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CHANGES IN PERSONNEL 

The Laboratory staff has been strengthened during 1964 by the 
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A, M. Lehman, Physical Science Aid 
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Mr. I. C. McIlroy, Soil Scientist, joined our staff as a visiting 
scientist during 1964. He has returned to his native Australia, 
where he is employed by C. S. I, R, 0. 

Also during 1964 there were seven resignations. They are as follows~ 

E. D, Escarcega, Engineering Draftsman (Military ~urlough) 
L. E. Lisonbee, Physical Science Aid 
3 .  L. MacIntyre, Physical Science Technician 
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The Laboratory staff is now essentially at full strength with one 
or two exceptions, 
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TITLE: IP'YSJAMIC SXMXWITM LN ELBOW PLOW METERS 

LKME PROJECT: SWC 4-gG5 CODE NO. : Ariz ,  -WCE-2 

xmRoDucTaoas: 

Elbow flow meters ,  while  long known t o  hydrau l i c  engineers ,  have 

not  been e n t h u s i a s t i c a l l y  accepted f o r  o the r  than  c a l i b r a t e d - i n -  

p l ace  uses .  This  i s  understandable s i n c e  va r ious  i n v e s t i g a t o r s  have 

repor ted  r e s u l t s  t h a t  appear t o  be c o n f l i c t i n g  and somewhat incon- 

s i s t a n t ,  Two o r  more methods of a n a l y s i s  a r e  seemingly supported by 

t h e  var ious  d a t a ,  The usua l  conclusion t o  be obta ined  from the  p re -  

vious work was t h a t  unca l ib ra t ed  elbow flow meters  were a t  b e s t  only 

+ 10 percent  accu ra t e .  This conclusion might be  c r e d i t e d  t o  e f f o r t s  - 
t r y i n g  t o  d e s c r i b e  t h e  c a l i b r a t i o n  of elbow meters  with an  equat ion 

of t h e  form 

where Q i s  t he  d ischarge ,  a i s  a  c o e f f i c i e n t  inc luding  elbow geometry 

e f f e c t s  and c a l i b r a t i o n  e f f e c t s ,  and H is  t h e  p re s su re  d i f f e r e n t i a l  

between the  i n s i d e  and o u t s i d e  wa l l s  of t h e  elbow a t  t h e  midpoint of 

t he  bend, An equat ion of t h i s  form can be der ived  from a n a l y t i c a l  

cons ide ra t ions  t h a t  s a t i s f a c t o r i l y  desc r ibes  t h e  flow r e l a t i o n  f o r  

t h e  3-inch elbows t e s t e d  i n  t h i s  i n v e s t i g a t i o n ,  dev ia t ing  a  maximum 

of 3,7 percent  from c a l i b r a t e d  va lues .  However, t h i s  square-root  

r e l a t i o n  does not  s a t i s f a c t o r i l y  desc r ibe  the  r e l a t i o n  f o r  t h e  l a r g e r  

elbows, 

The goa l  of t h i s  s tudy  was t o  c a l i b r a t e  a  s u f f i c i e n t  number of 

elbows i n  each s i z e  ca tegory  and e s t a b l i s h  an  empi r i ca l  r e l a t i o n s h i p  

capable of p r e d i c t i n g  t h e  d ischarge  f o r  unca l ib ra t ed  elbows t o  w i th in  

f 5 percent .  - 
PROCEDrnE : 

The 37 commercial 90-degree elbows t e s t e d  i n  1963 were c a l i b r a t e d  

us ing  a t r i a n g u l a r  weir  and a  r ec t angu la r  wei r ,  The t r i a n g u l a r  weir 

wa.s checked vo lume t r i ca l ly  and was used f o r  t h e  3-inch elbows, The 

l a r g e r  elbows were c a l i b r a t e d  on a  h igher  capac i ty  system a g a i n s t  a  

r ec t angu la r  weir f o r  which t h e  c a l i b r a t i o n  was unce r t a in .  Consequently, 
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a f t e r  r econs t ruc t ing  t h e  hydrau l i c  f a c i l i t i e s  of t h e  l abo ra to ry  t o  

inc lude  a  cons tan t  head tank and weighing tank with beam s c a l e s  f a c i l i t i e s ,  

t h e s e  Larger elbows were spot  checked f o r  c a l i b r a t i o n .  Severa l  i n -  

cons i s t anc i e s  were noted a s  a  r e s u l t  of t h e  u n c e r t a i n  d i f f i c u l t y  i n  

reading  t h e  average depth over t h e  weir  a t  high d ischarges ,  Ult imately,  

i t  was decided t o  recheck a l l  those  elbows a s s o c i a t e d  with t h e  r ec t an -  

gu la r  weir measurements. This  i s  now completed except f o r  four  of 

- inch elbows. 

The elbows were i n s t a l l e d  i n  e s s e n t i a l l y  t h e  same manner a s  was 

used ow the previous c a l i b r a t i o n  wi th  approximately 20 diameters  of 

s t r a i g h t  p ipe  upstream and 10 diameters  downstream from t h e  elbow. 

(See Annual Reports f o r  1962 and 1963,) The d ischarge  r a t i n g  curves 

were determined g r a v i m e t r i c a l l y  us ing  t h e  r e c e n t l y  designed and i n -  

s t a l l e d  cons tan t  head t a d  and gravimet r ic  weighing system, F igure  I, 

This  system can measure d ischarges  over a  wide range of flows from 

B c f s  t o  5,7 c i s  ( t he  pumping capac i ty  of t h e  system). 

An empir ica l  equat ion  of t h e  form 

w a s  s e l e c t e d  f a r  each elbow type and s i z e ,  En t h i s  equat ion  Q i s  

t he  d ischarges  H-6 i s  t h e  p re s su re  d i f f e r e n t i a l  between?. p r a . s u r e  t a p s  

loca ted  Ole t h e  i n s i d e  and o u t s i d e  of t h e  bend, and a  and E a r e  t h e  

i n t e r c e p t  on t h e  u n i t y  a x i s  and t h e  s lope ,  r e spec t ive ly ,  of a  log- 

l og  p l o t  o£ the  da t a  f o r  each type and s i z e .  

DISCUSSION AND RESULTS: 

Hn a11 but  two cases  t h e  developed equat ion  p red ic t ed  flow r a t e s  

w i th in  5 percent  over t h e  range c a l i b r a t e d ,  The two cases  i n  po in t  

involved two 3-inch elbows manufactured by t h e  Clow Company (elbows 

No. 7 and No, 8) and a  12-inch elbow manufactured by t h e  Stockham 

Company (elbow No, 421, Measurements of t h e  phys i ca l  dimensions of 

t h e s e  elbows d i sc losed  v a r i a t i o n s  from t h e  o the r  elbows t e s t e d ,  The 

3-inch elbows No. 7 and No. 8 had d i f f e r e n t  r a d i i  of cu rva tu re  and 

s l i g h t l y  d i f f e r e n t  diameters  than  t h e  average of t h e  o the r  elbows. 

To accomodate th.e observable  c h a r a c t e r i s t i c s  of t h e  ind iv idua l  elbows, 

Annual Report of the U.S. Water Conservation Laboratory



a genera l ized  equat ion  of a form s i m i l a r  t o  t h a t  a n a l y t i c a l l y  ob ta inab le  

i s  

where M is a constant. determined f o r  each elbow s i z e  and type,  g i s  

t h e  g rav i t a t i ona l .  cons tan t ,  D i s  t h e  measured elbow diameter ,  and R 

1s t h e  cen te r  l i n e  r a d i u s  of curva ture ,  A l l  dimensions a r e  expressed 

i n  f e e t .  Q, H, and E a r e  a s  prev ious ly  def ined ,  Values of K Ear each 

clbow type and s i z e  a r e  t abu la t ed  i n  Table I ,  

These va lues  a r e  based on average dimensions obta ined  f o r  a l l  

elbows oE each s i z e  and type t e s t e d ,  Where p l a s t e r - c a s t i n g  da t a  were 

r e a d i l y  avai1.able f o r  va lues  of t h e  c e n t e r - l i n e  r ad ius  s f  curva ture ,  

they were Incorpara,ted i n t o  t h e  t a b u l a t i o n ,  When such information 

w a s  not  y e t  a v a i l a b l e ,  t h e  b e s t  va lues  ob ta inab le  by measuring 

observable  tangent  lengths  and face- to-center  dimensions were sub-  

s t i t u t e d ,  The sk ruc tu re  of equat ion [ 3 ]  shows t h a t  a 10 percent  

e r r c r  i n  determining t h e  va lue  f c r  R produces a 5 percent  e r r o r  i n  

