 71. t e s t s ,  This indica ted  the  presence of a  slowly permeable, 

t h i n  surface  l aye r ,  The average pressure head below t h i s  layer  was 

-5,4 inches water wi th  some values as low as -18 inches,  Using an 

average value for  impedance and pressure below the  sea l ing  layer ,  

the  seepage r a t e  can be projected t o  the normal operat ing water 
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depth of 5 f t  (see Annual Report 1963). Considering the canal  c ross-  

sec t ion  as  t rapezoidal  wi th  a bottom width of 7,5 f t  and a s ide  s lope  

of 30 degrees, the r e s u l t i n g  seepage r a t e  fo r  the  5 - f t  depth was 

1.55 f t /dayo  

The da ta  from the  ponding t e s t s  have not  been completely processed 

and a r e  not  ava i l ab le  a t  t h i s  time, Thus, comparisons between the  

seepage meter r e s u l t s  and the  ponding data  can not  y e t  be made, 

Logan, Utah, Seepage Meter Tes ts ,  The r e s u l t s  of the seepage 

meter measurements a re  summarized i n  Figures 2, 3, and 4 ,  The average 

seepage meter r a t e  for  each sec t ion  i s  presented i n  Table 2, which 

shows t h a t  the  seepage based on d ra in  flow measurement exceeded the  

average seepage meter r a t e  from 2 t o  68 times! Based on the  following 

arguments, the  conclusion i s  made t h a t  t h i s  l a rge  discrepancy i s  caused 

by leakage due t o  t h i n  spots  and s imi la r  imperfections i n  the  e a r t h  

l in ing .  

1 0  

2 ,  

3. 

The seepage as  ca lcula ted  from the d ra in  outflow has increased 

severa l  hundreds of times over the  period t h a t  the  l i n i n g s  

have been i n  opera t ion  (approximately 10 y e a r s ) ,  

Wave ac t ion  caused sloughing of the  l i n i n g  mater ia l .  Annual 

maintenan.ce cons is ted  of raking the  ma te r i a l  back on t o  the  

canal  banks. Later  on, the  l in ing  was covered wi th  a l aye r  

of gravel  t o  keep i t  i n  place. This "handling" could have 

caused a reduction of the  e f fec t iveness  of the  e a r t h  l in ings .  

The seepage meter r e s u l t s  a r e  not  e r r a t i c  but  f a i r l y  consis-  

t e n t  fo r  each sec t ion .  Occasionally, high r a t e s  were observed 

fo r  the  channel banks near the water l eve l .  In numerous other  

s tud ies ,  seepage meter da ta  have been found t o  g ive  r e l i a b l e  

es t imates  of l o c a l  seepage r a t e s ,  Thus, the  seepage meter 

r e s u l t s  a r e  probably v a l i d  fo r  the  Logan s t u d i e s ,  

Modifications of Double-Tube Equipment. The modificat ions i n  the  

double-tube equipment r e s u l t e d  i n  e a s i e r  cons t ruct ion  and opera t ion  of 

the  device, A complete cons t ruct ion  drawing of the  double-tube 

equipment was prepared. 
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SUMMARY AND CONCLUSIONS: 

Canal seepage i n v e s t i g a t i o n s  using the  fa l l ing-head  seepage meter 

technique were conducted i n  a  c a ~ a l  s e c t i o n  of l / 2  mile  l eng th  and 

approximately 2 - f t  water  depth near  Twin F a l l s ,  Idaho, Measurements 

were c a r r i e d  out  i n  7 d u p l i c a t e  p r o f i l e s  uniformly spaced over t h e  

cana l  s ec t ion ,  w i t h  5 seepage meter t e s t s  per p r o f i l e ,  The average 

seepage meter r a t e  was r a t h e r  uniform f o r  each p r o f i l e .  The average 

of a l l  71 t e s t s  was 0,67 f t / d a y ,  A t h in ,  slowly permeable l aye r  w i t h  

unsa tura ted  condi t ions  beneath i t  was present  throughout most of t he  

cana l  s e c t i o n ,  The p ro j ec t ed  seepage r a t e  f o r  a  normal ope ra t ing  

depth of 5  f t  was c a l c u l a t e d  a s  1,55 f t / d a y ,  These d a t a  w i l l  be com- 

pared w i t h  r e s u l t s  from ponding t e s t s  c a r r i e d  ou t  i n  the  same canal .  

Seepage meter t e s t s  on experimental  e a r t h  l i n i n g s  a t  Logan, Utah 

showed t h a t  t he  seepage r a t e  i n  t he  bulk of t h e  l i n i n g  a s  i nd ica t ed  

by t h e  seepage meter was l e s s  than the  seepage c a l c u l a t e d  from t h e  

outflow from the  dra inage  system, This d i f f e r e n c e  could be due t o  

weak spo t s  and s i m i l a r  imperfec t ions  i n  t he  l i n ing ,  p a r t i c u l a r l y  

a t  t he  upper p a r t  of t h e  banks, 

Modif icat ions of t he  double-tube equipment were made t o  s impl i fy  

the  cons t ruc t ion  and i n s t a l l a t i o n  of t he  equipment, The inner  tube 

can now be i n s e r t e d  i n t o  the  s o i l  a f t e r  the  top  p l a t e  i s  i n  place,  

which is  more convenient,  causes l e s s  d i s turbance  of t he  s o i l ,  and 

permits  more accu ra t e  eva lua t ion  of the depth of pene t r a t ion .  

PERSONNEL: Herman Bouwer and Robert C. Rice,  

Annual Report of the U.S. Water Conservation Laboratory



Table 1. Seepage Data - Twin Fal ls ,  Idaho 

S ta t ion  
and Water 
Surface 
Width 

Test 

1-1 
1-2 
1-3 
1-4 
1-5 

1-6 
1 7 7  
1.-8 
1-9 
1-10 
Average 

2-1 
2-2 
2-3 
2 c4 
2-5 

2-6 
2-7 
2-8 
2-9 
2-10 
Average 

3 - 1 
3-2 
3c3 
3 -4 
3 -5 

3-6 
3 - 7 
3 -8 
3-9 
3-10 
Average 

1 / Location- 

4 
1 
7 

11 
14 

13 
8 

11 
1 
4 

1.5 
2 
4 
5 

10 

1.5 
14.5 
3.5 

12 
5 

11.5 
1.5 

10 
4 
6.5 

2.5 
6.5 
5 
8 

11 

d 

i n ,  

Distance from l e f t  water surf  ace 

I 

edge. 

Hb 
i n ,  
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Table 1 (Cont 'd).  Seepage Data - Twin Falls, Idaho 

S t a t i o n  
and Watei 
S u r f  acc 
Widt h 

40 4- 00 

13 E t  

. 36 c 00 

12,5 f t  

Test 

4-1 
4-2 
4-3 
4 -4 
4-5 

4-6 
4-7 
4 -8 
4-9 
4-10 
Avczagc 

5-1 
5-2 
5 -3 
5 -4 
5-5 

5 - 6 
5-7 
5 -8 
5-9 
5-10 
5-11 
Average 

6- 1 
6-2 
6-3 
6 -4 
6-5 

6-6 
6- 7 
6-8 
6-9 
6-10 
Average 

1 / Location- 

1 
, 12 
4 
9 
6,5 

12 
1 
4 
4 
6 e5 

11.5 
1 
4 ' 
1 
6 

6 
6 
1.5 
8,5 

11.5 

12.5 
1,5 
10 
5 
7 

7 
9 
5 
12,5 
1 

i 

d 

i n ,  

,62 
1.25 
1,12 
1.25 
.75 

1.12 
1.0 
1*0 
1.25 

.75 
1.5 

.5 
1.5 
.5 

1' 
.5 
.5 
.5 
* 5 
* 5 

05 
1 
1 1 

0 75 
' 5 

1 
75 
.62 
e 62 
la25 

Hb 

i n .  - 
17.2 
11 
2 7 
2h .G 
24 

7.2 
14 
27.2 
30.5 
20.5 

I1 
12 
20.5 
8.7 
11.3 

18.5 
19.5 
11.2 
22.5 
2.2 
15.5 

26,2 
15 e5 
2 3 
35 
9 a3 

1 
2 9 
34 
1.4 
16 

h 
W 

i n .  

6 
6 
1 6 
16 
18 

5 
6 
17 
16 
: 

5 
5 
19 
5 
18 

19 
17 
8 
11 
18 
6 

8 
8 
16 
18 
22 

22 - 
18 
17 
9 
6 

I? 
C 

in. 

-11.2 
- 5 
-11 

-8 ,6  
- G 

1 

-2.2 
-8 
-10.2 
-14.5 

" >  " 5 , - "-"- 
- i . o  

- 6 
- 7 
-1,5 
-3.3 

0 
-2.5 
-3.2 
-11.5 
-4 
-9.5 
7 

-4.4 

-18.2 
-7,5 
-7 
-17 

- 11 - 17 
- 10 - 
-8.77 
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Table 1 (Cont 'd).  Seepage Data - Twin F a l l s ,  Idaho 

S t a t i o n  T e s t  L o c a t i o n  - d 
Is % Ra h w P 

and Water c 
S u r f a c e  in' ft /day in. hr. In. in. 

7-6 
7-7 
7-8 
7-9 
7-10 
Average 
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Table 2. Average Seepage Data - Logan, Utah. 

Sec t ion  Lining Mate r i a l  

Oas i s ,  S i l t  Loam 

Mul lv i l l e  S i l t  Loam 
10 p a r t s  ben ton i t e  

Trenton Sandy Loam 
20 p a r t s  ben ton i t e  

Trenton Sandy Loam 
20 p a r t s  ben ton i t e  

Trenton Sandy Loam 
20 p a r t s  ben ton i t e  

Trenton Sandy Loam 
$0 p a r t s  ben ton i t e  

No. of  
Tes t s  

Seepage Rate f t / d a y  

Meter Outflow 
I 
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Rubber gasket  

To inner tube 

Figure 1, kbdif ied  connection of inner tube and standpipes 
t o  top  p la te .  

14-9 
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Section 1 B  Average Seepage = 0.03 f t /day 

Section 2 B  Average Seepage = 0.13 f t /day  

Scale 1" = 4 '  

Figure 2, Location of seepage meter t e s t s ,  Sect ions 1 B  
and 2B, Logan, Utah. 

I 
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1 9 
IL- "--- " a  - -. -<""-- i 

Seceion 4 B  Average Seepage = 0.13 f t /day 

Section 68  Average Seepage = .034 f t /day 

Scale 1" =t 4 '  I 

Figure 3 .  Location of seepage meter t e s t s ,  Sections4B 
and 6B, Logan, Utah, 

Annual Report of the U.S. Water Conservation Laboratory



Sec t ion  7B Average Seepage = 0.07 f t / d a y  

Sec t ion  8 B  Average Seepage = 0.16 f t / d a y  

Sca l e  1" = 4 '  

Figure 4r Locat ion o f  seepage meter tests, Sectians7D 
. and 8B, Logan, Utah. 
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TITLE: COMPONENTS OF THE RADIATION BALANCE OF FIELD CROPS 

UNDER IRRIGATED CONDITIONS 

LINE PROJECT: SWC 4-gG2 CODE NO.: Ariz.-WCL-18 

A radiometer has been designed to obtain - either by direct 
measurement or by calculation - the following radiation terms: 

Incoming and reflected shortwave radiation, 

Incoming and outgoing total hemispherical radiation, 

Longwave sky and terrestrial radiation, and 

Net and net-solar radiation. 

These radiative terms should permit the calculation of the effective 

sky and terrestrial radiation temperatures. 

The instrument, referred to as the 4-component radiometer, 

consists of four thermal transducers mounted on an aluminum plate. 

Two of the transducers are on top of the plate and two on the bottom, 

each pair tieing located exactly on opposite sides of the plate. The 

transducers are the same as used in the miniature net radiometer, 

Windshielding of the transducers is provided by ground glass 

and polyethylene hemispheres, one pair beLng shielded by glass and 

the other pair by polyethylene. The glass-enclosed transducers are 

sensitive to shortwave, or solar, radiation. The polyethylene 

transducers are sensitive to total radiation. If the plare tempera- 

ture is uniform, then the previously mentioned radiative terms can 

be obtained, 

Evaluation of the 4-component radiometer has not been completed. 

PERSONNEL: Leo J. Fritschen 
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TITLE: EVAPORATION FROM THE SOIL SURFACE AND SOIL MOISTURE MOVEMENT 

LINE PROJECT: SWC 4-gG2 CODE NO. : Ariz. -WCL- 19 

INTRODUCTION: 

General methods of estimating energy and mass flux to or from a 

surface where evaporation is occurring employ temperature gradients 

above this surface. In the past, most such gradients have been measured 

using temperature sensors at two or more points above the surface. 

These have been used with the assumption that the net flux was vertical 

at the point of measurement, For this assumption to be adequately 

fulfilled, a certain minimum fetch was required depending on such 

factors as windspeed, up-wind atmospheric and surface conditions and on 

the height of the sensors. 

Those who have attempted to measure the surface temperature directly 

in order to find the temperature gradient very near the surface (with 

the implied reduction in fetch requirement) have had to introduce an 

instrument that usually affected the temperature they were trying to 

measure. An instrument which can measure this temperature remotely 

would not present this difficulty. 

PROCEDURE : 

We are attempting to measure the temperature of a soil or leaf 

surface (hopefully at the seat of evaporation) using an Infrared 

Thermometer (IFT) made by Barnes Engineering Company of Connecticut 

(Model No. IT-2 Type S). This instrument measures the electromagnetic 

radiation from a surface in the 8-13p wave band. 

The radiation from such a surface is composed of two parts: (1) 

that due : o  the internal energy of the surface molecules, we, and (2) 
that part of the radiation, incident on the surface, which is reflected, 

'r 
W is a unique function of the temperature of a specific radiating e 

surface as shown in equation fl] 

where 
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T = temperature 

E = emissivity 

X1 and X2 = limits of the wave band viewed (8 and 13p in our case) 

6 = Stephan-Boltzman constant 

c = 2nd Planck radiation constant 

Note: The integral is derived from Planck's Radiation Law and was 

evaluated from Table 2, p. 154 of 'liadiation Pyrometry and Its 

Underlying Principles of Radiation Heat Transfer" by Thomas R. 

Harrison, Wiley, 1960. 

Since, by definition, 

where 

r = reflectivity 

WI = radiation incident on the surface 

then 

where 

SB = millivolt signal from the IFT 

WT = total radiation from the surface 

The function f( ) is defined by an empirical calibration technique to 

be described later, 

In order to determine a surface temperature using equation [3], 

SB, E, and W must be known. SB, of course, is read from the IFT by I 
means of a millivolt recorder. To get the other variables the following 

scheme is used: 

(1) A stable surface is constructed from an aluminum plate in 

which thermocouples are embedded just below the surface, and on whose 

surface a paint is sprayed. This plate is placed in a chamber whose 
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walls are maintained at a constant temperature, so that W is constant. 
I 

A plot of W vs oF(T )T made as T is varied will yield a straight 
T P P P 

line whose slope is the plate emissivity (E ) .  When the temperature 
P 

of the plate is the same as that of the walls of the chamber, 

Therefore, the intersection of the line of slope E and one of slope 1 
P 

will give WI. 

(2) With a surface of interest, step one is repeated using, for 

example, a pan of soil instead of the plate (to yield a soil emissivity, 

es> ' 

(3)  Using the plate with its known E we can calculate any W 
P I by 

measuring S and T . B P 
Thus, with simultaneous measurement of the plate temperature and 

radiation from the plate (exposed to the same W as the soil) and from I 
the soil surface, and previously determined value of E and E one can 

S P ' 
calculate the surface temperature. 

RESULTS AND DISCUSSION: 

Calibration. The function f(SB) = W was defined (i.e., the IFT 
T 

was calibrated) by making use of the concept of a Black Body, a 

radiator with E = 1. Under these conditions equation [3] reduces to 

and simultaneous measurements of S and T over a range of T's will 
B BB 

produce a curve defining f( ) .  

A cavity with a single small hole in it and with walls at a 

uniform temperature is a very good approximation to a Black Body when 

viewed through the hole. Such a cavity was built (Figure 1) and 

immersed in a controlled temperature bath and used to make the cali- 

bration between -15 C and 70 C. 

Emissivity. A plate for the measurement of W was constructed as I 
follows: three No. 56 holes were drilled in a triangular pattern around 

the center of a 16.51 cm x 16.51 cm x 0.64 cm aluminum plate within 2 cms 
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of each o the r .  These holes  were d r i l l e d  from t h e  bottom s u r f a c e  and 

perpendicular  t o  i t ,  up t o  very  c l o s e  t o  t h e  upper s u r f a c e  but  never 

breaking t h i s  upper sur face .  Nylon coated thermocouples were i n s e r t e d  

i n  each hole  so t h a t  t he  t i p  of t h e  junc t ion  would make e l e c t r i c a l  

contac t  with t h e  p l a t e  a s  c l o s e  t o  t h e  upper s u r f a c e  a s  poss ib l e .  The 

p l a t e  was then nes t ed  i n  a styrofoam box (Figure 2) and i t s  su r f ace  

sprayed wi th  an appropr i a t e  p a i n t .  

The ques t ion  of how we l l  che thermocouples were measuring t h e  

condi t ions  a t  t h e  pa in ted  s u r f a c e  was i n v e s t i g a t e d  by p l ac ing  a very  

f i n e  wire  (4 m i l )  thermocouple ac ros s  t h e  su r f ace  wi th  the junc t ion  

near  t h e  po in t  of contac t  of t h e  embedded thermocouples. This  f i n e  

thermocouple was joined t o  t h e  embedded thermocouples s o  a s  t o  form a 

thermopile so  t h a t  t k e  readout  s i g n a l  would i n d i c a t e  temperature d i f -  

fe rence .  This  s i g n a l  was recorded a s  t h e  p l a t e  cooled from 60 C toward 

ambient (30 C) .  The s i g n a l  had cons iderable  v a r i a t i o n  but i t s  maximum 

mean (near  t he  s t a r t  of t h e  cool ing  t e s t )  i nd ica t ed  t h a t  t h e  su r f ace  

thermocouple was about 2.5 C coo le r  than t h e  p l a t e  thermocouple. 

Since:  (1)  i t  was not  p o s s i b l e  t o  br ing  t h e  f i n e  thermocouple i n t o  

contac t  with t h e  su r f ace  a t  every po in t  on t h e  wire ,  (2) t h e  E ' S  

of the  wires  were g r e a t e r  than  t h a t  of t h e  p l a t e ,  and (3) t h e  r a t e d  

accuracy of t h e  Barnes i s  on ly  wi th in  2 C,  t h i s  t e s t  i s  considered good 

evidence t h a t  t he  p l a t e  thermocouples a r e  s u f f i c i e n t  f o r  our purpose. 

It i s  thought t h a t  an E = 0.5 would a l low us t o  measure W with 
P 1 

t h e  l e a s t  e r r o r .  S ince  i t  was found t h a t  aluminum sp ray  p a i n t  has  an  

e ---- 0.33, var ious  mixtures  of t h i s  and a f l a t  black p a i n t  were made t o  

g e t  t h e  d e s i r e d  E . A mixture  of 6 o r  7 p a r t s  aluminum t o  2 p a r t s  
P 

black gave s a t i s f a c t o r y  r e s u l t s .  

To determine t h e  E of t h e  s o i l  i n  t h e  lys imeters  (Adelanto loam), 

samples were taken from t h e  surrounding f i e l d  and were given t h e  usua l  

a i r  drying and dry s i ev ing  t reatment  t o  g e t  5 aggrega te  s i z e  f r a c t i o n s  

(2 - 4,76 mm, 1 - 2 mm, 0 ,5  - 1 mm, 0.25 - 0.5 mm, and < 0.25 mm). 

Sheet meta l  t r a y s  were b u i l t  which f i t  i n t o  styrofoam holders  much a s  

t he  aluminum p l a t e s  do and w i l l  hold a 2.5 cm l aye r  of s o i l .  Thermo- 

couples s t i c k  up from t h e  bottom of t h e  t r a y  t o  j u s t  below the s u r f a c e  

of t h e  s o i l .  
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To make the actual E determination a 56 cm x 56 cm x 76 cm plywood 
box was lined with 5 cm styrofoam and sprayed with a flat black paint. 

A small viewing hole was cut in the top and concealed vents were cut 

in the sides to provide for circulation of air at a controlled temperature. 

By monitoring the wall temperature with thermocouples it was found that 

the temperature could be controlled within 112 C during the course of 

a measurement. This measurement was made by heating or cooling the 

object (plate or tray of soil) away from the chamber temperature, placing 

the object in the view path of the Barnes sensor, and recording SB and 

the thermocouple output as the object changed temperature. 

This procedure was used to determine the E of an aluminum spray 

paint ("Aerosol Brand Jet" aluminum 17/78 lacquer type), Parson's 

optical black paint and an aluminized tape (Permacel aluminized) 

(see table). 

Table 1. 

Object 

Aluminum Pa.int 

.Black Paint 

Tape 

Emissivity 

0-33 

0,97 

0.75 

Plans. The E of the various size fractions of soil in the wet -- 
and dry state will be measured. It is supposed that E will (1) be 

S 

independent of aggregate size, (2) be at most a weak function of moisture 

content, and (3) be quite high. If this proves to be true, then the 

instruments will be taken outside to make measurements on the lysimeters, 

A portable tower and stands are being constructed on which the 

sensor will be mounted. The tower will be carried between lysimeters 

to make measurements on bare soil. These measurements will be made in 

conjunction with measurements of net and solar radiation, air temperature 

and humidity, windspeed and direction, soil heat flux, evaporation and 

surface temperature (measured with thermocouples embedded near the 

surface), which will be used in various transfer equations to judge the 

effectiveness of surface temperature measurements, made in this manner, 

in predicting evaporation, 
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The possibility exists that W may be negligible compared to W r e 
and will not have to be measured. This will be true if E is very 

S 

close to one or if W is very small, Such a condition would eliminate a. 
two of the three field measurements now necessary to obtain surface 

temperatures. This aspect will be investigated. 

s !JNMAKY AND CORCLUS IONS : 

A method for measuring soil and leaf surface temperature is 

useful in attempting to evaluate models of heat and moisture flux into 

the atmosphere. Such a method is being investigated. It is based on 

measurement of the electromagnetic radiation emitted by these surfaces. 

An Infrared Radiation Thermometer (IFT) (Barnes Engineering Co. 

of Conn,; Model No, IT-2 Type S) is used to measure the total radiant 

energy flux from a surface in the 8-13p wave band. This flux (WT) is 

composed of two components: that reflected from the surface (W ) and 
r 

that emitted by the surface (W ).  W can, by knowing the surface e e 
emissivity, be related to the surface temperature by the equation, 

4 We = E o F(T) T from Planck's Radiation Law. W can be calculated by r 
measuring W from a plate of known temperature and emissivity using 

T 
the equation 

where W = the incident radiation and W = (1 - E) W1. I r 
A controlled temperature Black Body Cavity was built for calibration 

of the IFT after it was adjusted to have a range from -15 C to 70 C. 

The millivolt signal was read on a strip chart recorder. 

A procedure for measuring surface emissivit&es was developed and 

used to obtain the emissivities of a 0.62-cm thick painted aluminum 

plate. It was decided to have a plate with E = 0.5 for the measurement 

of WI. A mixture of 6 or 7 parts of aluminum paint to 2 parts of black 

paint gave the desired E. This same procedure will be used to measure 

the E of the soil of the site of outside experiments in preparation 

for measuring soil surface temperature. 

PERSONNEL: J. Conaway, C. H. M. van Bavel 
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TITLE : MEASURING HORIZONTAL AND VERTICAL CONDUCTIVITY OF SOIL WITH 

THE DOUBLE-TUBE METHOD 

LINE. PROJECT: SWC 4-gG1 CODE NO,:  Ariz.-WCL-25 

INTRODUCTION : 

The development of fas t - response  piezometers was continued w i t h  

a labora tory  s tudy of t h e  e f f e c t  of piezometer design on the  type  and 

magnitude of d i s turbance  of t h e  medium an.d on t h e  response time of  

t he  piezometer , 

PROCEDURE : 

The piezometers were t e s t e d  by i n s e r t i n g  them i n t o  7-cm diameter 

s a t u r a t e d  s o i l  co1.umr.s i n  1-cm increments and measuring t h e  p re s su re  

changes (Figure 11, The piezometers were i n s e r t e d  i n t o  porous mater- 

i a l s  by a motorized p a i n t  gage a t  speeds of 0.07, 0,28, and 1,33 

cm/sec. The motor was turned o f f  by a microswitch arrangement each 

t ime a f t e r  the  piezometers had advanced a d i s t a n c e  of  1 cm, A c e r t a i n  

flow of water  was maintained through the  columns, us ing  cons tan t  head 

and t a i l  water  l e v e l s ,  

Piezometers of d i f f e r e n t  diameters  and types of  openings were 

t e s t e d ,  The diameters  of  t h e  piezometers a t  t he  opening were 0,25 

inch, 0,15 inch, 0,125 inch, and 0,08 inch.  The bodies  of t he  0,15- 

i nch  and 0,08-inch piezometers were tapered wh i l e  t h e  o t h e r  two were 

s t r a i g h t ,  The openings were an open s i d e  hole,  a 200-mesh screen  

opening, a porous g l a s s  bead t i p ,  and an open s i d e  ho le  which was 

sh i e lded  (Figure 2 ) ,  The l eng th  of  piezometer po in t  beyond the  

opening on the  0,15-inch sc reen  piezometer was v a r i e d  from 0.1 inch  

t o  0,8 inch ,  The d i f f e r e n t  porous m a t e r i a l s  used were 28-micron 

g l a s s  beads, Laveen loam, Adelanto loam, and Pine s i l t y  c l ay .  The 

pressures  were measured w i t h  a Sanborn model 267B pressure  t r ans -  

ducer and a Sanborn model 312 ampl i f i e r - ind ica to r ,  The s i g n a l  from 

t h e  ampl i f i e r - ind ica to r  was recorded on a m i l l i v o l t  r eco rde r ,  

RESULTS AND DISCUSSION: 

S o i l  Disturbance During Piezometer I n s e r t i o n .  I n s e r t i n g  the  

piezometers i n t o  the  s o i l  changes the  p a r t i c l e  arrangement w i t h  

a t t e n d a n t  change i n  t he  void  r a t i o ,  water  conten t ,  and pore water 
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pres su re  of  the  s o i l  i n  the  a r e a  around the  piezometer,  Thus, t h e  

pressures  measured by t h e  piezometer during i n s e r t i o n  r ep re sen t  t he  

cond i t i on  of a  l o c a l  d i s turbance  r a t h e r  than t h a t  of a  s o i l  mass a s  

such, 

The magnitude of t h e  p re s su re  d is turbance  depends on t h e  e x t e n t  

of t he  zone of s t r e s s  changes, the  permeabil i ty  of t h e  s o i l ,  and t h e  

conso l ida t ion  and shear ing  c h a r a c t e r i s t i c s  of t he  s o i l ,  The change 

i n  s t r e s s  condi t ions  may be from compaction o r  shea r ,  Compaction 

w i l l  cause a  zone of increased  pore pressure  and may decrease the  

permeabi l i ty  i n  the  a r e a  around the  piezometer,  I f  shear ing  of t h e  

s o i l  occurs,  t he  shear  s t r a i n  may e i t h e r  i nc rease  o r  decrease  the  

pore water p re s su re  depending upon t h e  i n i t i a l  dens i ty  and the  s t r e s s  

h i s t o r y  of the  s o i l ,  S o i l s  w i t h  a  d i l a t a n t  s t r u c t u r e ,  i , e , ,  s o i l s  i n  

which the re  i s  a  n e t  i nc rease  i n  void r a t i o  a s  the  s o i l  shears ,  w i l l  

show a r educ t ion  in pore water  pressure  when shea r ing ,  This u sua l ly  

occurs  i n  dense sands and overconsoLidated cohesive s o i l s ,  S o i l s  

w i t h  a  bower dens i ty  may show increased  pore water  pressures  when 

shear ing ,  

The type of d i s turbance  was s tud ied  by i n s e r t i n g  the  O,l5-inch 

diameter piezometer w i t h  a  s c reen  opening i n t o  columns of 28-micron 

g l a s s  beads. The g l a s s  beads were used t o  e l i m i n a t e  e f f e c t s  due t o  

smearing o r  plugging of t he  piezometer opening, Tes t s  were run  on 

samples w i t h  i n i t i a l  void r a t i o s  between 0,5 and 0,6, A t y p i c a l  

recorder  t r a c e  f o r  t h e  d i f f e r e n t  depths of pena t r a t ion  of t h e  

piezometer i s  shown i n  Figure 3 ,  The arrows i n d i c a t e  t he  beginning 

and end of piezometer movement, The s o l i d  l i n e  i s  t h e  path of t he  

measured p re s su re  wh i l e  t he  dashed l i n e  r e p r e s e n t s  piezometr ic  head 

changes i f  no d is turbance  o r  time l a g  was occurr ing  i n  t he  system, 

A nega t ive  p re s su re  d i f f e r e n c e  i s  p re sen t  when the  s o l i d  l i n e  i s  

below the  dashed l i n e ,  A p o s i t i v e  pressure  d i f f e r e n c e  i s  present  

when the  s o l i d  l i n e  is  above the  dashed l i n e ,  

The e f f e c t  of  i n i t i a l  void r a t i o  upon the  pressure  d i f f e r e n c e  

i s  i l l u s t r a t e d  i n  Figure 4 ,  The pressure  d i f f e r e n c e  when the  

piezometer movement ceased, nUo, i s  p l o t t e d  a g a i n s t  void r a t i o  
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f o r  t h r e e  d i f f e r e n t  i n s e r t i o n  speeds. It appears t h a t  Au was pos i -  
0 

t i v e  f o r  t he  higher  void r a t i o s  and negat ive  f o r  t he  lower void 

r a t i o s ,  This shows t h a t  t h e  s o i l  d i s turbance  i s  due t o  shear  r a t h e r  

than c o m p a c t i o ~ ,  

The pressure  d i f f e r e n c e  i n  a  given porous m a t e r i a l  i nc reases  w i th  

inc reas ing  i n s e r t i o n  speed (Figure 4) and inc reas ing  diameter of the  

piezometer,  The pressure  d i f f e r e n c e  was not  a f f e c t e d  by t h e  l eng th  

of piezometer po in t  beyoad t h e  opening, The p re s su re  d is turbance  i s  

a l s o  a  func t ion  of s o i l  permeabi l i ty .  This was ind ica t ed  by the  

observa t ion  t h a t  Au changed from -22 t o  -84 cm f o r  a  ten- fo ld  
0 

decrease ia permeabi l i ty ,  Thus, t h e  pressure  d i f f e r e n c e  i s  caused 

by a  d is turbance  t h a t  i s  genera ted  a t  a f a s t e r  r a t e  than can be d i s -  

s i p a t e d  through the  medium. 

E f f e c t  of Piezometer Opening on Response Time, Response time of 

a  piezometer system i s  the  time r equ i r ed  f o r  t h e  p re s su re  i n  t h e  

piezometer t o  become e s s e n t i a l l y  equal  t o  t h a t  of t h e  s o i l  mass a t  

t he  piezometer operdng, This  response time i s  a  func t ion  of  the  

volume of t he  f l u i d  t h a t  has t o  flow e i t h e r  i n  o r  o u t  o f  t he  piezo- 

meter,  the  permeabi l i ty  of t h e  s o i l ,  and t h e  s i z e  acd type of piezo- 

meter opening, The response time follows a  t y p i c a l  expocent ia l  

decay curve. The time cons tan t  of  t he  piezometer system i s  

expressed by equat ion  
-1 k-l 

T = V F  

where T - the  time co-s ta r~ t ,  

k = hydraul ic  conduct iv i ty  of  t he  s o i l ,  

V = volume of water  e n t e r i n g  the  system per u n i t  head d i f f e rence ,  

F = f a c t o r  t h a t  depends on t h e  shape and s i z e  of piezometer 

opening, 

The time cons t an t  i s  def ined  a s  t he  time r equ i r ed  f o r  a  piezometer 

t o  r e g i s t e r  63 percent  of an i n i t i a l  p ressure  d i f f e r e n c e ,  The f a c t o r s  

i n  the  r i g h t  hand p a r t  of t h e  equat ion  may change during and a f t e r  

i n s e r t i o n  of t h e  piezometer, thus a f f e c t i n g  the  time cons tan t .  

Smearing of t he  s o i l  decreases  k i n  the  a r e a  ad j acen t  t o  t he  piezo- 

meter opening, Plugging of the  piezometer opening w i l l  decrease 
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t he  va lue  of F, Gas bubbles i n  the  piezometer system o r  i n  t h e  s o i l  

w i l l  cause some compress ib i l i t y  i n  t he  system r e s u l t i n g  i n  l a r g e r  

volume displacement.  

The response time of t h e  d i f f e r e n t  piezometer openings was 

measured i n  t he  four  d i f f e r e n t  s o i l  ma te r i a l s  t o  determine which 

des ign  would r e s u l t  i n  a minimum amount of plugging and smearing of 

t he  opening, The response of  t he  piezometers was expressed by t h e  

time cons tan t  c a l c u l a t e d  from the  pressure  v s ,  time curve r e s u l t i n g  

from an ins tan taneous ly  app l i ed  pressure  d i f f e r ence .  

Figure 5 shows the  time cons t an t  i n  r e l a t i o n  t o  k of t h e  

d i f f e r e n t  s o i l  m a t e r i a l s  f o r  each piezometer opening t e s t e d ,  The 

open s i d e  hole  piezometer d id  n o t  respond i n  t h e  Adelanto and Pine 

s o i l s  and i s ,  t he re fo re ,  n o t  included,  The equat ions  on t h e  curves 

a r e  f o r  t he  b e s t  f i t t i n g  l i n e s  through the  po in t s  a s  c a l c u l a t e d  by 

the  method of  l e a s t  squares .  I f  no smear occurs ,  t he  exponent of k 

should be -1. The exponent of k i n  t he  b e s t - f i t t i n g  equat ions  

the re fo re  can be used t o  express  t he  r e l a t i v e  degree of  smearing 

f o r  the d i f f e r e n t  piezometer openings. 

The sh ie lded  piezometer had a minimum amount of smear w i t h  an 

exponent of -1.58 a s  compared t o  -2,09 and -2,18 f o r  t he  screen  

opening and porous t i p  piezometers,  r e s p e c t i v e l y .  Although t h e  

opening on the  sh i e lded  piezometer has a smal le r  i n t a k e  a r e a  than 

e i t h e r  the  sc reen  o r  t h e  porous t i p ,  t he  sh i e lded  opening apparent ly  

o f f e red  more p r o t e c t i o n  a g a i n s t  plugging because t h e  opening i s  

recessed ,  The sc reen  opening i s  on the  s i d e  and i s  s u b j e c t  t o  more 

smear and plugging. Because of i t s  l a r g e r  opening, however, the  

response timesof t he  screened opening a r e  comparable t o  those  of t he  

sh i e lded  opening. In  c o n t r a s t  t o  t he  sh ie lded  and screen  openings, 

t h e  porous t i p  i s  on the  end of t he  piezometer, where i t  has no 

p ro t ec t ion  and, consequently,  i t  i s  e a s i l y  plugged. The response 

of  t he  porous t i p  was t h r e e  t o  four  t imes slower than t h a t  of t he  

screen  opening. For a s o i l  w i t h  a k of 0,001 cm/min, the  95 percent  

response f o r  both the  sh i e lded  and the  screened piezometer would be 

between 20 and 25 minutes,  
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SUMMARY AMD CONCLUSIOfiaS: 

The dynamic response of d i f f e r e n t  types of piezometers during 

i n s e r t i o n  and the  subsequent e q u i l i b r a t i o n  were s tud ied  on labora tory  

columns of d i f f e r e n t  s o i l  m a t e r i a l s  t o  determine piezometer des ign  

f e a t u r e s  conducive t o  minimum dis turbance  and f a s t  response.  A 

pressure  t ransducer  of very smal l  volume displacement and a m i l l i v o l t  

r eco rde r  were used t o  r eco rd  the  piezometr ic  heads. 

Instantaneous p re s su re  d i s t o r t i o n s  during i n s e r t i o n  of the  piezo- 

meter r e s u l t e d  from s o i l  s t r e s s  changes due t o  shear .  The magnitude 

of the  pressure  d i s t o r t i o n ,  which was p o s i t i v e  i n  loose  s o i l  and 

nega t ive  i n  dense s o i l ,  increased  w i t h  inc reas ing  diameter of  t he  

piezometer, w i t h  i nc reas ing  i n s e r t i o n  speed of t h e  piezometer, and 

w i t h  decreas ing  hydraul ic  conduct iv i ty  of the  s o i l .  

Measurement of t h e  h y d r o s t a t i c  response time f o r  four  d i f f e r e n t  

piezometer openings ind ica t ed  t h a t  plugging and smearing were causing 

an inc rease  i n  t he  response time. The e f f e c t  of  plugging and smearing 

was l e s s  i n  the  screen  and sh i e lded  type piezometer openings, The 

open s i d e  hole  piezometer became plugged and d id  not  respond i n  t h e  

heavier  s o i l s ,  Response of the  porous bead t i p  was from 3 t o  4 times 

g r e a t e r  than t h a t  f o r  t h e  screen  opening, 

To o b t a i n  f a s t  response and minimum s o i l  and pressure  d i s t o r t i o n ,  

small-diameter piezometers w i t h  sh i e lded  ( recessed)  o r  screen-covered 

openings should be used. 

PERSONNEL: Herman Bouwer and Robert C ,  Rice,  
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Figure 1. Piezometer t e s t i n g  apparatus. 
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Figure 2. Piezometer openings 
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Figure 3 ,  Recorded piezometr ic  head, h, a s  p iemmeter  i s  
i n s e r t e d  f o r  s i x  success ive  increments o f  pene- 
t ra t ian  t o  a t o t a l  depth o f  6 cm, 

25-8 
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Figure 4 Pressure  d i f f e r e n c e  when piezometcr rnoveinenl ceases,  Llu i n  rciaLioi~shLp 
0' 

t o  void r a t i o ,  c f o r  d i f f e r e n t  i n s e r t i o n  r a t e s  and d e p t h s  o f  pcnc t r a t ion  
0' 

(on the  cu rves ) ,  Annual Report of the U.S. Water Conservation Laboratory
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Figure 5 r  Time constant, T, for different hydraulic 
conductivity rates, K, and piezometer openings, 
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TITLE: WATER ABSORPTION, TRANSPIRATION, AND INTERNAL WATER BALANCE 

OF COTTON PLANTS AS AFFECTED BY CHANGES I N  EVAPORATIVE DEMANDS 

LINE PROJECT: SWC 11-gG1 CODE NO.: Ark.-WCL-29 

This r e p o r t  i s  made up of f i v e  p a r t s ,  followed by a  General Summary 

and Conclusions s e c t i o n  p e r t a i n i n g  t o  a l l  of t h e  work done, 

PART EFFECT OF LIGHT INTENSITY ON LEAF DIFFUSION RESISTANCE 

OF CROPS 

INTRODUCTION : 

The information i n  t h i s  s e c t i o n  complements s i m i l a r  d a t a  presented  

i n  t h e  1964 r e p o r t ,  The d a t a  a s  a  whole d e a l  wi th  a. t o t a l  of e i g h t  

spec i e s  belonging t o  f i v e  p l a n t  f a m i l i e s ,  and t h e r e f o r e  should lend 

v a l i d i t y  t o  a  g e n e r a l i z a t i o n  about  t h e  e f f e c t  of l i g h t  i n t e n s i t y  on 

c rops .  More d e t a i l s  can be  obtained i n  t h e  previous r e p o r t ,  bu t  a  

b r i e f  res ta tement  of t h e  o b j e c t i v e  i s  p e r t i n e n t  here .  It was d e s i r e d  

t o  eva.1uate t h e  e f f e c t  of t h e  s i n g l e  f a c t o r ,  l i g h t  i n t e n s i t y ,  on leaf  

d i f f u s i o n  r e s i s t a n c e  without  t h e  i n t e r a c t i o n  of leaf  water  p o t e n t i a l  

o r  carbon d ioxide  content  of t h e  a i r .  As stomates open, leaf  d i f f u s i o n  

r e s i s t a n c e  decreases ;  another  o b j e c t i v e  was t o  determine t h e  minimum 

leaf  d i f f u s i o n  r e s i s t a n c e  ob ta inab le  i n  a  c o n t r o l l e d  environment, a s  

compared t o  f i e l d  cond i t i ons .  

PROCEDURE : 

As descr ibed  more f u l l y  i n  t h e  1964 r e p o r t ,  t h e  p l a n t s  were grown 

i n  n u t r i e n t  s o l u t i o n  i n  t he  greenhouse u n t i l  they reached a  vigorous 

v e g e t a t i v e  growth; then  they were taken t o  t he  c o n t r o l l e d  environment 

room. Af t e r  precondi t ion ing  overnight  a t  30C f 0 , 2  a i r  temperature,  

15.0 _+ 0 , 2  mb vapor p re s su re ,  and 375 _i_f 10 ppm carbon d ioxide  content  

of t h e  a i r ,  t he  p l a n t s  were exposed t o  gradual  i nc reases  of l i g h t  

i n t e n s i t y .  Measurements of leaf  temperature and leaf  d i f f u s i o n  r e s i s -  

t ance  were made p e r i o d i c a l l y ,  u n t i l  t h e  maximum f luo rescen t  l i g h t  

i n t e n s i t y  ob ta inab le  a t  a  given r e p r e s e n t a t i v e  leaf  was obta ined .  The 

two leaves measured on each p l a n t  showed e s s e n t i a l l y  p a r a l l e l  r e s u l t s .  

The d a t a  f o r  only t h e  upper leaf  a r e  presented g raph ica l ly  i n  F igures  

1, 2, and 3 .  
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RESULTS AND DISCUSSION: 

The o v e r a l l  e f f e c t  of l i g h t  on a l f a l f a ,  lemon, and sorghum i s  

the  same a s  shown previous ly  f o r  f i v e  o the r  c rops ;  namely, a  decrease  

i n  l ea f  d i f f u s i o n  r e s i s t a n c e  with inc reas ing  i l l umina t ion ,  occurr ing  

because of s tomata l  opening. Opening was v e r i f i e d  by means of s i l i -  

cone rubber impressions and microscopic measurements. 