Q wh,ile t h e  same e r r o r  i n  D produces 15 percent  e r r o r  i n  Q ,  It i s  

~~~~~~~~~e t h a t  D is t h e  more e a s i l y  determinad dim en sic^^., Ybe 

exponeot, E, was found t o  have an average value f a r  a l a r g e  x~umber of 

elbows given by 

E = 0.032D + 0,493 [ 4 1 

( see  F igure  2) .  Only t h e  values f o r  the  a l t e r n a t e  f low d i r e c t i o n s  

of one elbow of t h e  10--inch s i z e  a r e  shown i n  F igu re  2 s i n c e  four  

o t h e r s  remain t o  be r e c a l i b r a t e d .  

The 12-inch elbow Ho. 47 d isp layed  a 10 percent  d i f f e r e n c e  between 

c a l i b r a t i o n  i n  t h e  a l t e r n a t e  d i r e c t i o n s  through t h e  elbow, The p re s su re  

readings  i n  one d i r e c t i o n  f o r  a given d ischarge  were about 9 perceatr 

higher  than s i m i l a r  readings  f o r  t he  o the r  12-inch elbows, A p l a s t e r  

c a s t  was made of t h e  i n s i d e  and o u t s i d e  of t h e  bend, In. t h i s  manner 
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a n  accu ra t e  r e p r e s e n t a t i o n  was obta ined  of t h e  flow pa th  a long  t h e  elbow 

wa l l  and over  t h e  manometer t a p s .  On t h i s  p a r t i c u l a r  elbow, the  i n s i d e  

bend r ad ius  was found t o  vary  cons iderably  from f l ange  t o  f l ange ,  This  

was made very apparent  by p l o t t i n g  a  p r o f i l e  of t h e  c a s t i n g  and then  

fo ld ing  t h e  p l o t  i n  such a  way t h a t  t he  two ha lves  of t h e  p l o t  could 

be v i s u a l l y  matched. I f  t h e  elbow rad ius  of cu rva tu re  were symmetrical 

wi th  r e spec t  t o  t h e  piezometer tap,  t h e  two d i r e c t i o n s  of flow should 

produce s i m i l a r  r e s u l t s .  I n  elbow No, 42, t he  two ha lves  were not  

symmetrical. The cen te r  t a p  was c o r r e c t l y  loca ted  a t  t h e  cen te r  of 

the bend, but  t h e  two h a l f  curves of t h e  i n s i d e  bend d i d  not  have the  

same curva ture ,  When t h e  two corresponding ha lves  were checked f o r  

symmetry by fo ld ing  t h e  p l o t t e d  p r o f i l e s  t oge the r ,  a s  much a s  3/16- 

inch  d i f f e r ences  were noted between corresponding p o i n t s  of symmetry, 

When. t h i s  elbow was f u r t h e r  modified by gr inding  wi th  a  power g r inde r  

a long  t h e  i n s i d e  bend, r a d i c a l  changes i n  c a l i b r a t i o n  occurred,  S imi l a r  

gr inding  on t h e  o u t s i d e  bend produced no n o t i c e a b l e  change. I t  is 

concluded t h a t  t h e  cond i t i on  of t h e  i n s i d e  bend i s  c r i t i c a l .  

P l a s t e r  c a s t s  of t h e  i n s i d e  bend a r e  e a s i l y  achieved by simply 

o i a i n g  t h e  s u r f a c e  t o  be c a s t  and t rowl ing  a  r ibbon of c a s t i n g  p l a s t e r  

a long  t h e  bend a n  inch  o r  so  wide and about 1 inch  t h i c k ,  depending 

on t h e  elbow s i z e ,  Before i t  s e t s ,  wire  mesh can be pressed  i n t o  t h e  

p l a s t e r  f o r  reinforcement ,  The bend p r o f i l e  can be p ro j ec t ed  onto 

drawing paper i n  a number of ways, t h e  s imples t  i s  probably wi th  a  

drawing t r i a n g l e  and p e n c i l ,  I f  examination of t h i s  inside-bend 

p r o f i l e  shows i t  t o  be reasonably symmetrical, i t  is  l i k e l y  t h a t  t h e  

sand mold c a s t i n g  i s  w i t h i n  the  to l e rances  necessary  t o  meet t he  q u a l i -  

f i c a t i o n s  of t he  c a l i b r a t i o n s  repor ted  here in .  I f  s eve re  asymmetry i s  

noted, t h e  elbow should be d iscarded  f o r  use  a s  a  meter  un le s s  

c a l i b r a t e d  i n  p l ace ,  

Average c a l i b r a t i o n  equat ions f o r  each s i z e  and type  of elbow 

a r e  presented wi th  t h e  corresponding c a l i b r a t i o n  curve i n  F igure  3.  

These were used to  e s t a b l i s h  t h e  u n i v e r s a l  r e l a t i o n  implied by 

equat ions [ 3 ]  and [ 4 ] .  The envelopes of s c a t t e r  of each datum po in t  

from t h e  r e s p e c t i v e  average c a l i b r a t i o n  equat ion  a r e  shown i n  
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Figures  4 t o  9, a s  a r a t i o  of measured d ischarge ,  Q, t o  computed 

discharge,  Q , p l o t t e d  a g a i n s t  t h e  measured d ischarge ,  Q. The 
1% 

5 percent  l i m i t  i s  a l s o  shown. As explained previous ly ,  elbows No. 7 

and No, 8, which d e v i a t e  a s  p l o t t e d  by a s  much a s  9 percent  can be 

cor rec ted  t o  w i t h i n  3 percent  by cons ider ing  observable  dimensiona,l 

v a r i a t i o n s .  Table 2 t a b u l a t e s  p e r t i n e n t  dimensional data  obtained 

f o r  s e l e c t e d  elbows by us ing  c a s t i n g  p l a s t e r .  Two of t he  elbows, 

No. 21 a ~ d  No. 42, should no t  be considered f o r  elbow meters  because 

of t h e i r  asymmetry. They can be s a t i s f a c t o r i l y  used wi th  equat ion  [ 3 ]  

by i n s e r t i n g  t h e  r ad ius  of cu rva tu re  f o r  t he  elbow-half t h a t  appraoches 

the  i n s i d e  bend manometer tap .  The ca l cu la t ed  va lues  f o r  "a" i n  

Table 2 a r e  based on K va lues  der ived  from a l l  elbows of each type 

and s i z e  t e s t e d  ( see  Table 1) .  

Fu r the r  checks on t h e  e f f e c t s  of d i s turbances  were conducted 

wi th  t h e  12-inch and 6-inch elbows. A flow was e s t a b l i s h e d  through the  

elbows us ing  the coas t an t  head tank a s  t h e  supply source ,  The elbow 

f l anges  were clamped and t h e  b o l t s  removed, I n  t h i s  way, an  o f f s e t  

i n  t h e  alignment of e i t h e r  f a c e  of t he  elbow could be achieved by 

s l i g h t  loosening of t h e  clamps and o f f s e t t i n g  t h e  p ipe  while  s t i l l  

main ta in ing  the  same d ischarge .  On t h e  12-inch elbow seve re  o f f s e t s  

on t h e  o rde r  of 1 /4  t o  112 t h e  b o l t  ho le  diameter were necessary  t o  

produce approximately 1 percent  d i f f e r e n c e  i n  p re s su re  d iEfe ren t i a1 .  

An upstream o f f s e t  was more s e n s i t i v e  than  a downstream o f f s e t .  On 

t h e  6- inch elbow 1/16- inch  o f f s e t s  of t h e  downstream p ipe  tcward 

t h e  i n s i d e  bend caused a 0.9 percent  i nc rease  i n  d i f f e r e n t i a l  reading 

and a 1116-inch o f f s e t  t o  t h e  o u t s i d e  bend caused a 0 , 3  percent  de- 

c rease .  S imi la r  t reatment  wi th  t h e  upstream f a c e  caused inc reases  

i n  d i f f e r e n t i a l  i n  both cases  of 0 ,5  percent  and 1.3 percent ,  

r e s p e c t i v e l y ,  

It was concluded t h a t  t he  sources of e r r o r  caused by m i s a l i g m e n t  

can be prevented by c a r e f u l l y  a l i g n i n g  t h e  f l a n g e  b o l t  ho le s  with 

t i g h t  f i t t i n g  p ins  o r  b o l t s .  

It should be emphasized t h a t  i n  a l l  cases  where a c c u r a t e l y  

determined dimensions of t h e  elbow were a v a i l a b l e ,  agreement wi th  
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t h e  genera l  equation, equat ion  [3 ] ,  was achieved we l l  w i th in  t h e  5 

percent  goa ls ,  ( see  Table 2.) 

SWUXY AND CQNCLUSEOES : 

Recently i n s t a l l e d  hydrau l i c  c a l i b r a t i o n  equipment, inc luding  a 

cons tan t  head tank, and gravimet r ic  flow measuring system capable of 

0 , l  percent  accuracy, allowed check c a l i b r a t i o n s  of t h e  elbow flow 

meters  of 6-, lo- ,  and 12-inch s i z e s ,  Previous methods were unce r t a in  

t o  t h e  degree of accuracy des i r ed ,  Four 10-inch elbows remain t o  be 

checked, 

An empir ica l  equat ion  was developed t h a t  represented  the  37 

elbows t e s t e d ,  The elbows ranged i n  s i z e  from 3 inches t o  12 inches ,  

The equat ion i s  

where Q i s  t h e  d ischarge ,  K is  a cons tan t  determined f o r  each elbow 

s i z e  and type, g i s  t h e  g r a v i t a t i o n a l  cons tan t ,  D i s  t h e  measured 

elbow diameter,  R i s  t h e  c e n t e r - l i n e  r ad ius  of curva ture ,  and H i s  

t h e  p re s su re  d i f f e r e n t i a l  between manometer t a p s  l oca t ed  a t  t he  mid- 

po in t  i n  the  i n s i d e  and o u t s i d e  bends of t h e  elbow, 

The inc rease  i n  t h e  va lue  of t h e  exponent i n  t h e  above equat ion 

wi th  elbow s i z e  i s  bel ieved t o  be a s c a l e  e f f e c t  a s s o c i a t e d  wi th  t h e  

s t r e n g t h  of secondary c u r r e n t s  induced i n  t h e  bend. 

This  equat ion s a t i s f a c t o r i l y  desc r ibes  t h e  d ischarge  r e l a t i o n s h i p s  

f o r  a l l  elbows t e s t e d  f o r  flow v e l o c i t i e s  i n  excess  of 3 f e e t  per  

second wi th  an  accuracy of + 5 percent .  On a l l  but  t h e  12-inch 

elbows, flow r a t e s  a t  lower v e l o c i t i e s ,  u s u a l l y  down t o  1 or  1 1/2 

Eeet per  second, a r e  s a t i s f a c t o r i l y  descr ibed  w i t h i n  t h i s  same 

accuracy. 

P l a s t e r  c a s t i n g s  of t h e  i n s i d e  and o u t s i d e  bends, made by 

t rowl i ag  a 1-inch t h i c k  r ibbon of c a s t i n g  p l a s t e r  which was r e in fo rced  

wi th  wire  mesh a long  t h e  f low pa th  t h a t  passed over t h e  p re s su re  t aps ,  

allowed accu ra t e  de te rmina t ion  of c r i t i c a l  elbow dimensions, The 

e f f e c t i v e  r ad ius  of curva ture  could be determined, a s  we l l  a s  t h e  

degree of synunetry, An elbow t h a t  i s  no t  symmetrical wi th  r e spec t  
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t o  t h e  center  of t h e  bend i s  i n d i c a t i v e  of a poor ly  c a s t  elbow and 

should be d iscarded  f o r  u se  a s  an  elbow meter.  Good agreement with 

t h e  genera l  equat ion  t o  b e t t e r  than _+ 3 percent  accuracy was achieved 

i n  a l l  cases  where p l a s t e r  c a s t  dimensions were obtained.  I n f e r r e d  

dimensions obta ined  from manufacturing s p e c i f i c a t i o n s  were i n c o n s i s t a n t  

and appeared t o  depend on t h e  manufac turer ' s  p a r t i c u l a r  sand mold. 

The d i e -cas t ,  p l a s t i c  elbows proved symmetrical and dimensional ly 

cons i s t an t  so  t h a t  unca l ib ra t ed  s i m i l a r  elbows can be exptected t o  

perform wi th in  - + 2 percent .  

Ead;lEL: J ,  A. Replogle,  K. J. Brust ,  L. E. Myers 
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Table 1. Average dimensions and c o e f f i c i e n t ,  K, f o r  s e l e c t e d  elbow 

s i z e s ,  

Mom. Type R - - 6 Equation from c a l i b r a t i o n  K - 3/ 
s i z e  

i n  

12 

10 

6 

3 

3 
long 
r ad ius  

3 
s h o r t  
t u r n  

3 
long 
t u r n  

3  
long 
t u r n  

Cast 
i r o n  

Cast 
i r o n  

Cast 
i r o n  

Cast 
i r o n  

Cast 
i r o n  

P l a s t i c  

P l a s t i c  

P l a s t i c  
r ever s ed 

Q = 4 ,33  H 0e522 - + 0.143 c f s  1.054 

Q = 3.06 H 0*538 - + 0.133 c f s  1.016 

Q = 1.16 H O w 5 O 8  - + 0.052 c f s  0.980 

Q = 0.327 H 0*498 - + 0,012 c f s  1.004 

Q = 0.409 H 09498 - + 0.009 c f s  1.018 

Q = 0.300 H 0°500 - + 0.009 c f s  0.949 

Q = 0.344 H Oo5O2  - + 0.008 c f s  0.969 

Q = 0.334 H 0*499 - + 0.005 c f s  0.940 

1/ Average center  l i n e  r ad ius  of elbow determined by p l a s t e r  cas t ing  - 
when a v a i l a b l e  o r  est imated from cons idera t ion  of measured tangent  

lengths ,  

21 Average diameters of a l l  elbows t e s t e d  of s i m i l a r  s i z e ;  determined - 
from end measurements. 

31 K va lue  requi red  t o  match c a l i b r a t i o n  equat ion wi th  equat ion [ 3 ] ,  - 
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Table 2. Dimensions of selected elbows obtained with cast ing p las te r .  

Elbow Size ~ a d i u s l ~  RadiusL/ Center- a - a ' 3 / 41 - 
a Remarks 

number ins ide  outside l i n e  
bend bend radius 

R (calculated) (calibrated) 
i n  i n  i n  i n  % 

3 3 2.57 - 4.07 - 21 0.326 - 0.3212/ + 1 . 5  I n s i d e b e n d c i r c u l a r  5 / 
cast  i ron 0.326 0.320 + 1.9 over 850, Center tap 

accurate to  + 0.05". 

2 1 6 4.85 9.83 7,34 1.192 1.161 + 2.7 Asymmetrical; R i  var- 
cas t  i r on  3.88 9.83 6.86 1.150 1.108 + 3.8 ied from 4.85" t o  

3.00"; f 0.1" var i -  
N a t  ions. 
I 

33 10 4.52 14.40 9.46 - - - Calibrated i r r ad i ca l l y ;  

cas t  i ron Burr found near tap. 

4 0 12 4,23 15.94 10.08 4.31 4.24 + 1.7 Diameter varied a f -  
cas t  i ron 4.23 15.94 10.08 4.30 4.27 + 0.7 fec t ing  calculated 

value fo r  "a", 

4 2 12 4.30 16.61 10.46 4.39 4.04 + 0.8 Asymmetrical+ 0.2 t o  
cas t  i ron  4,12 16.61 10,37 4.38 4.51 - 2.9 0.25" var ia t ions .  R i  

varied from 4.3" t o  
4.12", 

1/ Based on center 213 of bend or 213 of half bend i f  asymmetrical and two values appear i n  table .  - 
2/ Calculated by adding half  of pipe diameter to  ins ide  radius. - 
3/ Calculated from equations [2] and f3 ]  using K from Table 1. - 
4 /  Percent difference,, 100(a - a ' ) /a  '. - 
5/ Two values a r e  fo r  a l t e rna t e  flow direct ions .  - 
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Table 2. Continued. 

Elbow S i z e  RadiusL1 RadiusL1 Center- a - a ' 3 / 4 1  
E - a Remarks 

number i n s i d e  o u t s i d e  l i n e  
bend bend r ad ius  

R ( ca l cu la t ed )  ( ca l ib ra t ed )  
i n  i n  i n  i n  % 

3 3.00 6.22 4.61 0.346 - 0.338 + 2.4 Symmetrical; cen ter  5 1 
P2 

long 0.336 0,331 + 1,5 t a p  o f f  by 0.2"; 
ABS t u r n  R e v e r s i b i l i t y  poor, p l a s t i c  3.0% d i f f e rence .  

P, 3 2.96 6.14 4.55 0.342 0.347 - 1,4  Same a s  above. 
3 

';" A33S long 
w t u r n  p l a s t i c  

P4 
3 2.02 5.19 3,6 1 0.300 0,298 + 0.6 Very symmetrical. 

s h o r t  0.300 0.304 - 1.3 I n s i d e  bend cen te r  
ABS t u r n  t a p  mis loca ted  0.1". p l a s t i c  R e v e r s i b i l i t y  ac-  

ceptab le .  

1/ Based on cen te r  213 of bend o r  213 of h a l f  bend i f  asymmetrical and two va lues  appear  i n  t a b l e .  - 
2/  Calculated by adding h a l f  of p i p e  diameter t o  i n s i d e  r a d i u s ,  - 
3/  Calcu la ted  from equat ions [2]  and [3]  us ing  K from Table 1. - 
4 1  Percent  d i f f e r ence ,  100(a - a l ) / a  ', - 
5 l  Two values a r e  f o r  a l t e r n a t e  flow d i r e c t i o n s .  - 
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SCHEMATIC OF 

RECIRCULATING AND FLOW MEASURING SYSTEM 

FLOOR CHANNEL 

Figure 1. Schematic of recirculating and flow measuring system, 
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Figure 2. Variation of exponent, E, with elbow meter s ize.  

Annual Report of the U.S. Water Conservation Laboratory



Figure  3.  Cal ib ra t ion  curves f o r  elbow flow meters.  
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Figure  4. S c a t t e r  of c a l i b r a t i o n  da t a  from s e l e c t e d  average  equat ion f o r  3-inch c a s t  i r o n  elbow meters.  
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Figure  5. S c a t t e r  of c a l i b r a t i o n  da t a  from s e l e c t e d  average equat ion  f o r  long r a d i u s  3- inch c a s t  i r o n  
elbow meters .  
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Figure 7 ,  Sca t t e r  of ca l ibra t  j on data from selected average equation fo r  6-inch cas t  iron elbow meters. 
Annual Report of the U.S. Water Conservation Laboratory



Figure  8. S c a t t e r  of c a l i h r a i i o n  da ta  from s e l e c t e d  average equat ion  f o r  10-inch c a s t  iron elbow meters.  Annual Report of the U.S. Water Conservation Laboratory



Figure  9. S c a t t e r  of c a l i b r a t i o n  da t a  from s e l e c t e d  average  equat ion  
f o r  12-inch c a s t  i r o n  elbow meters .  
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TITLE: CALIBRATION AND EVALUATION OF NET RADIOMETERS 

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

During the  p a s t  year  t he  compensated n e t  radiometers  (1) have 

undergone ex tens ive  f i e l d  t e s t i n g .  The n e t  radiometers  perform 

q u i t e  s a t i s f a c t o r i l y .  The p r e s s u r i z a t i o n  system descr ibed  proved 

t o  be very e f f e c t i v e  even i n  i n t ense  rainstorms,  and c a l i b r a t i o n  

f a c t o r s  remain unchanged through a season of use .  It appears  t h a t  

t he  polyethylene domes should be replaced a f t e r  6 t o  9 months' u s e ,  

Recently,  work has been s t a r t e d  t o  reduce the  phys i ca l  s i z e  

of the  n e t  radiometer,  thus  f a c i l i t a t i n g s i t s  u se  i n  p l a n t  

canopies ,  The d e s i r a b l e  f e a t u r e s  would s t i l l  be r e t a i n e d .  The 

design now be ing  t e s t e d  inc ludes  a t ransducer ,  1 .12 inches i n  

diameter .  The support  frame is being c a s t  from epoxy r e s i n s ,  

which reduces the  machining time. 

REFERENCES : 

(1) F r i t s ehen ,  Leo J .  

Miniature n e t  radiometer  improvements. Submitted t o  

t h e  Jou rna l  of Applied Meteorology. 

PERSONNEL: Leo J .  F r i t s c h e n  
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TITLE: SOLL TREATmHY TO REDUCE I NCREASE PRECIPITATION 

RUNOFF 

LINE PROJECT: SWC 4-gG3 CODE NO. : A r  i z . -WCL-7 

INTRODUCTIOH: 

Recent labora tory  s t u d i e s  of t h e  sprayable  a s p h a l t i c  m a t e r i a l s  

f o r  s o i l  s t a b i l i z a t i o n  have been concerned with t h e  a s p h a l t  d i s -  

t r i b u t i o n  i n  the s o i l  and wi th  t h e  e f f e c t  of s o i l  mois ture  on a s p h a l t  

pene t r a t ion  and s o i l  s t r e n g t h .  A porta.ble t e s t i n g  machine was 

cons t ruc ted  t o  measure s o i l  s t r e n g t h  i n  t h e  f i e l d  f o r  comparison wi th  

labora tory  r e s u l t s .  Laboratory s t u d i e s  a l s o  included t h e  use  of 

a s p h a l t  f o r  banding t h i n  p l a s t i c  f i lms  t o  Lhe s o i l .  

To b e t t e r  o b t a h  r a i n f a l l  da ta ,  p re l imi ra ry  inves t iga t ions  

were conducred i n  developing a  s t o r a g e  type, ground l e v e l  r a i n  gauge. 

These r a i n  gauges w i  ll measure the  r a i f s f a l l  which a c t u a l l y  reaches 

t h e  ground and i s  a v a i l a b l e  f o r  c o l l e c t i o n  by a  water ha rves t ing  

s t r u c t u r e ,  

A new experimerital, ope ra t iona l  water ha rves t ing  s t r u c t u r e  was 

constrr?cted i n  cooperat ion w i ~ h  t h e  Pores!. Se rv i ce  near  F l a g s t a f f ,  

Arizona. Hn add i t i on ,  t h e  Metate, Nelson Road, and Blue Mountain 

Catchments were g ivea  completely new t r eacmmts  i n  cooperat ion w i  t h  

the  Bureau of Indian  Affaars .  We now have s i x  o p e r a t i o n a l  catchments 

under t e a t  which i-?.volve four d i f f e r e n t  s*.;rface t rea tments  and t h r e e  

d i s t i n c t l y  d b f  f e r e n t  s o i l s .  

PART I. SOIL STMILIZATIOH. 

1. E f f e c t  of S o i l  Moisture on Asphalt  Penet ra t ion .  

Procedure, The e f f e c t  of s o i l  mois ture  on the  depth  of pene- 

t r a t i o n  of sprayed a s p h a l t i c  m a t e r i a l s  i n t o  Gran i t e  Reef and Control  

s o i l s  was measured. The s o i l s  were oven d r i e d  a t  105 C f o r  24 hours,  

then blended i n  a  tw in - she l l  blender  wi th  s u f f i c i e n t  water t o  br ing  

t h e  mois ture  content  t o  t h e  des i r ed  l eve l .  The 38 x 12 x 5 cm s o i l  

r r ays  were f i l l e d  with 2550 grams of s o i l  and a  reinEorced board 

placed on a  smooth s o i l  su r f ace .  Force was app l i ed  t o  t h e  board 

wi th  a n  a rbo r  p re s s  t o  compact t h e  s o i l  t o  a  depth of 4  cm which 
3 

gave a  r e s u l t i n g  dry  d e n s i t y  oE 1.4 g  per  cm . The t r a y s  were then 
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covered with a  shee t  of aluminum f o i l  t o  prevent  mois ture  l o s s  before  

t rea tment .  RC-s e c i a l ,  MC-250, and RSR-H a s p h a l t s ,  heated t o  49 C 

i n  an  oven, were app l i ed  a t  a  r a t e  of 2.45 kg of a s p h a l t  per  m 
2 

and allowed t o  p e n e t r a t e  a t  an a i r  temperature of 27 C f o r  24 hours.  

P e n e t r a t i o ~  was measured by cross-sec t ion ing  ac ros s  t h e  c e n t e r  l i n e  

of t he  t r a y s  a t  t h r e e  loca t ions  and the  averages recorded. 

Resul t s .  Treatment and measurement da t a  a r e  presented  i n  Table --- 
1. Pene t r a t ion  of RC-special and MC-250 increased  wi th  inc reas ing  

s o i l  mois ture  content ,  wi th  t h e  inc rease  being g r e a t e r  f o r  Grani te  

Reef s o i l  than  f o r  Control s o i l ,  Pene t r a t ion  i n t o  Cont ro l  s o i l  was 

doubled by inc reas ing  mois t u r e  content  t o  16 percent  from Q pe rcen t ,  

Inc reas ing  s o i l  ~oisture content  almost completely stopped pene- 

t r a r i o n  o f  RSK-P $saPo bo th  s o i l s .  

2. Asphalt  D i s t r i b u t i o n .  

Procedure, The e f f e c t s  o f  s o i l ,  a spha l t  type,  and a p p l i c a t i o n  

r a t e  on t h e  v e r t i c a l  d i s t r i b u t i o n  of t h e  sprayed a s p h a l t  were s tud ied  

on t h r e e  d i f f e r m t  s o i l s  wi th  RC-special, MC-70, ?K-250,  and RSK-I 
2 

a s p h a l t s  app l i ed  a t  r a t e s  of l , 5  and 2 , 5  kg per m . S o i l s  were 

compacted iaato 38 X 12 X 5 cm t r a y s  in  four Fr,.cremenrs of 700 g 

Gran i t e  Reek s o i l s  were a i r  d r i e d  and blended 

wi th  sufEzcient  q r r a ~ t i r y  of wa.ter t o  br ing  t h e  mois ture  contea t  t o  

10 percent  by weight ,  The Metate s o i l  w2s compacted Lnto an  a i r -  

d ry  s t a t e  which c rea t ed  a n  aggregated s o i l  s t m c i x r e  s i m i l a r  t o  dry 

f i e l d  condi t ions .  Compaction was done by dropping a  4 , l  kg weight 

s i x  t imes, Erom a he ight  of 64 cm, onto a  r e in fo rced  tamping foo t  

covering the  e n t i r e  s o i l  sur face .  Asphal ts  were preheated t o  49 C 

and app l i ed  wi th  a Binks e x t e r n a l  mix spray  gun, wi th  t h e  a p p l i c a t i o n  

r a t e  being checked by weighing t h e  boxes before  and a f t e r  t rea tment ,  

Trea ted  s o i l s  were allowed t o  cure  outdoors f o r  7  days under normal 

temperature ranges of 21 t o  43  C. Af t e r  curing,  t h e  t r e a t e d  s o i l  

was sampled ia  d u p l i c a t e  i n  3 mm l aye r s  f o r  t he  f u l l  depth o.f pene- 

t r a t i o n ,  T w a t y  grams of each sample was placed i n  a  preweighed 

e r ,  allowed t o  a i r  d ry  a t  room temperature 24 C f o r  48 

hours ,  oven d r i e d  l o r  3 hours a t  55 C, and then were weighed, 
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Next, 60 g of naphtha was added t o  t he  a s p h a l t  s o i l  sample and i t  

was covered and s e t  a s i d e  fo r  24 hours while  t h e  a s p h a l t  d i sso lved  

from the  s o i l  p a r t i c l e s ,  The sample was thoroughly mixed twice 

dur ing  t h i s  per iod.  The sample was reweighed, thoroughly mixed, and 

allowed t o  s tand  f o r  3 minutes before  a  20-g a l i q u o t  of t h e  a s p h a l t -  

naphtha was taken and placed i n  a  preweighed beaker f o r  evaporat ion 

of t he  naphtha. he evaporat ion of t h e  naphtha was done under a  

v e n t i l a t e d  hood For 36 hours,  r o t a t i n g  t h e  beakers p e r i o d i c a l l y .  

The naphtha-asphal t  was then placed i n  a  65 C oven f o r  1 hour be to re  

reweighing, The q u a n t i t y  of a s p h a l t  i n  t h e  o r i g i n a l  a s p h a l t - s o i l  

sample was then ca l cu la t ed  from t h e  equat ion 

where X = t o t a l  a s p h a l t  i n  sample 

B = naphtha added 

C = naphtha-asphal t  a l i q u o t  

D = a s p h a l t  r e s i d u e  i n  a l i q u o t  

Resu l t s ,  Distribution da ta  a r e  presented  i n  Table 2. A t  t he  - 
low 1.5 kg appbicat ioi?  r a t e  t h e r e  was no marked, c o n s i s t a n t  d i f f e r e n c e  

which could be a t t r i b u t e d  t o  t h e  type  a s p h a l t  used, A t  t h e  high 

2.5 kg r a t e  t h e  RC-special tended t o  p e n e t r a t e  deeper,  l eav ing  l e s s  

a s p h a l t  i n  t h e  s u r f a c e  s o i  l aye r s ,  than t h e  RSK-1, wi th  t h e  MC c u t -  

backs i n  between, There was no s i g n i f i c a n t  difEexence between 

MC-70 and MC-250 cutback, The low a p p l i c a t i o n  r a t e  depos i ted  a  

higher  percentage of t he  a s p h a l t  near  t h e  s o i l  s u r f a c e  than  t h e  

h igh  a p p l i c a t i o n  r a t e .  Pene t r a t ion  was g r e a t e r  and s u r f a c e  a s p h a l t  

content  lower f o r  coarse  s t r u c t u r e d  Metate s o i l  than f o r  t h e  sandy 

loam Grani te  Reef s o i l ,  wi th  loamy sand Control  s o i l  i n  between. 

These d i f f e r ences  a r e  no t  g r e a t ,  however, and would no t  s i g n i f i c a n t l y  

aEfec t  cons t ruc t ion  of a  sprayed a s p h a l t  pavement i n  t h e  f i e l d .  

3. E f fec t  of Moisture on S t r eng th  of Asphalt  S t a b i l i z e d  S o i l .  

Procedure, The e f f e c t  of s o i l  mois ture  on the p e n e t r a t i o n  s t r e n g t h  

of s o i l  s t a b i l i z e d  wi th  RC-special and MC-250 a s p h a l t  was i n v e s t i g a t e d  
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by adding s u f f i c i e n t  water Lo s t a b i l i z e d  s o i l  i n  smal l  t r a y s  t o  r a i s e  

t h e  moisture conhent t o  t h e  des i r ed  l e v e l .  Trays were wrapped a i r -  

t i g h t  i n  alumi~,um fail and t h e  mois ture  was allowed t o  e q u i l i b r a t e  

f o r  24 hours,  The s o i l  s t r e n g t h ,  i n  t e r n s  of r e s i s t a n c e  t o  peoe t ra -  
2 

t i o n  of a 2.54 cm foor ,  was measured with the  l abo ra to ry  t e s t i n g  

machine, (See Anx~al Report 1963, WCL-7), 

Resul t s .  The dry s t r e c g t h s  were 15 t o  18 kg/cm2 f o r  t he  a spha l t  --- 
t r e a t e d  s o i l s  compared t o  12 on t h e  un t r ea t ed ,  The s t r e n g t h  va lues  

f o r  t r e a t e d  s o i l  dropped 4 t o  6 kg/cm2 a t  a  s o i l  mois ture  content  of 

4 percent ,  but t h i s  was a o t  s ignLfi .cant ly d i f f e r e n t  from t h e  un- 

t r e a t e d  s o i l  a t  t h e  same mois ture  content ,  There was no s i g n i f i c a n t  

difEerence bctwcen the two aspha.k~s as measured by t h i s  t e s t ,  

4 ,  F i e l d  Sofh -- Scrt . ,nsh -- Tes t ing  M i c h i x ,  

Procedure, A po r t ab l e  t e s t i n g  machine was constructed which i s  --- 
capable of providing a cons tan t  t r a v e r s e  speed of t h e  t e s t i n g  f o o t  

and has loading c h a r a c t e r i s t i c s  equiva lea t  t o  o ~ i r  l abo ra to ry  t e s t i n g  

machit.-e, A review of c c m e r c i a l l y  a v a l l a b l ~  f i e l d  t e s t i n g  machines 

Eai led t o  provide one wi th  a co-:~stant t r a v e r s e  speed a t  v a r i a b l e  

loads.  Our t e s t i q ,  machine was b u i l t  by C S T ~ ~ S L ~ U C L ~ ~ . ~  a 29.22-cm 

diameter pis kc.^., and cyl inder  a r rangema- t ,  The plecon i s  moved a t  a  

constant  r a t e  of 0,4  crn/mi.n i n  t h e  cylxxder by p~~mping  420 cclmin 

of l i g h t  weight hydraul ic  oil i e t o  i t  with a p o s i t i v e  displaceme.nt 

gear  purnp drkvez by an  e l e c t r i c  motor. F l u i d  p re s su re  i n  t he  

cy l inde r  i s  measured wi th  a c l a s s  AA p re s su re  gauge wikh a  maximum 
2 

pres su re  reading  of 2.1 kg/cm2 a t  an accuracy of _+ 0.01 kglcm 
n C)  

L L 
Using a  2,54 cm foo t ,  s o i l  s t r e n g t h  i n  excess of 200 kg/cm can be 

measured, The piston. i s  mounted i n  t h e  cen te r  of a  1.2 X 1.8 m 

p la t form which is  he ld  i n  p l ace  by a  counterbalance of four  200- 

l i t e r  drums f i l l e d  wi th  water.  Hn the  f i e l d ,  p e n e t r a t i o n  s t r e n g t h  

was neasured a t  t h r e e  loca t ions  on each of t h e  p l o t s ,  

Resul t s .  The t e sk  loca t ions  and r e s u l t s  a r e  presented  i n  Table -- 
3 ,  The average pavement s t r e n g t h  was 7 6 - 0 ,  41.4, and L6,4 kg/cm 

2 

f o r  RC-special, modified S-1,  and un t r ea t ed ,  r e spec t ive ly .  The 

a s p h a l t  p l o t s  had weathered a mininzum of 1 year  a f t e r  a n  a p p l i c a t i o n  
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2 
r a t e  of 1.4.7 kgJm of a s p h a l t .  Comparing t h e  f i e l d  r e s u l t s  t o  t h e  

s t r e n g t h  ob ta ined  i n  t h e  s o i l  t r a y s  i n  t h e  l abo ra to ry  (Annual Report 

1963) shows the  Labosatory r e s u l t s  a r e  r e p r e s e n t a t i v e  of t h e  f i e l d  

under t h e  d r y  soil condi t ions  p re sen t  a t  t h e  t i m e  of t e s t i n g .  

PART XI. THIN FILM B 

The use  of t h i n  p l a s t i c  f i lms  bonded t o  a s p h a l t  s t a b i l i z e d  s o i l  

i s  q u i t e  promising and has s e v e r a l  advantages,  Runoff water  from a 

f i l m  covered s u r f a c e  is  c l e a r  and of e x c e l l e n t  q u a l i t y ,  Also, t h e  

f i l m  p s o t e c t s  t h e  a s p h a l t  base coa t  from weather ing,  Black 1.5-mil 

po lye thylene  i s  r e l a t i v e l y  low cos t  and wi ths tands  weather ing 

d e k e r i o r a t i o n  reesonabky we l l  when bonded t o  t h e  s o i l  su r f ace .  F i e l d  

seaming polyethyLei~e has  been a  problem i n  t h e  p a s t ,  but  we have 

found t h a t  f o r  our purposes a s p h a l t  compounds a r e  a  s a t i s f a c t o r y  

adhes ive  f o r  c s n s t r u c t i u g  polye thylene  catchment aprons,  

The bondicg s t r e n g t h  ob ta ined  a t  var ious  cu r ing  times and 

temperatures  from a s p h a l t i c  compounds used wi th  1,5-mil  b lack  poly- 

e thy l ene  was eva lua ted  i n  a  l abo ra to ry  t e s t i n g  machine, The poly- 

e thy l ene  was c u t  i n t o  s t r i p s  10.2 cm wide and 1 - 2  m long, The 

a s p h a l t  was app l i ed  wi th  a brush a t  an  approximate r a t e  of 0.5 kg 
2 

a s p h a l t  per  m . Boading t e s t s  were conducted on a s p h a l t  t r e a t e d  

plywood t o  reduce sample p r e p a r a t i o n  time and s i m p l i f y  tests, No 

d i f f e r e n c e  v7as found i n  t e s t s  u s ing  both a s p h a l t  t r e a t e d  s o i l  t r a y s  

and t h e  a s p h a l t  t r e a t e d  plywood. A l l  except t h e  2-hr samples were 

cured a t  a i r  temperatures  he ld  e s s e n t i a l l y  cons tan t  a t  27 C f o r  t h e  

r equ i r ed  time. Samples were then moved i n t o  a  cons t an t  temperature  

room and allowed t o  ' e q u i l i b r a t e  t o  t h e  t e s t  temperature  f o r  a  

minimum of 4 hours .  The 2-hr samples were p laced  i n  t h e  cons tan t  

temperature  room 30 minutes aE te r  t rea tment .  A l l  samples were 

dup l i ca t ed .  The t e s t s  cons i s t ed  of fou r  t e s t s  which were designed 

t o  E i t  e x i s t i n g  types  of f i l m  f a i l u r e  i n  t h e  f i e l d  and a l s o  t o  

correspond a s  c l o s e l y  a s  p o s s i b l e  t o  s tandard  ASTM procedures .  The 

t e s t s  and r e s u l t s  were a s  fol lows.  
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1. Pee l  Tes t s .  

Procedure, Both 90- and 180-degree p e e l  t e s t s  were run  wi th  a  

t r a v e r s e  speed of 5 cm/min a t  fou r  temperatures and t h r e e  cur ing  

i n t e r v a l s  wi th  t h r e e  a s p h a l t  m a t e r i a l s .  Temperatures were 4 ,  15, 27, 

and 49 C.  Curing times were 2 hours,  1 day, and 3 days, Asphal ts  

were s tandard  RSK a3d SS-2 emulsions and SS-2B which i s  SS-2 

modified with bwtyl l a t e x .  

Results,, Resul t s  a r e  presented  i n  Table 4 .  A l l  t rea tments  

f a i l e d  a t  4 C, i n d i c a t i n g  t h a t  pee l ing  could be a  problem a t  low 

temperatures.  SS-2 and SS-2B had s i g n i f i c a n t l y  g r e a t e r  i n i t i a l  

bonding s t r e n g t h  a t  27 C than  d id  RSR. RSR was s t ronge r  a t  15 C 

than  SS-2 o r  SS-2B but  was weaker a t  27 C.  Bonding s t r e n g t h  

decreased m a t e r i a l l y  a t  49 C a s  t h e  a s p h a l t  sof tened .  

2, Lap J o i n t s ,  

Procedure. The s t r e l g t h s  of t h e  lap  j o i n t s  were measured with 

the  same procedure a s  descr ibed  i n  t h e  1963 Annual Report wi th  t h e  

except ion of i nc reas ing  the  kraverse speed of t h e  t e s t i n g  machLne 

from 2,5 t o  5,O cm per  minute.  

Resu Ltg. The t e s t  condi t ions  and r e s u l t s  f o r  t h e  l ap  j o i n t  

bonding a r e  presenCed i.n Table 5. A l l  samples of lag, j o i n t s  at 

a11 temperatures provided s a t i s f a c t o r y  bonds, wi th  t h e  RSK b e s t  a t  

4 and 27 C,  and SS-2 and SS-2B b e s t  a t  49 C. General ly ,  t h e  longer 

t h e  cure,  t h e  s t ronge r  t h e  bond up t o  t h e  breaking s t r e n g t h  of t h e  

f i lm .  These d a t a  i n d i c a t e  t h a t  f a i l u r e  of lap  j o i n t s  w i l l  no t  be 

a  problem i n  t h e  f i e l d .  

3. V e r t i c a l  U p l i f t .  

Procedure, The u p l i f t  Eorce r equ i r ed  t o  p u l l  bonded poly-  

e thylene  from t h e  s o i l  was measured by bonding 10.2 X 10,2 cm boards 

t o  t h e  top and t h e  bottom of t h e  polyethylene wi th  a s p h a l t .  The two 

boards were then pu l l ed  a p a r t  i n  t h e  t e s t i n g  machine and the  fo rce  

r equ i r ed  t o  f a i l  t he  a s p h a l t  on one s i d e  of t h e  polye thylene  was 

recorded. The bonding s t r e n g t h  on t h e  boards was compared t o  poly- 

e thylene  bonded t o  a s p h a l t  s t a b i l i z e d  s o i l  i n  t h e  s o i l  t r a y s .  
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Resul t s .  The v e r t i c a l  u p l i f t  bonding s t r e n g t h  of t h e  polyethylene 

bonded t o  s o i l  and t o  t h e  plywood board i s  presented  i n  Table 6 ,  A l l  

t h e  v e r t i c a l  u p l i f t  t e s t s  were conducted a t  3  days cure ,  At 4  C t h e  
2  

bonds t o  t h e  board were over 0.46 kg/cm , and t h e  bonds t o  t h e  s o i l  

exceeded t h e  s t r e n g t h  of t he  s t a b i l i z e d  base coa t ,  A t  49 C i n  t he  

bonding t o  the  board, t h e  S - l  and SS-2 had s t r e n g t h s  i n  excess  of 

0.2 kg/cm2 and t h e  SS-2B had a  va lue  of 0.1 kg/cm2. This should be 

adequate  t o  prevent  f i l m  f a i l u r e  i n  t h e  f i e l d  by v e r t i c a l  u p l i f t  caused 

by wind, 

PART IV. GRANITE REEF TESTING SITE. 

Ins t rumenta t ion  t o  determine wind d i r e c t i o n  and v e l o c i t y  during 

r a i n  storms was i n s t a l l e d  a t  t h e  Gran i t e  Reef t e s t i n g  s i t e  t h e  p a s t  

year .  A v sc to r  pluviometer was i n s t a l l e d  t o  o b t a i n  quan t i t a - t i ve  

measurement of t h e  d i r e c t i o n  t h e  r a i n  comes from. The vec tor  p luvi -  

ometer c o n s i s t s  of four v e r t i c a l  c i r c u l a r  openings, 12,7 cm i n  diameter 

placed a t  r i g h t  angles  t o  each o the r  and f ac ing  nor th ,  e a s t ,  south,  

and west. The r a i n  c o l l e c t e d  by each opening i s  s t o r e d  i n  a poly- 

e thylene  b o t t l e  and then  measured a f t e r  each r a i n .  To o b t a i n  i n -  

formation concerning wind d i r e c t i o n  and speed, a  s e l f - con ta ined  r e -  

cording wind system was designed and i n s t a l l e d .  The system c o n s i s t s  

of a  d i r e c t i o n a l  vane and anemometer wi th  simple s i g n a l  genera tors  

connected t o  an  a m p l i f i e r  and recorder  which au toma t i ca l ly  t u r n  on 

a t  t h e  s t a r t  of a  r a i n ,  The power supply f o r  t h e  a m p l i f i e r  and 

recorder  i s  a  110 V A,C,  i n v e r t e r  connected t o  a  12 V b a t t e r y ,  The 

vec tor  pluviomeker was i n s t a l l e d  15 A p r i l  1964 and t h e  wind system 

i n  ope ra t ion  12 September 1964. 
2  

1, Small 9.3 m P l o t s ,  
2  

Resul t s .  Runoff from t h e  9.3 m p l o t s  during 1963 i s  l i s t e d  

i n  Table '$ .  The t rea tments  f o r  t h e  p l o t s  a r e  presented  i n  Table 7 .  

The t o t a l  runoff from t h e  30-mil b u t y l  shee t ing ,  p l o t  2, averaged 

100 percent  of t he  t o t a l  r a i n  gauge ca t ch ;  while  from un t r ea t ed  s o i l ,  

p l o t  4, t h e  runoff  was 31 percent .  This  high percentage r e s u l t e d  

from 80 percent  runoff  from one high i n t e n s i t y  50 mm storm, Ex- 

c luding  t h i s  storm, runoff  from t h e  ba re  s o i l  p l o t  was 15 percent  of 
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r a i n  gauge catch.  On 14 A p r i l  1964, a modified 1 - m i l  polyethylene 

shee t ing  was i n s t a l l e d  on p l o t  9. The shee t ing  was secu re ly  

fas tened  wi th  b a t t e n  s t r i p s  a t  t h e  edges, bu t  wind t o r e  t h e  shee t  i n  

l e s s  than  two months. Also on 14 A p r i l  1964, p l o t  8 was covered wi th  

12-mil modified b u t y l  shee t ing  bonded t o  t h e  s o i l  wi th  a s p h a l t ,  There 

has been no problem wi th  wind and runoff has  averaged 100 percent .  

I n  J u l y  1964, p l o t  16 was t r e a t e d  wi th  a n  MC-250 base coa t ,  and a 

s e a l  coa t  of a roo f ing  a s p h a l t  c l a y  emulsion. The p l o t  has weathered 

very  we l l  and i s  g iv ing  e x c e l l e n t  runoff .  P l o t  18 was t r e a t e d  i n  

May 1963 wi th  a water r e p e l l e n t  des igna ted  R-9, and, f o r  t h e  p a s t  
I 

year,  excluding t h e  50 mm storm, averaged 39 percent  runoff  a s  

compared t o  15 percent  from t h e  un t r ea t ed  p l o t .  Runoff inc luding  

t h i s  storm exceeded 51  pe rcen t ,  
2 

2, Large 230 m P l o t s .  
2 

Resu l t s ,  Treatments app l i ed  t o  t h e  230 m p l o t s  a r e  l i s t e d  i n  

Table 9, and t h e  runoff  r e s u l t s  a r e  presented  i n  Table 10. The 6- 

m i l  polyethylene, p l o t  1, performed s a t i s f a c t o r i l y  al though t h e  runoff  

was only 95 percent .  Observations of t h e  p l o t  dur ing  r a i n  showed t h a t  

wrinkles  i n  t h e  shee t ing  caused cons iderable  r e t e n t i o n .  

The smooth, ba re  p l o t  2 averaged 35 percent  runoff ,  a l though 

t h e  runoff  i s  decreas ing  a s  t h e  roughness of t h e  p l o t  i nc reases  

due t o  wind e ros ion  of t h e  f i n e  s o i l  p a r t i c l e s .  

P l o t  3, t h e  aluminum f o i l ,  s t i l l  has good appearance, but  t h e  

runoff  has reduced considerably.  Close observa t ion  shows t h a t  many 

smal l  ho les  a r e  appearing i n  t h e  f o i l  and a r e  a l lowing  t h e  water t o  

seep i n t o  t h e  s o i l  underneath. 

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

o ra t ion ,  and t h e  runoff  t h e  p a s t  year  was 100 percent  o r  over f o r  

each storm, wi th  t h e  except ion  of t h e  f i r s t  storm of t h e  year ,  

Seasonal  runoff averaged 103 percent .  

P l o t  5, a two-phase a s p h a l t  wi th  a modified S-1 base coa t  and 

S-1 top coat ,  has weathered extremely w e l l  t h e  p a s t  year  and 

averaged 98 percent  f o r  t h e  year ,  
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P l o t  6, another  two-phase t reatment  us ing  RC-special a s  a  base 

coat  and S-1 and SS-2 modified wi th  b u t y l  l a t e x  a s  a  top coa t ,  i s  

a l s o  g iv ing  us  98 percent  runoff .  Records f o r  i n d i v i d u a l  storms 

throughout t h e  year  show t h e r e  may be a s  much a s  30 percent  d i f f e r e n c e  

i n  runoff between p l o t s  5  and 6, even though t h e  t o t a l s  f o r  t h e  

year  a r e  e s s e n t i a l l y  i d e n t i c a l .  The d i f f e r ences  f o r  i n d i v i d u a l  

storms can be explained i n  t h a t  t h e  two p l o t s  faced i n  d i f f e r e n t  

d i r e c t i o n s .  P lo t  5  s lopes  t o  t h e  nor th ,  and p l o t  6 s lopes  t o  t h e  

e a s t .  

P l o t  7  i s  covered wi th  a  shee t ing  of 1 - m i l  white  polyvinyl  

f l u o r i d e  f i l m  manufactured under t h e  t r a d e  name of Tedlar .  This  

i s  asphalt-bonded t o  t h e  s o i l  which was s t a b i l i z e d  wi th  RC-special 
2  

a t  a r a t e  of 2  kg of a s p h a l t  m . The treatment  of t h i s  p l o t  was 

f i n i s h e d  i n  February 1964, and has averaged over 100 percent  runoff  

from t h a t  t ime, The shee t ing  weathers extremely we l l  bu t  is sus-  

c e p t i b l e  t o  mechanical damage. It has been necessary  t o  r e p a i r  t h e  

shee t ing  t h r e e  times i n  t h e  p a s t  year  due t o  mechanical damage 

caused a s  t h e  shee t ing  sh r inks  and long i tud ina l  t e a r s  occur.  

To he lp  exp la in  d i f f e r e n c e s  i n  t he  runoff from i n d i v i d u a l  

storms between p l o t s  5  and 6, a  vec tor  pluviometer ( d i r e c t i o n a l  

r a i n  gauge) was cons t ruc ted  and i n s t a l l e d  a t  t h e  Gran i t e  Reef 

t e s t i n g  s i t e ,  D i r e c t i o n a l  r a i n f a l l  da t a  from t h e  vec to r  pluviometer 

a r e  presented i n  Table 11, The r e s u l t s  show t h a t  a  m a j o r i t y  of t h e  

storms come from predominantly one o r  two d i r e c t i o n s .  Although 

r a i n f a l l  d i r e c t i o n  va r i ed  cons iderably  from storm t o  storm t h e  

t o t a l  ca tch  d id  not  vary  s o  much among o r i f i c e s .  T o t a l  ca t ch  from 

27 A p r i l  through 31  December f o r  o r i f i c e s  f ac ing  d i f f e r e n t  d i r e c t i o n s  

was: no r th  - 705 m l ;  e a s t  - 777 m l ;  sou th  - 680 m l ,  and west - 
1028 m l .  This  i s  r e f l e c t e d  i n  t h e  almost i d e n t i c a l  t o t a l  ca tch  

f o r  p l o t s  5  and 6. P l o t  5  caught 122.7 mm and p l o t  6  caught 122,8 mm. 

3. Watersheds. 
2  

Resul t s .  Three 450 m watersheds have been instrumented f o r  

t h e  p a s t  year.  The runoff r e s u l t s  a r e  presented  i n  Table 12. 

Watersheds 1 and 2  a r e  completely untouched a s  f a r  a s  smoothing o r  
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c l e a r i n g  of t h e  brush. Watershed 3 has had t h e  brush removed by 

hand wi th  a  minimum of plot: d i s turbance  otherwise,  The r e s u l t s  

showed t h a t ,  f o r  a  majovi ty of t h e  storms, t h e r e  i s  no runoff from 

any of t he  watersheds,  RuwoEf occurs  only from high  volume, h igh  

i n t e n s i t y  storms o r  when the s o i l  i s  wet from a c l o s e l y  preceding 

storm. Waeershed 3 c o n s i s t e n t l y  had more runoff  t han  t h e  o the r  two, 

averaging 35 percent  f o r  the  year  a s  compared t o  approximately 24 

and 18 percent  f o r  watersheds L and 2 ,  r e spec t ive ly .  

4 .  Esso P l o t s .  

A fou r -p lo t  t e s t  u n i t  was cons t ruc ted  i n  December 1964 a t  

Gran i t e  Reef i n  coopera t ion  wi th  Esso Research Corporat ion of 

Linden, New Je r sey .  Pour p l o t s ,  ? , 6  m X 15,2 m each, were b u i l t  

s i d e  by s i d e  wi th  i n d i v i d ~ a l  s t e e l  tanks f o r  c o l l e c t i n g  and measuring 

runof f ,  The p l o t s  a r e  sprayed wi th  varying r a t e s  of a  one-phase 

a s p h a l t  shipped i n  from the  e a s t e r n  United S t a t e s .  

PmT V e  OPERATIONAL FIELD CAW 

Nelson Road Catchment. The t reatment  i n s t a l l e d  on t h e  Nelson 

Road C a t c h e a t  iz: 1963 had e s s e i i t a i l l y  f a i l e d  dur ing  t h e  win te r ,  

I n  June 1964, t h e  plot was d isked ,  dragged, and r o l l e d  wi th  a  

v i b r a t i n g  r o l l e r .  A base coat  of MC-250 a t  a  rat .e of 2.5 kg a s p h a l t  
2 

per  yd was app l i ed ,  ad on 25 J u l y  a  s e a l  coa t  of c l a y  a s p h a l t  

emulsion was app l i ed  t o  t h e  catchment a t  a  r a t e  of 1.0 kg of a s p h a l t  
2 

per  m . The ?av-E!mect appeared t o  be very tough and hard and t h e r e  

were no observable  cracks of any kind. A few c lods  and p i eces  of 

o ld  pavement could be picked from t h e  sur face ,  bu t  t h e  base coat  

underneath wa.s i n  e x c e l l e n t  shape. The a s p h a l t - f i b e r g l a s  l i n e d  

p i t  had r e c e n t l y  been r e t r e a t e d  wi th  c l ay  emulsion and looked 

very good. R a i n f a l l  had been very  low d w i n g  t h e  summer and t h e  

p i t  contained only a  smal l  amount of d i sco lo red  water.  

Blue Mountain Catchment, The Blue Mountain Catchment was 

i n i t i a l l y  half-covered wi th  aluminum f o i l - f i b e r g l a s  which had been 

damaged due t o  p l a n t  growth and wind. The undamaged a r e a  was 

c l ea red  and the  e n t i r e  catchment was t r e a t e d  wi th  MC-250 a s p h a l t  a t  
2 

a r a t e  of 2.5 ga l /yd  on 25 August. On 28 September a  s e a l  coat  of 
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2 
SS-2 was app l i ed  a t   he ra te  of Q ,5  g of a s p h a l t  pe r  yd t o  t h e  

e n t i r e  pbot znd an experirnert aE allrmicum compound was a p p l i e d  t o  
2 

h a l f  t h e  p l o t  by s ~ r a y i w g  a t  a r a t e  o f  8.05 kg so lb t ion /m . The 

alumimm sp ray  i s  intended t o  reduce t h e  co lo r ing  o f  t h e  rinnoff 

water  and improve di . rabi ' l i ty  of the a s p h ~ l t ,  Th i s  catchment was 

inspec ted  oz 22 Octobbr,  The aI-~minum looked very  good, and you 

could f e e 1  hea tbbe izg  r e f l e c t e d  from t h e  swrface. The e n t i r e  pave- 

ment was Z i r m ,  alehocgh t h e  bese coa t  bad n o t  completely cured. 

There were a few s p r i g s  of v e g e t a ~ i o r s  growing through t h e  t rea tment .  

There had beeo. no r a i ~ i  s i n c e  the pbot had bee2 t r e a t e d .  

Metate Catchment, The twa-pkase a s p h a l t  t rea tmc3t  on the  Ne ta t e  --.-- 
Catchmem had k a i l e d  by t h e  wi~ter of 1963, On 11 Mas~ 1964, whi le  

t h e  s o i l  was dry,   he catcb~mer~t  surface w ~ s  afsked  and r o l l e d  wi th  

a v i b r a t i n g  roTLcr. I%-250 cutback was appl!-ed a t  a r a t e  of 2.5 kg 
2 

of a s p h a l t  i ~ e r  yd . The pit wd3 spxayed w i t h  MC-250 a t  3,0 kg of 
2 

a s p h s l k p e r  yd 6.n 1 Jcne 7.964? 1 lJ2-mil  ~ ~ P y c t h y l r m  was b o ~ d e d  

t o  t h e  s t a b i l i z e d  s o i l  surLace w- s 58-2 emls2o-n;_, The p l a s t i c  

bonded very we21. Z'hs s t o r a g e  Frt fo r  t h e  catchment was l i n e d  wi th  

1 ounce Eiberglas  ma t t i ng  boor.ded t o  t h e  haze coa t  wi th  t h e  S S - 2  

emulsion, The Lici3g was then sea l ed  w i t h  a s p h a l t  c l a y  emulsion. 

This  catclm~ent  PJ~:*S L:m.;pected oc 20 October and looked ve ry  good. 

There were a Eew small hcies ia the polyethylend eaased by g rave l  

on t h e  s u r f a c e  when t he  f n h  was Laid, These holes were no t  being 

en la rged  by wind because t h e  f i l m  was well. bonded t o  hhe s o i l .  There 

were s e v e r a l  yucca s p r i g s  growing through t h e  f i l m  but ,  a t  p r e sen t ,  

t he se  were n o t  doing any damage, The p i t  looked excep t iona l ly  good, 

and t h e  water iz t h e  p i t  was c l e a r .  R a i n f a l l  had been almost non- 

e x i s t a n t  and the  p i c  contained only  a sma l l  amount a t  water .  

Cedar Mesa Catchment, The Cedar Mesa Catchment, which had been 

covered wi th  1 - m i l  Tedlar ,  c o l l e c t e d  water  agd was used s u c c e s s f u l l y  

dur ing  t h e  year .  The Tedlar  i s  s u s c e p t i b l e  t o  mechanical damage, 

and i t  had been necessary  f o r  t h e  B-ICA per 'sor~ael  t o  pa t ch  ho les .  This  

catchment was i x ~ p e c t e d  03 263 October and appeared i n  e x c e l l e n t  shape, 

C a t t l e  had g o t t e n  i n t o  t h e  p l o t  and made smal l  ho l e s  i n  t h e  Tedlar ,  
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but  t hese  were e a s i l y  r epa i r ed .  The water i n  t h e  tank was p e r f e c t l y  

c l e a r .  This w i l l  be a succes s fu l  t reatment  i f  mechanical damage 

by c a t t l e  can be prevented,  - 
Hopi N c P , * ~ .  The catchment on the  Hopi  Ind ian  Reservat ion,  

which had been treated wi th  a two-phase a s p h a l t  t rea tment  i n  1963, 

was inspected e a r l y  ia A p r i l  1964, The t reatment  had no t  been 

damaged by f reez ing .  Although t h e  s u r f a c e  was s t i l l  i n  good 

condit ion,  t he  runaff water was d isco lored .  BZA personnel  s t a t e d  

t h a t  horses  would, no:: drink che water although c a t t l e  would. 

Accordingly, on 21  September t he  catchment was sprayed wi th  c l ay  
2 

emuLsion a t  a  ra te  o f  1,0 kg of a s p h a l t  per  yd . In spec t ion  of t h e  

catclzment on 21  Occober sh~wed good r e s u l t s .  The s u r f a c e  coa t ing  

was trs.ugh a-d XY, e x c e l l a i t  s h a p .  Rucoff water from t h e  c l ay  emulsion 

appeared on ly  sLig5tl.y diaco2ored, There were a  few smal l  yucca 

s p r i g s  coming txh-.c;ilgh a n  the  p l o t g  but t h e s e  a r e  being eo:~troi. led, 

F l a g s t a f f  Ci~ders Catche2. t .  This c a t c h e n t  was i m t a l l e d  

on the  c inder  f law near  F l a g s t a f f ,  Arizona, The catchmenk i s  45 X 

45 m on an 8 percent  s lope ,  The p l o t  is constracked oc an old  

c inder  flow from l o c a l  volcanoes i n  t h e  a r e a ,  The c inde r s  a r e  

es t imated  t o  be 15 t o  20 f e e t  deep, I n  t h e i r  dry, aatwraL s t a t e ,  

t h e  c inders  a r e  very ?100se7 a.nd a  t rack- type  bul ldozer  was t h e  only 

ma,chine t h a t  could be  used t o  prepare  and smcoth the  s i t e .  This  

p r e s a t e d  a prehlcm i n  ob ta in ing  a  smooth su r f ace .  @in 20 June 1964 

t h e  catchment s u r f a c e  was sprayed with RSR emulsion a t  a  r a t e  of 
2  

2,5 kg of a s p h a l t  per  yd . On 27 June the  catchment was sprayed 
2 

wi th  c l a y  emulsion a t  a r a t e  of 1.0 kg a s p h a l t  per  yd . A t  t h i s  t ime 

t h e  catchment base coa t  appeared i n  sa t i s fa .c tory  shape, and t h e  s e a l  

coat  appeared very  good a f t e r  i n s t a l l a t i o n .  The runoff  water  i s  

d i v e r t e d  i n t o  a  65,000-gallon s t e e l  tank, through a  10-inch r i g i d  

p l a s t i c  i r r i g a t i o n  pipe,  Erom which p ipes  w i l l  be l ed  sue t o  small  

water ing troughs equipped wi th  f l o a t  valves.  This  catchment was 

inspec ted  on 22 October,  It i s  rough, but t h e  pavement appears  t o  

be good and retenciom i s  low, The pavement i s  f l e x i b l e  and gives 

s l i g h t l y  as loose c inde r s  uixder t h e  pavement a r e  d isp laced  a s  you 
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walk on i t .  There i s  a b s o l u t e l y  no cracking except f o r  one o r  two 

f i n e  h a i r l i n e  cracks i n  t h e  s u r f a c e  s e a l  coa t ,  There were no cracks 

i n  t h e  base coa t ,  

S W P  AND COHCLUSIONS: 

Tes ts  on f i e l d  i n s t a l l a t i o n s  of sprayed a s p h a l t  pavements have 

shown bearing s t r e n g t h s  remarkably comparable t o  previous measure- 

ments made on s o i l  t r a y s  i n  t h e  labora tory ,  A t e s t i n g  machine was 

cons t ruc ted  of a. s p e c i a l l y  machined hydrau l i c  cy l inde r  and matched 

pump so  t h a t  p i s t o n  t r a v e l  speed equal led  t h a t  of t h e  head on t h e  

l abo ra to ry  t e s t i n g  machine. The p i s t o n  device was weighted with 

drums of water and w a s  used t o  push our s tandard  square 6.45 cm 
2 

t e s t i n g  f o o t  i n t o  t h e  pavement, Load was measured wi th  a  p r e c i s i o n  

p re s su re  gaugeon tho, hydrau l i c  cy l inder .  Average pavemeat s t r e n g t h s  

measured 0% catchments a t  t h e  Gran i t e  Reef t e s t  s i t e  were 76.0, 
2 

41.4, and 1.6.4 kg/cm f o r  t h e  RC-special, RSK-I, and un t r ea t ed  p l o t s ,  

r e spec t ive ly ,  S imi l a r  average l abo ra to ry  measurements f o r  t hese  
2 

t rea tments  were > 65,5, 43.8, and 17,8 kg/cm , r e s p e c t i v e l y ,  

D i s t r i b u t i o n  of sprayed a s p h a l t  i n  t h e  v e r t i c a l  p r o f i l e  of a n  

a s p h a l t - s o i l  pavernent was i n v e s t i g a t e d  i n  t h e  l abo ra to ry  wi th  four  

a s p h a l t  compounds, t h r e e  s o i l s ,  and two a p p l i c a t i o n  r a t e s .  The 

a s p h a l t s  were a  s p e c i a l  RC cutback, MC-70 and MC-250 cutbacks, and 

a  modified c a t i o n i c  emulsion (RsK-I). S o i l s  were loamy sand, loam 
2 

and c l ay  loam. Appl ica t ion  r a t e s  were 1.5 and 2.5 kg/m . Pene- 

t r a t i o n  and d i s t r i b u t i o n  of a s p h a l t s  sprayed on d ry  s o i l  was s i m i l a r  

wi th  no marked d i f f e r e n c e  a t t r i b u t a b l e  t o  a s p h a l t  type. A higher  

percentage of t h e  app l i ed  a s p h a l t  remained a t  t h e  s o i l  s u r f a c e  with 

t h e  low a p p l i c a t i o n  r a t e  than  wi th  t h e  high r a t e .  The lowest 

v i s c o s i t y  cutback pene t r a t ed  s l i g h t l y  f a r t h e r  i n t o  t h e  coa r se s t  

s o i l  than  d i d  t h e  h ighes t  v i s c o s i t y  RSK-I m a t e r i a l ,  These t e s t s  

i n d i c a t e  t h a t  i n  us ing  t h e  four  a s p h a l t s  under f i e l d  condi t ions ,  

s o i l  p r epa ra t ion  and temperature w i l l  c o n t r o l  pene t r a t ion ,  no t  

a s p h a l t  type. 

Asphalt  was shown t o  be a  s a t i s f a c t o r y  adhes ive  f o r  making 

l ap  j o i n t s  i n  1,5-mil black polyethylene and f o r  bonding i t  t o  s o i l .  
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Tes t s  were made wi th  t h r e e  a s p h a l t  emulsions a t  temperatures  ranging 

from 4 t o  40 C. Ho marked d i f f e r e n c e  i n  o v e r - a l l  performance of 

t h e  t h r e e  emulsions was found, Pee l  r e s i s t a n c e  of asphal t -poly-  

e thylene  bonds was l e s s  than 0.01 kg per  cm a t  4 C and was 0.2 

kg per  cm a t  27 C. F a i l u r e  by pee l ing  cannot occur u n t i l  a p a r t  

of t h e  f i l m  has been l i f t e d  from t h e  s o i l  su r f ace .  Accordingly, 

i r e d  t o  l i f t  a s e c t i o n  of bonded f i l m  v e r t i c a l l y  

from t h e  base coa t  was measured. Almost a l l  t e s t s  a t  a l l  temperatures 

exceeded e i t h e r  t h e  capac i ty  of t h e  t e s t i n g  machine a t  0.46 kg per  
2 

cm o r  t h e  s t r e n g t h  of t h e  a s p h a l t - s o i l  base coa t .  S imi l a r ly ,  a l l  

5-cm wide l ap  j o i n t s  exceeded t h e  s t r e n g t h  of t h e  polyethylene.  This 

i n d i c a t e s  t h a t  f a i l u r e  of l ap  j o i n t s  o r  u p l i f t  by wind should not  

be a problem wi th  a s p h a l t  bonded 1,5-mil black polyethylene.  

A vector-pluviometer  was i n s t a l l e d  a t  t h e  Gran i t e  Reef t e s t  

s i t e  t o  o b t a i n  information on wind d i r e c t i o n  dur ing  r a i n  storms, 

Valuable d a t a  a r e  beiog obta ined  f r o n  t h i s  simple device  which 

c o n s i s t s  of t ou r  v e r t i c a l  c i r c u l a r  openings placed a t  r i g h t  angles  

t o  each o the r  and f a c i n g  nor th ,  e a s t ,  south,  and west. Marked 

d i f f e r e n c e s  i n  the wind d i r e c t i o n  of i nd iv idua l  storms have been 

found, but  differezlces  i n  seasonal  t o t a l s  a r e  not g r e a t .  Percent  

of seasonal  ca t ch  coming from d i f f e r e n t  d i r e c t i o n s  was a s  follows: 

no r th  - 22.1, e a s t  - 24.4, south  - 21,3, and west 32.2. 
2 

Runoff from khe 9 , 3  m b u t y l  covered p l o t  a t  Gran i t e  Reef 

averaged l O O  percent  of s tandard  r a i n  gauge ca tch ,  Runoff from a 

s i m i l a r  p l o t  t r e a t e d  wi th  R-9 water r e p e l l e n t  on 30 May 1963 

exceeded 50 percent .  This  i s  remarkable s i n c e  t h e  p l o t  has a rough 

s u r f a c e  wi th  l e s s  than  3 percent  s lope ,  No e ros ion  has been 

observed, 
2 

The 230 m aluminum f o i l  catchment a t  Gran i t e  Reef has developed 

numerous p inholes  and seasonal  runoff  reduced t o  72 pe rcen t ,  Runoff 

from t h e  30-mil b u t y l  catchment averaged 103 percent .  Two a s p h a l t  

catchments, now about  two years  o ld ,  have weathered very  we l l ,  One 

f aces  no r theas t  and one f aces  northwest and ca tch  from d i f f e r e n t  

storms has va r i ed  by 30 percent .  Seasonal t o t a l s  were almost 
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i d e n t i c a l  a t  198.3 mm f o r  p l o t  5  and 198.4 mm f o r  p l o t  6. The storm 

d i f f e rences  and seasona,1 i d e n t i t y  agrees  wi th  d a t a  obta ined  from t h e  

vec to r  pluviometer.  Runoff from the  p l a s t i c  f i l m  c a t c h e n t s  was 

101 percent  f o r  t h e  Tedlar  p l o t  and 95 percent  f o r  polyethylene.  

Wrinkles i n  t he  6-mil polyethylene cause u n d e r s i r a b l e  r e t e n t i o n  

and t h i s  w i l l  be rep laced  wi th  1.5-mil m a t e r i a l ,  

Runoff from ba re  s o i l  catchments a t  Gran i t e  Reef was considerably 

higher  than  usua l  because of one 50 mm storm which produced unusual 

runoff from t h e s e  p l o t s .  This  50 mna storm i s  a  once i n  t en  years  

occurrance. A l l  ho ld ing  t a k s  overflowed, and i t  was necessary  t o  

e s t ima te  minimum runoff  from t h i s  one storm by comparison wi th  t h e  
2 

ba re  s c i l  9 ,3  rn p l o t ,  On t h i s  b a s i s  t h e  t o t a l  1964 runoff  was a s  

f0ll0ws: 

Untreated p l o t  wi th  brush, average 10 percent  s l o p e  - 18 t o  24 

percent ,  

Cleared p l o t ,  no sxoothing, average 10 percent  s l o p e  - 35 percent ,  

Cleared p los ,  smoothed wi th  road grader ,  5  percent  s lope  - 35 

percent .  

Runoff from the  smoothed p lo t  i s  g radual ly  decreas ing  a s  wind blows 

away che line soil and leaves  a  g rave l ly  su r f ace .  

A l l  experimental  ope ra t iona l  catchments i n s t a l l e d  i n  1963 

in. cooperat ion wi th  the  Bureau of Hndian A f f a i r s ,  except one, were 

r e t r e a t e d  o r  r e su r f aced  during 1964, The Tedlar  covered Cedar Mesa 

Catchment was i n  good cond i t i on  bu t  had s u f f e r e d  minor damage by 

c a t t l e  walking on it. The a s p h a l t  Hopi No, 1 Catchment went through 

t h e  winter  i n  good shape but  was resur faced  wi th  c lay- type  a s p h a l t  

emulsion t o  reduce d isco lora t i .on  of t h e  runoff water .  Base coa ts  

of RC-special had f a i l e d  on t h e  Nelson Road and Blue Mountain ca tch-  

ments, These u n i t s  were d isked  and r e t r e a t e d  wi th  a n  MC-250 base 

coa t .  Nelson Road rece ived  a n  a spha l t - c l ay  emulsion s e a l  coa t  and 

Blue Mountain rece ived  a n  SS-2 s e a l  coa t  p lus  a  h a l f - p l o t  top spray  

of an  experimental  aluminum compound. A completely new catchment 

was cons t ruc ted  on loose  volcanic  c inde r s  near  F l a g s t a f f  i n  cooperat ion 

w i t h  t h e  U, S. Fores t  Se rv i ce ,  The loose c inde r s  were s u c c e s s f u l l y  a 
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stabilized with asphalt emu~sibn and a3 asphalt-clay emulsion was 

used as a surface seal, All catchments were inspected in October 

1964 and appeared to be in excellent condition. 

PERSOHNEE: L, E ,  Myers, G. W, Frasier. 
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Table 1, Effect of soil moisture on penetration depth of asphalts 
2 

sprayed on the soil at a rate of 2.5 kg asphalt per m . 

Soil Hois tezre Depth of penetration 
content RC-special MC - 250 RSK-I 

Control 

percent 

0 

8 

16 

Granite Reef 0 

8 

16 
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T a b l e  2. P e n e t r a t i o n  and d i s t r i b u t i o n  o f  a s p h a l t  compounds a p p l i e d  t o  

t h e  s u r f a c e  o f  t h r e e  d r y  tes t  s o i l s .  

r 

Depth  f rom 1,5 kg a s p h a l t / m  
2 

2.5 kg a s p h a l t l m  2 

s u r f a c e  A s p h a l t  t y p e  A s p h a l t  t y p e  
R C  - MC- MC- RC- MC- MC- 

s p e c i a l  7 0  250 RSK-I s p e c i a l  7 0  250 RSK-I 

P e r c e ~ t  o f  t o t a l  P e r c e n t  o f  t o t a l  

30,5 22.8 2 2 - 6  21.3 17.7 1 7 , 4  14,7 15.2 

3 0 , 8  30.8 32.2 29.8 20 ,8  21 .1  20.5 25.4 

25.6 25 ,8  26.3 31,O 21.2 20.5 21.4 24.7 

13.1 20,6  18.9 17.9 15.7 18 .3  1 8 , 2  1 8 , 9  

10.7 15.6 14.4 15.8 

9 .1  7 . 1  h0,8 

4.8 
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Table 3, Penetration strength of Granite Reef asphalt  sprayed f i e l d  plots .  

Treatment So i l  moisture Depth of ~ t r e n ~ t h ~ '  
0-2.5 cm 2.5-5,O cm aspha1 t Fie ld  Laboratory 

1 / penetrat ion - 
,. a 
L 

percent perceat cm kg/cm kg/cmL 

RC-special 
i n s t a l l ed  
April 1963 

1 ,3  1 , 2 2.5 64e1 Ave. 
1 ,3  1.2 5.0 3 / 76.4 76,O > 65.5 - 
0.8 1 , O  1,2 89,4 

Hodified cat  ionic  0.7 1,l .3.7 4903  Ave. 
58,8 Ave . 

i n s t a l l ed  
1.2 1.2 2.5 45,8 41.4 28.5 43,8 

4 
Sept. 1962 

i 1.1 1.0 2.5 29,2 44,2 

Smoothed untreated 3.2 4,O 

2.3 4.2 
23*9 Ave. 13.7 Ave . 
7,4 16,4 2&2 4 /  17.8 - 

1/ From f i e l d  samples. - 
2 

21 Resistance t o  penetrat ion of square 2.54 cm foot a t  0.6 cm penetrat ion depth. - 
3/ Dynamometer off scale .  - 
41 Soi l  moisture 7 percent average for  5.0 cm deptb, - 
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Table 4. Pee l  r e s i s t a n c e  of 1.5-mil b lack  polye thylene  bonded t o  plywood with  a s p h a l t s  and cured 

a t  27 C (80 F), 

Tes t  Tes t  RSR SS-2 - SS-2B 
t=pe ra tu re  ang le  2 h r  l d a y  3 d a y  2 h r  I d a y  3 d a y  2 h r  1 day 3 day 
OF OC deg kg/cm kg/cm kg/cm kg/cm kg/cm kg/cm kg/cm kg/cm kg/cm 

i i 

1/ Asphalt  no t  broken, - 
2/ Polyethylene f a i l e d .  - 
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Table 5 ,  Lap j o i n t  bonding s t r e n g t h  per  u n i t  width of 5 .1  cm 42 i n )  l aps  of 1-5-mil black 

polyethylene cured a t  23 C 

Tes t  RSK SS-2 SS-2s , 
temperature 2 h r  l d a y  3 d a y  2 h r  I day 3 day 2 h r  1 day 3 day 
0 0 
P C kg/cm kg/cm kg/cm kglcm kg/cm kg 1 cm kg/cm kg/cm kg/cm 

40 4 - 0.29 0,35 - 0.13 L/ 0.35 - 0.14 L' 0.21 

8 0 27 0.12L/  0.18 0.29 O.lO1;/ O * l O  0.20 a 0.10 0.27 

120 4 9 - 0,06 0.15 - 0,lO 0.21 - - 0.14 2 / 2 / 0.20 - 

-4 
D - 1/ Asphalt  no t  broken. 
h, 
P 2/ Polyethylene f a i l e d .  - 
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Table 6. Vertical uplift resistance of 1.5-mil black polyethylene 

bonded with asphalt and cured 3 days at 27 C (80 F). 

Test RSR SS-2 SS&B 
temperature Board Soil Board Soil Board Soil 
0 0 2 2 kg/cm2 kg/cm2 kg/cm 

2 
F c kg/cm kg / cm kg / cm2 
40 2 / 4 > 0.48 '/ 0.31 'I 0.46 0.21 '/ > 0.48 11 0.26 - 

I/ Exceeded capacity of testing machine. - 
2/  Failure in base coat of asphalt. - 
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2 
Table  7 .  Treatments on 9.3 m p l o t s  a t  t h e  Gran i t e  Reef t e s t i n g  s i t e .  

P l o t  Treatment d a t e  Treatment 

2 18 May 1961 30-mil b u t y l  rubber  shee t ing  

4 15 Sept  1961 Untreated 

8 24 Mar 1961 12-mil modif ied b u t y l  shee t ing  

16 Base coa t  MC-250 a t  2.5 kg a spha l t lm  
2 

1 J u l y  1964 

Top coa t  Clay emulsion a t  1.0 kg asphal t /m 
10 J u l y  1964 

18 30 May 1963 2 R-9 a t  0.113 kg/m upper h a l f  
R-9 a t  0.057 kg/m2 lower h a l f  
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2 Table 8. Runoff r e s u l t s  from r a i n f a l l  on 9.3 m p l o t s  a t  t h e  Grani te  

Reef t e s t i n g  s i t e .  

Date R a i n f a l l  P l o t  2 P l o t  4 

I n t e n s i t y  runoff runoff 
Max. Min. To ta l  

1964 mm/hr h r  mrn mm % mm % 

22 Jan 8 2 17.5 17.5 100.1 2,7 15.1 

3 Mar 8 2 4 , 5 4.7 100.4 0 0 

23 Mar 3 1 4.1 4.6 112.7 0 , l  2.7 

27 Apr 2 1 2.8 3.4 123.0 0 0 

14 J u l  3 3 11.4 11.1 97.4 0.2 1,9 

23 J u l  2 2 2.0 1.9 97 .O 0 0 

1 Aug 2 5 25 50.0 44.7 89.5 40.3 80.6 

12 Aug 1 1 2,O 2.7 134,O 0 0 

13 Aug 15 5 9.0 9.7 107,6 0.9 10.8 

26 Aug 20 8 17.2 17,2 100,O 6.5 37.8 

13 Sept 3 3 3.0 3.7 122,O 0 0 

14 Sept 6 6 7.5 7 ,5  100.4 2,8 37.3 

23 Sept 2 < 1 1.2 1,1 98,3 0 0 

16-19 Oct 5 3 5.2 6.0 115.8 0 0 

11-15 Nov 3 3 27.7 28.3 102.2 4.6 16.7 

18 Nov 2 1 5.3 5.4 101.5 0.3 6.0 

18 Dec 4 4 11,2 11.1 98.9 1.4 12.5 

27 Dec 2 0 5 10.8 11.5 106.6 2.7 24.9 

31 Dec 2 < 1 10.0 10.8 107.5 0.2 2.2 

To ta l  202.4 202,9 100.2 62.7 31,O 

1/ Quan t i ty  tank he ld  a t  time of overflow. - 
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T a b l e  8 ,  Continued. 

Date  P l o t  8 P l o t  16 P l o t  18 
r u n o f f  runof f  runof f  

1964 

22 J a n  

3 Mar 

23 Mar 

27 Apr 

14 J u l y  

23 J u l y  

1 Aug 

12 Aug 

1 3  Aug 

26 Aug 

1 3  S e p t  

14 S e p t  

23  S e p t  

16-17 Oct 

11-15 Hov 

1 8  Nov 

18 Dec 

27 Dec 

31 Dec 

T o t a l  

% nnn 
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2 
Table  9. Treatments on 230 m p l o t s  a t  t h e  Gran i t e  Reef t e s t i n g  s i t e .  

P l o t  Treatment d a t e  Treatment 

1 Base coa t  RC-special  2.0 kg aspha l t lm 
2 

10 Oct 63  

Top shee t ing  
30 Oct 63  

6-mil black polye thylene  bonded wi th  

SS-2B a t  0.5 kg aspha l t lm 
2 

30 Nov 61  Smoothed u n t r e a t e d  

19 Jan  62 l - m i l  aluminum f o i l  

30 Nov 61  30-mil b u t y l  rubber  s h e e t i n g  

Base coa t  Modified S-1 a t  1.470 kg aspha l t lm 
2 

18 Sept  62 

Top coa t  S-1 a t  1.035 kg aspha l t lm 
2 

21 Dec 62 

Base coa t  RC-special  a t  1.470 kg aspha l t lm 
2 

19 Apr 63  

Top coa t  
2  

SS-2 a t  0.654 kg aspha l t lm wi th  
South h a l f  3  percent  l a t e x  
8 May 63  

Top coa t  S-1 a t  0,490 kg asphal t /mL wi th  
North h a l f  3 percent  b u t y l  l a t e x  
9 J u l  63  

Base coa t  RC-special  a t  2,O kg aspha l t lm 
2 

12 Feb 64 

Top s h e e t i n g  l - m i l  Tedlar  PVF f i l m  bonded w i t h  
19 Feb 64 
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2 Table 10. Runoff results from rainfall on 230 m plots at the Granite 

Reef testing site, 

Date Rainfall 
fntensity 
Max Min Total 

~ l o i  1 
runoff 

Plot 2 Plot 3 
runoff runoff 

1964 mm 

22Jan 8 2 18.0 

3 Mar 8 2 4,5 

23Mar 3 1 4.1 

27 Apr 2 1 2.8 

14 July 3 3 11.4 

23 July 2 2 2,O 

1 Aug 25 25 50,O 

12 Aug 1 1 2.0 

13 Aug 15 5 9,O 

26 Aug 20 8 17.2 

13 Sept 3 3 3.0 

14Sept 6 6 7 -5 

23 Sept 2 < 1 1.2 

16Oct 5 3 3.0 

17 Oct 3 1 2.2 

11Nov 1 < 1  1.5 

15 Nov 3 3 26.2 

18 Nov 2 1 5.3 

18Dec 4 4 11.2 

27 Dec 20 5 10.8 

31Dec 2 < 1  10.0 

Total 202.9 

11 Tank overflowed, runoff estimated by subtracting average retention. - 
21 Tank overflowed, runoff estimated at 100 percent. - 
3/ Quantity tank held at time of overflow. - 
4/ Tank overflowed, runoff estimated by subtracting infiltration at - 

maximum rate indicated by previous storms. 
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Table 10. Continued. 

Date Plot 4 Plot 5 Plot 6 Plot 7 
runoff runoff runoff runoff 

1964 mm % mm % mm % mm % 

22 Jan 17-8 98,9 18.2 101,2 19.1 106,2 1 

3 Mar 4,6 102,O 4.0 89.0 4.2 

23 Mar 4.8 115,9 3.4 82.4 4.6 

27Apr 3,l 109.6 2.7 96.0 2.7 

1h July 11,4 100.0 11,O 96.5 10.3 

23 July 2,2 111,O 1.8 91,5 1.7 
1 / 1 Aug 50.0 21 100.0 49.7 99.3 49.7 - 

12 Aug 2,0 100.0 1.7' 82,5 1.3 

13 Aug 9.4 103,8 8.8 97.0 8,8 

26 Aug 1.7 - 6  102,O 16,2 94,O 16.4 

13 Sept 3.3 110.3 2.9 97.3 2.9 

14 Sept 7.9 105.9 7.1 95,l 7.5 

23Sept 1.,4 114.1 1,O 86,7 0.8 

16 Oct 3.2 105.7 2.9 97.3 2.4 

17 Oct 2,8 127,3 2.3 104.5 2.2 

1lNov 1.,6 104,O 1.3 88.7 0,7 
11 15Nov 27.9" 106.5 25.gL1 92.8 25.9- 

18Nov 5.9 110,6 6.0 112,8 5,7 

18Dec 11.2 100.2 10,7 95.1 11.0 

27 Dec 11.1 102.4 10.8 99.8 10,7 

31Dec 10.1 100.9 9.9 99,4 9.8 

Total 209.3 103.2 198.3 97,7 198,4 

1/ Tank overElowed, runoff estimated by subtracting average retention. - 
21 Tank overflowed, runoff estimated at 100 percent. - 
31 Quantity tank held at time of overflow. - 
4/ Tank overflowed, runoff estimated by subtracting infiltration at - 

maximum rate indicated by previous storms. 
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Table 11, Directional rainfall measurements by vector pluviometer 

at the Granite Reef testing site. 

Date Total rainfall Collection by orifice facing direction listed 
collected M E S W 

1964 ml ml % m 1 % ml % ml % 

27 Apr 26 15 57.7 1 3.8 3 11.6 7 26,9 

14 July 17 9 57 31.8 63 35.2 24 13.4 35 1gS6 

23 July 2 1 2 9.6 18 85.7 0 0 1 4.7 

1 Aug 779 119 15.2 125 16.0 91 11,6 444 56.9 

12 Aug 11 1 9.1 7 63.6 0 0 3* 27.3 

13 Aug 192 83 43.2 72 37.5 10 5.2 27 14.1 

26 Aug 339 106 31.3 105 31.0 57 16.8 71 20.9 

13 Sept 2 3 2 8.7 3 13.0 0 0 18 78.3 

14 Sept 2 36 41 17.4 40 17.0 124 52.5 31 13.1 

23 Sept 1 0 0 1 100.0 0 0 0 0 

16 Oct 24 0 0 10 41.7 8 33.3 6. 25,O 

17 Oct 44 5 11,4 30 68.2 6 13.6 3 6.8 

11 Mov 2 0 0 0 0 0 0 2 100.0 

15 Wov 5 87 65 11.1 166 28.3 191 32.5 165 28,l 

18 Nov 8 6 10 11.6 34 39.5 13 15.2 29 33.7 

18 Dec 288 116 40.3 3 38.9 112 1.0 57 19.8 

27 Dec 2 13 30 14.0 22 10.0 41 20.0 120 56,O 

31 Dec 139 53 38.0 77 55.0 0 0 9 7.0 

Total 3190 705 22.1 777 24.4 680 21.3 1028 32.2 

Annual Report of the U.S. Water Conservation Laboratory



2 Table 12. Runoff results from 450 m watersheds at the Granite Reef 

testing site. 

23 Jan 

3 Mar 

23 Mar 

27 Apr 

14 July 

23 July 

1 Aug 

12 Aug 

13 Aug 

26 Aug 

13 Sept 

14 Sept 

23 Sept 

16 Oct 

17 Oct 

11 Nov 

15 Nov 

18 Nov 

18 Dec 

27 Dec 

31 Dec 

Total 

Date Rainfall Watershed Watershed Watershed 
Intensity Total 1 2 3 
Max Min runoff runoff run0 f f 

1964 m m r  mm/hr mm % mm % mm % 

L 
1/ Overflowed, runoff estimated by comparison with untreated 9.3 m - 

plot. 

Annual Report of the U.S. Water Conservation Laboratory



m*-r 
I. ll kLE : APPLICATION 0.f' tiEX4DECABOl- PHbZS TO SMALL PONDS 

L I N E  PROJECT: SWC 4-gG2  1 :  Ariz,-WCL-9 

Sce Amxa'h Repszr: 2963, 

L- h r e t  or y s ~ ~ d i e s  bavce skew- ~ h a c  losg-cha in  alkarrols can be 

app l i ed  ro t h e  us t e r  s x t a c e  a t  a coetinuaus c o n t r o l l e d  r a t e  by d i s -  

persi,:g t k r s m  ?in a m~trix o f  mte r l a l  which d i s s o l v e s  when p laced  in. 

water. Ac: the n~sl;ri.x disso:vee, a i s c r e r e  p a r t i c l e s  of a l k a r ~ o l  a r e  

r e l ea sed  to f u r m  an ev&parak ioz~ r e t a r d i n g  h i l m  on t h e  w a t e r  s u r f a c e ,  

Parrrt li releast-. ralr c a c  be coslrrolled by us ing  ma t r ix  formulat ions 

o f  varyizig s a l ~ b i L F t y  c!: by vary i cg  t b e  s u r f a c e  area exposed t o  t h e  

water. 

C O L ~ ~  2 : - : ~  ..g S C ? J ~ ~ E &  w ~ i r  2 d ~ s o  made w l  L h  f lca k ing g r a m l a r  m a t e r i a l s  

wh i e h  a ~.c?ucr,d c*ra;i; r a  t i & - 4  by I : - w ~ ~ i c g  t b e  water temperature ,  Previous 

f l o a ~ i r q g  p ~ ~ ~ v i l e r s  u e ~ d  imilld si-:.a dur zt?g a r a i c  s co rn ,  The new g ranu la r  

m a t e r i a l s  arc of foarntd r h s t i c  wkich does not s ink  whex wetted.  

Proceccizs  wtrk tnc: s a w  as odtlined i r u  t h e  L963 Axmual Report 

with  he followi,g add i t ioca ,  

The matrix-a1kszx.l n i x t a e s  were prepared i n  two ways d i r s  t ,  

swbcesr ;l i X a r ~ 1  L:&cc kxatcA mat1 i x  material w i t h  nixing 

c c ~ ~ c r l a i e d  az12-il ~ o i i  l IT-g ,azodd~ed a p9st.c or s o l i d ;  s ecox l ,  by mixing 

powdered a lkaw1 m:o f 3.u i L "  rnre:bx m a t e r i a l s ,  Delayed s e t t i n g  g e l s  

were p a r t i c u l ? r l y  co:-ved.e.xt f c r  t h e  heccrd Rethod of Eonnulatzon. 

Size of aLkanol particles wds trleasured wi th  a  microscope and a  

c a l i b r a t e d  o p t i c d l  g r i d ,  

The raLe o f  film release wz-s measllred in a  LJ "5 x 68-cm p l e x i -  

g l a s s  t r a y  usrng 2% C rnp water w i t h  talcum powder a s  a n  i n d i c a t o r ,  

-g p i e c e  of natrlx a'lksnol. mixture  was placed  i n  one end of 

t h e  tray aod the f i l m  spzeading r a t e  was measured a f t e r  i n i t i a l  coverage 
2 

of 1'75 crn arca, 

Matrix-Alkanf~L Materials: --------- 
M a t r j x  rn.it.c:rials tes Led ir.cLuded sugar  s y r u p ~  gum tragaccanth, 

hydroxyethyl ce12ulose,  ge1oti.x and bentonitee, G e l a t i n  and b e n t o n i t e  
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i n t e r f e r e d  wi th  F i L m  spreading and were d iscarded .  The o the r  m a t e r i a l s  

were s a t i s f a c t o r y  and could e a s i l y  be formulated t o  r e l e a s e  a lkano l  

and form s ~ r f a c e  f i lms  a t  varying r a t e s  a s  i nd ica t ed  i n  Table 1, A l l  

mixtures  excEpt mmber 3 were f l o a t e d  o r  suspended a t  t h e  water 

su r f ace ,  N m b e r  3 r e s t e d  on t h e  t r a y  bottom and the  r e l ea sed  ahkanol 

p a r t i c l e s  f l o a t e d  t o  t h e  water s u r f a c e  t o  produce a  f i l m  a t  t h e  
2 r a t e  of 440 cm m Film r e l e a s e  r a t e s  v a r i e d  from 50 t o  3,800 crn 

2 

-1 
min The l a t t e r  mix ture  contained a  spreading agent  and t h e  

a lkanol  p r t i c l e s  were about 15-25p average diameter ,  Another mixture  

withcut  a  spreading dgent and wi th  150-200y p a r t i c l e  s i z e  r e l ea sed  
2 - 1 

f i l m  a 6  a r a t e  o f  3,038 cm min a 

Alkanol ~ a r t f c l e  s i z e  i s  important because of i t s  e f f e c t  on r a t e  

of f i l m  fonnarion and on p a r t i c l e  buoyancy. The d e s i r a b i l i t y  of smal l  

p a r t i c l e  size to i nc rease  s u r f a c e  a r e a  and r a t e  of f i l m  formation by a  

given g u m t i t y  o f  aakansE i s  well-known, P a r t i c l e  buoyancy proved 

fmportaat da r ing  Lests o f  r e l e a s e  beneath t h e  water s u r f a c e ,  Mixtures 

3 and 6 were heavier  than  water and sank t o  t h e  bottom of con ta ine r s  

t o  r e l a s e  a lkano l  pa r t - i c l e s  beneath t h e  water su r f ace ,  The 15-25p 

p a r t i c l e s  from mixttnre 6 never f l o a t e d  t o  t h e  s u r f a c e  and d id  not  form 

a E'IL.?I. The 40-70y p a r t i c l e s  from mixture 3 r e a d i l y  f l o a t e d  t o  t he  

s u r f a c e  and c rea t ed  a  f i lm .  Alkanol p a r t i c l e  s i z e  can be con t ro l l ed  

d u r k g  the  formulat ion process .  The s imples t  method i s  t o  mix a lkano l  

ground t o  t h e  des i r ed  s i z e  i n t o  f l u i d  ma t r ix  m a t e r i a l s  a t  temperatures 

belcw t h e  me l t i ag  po in t  of t h e  alkacol., When formulat ions a r e  prepared 

wi th  melted a lkano l ,  t h e  p a r t i c l e  s i z e  can be c o n t r o l l e d  by vary ing  

temperature and mixing shea r ,  For example, mixing molten akkanol 

i n t o  ma t r ix  m a t e r i a l  which i s  a t  a  temperature j u s t  below t h e  mel t ing  

po in t  of t h e  a lkano l  produces l a r g e r  p a r t i c l e s  than  those  obtained 

when both m a t e r i a l s  a r e  a t  temperatures above t h e  a lkano l  mel t ing  temp- 

era tmre, 

Evaporation r educ t ion  wi th  m-a mixtures  was t e s t e d  i n  June 1964 

ox outdo~sr  water tanks 274 can i n  diameter by 91 cm deep, s e t  i r ?  t h e  

ground so  t h a t  t h e  tops  a r e  approximately f l u s h  wi th  a  surrounding g ra s s  

l a m .  Untreated evapora t ion  r a t e s  were about 7.2 mm day-'. About 50 g 
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of m-a mixture 6 was suspended a t  t h e  water s u r f a c e  wi th  a small  f l o a t  

and reduced evaporat ion about 50 percent  f o r  a 2-day period.  Wave 

a c t i o n  d i s i n t e g r a t e d  t h e  m a t e r i a l  and t h e  t e s t  was d iscont inued ,  Gulixture 

3 was placed i n  a t e s t  tube, 2,2 cm i n  diameter and 17 cm long, which 

was suspended from a f l o a t  w i th  the  open end about  0 , 5  cm beneath t h e  

water su r f ace ,  Over a 2-week per iod  a lkano l  p a r t i c l e s  were r e l ea sed  

a t  a reasonably constant  r a t e  of about 0.5 g a c t u a l  a lkano l  pe r  day 

o r a t i o n  was reduced about 40 percent ,  This  r educ t ion  was 

accomplished i n  s p i t e  of t h e  presence of a heavy f i l m  of dus t  and 

a lghe  on t h e  watez su r f ace .  I n d i c a t o r  o i l s  showed t h a t  t h i s  dus t  and 

algae f i l m  could not  be d i sp l aced  u n t i l  a lkano l  f i lm  p re s su res  ex- 
- I. 

ceeded 30 dynes cm 

F l o a t i n g  Grxi.?~lcar X a t e r i a l s :  -- 
T5e f l o a t i n g  granular  m a t e r i a l s  under i n v e s t i g a t i o n  a r e  chopped 

styrofoam and small  foamed p l a s t i c  beads, S i zes  a r e  h igh ly  va r i ab l e ,  

but t h e  chopped p i eces  average about 10 mm square  and t h e  beads a r e  

about l m  %P. diameter .  Both m a t e r i a l s  a r e  whi te  and reduce evapora- 

t i o n  by r e f l e c t i n g  incoming r a d i a t i o n  and reducing t h e  water temper- 

a t u r e .  Comparative t e s t s  were conducted by apply ing  4 kg of t h e  

m a t e r i e l s  t o  s e p a r a t e  274 cm-diameter tanks and comparing evaporat ion 

l o s s e s  with twa u3 t sea t ed  tanks .  During t h e  per iod  30 October through 

13  November 1964, when. un t r ea t ed  evaporat ion was 47 mm, t h e  beads 

reduced evaporation. by 42 percent  and t h e  chopped m a t e r i a l  reduced i t  

by 60 percent ,  A long-term t r i a l  i s  now under way t o  determine t h e  

e f f e c t  of weatheri-alg on evaporat ion r educ t ion  by t h e s e  m a t e r i a l s .  

S P mD COHCLUSHONS : 

A new method was developed f o r  cont inuously applying evaporat ion 

r e t a r d a n t s  t o  a water s u r f a c e  without  us ing  any mechanical devices ,  

Long-chain a lkano l s  were d ispersed  i n  a water s o l u b l e  ma t r ix  so  t h a t  

d i s c r e t e  p a r t i c l e s  of a lkano l  were r e l ea sed  a t  a c o n t r o l l e d  r a t e  a s  

t h e  mat r ix  m a t e r i a l  d i s so lved  when placed i n  water ,  Several. sacc.lzarides 

proved s a t i s f a c t o r y  a s  ma t r ix  m a t e r i a l s .  P a r t i c l e  r e l e a s e  r a t e s  were 

con t ro l l ed  by varying both t h e  formulat ion and t h e  a r e a o f  mat r ix-  

a lkzno l  m a t e r i a l  exposed t o  t h e  water.  Film r e l e a s e  from 0,lO-g 
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2 -. 1 
p ieces  of m-a m a t e r i a l  were va r i ed  from 50 t o  3800 cm min by 

changing t h e  formulat ion.  

The s i z e  of the a l k a n o l  p a r t i c l e s  proved important  i n  i t s  e f f e c t  

on p a r t i c l e  buoyancy a s  w e l l  a s  on r a t e  of f i l m  r e l e a s e  from a given 

q u a n t i t y  of a lkano l .  Sphe r i ca l  p a r t i c l e s  of 1 5 - 2 5 ~  average diameter  

d i d  no t  f l o a t  t o  t h e  s u r f a c e  when r e l e a s e d  under water .  S imi l a r  p a r t i c l e s  

of 40-7011 or l a r g e r  r e a d i l y  f l o a t e d  t o  t h e  s u r f a c e  and produced a 

f i lm .  P a r t i c l e  s i z e  can be c o n t r o l l e d  dur ing  t h e  formula t ion  process ,  

The s imp le s t  method i s  t o  u se  powdered a lkanol ,  ground t o  t h e  d e s i r e d  

s ize ,  mixed i n t o  a f l u i d  ma t r ix  m a t e r i a l ,  Delayed s e t t i n g  g e l s  a r e  . 

p a r t i c u l a r l y  convenient f o r  t h i s  procedure.  

Evaporat ion r educ t ion  by a n  m-a m a t e r i a l  was t e s t e d  i n  June 1964 

on 274-cm diameter  outdoor tanks .  Untreated evapora t ion  r a t e s  averaged 
- 1 

7 , 2  m d a y  The mix ture  was p laced  i n  a 2.2 x 17 cm g l a s s  t e s t  tube 

suspended From a f l o a t  wi th  t h e  open end 0,5 cm below t h e  water su r f ace .  

Over a 2-week per iod  about 0 ,5  g a lkano l  per  day was r e l e a s e d  a.t a 

reasonably cons tan t  r a t e  and evapora t ion  was reduced by 40 percent ,  

Granular  foamed p l a s t i c  m a t e r i a l s  proved e f f e c t i v e  i n  reduc ing  

evapora t ion  from t h e  274-cm diameter  t anks ,  Chopped styrofoam, about 

10 mi  square,  and foamed beads, about  1 mm diameter ,  were used,  Both 

m a t e r i a l s  a r e  whi le  and reduce evapora t ion  by r e f l e c t i n g  incoming 

r a d i a t i o n  and reducing water temperature ,  During t h e  pe r iod  30 

October through 13 November 1.964, when un t r ea t ed  evapora t ion  was 47 mm, 

4 kg of t h e  beads reduced evapora t ion  42 p e r c e a t ,  The same amount of 

chopped m a t e r i a l  reduced evapora t ion  60 percent .  

PERSOmEL: L, E ,  Flyers, 6. W. F r a s i e r  

Annual Report of the U.S. Water Conservation Laboratory



Table I, Rate  of f i l m  r e l e a s e  from var ious  mat r ix-a lkanol  miwtnres, 

Mix Ka t r fx  m a t e r ~ a l  Alkane 1 l4ixin.g P i  Lm -- 
TYP 3 Aaount Amoua t P a r t i c l e  temperature  

2 / r e l e a s e  - 
-- ---- s i z e  __ 

e rcex t  Pexcentz Degrees 
by weight by weight C 

2 - 1" 
U cn min 

1 g lucose  syrup sp, gr .  64 36 150-2042 24 50 
1,39 

2 gum t r agacan th  2 per -  6 1 
w cen t  g e l  

t 
IJ1 3 suc rose  syrup s p ,  g r ,  7 l  

1,47 

4 glucose  syrup sp ,  g r .  53  47 150-200 24 1700 
1,32 

5 Nat roso l  hydroxyethyl 70 3 0 150-200 24 3030 
c e l l u l o s e  4 percent  g e l  

6 sucrose  syrup sp.  g r ,  73 - 2 5 15 - 25 60 3800 1 / 
1.40 

1/ Plus  2 percent  a l k y l  qua te rnary  ammiurn  c h i o r l d e  e m u l s i f i e r ,  - 
2 /  Rate  of f i l m  genera t ion  by a 0,10-g p i e c e  of m-a m a t e r i a l ,  - 
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TITLE: FIELD APPLICATION OF FALLING-HEAD TECHNIQUE FOR SEEPAGE 

METERS AND OF DOUBLE-TUBE METHOD FOR HYDRAULIC CONDUCTIVITY 

MEASUREMENTS 

LINE PROJECT: SWC 4-gG1 CODE NO. : Ariz.  -WCL-14 

INTRODUCTION: 

The f i e l d  a p p l i c a t i o n  of t he  fa l l ing-head  seepage meter technique 

was continued i n  1964 w i t h  a demonstration f o r  t he  S o i l  Conservation 

Serv ice  i n  the  Loveland, Colorado a rea .  Fur ther  cooperat ion was 

extended the  Arizona S t a t e  Off ice  of S o i l  Conservation Serv ice  i n  an 

i n v e s t i g a t i o n  of seepage l o s s e s  from the  Highl ine Canal near  Safford,  

Arizona . 
Most of the  work on the  double-tube method was i n  r e l a t i o n  t o  t h e  

measurement of h o r i z o n t a l  and v e r t i c a l  hydraul ic  conduct iv i ty  (see 

WCL-25). A double-tube t e s t ,  however, was c a r r i e d  ou t  on labora tory  

grounds f o r  a per iod  of 32 days t o  i n v e s t i g a t e  long-term behavior of  

t h e  measured hydraul ic  conduct iv i ty  and i n f i l t r a t i o n  r a t e s ,  

PROCEDURE : 

The seepage meter a p p l i c a t i o n s  were c a r r i e d  ou t  according t o  t h e  

s tandard  procedure a s  d iscussed  i n  previous annual r e p o r t s .  The long 

term double-tube t e s t  was c a r r i e d  out  on the  Bermuda lawn immediately 

south  of t he  hydraul ics  l abo ra to ry  i n  the  month of  November, The hole  

was approximately t h r e e  f e e t  deep. I n s t a l l a t i o n  of equipment and co l -  

l e c t i o n  of d a t a  were c a r r i e d  ou t  according t o  procedures ou t l i ned  i n  

previous r e p o r t s .  Phoenix c i t y  water  was used f o r  t h e  water supply. 

Severa l  measurements of t h e  hydraul ic  conduct iv i ty  K and the  i n f i l -  

t r a t i o n  r a t e  I from the  inner  tube were made each day. From the  11 th  

day on, the  s a l t  conten t  of  t he  water  was determined from e l e c t r i c a l  

conduct iv i ty  measurements. On t h e  30 th  day, t he  sodium adsorp t ion  

r a t i o  of t h e  water  was increased  from two t o  twenty by the  a d d i t i o n  

of Mac1 t o  determine i t s  e f f e c t  on K and I, 

RESULTS AND DISCUSSION: 

For a d e t a i l e d  d i scuss ion  of  t he  r e s u l t s  of t h e  seepage work 

i n  Colorado and Arizona, r e f e rence  i s  made t o  t he  r e p o r t s  prepared 

f o r  t hese  measurements. The r e s u l t s  of t h e  Colorado measurements 

a r e  summarized i n  Table 1, and those of Arizona i n  Table 2. 
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The r e s u l t s  of t h e  long-term double-tube t e s t s  a r e  summarized i n  

Figure 1. For t h e  f i r s t  f i v e  days, K remained r e l a t i v e l y  cons tan t  

between 3,2 and 4,4 cm/day. Af te r  t h i s ,  K increased  i n  i r r e g u l a r  

fash ion  t o  a va lue  of approximately 800 cm/day a f t e r  32 days, A more 

o r  l e s s  s i m i l a r  p a t t e r n  was exh ib i t ed  by the  i n f i l t r a t i o n  r a t e  I, bu t  

a f t e r  24 days, I began t o  decrease.  The s a l t  conten t  of  t he  water 

showed a s l i g h t  increase ,  which may have been a t  l e a s t  i n  p a r t  respon- 

s i b l e  f o r  t he  inc rease  i n  K, a s  i nd ica t ed  by the  p a r a l l e l  t rends  i n  

s a l t  conten t  and K. The change i n  sodium adsorp t ion  r a t i o  by the  addi-  

t i o n  of sodium chlor ide ,  however, appeared t o  have l i t t l e  e f f e c t  on K. 

In  the  l a s t  few days of t h e  t e s t ,  very small  Hb-values were observed, 

which toge ther  w i t h  the  absence of  e f f e c t s  of  t h e  NaC1-addition i n d i -  

ca ted  t h a t  channels o r  o the r  f r e e  passages had been formed i n  the  

s o i l .  These channels permi t ted  the  water t o  move r a t h e r  f r e e l y  

between the  inner  and the  o u t e r  tube. The decrease i n  I a f t e r  25 

days i s  d i f f i c u l t  t o  exp la in .  One p o s s i b i l i t y  i s  t h a t  t he  we t t i ng  

f r o n t  may have encountered slowly permeable ma te r i a l .  

Af te r  te rmina t ion  of t he  t e s t ,  t he  auger ho le  bottom was 

examined. Numerous worms were found a t  the  bottom and i n  t he  s o i l  

below i t .  When the  double-tube equipment was i n s t a l l e d ,  t h e  s o i l  was 

dry and no worms were encountered. Evidence of worms working t h e i r  

way up t o  t he  auger hole  bottom was a l s o  found i n  t he  presence of 

channels below t h e  hole  bottom which were f i l l e d  w i t h  t h e  sand used 

t o  cover t he  ho le  bottom f o r  p r o t e c t i o n  of t h e  s o i l  sur face .  It i s ,  

t he re fo re ,  concluded t h a t  t h e  inc rease  i n  K and I can a l s o  be 

a t t r i b u t e d  t o  worm a c t i v i t y .  

SUMMARY AND CONCLUSIONS : 

The use fu lnes s  of t h e  seepage meter i n  r o u t i n e  seepage i n v e s t i -  

ga t ions  was aga in  demonstrated i n  1964 by coopera t ive  work w i t h  the  

S o i l  Conservation Serv ice  i n  Colorado and Arizona. A long-term 

double-tube t e s t  was c a r r i e d  o u t  f o r  32 days on t h e  Bermuda lawn 

behind the  labora tory .  The hydraul ic  conduct iv i ty  remained essen- 

t i a l l y  cons tan t  a t  approximately 4 cm/day f o r  t h e  f i r s t  f i v e  days, 

Af te r  t h i s ,  K increased  i n  i r r e g u l a r  fash ion  t o  about 800 cm/day 
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a f t e r  32  days, This increase  may be due i n  p a r t  t o  a gradual increase 

i n  the s a l t  content  of the  water from approximately 400 t o  700 ppm, 

and i n  par t  t o  worms which were encountered a t  and below the auger hole 

bottom a t  the termination of the  t e s t .  The i n f i l t r a t i o n  r a t e  exhibi ted  

an increase up t o  the  25th day, a f t e r  which a decrease t o  a much 

smaller value took place.  This decrease may have been caused by backup 

e f f e c t s  due t o  the  wett ing f ron t  reaching r e s t r i c t i n g  layers  i n  the  

s o i l .  Where the e f f e c t  of water q u a l i t y  on hydraulic  conductivi ty is 

t o  be studied i n  the  f i e l d  wi th  the double-tube method, care  should be 

taken t o  avoid worm and other  b io log ica l  a c t i v i t i e s .  

PERSONNEL: Herman Bouwer and R. C. Rice, 
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Table I. Seepage rates and hydraulic conductivity information, 

- 
Tes t: 

- 
1 

2 a 

2b 

3a 

3b 

4 a 

4b  

5 a 

5b 

6a 

6b 

7 a 

8a 

8b 

9b 

10a 

10b 

lla 

llb 

~ i ~ h l i n e  Canal,  afford, Arizona. 
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Table 2. Calculation of seepage r a t e s ,  Loveland, Colorado 

- 
Test No. 

Rc Rv M Is 
i n  i n  in/min f t/day 
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600 

5 00 

4 00 

X Salt Content 
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0 4 8 12 16 2 0 24 28 3 2 

time, days 

Figure 1. Results of long-term double-tube test. Annual Report of the U.S. Water Conservation Laboratory



TITLE: ANALYZING GROUND WATER MOUND FORMATION BY RESISTANCE NETWORK 

ANALOGS 

LINE PROJECT: SWC 4-gG3 CODE NO,: Ariz,-WCL-15 

INTRODUCTION : 

Although the work originally planned for this project has been 

completed for some time (Lab. Publ. No, 42, 73, 120)) some additional 

work was performed in 1964. The first part of this work was in pre- 

paration for a panel discussion of the Dupuit-Forchheimer assumption 

at the 1964 ASAE Winter Meeting (Lab. Publ, No. 139). The second part 

consisted of a study of the use of conformal transformation in repre- 

senting infinite boundaries of flow systems on the resistance network 

analog, Application of this technique for electrolytic tank and con- 

ductance paper analogs was studied while on an OECD Science Fellowship 

Program in The Netherlands. With resistance network analogs, infinite 

boundaries are usually simulated by increased node distances and a 

termination strip, but they could also be represented by transformation 

techniques. A comparison between infinity representation on the net- 

work analog by increased node distances and by conformal transformation 

would, therefore, be of interest. 

PROCEDURE : 

As stated in previous annual reports and publications, the 

Dupuit-Forchheimer assumption (D-F assumption) loses validity in the 

analysis of ground water mounds below recharge areas if D > W  (see 

Figure 5 for geometry and symbols). If D << W, the D-F assumption 
is valid, but then the neglect of the flow above the original water 

table, which is another assumption made in the mathematical analysis, 

loses validity. To illustrate this, a comparison was made between the 

rate of rise of the center of a two-dimensional mound based on the D-F 

assumption and neglect of the flow above the original water table, and 

the rate of rise obtained from resistance network analysis. The latter 

takes both the vertical flow components and the flow above the original 

water table into account. The D-F solution was taken from "Theory of 

Ground Water Movementt' by Polubarinova-Kochina. 
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The r e p r e s e n t a t i o n  of  i n f i n i t y  on f i n i t e  analogs o r  o t h e r  models 

through conformal t ransformat ion  of p a r t  o f  t h e  flow system i s  des- 

c r ibed  i n  ( I )  and (2). The p r i n c i p l e  of r ep re sen t ing  i n f i n i t y  condi- 

t i o n s  through conformal t ransformat ion  c o n s i s t s  of  d iv id ing  the  medium 

i n  two p a r t s ,  The main r eg ion  of flow i s  represented  i n  one analog 

( c i r c l e  I i n  Figure lA),  The r e s t  of t h e  medium i s  i nve r t ed  and r ep re -  

sen ted  i n  a second analog system ( c i r c l e  11). The r e a l  and inve r t ed  

systems a r e  then e l e c t r i c a l l y  connected a t  a  s u f f i c i e n t  number of 

corresponding poin ts ,  exemplif ied by A, B, and C i n  Figure l A ,  The 
2 

c r i t e r i a  f o r  i nve r s ion  i s  r r '  = R , Thus, po in t  D o u t s i d e  c i r c l e  I 

i s  represented  a s  D '  i n  c i r c l e  II and i n f i n i t y  i s  r ep re sen ted  by the  

cen te r  of c i r c l e  II. The coord ina te  system i n  t h e  inve r se  p a r t  con- 

s i s t s  of c i r c l e s  which i n t e r s e c t  each o the r  a t  r i g h t  angles ,  This i s  

shown i n  Figure lB, which r e p r e s e n t s  t h e  f o u r t h  quadrant  of c i r c l e s  

I and X I ,  For ease  of  connecting corresponding poin ts ,  t h e  inverse  

i s  turned 180 degrees so  t h a t  t h e  corresponding s i d e s  of  t he  systems 

face  each o t h e r ,  The f o u r t h  quadrant  is  f r equen t ly  used f o r  represen-  

t a t i o n  of flow systems, because the  upper boundary i s  o f t e n  a  water 

t a b l e  and the  l e f t  boundary i s  a  symmetry l i n e ,  The hatched s e c t i o n s  

i n  Figure 1 B  show how a square ou t s ide  the  r e a l  system i s  represented  

i n  t he  inve r t ed  system, Invers ion  i s  a  conformal t ransformat ion  and 

the  r e a l  system connected t o  t he  inve r se  behaves a s  i f  i t  were of 

i n f i n i t e  e x t e n t ,  

The procedure of ana lyz ing  flow problems w i t h  a  r e a l  and inve r se  

po r t ion  of t he  medium on the  analog was f i r s t  s tud ied  w i t h  a  system of 

r a d i a l  flow t o  a  w e l l  i n  a  confined a q u i f e r ,  The network arrangement 

i s  shown a s  system A i n  Figure 2 ,  The u n i t  network r e s i s t a n c e  R was 0 
200 ohms, t he  u n i t  of l eng th  i s  taken a s  t he  u n i t  node d i s t a n c e  A i n  

the square g r i d ,  and R f o r  t h e  r e a l  and inve r se  system was taken a s  

12A, The r a d i u s  of  t h e  w e l l  was taken a s  0.46A, because a t  t h i s  r a t i o  

t he  r e s i s t a n c e s  around t h e  w e l l  could be c a l c u l a t e d  a s  (A-0.46A) R0/A, 

according t o  Vimoke, e t  a 1  ( 3 ) ,  Since the  r e s i s t o r s  around the  we l l  

i n  Figure 2 a r e  symmetry l i n e s ,  t h e  r e s i s t a n c e s  should be doubled, 

thus y i e l d i n g  a  va lue  of  216 ohms, 
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I n f i n i t e  b o m d a r i e s  can a o t  be used i n  t h e  theory of w e l l  flow, 

Therefore,  the  o u t e r  boundary was s e l e c t e d  a t  a r a d i u s  of 3l3& so 

t h a t  t h e  inverse  was exac t ly  a r e p l i c a  of t he  r e a l  po r t ion  of the  flow 
2 

system ( the  va lue  s f  313A i s  ca l cu la t ed  a s  144A /0,46A according t o  
2 

r = R r Because s f  the  c r i t i c a l  importance of t h e  r e s i s t a n c e s  a t  

t h e  we l l  and the  inve r se  of t h e  c y l i n d r i c a l  o u t e r  boundary, these  

r e s i s t a n c e s  were ad jus t ed  so  a s  t o  g ive  t h e  t h e o r e t i c a l l y  c o r r e c t  

p o t e n t i a l s  of  11,9 percent  a t  r = A i n  the  r e a l  system, and of 8 8 , l  

percent  a t  r '  = A (corresponding t o  r = 144A) i n  the  inve r se ,  The 

r e s i s t o r s  i nd ica t ed  r e s i s t a n c e  va lues  of 195 ohms i n s t e a d  of  the  216 

ohms c a k c u l a t ~ d  fo r  t hese  r e s i s t a n c e s  according t o  Vimoke, e t  a l ,  The 

f i n a l  s t e p  consished o f  m e a s u r i ~ g  flow r a t e s  and p o t e n t i a l s  a t  the  

nodes and comparing these  va lues  w i t h  the c a l c u l a t e d  va lues  from the  

theory of rad ia l .  flow, 

Ground water  mound s t u d i e s  were performed f o r  t h e  two-dimensional 

case w i t h  a network arrangement a s  system A i n  Figure 2, w i t h  t he  

c y l i n d r i c a l  s i c k  a r d  source rep laced  by "porous medium" reaching i n f i n -  

i t y  i n  the  inve r se  system, The top  nodes of t h e  systems were connected 

by conductors represent i -ng a ho r i zon ta l  water t a b l e ,  The source con- 

duc tor  r ep re sen t ing  t h s  t op  of  t he  flow system under t he  pe rco la t ion  

zone was separa ted  from the s i n k  conductor r ep re sen t ing  the  r e s t  of the  

o r i g i n a l  water  t a b l e  by a f i c t i t i o u s  v e r t i c a l  s o l i d  boundary extending 

a d i s t ance  A below t h e  water  t a b l e  (see Figure 2B), This  method of 

s epa ra t ing  the source and s i n k  conductors i s  p r e f e r a b l e  t o  s epa ra t ion  

by i n t e r r u p t i o n  i n  the  conductor f o r  a d i s t ance  A, A vo l t age  d i f f e r -  

ence of Ah v o l t  was app l i ed  t o  t he  water  t a b l e  below t h e  pe rco la t ion  

zone and the  r e s t  of t h e  water  t a b l e ,  a f t e r  which the  t o t a l  c u r r e n t  

and the  downward g r a d i e n t  i a t  t he  water  t a b l e  below the  cen te r  of 

t he  pe rco la t ion  zone were measured, The l a t t e r  was then converted t o  

t h e  dimensionless parameter i ~ / n h ,  which i n d i c a t e s  t he  d i sposa l  capa- 

c i t y  of the  aqu i f e r  below the  cen te r  of t he  pe rco la t ion  zone a t  

i n c i p i e n t  mound formation,  This parameter determines the  r a t e  of 

r i s e  of the  maurld cen te r  f o r  a given recharge r a t e ,  rvleasurements were 
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made for  d i f f e r e n t  values of D, which i s  the d is tance  between the 

water t ab le  and the impermeable layer ,  and fo r  d i f f e r e n t  values of 

W, which i s  the width of the  percola t ion  zone, The parameter iW/Ah 

was then p lo t t ed  agains t  D/W, Because both D and W were var ied  i n  

the analyses, overlapping values for  the  D/W-ra t ios  were obtained fo r  

severa l  of the  D-values employed, The analyses were c a r r i e d  out  fo r  

D-values of i n f i n i t y  (as system A i n  Figure 2), 16A (system B i n  

Figure 21, 8A (system G i n  Figure 3) and 4A ( 8 d 2 ,  system D i n  

Figure 33, The node dens i ty  i n  the  inverse par t  of system C and i n  

both p a r t s  of system I) was doubled. Systems B, 6, and D show how the 

hor izonta l  impermeable layer  appears as  p a r t  of a  c i r c l e  i n  the  inverted 

system, After these analyses, the meshes i n  system D were changed t o  

rec tangles  wi th  a Isngth  of twice t h e i r  height  f o r  the  zone indica ted  

by the arrows above system D i n  Figure 3. This was done t o  obta in  

s u f f i c i e n t  values i n  the low D/W range. 

RESULTS AND DISCUSSION: 

The formation of a  two-dimensional mound according t o  the  D-F 

assumption and according t o  analog analyses i s  shown i n  Figure 4, 

where the r i s e  H o f  t he  canter  of the  mound i s  p l o t t e d  a g a i m t  t fo r  

a  recharge r a t e  s f  0 ,1  K,  For dimensionless expression, H i s  divided 

by the width W of the  percola t ion  zone and t i s  mul t ip l i ed  by K/£w, 

where K i s  the  hydraulic  conductivi ty and f  the  f i l l a b l e  porosi ty of 

the  medium, The curves appear t o  coincide i n i t i a l l y ,  which suggests 

the v a l i d i t y  of the  D-F assumption fo r  the  r a t h e r  small D-value i n  

t h i s  case (D = 0,267 W). Soon a f t e r  t h i s ,  however, the  mound r i s e s  

slower for  the  analog than fo r  the  D-F assumption which i s  probably 

due t o  the  f a c t  t h a t  the  analog takes the flow above the  o r i g i n a l  

water t a b l e  i n t o  account, while the analys is  based on the D-F 

assumption does no t ,  

The t h e o r e t i c a l  flow r a t e  Q i n  a  confined aquifer  of u n i t  height 

t o  a  wel l  wi th  a r ad ius  of 0.46A from an equ ipo ten t i a l  a t  313A i s  

2rtKH/ln(313/0,46) = 0.965 KH where K i s  hydraulic  conductivi ty and 

H i s  the  p o t e n t i a l  drop from 313A t o  0.46A, The current  measured on 

the  analog fo r  the  system indica ted  a flow r a t e  of 0,93KH, o r  an 

e r r o r  of -3.6 percent ,  The equ ipo ten t i a l s  as  constructed from 
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p o t e n t i a l  measurements a t  the  network nodes a l l  p l o t t e d  e s s e n t i a l l y  

a s  c i r c l e s ,  The r a d i i  of these  c i r c l e s  and the  values ca lcula ted  from 

r a d i a l  flow theory a r e  shown i n  Table 1, In  t h i s  t ab le ,  the  r a d i i  of 

the  equipotent ia ls  i n  the  inverse  system were converted t o  the  r e a l  

values. It appears t h a t  the  g r e a t e s t  e r r o r s  occur i n  the  v i c i n i t y  of 

the  wel l  i n  the  r e a l  system and the  outer  boundary i n  the  inverse 

system, The f a c t  t h a t  the  e r r o r s  i n  these regions a r e  i n  opposi te  

d i rec t ion ,  suggests t h a t  the  e r r o r s  a r e  mainly due t o  i n s u f f i c i e n t  

dens i ty  of the  network i n  the  v i c i n i t y  of the  source and the  s ink  of 

the  system, The e r r o r s  are ,  however, small and q u i t e  acceptable. 

The r e s u l t s  of the  ground water mound analyses a r e  shown i n  

Figure 5? where i w / ~ h  i s  p lo t t ed  agains t  D/W. The da ta  agreed c lose ly  

wi th  the curve which was obtained previously wi th  a  r e s i s t a n c e  network 

analog using increased nodal d is tances  and a  termination surround t o  

simulate i n f i n i t y  (Lab. Publ, No. 42 ) .  

SUMMARY AND CONCLUSIONS : 

Mathematical t reatment of ground water mound behavior i s  o f t en  

based on the  assumption of hor izonta l  flow and on neglec t  of the  flow 

above the water t ab le .  The Pa t t e r  r e s u l t s  i n  an overest imation of 

the  r i s e  of a  mound above a  r e l a t i v e l y  shallow aquifer .  This was 

i l l u s t r a t e d  by comparing an a n a l y t i c a l  so lu t ion  wi th  a  so lu t ion  by 

r e s i s t a n c e  network analog, I n i t i a l l y ,  the so lu t ions  showed good 

agreement ind ica t ing  the  v a l i d i t y  of the  Dupuit-Forchheimer assump- 

t i o n  of hor izonta l  flow, As  time progressed, however, neglec t  of the  

flow above the o r i g i n a l  water t a b l e  r e s u l t e d  i n  a  f a s t e r  r i s e  of the  

mound for  the  a n a l y t i c a l  so lu t ion  than fo r  the analog so lu t ion ,  

The condit ion of i n f i n i t e  ex ten t  of a  flow medium was repre-  

sented on the  r e s i s t a n c e  network analog by s p l i t t i n g  the medium i n t o  

a  r e a l  and an inverse pa r t .  With the  common surfaces  of both p a r t s  

e l e c t r i c a l l y  connected, the  r e a l  pa r t  behaves a s  i f  i t  were of in -  

f i n i t e  extent .  Solut ions were obtained fo r  a  system wi th  r a d i a l  flow 

i n  a  confined aquifer  and fo r  a  system of i n c i p i e n t  ground water 

mound formation above an unconfined aqu i fe r ,  The radial-f low system 

yielded a  flow r a t e  t h a t  was 3.6 percent below the  t h e o r e t i c a l  value. 
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The e r r o r  i n  the  r a d i a l  d is tances  of the  concentr ic  equ ipo tea t i a l s  

var ied  from 0 percent fo r  the  50-percent equ ipo ten t i a l  t o  6 percent 

fo r  the  80-percent equ ipo ten t i a l ,  The e r r o r s  a r e  small and most 

l i k e l y  due t o  i n s u f f i c i e n t  network dens i ty  near the source and s ink  

of the system and o v e r a l l  instrumental  inaccuracies.  The r e s u l t s  of 

the ground water mound analyses agreed very c lose ly  wi th  da ta  pre- 

viously obtained wi th  the  analog using increased nodal d is tances  and 

a termination surround fo r  representing i n f i n i t e  media on the  analog. 

In c e r t a i n  cases, such as  homogeneous media of i n f i n i t e  hor i -  

zonta l  and v e r t i c a l  extent ,  inversion gives a simpler network arrange- 

ment than increased node d is tances  fo r  i n f i n i t y  r ep resen ta t ion ,  How- 

ever, s ince  hor izonta l  and v e r t i c a l  l i n e s  a r e  represented as  p a r t s  of 

c i r c l e s  i n  the inverse,  layered o r  an i so t rop ic  media can not  be e a s i l y  

represented and i n f i n i t y  i n  t h a t  case can b e t t e r  be simulated by 

increased node d is tances  and a termination surround, I f  the  lower 

boundary of a flow system i s  a hor izonta l  layer  of much higher o r  

much lower hydraulic  conclucti.vity and i f  the depth of t h i s  layer  i s  

t o  be taken a s  a va r i ab le  i n  the  analyses, the  choice between inver-  

s ion  and increased nodal d is tances  fo r  i n f i n i t y  r ep resen ta t ion  depends 

t o  a l a rge  extent  on the  reumber of pos i t ions  of the  boundary t h a t  

should be included i n  the  analyses,  Tbe choice between inversion o r  

increased d is tances  fo r  representing i n f i n i t e  flow systems i s  thus 

governed by the  c h a r a c t e r i s t i c s  of the  medium and the  boundaries. 

In  some cases, invers ion  can lead t o  g rea t ly  s impl i f i ed  representa t ion  

of flow systems wi th  open boundaries on the  r e s i s t a n c e  network analog. 
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Table 1, Measured and ca l cu la t ed  r a d i i  of  equ ipo ten t i a l s .  

P o t e n t i a l  i n  % of 
t o t a l  d i f f e rence  

Measured r ad ius  Calculated r ad ius  
of  e q u i p o t e n t i a l  o f  e q u i p o t e n t i a l  

Unit network i n t e r v a l s  

3  13 3 13 

90,O 84.5 

44,9 44 ,o 
32.1 31.8 

23.2 23,O 

16,6 16.6 

12.0 12,o 

8.67 8.63 

6.21 6.24 

4,49 4.50 

3.21 3.25 

1-60  1.69 

0.46 0.46 

Error  
i n  % 

Annual Report of the U.S. Water Conservation Laboratory



Figure 1A.  Principle of inversion. 
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Coordinates in real axad inversa system sf fourth quadrant ,  
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Figure 2. Network arrangement for radial flow (top) and incipient 
ground water mound formation (bottom) . 
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Figure 3 .  Network arrangement fo r  i n c i p i e n t  mound formation f o r  systems C and D, Annual Report of the U.S. Water Conservation Laboratory



Figure 4. Dimensionless graph of the rise of a two-dimensional mound according 
to the D-F assumption and to the resistance network analog. 
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TITLE: COMPONENTS OF THE RADIATION BALANCE OF FIELD CROPS 

UNDER IRRIGATED CONDITIONS 

LINE PROJECT: SWC 4-gG2 CODE NO. : A r  i z  . -WCL- 18 

1 . INTRODUCTION : 

The evapora t ive  f l u x  from any crop su r f ace  - water  no t  l i m i t i n g  - 
i s  l a r g e l y  determined by t h e  r a d i a n t  energy input  o r  n e t  r a d i d t i o n .  

Measurements of n e t  r a d i a t i o n  have been lacking  i n  most f i e l d  

experiments;  fur thermore,  continuous records of n e t  r a d i a t i o n  a r e  

gene ra l ly  nonex i s t en t .  So la r  r a d i a t i o n ,  however, i s  measured a t  

s e v e r a l  l oca t ions  i n  t h i s  country.  Therefore,  it would be d e s i r a b l e  

t o  es t imate  n e t  r a d i a t i o n  from s o l a r  r a d i a t i o n  d a t a  and t o  s e e  how 

t h e  r e l a t i o n  would vary wi th  r e f l e c t e d  s o l a r  r a d i a t i o n .  To t h i s  

end, n e t  r a d i a t i o n  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 measured over 

a l f a l f a ,  ba r l ey ,  wheat, o a t s ,  co t ton ,  and sorghum. These va lues  were 

then r e l a t e d  t o  s o l a r  r a d i a t i o n .  The r e s u l t s  a r e  presented i n  

t h i s  r e p o r t .  

2. EXPERIMENTAL PROCEDURES: 

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 ,  and n e t  

r a d i a t i o n  were made over  a l f a l f a ,  ba r l ey ,  wheat, o a t s ,  co t ton ,  and 

sorghum. The measurements were made f o r  one t o  t h r e e  day per iods  biweekly 

throughout t h e  growing season.  They were i n i t i a t e d  on 30 January and 

terminated on 22 September. 

Incoming s o l a r  r a d i a t i o n  was measured wi th  a  so l a r ime te r  b u i l t  

by Kipp and Zonen of D e l f t ,  Holland. 

Reflected s o l a r  r a d i a t i o n  was measured 1 m above the  var ious  crop 

su r f aces  wi th  the  Kipp and Zonen so l a r ime te r s .  The senso r s  were 

removed from the  s h i e l d s  and mounted i n  an inve r t ed  p o s i t i o n  under 

a  s i n g l e  r a d i a t i o n  s h i e l d ,  so  t h a t  t he  sens ing  p o r t i o n  of t h e  

instrument  was i n  a  p lane  p a r a l l e l  t o  a  7-inch h o r i z o n t a l  d i s c .  

Net r a d i a t i o n  was measured 1 m above each of the  c rops  with two 

compensated n e t  radiometers  (1 ) .  I n  the  case  of row crops,  one n e t  

radiometer was loca t ed  over t h e  row, while  t he  o t h e r  was loca ted  

over  the  furrow. The average of t he  two n e t  radiometers  was used 

f o r  a l l  c a l c u l a t i o n s .  
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A l l  da t a  were recorded a t  15-minute i n t e r v a l s  on our  data- logging 

system. Hourly averages were computed from f i v e  15-minute per iods .  

3. RESULTS AND DISCUSSION:  

The d a t a  were analyzed i n  t h r e e  ways: 

(1) Albedos were computed f o r  a l l  crops;  

(2) Linear  r eg re s s ions  of n e t  r a d i a t i o n  on incoming s o l a r  r a d i a t i o n  

were computed; and 

(3) Linear r eg re s s ions  of n e t  r a d i a t i o n  on n e t  s o l a r  r a d i a t i o n  

were computed. 

These d a t a  a r e  summarized f o r  crops i n  Table 1. 

3 . 1  Albedo. The albedos of the  var ious  crop su r f aces  were 

computed with hourly da t a .  General ly  speaking, t he  r a t i o  was very 

l a r g e  during t h e  f i r s t  hour (about 0 .41 ,  then decreased t o  about 

0 . 2  a t  s o l a r  noon and increased  t o  about 0 .4  a t  t he  l a s t  hour.  The 

l a r g e  albedos could be a t t r i b u t e d  t o  the  sensors  used. A t  low sun 

angles ,  a  small  amount of d i r e c t  r a d i a t i o n  would s t r i k e  the  sensing 

a rea  oE e i t h e r  the  incoming o r  inver ted  sensors ;  however, energy 

would be r e f l e c t e d  wi th in  t h e  hemispherical  windshields  of bo th  

sensors .  The amount of energy r e f l e c t e d  wi th in  t h e  hemispherical  

windshields  would be n e a r l y  equal  f o r  the  incoming and inve r t ed  

senso r s ,  Thus, r a t i o  of t he  resu1t.s would approach one. Since the  

hourly averages were computed on s o l a r  time, it i s  poss ib l e  t h a t  

one o r  two 15-minute d a y l i g h t  observa t ions  would r ep re sen t  t he  hourly 

average, causing l a r g e  albedos i n  e a r l y  morning and l a t e  evening 

t h a t  would no t  be r e p r e s e n t a t i v e .  

A more r e a l i s t i c  way t o  compute albedo would be t o  use  d a i l y  

t o t a l s .  Thus, e a r l y  morning and l a t e  evening values would no t  a f f e c t  

t he  albedo a s  much. The r e s u l t s  repor ted  i n  Table 1 were computed 

from d a i l y  t o t a l s .  
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3 . 1 . 1 .  A l f a l f a a  Albedo of a l f a l f a  su r f aces  va r i ed  from 

0.20 t o  0.27, with an  average of 0.24. General ly  speaking, the  l a r g e r  

albedos were obtained from the  t a l l e r  c rops .  There a r e  a  few no tab le  

except ions to  t h i s  s ta tement ,  the  E i r s t  occurr ing on 30 January when 

the  a l f a l f a  was Jusc emerging from dormancy, It was 14 cm t a l l  and 

had a  l o t  of dry leaves  exposed. This would cause a  l a r g e r  a lbedo.  

The low albedos on 13 March and 22 September were due t o  p a r t l y  

cloudy s k i e s ,  

These da t a  a r e  q u i t e  c o n s i s t e n t  with those repor ted  

i n  l a s t  y e a r ' s  annual r e p o r t ,  Las t  y e a r ' s  a lbedos ranged from 0.20 

over r e c e n t l y  trimmed a l f a l f a ,  10 cm i n  he ight ,  t o  0.23 over 30-cm 

a l f a l f a  wi th  f u l l  l e a f  development. Dry a l f a l f a  s t u b b l e  albedos 

ranged from 0.22 t o  0.25, depending on the  amount of t r a s h  upon 

the  su r f ace ,  

3 .1 .2 .  Barley.  S imi la r  t o  a l f a l f a ,  t he  albedo of ba r l ey  

va r i ed  from 0.20 t o  0.26. The lowest value,  0.20, was obtained 

from emerging b a r l e y  5 cm t a l l .  A t  t h i s  time the  s o i l  su r f ace  was 

mois t .  Maturi ty  increased  the  albedo t o  0.26. The average albedo 

of b a r l e y  was 0 ,23 .  

3 .1 .3 .  Wheat. The albedos f o r  wheat (Table 3)  range from 

0.18 t o  0.22 wi th  an average of 0 .21.  The lowest albedo, 0.18, was 

obtained Erom an emerging wheat and wet s o i l  su r f ace .  It i s  s i m i l a r  

t o  t h a t  repor ted  i n  l a s t  y e a r ' s  annual r e p o r t  f o r  ba re  s o i l .  They 

ranged from 0.14 over  wet s o i l  t o  0.24 over dry s o i l ,  Wheat albedos 

were gene ra l ly  lower than those over a l f a l f a ,  They d i d  no t  r e f l e c t  

an increase  a t  ma tu r i t y .  This may be due t o  t he  n a t u r e  of t he  crop, 

being t a l l  and no t  a s  l e a f y .  

3 . 1 . 4 .  Oats* The da t a  from o a t s  i nd ica t ed  albedos ranging 

from 0.16 over an emerging o a t  and wet s o i l  su r f ace  t o  0.25. The 

average was 0.23.  Oat a lbedos were gene ra l ly  h ighe r  than those of 

wheat and ba r l ey .  This can be a t t r i b u t e d  t o  the  na tu re  of t he  crop.  

The s tand  was very t h i c k  wi th  the  leaves  o r i e n t a t e d  a t  a l l  angles  and 

bending down a t  t he  ends, a s  con t r a s t ed  t o  the  wheat and ba r l ey  

which had th inne r  s t ands  and leaves  s tanding  more u p r i g h t .  The amount 

of energy r e f l e c t e d  d i d  decrease wi th  the  development of i n f lo re scence .  
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3 .1 ,5 .  Cotton.  The albedo of co t ton  tended t o  i nc rease  

with crop growth, ranging from 0.18 over p r a c t i c a l l y  b a r e  s o i l  t o  

0.27 over 115-cm c o t t o n .  The da t a  presented were obta ined  from 

th ree  d i f f e r e n t  t r ea tmen t s .  The average albedo was 0.22, being 

s l i g h t l y  lower than the  average f o r  a l f a l f a ,  ba r l ey ,  and o a t s .  

Since c o t t o n  i s  a  row crop, tbese d a t a  r e f l e c t  t he  

development of t he  crop;  i . e . ,  e a r l y  i n  the season a  l a r g e  po r t ion  

of the  s o i l  su r f ace  was exposed. This tended t o  reduce the  albedo 

and thus,  reduce the average,  Af t e r  maximum he igh t  had been reached, 

t he  albedos were very s i m i l a r  t o  those obtained over a l f a l f a ,  

averaging about 0.25. 

3 . 1 . 6 ,  Sorghum. Albedos were measured on fou r  occasions 

over sorghum, the  f i r s t  when the  sorghum was 83 cm and the  l a s t  

a f t e r  d e ~ e l o p m e ~ t  of t he  seedheads. The albedos ranged from 0.19 

t o  0,22,  with an average of 0.21. 

3 .1.7.  Summaryq These d a t a  and those repor ted  i n  the  

1963 Annual Repork i n d i c a t e  Chat normal c u l t u r a l  p r a c t i c e s  do not  

a l t e r  albedos g r e a t l y .  The albedos ranged from 14 percent  over  

wet s o i l  t o  24 percent  over  dry  s o i l  and up t o  27 percent  over  crop 

su r f ace .  The average albedo over t he  crop su r f aces  was 0.24. Row 

crops tend t o  have lower albedos u n t i l  maximum cover  i s  developed, 

Then the  albedos a r e  s i m i l a r  t o  those of continuous crops,  such a s  

a l f a l f a .  Broad l e a f  p l a n t s  tended t o  have g r e a t e r  r e f l e c t i o n s  than 

g ra s ses .  The crops s tud ied  a r e  ranked i n  order  of i nc reas ing  albedos 
t 

a s  sorghum, wheat, ba r l ey ,  o a t s ,  co t ton ,  and a l f a l f a .  

From the  p o i n t  of view of water conservat ion,  

g r e a t e s t  savings would be  r e a l i z e d  by a l t e r i n g  t h e  r e f l e c t i o n  of 

s o i l  sur faces ,  e i t h e r  ba re  o r  during e a r l y  s t a g e s  of p l a n t  

development. For example, t he  d i f f e r e n c e  i n  albedo of wet and dry 

ba re  s o i l  (0 .14 t o  0 ,24)  on a  day of 700 l y  amounts t o  70 l y .  This 

would be  equ iva l en t  t o  1 . 2  mm of water i f  r e f l e c t i o n  was the  only 

process  involved. 
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3 , 2 .  m a t i o n s  between n e t L  s o l a r ,  and n e t  s o l a r  r a d i a t i o n .  

For some purposes it would be d e s i r a b l e  t o  e s t ima te  n e t  

r a d i a t i o n  from s o l a r  r ad i az ion  d a t a .  Met and s o l a r  r a d i a t i o n  r e l a t i o n s  

over d i f f e r e n t  su r f aces  a r e  no t  genera l ly  avai . lable  because of t he  

lack  of n e t  r a d i a t i o n  d a t a ,  Therefore,  these  r e l a t i o n s  were inves-  

t i g a t e d  us ing  l i n e a r  r eg re s s ion  techniques.  

3 , 2 . 1 .  Net -- and s o l a r  r a d i a t i o n  r e l a t i o n s .  'Linear r eg re s -  

s ions  were computed f o r  n e t  r a d i a t i o n  on incoming s o l a r  r a d i a t i o n .  

The d a t a  used cons i s t ed  of hour ly  averages of per iods  of incoming 

s o l a r  r a d i a t i o n ;  consequently,  included some negacive n e t  r a d i a t i o n  

r e s u l t s  a t  s u n r i s e  and s u n s e t .  'En a l l  cases  t he  n e t  r a d i a t i o n  d a t a  

used cons is ted  of an average of two n e t  radiometers ,  one being placed 

over the  row and one over the  furrow when appropr i a t e .  

The r eg re s s ion  equat ions and sample s tandard  

dev ia t ions  from reg res s ion ,  or s tandard  e r r o r s  of es t imate ,  a r e  

l i s t e d  i n  Tables 1 through 6 .  The r eg re s s ion  c o e f f i c i e n t s  were a l l  

h ighly  ins igni f icant . ;  t he re fo re ,  a r e  not  l i s  Led. As can be  seen from 

the  t ab l e s ,  the  s tandard  dev ia t ion  from reg res s ion  was q u i t e  small ,  
-I - 1 

averaging 0.02 l y  min f o r  a l f a l f a ,  0.03 l y  min f o r  ba r l ey ,  
- 1 - 1 - 1 

0.03 l y  rnin f o r  wheat, 0.82 l y  min £ o r  o a t s ,  0.02 l y  rnin f o r  
- 2. 

cot ton ,  and 0.02 1-y rnin f o r  sorghum. These d a t a  i n d i c a t e  t h a t  

hourly n e t  r a d i a t i o n  over d i f f e r e n t  su r f aces  can be  es t imated  q u i t e  

s a t i s f a c t o r i l y  from measurements of s o l a r  r a d i a t i ~ n ~ u s i a r g  ind iv idua l  

r eg re s s ion  equat ions .  However, t he  r eg re s s ion  equat ions a r e  a  func t ion  

of crop cover and he igh t ,  s o l a r  r a d i a t i o n ,  and o t h e r  meteoro logica l  

f a c t o r s  a f f e c t i n g  n e t  r a d i a t i o n .  Therefore,  advanced knowledge would 

be requi red  t o  know which equat ion  t o  use .  To avoid t h i s  problem, 

ind iv idua l  crop r e l a t i o n s  were sought.  

Data f o r  each crop were pooled and r e g r e s s i o n  equa- 

t i o n s  computed. The r e s u l t s  a r e  presented a s  pooled da t a  a t  t h e  

bottom of Tables 1  through 4 .  Tn some cases ,  t he  s tandard  e r r o r s  were 
- 1 

0.02 of a  l y  min g r e a t e r  than the  average s tandard  e r r o r  of i nd iv idua l  

r eg re s s ion  l i n e s .  In o the r  ca ses ,  they were equal .  The r e s u l t s  i n d i c a t e  

t h a t  n e t  r a d i a t i o n  can be  est imated from s o l a r  r a d i a t i o n  with s tandard 
- 1 - 1 

e r r o r s  ranging from 0.02 l y  rnin t o  0.05 l y  rnin . 
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The d a t a  f o r  a l l  +crops were pooled and a  r eg re s s ion  

equat ion was computed f o r  cez  r a d i a t i o n  on s o l a r  r a d i a t i o n ,  The 
- 1 

r e s u l t i n g  s tandard  e r r o r  was 0,057 l y  min . Thus, t h e  s ~ a n d a r d  

e r r o r  f o r  a11 crops was about 3  times a s  l a r g e  a s  t h a t  from a s i n g l e  