The apparent  d i f f e r e n c e  i n  response of upper and lower epidermis 

of a l f a l f a  t o  a  given l i g h t  i n t e n s i t y  was not  c o r r e l a t e d  with s tomata l  

frequency, i n  c o n t r a s t  t o  the  case  f o r  lemon leaves .  I n  lemon only 

a  s l i g h t  lowering i n  l e a f  d i f f u s i o n  r e s i s t a n c e  occurred i n  the  upper 

epidermis,  even a t  3000 f t - c ,  compared t o  darkness .  The leaf  d i f f u s i o n  

r e s i s t a n c e  of the lower epidermis was decreased apprec iab ly  by higher  

l i g h t  i n t e n s i t y ,  a s  i n  o t h e r  s p e c i e s .  S i g n i f i c a n t l y ,  the  s tomata l  
- 2 

frequency i n  the lower epidermis i n  lemon was 80,000 cm , compared 
- 2 

t o  only 4,000 cm i n  the  upper epidermis .  Lemon was the only spec i e s  

t o  demonstrate such a  c l e a r  r e l a t i o n s h i p  between the  t o t a l  s tomata l  

a p e r t u r e  and leaf  d i f f u s i o n  r e s i s t a n c e .  Although the  stomata1 width 

i n  the  upper epidermis increased  g r e a t l y  a s  l i g h t  i n t e n s i t y  was r a i s e d ,  

an i n s u f f i c i e n t  t o t a l  a r ea  was a v a i l a b l e  f o r  the  r ap id  escape of 

water  vapor ,  

As i n  the  o t h e r  spec i e s  s tud ied ,  the h ighes t  l i g h t  i n t e n s i t y  

used (3000 f t - c )  was no t  adequate t o  induce minimal l ea f  d i f f u s i o n  

r e s i s t a n c e ,  i . e . ,  f u l l  s tomata l  opening, a s  judged by the n o n f l a t -  

t en ing  of t he  l ea f  r e s i s t a n c e  curve with high l i g h t  i n t e n s i t i e s .  

This f a c t  l e n t  cons iderable  support  Eor the dec i s ion  t o  convert  the  

l i g h t  source i n  the c o n t r o l l e d  environment room from f luo rescen t  

t o  mercury vapor lamps, which i s  now i n  process .  
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F i g u r e  1. E f f e c t  of l i g h t  i n t e n s i t y  on l e a f  d i f f u s i o n  r e s i s t a n c e  of a l f a l f a .  
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Figure  2 .  E f f ec t  of l i g h t  i n t e n s i t y  on l e a f  d i f f u s i o n  r e s i s t a n c e  of Rough Lemon. 
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PART 2. TRANSPIRATION AND LEAF DIFFUSION RESISTANCE 

INTRODUCTION: 

Precise measurement of leaf diffusion resistance (R ), boundary 
L 

layer resistance (RA), and the gradient in vapor density from leaf to 

air (Ad ) would supply all the information needed to calculate trans- 
v 

piration (E), according to the equation 

The measured value of transpiration from gravimetric determinations 

would serve as the reference standard for the calculated values. Good 

agreement between measured and calculated transpiration rates would 

enhance our understanding of the whole evapotranspiration process. 

Experiments were carried out, making use of this model. The data for 

cotton presented in the 1964 report were extended to suoflower and 

lemon to make the results more comprehensive, 

PROCEDURE :: 

For greater detait, see the 1964 report. Briefly, the plant in 

nutrient solution was maintained in a steady aerial environment 

(30C 2 0.2 air temperature, 15.0 f: 0.2 mb vapor pressure, 375 If: 10 ppm 

C02) Since ambient vapor pressure was held steady, at a known leaf 

temperature (from thermocouple measurements) Ad was known, assuming 
i J  

saturation vapor pressure inside the leaf. Blotter paper measurements 

from synthetic plants established R Knowledge of RL from direct 
A ' 

measurements on the leaf then permitted calculation of transpiration. 

This was done in steady conditions of darkness followed by high light 

intensity for sunflower and Rough Lemon. 

RESULTS AND DZSCUSSION: 

Table 1 shows that calculated values considerably overestimated 

measured transpiration rates, especially in cotton, The greatest 

discrepancy was for lemon in the dark. However, this is not believed 

to be as important as the disagreement in the other comparisons, 

since with lemon the extremely low transpiration rate in the dark 
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gave poor accuracy i n  weight l o s s  measurements, This  i s  i n  c o n t r a s t  

t o  the  da t a  f o r  lemon i n  t he  l i g h t ,  a s  we l l  a s  t o  comparisons f o r  the 

two o the r  spec ies  where the  measured value (from weight l o s s  measure- 

ments) must be considered a s  accu ra t e .  Even when the  t r a n s p i r a t i o n  

r a t e  was high enough t o  determine weight l o s s  accu ra t e ly ,  however, 

i n d i c a t i o n s  a r e  t h a t  g r e a t e r  d i sc repanc ie s  occurred a t  low than a t  

h igh  l i g h t  i n t e n s i t i e s .  

It should be noted t h a t  the  b e s t  agreement, where c a l c u l a t e d  was 

120 percent  of t he  measured va lue  i n  both sunflower and lemon, was 

obtained wi th  two spec i e s  t h a t  d i f f e r  considerably,  both i n  genera l  

morphology and t r a n s p i r a t i o n  r a t e ,  sunf lower ' s  l o s s  being 172 percent  

t h a t  of lemon. Despi te  d i f f e r e n c e s  i n  leaf  shape and s i z e ,  however, 

t he  boundary l a y e r  r e s i s t a n c e  was e s s e n t i a l l y  the  same i n  both  s p e c i e s .  

Therefore,  the  much g r e a t e r  t r a n s p i r a t i o n  r a t e  i n  sunflower i s  due 

p r imar i ly  t o  the  l o s s  of water vapor from both su r f aces  of the  l e a f ,  

i n  c o n t r a s t  t o  lemon, i n  which l o s s  from the  upper epidermis i s  

n e g l i g i b l e ,  even i n  high l i g h t  i n t e n s i t y .  

Although the  da t a  demonstrate r e a l  progress  i n  measuring a l l  

f a c t o r s  p e r t i n e n t  t o  t r a n s p i r a t i o n ,  t he  agreement between c a l c u l a t e d  

and measured values i s  no t  acceptab le  i n  terms of meeting the 

o b j e c t i v e  of a  complete c h a r a c t e r i z a t i o n  of the  t r a n s p i r a t i o n  process .  

It i s  be l ieved  t h a t  t he  g rad ien t  f o r  water l o s s  and the  boundary l a y e r  

r e s i s t a n c e  have been measured with s a t i s f a c t o r y  accuracy, b u t  t h a t  leaf  

d i f f u s i o n  r e s i s t a n c e  va lues  may be a t  f a u l t .  The va lue  of R r e l a t i v e  L 
t o  t h a t  of \ makes \ a  very  s e n s i t i v e  determinant  of t r a n s p i r a t i o n .  

- 1 
For example, f o r  case  two, sunflower,  an \ value  of 0.060 min cm , 
i n s t ead  of the  l i s t e d  va lue  of 0.037, would have given equiva len t  

ca l cu la t ed  and measured t r a n s p i r a t i o n ,  assuming o the r  f a c t o r s  the  same. 

Reca l ib ra t ion  of the  l ea f  r e s i s t a n c e  meter has  given the  same 

f a c t o r  a s  before  ( see  P a r t  3 )  f o r  c a l c u l a t i n g  \ va lues .  However, 

t h i s  f a c t  merely e s t a b l i s h e s  good p r e c i s i o n  r a t h e r  than  accuracy. 

Ul t imate ly  a  completely d i f f e r e n t  method of c a l i b r a t i o n  may have t o  

be used f o r  confirmation o r  r e f u t a t i o n  of va lues  used i n  t he  above 5, 
ca l cu la t ed  t r a n s p i r a t i o n .  
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Table 1. A comparison of measured and ca l cu la t ed  evaporat ion from cot ton ,  sunflower, and Rough Lemon, 

as  a f f e c t e d  by both p l a n t  and environmental fac tors*  

5 ,  mean of a l l  leaves 

Light  Leaf Ad Lower Upper Calcula ted l  To ta l  evaporat ion 
R~ v Species i n t e n s i t y  temperature epidermis epidermis ca l cu la t ed  measured Measured 

Cot ton  87 29.0 18.32 0.029 0.192 0.427 12.30 6.28 1.96 

Sun£ lower 0 28.0 15.89 0.025 0.150 0.319 13.70 8.92 1.53 

3400 (I) 26.9 14.16 0.025 0.023 0.032 54.30 44.60 1.22 

3400 (11) 28.6 16.83 0.025 0.037 0.071 44.60 32.60 1.37 

Rough 0 29.2 16.63 0.024 0.224 0.876 8.55 3.03 2.82 
Lemon 

2800 30.0 18.05 0.024 0.040 0.580 31.20 25.80 1.21 

-3 * Light  i n t e n s i t y ,  f t - c ;  l ea f  temperature, degree C; Adv, pg cm ; R and 
A 

min cm -I; 
-2 -1 

evaporation, g cm min x 
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PART 3 .  RECALIBRATION OF THE LEAF RESISTANCE METER CUPS 

INTRODUCTION: 

The 1964 r e p o r t  (Pa r t  2, page 29-7) descr ibed a  d i r e c t  method 

t o  measure t r a n s p i r a t i o n  r e s i s t a n c e  by use of a  l ea f  r e s i s t a n c e  meter 

employing a  cup a t t ached  momentarily t o  a  l ea f  su r f ace .  Since t h a t  

time, t h ree  new cups have been cons t ruc ted  f o r  use wi th  e i t h e r  of the  

two meters a v a i l a b l e .  Although the cups were r e p l i c a s  of t he  o r i g i n a l ,  

i t  could not  be assumed t h a t  they n e c e s s a r i l y  would have t h e  same c a l i -  

b r a t i o n  f a c t o r  a s  the  f i r s t  cup. Therefore,  a l l  four  cups were 

c a l i b r a t e d .  C a l i b r a t i o n  permits  q u a n t i t a t i v e  express ion  of l ea f  
- 1 - 1 d i f f u s i o n  r e s i s t a n c e  (R ) i n  min cm o r  sec  cm , according t o  t h e  

L 
fol lowing:  

R~ 
= ( s a t  - L ~ / D )  

- 1 
i n  which S i s  an instrument  cons tan t ,  o r  s e n s i t i v i t y  i n  cm min , 
L i s  a  c h a r a c t e r i s t i c  d i f f u s i o n  length  f o r  the  cup i n  cent imeters ,  

0 2 - 1 
and D i s  the  molseular  d i f f u s i v i t y  of water vapor i n  a i r  i n  cm min . 

A second o b j e c t i v e  was t o  extend the  c a l i b r a t i o n  beyond the 40C 

achieved be fo re  t o  inc lude  the  range of l e a f  temperatures  encountered 

i n  the  f i e l d .  

PROCEDURE : 

Cal ib ra t ion  cons i s t ed  of exposing the  cup t o  water-vapor sources 

of known diffusiozl  r e s i s t a n c e  by varying the d i f f u s i o n  pa th  length  from 

a f ree-water  source t o  the  cup and recording the  t r a n s i t  t ime. This 

process  was repeated a t  s e v e r a l  temperatures t o  account f o r  changes 

i n  water-vapor d i f f u s i v i t y  and response of the  humidity sensor  i n  the  

cup. The temperatures used were 6.0,  16.0,  27.2, 27.5, 41.8, and 

47.3C, a t  pa th  lengths  of 0, 1.00, 2.62, and 4.82 cm. D i f f e r e n t  lengths  

of l u c i t e  cy l inde r s  wi th  the same i n t e r n a l  diameter a s  t h a t  of t he  

leaf  r e s i s t a n c e  meter cup were i n s e r t e d  ins tan taneous ly  between a  water-  

s a t u r a t e d  porous p l a t e  and the  cup. Then the  time was recorded f o r  

water vapor t o  pass  from the  f ree-water  su r f ace  t o  t he  cup, a s  judged 
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by a  change i n  e l e c t r i c a l  r e s i s t a n c e  on t h e  m e t e r ,  S e p a r a t e  c a l i -  

b r a t i o n s  were run  f o r  h a l f - s c a l e  and f u l l - s c a l e  r e a d i n g s ,  A p a t h  

l e n g t h  of z e r o  - t h a t  i s ,  wnth t h e  cup f l u s h  w i t h  t h e  wet porous  p l a t e  -. 

e s s e n t i a l l y  recorded  t h e  s e n s o r  response  t ime ( d e s i g r a t e d  L above) .  
0 

The t empers tu re  o f  bo th  t h e  f r e e - w a t e r  s a r f a c e  and t h e  a i r  su r rounding  

t h e  cup were measured w i t h  thermocouples t o  $. 0 . 2 C .  

F u r t h e r  e v a i u a f i o n  fol lowed t h e  procedure  o u t l i n e d  i n  t h e  paper  

"Measuring t r a ~ s p i r a t i o ~  r e s i s t a n c e  of l eaves , "  C .  H.  M .  van Bavel,  

P .  S .  Nakayama, and W .  L .  E h r l e r ,  P l a n t  Physiology,  40:535-540, 1965. 

Th is  c o n s i s t e d  of p l o t t i n g  d i f f u s i o n  p a t h  l e n g t h  a g a i n s t  t r a n s i t  t ime 

f o r  each t e m p e r a t u r e ,  From each of t h e s e  l i n e a r  p l o t s  t h e  s l o p e  of 

t h e  l i n e  was c a l c u l a t e d .  Alsd,  I, was obtaizied by e x t r a p o l a t i o n  t o  
0 

z e r o  p a t h  l e n g t h ,  ?be s l o p e  a t  each t e ~ p e r z t u r e  p l o t t e d  a g a i c s t  

t empera tu re  gave S, r k e  semiti-vi. :y f a c  ter men: ioned above,  

A 1 1  t k 2  d a t a  from tY;? f o u r  CUPS a; S L X  temperat.i,.res were used 

t o  o b t a h  S .  A computer a w l y s l s  provided a  l e a s t - s q u a r e s  b e s t  f i t ,  

a  q u a d r a t i ~  equation, a-d evaluar.;d the r2nsta::ts a ,  b, and c  f o r  

t h i s  e q u d t i o n ,  From t k e s e  d a t a  the v a l ~ e  of S a i  ehcb wkole degree  

c e n t i g r a d e  from OC t o  5OC was t a b ~ l s r e d  f o r  u s e  h c a ? c u l a t i o g  

when supplemented w i "  h (wadrer vapor  d i f f u s i - r r i t y ) ,  Lo, aad At 
Rx, 

The S v a l u e  o b t a i 2 e d  from t h e  pooled d a t a  of f o u r  cups was a lmos t  

i d e n t i c a l  t o  t h a t  e s t a b l i s h e d  wFch t k e  o l d  cup, One chaxge i n  r o u t i n e  
- 1 

c a l c u l a t f o r s  :ha: w a s  i - a u g u r a t e d  was e x p r e s s i o n  of R i n  s e c  cm 
- 1 L 

i n s t e a d  of min cm t o  cocform w i t h  t h e  usage of a m a j o r i t y  of p r e s e n t  

r e s e a r c h e r s  i . ~  t h i s  f i e l d ,  The t a b l e s  were c a l c u l a t e d  s o  a s  t o  i n c l u d e  

t h i s  change wit?iout t h e  need of a n  a d d i t i o n a l  computat ion.  
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PART 4. LEAF DIFFUSION RESISTANCE OF SORGHUM IN THE FIELD 

AS AFFECTED BY SOIL-WATER POTENTIAL 

INTRODUCTION : 

The increase in leaf diffusion resistance (R ) during stomatal 
L 

closure can be measured quantitatively with the leaf resistance meter 

(Annual Report, 1964). Although stomatal opening or closing is a 

complex process, under normal conditions it is affected primarily by 

light intensity (see Part 1 of this section). However, a plant water 

deficit also can lead to stomata1 closure (high value of %) even in 
intense illumination. Change in stomatal aperture can be induced and 

determined by subjecting a crop to a period of water shortage followed 

by a heavy irrigation and by making periodic measurements of . % 
When  he boundary layer resistance is suitably low, as it tends 

to be under moderate wind speeds (greater than 1 m sec-'1, high values 

of R b r i ~ g  about lowered transpiration, Therefore, it should be L 
possible to correlate lysimetric weight losses with changes in 

values as soil-water content decreases with time. 
% 

PROCEDURE: 

As part of a comprehensive study of the evapotranspiration process 

with sorghum in the lysimeter field (see WCL-331, RT, was measured 
both on a routine basis during the growth cycle and intensi.vely at 

critical stages of soil-water potential. During the intensive periods, 

lasting 24 hours, \ was measured about every half-hour, or more 
frequently when the plants were responding rapidly. Leaf resistance 

measurements were made on a mature leaf near the tip of the plant on 

two plants in each of the three lysimeters. Measurement sites were 

shifted upward as the plants grew, but later in the season remained 

on the flag leaf, which subtends the inflorescence. At times supple- 

mentary RL measurements were made in two Eield sites near the lysimeters. 

On intensive days RT, readings were begun at midnight and continued for 
24 hours. They were accompanied by measurements of leaf thickness, 

leaf temperature, and various soil and meteorological parameters, in 

addition to precise determinations of evapotranspiration with three 

lysimeters, 
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RESULTS AND DISCUSSEON: 

S o i l  water was not  deple ted  s u f f i c i e n t l y  during the  June drying 

cyc le  t o  br ing  about a  s i g n i f i c a n t  p l a n t  response.  Therefore,  on ly  

the  da t a  f o r  the  J u l y  and August s e r i e s  a r e  presented .  F igure  4 

demonstrates hourly R va lues ,  each an average of upper and lower 
L  

epidermes of s i x  leaves ,  two from each of the  th ree  ly s ime te r s .  

Whether the  s o i l  was we l l  i r r i g a t e d  (20 Ju ly ,  so i l -wa te r  conten t  

0.228 by volume i n  whole ly s ime te r  p r o f i l e ,  1.6-m depth)  o r  p r a c t i c a l l y  

devoid of a v a i l a b l e  water (13 J u l y ,  so i l -wa te r  0.163),  % values were 
- 1 

high a t  n igh t ,  about 30 sec  cm o r  more. The lack  of da t a  f o r  t he  

f i r s t  s i x  per iods  f o r  20 J u l y  i s  due t o  dew formation on the  leaves ,  

which precludes meaningful \ measurements. However, t he re  i s  no 

doubt t h a t  the  stomates were c losed  dur ing  t h i s  time (from midnight 

t o  0600)) a s  shown by s i m i l a r  measurements made a t  n igh t  on well-watered 

p l a n t s  when dew d id  not  form, 

The minimum RL va lues  dur ing  day l igh t  on 20 J u l y ,  l e s s  than 
- 1 

1 s e c  cm , coincided wi th  wide stomata1 ape r tu re  and h igh  evapotrans-  

p i r a t i o n ,  and i s  c o n s i s t e n t  with the  known e f f e c t s  of l i g h t  on R,. 
- 1" 

The s i g n i f i c a n t l y  h ighe r  \ values  on 13 Ju ly ,  around 8 sec  cm , 
occurr ing  i n  s t rong  i l l umina t ion ,  demonstrates the  e f f e c t  of low 

so i l -wa te r  a v a i l a b i l i t y  on p l a n t  behavior .  The lys imeters  showed 

much lower evapo t r ansp i r a t ion  on 13 J u l y  than on 20 J u l y .  However, 

s i n c e  important meteoro logica l  f a c t o r s  a r e  not  l i k e l y  t o  be i d e n t i c a l  

on two days, a  b e t t e r  comparison i s  the  a c t u a l  evaporat ion (E) wi th  

t he  p o t e n t i a l  amount (E ) .  On 13 J u l y  the  increased  was a s soc i a t ed  
0 R~ 

wi th  a  reduct ion  i n  evapo t r ansp i r a t ion  t o  about h a l f  the  c a l c u l a t e d  

p o t e n t i a l  r a t e .  The R va lues  measured d i r e c t l y  on ind iv idua l  leaves  
L 

a r e  not  i d e n t i c a l  with the  canopy o r  crop su r f ace  r e s i s t a n c e  (R ), S 

bu t  they a r e  p ropor t iona l  t o  i t .  

The August da t a  confirmed the  J u l y  evidence i n  t h a t  % values  

increased  during the  g r e a t e r  p a r t  of t he  day whenever s o i l  water was 

s u f f i c i e n t l y  deple ted  f o r  stomates t o  s t a r t  c lo s ing .  That sorghum 

i s  r e s i s t a n t  t o  so i l -wa te r  d e p l e t i o n  i s  shown by a  d i f f e r e n c e  in  

p l a n t  response between ly s ime te r s  1 and 2, t r e a t e d  a s  a  u n i t ,  compared 
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t o  lys imeter  3 .  E a r l i e r ,  an acc iden ta l  o v e r i r r i g a t i o n  of lys imeter  

3  caused a  p e r s i s t e n t  l a g  i n  so i l -wa te r  dep le t ion ,  a s  compared t o  the  

two o the r  l y s ime te r s .  La t e r  t h i s  r e s u l t e d  i n  a  p l a n t  response i n  

lys imeters  1 and 2 of s u f f i c i e n t  magnitude t o  n e c e s s i t a t e  a  24-hour 

i n t ens ive  s tudy,  a l though the  p l a n t s  i n  lys imeter  3  had no t  reached 

the  s t a g e  of s i g n i f i c a n t  s tomata1 c losu re  i n  d a y l i g h t .  

A comparison of F igures  5  and 6  makes these  d i f f e r e n c e s  i n  p l a n t  

response apparent .  I n  lys imeter  3  the  day l igh t  \ values  averaged 
- 1 

about 1 sec  cm f o r  e i t h e r  of two experimental days, 5 and 10 August. 

I n  c o n t r a s t ,  a l though the  mean R va lues  f o r  l y s ime te r s  1 and 2  were 
51 - 1 

low on 10 August, about 1 sec  cm , they were a s  high a s  18 sec  cm 

on 5  August. It i s  p e r t i n e n t  t o  po in t  ou t  t h a t  the  so i l -wa te r  conten t  

values were c o n s i s t e n t  wi th  the  d i f f e r e n t  responses among ly s ime te r s .  

For example, on 5  August lys imeters  1 and 2  averaged 0.154 volumetr ic  

water conten t  i n  t he  lys imeter  s o i l  p r o f i l e  (1.6-m dep th ) ,  compared 

t o  0 ,181  f o r  lys imeter  3 .  Af t e r  i r r i g a t i o n  the so i l -wa te r  conten t  

i n  a l l  lys imeters  exceeded 0.250, measured 9 August. Apparently 

sorghum stomates do not  c l o s e  i n  day l igh t  u n t i l  t he  plafit  i s  subjec ted  

t o  a  severe  so i l -wa te r  d e f i c i t .  No measurements of p l a n t  water 

p o t e n t i a l  were a v a i l a b l e .  In s t ead ,  l e a f  water conten t  was measured 

by means of be t a  ray  gauging (see P a r t  5, t h i s  s e c t i o n ) .  

When l o s s  of p l a n t  t u rgo r  i s  s u f f i c i e n t  t o  a f f e c t  the guard c e l l s ,  

stomates c l o s e  and thereby b u i l d  up l ea f  d i f f u s i o n  r e s i s t a n c e  enough 

t o  diminish evapo t r ansp i r a t ion  s i g n i f i c a n t l y ,  a s  demonstrated by the  

lys imeter  records  ( see  WCL-33 of t h i s  Annual Report) .  Thus, the da t a  

show the  hypotheses s t a t e d  e a r l i e r  t o  be we l l  founded. 
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PART 5 .  LEAF WATER CONTENT OF SORGHUM AS AFFECTED BY SOIL-WATER 

POTENTIAL 

INTRODUCTION: 

A continuous record of p l a n t  water balance can be obtained by 

measuring changes i n  the  water conten t  of a  r e p r e s e n t a t i v e  a t t ached  

l ea f  by the  be t a  ray gauge technique ("Transpirat ion,  water absorp t ion ,  

and i n t e r n a l  water balance of c o t t o n  p l a n t s  a s  a f f e c t e d  by l i g h t  and 

changes i n  s a t u r a t i o n  d e f i c i t , "  W.  Lo Ehr le r ,  C. H .  M. van Bavel, and 

F.  S. Nakayama, P l an t  Physiology, January 1966.) .  I n  the  f i e l d  l e a f  

water conten t  a t  dawn i s  assumed t o  be maximal, and thus serves  a s  a  

r e f e rence  po in t  f o r  t he  d i u r n a l  cyc le  i n  p l an t  water ba lance .  The 

commonly observed decrease  i n  l ea f  water conten t  during the  day fol lows 

from r e l a t i v e l y  f a s t  s tomata l  opening combined with s lugg i sh  t r a n s -  

m i t t a l  of a  water d e f i c i t  from leaves  t o  r o o t s .  Recovery from an 

i n t e r n a l  water d e f i c i t  i s  enhanced by s tomata l  c lo su re  and by an 

increased  g rad ien t  f o r  water  absorp t ion ,  induced by t i s s u e  dehydrat ion.  

Diurnal  changes i n  p l a n t  water  balance were followed i n  sorghum 

a s  a  supplement t o  l ea f  d i f f u s i o n  r e s i s t a n c e  (RL) measurements made i n  

a  comprehensive f i e l d  experiment ( s ee  P a r t  4 of t h i s  s e c t i o n ) .  The 

hypothesis  was t h a t  t h e  h igher  va lues  of RL induced by daytime s tomata l  

c lo su re  would be preceded o r  a t  l e a s t  accompanied by a  lowered l ea f  

water conten t .  This l i n e  of reasoning accepts  the commonly he ld  b e l i e f  

t h a t  the primary mechanism f o r  s tomata l  c lo su re  i s  a  l o s s  of tu rgor  

by guard c e l l s .  However, when the  t u r g i d i t y  of a  whole l ea f  i s  used 

a s  an i n d i c a t o r  of guard c e l l  tu rgor ,  t h i s  assumes equ iva l en t  behavior 

of guard c e l l s  and the  o t h e r  l ea f  c e l l s .  I f  t h i s  assumption i s  t r u e ,  

one might expect  t he  l ea f  water conten t  t o  reach a  c e r t a i n  minimal 

value during daytime s tomata l  c l o s u r e .  The i n t e n s i v e  be t a  ray gauge 

measurements were taken t o  v e r i f y  t h i s  hypo thes i s ,  

PROCEDURE: 

A be t a  ray  gauge was placed about 20 cm from the  apex of a  mature 

l ea f  on one of the 20 sorghum p l a n t s  i n  each of t h r e e  ly s ime te r s .  

I n  some in s t ances  t he  l ea f  was so  narrow t h a t  t he  gauge s t r add led  

the  midrib.  I n  June the  f i r s t  mature l ea f  was the  t h i r d  o r  f o u r t h  
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back from the  t i p  of the  p l a n t  ( j u s t  below the  l ea f  conta in ing  a  

thermocouple).  The l ea f  was c a r e f u l l y  s e l e c t e d  s i n c e  i t s  changes i n  

water conten t  had t o  r ep re sen t  t h e  whole lys imeter .  I n  J u l y  and August 

the  be t a  ray gauge l ea f  was the  next  one back from the  f l a g  l ea f  - 
t h a t  i s ,  s t i l l  being the  next  one down the  stem from where leaf  tem- 

pe ra tu re s  and measurements were taken. 
RL 

The gauges were connected by a  100-foot sh ie lded  cable  t o  a  switch 

which permit ted each gauge t o  be counted i n  success ion  on a  Baird- 

Atomic s c a l e r  wired t o  a r a t e  meter and a  Leeds & Northrup s t r i p - c h a r t  

recorder .  The time dur ing  which gauge readings were taken on a  

lys imeter  was made t o  co inc ide  with the  readings of l ea f  r e s i s t a n c e  

during the days of i n t e n s i v e  measurement. This gave t h r e e  i n t e r m i t t e n t  

records  of l ea f  water  conten t  throughout a  24-hour per iod  beginning a t  

midnight and co inc id ing  with o t h e r  p e r t i n e n t  measurements, These 

in t ens ive  measurements were made on a  t o t a l  of 6 days (3  p a i r s  of 

days with c o n t r a s t i n g  amounts of s o i l  moisture)  encompassing i r r i g a t i o n  

cyc le s  i n  June, J u l y ,  and August. Usually i t  was p o s s i b l e  t o  leave 

the  gauge i n  p l ace  on the  l e a f  a t  the  end of phase I (dry s o i l ) ,  

thereby having i d e n t i c a l  gauge-leaf geometry dur ing  phase 11, which 

occurred a s  soon a s  f e a s i b l e  a f t e r  i r r i g a t i o n .  

Changes i n  l ea f  th ickness  due t o  d i f f e r e n t i a l  ga in  and l o s s  of 

water were r e g i s t e r e d  a s  v a r i a t i o n s  i n  the  count r a t e  of l?m147. By 

counting d i f f e r e n t  th icknesses  of aluminum f o i l  i n  the  gauge, i t  was 

p o s s i b l e  t o  express  t he  da t a  from leaves  i n  terms of equiva len t  aluminum 

th ickness .  C a l i b r a t i o n  was done i n  the  f i e l d .  The count r a t e  during 

c a l i b r a t i o n  was read from the  r a t e  meter ou tput  recorded on a  s t r i p  

c h a r t ,  r a t h e r  than d i r e c t l y  from the  s c a l e r ,  s i n c e  the  da t a  f o r  changes 

i n  l ea f  th ickness  dur ing  the  experiment were obta ined  i n  t h i s  manner. 

This  procedure was adopted because i t  permi t ted  overn ight  records  on 

one gauge during nonin tens ive  per iods  without an observer .  
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RESULTS AND DISCUSSION: 

A l l  of t he  s i x  i n t e n s i v e  measurement per iods  showed e s s e n t i a l l y  

the  same r e s u l t s  i n  regard t o  change i n  leaf  th ickness  ( l ea f  water 

c o n t e n t ) .  Therefore,  only one graph i s  presented t o  r ep re sen t  t he  

d a t a .  Figure 7 shows t h a t  l e a f  water conten t  was g r e a t e s t  a t  dawn. 

The l e a f  underwent a  s l i g h t  dehydrat ion s h o r t l y  a f t e r  s u n r i s e  and 

reached i t s  low po in t  of water conten t  i n  l a t e  a f te rnoon.  The s t r i k i n g  

f e a t u r e  is the  lack of any apprec i ab le  l o s s  i n  water con ten t .  The da t a  

a r e  f o r  13 J u l y ,  when s o i l  water was severe ly  deple ted  - enough f o r  

l e a f  d i f f u s i o n  r e s i s t a n c e  t o  be high i n  midday. Despi te  the  lack  of 

e a s i l y  a v a i l a b l e  s o i l  water,  apparent ly  water absorp t ion  continued a t  

a  r a t e  s u f f i c i e n t  t o  almost balance t r a n s p i r a t i o n .  This was r e f l e c t e d  

i n  only a  s l i g h t  n e t  l o s s  i n  l e a f  water conten t .  

Af t e r  i r r i g a t i o n ,  during another  24-hour measurement per iod,  on 

20 Ju ly ,  e a s i l y  a v a i l a b l e  water presumably induced a  r a t e  of absorp t ion  

e s s e n t i a l l y  equal  t o  t he  r a t e  of t r a n s p i r a t i o n ,  Therefore,  the  r e s u l t s  

were the  same a s  be fo re ;  namely, e s s e n t i a l l y  no r e a l  l o s s  i n  leaf  water 

conten t  from dawn t o  midday. This phenomenon undoubtedly i s  c l o s e l y  

r e l a t e d  t o  t he  abundance of r o o t s  t h a t  sorghum develops f o r  a  given 

l e a f  a r ea  and i s  c o n s i s t e n t  wi th  l i t e r a t u r e  r e f e rences  c i t i n g  i t s  good 

drought t o l e rance .  

Since the  leaf  d i f f u s i o n  r e s i s t a n c e  measurements on 13 J u l y  

demonstrated a  s i g n i f i c a n t  degree of s tomata l  c lo su re  i n  f u l l  day l igh t ,  

presumably the  guard c e l l s  underwent a  l o s s  of t u r g i d i t y .  Nevertheless ,  

t h i s  was a s soc i a t ed  wi th  no apprec iab le  decrease i n  o v e r a l l  l e a f  water  

content& I n  r e fe rence  t o  t he  hypothesis  s e t  f o r t h  i n  the  in t roduc t ion ,  

i t  must be concluded t h a t  i n  sorghum, o v e r a l l  l e a f  t u r g i d i t y  i s  no t  

c l o s e l y  c o r r e l a t e d  wi th  t h a t  of guard c e l l s .  This r e s u l t  from the  

f i e l d  i s  no t  i n  accord with the  hehavior  of co t ton  i n  the  c o n t r o l l e d  

environment room ( l abo ra to ry ) ,  where l o s s  of l e a f  t u r g i d i t y ,  a s  

i nd ica t ed  both by the  b e t a  r ay  gauge and v i s i b l e  w i l t i n g  symptoms, 

was c l o s e l y  c o r r e l a t e d  wi th  s tomata l  c lo su re ;  i . e . ,  increased  l ea f  

r e s i s t a n c e .  No r e sea rch  with the  b e t a  ray gauge has been done wi th  

sorghum i n  the  l abo ra to ry ,  however. Therefore,  i t  must be assumed 
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t h a t  co t ton  and sorghum r e a c t  s i m i l a r l y  t o  an i n t e r n a l  water  

d e f i c i t ,  

The lack  of c o r r e l a t i o n  between day l igh t  stomata1 c losu re  and 

a  decrease i n  l ea f  water conten t  i n  the  f i e l d ,  a s  con t r a s t ed  with 

a  high degree of c o r r e l a t i o n  between these  two parameters i n  the  

labora tory ,  may be due t o  t he  d i f f e r e n c e  i n  t he  r a t e  of p l a n t  dehydra- 

t i o n .  I n  the  l abo ra to ry  l e a f  dehydrat ion was due t o  a  very r a p i d  

a c c e l e r a t i o n  i n  t r a n s p i r a t i o n ,  occurr ing  i n  a  ha l f -hour  o r  l e s s .  

I n  t he  sorghum f i e l d ,  however, p l a n t  dehydrat ion proceeded very slowly 

and was brought about by a  combination of rap id  t r a n s p i r a t i o n  dur ing  

midday and a  g radua l ly  diminishing so i l -wa te r  a v a i l a b i l i t y .  
I I f  i t  is  assumed t h a t  guard c e l l s  have a  lower dehydra t ion  threshold  

than o the r  l ea f  c e l l s ,  t he  d ive rgen t  p l a n t  behavior  i n  f i e l d  and 

l abo ra to ry  can be r a t i o n a l i z e d .  When t i s s u e  dehydrat ion occurred 

gradual ly ,  a s  i n  sorghum, the  guard c e l l s  were a f f e c t e d  before  t he  

l ea f  a s  a  whole, due t o  t h e i r  lower threshold  of s e n s i t i v i t y .  On the  

o t h e r  hand, when t i s s u e  dehydrat ion was induced r ap id ly ,  a s  i n  the  

labora tory ,  t he  l o s s  of t u rgo r  became q u i t e  genera l  throughout t he  

l e a f ,  and thus became g r o s s l y  d e t e c t a b l e  by the  be t a  ray  gauge, which 

n e c e s s a r i l y  i s  a  m u l t i c e l l  i n t e g r a t i n g  type of instrument .  Fu r the r  

work would be requi red  t o  t e s t  t he  v a l i d i t y  of t h i s  hypothes is .  This 

l i n e  of reasoning sugges ts  t h a t  a  r ap id  p l a n t  dehydra t ion  of sorghum 

would be d e t e c t a b l e  by the  b e t a  r ay  gauge, j u s t  a s  i n  co t ton .  It seems 

d e s i r a b l e  t o  c a r r y  ou t  c o n t r o l l e d  experiments on be t a  ray gauging 

of sorghum be fo re  a d d i t i o n a l  f i e l d  experimentat ion is  undertaken.  A 

simple, a l t e r n a t i v e  explana t ion  is t h a t  the  be t a  ray  gauge j u s t  i s  

not  so  s e n s i t i v e  a s  t he  l e a f  r e s i s t a n c e  meter, perhaps because t h e  

meter i s  responding p r imar i ly  t o  a  d i f f e r e n c e  i n  t u r g i d i t y  of guard 

c e l l s  and o the r  c e l l s ,  whereas t he  gauge i s  responding t o  an absolu te  

decrease  i n  o v e r a l l  c e l l  t u r g i d i t y .  Therefore,  a  c e r t a i n  minimum 

r a t e  of c e l l  dehydra t ion  must occur  be fo re  an apprec i ab le  decrease  

i n  l ea f  th ickness  i s  de t ec t ed  by t h e  gauge. 
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One b i t  of documentation f o r  t he  hypothesis  t h a t  t he  be t a  ray  

gauge i s  s e n s i t i v e  t o  rap id  changes i n  o v e r a l l  l eaf  water conten t  was 

obtained i n  a  s i d e  t e s t  c a r r i e d  out  i n  the  sorghum f i e l d  between 

i n t e n s i v e  measurement pe r iods .  Rapid p l a n t  dehydrat ion,  admi t ted ly  

of an extreme na ture ,  was induced by exc is ing  a  l e a f ,  the  c u t  being 

made near  the shea th ,  and i n  a i r  (no water suppl ied  t o  the  detached 

l e a f ) ,  when l ea f  water conten t  was a t  a  s teady  va lue .  This was done 

a t  0745 on 3 August, and aga in  a t  1420 on 4 August (on a  s i m i l a r  l e a f )  

wi th  the  same r e s u l t s .  Leaf water  conten t  diminished r a p i d l y  

immediately a f t e r  l ea f  exc is ion ,  a t  a  f a s t e r  r a t e  i n  the  a f te rnoon 

than i n  the  e a r l y  morning, due undoubtedly t o  t h e  g r e a t e r  t r a n s p i r a t i o n  

r a t e  l a t e r  i n  t he  day. On 4 August the  counting r a t e  ro se  from a 

s teady  26,000 cpm t o  39,700 cpm i n  only one-half hour,  which r ep re sen t s  
- 2 

a decrease i n  l e a f  t h i ckness  of 4.7 mg cm . This  decrease  i s  much 

g r e a t e r  than t h a t  shown i n  F igure  7 f o r  a  per iod of s e v e r a l  hours ,  

Even i n  the  e a r l y  morning (3  August) of the  l ea f  exc i s ion  t e s t ,  l e a f  
- 2 

water  content  decreased 3 .5  mg cm i n  an hour ' s  time fol lowing 

exc i s ion  ( l ea f  c u t  i n  a i r ) ,  These two l ea f  exc i s ion  t e s t s  seem t o  

demonstrate the v a l i d i t y  of the  previous hypothes is ;  t h a t  i s ,  when 

the  r a t e  of change i n  l ea f  water  conten t  i s  high,  t he  be t a  ray gauge 

can d e t e c t  these  l o s s e s  i n  o v e r a l l  l eaf  water con ten t .  

The conclusion a s  t o  the  r e s u l t s  of the i n t e n s i v e  measurements 

i s  s t i l l  the same: Sorghum i n  the  f i e l d  undergoes only a  s l i g h t  l e a f  

dehydration, even under an extremely high evapora t ive  demand and 

p r a c t i c a l l y  no a v a i l a b l e  s o i l  water  i n  t he  whole p r o f i l e .  One approach 

t h a t  might be undertaken i n  the  f u t u r e  i s  t o  i nc rease  the  s e n s i t i v i t y  

of the  be t a  ray  gauge i n  o rde r  t o  have i t  more compatible i n  s e n s i -  

t i v i t y  with the  l ea f  r e s i s t a n c e  meter.  
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GENERAL SUMMARY AND CONCLUSIONS: 

A con t ro l l ed  environment permit ted l i g h t  i n t e n s i t y  t o  be the  

s i n g l e  v a r i a b l e  r egu la t ing  s tomata l  ape r tu re ;  t h a t  i s  without  the  

i n t e r a c t i o n  of i n t e r n a l  water balance of the  p l a n t  o r  of ambient 

carbon d ioxide  l e v e l .  The genera l  response of 8 p l a n t  spec i e s  was 

s i m i l a r ,  about a  50- fo ld  lowering of t he  l ea f  d i f f u s i o n  r e s i s t a n c e  

(\) over the  range inves t iga t ed ,  from darkness t o  4000 f t - c .  Since 

the  lowest \ a t t a i n e d  s t i l l  was not  a s  low a s  f i e l d  measurements, 

g r e a t e r  i l l umina t ion  i s  needed i n  the  labora tory  t o  achieve a  r e a l i s t i c  

r a d i a t i o n  environment. 

I n  a  con t ro l l ed  environment, t r a n s p i r a t i o n  has been c a l c u l a t e d  

from measurements of l e a f  temperature,  ambient vapor pressure ,  l ea f  

d i f f u s i o n  r e s i s t a n c e  ( 
\) , and boundary l aye r  r e s i s t a n c e .  For co t ton ,  

sunflower,  and lemon, t he  c a l c u l a t e d  va lues  were c o n s i s t e n t l y  h igher  

than those of t he  s tandard  obtained by weighing. However, p rogress  

i n  eva lua t ing  a l l  parameters r e l evan t  t o  the  t r a n s p i r a t i o n  process  

i s  demonstrated by achievement of only a  20 percent  d i s p a r i t y  between 

ca l cu la t ed  and measured va lues  i n  the  two b e s t  i n s t ances  (sunflower 

and lemon i n  high l i g h t  i n t e n s i t y ) .  It i s  be l ieved  t h a t  R va lues  
L  

a r e  respons ib le  f o r  lack  of b e t t e r  agreement r a t h e r  than  the  o t h e r  

parameters .  Since r e c a l i b r a t i o n  of t he  l ea f  r e s i s t a n c e  meter gave 

the  same r e s u l t s  a s  before ,  an e n t i r e l y  d i f f e r e n t  c a l i b r a t i o n  

technique may be the  only hope of improving the  c a l c u l a t e d  t r a n s p i -  

r a t i o n ,  

C a l i b r a t i o n  of four  l ea f  r e s i s t a n c e  meter cups confirmed the  

values prev ious ly  found f o r  t h e  o ld  cup and extended the  da t a  t o  t h r e e  

new ones, over a  range from 6C t o  50C. The method cons i s t ed  of 

s imula t ing  s tomata l  r e s i s t a n c e s  by in t e rpos ing  known d i f f u s i o n  pa th  

lengths  between cup sensor  and a  free-water  source,  and recording 

the  t r a n s i t  time and water  vapor d i f f u s i v i t y  a s  a f f e c t e d  by temper- 

a t u r e  and an instrument  cons t an t .  