crop Eor a  s i n g l e  day and about 2  times a s  l a r g e  a s  t h a t  from a  s i n g l e  

crop f o r  a l l  days,  

3 . 2 , 2 .  r a d i a t i c p  and net-&ar r a d i a t i o n  r e l a t i o n s .  

Since r e f l e c t e d  s o l a r  r a d i a t i o n  i s  one of t he  terms making up n e t  * 

r a d i a t i o n ,  n e t - s o l a r  r a d i a t i o n  r e l a t i o n s  should be improved by i t s  

addiLion. Therefore,  r e f l e c t e d  s o l a r  r a d i a t i o n  was sub t r ac t ed  from 

incoming s o l a r  r a d i a t i o n .  The r e s u l t i n g  term i s  r e f e r r e d  t o  a s  

n e t  s o l a r  r a d i a t i o n ,  

L;.nsar r eg re s s ion  was used t o  compute che r eg re s s ion  

of n e t  r a d i a t i o n  on n e t  s o l a r  r a d i a t i o ? ,  The r e s u l t s  a r e  l f s t e d  

i n  Tables 1 througb 7 .  A g a i ~ ,  the  c o r r e l a t i o n  c o e f f i c i e n t s  were 

a l l  h ighly  s  i g n l f i c a n t  . 'The average s tandard  e r r o r s  were s i m i l a r  

t o  those of n e t  r a d i a t b n  versus s o l a r  radiatSon,  wit\ the except ion 

of wheat and o a t s .  The average s iandard  e r r o r s  Eor wheat and o a t s  
- 1 

were 0 .02 l y  min . 
Data from each crop were pooled and l i n e a r  r eg re s s ion  

computed. The s f a - ~ d a r d  e r r o r s  were s i m i l a r  t o  those obta iaed  from 

n e t  r a d i a t i o n  versus  s o l a r  r a d i a t i o n ,  i l rdicat ing t h a t  the add i t i on  

of r e f l e c t e d  s o l a r  r a d t a t l o g  d i d  not improve t h e  r e l a t j o n .  

The grand r eg res s ion  ( a l l  crops and a l l  days) of 

n e t  r a d i a t i o n  on n e t  s o l a r  r a d i a t i o n  ind ica t ed  a  s tandard  e r r o r  of 
- 1 

0.057 l y  min , which i s  t he  same a s  t h a t  obtained Erom n e t  r a d i a t i o n  

versus  s o l a r  r a d i a t i o n ,  aga in  i n d i c a t i n g  t h a t  t he  c o r r e c t i o n  of 

incoming s o l a r  r a d i a t i o n  by s u b t r a c t i n g  r e f l e c t e d  s o l a r  r a d i a t i o n  

does not  y i e l d  b e t t e r  e s t i m a ~ e s  of n e t  r a d i a t i o n .  

Annual Report of the U.S. Water Conservation Laboratory



3 . 2 . 3 ,  Summary. Net r a d i a t i o n  measured over t r a n s p i r i n g  

f i e l d  crops on c l e a r  days was found t o  be very h igh ly  c o r r e l a t e d  wi th  

s o l a r  r a d i a t i o n .  Standard dev ia t ions  from reg res s ion  f o r  i nd iv idua l  
- 1 

days averaged 0.02 l y  min f o r  a l f a l f a ,  ba r l ey ,  wheat, oa t s ,  co t ton ,  

and sorghum. However, t he  r eg re s s ion  changed from day to  day, thus 

d a i l y  r e l a t i o n s  a r e  r a t h e r  u s e l e s s  f o r  e s t ima t ion  purposes.  

When seasonal  d a t a  from ind iv idua l  crops were 

pooled and used i n  r eg re s s ion  ana lys i s ,  t he  s tandard  e r r o r s  were 
- 1 about twice a s  l a rge ,  ranging from 0.02 t o  0.05 l y  min . 

A grand r eg res s ion  ( a l l  crops and a l l  days) 
- 1 

yie lded  a  s tandard  e r r o r  of 0,06 l y  min . 
Correc t ing  incoming s o l a r  r a d i a t i o n  by s u b t r a c t i n g  

reElec ted  s o l a r  r a d i a t i o n  d id  no t  reduce the  s tandard  e r r o r s ,  

In  the  absence of n e t  r a d i a t i o n  d a t a ,  e i t h e r  the  

grand o r  i nd iv idua l  crop r eg res s ions  may provide s u f f i c i e n t l y  

accu ra t e  es t imates  f o r  some a p p l i c a t i o n s .  
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Table 1. Crop he igh t ,  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 ,  r a t i o  of 
r e f l e c t e d  t o  incoming r a d i a t i o n ,  n e t  r a d i a t i o n ,  and i n t e r c e p t ,  
s l ope ,  and s tandard  d e v i a t i o n  from r e g r e s s i o n  f o r  r eg re s s ion  of 
n e t  r a d i a t i o n  on s o l a r  r a d i a t i o n  and n e t  s o l a r  r a d i a t i o n  of a l f a l f a  

Crop 
R R versus  R 
s u n  s  d  9 sd- su R versus  R R 

R Date Height Rsd Rsu n  a  b s a  b s 
y.x y . x  

1964 

30 J a n  

5  Mar 

13 Marl? 

25 Mar 

7  Apr 

16 Apr 

2  May 

3  May 

13 May 

15 May 

27 May 48 659 171 .26 384 -.I27 

23 Jun  75 710 164 .23  446 -. 196 

24 Jun 7  5  649 156 .24 423 - . lo8 

7 31.11 30 607 131 .22 398 -.I35 

21 J u l  66 587 143 .24 396 -.072 

28 J u l  49 626 162 .26 418 -.lo9 

28 J u l  49 626 150 .24 428 -.041 

29 J u l  49 390 107 .27 237 - 034 

29 J u l  49 390 94 .24 261 -.023 

5  Aug 59 527 126 -2.4 348 -.086 

7  Aug 20 613 122 .20 405 -.I20 

18 Aug 2  7  604 140 .23 366 -.098 

20 Aug 45 546 119 .22 372 -.065 

1 Sep 45 574 134 .23 371 -.I27 

22 Sep* 22 410 99 '24 242 W.061 

Pooled Data 

5'70 138 .24 351 -.I10 

Days n o t  included i n  pooled va lues .  
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Table  2. Crop h e i g h t ,  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 ,  r a t i o  of 

r e f l e c t e d  t o  incoming r a d i a t i o n ,  n e t  r a d i a t i o n ,  and i n t e r c e p t ,  

s l o p e ,  and s t a n d a r d  d e v i a t i o n  from r e g r e s s i o n  f o r  r e g r e s s i o n  

of n e t  r a d i a t i o n  on s o l a r  r a d i a t i o n  and n e t  s o l a r  r a d i a t i o n  

of b a r l e y  
- --  

Crop R  R  v e r s u s  R  
s U 

sd R  v e r s u s  R  
Date  Height  R  n  n  sd- 'su 

Rsd R ~ u  n a  b  s a  b  s 
Y .x Y.X 

1964 

13 Mar 

25 Mar 

7  Apr 

2  May 

3  May 

13 May 

27 May 

29 May 

cm l y  l y  IY 

5  429 85 . 2 0  231 -.015 ,565 ,073 -.017 

15 620 154 .25 278 - . I40  .625 .022 - . I23  

8 0  636 135 . 2 1  319 -.I47 ,696 ,029 - . I24 

7  7  651 140 .22  369 - . I16 ,705 .031 -.069 

7  7  674 139 . 2 1  374 --.I61 .743 .025 - . I36 

94 532 128 . 2 4  262 - . I20  .681  .026 -.094 

76 659 170 .26 317 - . I69 .696 .018 -.140 

76 699 180 .26 331 - .I29 .710 ,023  - .I66 

Pooled Data  

613 141  . 2 3  310 - . I20 .655 .054 -.099 
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Table 3 .  Crop he igh t ,  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 ,  r a t i o  of 

r e f l e c t e d  t o  incoming r a d i a t i o n ,  n e t  r a d i a t i o n ,  and i n t e r c e p t ,  

s lope ,  and s tandard  dev ia t ion  from reg res s ion  f o r  r eg re s s ion  

of n e t  r a d i a t i o n  on s o l a r  r a d i a t i o n  and n e t  s o l a r  r a d i a t i o n  

of wheat 

Crop R R versus R 
s  u n  sd R versus  R 

Date Height R 
n sd- Rsu 

Rsd 'SU n  a  b s a  b  s 
Y . X  Y . X  

- 

1964 

27 Feb 

10 Apr 

11 Apr 

23 Apr 

6  May 

7  May 

20 May 

Pooled Data 

616 138 .22 372 -. 174 ,808 .032 --. 140 -458 ,032 
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Table 4. Crop he igh t ,  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 ,  r a t i o  of 

r e f l e c t e d  t o  incoming r ad ia t ion ,  n e t  r a d i a t i o n ,  and i n t e r c e p t ,  

s lope ,  and s tandard  dev ia t ion  from r e g r e s s i o n  f o r  r eg re s s ion  

of n e t  r a d i a t i o n  on s o l a r  r a d i a t i o n  and n e t  s o l a r  r a d i a t i o n  

of o a t s  

R R versus  R 
Crop R versus  R R su - n sd n  sd- su  

Date Height b  s  a  b  s 
Rsd Rsu Rsd Rn a Y . X  Y . X  

1964 cm l y  l y  LY 

27 Feb 10 486 80 .16 278 -.I67 .779 .Ol5 -. 151 .908 .006 

10 Apr 60 602 147 .24 338 -. 172 .749 .016 -. 144 .951 .016 

23 Apr 83 644 162 .25 364 -.I75 .761 .019 -..I53 ,983 .018 

6  May 108 661 165 .25 359 -.I82 .741 ,014 -,I39 .926 .009 

7  May 108 663 166 .25 364 -.I14 ,672 .044 -.098 .873 .034 

20 Maygc 168 662 147 .22 408 -. 103 .817 ,024 -. 051 ,979 .021 

Pooled Data 

620 145 .23 352 -.I67 ,750 ,021 -.I48 .945 ,023 

* Day no t  included i n  pooled va lues .  
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Table 5 .  Crop he ight ,  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 ,  r a t i o  of 
r e f l e c t e d  t o  incoming r ad ia t ion ,  n e t  r a d i a t i o n ,  and in t e rcep t ,  
s lope,  and standard dev ia t ion  from reg res s ion  f o r  r eg res s ion  
of n e t  r a d i a t i o n  on s o l a r  r a d i a t i o n  and n e t  s o l a r  r a d i a t i o n  
of co t ton  

Crop R R versus  R R versus R R 
S u - n sd n sd- su 

Date Height R a 
Rsd Rsu Rsd n b s y .x  a b s y .x  

1964 

15 May7k 

29 May* 

16 June 

16 Jun;k 

23 Sung< 

24 Jun 

30 Sun 

30 3un 

1 J u l  

1 J u l  

7 J u l  

14 J u l  

14 J u l  

16 J u l  

16 J u l  

21 J u l  

7 Aug 

11 Aug 

11 Aug 

20 Aug 

3 Sep 

3 Sep 

25 Sep 

25 Sep 

l Y  l Y  l Y  

700 129 .18 319 -.lo7 

699 127 .18 366 -.I49 

710 140 .20 382 -.I64 

710 134 . I 9  364 -.I70 

710 128 .18 357 -.I37 

649 112 .17 351 -.I09 

668 153 .23 406 -.I75 

668 138 .21  382 -.I96 

593 132 .22 368 - . lo3 

593 131 - 2 2  345 -.021 

607 114 . I 9  341 -. 158 

520 110 .21  360 -.045 

520 105 .20 341 -,O57 

649 146 .23 425 -. 144 

649 130 ,20 426 -.I42 

587 144 .24 370 -.078 

613 138 -22  385 -.I40 

568 153 .27 373 -.086 

568 146 .26 351 -.097 

546 126 .23 346 -.048 

581 147 .25 336 -.I28 

581 140 .24 333 -.I20 

481 118 .24 260 -.I41 

481 99 .21  299 -.077 

Pooled Data 

610 131 .21  358 -. lo0 

* Days not included i n  pooled va lue .  

18-12 
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Table 6.  Crop he ight ,  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 ,  r a t i o  of 
r e f l e c t e d  t o  incoming r ad ia t ion ,  n e t  r a d i a t i o n ,  and i n t e r c e p t ,  
s lope ,  and s tandard  dev ia t ion  from reg res s ion  f o r  r eg re s s ion  
of n e t  r a d i a t i o n  on s o l a r  r a d i a t i o n  and n e t  s o l a r  r a d i a t i o n  
of sorghum 

R R versus  R 
Crop s u n  s  d  n  sd- Rsu R versus R - 

Date Height a  b  s a  b  s  
Rsd Rsu Rsci Rn Y . X  Y 

1964 cm IY IY XY 

5  Aug 83 527 99 .19 322 -.lo6 .767 -032 -.086 0.909 .038 

18 Aug 105 604 131 .22 367 -.I19 .750 -022 -.097 .923 .OX5 

1 Sep 130 574 130 .23 362 -. 142 .809 .015 -. 125 1.018 .017 

22 Sep 135 410 88 .22 241 -.064 .682 .030 -.052 .847 .028 

Pooled Data 

529 112 .21 323 -. lo6 ,752 ,030 -0092 .930 .032 

Table 7.  I n t e r c e p t  ( a ) ,  s l ope  (b) ,  s tandard dev ia t ion  from 

reg res s ion  ( s  ] , and c o r r e l a t i o n  c o e f f i c i e n t  ( r )  f o r  
\ Y . X  

r eg re s s ion  of n e t  r a d i a t i o n  on s o l a r  and n e t  s o l a r  r a d i a t i o n  

f o r  a l f a l f a ,  ba r l ey ,  Qheat,  o a t s ,  co t ton ,  and sorghum, 1964 
, 

Regress ion  of a  b  s r 
Y . X  

Net r a d i a t i o n  on s o l a r  r a d i a t i o n  -. 118 .734 ,057 .991 

Net r a d i a t i o n  on n e t  s o l a r  r a d i a t i o n  -, 093 ,912 ,057 .992 
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TITLE: THE USE OF SAlLTY WELL WATER FOR THE PRE-PLANTING IRRHGATION 

ON SILTY CLAY SOILS 

LIME PROJECT : SWC 4-gG3 CODE NO. : A r i  z ,  wCE-22 

INrnODUCTION: 

For need of study, see  Annual Report 1958. The ob jec t ive  of the  

experiment i s  t o  determine the  amount of water t o  apply a t  the  pre- 

p lant ing  i r r i g a t i o n  t o  maintain economic production, The experiment 

was i n i t i a t e d  Apri l  1, 1958, 

PRB)CEDUWE",Barley) 

The experiment was located a t  the University of Arizona Experiment 

Farm, Saffard Branch, Safford, Arizona, The experiment was conducted 

on Field "I" borders 1.-18. 

Plots  were plowed November 30, then harrowed and planted t o  A r i -  

v a t  bar ley ,  O n  December 2, 1963, the following amounts of planting- 

date-leaching water (3150 ppm) were applied,  

1 ,  8 inches of wel l  water - p l o t s  4, 6, 12, 17, 

2, 42 inches of well  water - p l o t s  3, 8, 10, l b c  

3 ,  45 inches of well  water - p l o t s  2, 7, 11, 14, 

4 ,  16 inches of well  water - p l o t s  5, 9, 13, 15. 

Before planting,  320 pounds of 25-25-0 per acre  was appl ied ,  

F i f t y  pounds of n i t rogen per acre  was applied previous t o  the  f i r s t  

spring i r r i g a t i o n ,  Four i r r i g a t i o n s  were given March 3, Apri l  9, 

Apri l  28, and May 26. 

S o i l  s a l t  measurements were made on a l l  p l o t s  previous t o  and 

a f t e r  the leaching i r r i g a t i o n ,  A f i n a l  s o i l - s a l t  measurement was 

made p r io r  t o  harves t .  

Five one-yard-square areas randomly se lec ted  were used t o  de te r -  

mine y ie lds  fo r  each p l o t ,  Forty heads were randomly se lec ted  wiehin 

each p lo t  and harvested t o  determine the number of seeds per head, 

RESULTS AHD DISCUSS ION : 

A very poor s tand of barley was obtained due t o  the  l a t e  planting 

date  and the cool weather i n  December and January. 
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Yield o f s a r l e y  a t  Saf ford,  Arizona 

Pounds per Acre 

Leaching 
Treatments. Repl ica t ions  

1 2 - 3 - 4 - Me an - 
8 1631 1416 1840 1778 1666 

Treatments ---- Me a? 

16 2099 a 

15 2026 a b 

12 I816 b c 

8 1666 c 

Barley Seeds per Head a t  Saf ford ,  Arizona 
6-. 

Leachi.cg 
Treatments Repl ica t ions  

1 - 2 - 3 - 4 - Me an - 
8 31,2 27.9 38.4 33,8 32,8 

12 33,6 29,4 36.3 40,8 35.0 

No, s i g ,  

W e i ~ h t  of Barley i n  Grams Per One Hundred 

Seeds a t  Saf ford ,  Arizona 

Leaching 
Treatments - Repl ica t ions  

1 
'a,., 

2 - 3 - 4 - Me an 
P 

8 4,16 4,23 4.18 4,39 4,24 

No, s i g ,  
22-2 
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SUMNARY Am GONCZUS IQHS : 

There 'was a s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  i n  bar ley  y i e l d  

f o r  the var ious  leaching  t rea tments .  The va r i ance  was a t  t he  one per-  

cen t  l e v e l ,  The y i e l d  on the  8- inch  leaching t rea tment  was lower than 

f o r  t he  o the r  t rea tments .  Di f fe rences  were not s i g n i f i c a n t  f o r  seeds 

per  head o r  weight per seed. 

S o i l - s a l t s  were reduced w i t h  the  leaching i r r i g a t i o n  by a l l  

leaching t rea tments  i n  t he  top f o o t ,  S a l t s  were increased  i n  the  second 

f o o t  when only 8 inches of Beaching water was added, S a l t s  increased  i n  

t he  t h i r d  f o o t  i n  a l l  l eaching  t rea tments  by t h e  leaching  i r r i g a t i o n ,  

S a l t  conten t  was increased  a t  a l l  depths wi th  t h e  i r r i g a t i o n s  subsequent 

t o  the  leaching i r r i g a t i o n ,  Soi l -moisture content  on t h e  p l an t ing  da t e  

was higher  than d e s i r e d  and in t ake  r a t e s  were slow, P r a c t i c a l l y  speak- 

ing, because of show in t ake  r a t e s  the  des i r ed  amounts of  leaching water 

were not a t t a i n e d  i n  the e ighteen-  and twenty-four-inch leaching 

t rea tments .  High i . n i t i a l  moisture content  probably r e s u l t e d  i n  the  

l ack  oE s a l t  removal i n  the  second and t h i r d  f o o t  s o i l  p r o f i l e s ,  

PROCEDURE : (Sorghum) 

The leaching s tudy was continued a f t e r  the  ba r l ey  was harvested,  

The p l o t s  were immediately plowed, then harrowed and p lan ted  t o  Georgia 

615 sorghum a t  38-inch row widths ,  

h J u l y  8, 1964> the  fol lowing amounts of pre-p lan t ing- leaching  

water (3136 ppm) were app l i ed ,  

1, 8 inches of we11 water  - p l o t s  4, 6, 12, 17, 

2. 1 2  inches of  we l l  water - p l o t s  3,  8, 10, 16. 

3 ,  18 inches of w e l l  water  - p l o t s  2, 7, 11, 14. 

4 .  22 inches of  w e l l  water - p l o t s  5, 9, 13, 15. 

S o i l  s a l t  measurements were made before  and a f t e r  t h e  Leaching 

i r r i g a t i o n  and a f i n a l  s o i l - s a l t  measurement was made a t  harves t .  

Four hundred pounds of 25-25-0 was appl ied  t o  ba r l ey  s t u b b l e  previous 

t o  plowing, 

The sorghum p l o t s  were i r r i g a t e d  on August 6 and September 4 i n  

a d d i t i o n  t o  t h e  leaching  i r r i g a t i o n .  During August and September, 

t e n  r a i n s  occurred, amounting t o  2,46 and 2.31 inches,  r e s p e c t i v e l y .  
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Two r a i n s  i n  August and one i n  September amounted t o  3,05 inches of the 

t o t a l  for  the  two months, 

RESULTS AND DHSGUSSION: 

A good stand s f  sorghum was obtained, P r a c t i c a l l y  no b i rd  damage 

was noted on &his v a r i e t y ,  Visual d i f ferences  i n  heads, weight of heads 

and p lant  height  were observed, e spec ia l ly  between the  8-inch leaching 

treatments and c t h e r s ,  

Leaching 
Treatments 

L -. 2 - 3 - 4 - 
8 3186 36622 3530 3348 

Treatments We an 
w 

2 2 4213 a 

18 41h0 a b 

12 3828 b 

8 3422 c 

S m ' i Y  AND COHCEUS IONS : 

There was a s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e rence  in sorghum y i e l d  

f o r  the various treatments.  The variance was a t  the one percent l e v e l ,  

Yields were increased wi th  increases i n  leaching water.  The y i e l d  on 

the  8-inch leaching treatment was s i g n i f i c a n t l y  l e s s  than a l l  o ther  

t reatments,  

The two highes t  amounts of leaching water reduced s o i l - s a l t s  a t  

a l l  depths, 

PERSONNEL: Leonard J. Er ie  and Orrin F, French, 
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TITLE; CONSUMPTIVE USE OF WATER BY CROPS I N  ARIZONA 

LINE PROJECT: swc 1 1 - g ~ 1  CODE NO. : Ariz .  -WCL-23 

INTRODUCTION: 

See Annual Report  f o r  1963, 

PROCEDURE : 

Consumptive u s e  measurements were made a t  t h e  f o l l o w i n g  l o c a t i o n s  

i n  1964, 

1 ,  Saf f lower  - Mesa Experiment Farm, 

2 ,  Sugar Beets  - Mesa Experiment Farm. 

3 ,  Grapes - Mesa Experiment Farm. 

4 ,  Dry Onions - Mesa Experiment Farm. 

5. Bermuda Lawn - U, S, Water Conserva t ion  Labora to ry ,  

PERS ONmL : 

Leonard J ,  E r i e  and O r r i n  F, French. 
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Table 1, Semi-monthly use and "K" va lues  f o r  var ious  crops i n  
Arizona 1964 

BERMJDA GRAPES DRY ONIONS SUGAR BEETS 

eu K cu K cu K cu K 

Jan  1-15 .33 .21 l e 4 4  .91 

Jan  16-31 ,50 ,28 1.46 ,82 

Feb 1-14 .53 .31 1.22 .71 

Feb 15-29 .69 .41 1.43 ,85 

Mar 1-15 .90 .43 1.77 .86 

Mar 16-31 1.52 .58 2.13 .81 

Apr 1-15 .39 .22 3.93 1.39 2,55 .90 

Aps 16-30 2.13 .73 1.37 .47 4.71 1.61 3,65 1.25 

May 1-15 2,57 .83 2.63 .83 5.75 1.81 4.85 1.52 

May 16-31 3.36 

Jun L 1 5  4,05 

Jun 16-30 5.55 

J u 1  1-15 5,85 

J u l  16-31 5.73 

Aug 1-15 4,85 

Aug 16-31 4.51 

Sep 1-15 3.50 

Sep 16-30 2,81 

Oct 1-15 1,89 

Oct 16-31 

Mov 1-15 

Mov 16-30 

Dec 1-15 

Dec 16-31 

To ta l  46,80 

Seasonal '9'" 44.22 

Seasonal "I<" 1 ,06 
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Table 2, Semi-monthly use and "K" values f o r  var ious  crops i n  
Arizona 1964 

SAFFLOWER 

Jan  1-15 

Jan  16-31 

Feb 1-14 

Feb 15-29 

Mar 1-15 

Mar 16-31 

Apr 1-15 

Apr 16-30 

May 1-15 

May 16-31 

Jun 1-15 

Jun 16-30 

Juk 1-15 

J u l  16-31 

Aug 1-15 

Aug 15-31 

Sep 1-15 

Sep 16-30 

Oct 1-15 

a c t  16-31 

Nov 1-15 

Nov 16-30 

Dec 1-15 

Dec 16-31 '02 .03 

Tota l  42-0 

Seasonal "F" 37.29 

Seasonal "K" 1.13 
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Figure I, Consumptive use for lawn Bermuda at Tempe, Arizona in 1964, with bar graph showing 
soil moisture depletion per foot of depth, 
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Figure 3. Consumptive use for dry onions at Mesa, Arizona, 1963-1964, with bar 
graph showing soil moisture depletion per foot of depth, 
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Figure 4. Consumptive use f o r  sugar  bee t s  a t  Mesa, Arizona, 1964, w i t h  bar  graph 
showing s o i l  moisture  dep le t i on  per f o o t  of depth,  
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Figure 5, Consumptive use for safflower at Mesa, Arizona in 1964, with bar graph showing 
soil moisture depletion. 
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TITLE: THEORETICAL EFFECT OF SOEL, WATER TABLE, AND CANAL CBHDITIONS 

ON SEEPAGE FROM e m s  
LINE PROJECT: SWC 4-gG1 CODE NO.: Ariz.-WCL-24 

INTRODUCTION : 

The work o r i g i n a l l y  planned under t h i s  projec t  has been completed 

and a  manuscript has been prepared and accepted f o r  publ ica t ion  (Lab. 

Publ, No. 131), The inc lus ion of unsaturated flow i n  these analyses 

led  t o  a  general ized approach fo r  taking i n t o  account the  e f f e c t s  of 

unsaturated flow i n  the so lu t ion  of c e r t a i n  underground systems of 

water movement. The p r inc ip le  of t h i s  approach i s  the  replacement of 

the  general ly S-shaped unsaturated hydraulic  conductivi ty curve by a  

s tep-function and the  use of r e s u l t i n g  " c r i t i c a l  pressure head" as  

boundary condit ion where the  flow system i s  i n  contac t  wi th  atmos- 

pheric a i r ,  A paper on t h i s  sub jec t  was published (Lab, Publ, No, 

127), Because of the  usefulness of c r i t i c a l  pressure head i n  t h e o r e t i -  

c a l  analys is  of s teady o r  quasi-steady flow systems, the  p o s s i b i l i t y  

fo r  d i r e c t  measurement o r  es t imat ion  of c r i t i c a l  pressure head i n  the  

f i e l d  was inves t iga ted  with preliminary t e s t s  i n  the  labora tory ,  The 

remaining a c t i v i t y  under t h i s  projec t  was an ana lys i s  of the  v a l i d i t y  
. * 

of the  Dupuit-Forchheimer assumption (D-F assumption) fo r  the  calcu- 

l a t i o n  01 seepage from open channels i n  r e l a t i v e l y  shallow, uniform 

s o i l s .  This work was done i n  p a r t i a l  preparat ion of a  panel discus-  

s ion  on the D-F assumption a t  the  1964 Winter Meeting of the  American 

Society of Agr icul tura l  Engineers (Lab. Publ. No. 139), 

PROCEDURE : 

The p r inc ip le  of d i r e c t  es t imat ion  of c r i t i c a l  pressure head i n  

the  f i e l d  would cons i s t  of measuring the  a i r  en t ry  value of the  s o i l  

a t  a  wet f ron t  t h a t  has advanced a  small d i s t ance  below a  cylinder 

i n s t a l l e d  i n  the  s o i l .  The p r inc ip le  was t e s t e d  i n  the  laboratory 

on v e r t i c a l  columns of a i r -dry ,  76 p g lass  beads i n  two-inch p lexi -  

g l a s s  cyl inders  (Figure 1). The columns were hand packed t o  a  

dens i ty  of approximately 1.64. D i s t i l l e d  deaired water was applied 

t o  the  top of the columns a t  a  c e r t a i n  pressure head H cm with 

r e spec t  t o  the  surface  of the  beads. After the column was wetted 
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f o r  a  pre-selected d is tance  L, the  supply of water a t  the top of the  

column was cut  o f f  and the  pressure i n  the  closed body of water above 

the  g lass  beads was measured wi th  a 1 mm mercury manometer, Manometer 

readings i n  r e l a t i o n  t o  time were obtained photographically. Tests  

were ca r r i ed  out fo r  H-values of 10, 40, and LOO cm and L-values of 

10, 30, and 50 cm, wi th  3 t o  6 r e p l i c a t i o n s  per t e s t  ( s ix  columns were 

used per t e s t ,  but a i r  Leaks caused occasional  f a i l u r e s ) ,  The values 

of the  pressure head a t  the  wet f ron t ,  P, were evaluated by r e f e r r i n g  

the  water pressure above the  column as  indica ted  by the  manometers 

t o  the pos i t ion  of the  wett ing f ron t .  The P-values thus obtained were 

negative and showed a minimum value a f t e r  some time. This minimum 

value was taken as the  a i r  en t ry  value o r  a s  P . These values were 
C 

then compared wi th  the bubbling pressure measured on f i v e  samples i n  

conventional pressure c e l l s .  In addi t ion  t o  g l a s s  beads, P was 
C 

determined fo r  an a i r -d ry  sample of a  50 t o  500 p f r a c t i o n  of a  sand. 

The measured values of P ,  i n  t h i s  case were compared wi th  P calcu- 
C C 

l a t e d  from the  unsaturated hydraulic  conductivi ty c h a r a c t e r i s t i c  of 

t h i s  material ,  which had been determined previously by D r .  R. D. 

Jackson. 

The D-F assumption y i e l d s  an exact  so lu t ion  for  t h e  case of flow 

through a body of s o i l  wi th  v e r t i c a l  walls  above an impermeable base. 

The r e s u l t i n g  equation was applied t o  the case of seepage from a 

t rapezoidal  channel i n  uniform s o i l  underlain by an impermeable layer .  

Using the  same terminology a s  i n  previous annual r epor t s ,  the  

r e s u l t i n g  expression was 

This equation app l i e s  t o  a  canal  wi th  1:l s i d e  slopes and a water 

depth of 0.75 Wb. The v e r t i c a l  d is tance  D between the  water l e v e l  
W 

i n  the  canal  and the  water t ab le  i n  the s o i l  i s  measured a t  a  hor i -  

zonta l  d is tance  of 10 W from the  center  of the  canal  bottom. Based 
b 

on t h i s  equation, a  graph was constructed showing I /K as a function 
S 
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of D ~ / w ~  for  d i f f e r e n t  values of D /wb. The r e s u l t i n g  curves were 
3. W 

then compared wi th  curves obtained from analyses wi th  the  r e s i s t a n c e  

network analog, 

RESULTS AND DISCUSSION: 

A typ ica l  example of the  behavior of the pressure head P a t  the  

pos i t ion  of the  wett ing f ront ,  a s  evaluated from the  manometers con- 

nected t o  the  top of the  columns, i s  shown i n  Figure 2 ,  The graph 

appl ies  to f i v e  columns of 76 ~1 g lass  beads, t o  which water was 

applied a t  a pressure head of 100 cm above the  top  of the  column. 

When the wet f ront  had advanced 30 cm, the water supply was turned 

o f f .  A t  t h i s  time (time 0 i n  the Figure),  the  pressure head P showed 

a rapid  reduction and then a more gradual reduction t o  a c e r t a i n  mini- 

mum value, a f t e r  which a slow increase  followed by a more rap id  in-  

crease took place. The minimum value of P was in te rp re ted  as  the a i r  

ent ry  value a t  the  wet f r o n t  which i n  turn was used as an est imate of 

" The subsequent gradual  increase  i n  P was a t t r i b u t e d  t o  upward 

movement of a i r  i n  the column, and the rapid  increase  a t  the  end of 

the  t e s t  t o  a breakthrough of a i r  a t  the top of the  column, The 

elapsed time a t  t h i s  breakthrough showed wide v a r i a t i o n  among r e p l i -  

ca t ions ,  and i t s  r e l a t i o n  t o  L and E.1 was not c l e a r ,  Un t i l  the  time 

of breakthrough, the  pos i t ion  of the wet f ron t  remained e s s e n t i a l l y  

constant .  The P -values obtained wi th  the  g lass  bead s tud ies  a re  
c 

summarized i n  Table 1. For the  t e s t s  wi th  H = 40 cm and H - 100 cm, 

P showed a s l i g h t  increase  ( l e s s  negative)  with increasing L, This 
C 

i s  probably due t o  the f a c t  t h a t  the wet f ron t  loses  "sharpness" as  

L increases,  so t h a t  i n  r e a l i t y  the  manometer readings should have 

been re fe r red  t o  a l e v e l  somewhat above the  wett ing f r o n t  i f  L i s  

la rge .  This e f f e c t  was not noticed for  the  t e s t s  with H = 10 cm, 

however, The a i r  en t ry  values a s  es t imates  of P i n  Table 1 com- 
C 

pared favorably with the  bubbling pressure of the  g l a s s  beads as 

measured i n  a pressure c e l l .  The average bubbling pressure of f i v e  

samples of the  beads was -61,6 cm, The r e s u l t s  of the  P -est imates 
C 

on the columns of 50 t o  500 p sand were as  follows: 
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L H 

cm - cm - cm water 

10 100 - 60,6 

10 100 - 61,6 

15 100 - 62,8  

15 100 - 57.5 

a 5 100 - 5403 

These P -values of which the  average i s  -59.4 cm, compared favorably 
C 

wi th  the  P -value of -64 cm as  ca lcula ted  from the  unsaturated hydrau- 
C 

l i e  conductivi ty c h a r a c t e r i s t i c  of the  sand fo r  desorption.  

Figure 3 shows t h a t  the  equation based on the  D-F assumption 

y i e l d s  a  l i n e a r  r e l a t i o n s h i p  between I /K and D . / w  up t o  i n f i n i t y .  
s r b  

The analog data,  which take  the  v e r t i c a l  flow compone.nt i n t o  account, 

y i e l d  a cu rv i l inea r  r e l a t i o n s h i p  where I / K  increases  wi th  D . / w  a t  
s r b  

decreasing r a t e  t o  approach a f i n i t e  value when D approaches i n f i n i t y .  
i 

Thus, the  D-F assumption leads t o  increas ingly  l a rge  e r r o r s  i n  the  

predicted seepage as D . / w  increases,  and t o  the  absurdi ty  of i n f i n i t e  
1 b  

seepage i n  uniform s o i l  of i n f i n i t e  v e r t i c a l  extent .  However, the 

D-F assumption y i e l d s  a  reasonable est imate of I / K  i f  D , / W  < 4 and 
s r b  

f a i r l y  accurate es t imates  i f  D . / w ~  < 2 .  To apply these  c r i t e r i a  t o  
1 

channels wi th  shapes o ther  than t rapezoidal  and 1:l s i d e  slopes,  an 

equivalent  Wb must be determined from the  a c t u a l  water surface  width 

and depth of the channel a s  i f  the  channel were t rapezoidal  wi th  1:l 

s ide  slopes.  

SUMMARY AXJD CONCLUSIONS: 

In  a number of cases,  the  cont r ibut ion  of unsaturated flow t o  the 

underground movement of water can be taken i n t o  account by simplifying 

the  unsaturated hydraulic  conductivi ty curve of the  s o i l  t o  a  s tep-  

function and taking the  r e s u l t i n g  " c r i t i c a l  pressure head" as  the 

boundary condit ion where the  flow system i s  i n  contact  with atmos- 

pheric a i r  i n  the s o i l ,  Direct  es t imat ion  of the  c r i t i c a l  pressure 

head i n  the  f i e l d  may be poss ib le  through measurement of the minimum 

pressure a t  the  depth of a  wett ing f ron t  below a covered i n f i l t r a t i o n  
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cy l inde r .  This p re s su re  i s  determined from pressure  measurements on 

the  water  i n  the  cy l inde r  above ground su r f ace  a f t e r  c e s s a t i o n  of t h e  

water supply t o  t he  c y l i n d e r ,  Laboratory t e s t s  on columns w i t h  a i r -  

dry g l a s s  beads showed good agreement between the  minimum pressure  

head thus measured and t h e  bubbling pressure,  i, e , ,  -63,O and -61.6 

cm of water,  r e s p e c t i v e l y .  S imi la r  t e s t s  w i t h  a  50 t o  500 p. sand 

f r a c t i o n  showed good agreement between the  minimum pres su re  head 

(-59,4 cm) and the  c r i t i c a l  p re s su re  head (-64 cm) c a l c u l a t e d  from 

t h e  unsa tura ted  hydrau l i c  conduct iv i ty  c h a r a c t e r i s t i c  f o r  desorp t ion ,  

The s tudy w i l l  be continued w i t h  columns of i n i t i a l l y  moist g l a s s  

beads, a f t e r  which equipment and procedures f o r  f i e l d  measurement 

w i l l  be explored,  

Solu t ions  of seepage from open channels i n  uniform s o i l  under- 

l a i n  by an impermeable l a y e r  based on the  Dupuit-Forchheimer assump- 

t i o n  were compared w i t h  s o l u t i o n s  obta ined  by a  r e s i s t a n c e  network 

analog t o  i n v e s t i g a t e  t h e  v a l i d i t y  o f  the  Dupuit-Forchheimer assump- 

t i o n  f o r  seepage p r e d i c t i o n  i n  t h i s  case.  The Dupuit-Forchheimer 

assumption y i e lded  acceptab le  s o l u t i o n s  f o r  the  seepage r a t e s  i f  t he  

d i s t a n c e  of t he  impermeable l a y e r  below the  channel bottom was l e s s  

than  four  times the  width of t he  bottom. This wid th  i s  ca l cu la t ed  

from the  water su r f ace  wid th  and the  water  depth  of  t h e  cana l  a s  i f  

the  cana l  c ros s - sec t ion  were t r apezo ida l  w i t h  L : 1  s i d e  s lopes .  

PERSONNEL: Herman Bouwer 
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Table 1, Results of P -measurements on glass-bead colums, 
C 

H 

cm - 
10 

10 

10 

4 0  

4 0  

4 0  

100 

100 

100 

Average 

Replica- 
tions cm water 

- 64,4 + 3,4 

- 63,3  + 1,2 - 
- 65.8 + 2.7 
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Figure 1. Sicetch of column wi th  water supply and manometer f o r  
measuring a i r  en t ry  value of s o i l .  
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,Figure 2, Typical example of pressure head a t  wet t ing-f ront  e l eva t ion  i n  r e l a t i o n  t o  
time f o r  76 g l a s s  beads. Annual Report of the U.S. Water Conservation Laboratory
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~igure.3. Comparison of seepage from a trapezoidal channel according to 
rho n-P acci~mn+inn and f-n r h ~  r ~ s i n t - a n r ~  n ~ t w n r k  analno. .  
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TITLE : MEASURING HORIZONTAL AND VERTlCAL CONDUCTIVITY OF S OPE WITH 

THE DOUBLE-TUBE METHOD 

LINE PROJECT: SWC 4-gG1 CODE NO.: Ariz,-WCL-25 

INTRODUCTION : 

The work on t h i s  p r o j e c t  was continued wi th  the  development of 

f a s t - r e a c t i n g  piezometers f o r  measurement of the  v e r t i c a l  g rad ien t  

below the  auger hole ,  Such a  development was p r e r e q u i s i t e  t o  measur- 

ing d i r e c t i o n a l  hydrau l i c  conduct iv i ty  w i th  the  double-tube method on 

s o i l s  o the r  than sands. Af te r  unsuccessful  a t tempts  t o  develop a  

minimum-displacement diaphragm pressure  c e l l  f o r  t h i s  purpose, a  com- 

merc ia l  t ransducer  and i n d i c a t o r  were obtained.  Two aniso t ropy  t e s t s  

were conducted i n  Adelanto loam sou th  of t he  l abo ra to ry  i n  which the  

piezometers,  t ransducer ,  and i n d i c a t o r  performed s a t i s f a c t o r i l y  and 

permit ted t h e  measurement of the  v e r t i c a L  g r a d i e n t  below t h e  auger 

hole ,  

PROCEDURE: 

Attempts were made t o  develop a  record ing  device  f o r  t he  piezo- 

me t r i c  pressures  us ing  the  diaphragm-fype minimum flow p res su re  c e l l  

(see Annual Report 1963). This  was done by connecting a  source of 

compressed a i r  and of vacuum v i a  a  three-way so lenoid  va lve  t o  t he  

pressure  c e l l ,  When t h e  diaphragm i n  the  p re s su re  c e l l  made con tac t  

w i th  the e l ec t rode  i n  the  c e l l  (pressure  i n  c e l l  chamber l e s s  than 

pressure  i n  piezometer),  a  relaywas energized which opened the  so l e -  

noid va lve  t o  t he  compressed a i r  s i d e .  The r e s u l t a n t  pressure  

i nc rease  i n  t he  c e l l  chamber forced  the  diaphragm up, which broke 

the  con tac t  w i t h  the  e l ec t rode .  This i n  t u r n  caused the  so lenoid  

va lve  t o  swi tch  t o  t h e  vacuum s ide ,  which moved the  diaphragm down t o  

r e e s t a b l i s h  con tac t  w i t h  t h e  e l ec t rode ,  e t c .  I f  t h e  sequence of - 

contac t -pressure- loss  of contact-vacuum was repea ted  f a s t  enough, t h e  

average "back" pressure  f l u c t u a t e d  very l i t t l e  and thus ind ica t ed  t h e  

piezometr ic  pressure  t o  be measured. The back p re s su re  was recorded 

by connecting the  p re s su re  chamber i n  the  c e l l  t o  one l e g  of a  t h ree -  

inch  U-tube manometer f i l l e d  wi th  water .  The p re s su re  was then 

recorded by a  water s t a g e  recorder  i n  the  o the r  l e g  of t he  manometer. 
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The system was t e s t e d  a g a i n s t  known pressure  heads, Arcing between 

t h e  diaphragm and the  e l e c t r o d e  was suppressed by a  capac i to r  i n  par-  

a l l e l  w i th  t he  con tac t  p o i n t s ,  The system appeared t o  g ive  t rouble-  

some performance, however, so  t h a t  a  commercial l i n e a r  vo l t age  d i f f e r -  

e n t i a l  t ransformer type pressure  t ransducer  (Sanborn 267B) and a  

ba t te ry-opera ted  ampl i f i e r - ind ica to r  (Sanborn 312) were obta ined ,  

This equipment was used w i t h  a  Sargent  recorder  i n  two aniso t ropy  

t e s t s  i n  t h ree - foo t  deep auger holes  i n  t he  Bermuda lawn south  of t h e  

hydrau1i .c~ labora tory .  The two t e s t  l oca t ions  were approximately s i x  

f e e t  a p a r t ,  Of t he  t h r e e  piezometers t h a t  were i n s e r t e d  below the  

inne r  tube, two were of the sh ie lded ,  open hole  type, t he  t h i r d  one 

had a  wrapping of 200-mesh b ra s s  screen .  The measurement of the 

double-tube conduct iv i ty  Kdt and the  v e r t i c a l  conduct iv i ty  K and t h e  
v' 

c a l c u l a t i o n  of K were performed according t o  the  procedures o u t l i n e d  h 
i n  previous annual r e p o r t s ,  

RESULTS AND DISCUSS LON : 

The at tempt  t o  make a  record ing  pressure  gauge wi th  t h e  diaphragm 

pressure  c e l l  was not  succes s fu l .  Diaphragm f a i l u r e  occurred wi th in  

s e v e r a l  hours of opera t ion ,  probably r e s u l t i n g  from metal  f a t i g u e  

due t o  t h e  r a p i d  movement of  t h e  diaphragm under t he  a l t e r n a t i n g  

a p p l i c a t i o n  of p re s su re  and vacuum. The use of the p re s su re  c e l l  

w i t h  manual ope ra t ion  was a l s o  d iscarded  because of  t he  d i sp l ace -  
3  

ment of water .  Although t h i s  displacement i s  small  (1.1 mm ), i t  

occurs  a t  each measurement and because of t h e  number of  measurements 

r equ i r ed  t o  d e t e c t  s t a b l e  piezometr ic  readings,  erroneous r e s u l t s  

may be obtained.  The Sanborn 267B transducer  has a  displacement 
3 

of 0.022 mrn per p re s su re  change of 100 cm water and a  continuous 

read-out , 

The r e s u l t s  of t h e  two aniso t ropy  t e s t s  a r e  summarized i n  

Table 1, The p l o t s  of piezometr ic  head, h, a g a i n s t  piezometer 

pene t r a t ion  Z f o r  de te rmina t ion  of d h / d ~  a r e  shown i n  Figure 1, The 

po in t s  y i e l d  a  reasonable s t r a i g h t  l i n e  which almost p i e rces  the 

o r i g i n ,  This i n d i c a t e s  absence of su r f ace  s e a l i n g  o r  c logging a t  

t h e  hole  bottom, In genera l ,  t h e  time r equ i r ed  f o r  t h e  piezometer 
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readings  t o  become s t a b l e  v a r i e d  from 10 t o  20 minutes a f t e r  each 

inc rease  i n  Z, In t e s t  1, only two piezometers responded, the  t h i r d  

one probably became plugged, The d i f f e r e n c e  between K and Kdt may v 
be due t o  two reasons ,  h e  p o s s i b i l i t y  i s  t h a t  the  s o i l  below the  

wa l l  of the  inne r  tube became compacted upon i n s e r t i o n  of the  inner  

tube, thus y i e l d i n g  a  Kdt-value t h a t  i s  lower than K , Another pos- 
v  

s i b i l i t y  i s  an iso t ropy  w i t h  Kh << Kv, a s  may be caused by t h e  presence 

of v e r t i c a l  r o o t  ho les  and o the r  macropores w i th  l i t t l e  o r  no ho r i -  

zon ta l  in te rconnect ion ,  I f  t h e  d i f f e r e n c e  between K and Kdt i s  s o l e l y  
v 

a t t r i b u t e d  t o  an iso t ropy ,  % can be es t imated ,  Accurate eva lua t ion  of 

Kh, however, was no t  poss ib l e  because the  flow f a c t o r s ,  Ff9 were only 

eva lua ted  f o r  R Jd-values t h a t  a r e  considerably l e s s  than  the  R /;?- 
c C 

va lues  i n  the equiva len t  i s o t r o p i c  system f o r  t h i s  case  (R and d a r e  
C 

the  r ad ius  and depth  of peoe t r a t ion  of t he  inner  tube, r e s p e c t i v e l y ) ,  

Thus, F was ex t r apo la t ed  on log paper from the  R /d range of 1 t o  10 
f  C 

t o  R /d-values up t o  2000: As shown i n    able' 1, t h e  r e s u l t i n g  Kh- 
C 

va lues  a r e  ondy a  smal l  f r a c t i o n  of  K . Such a  pronounced d i f f e r e n c e  
v 

between \ and I< i n  both  t e s t s  may be due t o  t he  presence of v e r t i c a l  
v  

r o o t  holes  w i t h  l i t t l e  o r  no ho r i zon ta l  i n t e r connec t ion ,  Whether t h i s  

i s  a  n a t u r a l  condi t ion ,  o r  an  a r t i f i c i a l  cond i t i on  caused by s o i l  com- 

pac t ion  and r e s u l t i n g  c l o s u r e  of ho r i zon ta l  channels below the  wa l l  of 

t h e  inner  tube due t o  i n s e r t i o n  of t h i s  tube i n  t h e  auger hole  bottom, 

i s  a  ques t ion  t h a t  r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n .  

SUMMARY AND CONCLUSPQNS : 

Repeated volume displacement and f a i l u r e  of  t h e  diaphragm of a  

minimum flow pressure  c e l l  f o r  reading piezometr ic  heads l e d  t o  d i s -  

cont inuing the  use of t h i s  c e l l .  A commercial l i n e a r  vo l t age  d i f f e r -  

e n t i a l  t ransformer p re s su re  t ransducer  w i th  po r t ab l e  i n d i c a t o r  was 

obta ined .  This  equipment performed s a t i s f a c t o r i l y  i n  two aniso t ropy  

t e s t s  w i th  the  double-tube method i n  Adelanto loam sou th  of t he  lab-  

o r a t o r y ,  The t e s t s  y i e lded  a  double-tube conduct iv i ty  t h a t  was 0.091 

and 0,053 the  v e r t i c a l  hydrau l i c  conduct iv i ty ,  r e s p e c t i v e l y ,  This 

d i f f e r e n c e  may be due t o  d is turbance  of t he  s o i l  below t h e  wa l l  of 

t he  inner  tube, o r  t o  s o i l  an iso t ropy  w i t h  the  v e r t i c a l  conduct iv i ty  
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exceeding the  ho r i zon ta l  conduct iv i ty  a s  may be caused by v e r t i c a l  

r o o t  ho les  o r  o t h e r  macropores w i t h  l i t t l e  o r  no h o r i z o n t a l  connec- 

t i o n ,  I f  the d i f f e r e n c e  i s  s o l e l y  a t t r i b u t e d  t o  an iso t ropy ,  the  

r e s u l t i n g  ho r i zon ta l  conduc t iv i ty  i s  only a  very small  f r a c t i o n  of 

the v e r t i c a l  conduc t iv i ty ,  This may be a  n a t u r a l  condi t ion ,  o r  i t  

may r e f l e c t  d i s turbance  caused by compression of  the  s o i l  below the  

wa l l  of t he  inner  tube. 

PERSONNEL: Herman Bouwer and R. C, Rice. 
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Table I. Resu l t s  of an iso t ropy  t e s t s  w i t h  double-tube method, 
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Tes t  No. 1 

15 D e c  64 
Tes t  Ro, 2 

16 W c  64 

Figure 1. P iemmet r i c  measurements fo r  eva lua t ing  downward g r a d i e n t  dh/dZ below auger ho le ,  
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TITLE: NONDESTRUCTIVE BETA RAY TRANSMISSION METHOD FOR MEASURING 

WATER CONTENT I N  PLANTS 

LINE PROJECT: SWC 11-gC1 CODE NO. : Ariz .  -WCL- 26 

INTRODUCTION : 

The ob jec t ives  of t h e  p r o j e c t  have been d iscussed  i n  t he  Annual 

Reports of 1962 and 1963. To f u r t h e r  check the  performance of t he  

equipment, a t e s t  of the gauge was conducted i n  t h e  f i e l d .  I n  addi -  

t i o n  t o  fol lowing t h e  leaf  water  conten t  changes of f i e l d  c o t t o n  

p l a n t s ,  t he  s tudy  gave us  an oppor tuni ty  t o  determine whether the  

shor t - te rm c y c l i c  water changes occurred i n  t he  f i e l d  p l a n t s  i n  a 

s i m i l a r  manner a s  those  observed previous ly  when the  p l a n ~ s  were 

grown i n  t h e  environmental ly  c o n t r o l l e d  growth chamber (Ariz.-WGL-29). 

PROCEDURE: 

Laboratory Studx. The equipment and methods a r e  desc:ribed i n  t h e  

1962 and 1963 Annual Reports.  

F i e ld  and Greenhouse S tudies .  A 2 pc,,Pm-147 b e t a  ray  source 

s i m i l a r  t o  t he  one descr ibed  i n  t he  1963 Report was used ,  To provide 

f o r  accu ra t e  count ing  and convenience, t h e  Nuclear-Chicago Model 2800 

p o r t a b l e  s c a l e r  was modified s o  t h a t  the  p r e s e t  t iming system was con- 

t r o l l e d  by an e lec t romechanica l  device  in s t ead  of t he  mechanical t imer 

suppl ied  wi th  the  o r i g i n a l  equipment. Counts were taken cont inuously 

over 3-minute per iods ,  s t a r t i n g  about s u n r i s e  and ending a f t e r  s u n s e t .  

The gauge was c a l i b r a t e d  wi th  s tandard  aluminum absorbers  and the  

count r a t e s ,  which were measured on the  leaves,  were then  converted t o  

absorber  th icknesses  u s ing  the  app ropr i a t e  conversion f a c t o r s .  

The gauge was placed on the  upper, f i r s t - f u l l y  mature Deltapine 

c o t t o n  l ea f  which was exposed d i r e c t l y  t o  s o l a r  r a d i a t i o n ,  It was 

taped secu re ly  t o  t h e  l e a f ,  and precaut ions  taken t o  minimize exces- 

s i v e  movement oE t h e  p l a n t  caused by wind, by suppor t ing  i t  wi th  

s t a k e s .  Because of p l a n t  growth and consequent shading of t h e  t e s t  

l e a f ,  t he  gauge was r e loca t ed  t o  an upper leaf  dur ing  success ive  

weekly and biweekly measurements. 
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In addition to the leaf gauging, leaf temperatures on adjacent 

plants which were similarly exposed as the gauge test plant were 

taken. (See WCL-26A for specific details of leaf temperature mea- 

surements,) Air temperature was also measured 40 cm above the crop 

canopy. The air thermocouple sensor was placed in a 2-inch diameter 

by 12-inch aluminum-lined plastic cylinder, Air was drawn past the 

sensor by a 30 cfm squirrel-cage blower. 

Because it was not practicable to follow leaf water content in , 

field plants during and immediately followihg an irrigation, part of 

this study was conducted in the greenhouse. Cotton plants were grown 

in soil until the total soil-water suction approached -15 bars. The 

plant was then irrigated and the leaf water content followed at the 

same time, 

RESULTS AND DISCUSSION: 

Laboratory Study. The beta ray gauge was used in conjunction with 

other studies (see: Water absorption, transpiration, and internal water 

balance of cotton plants as affected by changes in evaporative demands, 

Ariz.-WCL-29) as a routine measuring instrument. By following the leaf 

water content of cotton leaves continuously, it was noted that a cyclic 

change in leaf water content occurred when the plants are exposed to 

sudden illumination in an otherwise constant environment of temperature, 

water vapor pressure deficit and carbon dioxide concentration. 

Field and Greenhouse Studies. The leaf thickness equipment worked 

satisfactorily in the field without any electronic or mechanical fail- 

ure at ambient air temperatures ranging from 15 to 43 degrees C. Leaf 

thickness values for the various dates are plotted in Figures 1 (7 July 

1964), 2 (14 July 1964), 3 (28 July l964), 4 (11 August 1964), 5A 

(1 September 1964) and 5B (18 September 1964). 

The maximum change in leaf thickness observed in the dawn to dusk 
- 2 

readings was in the order of 1.5 mg cm . With the exception of days 
14 July and 11 August, the leaves decreased'continuously in thickness 

following the increase in light intensity. However, starting at 

approximately 1400 there was a gradual increase in leaf thickness. 
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The observed inc rease  i n  leaf  water  conten t  s t a r t i n g  a t  t h i s  per iod  

of t h e  day i s  i n  c o n t r a d i c t i o n  wieh t h e  popular ly  he ld  b e l i e f  t h a t  

water  recovery s t a r t s  t o  occur a f t e r  sunse t .  Furthermore, t h e  

observed inc rease  i n  water  conten t  cannot be explained on the b a s i s  

of a slowing down i n  t h e  r a t e  of water l o s s .  Ind ica t ions  a r e  t h a t  

t r a n s p i r a t i o n  had not  decreased s i g n i f i c a n t l y  dur ing  t h i s  per iod,  

a s  shown by the  d a t a  of s tomata1 r e s i s t a n c e  ( see  P r o j e c t  Ariz.-WGL- 

29) obtained a t  t h e  same time on an  ad jacent  p l a n t ,  i , e , ,  t he  leaf  

s tomata1 r e s i s t a n c e  a t  1400 t o  1600 was t h e  same a s  t h e  e a r l i e r  1800 

t o  1500 per iod .  Thus, t h e  recovery of wa@r i n  t he  leaf  must be 
$ $  

caused e i t h e r  by a decrease  En the  n e t  roo t  r e s i s t a n c e  t o  water  flow 

o r  i nc rease  i n  the water  p o t e n t i a l  g rad ien t  between she leaf  and s o i l  

wateq or a combiaation of bo th ,  

Short-term, c y c l i c  changes i n  leaf  water  concent ,  s i m i l a r  t o  t h e  

ones repor ted  i n  Ariz.-WCL-2% were no t  observed wi th  the  f i e l d  pl.ants. 

The s tandard  dev ia t ions  f o r  t h e  3-minute counts  a r e  shown i n  each of 

t h e  graphs. This  i s  i n  t h e  o rde r  of _+ 0.04 mg cm-20 Although i t  i s  

impractlical t o  t e s t  every one of t he  v a r i a t i o n s  -En leaf water content ,  

t h e  d e f l e c t i o n s  observed seem to  be r e a l  changes i n  t h e  leaf  water 

con ten t s ,  These can be  caused by changes i n  wind velceitgr, causisrg 

changes i n  t h e  r e s i s t a n c e  of the a i r  around the leaf  and a l s o  due t o  

changes i n  cloud cover .  

The seemingly anoma.lous behavior  of an inc rease  i n  l ea f  t h i ek -  

ness  dur ing  the  morning f o r  14 J u l y  F igure  2) and 13. August (Figure 4) 

cannot be explained adequately a t  p re sen t .  The p o s s i b i l i t y  of a s h i f t  

i n  p o s i t i o n  of t he  gauge i n  r e s p e c t  t o  t he  l e a f  which would then  a r i s e  

i n  a poss ib l e  d i f f e r e n t  leaf  th ickness  reading  was considered,  bu t ,  i f  

t h i s  had occurred, t h e  changes observed would have been much more 

abrupt  than t h a t  shown by t h e  d a t a .  

Temperature d a t a  f o r  the  f i e l d  experiments a r e  presented  i n  

F igure  6. These a r e  presented  i n  t e r n s  of t he  temperature d i f f e r e n c e  

between the  leaf  and a i r .  Negative va lues  i n d i c a t e  t h a t  t h e  leaf  i s  

coo le r  than t h e  a i r ,  Only the  r e s u l t s  f o r  28 Ju ly  1964 a r e  presented 

s i n c e  the  o the r  d a t a  a r e  s i m i l a r .  The l ea f  temperature ranged from 
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2 degrees C warmer t o  7 degrees C coo le r  than  t h e  a i r ,  A i r  temperature 

ranged from 15 t o  43 degrees C during the  experiment,  The leaf  was 

coo le r  than t h e  a i r  t o  a g r e a t e r  ex t en t  i n  t h e  a f te rnoon per iod  than 

the  morning. Cycl ic  changes i n  temperature were no t  measured wi th  

t h e  f i e l d  p l a n t s .  

The pre l iminary  greenhouse s tudy  on t h e  ex t en t  of recovery of 

p l a n t  immediately fo l lowing  an  i r r i g a t i o n  i s  presented i n  F igure  7 .  

Within a per iod  of approximately 1 hour a f t e r  i r r i g a t i o n  ( suc t ion  

change from 15 b a r s  t o  < O , l  b a r ) ,  t he  leaf  had regained water c l o s e  

t o  i t s  maximum th ickness .  It does n o t  appear t h a t  roo t  o r  stem 

impedance was of a s i g n i f i c a n t  f a c t o r  i n  a f f e c t i n g  t h e  recovery i n  

t h i s  s i t u a t i o n ,  

SUMMA.RY AHD CONCLUSIONS: 

Continued u s e  of t h e  b e t a  r ay  gauging equipment showed t h a t  i t  

was a r e l i a b l e  instrument  f o r  measuring leaf  th ickness  changes i n  a 

r o u t i n e  manner i n  t h e  labora tory .  Tes ts  a l s o  showed i t s  s u i t a b i l i t y  

i n  t he  f i e l d  under a temperature range of 15 t o  43 degrees C. F i e l d  

measurements i nd ica t ed  t h a t  c o t t o n  leaves were recover ing  a l a rge  

po r t ion  of t h e  water  i n  midafternoon, con t r a ry  t o  popular  b e l i e f  t h a t  

t h i s  occurred i n  t h e  evening and n ight t ime hours .  It was a l s o  poss i -  

b l e  t o  observe wi th  t h e  gauge t h e  r ap id  uptake and d i s t r i b u t i o n  of 

water  i n  t h e  leaf  fo l lowing  i r r i g a t i o n  of t h e  c o t t o n  p l a n t  which was 

o r i g i n a l l y  under a mois ture  s t r e s s .  

PERSONNEL: F, S, Nakayama and W,  L. E h r l e r .  
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Figure 1. Leaf thickness of field cotton plant, 7 July 1964. 
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Figure  2. Leaf thickness of f i e l d  cotton p l a n t ,  14 July 1964. 
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Figure 3 .  Leaf thickness of f i e l d  co t ton  p l a n t ,  28 J u l y  1964. Annual Report of the U.S. Water Conservation Laboratory



TIME 

Figure  4. Leaf th ickness  of f i e l d  co t ton  p l a n t ,  11 August 1964. 
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Figure  5A, Leaf th ickness  of f i e l d  c o t t o n  p l an t ,  I September 1964. 

F igure  5B. Leaf th ickness  of f i e l d  c o t t o n  p l a n t ,  18 September 1964, 
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Figure 6 ,  Leaf temperature ( l e a f - a i r )  of f i e l d  cotton p lan t ,  
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Figure 7. Leaf thickness behavior of cotton plant following an irrigation. Annual Report of the U.S. Water Conservation Laboratory



I '  : LEAF TEI:4??ER&TiJRE mASUBmMiIIS 

LIME PROJECT: SWC %I-gZ1 CODE NO,: Ariz.-WCL-26A 

Ln rhe p u r s u i t  of r e sea rch  p r o j e c t s  i n  t h e  a r e a  of water r e  la -  

tioxas of p l a n t s  [WCL-26, WGL-29 and WCL-34), i t  became inc reas ing ly  

ev ident  thet  L need e x i s t e d  f o r  characterizing t h e  temperature of 

leaves  and moist  b l o t t e r  paper t o  ge t  a more q u a n t i t a t i v e  measure- 

ment of t he  water - loss  p roces s ,  

?tie purpose of  t h i s  s tudy  i s  t o  cons t ruc t  and t e s t  min ia ture  

thermocouples f o r  m e ~ s u r i n g  leaf  temperature,  

PR BCEDURE : 

Z'eLsrmocouples were made from 4 m i l  (0.18 m) ba re ,  copper and 

cons tan tan  wires, Tine c ~ p i l l a r i e s  were made from 2 mi P*~rex g l a s s  

tubing. 'Ske d i a x e t e r  of the c a p i l l a r y  was s l i g h t l y  l a r g e r  t h m  the  

4 ~ i 3 .  wi re .  A t h i n  1.ead h a d  was so ldered  on t h e  end of t h e  6-inch 

copper and cons;rntzn wires, The beaded end of t h e  2 w i re s  w e s  

s l i pped  into 8 15 mm s e c t i o n  of t he  f i n e  c a p i l l a r y  from the oppos i te  

apendngs and rhe  wi res  but ted  a g a i n s t  each o the r  a t  t h e  middle  of t h e  
- - tube s e c t i o n ,  htaL wzs  2ppLied t o  t h e  j o i n t  wi th  a s o l d e r i n g  i r o n  

and the sol .der  a'ilowed t o  f low and re-form over the  wi re s .  Af  l e r  

caoLiag, the skrmozouple  was removed by e i t h e r  sXipping i t  through 

t h e  c a p i l l a r y  o r  bre2kln.g the  c a p i l l a r y ,  depending upon the cond i t i on  

of t h e  j o i n t ,  The h r r s  dnd th ickness  of t h e  s o l d e r - j o i n t  were 

smoothcd d c m  with sandpaper,  Microscopic examinations of t h e  b u t t  

j o i n t s  showed j o i n t s  which were i n  t h e  order  of 0.02 rrm t h i c k e r  than 

t h e  o r i g i n a l  wi re .  

For leaf  r e m p a a t u r e  measurements, t h e  cons tan tan  end of t he  

thermocouple wire  was i n s e r t e d  i n t o  a l ea f  v e i n  s l i g h t l y  l a r g e r  than 

the  thermocouple, With c a r e f u l  th reading  procedure, 3 t o  5 mi seg- 

ments can be embedded w i t h i n  t h e  v e i n .  It was p o s s i b l e  t o  i n s e r t  

such ~hermocouple; 011 co t ton ,  sunflower,  a l f a l f a ,  corn,  soybean and 

fxva  'war, p Lzn t s . 
%ro rnet"il&for express ing  leaf  temperature were used ,  Tn one 

case ,  t h e  a b s o h t e  temperature was measured and i n  another  the  
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temperature dPff r rence  between the  leaf  and air  was recorded,  In 

t h e  l a t t e r  ca se ,  the r e fe rence  a i r  thermojunction was placed wi th in  

a 5 x 25 cm aluminurrt-sXiel.ded p l a s t i c  tube, wi th  a i r  drawn p a s t  t he  

junc t ion  wi th  a 30 cEm squ i r r e l - cage  blower. 

Two, 12-week o l d  Pima S-2  co t ton  p l a n t s  grown i n  112 Hoagland 

n u t r i e n t  s o k t i o n  were brought i n t o  the  Control led Environment Room 

1 day p r i o r  t o  t he  experiment f o r  pre-condi t ion ing .  Room temperature 

w a s  30 degrees C and vapor d e f i c i t  a t  27 mb. Thermocouples were 

placed i n  leaves number 12 and 14 of both p l a n t s .  Continuous read-  

lngs  were taken on leaves 12 and 14 i n  a l t e r n a t e  f a sh ion  over 1 min- 

u t e  per iods ,  

RESULTS ,G$D DZSCWSZQN: 

Resul t s  for  one of t h e  d i f f e r e n t  s e t s  of l ea f  temperature mea- 

surements are presented  i n  F igure  l ,  A more complete p i c t u r e  of t h e  

r o i e  of leaf  temperature i s  d i scussed  i n  P ro j ec t  Ariz  . -WGL-29. 
P%e leaf  temperature was about 1 degree C l e s s  than a ir  tempera- 

t u r e  I.r? t h e  da rk ,  As soon a s  the  l i g h t s  were turned  on, t h e  teapera-  

t u r e  increzsed  due t o  r a d i a t i o n ,  and then decreased due t o  opening of 

the stornates 2 ~ i d  consequent t r a n s p i r a t i o n .  Temperathre d i f f e r e n c e  

ranged from $2,5 t o  -3 degrees i n  a c y c l i c  manner. The pe r iod ic  cyc le ,  

however, was not  the  same f o r  both p l a n t s  i n  t h e  same environment, 

The observed p e r i o d i c i t y  i n  temperature i s  i n  agreement wi th  t h e  r e -  

s u l t s  obtained wi th  the beta. r ay  gauging equipment repor ted  i n  t h e  

Annual Report f o r  1963 (8riz.-WCL-29), 

CONCLUS PONS :: 

Leaf temperatures of c o t t o n  p l a n t s  were measured us ing  s p e c i a l l y  

cons t ruc ted ,  thin-wire  (0,10 m) thermocouple sensors  i n  a c o n t r o l l e d  

environment of 30 degrees C and 27 mb vapor d e f i c i t .  The leaf  tempera- 

t u e  was 1 degree C lower than  a i r  i n  t h e  dark .  When t h e  p l a n t  was 

exposed t o  l i g h t ,  t h e  temperature va r i ed  i n  a pe r iod ic  30 minute cyc le ,  

ranging from 3 degrees G h igher  t o  3 degrees C lower than  the  a i r .  

The measurement of leaf  temperature i s  a s e n s i t i v e  method f o r  fol low- 

ing  the  changes i n  t r a n s p i r a t i o n  occurr ing  i n  t h e  c o t t o n  p l a n t  i n  t he  
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growth chamber, The measurement can a l s o  be automated and thus ,  se rves  

as a p r e c i s e  method f o r  the  continuous monitor ing of t h e  p l an t  during 

an experiment. 

PERSOENEL: F, S o  Nakayama end W, L, Ehr l e r  
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Figure I. Temperature (leaf-air) of cotton leaf under dark and light and 

constant environment of 30' C and 27 mb vapor pressure deficit. 
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TITLE: WATER ABSORPTION, TRANSPIRATION, AND INTERNAL WATER BAUNCE 

OF COTTON PTANTS AS AFFECTED BY CHANGES I N  EVAPORATIVE DEMANDS 

LINE PROJECT: SWC 11-gGl CODE NO.:  Ariz.-WCL-29 

This r epo r t  c o n s i s t s  of f i v e  independent u n i t s ,  followed by a  

Summary and Conclusions s e c t i o n  pe r t a in ing  t o  a l l  of t he  work done. 

PART 1. CYCLIC VARIATIONS I N  LEAF WATER CONTENT AND TRANSPIRATION 

OF COTTON 

INTRODUCTION: 

Beta ray gauge records  of leaf  th ickness  i nd ica t ed  a  prolonged 

response by c o t t o n  p l a n t s  t o  a  suddenly induced a c c e l e r a t i o n  of 

t r a n s p i r a t i o n  (Annual Report 1963).  O s c i l l a t i o n s  i n  l e a f  water 

conten t  continued long a f t e r  t he  i n i t i a l  environmental changes had 

been completed, and thus  appeared t o  represent  changes brought about 

pr imarly by corresponding v a r i a t i o n s  of stomata1 a p e r t u r e .  B e t t e r  

ins t rumenta t ion  was needed t o  confirm t h i s  hypothesis ,  however. 

Accordingly, comprehensive experiments were undertaken t o  s tudy t h i s  

phenomenon. 

PROCEDURE: 

A s tandard  procedure has been developed t o  o b t a i n  uniform 

experimental m a t e r i a l .  The c o n t r o l l e d  environment s t u d i e s  a r e  c a r r i e d  

out  with nonbranched p l a n t s  of long-s tap le  co t ton ,  8 t o  10 weeks o ld ,  

grown i n  greenhouse water c u l t u r e s  and then precondi t ioned ,  Pre- 

condi t ion ing  takes  p l ace  i n  the  con t ro l l ed  environment room, where 

a i r  temperature,  vapor p re s su re ,  and carbon d i o x i d e ' c o n t e n t  of the  

a i r  a r e  he ld  s t eady  during 12 hours of h i g h - i n t e n s i t y  f l uo rescen t  

l i g h t  followed by 12 hours of darkness .  During t h i s  per iod  the  

p l a n t s  a r e  i n  ae ra t ed  n u t r i e n t  s o l u t i o n .  

Since the  r a t e  of r i s e  i n  t r a n s p i r a t i o n  seemed to  be implica-ted 

i n  s e t t i n g  o f f  c y c l i c  responses of co t ton ,  only t rea tments  known 

t o  cause a  l a r g e  upse t  i n  water balance were employed. A i r  temperature 

was kept  cons tan t  a t  30 .0  2 0.26.  F igure  1-1 i l l u s t r a t e s  t he  r e s u l t s  

of t he  f i r s t  method of genera t ing  an i n t e r n a l  water d e f i c i t .  The 

vapor-pressure d e f i c i t  ( s a t u r a t i o n  d e f i c i t ,  sd)  was increased  from 

10 t o  30 mb from 0930 t o  1000 by lowering the  vapor p re s su re .  I n  
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add i t i on ,  f u l l  i l l umina t ion  (2000 f t - c )  occurred ins ta>taneous ly  

a t  0930. The o t h e r  method of dehydrat ing a  p l a n t  gave r e s u l t s  shown 

i n  F igure  1-2. Zn t h i s  experiment sudden i l l umina t ion  (2000 f t - c )  

was given to  p l a a r s  precondit ioned a t  a  sd  of 27.3 mb ( a i r  temperature 

30,O - 9 0,2C).  In  both  in s t ances  t he  o b j e c t i v e  was t o  a t t a i n  rap id ,  

l igh t - induced  stoina"i1 opening and thus a  more r ap id  r a t e  of i nc rease  

i n  t r a n s p i r a t i o n  than  water absorp t ion .  This would upse t  t he  balance 

between t r a r ~ s p i r a t i o n  a.nd water absorp t ion  t h a t  occurs  i n  the dark, 

r e s u l t i n g  i n  the temporary decrease  i n  leaf  water conten t  which 

constitutes t h e  f i r s t  phase of c y c l i c  behavior .  

RESULTS AND DISCUSSION : 

The leal- temperacure da ta ,  F igure  1-1, i n d i c a t e  a  cool ing  of 

t he  leaf  below ambient Cemperature i n  t he  dark, which i s  i n t e r p r e t e d  

a s  due t o  a  moderate l o s s  of water  from the  l e a f ,  and consequent 

evapora t ive  coo l ing ,  The minor f l u c t u a t i o n s  r ep re sen t  room-temperature 

v a r i a t i o n s ,  with n varitlCion of t h r e e  per  10-minute per iod .  Upcm 

sudden i l l umina t ion  the  leaf  r a p i d l y  h e a t s  up above a i r  temperature,  

bu t  only momentarily, The subsequent cool ing  of the  l e a f  t o  a  

-4C minimum c l i f f e r e ~ ~ t i a l  i n d i c a t e s  rap id  s tomatal  opening i n  t h e  

l i g h t  and a  l a r g e  inc rease  i n  evapora t ive  cool ing ,  La te r  t he  l ea f  

becomes inc reas ing ly  l e s s  cool  than a i r  u n t i l  i t  E ina l ly  i s  equal  

t o  a i r  temperature,  and l a t e r ,  considerably above ambient temperature.  

This is i n t e r p r e t e d  a s  due t o  progress ive  s tomata l  c lo su re ,  whereupon 

l e s s  evapora t ive  cool ing  c r e a t e s  a  cond i t i on  of i n s u f f i c i e n t  d i s s i p a t i o n  

of the  r a d i a n t  h e a t  i npu t  t o  t he  l e a f .  Af te r  t he  l ea f  becomes about 

1 degree warmer than a i r  temperature,  t he  process  i s  reversed ,  

lead ing  t o  r e p e t i t i o n s  of t he  cyc l e .  The important p o i n t  i s  t h a t  

these o s c i l l a t i o n s  cont inue  beyond the  time a t  which the  lowering 

of vapor p re s su re  was concluded - under condi t ions  of s teady  l i g h t  

i n t e n s i t y  and evapora t ive  demand. The cyc le  l eng th  i s  about 30 minutes.  
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Tke o t h e r  graph ix Figure  1-1, demonstrating l e a f - ~ h i c k n e s s  

changes, corrfirms thi c y c l i c  behavior  shown by Leaf temperature.  A 

b e t a  ray gauge on rhe same Leaf having che thermocouple shows a  

s teady  l e v e l  of l e a f  warer conten t  i n  t he  dark, followed by a  

c y c l i c  p a t t e r a  of l o s s  and ga in  of warer a f t e r  t he  sharp  change i n  

evapora t ive  demand and sudden i l l umina t ion ,  The peaks and troughs 

co inc ide  with those of l e a f  temperature.  The d a t a  of F igure  1-1 

a r e  f rog  only the lower l ea f  of a  p a i r  of leaves  instrumented on the  

same p l a n t ,  The upper l e a f ,  s e v e r a l  nodes up the  nonbranched stem, 

showed v i r t u a l l y  i d e n t i c a l  r e s u l t s ,  thus demonstrating both c y c l i c  

behavior  and the  u e i f y  of water w i th in  the  p l a n t .  
7 .m. Figure  1 -2  the i n t e r p r e t a t i o n  of the Leaf - temperature da t a  

i s  the  same a s  before,  c l e a r l y  indicatkng a c y c l i c  behavioz beyond 

0900, i , e . ,  i- ar e ~ v i r o ~ m e r s t  zhat was s teady  i~ regard t o  temperature,  

vapor pressure,  l fghc  i c s e n s i  ty ,  and carbon d ioxide  content  of the  

a i r ,  

In t h i s  experiment d , r ec t  de te rmina t ion  of t ranspi raLion  by 

weight l o s s  a l s o  demonstrates a c y c l i c  behavior under t he  s teady  

environmental cond l t i ocs  e x i s t i n g  From 0900 t o  beyond 1100, A 

t h i r d ,  independank measurement which i n d i c a t e s  c y c l i c  behavior  of 

t r a n s p i r a t i o n  Ls t h e  Leaf d i f f u s i o n  r e s i s t a n c e  (Figuce 1-23, 

measured by a  l ea f  r e s i s t a n c e  meter (Pa r t  2, WCL-29). I l l umina t ion  

quick ly  Lowered Leaf diEEusiorz r e s i s  tanen; howwer, i n  continued 

f u l l - i a t e x s i t y  i l lu rc ina t ion ,  under very s teady  a i r  temperature,  

vapor pressure ,  and 60 l e a f  r e s i s t a n c e  a l t e r n a t e l y  r o s e  t o  a  high 2' 
l e v e l  and re turned  t o  a low l e v e l ,  s y n c h r o ~ o u s l y  wi th  t h e  changes 

a l r eady  noted i n  l ea f  temperature and t r a n s p i r a t i o n  r a t e ,  The 

conclusion i s  t h a t  the stomates a r e  opening and c l o s i n g  rhythmical ly,  

eve2 under a  s teady  environment, Again the  cyc l e  length  i s  about 

30 minutes,  b u t  t h i s  has been observed t o  range from 25 t o  40 

minutes wi th  d i f f e r e n t  plaapts, 
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I n  summary, the two types of experiments i l l u s t r a t e d  lead  

t o  the conclusion t h a t  c y c l i c  behavior  of c o t t o n  p e r s i s t s  i n  a  

s teady  environment, a f t e r  being induced by a  r ap id  environmental 

change, 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 ,  l ea f  temperature,  

l ea f  water conten t ,  and t r a n s p i r a t i o n  a l l  show o s c i l l a t i o n s  under 

s teady  condi Lions of tempera t.ure, vapor pressure ,  l i g h t ,  and carbon 

d ioxide  content  of t he  a i r ,  The cyc le  length  tends t o  be 30 minutes.  
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Figure 1-1. Comparison of simultaneous measurement of periodic changes in leaf thickness 

and leaf temperature. 
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Figure  1-2. Comparison of simultaneous measurements of p e r i o d i c  changes i n  t r a n s p i r a t i o n  (dashed l i n e ) ,  
l e a f  temperature ( s o l i d  l i n e ) ,  and l e a f  d i f f u s i o n  r e s i s t a n c e  (dot ted  l i n e ) .  
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PART 2. A DIRECT METHOD FOR MEASURING TRANSPIRATION RESISTANCE 

OF PLANT LEAVES 

INTRODUCTION: 

It is generally recognized that the leaf structure - in 
particular the stomates - can play a significant role in determining 
the transpiration from leaves, whole plants, and canopies. 

Nevertheless, a generally useful field method for the purpose of 

characterizing this factor has not been available. We here have 

tried to use direct observation, silicone impressions, and pressure 

pororneters, all with poor results in spite of much work. In 1964 

we finally found a straightforward answer to the problem. The 

results of this effort are documented in WCL Report No. 2 and in 

an article to appear in Plant Physiology (MS 135). For greater 

detail these reports should be consulted. 

PROCEDURE : 

The principle of the measurement is to expose a small area of 

leaf surface for a short period of time to a quantitatively known 

evaporative demand and, further, to measure the evaporation under 

these conditions. This is accomplished by clamping a small cup 

onto the leaf, the cup containing a lithium-chloride resistance 

"humistor," which serves as a sink for water vapor as well as a 

sensor. 

By calibrating the instrument with water vapor sources of 

known diffusion resistance, the rate of change in "humistor" 

resistance can be interpreted in terms of the diffusion resistance 

of the evaporating surface, The resistance is conveniently expressed 
- 1 - 1 

in min cm or sec cm . It is necessary to know the temperature of 

the evaporating surface to the nearest degree Celsius for data reduction. 

To facilitate the measurement, a light-weight AC resistance 

bridge was designed and built, using trans is tors and mercury 

batteries. 

Figure 2-1 schematically illustrates the apparatus. 
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RESULTS AND DISCUSSION: 

The method has proved t o  be very p r a c t i c a l  and u s e f u l  f o r  

a l l  manner of s t u d i e s .  It can be and has been used by us  i n  the  

c l imate  room, greenhouse, and f i e l d .  It enables  one t o  quick ly  

f i n d  e f f e c t s  of darkness  and l i g h t ,  drought,  carbon d ioxide ,  and 

the  d i f f e r e n c e  between upper and lower epidermis,  o ld  and young 

leaves ,  and d i f f e r e n t  spec i e s ,  a l l  i n  regard t o  stomata1 and 

c u t i c u l a r  d i f f u s i o n  r e s i s t a n c e  and changes t h e r e i n .  

The method has been appl ied  by us  on co t ton ,  beans, corn, 

c i t r u s ,  var ious  ornamentals,  sunflower, and a l f a l f a .  So f a r  the  

method has n o t  been adapted f o r  use  with blade-  o r  needle- type 

leaves,  a l though t h i s  should be poss ib l e .  Also, a t  r e s i s t a n c e s  

below 0.01 min cm-I, t h e  method i s  no longer  s e n s i t i v e .  This can 

probably be overcome a l s o .  

As a  p a r t  of t r a n s p i r a t i o n  and water balance s t u d i e s ,  t he  

method has proved t o  be u s e f u l  i n  p r e d i c t i n g  p l a n t  t r a n s p i r a t i o n  

(See P a r t  4 ) )  i n  s tudying  c y c l i c  phenomena i n  t h e  p l a n t  water 

balance (See P a r t  I ) ,  and i n  a s se s s ing  the  e f f e c t  of l i g h t  i n t e n s i t y  

i n  the  t r a n s p i r a t i o n  process  (See P a r t  3 ) .  

I n  connection wi th  f i e l d  s t u d i e s  of water management and 

energy d i spos i t i on ,  t he  method o f f e r s  g r e a t  promise. It can 

document e f f e c t s  of imbalance between demand and supply of water 

upon p l an t s ,  t he  e f f e c t s  of l i g h t  i n t e n s i t y  and shading i n  t h e  

canopy, and the e f f i c a c y  of a n t i t r a n s p i r a n t s .  En a  sense,  t he  

method can supplant  c e r t a i n  measurements t h a t  can now only be 

found from p r e c i s i o n  lys imeters  o r  ted ious  micrometeorological 

measurements, I n  the near  f u t u r e  we hope t o  sys t ema t i ca l ly  explore 

t hese  var ious  p o s s i b i l i t i e s .  
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Figure 2-1. Schematic drawing of apparatus t o  measure 

leaf  d i f fus ion  res i s t ance ,  
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PART 3 .  EFFECT OF STEPWPSE INCREASES I N  LIGHT INTENSITY 

ON LEAF DIFFUSION RESISTANCE OF FIVE CROPS 

INTRODUCTION : 

Although leaE d i f f u s i o n  r e s i s t a n c e  (R ) depends on s e v e r a l  
R 

environmental f a c t o r s ,  l i g h t  i s  of such importance t h a t  i n  na tu re  

stornates gene ra l ly  a r e  c losed  i n  the dark (high R ) and open i n  
R 

t he  l i g h t  (low R ) .  D i r e c t  measurements of R of t he  co t ton  l ea f  
R R 

i nd i ca t ed  d i f f e r e n c e s  i n  t he  lowest a t t a i n a b l e  R i n  t h e  f i e l d  a s  
R 

compared t o  t he  l abo ra to ry .  Controlled-environment room s t u d i e s  
- 1 

showed a  minimum R of 0 .02 min cm a t  t he  l i g h t  i n t e n s i t y  normally a 
used, 2500 f t - c .  I n  c o n t r a s t ,  i n  J u l y  f o r  example, f i e l d  c o t t o n  

- I  
i n  soi l .  with a v a i l a b l e  water  commonly showed R va lues  of 0.00 cm min 

R 
from 0830 t o  1530 ( P a r t  5, WCZ-29). The extremely high l i g h t  in ten-  

s i t i e s  p reva i l i ng  i n  t he  f i e l d  during most oE a  c l e a r  summer day 

i n  Tempe, Arizona, from 10,000 t o  12,000 f t - c ,  may be the  primary 

reason f o r  t he  lower R va lues  ou t s ide  than i n  t he  c o n t r o l l e d  a 
environment room. Determining the e f f e c t  of s tepwise  inc reases  

i n  l i g h t  i n t e n s i t y  on R would c l a r i f y  the s i t u a t i o n  provided 
R 

i n t e r a c t i n g  f a c t o r s ,  such a s  leaf  hydra t ion  and carbon d ioxide  

content  of the  a i r  were kep t  cons t an t .  

Another d i f f e r e n c e  between f i e l d  and l abo ra to ry  r e s u l t s  was 

t h a t  upper and lower epidermes reached equal  va lues  of R. outdoors a 
about 3  hours a f t e r  dawn, b u t  no t  i n  t he  lower l i g h t  i n t e n s i t y  

of the  labora tory .  This presumably was due t o  no t  a t t a i n i n g  the 

threshold  l i g h t  i n t e n s i t y  i n  t he  labora tory ,  which seems t o  be 

g r e a t e r  f o r  t he  upper than f o r  the  lower epidermis,  r ega rd l e s s  of 

experimental s i t e .  Experiments were conducted t o  determine 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 R under con t ro l l ed  cond i t i ons  of a l l  a 
environmental f a c t o r s  thought t o  have a  bear ing  on stomata1 ape r tu re .  
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PROCEDURE : 

Standard technique was to grow a plant in water culture until 

it was tall enough for two leaves several nodes apart to be measured 

simultaneously, both leaves being fully expanded and nonsenescent. 

Three similar plants were preconditioned before an experiment. The 

preconditioning environment was as follows: air temperature, 

30.0 2 0.2C; vapor pressure, 15.0 - 3. 0.2 mb; carbon dioxide content 
of the air, 375 + 10 ppm; and 12 hours of high-intensity light 
(up to 4000 ft-c at the specific upper leaf that was to be measured 

for R$), followed by 12 hours of darkness. 

Plant 1 had a 0.1-mm diameter thermocouple inserted in a veinlet 

in each of two leaves. Leaf resistance measurements were made on 

plant 2; plant 3 was reserved for silicone rubber impressions for 

direct determination of stomata1 width. Analogous pairs of leaves 

were chosen on the three plants. Measurements of leaf temperature 

differences by means of thermocouples were started on the precondi- 

tioning day and lasted until the end of the experiment (on plant 1). 

However, no measurements were made on plants 2 and 3 until the end 

of the 12-hour dark period of preconditioning. These later 

measurements were begun in the dark and made at frequent intervals 

throughout successive 1.5-hour periods, in which light intensity 

generally was increased from 0 to 1000, 3000, and 4000 ft-c. For 

the last three experiments, R was measured in the dark again, a 
following the highest light intensity. Sites for placement of the 

leaf resistance meter cup were chosen to be suitable to a particular 

kind of leaf, and provision was made for rotation of sites, with 

avoidance of excessively large veins. Attainment of the highest 

light intensity necessitated support of some species at a level ^ 

higher than the main bench normally used (for a closer approach 

to the light source). For the first two species, cotton and snap 

bean, a hypodermic thermistor probe was used, instead of a thermo- 

couple inserted in a vein, to register leaf temperature. Leaf 

temperature was needed to calculate R from the water vapor transit a 
time obtained with the leaf resistance meter. Light intensity was 
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measured with a  Weston l i g h t  meter,  with the  sensor  placed 

h o r i z o n t a l l y  and a s  near  t o  t he  s p e c i f i c  l ea f  a s  poss ib l e ,  so  t h a t  

a  "canopytt va lue  i s  r ep re sen ted ,  General ly ,  a  s i l i c o n e  rubber 

l ea f  impression was taken i n  both dark per iods ,  and very  near  the 

end of t he  l i g h t  per iods ,  except f o r  the  3000 f t - c  per iod .  A l eaf  

r e s i s t a n c e  reading was taken j u s t  be fo re  a  leaf  impression t o  

c o r r e l a t e  microscopica l ly  measured s tomata l  widths wi th  R a ' 
RESULTS AND DISCUSSION: 

Data f o r  f i v e  crops a r e  presented f o r  only t h e  upper l ea f  

of the  p a i r  of leaves  measured, s i n c e  the  r e s u l t s  were q u i t e  s i m i l a r  

f o r  both l eaves ,  Leaf d i f f u s i o n  r e s i s t a n c e  on a  logar i thmic  s c a l e  

i s  p l o t t e d  a g a i n s t  l i g h t  i n t e n s i t y .  I n  co t ton ,  F igure  3-1, Ra 
f o r  the  lower epidermis was h igh  i n  the  dark, b u t  reached a  minimum 

- 1 
value  of 0,02 min cm a t  the  h ighes t  l i g h t  i n t e n s i t y ,  3800 f t - c .  

The e f f e c t  of in te rmedia te  l i g h t  i n t e n s i t i e s  was no t  so  s t r a i g h t -  

forward, bu t  the  o v e r a l l  r e s u l t  of i nc reas ing  l i g h t  was the expected 

lowering of R ( i n t e r p r e t e d  a s  s tomatal  opening) .  A t  a l l  po in t s  t h e  a 
upper epidermis had a  h igher  R than the  lower. Monitoring of the a 
l e a f  temperature i nd ica t ed  absence of cyc l ing  (See P a r t  1 ) .  

Snap bean, F igure  3-2, showed the  same type of response t o  

l i g h t  i n t e n s i t y  a s  co t ton ,  bu t  t he  d i s p a r i t y  between upper and 

lower epidermis was much g r e a t e r .  Even a t  4175 f t - c  t h e  f i n a l  
- 1 

R of the  upper epidermis i n  snap bean was a s  h igh  a s  0.25 min cm , 
R 

thus i nd ica t ing  a  low c o n t r i b u t i o n  t o  t o t a l  water l o s s  from the  

l e a f .  I n  c o n t r a s t  t o  t he  previous r e s u l t s ,  R values  f o r  t he  upper a 
and lower epidermis of f ava  bean, F igure  3-3, were no t  f a r  a p a r t  

a t  a l l  l i g h t  i n t e n s i t i e s .  Again, the  genera l  e f f e c t  of increas ing  

l i g h t  i n t e n s i t y  was t o  lower R Sunflower, F igure  3-4, was l i k e  a 
fava bean i n  not  showing much d i f f e r e n c e  i n  R of the  upper and a 
lower epidermis.  Moreover, R was not  much h igher  i n  t h e  dark than a 
i n  the  l i g h t ,  confirming l i t e r a t u r e  r e p o r t s  of open stomates a t  n i g h t  

- 1 
The R value  of 0 .01 min cm f o r  t he  lower epidermis a t  the  h ighes t  a 
l i g h t  i n t e n s i t y  (4050 f t - c )  r ep re sen t s  the  lowest va lue  achieved 

by any spec i e s  i n  t h e  c o n t r o l l e d  environment room. 
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I n  corn, F igure  3-5, t h e  upper epidermis aga in  shows a  h igher  

R than the  lower epidermis a t  a l l  p o i n t s ,  The e f f e c t  of i nc reas ing  a 
l i g h t  i n t e n s i t y  i s  t he  same a s  was found i n  the  o t h e r  crops,  namely, 

a  s teady  lowering of R wi th  each added increment of l i g h t ,  a 
I n  genera l ,  a l l  f i v e  spec ies  responded t o  i nc reas ing  l i g h t  

i n t e n s i t y  i n  the same manner, showing a  decrease i n  R of bo th  
R 

upper and lower epidermis.  However, t he re  a r e  d e f i n i t e  spec ies  

d i f f e r e n c e s  i n  regard t o  d i s p a r i t y  between the  upper and lower 

epidermis R va lues ,  I n  t he  t h r e e  spec ies  f o r  which the  h ighes t  
R 

l i g h t  i n t e n s i t y  t e s t e d  was s u b s t a n t i a l l y  t he  same (about 4000 f t - c ) ,  
- 1 

R was 0,02 min cm o r  l e s s .  For corn and fava bean, however, t h e  
R 

maximum i n t e n s i t y  a t t a i n e d  was about 1000 f t - c  lower, which may 

have been a  s u f f i c i e n t  r educ t ion  t o  account f o r  t he  h ighe r  minimum 
- 1 

values  of R (0.03 min cm ) than  i n  t he  t h r e e  o t h e r  crops.  Sunflower R - 1 
with a  R of 0 .01 min cm i s  no tab ly  low i n  comparison with c o t t o n  

R 
and snap bean. This  may be an i n d i c a t i o n  of spec i e s  d i f f e r e n c e s  

i n  s tomata l  responsiveness .  

It i s  apparent  from the  d a t a  f o r  a l l  f i v e  spec i e s  t h a t  the 

h ighes t  i n t e n s i t i e s  u t i l i z e d  i n  the  c.ontrolled environment room 

were not  s u f f i c i e n t  f o r  minimal R values,  s i n c e  the  curves f o r  
R 

R d id  no t  become l e v e l  wi th  inc reas ing  l i g h t  supply. ThereEore, 
R 

i t  i s  concluded t h a t  s a t u r a t i o n  l i g h t  i n t e n s i t y  f o r  s tomata l  opening 

i s  h igher  than 4000 f t - c ,  when leaf  hydra t ion  i s  hi.gh and the  carbon 

d ioxide  concent ra t ion  of t he  a i r  i s  about 375 ppm. Data f o r  co t ton  

i n  t he  f i e l d  i n  moist  s o i l  (Pa r t  5, WCL-29) show R va lues  of 
- 1 R 

0 .01  min cm o r  l e s s ,  b u t  no t  u n t i l  s o l a r  r a d i a t i o n  has reached an  

i n t e n s i t y  equiva len t  t o  s e v e r a l  thousand f t - c .  Thus, the labora tory  

experimental r e s u l t s  i n  gene ra l  a r e  i n  harmony wi th  f i e l d  d a t a .  -It 

i s  l i k e l y  t h a t  Ea i lu re  t o  o b t a i n  R va lues  f o r  c o t t o n  i n  the  con t ro l l ed  a 
environment room a s  low a s  those  i n  t he  f i e l d  i s  due t o  i n s u f f i c i e n t  

l i g h t  i n t e n s i t y  i n  t h e  room, This does no t  exclude the  po ' s s ib i l i t y ,  

however, t h a t  f i e l d  carbon d ioxide  l e v e l s  were lower dur ing  t h e  day 

than those of t he  con t ro l l ed  environment room, which a l s o  would tend 

t o  promote s tomata l  opening (low R ) .  
R 
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Microscopic observa t ions  and measurement of s tomata l  width 

by means of t he  s i l i c o n e  rubber impression technique showed a good 

c o r r e l a t i o n  with the  R d a t a ,  I n  genera l ,  s tomata l  a p e r t u r e  was R 
low i n  the dark, and succes s ive ly  g r e a t e r  with each increment of 

l i g h t  i n t e n s i t y .  Even a f t e r  making allowance f o r  t h e  l i m i t a t i o n s  

on accuracy of measurement a t  low stornatal widths,  it  was obvious 

t h a t  the  stomates of a l l  f i v e  spec i e s  were no t  t i g h t l y  s h u t  i n  

darkness .  This sugges ts  t h a t  what u sua l ly  i s  c a l l e d  "cu t i cu l a r "  

l o s s  of water a c t u a l l y  i s  due p a r t l y  - o r  even mainly - t o  a stornatal 

con t r ibu t ion .  It i s  doubt fu l  t h a t  stomates ever  a r e  he rme t i ca l ly  

s ea l ed ,  
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Figure 3-1. Effect  of l i g h t  in tens i ty  on leaf  d i f fus ion  res i s tance  of cotton.  Annual Report of the U.S. Water Conservation Laboratory
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Figure 3-4. Effec t  of l i g h t  in tens i ty  on leaf  d i f fus ion  res i s tance  of sunflower. 
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PART 4. TRANSPIRATION AND LEAF DIFFUSION RESISTANCE 

INTRODUCTION : 

Characterization of leaf diffusion resistance (R ) is only 
R 

a partial answer to the problem of predicting the transpiration rate. 

However, when supplemented with information on leaf boundary layer 

resistance (R ), R is a powerful tool in calculating transpiration, 
a R 

since at a given gradient of water vapor concentration, water loss 

from a leaf is inversely proportional to the sum of these two 

resistances. The remaining problem is to standardize the water 

vapor gradient from leaf to external surroundings, which can be 

accomplished in a controlled environment room. 

PROCEDURE : 

Controlled environment studies were carried out with cotton, 

During these experiments precise measurements were made of each 

item used as a term on the right side of the equation: 

- 2 - 1 
in which E is evaporation (or transpiration) in g cm min ; 

Ad, the gradient in density of water vapor from leaf to air in 
- 3 

g cm ; Ra9 the resistance of the air; and R the resistance of 
- 1 R ' 

the leaf, both in min cm . From these measurements E was 

calculated and compared with the value obtained from direct weighing 

of the live plant, the same plant on which the R measurements R 
were made. The controlled value of vapor density in the room was 

used in conjunction with the handbook value for the vapor density 

of water at a given leaf temperature to calculate Ad. Leaf 

temperatures were measured by means of 0.1-mm thermocouples and 

used both for looking up the tabular value of saturation vapor 

density and calculation of R from the water vapor transit time. a 
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During measurements the  con t ro l l ed  environment room was 

maintained a t  an a i r  temperature of 30.0 + 0.5C wi th  vapor p re s su re  

a t  15.0 + 0.2  mb. Temperature was determined from the  dry-bulb 

c o n t r o l l e r  thermohm, and i n  a l a t e r  experiment, a d d i t i o n a l l y  by 

means of a 30-gauge copper-constantan thermocouple i n  a r a d i a t i o n -  

sh ie lded  blower near  t he  p l a n t .  The vapor p re s su re  was measured by 

the  dew probe used i n  t h e  c o n t r o l l e r  and confirmed i n  a l a t e r  

experiment by s e v e r a l  s e t s  of readings with an Assmann psychrometer. 

Previous experiments with 5- by 10-cm rec t ang le s  of wet b l o t t e r  
- 1 

paper had e s t a b l i s h e d  an Ra va lue  of 0.023 min cm f o r  the  

con t ro l l ed  environment room. I n  a l a t e r  experiment, green b l o t t e r  

paper r e p l i c a s  of c o t t o n  leaves  o r i en t ed  r e a l i s t i c a l l y  on a l u c i t e  

stem were used, This s y n t h e t i c  p l a n t  was placed ad jacen t  t o  the  

l i v e  p l a n t .  To e s t a b l i s h  a va lue  f o r  Ra, a formula s i m i l a r  t o  the  

previous one was used: 

D i rec t  weighing determined E, which was expressed on a u n i t  area 

b a s i s  by knowing the t o t a l  a r e a  of evaporat ing su r f ace .  The humidity 

g rad ien t  was determined i n  t he  same way a s  f o r  t h e  l i v e  p l a n t .  

Again thermocouples embedded i n  t h e  l e a f  ( b l o t t e r  paper)  gave the  

temperature of the  evaporat ing su r f ace .  Solving f o r  t h e  unknown 
- 1 

quan t i t y  i n  t he  above equat ion  gave R . The value,  0.029 min cm , 
a 

the  mean of the  va lues  a t  high-  and low-l ight  i n t e n s i t i e s ,  was 

s l i g h t l y  h igher  than  t h a t  from rec t angu la r  b l o t t e r  paper .  

The R va lues  determined during the  c y c l i c  behavior  of co t ton  a 
i n  a s teady  environment ( P a r t  1, WCL-29) were used i n  conjunct ion 

wi th  the  R va lue  from the  r ec t angu la r  b l o t t i n g  paper .  The t r a n s p i -  
a 

r a t i o n  so c a l c u l a t e d  then  was compared with the  va lues  measured 

d i r e c t l y  over 10-minute per iods  on a Me t t l e r  ba lance .  A l a t e r  

experiment was c a r r i e d  ou t  under condi t ions  of s teady  t r a n s p i r a t i o n ,  

regula ted  a t  two d i f f e r e n t  r a t e s  by means of d i f f e r e n t  l i g h t  i n t e n s i t y .  

I n  t h i s  i n s t ance  t h e  R determined from t h e  s y n t h e t i c  p l a n t  was used.  
a 

29- ZT 
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RESULTS AND DISCUSSION: 

Cycl ic  condit ions.  I n  F igure  4-1 the  c a l c u l a t e d  t r a n s p i r a t i o n  

i s  seen t o  be l e s s  than t h e  d i r e c t l y  measured amount, bu t  t he  wide 

changes i n  measured weight l o s s  a r e  accu ra t e ly  r e f l e c t e d  by the  

ca l cu la t ed  va lues  throughout the  whole s e t  of cyc l e s .  The b a r  graph 

values of measured t r a n s p i r a t i o n  have had a  c o r r e c t i o n  appl ied  t o  

compensate f o r  the lack  of R determinat ions on the  upper epidermis 
R 

during cyc l ing .  The c o r r e c t i o n  was based on the  r e l a t i v e  c o n t r i b u t i o n  

t o  water l o s s  of upper and lower epidermis on the  previous day when 

condi t ions  were s t eady ,  

Steady cond i t i ons .  On the  day previous t o  t h a t  i n  which c y c l i c  

behavior occurred, t r a n s p i r a t i o n  was s teady .  From the  average R 
- 1 R 

va lue  f o r  t he  lower epidermis of 0 ,020 rnin cm , t r a n s p i r a t i o n  was 
- 4  - 2  - 1 

ca lcu la t ed  a s  3.74 x 10 g  cm min , For the  upper epidermis,  wi th  
- 1 -4 - 2 - 1 

an R of 0.148 rnin cm , t r a n s p i r a t i o n  was 0.94 x 10 g  cm rnin . 
R 

For the  leaf  a s  a  whole (two s i d e s )  the  t r a n s p i r a t i o n  r a t e  was the  
- 2 - 1 

sum, 4.68 x g  cm rnin , whereas t he  average measured va lue  
-4 -2 -1 

from water l o s s  de te rmina t ion  of t he  e n t i r e  p l a n t  was 3.75 x 10 g  cm rnin . 
Thus, the c a l c u l a t e d  r a t e  was 1.25 times a s  g r e a t  a s  t h e  measured. 

Table 4-1 g ives  t he  r e s u l t s  of a  s epa ra t e  experiment i n  which 

two l e v e l s  of l i g h t  i n t e n s i t y  produced d i f f e r e n t  average va lues  of 

stomata1 ape r tu re  (R ) and hence, d i f f e r e n t  s teady  t r a n s p i r a t i o n  r a t e s .  
R 

Transp i r a t ion  was no t  c y c l i c  because the  l i g h t  i n t e n s i t y  was increased 

very g radua l ly .  

Table 4-1. S t eady- s t a t e  t r a n s p i r a t i o n  of a  co t ton  p l a n t  

i n  t he  c o n t r o l l e d  environment room 

Light  
- L - 1 

Transp i r a t ion ,  g cm rnin 
i n t e n s i t y  Measured Calculated Calculated/Measured 

3800 f t - c  1 . 3 4 ~ 1 0 - ~  1 . 7 2 ~ 1 0 ' ~  1.28 

87 f t - c  0 . 6 3 ~ 1 0 - ~  0 . 7 9 ~ 1 0 - ~  1.25 
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While t he  discrepancy between measured and c a l c u l a t e d  t r a n s p i r a t i o n  

is  r a t h e r  l a rge ,  i t  i s  extremely cons i s t en t ,  being v i r t u a l l y  i d e n t i c a l  

i n  t he  t h r e e  s e p a r a t e  measurements under s teady  cond i t i ons ,  Present  

th inking  i s  t h a t  no Eurther  refinement i s  necessary i n  the  de te rmina t ion  

of Ra .  The most l i k e l y  source of e r r o r  i n  the c a l c u l a t e d  va lues  is 

i n  R It i s  poss ib l e  t h a t  r e c a l i b r a t i o n  of t he  l e a f  r e s i s t a n c e  a 
meter cup w i l l  be necessary .  Nevertheless ,  it  i s  be l ieved  t h a t  t he  

d a t a  presented above provide a  most promising approach t o  an accu ra t e  

d e f i n i t i o n  of t he  t r a n s p i r a t i o n  process ,  Fu r the r  s t u d i e s  a r e  envi-  

s ioned with sunflower and c i t r u s .  
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TRANSPIRATION,  G C M - ~  MIN-' 
EXPT. C-5 17 JUNE 6 4  

-MEASURED (68.99) 

--- CALCULATED (53.59) 

Figure  4-1. Comparison of measured with c a l c u l a t e d  t r a n s p i r a t i o n  of c o t t o n  dur ing  c y c l i c  behavior .  
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PART 5. LEAF DIFFUSION RESISTANCE OF COTTON UNDER FIELD CONDITIONS 

INTRODUCTION: 

Since leaf diffusion resistance was shown to be an important 

element in the transpiration process (See Parts 1 and 4 and also 

WCL-33, Part 1)) a number of measurements were made on cotton leaves 

in the field. The plants were grown in the plots used for the 

evapotranspiration studies (WCL-33, Part 3) and for measurement 

of leaf temperature and thickness (WCL-26 and 26A). 

Thus the findings could be correlated with other plant and 

environment properties, the latter including evaporative demand, 

actual evaporation, and soil moisture. The study was intended as 

an exploratory one, with three objectives: 

(a) To test the feasibility of the leaf diffusion resistance 

measurement under outside conditions; 

(b) To see the influence of daylight intensity upon resistance; 

(c) To study the effect of declining soil-moisture reserves 

during the progress of an irrigation cycle. 

PROCEDURE: 

The method for measuring leaf resistance is described elsewhere 

(Part 2). Well-developed sunlit leaves were chosen and repetitive 

measurements made on both upper and lower epidermes. Leaf temperature 

was obtained from contemporaneous thermocouple measurements when 

available or from air temperature in the immediate vicinity of the 

shady side of the leaf. Two schedules were followed: one in which 

leaf resistance was measured three times daily at around 1000, 1300, 

and 1600 and another in which an essentially continuous record was 

obtained from before dawn until dusk. Twelve records of the first 

kind were obtained and eight of the second during July, August, and 

September 1964. 
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RESULTS AND DISCUSSION: 

Clear -cu t  and important information was obtained from t h e  

d i u r n a l  s t u d i e s ,  exemplif ied i n  F igures  5-1 and 5-2. In these  

diagrams, t h e  logari thm of t he  leaf  d i f f u s i o n  r e s i s t a n c e  i n  
- 1 

min cm i s  p l o t t e d  versus  time of day. Also shown i s  a  record of 
- L 

short-wave incoming r a d i a t i o n  i n  l y  min measured about 0 ,5  km 

from t h e  s i t e  and an i n t e r p r e t a t i v e  s c a l e  of l i g h t  i n t e n s i t y  

i n  k i l o  lux.  

Both F igures  5 -1  and 5-2 demonstrate t h a t  c o t t o n  stomates 
- 1 

a r e  closed i n  t he  dark (maximum r e s i s t a n c e  about 0 .8 cm min ), 

and t h a t  opening proceeds gradual ly  a s  l i g h t  i n t e n s i t y  i nc reases .  

A t  l i g h t  i n t e n s i t i e s  of about 50 k i l o l u x ,  the  minimum r e s i s t a n c e  

i s  found, This  f i nd ing  i s  t e n t a t i v e ,  s i n c e  meaningful measurements 
- 1. 

below 0.01 min cm cannot be obtained with present  equipment. 

Also, we f i n d  c o n s i s t e n t l y  t h a t  the  upper epidermis has a 
- 1 

h ighe r  r e s i s t a n c e  than  t h e  lower one, u n t i l  va lues  of 0 .01  rnin cm 

a r e  reached where d i f f e r e n c e s  cannot be f u r t h e r  demonstrated, 

presumably due t o  1.ack of s e n s i t i v i t y .  

The d a t a  of 14 J u l y  were obtained s h o r t l y  a f t e r  an i r r i g a t i o n  

(9  J u l y ) ,  whereas those of 1 September t y p i f y  t h e  advanced s t a g e  

of a  drying cyc le  ( l a s t  i r r i g a t i o n  31 J u l y ) .  It i s  obvious t h a t  

t h e  broad day l igh t  va lues  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 h igher  

on 1 September than they were on 14 J u l y .  

Less c l e a r  i n d i c a t i o n s  were obtained by r e l a t i n g  l ea f  

r e s i s t a n c e  t o  p rog res s ive  drying of the  s o i l .  Values of lower 

epidermis l ea f  r e s i s t a n c e  obtained a t  LOO0 and a t  1600 a r e  shown 

i n  F igure  5-3, which covers  an e n t i r e  i r r i g a t i o n  cyc le  dur ing  August 

and p a r t  of September. Also shown i s  the  evaporat ion from the  co t ton  

a s  determined d a i l y  wi th  s i n g l e  l o a d c e l l  l y s ime te r s  ( s o l i d  c i r c l e s )  

and twice weekly wi th  t h e  neut ron  method (ho r i zon ta l  b a r s ) .  

P o t e n t i a l  evaporat ion (open c i r c l e s )  i s  shown a s  c a l c u l a t e d  from 

hour ly  weather d a t a  wi th  the  combination method, 
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Obviously, t he  evaporat ion continued a t  about t he  p o t e n t i a l  

r a t e  u n t i l  around 24 August, whereaf te r  i t  dec l ined  sha rp ly ,  The 

record of l e a f  r e s i s t a n c e  i s  l e s s  c l ea r - cu t ,  i n d i c a t i n g  a gene ra l ly  
- 1 -- 1 r i s i n g  t rend  from va lues  around 0.01 min cm t o  around 0,05 min cm 

From these explora tory  d a t a  i t  appears t h a t  c o t t o n  i s  a  p l a n t  

no t  given t o  extreme r e a c t i o n  t o  i nc reases  i n  d i u r n a l  evapora t ive  

demand o r  t o  progress ive  decreases  i n  so i l -mo i s tu re  a v a i l a b i l i t y ,  

Thus, i t  can be descr ibed  a s  adapted t o  an a r i d  and extreme environment, 

bu t  no t  i n  t he  sense of u s ing  water conserva t ive ly .  

Cor re l a t ion  with l ea f - th i ckness  d a t a  (WCL-26) does no t  i n d i c a t e  

t h a t  the  d i u r n a l  changes i n  water  conten t  t h a t  were inva r i ab ly  found 

are r e l a t e d  t o  synchronous changes i n  l ea f  d i f f u s i o n  r e s i s t a n c e .  

The l imi t ed  d a t a  obta ined  wi th  the  b e t a  gauge technique suggest  a  

marked d i f f e r e n c e  i n  water ba lance  c h a r a c t e r  i n  t he  f i r s t  few days 

a f t e r  i r r i g a t i o n ,  a s  con t r a s t ed  t o  t he  remainder of t h e  i r r i g a t i o n  

cyc le .  However, t h i s  is n o t  r e f l e c t e d  i n  leaf  d i f f u s i o n  r e s i s t a n c e  

o r  - by impl ica t ion  - i n  t r a n s p i r a t i o n .  

Deta i led  s t u d i e s  under c o n t r o l l e d  cond i t i ons  a r e  d e f i n i t e l y  

i nd ica t ed  t o  desc r ibe  the  r e a c t i o n  of 'the c o t t o n  p l a n t  t o  decliixing 

so i l -mofs ture  a v a i l a b i l i t y .  
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Figure  5-1. Leaf d i f f u s i o n  r e s i s t a n c e  of Del tap ine  c o t t o n  i n  t he  f i e l d  f o r  upper and lower epidermes, 
15 J u l y  1964; a l so ,  s o l a r  r a d i a t i o n  and der ived  l i g h t  i n t e n s i t y .  Annual Report of the U.S. Water Conservation Laboratory



Figure  5-2. Leaf d i f f u s i o n  r e s i s t a n c e  of Del tap ine  co t ton  i n  t h e  f i e l d  f o r  upper and lower e 
1 September 1964; a l s o ,  s o l a r  r a d i a t i o n  and der ived  l i g h t  i n t e n s i t y .  Annual Report of the U.S. Water Conservation Laboratory



COTTON 1964 
\ 

I \o 
- 

AUGUST 

Figure 5-3. Leaf d i f fus ion  res i s t ance  of lower epidermis a t  1000 and 1600 of Deltapine co t ton  i n  the f i e l d ;  
a lso ,  evaporation as  found from lysimeters  ( so l id  c i r c l e s ) ,  and from neutron moisture da ta  
(hor izonta l  b a r s ) .  Open c i r c l e s  a r e  p o t e n t i a l  evaporation values.  A small  dot  over a 
s o l i d  c i r c l e  ind ica tes  an average of more than one day. 
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S-KY AND CONCLUSIONS: 

Cycl ic  changes i n  stomata1 a p e r t u r e  i n  the  cotcon p l an t  were 

found under s teady  condf t ions  of the  major environmental f a c t o r s  

known to  in£ h e n c e  stomates,  i. e . ,  l i g h t ,  temperature,  vapor pressure ,  

and carbon d ioxide  content  of the a i r ,  Evidence f o r  a  30-minute 

cyc l e  was provided by independent measurements of changes i n  

(1)  t r a n s p i r a t i o n ,  (2)  l e a f  temperature,  (3)  l e a f  d i f f u s i o n  

r e s i s t a n c e ,  a3.d ( 4 )  l e a f  water con ten t ,  The d a t a  i n d i c a t e  t h a t  

the o s c i l l a t i o n s  were due t o  i n t e r n a l  changes i n  t he  p l a n t  -- not  

t o  environmental p e r i o d i c i t y ,  The cyc les  may b e  due t o  the  f n t e r p l a y  

between a  stomatal-opening f a c t o r ,  l i g h t ,  and a  s tomata l -c los ing  

f a c t o r ,  l ea f  dehydrat ion wich i t s  consequent l o s s  of t u rgo r  poiLexti.al 

by guard c e l l s .  ThEs, in.  tu rn ,  implies  t h a t  a  major causa l  fzctol:  

i n  the  i n i t i a l  t r i g g e r i n g  of the  cyc l e  i s  a  slower rake  of water 

absorp t ion  than  t r a n s p i r a t b o n  when stomates open r ap id ly ,  owik~g 

t o  the r e s i s t a n c e  t o  water  flow inherent  i n  l i v i n g  c e l l s .  

A p o r t a b l e  meter f o r  measuring leaf  d i f fus ior t  r e s i s t a c e  has 

been per fec ted .  It overcomes many ob jec t ions  t o  previous poromeeers 

by r ap id ly  and q u a n t i t a t i v e l y  measuring l e a f  r e s i s t a n c e  t o  tL-e 

outward d ' l f fus ion  of water  vapor ,  This measurement i s  made by 

record ing  the  time f o r  water  vapor t o  move from a l e a f  s u r f a c e  19 

a l i th ium-chlor ide  element s e rv ing  both a s  a  sensor  and s i ~ k  f o r  water 

vapor.  A small  cup conta in ing  t h e  "humis tor"  i s  clamped monezlltarily 

on e i t h e r  su r f ace  of a  l e a f ,  exposing i t  t o  a  s tandard  emiporacEve 

demand. Proper c a l i b r a t i o n  enables  t he  r a t e  of change of "hnmistor" 

r e s i s t a n c e  t o  be  i n t e r p r e t e d  i n  terms of d i f f u s i o n  r e ~ i s c a n c e  of tbe 
- 1 

evaporat ing su r f ace ,  expressed i n  min cm Necessary c i r c u i t r y  

inc ludes  a  l i-ght-weight AC r e s i s t a n c e  b r idge  incorpora t ing  t r a n s i s t o r s  

and mercury b a t t e r i e s ,  The instrument  has  been used succes s fu l ly  

wi th  many p l a n t  spec i e s  t o  a s c e r t a 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  

(stomata1 ape r tu re )  of p l a n t s  exposed t o  va r ious  environmental 

condi t ions  i n  t he  labora tory ,  greenhouse, and f i e l d .  It i s  p a r t i e -  

u l a r l y  u s e f u l  i n  d i f f e r e n t i a t i n g  between upper and lower epidermis ,  
- 1 

Typi.ca1 readings range from 0.01 min cm o r  l e s s  i n  f u l l  l iglat  t o  
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-1 
1.00 min cm i n  the  dark.  It sh&ld be p o s s i b l e  t o  adapt  t h e  

instrument f o r  use wiuh blade-  o r  needle- type l eaves ,  

Light  i s  one of t he  two most important f a c t o r s  i n i luenc ing  

s tomata l  ape r tu re  and, hence, l ea f  d i f f u s i o c  r e s i s t a n c e ,  a % 
With the leaf  resis l -ance meter, p r e c l s e  measurements of l i g h t  e f f e c t s  

on R i n  s e v e r a l  spec i e s  were made. The experiments were conducted 
R 

under cons tan t  condi t ions  of a i r  temperature,  vapor pressure ,  and 

carbon d ioxide  content  of the  a i r ,  with an optimum r o o t  environment 

provided by a  n u t r i e n t  s o l u t i o n .  Af t e r  a  24-hour condi t ion ing  

period,  an experiment began i n  the  dark, progressed through s t e p -  

wise increases  i n  l i g h t  intensi . ty ,  and ended i n  darkness  aga in .  
- 1 - 1 

Measurements of R va r i ed  from 1 min cm i n  darkness  t o  0.02 min cm 
R 

a t  4000 f t - c  (0,Ol  f o r  sunflower) .  Dupl ica te  leaves  gave s i m i l a r  

responses.  Regardless of spec i e s  (co t ton ,  snap bean, f a m  bean, 

sunflower,  and corn) ,  i nc reas ing  l i g h t  lowered f o r  b o ~ h  the  

upper and lower ep idermis .  The upper epidermis c o n s i s t e n t l y  showed a  

higher  R than the  lower a t  most l i g h t  intensirzies ,  eveo ih? s p t x i e s  
R 

found t o  have equal  s tomata l  frequency om both  l e a f  s u r f a c e s ,  

Despi te  the s i m i l a r i t i e s  i n  general  response, def k i t e  spec i e s  

d i f f e r e x e s  ex is t . .  

S igr .~ i f icant  progress  has  been made toward explainixrg t-rcinspiration 

by p l a n t s  i n  terms of p e r t i n e n t  physical  p r o p e r t i e s  of en-viroriment 

and p l a n t .  Calcu la ted  t r a n s p i r a t i o n  values t o r  enLire  cock-OP. p l an t s ,  

grown under t h r e e  d i f f e r e n t  s e t s  of condi t ions ,  were compared wikh 

d i r e c t  measurements of weight l o s s ,  The c a l c u l a t e d  va lue  fol lows 

from a measurement of t he  ambient vapor pressure ,  t he  temperature,  

and the  d i f f u s i o n  r e s i s t a n c e  of r e p r e s e n t a t i v e  l e a f  a r e a s ,  t he  

e x t e r n a l  o r  aerodynamic vapor t r a n s f e r  c o e f f i c i e n t ,  and the  t o t a l  

l ea f  a r ea .  The e x t e r n a l  t r a n s f e r  c o e f f i c i e n t  fol lows from evaporat ion 

da t a  obtained with b l o t t e r  paper,  c u t  i n  e i t h e r  r ec t angu la r  o r  leaf  

shape. During s t e a d y - s t a t e  experiments the  ca l cu la t ed  values were 

25 percent  too high,  bu t  r e f l e c t e d  accu ra t e ly  t h e  twofold d i f f e r e n c e  

i n  t r a n s p i r a t i o n  a t  3800 f t - c  versus  t h a t  a t  87 f t - c .  During c y c l i c  

behavior  t he  c a l c u l a t e d  values f a i t h f u l l y  portrayed t h e  v a r i a t i o n s  
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I n  t he  measured c r a n s p i r a t  ion, bur  were s t i l l  25 percent  too high. 

Improvements i n  technique promise ro inc rease  khe accuracy of che 

ealculaCion.  The work w13.3. be  extended to oother s p e c i e s ,  

Leaf d i f f u s i o n  resis tatace measurements on c o t t o n  i n  t h e  f i e l d  

showed a pro~ounced  d i u r n a l  change i n  response t o  l i g h t  and a l e s s  

well-defxncd r i s e  in R as  s o i l  mo%st.ure was dep le t ed .  Cotton 
P, 

stomares were apparrrx!y c losed  i n  t he  dark (maximum R 0.8  min ern-') 
R 

and f u l l y  open whex Lhe l i g h t  i n t e n s i t y  exceeded about 5000 f t - c  
- 1 

(R brilow 0.01 min cm ) i n  r e c e n t l y  i r r i g a t e d  s o i l .  A t  low l i g h t  
R 

i a t e r . s i c t e s  R f o r  t he  upper epidermis was h igher  than f o r  the  a 
lower o r e ,  SO;. l -m~IsD.lre dep Letion eventual l y  caused 1% rro r i s e  

- 1 ki 
t o  about 0,OS min cm i n  the l i g h t ,  t h i s  r i s e  coiacidir-g wi th  a 

I 

noc occur u n t i l  f a r  i ~ t o  the  drying pe r iod ,  Thus, cotco-A stomares 

seem not  very  semi rive Lo leaf  de+aydrari.on under f Feld ~ ~ " n d j  t i ~ m ,  

Leaf r e s i s t a n c e  meawrernenrs made a loag  with bbeca ray gauglcg &Lowed 

GO r i s e  ia res9s tance  as the  l ea f  water conkent decreased i n  t5.e 

,7 tk middle of i k ~  dzy, I-re subsequerit recovery i n  leaf  kydrazio-r t ius  

could z ~ o t  be a t t r i b u t e d  t o  s i g n i f  i e a n t l y  lessened t r a ? s p ~ r a r f  o-- 

due Lo stomata1 c. losure ,  S tudies  under c o ~ t r o l ' l e d  condlirlons a r e  

pla0-?m3 :o c l a r i f y  the  effect of dec l in ing  s o i l  v o i s t u r a  on the 

r eac t ions  of rhe c o t t o n  p lank .  

PERSONNEL: W .  Ehr l e r ,  C .  B. M .  van Bavel, F .  S .  Nakayana. 
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N% 8E WATER FLOW W i T H  CmMICAL TRACERS 

L9M PROJECT: S@C 4-gG5 CODE NO,: Ariz,-WCL-33 

IMTRODUCTHON: 

F i e l d  equipment and techniques f o r  q u a n t i t a c i v e  measurements of 

d i l u t e  f l uo rescen t  t r a c e s  concent ra t ions  have been p rev ious ly  developed 

so  t h a t  concent ra t ions  i n  t h e  range 18 t o  100 p a r t s  p e r  b i l l i o n  can 

be measured wi th  l e s s  than 1 percent  e r r o r  ( see  Annual Reports f o r  

1962 and 1963 Equipmeot and techniques developed f o r  measuring t h e  

f low r a t e s  wi th  f l uo rescen t  dyes were t e s t e d  on two d i f f e r e n t  S a l t  

River P ro j ec t  c a l a l s  dur ing  March 1963, The system and methods 

worked very we l l  under a c t u a l  f i e l d  condi t ions ,  Accurate  measurements 

of dye concent ra t ions  of l 6  t o  26 p a r t s  pe r  b i l l i o n  i n  t h e  cana l  water 

samples were made without  d i f f i c u l t y ,  Problems were ericozrnto-red i n  

v e r i f y i n g  t h e  t r a c e r  flow measurements wi th  o t h e r  concstrrertt f low 

measurements, I n  g e r e r a l  t h e  o t h e r  flow measurements were made uader 

condi t ions  of ques t iocab le  r e l i a b i l i t y .  

Adecpa,te l a t e r a l ,  mixing of dye wi th  t h e  cana l  flow d i d  not  occur 

i n  a s t r a i g h t  reach of about  1 mile ,  i n  one of t h e  cana l s  which had 

a mean v e l o c i t y  of approxi.mateLy l , 3  f e e t  per  second, Bowever, a 

s i m i l a r  di.stai?ce of 1 , 2  mi l e s  in. t h e  second canal, wi th  a mean v e l o c i t y  

of 2 ,5  f e e t  per  secmd,  war; adequate .  The seco~id  c a n a l  contained 

more curves and w.5-e vis-LbLy more tu rbu len t  than  t h e  f i r s t  cana l ,  The 

adequacy oE n i x i n g  could be v e r i f i e d  from pa i r ed  samples, one taken 

near  t he  bar&, and. one taken s e a r  the  cen te r  l i n e  of t h e  cana l ,  and 

could a l s o  be observed v i s u a l l y .  V e r i f i c a t i o n  of t h e  t r a c e r  measure- 

ment accuracy s t i l l  remains a problem under s tudy,  because a b s o l u t e  

d ischarges  on l a r g e  cana l s  a r e  d i f f i c u l t  t o  o b t a i n  by o the r  methods, 

I n  t he  sp r ing  of 1964 a l abo ra to ry  flume study was i n i t i a t e d  t o  

determine t h e  accuracy of t h e  e n t i r e  sysEem a s  developed. 

PROCEDURE: 

A l abo ra to ry  s tudy  was designed t o  model t y p i c a l  f i e l d  condi t ions  

encountered wi th  t h e  t r a c e r  measurement technique t o  check t h e  a c -  

curacy and p r e c i s i o n  of t racer-determined d ischarge  measurements. 

The flow r a t e  i n  t h e  l abo ra to ry  could, of course,  be more a c c u r a t e l y  
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con t ro l l ed  and more a c c u r a t e l y  measured, The s c a l e  of measurement 

was much smal le r  than  t h a t  u s u a l l y  encountered i n  f i e l d  measurements. 

This should not  be a  problem s i n c e  t h e  method, from a l l  evidence and 

a,nalysis,  i s  not  s c a l e  s e n s i t i v e ,  Two s i m i l a r  l abo ra to ry  se t -ups  

were event~m.Lly used i n  t h e  s tudy.  A s t r a i g h t ,  r ec t angu la r  flume, 

one f o o t  wide and 36 f e e t  long, was t h e  b a s i c  t e s t  channel,  Plow 

was suppl ied  d i r e c t l y  fram a c e n t r i f u g a l  pump t o  a  head box and 

s t i l l i n g  bas in  of about 6 cubic f e e t  f i t t e d  wi th  a s l u i c e  g a t e ,  The 

flow T I ~ S  meastlred with a  3-inch elbow meter t h a t  had been. volumet- 

r i c a l l y  c a l i b r a t e d ,  Haximeern flow was about 0.75 c f s .  Later a  

grav imet r ic  flow measuring system was i n s t a l l e d  i n  t h e  I.aboratory. New 

space l i m i t a t i o c s  reduced the  channel length  by 8 f e e t ,  b u t  the maximum 

pumpi ng capac i ty  tkiroug2.1 t h e  channel was subsequent ly increased  t o  

about 1 c f s ,  and t h e  a.ccuracy of checking the  a c t u a l  r a t e  of flow 

improved t o  b e t t e r  that $ 0.5 percent .  The flow measuring procedure 

included p lac ing  sampling pumps i n  the  s t ream cross  s e c t i o n  a t  a  

d i s t z a c e  down stream from the  t r a c e r  drop p o s i t i o n  t o  a s s u r e  adequate  

l a t e r a l  mixing. This La te ra l  mixing is  d i f f i c u l t  t o  achieve  or  t o  

p r e d i c t  a c c u r a t e l y ,  En the f i e l d ,  more than  one sample pump w2,s used 

f o r  t h i s  reason,  By p l ac ing  one pump near  each bank, and one o r  two 

near  the  center  of t h e  stream, t h e  adequacy of mixing could be v e r i -  

f i e d  by t b e  degree sE agreement between t h e  two pumps, 

Four s m p l i n g  pumps were used in t h e  l abo ra to ry  s t u d i e s ,  With 

four  sample p u q s  Lcscated i n  t h e  c ros s  s ec t ion ,  a  flow measurement 

w i th  accu rac i e s  accep tab le  t o  most a p p l i c a t i o n s  can be obta ined  even 

i f  adequate  mixing has not  occurred.  For convenience and improved 

time accuracy, a  noacontaminating switching valve was fashioned t o  

swi tch  the  flow Erom t h e  pumps i n t o  t h e  sample con ta ine r s ,  o r  t o  

waste.  Et was simply two clamping ba r s ,  ope ra t ing  a l t e r n a t e l y  t o  
I t  ga~g-clamp" a l l  the tygoa sampling tubes a t t ached  t o  one l e g  of "Tee" 

connections and s imultaneously r e l e a s e  those  a t t ached  t o  t h e  o the r  l eg ,  

Thus t h e  samples could be quick ly  s t a r t e d  o r  stopped t o  f a c i l i t a t e  

accu ra t e  t i w e  measurement, 
3- LE t h e  l abo ra to ry  channel, t he  four  sampling pumps could not  be 

placed i n  the  same cross  s e c t i o n  because of t h e i r  s i z e .  In s t ead ,  
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they  were randomly s c a t t e r e d  i n  t he  l a s t  6 t o  8 f e e t  of t h e  channel. 

Three ranges of d i scharges  were chosen and t h r e e  t r a c e r  drops made 

f o r  each range. The a b s o l u t e  d ischarge  f o r  each t r a c e r  drop of each 

of t h e  t h r e e  s e r i e s  could no t  be exac t ly  repea ted  because of power 

f l u c t u a t i o n s  t o  t he  supply pump. One of t h e  sampling ptimps, u s u a l l y  

t h e  one wi th  the  s h o r t e s t  l ength  of tygon p l a s t i c  tub ing  and, thus ,  

t h e  maximum pumping capac i ty  under f i e l d  condi t ions  o r ,  i n  t h e  case  

of the labora tory  set-up,  t h e  f a r t h e s t  upstream pump, was d i r e c t e d  

through the  f luorometer  f o r  d e t e c t i n g  t h e  s t a r t  and end of t h e  t r a c e r  

wave. 

S u f f i c i e n t  water from t h e  flowing channel was c o l l e c t e d  t o  con- 

s t r u c t  t h e  c a l i b r a t i o n  s t anda rds ,  The f luo rescen t  t r a c e r ,  50 m l  

taken from at1 i n i t i a l  8 l i t e r  supply t h a t  was d i l u t e d  t o  2 g  per l i t e r  

of PontacyL PiaB E, was f i r s t  introduced i n t o  t h e  channel near  t h e  

upstream end, Visua l  observa t ion  of t h e  poor l a t e r a l  mixing was con- 

firmed by t h e  wide v a r i a t i o n  i n  t h e  d ischarge  c a l c u l a t e d  from t h e  

four  samples. H t  became quickly  apparent  t h a t  t he  phys ica l  l i m i t a t i o n s  

on t h e  length  of the  l abo ra to ry  channel prevented d i r e c t  modeling 

of t h e  flow condi t ions  i n  t h e  f i e l d .  I n  order  t o  t e s t  t he  p r e c i s i o n  

and accuracy of t h e  equipment, a r t i f i c i a l  l a t e r a l  mixing would have t o  

be induced t o  r ep l ace  t h e  l o s s  of s u f l i c i e n t  channel lengeh, The 

t r a c e r  was then introduced i n t o  the  channel head box wi th  some, but. 

no t  s u f f i c i e n t ,  improvement. F i n a l l y ,  i n j e c t i o n  was made on t h e  s u c t i o n  

s i d e  of the pump, The t r a c e r  passed through t h e  pump r o t o r ,  then 

through about 25  f e e t  of 3-inch p ipe  wi th  f i v e  elbows, and f i n a l l y  

through a  d i f f u s e r  o u t l e t  i n t o  t h e  head box. Table 1, t e s t s  1-7, 

l i s t s  t h e  p e r t i n e n t  information about t hese  t e s t s ,  The improved 

mixing r e s u l t e d  i n  d ischarge  determinat ions which d i f f e r e d  from the  t r u e  

d ischarge  a s  determined from t h e  elbow meter by a  maximum of 1 ,8  pe r -  

cen t ,  The maximum s tandard  dev ia t ion  c a l c u l a t e d  on t h e  b a s i s  of four  

sampling pumps i n  each t e s t  was + 2 percent .  Tes t s  8 and 10 i l l u s -  

t r a t e  t h e  magnitude of e r r o r  t h a t  can occur i f  t h e  sampling time i s  

reduced so t h a t  t he  end p a r t  of t he  sampling wave i s  l o s t .  Some of 

t h e  apparent  e r r o r  i n  d ischarge  (maximum l , 8  percent ,  Table 1, 
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column 10) between t h e  t r a c e r  determined d ischarge  and t h e  elbow meter 

d i scharge  i s  undoubtedly due t o  f l u c t u a t i o n s  i n  t h e  readout  of t h e  elbow 

flow meter.  The s tandard  deviations (column 7 )  i n d i c a t e  t h a t  ba re ly  

adequate  mixing has been achieved. 

Af t e r  t h e  l abo ra to ry  gravimet r ic  klow measuring equipment was 

i n s t a l l e d ,  t h e  channel was suppl ied  wi th  the  same pump, but  with only 

about 25 f e e t  of 6- inch pipe,  i n s t ead  of 25 f e e t  of 3-inch p ipe ,  

The dye was i n j e c t e d  a s  before  through t h e  pump r o t o r ,  but  t h i s  t ime 

i t  was v i s i b l y  evident  t h a t  mixing was not  adequate ,  This  was confirmed 

by t h e  high d i f f e r e n c e s  between t h e  four  c o l l e c t e d  samples, F i n a l l y ,  

inducing a s t r o n g  hydrau l i c  jump with the  s l u i c e  g a t e  on t h e  head 

box, and then  r u n d a g  t h e  flow through a s l a t t e d  b a f f l e  produced good 

v i s u a l  l a t e r a l  mixing and s a t i s f a c t o r y  d ischarge  measurements. Table 

2 l i s t s  t he  per f  irsent da ta .  The s tandard  dev ia t ion  w a s  reduced t o  a 

maximum of l , 4  percent  on run 1, and the  d ischarge  computed from t h e  

four  samples agreed w i t h i n  1,4 percent  of t h e  a c t u a l  d i scharge  

(determined g rav fme t r i ca l ly  t o  b e t t e r  than. 2 0.5 pe rcen t ) .  As can 

be noted i n  Table 2, renns 3 and Lb ag ree  w i t h  t h e  weight d i scharge  t o  

t h r e e  s i g n i f i c a n t  f i g u r e s ,  

Before t h e  tracer was introduced i n t o  t h e  channel, rhe sampling 

system was f lushed  f o r  a s h o r t  time with water obtained from the  channel.  

The d i l u t i o n  water t h a t  would be used l a t e r  f o r  cons t ruc t ing  the  

s tandards  was then co l l ec t ed .  En general ,  about 150 pounds of water 

was needed f o r  each s e t  oE s tandards  cons t ruc ted ,  r ega rd l e s s  of 

s t ream s i z e .  A measured q u a n t i t y  05 t h e  t r a c e r  was then  introduced i n t o  

t h e  stream a s  descr ibed ,  En t h e  l abo ra to ry  procedure t h e  t r a c e r  was 

introduced through t h e  supply pump r o t o r .  The approximate q u a n t i t y  needed 

can be est imated from t h e  r e l a t i o n  

S = Q c A t  

where S i s  t h e  sample s i z e ,  c is  the  average concent ra t ion  i n  t h e  

i n t e g r a t e d  sample, and At i s  t he  sampling i n t e r v a l  which must be 

equal  t o ,  o r  g r e a t e r  than, t h e  tracer-wave time of passage, Grea ter  

t ime lengths  than necessary  do no t  change t h e  va lue  s f  Q, t h e  stream 
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discharge ,  but  do lower t h e  va lue  of c ,  and thus  t h e  d e t e c t i o n  

accuracy may be s l i g h t l y  reduced. For example, a s s m e  a d e s i r a b l e  va lue  

of c t o  be 10 t o  20 a r k s  per  b i l l i o n  and a Q, i n  t h e  s t ream t o  be 

measured, es t imated t o  be near  1000 c f s .  An e s t ima te  of At can be 

obtained from rough time of traveL es t imates  f o r  t h e  wave f r o n t  t o  

reach the  drop s t a t i o n ,  A f r a c t i o n  of t h i s ,  say  one-half ,  can be used 

a s  a conserva t ive  e s t ima te  of t h e  passage time f o r  t h e  e n t i r e  wave, 

Thus, i n  a, l0,QOO f o o t  reach of charnel ,  wi th  mean v e l o c i t y  of 5 f p s ,  

At cac  be es t imated  t o  be about 1000 seconds. Therefore,  

S = X x 1008 s e c  = 1.25 Ibs of t r a c e r  

This  e s t ima te  will iisualby keep the  t r a c e r  c o n c e ~ t r a t i o w ,  c, w i th in  

accep tab le  measurment  l i m i t s ,  It i s  d e s i r a b l e  t o  keep the  readout 

d i a l  on t h e  Eluorometer, which i s  marked i n t o  100 d i v i s i o a s ,  i n  t h e  