Half-hourly measurements of l e a f  d i f f u s i o n  r e s i s t a n c e  were 

c a r r i e d  out  on sorghum i n  t h r e e  ly s ime te r s .  These d a t a  were i n  

conjunct ion with o t h e r  i n t e n s i v e l y  measured p l a n t  and meteoro logica l  
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parameters and were obtained during two c o n t r a s t i n g  per iods ,  one 

wherein s o i l  water conten t  was deple ted ,  followed i n  a  few days by 

one wi th  f r e e l y  a v a i l a b l e  s o i l  water .  Measurements were made during 

drying cyc le s  i n  June, Ju ly ,  and August. I n  r e c e n t l y  i r r i g a t e d  s o i l s ,  

RL values  showed the  t y p i c a l  d i u r n a l  cyc le  - high  va lues  i n  the  dark,  

followed by a  gradual  decrease  a f t e r  s u n r i s e  t o  a  minimum of about 
- 1 

1 sec  cm o r  l e s s  throughout the  bulk of t he  day, and then an inc rease  

t o  the  o r i g i n a l  dark va lue  a f t e r  sunse t .  I n  c o n t r a s t ,  when a v a i l a b l e  

s o i l  water had been almost completely deple ted ,  which was about one 
- 1 

month a f t e r  i r r i g a t i o n ,  midday R va lues  averaged 10 t o  15 sec  cm , 
L 

an  apprec iab le  r e s i s t a n c e  due t o  p a r t i a l  s tomata l  c lo su re ,  and were 

c o r r e l a t e d  with l y s i m e t r i c  evapo t r ansp i r a t ion  l o s s e s  l e s s  than h a l f  

of the  p o t e n t i a l  r a t e .  This i nc rease  i n  R demonstrates the  e f f e c t  
L 

of p l a n t  water  d e f i c i t  on the  s tomata l  mechanism. 

A b e t a  ray  gauge was i n s t a l l e d  i n  each of t h ree  lys imeters  t o  

d e t e c t  changes i n  l ea f  water conten t  during s i x  24-hour per iods  of 

i n t e n s i v e  measurements on sorghum. During the same t h r e e  drying 

cyc le s  mentioned above, t he  r e s u l t s  were e s s e n t i a l l y  the  same 

r ega rd l e s s  of so i l -wa te r  conten t :  the  l e a f  l o s t  only a  small  amount 

of water conten t  from dawn t o  midday. This lack  of an apprec iab le  

l o s s  i n  turgor  by the  whole l e a f ,  occur r ing  when stomates were 

p a r t i a l l y  c losed  over t he  g r e a t e r  p a r t  of a  c l e a r  day, presumably 

due t o  turgor  l o s s ,  may i n d i c a t e  t h a t  guard c e l l s  a r e  more s e n s i t i v e  

t o  lowered t u r g i d i t y  than o t h e r  l e a f  c e l l s .  On the o t h e r  hand, i t  may 

be only a  r e f l e c t i o n  of d i f f e r e n c e s  i n  instrument s e n s i t i v i t y  ( l ea f  

r e s i s t a n c e  meter versus  be t a  ray  gauge).  Under condi t ions  t h a t  

induced a  g r e a t e r  r a t e  of change i n  l ea f  water conten t  than occurred 

during normal f i e l d  measurements, t he  be t a  ray gauge r e f l e c t e d  p l a n t  

response a s  quick ly  and completely a s  t he  l ea f  r e s i s t a n c e  meter ,  

These r e s u l t s  s t i l l  l ead  t o  t h e  conclusion t h a t  during the  in t en -  

s i v e  experiments sorghum apparent ly  absorbed water a t  a  f a s t  enough 

r a t e  t o  r e s i s t  l ea f  dehydrat ion,  d e s p i t e  low a v a i l a b i l i t y  of s o i l  

water,  a  c a p a b i l i t y  t h a t  may be r e l a t e d  t o  i t s  favorable  root-shoot  
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ratio. Attempts to increase gauge sensitivity might be advisable 

for future studies of sorghum, by substitution of technetium-99 for 

promethium-147 as a beta ray emitter. 

PERSONNEL: W. Ehrler and C. H. M. van Bavel 
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TITLE: QUANTSTATPVE MEASURE~N'I '  OF WATER PLOW WITH CHEMICAL TRACERS 

LINE PROJECT: SWC 4-gG5 CODE N O , :  Ariz.-WCL-30 

INTRODUCTION: 

See Annual Report f o r  1964. 

PROCEDURE : 

Same a s  f o r  1964 except a s  no ted ,  

The procedures f o r  cons t ruc t ing  the  comparison s tandards  were 

changed s l i g h t l y  t o  a s s u r e  more accu ra t e  and reproducib le  r e s u l t s .  

One-par t -per -b i l l ion  s tandards  were c o n s i s t a n t l y  and a c c u r a t e l y  con- 

s t r u c t e d  i n  t h e  fol lowing manner: 

A l abo ra to ry  a n a l y t i c a l  balance was used t o  weigh 0,2500 _f 

0.0002 grams of 20 percent  Rhodamine WT s o l u t i o n  from t h e  same l o t  used 

in. t h e  stream flow measurement, This  was then washed i n t o  10,000 _f " 

1 grams of s t ream water t o  produce a  5-parts-per-mil l ion.  d i l u t i o n  (f 0 .1  

percent  e r r o r ) .  A c a l i b r a t e d  10-ml p ipe t ,  found t o  be r epea t ab le  t o  

f 0.03 percent ,  was used t o  t r a n s f e r  LO m l  of t h e  5-ppm d i l u t i o n  i n t o  - 
50,000 grams of t he  s t ream water (approximately 1.10,23 pounds weighed 

on a  200-pound capac i ty  p la t form s c a l e s )  t o  o b t a i a  a 1-ppb s o l u t i o n .  

To determine t h e  f luorescence ,  t h e  s o l u t i o n  was r e c i r c u l a t e d  through 

t h e  f luorometer  and back i n t o  the  50,000-gram c o n t ~ i n e r  (20-gal lon 

p l a s t i c  garbage can) and a second 10 m l  of 5-ppm s o l u t i o n  added t o  

o b t a i n  t h e  2-ppb f luorescence  reading ,  e t c .  

Standards were cons t ruc ted  f o r  a  range of f luorescence  readings 

covering those  of t h e  samples, S ince  t h e  f luorometer  responds l i n e a r l y  

f o r  dye concent ra t ions  below 100 ppb, on ly  3 p o i n t s  were needed t o  

e s t a b l i s h  and check the  f luorescence  response curve. I n  t h e s e  s t u d i e s ,  

t h e  usua l  p r a c t i c e  was t o  develop t h e  l ea s t - squa res  l i n e a r - r e g r e s s i o n  

l i n e  us ing  5 o r  more p o i n t s .  

The accumuLative a d d i t i o n  of a s  many a s  10 of t h e  p i p e t  volumes 

t o  t he  50,000-gram conta iner  caused a  sys temat ic  e r r o r  of only 0.2 

percent  i n  t h e  s tandards .  Thus, e r r o r s  a s soc i a t ed  i i i t h  t h e  dye d i l u t i o n  

method of s t ream flow measurement a r e  e s s e n t i a l l y  those  imposed by 

i n s u f f i c i e n t  mixing, nonuniform sampling r a t e s ,  and l i m i t a t i o n s  i n  

t he  accuracy of t he  f luorometer .  The e f f e c t s  of f l u c t u a t i o n s  of t h e  
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f luorometer  d i a l ,  approximately 1/2 d i v i s i o n  o r  l e s s ,  can be minimized 

by choosing an  instrument  s e n s i t i v i t y  s e t t i n g  t h a t  causes t h e  f l u o r e s -  

cence readings of t he  samples t o  be near  f u l l  s c a l e  on the  d i a l .  

RESULTS AND DLSCUSSXQN: 

The fluorescence-temperature response curve of t h e  Rhodamine WT 

was obta ined  by a s l i g h t l y  d i f f e r e n t  method than  had been used i n  

s i m i l a r  determinat ions by Pontacyl  Pink and Rhodamine B. The previous 

method produced r e s u l t s  s l i g h t l y  lower than  t h a t  r epo r t ed  i n  t h e  l i t e r -  

a t u r e  (see Annual Report,  l964) ,  

The temperature recorded on t h e  sample i n  p r a c t i c e  i s  t h a t  ob ta ined  

i n  t he  sample conta iner  before  t h e  sample has advanced through t h e  

connecting hoses and i n t o  t h e  f luorometer .  The temperature a c t u a l l y  

occurr ing  while  reading i s  no t  n e c e s s a r i l y  t h e  temperature recorded, but  

s i n c e  t h e  measuring techniques r e q u i r e  a comparison s tandard  t o  be read  

wi th  the  same hose and pump system, t h i s  tempera.ture s h i f t ,  i f  any, 

would e f f e c t  t h e  comparison s tandard  s i m i l a r l y ,  Therefore,  a t e s t  

s e r i e s  was arranged t o  eva lua t e  t he  temperature c o e f f i c i e n t ,  n, s u i t a b l e  

f o r  a p p l i c a t i o n  t o  t h i s  method of reading samples. The sample was 

cooled i n  a water ba th  t o  t he  lower l i m i t  of t h e  temperature range of 

i n t e r e s t ,  then  warmed slowly t o  t h e  upper l i m i t  of i n t e r e s t  (10 C t o  

35 C). By knowing t h e  t r a v e l  time through t h e  hose t o  the  instrument 

and cont inuously monitor ing both t h e  temperature r i s e  of t h e  sample 

and t h e  instrument  response,  i t  was p o s s i b l e  t o  p l o t  a semi-logari thmic 

curve of f luorescence  versus temperature,  t h e  s lope  of which cor- 

responded t o  n. For t h e  Rhodamine B, n = -0.0269 C-I, which agrees  
- 1 

with n = -0,027 C , repor ted  i n  t h e  l i t e r a t u r e .  Rhodamine WT had 

a va lue  f o r  n of -0.0261 c - ~ .  Based on t h e  c l o s e  agreement f o r  Rhodamine 

B, the  va lue  f o r  Pontacyl  Pink B, a l s o  r epo r t ed  i n  t h e  l i t e r a t u r e ,  n = 
- 1 

-0.029 C , was accepted a s  adequate  and no t  rechecked. 

For purposes of f u r t h e r  checking t h e  r e l a t i v e  adso rp t ion  on 

suspended m a t e r i a l s  i n  s t ream waters ,  a comparison t e s t  was conducted f o r  

t h e  t h r e e  dyes. Two h igh ly  t u r b i d  s o l u t i o n s  were prepared f o r  

each dye, one with 1 gram per  l i t e r  of high-sodium ben ton i t e  c l ay  and 

t h e  o the r  with 1 gram per  l i t e r  of l o c a l  cana l  sediments,  both i n  t a p  
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water  with 10-ppb dye concent ra t ions .  The sediment concent ra t ions  were 

high compared t o  t hose  n a t u r a l l y  occurr ing  i n  s t reams,  except perhaps 

i n  t h e  bed load of a f l a s h  f lood .  This  was intended t o  exaggerate  t he  

e f f e c t s  of adsorp t ion ,  

Re la t ive  f luorescence  i n d i c a t i o n s  were obta ined  immediately a f t e r  

t h e  d ry  sediments were s t i r r e d  i n t o  t h e  s o l u t i o n s  and were checked 

aga in  a f t e r  about 16 hours without  f u r t h e r  a g i t a t i o n ,  Af te r  16 hours,  

i n  t h e  canal  sediment m a t e r i a l s  4 1  percent  of t h e  Rhodamine B dye was 

no longer d e t e c t a b l e  while  only  6 percent  of t h e  Rhodamine WT had been 

adsorbed. Pontacyl  Pink B was not  s i g n i f i c a n t l y  d i f f e r e n t  from 

Rhodamine WT, i n d i c a t i n g  a 5 percent  l o s s .  I n  a s i m i l a r  time, ben ton i t e  

c l ay  adsorbed 96 percent  of t h e  Rhodamine B, 65 percent  of t h e  Pontacyl 

Pink B, and 28 percept  of t h e  Rhodamine WT. The Rhodamine WT thus  

appears  t o  be t h e  most s u i t a b l e  of t he  f luo rescen t  dyes. 

The l abo ra to ry  s tudy,  on t r a c e r  flow techniques,  was extended 

t o  inc lude  measurements wi th  Rhodamine WT. The l abo ra to ry  procedures 

were s i m i l a r  t o  those  used f o r  previous measurements made wi th  Pontacyl  

B r i l l i a n t  Pink B ( s ee  Annual Report,  1964). 

Four sampling pumps were i n s t a l l e d  i n  t h e  l abo ra to ry  channel but 

could not  be placed i n  t h e  same stream cross  s e c t i o a  because of t h e i r  

s i z e .  In s t ead ,  they  were randomly s c a t t e r e d  i n  t h e  l a s t  6 t o  8 f e e t  

of t h e  channel.  Table 1 l i s t s  t h e  p e r t i n e n t  d a t a  f o r  t h e  t e s t s  conducted 

wi th  t h e  Rhodamine WT. The s tandard  dev ia t ion  was a maximum of 1 ,9  

percent  averaging approximately + 0.9 percent  f o r  a l l  ru.ns. The d i s -  

charge computed from t h e  four  samples i n  each s e r i e s  va r i ed  a maximum 

of 1 .3  percent ,  averaging only 0.6 percent ,  from t h e  a c t u a l  d i scharge  

which was determined g r a v i m e t r i c a l l y  t o  _+ 0.5 pe rcen t ,  These d i f f e r ences  

can be a t t r i b u t e d  t o  mixing inadequacies ,  s l i g h t  changes i n  channel 

flow (noted t o  be on t h e  o rde r  of 0.5 percent  due t o  power f l u c t u a t i o n s  

t o  t h e  r e c i r c u l a t i n g  pump) and l i m i t a t i o n s  i n  t h e  f luorometer  readout ,  

From the  l abo ra to ry  measurements i t  was concluded t h a t  a c c u r a t e  stream 

flow measurements could be obta ined  i f  t h e  e f f e c t s  of t r a c e r  l o s ses  

through adso rp t ion  on banks, e t c . ,  and inadequate  l a t e r a l  mixing were 

reduced t o  n e g l i g i b l e  amounts. 
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Field Studies. Field measurements of discharge using Rhodamine 

B were reported in the Annual Report of 1964. These were conducted 

in the Arizona Canal about 1 mile east of Scottsdale, Arizona, At 

that time there was indication that there might be some significant 

loss of the Rhodamine B to the canal bank. Consequently, a study 

was set up attempting to evaluate the tracer losses in the canal. This 

conceivably could be done in the following manner: (a) Inject the 

tracer at station 1, (b) Sample at downstream station 2 as the tracer 

wase passes, and (c) Sample either the same wave or a companion wave 

as it passes station 3 which will be located even further from the 

injection station. Since the effects of seepage in the canal will 

not be detected once adequate mixing is achieved, the above procedure 

would indicate tracer losses as an apparent increase in discharge. 

The comparison study, as planned, consisted of 2 injections each of 

the Rhodamine B, the Rhodamine WT, and the Pontacyl Brilliant Pink 

B, and sampling each dye wave as it passed the 1.2-mile station and the 

3-mile station. Due to the physical difficulty of sampling the wave 

and then moving quickly enough to sample the same wave downstream, the 

system was designed to use duplicate drops and to calculate the dye 

lost from the subsequent discharge measurements. However, the study was 

not completed, Two attempts were aborted, one due to electrical failure 

in the equipment, and one due to unanticipated rain. This portion of 

the project will be continued in the forthcoming irrigation season. 

Other measurements, designed to check the field comparison with 

another reliable field method were set up in a 5259-ft long, nominal 

4-ft diameter concrete pipe. Rhodamine WT was used. The discharges 

were compared with those determined with a Cole pitometer supplied 

and operated by Salt River Project personnel. The pitometer was 

calibrated in our laboratory by traversing the flow in a 12-inch pipe. 

The flow rate determined with the pitometer was compared with the weighed 

discharge. The pitometer curves delivered with the instrument were 

found to need correction by -5.4 percent. This calibration was then 

used in the field studies, 
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Measurements were made on the  same p ipe  on two da.ys, 12 J u l y  and 

14 Ju ly .  I n  a d d i t i o n  t o  t h e  pi tometer  da t a  obtained by t h e  S a l t  River  

P r o j e c t  personnel  and t h e  d i l u t i o n  measurements, time of t r a v e l  measure- 

ments from the  time of i n j e c t i o n  u n t i l  t he  a r r i v a l  of t he  peak were a l s o  

obta ined .  The p e r t i n e n t  da t a  a r e  summarized i n  Table 2, On the  f i r s t  

day, t h e  time oE t r a v e l  comparison wi th  the  dye d i l u t i o n  method 

ind ica t ed  t h a t  t h e r e  might be approximately 4.75 inches of s i l t  i n  t h e  

bottom of t h e  p ipe .  On the  second day 5.5 inches of s i l t  were ind ica t ed .  

These depths r ep re sen t  t h e  r educ t ion  i n  flow a r e a  necessary  t o  r e c t i f y  

t h e  t ime of t r a v e l  measurements t o  t h e  dye d i l u t i o n  measurements. 

Subsequent examination of t h e  p ipe  a f t e r  t he  flow stopped ind ica t ed  

t h a t  t h e r e  was a  uniform 5-inch depth of s i l t  i n  t he  p ipe .  When t h e  

pi tometer  va lues  were co r r ec t ed  f o r  t h i s  change i n  flow a rea ,  t h e  d i s -  

charge measurements by the  chemical t r a c e r  and by t h e  pitometer method 

agreed f o r  t h e  12 J u l y  measurement and d i f f e r e d  by only 0.4 percent  f o r  

t h e  14 J u l y  measurement. These t e s t s  i n d i c a t e  no t r a c e r  l o s s  of t h e  

Rhodamine WT dye to  t he  wa l l s  of t he  p ipe  and demonstrates t h e  high 

accuracy t h a t  can be obtained i n  f i e l d  a p p l i c a t i o n s .  

SUMMARY AND CONCLUSIOYS: 

La-boratory s t u d i e s ,  conducted t o  ob ta in  information r e l a t i v e  t o  

t h e  accuracy and p r e c i s i o n  wi th  which f luo rescen t  dyes can be used t o  

determine stream discharge ,  were extended t o  inc lude  a  new dye, Rhodamine 

WT. The r e s u l t s ,  a s  w i th  previous measurements wi th  Rhodamine B and 

Pontacyl  B r i l l i a n t  Pink B, i n d i c a t e d  t h a t  dye concentrations of l e s s  

than 10 p a r t s  per  b i l l i o n  can be q u a n t i t a t i v e l y  de t ec t ed  i n  most 

n a t u r a l  stream waters  wi th  e r r o r s  of l e s s  than _+ 1 pe rcen t ,  This ac -  

curacy i s  p o s s i b l e  wi th  commercially a v a i l a b l e  equipment which compares 

f luorescence  of samples wi th  a c c u r a t e l y  prepared s tandards  t h a t  a r e  

r e a d i l y  c ~ n s t r u c t e d  f o r  each s t ream flow measurement. Stream gauging 

by dye d i l u t i o n  techniques t o  t h i s  same order  of accuracy i s  thus 

p o s s i b l e  i f  s u f f i c i e n t  mixing of t r a c e r  wi th  t h e  s t ream flow can be 

obtained and adso rp t ion  of t he  dye on s t ream boundaries i s  n e g l i g i b l e .  

Re l i ab l e  c r i t e r i a  f o r  guaranteeing s u f f i c i e n t  l a t e r a l  mixing 

r e q u i r e  f u r t h e r  s tudy ,  Sampling a t  s e v e r a l  p o i n t s  i n  t h e  stream cross  
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section indicates whether mixing was achieved, but this deserves 

improvement, 

Data indicate that Rhodamine WT is not significantly adsorbed on 

channel boundaries, Comparisons of discharges by the dye dilution method 

using Rhodamine WT with discharges determined with a Cole Pitometer, 

both in a 48-inch diameter pipe, gave identical values for 1 day's 

runs and only 0.4 percent difference for a second day's results. Thus, 

no loss of Rhodamine WT was indicated. Laboratory studies also show 

a relatively low adsorption rate on suspended materials as compared 

to Rhodamine B and Pontacyl Pink B. This adsorption on suspended 

materials appears to be undetectable in ordinary applications. 

PERSONNEL: J. A. Replogle, L. E. Myers, and K. J. Brust 
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Table 1. Laboratory discharge measurements using Rhodamine WT a s  t h e  t r a c e r  with weighed discharge 

comparisons. 

- 2/ 11 . - Ser ies  y - 
ft f t / s e c  $3 m min d L  % cf s cf  s % 

11 Flow depth i n  labora tory  channel near  sampling s t a t ions .  - 
21  Average ve loc i ty  i n  flume near sampling s t a t i o n s ,  - 

VR 
3/ Reynolds number based on r a d i u s  = - . - V 

4 /  Arnount of dry weight t r a c e r  used. - 
5/ Sampling time length,  - 
6 /  Average concentrat ion derived from four  co l l ec ted  samples; w g / ~  --- ppb. + - 
7 /  Standard deviatio2n computed f o r  four samples from each s e r i e s ,  - 
8/ Discharge determined by t r a c e r  d i l u t i o n  technique, - 
9 /  Discharge determined gravimetr ica l ly  by weight-time r e l a t i o n ,  

1 100(Qs - QW)/QW~ - 
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T a b l e  2.  Discharge  comparison i n  c a s t - i n - p l a c e  c o n c r e t e  p i p e  u s i n g  p i t o m e t e r  and d y e - d i l u t i o n  

methods. 

Date  P i p e  
d i a -  
m e t e r  

P i p e  
l e n g t h  

Dye 
t i m e  
0 f 
t r a v e l  

- 
v 
t 

t ime  
of  
t r a v e l  
method 

- 
v 

P 
p i t o -  
mete r  

Depth 
of 
s i l t  
i n  
p i p e  

Net 
p i p e  
a r e a  

QP 
p i t o -  
mete r  
method 

Qd 
dye 
d i l u t i o n  
method 

1965 f t f t  s e c  f t / s e c  f t / s e c  i n  f t 
2 3 3 

i t  / s e c  f t  / s e e  

12 J u l y  3.943 5259 4490 1.172 1.167 5 . 0  1.152 13.44 13.44 

14 J u l y  3.943 5259 3890 1.353 1.368 5 .0  1.152 15.75 15.68 
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TITLE: WATER VAPOR DIFFUSION I N  SOILS 

LINE PROJECT: SWC 4-gG4 CODE NO.: Ariz.-WCL-31 

The o b j e c t i v e s  and need f o r  s tudy  f o r  t h i s  p r o j e c t  were r epo r t ed  

i n  t h e  1963 Annual Report of t h e  U. S o  Water Conservat ion Laboratory. 

The r e s u l t s  r epo r t ed  i n  t h e  1964 Annual Report have been publ i shed .  

The m a j o r i t y  of t h e  work done under t h i s  p r o j e c t  du r ing  1965 concerned 

t h e  development of a  " su rv iva l  s t i l l "  f o r  ob t a in ing  emergency d r ink ing  

water from s o i l  and p l a n t  m a t e r i a l s .  This  development has been publ i shed  

i n  Science (Vol. 149, pp. 1377-1379) and over 1300 copies  of a  mimeo- 

graphed r e p o r t  (WCL-4) have been d i s t r i b u t e d  upon r e q u e s t .  Numerous 

newspaper and magazine a r t i c l e s  desc r ib ing  t h e  s u r v i v a l  s t i l l  have 

appeared. S ince  t he  s t i l l  i s  amply descr ibed  elsewhere,  t h i s  r e p o r t  

w i l l  on ly  cover a s p e c t s  n o t  p r ev ious ly  publ i shed ,  

The "surv iva l  s t i l l "  i n  e s s e n t i a l l y  i t s  p re sen t  form was conceived 

on t h e  a f t e rnoon  of 3  February 1965. The previous evening c a l c u l a t i o n s  

were made us ing  d i f f u s i o n  theory  f o r  water flow through s o i l  t o  determine 

p o s s i b l e  water y i e l d s  from s o i l s  u s ing  s o l a r  d i s t i l l a t i o n .  Assuming 

t h a t  t h e  s o i l  i s  uniformly wet t o  g r e a t  depth a t  a  water  conten t  8 
i 

and a t  t ime t = 0 t h e  water  conten t  a t  t h e  s u r f a c e  i s  reduced and 

maintained a t  8 = then i n  t h e  f i r s t  approximation t h e  amount of 

water evapora t ing  i s  given by 

To o b t a i n  an order  of magnitude f o r  q  l e t  8, - 8 -  = 0 . 1  and choose 
2 L 0 - 1 

D = 3.6 x lom5 cm s e c  . This  va lue  of D i s  a  measured va lue  f o r  t h e  

deso rp t ion  of water from r e l a t i v e l y  dry Adelanto loam (= 3% water by 

volume). P u t t i n g  t h e  a r e a  a s  1 m2 and q  i n  l i t e r s  and time i n  days 

and d i f f e r e n t i a t i n g  t o  ge t  t h e  y i e l d  per  day we have 

9 =  ,p C 21 

2 We can now c a l c u l a t e  a  t h e o r e t i c a l  y i e l d  f o r  1 m . 

Annual Report of the U.S. Water Conservation Laboratory



2 Table 1. Theore t i ca l  y i e l d  i n  liters from 1 m , 

Yield - 
1 

0.5  

0.143 

0.100 

Af t e r  3 1 / 3  months, 100 m l  per  day i s  t h e o r e t i c a l l y  p o s s i b l e ,  

These c a l c u l a t i o n s ,  made before  t h e  f i r s t  s t i l l  was cons t ruc ted ,  showed 

t h e  t h e o r e t i c a l  f e a s i b i l i t y  of mining water  from s o i l  by s o l a r  d i s -  

t i l l a t i o n .  

Af te r  da t a  had been c o l l e c t e d  f o r  a  per iod  of t ime,  more r e f i n e d  

c a l c u l a t i o n s  were made. 

Data from t h e  1961 Annual Report (page 165) showing evapora t ive  

water l o s ses  from t h e  lys imeters  p l o t t e d  versus t h e  square roo t  of 

time i s  reproduced i n  F igure  1. The r e l a t i o n s h i p  is  n e a r l y  l i n e a r .  
2 - 1 - 1 With the  s lope  y i e l d i n g  D = 19.6 cm day (2.26 x lom4 cm s e c  ), 

t h e  measured water content  d i f f e r e n c e  (8  - 8 ) was about  0 .2.  i 0 

Figure  2  shows t h e  accumulative y i e l d  from a s u r v i v a l  s t i l l  

cons t ruc ted  i n  Adelanto loam, t h e  same s o i l  type  i n  which t h e  lys imeters  
2  - 1 a r e  loca ted .  Neglect ing t h e  non-zero i n t e r c e p t ,  a  D of 20.7 cm day 

was ca l cu la t ed  from t h e  l i n e  i n  F igu re  2. This  i s  very nea r  t h e  19.6 
2  

crn daym1 obta ined  from lys imeter  d a t a .  Th i s  va lue  of D was used t o  

c a l c u l a t e  t h e  d a i l y  y i e l d  from t h e  s t i l l ,  F igu re  3  shows d a i l y  y i e l d  

versus time, t h e  c i r c l e s  a r e  experimental and t h e  l i n e  i s  t h e o r e t i c a l .  

These da t a  i n d i c a t e  t h a t  y i e l d s  from s u r v i v a l  s t i l l s ,  a t  l e a s t  

i n  t h e  f i r s t  approximation, can be p red ic t ed  from so i l -wa te r  d i f f u s i o n  

theory ,  

PERSONNEL: R.  D. Jackson and C .  H. M, van Bavel 
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Figure 1. Evaporation from lysimeters versus the square root of time, 
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TITLE: MICROMETEOROLOGICAL DETERMINATIONS OF WATER LOSS 

FROM VARIOUS SUWACES 

LINE PROJECT: SWC 4-gG2 CODE N O : :  Ariz.-WCL-32 

INTRODUCTION: 

Micrometeoro log ica l  r e s e a r c h  was c o n c e n t r a t e d  on two t y p e s  o f  

problems. The f i r s t  was t o  de te rmine  t h e  r e l a t i v e  magnitude of l o c a l  

a d v e c t i o n  v e r s u s  a i r -mass  a d v e c t i o n .  A t o t a l  of f o u r  r u n s  (A5-1, A5-2, 

C5-4, and C5-5) and t h r e e  t r a n s e c t s  (555-1, SJ5-2, and SJ5-3) were made 

f o r  t h i s  purpose .  Secondly,  a  p r o f i l e  s t u d y  (C5-3) was conducted t o  

de te rmine  t h e  r e l a t i v e  c o n t r i b u t i o n  o f  v a r i o u s  p o r t i o n s  o f  a  c o t t o n  

p l a n t  canopy t o  e v a p o t r a n s p i r a t i o n  and t o  measure p r o f i l e s  of a i r  

t empera tu re ,  vapor  p r e s s u r e ,  and wind speed.  

E v a p o t r a n s p i r a t i o n  of c o t t o n  was determined f o r  2  by 2  skip-row 

and s o l i d - p l a n t e d  c o t t o n  n e a r  B a k e r s f i e l d ,  C a l i f o r n i a ,  a t  t h e  r e q u e s t  

o f  t h e  C a l i f o r n i a  Department o f  Water Resources (C5-1, C5-2).  

A t o t a l  of 3 1  d a y s '  d a t a  was c o l l e c t e d .  Not a l l  o f  t h e  d a t a  have 

been ana lyzed ;  consequen t ly ,  w i l l  n o t  be  r e p o r t e d  a t  t h i s  t ime .  

EXPERIMENTAL PROCEDURES: 

A5-1. S i m i l a r  i n s t r u m e n t s  were l o c a t e d  a t  13,  27, 34.5,  and 

109.5  m from t h e  middle  of t h e  s o u t h  edge of a  50-ac re  f i e l d  of a l f a l f a  

on t h e  Arizona S t a t e  U n i v e r s i t y  farm.  Immediately s o u t h  o f  t h e  

a l f a l f a  was a  50-ac re  f i e l d  of b a r l e y  s t u b b l e ,  which was t o  be t h e  

l o c a l  s o u r c e  o f  advec ted  energy .  The a l f a l f a  was 65 cm i n  h e i g h t .  

A t  each of t h e  l o c a t i o n s  t h e  fo l lowing  measurements were made: 

a i r  t empera tu re  and vapor  p r e s s u r e  a t  5  and 40 cm above t h e  p l a n t  canopy, 

n e t  r a d i a t i o n  a t  two s i t e s ,  s o i l  h e a t  f low a t  5  cm, and average  s o i l  

t empera tu re  from 2  mm t o  5  cm. See P r i t s c h e n  (2) f o r  ins t rument  

d e t a i l s .  Wind-speed p r o f i l e s  (4 l e v e l s )  a t  t h e  13- and 109.5-m 

l o c a t i o n s  and incoming and r e f l e c t e d  s o l a r  r a d i a t i o n  were a l s o  measured. 

Data were recorded  a t  10-minute i n t e r v a l s .  

A5-2. I n  t h i s  exper iment  t h r e e  s e t s  of i n s t r u m e n t s  were l o c a t e d  

a t  t h e  southwest  c o r n e r  of t h e  a l f a l f a  f i e l d  a t  4, 33, and 5 3  m from 

t h e  s o u t h  edge.  The f o u r t h  s e t  o f  i n s t r u m e n t s  was l o c a t e d  t o  t h e  west  
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of the 53-m site in another alfalfa field for normalizing purposes. 

The 50-acre field south of the 3-location field was barley stubble. 

Instruments, heights, and recording frequency were the same as 

for A5-1, with the exception that the wind profiles were at the 53-m 

and westerly locations. 

The alfalfa was 25 and 50 cm in height on the east and west fields, 

respectively. The east field was irrigated at 1530 on 6 July. 

C5-1. The experiment was conducted to determine the instrumen- 

tation required for evapotranspiration determination from 2 by 2 skip- 

row cotton on 38-inch centers. Three sets of instruments, necessary 

to determine evapotranspiration by the Bowen ratio method, were set up 

in a field of north-and-south planted cotton near Buttonwillow, 

California. One set was located over the blank rows, the second set 

was located over the rows, and the third set was located over both cotton 

and blank rows. Air temperatures and vapor pressure were sampled 

spatially at location 3, but not at locations 1 and 2. 

A fourth set of instruments, similar to that of location 3, was 

located in a field of 2 by 2 skip-row cotton planted in an east-west 

direction. 

Znstruments, heights, and recording frequencies were the same as 

A5-1. Wind-speed profiles were measured in both the east-west and 

north-south planted fields. 

C5-2. Evapotranspiration of solid-planted cott.on was determined 

by the Bowen ratio method, with duplicate sets of instruments, near 

Arvin, California. At this location the soil was quite sandy. 

Instruments, heights, and recording frequencies were the same as for 

A5-1, except spatial sampling of air temperature and vapor pressure 

was provided. A single wind profile was used in this study. 

C5-3. In this study the instruments were located 300 feet from 

the east edge and 114 feet from the north edge of a 600-foot-square 

field of cotton. The experimental field is in the middle of the Cotton 

Research Experimental Farm at Phoenix, Arizona. The cotton ranged 

from LOO to 150 cm in height, averaging 120 cm. 
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Measurements cons i s t ed  of n e t  r a d i a t i o n  wi th in  t h e  canopy a t  

5, 40, 75, and 110 cm, and 1 m above the canopy; p l a n t  temperatures 

a t  5, 40, 75 cm, and a t  the  top of the  canopy; a i r  temperature and 

vapor pressure  a t  5,  40, 75, 110, 145, 180, 215, and 250 cm; wind speeds 

a t  5,  40, 75, 110, and 145 cm, us ing  heated thermocouple anemometers; 

wind speeds a t  145, 167.5, 1.85, 202.5, 220, 235.5, 255, and 272.5 cm, 

us ing  s e n s i t i v e  cup-type anemometers; s o i l  hea t  flow a t  5  cm; average 

s o i l  temperature,  2  mm t o  5 cm incoming and r e f l e c t e d  s o l a r  r a d i a t i o n ;  

and wind d i r e c t i o n .  

Data were recorded a t  10-minute frequency. The run was timed t o  

c o l l e c t  da t a  before  and a f t e r  i r r i g a t i o n .  During the  run thunderstorm 

a c t i v i t y  wetted the  e n t i r e  a r ea ,  thus  reducing advected energy. 

C5-4. The c o t t o n  f i e l d  s e l e c t e d  f o r  t h i s  s tudy was the  same a s  

i n  C5-3. It was 600 f e e t  square and bordered on the  e a s t ,  sou theas t ,  

southwest,  and northwest  by a t  l e a s t  1,200 f e e t  of i r r i g a t e d  co t ton ,  

and on the south and west by 1,200 f e e t  of disked f a l low ground. 

Four s e t s  of instruments  were s e t  up on a  north-south l i n e ,  29 m 

from the  e a s t  edge of t he  f i e l d ,  the  loca t ions  being 5 ,7 ,  25.7, 45,7, 

and 65.7 m from the  south edge. Instruments  used i n  t h i s  s tudy were 

the  same a s  A5-1, Wirld p r o f i l e  measurements were made a t  the 5.7-  and 

65,7-m loca t ion .  The c o t t o n  i n  t h i s  po r t ion  of the  f i e l d  averaged 

80 cm a t  the  5.7-m l o c a t i o n  and increased  t o  90 cm a t  the  65.7-111 loca t ion .  

C5-5. The f i e l d  and instruments  were the  same a s  i n  65-4, w i th  

except ion of l o c a t i o n ,  This time the  instruments  were s e t  up on an 

east-west l i n e ,  21 m from the  south  edge and a t  0, 27, 53, and 80 m from 

the  west edge, Wind p r o f i l e s  were recorded a t  the  O-and 80-m l o c a t i o n s .  

SJ5-1, 2, and 3 .  These runs were t r a n s e c t s  of t h e  lower San 

Joaquin Valley. I n  SJ5-1, t he  rou te  s t a r t e d  24 mi les  west of Bakers f ie ld ,  

proceeded e a s t  10 mi les ,  and then back t o  the s t a r t i n g  p o i n t ,  The rou te  

f o r  SJ5-2 and 3 s t a r t e d  24 mi les  west of Bakers f ie ld ,  proceeded e a s t  

10 miles ,  south 10 mi les ,  and then e a s t  15 mi les .  S35-2 was terminated 

a f t e r  t he  f i r s t  10 mi les  because of cloudy weather.  The rou te s  t r ave r sed  

l a r g e  i r r i g a t e d  and d e s e r t  a r eas ,  and mixed i r r i g a t e d  and d e s e r t  a r e a s .  
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Measurements consisted of air temperature and vapor pressure at 

65, 100, 365, and 400 cm above the surface, net and solar radiation 

for normalizing purposes, wind speed at 365 cm and direction. The data 

were recorded at 5-minute intervals in SJ5-1 and at 1-minute intervals 

in SJ5-2 and 3. The traverse speed was 4.6 m secrL; thus the time constant 

of the temperature and vapor-pressure sensors (4 to 5 minutes) amounted 

to a distance constant of 1.2 km, or 0.7 mile. 

Instrumental Changes 

Air-temperature and vapor-pressure sensor. The sensing portion of 

the air-sampling tower described in "Accuracy of Evapotranspiration 

Determinations by the Bowen Ratio Method" (2) has been redesigned. The 

new design, Appendix I, facilitates more accurate and reliable measurement 

of temperature and vapor-pressure differences. 

Anemometers. Measurement of wind profiles over a surface of limited 

fetch requires a sensitive anemometer that is physically small. Similarly, 

measurement of wind profiles within a canopy requires a small, sensitive 

anemometer without moving parts. To meet these needs a cup-type and a 

heated-thermocouple anemometer were designed and tested. Details of 

design and calibration are given in Appendix 11. 

RESULTS AND DISCUSSION: 

A5-1. The purpose of this run was to determine the relative magni- 

tude of local versus air-mass advection. The site and local advection 

source were ideal. Unfortunately, the wind did not blow from the 

prevailing direction, and scattered thunderstorms modified the air 

mass. Consequently, the objective could not be realized. 

Totals of the energy balance components for periods of positive 

net radiation are shown in Table I. Since the winds were from the north 

to northeast on both days, the results obtained from the four locations 

should not reflect edge effects. Variation between locations may be 

due to differences in the alfalfa stand or instrumental error. The 

increase in net radiation from the edge of the field inward suggests 

that the surface as viewed from the radiometer was cooler toward the 

center of the field. This would imply a more complete and rapidly 

transpiring surface near the center of the field. Calculation 9f 
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evapotranspiration by the Bowen ratio method confirms greater evapo- 

transpiration near the center of the field. However, the calculated 

evapotranspiration at the 27- and 34.5-m locations was lower than at 

the other locations, This could be due to the method of sampling air- 

temperature and vapor-pressure differences. These differences were 

not sampled spatially at the 27- and 34.5-m locations. Furthermore, 

the sensor intakes were orientated to the south. Thus the sensor housing 

could have affected the difference. 

A5-2. The purpose of this run was to determine the relative 

magnitude of local versus air-mass advection as affected by irrigation. 

Three stations were set up to determine horizontal temperature and 

vapor-pressure gradients; a fourth station was established in an 

adjacent field for normalizing to establish the effect of irrigation. 

These results were not achieved because the wind - except for a 
few hours - did not blow from the prevailing direction, and a burnt 

valve in the generator engine caused the run to be terminated the day 

after irrigation. 

Totals of the energy balance components for periods of positive 

net radiation are shown in Table 2. The results from the 4-, 33-, and 

53-m locations reveal a decrease in net radiation and calculated evapo- 

transpiration from the edge of the field inward, the decrease being 

related to the number of hours of southerly winds and the wind speed. 

The greatest difference occurred on 7 July when the wind was south- 

westerly in the morning and variable in the afternoox, 

The calculations of evapotranspiration at the 4 m and sometimes 

at the 33 m location are not valid because the basic assumption of 

the method - that is, vertical fluxes - was not met. These calcula- 

tions were made to obtain an estimate of the error from improper 4se 

of the method, Part of the difference in calculated evapotranspiqation 

between the 4- and 53-m location is due to net radiation and may be 

due to variation in the surface, but the bulk of the difference is 

attributed to improper use of the method. 
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The p r o p e r  f e t c h - t o - h e i g h t  r a t i o  f o r  v a l i d  r e s u l t s  h a s  n o t  been 

e s t a b l i s h e d ,  P rev ious  i n v e s t i g a t i o n s  ( F r i t s c h e n ,  2) i n d i c a t e d  a  r a t i o  

of 68 was adequa te  under  l i g h t  wind c o n d i t i o n s .  Dyer ( 1 ) )  u s i n g  s imple  

d i f f u s i o n  theory ,  c a l c u l a t e d  t h e  t ime and f e t c h  r e q u i r e d  f o r  p r o f i l e  

ad jus tment .  H i s  r e s u l t s ,  extended t o  a  40-cm h e i g h t ,  a r e  summarized 

i n  Table  3 .  They i n d i c a t e  a  f e t c h  of 60 m o r  20 s e c  i s  n e c e s s a r y  f o r  

90 p e r c e n t  ad jus tment  a t  t h e  40-cm h e i g h t .  Th i s  means t h a t  t h e  wind 
- 1 

speed would have t o  be  l e s s  t h a n  60 m/20 s e c ,  o r  3  m s e c  , f o r  

90 p e r c e n t  a d j u s t m e n t .  Another way of  i n t e r p r e t i n g  t h e s e  r e s u l t s  i s  

t h a t  f o r  90 p e r c e n t  ad jus tment  a t  t h e  40-cm h e i g h t  t h e  f e t c h  i n  mete r s  
- 1 

should  be 20 t imes  t h e  wind speed i n  m s e c  . Thus w i t h  a  wind speed 
- 1 

of 5  m s e c  a  100-m f e t c h  i s  r e q u i r e d .  Larger  f e t c h e s  a r e  r e q u i r e d  

f o r  g r e a t e r  h e i g h t s .  