range of 50 t o  108 for optimum accuracy,  Neeftral d e n s i t y  Ei lLers  and 

a range of e x c i t i n g  l i g h t  i n t e n s i t i e s  a l low coos iderable  l a t i t u d e  i n  

ob ta in ing  t h i s  readrng range. Of course,  a l l  f i l t e r s  and l i g h t  i n t en -  

s i t i e s  used cn t h e  sample, mast l ikewise  be used w i t h  the  s t aada rds  t o  

e l imina te  t r a n s f e r  e r r o s s  between f i l t e r  and l i g h t  in rer l s f ty  rartges. 

As previous ly  descr ibed ,  oce of t h e  sampling pumps, usuakky a center  

pump i n  the open channel of f i e l d  measurements o r  t h e  f a r t h e s t  upstream 

pump i n  the  Laboratory measurements, was comec ted  through t h e  f l u o r -  

ometer. When t h e  instrument  f i r s t  sensed t h e  a r r i v a l  of t h e  t r a c e r  

wave f r o n t ,  t h e  t ime i n t e r v a l  was begun and the  pump switched from 

waste i n t o  t h e  sample con ta ine r s .  The samples were cont inuously c o l -  

l e c t e d  u n t i l  tlhe El.usrometer i nd ica t ed  the  end of t h e  t r a c e r  wave. 

Sampling was continued f o r  about  10 t o  20 percent  more time t o  i n s u r e  

t h a t  t he  very d i l u t e  end of t h e  wave was sampled. The sampling va lve  

was then switched t o  waste and the  sampling time recorded. Each of 

t h e  samples was then  thoroughly s t i r r e d  and c i r c u l a t e d  wi th  a smal l  

tub ing  pump through t h e  continuous flow cuve t t e  of t h e  f luorometer .  

Enough of each sample was u s u a l l y  a v a i l a b l e  to  a l low t h e  sample t o  be 

discharged t o  waste, and thus avoid sample-to-sample contamination, 
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and t h e  p o s s i b i k i t y  of d i l u t i n g  t h e  sample with water t rapped i n  t h e  

cuve t t e  c i r c u i t .  The f luorescence  resd ings  and the  sample temperature 

were recorded fer each sample. Ef t h e  temperatures  of t h e  samples 

and the  constrbcked s tandards  were d i f f e r e n t ,  the2 a  temperature cor-  

r e c t i o n  was appl led ,  s i n c e  a 1 degree Centigrade change i n  temperature 

can make 2 t o  3 p e r c e n t e b a n g e  i r ~  f luorescence  readings ,  Usually t he  

temperatures caz be kep t  w i t h i n  a degree D r  two so  t h a t  a  t y p i c a l  

temperature c o r r e c t i o n  curve made wi th  d i s t i l l e d  water ( see  F igure  1) 

a s  t he  d i h u t e r t  can be used wi th  z~eg1igibI.e e r r o r .  Di f fe rences  i n  

temperature of 5 degzees Centigrade o r  more should be co r r ec t ed  wi th  

a temperature reaposse  curve, c o r s t r u c t e d  with t h e  background water 

of t h e  p a r t i c u l a r  s t ream, 
w coxpariscrr stan.dard; were cons t rac ted  Far a ra;cge of f l u o r -  

escence r e a d i ~ g s  covering t h ~ s e  of t h e  samples. S ince  t h e  f luorometer  

responds very I i c e a r l y  f o r  c o n c e n t r a t i m s  below 130 p a r t s  per  b i l l i o n  

of Pontzcyl Pizk 8, o ? l y  3 poh.ts we12 needed t o  e s t a b l i s h  and check 

t h e  fiuoresce;-ice respor5e  c x v e ,  For t h e  I perrcerit accrtracy raxge, i t  

i s  d e s i r a b l e  p r a c t i c e  t o  develep the Irast squares  l t n e a r  r eg re s s ion  

equa.tion us ing  f i v e  o r  more points, 

Two d i 1 1 ~ t i o . z ~  were used t o  o h t z i r  the  Sew p a r t s  per  biLLLon 

range needed, For example, th.% f i r s t  di1utI.cn w i a g  p a r t  s f  t h e  same 

mother s o l u t i o n  t h a t  was used i n  the tesfc. i r i j e c t i o a  mi.gbt be d e s ~ g n e d  

t o  produce a  f i r s h  djEutnt;rn c f  1 g of dry powdered Pontacyl  PFr.k B 

per  l i t e r  of s c l u t i o v ,  The se~oac!. d i l u t i o n  t o  achieve  4 p a r t s  per  

b i l l i o n  could then be obta ined  with 0,250 m l  of t h e  f i r s t  d i l u t i o n  

mixed i n  62,500 m l  of water (approximately 137 l b s  a f  water ) ,  The 

fhuorescence reading f o r  t h i s  could be recorded and another  0,250 m l  

of t h e  f i r s t  d i l u t i o n  added t o  o b t a i n  t h e  8 p a r t s  per  btll ioaz reading,  

e t c .  P a  t h i s  procedure, t he  s tandard  must be r e c i r c u l a t e d  through 

t h e  f luorometer  and back i e t o  t h e  conta iner .  Small amounts of d i s t i l l e d  

water used t o  wash the cuve t t e  before  s t a r t i n g  the  cons t ruc t ion  s f  t h e  

s tandard  caused x e g l i g i b l e  e r r o r  because of t h e  r e l a t i v e l y  l a r g e  

volume of t h e  s tandard  involved a t  t h i s  s t a g e ,  

he co r r ec t ions  t h a t  were ma& f o r  r educ t ion  of f luorescence  

wi th  inc reas ing  temperature were based on measurements made on t h e  
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Pontacyl Pi& B using distilled water as a 

48 parts per billion traces concentration, 

line on semi-logarithic paper and had the 

dilutent and 16, 32, and 

This plotted as a straight 

equational form 

where F is the fluorescence of the sample at temperature t degrees 

C, P is the fluorescence at the reference temperature, and n is the 
o - 1 

temperature coefficient having units of C The resulting temperature 
- 1 

coefficient (-0.024 C ) is somewhat less than that given in the 
- 1 

literature (-0.029 C Q Eor Pontacyl Pink B, The calculated values 

for n varied from -0,0234 to -0.0248 for the three concentrations. 

The tread was not consistent and is not considered significant. 

Figure 1 shows a temperature correction curve for Pontacyl Pink B, 

based on the relation 

where subscripts r a.nd s refer to the reference temperature and the 

sample temperature, respectively. The temperature coefficient is 

sufficiently large to require correction for temperatnre differences 

~r concen- as small as 8.5 C if an accuracy in determining the trac, 

trations is to be within 1 percent. 

DISCUSSION RESULTS : 

From the laboratory measuremenhs it was concluded that accurate 

stream flaw measurements could be obtained if the effects of  tracer 

losses through absorption on the banks and stream bottoms, etc., and 

inadequate lateral mixing were reduced to negligible amounts. Although 

the effects of absorption and adsorption on suspended particles is 

compensated by constructing the standards from the stream water, the 

tracer lost to the boundaries cannot be readily evaluated. I f  there 

is much suspended matter, khe total surface area of the suspended 

material is very large compared to the surface area of the stream 

boundaries. Since the process of constructing the standards compensates 

for this suspended material, the adsorption and absorption loss is 

reduced essentially to that lost to the stream boundaries, No loss 

was detectable in the laboratory discharge measurements for any of 
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t h e  t r a c e r s  s tud ied?  Pontacyl  Pink B and Rhodamine B,  A s  mentioned 

before,  t h e  l o s s  of t r a c e r  on s o i l  columns f o r  Pontacyl  Pink B was 

about 1/10 t h a t  of Rhodamine B and i s  expected t o  be n e g l i g i b l e  i n  

n a t u r a l  channels.  Another t r a c e r ,  Rhodamine WT, a l s o  from t h e  DuPont 

Chemicals Company, i s  under i nves t iga t ion .  It appears  t o  be much 

l e s s  absorbed on sand than  even t h e  Pontacyl Pink B, whi le  i t s  o the r  

c h a r a c t e r i s t i c s  a r e  s i m i l a r  t o  t hose  of t h e  Rhodamine B, inc luding  

t h e  lower c o s t ,  

Only l imi t ed  d a t a  i s  a v a i l a b l e  t o  i n d i c a t e  t h e  magnitude of t h e  

problem of abso rp t ion  on channel boundaries,  Table 3 i n d i c a t e s  t h e  

p e r t i n e n t  da t a  f o r  four  measurements made on t h e  South Canal i n  1963. 

Three of t hese  measurements were made us ing  a drop s t a t i o n  of 1,2 mi les  

above the  sampling s t a t i o n ,  and t h e  fou r th  used a drop s t a t i o n  of 2,9 

mi les .  I f  dye were being s i g n i f i c a n t l y  absorbed on t h e  stream boundaries,  

t h e  longer t r a v e l  length  of t h e  l a s t  run should i n d i c a t e  a dye l o s s  

and, because of t h e  s t r u c t u r e  of t h e  equat ion,  would cause an  inc rease  

i n  t h e  average d ischarge  f o r  t h e  channel. As can be seen  i n  Table 3, 

t h e  l a s t  run  agrees  w i t h i n  1 percent  of a t  l e a s t  two of t he  o the r  

t h r e e  runs ,  I f  abso rp t ion  were present ,  i t  was on t h e  order  of 1 per-  

cent  o r  l e s s  f o r  t h e  d i f f e r e n c e  i n  reach between t h e  1.2 mi l e  and 

2,9 mi l e  s t a t i o n s ,  This  is ,  then,  approximately one- th i rd  percent  l o s s  

per  mi le ,  Of course,  t h i s  i s  on ly  one measurement and w i l l  r e q u i r e  

f u r t h e r  v e r i f i c a t i o n  s i n c e  t h i s  d i f f e r e n c e  could be caused by seepage 

l o s s e s  between t h e  upstream s t a t i o n  and t h e  downstream s t a t i o n  o r  

by lack  of adequate  mixing. 

The problem of inadequate  l a t e r a l  mixing deserves  some review. 

I n  open channels t h e  th read  of maximum v e l o c i t y  u s u a l l y  occurs  near 

t h e  cen te r  of t h e  channel and i s  somewhat depressed depending on t h e  

s t r e n g t h  of t h e  secondary c u r r e n t s  which, i n  turn ,  appear  t o  be a 

func t ion  of t h e  channel geometry and channel roughness,  I f  i t  were 

p o s s i b l e  t o  i n s e r t  a v e r t i c a l  shee t  of uniform dye mixture  i n t o  t h e  

s t ream c ros s  s e c t i o n  t h a t  extended from bank t o  bank and top t o  bottom, 

i t  would a t  f i r s t  appear t h a t  uniform l a t e r a l  mixing were guaranteed,  

I n  e f f e c t ,  it a c t s  a s  i f  i t  were l a t e r a l l y  mixed, bu t  t h i s  i s  no t  

n e c e s s a r i l y  t h e  a c t u a l  behavior.  
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Consider t h e  s i t u a t i o n  wi th  no d i spe r s ion .  The shee t  would 

quick ly  cease t o  be a  p lane  s u r f a c e  and would become a  type  of para-  

bo lo id  becoming more and more extended a s  it  progressed downstream. 

Under t hese  assumptions t h e  shee t  would r e t a i n  i t s  o r i g i n a l  th ickness  

a s  measured p a r a l l e l  wi th  t h e  flow d i r e c t i o n ,  Sampling a t  s e v e r a l  

p o i n t s  on t h e  down stream c ros s  s e c t i o n  would account f o r  t he  same 

quan t i t y  of dye pass ing  each poin t ,  but  those  samples near  t h e  banks 

would encounter a  time lag .  

Now assuming, i n  add i t i on ,  only long i tud ina l  d i spe r s ion ,  t he  

shee t  would now simply t ake  a  longer  time t o  completely pass  t h e  

sampling s t a t i o n ,  The shee t  would no longer have a  sha rp ly  def ined  

f r o n t  and sha rp ly  def ined  t a i l .  The wave a t  a  given c r o s s  s e c t i o n  

would a r r i v e  f i r s t  near  t h e  center  of t h e  channel,  but  i t  would a l s o  

pass  f i r s t ,  r e s u l t i n g  i n  t h e  same t o t a l  q u a n t i t y  of dye being c o l l e c t e d  

from t h e  center  a s  from near t h e  banks, t h e  only  d i f f e r e n c e  being 

a  simple t ime l ag ,  There would be a  pronounced l a t e r a l  g rad ien t  of 

t h e  t r a c e r  near  t h e  f r o n t  and near  t he  t a i l  of t h e  wave a t  a  given 

cross  s ec t ion .  F i n a l l y ,  consider  t h e  usua l  case  wi th  l a t e r a l  and 

v e r t i c a l  d i spe r s ion ,  t h e  long i tud ina l  shee t  of dye would behave 

s i m i l a r l y  t o  t h a t  descr ibed  f o r  one-dimensional d i spe r s ion ,  but  t he  

l a t e r a l  and v e r t i c a l  d i s p e r s i o n  would tend t o  decrease  t h e  concentra-  

t i o n  g rad ien t s  i n  t h e  t r a n s v e r s e  d i r e c t i o n ,  There would always be a  

t r a n s v e r s e  g rad ien t  near  t h e  f r o n t  of t h e  t r a c e r  wave which i d e a l l y  

i s  exac t ly  compensated by t h e  r e v e r s e  s i t u a t i o n  a t  t h e  t a i l  of t he  

t r a c e r  wave, A s  t h e  wave progresses  downstream, it becomes in -  

c r eas ing ly  d ispersed ,  A t  some s t a t i o n  a t  d i s t a n c e  x, t h e  r a t e  of 

change of t h e  t r a c e r  concent ra t ion  pass ing  t h e  sampling s t a t i o n  becomes 

so  smal l  t h a t  t h e  corresponding l a t e r a l  g rad ien t ,  assumed t o  be s i m i l a r ,  

r e s u l t s  i n  n e g l i g i b l e  ins tan taneous  d i f f e r ences  between t h e  cen te r  

l i n e  t r a c e r  concen t r a t ion  and t h a t  a t  a  po in t  near  t h e  stream banks, 

It is  t h i s  behavior of t h e  d ispersed  t r a c e r  wave t h a t  allowed 

the  t r a c e r  t o  be i n j e c t e d  a t  a  po in t ,  over an  a r b i t r a r y  per iod  of 

time in s t ead  of ins tan taneous ly .  It a l s o  e l imina ted  t h e  requirement 

of uniform i n j e c t i o n  a s  a  t r a n s v e r s e  shee t .  Thus, it was only necessary 
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t h a t  d i s t a n c e  x be chosen l a r g e  enough. The u s e  of s e v e r a l  sampling 

pumps i n  t h e  c ross  s e c t i o n  se rve  t o  c l a r i f y  t h i s  p a r t i c u l a r  s i t u a t i o n ,  

I f  t he  samples a t  t he  cen te r  l i n e  and t h e  bank agreed, adequate  l a t e r a l  

mixing was achieved. 

While measurements on t h e  samples c o l l e c t e d  can now be made without  

d i f f i c u l t y ,  two problems connected wi th  t h e  use  of t h e  method i n  t h e  

f i e l d  s t i l l  remain t o  be v e r i f i e d .  Curren t ly  under s tudy  a r e  methods 

t o  determine t h e  magnitude of channel abso rp t ion  on var ious  dyes, 

p r imar i ly  Rhodamine B, Pontacyl  Pink B, and the  most r e c e n t l y  obtained 

dye,Rhodamine WT, Means of ob ta in ing  an a b s o l u t e  d ischarge  comparison 

on a  l a r g e  cha.nrre1 i n  t h e  f i e l d  i s  s t i l l  being i n v e s t i g a t e d ,  

S&IM%IARH AND COBCLUS IONS : 

Equipment and techniques have been developed t o  q u a n t i t a t i v e l y  

d e t e c t  d i l u t e  f l uo rescen t  t r a c e r  concent ra t ions  of 10 t o  100 p a r t s  

per  b i l l i o n  wi th  l e s s  than  1 percent  e r r o r  i n  n a t u r a l  s t ream waters .  

This  permits  s t ream gauging with a  p o t e n t i a l  accuracy of t h i s  same 

o rde r  by s p e c i a l  a p p l i c a t i o n  of chemical d i l u t i o n  techniques,  A 

c a r e f u l l y  measured q u a n t i t y  of f l uo rescen t  t r a c e r  i s  dumped i n t o  t h e  

s t ream t o  be gauged, A sample i s  cont inuously c o l l e c t e d  a t  a  uniform 

r a t e  a s  t h i s  t r a c e r  wave passes  a  downstream s t a t i o n .  The s t a t i o n  

must be located a t  a  d i s t a n c e  from t h e  drop s t a t i o n  g r e a t  enough t o  

permit adequate  l a t e r a l  mixing of t h e  t r a c e r  wi th  t h e  s t ream waters ,  

A s i n g l e  a n a l y s i s  of the  t r a c e r  concent ra t ion  i n  the  cont inuously c o l l e c t e d  

sample permits  t h e  s t ream flow t o  be ca l cu la t ed  from 

where Q i s  t h e  d ischarge ,  S  i s  t h e  quan t i t y  of t r a c e r  used, c i s  t h e  

concent ra t ion  of t h e  sample c o l l e c t e d  cont inuously f o r  time A t . -  

Limited f i e l d  d a t a  were c o l l e c t e d  i n  1963, F i e l d - s c a l e  c q a r i s o n s  

a r e  d i f f i c u l t  because few f i e l d  methods a r e  capable of t h e  p o t e n t i a l  

accuracy of _f 1 percent .  

Laboratory s t u d i e s  were designed t o  model t y p i c a l  f i e l d  condi t ions  

t o  c a r e f u l l y  eva lua t e  t h e  accuracy and p r e c i s i o n  of t r a c e r  determined 

d ischarges ,  Tracer  determined d ischarges  compared w i t h i n  1,4 percent  
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with  g rav ime t r i ca l ly  determined d ischarges  which were a c c u r a t e  t o  _+ 0.5 

percent ,  Adequate l a t e r a l  mixing was achieved i n  t h e  l abo ra to ry  channel, 

which was 1 f o o t  wide and 30 f e e t  long, w i t h  a  s e r i e s  of b a f f l e s .  A 

d i s t a n c e  equal  t o  a t  l e a s t  LOO s t ream top widths appears  t o  be necessary  

i n  n a t u r a l  streams l o r  adequate  l a t e r a l  mixing, This  depends on t h e  

number o-E curves and o the r  mixing devices  l oca t ed  i n  t he  reach t o  be 

gauged, 

The l abo ra to ry  s t u d i e s  showed t h a t  stream discharge  measure- 

ments, accu ra t e  t o  & 1 o r  2 percent ,  can be obta ined  i f  t he  e f f e c t s  

of l a t e r a l  mixing and t r a c e r  l o s ses  t o  t h e  channel boundaries a r e  

reduced t o  n e g l i g i b l e  amounts, The q u a n t i t a t i v e  d e t e c t i o n  equipment 

and techniques have been improved t o  t h e  po in t  t h a t  t h e  accuracy 

bFmita.tions on discharge  measurements a r e  those  imposed by these  

e f f e c t s ,  

Re l i ab l e  c r i t e r i a  f o r  guaranteeing adequate  l a t e r a l  mixing a r e  

under s tudy ,  Addi t iona l  samples c o l l e c t e d  a t  va r ious  Locations i n  

t he  stream cross  s e c t i o n  i n d i c a t e  by t h e i r  agreement i f  adequate  

la t . e ra1  mixing were accomplished, but  t h i s  i s  " a f t e r  t h e  f a c t "  and 

deserves improvement, Limited f i e l d  d a t a  i n d i c a t e  t h a t  t h e  e f f e c t s  

of t r a c e r  losses t o  stream boundaries a r e  n e g l i g i b l e  f o r  Rhodamine B, 

t he  dye expected t o  be most s e n s i t i v e  t o  abso rp t ion  looses .  Loss 

e f f e c t s  of Pontacyl  Pink B and Rhodamine W1' rema.in t o  be v e r i f i e d .  

PERSBML: J. A, Replogle,  K, 3. Brust ,  and L, E ,  Myers 
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Table i, Lzboracsry discharge neasttsements using Pontacyl ?ink fe as  the t race r  with a ca l ibra ted 

elbow flew meter discharge comparison, 

1/ $ - Ser ies  y -  51 ; 5 /  4/  at - 
- 2 1  s3/ S -  

7 /  - - 8/ 101 
OC QT QE Pi AQ - 

f t l s e c  P )J.~/L 0' f t min /O c f s  c f s  7, 

1 0,83 0049 140,000 0,100 3,500 40.9 - f 0 , 3  0,411 0,407 + 0 , 9  

2 0,83 0,49 140,000 0,100 5,000 29,4 2 1,3 0,401 0,408 - 1.7 

3 0.83 0,49 140,000 0.100 3,500 40,9 2 1 , 2  0,411 0,410 + 0,2 

4 0,83 0,49 140,000 0,100 3,500 41,O 2 1 , 2  0,410 0,410 0 

5 0.89 0.74 220,000 0,100 3.000 29.4 2 0 . 6  0,666 0,655 + 1 , 8  

6 0,89 0,77 230,000 0,100 3,000 28,3 $- 2.0 0,693 0,685 i- 1,2 

7 0.89 0,76 225,000 0,100 3,000 29.6 If- 1,9 0,665 0,673 - 1,1 

8* 1,07 0,79 210,000 0.100 2.000 37,2 2 0,6 0,792 0,747 + 6,O 

92 1,07 0,70 210,000 0,100 2.000 38.1 2 0 , 9  0,772 0,748 + 3 , 1  

lo* 1,07 0,70 210,000 0.100 2.000 37.7 1 2  0,780 0,747 -I-4.3 

Flow depth i n  laboratory channel near sampling s t a t i ons ,  
Average veloci ty  i n  flume near sampling s t a t i ons ,  

VR 
Reynolds number based on hydraulic r a d i ~ s  = - 

V 
Amount of dry weight t r ace r  used, 
Sampling time length, 
Average t race r  concentrat ior  derived from four col lec ted samples, @g/L " ppb. 
Standard deviat ion computed fo r  four samples from each s e r i e s ,  

S 
Discharge determined from t r ace r  samples (Q = 58 r), 58.85 i s  conversion fac to r  fo r  un i t s  T cnt 
as  given. 
Discharge determined with elbow flow meter. 

lo/ loo (QT - QE) /QE 0 - 
2 Sampling time too shor t ,  pa r t  of sample l o s t .  
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Table 2, Laboratory disch.arge measuremeara using PonCacyl Pink as the tracer with weighed 

discharge comparisons, 
- 

Series - 2/ v - 5/ - 6/ - - 8 / 21 aQ 101 C - 3 /  
Y -  QT Qw 

f t ft/sec 5- min X cfs cfs X 

1 0,84 1,16 305,000 0,100 3,OO 20,37 5 L04 0.963 0,974 - 1,1 
2 0.84 1,16 305,000 0,100 3,00 20.37 + 0,5 0,963 0.977 - 1.4 
3 0,67 0,68 162,030 0,100 3,00 43,11 2 0 , 6  0,455 0,455 0.0 

4 0.67 0,68 162,000 G,ZOO 3,00 43.35 2 0,4 0,453 0.453 0,O 

1/ Plow depth in laboratory chanael near sampling stations. - 
2 /  Average velocity in flume near sampling stat' - iO2S 

flR 
3/ Reynolds number based or, hydraulic radius = -. - V 
4/ Amount of dry weight tracer used, - 
5/  Sampling time length, - 
61 Average concentration derived from four collected samples; pg/L = ppb, - 
7 /  Standard deviation computed for four samples from each series, - 
8/ Discharge determined from tracer samples, ; - = 58.85 

---- 58,85 is conversion factor for units 
Eat 

as given. 
9/ Discharge determined gravimetrically by weight-cime relation, - 
101 100(QT - QW) /QWo - 
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Table 3, F i e l d  discharge measurements with Rhodamine B, 

Canal D r q  Mixing Tracer Ia-segrated - Samp l i s g  Travel. time Calculated -[ / 

No, lerigth added sample time Front Peak discharge 
---- 

miles  grams P P ~  min min min cf s 

South 2 1,2 470,4 15,9 
15,7 

South 3 1 . 2 490,4 l5 ,8  L7,15 19,O 22,5 1022 
15,8 1022 

W 
South 4 1,2 470,4 16,O 1.7 ,30 19,5 23.5 1001 

5' 16,3 982 
g South 5 2,9 1411,2 26,4 30,65 62,5 65.0 1026 

2 6 , l  1038 

I/ F i r s t  va lue  i s  from canal  center and the  second 5 feet  from canal  bank, - 
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5 = FLUORESCENCE 
AT REFERENCE 

F, = FLUORESCENCE 

Figure 1. Temperature correction curve for Ponfacyl Pink B. 
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TITLE: WATER VAPOR DIFFUSION I N  SOILS 

LIB33 PROJECT: SWC 4-gG4 CODE NO.: Ariz,-WCL-31 

The ob jec t ives  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. Water Conservat ion Laboratory. 

I n  t h a t  r e p o r t  r e s u l t s  were presented f o r  t r a n s i e n t  and s teady-  

s t a t e  measurements of water  vapor d i f f u s i o n  i n  r e l a t i v e l y  d ry  s o i l .  

These r e s u l t s  have been publ ished.  

This  r e p o r t  i s  i n  two p a r t s ,  P a r t  I covers  f u r t h e r  work on 

vapor d i f f u s i o n ,  s p e c i f i c a l l y  t h e  temperature and p re s su re  e f f e c t s  

on s o r p t i o n  d i f f u s i o n  c o e f f i c i e n t s  and t h e  s e p a r a t i o n  of t h e  t o t a l  

d i f f u s i o n  c o e f f i c i e n t s  i n t o  l i q u i d  and vapor components. P a r t  IT 

covers work done whi le  t h e  p r o j e c t  leader  was a n  O.E,C, D, Fellow 

at- t h e  Rothamsted Experimental S t a t i o n ,  Harpenden, England June- 

August 1964, This  p a r t  concerns water movement i n  both l i q u i d  and 

vapor phases under a  temperature grad ien t ,  

PART I. TEWEM3f4JRE AND PRESSURE EFFECTS ON WATER VAPOR DXFFUSIOM 

COEFPXCLEHTS* 

IRmODUC'S1IU~ : 

Water t r a n s f e r  i n  r e l a t i v e l y  dry s o i l  occurs  by vapor d i f f u s i o n  

through t h e  a i r - f i l l e d  pores  and by movement through t h i n  water f i lms  

o r ,  a t  very  low water conten ts ,  a long  the  su r f aces  of t h e  s o i l  

p a r t i c l e s ,  This  "non-vapor1' movement has been c a l l e d  s u r f a c e  d i f -  

fus ion ,  f i lm  d i f fus ion ,  and l i q u i d  d i f f u s i o n ,  I n  t h i s  d i scuss ion  t h e  

t e r n  " l iqu id  d i f f u s i o n "  w i l l  be used t o  denote a l l  £ o m s  of "non- 

vapor" flow. The vapor and l i q u i d  phases a r e  coupled by evaporat ion 

and condensation processes  which e s s e n t i a l l y  c o n t r o l  vapor d i f f u s i o n  

and may e x e r t  some in f luence  on l i q u i d  d i f f u s i o n .  By assuming t h a t  

l i q u i d  d i f f u s i o n  i s  a f f e c t e d  only s l i g h t l y  by t h e  evaporat ion-  

condensation r eac t ion ,  we can cons ider  t h e  two t r a n s f e r  mechanisms a s  

occurr ing  i n  p a r a l l e l .  The express ion  r e l a t i n g  t h e  t o t a l  t o  t he  

l i q u i d  and vapor d i f f u s i o n  c o e f f i c i e n t s  i s  
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where D is the total diffusion coefficient, D the liquid (or 
BV e 

non-vapor) diffusion coefficient, D the diffusion coefficient for v 
water vapor in air modified by the tortuosiCy and porosity, p the 

vapor density, and 8 the water content. 

At the pressures used here, water can be considered incompres- 

sible whether in thin films or as water molecules adsorbed on 

particle surfaces. Assuming, as we did in the development of 

equation [I], that liquid diffusion is affecced only slightly by 

the evaporation-condensation reaction, we can take the liquid dif- 

fusion coefficient as independent of pressure. The pressure de- 

pendence of the vapor diffusion coefficient can be evaluated by 

expanding the right-hand term in [I], i, e, *r 

where /3 is a geometry factor which includes the porosiky and 

tortuosity, Da is the water vapor diffusion coefficient in air, and 

p is the saturated vapor density, Of the terms on the right-hand 
0 

side of [2], only Da depends upon pressure. D is proportional to 
a 

P /(P - Pv), where Po is a reference prgssure, P the ambient pressure, 
0 

and P the partial pressure of water vapor. When P >> Pv, Pv can 
v 

be neglected, Thereforej the total diffusion coefficient DeV decreases 

as the ambient pressure increases, We can now write 

where, for brevity and convenience, D has been written DV ap/ae. 
VaP 

The liquid and vapor diffusion coefficients D and D can be 
8 VaP 

evaluated by measuring the total diffusion coefficient D at several 
Qv 

pressures at a constant temperature. Plotting D versus P ~ / P  should 
8v 

yield a straight line with a slope of D and an intercept of D 
vap e ' 

Both De and D are temperature dependent. An estimate of the 
vap 

-temperature dependence can be obtained by employing the concept of 

an activation energy for diffusion, as defined by the equation 

31-2 
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0 
where D i s  a  d i f f u s i o n  c o e f f i c i e n t  a t  t h e  r e f e rence  temperature T o 
T i s  t h e  abso lu t e  temperature,  E is  an  a c t i v a t i o n  energy, and R i s  

t h e  i d e a l  gas ccscstant. The term "ac t iva t ion  energy" is  used here  

a s  a n  index of t h e  temperature dependence of d i f f u s i o n  c o e f f i c i e n t s  

and does not  n e c e s s a r i l y  have o the r  connotat ions f r equen t ly  a s soc i a t ed  

wi th  t h e  term. 

Sy clef i~ring E a s  t h e  a c t i v a t i o n  energy f o r  l i q u i d  (or "non- 
i e 

vaporg') d i f f u s i o n  and E a s  t h e  
V 

and us ing  [3 ] ,  we can w r i t e  

a c t i v a t i o n  energy f o r  vapor d i f f u s i o n  

t o  desc r ibe  the  temperature and 

d i f f u s i o n  c o e f f i c i e n t  f o r  water 
0 

s u p e r s c r i p t  now s i g n i f i e s  t h e  

a t  the r e fe rence  temperature T 
0 

p re s su re  dependence of t h e  t o t a l  

i n  r e l a t i v e l y  d ry  s o i l .  The 

va lue  of t h e  d i f f u s i o n  c o e f f i c i e n t s  

and p re s su re  P . 
0 

A va lue  Lor E the  a c t i v a t i o n  energy f a r  vapor d i f f u s i o n ,  can v 
be  caZcuLated from t h e  temperature dependence of t h e  t e r n s  i n  equat ion 

[ 2 ] ,  The geometry f a c t o r  p does no t  change with temperature andj  i n  

t h e  f i r s t  approximation, t h e  r e l a t i v e  vapor p re s su re  (pipo) can be 

taken independent of temperature,  Values of t h e  remaining f a c t o r s  

D and p a t  s e v e r a l  temperatures,  a r e  t abu la t ed  i n  t h e  l i t e r a t u r e .  
a  o  - 1 

An a c t i v a t i o n  energy of 11 k c a l m o l e  was c a l c u l a t e d  from a l i n e a r  

p l o t  of ln(D p  ) versus  1/T. a  o  
The s a t u r a t e d  vapor d e n s i t y  p  r e f e r s  t o  water  vapor over pure 

0 

l i q u i d  water.  The water conten ts  of i n t e r e s t  he re  v a r i e s  from 

e s s e n t i a l l y  zero t o  those  corresponding t o  about 0.95 r e l a t i v e  vapor 

pressure .  S tud ie s  on t h e  adso rp t ion  of water vapor by s o i l s  (3, 5) 
- 1 

indicaEe t h a t  about 1.5 k c a l  mole more energy i s  r equ i r ed  t o  

evaporate  a  water molecule from a  p a r t i c l e  s u r f a c e  than  from a  f r e e  

water sur face .  We w i l l  assume, p r i o r i ,  t h a t  t h e  a c t i v a t i o n  energy 
- 1 

E. i s  increased  by approximately 1.5 k c a l  mole a t  water  conten ts  
V 
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- 1 
below a monomolecuLar layer ,  and t a k e  E t o  be 12.5 k c a l  mole a t  zero 

v - 1 
water content ,  decreas ing  t o  11 k c a l  mole a t  a monolayer, and r e -  

maining a t  11 a t  t h e  h igher  water contents .  

The a c t i v a t i o n  energy f o r  l i q u i d  d i f f u s i o n  E i n  r e l a t i v e l y  dry 
8 

s o i l  i s  d i f f i c u l t  t o  e s t ima te  because water i n  t h i n  Eilms around 

s o i l  p a r t i c l e s  probably has a d i f f e r e n t  s t r u c t u r e  than  has pure 

water (4.). Low (4)  and Anderson a. (1) have demonstrated t h a t  

t h e  a c t i v a t i o n  energy f o r  water flow near  c l ay  s u r f a c e s  i s  higher  
- 1 

than  i n  bulk water,  wi th  va lues  up t o  6.1 k c a l  mole repor ted .  A 

Lower l i m i t  may be s e t  by cons ider iag  t h e  temperature dependence of 

Elow a t  higher  water conten ts ,  Jackson (2) has shown t h a t  t h e  tem- 

p e r a t u r e  dependence f o r  t r a n s i e n t  viscous f low of bulk water i n  s o t 1  

can be explained by the  temperature dependence of t h e  v i s c o s i t y  of 
-I 

water.  An E va lue  f o r  t h i s  process  is  about 3.9 k c a l m o l e  a 

EDERIrnNTIUI : 

The s o i l  m a t e r i a l s  used were Adelanto loam and Pachappa loam, 

taken from t h e  same supply a s  used i n  experiments r epo r t ed  i n  the  

1963 Annual Report,  Some phys i ca l  p r o p e r t i e s  of t h e s e  s o i l  m a t e r i a l s ,  

rhe procedure f o r  prepar ing  columns and t h e  d e t a i l s  of t h e  d i f f u s i o n  

experiments a r e  given i n  previous annual  r epo r t s .  The bulk d e n s i t i e s  

were 1.42 and 1.38 g cmm3 f o r  Adelanto and Pachappa, r e spec t ive ly .  

The experimental  procedure f o r  t h e  p re s su re  experiments was 

s l i g h t l y  d i f f e r e n t  from t h a t  of t h e  experiments r epo r t ed  l a s t  year. 

Por p re s su re s  above ambient, a c r y l i c  p l a s t i c  columns conta in ing  s o i l  

were put  i n t o  2-inch-diameter s t e e l  cy l inde r s  which were capped a t  

both ends. The cyl . inders  were pos i t i oned  v e r t i c a l l y  and water was 

placed a t  t h e  bottom. The s o i l  column was he ld  s e v e r a l  mi l l ime te r s  

above t h e  water sur face .  The cy l inde r s  were maintained a t  t h e  

des i r ed  cons tan t  pressure .  

For pressures  l e s s  than  ambient, a c r y l i c  p l a s t i c  cy l inde r s  were 

used. A water r e s e r v o i r  a t  t h e  bottom suppl ied  vapor f o r  d i f f u s i o n  

as i n  t h e  above ambient p re s su re  cy l inders .  The cy l inde r s  were 

connected t o  a vacuum source.  The vacuum was c o n t r o l l e d  by a 

so lenoid  va lve  a c t i v a t e d  by a capac i tance  r e l ay .  Changes i n  t h e  
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height  of a mercury column i n  a n  abso lu t e  manometer were de tec ted  

by t h e  capac i tance  r e l ay ,  which caused t h e  va lve  i n  t h e  vacuum l i n e  

t o  be opened o r  c losed  as needed. This  system c o n t r o l l e d  t h e  p re s su re  

t o  9 2 lnm Hg, 

For t h e  p re s su re  experiments d i f f u s i o n  measurements were made 

a t  1505, 1105, 508, 320, and 295 mm Hg t o t a l  p ressure .  Both s o i l  

m a t e r i a l s  were used a t  t h e  t h r e e  h igher  p re s su re s ,  Pachappa was 

used a t  320 mm Hg and Adelanto was used a t  295 mm Hg, A l l  p r e s su re  

experiments were conducted a t  25 C,  A t  t h e  completion of p re s su re  

runs. ,other  than  a t  atmospheric ambient p re s su re s ,  a i r  had t o  be 

introduced i n t o  o r  r e l e a s e d  from t h e  column p r i o r  t o  s ec t ion ing  and 

measuring t h e  water conten t  d i s t r i b u t i o n ,  To a s c e r t a i n  t h e  in f luence  

of t h i s  mass flow of a i r  on t h e  water content  d i s t r i b u t i o n ,  a i r  was 

allowed t o  e n t e r  oppos i t e  ends of two columns o therwise  t r e a t e d  i n  

a s i m i l a r  manner. No d e t e c t a b l e  d i f f e r e n c e  i n  water  conten t  d i s -  

t r i b u t i o n s  was observed, 

The temperature experiments were ~ a r r i e d  out  a t  6,5, 21.0, 

27.0, 35.5, and 42.5 C ,  Ambient temperature c o n t r o l  w i t h i n  t h e  

d i f f u s i o n  appara tus  was _$ 0,4 C, Average ambient p re s su re  was 730 

mm Hg. Measurements of D were made on t h r e e  columns a t  each 
ov 

p re s su re  and each temperature,  Data f o r  t h e  t h r e e  columns were 

averaged. 

RESULTS AMD DISCUSSION: 

Pressure  E f fec t s .  T o t a l  d i f f u s i o n  c o e f f i c i e n t s  measured a t  

four  pressures  were used t o  c a l c u l a t e  vapor and l i q u i d  d i f f u s i o n  

c o e f f i c i e n t s .  Do and Do t h e  s lope  and t h e  i n t e r c e p t  of t h e  
vap e 

Dev 
- Po/P p l o t s ,  were c a l c u l a t e d  us ing  r e g r e s s i o n  a n a l y s i s  f o r  

water content  i n t e r v a l s  of 0.0025 over  t h e  range 0,0050 t o  0.0475 

gravimet r ic  water conten t  f o r  Adelanto and i n t e r v a l s  of 0.001 over 

t h e  range 0.002 t o  0.022 f o r  Pachappa, F igures  l a  and l b  show D 
Bv 

versus  P /P a t  four  water conten ts  f o r  Adelanto and Pachappa, 
0 

r e spec t ive ly .  The r e l a t i o n s h i p  depic ted  he re  i s  t y p i c a l  f o r  a l l  

water conten ts .  The water  con ten t s  shown i n  t h e  f i g u r e  were s e l e c t e d  

t o  i n d i c a t e  t h e  range of s lopes  and i n t e r c e p t s  and a l s o  t o  i n d i c a t e  

how we l l  t he  d a t a  f i t  equa t ion  [3] ,  
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Tota l ,  vapor, and l i q u i d  d i f f u s i o n  c o e f f i c i e n t s  f o r  Adelanto 

loam a t  25 C and 730 nun Hg p re s su re  a r e  shown i n  F igu re  2. The l i q u i d  
-5 2 d i f f u s i o n  c o e f f i c i e n t s  a r e  e s s e n t i a l l y  cons tan t  a t  0.60 x 10 cm 

- 1 
s e c  from 0.0475 t o  0,0200 gravimet r ic  water conten t .  Below 0,0200, 

D decreases  l i n e a r l y  toward zero. These va lues  of D i n d i c a t e  t h a t  e 9 
water adsorbed on s o i l  p a r t i c l e s  and i n  t h e  f i r s t  few molecular  water 

l a y e r s  i s  mobile, The va lues  of D r epo r t ed  he re  have, a s  a frame e 
of re ference ,  t h e  e n t i r e  porous mediua. The va lue  of D probably e 
depends upon t h e  s u r f a c e  a r e a  a v a i l a b l e  f s r  d i f f u s i o n ,  One can 

s g e c u l ~ t e  t h a t  D would be l a r g e r  f o r  c l ays  than f o r  sands because e 
of t h e  g r e a t e r  surfat% a r e a  of c l ays ,  On t h e  o t h e r  hand, D 

vap 
should be l a r g e r  f o r  sands than  f o r  c l ays  because, i n  genera l ,  t h e  

i n d i v i d u a l  pores  a r e  l a r g e r  i n  sands. The l a r g e r  pores  provide  

longer pa ths  f o r  vapor t o  t r a v e l  before  encounter ing su r f aces .  

The e thylene  g lyco l  s u r f a c e  a r e a s  f o r  Adelanto loam and Pachappa 
2 -1 

loam were 110 and 45 m g , r e spec t ive ly .  

F igure  3 shows d i f f u s i o n  c o e f f i c i e n t s  f o r  Pachappa loam, The 

d a t a  p o i n t s  a t  t h e  lower p a r t  of t h e  graph i n d i c a t e  t h e  ca l cu la t ed  

va lues  of D The open c i r c l e s  were c a l c u l a t e d  us ing  d a t a  f o r  four  e * 
pres su res ,  Most of t h e s e  va lues  a r e  nega t ive  - a p h y s i c a l  impos- 

s i b i l i t y .  Examination of t h e  D versus Po/P p l o t s  (Figure l b  - 
8v 

Pachappa) i nd ica t ed  t h a t  va lues  f o r  P = 320 may have been high. Other 

in format ion  i n d i c a t e d  some v a r i a b i l i t y  i n  t h e  P = 320 da t a .  Therefore,  

D 's were c a l c u l a t e d  us ing  d a t a  f o r  t h e  t h r e e  h ighe r  p re s su re s .  e 
These va lues  a r e  shown as s o l i d  c i r c l e s  i n  F i g u r e  3. These d a t a  a r e  

gene ra l ly  p o s i t i v e  but s t i l l  q u i t e  v a r i a b l e .  We conclude t h a t  t h e  

va lues  f o r  D f o r  Pachappa a r e  sma l l  i n  comparison t o  D and not  e vap 
p r e c i s e l y  measurable wi th  t h e  p re sen t  technique,  I f  t h e  D 's a r e  

8 
propor t iona l  t o  s u r f a c e  a reas ,  then  t h e  D ' s  f o r  Pachappa should be 

8 
about  40 percent  of those  f o r  Adelanto. We w i l l ,  t h e r e f o r e ,  assume 

t h a t  D 's f o r  Pachappa a r e  n e g l i g i b l e  i n  comparison t o  D e and t h a t  
0 

vap .' 
DO equals  D Values of DO a r e  shown by t h e  c i r c l e s  connected 

vap ev '  e v  
wi th  t h e  s o l i d  l i n e  i n  F igu re  3. These d a t a  a r e  averages  of t h e  d a t a  

f o r  four  p re s su re s  reduced t o  P = 730 a t  25 C. 
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Temperature Effec&. As discussed  i n  t h e  in t roduc t ion ,  t he  
- 1 a c t i v a t i o n  energy f o r  vapor flow i s  about 12.5 k c a l  mole a t  zero 

- 1 
water content ,  and decreases  t o  about 11.0 k c a l  mole a t  a monolayer. 

The water coete%t a t  which a monolayer i s  formed i s  open t o  quest ion.  

P u r i  and Murari (6) present  d a t a  which suppor ts  t h e  view t h a t  a 

momlayer  of water occhrs  when one l aye r  of water  e x i s t s  between each 

p a i r  of p l a t e l e t s  aad one layes i s  formed on t h e  edges and e x t e r n a l  

su r f aces ,  The e thylene  g lyco l  method of measuring s u r f a c e  a r e a s  

assumes t h a t  two l aye r s  of molecules e x i s t  between each p a i r  of 

p l a t e l e t s  and one Layer on t h e  e x t e r n a l  su r f aces ,  Ethylene g lyco l  
2 -1 s u r f a c e  a r e a s  f o r  Adelanto and Pachappa, 110 and 45 m g 

r e spec t ive ly ,  were used t o  e s t ima te  t h e  water a r e a  by t ak ing  ane- 

h a l f  t h e  i n t e r n a l  g lyco l  a r e a  and adding t h e  external .  g lyco l  a r ea .  

The r e s u l t i n g  a r e a s  were 79 and 35 rn2 g-I  f o r  Adelanto and Pachappa, 

r e spec t ive ly ,  Assrfming t h e  a r e a  of a waker molecule t b  be 10.8 

square  angstroms, t h e  water c o r t e n t s  a t  which t h e  f i r s t  complete 

monolayer is  f o m e d  a r e  0.0220 f o r  Adekanto and 0,0097 f o r  Pachapp4, 

These values correspond very  n e a r l y  t o  t h e  water conten ts  a t  which 

t h e  maximum value  of t b e  d i f f u s i o n  c o e f f i c i e n t  occurs ,  

With t h e  preceding monolayer information,  va lues  of t h e  

a c t i v a t i o n  aaergy (E ) f o r  vapor d i f f u s i o a  i n  Adelanto loan were 
v 

0 
assumed a s  s h ~ m  in Figure  4.. These va lues  of E t h e  va lues  of D 

v 8 
and DO obcaiaaed from the  p re s su re  exp6rimenks (Figure 21, and t h e  

vap 
measured D ' s  were used t o  o b t a i n  e s t ima te s  of E Rearrangement. 

Qv 8 ' 
of equat ion [5] allowed t h e  c a l c u l a t i o n  of E by l e a s t  squares  from 

Q 
t h e  d a t a  obtained a t  f i v e  tenpera tures .  The r e s u l t s  a r e  represented  

by t h e  c i r c u l a r  symbols i n  F igure  4. The s o l i d  l i n e  was a r b i t r a r i l y  

d r a m  t o  f i t  t h e  ca l cu la t ed  poin ts .  The broken l i n e s  a r e  ex t rap-  

o l a t i o n s  

These d a t a  i n d i c a t e  t h a t  t he  temperature dependence of water 

movement i n  t h i n  f i lms  (water conten ts  above a monolayer) is only  

s l i g h t l y  g r e a t e r  than  t h e  temperature dependence of bulk flow of 

water  i n  s o i l s ,  The approximate va lue  of t h e  a c t i v a t i o n  energy 
- 1 

f o r  l i q u i d  d iEfus ion  above a monolayer i s  about 4,2 k c a l  mole , 
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q u i t e  c lo se  t o  t h e  va lue  of 3.9 f o r  viscous flow of bulk water. As 

the  water content  decreases  t o  a monolayer and below, E i nc reases  
-1 

sharp ly .  A t  a water monolayer, E i s  about 6.7 k c a l  mole and i s  
-1 

almost twice a s  l a r g e  (11 k c a l  mole ) a t  about one-half t h e  t o t a l  

monolayer coverage, 
0 

Values of E and E shown i n  F igure  4 and va lues  of D and DO 
v 8 8 VaP 

shown i n  F igure  2 were used t o  p r e d i c t  D 's a t  f i v e  temperatures  
8v 

f o r  Adelanto loam. The p red ic t ed  va lues  are shown a s  l i n e s  i n  F igure  

5. The c i r c l e s  a r e  t h e  measured da ta .  The agreement between 

measured and ca l cu la t ed  va lues  i s  good. 
0 

Because D f o r  Pachappa was small  and not  measurable with t h i s  
8 

technique, values of E could not  be ca l cu la t ed .  Data f o r  D = DO 
8 8v vap 

from Figure  3 were used t o  c a l c u l a t e  D a t  f i v e  temperatures ,  a s  
8v - 1 

shotm i n  F igure  6. Values of E were assumed t o  be 12.5 k c a l  mole 
v 

a t  zero, decreas ing  l i n e a r l y  t o  11.0 a t  8 = 0.010 (water monolayer) 

and remaining a t  1 1 , O  f o r  a l l  water conten ts  above 0.020. The 

p red ic t ed  va lues  a r e  shown a s  s o l i d  l i n e s  and measured values a s  

c i r c l e s ,  The agreement between ca l cu la t ed  and measured va lues  

i n d i c a t e s  t h a t  t h e  assumed va lues  f o r  t h e  a c t i v a t i o n  energy f o r  vapor 

d i f f u s i o n  a r e  reasonable.  

A t  t h e  h igher  temperatures t h e  p red ic t ed  va lues  a t  t h e  maximum 

(8 = 0.010) a r e  s l i g h t l y  h igher  than  t h e  measured. This  is  e s p e c i a l l y  

t r u e  f o r  t h e  27 C da ta ,  which a r e  taken from a n  e a r l i e r  r e p o r t ,  They 

were t h e  f i r s t  da t a  taken i n  t h i s  s e r i e s  of experiments and a r e  from 

two s o i l  columns. A l l  subsequent measurements have shown t h a t  t h e  

maximum occurs a t  8 = 0.010, no t  8 = 0.009 a s  i nd ica t ed  by t h e  e a r l i e r  

da t a .  

COMCLUSIOHS: 

Water t r a n s f e r  i n  r e l a t i v e l y  dry  s o i l s  occurs  i n  both l i q u i d  

and vapor phases. The l i q u i d  and vapor components can be separa ted  

out  by measuring t h e  t o t a l  d i f f u s i o n  c o e f f i c i e n t  a t  s e v e r a l  d i f f e r e n t  

ambient pressures .  The s e p a r a t i o n  of l i q u i d  and vapor components 

i s  necessary  t o  account f o r  t h e  temperature dependence of t h e  t o t a l  

d i f f u s i o n  c o e f f i c i e n t .  I n  coarse- tex tured  s o i l s  vapor d i f f u s i o n  wi th  
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the associated eva oratioc-condensation process is the predominant 

mechanism, while liqafd diffasion is negligible, I n  fine-textured 

soils, or sol?s with Large surface areas, diffusion in thin water 

films and almg particle surfaces is appreciable. The total diffusion 

coefficients change $- to LO-fold over the temperature interval of 

36 6, 

l Ar.derson, D, M,, inville, A., and Sposito, 6. 

b96Pe Temperature fluctuations at a wetting front: III. 

Apparent activation energies for water movement in the 

1iqeri.d and vapor phases, Soil Sci, Soc. her. Proc. 

(2) Jaeksoc, 

1963, Temperature and soilwater diffusivity relations. 

Soil S c l ,  Ssc. her, Proc. 27: 363-366. 

3 )  KxtteliB, M. 

1962. The iofluence of inorganic soil colloid surface on 

soil wacer properties, Joint Meeting Com. 9V and V 

Trams,, ?izternatl, SQC. Soil Sci. New Zealand. pp. 88-93. 

( 4 )  bow, P. 

59. Viscesity of waker in clay systems, Clay & Clay 

MLoerais 8: 170-182, 

(5) Orchistan, R, 

l%3, Adsorpt.ion of water vapor: H, Soils at 2.S0 C. 

Soil Sci. 7'6: 453-465. 

(6) Puri, B. R., and Hurari, R. 

1963. Studies in surface area measurements of soils: 1. 

Comparison of different methods. Soil Sci, 96: 331- 

336, 

EL: R. D. Jackson 
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Pi8;ure la. Diffusion coefficients for water transfer as a function 

of the pressure ratio P /P at several water contents. 
0 
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Figure  lb, Diffus ion  c o e f f i c i e n t s  f o r  water t r a n s f e r  a s  a func t ion  

of t h e  p res su re  r a t i o  P /P a t  s e v e r a l  water contents .  
0 
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F i g u r e  2. To ta l ,  vapor,  and l i q u i d  d i f f u s i o n  c o e f f i c i e n t s  f o r  Adelartto 

loam a t  P = 730 mm Hg and T  = 2 5 O  6. 
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Figure  3. Diffus ion  c o e f f i c i e n t s  f o r  Pachappa loam a t  P 730 m 

Bg and T = 25' C. 
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Figure  4,  Theore t ica l  and ca lcula ted  apparent a c t i v a t i o n  energies f o r  

vapor and l iqu id  d i f fus ion,  respect ive ly ,  f o r  Adelanto loam. 
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Figure  5. Temperature dependence of d i f f u s i o n  c o e f f i c i e n t s  f o r  Adelanto loam, t h e  s o l i d  l i n e s  a re  p red ic t ed  

and t h e  symbols a r e  measured da t a .  
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Figure 6. Temperature dependence of d i f f u s i o n  c o e f f i c i e n t s  f o r  Pachappa 

loam, the  s o l i d  l i n e s  are p red ic t ed  and t h e  symbols a r e  

measured da ta .  
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G I R C U W f  ION WATER IN SOIL ER A EmEfkPlTW GRADIENT. 

Several workers (1, 2) have suggested that, when a temperature 

gradient is applied to a uniform closed soil column, a circulatory 

system is set up, and that any eventual steady moisture distribution 

is actually a dynamic balance of opposing fluxes, predominantly vapor 

from hot to cold, and predominantly liquid from cold to hot, In this 

part we show that, at equilibrium, a static system cannot exist, and 

erimeatally Lhe existence of a circulatory system. 

In a porous material 

where 1-1 = relative humidity, g = acceleration due to gravity (em/ 
2 

sec ), R = gas constant for water vapor (erg/g deg), T = temperature 

(deg K),  and @ ii the total water potential (cm water) comprising 

matric ($1 and osmotic (a) components. 

Also, for water vapor, over a small temperature range, 

3 0 where p gg/cm ) is the saturated vapor density at T K, and and p 
8 

are positive constants. 

At any point, the vapor density p -- has, so differentiating and 
using r l . 3  and [2j, the vapor density change along a column subjected 

to a temperature gradient must satisfy 

For static equilibrium, the fluxes of liquid, vapor and solute 

must all be zero simultaneously, i,e. 6rl,, 6p, and 635 must all be 

zero, and therefore 

which is impossible because Ilr is always negative or zero. Thus, 

simultaneous static equilibrium of temperature, vapor, liquid, and 

solute cannot be achieved. 
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EXPERIrnNTAL:: 

Columns, 10 cm length  and 3 -8  cm diameter,  b u i l t  from one- 

cent imeter  s e c t i o n s  of Perspex tube, were uniformly packed wi th  s o i l ,  

s a tu ra t ed ,  dra ined  a t  * = -100 cm, and sea l ed  wi th  a  vacuum s e a l i n g  

compound, The columns, we l l - i n su la t ed ,  were screwed t o  t h i c k  brass  

p l a t e s  i n  i n t ima te  contac t  wi th  cons tan t  temperature ba ths  a t  17.6 

and 27.8 C. 

Two i n e r t  porous media were used: (1) a  f i n e  white  sand, of 

d e n s i t y  2.65 g/un3 and p o r o s i t y  0.39; (2) i g n i t e d  1/2-1 nun aggregates  

s o i l ,  of d e n s i t y  2.54 g/cm3 and p o r o s i t y  0.66. I n  each 

experiment t h e r e  were four  r e p l i c a t e  columns, two each wi th  water 

and s t rong  sodium c h l o r i d e  so lu t ion .  Temperatures wdre measured wi th  

copper-eonstantan thermocouples i n s e r t e d  a t  one-cent imeter  i n t e r v a l s .  

Af t e r  12 days t h e  columns were sec t ioned ,  t h e  l i q u i d  d i s t r i b u t i o n  

found by oven drying,  and t h e  s a l t  d i s t r i b u t i o n  es t imated  conducto- 

m e t r i c a l l y .  The i n i t i a l  un i formi ty  of s a l t  and l i q u i d  d i s t r i b u t i o n s  

wi th in  t h e  columns was t e s t e d  i n  t he  same way on o the r  r e p l i c a t e s  not  

subjec ted  t o  a  temperature g rad ien t .  

RESULTS : 

Figure  1 shows t h e  f i n a l  l i q u i d  d i s t r i b u t i o n s ,  and F igu re  2 t h e  

f i n a l  s a l t  d i s t r i b u t i o n s ;  F igure  2(a) shows t h e  r a t i o  m o l e  NaCl/g 

water,  and 2(b) t h e  r a t i o  m o l e  NaC1/100 g s o i l .  Each po in t  i s  t h e  

mean of dup l i ca t e s ,  and t h e  mean va lue  and i n i t i a l  dev ia t ion  f o r  t h e  

column i s  i nd ica t ed  by each l i n e .  Temperature d i s t r i b u t i o n s  i n  t he  

s a l i n e  and non-sa l ine  columns d i f f e r e d  (Figure 3 ) ;  t h e  r e s u l t s  f o r  

sand a r e  c o n s i s t e n t  wi th  thermal conduct iv i ty  d i f f e r e n c e s  caused by 

l i q u i d  content  d i f f e r ences .  

For both m a t e r i a l s  t h e r e  was, a s  expected, n e t  water movement 

from hot  t o  cold,  t h e  movement being g r e a t e r  i n  t h e  absence of s a l t ,  

pos s ib ly  because t h e  s a l t  a c t e d  a s  a  s i n k  f o r  water vapor a t  t h e  hot  

end. Ln the  sand t h e r e  was l i t t l e  n e t  t r a n s f e r  of water i n  t h e  

presence of s a l t .  

F igure  2 i s  of more i n t e r e s t .  When a  temperature g rad ien t  i s  

app l i ed  along a  column i n  which water and s a l t  a r e  i n i t i a l l y  uniformly 
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distributed, two kinds of transfer are possible. If water moves only 

as vapor, the ratio mmole saltlg soil will remain constant, but the 

ratio mmole saltlg water will increase in regions where evaporation 

occurs and decrease in regions of condensation. Conversely, if water 

moves o k y  as liquid, the ratio mrnole salt/g water will remain 

constant, but that of mrnole saltlg soil will increase in the regions 

to which the liquid flows and decrease in those from which it flows. 

The results of Figure 2 are thus consistent with a vapor flux moving 

from hot to cold, and return liquid flux from cold to hot - a 
circulatory system. 

REFERENCES: 

(1) Curr, C. G., Marshall, T, J., and Hutton, J. T. 

1952. Movement of water in soil due to a temperature gradient, 

soil sci. 74: 335-345, 

(2) Hutcheon, W. L, 

1958. Moisture flow induced by thermal gradients within 

unsaturated soils. Highway Res. Bd, Spec. Rpt. 40: 

113-133. 

PERSONNEL: R. D. Jackson, U, S. Water Conservation Laboratory; 

D, A. Rose and H. L. Penman, Rothamsted Experimental 

Station, 
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Distance from cold end of column (cm) 

Figure 1. Final liquid distributions. Volumetric liquid content 
plotted against distance from the cold end of the soil 
columns. 0 ,  non-saline; , saline; I-#, initial 
mean value (horizontal line) and standard deviation 
(ver t i ca 1 bur) . 

Annual Report of the U.S. Water Conservation Laboratory



0 2 4 6 8 10 
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'c: cL5ure ,.. 2. Final salt distributians: ( G )  r a t i o  m-nole NaCl/g H 0, and ( 5 )  r z t i c  m o l e  ~zC1/1% g s z i l  
2 

a s  f u n c t i o n s  of d i s t a n c e  from c o l d  end of columns, C , s a n d ;  @, s o i l .  
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Distance from end of column (cm) 

Figure  3. F i n a l  temperature d i s t r i b u t i o n s :  0 , non-sal ine;  
@ , s a l i n e .  
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TITLE : MLCRONETEOROLOGZCAE DETERMINATIONS OF WATER LOSS 

FlCOM VARIOUS SURFACES 

LENE PROJECT : SWC 4 - g62 CODE N O . :  Ark.-WCE-32 

1, INSRODIJCTION 

Evaporation from  he e a r t h ' s  su r f ace  accounts f o r  t he  g r e a t e s t  

l o s s  of p o t e n t i a l l y  a v a i l a b l e  water,  t h e  evapora t ive  process  being 

con t ro l l ed  p r imar i ly  by meteorological  processes  t h a t  supply energy 

and t r anspor t  water  vapor ,  I n  order  t o  c o n t r o l  o r  reduce the  

evapuraslve lo s s ,  a  more complete understanding of t he  energy- 

exchange and t u r b u l e n t - t r a n s p o r t  mechanismand t h e i r  complex 

i q t e x r e l a t i o n s h i p  wi th  &he s o i l - p l a n t  continuum i s  r equ i r ed .  This 

il b ~ l  be ac.compl%sk:ed o ~ i y  by p r e c i s e  and ineens ive  measurements of 

t k @  mi.c roime t e ~ r o l o g i c a l  elements and evapora t ive  f l u x ,  Consequently, 

insbrumenration f o r  de t e r rn inhg  t h e  evapora t ive  f l u x  by a  micro- 

mereorologizlaI model, known a s  the Bowen r a t i o ,  was t e s t e d ,  

D u p j  b z i t e  frrstrumentatl.ow. was l a t e r  used f o r  simultaneous determi-  

~ a t f o ~ !  of the  evapora t ive  f l u x  from d i f f e r e n t  f i e l d  c rops .  The 

crops under i n v e s t i g a t i o n  were a l f a l f a ,  bar ley ,  co t ton ,  o a t s ,  g r a m  

sorg'kium, and wheat. The r e s u l t s  of t hese  s t u d i e s  and a s soc i a t ed  

slcromet Eorologica l  parameters  a r e  repor ted .  

"?- TtIEOFf 

The Bowen r a t i o  i s  one of many micrometeorologieal models used 

LO determine evapora t ive  and s e n s i b l e  h e a t  f l u x e s .  Since i t  i s  

based on a s ta tement  of energy conservat ion,  it i s  one of t h e  more 

r e l i a b l e  models, 1. S .  Bowen (1) o r i g i n a l l y  proposed t h a t  t h e  

equat foc  used t o  c a l c u l a t e  evapora t ion  from open water  su r f aces ,  

he modified by the  a d d i t i o n  of a  s e n s i b l e  h e a t  term ( see  

kppevdix 1 f o r  d e f i n i t i o n  of terms) .  He d iscussed  the  r a t i o  

of s e n s i b l e  t o  l a t e n t  h e a t  from ' d i f f e r e n t  cond i t i ons .  This 

r a t i o  was l a t e r  c a l l e d  the  Bowen r a t i o .  
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C. B .  Tanner (4)  proposed t h a t  the  Bowen r a t i o ,  measured above 

the  sur face ,  be used t o  determine evaporat ion from cropped su r f aces .  

The Bowen r a t i o  f o r  t h i s  purpose can be def ined  from v e r t i c a l  g rad ien t s  

of temperature and vapor pressure ,  and i s  r e f e r r e d  t o  a s  t he  Gradient  

Bowen Rat io.  The v e r t i c a l  g rad ien t  equat ions f o r  s e n s i b l e  and l a t e n t  

h e a t  flux a r e  

LE - - lLLd2 (Kw) 2 W l . Z  . 
P 
& 

Thus, t h e  C r a d i m t  Bowen Rat io  takes  the form 

when t h e  g rad ien t s  a r e  measured over t he  same he igh t  i n t e r v a l ,  

Evapo-cetion from any s u r f a c e  may be  determined when the  Gradient  

Bowen Rat io i s  combined wi th  the  energy balance equat ion  by 

assuming t h a t  R = $, t h a t  t h e  horizont:al. divergence of s e n s i b l e  Ez 
and l a s e n t  h e a t  i s  zero, and ignoring the  change i n  energy 

s to red  i n  the  crop canopy and the  energy used i n  photosynthes is .  

The b-esulting equat iou  i s  

Sioce t he  d i u r n a l  and seasonal  ambient p re s su re  i n  t he  Tempe 
C P 

area  v a r i e s  by l e s s  than  1 percent  (973 + 5 mb), $ may be taken 

a s  0 ,642 ,  Equation [5] becomes indeterminate  when 0.642 ~ y / K e  -) -1. 

T h i s  occurs  during the  r e l a t i v e l y  u n i n t e r e s t i n g  times when the  

energy exchanges a r e  low, such a s  a t  s u n r i s e  and sunse t .  
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The success  of any mfcrometeorologfcal model i s  cont ingent  

up03 rhe a b i l i t y  of the  ins t rumenta t ion  t o  accu ra t e ly  t r a n s l a t e  

rhe requi red  pararaeter i n t o  analog form s u i t a b l e  f o r  record ing ,  

S i r ~ z e  mosr of tke i f rs t rumentat ioa requi red  i s  nor commercially 

ava i l ab l e ,  cons iderable  e f f o r t  was expended i n  designing,  

c o r s t ~ u c t i n g ,  c a l f b r a t i o g ,  and f i e l d  t e s t i n g ,  The ins t rumenta t ion  

3 . i .  Net radiation.,  R-, Net r a d i a t i o n  i s  t h e  most important 
L 

p a r m e t e r  in determining the  evaporakive f l u x  by the  Gradient  Bowen 

Retio, Consequently, measurements must be r e p r e s e n t a t i v e  and 

a z = c * x a t s ,  Ir a ! l  s~.r?;dies, R was measured 1 meter above the crop 
n 

one -qcc radjometcr was loca ted  over che row, while  xhe other was 

Tke tree radiometers  used a r e  descr ibed elsewhere (2 ) .  It 

st fLZses here t o  scahe?: t h a t  an improved n e t  radiometer was designed 

dick Iz-creased s e a s i t f v i t y  co rnatch a & 5-mv potent iometer  used Ela 

our rml t l r rax te l  r eco rd iag  system, I t s  s e n s i t i v i t y  i s  sufficient 
- l 

10 g ive  a ~ J I I - s c a l e  range of pt l , 4  l y  min , with  a record ing  
- 1 

S O L M X L I V . ~ . ~ ~  m d  accuracy of 0,003 l y  min The radiometer  sensor 

cor-sizts  of a 2 2 - j u c c r i o ~ .  manganin-corstantan thermopile  with 

compens~tlng thisrm5s t o r  embedded in epoxy r e s i ~ , ,  E f  f  e e t s  of a m b i e t  

temperamre from 11 to 54C a r e  v i r t u a l l y  e l imina ted  by means of a 

c i r c u i t  comprised of a shunt  thermis tor  and r h e o s t a t .  The blackened 

sur fdees  of t h e  t ransducer  a r e  sh ie lded  a g a i n s t  t h e  e f f e c t s  of wind 

by thin polyethylene hemispheres,  The improvements a l s o  inc lude  

uni form s e n s i t i v i t y  among sensors ,  b e t t e r  s p e c t r a l  response, and 

r e i a z i v e  ease  of cons t ruc t ion .  

3 , % ,  SoYZ h e a t  f l u x  S -I- S ' ,  S o i l  h e a t  f l u x  a t  t he  su r f ace  was A - - - -  2 -*---- 

obk,ixwd by adding the s o i l  h e a t  f l u x  a t  5 cm, S, t o  t h e  change i n  

er:ergy s to rage  in t h e  top 5 cm of s o i l ,  S ' ,  The s o i l  h e a t  f l u x  a t  

5 e m  was measured w i t h  two Nat iona l  Instruments  Laboratory heat-f low 
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d i s c s ,  Model No. HI?-2, one being loca ted  i n  t he  row and the  o the r  i n  

t he  furrow when appropr i a t e .  

The change i n  energy s to rage  i n  t h e  top 5 cm of s o i l ,  S t ,  

was ca l cu la t ed  from 

where 0.5 was taken f o r  t he  h e a t  capac i ty .  The average s o i l  

temperature was measured wi th  12 p a r a l l e l  thermocouples a t  4 depths 

(from 3 mm t o  5 cm) and 3 l o c a t i o n s .  

3 , 3 ,  l a p o r  p re s su re .  The vapor p re s su re  was obta ined  by two 

methods. Eacly i n  the  year ,  t he  d i f f  e r e n r i a l  psychrometer descr ibed  

i n  the  1963 Annual Report was employed. La te r  i n  t h e  yea r ,  

Mimeapolis-Honeywell dewprobes (SSP129Z005) were used t o  measure 

the  vapor p re s su re ,  The switchover was made t o  reduce the  power 

requirement t o r  v e n t i l a t i o n  and t o  avoid the  problems of supplying 

water t o  the wicks. Exposure and ope ra t ion  of t he  dewprobes a r e  

descr ibed i n  3 .8 .  

3 - 4 .  Air temperature.  

3 . 4 , l .  Air- temperature g rad ien t s  used i n  Bowen r a t i o  

c a l c u l a t i o n s  were measured wi th  2- junct ion copper-constantan thermo- 

p i l e s .  A s i n g l e  junc t ion  was used t o  measure the  abso lu t e  temperature.  

The thermocouple and thermopile were housed wi th  t h e  dewprobe, a s  

descr ibed i n  3 .8 .  

3 . 4 , 2 .  A i r  temperatures f o r  p r o f i l e s  were obtained a t  

5, 20, 40, and 80 cm above the  cropped su r f ace .  The abso lu t e  

temperature was determined a t  80 cm with a copper-constantan thermo- 

couple, while  t he  temperature d i f f e r e n c e  between 80 cm and the  o ther  

he ights  was determined wi th  s ing le - junc t ion  thermopiles .  A l l  

junc t ions  were mounted i n  the  c e n t e r  of 1- inch h o r i z o n t a l  copper 

tubes,  which were connected t o  a manifold f o r  common v e n t i l a t i o n .  

Approximately th ree -e igh t s  inch of foam p l a s t i c  covered with 

alumioized mylar was used t o  i n s u l a t e  the  copper tube.  
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3.5.  Solar  r a d i a t i o n .  /' 

3 .5 .1 .  Incoming s o l a r  r a d i a t i o n  ( t h e  sum of d i r e c t  p lus  

d i f f u s e )  was measured wi th  a Kipp pyranometer. 

3 .5 .2 .  Ref lec ted  s o l a r  r a d i a t i o n  ( t h e  sum of d i r e c t  p lus  

d i f f u s e )  was measured wi th  inve r t ed  Kipp pyranometers. The metal  

bases  suppl ied  wi th  the  instruments  were removed and t h e  sensing 

element mounted i n  an inve r t ed  p o s i t i o n  i n  a r a d i a t i o n  s h i e l d ,  
- 1 

The Kipp pyranometers have a nominal output  of 8 mv l y  min. 

3 , 6 .  Wind speed. During most of t he  s t u d i e s  wind speed was 

measured a t  4 e l e v a t i o n s  (5, 20, 40, and 80 cm) over 2 d i f f e r e n t  

su r f aces  with Case l l a  s ens i t i ve - type  anemometers. The anemometers 

have 1ighf-weight e l e c t r i c a l  con tac t s  t h a t  c l o s e  2 ti.mes f o r  every 

3 revolu t ions  of t he  cups. The instruments  were p re s su r i zed  with 

dry a i r  t o  prevent d u s t  from en te r ing  the  housing. 

Since t h e  anemometer is too l a r g e  t o  o b t a i n  p r o f i l e s  by 

s t ack ing  the  ias&ruments ,  they were mounted on u p r i g h t s  spaced 

h o r i z o n t a l l y .  The u p r i g h t s  were welded on a h o r i z o n t a l  ba r  with 

1 - m  spacing between the 5, 20, and 40 cm he igh t s  and 50 cm between 

t h e  40 and 80 crn h e i g h t s .  The h o r i z o n t a l  b a r  was o r i e n t a t e d  no r th  

and south wi th  t h e  lowest anemometer t o  t he  south .  Since the  pre-  

v a i l i n g  winds were e a s t e r l y  i n  t he  morning and southwester ly i n  t he  

af ternoon,  t h e  winds were e i t h e r  perpendicular  o r  a t  an angle  of 

45 degrees from t h e  anemometer a r r a y .  

3 , T e  Wind d i r e c t i o n .  Wind d i r e c t i o n  was obta ined  by measuring 

the  vol tage  drop ac ros s  a 1 K ohm, s ing le - tu rn ,  continuous Be l ipo t ,  

Model T.P., which had a Beckman & Whitley vane mounted on the  s h a f t .  

3.8.  S p a t i a l  sampling tower. S p a t i a l  sampling of micrometeoro- 

l o g i c a l  elements i s  deemed necessary f o r  two main reasons:  

(1) To o b t a i n  r e p r e s e n t a t i v e  va lues  when instruments  a r e  

mounted c l o s e  to  a cropped su r f ace .  This  i s  e s p e c i a l l y  

necessary  f o r  row crops .  

(2)  During per iods  of l i g h t  winds, convect ion c e l l s  may 

e x i s t  t h a t  would b i a s  d a t a  obtained wi th  f ixed  sensors .  

With moving sensors ,  s p a t i a l  average can be obtained,  

thus  reducing e r r o r s  due t o  l o c a t i o n  wi th in  convect ion 

c e l l s .  
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It would be d e s i r a b l e  t o  samp1.e s p a t i a l l y  wi th  a l l  micrometeorological 

sensors .  However, s i n c e  l e v e l i n g  i s  c r i t i c a l  on a l l  r a d i a t i o n  

measuring devices ,  r a d i a t i o n  (ne t  and r e f l e c t e d )  was no t  sampled 

wi th  moving senso r s .  

The p o r t a b l e  towers descr ibed  i n  t he  1963 Annual Report 

were used t o  move &he a i r - t empera tu re  and vapor-pressure sensors  
0 

khrough space.  The tower swept out  a 180 a r c  of 10- foot  rad ius  

every 10 minutes ,  The only modi f ica t ion  cons i s t ed  of us ing  two 
0 

r igh t - ang le  braces  s e t  a t  90 t o  support  t he  up r igh t ,  i n s t ead  of 

guy wires ,  ?%is reduced the  se tup  time cons iderably ,  

During the  per iod  January through Apr i l ,  t he  d i f f e r e n t i a l  

psychrometers descr ibed  i n  t he  1963 Annual Report were used with 

xhe towers t o  o b t a i n  a i r - tempera ture  and vapor-pressure g r a d i e n t s .  

Af t e r  A p r i l  t ke se  were replaced with d i f f e r e n t i a l  a i r - tempera ture  

sensors  and d i f f e r e n t i a l  dewprobes, The l a t t e r  u o i t s  were housed 

s i m i l a r l y  ro t he  f t r s t ;  t h a t  i s ,  t he  a i r  siphoned i n  f i xed  in t akes  

(35 cm a p a r t )  passed through a 4-way switching va lve  t o  the  senso r s .  

A shaded pole  blower was used t o  siphon the  a i r .  A f t e r  the da ta -  

logging system had recorded the  da ta ,  an e l e c t r i c a l  pu l se  caused 

t h e  4-way va lve  t o  r eve r se  t h e  in t akes  with r e spec t  t o  t h e  sensors ,  

thus  cancel ing out  any s e m o r  b i a s .  The p o l a r i t y  of t he  d i f f e r e n t i a l  

s i g n a l  was a l s o  reversed  by the  same e l e c t r i c a l  pu l se .  

3 .9 .  - . A l l  d a t a  were recorded with the  data-handl ing 

system (3) l oca t ed  i n  t h e  mobile micrometeorological l abo ra to ry .  

Only one small  mod i f i ca t ion  was made on the  data-handl ing system. 

Since the  power suppl ied  t o  t he  data-handl ing system was from an 

a-c  genera tor  wi th  inadequate cyc l e  c o n t r o l ,  t he  system timing was 

no t  r e l i a b l e  enough. Therefore,  an e l e c t r i c a l l y  wound spr ing-dr iven  

clock providing 1-minute con tac t  c lo su res  was added t o  a c t u a t e  the  

system d i g i t a l  c lock .  

The data-handl ing system worked very we l l  during the  season.  

A ko ta l  of 48 days (700,000 da t a  p o i n t s )  of usable  da t a  were c o l l e c t e d .  

A l l  d a t a  recorded were analyzed wi th  General E l e c t r i c  

computers us ing  the  genera l ized  l i n e a r  program descr ibed  i n  the 1963 

Annual Report,  Equation [5] was solved wi th  the  b a s i c  15-minute d a t a .  
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3, lO.  A c c u r a c o f ~ ~ s u r e a ~ e n t s  . The accuracy of measurements 

of che micrometeorological elements i s  given i n  Table 1. Accuracy 

of measuremenb of n e t  r a d i a t i o n  i s  more important i n  terms of evapora t ive  

Elux in t h a t  i.c i s ,  f o r  t he  most p a r t ,  d i r e c t l y  p ropor t iona l  t o  net: - 
r a d i a t i o n ,  E r ro r s  In  t h e  measurement of AT o r  & a r e  r e l a t i v e l y  

- 1 
i n s i g n i f  i can r ,  for  example, when LE i s  1.138 l y  min , n e t  r a d i a t i o n  

i s  0,782, y ~ A ?  i s  0 ,32  2 ,  and ,&e i s  -1.0197. I f  Ae was measured 

with a 20 percenk e r r o r  (-0,8158), then the  r e s u l t i n g  LE would be 

1 ,267,  w h ~ c h  amounts t o  an  e r r o r  of 11 percent .  Measurements of - - 
KT and & became inc reas ing ly  more demanding a s  yPAT/Ae approached 

-1 {see s e c t i o z  23, Therefore,  g r e a t e s t  concern should be given t o  

- " r o e  br,ccrswerrzenr of - -e i  xadlazion,  Nec rad iorwters  should be c a l i b r a t e d  

freqe~ei3,cly~ IG. :~  r zci proper !yy end r e p l i c a t e d ,  

C x x e i m e d  f i e l d  t a s z z ~ g  of sensors  was aecessary  co cs t -ab l i sh  

a d  t o  improve the actuwaay of evapo t r ansp i r a t ion  de termina t ions  
- 

with  the  GradEeni Bowel Ratio, So this end, f i v e  runs were made 

i n  the  experimental  f i e l d  a t  eke Laboratory, where the  evapo- 

r ra r i sp i ra t ion  dererrninatfons could be compared wf rh  r e s u l t s  ob ta iaed  

Erev t h e  we~gh ing  l y s i m e t e r s *  The d a t a  obta iaed  a r e  summarized i n  

T a b l e  2 ,  

4 - 1 ,  4 - 1  A t  t h o  tune of tbe f i r s t  e x p e r i m e ~ t ,  the a l f a l f a  

was recovering from f r o s t  damage, ?r was 14 cm t a l l ,  wi th  some t a l l e r  

dry steins r h a t h a d  been f rozen ,  Two h-~ours' d a t a  were omit ted from 

the  t o t a l s  because of equipment adjustment ,  The agreement becween 

the  zwo met-hods i s  amazing, There was only a 2- ly d i f f e r e n c e  i n  

t h e  d a i l y  a:td day l igh t  t o t a l s .  A 0.02 l y  min-l. b i a s  i n  any of the 

instruments  would r e s u l t  i n  a d a i l y  e r r o r  of 29 l y .  

4 , 2 .  2  During A4-2, a d i E f e r e n t i a l  dew probe was a l s o  

Ley t ed ,  1x1 t h i s  run the a l f a l f a  was 15 cm t a l l .  The evapora t ive  

klux was double that oE P.4--1, and t h e  agreement between the r e s u l t s  

obramed with the  ly s ime te r s  and the  d i f f e r e n t i a l  psychrometers, 

nor a s  good, k --24-ly d i f f e r e n c e  occurred i n  t he  d a i l y  t o t a i s  and 

C24-ly d i f f e r e n c e  i n  the  d a y l i g h t  t o c a l s ,  Both va lues  a r e  w i th in  a 
- l 

0,02  l y  m i 9  b i a s  and couXd e a s i l y  be due t o  s a m p l i ~ g ,  
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The r e s u l t s  ob ta ined  with the  d i f f e r e n t i a l  dewprobes were 

considerably b e t t e a ,  An hourly comparison of t he  evapora t ive  f l u x  

from the  ly s ime te r  and &hat  ca l cu la t ed  from dewprobe d a t a  i s  shown 

i n  P igure  1, The agreement i s  very good when one cons iders  a l l  of the  

poss ib l e  e r r o r s ,  The g r e a t e s t  hour ly  discrepancy was l e s s  than 0.05 
- 1 

l y  min . 'This c l o s e  agreement, p lus  the  ease  of ope ra t ion  of dewprobes 

compared to  psychrometers,  prompted the  r ap id  conversion from 

d i f f e r e n t i a l  psychrometers t o  d i f f e r e n t i a l  dewprobes. Therefore,  

a l l  the remaining r e s u l t s  con ta in  dewprobe d a t a ,  

4 - 3 .  A&-3 On 7 Apr i l ,  run A4-3 was made. Valid d a t a  f o r  the  

Gradient  Bowen Rat io  were n o t  obtained because of a f a u l t y  diode i n  

th.e & 00,5-r~w range of the  data- logging system. Therefore,  only 

energy balance daLa a r e  presented .  A t  t h i s  time the  a l f a l f a  was 

26 c.m La1 1" 

4 , 4 .  The run A4-4 was conducted on 23 and 24 May, The 

a l f a l f a ,  20 cm t a l l ,  was recovering from a complete c u t t i n g  and was 

no t  very uniform. Photographs ind ica t ed  t h a t  t h e  ly s ime te r s  had l e s s  

growth than the  a r e a s  over  which the  vapor-pressure and temperature 

g rad ien t s  were measured, (Notice t he  d i f f e r e n c e  i n  R between lys imeters  
n 

i n  Table 2 . )  Therefore,  d i r e c t  comparisons of t he  lys imeter  da t a  and 

micrometeorological c a l c u l a t i o n s  a r e  no t  v a l i d .  However, a very 

important f a c t  was obtained from the  micrometeorological c a l c u l a t i o n s .  

Run A 4 4  was conducted t o  t e s t  the  e f f e c t  of d i f f e r e n t  

d i s t ances  (a) over which the  g rad ien t s  of vapor p re s su re  and temperature 

were measured [ see  Equation 4, page 32-21, On 23 May, both air-sampling 

towers were s e t  f o r  a AZ of 35 cm. A i r  sampler 1 was changed t o  a 

75-cm on 24 May, The r e s u l t s  obtained on 23 May a r e  shown i n  

F igure  2, Average R and S + S '  were used i n  t h e  c a l c u l a t i o n s .  n 
Except f o r  t he  hour 1100 t o  1200, t he  agreement i s  q u i t e  good. 

D i f f e r e n t  r e s u l t s  were obtained on 24 May when a i r  sampler 1 

was changed t o  a 75-ern AZ (Figure 3 ) .  The r e s u l t s  from the  two samplers 
- 1 

diverged when t h e  wind speed exceeded 1 m sec  . This  cannot be 

a t t r i b u t e d  t o  t he  l o c a t i o n  of t h e  a i r  samplers wi th  r e spec t  t o  t he  edge 

of t he  experimental f i e l d .  During the  morning hours with e a s t e r l y  
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winds, sampler 2 was upwind, while  sampler 1 was upwind during the  

a f te rnoon hours ,  The d i f f e r e n c e  appears t o  be due t o  t h e  r e l a t i o n  

between the d i s t a n c e  (a) over which the  gradieni-s were measured and 

t h e  boundary l a y e r  of t h e  experimental f i e l d ;  t h a t  i s ,  wi th  a  wind 
- 1 

speed of l e s s  than I ~n s e c  (0600 t o  0700, 0900 t o  1300, 1500 t o  1800), 

both a i r  sampkers appeared t o  be wi th in  the  boundary l a y e r .  As the  

wind speed increased ,  t h e  f i e l d  boundary l a y e r  became shal lower;  thus,  

t he  80-ern inrake  of sampler 1 became l e s s  r e p r e s e n t a t i v e  of the  f i e l d .  

These da La i n d i c a t e  t h a t ,  f o r  small  f i e l d s ,  temperature and vapor- 

p re s su re  g rad ien t s  should be measured a s  c l o s e  t o  t he  su r f ace  a s  

p o s s i b l e  t o  obcain represerntat ive r e s u l t s .  

4 .5 .  4f4-5. The a l f a l f a  was 49 c m  z a l l  when A4-5 was conducted, 

Data were e o i l e L t a 3  f o r  two days, a c l e a r  day and a  cloudy day. 

vapor ransp i r a t ion  ca lcu laoed  by the Gradient  Bowen Ra t io  agreed q u i t e  

we l l  wi th  t he  r e s u l t s  from zhe Lysimeter on both days (Table 2 ) .  

Houvly comparison of the methods of 29 J u l y  i s  shown i n  

F igu re  4 .  The 29~h of J u l y  was s e l e c t e d  t o  i l l u s t r a t e  the e f f e c t i v e n e s s  

of the mfcromeeeorological method on cloudy days. Durfng the  day l igh t  

hours,  comparable r e s u l t s  were obta ined ,  Discrepancies  occurr ing  

between 0800 and 1000 may be due t o  the r e l a t i o n  between the  time 

consr;za t of the  irszrument s  and the  intermi. t ten"kloudiness;  t h a t  i s ,  

the vapor-pressure and temperature sensors  had time cons t an t s  of 5 

minutes, while  t h e  rime cons t an t  of t he  n e t  radiometers  was 12 seconds. 

A 5-milute rime cons tan t  was des i r ed  t o  smooth out  t he  v a r i a b i l i t y  i n  

t h e  temperature and vapor-pressure g rad ien t  s i g n a l s .  A long time 

cons t an t  was n o t  r equ i r ed  f o r  n e t  r a d i a t i o n ,  s i n c e  i t  i s  r e l a t i v e l y  

conserva t ive .  However, during periods of i n t e r m i t t e n t  c loudiness ,  

t h e  s i g n a l s  from the  var ious  sensors  may no t  r ep re sen t  t he  same per iod .  

Under such condi t ions  more f requent  sampling would a l s o  be d e s i r a b l e ;  

four samples per  hour ha rd ly  seem adequate.  

The increased  evaporat ion r a t e  from 0100 t o  0500 and from 

2100 t o  2400 was a s soc i a t ed  wi th  advected energy and wind speeds up 
- 1 

t o  5 .5  m sec  . This i s  a  very r a r e  case  i n  t h i s  a r e a .  It appears 

t h a t  t he  Gradient  bowen Rat io  f a i l e d  t o  proper ly  a s s e s s  the  advected 
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energy during these pe r iods .  Radiat ion divergence may a l s o  account 

f o r  p a r t  of the e r r o r .  This po in t  needs t o  be inves t iga t ed  f u r t h e r .  

I n  any case,  t he  e r r o r  i n  noc turna l  values i s  ha rd ly  s i g n i f i c a n t  when 

d a i l y  t o t a l s  a r e  concerned, 

4 . 6  Summary of f i e l d  t e s t i=  The r e s u l t s  of f i e l d  t e s t s  i n d i c a t e  

t h a t  the Gradient  Bowen Rat io  can be used s u c c e s s f u l l y  t o  determine the  

evaporar ive f l u x  f o r  s h o r t  per iods  ( 1  hour o r  l e s s ) .  When d i f f e r e n t i a l  

psychrometers were used t o  sense vapor-pressure and temperature g rad ien t s ,  
- 1 

e r r o r  of e s t ima te  appeared t o  be 0 ,02  l y  min o r  l e s s .  However, when 

d i f f e r e n t i a l  dew probes were used, t h e  e r r o r  of e s t ima te  appeared t o  be 

an order  of magnitude l e s s ,  o r  l e s s  than 5 percent  o f  d a i l y  t o t a l s .  

Some of  the  e r r o r  could be r e a l  and a s soc i a t ed  with s i t e  v a r i a b i l i t y .  

The Gradient Bowen Rat io  method y i e l d s  meaningful r e s u l t s  on 

cloudy d a y s ,  as  wel l  as eLear days,  However, more f requent  sampling 

appears t o  be necebsary on cloudy days. 

Mtren the Gradient  Bowen Rat io i s  used on smal l  f i e l d s  

( 2  a c r e s ) ,  t he  g r a d i e n t s  should be measured a s  c l o s e  t o  the  su r f ace  a s  

p o s s i b l e ,  Gradien ts  from 5 to  40 cm above the crop s u r f a c e  y i e lded  

s a t i s f a c t o r y  r e s u l t s ,  while  gradFents from 5 t o  80 cm above the  su r f ace  
- 1 

d id  not when the  wind speed exceeded 1 m s e c  

The Gradient  Bowen Rat io  may be used over any su r f ace .  No 

assumptions a r e  made concerning the  s t a t e  of t h e  su r f ace .  The only 

assumption used was t h a t  the r a t i o  of t h e  t r a n s f e r  c o e f f i c i e n t s ,  

% / K ~ ,  i s  one. This assumption appears t o  be v a l i d .  When the method 

i s  used over a  water  su r f ace ,  d i f f i c u L t y  may be encountered i n  proper ly  

a s se s s ing  the  energy s t o r a g e  i n  the  water ,  This i s  s t r i c t l y  an 

ins t rumenta l  problem. 

Commercial dew probes were found t o  b e  very r e l i a b l e  and 

r e l a t i v e l y  easy t o  use  t o  o b t a i n  vapor-pressure g r a d i e n t s .  Furthermore, 

l e s s  equipment was requi red  wi th  dew probes than wi th  psychrometers.  
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5 .  EVAPORATIVE FLUX DETEMINATBONS PROM DIFFERENT CROP SURFACES 

The mobile microme t eo ro log ica l  l abo ra to ry  was equipped with d u p l i c a t e  

sensors  ( see  s e c t i o n  3 )  t o  s imultaneously determine the evapora t ive  

f l u x  from two d i f f e r e n t  crop su r f aces .  The o r i g i n a l  p lans  included 

biweekly measnremea:ks over a l f a l k a - b a r l e y ,  a l falfa--cot ton,  and a l f a l f a -  

sorghum combinat-iomat t he  U2fvers i ty  of Arizona Experimental Farms 

i n  Mesa, Thte p l a m  were l a t e r  augmented t o  inc lude  biweekly 

rneasuremects over wheat-oats and co t ton  a t  the  Cotton Research Center 

i n  Tcmpe, A r o t a 1  of 20 runs were made i n  Mesa, and 15 runs were 

made i r ~  Tempe, 

The recording schedule r e a l l y  t e s t e d  the  ruggedness and mob i l i t y  

o f  rhe e q u i y n e n i ,  By the end of tke season, o ~ l y  6 man-hours were 

requi red  k o  spoj t% ,iir:obFle Laboratory i n  t h e  f i e l d ,  uawl-rd T,S rni1es 

of cable ,  wire the d a t a - h a ~ d l f n g  system, c a l i b r a t e  a l l  c ab le s  and 

etrarmels, arid x s t a l l  a41 senso r s ,  A irotal of 38 sensors  were 

i n s t a l l e d  fo r  each rua ,  

5 .1 .  Urilvers ---- Farm runs .  A t  Mesa ------ 
d a t a  wzre eo l l t , c t ed  over a l f a l f a - b a r l e y ,  a l fa l fa -co t  ton, and a l f a l f a -  

sorghum combinatio-zs. 1'h p l o t  Locatlorn is  show3 i n  F igure  5 ,  The 

a reas  were d iv ided  into 33- by 100-feee i r r i g a t i o n  borders ,  running 

n o r t h  and south from rhe p i p e l i x s ,  

Soi l  mois ture  was measured i~ one i r r i g a e i o n  border  of each 

crop wlth a neut ron  so i l -mo i s tu re  meter .  T?~ree  t s b e s  were i n s t a l l e d  

in. each p l o t  t o  a  d e p t h  of 150 cm, Nois ture  l o s s  from the  top 3 igches 

was determined by dry ing  s o i l  samples. S o i l  moisture was determined 

.twice weekly, and the so i l -mo i s tu re  dep le t ion  was computed whenever 

p o s s i b l e ,  

Mi~roane~eoro log ica l  sensors  were loca ted  near  the  c e n t e r  

so i l -mois ture  tube; thus  the minimum f e t c h  was a t  l e a s t  30 meters .  

A 50: 1 f e  tch- to-he ight  r e l a t i o n  would permit sensors  t o  be i n s t a l l e d  

u p  t o  60 cm above the  s u r f a c e  i n  the  d i r e c t i o n  of the  minimum f e t c h .  

A l l  c u l t u r a l  o p e r a ~ i o a s  on the p l o t s  were performed by t h e  

Mesa Farm perso-cel .  No s p e c i a l  opera t ions  were reques ted .  Care was 

taken t o  rnixirnize damage t o  t h e  p l o t s  when i n s t a l l i n g  sensors .  
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Daylight totals of the components of the energy balance 

equation and solar radiation are presented in Table 3, These basic 

data are discussed in the following sections. 

5.1.1. Alfalfa, More data were obtained from alfalfa than 

from the other crops, since they were to be compared with alfalfa. 

Presented in Figure 6 in graphical form are the soil-moisture depletion, 

evaporative flux, crop height, time of irrigation of alfalfa, and time 

and amount of rainfall, Plot 1 was located adjacent to barley and 

cotton; consequently, most of the data were obtained on plot 1. 

However, plot 1 was plowed under in late August; therefore, the alfalfa- 

cotton comparison was terminated. Data were collected from plot 2 

after the sorghum had germinated, so that a comparison could be 

obtained between sorghum and alfalfa. The horizontal lines with 

vertical bars on either end represent the average soil-moisture 

depletion between readings. Dashed horizontal lines indicate the 

results obtained on plot 2. The x's connected by lines and the e's 

connected by dashed lines represent the evaporative-flux determinations 

using micrometeorological data. The downward-orientated arrows indicate 

the time of irrigation of plots 1 and 2. During most of the season 

alfalfa was irrigated every 2 weeks. 

During March and April, fair agreement existed 

between the soil-moisture depletion and evaporative-flux determinations. 

There does not appear to be any correlation between these two methods 

throughout the rest oE the growing seasoo. The soil-moisture depletion 

values appear to be consistently lower than the evaporative-flux 

determinations and lower than would be expected. Throughout the 

season the evaporative-flux determinations appear to be consistent, 

being well correlated with crop growth and time of year, or 

evaporative demand. The only inconsistencies for crop height appear 

on 21 and 23 July. This is because the alfalfa had been knocked down 

by a windstorm. 

The yield of alfalfa from plot 1 was 84.5 tons per 

acre for 6 cuttings, while 118.7 tons per acre were obtained from 

7 cuttings on plot 2. 
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5 .1 ,2 .  -- B a r l q ,  The r e s u l t s  obtained from b a r l e y  a r e  shown 

i n  F igure  7 .  Nota t ion  used i n  F igure  7 i s  s i m i l a r  t o  t h a t  used i n  

FEgure 6, wi th  t h e  except ion  t h a t  r a i n f a l l  amounts a r e  omit ted.  They 

may be obtained from Figure  6.  me bar ley ,  g r o w  f o r  seed, was p lan ted  

a t  10-inch row spac ing ,  The s ~ a n d  was r a t h e r  t h i n ;  consequently,  t he  

evapora t ive- f lux  de termina t ions  r e f l e c t  t o  a  g r e a t e r  degree the  evaporat ion 

from s o i l  s u r f a c e ,  Altl~uugh the  s tand  was r a t h e r  t h i n ,  y i e l d  of 

49 bushels  per  a c r e  was obtafned.  

Considerable  s c a t t e r  was noted i n  t h e  so i l -mo i s tu re  

dep le t ion  d a t a  e a r l y  i n  t he  season, making comparisons between s o i l -  

moisture dep le t ion  and evapora t ive  f l u x  very d i f f i c u l t ,  Soi l -moisture 

dep le t ion  5wdicated g r e a t e r  consumptive use  dur ing  l a t t e r  May than 

d i d  evapcrrat H~r-f%mc de termina t ions  . However, t h e  crop was maturfng 

a t  t h i s  t5me; t he re fo re ,  p a r t  of t h e  d i f f e r e n c e  a f t e r  t h e  e a r l y  May 

l r r r g a t i o n  may be e x p l a h e d  by deep p e r c o l a t i o n ,  

Data o b t a t i n  from t h e  sorghum a r e  a l s o  

t h i s  ease  the  p l o t s  were s p l i t  wi th  s i n g l e -  

and double-row p l a n t i n g s .  Two so i l -mois ture  tubes were placed i n  eaeh 

type of p l a n t i n g ,  Net r a d i a t i o n  and s o i l  h e a t  flow were measured over 

and i n  eaeh type,  Woweves, t h e  a i r - tempera ture  and vapor-pressure 

s ecso r s  were s e t  t o  sample over  both  types of platting; the re fo re ,  t h e  

resu lcfng  evapora t ive- f lux  de termina t ion  would be  r e p r e s e n t a t i v e  of 

both types ,  Agalri, cons iderable  s c a t t e r  is  noted i n  the so i l -mois ture  

dep le t ion  va lues ,  making i t  d i f f i c u l t  t o  c o n s t r u c t  any s o r c  of t rend .  

Evaporat ive-f lux de termina t ions  a r e  more c o n s i s t e n t  and i l l u s t r a t e  

an inc rease  i n  evapo t r ansp i r a t ion  wi th  crop he ight  and a  decrease upon 

matur i ty .  

5 , 1 , 4 ,  Cotton,  The r e s u l t s  from the  c o t t o n  p l o t s ,  presented 

i n  F igure  8, i n d i c a t e  a  b e t t e r  c o r r e l a t i o n  between so i l -mois ture  

d e p l e t i o n  and evapora t ive- f lux  de termina t ions  dur ing  May, June, and 

Ly than obtained on t h e  o t h e r  c rops .  The evaporative-flux 

detxrminat ions appear t o  be  c o n s i s t e n t l y  h igher  than t h e  so i l - ,mois ture  

dep le t ion  d a t a ,  Ln l a t e  J u l y  and e a r l y  August, t he  so i l -mo i s tu re  

dep le t ion  values appear t o  be cons iderably  l a r g e r  than t h e  evaporat ive-  

f l u x  de termina t ions ,  During t h e  f i r s t  p a r t  of August a  windstorm 
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p a r t i a l l y  knocked down the  co t ton ;  t he re fo re ,  evapora t ive- f lux  

determinat ions a t  t h a t  time may r e f l e c t  t h i s .  Toward the  middle 

of August, p a r t i a l  regrowth of t he  co t ton  occurred,  r e s u l t i n g  i n  

a  s l i g h t l y  l a r g e r  evapora t ive  f l u x .  Because the  a l f a l f a  immediately 

south  of the  c o t t o n  p l o t s  was plowed under i n  l a t e  August and the  

co t ton  was wind damaged, t he  c o t t o n  experiments were terminated a t  

t h e  same time. 

5 .1 .5 .  Crop comparisons. One of the  primary ob jec t ives  

of the  Mesa s t u d i e s  was t o  o b t a i n  comparative evapora t ive - f lux  d a t a  

from two d i f f e r e n t  c rops .  The d a t a  were obta ined  wi th  d u p l i c a t e  

ins t rumenta t ion  on t h e  same day; thus,  both crops would be exposed 

t o  t he  same meteoro logica l  cond i t i ons .  The r e s u l t s  would then r e f l e c t  

t r u e  d i f f e r ences  in crop na tu re  o r  c u l t u r a l  p r a c t i c e s .  Since the  

evapora t ive  demand changes from day t o  day and throughout t h e  season, 

t he  evapora t ive  f l u x  was normalized by d iv id ing  by n e t  r a d i a t i o n .  

The r e s u l t s  a r e  presented  i n  F igure  9 .  A comparison between a l f a l f a  

and ba r l ey  would sugges t  t h a t  a l f a l f a  c o n s i s t e n t l y  uses more water 

than does bar ley ,  under t h e  condi t ions  of t h i s  experiment.  However, 

t he  ba r l ey  was p lan ted  on 10-inch spac ings ;  t he re fo re ,  t hese  r e s u l t s  

may no t  be  t y p i c a l .  

The r a t i o  of evapo t r ansp i r a t ion  t o  n e t  r a d i a t i o n  

from co t ton  r e f l e c t e d  crop growth from May through June.  During t h i s  

per iod the evapo t r ansp i r a t ion  was very much lower than  t h a t  of a l f a l f a ,  

a s  would be  expected.  Af t e r  maximum he igh t  was reached, the r a t i o  

of evapo t r ansp i r a t ion  t o  n e t  r a d i a t i o n  appeared t o  be comparable t o  

t h a t  of a l f a l f a ,  o r  s l i g h t l y  l e s s ,  a l though i n s u f f i c i e n t  d a t a  were 

c o l l e c t e d  t o  s u b s t a n t i a t e  t h i s  f a c t .  

Sorghum, l i k e  ba r l ey ,  appeared t o  have a  lower 

evapo t r ansp i r a t ion  t o  n e t  r a d i a t i o n  r a t i o  than d id  a l f a l f a .  This 

r a t i o  appeared t o  be c o n s i s t e n t l y  lower, even a f t e r  maximum crop 

he ight  was reached. 
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5 . 1 . 6 .  Evapot ranspi ra t ion  and pan evapora t ion .  A t  the  

Univers i ty  of Arizona Experimental Farm i n  Mesa a  meteorological  

s t a t i o n  i s  maintained from which max-min temperatures ,  t o t a l  wind 

movement, and pan evaporat ion a r e  obtained.  A t  the  p re sen t  time, 

t h i s  s t a t i o n  i s  poorly loca ted  wi th  r e spec t  t o  bu i ld ings ,  d r ives ,  

bushes, t r ee s ,  e t c . ;  t he re fo re ,  t he  use  of t h i s  d a t a  can be severe ly  

c r i t i c i z e d .  The pan evaporat ion,  a l though not  r e p r e s e n t a t i v e  of 

f i e l d  condi t ions ,  should be c o n s i s t e n t  throughout t he  season. There- 

f o r e ,  the  evapo t r ansp i r a t ion ,  determined by meteorological  da t a ,  was 

divided by the evapora t ion  from the  pan. This r a t i o  was p l o t t e d  a s  

a func t ion  of p l a n t  he igh t  (Figure 10) .  The small  w ad jacent  t o  

s i x  po in t s  i n d i c a t e s  cond i t i ons  when the  s o i l  s u r f a c e  was extremely 

wet o r  when water was ponded i n  the i r r i g a t i o n  border .  These po in t s  

a l s o  r ep re sen t  t imes when a  l a r g e  percentage of ba re  s o i l  was exposed. 
I 

Although t h e r e  i s  qons iderable  s c a t t e r  and f a r  too few d a t a  po in t s ,  

t he  r e s u l t s  do sugges t  a  r e l a t i o n  between the  r a t i o  of evapo t r ansp i r a l ion  

t o  pan evapora t ion  and p l a n t  h e i g h t .  For example, previous s t u d i e s  

i nd ica t ed  t h a t  f o r  s i m i l a r  meteoro logica l  condi t ions ,  more evaporat ion 

r e s u l t e d  from ba re  s o i l  than from a f ree-water  s u r f a c e .  This 

condi t ion  would be  represented  by the  po in t s  marked wi th  w .- t h a t  

is, l a r g e  amount of wet ba re  s o i l  exposed. There appears  to be 

another  r e l a t i o n  between the  r a t i o  and crop he igh t  f o r  a l f a l f a ,  

a l though some f i v e  p o i n t s  l i e  we l l  below the  l i n e .  Two of the  f i v e  

p o i n t s  r ep re sen t  extremely cloudy days, and t h e  t h i r d  r ep re sen t s  

a  windy day. A l l  would have a  tendency t o  reduce the  evapo t r ansp i r a t ion  

i n  r e l a t i o n  t o  pan evaporat ion,  s i n c e  the  evapo t r ansp i r a t ion  was only 

computed f o r  t he  d a y l i g h t  hours and the  pan was computed f o r  a  

24-hour b a s i s .  There appears  t o  be another  r e l a t i o n  between the  

r a t i o  and crop he igh t  f o r  ba r l ey ,  co t ton ,  and sorghum. These d a t a  

suggest  a  r e l a t i o n  between evapo t r ansp i r a t ion  and pan evaporat ion 

a s  a func t ion  of crop he ight  f o r  a  sol id-covered crop, such a s  a l f a l f a ,  

and a  d i f f e r e n t  r e l a t i o n  f o r  row crops,  such a s  ba r l ey ,  co t ton ,  and 

sorghum. To t h e  a u t h o r ' s  knowledge, t hese  r e l a t i o n s  have n o t  been 

inves t iga t ed  p rev ious ly  because of the  lack  of d a i l y  evapo t r ansp i r a t ion  

d a t a ,  This i n t e r e s t i n g  graph sugges ts  t he  p o s s i b i l i t y  of f u t u r e  r e sea rch .  
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5 .1 .7 .  Summary of t h e  Mesa Farm d a t a .  The fol lowing 

conclusions can be  drawn from t h e  d a t a  presented thus f a r .  Under 

t he  condi t ions  of t he  experiments - t h a t  i s ,  f requent  i r r i g a t i o n  - 
evapo t r ansp i r a t ion  i n f e r r e d  from so i l -mois ture  d e p l e t i o n  d a t a  appears 

t o  be very e r r a t i c  and does n o t  g ive  a  c o n s i s t e n t  t r end .  This could be 

due t o  deep pe rco la t ion ,  which would tend t o  exp la in  t h e  h igh  

r e s u l t s ,  and t o  experimental  e r r o r .  However, t h e s e  d a t a  were care-  

f u l l y  obtained.  On the  o t h e r  hand, t h e  evapora t ive  f l u x  determined 

from micrometeorological d a t a  does y i e l d  a  c o n s i s t e n t  t r end  

r e f l e c t i n g  crop growth, matur i ty ,  and seasons of the  yea r .  Although 

too few d a t a  were c o l l e c t e d  t o  compute seasonal  water use,  t he  po in t  

should be made &hat t h e  Gradient  Bowen Rat io  approach i s  a  very 

p r a c t i c a l  method t o  determine evapot ranspi ra t ion .  It i s  not  an 

empir ica l  method r equ i r ing  experimental ly  der ived  cons t an t s ,  does 

no t  make any assumptions about t h e  su r f ace  i n  ques t ion ,  and does n o t  

r e f l e c t  deep p e r c o l a t i o n  l o s s e s .  The sensors  and record ing  devices  

could be designed so  t h a t  it would b e  j u s t  a s  p r a c t i c a l  t o  determine 

evapotranspirat i .on by t h e  Gradient  Bowen Rat io  a s  by the  neutron 

so i l -mois ture  method, when l abo r  and i n i t i a l  investment a r e  considered.  

Under t he  condi t ions  of t he  experiments and the  

c u l t u r a l  p r a c t i c e s  encountered, i t  appears t h a t  t he  evapo t r ansp i r a t ion  

of a l f a l f a  i s  c o n s i s t e n t l y  l a r g e r  than  t h a t  of ba r l ey ,  co t ton ,  and 

sorghum, The evapo t r ansp i r a t ion  of co t ton  approaches t h a t  of a l f a l f a  

a f t e r  a  f u l l  cover has  been developed. 

D i f f e r e n t  r e l a t i o n s  appear t o  e x i s t  between the  

r a t i o  of evapo t r ansp i r a t ion  t o  pan evaporat ion and crop he igh t  f o r  

a  continuous crop and row crops .  

5 .2 Cotton Research Center  runs .  Micrometeorological d a t a  were 

c o l l e c t e d  over a  wheat and o a t s  combination and c o t t o n  a t  t h e  

Coeton Research Center  i n  Tempe, Arizona. The experimental  f i e l d s  

were divided i n t o  i r r i g a t i o n  borders  s i m i l a r  t o  those  a t  Mesa. The 

micrometeorological s enso r s  were loca ted  so  t h a t  t he  minimum f e t c h  

would again be 30 m .  
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Daylight  t o t a l s  of t h e  components of t h e  energy balance 

equat ion and s o l a r  radi .a t ion a r e  presented i n  Table 4. These b a s i c  

d a t a  a r e  d iscussed  i n  t he  fol lowing s e c t i o n s .  

5 .2 .1 .  Wheat and o a t s .  The evapo t r ansp i r a t ion  d a t a  

ca l cu la t ed  f o r  wheat and q a t s  were normalized with r e s p e c t  t o  n e t  

r a d i a t i o n .  The r e s u l t s  a r e  presented i n  F igure  11, The r a t i o s  of 

evapo t r ansp i r a t ion  t o  n e t  r a d i a t i o n  were g r e a t e r  than one f o r  o a t s  

throughout most of t h e  season, while  t he  r a t i o s  f o r  wheat were l e s s  

than  those of o a t s .  The wheat crop appeared t o  be more advanced 

than the  o a t s ,  maturing i n  e a r l y  May, while  t he  o a t s  matured i n  e a r l y  

June, Comparing these  d a t a  w i th  r e s u l t s  i n  F igure  9, i t  appears t h a t  

t he  r a t i o s  f o r  o a t s  a r e  s i m i l a r  t o  those f o r  a l f a l f a ,  whi le  t he  

r a t i o s  f o r  wheat a r e  s i m i l a r  t o  those of ba r l ey ,  being l e s s  than 

those of a l f a l f a ,  The s t and  of wheat was much more dense and was about 

SO cm t a l l e r  than t h a t  of b a r l e y .  

5 , 2 . 2 .  Cotton.  The r a t i o  of evapo t r ansp i r a t ion  t o  n e t  

r a d i a t i o n  f o r  c o t t o n  (Figure 11) was gene ra l ly  above one and was 

A s i m i l a r  t o  khat of a l f a l f a  obta ined  a t  Mesa (Figure 9 ) .  The drop 

i n  t he  r a t i o  between l a t e  June and middle J u l y  was a s soc i a t ed  with 

the  genera l  i nc rease  i n  the  average vapor p re s su re  of t he  a i r ,  Oaz 

30 June and 1 J u l y  the  average a i r  temperatures were 31C, vapor 
- 1 

pressures  were 10 mb, and the  wind movements were 161 and 136 cm s e c  , 
r e spec t ive ly ,  while  on 14 and 16 J u l y  the  average a i r  temperatures 

were 30C, and the  average vapor pressures  were 20 mb. The average 
-1 

wind movement was 198 and 152 cm s e c  , r e spec t ive ly .  The genera l  

i nc rease  i n  atmospheric water  vapor decreased the  vapor-pressure 

g rad ien t  from the  p l a n t  t o  atmosphere, thus reducing the  evapo- 

t r a n s p i r a t i o n  t o  a  po in t  where i t  was approximately equal  t o  n e t  

r a d i a t i o n .  The d i f f e r e n c e s  between 30 June and 1 J u l y ,  and 14 J u l y  

and 16 Ju ly ,  a r e  a s soc i a t ed  wi th  the  d i f f e r e n c e  i n  t he  average wind 

speed, the  temperature and vapor p re s su re  being s i m i l a r  f o r  each p a i r  

of days, 
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During August a  po r t ion  of the c o t t o n  f i e l d  was 

no t  i r r i g a t e d .  This po r t ion  of t he  f i e l d  did show the  e f f e c t s  of 

lack  of i r r i g a t i o n ,  even though i t  did r ece ive  a  s u b s t a n t i a l  amount 

of r a i n .  The d a t a  c o l l e c t e d  over t he  two d i f f e r e n t  t rea tments  a r e  

i nd ica t ed  a s  wet and dry  p l o t s .  The r a t i o  of evapo t r ansp i r a t ion  t o  

n e t  r a d i a t i o n  f o r  t h e  wet p l o t  was g r e a t e r  than t h a t  f o r  the  dry 
t 

p l o t ,  both being g r e a t e r  than one. 

On 24 September t he  a c t u a l  d i f f e r e n c e  i n  evapo- 

t r a n s p i r a t i o n  between the  two p l o t s  was r e l a t i v e l y  small  (18 l y ) .  

The d i f f e r e n c e  i n  r a t i o s  was l a r g e l y  due t o  the d i f f e r e n c e  i n  n e t  

r a d i a t i o n  (40 l y ) ,  The dry  p l o t  appeared t o  be more brownish and 

t o  have a  more open canopy than the  we t t e r  po r t ion  of t he  f i e l d ,  

even though the f i e l d  was uniform before  t he  dry t rea tment  was imposed. 

5 . 2 . 3 .  ,Summary of t h e  Cotton Research Center d a t a .  

Although the  crops were sampled too in f r equen t ly  f o r  d e f i n i t e  con- 

c lu s ions  t o  be dram-, t h e  fol lowing t rends  were observed: 

The r a t i o  of evapo t r ansp i r a t ion  t o  n e t  r a d i a t i o n  

of o a t s  was gene ra l ly  g r e a t e r  than  one and s i m i l a r  t o  t h a t  of 

a l f a l f a  obtained a t  the  Mesa Experimental Farm. The r a t i o  of evapo- 

t r a n s p i r a t i o n  t o  n e t  r a d i a t i o n  f o r  wheat was gene ra l ly  one and 

s i m i l a r  t o  t h a t  ob ta ined  on b a r l e y  a t  the Mesa Farm, even though the  

wheat was much denser  and approximately 50 cm t a l l e r  than ba r l ey .  

The r e s u l t s  ob ta ined  on the  c o t t o n  p l o t s  i nd ica t ed  

a  r a t i o  of evapo t r ansp i r a t ion  t o  n e t  r a d i a t i o n  g r e a t e r  than one 

throughout most of the  season.  These r a t i o s  were very  comparable t o  

the  r a t i o s  obta ined  from a l f a l f a  a t  t he  Mesa Experimental Farm. 

The dry t reatment  imposed upon p a r t  of t he  f i e l d  decreased t h e  

evapo t r ansp i r a t ion  somewhat, bu t  appeared t o  i n f luence  n e t  r a d i a t i o n  

more by a f f e c t i n g  the  c o l o r  and the  d e n s i t y  of t h e  crop.  
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APPENDIX 1 

Symbol Units  

A 
- 2 - 1 

c a l  cm rnin 

C 
-1 0 -1 

c a l  g C 
P 

E 
- 2 - 1 

cm cm rnin 

2 - 1 
cm rnin 

2 - 1 
cm rnin 

L c a l  g 

LE 
- 2 - 1 

c a l  cm rnin 

- 2 - 1 
c a l c m  rnin 

P mb 

R 
- 2 - 1 

c a l  cm rnin 
n 

- 2 - 1 
Rs d 

c a l  cm rnin 

R 
- 2 - 1 

c a l c m  rnin 
SU 

S 
- 2 - 1 

c a l  cm rnin 

S'  
- 2 - 1 

c a l  cm rnin 

T 0 
C 

- 
U 

- 1 
m sec  

W 
- 2 - 1 

c a l  cm rnin 

z cm 

-3 0 -1 
c c a l  cm C 

t minute 

D e f i n i t i o n  of Terms 

Sens ib le  hea t  f l u x  

Spec i f i c  capac i ty  of dry a i r  a t  cons tan t  
p re s su re  

Evaporation r a t e  

Eddy d i f f u s i v i t y  f o r  h e a t  

Eddy d i f f u s i v i t y  f o r  water vapor 

Laten t  h e a t  of vapor iza t ion  

Evaporat ive f l u x  obtained from 
weighing l y s  imeters  

Evaporat ive f l u x  determined 
wi th  the  Bowen r a t i o  

Absolute p re s su re  

Net r a d i a t i o n  

Solar  r a d i a t i o n  down 

Solar  r a d i a t i o n  up 

S o i l  hea t  f l u x  

Change i n  energy s t o r a g e  i n  t he  l a y e r  of s o i l  
above t h e  heat-f low t ransducer  

Temperature 

Average wind speed 

Change i n  energy s to rage  i n  water  

Height 

Heat capac i ty  of s o i l  

Depth 

Vapor p re s su re  of a i r  

time 
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APPENDIX l-Gontinued . 

Subscr ip ts  

D e f i n i t i o n  of Terms 

Gradient  Bowen Rat io  

Ratio of mole weight of dry a i r  t o  water vapor 

Density 

Beginning of period 

End of period 
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1926. The r a t i o  of h e a t  l o s ses  by conduction and by evaporat ion 

from any water su r face .  Phys. Rev. 27:779-787. 

(2)  L. J .  F r i t s chen .  

Miniature n e t  radiometer improvements. 

Submitted t o  the  J, App. Meteor. 

(3) L. J F r i t s c h e n  and C .  H. M. van Bavel. 

1963. Micrometeorological da t a  handling system. 
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1960. Energy balance approach t o  evapot ranspi ra t ion  from crops.  

S o i l  Sc i .  Soc. Proc. 24:l-9. 

PERSONNEL: Leo J . F r i t s c h e n  
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Table 1. Recording and sensor  accuracy 

of micrometeorological  elements 

Element 
Recording Sensor 

Met r a d i a t i o n  - + 0.003 l y  min-I + 0.02 l y  min-I 

So la r  r a d i a t i o n  

S o i l  h e a t  f l u x  

Temperature abso lu t e  - + 0.25C . f  - 0.41C 

l-dunct ion d i f f e r e n t i a l  3- 0,125C - 4- 0,1256 

2 4 u n c t i o n  d i f f e r e n t i a l  2 0 . 0 6 2 C  - t 0.062C 

Vapor p re s su re  0 , 4  nbb a t  30 m'b 1 mb a t  30 mb 

Wind speed 
- 1 

0 m s e c  
- 1 .+  - 0.15 m s e c  
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Table 2. Summary of evapo t r ansp i r a t ion  of a l f a l f a  obtained from 

weighing ly s ime te r s  and determined by the  Bowen r a t i o  

A A 
Date Run Lys Rsd R S+S' LE A 

n 
LE LE LE 

< l y  day-' > l y  per iod 
-la 

1964 

30 Jan  

5 Mar 

7 Apr 

23 May 

24 May 

28 J u l  

29 J u l  

a 
Period cons i s t ed  of hours of p o s i t i v e  n e t  r a d i a t i o n .  

The 16th and 17th  hours  omit ted from t o t a l s  because of equipment 
adjustment .  

C 
D i f f e r e n t i a l  psychrometers used f o r  vapor-pressure g r a d i e n t .  

D i f f e r e n t i a l  dew probes used f o r  vapor-pressure g r a d i e n t .  
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Table 3.  Dayl ight  t o t a l s  of s o l a r  and n e t  r a d i a t i o n ,  s o i l  h e a t  flow, 

evapo t r ansp i r a t ion ,  and s e n s i b l e  hea t  measured over a l f a l f a ,  

bar ley ,  co t ton ,  and sorghum a t  t h e  Mesa Experimental Farm 

- - 

n 
Date Run Crop Height R S-tS' LE A 

Rsd n  

1964 

13 Mar 

25 Mar 

7 Apr 

2  May 

3  May 

13 May 

15 May 

27 May 

29 May 

23 Jun 

24 Jun 

a l f a l f a  

b a r l e y  

a l f a l f a  

b a r l e y  

a l f a l f a  

ba r l ey  

a l f a l f a  

b a r l e y  

a l f a l f a  

b a r l e y  

a l f a l f a  

b a r l e y  

a l f a l f a  

c o t t o n  

a l f a l f a  

b a r l e y  

b a r l e y  

c o t t o n  

a l f a l f a  

c o t t o n  

a l f a l f a  

c o t t o n  
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Table 3. Continued. 

A 
Date Run Crop Height Rsd Rn S+S1 LE A 

1964 

7 J u l  

21 J u l  

23 J u l  

5 Aug 

7 Aug 

18 Aug 

20 Aug 

1 Sep 

22 Sep 

a l f a l f a  

co t ton  

a l f a l f a  

c o t t o n  

a l f a l f a  

sorghum 

a l f a l f a  

sorghum 

a l f a l f a  

co t ton  

a l f a l f a  

sorghum 

a l f a l f a  

co t ton  

a l f a l f a  

sorghum 

a l f a l f a  

sorghum 
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Table 4. Daylight totals of solar and net radiation, soil heat flow, 

evapotranspiration, and sensible heat measured over wheat, 

oats, and cotton at the Cotton Research Center, Tempe 

A 
Date Run Crop Height Rsd R S+S1 LE A 

n 

1964 

27 Feb 

10 Apr 

11 Apr 

23 Apr 

6 May 

7 May 

20 May 

6 Jun 

30 Jun 

1 Jul 

14 Jul 

16 Jul 

3 Sep 

24 Sep 

wheat 

oats 

wheat 

oats 

wheat 

oats 

wheat 

oats 

oats 

wheat 

wheat 

oats 

cot ton 

cotton 

cotton 

cotton 

cotton 

cotton 

cotton 

cm 

10 

10 

8 0 

6 0 

80 

6 0 

123 

8 3 

108 

130 

130 

168 

33 

6 4 

6 4 

7 2 

72 

dry 110 

wet 110 

dry 90 

wet 105 
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Figure 1. Comparison of hourly evaporative f l u x  from 

15-cm a l f a l f a  obtained from a weighing lysimeter, H- LE, 

and calcula ted with the  Gradient Bowen Ratio, LE, 

on 5 March 1964. 
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Figure 2. Evaporative f l u x  determined by the  Gradient Bowen Rat io  

with a i r  samplers s e t  f o r  35-cm grad ien t s  and located 

80 f e e t  a p a r t .  
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Figure 3.  Evaporative flux determined by the Gradient Bowen Ratio 

with air  sampler 1 se t  for 75-cm gradient and 

a ir  sampler 2 se t  for 35-cm gradient. 
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Figure 4. Comparison of hourly evaporative flux from a 

weighing lysimeter, 'LE, and calculated withsthe 
A 

Gradient Bowen Ratio, LE, on 29 July 1964. 
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Figure 5. A portion of the east half of University of Arizona Experimental Farm in Mesa. 
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Figure 6. Soil-moisture depletion, evaporative flux, crop height, time of irrigation ( 4 )  of alfalfa, 

and rainfall (mm) at the Mesa Experimental Farm, 1964, Annual Report of the U.S. Water Conservation Laboratory
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Figure 7. Soil-moisture depletion, evaporative flux, crop height, and time of irrigation (4)  of barley 

and single and double rows of sorghum at the University of Arizona Experimental Farm 

in Mesa, 1964. 
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Figure 8. Soil-moisture depletion, evaporative flux, crop height, and time of irrigation ( 4 )  of cotton 

at the University of Arizona Experimental Farm in Mesa, 1964. 
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Figure 9. The ratio of evapotranspiration to net radiation and crop height of alfalfa, barley, cotton, 

and sorghum at the University of Arizona Experimental Farm in Mesa, 1964. 
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Figure  10. The r a t i o  of evapo t r ansp i r a t ion  t o  pan evaporat ion a s  a  func t ion  

of crop he igh t  of a l f a l f a ,  bar ley ,  co t ton ,  and sorghum, 
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Figure 11. The ratio of evapotranspiration to net radiation and crop height of wheat, oats, and cotton 

at the Cotton Research Center in Tempe, 1964. 
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CE OF AWKUA 

ImKODUC"S0N: 

It was convfncingfy demomtrated during 1963 t h a t  the  water losses  

from a l f a l f a ,  when well-watered, can be accura te ly  predic ted  with a 

combination o r  mo i f  i ed  Penman mekhod, I n  t h i s  mode l, meteorological  

qraanti t ies  a r e  w e d  ai2hou.t r e s o r t  t o  empiricism, and we can expect 

t h i s  r e s u l t  to be generalLy zpplicabke,  

The e f fec r so f  lkn i t ed  s o i l  moisture suppl ies  were a l s o  s tudied  I n  

1963, bur the  ata were no t  of i d e a l  q u a l i t y ,  Therefore, t he  i n v e s t i -  

ga t ion  was  continued during 1964 wi th  t h e  purpose of t e s t i q  a revised  

form of the  combination Sor.mu3.a which accounts f o r  s tometa l  r e s i s t ance .  

Using the  data fr the we%ghab le ky s h e  ters and t h e  soueine 

weather. station, t h e  energy balance and o ther  atmospheric S'aetors were 

a v a i l &  Ee on a conk fnwou~; b a s i s .  A -nu.aber of long i r r i g a t i o n  cycles  

were imposed wi th  t h e  ob jec t  of dep le t ing  s o i l  moisture t o  the  poin t  

of l igniting t r a n s p i r a t i o n ,  :Cri addat ion t o  the  atmospheric measurements, 

s o i l  moisture contene was monitored weekly i n s i d e  and ou t s ide  of t h e  

lysimetera and crop e i g h t s  were recorded. 

Data were analyzed by computing hourly p o t e n t i a l  evaporat ion and 

combining i t  wi th  hourly a c t u a l  e3ilapora~ion t o  see  if a rneasura 

t s a n s g i s a t i m  r e s i s t a n c e  had developed. This ana lys i s  has not  been 

completed t o  date* 

!The f~1lowin.g r2.rrigatA.m cycles  were: establLshed; a t  t h e  end of 

which the  crop was mo-a aslose t o  t h e  ground, 

25 February 2 A p r i l  Cycle 1 

- 13 N9.y Cycle 2 

28 B y  - 29 June Cycle 3 

8 J u l y  - 3 Sepember - Cycle 4 

SUETS AND DISCUSSIOH: 

Data E r a  the  Cycle l have not-been f u l l y  analyzed, However, on 

23 Ylrch the  a c t u a l  evaporat ion was 69 percent  of t h e  p o t e n t i a l  one; 

t"?IusS t h i s  serKes should give i n t e r e s t i n g  d a t a ,  E t  was diseontfnued 

because rainstorms had r e s u l t e d  i n  a ragged, i r r e g u l a r  crop cover by 

25 Maz~cka. 
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A t  the  end of Cycle 2 - on 1.1 May - evaporat ion was s t  ill c l o s e  

t o  the p o t e n t i a l  r a t e  and thus ,  l i t t l e  information i s  t o  be expected 

from these  da t a .  

Cycle 3 was of cons iderable  i n t e r e s t  s i n c e  evapora t ion  went down 

t o  a n e g l i g i b l e  amaunt and weazher condi t ions  were i d e a l ,  Table 1-1 

gives  val.ues of a c t u a l  aad p o t e n t i a l  evaporat ion on t h e  days ca l cu la t ed ,  

and a l s o  the va lue  of the stomata1 o r  l ea f  r e s i s t a n c e  a t  1430. This  

sumary t a b l e  shows t h a t  evaporat ion a t  t h e  p o t e n t i a l  r a t e  p r e v a i l s  

f o r  a cons iderable  per iod  of time a f t e r  i r r i g a t i o n  (28 May). Af te r  

about 20 days, evapora t ion  i s  progres s ive ly  reduced and apprec iab le  

su r f ace  r e s i s t a n c e  can be  c a l c u l a t e d  from t h e  d a t a ,  'I3xi.s su r f ace  

r e s i s t a n c e  - r e s l d i n g  i n  t he  stomata - e x h i b i t s  a t y p i c a l  diurnal.  

pattern.,  exemplih fed Frl F2gure 1-1. 

Data from the l a s t  cyc le  of %96& have not  been fceL1.y e h b u r a t e d ,  

but  show a p a t t e r n  slmi3.a-r t o  t h a t  of Cycle 3 .  Xowever, ehc l a t t e r  

d a t a  are  the most informative since, during t h e  e n t i r e  per iod,  weather 

condi t ions  were ideal and n e a r l y  cons tan t .  
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Table 1-1. Daily evaporation from a l f a l f a  (1964) 
i n  mn and r a t i o  t o  po ten t ia l  evapora- 
t i o n .  Also, calculated surface  r e s i s t -  
ance a t  1430 i n  rnin can-1. 

1 

Date Month E E /Eo 
R~ 

Jun 

Jun 

Jun 

Jun 

Jun 

Sun 

Jun 

Jan  

Jun 

Ju  n 

Jun 

min cm- 1 

. 000 

.000 

.OOO 

.000 

.o 20 

.070 

.2L8 

.280 

.383 

.480 
*: 
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F i r e  1- 1 Potential (open c irc les )  and actual (sol id c irc les )  
evaporation from al fa l fa  on 24 June 1964. Also, 
calculated canopy resistance to evaporation. 

33 -5 
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PART 2 .  EVAPOTRANSPIRATION AND ENBRGY BALANCE OF SMALL GRAIN 

INTRODUCTION: 

McIlroy has proposed a form of the combination method which is 

particularly adapted to the nature of most routine observations of 

humidity; that is, by wet bulb psychrometry or a hair hygrometer. 

The method requires the correlation of the vapor exchange coefficient 

to the windspeed by empirical means. Since the method is intended to 

apply to daily values of pertinent weather variables, additional 

empiricism is hidden in thewind function - inasmuch as the combina- 
tion method applies strictly to short-time values only. 

The adequacy of the McIlroy procedure was evaluated in 1964 on 

two small grain fields - one in oats and the other in wheat - during 
the period 1 April through L June. 

PROCEDURE : 

Air temperature and humidity were measured at a height of 40 cm 

over the crop with hygrothe~mographs. Windspeed was recorded at the 

same height with Casella anemometers; net radiation at 1 m  over the 

crop with polyethylene net radiometers continuously recording. 

T'he evaporation was determined from twice-weekly measurements of 

soil moisture using the neutron method. Attempts were made to 

measure the hydraulic gradient below the measurement zone, but were 

not successful due to lack of experience. 

Irrigation of the fields was carried out by the management of 

the Cotton Research Center, where the plots were located. 

Data were evaluated by summaries of irregular periods, usually 

overnight and 2-hour periods by day. On several days, detailed 

measurement of the evaporation was made using the Gradient Bowen - 

Ratio method (see WCL 32). This provided an alternative method for 

finding the vapor transfer coefficient. 

Although intended, a period of moisture stress never was devel- 

oped because the farm management did not wish to postpone irrigation 

to the required date, Thus, the entire project was limited to a 

study of potential evaporation. 
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RESULTS AND DISCUSSION: 

It turned out  t o  be impossible  t o  a r r i v e  a t  a  r e l i a b l e  i n t e r -  

p r e t a t i o n  of t h e  s o i l  mois ture  d a t a  over s h o r t  per iods  of time, a s  

was more o r  l e s s  expected, wi th  i r r i g a t i o n s  scheduled every 3  weeks 

and the  p r e c i s i o n  of t h e  neutron method being what it i s ,  A b r i e f  

summary of the  d a t a  i s  a s  fol lows:  

Wheat Oats - 
I r r i g a t i o n  24 March 24 March 

Daily Deplet ion 
30 March - 13 A p r i l  6.3 mm 7.4 ~ n m  

I r r i g a t i o n  14 A p r i l  

Dai ly Deplet ion 
20 A p r i l  - 4 May 4.5 mm 

I r r i g a t i o n  - 
Daily Deplet ion 
4  May - 18 May 5.4 mm 
18 May - 1 June 1 .2  mm 
1 June - 15 June - 

15 A p r i l  

11 May 

- 
6.1  mm 
1.0 Inm 

The 14-day va lues  of s o i l  mois ture  dep le t ion  e s t a b l i s h e d  about 

a  week o r  s o  a f t e r  i r r i g a t i o n  a r e  reasonable and compare we l l  wi th  

va lues  obtained on s i n g l e  days by t h e  Bowen Rat io  method. However, 

having been taken over long per iods  of time, c o r r e l a t i o n  wi th  wind- 

speed i s  impossible .  This experience demonstrated aga in  t h a t  s o i l  

mois ture  measurement cannot be  employed t o  v e r i f y  meteoro logica l  

models o r  c l ima to log ica l  formulas over per iods  of one o r  s e v e r a l  

days, even i f  a  cons ide rab le  per iod  of time, say  8  t o  10 days, i s  

discounted fo l lowing  i r r i g a t i o n .  

Cor re l a t ion  wi th  hour ly  va lues  from t h e  Bowen Rat io  method 

gave b e t t e r  r e s u l t s .  P l o t s  of t he  vapor t r a n s f e r  c o e f f i c i e n t  v e r -  

s u s  windspeed by t h e  hour s t i l l  gave very  s c a t t e r e d  r e l a t i o n s ,  bu t  

t h e  e s t ima te s  of t he  vapor t r a n s f e r  c o e f f i c i e n t  based thereon r e -  

s u l t e d  i n  reasonably c l o s e  p r e d i c t i o n s .  An example i s  shown i n  Fig-  

u r e  2-1, comparing measured va lues  of ET wi th  t h e  McIlroy formula 

c a l c u l a t i o n s ,  One should remember, however, t h a t  t hese  d a t a  embody 

a n  automatic c o r r e l a t i o n  through t h e  empi r i ca l  va lue  of t h e  t r a n s f e r  

c o e f f i c i e n t .  
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Fur ther  eva lua t ion  of t h e  d a t a  i s  s t i l l  pending, bu t  t h e  main 

conclusion i s  t h a t  t h e  ins t rumenta t ion  used gave reasonable pred ic-  

t i o n s  oE t h e  evapora t ion ,  once t h e  wind func t ion  was found o r  assumed 

from other  work. Establ ishment  of wind func t ion  f o r  i nd iv idua l  crops 

through s tandard  s o i l  mois ture  s t u d i e s  appears  no t  f e a s i b l e .  
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PART 3. EVAPOTmSPIMTPON AND EmRGY BALANCE OF COTTON 

INTRODUCTION: 

With much the same background as given under Part 2, a study was 

conducted in 1964 on an irrigated field of Deltapine cotton during 

the period 1 May - 14 September. 
PROCEDURE : 

The cotton study could be more completely instrumented than 

the corresponding one on small grain. Measurement of air temperature 

and relative humidity was done with hygrothermographs in insulated 

boxes with forced ventilation. Windspeed was measured with Casella 

anemometers and by photographing the registers every two hours. Net 

radiation was obtained with polyethylene-covered, insulated, minia- 

ture net radiometers, 

A major improvement was the installation of 2 weighable lysimeters 

of the single load cell type (see Annual Report 1962). Each of these 

had 5 cotton plants in it. Neutron tubes were also installed and read 

twice weekly. Two differential tensiometers were installed at or near 

the lower boundary of the root zone to ascertain the moisture loss by 

seepage, 

Cotton was planted on 30 March and the field installation was 

completed during April. The first irrigation was on 27 April and 

data were collected regularly following this irrigation, 

Further irrigation dates were: 

19 May 

19 June 

9 July 

31 July 

On 27 August the entire field (H-3) was irrigated except some 4O.rows 

in which observations were made. 

Meteorological measurements were reduced by 2-hour intervals, 

while lysimeter evaporation data and hydraulic gradients were mea- 

sured daily. After 1 July, periodic measurements were made of the 

leaf diffusion resistance for correlation with decline in evapora- 

tion. These data are summarized in WCL-29 - Part 5, 
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RESULTS AND DISCUSSION: 

A t  f i r s t ,  d i f f i c u l t y  was encountered i n  e s t a b l i s h i n g  a  s tand  i n  

t h e  lys imeters  because the  p l a n t s  had t o  be t r ansp lan ted .  Later  t h e  

p l a n t s  i n  t he  ly s ime te r s  tended t o  be s h o r t e r  than  the  surrounding 

ones, bu t  a s  of 1 J u l y  a  ve ry  r e p r e s e n t a t i v e  s t and  was obta ined .  A t  

t h e  same time, p l a n t s  i n  ad j acen t  rows had e f f e c t i v e l y  grown toge the r .  

I r r i g a t i o n s  were scheduled too  c l o s e  toge the r  t o  permit any 

apprec iab le  moisture d e f i c i t  t o  develop, except ing  the  l a s t  per iod  of 

observa t ion ,  Also, t he  amount of water  appl ied  exceeded, d, t y p i c a l  

fash ion ,  t he  requirement by a  s u b s t a n t i a l  margin, Thus, t h e r e  i s  

ample reason t o  doubt t h e  v a l i d i t y  of equat ing  moisture dep le t ion  t o  

evaporat ion.  That t h i s  was indeed the  case  i s  i l l u s t r a t e d  by Figures  

3-1 and 3-2. In  F igure  3-1 t h e  d a i l y  evaporat ion,  averaged over 

"neutron per iods"  ( 3  o r  4 days) a s  found from t h e  lys imeters ,  i s  com- 

pared wi th  s o i l  mois ture  dep le t ion .  It may be seen  t h a t  t he  s o i l  

moisture dep le t ion  va lues  a r e  more e r r a t i c  than t h e  lys imeter  da t a ,  

bu t  a l s o  t h a t  they a r e  badly  o f f  a f t e r  t h e  9  J u l y  and 3 1  J u l y  i r r f g a -  