A i r - t e m p e r a t u r e  d i f f e r e n c e s  a t  40 cm between t h e  4-, 33-,  and 

53-m l o c a t i o n s  were computed f o r  p e r i o d s  o f  s o u t h e r l y  winds on 
- 1 

6  and 7 J u l y .  The wind speed was l e s s  t h a n  2 m s e c  d u r i n g  t h e s e  

p e r i o d s .  The r e s u l t s  r e v e a l e d  a  s m a l l  o r  n e g a t i v e  t empera tu re  d i f f e r e n c e  

between t h e  33- and 53-m l o c a t i o n  and a  l a r g e  p o s i t i v e  d i f f e r e n c e  

between t h e  4- and 53-m l o c a t i o n ,  i n d i c a t i n g  t h a t  adjustmen: i n  a i r  

t empera tu re  was completed i n  33 m a t  t h e  40-cm h e i g h t .  

The t empera tu re  d i f f e r e n c e  (4- t o  53-m l o c a t i o n )  appeared t o  be 

a  f u n c t i o n  of t h e  wind speed .  The p l o t  of t empera tu re  d i f f e r e n c e  v e r s u s  

wind speed was n e a r l y  l i n e a r  (F igure  1 ) .  The 90 p e r c e n t  ad jus tment  
- 1 

v a l u e  would s u g g e s t  an  i n t e r c e p t  a t  0 . 2  m s e c  , which would a g r e e  w i t h  

t h e  exper imenta l  d a t a .  

C a l c u l a t i o n  of h o r i z o n t a l  a d v e c t i o n  was n o t  a t t empted  because  of 

t h e  b r i e f  p e r i o d  o f  s o u t h e r l y  winds .  

(25-1. Data from C5-1 a r e  summarized i n  Tab le  4 .  Loca t ion  1 

r e p r e s e n t s  t h e  b l a n k  rows, l o c a t i o n  2  t h e  c r o p  rows, and l o c a t i o n  3  

b o t h  b lank  and c r o p  rows on t h e  north-south p l a n t e d  c o t t o n .  Loca t ion  

4  i s  t h e  same a s  3  b u t  on t h e  east-west p l a n t e d  c o t t o n .  The d a t a  from 

1 4  and 16 J u l y  r e p r e s e n t  p a r t i a l  days .  S o i l  h e a t  f low averaged f o r  

l o c a t i o n s  1, 2, and 3  were used  i n  t h e  a n a l y s i s .  
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The average on 15 J u l y  represen. ts  t he  combination of a l l  d a t a ;  

t h a t  i s ,  t he  a i r - t empera tu re  d i f f e r e n c e s  f o r  l o c a t i o n s  1, 2, and 3  were 

averaged f o r  each hour .  Vapor-pressure d i f f e r e n c e s  and n e t  r a d i a t i o n  

were t r e a t e d  s i m i l a r l y .  The Bowen r a t i o  equa t ion  was then solved,  

u s ing  the  averaged d a t a .  

I f  the  averaged computation were assumed t o  r ep re sen t  t h e  t r u e  

va lue ,  then the  s t a t i o n a r y  sampling s t a t i o n s  were l e s s  than 4  percent  

low, while  t he  s p a t i a l  sampling s t a t i o n  was 15 percent  h igh .  The small  

d i f f e r e n c e  i n  evapo t r ansp i r a t i on  between l o c a t i o n s  of extreme cond i t i ons  

sugges ts  t h a t  s p a t i a l  sampling may no t  be too c r i t i c a l ,  a l though the  

l o c a t i o n  d i f f e r e n c e s  may be  somewhat masked by the  u se  of average s o i l  

heat-f low d a t a .  

C5-2. The two l o c a t i o n s  were s e t  up about 25 meters  a p a r t  t o  o b t a i n  

r e p l i c a t i o n .  The r e s u l t s ,  g iven  i n  Table 5, r e v e a l  s u b s t a n t i a l  d i f f e r e n c e s  

between the  l o c a t i o n s  i n  n e t  r a d i a t i o n ,  hea t  flow, and c a l c u l a t e d  evapo- 

t r a n s p i r a t i o n .  Dupl ica te  n e t  radiometers  a t  each l o c a t i o n  agreed.  The 

l o c a t i o n  d i f f e r e n c e s  must be r e a l ,  s i n c e  n e t  r a d i a t i o n  i s  one of t h e  

most conserva t ive  measurements made. The ques t i on  t h a t  needs t o  be  

answered i s :  What caused the  d i f f e r e n c e s ?  

The f i e l d  was s p r i n k l e r  i r r i g a t e d  a t  n igh t  wi th  f i v e  l a t e r a l s .  

Each day the  l a t e r a l s  were moved e a s t  by o n e - f i f t h  of t h e  d i s t a n c e  

between l a t e r a l s .  The l a s t  i r r i g a t i o n  was made the  n igh t  of the  

e igh t een th .  By the  n ine t een th  t he  e a s t  l o c a t i o n  had been i r r i g a t e d  

2  days previous,  while  t he  west p l o t  had been i r r i g a t e d  4  days prev ious .  

Evapot ransp i ra t ion  was d iv ided  by s o l a r  r a d i a t i o n  and p l o t t e d  versus  

days a f t e r  i r r i g a t i o n .  The r e s u l t s ,  F igure  2, sugges t  a  l i n e a r  r e l a t i o n  

between water  use and days a f t e r  i r r i g a t i o n  o r  s o i l  mois ture  con ten t .  

Thornthwaite and Mather (4)  proposed a  l i n e a r  r e l a t i o n  based on obser-  

v a t i o n s  made a t  O 'Ne i l l ,  Nebraska. These r e s u l t s  should be i n v e s t i g a t e d  

a t  a  f u t u r e  d a t e  i n  more d e t a i l .  

C5-3, 4 ,  and 5 .  Data from runs C5-3, C5-4, and C5-5 have no t  been 

analyzed completely and w i l l  be repor ted  l a t e r .  
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SJ5-1, 2 ,  and 3 .  The San Joaquin t r a n s e c t s  w i l l  be repor ted  i n  

d e t a i l  elsewhere (F r i t s chen  and Nixon, 3 ) .  B r i e f l y ,  the  r e s u l t s  i n d i c a t e  

t h a t  the  microcl imate i s  modified by i r r i g a t i o n .  The a i r  i s  coo le r  and 

more humid over t he  i r r i g a t e d  a reas ,  the degree of modi f ica t ion  depending 

upon the  he igh t  of measurement above the  su r f ace  i n  r e l a t i o n  t o  t he  

upwind f e t c h .  A t  1 m above the  su r f ace  the modi f ica t ion  i s  l e s s  than 

5C o r  10 mb. 

Strong su r f ace  hea t ing  and l i g h t  winds, u s u a l l y  found i n  a r i d  

regions,  favor  convect ion over advect ion,  thus l i m i t i n g  the  a e r i a l  

ex t en t  of microc l imat ic  modi f ica t ion .  Cooler and more humid a i r  has 

been de t ec t ed  downwind from an  i r r i g a t e d  a r e a .  The d e t e c t a b l e  d i s t a n c e  

ranged from a few meters  t o  500 meters,  and appears  t o  be a  func t ion  

of t he  wind speed and the  s i z e  of t h e  wetted a r e a .  Ce r t a in ly ,  t h e  bulk 

of the  modi f ica t ion  was noted wi th in  30 m downwind from the  f i e l d .  I n  

genera l ,  t he  e f f e c t s  of i r r i g a t i o n  a r e  of l imi t ed  a e r i a l  ex t en t  and 

d u r a t i o n  and, i n  the  main, do l i t t l e  t o  the  microcl imate.  

The t r a n s e c t  revea led  a  temperature maximum between 1 and 2 m 

above the  su r f ace .  This  maximum e x i s t e d  i n  t he  d e s e r t ,  a s  wel l  a s  i n  

the  i r r i g a t e d  a reas ,  and must be considered i n  determining evapotrans-  

p i r a t i o n  by meteoro logica l  means, because t h i s  shal low l a y e r  of warm 

a i r  i s  the  source of advected energy. Measurements should be made 

below the  temperature maximum f o r  v a l i d  r e s u l t s .  

P o t e n t i a l  i r r i g a t i o n  requirements of an a n t i c i p a t e d  p r o j e c t  can 

be c a l c u l a t e d  wi th  e x i s t i n g  temperature,  humidity, and wind-speed da t a ,  

and an  e s t ima t ion  of n e t  r a d i a t i o n  based on s o l a r  r a d i a t i o n .  The 

p o t e n t i a l  thus c a l c u l a t e d  would be from 5 t o  15 percent  high,  depending 

upon the  average wind speed, bu t  c e r t a i n l y  good enough f o r  broad planning 

purposes.  
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Table 1. Solar radiation R and net radiation R soil heat &' n' 
flow S 4- S f ,  evapotranspiration LE, andsensible heat - A 
for periods of positive net radiation from 65-cm alfalfa 

on the Arizona State University Farm, 1965 

Date Location SSS ' LE A 
Rsd 

R 
n 

June meters 

2 3 13 

2 7 

34.5 

109.5 

langleys 
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Table 2 .  So l a r  r a d i a t i o n  R and n e t  r a d i a t i o n  R s o i l  h e a t  
sd'  - n" 

flow S  + S f ,  evapo t r ansp i r a t i on  g, a n d y e n s i b l e  h e a t  A 
f o r  pe r iods  of p o s i t i v e  n e t  r a d i a t i o n  from 25- and 50-cm 

a l f a l f a  on the  Arizona S t a t e  Un ive r s i t y  Farm, 1965 

Date Locat ion 
Rs d  Rn 

S+S ' LE A 

J u l y  meters  

4 

33 

5 3 

west 

4 

3 3 

5  3 

west 

4 

33 

53 

west 

4 

33 

5  3 

west 

langleys  
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Table 3 .  Fetch,  f e t ch - to -he igh t  r a t i o ,  and time requi red  

f o r  percent  of p r o f i l e  adjustment 

Fetch 
% Adjustment Fetch 40 cm Time 
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.e 4.  Solar  r a d i a t i o n  R and n e t  r a d i a t i o n  R s o i l  hea t  sd  ' - n  ' 
flow S  + S t ,  l a t e n t  hea t  LE, and s e n s i b c  hea t  A f o r  

periods of p o s i t i v e  n e t  r a d i a t i o n  from 2  x 2  skip-row 

co t ton  near  Buttonwillow, Ca l i fo rn ia ,  1965 

Date Location 
Rsd Rn 

S+S ' LE A 

J u l y  < langleys > 
14 1 194 6  7  33 -1 19 19 

2  8  3  33 -1 23 7  

3  6  8 3  3  -126 25 

4  97 3  3  -17 8  46 

1 669 37 1 -60 -356 44 

2 413 11 -364 11 

3  429 11 -425 5 6 

Average 405 11 -369 25 

4  5 00 -5 2  -558 109 
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Table 5 .  So la r  r a d i a t i o n  R and n e t  r a d i a t i o n  R s o i l  h e a t  
s d J  - n' 

flow S  + S t J  l a t e n t  h e a t  LJ3, and s e n s i b l e  h e a t  A f o r  

per iods  of p o s i t i v e  n e t  r a d i a t i o n  from s o l i d - p l a n t  co t ton  

near  Arvin, C a l i f o r n i a ,  1965 

Date Location 
Rsd Rn 

S+S ' LE A 

J u l y  

19 West 

Eas t  

West 

Eas t  

West 

East  

< l angleys  > 
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0 
Temperature Dif fe rence  ( C) 

-*axv*- 

X 

.5 1 1.5 

Wind Speed (mlsec) 

F igure  1. Temperature d i f f e r e n c e  a t  40 cm between the  
4 - m  and 53-m l o c a t i o n  ve r sus  wind speed.  
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0 2 4 6 8 

Days af ter irrigation 

Figure 2. The relation between the ratio 
of evapotranspiration of cotton 
to solar radiation and days after 
irrigation, Arvin, California. 
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Air-sampling Tower Parts 

1. Fahnir grease-shield ball bearing 

125-mm O.D.; 70-mm 1.D ; 24-mm wall 

2. R.M.S. Motor Corporation BG5PIK 

3. Fahnir grease-shield ball bearing 

130-mm O.D.; 75-mm I.D.; 25-mm wall 

4. Boston spur gear (6-spoke - cast-iron), NA 144 

5. Boston spur gear (6-spoke - cast-iron), NA 12B 

6. Extra-heavy aluminum pipe 

2.375-in. O.D.; 1.939-in. I.D.; 0.218-in. wall; LO feet long 

7. Standard aluminum pipe 

2.875-in. O.D.; 2.469-in. I.D.; 0.203-in. wall; 32-1/8 inches long 

8. Standard aluminum pipe 

3.500-in. O.D.; 3.068-in. I.D.; 0.216-in. wall; 24-1/4 inches long 

9. Toggle switch, Arrow H & H 34-062 
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Air-sampling Head 

1. Minneapolis-Honeywell Dewprobe bobbin, SSP1292005 

2, H. B. Smith t l p  ,jack, #240 

3. Brazing rod, 3.18-inch O.D. 

4. Lucite cylinder, 3,4-inch X , P . ,  1/16-inch wall 

5, PVC pipe, 1-1/4 inch 

6. PVC reducer, 2 inch to 1-1/4 inch 

7. PVC tee, 2 inch 

8. PVC pipe, 2 inch 

9. Cold-rolled shafting, 3/8-inch O.D. 

10, Hose swivel 

11. Lucite connector and swivel holder 
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Air-sampling Head Mechanism 

Boston brass spur gear, Y2460, 60 teeth 

Boston brass spur gear, Y2421, 12 teeth 

Hurst synchronous motor, DA series, 4 rpm 

Amphenol connector, 80MC2M 

Pipe strap, 1.25 inch 

Capacitor supplied with Hurst motor 

Potter & Brumfield impulse relay, AP17A 

Light bulb, 25-watt, 30-volt 

Lamp holder, GE 5655-7 

Amphenol connector, 80-PC2F 

Military-type connector, MS 3102A 14s-6P 

Fuse holder, 3AG 

Boston cast-iron pillow block, SRP6, 3/8-inch shaft 

Acro snap-action switch, BRD2-LW8 

Cold-rolled shaft, 3/8-inch O.P. 

Kirby vacuum cleaner hose 
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PART I. A SENSITIVE CUP-TYPE ANEMOMETER 

1. Introduction 

Measurement of wind profiles over areas of limited horizontal 

extent for the purpose of determining surface characteristics or 

transport coefficients demands the following requirements for 

cup-type anemometers: 

1) The anemometer, including cup assembly and transmitter, 

should be physically small, so that several anemometers can 

be stacked vertically and still be within the boundary layer 

of the field. 

2) With limited horizontal extent wind measurements must be 

obtained close to the surface, where wind speeds are lowest; 

therefore, a very sensitive anemometer is required - that is, 
one with a low starting speed and small response length. 

3) For ease of operation the assembly should be simple and 

contain a minimum of electronics. 

4) A linear response is necessary where wind speeds are 

integrated over a period of time. 

The literature contains descriptions of many types of cup assem- 

blies. Patterson (6) found that the 3-cup anemometer system yields 

a more uniform torque than 2- or 4-cup systems. The 3-cup anemometer 

is preferred because of more uniform torque and a greater torque 

per unit weight (5). Conical-shaped cups seem to be preferred over 

hemispherical-type cups because they run slower (4), and the relation 

between cup speed and wind speed is more linear (7). Beaded cups 

are more sensitive to variations in wind-stream turbulence than plain 

cups (7). The overrun caused by increased turbulence is much less 

with beaded cups than with smooth cups. The variation in size of 

the bead seems to be of secondary importance in cup performance (4). 
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The relation between arm length and cup size has been investi- 

gated by several workers. Brazier (1) in Middleton and Spilhaus (5) 

concluded that the relations between cup speed and wind speed will be 

linear when the cup arm is equal to the cup radius. This arm length 

is short compared with those of most anemometers. Patterson (6) 

concluded that the relation will be linear with very short arms; how- 

ever, the torque will be smaller, Sheppard (7) found a linear relation 

between the rate of rotation and wind speed when the arm length is 

approximately 1.5 times the cup diameter. After careful considera- 

tion Patterson (6) and Fergusson (2) decided the best design includes 

an arm length 1.5 times the cup radius. This criterion prevails in 

commercially available anemometers. 

Of the commercially available anemometers, the design produced 

by Thornthwaite Associates, Centerton, New Jersey, appears to meet 

most of the above requirements. However, better response and simpler 

electrical system prompted the design and construction of a similar 

type anemometer. This report contains the design and response 

characteristics of a sensitive cup anemometer. 

2. Design 

The sensitive cup anemometer was designed to utilize as many 

commercially available components as possible. Details of construc- 

tion and assembly are shown in Figure 1, Parts A, B, and C. 

The cups are made by vacuumforming 15-mil cellulose acetate in 

a 7.6 cm right-angle cone mold. Heat for the molding process is 

supplied by a single tungsten-filament photoflood bulb mounted 

approximately 5 cm above the cellulose acetate. 

Wind speed is recorded by an electromechanical counter actuated 

by a photoelectric chopper through an intermediate relay. The circuit 

of the sensitive cup anemometer is shown in Figure 2. Components 

R, L, and P are located in the transmitter assembly, and component K 

is located near a counter unit. Although the relay K is rated at 

6 VDC (pulling power, 20 milliwatts), the series arrangement of the 

photocell in the light and the relay allows enough current to pass to 

energize the relay, but not enough to cause overheating under 
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con t inuous  d u t y .  The r e l a y  c o n t a c t s  a r e  used t o  a c t u a t e  an  e l e c t r o -  

mechanical  c o u n t e r .  

I n  p r a c t i c e  t h e  anemometer b e a r i n g s  a r e  o p e r a t e d  w i t h o u t  o i l .  

A s t r o b e  d i s k  w i t h  n i n e  p a t t e r n s ,  weighing 1 0 . 3  gm, i s  used t o  t e s t  

t h e  b e a r i n g  f r i c t i o n .  To be s a t i s f a c t o r y  t h e  s h a f t  must t u r n  a t  

l e a s t  600 r e v o l u t i o n s ,  o r  128 seconds ,  from t h e  major s t r o b e  p a t t e r n  

t o  s t o p .  

3 .  C a l i b r a t i o n  

The l i n e a r i t y  and response  l e n g t h  o f  t h e  s e n s i t i v e  cup anemometer 

were i n v e s t i g a t e d  i n  t h e  wind t u n n e l  a t  White Sands M i s s i l e  Range, 

New Mexico. The response  o f  t h r e e  t y p e s  of cups was i n v e s t i g a t e d  

because  of t h e  u n c e r t a i n t y  i n  t h e  l i t e r a t u r e  abou t  t h e  arm l e n g t h  - 
cup s i z e  r e l a t i o n  and t h e  p r e s e n c e  o f  beads  on t h e  cups .  The c h a r a c -  

t e r i s t i c s  of t h e  cup a s s e m b l i e s  - USWCL cups ,  w i t h  and w i t h o u t  edges ,  

and t h e  Beckman and Whit ley  cup assembly - a r e  l i s t e d  i n  Table  1, 

a long  w i t h  those  of two o t h e r  t y p e s  of cups .  

The r e s u l t s  of t h e  wind t u n n e l  t e s t s  a r e  shown i n  F i g u r e  3 .  The 

p o i n t s  p l o t t e d  a r e  a n  average  of two 1-minute coun t ing  p e r i o d s ,  

g e n e r a l l y  a g r e e i n g  w i t h i n  1 rpm. L i n e a r  r e g r e s s i o n  was used t o  

compute t h e  r e l a t i o n  between cup r e v o l u t i o n s  and wind speed .  Only 

t h e  two extreme r e l a t i o n s  a r e  shown. A l l  t h r e e  r e l a t i o n s  a r e  h i g h l y  

s i g n i f i c a n t ,  hav ing  c o r r e l a t i o n  c o e f f i c i e n t s  o f  0 ,9999 .  The s t a n d a r d  
- 1 

d e v i a t i o n  from r e g r e s s i o n  i s  l e s s  t h a n  1 3  cm s e c  . Over t h e  range 

i n v e s t i g a t e d ,  i t  a p p e a r s  a l l  cups had l i n e a r  r e s p o n s e s .  Cont ra ry  t o  

t h e  l i t e r a t u r e ,  t h e  Beckman and Whit ley  cups appeared t o  r o t a t e  

f a s t e r  t h a n  t h e  cups w i t h  t h e  s h o r t e r  cup arm. The cups w i t h  t h e  

beaded edge appeared t o  r o t a t e  s l i g h t l y  f a s t e r  t h a n  t h e  cups w i t h o u t  

t h e  edge.  

E x t r a p o l a t i n g  t h e  r e g r e s s i o n  l i n e s  t o  z e r o  l e a d s  one t o  conclude 

t h a t  t h e  s t a r t i n g  speeds  o f  t h e  USWCL cups,  w i t h  and w i t h o u t  edges,  
- 1 

and t h e  Beckman and Whit ley  cups would be  6,  9, and 7 cm s e c  , 
r e s p e c t i v e l y .  However, when t h e  t r a n s m i t t e r  w i t h  cup assembl ies  was 

mounted on a  t r o l l e y  and towed a t  c o n s t a n t  speed o v e r  a  3-m c o u r s e  

i n  s t i l l  a i r  ( t imed o v e r  t h e  c e n t e r  2 m e t e r s ) ,  a  speed of 6, 9, and 
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- 1 
9 cm sec was required for continuous rotation of the USWCL cups, 

with and without edges, and the Beckman and Whitley cups, respectively. 

It was surprising to see that the cups with edges, having a larger 

surface area, had a larger starting speed than the cups without edges. 

The edges tended to cause the cups to rotate backward. Thus, it appears 

that specific weight (Table 1) may be a good criterion for starting 

speed. 

The response length was investigated in the wind tunnel by releasing 
- 1 

the cup assembly in a 4 m sec wind. The revolutions of the cup 

assembly displayed on an XY-plotter indicate that the cup assembly 

reached full speed in less than one-half revolution. Therefore, it 

was not possible to determine the response length. This point should 

be investigated with at least a 4-hole chopper at lower wind speeds. 

The anemometers sold by C, W. Thornthwaite Associates are said to have 
- 1 

a distance constant of 83 cm and a starting speed of 9 cm sec , 
although no indication is given as to how the starting speed was ob- 

tained. Frenzen (3) indicated that a low-inertia, high-torque 

anemometer had been developed at Argonne National Laboratory, with 

a response length of 70 cm. 

The o~rershoot was investigated by counting revolutions to stop 
- 1 

after the anemometer mounted on a trolley traveling at 2.5 m sec 

was suddenly stopped. Expressed in centimeters of air, the USWCL 

cups with edges stopped in 134 cm, the cups without edges required 

167 cm, and the Beckman and Whitley cups required 198 cm. This may 

not be a valid test for the overshoot, because the air adjacent to 

the cups must have been in motion and required time to settle down. 

Apparently, cups with beads or flanged edges would be more sensitive 

to turbulent fluctuations . 
As stated previously, measurement of wind-speed profiles over 

areas of limited fetch requires that several anemometers be stacked 

close together. In the wind tunnel, a second anemometer was mounted 

with its cups 17.5 cm above or below the cups of the first transmitter. 
- 1 

The cup revolutions were increased by 1.9 percent at 2 m sec and 
- 1 

1.3 percent at 15.5 m sec . Other locations were not investigated. 
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4 ,  Summary 

A sensitive cup-type anemometer was designed to facilitate wind- 

profile analyses over crops of limited horizontal extent. This 

required a sensitive and physically small anemometer with a linear 

response. The anemometer was designed, using commercially available 

parts and a minimum of electronic components. It may be quickly 

dismantled for cleaning. The cup assembly contains three 7.6 cm 

right-angle cone cups, molded from 15-mil cellulose acetate mounted 

on 3.2-mm-diameter arms. The arm length is equal to the radius of 

the cup. The revolutions of the cup assembly are determined by a 

photoelectric chopper arrangement using a photoresistive-type cell 

in series with a sensitive relay. This arrangement eliminates the 

necessity of amplifying the photoelectric output. 

The response of three types of cup assemblies, USWCL cups with 

and without edges and Beckman and Whitley cups, was investigated. 

A linear response was obtained for all assemblies from 0.2 to 
- 1 

18 m see . The PSWC'L CUPS without edges had the lowest starting 
- 1 

speed, 6 cm sec , and khe USWCL cups with edges had the least over- 
shoot, Assuming that the low starting is more important, the USWCL 

cup assembly without edges was selected for field use. 
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Table 1. C h a r a c t e r i s t i c s  of anemometer cup assemblies  

C h a r a c t e r i s t i c  
I/ USWcL- 2/  Tz/ 

With Without B & W- 

edge edge 

Diameter (cm) 

A r m  length  (cm) 

Assembly weight (grams) 

Beaded edge 0.13-cm no 
f l ange  

Distance between lower 
cup edge and ho r i zon ta l  
support  (cm) . . .  

aluminum Cup m a t e r i a l  molded molded 
p l a s t i c  p l a s t i c  

molded 
p l a s t i c  

molded 
p l a s t i c  

6 / S p e c i f i c  weigh.t- 

1/ USWCL - U.S. Water Conservation Laboratory, Phoenix, Arizona. - 
2/ B & W - Beckman & Whitley, San Carlos ,  C a l i f o r n i a ,  Model 170-40. - 
3/ - T - C .  W .  Thornthwaite Associates ,  Centerton, New Je r sey .  

4 / - C - C .  F .  Case l la  & Co. L td . ,  London, England. 

5/ Measured on a photograph. - 

6/ Surface a rea  of 1 cup x wheel r ad ius  s cup assembly weight.  - 
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Fig. 1. Construction details for a sensitive cup-type anemometer, Part A. Annual Report of the U.S. Water Conservation Laboratory
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Fig. I. Construction details for a sensitive cup-type anemometer, Part B. 
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for a sensitive cup-type anemometer, Part C. 
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@ Connector, Cannon WK-3-31C-3/8 

K Relay, Sigma 4R 1000s-SIL 

L Lamp, General Electric 685 

P Photocell, Sigma 4L18 

R Rheostat, Ohmite 0153 type H 

Figure 2. Circuit for the sensitive cup-type anemometer. 
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PART II. A HEATED THERMOCOUPLE ANEMOMETER 

1. Introduction 

Measurement of wind speeds within a crop canopy requires an 

anemometer without moving parts because of the low wind speeds 

encountered and possible interference with the canopy. This suggests 

the use of thermal-type anemometers. The heated thermocouple 

anemometer was selected because it is well adapted to our recording 

system and can be lagged so that mean winds, rather than fluctua- 

tions, are obtained by sampling. 

The design of the heated thermocouple anemometer extends back 

to Yaglou (3)) who wrapped a fine heating wire around the bulb of the 

mercury thermometer. When a constant heating current was supplied 

to a coil, the thermometer would be heated above ambient air temper- 

ature. The equation connecting wind speed and temperature was 

where Q is the heat input in milliwatts; 8 is the temperature of the 
h 

heated thermocouple 8 is the temperature of the air; K and K are 
a 0 1 

constants and V is wind speed, This design was also sensitive to 

ambient temperature. 

Hukill (2) described a thermocouple anemometer having one junction 

heated and the other junction at ambient temperature. This anemometer 

automatically compensated for changes in the output - wind speed 
relation due to changes in ambient temperature. This design was 

further modified for outdoor use by enclosing the thermocouple junc- 

tions and the heater wire in small metal spheres, so that both 

junctions would have the same absorbing surfaces for solar radiation 

(Fritschen and Shaw, 1). 
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The major d i f f e r e n c e s  between the  design p r e s e n t l y  used and t h a t  

descr ibed  by F r i t s chen  and Shaw a r e  t h a t  the output  i s  increased by 

us ing  four  junc t ions ,  and the  time cons tan t  i s  increased  so  t h a t  

average winds can be obta ined ,  

2 .  Construct ion d e t a i l s  

The heated thermocouple anemometers were cons t ruc ted  from the 

p a r t s  shown i n  F igure  1. The hea t ing  element c o n s i s t s  of 13.7 c m  

of 40-gage nichrome r e s i s t a n c e  wire i n su la t ed  wi th  30-gage nylon 

tubing.  Four t u r n s  of the  i n s u l a t e d  r e s i s t a n c e  wire  a r e  wrapped i n  

the  groove around p a r t  B,  with t he  leads  pro t ruding  from the  bottom 

holes .  Current of 105 mil l iamperes  i s  suppl ied t o  t he  hea t ing  

element,  

Wind speed i s  determined by measuring the d i f f e r e n c e  i n  temper- 

a t u r e  between the  heated and nonheated aluminum d i s c s .  This was 

accomplished by threading  through ho le s  i n  d i s c s  A ,  B, C ,  and D a  

4 - junc t ion  thermopile cons t ruc ted  from 4-mil manganin and cons tan tan  

wi re .  The junc t ions  a r e  loca ted  i n  the middle of d i s c s  B and C, 

wi th  the constantan wire  extending from d i s c  B t o  C and the  manganin 

wire  connecting the  junc t ions  v i a  d i s c s  A,  B, C, and D .  The thermo- 

couple junc t ions  i n  d i s c s  B and C a r e  i n su la t ed  from the  aluminum 

r i n g  with a  length  of 30-gage nylon tubing.  The output  of t he  thermo- 

p i l e  i s  recorded on a  s e l f -ba l anc ing  potent iometer .  

3 .  Ca l ib ra t ion  r e s u l t s  

Two heated thermocouple anemometers were c a l i b r a t e d  i n  the wind 
- 1 

tunnel  f o r  speeds ranging from 0 .3  t o  4.4 m s ec  , The r e s u l t s  

obtained a r e  shown i n  F igure  2 .  The d i f f e r e n c e  between the  curves 

appears t o  be due t o  the  l o c a t i o n  of the thermocouple junct ions wi th  

r e spec t  t o  the  aluminum d i s c .  

A hea t ing  c u r r e n t  of 105 mil l iamperes  was se l ec t ed ,  because 

s u f f i c i e n t  s e n s i t i v i t y  was achieved with t h i s  hea t ing  c u r r e n t  over 

t he  range of i n t e r e s t  while  minimizing the  temperature of t he  heated 

d i s c .  I f  the  temperature of the  heated d i s c  were e leva ted  much above 

ambient, a  convect ive c i r c u l a t i o n  would be induced i n  s t i l l  a i r ,  
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yielding an ambiguous calibration curve. Thus a given millivolt 

output would represent two wind speeds at low wind movement. 

The temperature coefficient of the anemometer was investigated 

in a temperature-controlled wind tunnel at the U.S. Water Conservation 

Laboratory. The response of the heated thermocouple anemometer was 

not altered by ambient temperatures at 15, 25, and 35C. 

Time and distance constants were investigated. The time constant, 

going from high to low wind speeds, was 63 seconds, which was 

equivalent to 32 m of air. The time constant was 45 seconds 

(equivalent to 64 m of air) when the sensor was subjected to in- 

creased winds. These tests were conducted at various wind speeds 
- 1 

ranging from 40 to 180 cm sec . It appears that the wind speed 

obtained from the heated thermocouple anemometer in turbulent air 

would be greater than the true wind. 

4. Summary 

A heated thermocouple anemometer was designed to measure wind 

speed within a plant canopy. The design included lagging the sensor, 

so that mean wind speeds could be obtained with sufficient sensitivity 
- 1 

over the range of interest, less than 3 m sec . The construction 

and calibration results are described. 
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HEATED THERMOCOUPLE ANEMOMETER 

Pig. 1. Construction details for the heated thermocouple anemometer. 

- - 
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Fig .  2. C a l i b r a t i o n  curves f o r  two heated therniocouple anemometers. 
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TITLE:: DIRECT MEASUREMENT OF EVAPOTRANSPIRATION AND THE ENERGY 
BALANCE OF IRRIGATED CROPS 

LINE PROJECT: SWC 4-gG2 CODE NO. : Ariz. -WCL-33 

INTRODUCTION: 

An experiment was carried out to measure the changes in evaporation 

and energy balance brought about by withholding irrigation water from a 

cropped surface, As pointed out in the 1964 Annual Report, a numerical 

value of the canopy's effective resistance to evaporation can be derived 

from a joint consideration of actual and potential evaporation. This 

value had never before been compared with a direct and simultaneous 

measurement of the fundamental parameter involved: the resistance per 

unit leaf area, The reduction in evaporation that is caused by such an 

increase in resistance also reverses the general direction of the flow 

of sensible heat from surface to ambient air and implies a corresponding 

change in the difference between leaf and air temperature, To verify 

this aspect, direct measurements were made of the leaf temperature as 

referred to air temperature over the crop. 

PROCEDURE: 

The planned schedule for investigating the leaf diffusion resistance 

of sorghum under field conditions was to establish three long irrigation 

cycles, each time allowing the soil moisture to be depleted to the point 

of lhiting transpiration, After the soil moisture had been sufficiently 

depleted, an intensive "dry" measuring period was to be initiated at mid- 

night and continued for 24 hours, Then, as soon after irrigation as 

possible, an intensive "wet" meesuring period of 24 hours was to be 

conducted. 

During these periods, measurements of net radiation, soil heat flux, 

and leaf temperature from each lysimeter were automatically recorded on 

punched tape every 15 minutes with a 40-channel data logging system. In 

addition to these intensive weather data, measurements of the weight of 

the three lysimeters were automatically recorded on punched tape every 

15 minutes with a 10-channel data logging system, Also, measurements of 

leaf diffusion resistance and leaf thickness were obtained periodically 

(usually every 30 minutes) during the intensive periods. For the proce- 

dure that was followed, see WCL-29). 
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The average leaf temperature of the canopy in a lysimeter was 

obtained from four leaf thermocouples wired in parallel. In the square 

meter of soil there were two rows of sorghum plants, each row ~ 5 t h  10 

plants, Two representative plants in each row were selected to have 

copper-constantan thermocouples inserted in the midrib of a mature leaf 

near the tip of the plant, I'he third leaf back from the tip was used 

i.n June; in July and August the monitoring site was the flag leaf 

(uppermost, subtending the inflorescence), Good exposure to light and 

air movement was the main criterion for leaf selection, The three types 

of plant measurements were carried out either on the same or adjacent 

leaves (leaf temperature, leaf diffusion resistance, and leaf water 

content), 

The 38-gage copper-constantan thermocouple was placed in the mid- 

rib at a point half way between the Leaf tip and the sheath, inserted 

diagonally so that a section of the lead wires would be buffered by 

vein tissue. The projecting lead wires were soldered ta a 30-gauge 

insulated wire, which in turn was connected to a 2-conductor 24-gauge 

stranded, insidated LOO-foot cable, This cable led over the ground to 

a central. kerir?lnd board, from which an underground cab12 led to ihe 

Datex system which inckuded a zero compensator, From each of the three 

lysimeters a LOO-foot cable lad to the central termhal board. The 

Datex system was set: to record leaf temperatures every 1.5 minutes 

during intensive runs, or every 5 minutes during the routine mensure- 

ments of leaf resistance, 

In order to compare leaf temperature of plants in the lysimeter 

with those in the field, two square-meter plots in the field near the 

lysimeters were instrumented with thermocouples in an arrangement 

identical to that already described, This was done 7 July; all sub- 

sequent measurements of leaf temperature were from both the three 

Lysimeters and the two field sites. 

A routine weather station was located in the field at a short 

distance north of the lysimeters, and solar radiation, net radiation, 

soil heat flux, air temperature, vapor pressure, and wi.ndspeed were 

automatically recorded on punched tape continuousZy every 30 minutes 

with a 6-channel data loggfng system, Air temperature and vapor 
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pressure were measured with a hygrothermometer of improved ventilated 

shield design, shorn in Figure 1. 

In addition, sot1 moisture content was measured twice a week in 
\ 

access tubes in each lysimeter and at four field sites, Also, banks of 

tenslometers were installed near three of the outside access tubes to 

obtain soil-moisture tension patterns and assess moisture loss by deep & 
percolation, Leaf area index, dry weight, and crop height were obtained 

at intervals throughout the growing season, 

After the concl.usion of the three irrigation cycles, computer 

program were written for both the 40-channel intensive-weather and 

10-channel l.yoimeter data that had been recorded every 1.5 minutes on 

punched tape, Computed values for 15- and 60-minute values of evapo- 

transpirati.m, net radiation, soi% heat flux, and leaf temperature 

were th.en obtained for each of the intensive 24-hour periods. 

The following %ntensFve perlods and irrigation dates resulted 

during the three Eong irrigation cycles: 

2Z Irrigation - Wet 
I (June) 15 16 18 

2 (July) 13 14 20 

3 (A%) 5 6 10 

Measurements made during the experiment are tabulated below: 

Messureaeat Field Lysirnete~ Elevat ion 

Solar radiation 1 - - - 3 m above ground 
(Eppley pyranometer) 

Net radiation 1 1 at each 1 m above crop 
(Fritschen net radiometer) 

Soil heat flux 1 1 at each 1cm below surface 
(Pour N,IoLo discs in series) 

Air temperature 
(hygrothermometer) 

Vapor pressure 
(hygrothermometer) 

1 - - - 2 m above crop 

Windspeed 1 
(Casella anemometer) 

- - - 2 m above crop 

-..- 2 rn above crop 

.Leaf temperature 
(four TC in parallel) 2 1 at each leaves on 4 plants 
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Measurement Field Lys imeters Elevation 

Leaf diffusion resistance - 1 at each top leaf on 2 plants 

(Leaf Resistance Meter) 

Leaf thickness 
(Beta Ray Gauge) 

Soil moisture content 
(Neutron Meter) 

Soil moisture tension 
(Tensiometer) 

- 1 at each upper leaf on 1 plant 

4 1 at each 8 depths from 20-140 cm 

2 1 i n # 2  20, 40, 80, 120 and 
140 cm 
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RESULTS : 

A. Sorghum Development 

Date - 
May 

0 3 

13 
28 

Jun 

0 1 
03 

10 
15 
16 
18 
2 1 
24 
28 
29 

Ju 1 

0 2 
0 5 
0 7 

08 
13 

14 
19 

20 

27 

Aug 

0 5 
06 
0 9 
10 
11 

13 
20 

Item 

Planted RS-610 sorghum in lysimeter field in double rows on 
40-inch beds. 

Emergence, 2 
Final plant thinning on lysimeters (2 X 10 plants per m ). 

Plant height, 9 cm. 
Plant height, 12 cm; beginning of tillering; began harvesting 
for leaf area index. 

Height, 21 cm; up to 4 tillers per plant. 
Height, 49 cm; first intensive measurement period, dry soil. 
Irrigation. 
Height, 55 cm; second intensive measurement period. 
Height, 60 cm; "boot" stage. 
Height, 73 cm; plant damage from hail. 
Late "boot'.' stage 
Height, 79 cm. 

Emergence of in£ lorescence from "boot". 
Height, 80 cm, 
Instrumented plants at two field sites, at the bottom of 
access tubes #2 and #3. 

Height, 82 cm. 
Height, 82 cm; vigorous plants have grain in the "milk" stage; 
third intensive measurement period, dry soil. 

Irrigation. 
Accelerated lower leaf senescence; grain in "dough" stage; 
height, 82 cm. 

Fourth intensive measurement period, wet soil; lower 3-4 leaves 
dead; upper 4-5 leaves in fairly good condition. 

Beginning of branching. 

Fifth intensive measurement period, dry soil. 
Irrigation. 
Moved plant instrumentation up to the flag leaf. 
Sixth intensive measurement period, wet soil, 
All plants harvested from lysimeters #1 and #2 and from both 
access tube sites (#2 and #3). 

Grain harvested from lysimeter #3. 
Remainder of plant material harvested from lysimeter #3; 
end of experiment. 
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A graphic summary of t h e  development of t h e  crop i s  given i n  

F igure  2. 

B.  S o i l  Moisture 

S o i l  moisture content  i n  t h e  lys imeters  was t o  be  matched wi th  

t h a t  i n  t h e  f i e l d  so t h a t  t he  measurements obtained i n  t h e  lys imeters  

dur ing  t h e  i n t e n s i v e  per iod  would be  r e p r e s e n t a t i v e  of t he  e n t i r e  

f i e l d ,  A comparison of t h e  average s o i l  moisture content  t o  a  depth 

of 150 cm between t h e  lys imeters  and t h e  f i e l d  i s  given f o r  12 weekly 

per iods  i n  F igure  3, The f i r s t  f o u r  per iods  inc lude  the  t ime dur ing  

e a r l y  development of t h e  sorghum s tand ,  which was p lan ted  on 3 May 

and f i r s t  emerged on 13 May. The l a s t  e i g h t  per iods  inc lude  the  t h r e e  

long i r r i g a t i o n  cyc le s  dur ing  which s o i l  mois ture  w a s  allowed t o  be 

deple ted  t o  t h e  po in t  of l i m i t i n g  t r a n s p i r a t i o n .  Matching the  s o i l  

mois ture  content  measurements more c a r e f u l l y  during t h e  e a r l y  growing 

season would probably have r e s u l t e d  i n  a more uniform sorghum s tand ,  

b u t  soiL compaction d i f f e r e n c e s  i n  t h e  f i e l d  seemed t o  a l s o  cause 

s tand  v a r i a t i o n ,  The most s e r i o u s  f a i l u r e  t o  match s o i l  mois ture  con- 

t e n t s  occurred dur ing  t h e  last i n t e n s i v e  dry  pe r iod ,  During t h i s  per iod  

the  s o i l  mois ture  content  i n  t he  f i r s t  two ly s ime te r s  was dep le t ed  t o  

t h e  po in t  of permanent w i l t i n g  be fo re  a high l e a f  d i f f u s i o n  r e s i s t a n c e  

occurred i n  the  t h i r d  lys imeter  i n  t he  f i e l d ,  Therefore,  r e p l i c a t i o n  

of measurements was l o s t  f o r  t h e  last i n t e n s i v e  wet per iod .  Data from 

lys imeter  113 were used only.  

A comparison of t h e  measured evapo t r ansp i r a t ion  from t h e  lys imeters  

w i th  t h e  s o i l  mois ture  dep le t ion  from weekly s o i l  mois ture  content  mea- 

surements i s  shown by the  shaded a r e a s  i n  F igure  4. These r e s u l t s  

i nd ica t ed  t h a t  u s i n g  weekly neut ron  s o i l  moisture content  measurements 

f o r  e s t ima t ing  evapo t r ansp i r a t ion  based upon s o i l  mois ture  dep le t ion  

can g ive  cons iderable  e r r o r .  This  e r r o r  i s  probably caused by f a i l u r e  

t o  a s s e s s  t h e  s o i l  mois ture  dep le t ion  near  t h e  s u r f a c e  wi th  the  20 cm 

sampling depth.  Although t h e  s o i l  mois ture  dep le t ion  f o r  t h e  s i x t h  

weekly per iod  underest imated t h e  evapo t r ansp i r a t ion  a s  much a s  60 percent ,  

t o t a l  mois ture  dep le t ion  f o r  t h e  l a s t  11 weeks underest imated evapotran-  

s p i r a t i o n  by only 12 percent .  
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Resul t s  from the  tensiometers  were of l i t t l e  va lue  s i n c e  t h e  o lder  

tensiometers  developed leaks  and t h e  new p l a s t i c  tensiometers  (Lark) 

were no t  i n s t a l l e d  u n t i l  15 Ju ly .  Also, s o i l  mois ture  tens ions  t h a t  

developed during t h e  l a s t  i n t e n s i v e  d ry  per iod  exceeded t h e  tensiometer  

range, and t h e  l a s t  two i r r i g a t i o n s  were no t  s u f f i c i e n t  t o  cause any 

apprec i ab le  mois ture  l o s s  by deep pe rco la t ion .  

C. Energy Balance Data 

As pointed out  before ,  two types of information were obta ined  

dur ing  t h e  course of t h e  experiment: ( I )  r o u t i n e  measurements of t h e  

energy balance over t h e  f i e l d  a s  a whole were cont inuously recorded, 

and (2)  d e t a i l e d  d a t a  p e r t a i n i n g  t o  each lys imeter  were obtained,  

t oge the r  wi th  leaf  temperatures  and l ea f  r e s i s t a n c e s  on t h r e e  p a i r s  of 

days, each p a i r  s t r a d d l i n g  an  i r r i g a t i o n .  

From hour ly  energy ba lance  d a t a  and measured evapora t ion  and wind- 

speed a t  2 m, a f i r s t  e s t ima te  w a s  obtained of t h e  s u r f a c e  roughness 

on 17, 18, 25, 26, and 27 June. These days followed t h e  i r r i g a t i o n  on 

16 June. Assuming t h a t  p o t e n t i a l  evaporat ion e x i s t e d ,  a f i r s t  e s t ima te  

of z was 1,31 cm. It appears  low i n  comparison w i t h  l i t e r a t u r e  da t a ;  
0 

neve r the l e s s ,  i t  w a s  used f o r  a s e t  of pre l iminary  c a l c u l a t i o n s .  

Next, a rough computation was made of t h e  p o t e n t i a l  evaporat ion 

from d a i l y  averages of t h e  necessary  weather d a t a ,  and the  r a t i o  t o  

t h e  a c t u a l l y  recorded evapora t ion  computed. These va lues  a r e  p l o t t e d  

i n  F igure  5, as a guide t o  t h e  normalized evaporat ion and t h e  e f f e c t i v e -  

nes s  of t h e  dry ing  t rea tment .  F igure  5 a l s o  shows d a t a  p e r t a i n i n g  t o  
2 t h e  development of t h e  c rop  a s  t he  weight of t h e  l e a f  mass per  m . A t  

t h e  time of t h e  16 June i r r i g a t i o n  t h e  crop was only p a r t i a l l y  developed; 

moreover, s o i l  mois ture  d e p l e t i o n  had not  advanced v e r y  f a r .  The August 

i r r i g a t i o n  took p l ace  when seed heads were f u l l y  developed; a l s o ,  only 

one lys imeter  gave r e p r e s e n t a t i v e  d a t a .  Thus, on ly  t h e  d a t a  c o l l e c t e d  

on 13 and 20 J u l y  a r e  of t h e  d e s i r e d  q u a l i t y .  Table 1 shows, f o r  t he  

day l igh t  hours ,  a comparison of energy balance and der ived  parameters 

on t h e  day before  and a f t e r  i r r i g a t i o n .  
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Do Direct and Indirect Evaluation of Canopy Resistance 

Elsewhere (WCL-29)) a full account is given of the measurement of 

Ra, the leaf resistance. These measurements were made on sunlit leaves, 

both top and bottom, and an average hourly value for R was obtained a 
and compared with the meteorologically derived parameter R (both are S 
measured in seconds per centimeter, but the former is per square centi- 

meter of leaf area, whereas, the latter is per square centimeter of 

land area). A plot of paired values is given in Figure 6. The RS 

values should be viewed as first estimates and are presumed to contri- 

bute most of the scatter. Despite the tenuous relationship an esti- 

mated regression line is drawn which implies that, as a first estimate, 

E. Leaf Temperatures and Sensible Heat Flux Between Air and Surface 

Measured leaf temperatures agree qualitatively with the energy 

balance and stomata1 resistance measurements. As we have concluded 

before from controlled indoor experiments, the leaf temperature referred 

to ambient appears to be one of the simplest and most reliable indicators 

of the leaf energy balance. 

This is illustrated in Figure 7, which shows by hourly periods, the 

difference between leaf temperature at five locations (three in the 

lysimeters and two in between) and the air temperature at 2 m above the 

surface on, 13 and 20 July, respectively, before and after irrigation. 

From the measured temperature difference an estimate of the sen- 

sible heat flow in the air can be made. This method is not detailed 

here, but it is, similarly to the combination method, based upon a 

logarithmic wind profile, an assumption that clearly does not apply, 

although it is used in the combination method. 

These estimates can be compared with those derived directly from 

the energy balance 

A = -(LE + Rn + S) ' 

and a preliminary set of results is given in Figure 8. 
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F, Discussion 

This experiment represents  a f i r s t  attempt t o  r e l a t e  atmospheric 

and canopy proper t ies ,  where both determine j o i n t l y  the  evaporation 

r a t e  and, consequently, the  energy balance,  The p r i n c i p a l  r e s u l t  i s  

the  comparison of the  meteorological  es t imate  of the  canopy res i s t ance  

(RS) with the  d i r e c t  measurements made on the  leaves (R ). A secondary a 
r e s u l t  i s  the  r e l a t i o n  of leaf  temperatures t o  the  energy balance, a s  

found by comparing a d i r e c t l y  obtained and a ca lcu la ted  value  f o r  the  

sens ib le  hea t  f l u x  ( A ) .  

Many aspects  of the  observatiorswere t e n t a t i v e  and would be done 

d i f f e r e n t l y  i f  the  experiment were t o  be repeated. I n  only one case 

out of th ree  d id  the  moisture deple t ion  r e s u l t  i n  a meaningful s i t u a t i o n ,  

thus r e s t r i c t i n g  the  number of use fu l  da ta .  In  evaluat ing  the  energy 

balance our knowledge of s o i l  hea t  flow was d e f i c i e n t ,  p a r t l y  because of 

the  d i f f i c u l t y  of p lac ing the  transducers i n  a r ep resen ta t ive  locat ion  

when a furrowed land surface  i s  used. We were reasonably successful  i n  

maintaining uniform stand and moisture content  between lysimeters  and 

f i e l d  u n t i l  the  next t o  the  last i r r i g a t i o n  when an e r r o r  was  made, 

The leaf  temperature measurement procedure appeared very s a r i s f a c -  

to ry  by pooling four  thermocouples and using the  multichannel compensated 

d i g i t a l  recorder,  combined with ensuing computer t abu la t ion  and ca lcula-  

t ion .  Yet, we do not know how represen ta t ive  the  measured temperatures 

a r e  of the e f f e c t i v e  canopy temperature, 

Leaf r e s i s t ance  measurements, though tedious,  appeared cons i s t en t  

and reproducible. The absolute  accuracy i s  s t i l l  somewhat open (see 

WCL-29). The most se r ious  def ic iency was probably the  absence of d a t a  

t o  provide a s t a b i l i t y  co r rec t ion  i n  the  turbulent  t r a n s f e r  c o e f f i c i e n t  

est imate,  and i n  the  fu tu re ,  temperature $ p r o f i l e s  should besnieasured, 

Based upon the  13 - 20 Ju ly  data ,  we can say t h a t  by s o i l  moisture 

deple t ion ,  the  evaporation from a well-developed, mostly vege ta t ive  stand 

of sorghum was reduced t o  l e s s  than hal f  the  p o t e n t i a l  value.  !he energy 

balance indica ted  sens ib le  heat  losses  during the  daytime of around 0.4  
- 1 

l y  min . This agreed with l ea f  temperatures about 4 b  5 C above a i r  

temperature at 200 cm above the  crop, but  a c a l c u l a t i o n  of the  ensuing 
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- 1 s e n s i b l e  h e a t  f l u x  gave much smal le r  va lues ,  around 0.15 l y  min . This 

demonstrates t h e  e f f e c t  of f r e e  convect ion added t o  forced  convect ion,  

which i s  a11 t h e  c a l c u l a t i o n  accounts  f o r ,  

Within a few days a f t e r  i r r i g a t i o n  t h e  s i t u a t i o n  reversed  completely.  

The evaporat ion was c l o s e  t o  i t s  p o t e n t i a l  va lue  and s e n s i b l e  h e a t  was 

e x t r a c t e d  from t h e  a i r  during t h e  l a t t e r  p a r t  of t h e  day a t  a r a t e  of about 
- 1 

0.2 l y  min Leaf temperatures  were now below ambient a t  200 cm by any- 

where from 0 t o  4 C, depending on t h e  time of day, Est imates  of s e n s i b l e  

hea t  f l u x  were s t i l l  l e s s  than  those  measured, a l though one would expect 

t h e  oppos i te .  

In  a l l  eases ,  energy ba lance  and temperature g rad ien t  agreed per-  

f e c t l y  a s  t o  t h e  d i r e c t i o n  of flow ( see  F igure  8), 

The d i r e c t  measurements of R r e f l e c t e d  t h e  expected e f f e c t  of t h e  two a 
condi t ions  on 13 and 20 Ju ly ,  r e spec t ive ly ,  and the  numerical  va lues  ob- 

t a i n e d  a r e  of t he  o rde r  o r  magnitude a s  those  of R As a f i r s t  r e s u l t ,  
S ' 

t h i s  i s  very  encouraging s i n c e  t h e  two measurements a r e  wholly independent.  

Also, the  va lues  f o r  R were h ighe r  than those  f o r  R a s  one must expect .  
R S ' 

As a f i r s t  hypothes is ,  one would f u r t h e r  a n t i c i p a t e  a l i n e a r  r e l a t i o n  be- 

tween the  two parameters .  This i s  bu t  dimly shown by t h e  d a t a  ( s ee  F igure  

6 ) ,  probably i n  l a r g e  measure due t o  t h e  imperfect ion of t h e  meteoro logica l  

model. The d a t a  sugges t  t h a t  wi th  a l ea f  a r e a  index of about  3.5, RS = 0.5RQ. 

I n  sorghum, t h i s  means t h a t  w i th  a 7- fo ld  g r e a t e r  l e a f  a r e a  than land a r e a ,  

t h e  e f f e c t i v e  s u r f a c e  appears  only twice a s  l a rge ,  and thus ,  a cons iderable  

mutual i n t e r f e r e n c e  of t h e  f o l i a g e  i s  ind ica t ed .  Presumably, t h e  lower 

p a r t s  of t he  canopy t o  no t  c o n t r i b u t e  much t o  e i t h e r  energy exchange o r  

evaporat ion.  S imi l a r  f i nd ings  have been made wi th  o t h e r  c m p s ,  u s ing  

d i f f e r e n t  methods. 

It i s  of i n t e r e s t  t o  no te  t h a t  e s t ima te s  of t he  r a t i o  R / R  f o r  an  s a 
orange orchard a l s o  gave a va lue  c l o s e  t o  0.5 ( s ee  a forthcoming a r t i c l e  

i n  A g r i c u l t u r a l  Meteorology, 1966). 

As a pre l iminary  r e s u l t ,  t he  1965 d a t a  i n d i c a t e  t h a t  one can, from 

a simple l ea f  parameter,  e s t ima te  t he  r o l e  of t he  canopy i n  t he  evapora- 

t i o n  process .  Consequently, a means i s  i nd ica t ed  whereby evaporat ion 

below p o t e n t i a l  r a t e s ,  when s o i l  water  i s  l imi t ing ,  can be est imated.  

However, t h e  q u a l i t y  of some of t h e  requi red  d a t a  needs t o  be improved 

and f u r t h e r  work done be fo re  d e f i n i t e  conclusions can be drawn. 
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SUMMARY : 

Using a  sorghum crop a s  a  t e s t  ob jec t ,  a  s tudy was made i n  t h e  

summer of 1965 of t h e  r e l a t i o n  between d i r e c t l y  measured va lues  of 

l ea f  r e s i s t a n c e  t o  evaporat ion and c a l c u l a t e d  va lues  of t h e  canopy 

r e s i s t a n c e .  

The requi red  v a r i a t i o n  of bo th  parameters was induced by all.owing 

t h e  s o i l  water  r e s e r v o i r  t o  become l a r g e l y  deple ted  and then  i r r i g a t i n g  

t h e  f i e l d  t o  r e s t o r e  maximum a v a i l a b i l i t y ,  One s e t  of observat ions,  

s t r a d d l i n g  a  mid-JuLy i r r i g a t i o n ,  y i e lded  s i g n i f i c a n t  in format ion ,  

Using the  energy budget approach, t he  canopy r e s i s t a n c e  was c a l -  

cula.ted from measured evapora t ion  r a t e s ,  t h e  l a t t e r  found wi th  weighable 

lys imeters .  The l e a f  r e s i s t a n c e  was monitored wi th  t h e  cup r e s i s t a n c e  

meter  developed he re  i n  1964. Although the  p r e c i s i o n  of measurement i s  

open t o  improvement, t h e  d a t a  show a numerical agreement between t h e  

two pa rane te r s  and suggest  t h a t  t h e  canopy r e s i s t a n c e  i s  about h a l f  t he  

l ea f  r e s i s t a n c e  f o r  a sorghum s tand  t h a t  i s  on t h e  verge  of pushing out 

i t s  in f lo re seenees  and t h a t  has a leaf  a r e a  index of 3,5,  

Leef temperature measurements made concurren t ly  w i th  t h e  o the r  

observa t ions ,us ingf ine  themocouples,  showed t h a t  t h i s  pcrarneter agreed 

always wi th  t h e  energy budget a s  t o  t h e  d i r e c t i o n  of s e n s i b l e  h e a t  flow 

i n  t h e  a i r ,  Q u a n t i t a t i v e  c a l c u l a t i o n s  of t he  l a t t e r  q u a n t i t y  d id  not  

ag ree  w e l l  w i th  t h e  observed va lues .  This i s  a t t r i b u t e d  t o  t h e  inadequacy 

of t h e  t r a n s f e r  func t ion ,  which should be co r r ec t ed  f o r  s t a b i l i t y  i n  

f u t u r e  work. 

The s tudy  a s  a  whole has  e l a ~ i f i e d  the  physics  of an evapora t ing  

crop s h o r t  of s o i l  water :  dehydrat ion of leaf  t i s s u e  produces p a r t i a l  

stomata1 c losu re ,  and t h e  r e s u l t a n t  i nc rease  i n  d i f f u s i o n  r e s i s t a n c e  

changes t h e  p a r t i t i o n  of r a d i a n t  energy input .  Besides t h e  reduced 

evaporat ion r a t e ,  t h e  r o l e  of t h e  canopy r e g u l a t i o n  i s  a l s o  ev ident  i n  

t h a t  leaf  temperature dur ing  the  day w i l l  exceed ambient tempera- 

t u r e s ,  r a t h e r  than  be lower a s  i s  t h e  r u l e  w i th  well-watered sorghum. 

PERSONNEL: C ,  H. M, van Bavel, KO J.  Brust ,  W. L, Ehr l e r ,  and J. Conaway 
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Table 1. Energy balance and surface resistance to evaporation of sorghum Before and after irrigation. 
- - 

Potential evaporation (E i and surface resistance are calculated with the combination method. 
0 

R is an equivalent turbuIe,xLb "resistance," calculated from windspeedand roughness parameter: 
A - 

z = 1.31 cm 
0 

Bet radiation Air Vapor- 
Hourly mmus temper- pressure Wind- Potential E/Eo 
period soil heat flow ature deficit speed Evaporation evaporation R~ R~ 

-2 -1 
C - 1 - 1 cal cm min mb msec mm 21 m h  

-11 -1 sec cm sec cm -1 

Continued 

13 JULY 1965 (BEFORE IEWRIGATXQH) 

6.9 0.7 0,05 0.049 1.02 2.27 

9.9 0.7 0.19 0.206 0.92 2.17 
\ 

12.4 1.8 0.27 0.478 0.56 0.83 

14.0 1.5 0.30 0.524 0.57 1.00 

17.4 1.3 0.37 0.690 0.54 1.16 

19.3 1.2 0,36 0.763 0.47 1.25 
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Table 1. Energy balance and surface resistance to evaporation of sorghum before and after irrigation. 

Potential evaporation (E ) znd surf ace resistance are calculated with the combination method. . - 
0 

R is an equivalent turbulent: "resistance," ca1cu"lated from windspeedad roughness parameter: 
A 

=o = 1.31 cm-Continued . '  - 

Net radiation Air Vapor- 
Hourly mhus temper- pressure Wind- Potential E/Eo 
period soil heat flow ature deficit speed Evaporation evaporation R~ 

- 1 -a mb msec mm B sec cm sec cm - 1 
mmk -1 - 1 -2 -1 cal cm min C 

20 JULY 1965 (AFTER 9CRR9GATIQE9) . - 
7.7 0.7 0.05 0, Q62 6.81 2.17 1.75 

14.2 1.2 0.26 6.275 0.94 1.25 0,30 

22.7 
1 

1.1 0.42 0.498 0.88 1.37 0.84 

29.8 1.0 0.63 0.641 Q,98 1.51 0.14 

33.5 1.1 0.81 6.814 1, OQ 1.37 0.07 
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Figure I. Scheizatic view (right), section (bottom), and dlrnensioning (Left) of ventilated 
hygrothemmeter .  All materials are standard plastic plumbing, Annual Report of the U.S. Water Conservation Laboratory



.. . 

Figure 2,  Development of sorghum crop i n  1965, Plant height i n  cm; dry we igh t  per m 2 

of stems; leaves, and panicles i n  grams; also,  leaf area index. Annual Report of the U.S. Water Conservation Laboratory



-_ __ .I -- ---- ^X _ _ - - 

Figure 3.  Comparison of weekly total profile water in field and in lysineters expressed as 
volume fraction, Also, selected profiles of water content in the two locations, 
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- - - - - - 

Figure 4. Comparison of evaporation calculated fram so i l  
moisture depletion axad measured by lysheters 
during 12 auccess ive one-week periods, 

Annual Report of the U.S. Water Conservation Laboratory



- - - -  - --a- - -- - - 
Figure 5, Daily values of the  r a t i o  of measured over po ten t ia l  evaporation from sorghum crop 

i n  1965. Also shown a r e  the dry weight of fo l i age  i n  g m-2 and i r r i g a t i o n  time 
and quanti ty.  
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Figure 6 ,  A p'air diagram of hour ly  va lues  of measured Leaf r e s i s t a n c e  (R ) and ca l cu la t ed  
canopy r e s i s t a n c e  (R ) a s  obta ined  dur ing  day l igh t  per iod  on ' l 3  and 23 J u l y  
1965 on sorghum S 
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Figure 7. Hourly average of leaf temperature - air temperature at 2 m over the canopy, 
before irrigation on 13 July 1965, and after irrigation on 20 July 1965. Annual Report of the U.S. Water Conservation Laboratory



Figure  8. A pair diagram of average hour ly  va lues  of measurecl va lues  oi s c n s i b l c  hea t  f l u x  
i n  air and of calcu1.ated va lues  from l e a f  and a i r  temperature, both i n  14. min-1. 
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TITLE : WATER G E 2 m  BQR TEE EPFICXEKT IRRIGATION OF S U W  BEETS 

LIME BRWEG'E: SW6 5-g2 CODE &I0 , : Ar iz , -WCL-3 6 

XmRQDfJCTXOM : 

The objective of the experiment is to determine the irrigation 

requirements of sugar beets for maximum economic yield per unit of 

wa keK 

Considerable acreages of sugar beets are being grown and more 

will be gso~m in the Southwest, maidy in lower California, Arizona, 

New Mexico, and Texas, Only l.imited.information is available on water 

management for a long-season-grown sugar beet such as grown in the 

Southwest, Irrigation water is becoming more scarce in &he Southwest, 

thus information Is needed on the most economical use of water in the 

production of sugar bee&, 

In 1964, Arizona was given a 20+QUO-acre sugar beet al.lotment, 

Beets will be processed by the SpreekLes Sugar Company near Chandler, 

Azrizcana, in the fall of 1967, Sugar beets for sugar have not been 

produced in Arizona since the ear?,y 1920gs, 

Beets for sugar are produced i n  the SouAwest under considerably 

different conditions t'hn ia %he Midwest, Beets are planted i n  the 

fall, go partia1l.y dormant in .Lop growth during December, January, and 

February, and are exposed to light frostss, Warm weather in March starts 

rapid growth with increasing water use, attaining a peak use near zhe 

lasz of Hay. 

Existing information on the influence of soil moisture on sugar 

beets is limited and conflicting, Research in California found no 

difference in the yield of sugar, even though soil moisture was allowed 

to reach the permanent wilting point to a depth of four feeg begween 

irrigations, Additional information from California showed trends 

towards increased production on low soil-tension treatments, Studies 

in Utah showed reductions in yield by bofh over- and under-irrigation. 

Analysis of water use in relation to nierogen levels indicates water use 

increases with increased nitrogen, Other research indicates that beets 

need co t  be vetted below two feet; however, data taken at Mesa, Arizona, 
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in 1963 and 1964, show that beets use significant amounts of water 

from the three, four and five foot depths. Studies in California 

also show substantial water use below two feet. 

PROCEDURE : 

The experiment is located at the University of Arizona Experiment 

Fam, Mesa, Arizona. 

Design and Procedure 

Four borders, each 300 x 33 feet, were split into 60 plots (each 

16.5 x 27 feet) containing nine rows of beets, planted October 12, 

two rows on a 40-inch bed, Ten irrigation treatments were replicated 

six times in a randomized block design, One hundred units of phos- 

phate and 130 units of nitrogen were applied previous to planting of 

301-H monogenn beet seed. An additional 70 units of nitrogen were 

applied after thinning. f he seed was germinated by irrigating up 
with at least one acre-foot applied at this time. A pre-determined 

quantity of water was pumped and measured with a Sparling meter into 

the respective plots at each subsequent irrigation. Wand thinning, 

normal cultivation and weed control were conducted, 

Treatments and Variables 

A, Under investigation: (soil moisture) 

Treatment 1 - irrigate when less than 40 percent of the available 
water in the top three feet of soil was depleted, 

(I) lA - irrigate continuously until harvese. 
(2) lA - 3A irrigate until April 20, then like 3A. 

(3) lA - 2A irrigate until April 20, then like ?A, 

Treatment 2 - irrigate when 60 percent of the available 
water in the top three feet,..was depleted, 

(4) 2A - irrigate continuously until harvest. 
(5) 2A - LA irrigate until April 20, then like lA, 

( 6 )  2A - 3A irrigate until April 20, then like 3A. 

Treatment 3 - irrigate when 80 percent of the available wa'ter 
in the top three feet was depleted. 

(7) 3A - irrigate continuously until harvest, 
(8) 3A - lA irrigate until April 20, then like lA. 

(9) 3A - 2A irrigate until April 20, then like 2A,  
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Treatment 4 - irrigate only when a visual moisture stress 
appeared, 

(10) 4A - irrigate continuously until harvest. 
The basic treatments, LA, 2A, and 3A, were designed to cover the 

regime of very dry to wet. The April change in schedule was designed 

to determine if such a procedure was desirable from the standpoint of 

production and water conse~ation. Measurements of consumptive use 

made in 1963 and 1964 showed that approximately 50 inches of water 

were consumptively used. Beets attained a water-use peak the latter 

part of November and a high peak the" last of May. About 65 percent 

of the water depleted was from the top two feet of soil. About 

70 percent of the consumptive use took place after April 1. 

Data to be Obtained 

1. Quantity of water applied by measurement with a Sparling 

meter. 

2. Soil-moisture depletion by gravimetric sampling. 

3. Growth rate measurements and plant physiology. 

4. Yield and sucrose measurements on four harvest dates. 

blethods of Interpreting Results 

1. Analysis of variance 

Source d f 

b i n  plo2;s 59 

Treatments 9 

Replications 5 

Error 45 
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TITLE: DETE XOB OF THE RAZlIO OF ROOT TO TOP GROWTH FOR 

FALL-PUM"kED SUGAR BEETS 

LIE# PROJECT: SWC 5-g2 CODE NO,: Ariz,-WCL-36 

ImRODUCTION: 

The objectives of the experiment are: (1) To obtain bi-weekly 

weights of sugar-beet tops and roots from Late February until the 

last harvest; (2) To obtain a record of the bi-weekly changes in 

sugar content from the probable first harvest until the last harvest. 

At the request of the Spreckles,Sugar Company, Che nine beet 

rows acting as a buffer for the original sugar-beet study plot were 

utilized in a further study to determine the ratio of roots to top 

growth. It is of economic interest to know when both top and bottom 

growth attain their peak weights. It is also of interest to know the 

sugar content throughout the season because of its economic importance 

as associated with the compulsorily staggered harvest dates and the 

various yields at these harvest dates. 

PROCEDURE : 

The experiment is Located at the University of Arizona Experiment 

Pam, Mesa, Arizona. 

Treatments and Variables 

A. Under investigation: (harvest dates) 

1. Eleven harvest dates, starting on February 25, and 

thereafter at two-week intervals, The February 25 

harvest date was indicated as No. 1, and the last 

harvest as No. 11. 

Beets were planted and thinned to about one foot between plants. 

Plots were irrigated on the same schedule as 2A, a medium treatment 

scheduled to be irrigated when 60 percent of the available water was 

depleted from the top three feet of soil. A t  each of the eleven harvest 

dates, six lineal feet in each of four rows of beets were harvested. 

Tops and bottoms were weighed separately, Representative beet samples 

from each of the four replications were processed, and sugar content 
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analysis made, The beet area involved was split into 44 plots, each 

plot nine rows wide and six feet long, Harvest dates were replicated 

four times in a randomized block design. 

Data to be Obtaiaed 

1. Weights of tops and bottoms, 

2, Sucrose content, starting in June. 

Methods of Interpreting Results 

1, Analysis of variance 

Source - d f 

;Main plots 43 

Harvest dates 10 

Replications 3 

Hain plot error 30 
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TITLE: GPFECT OF LATE-SEASOM SOIL MQISTIJRE STRESS ON SUCROSE 

CONSCEb3T OF SUGAR BEETS 

LmE PROJECE: SWC 5-g2 CODE NO,: Ariz,-WCL-36 

The objective of the experiment i s  t o  investigate the e f fec t  

on sucrose content of beets i f  they are  allowed t o  become very dry 

before each harvest, 

Considerable research has been conducted involving the many 

variables that might a f f ec t  sucrose content, I n  some areas, research 

showed increases i n  sugar content with increased s o i l  moisture s t ress .  

H t  is  a l so  of In teres t  t o  note the change i n  yield, i f  any, when 

severe s t resses  a re  in i t ia ted  jus t  before harvest, 

PROCEDURE : 

The experiment is  located a t  the University of Arizona 

Experiment Farm, Mesa, Arizona. 

Treaments and Variables 

A, Under investigation: (harvest dates). 

I. h ~ o  moisture treatments, one wet and the other very dry, 

were established, s ta r t ing  i n  June, 

2. Harvest w a s  conducted whenever the dry treatments showed 

visual moisture s t ress .  

Beets were planted and thinned to  about one foot between plants. 

Plots were i r r igated on the same schedule as  2A, a medium treatment 

scheduled for  i r r iga t ion  when 60 percent of the available water was 

depleted from the top three f e e t  of so i l .  The buffer area (9 rows 

wide by 270' long) was divided into eight plots, each 33'  long, 

Yields and sucrose measurements were made whenever dry plots  reached 

a visual s o i l  moisture s t r e s s  appearance, from four rows, each s ix 

f e e t  long. Dry and wet plots were replicated four times. 

Data t o  be Obtained 

1, Weight of beets a t  each harvest data, 

2, Sucrose conden% of beets a t  each harvest date, 
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blethod of Lnterpreting Results 

1, Analysis of variance 

Source - d f 

I?%iiaa plots 7 

Moisture levels 1 

Beplicatlons 3 

I4ai.n plot error 3 
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FIELD PLAN 

Riser Sox C] Pump cnd Meter 

NOT TO SCALE 
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RESULXS AND DXSCUSSXON: 

Sugar beets were planted October 12, 1964 and i r r igated up, 

An additional irrigation was given Qctober 28, Plants were thinned 

t o  about nine inches betxeen plants, from Movember 9 t o  Movember 12. 

Plants were s ide dressed with 70 uni t s  of nitrogen on November 12, 

and alrl plots were given an i r r igat ion,  November 18, 

Considerable l'yellows" was observed i n  mid-winter, There was 

some visual indication that  ''yellows" was more severe on the wet 

plots ,  There was no visual  indication tha t  plants on any t rea t -  

ment were damaged because of moistaurk s t r e s s  up to  Apri.1 23, when 

a l l  plots  were given an i r r iga t ion ,  

visual leaf coloring as  indicator of s t r e s s  could not be 

observed, The only major visual. signs of s t r e s s  were that  lower 

leaves wilted and f e l l  when exereme s t r e s s  occurred. Very l i t t l e  

bolting developed, but winter temperatures were unusuaUy mild, 

Spring temperatures were abnoxma1I.y cool, with frequent l ighr  rains  

i n  December, January and February. 

Beets from the main plot study were harvested June 1 and 21, 

and July 13 and 27, Yields were %aken on s ix  rows, each four f e e t  

long, Beets and beet-top measurements were commenced om Amendment 

>lo, I, February 25, ant? contimed a t  ewe-xeek intervals  u n t i l  eleven 

harvests were made, Each p lo t  hamesced consisted of four rows, each 

four f ee t  long. Beets were harvested on Amendment NO, 2 from four 

rows, each six f e e t  ,long, June 9 and 22, and July 13 and 27. A 1 1  

beets .were coarnted, weighed, and samples taken for  sucrose measurements. 

The f i r s t  three i r r iga t ions  applied to  a l l  plots  were not measured 

other than by s o i l  moisture sampling, A l l  other i r r iga t ions  were 

measured with a Sparling Meter. Soi l  moisture samples were taken on 

the planting date, a t  intervals  of no more than ten days, before and 

a f t e r  each i r r igat ion,  and on the f i n a l  harvest date. Samples were 

taken on three plots  f o r  each treatment and two samples consolidated 

from each plot. Soi l  sampaes were taken a t  1-foot increments, through 

six fee t .  The average percent s o i l  moisture content before each 

i r r iga t ion  was wet 54, medium 58, dry 72, and s t r e s s  80. 
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Main Study - 
There i s  a difference i n  yields  between i r r iga t ion  treatments 

ranging from 10 t o  18 percent, however only one harvest date, 

July 13, (Table I ) ,  showed any differences tha t  were s t a t i s t i c a l l y  

s ignif icant ,  In general, the wetter treatments are  infer ior  t o  

treatments i n  the medium or dry range, Treatments kept dry early 

i n  the season (8 and 9) and then chapged t o  a wetter regime i n  

April, seemed t o  be more desirable from a t o t a l  beet yield stand- ; 
point, Because of the relat ively poor beet yield showing of 

Treatments 1, 2 and 3, one would conclude that  a wet regime is  

infer ior ,  This inference may be par t ia l ly  f a l s e  since the poor 

showing could be associated with the incidence of "yellows" or a 

retarding ef fec t  due t o  keeping the plant succulent during the cold 

months, Beet roots continued to  increase i n  s i ze  as  the harvest 

season was extended. Beet yields  fo r  Treatment 4 increased a t  an 

average r a t e  of 2,195 bbs per acre per week (Figure I), from June 1 

t o  July 13, then a t  a reduced r a t e  of 1,862 lbs  per acre per week, 

u n t i l  July 27, Because of the general lack of s t a t i s t i c a l  s igni f i -  

cance between treatments, the inference can be made tha t  the beet 

plant has the a b i l i t y  t o  use moisture even when the moisture i s  under 

high tension and not show a great reduction i n  yield of beee roots 

or i n  sugar percentage. 

Table 2 repxesents the sugar percentages fo r  a l l  harvest dates, 

The trend is  that  beers subject t o  the dry s o i l  moisture regime during 

a l l  of the l a s t  half of the growing season (Treatments 2, 6 ,  7) ,  have 

the highest sugar content. This is  more s ignif icant  fo r  the l a s t  two 

harvest dates,  

When the sugar percentages are  applied to  the beet soot yields,  

(Table 3),  the trend i s  fo r  a dry t o  medium (9 ) ,  a medium ( 4 ) ,  a dry (7) 

or a medium to  wet (6) t o  give highest t o t a l  sugar potential. Sugar 

percentage is lowest fo r  the f i r s t  and l a s t  harvests, (Figure 11, 
Seasonal consumptive use was nearly ten inches less  i n  1965 than 

i n  1964. previous r ears' study showed a smabl peak use i n  l a t e  November, 
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which was not  ev ident  t h i s  yea r .  A cool  f a l l  and sp r ing  could have 

been r e spons ib l e  f o r  t h e  l ack  of a  peak and f o r  the  lower consumptive 

use .  Even though a  range of s o i l  mois ture  regimes e x i s t e d ,  consumptive 

use  measurements were r e l a t i v e l y  s i m i l a r .  Changes i n  t h e  way the  

d i f f e r e n t  i r r i g a t i o n  regimes used water were not  ev ident  u n t i l  the  

middle of A p r i l ,  when the  wet te r  t rea tments  showed g r e a t e r  use  of 

water.  The s t r e s s  t reatment  showed a d e f i n i t e  decrease  i n  u se  i n  

the  middle of June. The e f f e c t  was ind ica t ed  by poor y i e l d s  f o r  t he  

l a s t  t h r e e  h a r v e s t s .  The dry t reatment  showed a r a t h e r  cons tan t  u se  

throughout the  h a r v e s t ,  bu t  d a t a  d id  no t  i n d i c a t e  t h a t  t h i s  decrease  

caused lower y i e l d s .  

S o i l  p r o f i l e  dep le t ion  shows t h a t  i f  the  f i f t h  and s i x t h  f o o t  

s o i l  p r o f i l e s  a r e  wetted a t  p l an t ing  time, they w i l l  have enough water 

s t o r e d  t o  s a t i s f y  the  seasonal  p l a n t  needs. Use i n  t h e  top f o o t  was 

h igher  i n  1965 than i n  previous yea r s .  

The 1965 d a t a  i n d i c a t e s  a  consumptive use of about 4 0  inches 

should be adequate f o r  a  l a t e  season ha rves t  f o r  maximum y i e l d s .  

Data i n d i c a t e s  i r r i g a t i o n s  could be spaced a t  three-week i n t e r v a l s  

during the  ha rves t  per iod t o  accommodate the  r equ i r ed  ha rves t  d a t e s .  

I f  e a r l y  i r r i g a t i o n s  a r e  not  needed f o r  purposes of improving germi- 

n a t i o n ,  maintaining s t ands ,  o r  d i s so lv ing  f e r t i l i z e r ,  i t  may no t  be 

necessary  t o  i r r i g a t e  u n t i l  t h e  f i r s t  p a r t  of January.  From Figure  4,  

d a t a  shows t h a t  only 3.42 inches of water have been used from the  r o o t  

zone by January 1. 

AMENDMENT NO. 1 

Root tops  i n c r e a s e  i n  weight u n t i l  a  peak i s  reached i n  t he  middle 

of June,  then d e c l i n e  very r a p i d l y  because leaves  begin t o  mature 

(Figure 2 ) .  The y i e l d  of tops  reaches a  peak of 35 tons  per ac re .  Roots 

cont inue  t o  i n c r e a s e  i n  weight with each ha rves t  u n t i l  t he  l a s t  h a r v e s t ,  

J u l y  2 7 .  F i n a l  bee t  r o o t  y i e l d  i s  32.3  tons per ac re .  Sugar percentage 

inc reases  u n t i l  J u l y  16, then dec l ines  f o r  t he  remainder of t he  ha rves t  

season.  The h ighes t  sugar percentage i s  1 3  percent .  Beet-top y i e l d s  

could be expected t o  be much l a r g e r  i f  "yellows" does no t  occur .  
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Dry treatments have h igher  sugar  conten ts  f o r  each ha rves t  bur 

lower bee t  y i e l d  per h a r v e s t ,  P l a n t s  were i r r i g a t e d  under a  medium 
-.? LL&ime i. u n t i l  a  dry s t a t u s  was a t t a i n e d  on June 9 ,  h 2 1 / 4  ton 

d i f f e r e n c e  i n  r o o t  y i e l d  was recorded a t  t h a t  time. The same y i e l d  

d i f f e r e n c e  was measured f o r  t h e  t h r e e  a d d i t i o n a l  h a r v e s t s .  The 

_ & = L ~ C K  _ A pronounced decrease  i n  y i e l d  occurr ing  when t h e  s tudy was 

changed from a medium t o  a  dry  s t a t u s  should be  i n v e s t i g a t e d  

f u r t h e r  and i n  more d e t a i l .  

PERSONNEL: Leonard J. E r i e  and Or r in  F. French. 

W A N  PLOT YIELD IN POTJXDS AT URRVEST DATES ( 6  REPS. ) 

SViE i - 
TBT x 

4 45 ,8  

9 45.8 

i 0  43.8 

6  4 3 , l  

5 42.6 

8 42.6 

7 41.7 

2 &1*4 

2UNE 21 
- 

TRT x 

9 5 5 , s  

5  52,7 

8  52.4 

4  51.6 

1 50.6 

3  50.3 

6  49.8 

7  49,2  

JULY 1 3  
.. 

TRT x 

8 59.7 a  

' 9  S9,O a's 

4 57.9 ab 

6 55,6 ab 

3 54,7 ab 

7  5 4 . 4 c b c  

1 5 4 . l a b c  

5 54 ,Oabc  

J U L Y  27 
.. 

TRT x 

9 63.3 

8 6 i , 7  

7  60.3 

5 60,2 

4 59.5 

6 58.3 

i 57.9 

10 57.8 

+ 3 40.5 2 48,1 10 53.7 bc 3 56.9 

1 38,5 10 45,8 2 48.6 c 2 56.4 

KO, S i g ,  No S ig .  srg.  1% Ho Sig, 

LSD 5.9 
rn 
LO conver t  p l o t  y i e l d s  co 2ounds per  a c r e ,  mu l t ip ly  (x) ( i0$9) .  
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TABLE 2 .  

MEAN SUGAR PERCENTAGE AT HARVEST DATES 

JUNE 1 JUNE 21 - JULY 1 3  - 
X X X 

TRT 3 REPS TRT 3 REPS TRT 6 REPS 

1 13.5 a 1 0  14.0 6 14.0 a 

7 13 .2  a b  3 13.6 7 13.8 a b  

2 12.9 a b c  2 13.5 2 1 3 . 8 a b  

8 12.8 bc  6 13 .4  1 0  1 3 . 8 a b  

6 12 .8  bc  4 13.3 1 1 3 . 4 a b c  

5 12.7 bc  9 13 .2  8 13.3 a b c  

4 12.6 bc  1 1 3 . 1  3 13.0 b c  

1 0  1 2 , 6  bc  7 1 3 , O  4 13.0 bc  

3 12.5 c 5 12 .8  5 12 .9  bc  

9 12.5 c 8 12.7 9 12.6 c 
S i g .  1% No S i g .  S i g .  1% 
LSD 0.66 LSD 1 . 0 1  

JULY 27 - 
X 

TRT 6 REPS 

6 13.7 a 

7 13.6 a b  

2 1 3 . 1 a b c  

3 12.9  bcd  

8 1 2 . 8  bcd  

9 12 .8  c d  

1 0  12.7 c d  

4 12 .7  c d  

5 12.5 c d  

1 1 2 . 3  d 
S i g .  1% 
LSD 0.81 

MEAN YIELD OF SUGAR I N  POUNDS PER PLOT AT HARVEST DATES ( 6  REPS) 

TRT 

4 

9 

1 0  

6 

7 

8 

5 

2 

1 

3 

- 
TRT x 

9 7 * 3 4  

4 6.88 

3 6.84 

5 6.72 

6 ,  6.67 

1 6.66 

8 6.63 

2 6.51 

1 0  6.41 

7 6 .38  

TRT 

8 

6 

7 

4 

9 

1 0  

1 

3 

5 

2 

.. 
X 

7.92 a 

7.81 a b  

7.53 a b c  

7.50 abc  

7.46 a b c  

7.37 abcd  

7.24 abcd  

7.09 bcd  

6.98 d 

6 .71  d 

TRT x 

7 8 .21  

9 8.10 

6 7.99 

8 7.90 

4 7.56 

5 7.50 

2 7.39 

1 0  7.36 

3 7.32 

1 7.11  
No S i g .  No S i g .  S i g .  5% No S i g .  