t i o n s .  Agreement was b e t t e r ,  bu t  no t  s a t i s f a c t o r y ,  a f t e r  the 19 May 

and 19 June i r r i g a t i o n ,  However, dur ing  t h e  l a t t e r  p a r t  of August 

and e a r l y  September, t h e  two methods gave s u b s t a n t i a l l y  t h e  same 

answer, 

The reason f o r  disagreement i s  apparent  from Figure  3-2, showing 

t h e  hydraul ic  g rad ien t  a t  135 cm depth ,  This g rad ien t  approaches 

u n i t y  f o r  many days a f t e r  i r r i g a t i o n  and does n o t  vanish  u n t i l  t h e  

10th o r  15th day,  A t  t h e  same time, mois ture  t ens ion  a t  t h a t  depth 

was est imated a t  about 100 mb and s u b s t a n t i a l  seepage out  of t h e  r o o t  

zone i s  implied. 

The two independent s e t s  of d a t a  bear  out  e a r l i e r  conten t ions  

t h a t  s o i l  moisture d e p l e t i o n  cannot r o u t i n e l y  be  used t o  f i n d  evapo- , 

t r a n s p i r a t i o n  under a system-of f requent  i r r i g a t i o n .  

In  regard  t o  eva lua t ion  of t he  McIlroy model, f i n a l  a n a l y s i s  i s  

n o t  a v a i l a b l e .  The ins t rumenta t ion ,  upon comparison wi th  o the r  da t a ,  

d i d  g ive  r e l i a b l e  primary d a t a ,  b u t  t he  c o r r e l a t i o n  of t h e  vapor t r a n s -  

f e r  c o e f f i c i e n t  t o  windspeed proved t o  be inconclus ive  upon f i r s t  
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a t tempt .  This i s  mainly a sc r ibed  t o  t he  f a c t  t h a t  a l l  manner of wind- 

speeds occur i n  our c l ima te  during a 24-hour per iod ,  t h e  s h o r t e s t  f o r  

which evaporat ion d a t a  were a v a i l a b l e .  In  c o n t r a s t ,  d a i l y  averages 

f o r  windspeed tend t o  be much the  same. 

The use  of a wind func t ion  obtained from t h e  a l f a l f a  d a t a  ( s ee  

P a r t  1)  gave reasonable  agreement between c a l c u l a t e d  and measured 

evaporat ion from t h e  co t ton .  However, such a r e s u l t  would ha rd ly  

answer the  o r i g i n a l  i n t e n t  of the i n v e s t i g a t i o n .  

For some days, a d e t a i l e d  i n v e s t i g a t i o n  us ing  Bowen Rat io  d a t a  

could be made. This p a r t  of t he  s tudy i s  incomplete a s  i s  an  eva l -  

u a t i o n  of t he  e f f e c t  of d e c l i n i n g  s o i l  moisture r e se rves  on evapora- 

t i o n  a s  found dur ing  the  l a s t  i r r i g a t i o n  cyc le .  

Figure 3-3 p re sen t s  a summary record of s o i l  mois ture  content  

( 0  - 160 crn) and of measured evaporat ion.  This record makes i t  

obvious t h a t  mois ture  dep le t ion  i n  t h e  f i r s t  fou r  i r r i g a t i o n  cyc le s  

was only p a r t i a l .  Therefore,  i n  t h e  t h i r d  and f o u r t h  cyc l e  where t h e  

cover was complete, evapora t ion  i s  n o t  in f luenced  by s o i l  mois ture .  

In  t he  f i r s t  t.wo cyc le s ,  t he  e f f e c t  of s u r f a c e  s o i l  d ry ing  i s  apparent .  

During t h e  f i n a l  cyc l e ,  t h e  e f f e c t  of s o i l  mois ture  on evaporat ion 

became apparent  around 29 August ( s ee  F igure  5-3, WCL 261, s i n c e  poten- 

t ia l .  evaporat ion w a s  n o t  a t t a i n e d .  From t h e  r a t i o  of p o t e n t i a l  t o  

a c t u a l  evaporat ion,  an approximate 24-hour va lue  of t h e  canopy r e s i s t -  
- 1 

ance i n  min cm may be computed. In  Figure 3-4, t h i s  q u a n t i t y  has  

been p l o t t e d  ve r sus  s o i l  mois ture  t ens ion  i n  t he  top 100 cm and an 

apparent ly  c o n s i s t e n t  r e l a t i o n  emerges, roughly of t he  form 

i n  which t i s  t he  s o i l  mois ture  tens ion ,  R '  t h e  canopy r e s i s t a n c e  and 
L 

a ,  b ,  c and d, cons t an t s .  The d a t a  f u r t h e r  suggest  t h a t  a t  t ens ion  
1 

of 1 ba r ,  R becomes of equal  magnitude a s  t he  aerodynamic t r a n s f e r  L 
c o e f f i c i e n t  (designated a s  1 / B  i n  WCL 33 - 1963: bu t  he re  expressed i n  

v 
min cm-5 and thus ,  begins t o  inf luence  evapora t ion .  
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p r e  3-1. Evaporation from cot ton i n  1964 a s  measured with s i n g l e  load c e l l  lysimeters 
( so l id  histogram) and a s  ca lcu la ted  from twice-weekly s o i l  moisture measure- 
ments ( in ter rupted histogram). Arrows ind ica te  time of i r r i g a t i o n .  
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Figure  3-2. Hydraulic g rad ien t  a t  135 cm depth a s  measured under an i r r i g a t e d  c o t t o n  f i e l d .  
. Arrows i n d i c a t e  time and q u a n t i t y  of i r r i g a t i o n .  
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Fsgure 3 . 3 ,  Daily evaporation from cotton in 1964 as measured with single load ce 
Lysimeters and soil moisture content as measured twice-weekly. Arrows 
indicate time of irrigation. 
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Figure 3 -4 .  Relation between cotton canopy resistance as approximated 
aiLy values of,potential and actual evaporation, and 

soi 1 moisture ion as approximated from soil moisture 
content, Sha arrier indicates critical zone for effec- 

ranspiratlon re 
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PART 4 ,  CO'L'Ib.,EG'l'3CON OF BOUTlCWE WEATHER DATA 

IMTRODUGTZON: 

The methods whereby r o s t i n e  weather d a t a  over  t h e  l y s h e t e r  a r e a  

were c o l l e c t e d  &te descr ibed  i n  WCE 33 - P a r t  6 - 1963. A, major 

change was made i n  thc method of recording,  which i s  b r i e f l y  descr ibed  

he re .  

PROCEDUrn : 

During 1963 and p a r t  of 19664, d a t a  were t r ansc r ibed  from an 11- 

inch  recorder  c h z r t ,  6 p o i n t s  every 38 minutes .  Ea r ly  i n  I964 a 

Telechron shaft-mounted encoder was i n s t a l l e d  on t h e  e x i s t i n g  6-point  

H q n e p e l l  r eco rde r ,  The encoder had a span from -200 t o  e23C d i g i t s ,  

corresponding t o  - 2  K O  4-2 milZ ivo l t s .  

In addic ioa ,  a simple p r o g r a m e r ,  power supply and x ~ p s  punch 

(Pr iden) ,  ware ob t c ined  wi th  t h e  encoder ( a l l  supp l i e d  by &mnarlund 

Corporat ion)  . From an e x t e r n a l  30-ml.rrute t imer,  t h e  o w  tpu t  of r1.11 

6 channels i s  recorded Bai t h e  punched tape ,  preceded by a, cee?rriage 

r e t u r n  and a s e q u e n t i a l  number, Thus, each per iod  p r o d ~ ~ e e s  a s i n g l e  

Tiirre that- i s  typed onOo E su-i table  form f o r  each day, ALi d a t a  are 

d i r e c t l y  a c c e s s i 5 l e  by chzrmel, day and h a l f  -hourly pe r iod ,  Prepared 

d i g i t -  to-uxriL cables  enable  v i s u a l  conversion of va lues  where neces-  

s a r y ,  Direct. r e c ~ r d s  are obtained f o r  r a d i a t i o n  and win&peed, 

RESULTS AKD DESCUSSIOH: 

In  the  f i r s L  f a  months, a m y  d i f  f i c u l t i e s  were e n c o u ~ k e r e d  t h a t  

were E ine l ly  traced t o  f a u l t y  f a c t o r y  wi r ing  of t h e  t s p e  punch. Minor 

d e f e c t s  i n  t h e  e x t e r n a l  p rog raming  and the  encoder mounting gave 

occa+sional f  Laws i n  t he  record  u n t i l  September, For t he  l.ast 3 months 

of 1964, t h e  sysoem has turned out  p e r f e c t  d a i l y  staterner;t,; t h a t  r ep re -  

s e n t  a g r e a t  sav ing  of time zind e f f o r t  compared t o  t h e  v i s u a l  c h a r t  

readout ,  

The system could e a s i l y  handle up t o  24 d a t a  po in t s  and couid be 

run  a t  d i f f e r e n t  f r equenc ie s .  As such, i t  i s  w e l l  s u i t e d  f o r  r o u t i n e  

weather d a t a  e o l l e e t i o n ,  The t o t a l  investment i s  about $&,GO0 an3 

t he re fo re ,  p r e f e r a b l e  over t h e  more s o p h i s t i c a t e d  systems t h a t  we 

have. A disadvantage i s  t h e  r e l a t i v e l y  l a r g e  asaousut: of spa.ce occupied 
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and the fact that some additional design and construction was required 

once the components were in hand, 

A surmary of the data for 1964 is shown in Table 4-L, 
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Table 4-1. Weather d a t a  a t  2 m over  a l f a l f a ,  U. S. Water Conservation 
Laboratory, Tempe, Arizona, 1964, 

A i r  A i r  A i r  
Month Decade Rs R Wind- Vapor Temp. Temp. Temp. n 

Speed Pressure  Ave . Ave. Bve. 
Max. Min. 

- 1 - 1 0 
C 

0 
l y d a y m l  l y d a y  m s e c  mb C 

Jan  

Peb 

Max 

A P ~  

May 

Sun 

J u  1 

Aug 

S ~ P  

oc t 

Nov 

Dec 

300 116 1.5 3.5 16.8 -0,7 
303 126 1 .4  3.8 15.4 -2.7 

Hammarlund System Being I n s t a l l e d  - No Data 
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S W R Y  AND CONCLUSIONS : 

During 1964, f i e l d  s t u d i e s  were conducted concerning the  r e l a t i o n  

between c l i m a t i c  v a r i a b l e s  and evapo t r ansp i r a t ion  when mois ture  was 

no t  l i m i t i n g ,  These observa t ions  were made on a l f a l f a ,  wheat, o a t s  

and co t ton ,  

The a l . f a l f a  d a t a ,  based upon t h e  use  of weighable l y s ime te r s ,  

confirmed t h e  a p p l i c a b i l i t y  of t he  combination method f o r  e s t ima t ing  

evapo t r ansp i r a t ion  from s i n g l e - l e v e l  observa t ions  without  empir ica l  

adjustment ,  a s  was a l r e a d y  r epor t ed  i n  1963. 

Tes ts  of t h e  McIlroy v e r s i o n  of t he  combination method tended 

t o  g ive  the same r e s u l t ,  bu t  i t  d i d  not  appear p o s s i b l e  t o  f i n d  t h e  

empi r i ca l  wind f u n c t i o n  without  r e s o r t i n g  t o  t he  use  of hour ly  

evaporat ion d a t a ,  which were no t  r o u t i n e l y  a v a i l a b l e  f o r  c o t t o n  and 

smal l  g r a i n ,  Sporadic  t e s t s  were s a t i s f a c t o r y ,  b u t  i n s u f f i c i e n t  t o  

e s t a b l i s h  meaningful d i f f e r e n c e  between crop covers ,  

I n t e r p r e t a t i o n  of s o i l  mois ture  dep le t ion  d a t a ,  as obtained i n  

t h e s e  s t u d i e s  by t h e  neut ron  method, was no t  poss ib l e  f o r  t he  pur- 

pose of v e r i f y i n g  any c l ima to log ica l  method f o r  est imati .ng evapo- 

t r a n s p i r a t i o n .  The cause - a s  demonstrated d i r e c t l y  w i th  d i f f e r e n -  

t i a l  tens iometers  - was t h e  cons iderable  and unpred ic t ab le  down~~ard  

movement of moisture out  of t h e  r o o t  zone f o r  a s  much a s  10 days 

a f t e r  i r r i g a t i o n ,  Conversely, any model empi r i ca l ly  based on t h i s  

type of d a t a  i s  s u b j e c t  t o  s i g n i f i c a n t  e r r o r s .  

A second s tudy,  cont inued from 1963, was t o  q u a n t i t a t i v e l y  

desc r ibe  the  e f f e c t  of d e c l i n i n g  s o i l  moisture r e se rves  upon evapo- 

t r a n s p i r a t i o n ,  An a n a l y s i s  of d a t a  obtained from a l f a l f a  showed the  

use fu lnes s  of t he  combination model i n  t h a t  i t  permi t ted  a  c a l c u l a -  

t i o n  of t he  canopy r e s i s t a n c e ,  The l a t t e r  va lue ,  being der ived  from 

t h e  leaf  d i f f u s i o n  r e s i s t a n c e  (s tomata1 a p e r t u r e ) ,  shows t y p i c a l  

d i u r n a l  a s  w e l l  a s  long-time e f f e c t s .  

A s tandard  11-inch, 6-poin t  recorder  was converted i n t o  a punched 

t ape  d a t a  logger  by us ing  commercial components a t  an added c o s t  of 

$3,000. This system produces a d a i l y  p r i n t e d  shee t  of ha l f -hour ly  
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weather d a t a  arranged i n  6 columns. It i s  e a s i l y  adaptable  t o  o the r  

formats and performs r e l i a b l y  on a continuous b a s i s .  

PERSONNEL: C. H. m e  van Bavel and I. C .  McIlroy. 
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TITLE5 : EXC?XNCE OF WATER VAPOR WIE l?X&!.h'T LEAVES AND TTS 

REJA'I'TON 90 STOm.'TAL EBZFF'USFVE RXSZSTAYCE 

L L N  PROJECT: SWC kl-gG 1 CODE NO, : A r k .  -WCL-34 

INTRODUCTION : 

'The m a i ~  f ~ s r u r e s  s f  t h i s  p ro j ec t ,  inc luding  the ob jec t ive ,  theory 

and procedure, h&ve been presented  i n  the  r e p o r t  of 1.963. The p r o j e c t  

was tern- i ln~tcd i n  1964 and t l e  .reasons a r e  presented  i n  t he  Su~mary  & 

Conclusions s e c t i o n ,  

Ef we assurnE t h a t  ord inary  weter  vapor l o s s  and t r i t i a t e d  water 

vapor ga in  i n  a l e a f  invo:.ve s i m i l a r  d i f f u s i v e  r e s r s t a n c e  processes ,  

tha~Lbe  resistrznee can be measured by  u s ing  the  re l - l t ion :  

where R is the stomata5 r p ; l s t m c e ,  AC is the  vapor eoneent rz t ion  

d i f l e r e n c e  between rhe frincr siom:tal c z v i t y  p/ar?d t h e  e x t e r n a l  atlmss- 

phere, a d  E i s  t h e  r z t c  of l o s s  os g d i n  of H 0 o r  790, Previous 
2 

s tudy  (1903 Anruiuzi'L &port A x  i z ,  -WC:I,-3, S o i l  Ncksture Potent  ials s.nd 

Water Uptake b y  Roots] showed h > a t  t r i t i . 8 t e d  water  and o r d ~ n a r y  water 

d i f f u s e d  e: d i . f f e r e n t  ra te- ,  i t - i  so2 J. m a t e r i a l ,  Tee p o s s i b i l i t y  t5&t 

t h r s  atg31-t aY.so occur w i t h  p l a n t  m a t e r i a l  was cons idered ,  For siztpl i -  

f i c s  tfon, the c m p a r i s o n  of THO and H, 0 gain '3rd l o s s  wires .made r;;rit'n 
2 

moist  b l o t t e r  paper i n s t ezd  of a leaf,  

PROCEDURE : 

Moist, 6 x 8 m green b l o t t e r  papers were exposed t o  t r i t i a t e d  

water  vapor f o r  per iods  of 15 t o  30 rninutes i n  a P lex ig l a s s  chamber 
3 - 1 

(50 x 25 x SO cm3, equipped w i t h  a  1.68 m, min squ i r r e l - cage  blower,  
- 1 

The THO vapor source (I  t o  1 0 ~  mZ was a  mixture of THO and HZO, 

o r  THO and NaCl-satxrated s o l u t i o n ,  When the  mixrure of TBO and NaCI- 

s a t u r a t e d  s o l u t i o n  was used a s  t h e  TBO source,  Lhe water  vapor g rad ien t  

was i n  t h e  d i r e c t i o n  of t h e  leaf  t o  t h e  s o l u t i o n ,  whereas, the THO 

vapor g rad ien t  was i n  t he  oppos i te  d i r e c t i o n .  

The t e ~ p r a t m r s  of the a i r  and b l o t t e r  paper were iconicored wi th  

thermocouple and the rmis to r  probes.  Humidity i n  t h e  chamber wes m e a -  

sured wi th  a l i t h ium c h l o r i d e  r e s i s  tance  hygrometer. 
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Water loss from the evaporating material was measured gravimet- 

rically, THO gain was determined by extracting the water from the 

sample by vacuum dl.stillation and analyzing for THO in the extraction 

by liquid scintillation techniques (Annual Report WCE-3, 196 

RESULTS AND DISCUSSHOH: 

The results of the R, 
rHO and RH20 

measurements are presented in 

Table I.. It shows that the resistance values for THO and B 0 are 
2 

different (Co1usrp.n 4). Furthermore, the resistance value of W20 is 
- 1 

&out 0.01 cm min and is essentially constant, being independent 

of the ratio of the source-to-sink. However, the resistance value 

associated with THO varied according to the relative proport-i.on of 

absorbing and T90 swpplplng surfaces. The results fndicate strongly 

that isotopic exehmge played a significant role in the og,era.LL flux 

of THO, which is not present in the transfer of ordinary water. 

SmRY AYD CONCLUS206;1S: 

Water loss and THO gain was determined sima'4.taneousl.y on moist 

b korter pzper . CaLcu$.az ions for the experimeniral data show that the 

resistance values for B20 2nd TBO are different. Th~s, it would be 

impractical to measure stmata.1 resistance of leaves by m-litsuring 

the exchange of Leaf water and atmospheric tagged water vapor, 

PERS ONMEL : F . S . Nakayma 
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TABLE 1, Rela t ion  between R %nd RH f o r  moist b l o t t e r  paper.  
THO 2 

Surface Area Rat io  

THO s ink:  source 
0 r %,o 

E20 source:  s ink (cm-l mi*) 

R~~~ R T E O / ~ H , ~  
- 1 

(cm min) 
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T ITLE : WATER MANAGE FOR THE EFFICIENT XRRIGATLOM OF SAFFLOWER 

LINE PROJECT: SWC 5-g 2 CODE NO.: Ariz.-WCL-35 

INTRODUCTION: 

The o b j e c t i v e  of t he  experiment i s  t o  determine t h e  i r r i g a t i o n  

requirements of sa f f lower  f o r  maximum economic y i e l d  per  u n i t  of water 

appl ied ,  

Safflower has r e c e n t l y  become an important economic crop i n  t h e  

Southwest wi th  approximately 330,000 ac re s  being grown i n  Arizona and 

C a l i f o r n i a  during 1963. This  acreage r ep re sen t s  about ha l f  of t h a t  

grown i n  the  United S t a t e s ,  Many growers i n  the  Southwest do not  have 

s u f f i c i e n t  water t o  al low the  use of  high i r r i g a t i o n  r a t e s  recommended 

f o r  maximum product ion per u n i t  a r e a  of land. 

Informat ior  concerning i r r i g a t i o n  management f o r  maxi.mum produc- 

t i o n  per u n i t  of water i s  u rgen t ly  needed, p a r t i c u l a r l y  i n  regard  t o  

t he  l a t t e r  p a r t  o f  t he  saf f lower  growing season when i t  must compete 

w i th  c o t t o n  f o r  a v a i l a b l e  i r r i g a t i o n  water ,  Yield must be considered 

i n  terms of s a l e a b l e  product and the  r e l a t i o n s h i p s  between o i l  conten t  

of seed and the percentage of hollow seed must be considered.  There 

i s  evidence t h a t  t h e  o i l  conten t  of seed and the  occurrence of  hollow 

seed i s  d i r e c t l y  inf luenced  by water management, 

The experiment i s  l oca t ed  a t  t he  Univers i ty  of  Arizona Experiment 

Farm, Mesa, Arizona, 

Four borders ,  each 275 x 33 f e e t ,  were s p l i t  i n t o  12 p l o t s  con- 

t a i n i n g  s i x  20-inch rows approximately 40 f e e t  long, e s t a b l i s h i n g  

48 p l o t s ,  E ight  i r r i g a t i o n  t rea tments  were r e p l i c a t e d  s i x  t imes i n  

a randomized block des ign ,  Beds were b u i l t  w i t h  rows 20 inches a p a r t  

and saf f lower  p lan ted  6 rows pe& p l o t  on t h e  f l a t  t h e  l a s t  week of 

December, A preplan t ing  i r r i g a t i o n  o f  a t  l e a s t  one f o o t  of water  

was given before  t he  p l an t ing  da t e .  Border d ikes  were cons t ruc ted  

around each  p l o t ,  A pre-determined quan t i t y  of  water  was pumped and 

measured w i t h  a Spa r l i ag  meter i n t o  t h e  r e s p e c t i v e  p l o t s  a t  each 

i r r i g a t i o n .  Normal c u l t i v a t i o n  f o r  weed c o n t r o l  was conducted. A 
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newly-released, t h in -hu l l ed  v a r i e t y ,  A-104, was p lan ted  a t  15 Ibs  per  

acre .  Two hundred l b s  of  n i t r a t e  f e r t i l i z e r  were app l i ed ;  100 l b s  

previous t o  t h e  pre-p lan t ing  i r r i g a t i o n ,  and 50 l b s  before  t he  f i r s t  

i r r i g a t i o n  and aga in  before  t h e  second i r r i g a t i o n .  

Treatments and Var iab les  

A, Under i n v e s t i g a t i o n :  ( s o i l  moisture)  

Treatment 1 - i r r i g a t e  when SO percent  of rhe  a v a i l a b l e  water 

has been deple ted  from t h e  top  t h r e e  f e e t  o f  s o i l .  

I A  - i r r i g a t e  cont inuously u n t i l  ha rves t .  

1 B  - i r r i g a t e  cont inuously u n t i l  p l a n t s  appear t o  be mature 

( leaves  d r y ) ,  

LC - i r r i g a t e  cont inuously u n t i l  t he  f i r s t  blossoms commence 

t o  dry. 

1 D  - i r r i g a t e  cont inuously u n t i l  the f i r s t  blossoms open. 

Treatment 2 - i r r i g a t e  when 65 percent  of  t he  a v a i l a b l e  water 

has been deple ted  from t h e  t o p  t h r e e  f e e t  o f  s o i l .  

2E - i r r i g a t e  u n t i l  p l a n t s  appear t o  be mature ( leaves  dry) .  

2F - i r r i g a t e  u n t i l  about one week a f t e r  blossoming has 

commenced. 

2 G  - i r r i g a t e  u n t i l  one week before  blossoming commences, 

2H - i r r i g a t e  u n t i l  one week before  blossoming commences, 

then  apply two a d d i t i o n a l  i r r i g a t i o n s ,  each given a f t e r  p l a n t s  have 

shown a d e f i n i t e  v i s u a l  moisture s t r e s s .  

Treatment 2E i s  based on previous s t u d i e s  from which a  mean consump- 

t i v e  use curve was developed. Treatment 1 A  i s  designed t o  c r e a t e  a  

more luxur i an t  moisture regime than 2E, e s p e c i a l l y  during the  peak 

consumptive use  period.  A l l  o t h e r  t rea tments  a r e  designed t o  o b t a i n  

d a t a  on the  optimum y i e l d  per u n i t  o f  water  and t o  c r e a t e  environments 

t h a t  might a f f e c t  o i l  conten t  and hollow seed. 

Data t o  be Obtained. 

1. Quanti ty  of water by measurements w i t h  a  Spar l ing  meter. 

2 .  Growth r a t e  -- p lan t  physiology pe r t a in ing  t o  budding, 

blossoming, and maturing. 

3 ,  O i l  conten t  of seed. 
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4. Number of hollow seeds, 

5. Soil moisture content by use of soil-moisture samples and 

neutron meter. 

6, Yield of seed, 

7, Occurrence date of blossoms associated with hollow seeds. 

Methods of Interpreting Results 

1, Analysis of variance 

Source DF 

Total 4 7 

Treatments 7 

Replications 5 

Error 35 

Annual Report of the U.S. Water Conservation Laboratory



Road 

uf far 

pump ar Spar ling 

dike 

wide 

alfalfa valve8 
. . -- 
round water supply 

Annual Report of the U.S. Water Conservation Laboratory



RESULTS AND DISGUSSBON: 

Safflower was p lan ted  December 26, 1963, about t e n  days a f t e r  

given a pre-p lan t ing  i r r i g a t i o n ,  A good s tand  was obta ined  w i t h  p l a n t s  

emerging about January 13, 1964. A l l  p l a n t s  were hand-thinned i n  two 

rows, each twenty f e e t  long, t o  approximately 4 inches between p l a n t s ,  

Buffer rows were a l s o  thfnned, Five p l a n t s  were s e l e c t e d  f o r  hollow- 

seed information i n  t rea tments  E, F, G and H. 

The f f r s t  f lowers  d id  n o t  appear,  except  on t rea tment  G, u n t i l  

May 20, approximately t e n  days l a t e ,  a t  which time f lowers  were tagged 

every Tuesday and Friday u n t i l  t he  end of t he  f lowering per iod ,  Treat-  

ment "G" had open f lowers  by May 15, Each tagged head was harves ted  

i n  J u l y  and processed, 

Safflower was harve.sted from 40 l i n e a l  f e e t  o f  row. P l an t s  were 

counted i n  each p l o t  when harves ted ,  Seed was used t o  determine y i e l d ,  

o i l  content ,  i od ine  content ,  and weight per  500 seeds.  

The f i r s t  two i r r i g a t i o n s  were given March 13  and Apr i l  7. Water 

was not  measured f o r  t hese  i r r i g a t i o n s  except  by s o i l  moisture sampling, 

and a l l  p l o t s  were i r r i g a t e d ,  r e g a r d l e s s  of t r ea tmen t s ,  F i f t y  pounds 

of  n i t rogen  were app l i ed  w i t h  each of t he  f i r s t  two i r r i g a t i o n s ,  
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Water 5 6 

IRflfGATION SCHEDULE 
Mo. of 
I rr iga-  

Applied ~- 

* Treatment 'R' was changed from the or iginal  plan because of 
the l a t e  flowering date. 

Mean s o i l  moisture percentage i n  the top four f e e t  based on 
the following periods. 

Wet 614, -- 4/20 --+ 6/25 

Medium 72% -- 4/23 +a- 6/15 
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Plan t s  were only 7 inches  high by March 7, By Apr i l  3,  they were 20 

inches high. They were 40 inches high by Apr i l  24, and on May 7, they 

had reached t h e i r  maximum height  of 48 inches .  Small buds were f i r s t  

observed on Apr i l  30, and on May 20, a few f lowers  showed on non- 

s t r e s s e d  t r ea tmen t so  Treatment "G" showed drought s i g n s  (grey, droopy 

lower Leaves) by May 15, j u s t  when flowering s t a r t e d ,  Treatment "D" 

showed drought about May 25, and t reatment  "F" was showing yellow, 

droopy leaves  on t h e  lower p a r t  o f  the  p l an t  on June 1, 

S o i l  moisture samples were taken on t h e  p l an t ing  da te ,  a t  l e a s t  

every 20 days before  and a f t e r  i r r i g a t i o n s ,  and on the  ha rves t  d a t e ,  

Samples were  take^?: a t  kwo 1 0 c a t i o ~ s  OR two p l o t s  f o r  each  o f  t he  e i g h t  

i r r i g a t i o n  treatmenEs, S o i l  samples were taken a t  1-foot  i n t e r v a l s  

through 6 f e e t ,  

No cu1t ivat i .ens were accomplished a f t e r  Apr i l  20, and no spraying 

f o r  i n s e c t s ,  A small  amount o f  "yellows" was observed, 

SUM[MBRP AWD CONCEDSZONS: 

There i s  a s ta thstbcab ' ly  s i g n i f i c a n t  d i f f e r e n c e  i n  saf f lower  y i e l d  

f o r  the  i r r i g a t i o n  regimes (Table l ) ,  The va r i ance  i s  a t  t he  1-percent 

l e v e l .  There i s  no s i g n i f i c a n t  d i f f e r e n c e  i n  y i e l d  between t rea tments  

"A" 9 "Eft, and "B"; however, "E" was given only 7 i r r i g a t i o n s  and con- 

sumptiveiy used about 10 inches  l e s s  water (Table l ) ,  Treatment "C" 

y i e lded  over 700 pounds Less saf f lower  seed and was given one i r r i g a -  

t i o n  l e s s  than t rea tment  "E", Treatment "C" c o ~ s u m p t i v e l y  used nea r ly  

3 112 inches l e s s  water  than  Treatment "Eft When t h e  l a s t  i r r i g a t i o n  

was given on the  d a t e  of t he  f i r s t  major s igns  o f  blossoming, a reduc- 

t i o n  from t h e  maximum p o t e n t i a l  of a t  l e a s t  a thousand pounds of seed 

occurred (Treatments "CY' and "H"), When i r r i g a t i o n s  were discont inued,  

10 t o  20 days before  t he  f i r s t  blossoms, reduct ions  of over one-half,  

o r  approximately 2000 pounds, r e s u l t e d  (Treatments "D" and "G"). 

There i s  a s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  i n  t he  weights of 

SOB seeds and the  o i l  conten t  f o r  t he  va r ious  i r r i g a t i o n  regimes 

(Tables 2 and 3 ) ,  The va r i ance  i s  a t  the  1-percent  l e v e l .  The t rend  

i n  o i l  conten t  and weight of 500 seeds i s  the  same a s  f o r  y i e l d .  
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Differences  between "B", "E", and "A" a r e  no t  s i g n i f i c a n t ,  and they 

a r e  higher  than o the r  t rea tments ,  Late  season mois ture-s t ressed  

t rea tments  a r e  low, j u s t  a s  f o r  y i e l d s ,  

There i s  no s i g n i f i c a n c e  i n  iod ine  numbers between i r r i g a t i o n  

regimes (Table 4 ) ,  There i s  a s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r ence  

i n  the  number of seeds per  head (Table 7 ) ,  The va r i ance  i s  a t  the  

1-percent  l e v e l  and t h e  number of seeds per head a r e  increased  a s  t h e  

number of  i r r i g a t i o n s  a r e  increased .  The number of  seeds  per head 

decreased a s  t he  season progressed f o r  a l l  t rea tments  (Table 8 ) .  The 

t o t a l  number of heads per  p l an t  a s  r e l a t e d  t o  moisture d id  no t  follow 

a c o n s i s t e n t  t r end ,  The d a t a  (Table 9 )  seems t o  i n d i c a t e  t h a t  a 

severe  e a r l y  s t r e s s ,  t e n  days o r  more, before  flowering, caused a 

decrease i n  t he  number of heads. 

The range i n  t he  number of hollow seeds i s  d i r e c t l y  r e l a t e d  

t o  y i e lds ;  however, t he  percent  of  hollow seed i s  the  r eve r se  

(Table 6 ) ,  When t h e  weight of  hollow seed i s  considered,  t he  per-  

cen t  hollow i s  l e s s  f o r  t h e  h igh  producing t rea tment  "E". Hollow 

seed r e p r e s e n t s  approximately 2 percent  by weight of  t h e  t o t a l  seed 

(Table 51, From 4 ,5  t o  6 , 3  percent  of t he  t o t a l  number of seeds a r e  

hollow r e g a r d l e s s  of i r r i g a t i o n  t reatment  (Table 6 ) ,  Visua l  a n a l y s i s  

of the  d a t a  by weeks shows t h a t  hollow seeds occur throughout the  

f lowering season f o r  a l l  i r r i g a t i o n  t rea tments .  Hollow seed i s  not  

n e c e s s a r i l y  a s soc i a t ed  w i t h  a s p e c i f i c  time of f lowering,  

The c o r r e c t  i r r i g a t i o n  schedule t o  o b t a i n  t h e  most economical 

y i e l d  w i l l  depend upon the  c o s t  o f  water .  The d a t a  i n d i c a t e s  t h a t  

6 o r  7 i r r i g a t i o n s  would be t h e  most d e s i r a b l e  s i n c e  i t  would appear 

t h a t  1 o r  2 i r r i g a t i o n s  over 5 i r r i g a t i o n s  would mean about 1000 

pounds of seed (Table 10) .  Reducing i r r i g a t i o n s  t o  4 would n o t  

appear t o  be economically f e a s i b l e .  

PERSOWEL: Leonard J. E r i e  and Orr in  F, French. 

Annual Report of the U.S. Water Conservation Laboratory



Table 2, Y i e l d ,  Safflower, Mesa, Arizona, Pounds per Acre. 
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Table 2.  Weight of 500 Seeds, Safflower (gm), 

Treatment - a t  ions 

1 - 2 - 
18.75 f8 ,99  

19.2 18.61 

%%,42 18,563 

P6,22 f'7.13 

17,78 19.0% 

16,10 16,89 

5,92 '$5.78 

319.24 B7,57 

Sig, 1% 

18,58 a b 

17,59 b 

17.25 

$6,68 

l6 ,67  

116,%1 

Mean 
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Table 4 .  Iodine nmbers ,  S a f f l  

1 - 2 - 
146 145 

a46 145 

146 146 

a44 3.45 

146 146 

143 144 

145 I44 

f 45 I45 

Ba0 S i g *  

Replications 

3 - 4 - 
146 147 

145 147 

146 145 

146 145 

I47 147 

144 145 

145 146 

145 146 

Mean - 
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Table 5, Weigh oE H s l 1 o w  Seed, Safflower. 

Weight of 
Molllow Seed 

22,248 

Weight b f  Percent of 
Weight of Hbllow and Total WeighC 

d Good Seed H d l  
A 

834,814 847,062 1.45 

e r  of Hollsw Seed, Saf f l  

Treatment 

Total 
Number of 
Hollow Seed 

, 

165 

161 

13 4 

156 

Total Percent Av. Seed Weight 
Number of of Seed 
Good Seed Hollow Hollow Good 

3,472 4.53 . 01319 ,0394 

2,745 5,55 ,013 2 ,03 58 

1,999 6.27 .0113 ,0333 

2,763 5.36 .0126 ,0336 
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Table 7 ,  Seeds per Head, Safflower, 

Mean - 

Table 8, Mean Seed per Head by Dates (6 replications) 

Tagging Dates 
Tre,atment No 

S J 2 2 5 / 2 6 2 8 6 / 2  f i d l l *  _6/22 Tags 

E 56 56 5 5 45 33 24 13 28 
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Table 9 ,  Number of Heads from 5 Plants, (6 repl icat ions)  

No 
Treatment 5/22 5/26 5/28 612 615 619 6/12 Tag Total 

r___ - - - - - - - 
E $0 116 56 117 49 34 19 16 487 

Table 3.0. Yield versus Water Use, 

No, Yield Lbslin. 
Treatment Irrigations Lbs of  Water 

Y -----e- 
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Table 11, Cons se of Water by Sa&f&owes, 
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TITLE: CLAY DISPERSANTS FOR THE REDUCTION OF SEEPAGE LOSSES FROM 
RESERVOIRS 

L I m  PROJECT: SWC-4-gG1 CODE NO.: Ariz.-WCL-37 

INTRODUCTION: 

Observations and pos t t rea tment  s o i l  ana lyses  were made i n  May and 

September 1964 on two s tock  ponds t r e a t e d  wi th  sodium s a l t s .  See Ariz.- 

WCL-8 Annual Report f o r  1963 f o r  o t h e r  d e t a i l s .  

PROCEDURE : 

No new procedures were adopted i n  1964. 

RESULTS AND DISCUSSION: 

1, Dick Mason Pond, 

This pond had a seepage r a t e  o f  f i v e  inches per  day p r i o r  t o  

t r e a t i n g  i t  i n  August 1962 w i t h  TSPP ( tetrasodium pyrophosphate). There 

was very l i t t l e  sodium (ESP = 0,8)  and n a t u r a l l y  d ispersed  c l ay  (2-3 

percent )  p r i o r  t o  t reatment .  One year  a f t e r  t rea tment  t h e  seepage r a t e  

was 0.3 inch  per day. Two yea r s  a f t e r  t reatment ,  s o i l  samples were 

taken and the  seepage r a t e  was measured a t  1 inch  per  day, 

The pos t t rea tment  phys ica l  a n a l y s i s  of  s o i l  samples taken i n  

May 1964 showed a two-to-f ive-fold inc rease  i n  t h e  amount o f  d i s -  

persed c lay  over t h e  pre t rea tment  amount. This  i n d i c a t e s  t he  TSPP 

was e f f e c t i v e  i n  causing a p a r t i a l  d i s p e r s i o n  of  t h e  c l ay  f r a c t i o n ,  

The chemical a n a l y s i s  showed a f a i r  amount o f  sodium on the  exchange 

complex, ESP = 8 i n  t he  0 t o  2 i nch  layer ,  a l though t h i s  was l e s s  than 

the  design ESP of  15. Obviously, t he  lower amount of  sodium was e f f e c -  

t i v e  i n  d i spe r s ing  enough c l ay  t o  reduce seepage. 

A t  our  reques t ,  the  rancher  measured the  water  l o s s  from t h i s  

pond i n  September 1964 a t  one inch  per  day, averaged over  t h r e e  days. 

The s o i l  a n a l y s i s  o f  September 1964 ( t a b l e  1 )  shows a marked deer-ease 

i n  the  sodium remaining on t h e  exchange complex, and i n  t he  amount of 

d i spersed  c l ay .  ESP was 1.6 and d ispersed  c l ay  1-2 percent  i n  t he  

0 t o  2 i nch  depth. It appears  t h a t  t he  calcium i n  t h e  s o i l  s o l u t i o n  

has increased  t o  t h e  po in t  t h a t  i t  i s  r ep lac ing  t h e  sodium on t h e  

s o i l .  The sodium has then been leached out  of  t h e  p r o f i l e ,  and t h e  

calcium has caused the  c l ay  t o  f l o c c u l a t e ,  This  cond i t i on  i s  r e f l e c t e d  
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i n  the inc rease  i n  seepage r a t e  from 0,3 inch  per  day i n  1963 t o  1 inch  

per  day i n  September 1964, 

2,  House Mountain Tank #2, 

The pre t rea tment  seepage r a t e  of t h i s  pond was never measured 

al though i t  never he ld  enough water t o  ca r ry  the  c a t t l e  through t h e  

graz ing  season,  P r io r  t o  t r e a t i n g  the  pond w i t h  sodium carbonate  i n  

J u l y  1963, an a n a l y s i s  o f  t h e  s o i l  showed an  ESP of  0.7 and the  amount 

of n a t u r a l l y  d i spe r sed  c l ay  a s  2.3 percent ,  

This pond contained approximately th ree  f e e t  of water i n  mid- 

June 1964 and had gone dry by mid-September 1964, This  l o s s  could be 

accounted f o r  by 0,25 inch  per day f o r  evapora t ion  and 0.25 inch  per 

day f o r  seepage, 

The d a t a  g iven  i n  Table 2 show an ESP of  1.7 i n  t he  0 t o  2 

i nch  depth w i t h  4.5 percent  d i spersed  c l ay  f o r  t h e  s o i l  samples taken 

i n  May 1964. Both the  ESP and d ispersed  c l ay  inc rease  down t o  the  

10-inch depth. I n  September, however, t h e  ESP inc reased  t o  3.9 i n  

t h e  0 t o  2 i nch  depth. The amount of d i spersed  c l ay  decreased t o  1-2 

percent ,  It appears  t h a t  t h e  inc rease  i n  sodium a t  t h e  s o i l  su r f ace  

i n  1964 was due t o  t he  evapora t ion  of  water  ( the  pond was dry i n  

September 1964),  The inc rease  i n  sodium a t  the  lower depths was 

probably due t o  leaching ,  The da t a  a r e  not  s u f f i c i e n t l y  complete 

t o  exp la in  why a low ESP (1.7) i s  a s soc i a t ed  w i t h  4.5 percent  d i s -  

persed clay,  and a higher  ESP (3.9) i s  a s soc i a t ed  w i t h  l e s s  d i spersed  

c l ay  (2-3 pe rcen t ) ,  This  ques t ion  w i l l  be i n v e s t i g a t e d ,  

SUMMARY : 

Two ponds, apparent ly  succes s fu l ly  t r e a t e d  w i t h  sodium s a l t s  t o  

reduce seepage, were observed one and two yea r s  a f t e r  t rea tment .  

House Mountain Tank #1 t r e a t e d  w i t h  sodium carbonate  appears  t o  be 

holding water one year  a f t e r  t reatment  w i t h  about 0.25 inch  per day 

seepage l o s s ,  The amount of  sodium remaining on the  s o i l  has appar- 

e n t l y  caused enough of  t he  c l ay  f r a c t i o n  t o  be d ispersed  t o  reduce the  

seepage r a t e  t o  an acceptab le  l e v e l  f o r  t he  r a n c h e r ' s  needs,  A 

measured seepage l o s s  next  year  w i l l  determine i f  t h e  t rea tment  i s  

s t i l l  e f f e c t i v e ,  
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In  t he  Dick Mason pond, t r e a t e d  w i t h  te t rasodium pyrophos- 

phate,  t he  seepage r a t e  has increased  from 0.3 inch  per  day one year  

a f t e r  t rea tment  t o  1 i n c h  per day two yea r s  a f t e r  t rea tment .  Post- 

t reatment  a n a l y s i s  of  t h e  t r e a t e d  s o i l  shows very  l i t t l e  sodium 

remaining on the  exchange complex (ESP = 1 t o  2)  and l e s s  than  two 

percent  of t he  c l ay  f r a c t i o n  d i spe r sed ,  Apparently, t h e  calcium i n  

t h e  s o i l  s o l u t i o n  has increased  enough t o  r ep l ace  the  sodium on t h e  

s o i l ,  the  sodium has leached out  of t h e  p r o f i l e ,  and t h e  calcium has 

f loccu la t ed  the  s o i l ,  thereby causing an increased  seepage r a t e .  

PERSOmEL: Robert J, Reginato and Lloyd E. Myers. 
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Table 1, Pretreatment and posttreatment chemical and physical analyses of Dick Mason Pond, 

i 

Soil Depth - Inches 
Date Sampled 

Catxon Exc 

w Sand > 50 y 
d I % 

& Coarse Silt 20 - 50 u % 

Fine Silt 2 - 20 y 1 % 

1/ This pretreatment analysis is from a composite sample and is applicable for all depths. - 
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S o i l  Depth - Inches 

Date Sampled 

Cat ion Exchange 
Capacity 

Exchangeable 
Sodium 

T o t a l  S a l t s  

Sand 50 p 

Coarse S i l t  
20-50 p 

Fine S i l t  
2-20p 

T o t a l  Clay < 2 

Dispersed Clay 
<2 11 

I/ This pre t rea tment  a n a l y s i s  i s  from a composite sample and i s  app l i cab l e  f o r  a l l  dep ths ,  - 
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TITLE: WATERBORNE SEkYMNTS TO REDUCE SEEPAGE LOSSES FROM UNLINED CHANNELS 

AMD RESERVOIRS 

LINE PROJECT: SWC-4-gel CODE N O , :  Ariz.-WCL-38 

INTRODUCTION: 

See 1963 Annual Report f o r  WCL-8, During 1964, four d i f f e r e n t  

petroleum emulsions were i n v e s t i g a t e d  f o r  s u i t a b i l i t y  a s  water-borne 

seepage reducing agents ,  

PROCEDUR.ES : 

Procedures used have been previously descr ibed  except  f o r  changes 

i n  the  seepage cy l inde r  equipment and the method of  adding emulsions t o  

f i e l d  t e s t  ponds, The cy l inde r  devices  were modified t o  i nc rease  opera- 

t i n g  ease  avd t o  reduce a i r l o c k s  i n  the d ischarge  l i n e s ,  Seepage r a t e s  

a r e  accu ra t e ly  c o n t r o l l e d  by charbging the  e l eva t ionof  t he  f l e x i b l e  e f f l u -  

e n t  tubes,  Emulsions a r e  added t o  t e s t  ponds wi th  a  v e n t u r i  on the  d i s -  

charge l i n e  of a  cent r i fuga l .  pump. Low pressure  c r ea t ed  by the  v e n t u r i  

draws emulston from the  supply b a r r e l s  i n t o  the  wentur i  where i t  i s  

thoroughly mixed wi th  water being discharged i n t o  the  pond, 

RESULTS DISCUSSEON : 

1, EmuJsioa& 

Emulsioa A a t  a  concent ra t ion  of 1000 ppm emulsion was added t o  

water ponded over s o i l  packed i n  labora tory  cy l inde r s  t o  determine the 

e f f e c t  of pretreatme:qt seepage r a t e  on the  amount of  seepage r educ t ion ,  

Table 1 ( f igu res  a r e  averages of d u p l i c a t e  c y l i n d e r s )  shows the re  i s  an 

e f f e c t  of  i n i t i a l  seepage r a t e  on seepage reduct ion:  t he  higher  the  r a t e ,  
- L 

the  g r e a t e r  the reduct ion .  A t  1 cm h r  t he  seepage r educ t ion  i s  only 4 

percent ,  but i nc reases  t o  86% reduc t ion  wi th  an i n i t i a l  seepage r a t e  of  

A f i e l d  t e s t  wi th  emulsion A was conducted on four  ponds a t  

Grani te  Reef,  Table 2 shows c o n s i s t e n t  seepage reduct ion ,  81, 75 and 

89 percent  on ponds 2, 3, and 4, r e spec t ive ly ,  48 hours  a f t e r  t r ea tmen t ,  

The low reduct ion ,  55 percent ,  noted on pond 5 was due t o  a  contamination 

of emulsion A w i t h  a  s o l v e n t ,  The so lven t  causes the  emulsion t o  "break" 

and l o s e  i t s  effectiveness, 
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The probable explana t ions  fo r  ponds 2, 3, and 4 having good seepage 

reduct ion  wi th  low i n i t i a l  seepage r a t e s ,  which i s  no t  c o n s i s t e n t  w i th  the 

cy l inde r  r e s u l t s ,  i s  t h a t  t he re  was more a spha l t  on t h e  s o i l  i n  t he  ponds 

than  on the  s o i l  i n  the  cy l inde r s .  Twenty-four hours a f t e r  the ponds were 

t r e a t e d  wi th  1000 ppm enwlsion A i n  water,  they were r e f i l l e d  t o  the  o r i g -  

i n a l  t reatment  depth wi th  water conta in ing  1000 ppm emulsion, r e s u l t i n g  i n  

an average of 0,15 gaL emulsion per square yard  of t r e a t e d  s o i l ,  The 

cy l inde r  t e s t  appl ied  o ~ l y  0,095 ga l lons  of emulsion per square yard of  

t r e a t e d  s o i l ,  

Emulsion B was added t o  water ponded over c o n t r o l  s o i l  packed i n  

labora tory  cy l inde r s  a t  a  concent ra t ion  of 1000 ppm emulsion, t o  determine 

the  e f fec t .  of pre t rea tment  seepage r a t e  on the  amount of seepage reduct ion .  

Table 1 shows the re  is  e s s e n t i a l l y  no e f f e c t  of  i n i t i a l  r a t e  on r educ t ion ,  

On r a t e s  from I t o  13 cm h r  t he  reduct ion  was 91-100 percent .  

Two f i e l d  s o i l s  were packed i n  cy l inde r s  and t r e a t e d  w i t h  1000 

ppm of  emulsion B in water,  t he  i n i t i a l  seepage r a t e  was i n  the  range 2-7 
- 1 

cm hr  Seepage r educ t ion  of 80-92 percent  f o r  both s o i l s  was accom- 

p l i shed  48 hours a f t e r  t rea tment ,  

Emuls%on B was then obta ined  from a l o c a l  o i l  company and t e s t e d  

on four  f i e l d  s o i l s  packed i n  cy l inde r s .  With ZOO0 ppm of t h i s  emulsion 

added t~ the  s o i l s ,  seepage r educ t ion  v a r i e d  from 6 t o  91 percent .  It was 

observed i n  t h i s  t e s t  t h a t  the emulsion broke on t h e  water su r f ace  and 

p l a t ed  on the  plastic cy l inde r  wa l l s ,  Also, t h e  a spha l t  suspension c l ea red  

up i n  a  much s h o r t e r  time than the m a t e r i a l  suppl ied  from the  o r i g i n a l  

manufacturer ,  
2 

A 500-foot s e c t i o n  of  a  cana l  wi th  a  30-foot  c ros s  s e c t i o n  a t  a  

depth of 4,5 f e e t ,  holding about 1 acre- foot  of  water,  was t r e a t e d  w i t h  

1900 ppm of emulsion B suppl ied  by the  l o c a l  o i l  company. The pretreatment  
- 1 

seepage r a t e  was 1 cm h r  and 48 hours a f t e r  t reatment ,  t h e r e  was no 

seepage reduct ion ,  A s  i n  t he  cy l inde r s ,  the  emulsion broke and came t o  

t he  water  su r f ace .  In-ves t iga t ion  of  t h e  emulsion showed t h a t  i t  contained 

a  l a r g e  amount of  so lven t  and was highly uns t ab le ,  
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' It i s  c o n ~ . ~ u d r d  t h a t  t h e  o r i g i n a l  emulsion B i s  very s t a b l e  

and w i l l  c o n s i s t e n t l y  reduce seepage, but the  emulsion from the  l o c a l  

o i l  company i s  no t  s t a b l e  and does no t  c o n s i s t e n t l y  reduce seepage, 

Emulsion C, 3 ,  ---- 
Emudsion C was added a t  LOO0 ppm emulsion t o  water ponded over 

con t ro l  s o i l  packed i n  c y l i n d e r s ,  Table 1 shows good seepage reduct ion ,  

89-99 percent  a t  a l l  i n i t i a l  seepage r a t e s .  However, emulsion C d id  

not  reduce seepage a s  much a s  d id  emulsion B, 

Emulsion D was added i n  a concent ra t ion  of  1000 ppm emulsion 

to water ponded over c o n t r o l  s o i l  t o  determine the  e f f e c t  of pretreatment  

seepage r ace  cn seepage r educ t ion ,  Table 1 shows the  r educ t ion  inc reases  
- 1 6 t o  67 percent ,  w i t h  r a t e s  from E t o  3 cm hr  , r e spec t ive ly ,  and then 

- 1 
decraases  t o  2 8  percent  a s  the r a t e  i nc reases  t o  13 cmihr This emul- 

s i o n  was not  t e s t e d  f u r t h e r  because of  i t s  low seepage reduct ion  i n  

comparisor~ t o  emulsion B e  

STJMmaY : 

Four d i f f e r e n t  petroleum emulsions were i n v e s t i g a t e d  t o  determine 

t h e i r  e f f e c t i v e n e s s  a s  water-borne seepage reducing agents ,  Laboratory 

t e s t s  showed t h a t  emulsion D w a s  inadequate.  S imi la r  t e s t s  showed t h a t  

emulsion C could reduce seepage by 8 1  t o  99 percent  bu t  was not  a s  

e f f e c t i v e  o r  c o n s i s t e n t  a s  emulsion B. Laboratory t e s t s  of emulsion A 

showed t h a t  i t  could reduce seepage about 80 percent  a t  h igh  seepage 

r a t e s  but  t h a t  i t  was i n e f f e c t i v e  a t  low r a t e s  of 1 t o  2 cm h r - l e  A 

f i e l d  t r i a l  of emulsion A i n  small  ponds a t  Grani te  Reef reduced seepage 

75 t o  81  percent  except i n  one pond which was contaminated w i t h  s o l -  

ven t s ,  The so lvent  caused the  emulsion t o  break and f l o c c u l a t e  before  

i t  reached t h e  s o i l  s u r f a c e ,  These th ree  emulsions were abandoned i n  

favor  of emulsion B. 

Laboratory t e s t s  showed t h a t  emulsion B was very s t a b l e  and reduced 

seepage by over  98 percent ,  even a t  the lowest seepage r a t e s ,  Accord- 

ing ly ,  a Eargc quan t i t y  of emulsion B was prepared by a l o c a l  company 

f o r  f i e l d  t e s t i n g ,  Laboratory t e s t s  of t h e  l o c a l l y  prepared emulsion 

showed t h a t  it was no t  s t a b l e  and seepage r educ t ion  was e r r a t i c ,  The 
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emulsion f a i l e d  t o  reduce seepage i n  a f i e l d  t r i a l  on a cana l  near 

Beardsley, Arizona, and broken emulsion m a t e r i a l s  were observed 

f l o a t i n g  on the water su r f ace ,  An i n v e s t i g a t i o n  revea led  t h a t  the 

l o c a l  company had no t  formulated emulsion B proper ly ,  In a d d i t i o n  

t o  using i n c o r r e c t  b a s i c  ma te r i a l s ,  they had incorpora ted  about 12 

percent  s s b v m t  i n  the  formulat ion,  Rel iab ly  prepared emulsion B 

i s  now being obta ined  and a d d i t i o n a l  f i e l d  t r i a l s  w i l l  be conducted, 

PERSOWEL: Robert J, Reginato and Lloyd E, Myers, 
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Table 1, Seepage r educ t ion  a f t e r  48 hours t rea tment  w i th  four  
emulsions a t  f i v e  seepage r a t e s .  

Emulsion 

- 1 
Seepage r a t e  - cm h r  

1 2 3 6 13 

Seepage r educ t ion  - percent  
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Table 2.  Seepage r educ t ion  on Grani te  Reef ponds 48 hours a f t e r  
t rea tment  w i t h  1000 ppm emulsion A, 

Pond Capacity Seepage Rate - cm hrs l  Reduction 
Number Gallons Pretreatment  Post t reatment  Percent  
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TITLE: CRACK SEALANTS FOR CONCRETE LINED CANALS 

LINE PROJECT: SWC 4-gG1 CODE NO,: Ariz.-WCL-39 

INTRODUCTION: 

I r r i g a t i o n  cana ls  and farm d i t ches  a r e  l i n e d  wi th  concre te  f o r  

var ious  reasons inc luding  seepage con t ro l .  Almost a l l  concre te  

l i n i n g s  crack. These cracks l o s e  water and cont inue t o  d e t e r i o r a t e  

i f  they a r e  not  sea led .  It i s ,  t he re fo re ,  necessary  t o  f i n d  low-cost 

e f f e c t i v e  t rea tments  t o  s e a l  cracks i n  concre te  l i n e d  cana ls  and 

d i t ches .  A good crack s e a l e r  should be a b l e  t o  span cracks up t o  

1 1 2  inch i n  width, have good cohesive and e l a s t i c  p r o p e r t i e s ,  adhere 

t o  concre te  su r f aces  having rece ived  a minimal amount of c leaning,  

have good s t r eng th ,  d u r a b i l i t y ,  weathering c h a r a c t e r i s t i c s ,  and should 

be low i n  cos t  and e a s i l y  appl ied .  The s e a l e r  should be a b l e  t o  

br idge  cracks r a t h e r  than f i l l  them and should be s u i t a b l e  f o r  ap- 

p l i c a t i o n  wi th  sp ray  equipment. Severa l  sprayable ,  experimental 

s e a l a n t s  were t e s t e d  by a p p l i c a t i o n  t o  concre te  l i n i n g s  i n  t he  f i e l d .  

PROCEDURE: 

Low-cost sprayable  commercial crack s e a l e r s  were no t  a v a i l a b l e  when 

t h i s  s tudy was i n i t i a t e d .  Accordingly, we prepared a number of form- 

u l a t i o n s  us ing  70 t o  90 percent  a s p h a l t ,  5 t o  20 percent  b u t y l  

emulsion, 5 t o  10 percent  a sbes tos  f i b e r s ,  and 1 percent  ben ton i t e  by 

weight of s o l i d s .  Anionic and c l ay  type a s p h a l t  emulsions were used 

f o r  t h e  a s p h a l t  components. S e t t i n g  time, v i s c o s i t y ,  d u c t i l i t y ,  and 

adhes ive  c h a r a c t e r i s t i c s  were observed i n  t h e  labora tory .  During March, 

f i v e  of the formulat ions us ing  an an ion ic  emulsion were sprayed on a 

l o c a l  s l ip - form concre te  l i n e d  d i t c h  with a Lincoln A i r l e s s  Sprayer 

Model 1934. To check s p r a y a b i l i t y  and bonding t o  concrete ,  t h e  concre te  

had rece ived  v a r i a t i o n s  i n  t h e  fol lowing t rea tments :  no cleaning,  

sweeping wi th  a f i b e r  broom, wire  brushing, no tack  coa t ,  a tack  coa t  

of cutback a s p h a l t .  

An experimental,  commercial, sprayable  crack s e a l e r  became a v a i l -  

a b l e  i n  May, and t h i s  plus-.two formulat ions of our own us ing  a s p h a l t -  

c l ay  emulsion were sprayed on cracks i n  a concre te  l i n e d  farm d i t c h .  

Cleaning and tack  coa t  t rea tments  were a s  ou t l i ned  above. 
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During November a  500-foot reach of t h e  S a l t  River P r o j e c t ' s  

Tempe canal  was t r e a t e d  wi th  t h e  commercial crack s e a l e r .  Cracks 

were cleaned by f i b e r  broom sweeping, wi re  brushing,  o r  washing w i t h  

a  high p re s su re  water j e t .  Tack coat  t rea tments  were no tack  coat and 

kerosene p lus  s u r f a c t a n t .  

RESULTS : 

Formulation of a  sprayable  crack s e a l e r  d id  no t  appear c r i t i c a l ,  

but s eve ra l  formulat ions appeared s a t i s f a c t o r y  w i t h i n  t h e  range of 

85 t o  90 percent  a s p h a l t ,  5  t o  10 percent  bu ty l ,  5 t o  10 percent  

a sbes tos ,  and 1 percent  ben ton i t e  ( i n  t h e  an ion ic  a s p h a l t  emulsion) 

by weight of s o l i d s .  These formulat ions and t h e  commercial m a t e r i a l  

were sprayable.  Observations i n  December i nd ica t ed  no weathering 

damage t o  any of t he  m a t e r i a l s  except f o r  minor cracking of t h e  c l a y  

type a s p h a l t  emulsion m a t e r i a l .  Bonding t o  t h e  concre te  was exce l l en t  

Eor a l l  m a t e r i a l s  wherever t h e  concre te  had rece ived  any type  of 

c leaning,  even without  a  tack  coa t .  Observat ion of t h e  m a t e r i a l s  i s  

cont inuing t o  d e t e c t  d i f f e r e n c e s  i n  t h e  f i e l d  performance. 

SUMMARY : 

Severa l  low-cost sprayable concre te  crack s e a l e r s  were developed 

and app l i ed  wi th  apparent  success ,  These m a t e r i a l s  should be a b l e  

t o  span cracks up t o  1/2 inch i n  width, have good cohesive and e l a s t i c  . 
prope r t i e s ,  adhere t o  concre te  sur faces  having rece ived  a  minimal 

amount of c leaning,  have good s t r eng th ,  d u r a b i l i t y ,  weathering charac- 

t e r i s t i c s ,  and should be low i n  cos t  and e a s i l y  app l i ed .  Severa l  

formulat ions were i n i t i a l l y  s a t i s f a c t o r y  which had t h e  fol lowing 

propor t ions  by weight:  85 t o  90 percent  a s p h a l t ,  5  t o  10 percent  

bu ty l ,  5  t o  10 percent  a sbes tos ,  and 1 percent  bentoni te .  These 

m a t e r i a l s ,  p lus  a  commercial m a t e r i a l  which became a v a i l a b l e  a f t e r  t he  

s tudy was begun, were sprayed on cracks i n  a  concre te  l i n i n g  of a  

Iarm d i t c h  and i n  a  cana l  during March, May, and November 1964. The 

concre te  had rece ived  v a r i a t i o n s  of t he  fol lowing t rea tments :  no 

c leaning ,  sweeping wi th  a  f i b e r  broom, wire  brushing, no tack  coa t ,  

and a  tack  coat  of e i t h e r  cutback a s p h a l t  o r  kerosene p lus  s u r f a c t a n t .  

Observations i n  December i nd ica t ed  no weathering damage t o  any of t he  
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materials except for minor cracking of the clay type asphalt emulsion 

material. Bonding to the concrete was excellent for all materials 

wherever the concrete had received any type of cleaning even without 

a tack coat. Observation of the materials is continuing to detect 

differences in the field performance. 

PERSONNEL: R. J. Reginato and L. E, Myers 
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TITLE: DISPERSION A& PLOCCUUTZON OF S O I L  AraD CU-Y MIj?ERALS AS 

RELATED TO 'P'BE Na AND Ca STASZUS OF THE ANBPENT SOLUTION 

LEME PROJECT: SWC 4-gC3 CODE NO.: Ark.-WCL-40 

ENTRODIICTZON : 

The use oi chericals to control water movement in soils is an 

portant phase of water conservation. Practical experience and 

carefully conducted field and laboratory experiments have shorn that 

water movement in the soil can be controlled with certain chemicals. 

This development has been furthered by a general understanding of the 

pkysieochemiczl behavior of the soil material and the interactions 

occurring between the chemical and the soil colloid, However, our 

knowledge in t h i  area is not sufficiently adequate, as is evidenced 

by our inabikity to answer such questions as to what the best chemi- 

cal. to use and at what. rate, a d  also to predict the effectiveness 

and the durability of a treatment, 

A conditzan whi& has been closely related to water movement in 

the soil media is the dispersed or flocculated status of the d o i $  

c01l.oidaL material. E a r l y  studies give us an incomplete picture of 

this phenomenon with soils. In one way or another they have failed 

to take into account such factors as electrolyte concentration, type 

of enion, cat ion balance and par tic le-partie le, particle- liquid 

interec Lions, 

The objective of this study is then to investigate the dispersion 

and -Eloceulation process of soil and clay materials by sodium and 

calcium ions in relation to the types of clay mineral, anions, and 

electrolyte concentrations. The phenomenon will be put on a more 

quantitative basis by use of more refined techniques of viscometric, 

turbimetric and electrophoretic mobility measurements. 

PROCEDURE : 

Bentonite clay (I percent suspension), without any pretreatment, 

was passed through M-, Na- or Ca- saturated exchange resin (Amberlfte 

, 20-58 mesh). The homoionic saturated exch~nge resins were 

prepared by passing 2N WC1, NaCl or CaCl through the 1,25-inch D. x 2 
18-inch L ,  column, foLl.owed by washing with distill.ed water until free 

of chlorides. 
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The viscosity of rhe clay suspensions was measured on a Brook- 

field Model LW Viscometer with a U. L. adapter. Reproducibility 

of the equipment was .02 eentipoise. The room temperature was 

25 8.5 degrees C except where noted. Exploratory study involved 

the preparation and msesurement of viscosity of clay suspension at 

different concentrations. Only diluted (<1 percent) suspension 

could be passed through the resin column. Concentrated suspensions 

were obtained by evaporation of the water from the dilute sample at 

25 to 45 degrees C over blowers. 

ifferent Na-to-Ca saturated montmorillonites were prepared by 

propor~ionate mixing of the homoionic Ha- and Ca-saturated mont- 

rnori1lonite clays. Viscosity of these mixtures at 0.005 and 0.0075 

g ml-' clay susper.sion was measured. In addition, the viscosities of 
- 1 H-, Ca- and Na-t?~ontmorillonite at 0.805 g ml suspension concentra- 

tion were measured at. 10, 20, 25, 30 and 35 degre.es C. 

AND DISCUSSIOH: 

The viscosity data for H-, Ca-, and Na-montmorillonite as a 

function of the suspension concentration are presented in Figure 1, 

For the same clay concentration, the order of the viscosity value 

is C@P>Es, 

The Ca-msntiirs.orillonite system has more particle-to-particle 

interaction and thus, a larger viscosity than the Na-montmoriLZoni.te 

where the particle-to-particle interaction is more in the nature of 

repulsion rather than attraction, thus causing a dispersed system. 

The importance of the kind and degree of saturation of the ex- 

change complex with Na or Ca is illustrated in Figure 2, A large 

change in viscosity occurred when only a few percent of the Ca in 

the Ca-saturated clay system is replaced by Na cations. For the 

0.005 g ml-I suspension, the viscosity changes from 5.3 cps at 100 

percent Ca to 1,5 cps at a 90 percent Ca-10 percent Na saturation 

level, A large change of 16.0 to 1,7 cps was present in the 0.0875 

suspension, In both cases, the affect oE the Na on viscosity is 

noticeable up to 10 percent Na replacement. The flocculation-dis- 

persion behavior appears to be independent of clay concentration 
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i n  t h i s  suspension concent ra t ion  range. Beyond 18 percent  Ma-to- 

90 percent  Ca-s ta tus  of the  ion  on t h e  exchange complex, t h e  e f f e c t  

of Ma on v i s c o s i t y  i s  n e g l i g i b l e .  ' f i e  smal l  amount of Na ions on 

t h e  c l a y  minera 1 have g r e a t l y  a f f e c t e d  t h e  f  locculatiora s t a t u s  of 

t he  Ga-montmorillork.i.te system, 

Prel iminary r e s u l t s  on t h e  temperature dependence of v i s c o s i t y  

of the  v a r i o s s  c a t i o n  s a t u r a t e d  c l a y  minera ls  a r e  presented i n  

Figure 3 ,  Ma- and a l s o  B-montmorillonite behaved s i m i l a r  t o  water 

i n  regard t o  temperature dependence, The v i s c o s i t y  of Ca-montrnoril- 

l on l t e ,on  the  o t h e r  hand, in t h e  suspension concen t r a t ion  and tempera- 

t u r e  range was independent of temperature.  More s tudy t o  exp la in  

t h i s  behavior i s  needed. 

RP KNB GOKCLUS IONS : 

The v i s c o s i t y  of n a t u r a l  rnontmor i l l o n i t e ,  passed through H-, Ea- 

and Cs-exchange resins ,  w a s  determined r e l a t i v e  t o  t h a t  of suspension 

concent ra t ion ,  2Ja and Ga s a t u r a t i o n  percentage,  and temperature,  The 

v i s c o s i t y  f o r  a l l  c l a y  m a t e r i a l s  increased  wi th  inc reas ing  suspension 

concen t r a t ion .  For t h e  same amount of c l a y  ma te r i a1 , the  v i s c o s i t y  

va lue  a s  r e l a t e d  Lo c a t i o n  saturalr ion was i n  t he  order  C & d D N a ,  A 

marked decrease  i n  v i s c o s i t y  occurred i n  t h e  Ca-moncmorillondte sus-  

pension when from 1 t o  LO percent  of the  Ca i n  t h e  exchange complex 

i s  rep laced  by Na, The v i s c o s i t y  of Ca-montmorillonite,  'In which 

I 10 percent  of t he  6a ions was rep laced  wi th  Na, was about t h a t  of a 

100% Ma-saturated montmor i l lon i te  suspension. Viscos i ty  measurement 

appears  t o  be a s e n s i t i v e  method f o r  determining the  s t a t e  of d i s p e r -  

s i o n  o r  f l o c c u l a t i o n  of t he  d i l u t e  montmori l loni te  suspension system. 

PERS OWEL : F , S o  Nakayama 
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Figure  1. Vi scos i ty  of H-, & ~a-mon ' tmor i l lon i te  a t  d i f f e r e n t  suspensiai: 
concent ra t ions  a t  25 C .  
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Figure 2. Viscosity of montmorillonite clay suspension at different Ca-to-Na- 
saturation percentage at 25'~. 
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Figure 3 .  Temperature dependence of H-, Na- and Ca-montmorillonite suspension. Annual Report of the U.S. Water Conservation Laboratory
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