LSD 0 .72  

To c o n v e r t  p l o t  y i e l d s  t o  pounds p e r  a c r e ,  m u l t i p l y  (2 ) (1089)  
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TITLE: CLAY DISPERSANTS FOR THE REDUCTION OF SEEPAGE LOSSES FROM 

RESERVOIRS 

LINE PROJECT: SWC 4-gG1 CODE NO.: Ariz.-WCL-37 

INTRODUCTION: 

Observations and post- t reatment  s o i l  and water  ana lyses  were made 

during 1965 on two s tock  ponds t r e a t e d  w i t h  sodium s a l t s  t o  reduce 

seepage, Only water  samples could be taken on House Mountain No, 1 

pond a s  i t  d id  no t  go dry during 1965. The Dick Mason pond went dry 

i n  June 1965 and s o i l  samples were taken, This l a t t e r  pond was r e -  - 1 
t r e a t e d  w i t h  a sodium s a l t  i n  J u l y  t o  t r y  and reduce i t s  2 cm day 

seepage l o s s ,  The owner r a i s e d  the  sp i l lway l e v e l  i n  J u l y  1965 

about 30 cm t o  inc rease  the  capac i ty  of the  Dick Mason pond. 

PROCEDURE : 
+ tt 

To observe what happens t o  t h e  Na , Ca , and Mg* s t a t u s  i n  

t he  two ponds wi th  time, a f t e r  t h e  ponds a r e  f i l l e d  w i t h  water  from 

t h e  win ter  r a i n s ,  ceramic e x t r a c t i o n  u n i t s  were i n s t a l l e d  a t  depths 

of 4, 10, 16, and 22 cm i n  each pond i n  October 1965. S o i l  s o l u t i o n  

e x t r a c t s  w i l l  be taken monthly. Assuming t h a t  t he  s o i l  s o l u t i o n  i s  

i n  equ i l i b r ium w i t h  the  exchangeable ca t ions  on the  s o i l ,  i t  should 

be poss ib l e  t o  determine the  SAR (sodium absorp t ion  r a t i o )  and ESP 

(exchangeable sodium percentage)  concomitant w i th  low seepage r a t e s .  - 1 
Dick Mason pond had a seepage r a t e  of 12 cm day p r i o r  t o  

t r e a t i n g  i t  wi th  TSPP ( te t rasodium pyrophosphate) i n  August 1962. 
- 1 

One year  a f t e r  t rea tment  the  seepage r a t e  was 0.4 cm day . Two - 1 
yea r s  a f t e r  t reatment  t h e  seepage r a t e  had increased  t o  2 cm day . 
S o i l  samples were taken i n  June 1965. 

To reduce the  increased  seepage lo s s ,  t h e  pond was t r e a t e d  w i t h  

sodium carbonate  (soda a sh )  i n  J u l y  1965 a t  the  r a t e  of  7.6 meq/100g 

i n  the  top  10 cm of  s o i l  (5,900 pounds per a c r e ) ,  The s a l t  was 
2 

broadcast  by hand (730 pounds) on the  s o i l  su r f ace  (5,760 f t  ) and 

harrowed i n  t o  an average depth  of 10 cm. This t reatment  was 

designed t o  o b t a i n  an ESP of 15 i n  the  t r e a t e d  depth. 
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RESULTS AND DISCUSS I O N  : 

1, House Mountain No. I Pond, - The seepage r a t e  on t h i s  pond 

measured over a two-week per iod  i n  l a t e  September 1965 was 0.4 cm - 1 - 1 - 1 
day (evaporat ion was 0,4 cm day f o r  a t o t a l  l o s s  of 0,8 cm day ), 

Water depth a t  measurement time was about 60 cm, Because of t h i s  low 

seepage l o s s ,  which i s  t he  same a s  es t imated  i n  the  summer of 1964, 

and the  amount of r a i n  during 1965, the  pond has he ld  water cont inu-  

ous ly  f o r  the  p a s t  year--a condi t ion  which had no t  e x i s t e d  previously.  

S o i l  s o l u t i o n  e x t r a c t s  w i l l  be taken t o  con t inua l ly  follow t h e  

Na', ~a*, Mg* s t a t u s  i n  t he  s o i l .  

2 Dick Mason Pond, An a n a l y s i s  of t he  s o i l  samples taken i n  

J u l y  1965 showed t h a t  t he  sodium remaining i n  the  upper LO cm of  

s o i l  was a t  a bevel nea r ly  t h a t  of t he  pretreatment  l e v e l  (0,6 v s  

0,4 meq/lOOg), and t h a t  t h e  sodium had moved down i n t o  the  s o i l  

p r o f i l e  (2,9 v s  0,4 meq/100g i n  t h e  30-45 cm depth) ,  Af te r  t rea tment  

w i t h  sodium carbonate  i n  J u l y  1965, the  pond was f i l l e d  t o  overflowing 

from r a i n s  during August and September 1965, For a two-week period 

during the l a t t e r  p a r t  of September, t h e  seepage r a t e  was measured 
- 1 - 1 

a t  0,4 cm day (evaporat ion was 0,4 cm day f o r  a t o t a l  l o s s  of  - 1 
0,8  cm day ), Water depth was about 120 cm, 

This post- t reatment  seepage r a t e  i n d i c a t e s  t h a t  t h e  sodium 

carbonate  t rea tment  has reduced the  seepage l o s s  cons iderably ,  

S o i l  s o l u t i o n  e x t r a c t s  w i l l  a l s o  be taken on t h i s  pond, 

SUMMARY : 

The use of sodium carbonate  a s  a d i spe r s ing  agent  t o  reduce 

seepage i n  two s tock  ponds was evaluated.  House Mountain No, 1, 

t r e a t e d  w i t h  sodium carbonate  i n  August 1963, is  holding water w e l l  
- 1 

w i t h  a seepage r a t e  of only 0,4 cm day , The Dick Mason pond was 

t r e a t e d  w i t h  te trasodium pyrophosphate i n  August 1962 t o  reduce the  
- 1 

seepage r a t e  from 12 t o  0,4 cm day The seepage r a t e  increased  
- 1 

from 0,4 t o  2,O cm day two yea r s  a f t e r  t rea tment ,  In  J u l y  1965 

the  pond was t r e a t e d  w i t h  sodium carbonate  ( a t  t h e  r a t e  of 5,900 

pounds per  a c r e ) ,  Measurements i n  September 1965 showed a seepage 
- 1 

r a t e  of 0,4 cm day 
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Ceramic cups were i n s t a l l e d  i n  both ponds i n  October 1965 s o  

t h a t  s o i l  so lu t ion  e x t r a c t s  can be taken pe r iod ica l ly ,  Measurements 
f 

of the  Na , cat+, Mgt+ s t a t u s  i n  the s o i l  so lu t ion  w i l l  be made a t  

d i f f e r e n t  depths below the  s o i l  sur face  t o  determine any changes 

which may take place wi th  time, 

PERSONNEL: R ,  J, Reginato, L,  E. Myers. 
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TITLE: WATERBORNE SEALANTS TO REDUCE SEEPAGE LOSSES FROM UNLINED 

CHANNELS AND RESERVOIRS 

LINE PROJECT: SWC 4-gG1 CODE NO.: Ariz.-WCL-38 

INTRODUCTION : 

During 1965, a petroleum emulsion was i n v e s t i g a t e d  i n  the  

labora tory  and i n  two f i e l d  t e s t s  fo r  s u i t a b i l i t y  a s  a waterborne 

seepage-reducing agent .  

PROCEDURES : 

Laboratory. An eva lua t ion  of emulsion B on Beardsley s o i l  w a s  

conducted t o  determine i f  t he  poor s e a l i n g  previous ly  observed (1964 

Annual Report) was due t o  the  phys i ca l  o r  the  chemical p r o p e r t i e s  of 

the  s o i l ,  A 1-cm l aye r  of Beardsley s o i l  was packed i n  cy l inde r s  

over 14 cm of c o n t r o l  s o i l .  Emulsion B a t  a concen t r a t ion  of one 

p a r t  per thousand was added t o  water  ponded over the layered  s o i l s .  

The supply water was stopped when the  emulsion was added t o  the 

ponded water .  However, a head d i f f e r e n c e  of 3 cm, which co r re s -  
- 1 

ponded t o  an i n i t i a l  flow r a t e  of 2.0 cm h r  , was maintained by 

p e r i o d i c a l l y  lowering the  o u t l e t  a s  t he  ponded water  l e v e l  dec l ined .  

It was hoped t h a t  by t h i s  procedure condi t ions  more l i k e  those  found 

i n  t he  f i e l d  would be approached. 

F ie ld .  Emulsion B was added t o  a s e c t i o n  of un l ined  cana l  and 
P. 

t o  one holding pond w i t h  a p o s i t i v e  displacement gear  pump r a t h e r  

than the  v e n t u r i  system used i n  1964, This was done t o  allow t h e  

emulsion t o  be added t o  t h e  water  before  coming i n  con tac t  w i th  a i r  

( a i r  causes the  a s p h a l t  emulsion t o  "break," render ing  i t  i n e f f e c -  

t i v e  a s  a s e a l a n t ) ,  The cana l  t r e a t e d  i n  February 1965 was a 500-f t  

s e c t i o n  of t he  Beardsley g r a v i t y  cana l  near  Beardsley, Arizona, It 

has a 30-sq f t  c ros s - sec t ion  a t  a depth of  4.5 f t ,  and holds approxi- 

mately 1 a c r e - f t  of water .  The holding pond, near  Indio, Ca l i fo rn i a ,  

i s  b u i l t  i n  a coarse- tex tured  s o i l  and has a capac i ty  of about 1.5 

a c r e - f t  a t  a 5 .8 - f t  depth. It a l s o  was t r e a t e d  i n  February 1965. 

RESULTS AND DISCUSS I O N  : 

Laboratory, Previous t e s t s  of emulsion B on Beardsley s o i l  

a lone showed poor s e a l i n g  (39 percent  average r educ t ion  i n  seepage 
- 1 

r a t e s )  w i t h  an i n i t i a l  seepage r a t e  of 1.8 cm h r  , It was 
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hypothesized t h a t  a s  a surface  s e a l  formed on s o i l s  wi th  a low 

impedance (high hydraulic  conductivi ty) ,  a l a rge  pressure gradient  

was es tabl i shed across the s e a l .  The r e s u l t i n g  force caused the 

asphal t  t o  be drawn i n t o  the s o i l  pores and a good s e a l  was crea ted  

(as evidenced on contro l  s o i l ) ,  However, on a s o i l  such a s  Beardsley, 

with a high impedance (low hydraulic  conductivi ty) ,  t he  s e a l  t h a t  was 

formed did not cause such a high pressure gradient .  Without t h i s  

force,  the a spha l t  was not drawn i n t o  the s o i l  pores and a porous 

s e a l  r e s u l t e d ,  

Resul ts  of the  layered-soi l  cyl inder t e s t s  showed an average 

seepage reduction of 91 percent 48 hours a f t e r  treatment where the  
- 1 

i n i t i a l  flow r a t e  was 2.0 cm hr  . This ind ica tes  t h a t  the  previous 

problem i n  sea l ing  Beardsley s o i l  was physical  i n  na ture  r a t h e r  than 

chemical, 

Field.  Pr ior  t o  t r e a t i n g  the Beardsley canal,  Bermuda g rass  

growing wi th in  the  treatment a r e a  was burned o f f .  The average 

pretreatment seepage r a t e  f o r  the  f i r s t  60-cm drop i n  the  water - 1 
l e v e l  was 1,9 cm hr . Immediately a f t e r  treatment f o r  the  same - 1 
water l e v e l  drop of 60 cm, the  seepage r a t e  was 1 , O  cm hr  , an 

average seepage reduct ion  of 47 percent ,  The canal  was then allowed 

t o  dry,  One week a f t e r  treatment, the canal  s e c t i o n  was r e f i l l e d  

wi th  c l e a r  water and the  seepage r a t e  was 1.7 cm hr - l ,  which showed 

very l i t t l e  r e s idua l  sea l ing  e f f e c t  of the  ma te r i a l  one week a f t e r  

t reatment,  It was observed t h a t  a lush  growth of Bermuda g rass  had 

e s s e n t i a l l y  destroyed the  s e a l ,  One month a f t e r  the f i r s t  treatment, 

the same sec t ion  of canal  was r e t r e a t e d  wi th  1000 ppm emulsion B, - 1 
and the  seepage r a t e  immediately a f t e r  re t rea tment  was 0.8 cm hr  , 
a 58-percent reduction,  

These r e s u l t s  show t h a t  a reduction i n  seepage e s s e n t i a l l y  

equal t o  t h a t  found i n  the  laboratory was obtained i n  the  f i e l d  

u n t i l  the s e a l  was destroyed by Bermuda g rass ,  

The second f i e l d  t r i a l  t o  determine the e f fec t iveness  of 

emulsion B was conducted i n  the  Indio pond wi th  pretreatment 
- 1 

seepage r a t e  of 5 cm hr , The s o i l  was poorly graded and highly 
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porous w i t h  a t y p i c a l  t e x t u r a l  a n a l y s i s  of 7 percent  c lay,  7 percent  

s i l t  and 86 percent  sand,  P r io r  t o  t reatment ,  i n f i l t r a t i o n  cy l inde r s  

were placed i n  the  pond banks, i n f i l t r a t i o n  measurements were made 

wi th  c l e a r  water,  and then emulsion B was added t o  t he  water  i n  t h e  

cy l inde r s ,  An i n f i l t r a t i o n  r educ t ion  of 70 percent  was obta ined ,  

Treated w i t h  1000 ppm emulsion B i n  February 1965, an average seepage 

reduct ion  of  69 percent  was measured over the  e n t i r e  depth of  t h e  

pond (170 cm) immediately a f t e r  t rea tment ,  In  March, the  pond was 

r e f i l l e d  w i t h  c l e a r  water,  and the  r educ t ion  was s t i l l  the  same, 

69 percent .  However, i n  May t h e  pond was r e f i l l e d  w i t h  c l e a r  water ,  
- 1 

and a seepage r a t e  of  5 cm h r  was measured, t he  same a s  t he  pre-  

t rea tment  r a t e ,  Bermuda g r a s s  growing through the  a s p h a l t  emulsion 

had caused the  s e a l  t o  f a i l ,  

The Indio  s o i l  has a h igh  hydraul ic  conduct iv i ty  and i t  was 

hoped t h a t  a 90-percent r educ t ion  i n  seepage would be a t t a i n e d  w i t h  

the  a s p h a l t  emulsion t rea tment ,  The reason  f o r  the  lower r educ t ion  

apparent ly  r e l a t e s  t o  t he  h igh  po ros i ty  of the  '4:ndio s o i l  which was 

much coarser  than any s o i l  t e s t e d  i n  t he  l abo ra to ry ,  It i s  probable 

t h a t  t h e  a s p h a l t  p a r t i c l e s  were no t  ab l e  t o  completely f i l l  the 

l a r g e r  s o i l  pores aod a p a r t i a l  s e a l  was the  r e s u l t ,  

SUMMARY AND CONCLUSXONS: 

A l abora tory  experiment and two f i e l d  t r i a l s  were conducted t o  

determine the  s u i t a b i l i t y  of an a s p h a l t  emulsion a s  a waterborne 

seepage-reducing agent ,  In t h e  labora tory ,  a 1-cm depth  of  Beardsley 

s o i l  ( f i n e  t ex tu red )  was packed i n  cy l inde r s  over 14 cm of  c o n t r o l  

s o i l ,  (coarse t ex tu red )  and the  emulsion was added t o  t he  water  

ponded over the  s o i l .  Tes ts  run  previously on 15 cm of Beardsley 

s o i l  packed i n  cy l inde r s  showed an average r educ t ion  of 39 percent  

i n  the  seepage r a t e ,  However, i n  the  layered  s o i l  system, seepage 

was reduced 9 l  pe rcen t ,  

From these  r e s u l t s  i t  was hypothesized t h a t  a h igh  pressure  

g rad ien t  would be e s t a b l i s h e d  across  a su r f ace  s e a l  formed on a 

s o i l  w i t h  low impedance (high hydraul ic  conduc t iv i ty ) ,  and the  

a s p h a l t  would be drawn i n t o  t h e  s o i l  pores t o  form a t i g h t  s e a l .  

38-3 
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With a  s o i l  having high impedance, a  la rge  gradient  would not be 

es tabl i shed and the  asphal t  would deposi t  on the  s o i l  sur face  t o  

form a  porous s e a l ,  

In two f i e l d  t e s t s ,  a  canal  sec t ion  i n  Beardsley s o i l  and a  

holding pond i n  a  coarse-textured s o i l ,  seepage was reduced about 

50 and 70 percent,  respect ive ly ,  a s  long as  the  s e a l  remained 

i n t a c t ,  However, as  soon as  Bermuda grass  grew through the sea l ,  

i t s  seepage-reducing e f fec t iveness  was destroyed, Weed contro l  i s  

obviously a necessary p a r t  of any fu tu re  app l i ca t ion ,  

Seepage reduction i n  the Beardsley canal  was e s s e n t i a l l y  the  

same as t h a t  obtained wi th  laboratory t e s t s  on small cyl inders  of 

s o i l .  Similarly,  seepage reduction ia the  lndio  pond was essen- 

t i a l l y  the same as tha t  obtained i n  pre-treatment f i e l d  t e s t s  

u t i l i z i n g  i n f i l t r a t i o n  cy l inders ,  It appears t h a t  these simple 

procedures may be used t o  p red ic t  the  approximate seepage reduc- 

t i o n  t o  be expccted i n  f u l l - s c a l e  f i e l d  appl ica t ions  of pore- 

plugging petroleum emulsions used as waterborne seala.2ts. 

PERSONNEL: R ,  J, Regirato a-od L o  E,  Myers, 
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TITLE : CRACK SEALANTS FOR CONCRETE LINED CANALS 

LINE PROJECT: SWC 4-gG1 CODE NO, : Ariz ,  -WCL-39 

INTRODUCTION : 

See Annual Report f o r  1964 and "Repair of  Cracks i n  Concrete 

Channel Linings" (1966 manuscript)  f o r  gene ra l  in format ion ,  

PROCEDURES AND RESULTS : 

Seal ing  Ma te r i a l s ,  Asphalt  emulsion was used a s  t he  base m a t e r i a l  

i n  t h e  formula t ion  o f  a  sprayable  c rack  s e a l e r .  Improved e x t e n s i b i l i t y  

and weather ing r e s i s t a n c e  was ob ta ined  by the  a d d i t i o n  of  b u t y l  l a t e x .  

Asbestos f i b e r s  were added t o  reduce running o r  slumping of  t h e  a spha l t  

on s t e e p  s l o p e s ,  A l l  of  t he se  m a t e r i a l s  a r e  r e a d i l y  a v a i l a b l e  and a r e  

c l a s sed  as  nontoxic ,  Formulation of the crack s e a l e r s  cons i s t ed  o f  

combining va r ious  amounts of a s p h a l t  emulsion, b u t y l  l a t e x ,  and asbes-  

t o s  f i b e r s .  Formulation d i d  no t  appear c r i t i c a l  but  t h e r e  were 

c e r t a i n  l i m i t s ,  I nc reas ing  the  amount of bu ty l  l a t e x  increased  

m a t e r i a l  c o s t s  and caused clogging problems w i t h  the  piston-pump 

spray equipment f i r s t  used i n  t h i s  p r o j e c t ;  t o o  much a sbes to s  a l s o  

caused a  c logging problem, From pre l iminary  l abo ra to ry  and f i e l d  

observa t ions  of t h e  phys i ca l  p r o p e r t i e s  and spray ing  c h a r a c t e r i s t i c s  

of  these  mixtures ,  i t  was decided t h a t  formulat ions conta in ing  approxi-  

mately 48 percent  a s p h a l t ,  3 percent  a c t u a l  b u t y l  l a t e x ,  14 percent  

asbes tos  f ibers ,  and 35 percent  water  would be reasonably s a t i s f a c t o r y .  

Shor t ly  a f t e r  the i n i t i a l  t e s t i n g  of  laboratory-mixed m a t e r i a l s ,  a  

commercial sprayable  c rack  s e a l e r  became a v a i l a b l e ,  

Bonding of  pure a s p h a l t  t o  concre te  i s  o r d i n a r i l y  a  mechanical 

p rocess ,  Adhesion i s  o f t e n  poor and the  a s p h a l t  can be mechanically 

s t r i p p e d  o r  peeled from the  concre te .  The a s p h a l t  i n  t h e  two spray-  

a b l e  s e a l a n t s ,  used i n  t he se  t e s t s  had been modified by the a d d i t i o n  

of ca tkonic  a n t i s t r i p p i n g  agents .  Concrete normally has  a  nega t ive ry  

charged su r f ace .  The a d d i t i o n  of  c a t i o n i c  a n t i s t r i p p i n g  agents  t o  

t he  emulsion causes  t h e  a s p h a i t  t o  a c t  a s  a  p o s i t i v e l y  charged 

m a t e r i a l .  This c r e a t e s  an e lec t rochemica l  bond of  t h e  t r e a t e d  

a s p h a l t  t o  t he  concre te  su r f ace .  Such bonding w i l l  t ake  p l ace  i n  

t he  presence of  water .  

39-1 
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Bonding of a spha l t  t o  concre te  can be improved by the  a d d i t i o n  

of rubber o r  o the r  m a t e r i a l s  t o  i nc rease  the  t ack  o r  s t i c k i n e s s  of 

t he  a spha l t  mixture,  Two nonsprayable rubber ized-asphal t  mast ics  

so ld  commercially f o r  r e p a i r i n g  c racks  i n  concrete ,  were included 

i n  the  labora tory  t e s t s  f o r  comparison w i t h  the  sprayable  s e a l e r s .  

Laboratory Tes ts .  The bonding of four  crack s e a l e r s  t o  concre te  

was eva lua ted  i n  t he  Laboratory, Tested s e a l a n t s  included a labora-  

t o r y  mixed sprayable  ma te r i a l ,  S1, a commercially a v a i l a b l e  sprayable 

ma te r i a l ,  S2, and two commercially a v a i l a b l e  rubber ized  a s p h a l t  

mas t ics ,  M and M2. Measurements were made i n  an a t tempt  t o  d e t e r -  1 
mine d i f f e r e n c e s  i n  bonding caused by v a r i a t i o n s  i n  concre te  cleaning,  

tack  coa t  app l i ca t ions ,  temperature,  and cur ing  time. 

Tes t ing  procedure cons i s t ed  o f  p u l l i n g  a p a r t  two concre te  

blocks, 2 x 2 x 1-inch i n  s i z e ,  which had been bonded toge ther  w i t h  

a 0.05-inch l a y e r  of c rack  s e a l e r  between the 1 x 2-inch su r f aces .  

Block su r f aces  t r e a t e d  included concre te  w i t h  a O,O5-inch l aye r  of 

mud on t h e  sur face ,  concre te  w i t h  mud l i g h t l y  brushed o f f ,  and new, 

c l ean  concre te ,  In a d d i t i o n  t o  cleaning,  a t  the time of c rack  s e a l e r  

app l i ca t ion ,  t h e  concre te  s u r f a c e s  were e i t h e r  dry, wet w i t h  water ,  

o r  brushed w i t h  a tack  c o a t  of  kerosene which contained a s u r f a c t a n t .  

Af te r  a p p l i c a t i o n  t o  t h e  blocks w i t h  a pu t ty  kni fe ,  s e a l i n g  ma te r i a l s  

were allowed t o  cure  f o r  per iods  of  1, 7, and 28 days a t  a temperature 

of 77 F and a r e l a t i v e  humidity of 40 percent ,  The blocks were then 

pul led  a p a r t  a t  a r a t e  of 0.25 inch/min i n  a l abo ra to ry  t e s t i n g  

machine loca t ed  i n  a c o n t r o l l e d  temperature room, Bonds were t e s t e d  

a t  temperatures of 50, 77, and 104 F, A l l  v a r i a t i o n s  i n  t rea tments  

were run  i n  t r i p l i c a t e .  Af te r  being pul led  apa r t ,  t he  blocks were 

inspec ted  v i s u a l l y  t o  determine any bonding f a i l u r e s ,  Resu l t s  a r e  

presented i n  Table 1. Bond w a s  considered good i f  bo th  concre te  

s u r f a c e s  were completely covered w i t h  s e a l i n g  m a t e r i a l  a f t e r  being 

pul led  a p a r t ,  Bond was considered f a i r  i f  s e a l a n t  had pu l l ed  f r e e  

from only one o r  two smal l  spo t s ,  and was considered poor i f  any 

apprec iab le  amount of ba re  concre te  was v i s i b l e .  
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General conclusions from the  labora tory  t e s t s  a r e :  (1) a l l  

four  s e a l a n t s  bonded very w e l l  t o  c l ean  concrete ,  e i t h e r  wet o r  dry, 

a t  a l l  temperatures;  (2) no s e a l a n t  bonded t o  muddy conc re t e ;  

(3) bonding t o  brushed concre te  a f t e r  28 days cur ing  time was f a i r  

t o  good f o r  S1, S and M a t  temperatures above 50 F, but  a l l  bonds 2 2 
f a i l e d  a t  50 F; (4) a t  seven days cur ing  time a kerosene t ack  coa t  

reduced bonding t o  c l ean  concre te  and d id  not  improve bonding t o  

brushed concre te ;  a t  28 days cur ing  time the  bond t o  c l ean  concre te  

was no t  reduced and t h e  bond t o  brushed concre te  was apparent ly  

improved, 

Durab i l i t y  and d u c t i l i t y  of t h e  crack s e a l e r s  was not  s t u d i e d  

i n  t he  l abo ra to ry ,  A f i e l d  eva lua t ion  of t hese  f a c t o r s  was i n i t i a t e d  

f o r  t h e  sprayable  s e a l e r s  by applying them t o  c racks  i n  t he  concre te  

l i n i n g s  of ope ra t iona l  d i t c h e s  and cana l s ,  

F i e ld  Applicatio_ns. A f i e l d  t e s t  was i n i t i a t e d  i n  May 1964 t o  

determine i f  the  c rack  s e a l e r s  would spray e a s i l y ,  how c l ean  the 

concre te  had t o  be, and i f  a t ack  coa t  was necessary.  Three s e a l e r s  

were appl ied  t o  j o i n t s  and cracks  i n  t he  same f i e l d  d i t c h  where c rack  

movement had been measured, The j o i n t s  and cracks  had e i t h e r  been 

swept w i t h  a b r i s t l e  broom o r  thoroughly cleaned w i t h  a w i re  brush. 

Half had then been sprayed w i t h  a tack  coa t  of cut-back a s p h a l t  and 

ha l f  were wi thout  a t ack  coa t .  The s e a l e r s  appl ied  were S and S2, 
1 

plus  a clay-type a s p h a l t  emulsion modified w i t h  b u t y l  l a t e x  and 

a sbes tos  f i b e r s ,  Sea l e r s  were sprayed on the  c racks  and j o i n t s  

w i t h  a high-pressure (2,500 p s i )  p i s t o n  pump d r iven  by compressed 

a i r ,  The pump u n i t  funct ioned properly i f  spraying was continuous. 

I n t e r m i t t e n t  spraying caused a l l  t h r e e  s e a l e r s  t o  break i n  t h e  pump, 

forming s o l i d  lumps which stopped t h e  equipment. 

S i l t  depos i ted  from i r r i g a t i o n  water  i n  the  bottom of t he  d i t c h  

was removed w i t h  shovels  i n  January 1965 w i t h  no damage t o  t he  t e s t  

m a t e r i a l s ,  A l l  m a t e r i a l s  bonded t i g h t l y  t o  t h e  concrete ,  r e g a r d l e s s  

of whether o r  no t  a t ack  coa t  was appl ied,  and whether the  concre te  

was wi re  brushed o r  merely swept c l ean ,  
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Inspection of a l l  f i e l d  s i t e s  i n  October 1965, 17 months a f t e r  

treatment, revealed t h a t  S and S crack s e a l e r s  genera l ly  were 
1 2 

weathering well,  wi th  S2 remaining s l i g h t l y  more p l i a b l e ,  Both 

s e a l e r s  had cracked s l i g h t l y  on about ha l f  the  south-facing cracks. 

However, there  was l i t t l e  cracking of the s e a l e r s  placed on the  

north-facing s lope ,  The crack s e a l e r  wi th  the asphal t  clay emulsion 

had hardened and cracked on both s ides  of the  d i t ch ,  A l l  t h ree  

mater ia ls ,  regardless  of concrete c leanl iness ,  were bonded t i g h t l y  

and could not  be peeled wi th  a knife.  It should be pointed out  t h a t  

t h i s  f i e l d  d i t c h  ca r r i ed  water only in te rmi t t en t ly  and the crack 

s e a l e r s  were exposed t o  a i r  and sun l igh t  fo r  almost a l l  of the  17- 

month period,  Mastic s e a l e r  M cracked and peeled from the concrete 
1 

a f t e r  one year of exposure i n  t h i s  same farm d i t c h ,  

A 500-ft sec t ion  of the  Tempe Canal i n  the  S a l t  River Valley, 

Arizona, which is  guni te- l ined on one s i d e  for  eros ion control ,  was 

t r e a t e d  wi th  the  commercial s e a l e r  S i n  November 1964, A i r  tempera- 
2 

t u r e  a t  treatment time was 50 F. This mater ia l  was sprayed wi th  the  

p is ton  pump on cracks i n  the  paved canal  s i d e  which has a 1:l slope 

and a v e r t i c a l  height  of 7 f t ,  Some cracks had received a tack coat  

of kerosene and su r fac tan t ,  and some had no t ,  Some had been swept 

clean, some wire brushed, and some washed clean wi th  a high-pressure 

water j e t .  

Cleaning the  cracks wi th  water was done wi th  a 400-500 p s i  j e t  

from a commercially ava i l ab le  pump and sprayer u n i t  usually used fo r  

applying insec t i c ides  t o  t r e e s  and orchards (Model 10-T, Thuron 

Sprayer Mfg Co,, 765 Coleman Avenue, San Jose, Ca l i fo rn ia ) ,  The 

small mult iple p is ton  water pump, driven by a 7-1/2 hp g a s o l i n e -  

motor, i s  at tached t o  a 300-gal tank mounted on a t r a i l e r ,  The 

pump has a capacity of 10 gallmin, and wi th  the proper s i z e  o r i f i c e  

i n  the  nozzle, pressures up t o  500 p s i  a re  a t t a i n a b l e ,  The high 

pressure water j e t  b l a s t ed  the  s o i l  out  of the cracks and rapidly  

removed a l l  s i l t  and algae deposited around the edge of the  cracks. 

Fine cracks, covered and hidden by s i l t  and algae,  could be quickly 

uncovered and traced out  wi th  the water j e t ,  It a l s o  washed the 
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s o i l  away from the  crack a rea  so t h a t  the s e a l e r  could be sprayed 

d i r e c t l y  on the  clean, wet concrete,  The high pressure water j e t  i s  

much f a s t e r  than hand cleaning wi th  a wire brush o r  even sand 

b l a s t i n g ;  the  l a t t e r  method requi res  removal of the  sand from the  

crack area ,  

About 800 f t  of cracks were covered with 40 g a l  of s e a l e r  S 
2 "  

Cost of the  mater ia l  given by the manufacturer i s  about $1,50 per 

g a l  depending on volume. The s e a l e r  did not slump on the s t eep  

s i d e  slope even though layers  of ma te r i a l  up t o  1/4 inch th ick  were 

sprayed over some cracks,  The Tempe Canal was inspected i n  November 

1965 and there  was no v i s u a l  d i f ference  between treatments above the 

water l i n e ;  a l l  remained p l i a b l e  and t i g h t l y  bonded t o  the  concrete,  

Regardless of the  c l ean l iness  of the concrete surface,  It was impos- 

s i b l e  t o  scrape the s e a l e r  from the  concrete wi th  a kn i fe ,  The 

s e a l e r  on most of the  cracks covered had s t a r t e d  t o  check s l i g h t l y  

above the  water l i n e ,  Below the water l i n e  there  was no checking 

v i s i b l e  on any of the treatments,  However, on the  cracks t h a t  had 

been brushed c leaa  and had not  received a tack coat ,  the s e a l e r  had 

s t a r t e d  t o  peel from the  concrete,  Material  sprayed on cracks 

brushed clean and primed wi th  a tack coat  was bonded t i g h t l y  t o  the  

concrete,  Where the s e a l e r  was sprayed on the cracks cleaned wi th  

the  water j e t ,  t he re  were no bonding f a i l u r e s  and the  s e a l e r  could 

not  be separated from the concrete,  

Since the Tempe Canal i n s t a l l a t i o n ,  a new type high-pressure 

(1500 p s i )  diaphragm pump was obtained fo r  spraying crack s e a l e r s  

(P-series  pumps, PCP Corporation, 3537 South Normal, Chicago, 

I l l i n o i s ) ,  This pump i s  driven by a small, i n t e g r a l l y  mounted 

2 1/4-hp gasol ine  motor and requ i res  no supplemental a i r  compressor. 

Two men can e a s i l y  l i f t  the  pump, The diaphragm pump c rea tes  l e s s  

shearing ac t ion  on the s e a l e r  than did the previously used p is ton  

pump and does not  cause the  s e a l e r  t o  break wi th in  the spraying 

equipment, A sec t ion  of farm-sized concrete l ined  d i t c h  near  Tempe, 

Arizona was t r e a t e d  wi th  crack s e a l e r  S i n  August 1965. No 2 
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clogging problems were encountered whi le  spraying the  S s e a l e r .  
2 

About 800 f t  of c racks  were sprayed w i t h  10 g a l  of s e a l e r  i n  an 

hour ' s  t ime, 

Seal ing cracks w i t h  power spray equipment r e q u i r e s  t h ree  men: 

one t o  c lean  the  cracks w i t h  the  water j e t ,  one t o  spray t h e  crack 

s e a l i n g  ma te r i a l ,  and one t o  d r i v e  t h e  equipment t ruck ,  Cost of 

the  spray equipment, excluding the  t ruck,  is  about 2,000 d o l l a r s ,  

Inves t iga t ions  r epo r t ed  by Wallace have shown t h a t  a f t e r  f i v e  

yea r s  of exposure i n  an ope ra t iona l  canal ,  rubber ized-asphal t  com- 

pounds were keeping j o i n t s  s ea l ed  b e t t e r  and were remaining more 

r e s i l i e n t  than f i v e  o the r  gene ra l  types of c rack  s e a l i n g  ma te r i a l s .  

Experimental m a t e r i a l  S and developmental m a t e r i a l  S which were 
1 2' 

s l i g h t l y  checked a f t e r  17 months of  exposure t o  sun and a i r  i n  the  

f i e l d ,  a r e  sprayabbe rubber ized-asphal t  type s e a l e r s ,  Manufacturers 

should be a b l e  t o  improve t h e  d u r a b i l i t y  of sprayable  c rack  s e a l e r s ,  

a t  s l i g h t l y  increased  cos t ,  t o  equal  t h a t  s f  the  mas t ics ,  

SUMMARY AND C 

A nsw method f o r  r e p a i r i n g  cracks i n  concre te - l ined  channels 

more r a p i d l y  and e f f i c i e n t l y  than previously a v a i l a b l e  methods has 

been developed, The cracked a r e a  i s  cleaned w i t h  a high-pressure 

water j e t  (400 p s i ) ,  and a c rack  s e a l e r  i s  sprayed (1500 p s i )  on the  

wet concre te ,  Commercially a v a i l a b l e  equipment i s  used f o r  both of 

these  ope ra t ions ,  

Prom labora tory  and f i e l d  i nves t iga t ions ,  i t  was determined 

t h a t  the  c leaning  and spraying methods mentioned above have s e v e r a l  

advantages over o the r  r e p a i r  methods, Cracks i n  a s i l t - and -a lgae -  

encrus ted  concre te  l i n i n g  can be r a p i d l y  and very e f f e c t i v e l y  - 

l oca t ed  and cleaned w i t h  the  high pressure  water  j e t ,  and m a t e r i a l s  

t o  s e a l  cracks by covering and/or f i l l i n g  can be app l i ed  on wet 

concre te  r a p i d l y  and e f f e c t i v e l y  w i t h  high-pressure spray equipment, 

I f  a high-pressure water  j e t  i s  not  a v a i l a b l e  f o r  c leaning,  

thorough wi re  brushing of t h e  cracked a r e a  followed by a t ack  coa t  

of kerosene o r  cut-back a s p h a l t  w i l l  provide a good bonding su r f ace  

f o r  crack s e a l i n g  m a t e r i a l s ,  However, t h i s  procedure i s  ted ious  and 
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c o s t l y ,  Crack s e a l e r s  sprayed on concre te  e i t h e r  washed c l ean  o r  

wi re  brushed followed by a t ack  coa t  have bonded w e l l  i n  one year  of 

exposure i n  the  f i e l d ,  

In  r e c e n t  f i e l d  t r i a l s  800 f t  of cracks were covered w i t h  L O  

g a l  of sprayable s e a l e r  i n  one hour ' s  time. This  work involved 

th ree  men, one c leaning  w i t h  the  water  j e t ,  one spraying the  s e a l e r ,  

and one d r iv ing  the  equipment t ruck.  It i s  our b e l i e f  t h a t  t h i s  

unique method o f f e r s  tremendous p o s s i b i l i t i e s  f o r  t h e  r ap id ,  

economical, and e f f e c t i v e  r e p a i r  o f  concre te  channels and o the r  

hydrau l i c  s t r u c t u r e s ,  

PERSONNEL: R. J, Reginato and L. E. Myers. 
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TtULE 1.--Bonding of four  c rack  s e a l e r s  t o  concre te  a s  a f f e c t e d  

, by cur ing  time, s u r f  ace pretreatment ,  temperature,  and 

clcanlincss of concrcco. 

c, 
Bond: G - good, no exposed concre te  
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TITLE: DXSPERSION AND FLOCCULATION OF SOLL AND CLAY MINERALS AS 

RELATED TO TEIE Na AND Ca STATUS OF THE AMBIENT SOLUTION 

LINE PROJECT: SWC 4-gG3 CODE NO,: Ariz.-WCL-40 

INTRODUCTION: 

The ob jec t ives  of t h i s  p r o j e c t  have been d iscussed  i n  t he  Annual 

Report of 1964, 

PART I, DEFLOCCULATION OF SOIL MATERIALS BY SODIUM SALTS 

An a d d i t i o n a l  s tudy  included one on t h e  d i s p e r s i v e  a c t i o n  of var ious  

Na s a l t s  on d i f f e r e n t  s o i l  m a t e r i a l s  and the  r e l a t i o n  t o  t h e  composition 

of t h e  ambient s o i l  s o l u t i o n ,  

PROCEDURE: 

The s o i l  m a t e r i a l s  used were t h e  Mason and Pine s o i l s  l oca t ed  i n  

pond s i t e s ,  t h e  Big Lake loca t ed  near  a  s t o r a g e  r e s e r v o i r ,  and t h e  

Adelanto and Saf ford  occurr ing  i n  i r r i g a t e d  a r e a s  of t h e  S a l t  River  Valley 

of Cen t r a l  Arizona. The chemical and phys i ca l  p r o p e r t i e s  of t he  s o i l s  

a r e  l i s t e d  i n  Table 1, Note t h a t  t h e  Adelanto, Pine, and Saf ford  s o i l s  

con ta in  f r e e  carbonates  and a l s o  t h a t  t h e  Adelanto and Saf ford  con ta in  

app rec i ab le  so lub le  s a l t s  a s  i nd ica t ed  by t h e  s a t u r a t e d  e l e c t r i c a l  con- 

d u c t i v i t y  measurements. X-ray a n a l y s i s  i n d i c a t e s  t h a t  montmor i l lon i te  

i s  t h e  ch ief  c l ay  minera l  c o n s t i t u e n t ,  

The sodium s a l t s  used were NaC1, Na2C03, Na2S04, and (NaP03)6, 

"he~ametaphosphate . '~  The l a t t e r  hexametaphosphate s a l t  r e f e r s  t o  t h e  

v i t r e o u s  sodium phosphate, whose equiva len t  formula weight was taken 

a s  NaP03. 

A s p e c i f i e d  equiva len t  of t h e  sodium s a l t  from 0.5 t o  32 meq/100g 

was mixed wi th  50g of s o i l  and placed i n  a  1 - l i t e r  graduate  normally used 

f o r  p a r t i c l e  s i z e  a n a l y s i s .  D i s t i l l e d  water  was added t o  b r ing  t h e  t o t a l  

volume t o  1 l i t e r ,  The m a t e r i a l  was suspended wi th  a  paddle wiihout  t h e  

usua l  pretreatment  of mechanical d i s p e r s i o n  on a  s t i r r e r  a s  i s  p re sc r ibed  

i n  t h e  s tandard  mechanical a n a l y s i s  procedure, The c l ay -  and s i l t - s i z e  

f r a c t i o n s  were determined by t h e  p i p e t t e  technique. Correc t ions  were 

made f o r  t h e  s o l u b l e  s a l t s  i n  so lu t ion .  

P a r t  of t h e  remaining suspension was cent r i fuged ,  f i l t e r e d ,  and 

t h e  f i l t r a t e  analyzed f o r  t h e  var ious  i o n i c  c o n s t i t u t e n t s  by s tandard  
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a n a l y t i c a l  techniques.  Ca and Mg were determined by ve r sena te  t i t r a t i o n ,  

Ma by flame spectrophotometer,  MCO and CO by a c i d  t i t r a t i o n ,  pH with 
3 3  

t h e  g l a s s  e l ec t rode ,  and e l e c t r i c a l  conduct iv i ty  wi th  conduc t iv i ty  c e l l -  

cathode r ay  Wheatstone br idge .  

RESULTS AHD DISCUSSION: 

The de f loccu la t ion  behavior of t h e  d i f f e r e n t  s o i l  m a t e r i a l s  t r e a t e d  

wi th  t h e  var ious  sodium s a l t s  i n  r e spec t  t o  t h e  < 2p ( s o l i d  l i n e )  and 

t h e  2  t o  20y (dashed l i n e )  i s  presented i n  F igures  1 and 2. For t h e  

Big Lake s o i l ,  t h e  NaCl t reatment  caused a  decrease i n  s i l t -  and c lay-  

s i z e  f r a c t i o n s  wi th  inc reas ing  amounts of s a l t  app l i ed ,  The Na2S04 

t rea tment  behaved i n  a s i m i l a r  manner f o r  t h e  c l a y - s i z e  f r a c t i o n ,  

whereas t h e  s i l t - s i z e  f r a c t i o n  increased  s l i g h t l y ,  With t h e  Na2C03 

treatment  a t  t h e  32 meq/lOOg l e v e l ,  on t h e  o the r  hand, t h e  s i l t -  and c lay-  

s i z e  f r a c t i o n s  increased  t o  twice t h a t  of t h e  check o r  s a l t - f r e e  t r e a t -  

ment, For a  s i m i l a r  s i t ~ a t i o n  the  ( P W O  ) t reatment  t r i p l e d  t h e  quan t i t y  3 6  
of s i l t - s i z e  f r a c t i o a  and increased  the  c l ay - s i ze  f r a c t i o a  by a  f a c t o r  

of 40. According t o  Daugherty (3)  a  s o l u b l e  complex such a s  [ ~ a , . ~  
( c ~ P o ~ ) ~ ]  -2 i s  formed betwarn Ca ions  in s o l u t i o n  slid (RaPO ) Thus, 3 n "  
t h e  Ca i s  s t i l l  i n  s o l u t i o n ,  bufl no longer coatrib;l::es t o  t h e  f l o c c u l a t i o n  

of t h e  p a r t i c l e s ,  Zrr a d d i t i o n ,  t he  polyphosphate an ion  i s  adsorbed on 

t h e  s o i l  c l ay  m i ~ e r a l .  s u r f a c e  wi th  consequent disrupt lozl  of t h e  charge 

d i s t r i b u t i c n  r e s u l t i n g  i n  t h e  d i spe r s ion  of t h e  s o i l  p a r t i c l e s ,  Without 

going i n t o  f u r t h e r  d.etai.1 f o r  t he  o the r  s o i l s ,  we s e e  from Figures  1 and 

2  t h a t  t h e  d i s p e r s i o n  of t h e  so i l .  p a r t i c l e s  i s  g r e a t e r  wi th  t h e  (NaP03)6 

t reatment  than t h e  Na CO NaC1, and Ma SO t rea tments ,  except i n  t h e  
2  3 9  2  4  

Adelanto and Pine s o i l s  f o r  t h e  < 2y f r a c t i o n  where t h e  de f loccu la t ion  

i s  s i m i l a r  between t h e  Y CO and (NaPO ) t rea tments .  An inc rease  i n  
"a2  3 3 6  

t h e  r a t e  of chemical a p p l i c a t i o n  r e s u l t e d  i n  a  g r e a t e r  d e f l o c c u l a t i o n  

f o r  t h e  (NaP03)6 and Ea CO t rea tments ,  whereas no change t o  a  decrease 
2  3  

i n  d i spe r s ion  occurred f o r  t h e  MaCl and Ma SO t rea tments ,  both of 
2 4  

which behave s i m i l a r l y ,  p a r t i c u l a r l y  f o r  t he  < 2y f r a c t i o n ;  a t  t h e  

h igher  t reatment  r a t e s  t h e  c l a y - s i z e  f r a c t i o n  f l o c c u l a t e d .  

An explana t ion  f o r  pcnd s e a l i n g  a f t e r  an  NaCl t rea tment  i s  based, 

i n  a d d i t i o n  t o  compaction of t h e  s o i l  a s  p a r t  of t h e  s o i l  t rea tment ,  

Annual Report of the U.S. Water Conservation Laboratory



on the  premise t h a t  d e f l o c c u l a t i o n  i s  present  and t h e  d ispersed  p a r t i c l e s  

plug t h e  water conducting pa re s .  The l abo ra to ry  s tudy  shows, however, 

t h a t  only a  n e g l i g i b l e  ammat of de f loccu la t ion  occurs  f o r  t hese  p a r t i c -  

u l a r  t h r e e  s o i l s  t r e a t e d  with EaC1, Although only a  l imi t ed  number of 

m a t e r i a l s  were s tud ied ,  an  a l t e r n a t i v e  explana t ion  f o r  s o i l  s e a l i n g  i n  

such in s t aaces  is  proposed f o r  sxch t reatment  which i s  based on t h e  

i n t e r l a m e l l a r  swel l ing  and a l s o  tying-up of p a r t  of t h e  s o i l  water  

by t h e  s o i l  c o l l o i d .  It has been shown wi th  pure  c l a y  minera ls  t h a t  t h e  

Ma-moatmorillonite c l ay  swel l s  t o  a  l a r g e r  ex t en t  than t h e  Ca-saturated 

c l ay .  Thus, t h e  a d d i t i o n  of NaCl t o  s o i l  r e s u l t s  i n  t h e  formation of Na 

c lay  which swel l s  and decreases  t h e  e f f e c t i v e  a r e a  of water conducting 

pores .  

The Na, Ca 3- Mg, aed H s t a t u s e s  of t h e  ambient s o i l  s o l u t i o v s  a r e  

presented f o r  t h e  d i f f e r e n t  rna te r ia .1~  i n  F igures  3 and 4 ,  The s o l u t i o n  

conduc t iv i t i e s  were a l s o  measured, but t hese  only confirm the  c a t i o n i c  

concez t ra t ion  (Na f Ca f Mg) deter.nif!atiors m d  co.n.seqlcnt2y, t he  data. 

a r e  omitted i n  t h i s  r epo r t .  Hn case  of NaC1 a d d i t i o a ,  the  Ma increased  

i n  direct- proport2.cn t o   he a d d i t i c c ,  and. t h e  Ca f Mg iricreased ia  the  

s o l u t i o n  due t o  excharge r e a c t i o n .  Furthermore, an example showi2g t h e  

comparison of the  t o t a l  Ha c c r c e n t r a t i o a  a s  added ca t ions  t o  t h e  

measured ca l ions  i s  represented  i n  F igu r s  5 f o r  t h e  Big h .k s  s o i l .  Any 

d r a s t i c  change of t he  a c t e a l  frcm t h e  t h e o r e t i c a l  a s  represented  by t h e  

do t t ed  l i v e  w o ~ ~ l d  i n d i c a t e  a  tying-up of po r t ions  of t h e  equiva len t  

rep laced  ca t ions .  As s h o w  f o r  t h e  Big Lake soil, t h e  sum of c a t i o n  

concent ra t ions  of Ca, Mg, and Ma adds up c l o s e  t o  t h e  concent ra t ion  

t h e o r e t i c a l l y  p o s s i b l e  assuming t h a t  ah1  t h e  RaCl went i n t o  s o l u t i o n .  

This i s  no t  t h e  case  f o r  t he  o the r  t rea tments  i n  which Ca ions  have been 

removed by p r e c i p i t x t i o n  and a l s o  Na i ons  have been removed from s o l u t i o n  

by exchange f o r  t h e  rep laced  Ca i n  t h e  exchange complex. 

Using Figures  3 and 4 we s e e  t h a t ,  f o r  t h e  Ma SO treatment ,  t h e r e  
2 4 

i s  l e s s  Ca i n  s o l u t i o n  than  t h e  NaCl t reatment ,  i n d i c a t i n g  t h a t  t h e r e  

a r e  p o s s i b i l i t i e s  of some formation of i n so lub le  CaSO On t h e  o the r  
4 "  

hand, with Na2C03, a  l a r g e r  p a r t  of t he  exchangeable Ca c a t i o m  i s  

t i e d  up a s  CaCO As a  consequence, t h e  Na i n  s o l u t i o n  i s  lower i n  t h i s  
3 "  
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case  a s  a  r e s u l t  of t h e  replacement of t h e  Ca by Na i n  t h e  exchange 

complex. Consequently, t h e  a d d i t i o n  of Na CO r e s u l t s  i n  a  r e l a t i v e l y  
2  3  

g r e a t e r  r a t e  of change of t h e  Na t o  Ca r a t i o  than  t h e  NaCl o r  Na2S04 

a d d i t i o n .  This  i s  shown i n  F igure  6  where t h e  sodium adsorp t ion  r a t i o ,  

SAR = ~ a / [  (Ca + ~ g )  121 'I2, f o r  Big Lake s o i l  a s  a  func t ion  of t h e  added 

Na s a l t s  i s  presented.  

The pH of t h e  NaC1, Na2S04, and (NaP03)6 t rea tment  remained cons tan t  

and e s s e n t i a l l y  s i m i l a r  whereas t h a t  of Na CO increased  wi th  t reatment  
2  3  

r a t e .  Alka l ine  hydro lys is  can occur wi th  the  carbonate  t reatment ,  

whereas none appears  p o s s i b l e  wi th  t h e  o the r  treatments. 

The e l e c t r i c a l  conduc t iv i t i e s  of t h e  s o i l  s o l u t i o n  f o r  t h e  same 

equiva len t  added s a l t  a r e  i n  t h e  order  NaCl > Na SO > (NaP03)6 > 
2 4  

Na2C03. The e l e c t r o l y t e  concent ra t ion  ranges from 1 t o  20 meq per  l i t e r  

from t h e  low (0 ,5  meq/lOOg) t o  h igh  (32 meq/100g) t reatment  l e v e l s  .€or 

t h e  NaC1, whereas t h e  o the r  t rea tments  ranged lower than  t h i s  [ ~ a  GO 2 3' 
0 .3  t o  12 m e q l l i t e r ;  Na2SO4, 0.5 t o  17 m e q / l i t e r ;  (NaP03)6, 0 .3 t o  12 

m e q / l i t e r ] .  A t  t h e  low r a t e  of s a l t  add i t i on ,  t h e  nondispersed n a t u r e  

of t h e  m a t e r i a l s ,  p a r t i c u l a r l y  wi th  NaCl and Na SO may be due t o  a  
2  4 >  

high enough e l e c t r o l y t e  concent ra t ion  which can cause f ~ o c c u l a t i o n  of 

d i spersed  p a r t i c l e s ,  A t  l e a s t  t he  da t a  f o r  t h e  NaCl and Na SO t r e a t e d  
2  4  

m a t e r i a l s  a r e  c o n s i s t a n t  wi th  t h a t  of Collis-George and Smiles (2)  where 

they  attempted t o  show t h e  r e l a t i o n  between t o t a l  c a t i o n  concent ra t ion ,  

sodium adsorp t ion  r a t i o s ,  and t h e  d ispersed  o r  f l o c c u l a t e d  s t a t e  of 

s o i l  m a t e r i a l  medium. I n  t h e  case  of t h e  Na CO t reatment ,  t h e  SAR is  
2  3  

s u f f i c i e n t l y  h igh  f o r  a  given e l e c t r o l y t e  concent ra t ion  t h a t  de f loccu la t ion  

can occur .  

The behavior of t h e  (NaPO ) - s o i l  system i s  d i f f e r e n t  from t h e  
3  6 

o the r  t rea tments  i n  regard  t o  t h e  Ca s t a t u s  of t h e  ambient s o l u t i o n ,  

which i s  much h igher  than  even t h e  NaCl t reatment .  The ve r sena te  method 

i s  supposed t o  t i t r a t e  f r e e  Ca ions ,  which a r e  of i n t e r e s t  i n  t h i s  

s tudy,  and i t  i s  p o s s i b l e  t h a t  some of t he  complexed Ca-phosphate forms 

a r e  being converted t o  t h e  f r e e  Ca form during t h e  t i t r a t i o n  procedure. 

Ord ina r i l y  i n  t h e  Ca a n a l y s i s ,  phosphates i n t e r f e r e  t o  t h e  ex t en t  t h a t  

they  cause lower Ca measurement than  t h e  a c t u a l  Ca p re sen t  i n  t h e  system. 
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This  i s  i n  c o n t r a s t  t o  t h e  r e s u l t s  ob ta ined .  Although s u i t a b l e  exper i -  

mental explana t ion  f o r  t h i s  behavior i s  lacking,  t h i s  should not  d e t r a c t  

from t h e  f a c t  t h a t  t he  Na-metaphosphate r e a c t s  fundamentally d i f f e r e n t l y  

from t h e  o the r  Ma s a l t s .  The Na content  i n  t h e  ambient s o l u t i o n  f o r  t h e  

phosphate system i s  lower t han ' t he  Mac1 i n d i c a t i n g  t h a t  some of t h e  ex- 

changeable Ca being removed a s  t h e  complex phosphate i s  being rep laced  

by the  s o l u t i o n  Na. 

From t h e  ana lyses  of t h e  ambient so lu t ion ,  t h e  calcium carbonate  

s a t u r a t i o n  ind ices  f o r  t h e  d i f f e r e n t  s o i l  m a t e r i a l s  were c a l c u l a t e d  f o r  

t h e  Na CO t rea tment  fol lowing t h e  method of Langel ie r  (4)  with r e f i n e -  2 3  
ments introduced by Bower, e t  a L ( 1 ) .  I n  each c a l c u l a t i o n ,  a  nega t ive  

va lue  s i g n i f i e s  CaCO d i s s o l u t i o n  whi le  a  p o s i t i v e  va lue  ind ica t e s  CaCO 
3  3  

p r e c i p i t a t i o n  from s o l u t i o n  of t h e  carbonate  m a t e r i a l .  Each s o i l  showed 

a  d i s t i n c t  r e l a t i o n  between t h e  calcium carbonate  s a t u r a t i o n  and t h e  

r a t e  of a d d i t i o n  of Na C0 It can be seen from Figure  7 t h a t  t h e  higher  
2  3" 

t h e  o r i g i n a l  CaCO equiva len t ,  t h e  smal le r  the  amount of Ma CB needed 
3  2 3 

t o  s t a r t  t h e  p r e c i p i t a t i o n  of Ca, This  method appears  t o  be a  u se fu l  

one f o r  c h a r a c t e r i z i n g  and a l s o  determining t h e  formation of CaCB 3 
p r e c i p i t a t i o n  i n  s o i l  m a t e r i a l s  wi th  the  a d d i t i o n  of carbonate  m a t e r i a l s .  

Decker 's ( 4 )  r e p o r t  on chemical s o i l  se.aling i n d i c a t e s  t h a t  t h e  

t reatment  r a t e s  of var ious  s a l t s  a r e  i n  t h e  order  of 5  meq/100g. Re- 

f e r r i n g  back t o  F igures  1 and 2, we s e e  t h a t  on ly  a  small  f r a c t i o n  of 

t h e  t o t a l  d i spe r sab le  m a t e r i a l  i s  a c t u a l l y  being de f loccu la t ed  a t  t h i s  

t rea tment  l e v e l ,  This  small  q u a n t i t y  of de f loccu la t ed  m a t e r i a l ,  however, 

i s  s u f f i c i e n t  t o  cause a  decrease  i n  water flow i n  the  s o i l  :nedium so 

t h a t  water can be maintained i n  a  pond. Unpublished da t a  of t h i s  

Laboratory ( see  p r o j e c t  Ariz,-WCL-37 f o r  1964 and 1965 and Ariz,-WCL-8 

f o r  1963) show t h a t  f i e l d  t reatment  of t h e  Pine s o i l  wi th  NaCl a t  a 

r a t e  of 5 meq/lOOg was not  e f f e c t i v e  i n  prevent ing  seepage l o s s .  On 

t h e  Mason s o i l ,  t reatment  wi th  polyphosphate (Na P  0 a t  5  meq/100g) 
4 2 7  

r e s u l t e d  i n  seepa:? r educ t ion  of from 12.5 cm per  day t o  0,75 cm per  

day, inc luding  evaporat ion,  f o r  a  per iod  of one and one-half years  with 

consequent r eve r s ion  t o  t h e  h igher  r a t e  of 2.54 cm per  day on t h e  second 

year .  On another  pond s i t e ,  Na CO t reatment  (7 meq/100g) decreased 
2 3  
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seepage l o s s  t o  0 , 2 5  cm per  day. P r e l i m i n a r y  s o i l  a n a l y s e s  on t h e  Mason 

s o i l  i n d i c a t e  a g r a d u a l  replacement  of t h e  added N a  by Ca from t h e  runof f  

wa te r  t h u s  c a u s i n g  a n  even:ual breakdown i n  t i le s o i l  s e a l .  By t h e  use 

of t h e  calc ium c a r b o n a t e  s a t i n a t i o n  index t echn ique ,  i t  i s  proposed t o  

add n o r e  Na CO t o  t a k e  i n t o  account  t h e  a d d i t i o n a l  Ca a p p e a r i n g  i n  t h e  
2 3 

pond from t h e  r u n o f f  w a t e r ,  From t h e  d a t a  of F i g u r e s  1 and 2 ,  t h e  

t r e a t m c u t  r a t e  a t  which a s i g n i f i c a n t  amount: or' d i s p e r s i o n  o c c u r s  w i t h  

t h e  Ma s a l t  a d d i t i o n  i s  approx imate ly  5 meq/100g. The l i m i t e d  number of 

f i e l d  d a t a  a v a i l a b l e  a t  p r e s e n t  i n d i c a t e  t h a t  t h e  l e v e l  of t r e a t m e n t  i s  

abou t  op t imur~  t o  u s e ,  

PART X I .  MAINTAINING AX ADEQUATE CATIOEIC ENVIRONMENT I N  PONDS FOR 

SUSTAINING CIEMICAL POND SEALS 

The rwnoff .water i n t o  ponds c a r r i e s  wi th  it more CG t h a n  Na c a t i o n s ,  

s o  tkt e v e n t u a l l y  "Lrough t h e  p r o c e s s  of l e a c h i n g  and  exchange t h e  

Na-dispersed s o i l  pond s e a l  w i l l  r e v e r t  hack t o  a  C a - f l o c c u l a t e d  sys tem 

wit11 a n  incren.sed seepage  r a t e .  Tha Ca c m  be " i n a c t i v a t e d "  by t h e  

fo rmat ion  of a p r e c i p i t a t e  such  a s  CaCO by the a d d i t i o n  of Na C O ,  s a l t .  3 2 ., 
The quest ion.  remaj.~:;, however, as t o  t h e  amoun:. of salt i7.e.ce:sar.y t:o 

m a i n t a i n  t h e  p r o p e r  K a - C a  beiaace. 

By use  o f  t h e  calci~:.m c a r b o n a t e  saturation index con.cn,pt or i .g in i . , l ly  

proposed by L a n g e i i e r  (5) w i t b  cal.c:.tLai:iofi improvement of Bower, ct a l .  

( I ) ,  e s t i m a t i o n s  of t h e  cal.cium "bal.ance" of t h e  pond w a t e r  call be  ma.d.e. 

The c a l c i a n  s a t u r a c i c n  index  i s  d e f i n e d  a s  

CaCO, S a c : x a t i o n  index = pH - (pK; - pKLaCO3) + PC" + pA?k 
3 a 

where 

= measure pH of t h e  s o l u t i o n  

i;K ' 2 = n e g a t i v e  l o g  of t h e  second d i s s o c i a t i o n  c o n s t a n t  f o r  H CO 
2 3 

p K & ~ 0 3  = n e g a t i v e  l o g  of t h e  s o l u b i l i t y  c o n s t a n t  of CaCO 
3 

P C ~  = n e g a t i v e  l o g  of t h e  mola l  c o n c e n t r a t i o n  of Ca. 

pAlk = n e g a t i v e  l o g  of t h e  e q u i v a l e n t  c o n c e n t r a r i o n  of t h e  

t i t r a t a b l e  bases ,  C 0 3  f HCO 
3 
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A p o s i t i v e  va lue  of t h e  CaCO s a t u r a t i o n  index means t h e  p r e c i p i t a t i o n  
3  

of CaCQ3, whereas a  nega t ive  va lue  i n d i c a t e s  the  d i s s o l u t i o n  of t h e  

CaCO presen t ,  
3  
The o b j e c t i v e  then  i s  t o  f i n d  t h e  amount of Na2C03 necessary  t o  

g ive  a  CaCO s a t u r a t i o n  index c l o s e  t o  zero.  
3  

PROCEDURE: 

Ha CO was added t o  House Mountain and Mason pond water  a t  varying 
2  3  

r a t e s  of from 0.5 t o  8 m e q / l i t e r .  The pH, Ca, Mg, HC03, and CO con- 
3  

c e n t r a t i o n s  i n  t h e  t r e a t e d  water were determined, and t h e  CaCO s a t u r a -  
3  

t i o n  index was ca l cu la t ed .  

RESULTS AND DISCUSSLON: 

The CaCO s a t u r a t i o n  index and pH of t h e  s o l u t i o n  a f t e r  t h e  
3  

a d d i t i o n  of Na2C03 t o  t h e  House Mountain arid Mason pond water a r e  

presented  i n  F igures  8 and 9, r e spec t ive ly .  I n  both cases ,  t he  a d d i t i o n  

of 0.6 m e q / l i t e r  (2.6 lbs/1000 g a l )  of Na2C03 i s  s u f f i c i e n t  t o  cause 

t h e  tying-up of Ga ions ,  Ex t r a  a d d i t i o n  of Na CO i s  no t  recommended, 
2  3  

s i n c e  t h e  pH of t h e  water g e t s  t o  an  a l k a l i n e  l e v e l  which i s  not  s u i t a b l e  

f o r  animal consumption. 

Under condi t ions  where e l a b o r a t e  a n a l y t i c a l  equipment i s  not  a v a i l a b l e ,  

a  check s f  pH only can be made by l i tmus paper technique.  I n  t h i s  case,  

t h e  Na CO a d d i t i o n  should no t  g ive  a  pH higher  than 8.5. 
2 3  

SUMMARY :: 

The d i s p e r s i v e  behavior of s o i l s  was s tud ied  when t r e a t e d  wi th  NaC1, 

Na2C03, Na2S04, and (NaP03)6. S o i l s  d i f f e r e d  i n  t h e  magnitude of de- 

f l o c c u l a t i o n ,  but  i n  genera l  were i n  t h e  order  (NaPO ) 2 Na2C03 > 
3  6  

Na2S04 = NaC1. The N a C l  and Na2S04 t rea tments  caused f l o c c u l a t i o n  a t  

t h e  higher  a p p l i c a t i o n  r a t e s ,  whereas g r e a t e r  d e f l o c c u l a t i o n  occurred 

with higher  concent ra t ion  of Na2C03 and (NaP03)6. With these  two l a t t e r  

chemicals t h e  degree of d i spe r s ion  can be c o n t r o l l e d  by t h e  s e l e c t i o n  of 

a  p a r t i c u l a r  t rea tment  r a t e .  When f i e l d  t reatment  r a t e s  a r e  compared 

with t h e  l abo ra to ry  d a t a  on d i spe r s ion ,  t h e  r e s u l t s  i n d i c a t e  t h a t  only 

p a r t  of t h e  t o t a l  d i s p e r s i b l e  s o i l  m a t e r i a l  i s  being d ispersed ,  y e t  with 

e f f e c t i v e  pond s e a l i n g ,  
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I n  o rde r  t o  i n a c t i v a t e  Ca, which cause f l o c c u l a t i o n  upon e n t e r i n g  

s t o r a g e  ponds, i t  i s  proposed t h a t  Na CO be added t o  t h e  runoff  water 
2 3 

o r  t o  t h e  pond water.  The proper  amount of Ha CO t o  be added can be 2 3 
determined by t h e  use  of t h e  calcium carbonate  s a t u r a t i o n  index concept,  

Once t h e  amount t o  be used i s  e s t a b l i s h e d  f o r  a given condi t ion ,  a pH 

measurement of t h e  t r e a t e d  water  can be used t o  check the  e f f i c i e n c y  of 

t h e  t rea tment ,  
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Table 1, Phys ica l  and chemical p r o p e r t i e s  of s o i l  m a t e r i a l s .  

Adelanto Big Lake Mason Pine Saf ford  

(1) Clay (%) 

(2) S i l t  (%) 

(3) Sand (%) 

(4) pH (Satd,  Pas t e )  

(5) Exch, Ca 
(meq/100g) 

(6)  Exch, Mg 
(meq/ 

(7) Exch, Na 
(meq1100g) 

(8) Exch, K 
(meq/lOog) 

(9) Exch. H 
(meq/ 100g) 

(10) Organic ma t t e r  (%) 

(11) CaCO equiv. (%) 
3 

(12) Sa td ,  Cond, 
(mho/cm) 
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I 
DIG LhYE 

Figu re  I .  Dcflocculation bcl-iavior of th Big Lake, Mllson, and P i n e  s o i l s ,  
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ADELANTO 

5 10 15 20 25 30 
SODIUM SALT ADDITION, MEQ/100 G 

SAFFORD 

0 5 10 15 20 25 3 0 
SODIl!M SALT ADDITION, MEQ/IOOG 

F i g u r e  2 .  D e f l o c c u l a t i o n  b e h a v i o r  of the Adelanto  and S a f f o r d  s o i l s .  
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SODIUM SALT ADDITION. MEQ / I 0 0  G SODIUM SALT ADDITION, MEQ/100 G 
SODIUM SALT ADDITION, MEQ/100 G 

Figure  3.  Chemical a n a l y s i s  (pH, Ca + Mg, N a )  of ambient s o i l  s o l u t i o n  f o r  Big  Lake, Mason and 

P i n e  s o i l s .  
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I 1 I I I I I 

0 5 10 15 20 25 30 

SODIUM S A L T  ADDITION,  

k 
(MaPO,), 

SAFFORD 0 Na2S04 
I I 1 I I 1 

0 5 10 15 20 2 5 30 

SALT ADDITION, MEQI100 G 

F i g u r e  4 .  Chemical a n a l y s i s  (pN, Ca + Mg, Na) of ambient so i l .  s o l u t i o n  f o r  Adelanto  and S a f f o r d  s o i l s .  Annual Report of the U.S. Water Conservation Laboratory



THEORETICAL TOTAL CATION CONC., 

Figure 5. Comparison between the total Na concentration as added cation 

and the measured cations (Ca Jr Mg -I- Na) . 

SODIUM SALT ADDITION, MEQ/100 G 

--- 

Figure 6. Sodium adsorption ratio for the Big Lake as a function of 

added Na salts. 
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X 

SODIUM SALT ADDITION, FAEQ/IOO G 

Figure  7 .  Calcium carbonate  s a t u r a t i o n  index f o r  t h e  ambient s o l u t i o n s  

f o r  t h e  d i f f e r e n t  s o i l s  t r e a t e d  wi th  va r ious  l e v e l s  of N a  CO 
2 3 '  
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F i g u r e  8. Calcium c a r b o n a t e  s a t u r a t i o n  i n d e x  and pE1 f o r  House Mountain pond w a t e r  t r e a t e d  wit11 Na CO 
2 3 
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Figure 9. Calci.un1 carbonate saturation index and pH. for Mason pond water treated with Na CO 
2 3 "  
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TITLE : FIELD ;MEASUREMENT OF CfPITHCfi FRESSUXE H E : b  OF SOILS 

LINE PROJECT: SWC 40gGl CODE NO, : Ariz,-WCL-41 

I[M1[ZZBPIDUCTHON : 

The work under t h i s  p r o j e c t  was continued w i t h  the  davelspment 

of a  f i e l d  device f o r  measuring a i r  en t ry  value,  
'a9 

of s o i l ,  A 

technique f o r  e s t ima t ing  the  hydraul ic  conduct iv i ty ,  K, of t h e  wetted 

zone w i t h  the  same device was a l s o  developed, S tud ie s  were performed 

t o  i n v e s t i g a t e  the  e f f e c t  of t h e  i n i t i a l  moisture content  of the s o i l  

on t h e  measured va lue  of P . The v a l i d i t y  of t he  d a t a  obta ined  w i t h  
a  

the  f i e l d  device a s  e s t ima te s  s f  t he  c r i t i c a l  p re s su re  head, 
'cr9 

(See Annual Report 1964, Sect$.on 24) and the s a t u r a t e d  hydraul ic  

conduct iv i ty  of the  s o i l  was determined by comparing P and K from 
a 

t h e  device w i t h  P and K ob ta ined  from systems of porous medium 
c r  

flow i n  labora tory  models, Other comparisons were a l s o  made . 
In order  t o  avoid confusion w i t h  the  symbol P o f t e i ~  used in the 

C 

l i t e r a t u r e  t o  desc r ibe  c a p i l l a r y  pressure,  the symbol P a s  sT:lected 
C 

e a r l i e r  f o r  c r i t i c a l  p ressure  head has been rep laced  by the  symbol P 
C r 

PROCEDrnE : 

F i e l d  device - 
The f i e l d  device, a s  shown i n  Figure l, i s  opera ted  a s  fol lows:  

The cy l inde r  i s  d r iven  i n t o  the  ground t o  a  depth of 8 to  LO 

cm (a c y l i n d r i c a l  d r i v e r -  w i t h  s l i d i n g  weight i s  used f o r  t h i s  

purpose) ,  

Using a  l - f t  s e c t i o n  of l - i n c h  x 2- i rch  lumber a i d  a  hammer, 

t he  s o i l  along the  inner  per imeter  of t he  cy l inde r  i s  packed 

down and a g a i n s t  the  cy l inde r  w a l l  t o  i n su re  a  good bond 

between the  cy l inde r  and the  s o i l ,  En loose  o r  cracked s o i l ,  

compacting around the  o u t s i d e  of t he  cy l inde r  may a l s o  be 

necessary ,  

Zn case  of  a  bare s o i l  sur face ,  the  s o i l  i s  covered w i t h  a  

1/2- t o  l - i nch  l a y e r  of coarse,  c l ean  sand, A d i s k  o r  

s i m i l a r  o b j e c t  i s  placed on the  sand i n  t h e  cen te r  of t he  

cy l inde r  t o  break the  water  s t ream from the  supply pipe,  

4 1 - 1 
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The su r f ace  of t he  foam rubber gaske t  i s  c leaned and a t h i n  

coa t  of grease  i s  appl ied ,  

The lid-assembly w i t h  the  a i r  va lve  open and the  gage and 

supply va lves  c losed  i s  placed on the cy l inde r ,  A round 

bubble- level  i s  placed on the  l i d  t o  determine the  h ighes t  

po in t ,  The l i d  assembly i s  then r o t a t e d  s o  t h a t  t he  a i r  

escape va lve  i s  a t  t h a t  h ighes t  po in t ,  

The l i d  I s  fas tened  w i t h  four  small  C-clamps u n t i l  i t  r e s t s  

f i rmly  on the  r i m  of t h e  metal  cy l inde r ,  Lead weights a r e  

placed on the  l i d  t o  o f f s e t  t he  upward h y d r o s t a t i c  fo rce  

when the  supply va lve  i s  open. 

The p l a s t i c  r e s e r v o i r  a t  t he  top of the  galvanized pipe i s  

f i l l e d  w i t h  water  and the  a i r  i n  t he  p ipe  i s  allowed t o  

escape,  The supply va lve  a t  t he  bottom of t h e  galvanized 

pipe i s  opened whi le  maintaining t h e  water  supply t o  t h e  

p l a s t i c  r e s e r v o i r ,  When the  water  has dr iven  out  t he  a i r  

from i n s i d e  the  c,ylinder,  the  a i r  va lve  i s  c losed ,  

The vacuum gage i s  removed from the  holder  and l i f t e d  t o  

about t h e  water  l e v e l  i n  the  p l a s t i c  r e s e r v o i r ,  The gage 

va lve  a t  t he  p l a s t i c  l i d  i s  opened, which causes t he  needle  

on the  gage t o  go t o  zero,  T i l t i n g  the  gage w i l l  then r e s e t  

t h e  memory poin.ter t o  zero,  The gage va lve  i s  c losed  and 

the  gage i s  rep laced  on the  gage holder .  

When the  depth of t he  wet f r o n t  i s  expected t o  be approxi- 

mately 10 cm, the  supply va lve  i s  c losed ,  Experience w i l l  

t e l l  how much water  needs t o  be app l i ed  t o  achieve t h i s  

depth,  

The gage va lve  i s  opened, When the gage i n d i c a t e s  approxi- 

mately atmospheric pressure  i n s i d e  the  cy l inde r ,  t he  weights  

a r e  removed from the  p l a s t i c  l i d .  

When the  memory po in t e r  has l o s t  con tac t  w i t h  the  gage needle,  

minimum pres su re  has occurred,  As soon a s  l o s s  of con tac t  i s  

observed, t he  memory po in t e r  is read, t he  gage va lve  i s  

c losed,  and the  a i r  escape va lve  i s  opened, The l i d  assembly 

Annual Report of the U.S. Water Conservation Laboratory



i s  removed and the  depth of the wet f ron t  i s  measured. This 

can be done by pushing a quarter- inch rod i n t o  the s o i l  and 

observing the  depth where the  penet ra t ion  r e s i s t a n c e  i s  con- 

s iderably  increased,  Another way i s  t o  quickly remove any 

remaining water i n  the  cylinder,  taking the  cyl inder  out  of 

the s o i l ,  and digging wi th  a spade t o  v i s u a l l y  determine the 

pos i t ion  of the  wet f r o n t ,  Dyes and e lec t r i c -conduc t iv i ty  

probes may a l s o  o f f e r  p o s s i b i l i t i e s  f o r  wet-front  de tec t ion ,  

To f a c i l i t a t e  accura te  assessment of the  depth of the  wet 

f ront ,  the  s o i l  should not be too wet a t  the time of the  - 
t e s t ,  

12. The value of P i s  ca lcu la ted  by sub t rac t ing  the  gage reading 
a 

i n  cm water from the  v e r t i c a l  d is tance  between the gage center  

and the  bottom of the  wetted zone. The r e s u l t i n g  value should 

be negative,  

The measurement of the hydraulic  conductivi ty of the  wetted zone 

i s  based on the assumption t h a t  Pa i s  a reasonable est imate of the  

pressure a t  the  "sa tura t ion"  f ron t .  The procedure fo r  K-measurement 

i s  as follows: 

1. Time and water l e v e l  readings a r e  taken i n  the  p l a s t i c  r e s e r -  

vo i r  a t  the top of the  galvanized pipe for  a p p r o x s i l y  the  

l a s t  5 cm of f a l l  of the water l e v e l  p r i o r  t o  c los ing the  

supply valve,  The l a s t  time and water Level measurement 

should occur immediately before the  supply valve i s  closed,  

The hydraulic  conductivi ty i s  ca lcula ted  according t o  the  following 

equation : 

dH - r a t e  of f a l l  of water l e v e l  i n  p l a s t i c  r e se rvo i r  j u s t  where - - 
d t  

before valve a t  bottom of galvanized pipe i s  closed,  

This r a t e  may be obtained by p l o t t i n g  time and water 

l e v e l  readings on graph paper and determining the slope 

of the  curve j u s t  before the valve c los ing,  
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L = depth of wet f r o n t  below s o i l  sur face ,  

Ht - dis tance  of water l e v e l  i n  p l a s t i c  r e se rvo i r  above 

ground l e v e l  a t  c losure  of supply valve,  

Rr 
= radius  of p l a s t i c  r e s e r v o i r ,  

Rc = radius  of cyl inder .  

The fac to r  2 i n  the equation accounts for  the f a c t  t h a t  the  sa tu ra ted  

hydraulic  conductivi ty i s  about twice the hydraulic  conductivi ty f o r  
1 / sorption,- 

Box s tud ies  

To determine the v a l i d i t y  of the  r e s u l t s  of the f i e l d  device a s  

es t imates  of P and K, flow models were s e t  up from which P and K 
c r  c r 

could be evaluated,  The models consisted of s o i l - f i l l e d  wooden boxes, 

150 cm long, 60 cm wide, and 1-50 cm high, Three boxes were constructed,  

Rectangular dra ins  of epoxied sand and gravel  were placed along the  

60-cm wal l  a t  each s i d e  of the bottom, The dra ins  were 20 cm high and 

10 cm wide. The boxes were f i l l e d  wi th  a i r -d ry  medium r i v e r  sand +-(2~,  

r e p l i c a t i o n s )  and Laveen ?-oam (3 r e p l i c a t i o n s )  t o  a  depth of 

approximately 100 cm, 

The mechanical analys is  of these  s o i l s  was as  follows: 

Medium r i v e r  sand 

0,5-l mm 3% 

0,3-0,5 mm 39% 

0,1-0,3 mm 4 7% 

<001 mm 11% 

Laveern loam 

sand 43% 

s i l t  44% 

clay 13% 

Each d ra in  was connected t o  a  constant- level  r e se rvo i r  and a 

system of mainly hor izonta l  flow was es t ab l i shed  i n  each box by 

main tab ing  a small head d i f fe rence  (2 cm) between the  two 

rese rvo i r s ,  

The flow per u n i t  width of the  box and per u n i t  head-difference 

was ca l l ed  C ( for  conductance), The r e l a t i o n s h i p  between C per u n i t  

1/ R. H. Brooks, ARS-SWC, Fort  Coll ins,  Colorado, personal - 
communication, 
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K and the e f f e c t i v e  height  y of the  flow system of sa tu ra ted  hydraulic 

conductivi ty was determined by r e s i s t a n c e  network analog (Figure 2). 

An example of a  flow system obtained by analog i s  shown i n  Figure 3 .  

To obta in  another measurement of K, the  r e l a t i o n s h i p  between C/K and 

the t o t a l  depth of s o i l  i n  the  box was a l s o  determined fo r  the  ponded 

case (Figure 41,  For t h i s  t e s t ,  water was standing above the s o i l  

sur face  and i d e n t i c a l  heads a few centimeters below the  water l e v e l  

i n  the  box were maintained, in each dra in ,  

To minimize problems associa ted  wi th  a i r  formation and growth 

of micro-organisms i n  the s o i l ,  water of higher than ambient tempera- 

t u r e  wi th  l i q u i d  chlor ine  added was used i n  a  r ec i rcu la to ry  system, 

Clogging of the  sand and gravel  dra ins  was minimized by per iodic  

revers ion  of the flow d i r e c t i o n ,  The t e s t  procedure consisted of 

the  following four s t e p s :  

S t a r t i n g  wi th  dry s o i l ,  water was slowly admitted t o  both 

constant- level  r e s e r v o i r s ,  The reservoizs  were s e t  with 

t h e i r  Levah a t  approximately 25 cm above the  bottom of the  

box, When e s s e n t i a l l y  no more water was absorbed by the  

s o i l ,  a 2 - 3 1  head d i f fe rence  between the  two rese rvo i r s  was 

es t ab l i shed ,  The r e s u l t i n g  flow through the s o i l  i n  the  box 

was measured u ~ . t i l  cons tant ,  

The constant - level  r e se rvo i r s  were r a i s e d  a t  small increments 

u n t i l  approximately 2 cm below s o i l  sur face  t o  s a t u r a t e  the  

medium without ponding. The rese rvo i r s  were then s e t  a t  a  

2-cm head d i f fe rence  and the r e s u l t i n g  flow was measured 

u n t i l  constant ,  The upper boundary of the flow system i n  

t h i s  case was the  surface  of the  s o i l ,  

The constant - level  r e se rvo i r s  were r a i s e d  a small d is tance  

above the surface  of the  s o i l  i n  the box t o  c r e a t e  a  ponded 

condit ion wi th  approximately 5 cm of water s tanding above 

the surface  of the  s o i l ,  The constant - level  r e se rvo i r s  were 

then lowered t o  5 cm below the water l e v e l  i n  the  box, The 

outflow from each d ra in  was measured, 
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D, The cons t an t - l eve l  r e s e r v o i r s  were skowly lowered t o  about 

25 cm above the  bottom of t h e  box and a 2-cm head differe .nce 

was aga in  e s t a b l i s h e d ,  The flow was measured u n t i l  cons t an t ,  

For t e s t  B, the  he ight  of t he  s a t u r a t e d  flow system, y, was equal  

t o  the t o t a l  he igh t  s f  t he  s o i l  i n  the  box, Thus, C/K could be evalu-  

a t ed  from Figure 2,  Knowing C, from flow measurements, K could be 

c a l c u l a t e d ,  Knowing C f o r  t e s t s  A and D, C/K f o r  t h e s e  t e s t s  could 

then be determined and the  corresponding y-values could be eva lua ted  

from Figure 2 ,  Subt rac t ing  from t h i s  y the average he igh t  of  the  

water  t a b l e  i n  t he  boxes ( ca l cu la t ed  a t  t he  average water  l e v e l  of 

t he  constant-head r e s e r v o i r s  above the  box bottom), y i e lded  the  e f f e c -  

t i v e  he ight  of  the  c a p i l l a r y  f r inge ,  which i s  -P For the  ponded 
c r  

case  ( t e s t  C) the  outf low of each p a i r  of d r a i n s  was averaged t o  

determine C.  Using Figure 4, K could then be c a l c u l a t e d ,  In  summary, 

the  t e s t s  y i e lded  the  fol lowing d a t a :  

Tes t  A Pcr f o r  s o r p t i o n  

Tes t  D Pcr fo r  desorp t ion  

Tes t  B K i n  mainly h o r i z o n t a l  d i r e c t i o n  

Tes t  C K i n  mainly v e r t i c a l  d i r e c t i o n  

For the  same s o i l  m a t e r i a l s  a s  used i n  t he  boxes, P and K were 
a 

determined w i t h  the  f i e l d  device, so  t h a t  comparisons could be made, 

These t e s t s  were c a r r i e d  ou t  w i t h  the  s o i l  i n  a 60 x 60 x 60-cm box, 

For the  Laveen loam, t h e  f i e l d  device wi th  vacuum gage (Figure 1) 

was used, For t h e  r i v e r  sand, the  vacuum gage was rep laced  by a 

pressure  t ransducer  and r eco rde r ,  This was necessary  because of t h e  

h igh  i n f i l t r a t i o n  r a t e ,  and the  f a s t  p ressure  response a f t e r  c lo s ing  

t h e  supply va lve ,  

Column s t u d i e s  

In  t h i s  study, K a s  c a l c u l a t e d  w i t h  equat ion  (1) was compared 

w i t h  K from permeameter t e s t s ,  us ing  the  v e r t i c a l  columns descr ibed  

i n  e a r l i e r  P -work (See Annual Report 1964, Sec t ion  241, The 
C r 

columns were f i l l e d  w i t h  f i n e  r i v e r  sand and water  was appl ied  and 

c u t  o f f  t o  determine K w i t h  equat ion  (11, Water a p p l i c a t i o n  was then 
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resumed t o  s a t u r a t e  the  e n t i r e  column, A flow through the  column was 

maintained and K was ca lcula ted  from flow r a t e  and head loss  for  the  

e n t i r e  column. Since the  l a t t e r  K r e fe r red  a l s o  t o  sorpt ion ,  the  

f ac to r  2 i n  equation (1) was omitted fo r  t h i s  comparison, 

Field s tud ies  

A f i e l d  study was c a r r i e d  out  i n  Adelanto loam south  of the  

laboratory t o  compare K as  ca lcula ted  wi th  equation (1) wi th  K 

obtained from previous double-tube t e s t s .  The device of Figure 1 

was placed i n  trenches, which were deepened as  the t e s t  progressed 

t o  obta in  a p r o f i l e  of  K-values, The locat ion  of the  t e s t  was e a s t  

of the  lathhouse on Bermuda g rass  lawn, 

I n i t i a l  moisture content 

The a i r  ent ry  value of the  s o i l  should not  be a f fec ted  by the  

i n i t i a l  moisture content ,  To v e r i f y  t h i s ,  P was measured with the  
a 

columns f o r  76p g l a s s  beads a t  4 , l  percent moisture content .  The 

r e s u l t s  were compared wi th  previous measurements on a i r -dry  g lass  

beads, In addit ion,  f i e l d  measurements were ca r r i ed  out  wi th  the  

device of Figure 1 on bare Adelanto loam south of the laboratory 

during a drying period a f t e r  severe r a i n ,  Of the 24 measurements 

made, 13 were a t  s o i l  moisture contents  from 8 percent t o  14 percent,  

and 11 a t  moisture contents  of 14 percent t o  20 percent ,  

RESULTS AND DPSCUSSIOH: 

Box s tud ies  

The r e s u l t s  of the  s tud ies  of the  flow systems i n  the l a rge  

boxes a re  shown i n  Table 1, which a l s o  gives the  values of P and K a 
obtained wi th  the device of Figure 1 fo r  the same s o i l  mater ia ls .  

For the flow models, 
'cr 

fo r  sorpt ion  i s  about one-half of P f o r  
c r  - 

desorption,  An exception i s  box 3 of Laveen loam which yielded a 

r a t h e r  u n r e a l i s t i c a l l y  low value of P fo r  so rp t ion ,  This may 
c r  

have been caused by p a r t i a l  blocking of the  flow due t o  a i r  o r  

microbiological  a c t i v i t y  i n  the  box, The K-values from the  Lateral-  

flow t e s t s  and the  ponding t e s t s  showed good agreement, 

For the  r i v e r  sand, Pa and K were not only determined wi th  the  

f i e l d  device i n  the  60 x 60 x 60-cm box, but  a l s o  with the v e r t i c a l  
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columns (See Annual Report 1964), This was done because packing of 

the  sand t o  s u f f i c i e n t  surface  densi ty could not  be achieved i n  the  

small  box, The dens i ty  of the  sand i n  the  columns was probably i n  

excess of t h a t  i n  the  l a rge  boxes, Thus, P and K fo r  t e s t s  1, 2 and 
a 

3 a r e  probably on the high s ide ,  and for  t e s t s  4 and 5 on the  low s ide .  

For t e s t  3, the pressure- t race  of the  recorder i s  shown i n  Figure 5, 

For the  Laveen loam, the  s o i l  packed a t  3 percent moisture con- 

t e n t  probably had a somewhat higher densi ty than the  s o i l  t h a t  was 

packed dry, then sa tu ra ted  and allowed t o  dry i n  the atmosphere. 

This i s  evidenced by P and K being somewhat higher f o r  t e s t s  1 and 
a 

2 than fo r  t e s t s  3, 4, and 5, Since P and K a r e  e s s e n t i a l l y  de te r -  
a 

mined by the  l a rge r  pores i n  the s o i l ,  they a r e  q u i t e  s e n s i t i v e  t o  

s o i l  dens i ty ,  For the f i n e r  s o i l s ,  sur face  sea l ing  may be d i f f i c u l t  

t o  avoid and the  values of K fo r  the  f i e l d  device may therefore  be 

on the low s ide ,  

Table 1 shows t h a t  P a s  determined by the  device of Figure 1 
a 

gives a good est imate of P fo r  desorption.  As  regards Pcr for  c r  
sorpt ion,  Table 1 and repor t s  by o ther  inves t iga to r s  ind ica te  t h a t  

t h i s  value can be estimated a t  one-half of P fo r  desorption,  The 
C r 

K-values obtained wi th  the  f i e l d  device according t o  equation (1) 

agree reasonably we l l  wi th  the  K-values obtained from the flow models. 

The flow r a t e s  i n  the  model s t u d i e s  of l a t e r a l  flow ( t e s t s  A, B, 

and D) showed a d iu rna l  f luc tuat ion ,  which was opposi te  the  d iu rna l  

f luc tua t ion  i n  barometric pressure.  The apparent e f f e c t  of barometric 

pressure on flow r a t e  was a t t r i b u t e d  t o  expansion o r  cont rac t ion  of 

entrapped a i r  i n  the s o i l ,  which resu l t ed  i n  r e l e a s e  o r  absorption of 

water wi th  a t tendant  increase  o r  decrease i n  outflow r a t e ,  a s  the 

barometric pressure decreased o r  increased, r e spec t ive ly ,  

The e f f e c t  was most not iceable  fo r  the  slowly permeable Laveen 

loam, where the outflow r a t e  was low and thus ma te r i a l ly  a f fec ted  by 

r e l e a s e  o r  absorption of the  water i n  the s o i l ,  A s  an example of a 

typ ica l  change i n  flow r a t e ,  an increase  from 0,89 t o  1,04 cc/min 

was observed f o r  a pressure drop from 970.5 t o  967,6 m i l l i b a r s  i n  a 

five-hour period. For these da ta  and using Boyle's Law, the  a i r  
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volume of the  s o i l  i n  the  box was approximately ca lcula ted  as  4,9 

percent ,  Upon completion of the  t e s t s ,  core samples were taken from 

the s o i l ,  which y ie lded a i r  contents  ranging from 5 percent fo r  the  

lower port ion of the box t o  7 percent fo r  the  upper por t ion  of the  

box. Since most of the  l a t e r a l  flow was concentrated i n  the  lower 

p a r t  of the box, the  ca lcula ted  and measured a i r  contents  of the s o i l  

were i n  exce l l en t  agreement, This supports the  conclusion t h a t  baro- 

metr ic  pressure v a r i a t i o n s  were responsib le  for  the v a r i a t i o n s  i n  

outflow r a t e  from the models. 

Column s tud ies  

The r e s u l t s  of the  comparison between K determined wi th  equation 

(1) and associa ted  procedure, and K ca lcula ted  from flow r a t e  and 

head loss  by considering the  e n t i r e  column as a permeameter, a r e  shown 

i n  Table 2. The r e s u l t s  a r e  i n  excel lent  agreement, 

Field s tud ies  

The r e s u l t s  of the measurements of P and K wi th  the f i e l d  device a 
of Figure 1 in. Adehanto loam south of the  laboratory a r e  summarized i n  

Table 3, The r e l a t i v e l y  high (numerically r e l a t i v e l y  Low) values of 

P a r e  due t o  root  holes and worm holes, which were c l e a r l y  v i s i b l e  
a 

i n  the  s o i l ,  The K-values assume a r e l a t i v e l y  constant  value a t  

depths g rea te r  than 30 cm, This value compares favorably wi th  r e s u l t s  

from double-tube t e s t s  t h a t  were ca r r i ed  out  seve ra l  years  ago, One 

such t e s t  was performed south of the  laboratory a t  80-cm depth and i t  

yielded a K-value of 0,036 cm/min, Nine long-duration double-tube 

t e s t s ,  ca r r i ed  out  e a s t  of the  laboratory a t  depths from 80 t o  180 

cm, yielded K = 0,066 - C 0.040 cmlmin. 

I n i t i a l  moisture content  

The p l u e s  of Pa y ie lded by the  column s tud ies  on 7 6 ~  g lass  beads 

a t  4 ,1  percent moisture content ranged from -48 t o  -61 cm wi th  an 

average of -55 f 4,4 cm. This i s  r e l a t i v e l y  c lose  t o  the  average 

P -value of dry g lass  beads, which was -*63 4,4 cm (See Annual 
a 

Report 1964), Pa r t  of the  d i f fe rence  may be due t o  the  lower a i r  

permeability of the  moist g l a s s  beads, This could have r e s u l t e d  i n  

above-atmospheric pressures of the a i r  below the  advancing wet 
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f r o n t ,  and a  recorded va lue  of P  t h a t  i s  higher  (numerically lower) 
a  

than the  a c t u a l  a i r  e n t r y  va lue  of t he  wetted zone, 

The f i e l d  s t u d i e s  w i t h  the  device of Figure 1 on bare Adelanto 

loam southeas t  of the  labora tory  y i e lded  the fol lowing r e s u l t s :  

Moisture content  P  i n  cm water Number of t e s t s  
a  

The P  -values d i f f e r  l e s s  i n  t h i s  case  than f o r  t he  column s t u d i e s  
a  

w i t h  g l a s s  beads, This may be due t o  the  f a c t  t h a t  t he  oppor tuni ty  

f o r  a i r  escape ahead of t he  wet f r o n t  i s  much b e t t e r  f o r  t h e  f i e l d  

device than f o r  t h e  columns. 

The r e s u l t s  of both s t u d i e s  i n d i c a t e  t h a t  t he  i n i t i a l  moisture 

content  has l i t t l e  o r  no e f f e c t  on P  . 
a  

SUMMARY AND CONCLUSIONS: 

A f i e l d  device was developed f o r  measuring the  a i r  e n t r y  value,  

'a9 of s o i l  i n  s i t u ,  The device  c o n s i s t s  b a s i c a l l y  of a  10-inch 

i n f i l t r a t i o n  cy l inde r  w i t h  l i d ,  a  s tandpipe  w i t h  r e s e r v o i r ,  and a  

vacuum gage w i t h  memory po in t e r .  The p r i n c i p l e s  of ope ra t ion  a r e  

i d e n t i c a l  t o  t h a t  of t he  v e r t i c a l  columns d iscussed  i n  Annual Report 

1964, The s o i l  i s  wetted under h igh  head t o  a  depth  of  10 t o  15 cm, 

t h e  water  supply is  turned  o f f  t o  h a l t  t he  advance of t h e  wet f ron t ,  

and the  minimum water  pressure  i n  t h e  cy l inde r  p r i o r  t o  the  emergence 

of a i r  bubbles from the  s o i l  i s  measured. Refer r ing  t h i s  minimum 

pressure  t o  the  depth  of t h e  wet f r o n t  y i e l d s  Pa. Assuming t h a t  Pa 

is  a l s o  a  reasonable  e s t ima te  of t h e  pressure  head a t  t h e  advancing 

wet f ron t ,  t h e  hydraul ic  conduct iv i ty  K of  t h e  wet ted  zone can be 

ca l cu la t ed  from v e l o c i t y  and g rad ien t  i f  the  i n f i l t r a t i o n  r a t e  p r i o r  

t o  turn ing  o f f  t h e  water  supply i s  measured, The r e s u l t i n g  K a p p l i e s  

t o  sorp t ion .  Mult iplying t h i s  va lue  by 2 y i e l d s  K f o r  s a t u r a t e d  

condi t ions  . 
To determine the  v a l i d i t y  of Pa and K from the  f i e l d  device a s  

e s t ima te s  of c r i t i c a l  p ressure  head, Pcr, and s a t u r a t e d  K, a  number 

of s t u d i e s  was performed, In  one study, models of l a t e r a l  flow i n  

s o i l  were s e t  up i n  l a r g e  wooden boxes, The flow systems were 
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analyzed by r e s i s t a n c e  network analog t o  permit determination of P 
c r  

and sa tu ra ted  K from discharge measurements a t  various heights  of the  

water t a b l e  i n  the boxes, For the  same s o i l  mater ia ls  i n  the models, 

i ,e . ,  Laveen loam and medium r i v e r  sand, P and K were determined wi th  a 
the  f i e l d  device i n  a separa te  box, The r e s u l t i n g  values were i n  good 

agreement wi th  P and sa tu ra ted  K from the  models, A second study 
c r  

cons is ted  of determining K from P and the  i n f i l t r a t i o n  r a t e  i n  a 
v e r t i c a l  columns of f i n e  r i v e r  sand, After the  necessary measurements 

were taken, water app l i ca t ion  was resumed t o  wet the  e n t i r e  column, so 

t h a t  K could be determined by permeameter techniques, The agreement 

between the K-values obtained i n  both manners was exce l l en t ,  In a 

t h i r d  study, a K-profile was determined wi th  the f i e l d  device i n  

Adelanto loam south of the  labora tory ,  The r e s u l t i n g  values were 

compared wi th  K-data from double-tube measurements made i n  previous 

years .  Good agreement ex i s t ed  a l s o  i n  t h i s  case,  A four th  study 

concerned the e f f e c t  of i n i t i a l  moisture content of the  s o i l  on the  

measured value of Pa. Theore t ica l ly ,  there  should be no such e f f e c t .  

This was v e r i f i e d  i n  the  laboratory for  v e r t i c a l  columns of g lass  

beads, and i n  the  f i e l d  f o r  Adelanto loam i n  a drying period following 

severe r a i n f a l l ,  

Based on these s tud ies ,  the conclusion i s  made t h a t  the  values 

of P and K determined by ha l t ing  the  advance of a wet f ron t  a r e  
a 

acceptable es t imates  of c r i t i c a l  pressure head and sa tu ra ted  hydraulic  

conductivi ty.  The f i e l d  device f o r  obtaining Pa and K i s  simple i n  

construct ion and opera t ion ,  Usually, not more than 20 minutes a r e  

required per t e s t ,  

PERSONNEL: Herman Bower and Robert C ,  Rice, 
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Table 1. Results  of evaluat ion of P and K wi th  the  flow models, and c r  
of P and K wi th  the f i e l d  device, 

a 

now MODELS 

Test  A Test D Test  B Test  C 
Per-sorption Pcr-desorption K-la tera l  K-ponded 

cm water cm water cm/min cm/min 

River sand 
Box 2 - 18 
Box 3 - 15 

Laveen loam 
Box 3. 
Box 2 - 23 
Box 3 -10 

FIELD DEVICE 

River sand 
Test 1 
Test 2 
Test  3 

1/ Test 4 - 
1/ Test 5 - 

Laveen loam 
2 / Test 1 -  
2 / Test 2 - 
3 / Test 3 - 
3 / Test  4 - 
3 / Test 5 - 

1/ Results  from v e r t i c a l  columns. - 
2/ So i l  was packed dry, sa tura ted ,  and a i r  d r i ed  i n  box, .- 
3/ S o i l  was packed a t  3% moisture content ,  - 
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Table 2. Results of K-determination with equation (1) and with 

permeameter technique in vertical columns with fine 

river sand, 

'a K-eq. (1) K-permeameter 

Column cm water cm/min cm/min 

1 -48 0.23 0.21 

2 -46 0.18 0,19 

3 -4 6 0.19 0.19 

4 -43 0.19 0,20 
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Table 3 .  Results  of P and K evaluat ion  for  Adelanto loam south 
a 

of the  laboratory.  

Number of 
Depth 'a K Tests  

cm cm water cm/min 
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Vacuum gage w i t h  
memory p o i n t e r  .-,, 

3 - - i n c h  ga lvanized  
J 4  pipe  

s i m i l a r )  - 

a 

gage holder  

-supply va lve  

( escape va lve  

(appr. 100 cm) 

1 of 4 C-clamps 

ID 

3 - - p l a s t i c  l l d  4 

. . . . .  . 

!lded t o  
c y l i n d e r  

Figure 1* Pf.cld device  for rneas~rlng~air entry va lue  and hydrau l i c  
i:andw k l v i t y .  I 
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Figure 2, Relationship between C/K and y 
as  determined 

- 

fo r  l a t e r a l  flow i n  models 
by res i s t ance  network 
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Figure 3 ,  Example of system of l a t e r a l  flow in t he  boxes, 
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Figure 4. Re la t ionsh ip  between C/K and y f o r  ponded case  a s  
determined by r e s i s t a n c e  network analog,  

-- - -  
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CLOSING QALQ IE 

t- mia7 

Figure 5, Pressure t r a c e  f o r  t e s t  3 of f i e l d  device  i n  r i v e r  sand. 

- - -  - , -- -- - - -- -- - - --- 
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TITLE: MATERIALS AND METHODS FOR WATER HARVESTING AND WATER STORAGE 

I N  THE STATE OF HAWAII  

LINE PROJECT: SWC 4-gG3 CODE NO: Ark.-WCL-42 

INTRODUCTION : 

Water ha rves t ing  i s  f e a s i b l e  and badly needed i n  the S t a t e  of 

Hawaii. Despi te  high r a i n f a l l ,  which annual ly exceeds 1,200 ga l lons  

per  square yard i n  many l o c a t i o n s ,  porous lava flows and h ighly  

permeable s o i l s  absorb the  water  and perennia l  s t reams a r e  the  

except ion r a t h e r  than the  r u l e .  Ground water supp l i e s  a r e  normally 

a v a i l a b l e  only a t  sea  l e v e l  and s a l t  water  i n t r u s i o n  o f t e n  reduces 

the  usefu lness  of t h i s  source .  As a  r e s u l t  inadequate  water supp l i e s  

plague Hawaiian ranchers ,  farmers,  i n d u s t r i e s ,  and householders .  

Addi t iona l  water supp l i e s  can r e a d i l y  be obtained by water ha rves t ing .  

Small catchment a r eas  can c o l l e c t  l a rge  volumes of water  and economic 

j u s t i f i c a t i o n  of water ha rves t ing  s t r u c t u r e s  i s  r e a d i l y  apparent .  

The problem r e s t r i c t i n g  the  use of water harves t ing  i s  the lack  of 

information concerning des ign  c r i t e r i a  and m a t e r i a l s  s p e c i f i c a t i o n s  

s u i t e d  t o  Hawaiian cond i t i ons .  

S i t e  condi t ions  can be conserva t ive ly  c l a s s i f i e d  a s  " d i f f i c u l t "  

a t  most l oca t ions  where water  ha rves t ing  s t r u c t u r e s  a r e  d e s i r e d .  

Topography i s  rough and s t eep ,  " s o i l "  o f t e n  c o n s i s t s  of c inde r s  and 

sharp p ieces  of broken lava ,  and e a r t h  tremors occur  a t  r e l a t i v e l y  

f requent  i n t e r v a l s .  I f  t r u e  s o i l  e x i s t s ,  i t s  chemical composition 

i s  not  o r d i n a r i l y  s i m i l a r  t o  s o i l  i n  the mainland s t a t e s  and i t s  

phys i ca l  c h a r a c t e r i s t i c s  a r e  d r a s t i c a l l y  d i f f e r e n t ,  S u i t a b l e  con- 

s t r u c t i o n  m a t e r i a l s  must be f l e x i b l e ,  s t rong ,  puncture r e s i s t a n t ,  

wa te r t i gh t ,  durable ,  and low i n  c o s t .  S t r u c t u r a l  des ign  must 

cons ider  wind u p l i f t ,  vege ta t ion  encroachment, e l imina t ion  of down- 

h i l l  creep on s t e e p  s lopes ,  c o n t r o l  of high-volume s u p e r - c r i t i c a l  

water flow down covered s t e e p  s lopes ,  and r e l a t e d  problems. 

The g r e a t  i n t e r e s t  i n  water ha rves t ing  makes a  coopera t ive  

research  program f e a s i b l e .  During the  course of two v i s i t s  t o  Hawaii 

during Apr i l  and September 1965, arrangements were made f o r  s i t e s ,  

surveys, m a t e r i a l s ,  and i n s t a l l a t i o n  of experimental  water ha rves t ing  

s t r u c t u r e s  a t  two s i t e s ,  one on Hawaii and one on Maui. 
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PROCEDURE : 

The Hawaii site is in a 100-inch rainfall zone on the Kukaiau 
2 

Ranch. The installation will consist of a 10,000 ft catchment and 

a 750,000-gal li.ned reservoir. The catchment will be covered with 

experimental plastic sheeting provided by the Dow Chemical Company. 

DuPont will provide a new artificial rubber sheeting for lining the 

reservoir. A topographic survey of the site has been made by the 

Soil Conservation Service. Site preparation will be done by the 

Kukaiau Ranch, Installation will be a joint effort by the Kukaiau 

Ranch, the Wisdom Rubber Company, and the U,S. Water Conservation 

Laboratory. 

Evaluation of the Kukaiau site will be in terms of problems 

encountered in construction, followed by periodic inspection to 

determine performance. Inspection will be performed by SCS and 

Laboratory personnel to record factors such as weathering, cracking, 

puncturing, wind damage, creep down slopes, and vegetation damage. 

Runoff from the catchment will not be measured since experience has 

shown that this will be essentially 100 percent of rainfall unless 

the plastic cover is damaged. Rainfall will be measured with a storage 

type gage. Water surface elevation in the reservoir will be measured 

at intervals to check inflow and possible seepage loss. 

The Maui site is on land made available by the East Maui 

Irrigation District, Four test plots, 40 x 80 ft, will be installed 
on 10 to 20 percent slopes with treatments as fol2ows: 

(1) Pasture grass, 

(2) Two-phase asphalt pavement, 

(3) Butyl rubber sheeting, and 

(4) Experimental plastic sheeting. 

Asphalt will be provided by the Chevron Asphalt Company, butyl sheeting 

by the Hodgman Rubber Company, and the plastic sheeting by DuPont. A 

topographic site survey was made by the Soil Conservation Service. 

Site preparation will be done by the Hawaiian Commercial and Sugar 
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Company. I n s t a l l a t i o n  w i l l  be done by Wisdom Rubber Company, 

Chevron Asphalt  Company, HC&S, and our  Laboratory.  

Eva lua t ion  w i l l  c o n s i s t  of p e r i o d i c  observa t ions  a s  o u t l i n e d  

f o r  the  Kukaiau s i t e ,  p lu s  measurements of r a i n f a l l  and runo f f .  

R a i n f a l l  w i l l  be measured by a  s tandard  ra ingage .  Runoff from each 

p l o t  w i l l  be measured by v e n t u r i  flumes equipped wi th  water -s tage  

r eco rde r s .  Ins t rumenta t ion  w i l l  be provided by t he  Laboratory 

and maintained by the  Eas t  Maui I r r i g a t i o n  D i s t r i c t .  

I n s t a l l a t i o n  of t he  Kukaiau and Maui s i t e s  i s  planned f o r  

February 1966. 

PERSONNEL: L. E .  Myers, G .  W .  F r a s i e r  
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TITLE: INTEGRATING VELOCITY PROFILE METERS 

LINE PROJECT: SWC 4-gG5 CODE NO,: Adz.-WCL-43 

INTRODUCTION: 

Numerous flow velocity devices use impact force or momentum 

principles for indicating fluid flow velocity. These include pitot 

tubes, current meters, impact velocity-head-rise rules or sticks, 

and force-deflection devices. Pitot tubes and current meters provide 

point velocity measurements, a number of which must be obtained to 

provide an integrated discharge measurement. Impact rules are of 

limited accuracy because of the difficulty of reading the velocity 

head rise, especially at relatively low velocities. The commercial 

force-deflection meters are usually limited to fixed channel 

geometries. An adequate analytical treatment of most of these deflec- 

tion devices is difficult since it involves many variables. 

Certain design features are proposed here that simplify mathe- 

matical analysis of force-deflection devices as flow velocity meters. 

Numerous impact or drag elements, such as blades, spheres, cylinders, 

and discs, may be inserted into the flowing stream to serve as the 

sensor for such a device. The body force exerted on the element is 

an indication of the velocity in the channel, 

PROCEDURE: 

A rectangular plate was selected for initial study because of 

analytical simplicity and ease of fabrication. Drag force data is 

available in the literature for many shapes. However, spheres and 

cylinders exhibit variability in the point of flow separation as 

the fluid passes around the body, due to changes in the texture or 

cleanliness of the body surface. With flat plates turned broadside 

to the flow, the point of separation is the sharp edge. Changes in 

surface roughness have limited effects, if any. 

Anal) :.ically, the drag force, F,,, on a rectangular plate in a 

flowing fluid can be expressed as 
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where Cd is a drag coefficient, w is the unit weight of the fluid, v 
X 

is the point velocity, g is the gravitational constant, and b is the 

width of the body having a height of y. 

If the rectangular plate is set normal to the flow, then separation 

always occurs at the edges and C varies from approximately 1.90 to d 
2.00. The total force FD on a rectangular plate is a function of the 

velocity distribution in the channel. Since F can be measured, the 
D - 

average velocity, v, can be deduced from a general knowledge of the 

velocity distribution in channels. For w, g, C all constant, d 
equation [I] may be written 

n 

An expression for the integral portion of equation [2] ,  in terms of - 
the average velocity, v, in the vertical stream section being tested 

is desirable. Such an expression can be obtained by considering the 

principles of momentum. The momentum, M, of fluid passing a particular 

stream cross section in a unit time is commonly expressed as 

where A is a stream cross-sectional area, and p is the momentum 
correction factor. (See King's Handbook of Hydraulics, 4th Ed., 

p 7.10.) 

In terms of point velocities, v equation [3] is x ) 

For a single vertical section in a stream cross section, or for an 

infinitely wide stream the area, A, can be replaced by a unit area of 

(1 . y) and 
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where y i s  t he  depth of t h e  s t ream ( a l s o  t h e  length  of a r ec t angu la r  

p l a t e  extending t o  t h e  boztom of t h e  channel) .  Equating [ 3 ]  and [5]  

and so lv ing  f o r  t h e  i a t e g r a l  p o r t i o n  of equat ion [5] 
n 

s u b s t i t u t i n g  equat ion  [ 6 ]  i n t o  equat ion  [2 ]  

where ~3 i s  t h e  momentum c o r r e c t i o n  f a c t o r .  The usua l  range of va lues  

f o r  p i n  p r i sma t i c  channels i s  between 1 ,01  and 1.06. The v e l o c i t y ,  

;, i n  a v e r t i c a l  s e c t i o n  can thus be determined with equat ion  [ 8 ]  by 

measuring t h e  f o r ~ , e ,  FD, and the  length  y of a r ec t angu la r  p l a t e  

extending from t h e  xacer s u r f a c e  t o  t h e  bottom of t h e  s t ream channel.  

The fo rce ,  
F ~ '  

can be determined f o r  a r ec t angu la r  p l a t e  of 

width b and length  y by measuring t h e  f o r c e  necessary  t o  prevent  t h e  

p l a t e  from p ivo t ing  about any edge, This might be done by fo rc ing  

t h e  bottom of t h e  p l a t e  f i r m l y  a g a i n s t  t he  bottom of t h e  channel and 

measuring t h e  f o r c e  a t  t h e  upper end. With t h i s  method, however, t h e r e  

i s  no way of determining the  center  of fo rce ,  and thus  the  amount t o  

a t t r i b u t e  t o  t h e  bottom r e a c t i o n .  

I f  t h e  assumption of small  t r a n s v e r s e  v a r i a t i o n  i n  v e l o c i t y  i s  

made, then t h e  force ,  FD, can be determined by t h e  torque  necessary  

t o  prevent  r o t a t i o n  about a v e r t i c a l  edge of t h e  p l a t e .  The r e s u l t a n t  

f o r c e  would a c t  on t h e  v e r t i c a l  c e n t e r l i n e  of t h e  p l a t e  and, s i n c e  

t h e  depth t o  i t s  po in t  of a p p l i c a t i o n  i s  immater ial  i n  t he  c a l c u l a t i o n ,  

F i s  def ined .  The readings  from s e v e r a l  v e r t i c a l  measurements could 
D 

be combined t o  o b t a i n  t h e  d ischarge  f o r  t h e  e n t i r e  channel.  

Readout devices  t h a t  can be used t o  o b t a i n  t h e  fo rce ,  FD9 may be 

e i t h e r  e l e c t r i c a l ,  e lec t r ica l -mechanica l ,  o r  mechanical.  For l abo ra to ry  

Annual Report of the U.S. Water Conservation Laboratory



purposes,  e l e c t r i c a l  systems such a s  s t r a i n  gauges a r e  convenient,  but 

t h e  a s soc i a t ed  e l e c t r i c a l  c i r c u i t r y  and instruments  make t h e  cos t  near  

p r o h i b i t i v e  f o r  wide-scale  f i e l d  app l i ca t ion .  Therefore,  emphasis 

i n  t h i s  s tudy  has been toward mechanical readout  systems. The mechan- 

i c a l  systems can be simple f l exu res ,  such a s  c a n t i l e v e r  beams o r  

t o r s i o n  bars  i n d i c a t i n g  f o r c e  exer ted  on t h e  b lade  by t h e  degree of 

f l e x u r e ;  o r  hydrau l i c  t ransducers ,  such a s  bourdon tubes and hydraul ic  

bellows. 

Laboratory Study, Two vane meters  have been cons t ruc ted  during 

t h e  i n i t i a l  phase of t h i s  s tudy .  Both meters  have s i m i l a r  con f igu ra t ions .  

Meter number 2 i s  shown d iag rama t i ca l ly  i n  F igure  1, Both had b lades  

about 1- inch wide wi th  a  u sab le  length  of 14 t o  16 inches.  The major 

d i f f e r e n c e  between t h e  two meters  concerned t h e  method of readout  f o r  

t h e  f o r c e  measurement. Meter cumber 1 used a  c a n t i l e v e r  f l e x u r e  

i n d i c a t o r  made from a  4 - i n c h  p i ece  of piano wire ,  A micrometer screw 

was used t o  apply enough l a t e r a l  f o r c e  t o  t h e  f r e e  end of t h e  c a n t i -  

l e v e r  t o  main ta in  t h e  blade perpendicular  t o  t h e  stream f low i n t o  which 

t h e  b lade  was p laced ,  The d e f l e c t i o n ,  read  from t h e  micrometer screw, 

was converted t o  f o r c e  on t h e  blade us ing  a  previous fo rce -de f l ec t ion  

c a l i b r a t i o n  f o r  t he  c a n t i l e v e r ,  With t h e  force ,  
F ~ 9  

a l d  t h e  depth 

of flow, y, t h e  average v e l o c i t y  could be obtained from equat ion [ 8 ] .  

Meter number 2 used a  t o r s i o n  bar  t o  i n d i c a t e  fo rce .  A s l o t  was 

cu t  i n t o  one edge of t h e  blade and s t a i n l e s s  s t e e l  hypodermic tub ing  

i n s e t  below t h e  s u r f a c e s  f o r  t h e  e n t i r e  length  of t he  blade.  Piano 

wire  was i n s e r t e d  through t h e  tub ing  and f i r m l y  a t t ached  a t  t h e  bottom 

end of t h e  blade.  The tubing,  which was a t t ached  r i g i d l y  t o  t h e  blade, 

a c t e d  a s  a  p r o t e c t i n g  s h i e l d  f o r  t h e  piano-wire t o r s i o n  bar  and a l s o  

served a s  t h e  top bear ing  f u r  t h e  blade.  A d i a l  was a t t ached  t o  t h e  

upper end of t h e  t o r s i o n  bar  t o  measure t h e  t o r s i o n a l  d e f l e c t i o n  

necessary t o  balance t h e  impact f o r c e  of t h e  f low a g a i n s t  rhe blade.  

A po in t e r  a t t ached  t o  t h e  blade ind ica t ed  when balance was achieved. 

The accuracy of t h e  meter  a s  a  v e l o c i t y  i n t e g r a t o r  was checked 

by measuring flow p r o f i l e s  w i th  a  p i t o t  tube i n  a  l abo ra to ry  channel,  

1 f t  wide and 30 f t  long. These p r o f i l e s  were p l o t t e d  and planimeterd 

Annual Report of the U.S. Water Conservation Laboratory



t o  determine t h e  average v e l o c i t y .  A measurement a t  t h e  same l o c a t i o n  

i n  t h e  channel was a l s o  obtained wi th  t h e  i n t e g r a t i n g  v e l o c i t y  meter .  

This  measurement was compared t o  t h e  average v e l o c i t y  determined with 

t h e  p i t o t  tube. 

RESULTS AND DISCUSSION: 

Considerable  d i f f i c u l t y  was encountered wi th  meter number 1, which 

used a  c a n t i l e v e r  and micrometer screw readout system. It was d i f -  

f i c u l t  t o  determine when t h e  b lade  had been re turned  t o  i t s  c o r r e c t  

alignment.  S ince  t h e  t o t a l  d e f l e c t i o n  was on t h e  o rde r  of 0.100 

t o  0.300 inch, t h e  p o s i t i o n  of t h e  i n d i c a t i n g  po in t e r  needed t o  be 

only 0.001 t o  0.003-inch misal igned,  r e spec t ive ly ,  f o r  1 percent  read-  

out  e r r o r .  With care ,  adequate  l i g h t i n g ,  and t h e  use  of a  magnifying 

lens ,  s e v e r a l  t e s t s  were completed. The r e s u l t s  of t hese  t e s t s  a r e  

summarized i n  Table 1. 

The vane meter i nd ica t ed  d ischarge  v e l o c i t i e s  2.4 percent  l e s s  

than those  c a l c u l a t e d  from t h e  p i t o t  tube measurements, This  would 

i n d i c a t e  a  need t o  i nc rease  t h e  assumed va lue  of Cd.  The va lue  f o r  

C and B used i n  equat ion [8 ]  was C = 1.90 and f3 = 1.02. Graphical  
d  d 

determinat ions of f3 from t h e  p i t o t  tube d a t a  i nd ica t ed  t h a t  p i n  

a  s i n g l e  v e r t i c a l  s t r i p  was very  c l o s e  t o  un i ty ,  vary ing  from 1.000 

t o  1.003, even though t h e  va lue  f o r  t h e  channel a s  a  whole was a s  

l a r g e  a s  1.026. This r equ i r e s  t h e  va lue  of C t o  i nc rease  t o  approxi-  
d  

mately 1.98. 

A va lue  of Cd = 2.00 i s  sometimes quoted f o r  an i n f i n i t e l y  long 

r ec t angu la r  blade.  It i s  thought t h a t  a  va lue  of 2.00 i s  approached 

s i n c e  flow cannot go around t h e  ends of an i n f i n i t e l y  long p l a t e .  

S imi l a r ly ,  i n  t h e  a p p l i c a t i o n  here ,  one end of t h e  b lade  is  very near  

t he  channel f l o o r  and t h e  o the r  extends beyond t h e  s u r f a c e  such t h a t  

no flow can pass  t he  ends of t h e  blade.  Also, t h e  v e l o c i t y  head r i s e  

on t h e  f r o n t  s i d e  of t h e  blade i s  accompanied by a  flow depress ion  

behind the  blade, thus  registering a s t a t i c  f o r c e  and an impact fo rce ,  

t ending  t o  main ta in  t h e  two-times va lue  f o r  t h e  drag c o e f f i c i e n t  even 

near  t h e  su r f ace .  

Based on t h e  t e s t s  i n  Table I, the  accuracy t o  be expected wi th  

meter number 1 i s  i nd ica t ed  by t h e  to l e rance  (two times t h e  s tandard  
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deviation) which is equal to 3 percent. This means that f 3 percent 

accuracy can be expected 96 percent of the time. 

The improvements in meter number 2 should improve the tolerance 

siightly. Comparison measurements with meter number 2 are yet to be 

made. 

SUMMARY AND CONCLUSIONS: 

An impact velocity indicating device, using a rectangular blade 

in a flowing stream, was analyzed mathematically, constructed, and 

tested in a laboratory channel, The blade was long enough to extend 

from the flow surface to the channel floor and was placed broadside to 

the flow. T!he total force exerted by the velocity profile was measured 

as torque about a vertical edge of the blade. 

Numerous flow velocity devices such as current meters, pitot 

tubes, and force deflection devices, use impact force or momentum for 

indicating fluid velocity. Pitot tubes and current meters provide point 

velocity measurements, many of which are required to provide an in- 

tegrated discharge measurement. While some commercial force deflection 

meters provide a single-measurement discharge reading, they are usually 

limited to a fixed channel geometry. Also, adequate analytical treat- 

ment of the many variables is difficult. 

Two meters were constructed, both of similar configuration, with 

blades 1 inch wide and approximately 18 inches long. Mechanical read- 

out of force-indication was chosen over strain-gauge devices, hopefully 

to simplify field applications. The first meter used a cantilever 

flexure indicator fashioned from spring-steel wire. A micrometer 

screw was used to apply enough lateral force to the free end of the 

cantilever to maintain the blade perpendicular to the flow, The deflec- 

tion of the cantilever in relation to a reference pointer attached to 

the blade was read from the micrometer scyew to indicate force on the 

blades. A magnifying lens and good lighting were necessary to obtain 

correct alignment of the pointer. The second meter was easier to 

read since it used a torsion bar running the length of the blade. The 

torsional deflection was large enough so that correct alignment of the 

reference pointer was not difficult. 
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Tests were conducted with the first meter in a laboratory channel 

by comparing the average profile velocity obtained by using the meter 

with the average profile velocity obtained by pitot tube techniques. 

The comparison indicated that the blade had a drag coefficient of 

1.98. This approximates the value for infinitely long plates, or 

situations where flow can pass on only two sides of a plate. 

With the first meter, the standard deviation based on 16 tests 

was +. 1.5 percent. Thus, the method seems promising and will permit 

rapid measurements of average velocity in sheet flows and channels. 

No tests have yet been conducted with the second meter. 

PERSOWL: J. A. Replogle 
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Table 1. Comparison of average velocities determined with a pitot tube 

and with the integrating velocity profile meter number 1. 

- 
Test Flow Average velocity, v A; 
No. depth Pitot Vane 

Y tube meter 
f t ft/sec ft /sec % 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Average 

1.141 -2.56 

1.208 -1.26 

1.196 -3.16 

1.172 -5.42 

1,116 -1.063 

1,128 -2.84 

1.192 -2.92 

1,162 -4.12 

1.514 -0.53 

1.461 -0.15 

1.461 -0.00 

1.461 -2.01 

1,496 -1.00 

1.508 -0.53 

1.494 -0.93 

1.508 -0.20 

-2.39% 

Standard deviation a = 1.5% 
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Figure i. Diagram of integrating velocity profile meter, 

number 2. 
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Comparison of measured and calculated hydraulic conduc- 
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still obtains water for survival, Arid Lands Research 
Hewsletter, (Submitted), 

Jackson, Ray Do, and Van Bavel, 6, M. M, Water for survival: 
A a  unusual application of plastic film. Proc. 6th Matl, 
Agric. Plastics Conf., Phoenix, Arizona, Movember, 1965. 
(Submitted). 

Myers, Lloyd E. Evaporation retardants: Application by means 
of a water soluble matrix, Science 148(3666):70-71. 
April 2, 1965, 
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Myers, Lloyd E, (Gen, Chairman and Editor) Proceedings, 
Seepage Spposiwn, Phoenix, Arizona, Peb, 19-21, 1963, 
USDA, ARS 41-90, January, 1965. 

Myers, Lloyd E. Water harvesting with plastic films. 
Proc. 6th Natl. Agric. Plastics Conf,, Phoenix, Arizona, 
November, 1965, (Submirted), 

Hakayama, Francis S, Pressure dependence of water vapor 
pressure in the soil-water system, Soil Sci. Soc, ber. 
Proc, 29(3):351, (Letter to the ~ditor), May-June, 1965, 

Nakayama, Francis S, Deflocculation of soil materials by 
sodium salts, Soil Science. (Submitted), 

Reginato, R, J., and Van BaveZ, C, H, N, S o i l  water measure- 
ment with garmna attenuation, Soil Scl. Soc. Amer, Proc, 
28(6):721-724, Nov.-Dec. 1964. 

Replogle, John A., Myers, Lloyd E., and Brust, Kenneth J, 
Seream flow measurements with fluorescent tracers. 
Jour. Hydraul, Div,, Proc, ber, Soc, Civ. Engin, 
(Submitted). 

Replogle, John A,, Mjers, Lloyd E,, and Brust, Kenneth J. 
Evaluation of pipe elbows as flow meters, four. Irrig. 
and Drain, Div,, Proc. Amer. Soc, Civ. Engin, (To be 
submitted), 

Taylor, Sterling A,, and Jackson, Ray D. Heat capacity and 
specific heat, Chapter 25, Methods of Soil Analysis 
(Pt, I), No. 9 in Agronomy Series of Monographs, spon- 
sored by Amer. Soc. Agron. and Amer, Soc, for Testing 
and Materials, 1965. 

Taylor, Sterling A,, and Jackson, Ray D, Temperature, 
Chapter 24, Methods of Soil Analysis (~t, I), No, 9 in 
Agronomy Series of Monographs, sponsored by Amer. Soc, 
Agron, and Amer. Soc, for Testing and Materials, 1965. 

Van Bavel, C, K. M. Composition of the Soil Atmosphere. 
Chapter 22, Methods of Soil Analysis (Pt, I), No, 9 in 
Agronomy Series of Monographs, sponsored by Amer, Soc, 
Agron, and Amer. Soc, for Testing and Materials. 1965, 
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Van Bavel, C. H. M,, and Reginato, R, J. Precision lysimetry 
for direct measurement of evaporative flux. Proc., 
Symposium on Methodology of Plant Eco-Physiology, 
Montpellier, France, April 1962. (Published by UNESCO, 
Sept, 1965). q?. 129-135. 

Van Bavel, C. H, M,, and Pritschen, L, J, Energy balance 
of bare surfaces in an arid climate, Proc., Symposium 
on Methodology of Plant Eco-Physiology, Montpellier, 
France, April 1962. (Published by UNESCO, Sept, 1965), 
Pp, 99-107, 

Van Bavel, C. H, M, Neutron scattering measurement of soil 
moisture: Development and current status. Proc,, Inter- 
natl, Symposium on Humidity and Xoisture, Washington, D. C, 
May, 1963, Pp. 171-184, 

Van Bavel, C. H. M,, Nakayama, F. S., and Ehrler, W, L, 
Measuring transpiration resistance of leaves, Plant 
Physiol. 40(3) :535-540, May, 1965, 

Van Bavel, C, H, M. Potential evaporation: The combination 
concept and its experimental verification. WaCer 
Resources Research, (Submitted). 

Reports -- The following reports of the U. S, Water Conservation 
Laboratory were released during the year, Such reports are not 
considered as formal publications, are not distributed to libraries, 
and should not be cited: 

Fritschen, L,, and Mullins, K. Miniature net radiometer instruction 
manual. WCL Report No. 5, October, 1965, 

Jackson, Ray D,, and Van Bavel, C, H, M. Water for survival, 
WCL Report No, 4. June, 1965, (~evised: Sept. 1965)- 

Van Bavel, C .  H. M. Report of a trip to the United Kingdom, 
Netherlands, Austria, Germany, Sweden and Denmark, 
(15 Sept, - 18 Oct. 1964). WCL Report No. 3, January, 1965. 
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